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Section 1. The effect of physical training on mental and neurological 

disorders and its underlying mechanism 

Physical training (exercise) has been widely recognized to be the most effective and safest 

practice to maintain our health for a long time and have been clinically adapted as a therapeutic 

approach for human and veterinary medicine. ‘Physical training’ or ‘Exercise’ can be defined 

as “structured and repetitive physical activity designed to maintain or improve physical 

fitness”1. World health organization defines ‘physical activity’ as “any bodily movement 

produced by skeletal muscles that requires energy expenditure” from the resting condition2. It 

is generally known that physical training has numerous beneficial effects on body system 

mainly via increasing blood flow, oxygen consumption and metabolic cascades1,3. It is also 

accepted that, as the aspect of nervous system, exercise leads psychological benefits (e.g., 

releasing stress or anxiety, alleviating depression) as well as even neuro-regeneration4-6. 

Moreover, physical training is recognized as a therapeutic approach to treat a variety of health 

problems, including cardiovascular disorders, metabolic diseases and mental illnesses. Thus, 

to understand the underlying mechanism by which exercise exerts its effects is meaningful not 

only to maintain good health for a long time, but to provide novel strategies toward more 

effective and safer treatments for various diseases. Numerous scientific reports elicited 

therapeutic effects of physical training, and most of those evidences are converging into 

cardiovascular or metabolic mechanisms: improve glucose metabolism, enhance endothelial 

remodeling, increase insulin sensitivity, reduce systemic inflammation, reduce low density 

lipoprotein etc1,7-10. 

Although the molecular mechanisms behind the beneficial effects of physical training on 

psycho-neurologic disease are still poorly understood, it is reported that exercise induces 

synaptic remodeling, neuronal plasticity and hippocampal neurogenesis via releasing various 
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nervous growth factors such as brain derived neurologic factor (BDNF) and insulin growth 

factor -1 (IGF-1)11-13. There is accumulating evidence that physical training shows clinical 

effects on mental disorders including schizophrenia, anxiety and depression14,15 which are 

particularly relating to disorder of serotonergic functions16-18. For example, many studies 

described physical activities such as running or walking increase stress resistance, resolve 

anxiety and exert beneficial effects on depression6,14,19,20. In regard to serotonin (5-

hydroxytryptamine; 5-HT) system, it is known that exercise induces elevation of 5-HT levels 

and regulates the expression of 5-HT receptors such as 5-HT1A receptor in the brain21-23. These 

reports indicate that physical activities by exercise could modulate 5-HT system in the central 

nervous system (CNS). On the other hand, related to serotonergic system, not only confined to 

mental disorder, physical training also shows beneficial effects on spinal disorders including 

spasticity and improves patient’s locomotive functions after spinal cord injury as in the sense 

of rehabilitation24-27. Taken together, it is assumed that regulation of 5-HT system plays an 

important role in therapeutic mechanisms of exercise after the CNS disorders. 
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Section 2. Regulation of serotonin in the central nervous system 

Serotonin (5-HT) is a core monoamine neurotransmitter in the CNS. 5-HT and its 

receptors, consistent of at least 15 serotonin receptors which are members of G protein-coupled 

receptor (GPCR) family28, are essential to regulate brain functions and maintenances such as 

sleep, emotion, sensory-motor functions and cognition16,29. Dysregulation of 5-HT system 

cause many mental disorders including depression, anxiety, insomnia and other behavioral 

abnormalities. For example, low level of 5-HT in the CSN is deeply related to the depressive 

patient30,31. The collapse of 5-HT regulation is also known as an upregulation of 5-HT2A 

receptor in the frontal cortex in depressive and bipolar disorder patients32. Excessive 5-HT and 

desensitized 5-HT1A receptor in the medulla and connected cortex regions are correlated with 

anxiety30. In dogs, increased or decreased 5-HT2A receptor is related to aggressive behaviors 

or anxious behaviors33. Therefore, biological functions and activation mechanisms of 5-HT 

signaling have been focused to treat these mental disorders. 

Cellular responses mediated by 5-HT receptors are regulated by desensitization of the 

receptors, which is generally occurred after an agonist administration28,34,35. It is generally 

recognized that ligand dependent regulation of 5-HT receptors accompanies the internalization 

and desensitization of receptors via endocytosis36. 5-HT receptors under desensitization show 

short- or long-term reactive changes which eventually modulate biological responses35,36. 

Although it is reasonable to assume that beneficial effects of physical training on the CNS are 

produced via the regulation of both ligand and/or receptor sensitivity, numerous reports have 

been focused on the facts that physical trainings increase the level of 5-HT in the brain as well 

as spinal cord, while the effects of exercise on the ligand-independent 5-HT receptor sensitivity 

have not been paid much attention and still remained unclear. To elucidate whether and how 

physical activity regulates 5-HT receptor sensitivity will be helpful for better understanding 
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about mechanisms of the effect of exercise and be useful for developing novel therapeutic 

strategies or rehabilitative program for serotonin-related CNS disorders. 
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Section 3. Spasticity and hypersensitivity of serotonin receptor 

To examine the effect of physical training on 5-HT receptor with a clinical implication, 

spasticity after spinal cord injury (SCI) have been investigated. Spasticity is one of the common 

and chronic complications after traumatic SCI. Traditionally, spasticity is often defined as a 

velocity dependent increase in the stretch reflex caused by hyperexcitability of spinal circuits37. 

More widely, in clinical, spasticity is referred as sustaining involuntary muscular activations 

resulting from a lesion of upper motor neurons (UMN)38. In the sense of biological 

phenomenon, spasticity could be characterized in spontaneous activations of motor neuron 

pools without conscious control39. Traumatic disconnection between UMN and lower motor 

neurons (LMN) following SCI is known to result in hyperexcitability of spinal reflexes and 

subsequent spastic symptoms including muscle spasms, muscular hypertonia, and clonus25,38-

40. 

While it is not clearly studied when the symptoms of spasticity occur after the injury, it 

is generally considered that spastic symptoms gradually emerge in the sub-acute phase after 

injury and interfere with voluntary physical performance throughout the chronic phase41. In 

spinalized rodent models, spastic signs are also observed, with progressive muscular stiffness 

and tail spasm starting 3–4 weeks after SCI42,43. Spasticity frequently impairs voluntary motor 

control, and its severity varies among individuals with SCI. It is reported that approximately 

65–80% of patients with SCI present with muscle spasticity, whereas others have reported that 

50–60% of patients complain of spastic symptoms that interfere with voluntary motion40,44,45. 

Basically, medications are often prescribed to treat spastic symptoms25,41,46. Although systemic 

administration of oral drugs such as GABAnergic (gamma-aminobutyric acid) drugs are 

frequently used to correct the hyperactive state of spinal motor neurons, they have a limitation 
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in their side effects and controlling severe symptoms47-49. Therefore, the underlying 

mechanisms of spasticity and voluntary motor control is needed to establish further 

improvement of symptoms and development new therapeutic interventions for spasticity. 

Although several studies on spasticity using the contusive injury animal models have shown 

an increased muscle resistance and spinal hyperreflexia after SCI50-52, individual variation in 

spastic symptoms, even if the animals were received same types or degree of injury, remains 

an obstacle for the detailed analysis of molecular mechanisms underlying spasticity. Therefore, 

novel objective method is required to quantitatively evaluate spasticity in an appropriate SCI 

model for accurate analysis. 

Exaggeration of spinal reflexes resulted in muscular hypertonia is the key feature of 

spasticity. Mechanisms underlying hyperexcitability of spinal circuit are variously suggested: 

decreased inhibitory inputs, increased excitatory synaptic inputs and upregulated motor neuron 

excitability42,53-58. Traditionally, loss of balances between excitatory and inhibitory descending 

spinal tracts such as reticulospinal tract has been regarded as a crucial reason of the onset of 

spasticity59. 

Recently, hypersensitivity of 5-HT and up-regulation of its receptors below the injury site 

after SCI have been reported to be related to the hyperexcitability of spinal motor neurons and 

consequent spasticity55,56,58,60,61. The depletion of 5-HT from the descending tract following 

SCI is accompanied by the upregulation of its receptor on motor neurons, leading to both 

ligand-dependent and ligand-independent activation of the receptor which induces a persistent 

depolarization58,62,63. Among the 5-HT receptors, it is reported that 5-HT2A, 5-HT2B, and 5-

HT2C receptors are closely related to the hyperexcitability of motor neurons after SCI56. After 

SCI, gradual and robust up-regulation of the expression of 5-HT2 receptors on the spinal motor 

neurons below to the lesion site was observed58,62-64. Thus, 5-HT receptor antagonists, 
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including cyproheptadine, have been studied to alleviate spastic symptoms65,66. Although it is 

assumed that 5-HT signaling is important to develop spasticity after SCI, there have been no 

basic research about quantitative assessment of spastic behaviors focused on 5-HT receptor in 

the spinal cord with or without interventions, so far. 
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Section 4. Potential of regulation of serotonergic system for developing novel 

therapeutic strategy and rehabilitative therapy 

It is generally recognized that physical training (e.g. treadmill training or cycling) is 

efficient to manage spasticity24,25. Recent studies on animal models and human subjects have 

shown that physical training after SCI restores the balance between excitatory and inhibitory 

functions of propriospinal neurons, which modulate spinal motor neurons, thereby alleviating 

spastic symptoms67-69. Clinically, treadmill training in human patients with SCI is reported to 

reduce the spasticity in their lower limbs24,70. However, it is not enough studied using proper 

spasticity models for evaluating the effect of physical training on the spastic behaviors in vivo 

in related to examining 5-HT receptors. Moreover, it would be expected to apply a combination 

therapy including physical therapy and medications which modulate 5-HT receptor sensitivity, 

aiming for an additive or synergistic therapeutic effect on spasticity. Since rehabilitation 

programs with medication targeting spasticity have not been extensively examined in human 

and animal studies, there is a need to research the effect of combination therapies including 

physical training with using a proper animal model of spasticity. 
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Section 5. Mechanical factor generated from physical training and a 

behavior assessment related to serotonin receptor 

Physical training (exercise) shows beneficial effects on various neurological or mental 

disorders including depression, schizophrenia and the other cognitive or behavioral diseases. 

Moreover, physical training helps to alleviate spinal diseases such as spasticity, as described 

above. However, the direct mechanism how exercise modulates 5-HT system, especially about 

the sensitivity of 5-HT receptors, is largely unknown. Thus, to elucidate the underlying 

mechanism is expected to give new insights of developing novel therapeutic strategies for 

treating various 5-HT related CNS diseases. To find out how physical training exerts its effects 

on the CNS related to 5-HT receptor regulation, I focused on mechanical components which 

induced by physical activity itself, such as generated forces, rather than a ligand stimulation or 

secreted biological factors. It is known that interstitial fluid, the fluid between cells, is consisted 

of up to 15-20% of volume of the brain, could be changed its velocity or direction by physical 

activity71,72. It is reported that cerebral interstitial fluid diffuses naturally in different direction 

and at various velocities at the different parts of the brain73,74. When the fluid flows, fluid shear 

stress is occurred on the surface of objects and offer a mechanical stress to the cells. In 

biological fields, fluid shear stress is widely researched for blood vessel and blood flow 

studies75-77. From those researches, it is proved that fluid shear stress can induce biological 

modulations on the cells and promote endocytosis of receptors, especially G protein-coupled 

receptors (GPCRs)78 Physical training could generate mechanical forces on the CNS including 

brain and spinal cord. Because of generated forces during the movement of part of the body 

such as the head, tissues and cells will be also affected by that forces. In that context, it is 

hypothesized that the fluid sheer stress caused by diffusion of cerebral intestinal fluid during 

physical training may directly influence on the regulation of 5-HT receptor in the CNS.  
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Section 6. Objective of the study 

Above all, the main aims of my studies, in this thesis, were to evaluate the effect of 

physical training and to explore its mechanism on the 5-HT receptor regulation in the CNS. 

At Chapter 1, a novel method to assess spasticity using the swimming test was developed 

and examined for quantitative evaluation of the effect of physical training for further clinical 

implications.  

At Chapter 2, spastic animals were received treadmill training with or without 

serotonergic interventions which were a 5-HT2 receptor antagonist and selective serotonin re-

uptake inhibitor (SSRI) to evaluate the effect of combination therapy with physical training 

and medications on spasticity. After the interventions, spasticity was evaluated and the 

expression of 5-HT2A receptor was analyzed. 

Finally, at Chapter 3, to explain whether and how the physical training affects 5-HT 

receptor sensitivity, I demonstrated that mechanical perturbation applied to nervous cells is an 

important factor that regulates the sensitivity of 5-HT receptor. I utilized the property of brain 

and 5-HT2A receptor-related brain functions which are used as a reminiscent model to 

understand how the mechanical stress regulates the sensitivity of 5-HT receptor on the spinal 

neurons and to investigate the related mechanism more properly. 
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Chapter 1. 

The swimming test for evaluating spasticity  

after contusive spinal cord injury 
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Introduction 

 

Impairments in locomotive and neurological functions, as the consequences of upper 

motor neurons (UMN) lesions, are frequently followed by traumatic spinal cord injury (SCI). 

Spasticity is a frequent chronic complication in individuals with SCI. It presents as various 

symptoms such as spasm, clonus, and hyperreflexia, and decrease the quality of life of the 

patients. 

The pathophysiology of spasticity has been well studied in rodent models mainly using 

complete spinal cord transection models, wherein supraspinal input is completely disconnected 

beyond the lesion79,80. These studies have provided insights into spasticity mechanisms, 

including exaggerated spinal reflexes, alternations in synapses, and changes in the expression 

of motor neuron receptors after SCI42,53-58. However, inflammatory tissue reactions and the 

spared neural network, which exerts a critical influence on the spinal circuitry after injury, 

differ greatly between the complete spinalized model and the contusive model with incomplete 

paralysis81-83. Considering that most patients with spasticity have a traumatic contusive spinal 

cord injury, using an incomplete contusive rodent model is more appropriate for clinical 

translation than the use of a complete transection model.  

To examine the exaggerated spinal reflex after SCI, Hoffman reflex test (the H-reflex) is 

commonly used to assess the spinal circuit excitability and synaptic transmission from Ia 

afferents to spinal motor neurons with spasticity. This electrophysiological method directly 

presents the excitability of spinal monosynaptic reflex and, thus, used as a diagnostic method. 

However, the H-reflex can only attribute to interpret the monosynaptic connection between the 

sensory fibers to spinal motor neurons, it is hard to represent overall features of the spastic 

symptoms or behavioral phenotypes derived by UMN or other circumstances. Although several 
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studies on spasticity using contusive injury animal models have shown increased muscle 

resistance and spinal hyperreflexia after SCI50-52, individual variation in spastic symptoms 

remains an obstacle for the detailed analysis of molecular mechanisms underlying spasticity. 

Therefore, methods need to be developed to evaluate spasticity in a contusive SCI model to 

enable further objective quantification and analysis of spasticity. In this point of view, I focused 

to the swimming test which is a well-established approach for evaluating behavior after SCI84,85. 

Gonzenbach et al. reported muscle spasms in an incomplete transection SCI rat model during 

swimming 86. However, to my knowledge, there are no criteria for evaluating spastic behaviors 

in a contusive SCI model. 

As described in the Section 3 of General introduction, hypersensitivity of serotonin (5-

HT) receptor is considered as one of the crucial reasons for development of spasticity. However, 

it has not been investigated whether the severity of spasticity is associated with the changes in 

5-HT receptors. 

Therefore, in this chapter, I attempted to use a swimming test for the screening and 

quantification of spasticity, as well as to determining its validity in a contusive SCI rat model. 

In particular, I sought to determine whether a swimming test can be effectively used to quantify 

spastic behaviors and to determine the severity of spasticity connected with the spinal motor-

neuronal reflex test as well as the expression of 5-HT2A receptor on the spinal motor neurons 

using a contusive SCI rat model. These findings are expected to help in the design of future 

experiments and representative models used to improve our understanding of the mechanisms 

underlying the development of spasticity following SCI. 
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Materials and methods 

 

Experimental animals, surgery, and post-operative care 

Ten-week-old female Sprague-Dawley rats (n = 60, 200–300 g, Charles River Japan) 

were used in this experiment. Fifty rats received the contusive injury, and 10 were used as 

uninjured controls. The rats were anesthetized with a mixture of 2 mg/kg of midazolam 

(Sandoz), 2.5 mg/kg of butorphanol (Meiji Seika, Japan) and 0.15 mg/kg of medetomidine 

(Kyoritsu Seiyaku, Japan) via intraperitoneal injection (i.p.). After shaving, povidone-iodine 

(Meiji Seika, Japan) was used for preoperative skin preparation and the body temperature of 

animals was kept warm using heat pad. Dorsal laminectomy was used to expose thoracic spinal 

cord. Then, rats were received a 250-kilodyne (kd) contusive injury from an Infinite Horizon 

impactor device (Precision Systems and Instrumentation, VA, USA) at the 8th thoracic level. 

After surgery, the injured rats were treated with a single shot of antibiotic (Baytril, 5 mg/kg, 

SC, Bayer). Manual bladder expression was conducted twice per day until the injured rats 

spontaneously urinated. The housing room was under a 12-hour/12-hour light/dark cycle and 

the temperature was maintained at 23°C. Food and water were supplied ad libitum. Uninjured 

rats were used as controls. All animal experiments were approved by the ethical committee of 

the National Rehabilitation Center for Persons with Disabilities. 

 

Swimming tests 

Swimming tests were performed in a rectangular Plexiglas chamber (150 × 14.5 × 40 cm) 

filled with tap water to a depth of approximately 20–23 cm. The water temperature was 

maintained at 23°C, which is considered to be an optimal temperature for the rat swimming 

test 86. The swimming direction of the rats was controlled from the right to the left side of the 
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chamber using a ramp. To allow animals to escape easily, an island was attached to the left side 

of the chamber. Assessment of swimming was conducted within a point of 100 cm distance 

before the ending point (Fig. 1-1A). Swimming from the start point to the end point was 

regarded as a single run of the swimming test. I performed the swimming test over 5 runs 3 

weeks after SCI and over 10 runs each 4, 5, and 6 weeks after SCI. If the SCI rats had at least 

one clonus phase or a spastic phase in a single run during the test, they were classified as a 

“spasticity-positive” rat (for criteria for clonus and spastic phases, see the Results section). 

Even if the animals had multiple or mixed phases during a run, the run was considered to be a 

“spasticity-positive” run because it was difficult to independently determine the clonus and 

spastic episodes. If both spastic and clonus phases were observed during a run, the run was 

classified as a clonus phase run. Importantly, behaviors related to defecating or urinating during 

swimming were excluded. All swimming tests were videotaped using a Sony Handycam HDR-

CX700 camera at 60 frames per second. Video analyses and motion capturing were performed 

using Vegas Pro software (Sony, Japan) 

 

EMG telemetry implantation and recording 

I implanted an EMG telemetry device (model: F40-EET, DSI/Receiver model: RPC-1, 

DSI, MN, USA) to obtain EMG data while the rats moved freely. The EMG telemetry device 

was inserted between 3 and 4 weeks after the SCI. The device was implanted at the same age 

in the uninjured animals. The rats (n = 15) were anesthetized using pentobarbital sodium (50 

mg/kg, i.p.). After anesthesia, the body of the EMG telemetry device was inserted 

subcutaneously into the neck region and fixed using sutures. The EMG wires were led via 

subcutaneous injection and implanted intramuscularly into the left tibial anterialis (TA) muscle, 

which acts as an ankle flexor, and the left medial gastrocnemius (MG) muscle, which has the 

opposite action as an ankle extensor. The wires were tightly fixed using 6-0 nylon sutures. 
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EMG recording was performed at least 3 days after surgery. After EMG implantation, the rats 

were treated with a single shot of antibiotic (Baytril, 5 mg/kg, SC, Bayer). The EMG signal 

(sampled at 1,000 Hz) was digitized and filtered using a high-pass filter (30 Hz). EMG 

recordings were synchronized with a video recording using a light cue trigger. Spike2 software 

(CED, Cambridge, England) was used for the EMG recording and analysis. All EMG 

recordings were obtained in an electromagnetic-shielded room. EMGs obtained over 1 second 

during spastic behaviors were used to determine the mean amplitude of muscle activity using 

MATLAB software (Mathworks). Video analyses and motion capturing were performed using 

Vegas Pro software (Sony, Japan) 

 

Twenty-hour cage observation  

Cage observations were conducted 4 weeks after SCI from 16:00 on the first day to 12:00 

on the following day. Each rat (n = 10) with an implanted EMG telemetry device was 

individually housed in a large plastic cage (40 × 25 × 18 cm) under dim light. Video was 

captured using a web camera during simultaneous EMG recording. EMG recording was 

synchronized to the video recording using a light-cue trigger. For quantitative evaluation, I 

counted the numbers of clonus and spasm episodes during the 20-hour cage observations, 

which were confirmed with using EMG recordings (see the Results section). Behaviors during 

defecation or urination were excluded. The same rats that were used for the cage observations 

were used for the EMG recordings on a treadmill (Robomedica, Inc., CA, USA) with body 

weight support 4 weeks after SCI to examine muscle activity during voluntary motion. EMG 

recordings during 10 cycles of walking gaits on a treadmill were obtained at a rate of 7.5 

m/minute. 
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Hoffmann reflex (H-reflex) recording 

To test H-reflex, we chose the plantar muscle for its ease of separation and robustness of 

H-reflex when stimulates the tibial nerve in rodent SCI models87-89. Moreover, the changes of 

plantar reflex is analogous to the other hind limb muscles, such as gastrocnemius and anterior 

tibialis muscle, in a rat SCI model was reported89. 

Animals were anesthetized using chloral hydrate anesthesia (2.5 g/kg, i.p., Sigma). After 

anesthesia, limbs and body of animals were fixed with tape. The distal tibial nerve was exposed 

by small incision and a bipolar cuff was hooked on to the nerve at ankle level. Next, a pair of 

recording electrodes was subcutaneously inserted into the plantar muscle of the hind limb on 

the same side87. In order to determine the rate-dependent depression (RDD) of the H-reflex, we 

stimulated the nerve with a stimulator (1-2 V of stimulation intensity, Nihon Kohden, Japan) 

at 0.2, 0.5, 1, 2, and 5 Hz respectively. The electromyography (EMG) signal was transferred to 

an amplifier (NEC Biotop 6R12, Nihon Kohden, Japan) and band-pass filtered (5-3000 Hz; 

sampling rate, 5,000 Hz). The amplitudes of the M and H waves were calculated as an average 

peak-to-peak value of 15 waves of each waveform. The rate-dependent changes at each 

stimulation frequency were calculated as a percentage of the response at 0.2 Hz. 

 

Tissue processing and immunohistochemistry 

Six weeks after SCI, the rats were deeply anesthetized using sodium pentobarbital, 

perfused with PBS, and fixed using a 4% PFA solution delivered transcardially. The cervical 

region and the lumbar region (C1–C3 of the cervical enlargement and L4–L6 of the lumbar 

enlargement, respectively), and the epicenter of the SCI were removed and post-fixed in a 4% 

PFA solution for an additional 24 hours at 4°C. The tissues were cut transversely into 20 μm-

thick sections on a cryostat (Leica CM3050S, Leica Microsystems). The tissue sections were 
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incubated with diluted primary antibodies (goat-anti choline acetyltransferase, 1:100, EMD 

Millipore, #AB144P; rabbit-anti serotonin 2A receptor, 1:200, EMD Millipore, #PC176; 

rabbit-anti NeuN, 1:500, #MAB377, Millipore; goat-anti serotonin, 1:500, Abcam, #ab66047; 

mouse-anti glial fibrillary acidic protein (GFAP), 1:500, EMD Millipore, #MAB360) overnight. 

The next day, the sections were incubated with fluorescent secondary antibodies (Alexa Fluor 

488 and 568 for each species-of primary antibody, 1:200, Life Technologies) and DAPI 

(1:1,000, Sigma) for 2 hours. All images were acquired using a BZ-9000 HS All-in-one 

Fluorescence Microscope (Keyence BZ-9000).  

The area of immunoreactivity (IR) was measured using Image J software (National 

Institutes of Health, USA). Serotonin 2A receptor (5-HT2A) levels were measured according to 

the methods described by Kong et al.63. In brief, I set thresholds for each images using auto-

thresholding methods (Image J software) and binarized. Next, I calculated the 5-HT2A receptor-

labeled area corresponding to the ChAT (choline acetyltransferase)-labeled areas of the soma 

and proximal dendrites of the spinal motor neurons located in the ventral horn. Quantification 

of the area of serotonin (5-HT) staining was limited to the ventral horn of the spinal cord. 

Images of the ventral horn obtained at 20× magnification were analyzed for 5-HT 

immunoreactivity. Five sections (each section was separated by over 300 μm) were used for 

image analyses of the 5-HT2A receptor and 5-HT fibers. The spared area of the epicenter of the 

injury was calculated by measuring the GFAP(+) area in each spinal section outline area.  

 

Statistical analyses 

All the quantitative data are presented as means ± the standard error of the mean (SEM). 

Statistical analyses were conducted by using SPSS software (Version 18, IBM SPSS, Inc.). 

Differences were considered as significant at P values below 0.05.  
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Results 

 

Spastic behaviors during swimming: clonus phase and spastic phase 

Uninjured rats showed rapid and clear reciprocal activity of TA and MG muscle during 

swimming runs (Fig. 1-1B). After the mid-thoracic SCI, the injured rats were almost entirely 

dependent on their forelimbs during swimming. However, they occasionally used their 

hindlimbs in normal reciprocal strokes but with a slower cycle (< 2 Hz) compared to uninjured 

rats (4–5 Hz). During the normal strokes, the injured rats had clear reciprocal muscular 

activations in their hindlimbs, although some portions of the EMG pattern were overlapping 

(Fig. 1-1C). I defined normal and reciprocal activation of the hindlimbs as the “normal stroke 

phase” for EMG comparisons. After at least 3 weeks of SCI, the injured rats had typical 

symptoms of spasticity during swimming. These symptoms were referred to as the “clonus 

phase” or the “spastic phase”. The clonus phase presented as rapid (5–8 Hz) jerking movements 

of either one or both legs during swimming. During this phase, simultaneously recorded EMGs 

showed reciprocal, high intensity bursts of TA and MG muscle activity (Fig 1-1C and 1-2A). 

It is notable that the clonus phase was often observed immediately after the rats stretched or 

contracted their hindlimbs. The spastic phase typically presented as a ventro-flexed trunk 

posture with stretched hind limbs during swimming (Fig. 1-1C). A common feature of the 

spastic phase was the extended hindlimb posture, which was represented by co-contraction 

patterns and high bursts of the TA and MG muscle activity. The spastic behaviors, which were 

divided into the clonus phase and the spastic phase, were observed either simultaneously or 

independently within a single swimming run and were easily verified during the swimming test. 

Given that some of the common spastic symptoms observed after SCI include hyperreflexia, 

clonus, hypertonus of the muscles, and muscular spasm in both human patients and animal 
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models 39,90, I postulated that the clonus phase and the spastic phase observed during swimming 

represent the spastic symptoms of contusive SCI rats. The mean amplitude of muscle activity 

during the spastic phase in SCI rats was significantly higher than that during the normal stroke 

phase of both SCI and uninjured rats (n = 4 for uninjured rats, n = 5 for SCI rats, one-way 

ANOVA with Tukey’s post-hoc test; Fig. 1-2A). In summary, the symptoms of spasticity in the 

contusive SCI rat model were observed during the swimming test. 

 

The swimming test can be used to classify SCI rats according to frequency 

of spastic behaviors 

In the swimming experiment, I calculated the frequency of spastic behavior. The 

histogram of the occurrence frequency indicates the existence of two groups based on spastic 

behavior (n = 50 SCI rats; Fig. 1-2B). Because the groups were apparently divided based on 

40% frequency, I used a cut-off of 40% (i.e., 4 or more “spasticity-positive” runs among the 10 

swimming runs) as the criterion for grouping SCI rats into the “spasticity-strong group.” The 

other SCI rats were grouped into the “spasticity-weak group”. 

Three weeks after SCI, over 50% of the SCI rats were placed in the spasticity-strong 

group. However, some of the SCI rats in the spasticity-weak group were subsequently classified 

in the spasticity-strong group 4 weeks after SCI. The percentage of rats in the spasticity-strong 

group reached a plateau 4 to 5 weeks after SCI (n = 36 tested SCI rats, Fig. 1-2C). The spared 

tissue area of the epicenter of the injured site, which was measured by staining for GFAP at 6 

weeks after SCI, was not significantly different between the two groups (n = 5 per group, P = 

0.787, Student’s two-tailed t-test; Fig. 1-2D). These results indicate that the SCI rats can be 

grouped according to severity based on the occurrence frequency of spastic behaviors, 

including the clonus phase and the spastic phase, during the swimming test. 
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Spasticity during the swimming test was consistent and reproducible 

To determine whether the occurrence of spastic behaviors and the amplitude of muscle 

activity of each rat change over time, I performed the swimming tests weekly from 4 to 6 weeks 

after SCI. In the spasticity-strong group, the occurrence frequency of clonus and spastic phases 

during the 10 swimming runs was not significantly different from 3 weeks to 6 weeks after SCI 

(n = 10, P = 0.499, one-way ANOVA with Tukey’s post-hoc test; Fig. 1-3A). Furthermore, the 

mean amplitude of muscle activity during spasticity did not differ significantly between test 

periods in the spasticity-strong group (n = 6, P = 0.119 for TA, P = 0.846 for MG, Kruskal-

Wallis H-test; Fig. 1-3B). These results suggest that the occurrence frequency of spastic 

behaviors and the amplitude of muscle activity tend to be consistent during the time course, at 

least over the observation period. 

 

The spasticity-strong group had more hyperexcitability of the spinal reflex 

circuit  

To examine differences in the hyperexcitability of the monosynaptic lumbar spinal circuit 

between the spasticity-strong and spasticity-weak groups, the rate-dependent depression (RDD) 

of the Hoffman reflex, was obtained 6 weeks after SCI (Fig. 1-4A and 1-4B). The Hoffman 

reflex (H-reflex) test is a standard tool for evaluating spasticity based on the activities of alpha 

motor neurons in animal models and human patients87,91,92. The M-wave is not changed upon 

a RDD of the H-reflex test because it is the output of direct stimulation of motor neuronal axon. 

On the other hand, in the normal condition, the H-wave is altered by different stimulation rates 

since it is the monosynaptic reflex wave via afferent Ia sensory fibers and spinal motor neurons. 
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As shown in Fig. 1-4B and Fig. 1-5A, the M-wave remained unchanged after the 

stimulation frequency was applied (n = 7–8 per group, two-way ANOVA with Bonferroni’s 

post-hoc correction). The RDD of the H-wave for all SCI rats, including both spasticity-strong 

and spasticity-weak groups, was significantly less depressed than that of uninjured rats at 

stimulation frequencies of 2 Hz and 5 Hz, respectively (n = 7 for uninjured rats, n = 15 for SCI 

rats, two-way ANOVA with Bonferroni’s post-hoc correction; Fig. 1-4B and 1-5B). The RDD 

of the spasticity-strong group was significantly more decreased than that of the spasticity-weak 

group at the stimulation frequency of 5 Hz. Furthermore, only the spasticity-strong group had 

statistically significant differences at stimulation frequencies of 1 Hz, 2 Hz, and 5 Hz compared 

to the uninjured group (n = 7–8 per group, two-way ANOVA with Bonferroni’s post-hoc 

correction; Fig. 1-5C). These results suggest that the spasticity-strong group of SCI rats had 

more hyperexcitability of the lumbar circuit than the spasticity-weak group, which is consistent 

with the results of the behavioral screening performed during the swimming test. 

 

The spasticity-strong group has more up-regulated serotonin receptor 

expression in spinal motor neurons 

To determine whether 5-HT and its receptor influence the variation between the spasticity 

groups, I examined serotonin (5-HT) fibers and 5-HT2A receptors in both upper (cervical) and 

lower (lumbar) spinal regions based on a report by Kong et al. 63, who showed that expression 

of the serotonin 2A receptor was robustly increased after spinal cord transection in a rat model. 

Consistent with previous reports, the IR of the 5-HT2A receptor was greatly upregulated in the 

region below the epicenter of the spinal cord after SCI (Fig. 1-6A). Furthermore, expression of 

the 5-HT2A receptor in the lumbar motor neurons of the spasticity-strong group was 

significantly more upregulated compared to that of the spasticity-weak group (n = 5–6 per 
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group, P < 0.001, one-way ANOVA with Bonferroni’s post-hoc correction; Fig. 1-6B). 

Conversely, the positive area of the 5-HT fibers in the ventral horn of the lumbar spinal cord 

was significantly reduced after SCI when compared to that of the uninjured rats. The 5-HT-

positive area in the spasticity-strong group was also decreased when compared to that of the 

spasticity-weak group. However, this difference was not statistically significant (n = 5–6 per 

group, P > 0.05, one-way ANOVA with Bonferroni’s post-hoc correction; Fig. 1-6C and 1-6D). 

The IR areas of 5-HT2A receptors and 5-HT fibers in the ventral horn of the cervical spinal cord 

did not show any significant differences between groups (n = 5–6 per group, P = 0.141 for 5-

HT2A receptor and P = 0.264 for 5-HT fibers, one-way ANOVA; Fig. 1-6C and 1-6D). Plots of 

reserved 5-HT fibers and expression patterns of the 5-HT2A receptor in each animal suggest the 

presence of a strong relationship between the reserved 5-HT fiber area and 5-HT2A receptor 

density in the lumbar spinal cord (r2 = 0.602, p = 0.001, logarithmic regression analysis; Fig. 

1-6E). The plot in Fig. 1-6E also shows that uninjured rats have high 5-HT/5-HT2A receptor 

ratios, while spasticity-strong rats have low 5-HT/5-HT2A receptor ratios and spasticity-weak 

rats have intermediate ratios. These results indicate that the altered 5-HT/5-HT2A receptor ratio 

in the lumbar spinal cord may correlate with the frequency of spastic behaviors observed in the 

swimming test. 

 

 

 

 

Types and occurrence of spastic behaviors during the 20-hour observation 

period confirm the results of the swimming test 
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To examine the correlation between spastic symptoms observed in the swimming test 

(Fig. 1-1A) and spastic behaviors under free-moving conditions on the ground, I conducted 

EMG recordings of the same SCI rats, which were tested and grouped using the swimming test, 

over 20 hours. The recordings were synchronized with video capture during normal behavior 

in a housing cage. Four weeks after SCI, the SCI rats had an episodic EMG pattern 

corresponding to a clonus or spasm episode in a cage situation (Fig. 1-7A). Clonus during cage 

observations occurred episodically and was spontaneously accompanied by long-term (over 3 

seconds based on the EMG recordings) reciprocal bursts of TA and MG muscle activity and 

abnormal motions, such as whirling of the tail. Spasms during the cage observations also 

occurred spontaneously with hyper-stretched limbs or hyper-contracted limbs, even when the 

rats were apparently sleeping or resting. The EMG patterns of the spasms during cage 

observations were represented by simultaneous and extensive bursts of TA and MG muscle 

activities. Since the muscle activities obtained during continuous gaits in the injured rats could 

not be assessed under normal cage conditions, I obtained a baseline amplitude for the gait on 

the treadmill. The mean amplitude of spastic muscle activity during the cage observations was 

significantly higher than that observed over 10 gait cycles on a body weight-supported 

treadmill in the same rats (n = 5, P = 0.023 for TA and P = 0.002 for MG, Student’s two-tailed 

t-test; Fig. 1-7B). The spasticity-strong group, which was assigned based on the results of the 

swimming test, had significantly more spasm and clonus episodes than the spasticity-weak 

group during the 20-hour observation period (n = 5 per group, P = 0.021 for spasm, P = 0.037 

for clonus and P = 0.022 for total, Student’s two-tailed t-test; Fig. 1-7C). Uninjured rats did 

not have any spasm or clonus episodes during the 20-hour observation period (n = 3). The 

average counted number of spasm and clonus episodes peaked in the early morning (08:00–

09:00) and early evening (17:00–19:00) (n = 5 per group; Fig. 1-7D), which is consistent with 

other reports regarding the spastic symptoms of rats and humans 86,93. These results indicate 
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that the spasticity-strong group of SCI rats had more severe spasticity symptom than the 

spasticity-weak group during cage observation as well as during the swimming test. 
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Discussion 

 

I observed spastic behaviors during a swimming test in contusive SCI rats. The spastic 

behavior consisted of clonus and spastic phases. These behaviors were easily reproducible and 

detectable, and could be readily quantified based on occurrence frequency. In addition, the 

swimming test could discriminate SCI rats with different severities of spasticity. I used this test 

to classify the rats into the spasticity-strong group and the spasticity-weak group based on the 

occurrence frequency of the spastic behaviors. Moreover, I confirmed the feasibility of this 

grouping using the H-reflex test, immunohistochemistry for the 5-HT receptor, and the 20-hour 

cage observations. All measures consistently showed that the spasticity-strong group, which 

was assigned based on the swimming test, had more severe changes related to upper motor 

neuron syndrome compared to the spasticity-weak group. Furthermore, the percentage of SCI 

rats that were placed in the spasticity-strong group and the time course of spasticity after SCI 

are largely consistent with the results of a previous study using an incomplete transection rat 

model86. Therefore, the swimming test results reflect the severity of upper motor neuron 

syndrome, at least to some extent. 

While I observed variations in severity among the spasticity-strong and spasticity-weak 

groups in the swimming test, I assume that the division into the two groups is reliable based on 

the results of multiple other modalities. Considering that incomplete SCI results in various 

degrees of spasticity40,44,45, it is important to obtain homogenous experimental groups for SCI 

research. I thus suggest that the swimming test is a useful screening tool for incomplete SCI 

models. 

I tested the hyperexcitability of the lumbar spinal circuit using the H-reflex test, which is 

a standard method of measuring hyperreflexia in both humans and animal models57,69,81,94. I 
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found that the spasticity-strong group had lower RDDs in the H-reflex, as well as increased 

expression of the 5-HT2A receptor in the lumbar spinal motor neurons compared with the 

spasticity-weak group. Overexpression of the 5-HT receptor causes hypersensitivity to 5-HT, 

which is related to spasticity62. Therefore, I expected that such hypersensitivity to 5-HT, caused 

by the overexpression of 5-HT receptors, may be the primary reason for the reduced RDD in 

the spasticity-strong group. 

Hypersensitivity of 5-HT and up-regulation of 5-HT receptors below the injury site after 

SCI have previously been reported to be related to the hyperexcitability of spinal motor neurons 

and consequent spasticity55,56,58,60,61,95. It is known that several types of 5-HT2 receptors, such 

as 5-HT2A, 5-HT2B, and 5-HT2C, are closely related to the hyperexcitability of motor neurons 

after SCI58. However, immunohistochemical studies have clearly shown robust elevation of the 

5-HT2A receptor after SCI and reported the upregulation of mRNA for this receptor63,96. 

Therefore, I selected the 5-HT2A receptor as a representative serotonin receptor that is mainly 

expressed in spinal motor neurons for the present immunohistochemistry analysis63,97. My 

results indicate a correlation between the degree of 5-HT hypersensitivity and the severity of 

spasticity given the same severity of SCI.  

During the 20-hour cage observations, I noted some spasticity-related behaviors in the 

“spasticity-weak” rats. Nevertheless, the total occurrence of spasm and clonus episodes was 

significantly lower in this group than in the spasticity-strong group. Therefore, my results 

suggest that the severity of spasticity in a contusive SCI rat model may be reflected by the 

occurrence frequency of spastic behaviors. 

My assessment using behavioral features may not directly reflect velocity-dependent 

muscle rigidity, which is the classical criterion for spasticity37. It should be noted that there are 

other established assays that use ankle-rotation evoked EMG responses51,52. Nevertheless, 

according to my EMG and H-reflex results, the behavioral patterns of the SCI rats during the 
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swimming test correspond well to patterns of spastic symptoms observed in human patients 

with respect to 1) muscle spasms, 2) clonus, 3) co-contraction of the muscles, and 4) hypertonia 

and hyperreflexia. Therefore, the swimming test is able to show direct manifestations of 

clinically relevant symptoms of spasticity and may be useful for subsequent behavioral 

assessments. This test provides an advantage in prospective design by defining homogenous 

samples. 

In this chapter, my study has several limitations. First, the correlation of spastic behavior 

frequency during the swimming test and the H reflex test was not perfectly matched as a linear 

correlation. Despite this limitation, I believe that the swimming test is useful for screening 

incomplete SCI rats to obtain more homogenous experimental groups. Second, spastic 

behaviors during the swimming test may not be able to be used to discriminate between 

voluntary attempts and involuntary movements. However, I found that those behaviors were 

unique, which allowed us to distinguish between the spasticity-strong and spasticity-weak 

groups. Furthermore, the behavioral assessment has the advantages of ease and repeatability 

for longitudinal experiments. 

In summary, my results suggest that quantification and screening of spasticity in 

contusive SCI rats is possible by measuring the occurrence frequency of spastic behaviors 

during a swimming test. These results present that swimming test may help to discriminate 

spasticity-weak rats from spasticity-strong rats after SCI. Also, the expression of 5-HT2A 

receptor is connected to the severity of spasticity during a swimming test. Taken together, my 

findings suggest that the swimming test is an effective method for evaluating symptoms of 

spasticity and developing treatments targeting spasticity after SCI. 
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Figure 1-1. Experimental circumstance and types of spastic behaviors during the 

swimming test 

(A) Configuration of the EMG recording device during the swimming test. (B) Representative 

sequential captured images and corresponding recorded muscle activity of the left TA (blue) 

and the left MG (orange) muscle of an uninjured rat during a swimming run. (C) Representative 

sequential captured images and corresponding recorded muscle activity of the left TA (blue) 

and the left MG (orange) muscle of SCI rats during the swimming tests showing each type of 

spasticity (the clonus phase and spastic phase). The black box represents a magnified image of 

the recorded EMG. The red bar on the recorded EMG of the spastic phase indicates co-

contraction of the TA and MG muscles. The green bar on the bottom image corresponds to the 

normal reciprocal stroke phase. White arrows indicate the location of the hind paw of the rat 

during the clonus phase. Note that all EMG figures were normalized to the peak amplitudes of 

TA muscle activity. 
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Figure 1-2. Occurrence frequency of spastic behaviors during the swimming test varies 

among the SCI rats 

(A) Mean amplitude of recorded muscle activity during spastic behaviors (SCI spasticity; black 

bar) compared with the mean amplitude of muscle activity during normal reciprocal strokes 

(SCI normal stroke; white bar) of SCI rats and uninjured rats (Uninjured; dashed bar) at 4 

weeks after SCI. (B) The number of the SCI rats with each occurrence frequency of spastic 

behaviors during swimming test at 4weeks after the injury. (C) Percentage of the spasticity-

strong rats from 3 to 6 weeks after SCI. Injured rats were classified as “spasticity-strong” if 

they showed the occurrence frequency over 40% during the swimming test. (D) Average 

percentage of the spared area of the epicenter of the injury measured by the GFAP (+) area after 

SCI in the spasticity-strong group and -weak group. **, P < 0.01, n.s., not significant. 
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Figure 1-3. The occurrence frequencies of spastic behaviors and corresponding 

amplitudes of muscle activity during the test period 

(A) The occurrence frequency and percentage of each type of spasticity observed in the 

spasticity-strong group during the swimming tests from 4 to 6 weeks after SCI (clonus, black 

bars; spastic, grey bars; total, white bars). (B) The mean amplitude of muscle activity of spastic 

behaviors in the spasticity-strong group during the swimming test from 4 to 6 weeks after SCI 

recorded from the left TA muscle (blue) and the left MG muscle (orange). Mean amplitudes of 

muscle activity at 4 weeks were considered to be 100%. n.s., not significant. 
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Figure 1-4. Rate-dependent depression (RDD) of the H-wave reflects the excitability of 

spinal reflex 

(A) Schematic illustration of the Hoffmann reflex (H-reflex) test and representative M and H 

waveforms are presented (right). The H wave in SCI rats was depressed when stimulated with 

a high frequency (5 Hz, red line; right, bottom), compared to the uninjured rats (left, bottom). 

(B) Representative H-reflex waveforms of uninjured, spasticity-strong, and -weak groups were 

shown. Different colors indicate different stimulation frequency: 0.2 Hz (blue), 0.5 Hz (Green), 

1 Hz (Black), 2 Hz (orange), and 5 Hz (red). 
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Figure 1-5. SCI rats show spinal hyperreflexia, in which the spasticity strong group 

present more decreased RDD 

(A) Rate-dependent depression (RDD) of the M-wave is shown. The mean amplitude at 0.2-

Hz stimulation was set to the baseline amplitude as 100%. Uninjured (magenta line), 

spasticity-strong group (solid black line), -weak group (black-dashed line). (B) RDD of H-

wave in the uninjured (magenta line) and total SCI group (black; includes spasticity-strong 

and -weak rats). (C) Comparison of the RDD values of the H-wave between groups. The RDD 

of the spasticity-strong group (solid black line), -weak group (black-dashed line), and 

uninjured rats (magenta line). **, P < 0.01, ***, P ≤ 0.001.  



 

36 

 

 

 

 

 



 

37 

 

 

Figure 1-6. Immunohistochemistry and quantification of 5-HT2A receptor and 5-HT in 

SCI groups and uninjured rats indicate the imbalance of 5-HT system after SCI 

(A) Robust up-regulation of the 5-HT2A receptor (5-HT2AR) at the lumbar motor neurons of the 

spasticity-strong group compared with the -weak group and uninjured group (scale bars: 50 

μm). (B) Quantification of the 5-HT2A receptor-positive (+) area within spinal motor neurons 

labeled as ChAT positive (+) at both the cervical region and the lumbar region (uninjured group, 

dashed bars; spasticity-strong group, black bars; spasticity-weak group, white bars). (C) The 

5-HT fibers were almost completely lost after 250-kd contusive SCI, but were more reduced at 

the spasticity-strong group (scale bars: 50 μm). (D) Quantification of the area of 5-HT fibers 

at both the cervical and the lumbar ventral horn region (uninjured group, dashed bars; 

spasticity-strong group, black bars; spasticity-weak group, white bars). Values were normalized 

considering the value for uninjured rats as 100%. (E) Plots of the quantification of 5-HT2A 

receptor expression and 5-HT fibers at the cervical and lumbar region, respectively in uninjured 

(yellow), spasticity-strong group (purple), and -weak group (magenta). **, P < 0.01, ***, P < 

0.001, n.s., not significant. 
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Figure 1-7. EMG results and occurrence frequency of spastic behaviors during the 20-

hour cage observation is consistent with the results of swimming test 

(A) Recorded EMG results for the clonus and spasm in SCI rat during 20-hour cage 

observations obtained from the left TA muscle (blue) and the left MG muscle (orange). The red 

bar indicates co-contraction of the TA and MG muscle activities. Note that all EMG figures 

were normalized to the peak amplitudes of TA muscle activity. (B) Mean amplitude of muscle 

activity during spastic behaviors compared with the mean amplitude of muscle activity during 

10 gait cycles on BWST 4 weeks after SCI. (C) The occurrence of each type of spastic 

behaviors during 20-hour cage observations in the spasticity-strong group (black bars) and -

weak group (white bars) at 4 weeks after SCI. (D) The occurrence of spastic behaviors in the 

spasticity-strong group (solid black line) and -weak group (black-dashed line) shown by each 

recorded hour. The shaded area shows the default dark time (18:00 to 6:00) of the housing room. 

The yellow bars indicate the peak time points for the counted spastic behaviors. *, P < 0.05, 

**, P < 0.01.   
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Chapter 2. 

Effects of physical training combined with  

serotonergic interventions on spasticity 

after contusive spinal cord injury 
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Introduction 

 

Spasticity usually emerges during the course of recovery from spinal cord injury (SCI). 

Hyperactivity of spinal motor neurons due to the disconnection between the upper motor 

neuron and spinal motor neuron is crucial to the manifestation of spasticity39,44. Medication 

and physical therapy are often prescribed to treat spastic symptoms25,41,46. While oral drugs 

such as GABAnergic drugs are frequently used to correct the hyperactive state of spinal motor 

neurons, they have a limitation in controlling severe symptoms47,49. 

Hypersensitivity of the serotonin (5-hydroxytryptamine; 5-HT) receptor is considered to 

be crucial to the hyperactivity of spinal motor neurons56,58,60. The depletion of 5-HT from the 

descending tract is accompanied by the upregulation of the expression of its receptor on motor 

neurons, leading to both ligand-dependent and ligand-independent activation of the 

receptor58,62,63. Thus, 5-HT receptor antagonists, including cyproheptadine, have been studied 

for their ability to alleviate spastic symptoms65,66. The 5-HT functions can be also modified by 

selective serotonin re-uptake inhibitors (SSRIs), such as fluoxetine, which are well known for 

their role as antidepressants98. They achieve such effects by not only increasing the 5-HT 

concentration by blocking the 5-HT transporter, but also by decreasing the sensitivity of 5-

HT1A receptor99. Moreover, SSRIs desensitize other 5-HT receptors, including the 5-HT2A 

receptor100,101. 

Recent studies on animal models and human subjects have also shown that physical 

training (e.g. treadmill training or cycling) after SCI restores the balance between excitatory 

and inhibitory functions of propriospinal neurons, which modulate spinal motor neurons, 

thereby alleviating spastic symptoms67-69. Clinically, treadmill training in patients with SCI is 

reported to reduce the spasticity in their lower limbs24,70. In order to potentiate the therapeutic 
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effects on spasticity, it would be desirable to administer combination therapy including 

medication and physical therapy, aiming for an additive or synergistic effect. However, 

rehabilitation programs with medication targeting spasticity have not been extensively 

examined in human or animal studies. 

In the Chapter 1, I determined that the severity of spastic symptoms in a rat model of SCI 

was correlated with the increase in the expression of 5-HT2A receptor. Therefore, I assumed 

that drugs modulating the 5-HT system are promising candidates and combination therapy with 

physical training additively or synergistically suppress the spastic symptoms after SCI. 

In this chapter, I examined the effects of combinatorial interventions that included the 

administration of a 5-HT receptor antagonist and a SSRI with or without treadmill training for 

targeting spasticity, using a rat model of contusive SCI with severe spasticity. My results will 

help in understanding the underlying mechanisms in the alleviation of spasticity following SCI 

and in the design of effective rehabilitation strategies.  
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Materials and methods 

 

Animals 

All the experiments were performed according to the guidelines of the ethics committee 

of the National Rehabilitation Center for Persons with Disabilities. A total of 64 adult female 

Sprague-Dawley rats (200 to 300 g, Charles river Japan, Yokohama) were used for the 

experiments. The animals were housed under a 12 h/12 h light cycle with controlled 

temperature (23-25°C). Food and water were supplied ad libitum. 

 

Spinal cord injury 

The animals were anesthetized with a combination of 2 mg/kg of midazolam (Sandoz), 

2.5 mg/kg of butorphanol (Meiji Seika, Japan), and 0.15 mg/kg of medetomidine (Kyoritsu 

Seiyaku, Japan) via intraperitoneal injection (i.p.). After anesthesia, rats were received a 

thoracic laminectomy, and then, a 250-kilodyne (kd) contusive injury at the 8th thoracic 

vertebral level with an Infinite Horizon impactor device (Precision Systems and 

Instrumentation, VA, USA). After the surgery, the injured rats were administered a single shot 

of antibiotic (Baytril, 5 mg/kg, SC, Bayer). Manual bladder expression was performed twice a 

day until the injured rats were able to urinate themselves. 

 

Swimming test and behavior scoring 

Swimming tests were performed at 4 weeks, and the rats were divided into two groups, 

namely spasticity-strong and spasticity-weak groups, based on their score of the swimming test 

as shown in the Chapter 1 (‘Pre-test’ shown in Fig. 2-1A). To examine clearly the effects of 

the interventions on spasticity, only spasticity-strong rats were used in this chapter. The 
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spasticity-strong rats were randomly divided into six groups, and conducted interventions 

including treadmill training (hereafter referred to as TMT in this chapter), TMT with fluoxetine 

(a SSRI), TMT with cyproheptadine (a 5-HT2 receptor antagonist), only fluoxetine, and only 

cyproheptadine (n = 5 to 6 per group) for 2 weeks as shown in Fig. 2-1A. The non-intervention 

group was used as a control (n = 10). While the rats were given the therapeutic intervention, 

the percentage of spasticity-positive runs in the 10 runs of swimming was calculated at 5 and 

6 weeks after SCI (‘1st test’ and ‘2nd test’ shown in Fig. 2-1A).  

According to the Basso, Beattie, and Bresnahan (BBB) locomotor score102, I scored the 

hind limb function of injured rats in each group at weekly intervals after a SCI. The rats were 

scored while moving freely on a table within 4-min assessment periods. 

 

Treadmill training and serotonergic interventions 

The rats were trained on the treadmill (7 m/min, 30 min/d; Robomedica, Inc., CA, USA) 

with a body weight support starting 4 weeks after the SCI (the end of the pre-swimming test) 

for 2 weeks. The animals were given a harness that was connected to a part of the treadmill 

apparatus for supporting their body weight. The level of counterweight for body weight support 

was adjusted to 50 to 70% of the body weight of the animals so that rats could perform a plantar 

placement of their hindlimbs. Next, the injured rats were trained in a quadrupedal position. 

Usually, the injured rats can continue planter stepping without any assistance. When the rats 

exhibited dorsal stepping or dragging of their hindlimbs, the researchers manually re-

positioned the animals, temporarily supported their belly, or adjusted their hindlimb (Fig. 2-

1B). 

Fluoxetine hydrochloride and cyproheptadine hydrochloride sesquihydrate were 

purchased from Sigma. Systemic administrations of fluoxetine (5 mg/kg, i.p.) or 

cyproheptadine (5 mg/kg, i.p.) were given daily for 14 days from the 4 weeks after the injury 



 

45 

 

(Fig. 2-1A). Drugs were administrated once a day after the treadmill training or swimming test. 

Drugs were not administered in a blinded manner. 

 

Hoffmann reflex (H-reflex) recording 

The Hoffmann reflex (H-reflex) was measured and the rate dependent depression (RDD) 

of H-reflex was determined as described in the Chapter 1 at 6 weeks after SCI, while the 

animals were under chloral hydrate anesthesia (2.5 g/kg, i.p., Sigma). The rate-dependent 

changes at each stimulation frequency were calculated as a percentage of the response at 0.2 

Hz. Data from the H-reflex recordings were calculated and analyzed using the Spike2 (CED, 

Cambridge, England) software. 

 

Immunohistochemistry 

Six weeks after SCI, the rats were deeply anesthetized with sodium pentobarbital and 

transcardially fixed with a 4% paraformaldehyde (PFA) solution. The lumbar spinal cord (L4–

L6) was collected and 20-μm-thick cryosections were prepared as described in the Chapter 1. 

The tissue sections were incubated with diluted primary antibodies (goat-anti choline 

acetyltransferase, 1:100, EMD Millipore, #AB144P; rabbit-anti serotonin 2A receptor, 1:200, 

Calbiochem, #PC176; mouse-anti synaptophysin, 1:100, Abcam, #ab8049; rabbit-anti 

serotonin transporter, 1:1000, Calbiochem, #PC177L) overnight. The sections were incubated 

with fluorescent secondary antibodies (Alexa Fluor 488 and 568 for each species-matched 

types, 1:200, Life Technologies) and DAPI (1:1,000, Sigma) for 2 h on the next day. The images 

were acquired on a BZ-9000 HS all-in-one fluorescence microscope (KEYENCE BZ-9000). 
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The area of immunoreactivity was measured using the Image J software (National 

Institutes of Health, USA). The 5-HT2A receptor (5-HT2AR) levels were measured according to 

the methods described in the Chapter 1. 

To investigate the effect of various interventions on the synapse, the number of 

synaptophysin puncta106 were counted from 15 spinal motor neurons in the ventral horn of the 

lumbar spinal cord per animal. Also, the immunoreactivity of serotonin transporter (SERT) in 

the ventral horn of the lumbar spinal cord was measured for examining the changes in the pre-

synaptic 5-HT system107,108, using the same method as for measuring 5-HT2A receptor 

immunoreactivity. I analyzed SERT immunoreactivity using 3 tissue sections per animal.  

 

Statistical analysis 

The data were compared using a one-way or two-way analysis of variance (ANOVA) 

with post-hoc Bonferroni test or Tukey honest significance difference (HSD) test for correction 

of multiple comparisons. I used Kruskal-Wallis H test to analyze BBB scores. All the statistical 

analyses were performed using the SPSS software (Version 18, IBM SPSS, Inc.). The error 

bars represent the standard error of the mean (S.E.M). Results with p < 0.05 were considered 

statistically significant. 
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Results 

 

Treadmill training and the 5-HT receptor antagonist reduced spastic 

behavior during the swimming test 

Since the variation of severity of spasticity after SCI was observed as described in the 

Chapter 1, first, I screened ‘spasticity-strong’ SCI rats to examine the effect of interventions 

more reliable and selective for targeting spasticity. Therefore, totally, 58% of the SCI animals 

(n = 37) were assigned to the spasticity-strong group and used for further experiments. 

I also performed weekly swimming tests to evaluate the occurrence frequency of spastic 

behavior during 10 swimming runs after SCI. The occurrence frequency of spastic behaviors 

slightly decreased in the TMT group, and significantly decreased from the baseline in the 

cyproheptadine-alone and TMT with cyproheptadine groups after 2 weeks of intervention (P = 

0.0355 and P = 0.0481 relatively, one-way ANOVA with post-hoc Tukey HSD test; Fig. 2-2A). 

However, I found that fluoxetine increased the occurrence frequency of spastic behavior during 

the swimming test, whether or not it was administered in combination with TMT (Fig. 2-2A 

and 2-2B). At the end of the 2-week-long interventions, the TMT, TMT with cyproheptadine, 

and only cyproheptadine groups showed significantly lower occurrence frequency of spastic 

behaviors, compared to the control group (P = 0.011, two-way ANOVA with post-hoc 

Bonferroni test; Fig. 2-2B). These results are consistent with reports on the effects of 5-HT 

receptor antagonists or SSRIs on human patients with spasticity66,103,104 and suggest that TMT 

and cyproheptadine are both effective in alleviating spasticity, while fluoxetine exacerbates 

these symptoms. 
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Treadmill training and the 5-HT receptor antagonist, but not the SSRI, 

increased the rate-dependent depression of the H-reflex 

After the final swimming test, I tested the rate-dependent depression (RDD) of the 

Hoffman reflex (H-reflex). As shown in Fig. 2-3A, the M-wave remained unchanged after the 

stimulation frequency was applied. 

Consistent with the results of the swimming test, the RDD values of the TMT, TMT with 

cyproheptadine, and cyproheptadine alone groups were significantly more increased in 

response to the stimulation frequency of 5 Hz than that of the control group, suggesting reduced 

spasticity in these three groups (n = 5 to 6 for each group, P < 0.001, one-way ANOVA with 

post-hoc Bonferroni test; Fig. 2-3B). On the contrary, the RDD values of the TMT with 

fluoxetine and fluoxetine only groups were lower than those of the other groups. At a 

stimulation frequency of 0.5 Hz, the TMT with cyproheptadine group presented significant 

differences compared with the other groups. As the changes in the RDD of the H-reflex are 

generally correlated with spasticity51,105, these electrophysiological results corroborate the 

results of the swimming test. 

 

Neither treadmill training nor serotonergic interventions altered locomotor 

functions 

To determine whether TMT and serotonergic interventions affect behavioral functions, I 

assessed the open field hind limb motor score. Due to the severe contusive SCI, most rats could 

not walk with weight bearing at 4 weeks after the injury. While the animals received 2 weeks 

of TMT or combinatorial interventions with cyproheptadine or fluoxetine, I did not observe 

any significant differences between the experimental groups (χ2(5) = 3.037, P = 0.694, 

Kruskal-Wallis H test, n = 5 to 6 for each group; Fig. 2-4). 
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Change in immunoreactivity of the 5-HT receptor after 2 weeks of 

intervention 

To examine the effects of interventions on histological changes in the spinal cord after 

SCI, I analyzed the expression of the 5-HT receptor in lumbar spinal cord motor neurons, which 

are considered to play a crucial role in the onset of spasticity and its severity. Consistent with 

the result of Chapter 1 and a previous study63, the immunoreactivity (IR) of the 5-HT2A 

receptor in lumbar motor neurons 6 weeks after SCI was significantly higher than that in 

uninjured animals (Fig. 2-5A and 2-5B). Following 2 weeks of interventions, the IR area of the 

5-HT2A receptor in lumbar motor neurons of the TMT and TMT with fluoxetine groups was 

significantly lower than in lumbar motor neurons of the control group. Furthermore, the IR area 

of the 5-HT2A receptor in TMT groups with fluoxetine or cyproheptadine was significantly 

lower than that in the fluoxetine only or cyproheptadine only groups (n =5 for each group, P < 

0.001, one-way ANOVA with post-hoc Bonferroni test; Fig. 2-5B). Despite the similarity of 

cyproheptadine and TMT in reducing spasticity, administration of cyproheptadine for 2 weeks 

did not change the IR area of the 5-HT2A receptor. Among all the intervention groups, the TMT 

with fluoxetine group showed the lowest IR area of the 5-HT2A receptor. 

 

Alteration of 5-HT immunoreactivity in the lumbar spinal cord after the 

interventions 

To identify changes in 5-HT signals in the spinal cord following various interventions, I 

stained the tissue against 5-HT. Six weeks after severe thoracic injury (250 kd), anti-5-HT 

signal in the ventral horn of the lumbar spinal cord was almost not reserved compared to the 

uninjured tissue sections (Fig. 2-6A). Aggregations of anti-5-HT signals adjunct to motor 

neurons were observed in the fluoxetine only group with or without TMT (yellow arrows in 
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Fig. 2-6A), although there were no prominent changes in 5-HT signals in the cyproheptadine 

groups. Furthermore, I found that 5-HT within the lumbar motor neurons was commonly 

observed in the lumbar spinal cord of rats in the TMT and TMT with fluoxetine groups (white 

arrows in Fig. 2-6A). To examine the interaction between 5-HT and its receptor, I stained 

samples with anti-5-HT and anti-5-HT2A receptor antibodies. I observed co-immunostaining of 

5-HT and 5-HT2A receptor within spinal motor neurons. Thus, it is likely that TMT may induce 

internalization of 5-HT via its receptor (Fig. 2-6B). 

 

Synaptic density and SERT immunoreactivity were unchanged in the 

lumbar spinal cord following intervention 

To determine whether the interventions alter synaptic connectivity and serotonergic 

uptake system or not, I examined synaptophysin106 and serotonin transporter (SERT)107,108. 

After SCI, the number of synaptophysin puncta of spinal motor neurons (ChAT positive 

neurons in the ventral horn of lumbar spinal cord) were significantly decreased (F6,25 = 12.877, 

P < 0.001, one-way ANOVA with post-hoc Bonferroni test, n = 3 to 4 for each group; Fig. 2-

7A and 2-7B). After 2 weeks of interventions, there were no significant differences of the 

number of synaptic puncta between groups (P > 0.05, Post-hoc Bonferroni comparisons; Fig. 

2-7B). I found very little preservation of SERT immunoreactivity in the ventral horn area of 

the spinal cord in SCI tissue sections when compared with uninjured tissue sections (F6,25 = 

22.705, P < 0.001, one-way ANOVA with post-hoc Bonferroni test, n = 3 to 4 for each group; 

Fig. 2-7A and 2-7C). While there were no significant changes in SERT immunoreactivity 

following the interventions; there was a decrease in SERT immunoreactivity in the fluoxetine 

only group with or without TMT when compared with the other groups (P > 0.05, Post-hoc 

Bonferroni comparisons; Fig. 2-7C).  
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Discussion 

 

In this chapter, I examined the effects of combination of physical training and 

pharmacological modification of the 5-HT system, using cyproheptadine as a 5-HT2 receptor 

antagonist, and fluoxetine, an SSRI. I utilized a contusive SCI rat model, and used a swimming 

test for the screening method to select spasticity-strong rats. Also, as described in the Chapter 

1, the occurrence frequency of spastic behavior during the swimming test reflects the severity 

of spasticity. My results suggest that TMT and cyproheptadine reduce spastic behavior as well 

as spinal hyperreflexia after 2 weeks of intervention, while the SSRI did not reduce or augment 

spasticity. I observed no synergistic effect of cyproheptadine and TMT administered together. 

To evaluate spasticity, I counted spasms and clonus behaviors during the swimming test 

and investigated the rate dependent depression (RDD) of the H-reflex in the plantar muscle. In 

the Chapter 1, spastic rats presented hyperactivity of both the ankle-extensor muscle (medial 

gastrocnemius muscle; MG) and the plantar-flexor muscle (anterior tibialis muscle; TA) during 

spastic behaviors. Those excessive and involuntary muscle activations suggested up-regulated 

spinal hyperexcitability because I identified a correlation between the decrease in the RDD of 

the H-reflex using the plantar muscle and the hyperactivity of muscles during swimming tests. 

The plantar muscle is commonly chosen for its selectiveness and robustness of the H-reflex 

when stimulating the tibial nerve using rodent models of SCI60,87-89. In addition, changes in the 

plantar reflex are similar to those of the other hind limb muscles, i.e., the gastrocnemius and 

anterior tibialis muscle, in the rat model of SCI89. Thus, it would be reasonable to assess 

spasticity and the hyper active state of spinal motor neurons respectively using the swimming 

test and RDD of the H-reflex from the plantar muscle. 
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In this chapter, the decrease of immunoreactivity of 5-HT2A receptor in TMT group 

indicates that physical training reduces 5-HT receptor expression or changes its distribution so 

that the hyperactive state of spinal motor neurons can be alleviated. The mechanisms of 

beneficial effects of physical training such as treadmill training on spasticity were suggested 

as modulating chloride homeostasis, reinforcing synaptic networks and facilitating inhibitory 

regulations67,109,110. In this study, I could observed neither augmentation of synaptic density on 

the spinal motor neurons nor significant changes of the serotonergic transporter by any 

interventions. 

Instead, I observed co-localization of 5-HT and the 5-HT2A receptor within spinal motor 

neurons of the TMT groups, which suggests internalization of the ligand via its receptor. Since 

the internalization occurs together with down-regulation of receptors at the cell surface, it is 

likely that internalization is a part of the molecular cascade involved in reducing the 

hyperactive state of 5-HT system. Internalization of 5-HT receptors has been extensively 

studied in vitro after the ligand stimulation34,111. However, it is not clear whether the local 

concentration of 5-HT surrounding spinal motor neurons contributed to treadmill training-

dependent (physical training-dependent) internalization. Considering that ligand-dependent 

internalization of 5-HT receptor shows fast recycling, co-localized immunosignals which were 

observed in the steady state tissues of TMT group may not be solely induced by the ligand 

stimulation. Furthermore, the failure of SSRI, which increases the local 5-HT levels, in 

promoting internalization indicates that internalization of the receptor is caused by other factors, 

and not just by enhanced the ligand concentration. Several candidates may connect physical 

training and 5-HT receptor expression; sensory input from lower limbs, rhythmic firing of 

motor neurons, or even mechanical stimuli from walking or running performance. Further 

investigation is needed to identify therapeutic mechanisms for better outcomes. 
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I predicted that inhibition of the 5-HT receptor would ameliorate the hyperactive state of 

motor neurons. My results indicate that this treatment successfully reduced the occurrence of 

spastic behaviors and restored RDD. However, I did not observe synergic effects when the 5-

HT2R antagonist was administered together with TMT. In addition, IHC analyses indicate that 

cyproheptadine did not change, or slightly increased, 5-HT2A receptor expression in spinal 

motor neurons after SCI. This could lead to a discrepancy in the perceived relationship between 

5-HT2A receptor expression and severity of spasticity. However, the constitutive activation of 

5-HT2A receptor has not been reported previously, in comparison to reports that analyze 5-HT2C 

receptor expression after SCI58. Therefore, I argue that although 5-HT2A receptor expression 

was unchanged, the reduction in spastic symptoms by cyproheptadine administration occurred 

due to the pharmacological block of the interaction between the 5-HT ligand and its receptor. 

On the other hand, chronic SSRI treatments for 3 weeks to several months effectively 

desensitize the 5-HT receptor in the central nervous system100,101. In addition, exposure to 

SSRIs downregulates the expression of the serotonin transporter, which is a main target of 

SSRIs107,112. In this study, I found a tendency towards decreased expression of the serotonin 

transporter following administration of fluoxetine. However, I did not observe a 

downregulation of 5-HT receptors after the administration of fluoxetine for 2 weeks. It is 

possible that the 2-week period was not long enough to desensitize the hyperactivity of 

serotonergic receptor. In fact, previous studies have reported that SSRIs exacerbate symptoms 

related to serotonergic hyperactivity in patients with SCI at the beginning of the prescription 

or with single-dose administration103,104. I expect that further administration of fluoxetine 

beyond 2 weeks would show therapeutic effects on spasticity in our animal experiments. 

Despite the improvement in spasticity in the TMT and cyproheptadine-treated groups, 

neither group showed improvement in hind limb function, as assessed based on the BBB score. 

Several studies have reported that physical training and 5-HT activation improves locomotor 
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function after a SCI. Serotonin receptor agonists facilitate locomotion via activation of 

rhythmic firing in spinal circuits95,113,114. Similarly, physical training activates local spinal 

circuits via afferent inputs68,115,116. The discrepancy between my observation and previous 

reports may be attributed to our intervention beginning 4 weeks after the severe injury, and thus 

muscle weakness was already established. Early interventions or mild injury models will be 

useful to verify enhancement of locomotor functions after physical activity or 5-HT 

modulations. 

In summary, my results present that physical training could resolve the hyperactive state 

of the 5-HT system and alleviates spasticity. The 5-HT receptor antagonist also reduces 

spasticity, and its effect is mediated through mechanisms other than treadmill training. This 

chapter suggests that modification of the 5-HT system, especially related to 5-HT2A receptor 

expression after the SCI, is crucial to the optimization of therapeutic intervention to alleviate 

spasticity after SCI. Further assessment of the 5-HT system function will provide molecular-

based information for the development of combination therapy involving both, physical 

training and pharmacological intervention.  
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Figure 2-1. Experimental scheme and configuration of methods 

(A) Experimental time line of this study. Rats received 250 kd of contusive spinal cord injury. 

After selecting the spasticity-strong group 4 weeks post injury, fluoxetine and cyproheptadine 

were administrated once daily with or without treadmill training. The H-reflex test and tissue 

fixation was performed 1 day after the 2nd swimming test. (B) Configuration of body-weight 

supported treadmill training performed in this chapter. The treadmill training (TMT) was 

conducted to allow animals to perform a plantar placement of their hindlimbs with 50 to 70% 

of body-weight supported (7 m/min speed). When the rats exhibited dorsal stepping or 

dragging of their hindlimbs, I re-positioned the animals, temporarily supported their belly, or 

adjusted their hindlimbs manually.  
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Figure 2-2. Effects of treadmill training and 5-HT receptor antagonist to alleviate spastic 

behavior during the swimming test 

(A) Bar graphs showing the mean occurrence frequency of spastic behavior including clonus 

and spastic phases during weekly swimming tests after spinal cord injury (SCI). The pre, first, 

and second tests correspond to 4 weeks, 5 weeks, and 6 weeks after the injury, respectively. (B) 

The bars represent the mean occurrence frequency of spastic behavior during the swimming 

tests observed in each experimental group (white bar: control group, black-dashed bar: TMT 

group, magenta-dashed bar: TMT with fluoxetine group, blue-dashed bar: TMT with 

cyproheptadine group, magenta bar: fluoxetine group, blue bar: cyproheptadine group). *, P < 

0.05, **, P < 0.01, #, P < 0.05. # present for comparisons with the ‘Pre-test’. 
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Figure 2-3. Rate-dependent depression (RDD) of the H-reflex increased after treadmill 

training and a 5-HT receptor antagonist administration 

(A) The rate-dependent depression (RDD) of the M wave in each group is shown. (B) Graphs 

present the RDD of the H-wave (red line: uninjured group, black line: control group, black-

dashed line: TMT group, magenta-dashed line: TMT with fluoxetine group, blue-dashed line: 

TMT with cyproheptadine group, magenta line: fluoxetine group, blue line: cyproheptadine 

group). *, P < 0.05, **, P < 0.01.  
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Figure 2-4. The interventions did not significantly altered hind-limb locomotor functions 

The BBB locomotor score is shown every week for each group after the injury (black line: 

control group, black-dashed line: TMT group, magenta-dashed line: TMT with fluoxetine 

group, blue-dashed line: TMT with cyproheptadine group, magenta line: fluoxetine group, blue 

line: cyproheptadine group). n.s., non-significant. 
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Figure 2-5. Effects of the interventions on immunoreactivity of the 5-HT2A receptor in 

lumbar spinal cord motor neurons after SCI 

(A) Representative images of immunoreactivity (IR) of the 5-HT2A receptor (5-HT2AR) on the 

lumbar motor neurons of each group are shown. As shown at the top, spinal motor neurons 

were stained by the anti-ChAT (green) antibody and the IR area of the 5-HT2AR was confined 

to the ChAT-stained area (white lines in the binarized image indicate ChAT margins). The 

nuclei have been stained by DAPI (blue). Scale bar: 50 μm. (B) Quantitative analysis of the IR 

area of the 5-HT2AR in the ChAT-positive area (lumbar motor neurons) of each group, as shown 

as a bar graph (black bar: uninjured group, white bar: control group, black-dashed bar: TMT 

group, magenta-dashed bar: TMT with fluoxetine group, blue-dashed bar: TMT with 

cyproheptadine group, magenta bar: fluoxetine group, blue bar: cyproheptadine group). *, P < 

0.05, **, P < 0.01. 
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Figure 2-6. Tissue staining against 5-HT and its receptor reveals different distribution 

dependent on the interventions 

(A) Representative anti-NeuN (green), 5-HT (red), and DAPI (blue) immunostaining images 

of motor neurons on the ventral horn of the lumbar spinal cord tissue sections of each group. 

White arrows represent immunosignals of 5-HT within the lumbar motor neurons, yellow 

arrows indicate aggregated 5-HT signals around the lumbar motor neurons. Scale bar: 50 μm. 

(B) Representative images of anti-5-HT (red), 5-HT2A receptor (5-HT2AR; green), and NeuN 

(blue) immunostaining of the lumbar spinal motor neurons are presented. The arrows indicate 

co-localization of the 5-HT2A receptor and 5-HT immunosignals. Scale bar: 20 μm. 
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Figure 2-7. The expressions of synaptophysin and serotonin transporter in the lumbar 

spinal cord were not significantly changed by interventions 

(A) Representative immunostaining images of motor neurons in the ventral horn of the lumbar 

spinal cord showing the expression of anti-synaptophysin (green), serotonin transporter (SERT; 

red), and ChAT (blue) in each group. Scale bar: 50 μm. (B) Bar graph showing the mean 

number of synaptophysin puncta per a spinal motor neuron (black bar: uninjured group, white 

bar: control group, black-dashed bar: TMT group, magenta-dashed bar: TMT with fluoxetine 

group, blue-dashed bar: TMT with cyproheptadine group, magenta bar: fluoxetine group, blue 

bar: cyproheptadine group). (C) Bar graph showing quantitative analysis of the SERT 

immunoreactivity (IR) area in the ventral horn in each group (black bar: uninjured group, white 

bar: control group, black-dashed bar: TMT group, magenta-dashed bar: TMT with fluoxetine 

group, blue-dashed bar: TMT with cyproheptadine group, magenta bar: fluoxetine group, blue 

bar: cyproheptadine group). ***, P < 0.001, n.s., non-significant. 
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Chapter 3. 

Effects of physical training on the regulation of  

serotonin 2A receptor sensitivity of neuronal cells  

in the central nervous system 
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Introduction 

 

There is accumulating evidence that physical training (exercise) has beneficial effects on 

mental disorders including depression, anxiety and schizophrenia6,14,15. Among numerous 

biochemical signals functioning in the nervous system, serotonin (5-HT) has been reported to 

play an essential role in regulating emotions and behaviors, and has been implicated in 

psychiatric diseases16-18. However, it remains elusive how exercise modulates 5-HT signaling 

in the central nervous system (CNS).  

5-HT receptor, a member of G-protein coupled receptor (GPCR) family, is known to 

internalize either ligand-dependently or ligand-independently34,36,117. As described in the 

Chapter 2, I observed that treadmill training reduced the expression of 5-HT2A receptor on the 

spinal motor neurons after spinal cord injury. For the reason of down-regulation of the 5-HT 

receptor, I hypothesized that physical training induces the ligand-independent internalization 

of 5-HT2A receptor, rather than ligand-dependent. As described in the Section 5 of General 

introduction, in particular, I focused fundamental components of physical training, which 

generates the mechanical stress. 

Minimal deforming forces or stress distribution changes are possibly produced in the CNS 

under physiological conditions such as running. The function of osteocytes is known to be 

modulated by shear stress that is generated by interstitial fluid flow derived from minimal 

deformation of bone118. Postulating an analogy between osteocytes in bones and neuronal cells 

in the nervous system, I speculated that minimal stress distribution changes might generate 

interstitial fluid flow in the CNS, resulting in shear stress-mediated regulation of neuronal 

functions. 
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In this chapter, to demonstrate my hypothesis, I conceived a simple and direct method 

named as ‘passive head motion’ (PHM) to deliver mechanical stress to the neurons in the brain. 

PHM is designated to generate vertical accelerations at the head similar to those during 

treadmill training and, therefore, this system can produce a reminiscent model to investigate 

the effect of mechanical stress by physical training on spinal neurons shown in the Chapter 2.  

Furthermore, I utilized the head-twitch response (HTR) which is a hallucinogenic 

behavioral action induced by administrating of the 5-HT receptor agonists. Rapid, side to side 

rotational head movements are presented as unique characteristic behavior of HTR in rodents. 

HTR has been reported to represent the intensity of 5-HT2A receptor signaling at prefrontal 

cortex (PFC) of rodents119-121. In addition, neuronal responses in the PFC can be evaluated by 

examining the activation of c-Fos, which has been reported to be downstream of 5-HT 

signaling55,122. Because of its specific onset mechanism and dose-dependent manners, HTR is 

suitable for using 5-HT2A receptor sensitivity experiments120,121. Although HTR is a one to one 

corresponding in vivo model concerning with 5-HT receptors in the brain, to evaluate of 5-

HT2A receptor regulation in HTR using PHM system will be an alternative model to understand 

effects of physical training on mechanical regulation of 5-HT2A receptor function of neuronal 

cells in the spinal cord. Using these system, I demonstrated that PHM in rodents recapitulates 

the suppressive effects of running on 5-HT signaling at the PFC in the brain via the 

internalization of 5-HT2A receptor. 

Furthermore, I recapitulated the effect of PHM on the regulation of 5-HT receptor 

sensitivity using in vitro model. Using neuronal cell line, I applied calculated fluid shear stress 

(FSS) expected to be derived by the head movement during treadmill running. Subsequently, I 

examined the effect of mechanical stress on the 5-HT receptor internalization and related 5-HT 

signaling. When 5-HT binds to its receptor, it leads elevation of intracellular calcium 

concentration and activates signals through extracellular signal-regulated kinase (ERK) 
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pathways28. Generally, 5-HT receptors are temporally internalized and recycled after the 

receptors interact with 5-HT ligand, which induces the intrinsic regulation of 5-HT receptor 

sensitivity itself28,123. In addition to ligand-dependent internalization of 5-HT receptor, the 

activation of protein kinase C (PKC), which is known to be induced by FSS75,124, has been 

reported to mediate signaling involved in ligand-independent internalization of GPCRs 

expressed in various types of cells in vitro and in vivo including 5-HT receptor125-127. 
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Materials and methods 

 

Animal Experiments 

Animals were housed under a 12 h/12 h light dark cycle with controlled temperature 

(23~25°C), and treated with humane care under approval from the Animal Care and Use 

Committee of National Rehabilitation Center for Persons with Disabilities and Tokyo 

Metropolitan Institute of Gerontology. C57BL/6 mice and Sprague-Dawley (SD) rats were 

purchased from Charles River (Yokohama, Japan) or SLC (Hamamatsu, Japan) and acclimated 

to the laboratory environments for at least 1 week. Animals were randomly divided into 

experimental groups, and used for experiments. I used SD rats to analyze mechanical elements 

because the larger body size of rats enabled me to utilize various experimental tools required 

for analysis of physical matters and factors. All the animal behavior tests were conducted 

between 4 pm and 8 pm. 

 

Acceleration analysis of treadmill running and passive head motion (PHM)  

As an animal model of physical exercise, mice were subjected to compulsive running 

using a belt drive treadmill (MK-680S, Muromachi, Tokyo, Japan) at modest velocities (~10 

m/min for mice and ~20 m/min for rats), a typical experimental intervention to test effects of 

physical exercise after SCI in rodents128,129. To measure the accelerations at the head during 

treadmill running, I fixed an accelerometer (NinjaScan-Light; Switchscience, Tokyo, Japan) on 

the rats’ heads with a surgical tape. Acceleration-specific signals were extracted and average 

accelerations for 3-D (x-, y- and z-axes; Fig. 3-2A) were individually calculated from 10 serial 

waves using the software applications provided from the manufacture and Spike2 (CED, 

Cambridge, England). Animals (mice or rats) were subjected to PHM in a prone position using 
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a platform that was developed to move their heads up and down (schematically represented in 

Fig. 3-4D and Fig. 3-7A). During PHM, animals were kept anesthetized with 2% isoflurane 

and body temperature of tested animals was maintained using a light heater. For recapitulation 

of the head movement during treadmill training, the PHM system was set up to produce the 

same acceleration peaks examined during treadmill running. 

 

Analysis of head-twitch response (HTR) 

First, HTR was preliminary induced to wild-type C57BL/6 mice to delineate a baseline 

response by administration of 5-hydroxytryptophan (5-HTP; the precursor of 5-HT which is 

utilized as a 5-HT2A receptor agonist; 100 mg/kg, i.p., Sigma; Fig. 3-3). 

Mice were subjected to a week of treadmill running (10 m/min, 30 min per day) or PHM 

(2Hz, 30 min per day). After that, mice were injected of 5-HTP (100 mg/kg, i.p., Sigma) or its 

vehicle (normal saline, i.p.) after 3 h of the last bout of treadmill running or PHM. After 

administration of 5-HTP or saline, animals were individually placed in a Plexiglas box and 

videotaped for 30 min using a handycam camera (HDR-CX700, Sony, Japan). All animals were 

observed for 30 min and recorded movies were reviewed to count head twitching. 

 

Immunohistochemical analysis of 5-HT signaling and 5-HT2A receptor in the 

PFC 

Immunohistochemical analysis was performed to visualize the response to 5-HTP 

injection and the internalization of 5-HT2A receptor in the prefrontal cortex (PFC) of mice 

following head-twitch response analysis. After the completion of the behavioral tests, animals 

were immediately anesthetized by administrating combinations of midazolam, butorphanol and 

medetomidine, and perfused with 4% paraformaldehyde (PFA) transcardially. Then, brains 
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were excised, post-fixed in 4% PFA for additional 24 h at 4 ºC, and stored in 30% sucrose/PBS 

until they sank. Fixed brains were frozen in OCT (Sakura, Japan) and cut into 20 μm-thick 

sagittal sections using a cryostat (Leica Microsystems). Sliced sections were permeabilized 

with 0.1% Tween-20 in TBS, blocked with 4% donkey serum (Millipore), stained by incubating 

with primary antibodies at appropriate concentrations as follows: mouse-anti NeuN (1:500, 

EMD Millipore #MAB377,), goat-anti 5-HT2A receptor (1:100, Santa cruz biotechnology, #sc-

15073) and rabbit-anti c-Fos (1: 100, Santa cruz biotechnology, #sc-52). Their species-matched 

secondary antibodies conjugated with Alexa Fluor 488, 568 or 645 (Life Technologies) were 

applied, and viewed with a fluorescence microscope (BZ-9000 HS, Keyence). 

To quantify 5-HT2A receptor internalization in PFC neurons, I defined ‘internalized’ and 

‘membrane-associated’ 5-HT2A receptor-positive signals based on the distance from soma 

margins and the connectivity with perimarginal regions. I first outlined the somas of individual 

PFC neurons by tracing the margins of NeuN-positive area (yellow lines in Fig. 3-5C). As the 

anti-5-HT2A receptor immunosignals within 2 μm of soma margins appeared to be distributed 

along the marginal outlines, I defined them as ‘membrane-associated’. Resultantly, the anti-5-

HT2A receptor immunosignals distributed at >2 μm from soma margins (blue lines in Fig. 3-

5C) were defined as ‘internalized’. Regardless of the distance from soma margins, anti-5-HT2A 

receptor immunosignals connected with perimarginal regions were defines as ‘membrane-

associated’. Only the somas larger than 10 μm in short diameter were subjected to the 

quantification of 5-HT2A receptor internalization. Images were quantified using Photoshop CC 

(Adobe systems, USA) and ImageJ (NIH, USA) software. 
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Quantitative PCR analysis (reverse transcription and real-time PCR) of 5-

HT2A receptor expression in the PFC 

Total RNA (500 ng) extracted from mouse PFC excised immediately after cervical 

dislocation were subjected to reverse transcription, using ISOGEN II (NIPPONGENE, Japan) 

and PrimeScript®  RT reagent Kit (TaKaRa, Japan). The resulting cDNA was subjected to real-

time PCR analysis to evaluate the expression of 5-HT2A receptor mRNA in the PFC using 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control in Applied 

Biosystems 7500 Real Time PCR System with Power SYBR Green PCR Master Mix (Life 

Technologies). 

The primers (sense and antisense, respectively) were as follows: mouse HT2AR, 5'-

TGCCGTCTGGATTTACCTGG-3' and 5-TGGTTCTGGAGTTGAAGCGG-3, and mouse GAPDH, 

5'-GCAAAGTGGAGATTGTTGCCAT-3' and 5'- CCTTGACTGTGCCGTTGAATTT -3'. 

 

Immunoblot analysis of 5-HT2A receptor expression in the PFC 

Mouse PFC tissue was excised immediately after cervical dislocation, mechanically 

homogenized, solubilized with sodium dodecyl sulfate (SDS) sample buffer (50 mM Tris HCl 

pH 7.0, 18% glycerol, 2% SDS), and subjected to SDS-PAGE followed by anti-5-HT2A receptor 

(goat, Santa cruz biotechnology, #sc-15073) and anti-GADPH (rabbit, Cell signaling 

technology, #5174) immunoblotting. Specific signals were visualized and quantified using 

Odyssey infrared imaging system and ImageJ software (NIH, USA).  
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In vivo analysis of the distribution dynamics of cerebral interstitial fluid 

using MRI  

MRI Scanning: 8-week-old male SD rats were scanned in an ICON 1.0-Tesla bench top 

MRI system (Bruker BioSpin, Esslingen, Germany) using a T1-weighted-fast low angle shot-

navigation-highers-three-dimensional (T1-FLASH-nav-highers-3-D) sequence. Parameters for 

the T1-FLASH-nav-highers-3-D sequence were as follows; echo time (TE): 12.0 ms, repetition 

time (TR): 50.0 ms, flip angle (FA): 30°, slice thickness (SL): 0.84 mm, field of view (FOV): 

35 × 35 × 27 mm, voxel: 0.137 × 0.137 × 0.84 mm3. Each scanning took 10 min. 

Intracerebral microinjection of Gd-DTPA solution: Rats were first subjected to brain pre-

scanning with MRI under isoflurane anesthesia, and then to intracerebral microinjection of Gd-

DTPA (Magnevist® , Beyer) as previously reported with some modifications. In brief, after rats 

were anesthetized with 2 mg/kg of midazolam (Sandoz), 2.5 mg/kg of butorphanol (Meiji Seika, 

Japan) and 0.15 mg/kg of medetomidine (Kyoritsu Seiyaku, Japan), a 31-G needle connected 

with microsyringe (Hamilton Bonaduz AG, Bonaduz, Switzerland) was placed on prefrontal 

cortex (PFC) of rats according to the stereotaxic measurements as follows; anterior: 2.5 - 3 mm, 

lateral: 1.5 - 2.0 mm, ventral: 2 - 3 mm from the bregma. One microliter of Gd-DTPA solution 

(diluted to 25 mM with normal saline) was infused with the rate fixed at 0.2 μl/min using a 

microsyringe pump instrument (KD scientific, MA). After the injection, we held the 

microsyringe for 5 min to avoid reflux, pulled out the needle carefully, and sutured the skin. 

MRI data acquisition and post-processing: Following intracerebral Gd-DTPA injection, 

rats were subjected to brain MRI scanning 10, 60 and 90 min after microinjection. PHM was 

either applied or left unapplied (kept sedentary) for 30 min just before the scanning at 60 min 

post-injection (Fig. 3-8A). MR images were analyzed using a software package rSPM130, which 

is a modified version of SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) developed 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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for human neuroimaging data analyses. The original data were converted from the DICOM 

format to the NIfTI format. Each individual rat brain image was realigned to the first volume 

and spatially normalized to a template brain image provided by rSPM. The normalized data 

had a 86 x 121 x 66 matrix with a 0.2 x 0.2 x 0.2 mm3 isotropic voxel. The Gd-DPTA cluster 

was defined as voxels with top 0.05% signal intensity in each volume. 

 

Measurement of intracerebral pressure (ICP) at rats’ PFC 

ICP was measured using a blood pressure telemeter (Millar, Houston, TX) with its sensor 

placed in rats’ PFC (Fig. 3-9A). During ICP measurement, respiration was monitored using a 

respiration sensor attached to the tested rats. Low-pass (50 Hz) filtered ICP waves were 

analyzed using LabChart 8 (ADInstruments) software. I observed ~0.5-Hz respiration-

synchronized ICP changes with ~2.5 mmHg magnitude (peak to peak) as well as 2-Hz PHM-

specific waves with ~1 mmHg magnitude (peak to peak). 

 

Simulative calculation of the magnitude of fluid shear stress on the PFC 

neurons during PHM 

Interstitial fluid flow in the brain tissue follows the Henry Darcy's law, which defines the 

flux density of penetrating fluid per unite time. The velocity of interstitial fluid flow (u) is 

assumed to approach the superficial velocity (u∞) and zero (u=0) at the cell surface (i.e. a no-

slip condition). Using these two boundary conditions together with the Brinkman equation, 

fluid shear stress (τ) at the cell surface can be obtained as described in Table 3-1.  
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Neuronal cell culture and plasmid transfection 

Neuro2A cells (mouse neuroblastoma; provided from Dr. Ichijo, The University of Tokyo, 

Japan) were cultured in DMEM (Wako, Japan) with 10% fetal bovine serum (GE Healthcare 

Life Science) at 37 °C in a 5% CO2 incubator. At approximately 70% confluence in a 10-cm 

culture dish (Falcon), Neuro2A cells were transfected with 10 μg of a human 5-HT2A receptor 

expression vector plasmid using lipofectamine®  3000 (Invitrogen) for 48 hr according to the 

manufacturer’s directions. After transfection, cells were transferred and grown in a poly-D-

lysine coated 35-mm culture dish (Corning). Before further experiments, cells were cultured in 

serum-free DMEM for 48 h (Fig. 3-1A). 

 

Application of fluid shear stress (FSS) to neuronal cells in culture  

According to a previous report131, a parallel plate flow-chamber and roller pump 

(Masterflex; Cole-Parmer, IL) were used to apply FSS (Fig. 3-1B). The flow-chamber, which 

was composed of a cell culture dish, a polycarbonate I/O unit, and a silicone gasket, generated 

a 23-mm-long 10-mm-wide 0.5-mm-high flow channel. The flow circuit was filled with serum-

free medium. The fluid flow was delivered as 0.5 Hz frequency to deliver average 2 Pa of FSS 

on transfected Neuro2A cells for 30 min (Fig. 3-1C). To maintain pH and temperature of culture 

medium, I used a 5% CO2-containing reservoir and a temperature-controlled bath. 

 

Live imaging of cultured neuronal cells exposed by FSS 

To monitor the functional and physiological effect of FSS on Neuro2A cells including 

morphological changes and calcium ion influx, I conducted live cell imaging. Neuro2A cells 

grown in a 10-cm dish were transfected with 10 μg of 5-HT2A receptor expression plasmid 

vector using lipofectamine®  3000 (Invitrogen). Cells were also transfected 5 μg of mCherry 
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expression plasmid to visualize cell morphology. After transfection, cells were transferred and 

grown in a poly-D-lysine coated 35-mm dish, which was placed in a 37ºC/5%-CO2 plate type 

incubator (Tokai Hit, Japan) attached to a microscope (BZ-9000 HS, Keyence). Then, a flow 

chamber was set to the dish plate and FSS was applied. To compare with ligand-dependent 

internalization 5-HT2A receptor, 10 μM of 5-HT was administrated on Neuro2A without flow 

chamber mounting. 

Morphological changes of Neuro2A cells were examined after application of FSS or 5-

HT administration. Activation of caspase-3 was also evaluated to elucidate that whether FSS 

burdened too much stress to induce apoptotic cell death on Neuro2A cells. 

 

Analysis of modulation of the 5-HT receptor sensitivity by FSS on neuronal 

cells 

To evaluate cellular changes of 5-HT receptor sensitivity by FSS, intracellular Ca2+ 

concentration and ERK phosphorylation which are activated by 5-HT binding to its receptor 

were evaluated. After FSS application (average 2 Pa, 30 min), cells were loaded with Fluo 4-

AM dye (Dojindo, Japan) for 60 min in a 37ºC/5%-CO2 incubator. Cells were then placed on 

an incubator-attached fluorescence microscope, and treated with 5-HT (10 μM). After 10 min 

of 5-HT administration, green fluorescence emitted from Fluo 4-AM bound to Ca2+ was viewed 

with the microscope. ERK phosphorylation in Neuro2A cells by 5-HT administration was 

evaluated by immunocytochemistry, before and after FSS.  
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Immunocytochemistry on Neuro2A cells 

Neuro2A cells were washed once with ice-cold PBS, fixed with 4% PFA in PBS 

permeabilized with 0.1% Triton X-100 in PBS, incubated with a blocking solution (10% fetal 

bovine serum, Thermo Fisher Scientific), and stained using target-specific primary antibodies 

as follows: mouse-anti 5-HT2A receptor (1:100, #sc-166775), mouse and rabbit-anti TUJ-1 (1: 

500, abcam, #ab78078 and #ab18207), rabbit-anti PKCγ (1: 200, Santa cruz biotechnology, 

#sc-211), rabbit-anti phospho-MARCKS (Ser152/156; 1: 200, Sigma, #P0370), rabbit-anti 

phospho-ERK1/2 (Thr202/Tyr204; 1:500, Cell signaling technology, #4370), and rabbit-anti 

cleaved caspase-3 (Asp175; 1: 500, Cell signaling technology, #9661). Their species-matched 

secondary antibodies were applied and DAPI was used for nuclear staining. Cells were then 

viewed with a fluorescence microscope (BZ-9000 HS, Keyence). 

To quantify 5-HT2A receptor internalization in Neuro2A cells, I defined 5-HT2A receptor-

internalized cells based on the ratio of anti-5-HT2A receptor immunosignals distributed at >2 

μm from the soma margins defined by outlining TUJ-1-positive areas (yellow lines in Fig. 3-

10A). I counted cells with >25% of total anti-5-HT2A receptor immunosignal intensity 

distributed >2 μm away from the margins (i.e. inside the blue lines in Fig. 3-10A) as ‘5-HT2A 

receptor-internalized’. Only somas larger than 10 μm in short diameter were subjected to the 

quantification of 5-HT2A receptor internalization. Images were analyzed using BZ-H1C (BZ-

9000 HS related application, Keyence), Photoshop CC (Adobe systems, USA) and ImageJ 

(NIH, USA) software.  
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PKC inhibition tests in vitro and in vivo 

As for in vitro PKC inhibition, Neuro2A cells were pre-treated by Ro 31-8220 (a PKC 

inhibitor; 4 μM, 1 h) before 5-HT (10 μM) administration or FSS application (average 2 Pa, 

0.5 Hz, 30 min). 

To evaluate whether PKC inhibition hampers the effect of PHM on HTR or not, I injected 

Ro 31-8220 (5 mg/kg, i.p., Sigma) to mice before each bout of daily PHM for a week. Then, 

HTR was analyzed after 5-HT injection (Fig. 3-14C). As a control, normal saline was injected 

instead of Ro 31-8220. To confirm the single effect of Ro 31-8220, HTR analysis was also 

performed with mice that were not subjected to PHM. Immunohistochemical analysis of c-Fos 

expression and 5-HT2A receptor internalization in neurons of the PFC was performed as 

described above. 

 

Statistical analysis 

All the quantitative data are presented as means ± SEM. Statistical analyses were 

conducted by two-tailed Student’s t-test or one-way ANOVA with post hoc Bonferroni test for 

comparison, using SPSS software (IBM SPSS, Inc.). Differences were considered as significant 

at P values below 0.05.  
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Results 

 

PHM system reproduces the gravity-derived mechanical stimulation 

generated by treadmill running 

I first measured the acceleration generated at the head during treadmill running., I 

observed that the peak magnitude of the vertical acceleration generated at the rats’ heads (z-

axis in Fig. 3-2A) during treadmill running (20 m/min) was ~1.0 g (Fig. 3-2B and 3-2C). I 

therefore set up our custom-designed ‘passive head motion’ (PHM) system to produce 1.0 g of 

vertical acceleration peaks at the heads of rodents (mice and rats) to be tested (Fig. 3-2B and 

3-2C). I examined the head-twitch response (HTR) of mice because of the ease and reliability 

of quantitative analysis due to frequent and immediate head twitching of mice after 5-HTP 

administration132,133 

 

Treadmill running and PHM similarly modulate behavioral response to 5-

HT 

Then, I quantitatively analyzed HTR induced by 5-HTP in wild-type C57/BL6 mice ( n 

= 10 for 5-HTP treated group, n = 5 for saline treated group, P < 0.001, Student’s unpaired two-

tailed t-test; Fig. 3-3A and 3-3B). Mice showed HTR immediately after 5-HTP administration 

and the episodes reached the peak after 15 min. Further, I found that a week of treadmill running 

significantly decreased HTR (n = 10 for each group, 10 m/min, 30 min per day, P = 0.0269, 

Student’s unpaired two-tailed t-test; Fig. 3-4A), suggesting a suppressive effect of exercise on 

5-HT signaling (Fig. 3-4B and 3-4C). Application of PHM to mice under anesthesia led to a 

decrease in HTR (n = 10 for each group, 2 Hz; 30 min per day; 7 days, P = 0.0349, Student’s 

unpaired two-tailed t-test; Fig. 3-4D, 3-4E and 3-4F), similar to that after treadmill running. 
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Mice that underwent PHM exhibited neither apparent alert problems nor detrimental 

consequences on behavioral activity. Collectively, these results suggest that PHM and treadmill 

running have a comparable effect on 5-HT signaling in the PFC of rodents. 

 

Both treadmill running and PHM induce decreased neuronal response to 5-

HT and the internalization of 5-HT2A receptor 

To examine how treadmill running and PHM modulated 5-HT-related signaling in neurons 

in PFC of mice, I conducted immunostaining of brain tissue sections using NeuN as a 

biomarker for neurons134. I observed an increase in c-Fos expression, which has been reported 

to be downstream of 5-HT signaling55,122, in PFC neurons of mice after 5-HTP injection while 

no apparent c-Fos expression was observed in vehicle (saline)-injected control mice. Consistent 

with the suppressive effect of 5-HT signaling by daily treadmill running or PHM (30 min, 7 

days) on HTR (Fig. 3-4), both interventions down-regulated 5-HTP-induced c-Fos expression 

in the PFC neurons (n = 3 to 4 for each group, Left chart:, P < 0.001, one-way ANOVA with 

post hoc Bonferroni test, Right chart:, P = 0.001, Student’s unpaired two-tailed t-test; Fig. 3-

5A and 3-5B).  

To verify the reason of reduced neuronal response to 5-HT, I observed distribution of 5-

HT2A receptor on neurons in the PFC of brain (Fig. 3-5C). It revealed that 5-HT2A receptor 

internalization in mouse PFC neurons was significantly enhanced by both treadmill running 

and PHM (n = 3 for each group, Internalized: Left chart, P < 0.001, one-way ANOVA; Right 

chart, P = 0.002, Student’s unpaired two-tailed t-test, Membrane-associated: Left chart, P = 

0.011, one-way ANOVA with post hoc Bonferroni test; Right chart, P = 0.0338, Student’s 

unpaired two-tailed t-test; Fig. 3-5D and 3-5E). When I conducted immunoblot and 

quantitative polymerase chain reaction (PCR) analyses, I found that neither treadmill running 
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nor PHM significantly changed the expression levels of 5-HT2A receptor in mouse PFC (n = 6 

for each group, P = 0.095 and P = 0.364 for n.s., one-way ANOVA with post hoc Bonferroni 

test; Fig. 3-6A and 3-6B). Considering that 5-HT2A receptor expression is highly neuron-

specific in rodent cerebral cortex135, 5-HT2A receptor expression in the PFC neurons appears 

not to be significantly altered by treadmill running or PHM. These findings suggest that 5-

HT2A receptor internalization, rather than repression of its expression, is involved in the 

desensitization of 5-HT signaling in PFC neurons by treadmill running or PHM. 

 

PHM facilitates cerebral interstitial fluid flow and changes intracerebral 

pressure at the PFC 

As described in the Section 5 of General introduction and the introduction in this chapter, 

I speculated that fluid shear stress (FSS) generated by the flow of interstitial fluid in the nervous 

system is the mechanical stress from physical training such as treadmill running. 

To examine whether PHM affected the interstitial fluid movement (flow) in the brain, I injected 

an extracellular fluid contrast agent, gadolinium-diethylenetriaminepentaacetic acid (Gd-

DTPA) into the PFC of anesthetized rats (Fig. 3-7A), and tracked its distribution with magnetic 

resonance imaging (MRI) (Fig. 3-8A and 3-8B). When I compared rats with and without PHM, 

I found that PHM promoted Gd-DTPA spreading in the rostral-caudal (y-axis, Fig. 3-7B) and 

left-right (x-axis, Fig. 3-7B) directions (n = 5 for each group, Two-way ANOVA with 

Bonferroni's post hoc test, x-axis: P = 0.0081 and P = 0.4136; y-axis: P < 0.001 and P = 0.0231; 

z-axis: P = 0.1068 and P = 0.4289; Fig. 3-7C and 3-7D). Notably, PHM did not significantly 

affect the dorsal-ventral spreading (z-axis, Fig. 3-7B) of Gd-DTPA (Fig. 3-7D). This suggests 

that PHM enhances interstitial fluid flow in the PFC along defined axes, rather than 

isotropically. 
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To further analyze the physical effects that PHM produced on the brain, I measured the 

local pressure in rats’ PFC using a telemetry pressure sensor (Fig. 3-9A). I found that PHM 

generated pressure waves (changes) with ~1 mmHg peak amplitude (10 segments analyzed for 

each, P < 0.001, Student’s unpaired two-tailed t-test; Fig. 3-9B, 3-9C and 3-9D). This supports 

the notion that PHM brings about changes of pressure distribution, thereby driving local 

interstitial fluid flow in the PFC. My simulative calculation suggests that the PHM subjected 

the PFC neurons to interstitial fluid flow-derived shear stress with the average magnitude of 

0.6 ~ 3.6 Pa (Table 3-1), which was demonstrated in vitro to modify the physiological function 

such as intracellular Ca2+ influx of astrocytes136, the most abundant type of cells distributed in 

the brain. 

 

Fluid shear stress internalizes 5-HT2A receptor expressed in neuronal cells, 

and modulates neuronal response to 5-HT in vitro 

Next, I conducted in vitro experiments to examine whether 5-HT2A receptor expressed in 

neuronal cells internalized in response to FSS. Based on my simulation mentioned above, I 

applied pulsatile FSS with the average magnitude of 2 Pa to cultured Neuro2A cells, using a 

system previously reported131 (Fig. 3-1B and 3-1C). As was observed after 5-HT 

administration, FSS application (0.5 Hz, 30 min) caused internalization of 5-HT2A receptors 

expressed in Neuro2A cells (Fig. 3-10B and 3-10C). However, FSS-induced 5-HT2A receptor 

internalization appeared different from that after 5-HT administration. As shown in Fig. 3-10D, 

5-HT2A receptor internalization increased incrementally up to 3 h after termination of FSS (3.5 

h after the initiation of FSS, n = 3 for each group, P < 0.001, one-way ANOVA with post hoc 

t-test comparison), whereas it became insignificant 3 h after 5-HT administration. Notably, 5-

HT2A receptor internalization was significantly enhanced even 24 h after FSS (Fig. 3-10D). 
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Such short duration of 5-HT-induced 5-HT2A receptor internalization in neuronal cells is 

consistent with the lack of significant changes regarding 5-HT2A receptor internalization in the 

PFC neurons between mice with and without 5-HTP injected >30 min before the transcardial 

PFA infusion for in vivo analysis. Further, morphological changes of Neuro2A cells into round 

shape were observed after FSS, while Neuro2A cells kept their morphology with the processes 

after 5-HT administration (Fig. 3-11A) I did not detect significant caspase-3 activation, which 

is typically observed in apoptotic cells98, for at least 24 h subsequent to FSS (n = 3 for each 

group, P = 0.119, Student’s unpaired two-tailed t-test, >30 cells counted; Fig. 3-11B and 3-

11C). These findings suggest that the mechanisms of 5-HT2A receptor shuttling/recycling are 

at least partially distinct between post-FSS application and post-5-HT administration. 

On the other hand, 5-HT administration increased intracellular Ca2+ concentration in 

Neuro2A cells, however, this effect was attenuated by pre-FSS treatment (n = 4 for each group, 

P = 0.0138, one-way ANOVA with Bonferroni's post hoc test, 50 cells analyzed; Fig. 3-12A 

and 3-12B). Consistent with the result of intracellular Ca2+ concentration, I observed via 

immunostaining analysis that FSS alleviated 5-HT-induced extracellular signal-regulated 

kinase (ERK) activation (n = 4 for each group, P = 0.0058, one-way ANOVA with Bonferroni's 

post hoc test, 50 cells analyzed; Fig. 3-12C and 3-12D). Collectively, these results indicate that 

FSS desensitizes neuronal cells to 5-HT by inducing prolonged 5-HT2A receptor internalization 

that involves a mechanism discrete from apoptotic processes.  



 

83 

 

PKC is involved in both FSS-induced 5-HT2A receptor internalization in vitro 

and PHM-attenuated HTR in vivo 

Next, I looked into whether FSS-induced desensitization of neuronal cells to 5-HT was 

relevant to the attenuation of HTR by PHM. It has been reported that HTR is up-regulated in 

mice that are genetically defective in PKCγ137, the major PKC subtype expressed in neuronal 

cells138. As described above, PKC is activated by FSS. Therefore, I examined whether PKCγ 

was involved in 5-HT2A receptor internalization after the application of FSS in vitro. When I 

analyzed Neuro2A cells by immunostaining, I found that FSS (2 Pa, 30 min) enhanced 

phosphorylation of MARCKS, a major PKC substrate139. However, FSS-induced MARCKS 

phosphorylation was hardly observed in Neuro2A cells pre-treated with a PKC inhibitor, Ro 

31-8220 (Fig. 3-13A). In addition, after FSS application I observed decreased nuclear 

distribution of PKCγ, which has been demonstrated to relate to its activation in cultured 

neurons140 (Fig. 3-13B). Furthermore, PKC inhibition significantly attenuated 5-HT2A receptor 

internalization in Neuro2A cells after 5-HT administration or FSS application (n = 3 for each 

group, Left chart: P < 0.001; Right chart: P = 0.0107, Student’s unpaired two-tailed t-test, 100 

cells counted; Fig. 3-14A and 3-14B). These results suggest that PKC activation is responsible 

for FSS-induced desensitization of neuronal cells to 5-HT. 

Then, I tested if PKC activation was involved in 5-HT2A receptor internalization in vivo, 

as indicated in the suppressive effect of PHM on HTR. When we injected Ro 31-8220 prior to 

each bout of daily PHM for a week (Fig. 3-14C), there was an increase in HTR after 5-HTP 

administration, nullifying the effects of PHM on HTR (n = 5 for Ro 31-8220 group, n = 8 for 

PHM groups with or without Ro 31-8220, details are described in the legend of Fig. 3-14D and 

3-14E). Histologically, the effects of PHM on c-Fos expression (n = 4 for each group, P > 0.5 

for n.s., one-way ANOVA with Bonferroni's post hoc test; Fig. 3-15A and 3-15B) and 5-HT2A 
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receptor internalization in the PFC neurons were significantly reduced by Ro 31-8220 pre-

administration (n = 3 for each group, Internalized: P > 0.5 for n.s., one-way ANOVA; 

Membrane-associated: P > 0.5 for n.s., one-way ANOVA with Bonferroni's post hoc test; Fig. 

3-15C and 3-15D). All in all, I conclude that PKCγ activation is at least partly responsible for 

FSS-induced desensitization of neuronal cells to 5-HT in vitro as well as the suppressive effect 

of PHM on HTR after 5-HTP administration in vivo. These findings support the notion that 

FSS-induced desensitization of neuronal cells in vitro is relevant to the suppression of HTR by 

PHM in vivo. 
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Discussion 

 

In this chapter, I demonstrated that mechanical perturbation on brain in vivo, as well as on 

cultured neuronal cells in vitro, gives rise to desensitization to 5-HT through mechanically-

induced, ligand-independent internalization of a 5-HT receptor. Furthermore, I show that an 

inhibition of protein kinase C (PKC) hampers mechanical desensitization of neurons in vivo 

and neuronal cells in vitro to 5-HT. 

Internalization of 5-HT2A receptor was commonly observed in PFC neurons of mice after 

treadmill running or PHM, therefore, I postulated a common regulatory mechanism underlying 

this internalization. Exercise is known to increase 5-HT production and release in rodent 

brain23,141. However, the effects of exercise are site-dependent, and 5-HT concentration in the 

rodent cerebral cortex stays unchanged142 or even decreases after exercise143. Therefore, 5-

HT2A receptor internalization observed after a week of daily treadmill running is likely to be 

instigated ligand-independently, rather than result from increased local 5-HT concentration in 

the PFC. In addition, extracellular 5-HT concentration in rat brain has been reported to be 

significantly decreased by isoflurane anesthesia144, which was used during our PHM 

experiments. Because ligand-dependent internalization thus appeared unlikely to be 

responsible, I hypothesized that 5-HT2A receptor might be internalized in PFC neurons as a 

cellular response to mechanical forces generated by treadmill running or PHM.  

I observed mechanical stress facilitates ligand-independent internalization of 5-HT2A 

receptor both in vivo and in vitro. In particular, fluid shear stress (FSS) showed prolonged 

internalization of the receptor. On the other hand, in consistent with previous reports34,117, 5-

HT2A receptor undergoes ligand-dependent internalization which presents rapid endocytosis, 

desensitization of the receptor and recycling to the plasma membrane. Some studies reported 
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FSS induces endocytosis of GPCR, but specific mechanisms are poorly understood78. But, it is 

suggested that changes of actin fiber formation by FSS may be related to the effect of 

endocytosis145. I also observed the changes of cellular morphology after FSS application 

whereas 5-HT exposure did not change cellular formations. Thus, it is possible that cytoskeletal 

transformation may lead prolonged desensitization of 5-HT receptor. Moreover, considering 

that FSS-induced internalized GPCR activates ERK signaling and is co-localized with late 

endosome and LAMP-178,146,147, I assumed that prolonged internalized 5-HT2A receptor may 

undergo to degradation processes; like angiotensin type 1 receptor148. However, in this study, I 

could not prove decreased 5-HT2A receptor level using immunoblots with PFC tissue sample. 

It is evident that activation of PKC induces internalization of GPCRs125-127. Activation 

PKC phosphorylates 5-HT2A receptor which causes beta-arrestin to bind the receptor123. Then, 

receptor and G protein coupling is compromised and the arrestin-mediated internalization is 

facilitated. On the other hand, application of fluid shear stress activates PKC75,124. It is 

described that increased intracellular calcium concentration which is mediated by 

phospholipase C causes activation of PKC149,150. However, the specific mechanisms by which 

FSS-induced phospholipase C activation are unknown although several signal transducers have 

been proposed151. Along with PKC, many studies proposed that FSS-stimulated signal 

transductions are integrin-mediated events152-154. This suggests that the cytoskeletal adaptations 

to mechanical stress fundamentally involve in cellular regulations. Overall, in consistent with 

previously described studies, I observed that FSS facilitates the internalization of 5-HT receptor. 

The most important observation in this chapter is that mechanical head movement 

recapitulates the effect of treadmill running on the neurological behavior response. To date, 

mechanical stress on the brain has been almost solely documented in the context of traumatic 

brain injury. However, my result may shed light on the positive aspect of mechanical effects 

on the CNS. I demonstrated that PHM in rodents, which generates vertical accelerations at their 
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heads similar to those during treadmill running, changes interstitial fluid flow and produces 

fluid shear stress in the CNS. Subsequently, I showed that responses of neuronal cells to FSS 

derived from head motion-induced interstitial fluid flow in the brain are responsible for the 

suppression of 5-HT signaling. 

In summary, my results indicate that mechanical perturbation on the brain modulates 5-

HT2A receptor signaling in the PFC, and could partially answer the question of how physical 

training (exercise) have influences on CNS functions. This suggestion can explain the result of 

Chapter 2 in my thesis. While I could not directly demonstrate mechanical stress-induced 

suppression of 5-HT receptor hypersensitivity in the spinal cord, I believe that physical training 

would induce the suppression of 5-HT receptor sensitivity which leads to ameliorate spasticity 

after spinal cord injury by similar mechanism. 

In addition, this chapter suggests that the effects of walking and running on emotional 

regulation155 may involve serotonergic modulations in the cerebral cortex induced by 

mechanical impact on the head. The beneficial effects of exercises as the prevention and 

treatment for a variety of diseases and health disorders may rely at least partly on modest impact 

on the brain, which generates optimal fluid shear stress on the CNS. 
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Figure 3-1. Configuration of cultured neuronal cell preparation and experimental set-up 

to exert fluid shear stress (FSS) on the cells 

(A) Experimental scheme about preparation of transfected Neuro2A cells for FSS application 

and 5-HT exposure. (B) Experimental configuration about flow exposure system for applying 

FSS on the neuronal cells. This system is consisting of one flow chamber, a roller pump, two 

reservoirs and temperature-controlled bath. (C) Detailed illustration of a flow chamber used in 

this study (the black box represented in B). The fluid flow was delivered as 0.5 Hz frequency 

via 10-mm-wide and 0.5-mm-high flow chamber to deliver average 2 Pa of FSS. 
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Figure 3-2. Measurement of accelerations generated at rats’ heads during treadmill 

running and PHM 

(A) Definition of x-(left-right), y-(rostral-caudal), and z-(dorsal-ventral) axes used in this study. 

(B) Accelerations generated at the rats’ heads during treadmill running (velocity: 20 m/min) 

and PHM (frequency: 2 Hz). The head drop by the PHM system was adjusted to 5 mm to 

produce 1.0 g vertical acceleration peaks. Right-angled scale bar, 0.5 g / 0.5 s. (C) Peak 

magnitudes of accelerations for x-, y-, and z-axes during treadmill running and PHM (n = 3 for 

each group). 
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Figure 3-3. Counting head twitching after 5-HTP administration in wild-type C57/BL6 

mice 

(A) and (B) Quantification of 5-HTP-induced HTR. Line chart of head twitching count in 5-

min blocks for 30 min (A) and histogram of total head twitching count (B) after injection of 5-

HTP or saline (Control). ***, P < 0.001. 
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Figure 3-4. Treadmill running and PHM decrease head-twitch response 

(A) Schematic representation of experimental protocol for analysis of the effects of treadmill 

running on HTR. (B) and (C) Treadmill running alleviated 5-HTP-induced HTR. Count of head 

twitching in 5-min blocks (B) and for 30 min (C) post-5-HTP injection. (D) Schematic 

representation of experimental protocol for analysis of the effects of PHM on HTR. PHM 

(cyclical 5-mm head drop) was applied to generate vertical accelerations of 1.0 g peaks at the 

heads of mice (2 Hz, 30 min per day, 7 days). (E) and (F) PHM alleviated 5-HTP-induced HTR. 

Head twitching was counted as in (B) and (C), respectively. 
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Figure 3-5. Treadmill running and PHM modulate neuronal response to 5-HT 

(A) Micrographic images of anti-c-Fos (green), anti-5-HT2A receptor (5-HT2AR; red) and anti-

NeuN (blue) immunostaining of the PFC of mice injected with saline or 5-HTP (upper column) 

and 5-HTP injected mice after a week of daily treadmill running or PHM (lower column). Scale 

bar, 100 μm. (B) Both treadmill running and PHM decreased c-Fos expression in 5-HT2A 

receptor-positive neurons of mouse PFC. Relative population (%) of c-Fos-positive cells out 

of 300 NeuN- and 5-HT2A receptor-positive cells is shown. (C) Schematic representation of the 

definition as to ‘membrane-associated’ and ‘internalized’ anti-5-HT2A receptor immunosignals 

used for the quantification in (D) and (E). Yellow lines indicate the margins of somas outlined 

by anti-NeuN immunosignals. Blue lines represent 2 μm inside the soma margins. Scale bars, 

20 μm. (D) Micrographic images of anti-5-HT2A receptor (red) and anti-NeuN (green) 

immunostaining of the PFC of mice injected with vehicle or 5-HTP (upper column) and 5-HTP 

injected mice after a week of daily treadmill running or PHM (lower column). High 

magnification images of anti-5-HT2A receptor immunostaining of arrow-pointed cells are 

presented with a gray scale. Yellow lines indicate the margins of somas outlined by NeuN-

positive signals, and cyan arrowheads point to internalized anti-5-HT2A receptor 

immunosignals. Scale bars, 20 μm. (E) Quantification of internalized and membrane-

associated 5-HT2A receptor-positive area relative to NeuN-positive area in mouse PFC. 

Approximately, 40 NeuN-positive neuronal somas were analyzed for each animal.  

*, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant. 
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Figure 3-6. Neither treadmill running nor PHM significantly alters expression levels of 5-

HT2A receptor in mouse PFC 

mRNA (A) and protein (B) expressions of 5-HT2A receptor in mouse PFC were quantified with 

the mean value of control samples (column 1 or lane 1 in each panel) set as 1. n.s., not 

significant. 

  



 

95 

 

 

 

Figure 3-7. MRI analysis reveals the distribution of cerebral interstitial fluid flow at the 

PFC is altered by PHM 

(A) Schematic representation of experimental protocol for MRI analysis of Gd-DTPA injected 

in rats’ PFC. (B) Definition of x-(left-right), y-(rostral-caudal), and z-(dorsal-ventral) axes used 

in this study. (C) Representative Gd-DTPA spreading presented on a surface rendered brain. 

Gd-DTPA clusters are indicated by green (sedentary) and red (PHM). (D) Quantification of 

Gd-DTPA spreading along each axis. Red line: PHM (n = 5), Black line: sedentary (n = 5). *, 

P < 0.05, ***, P < 0.001.  
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Figure 3-8. MRI analysis of spreading of Gd-DPTA injected in rats’ PFC 

(A) Representative coronal view slices of MRI scanned 10, 60 and 90 min after Gd-DTPA 

injection (before, and 0 and 30 min after PHM). ‘R’ indicates the right side. (B) Pseudo-color 

presentation of MR signal intensity. Gd-DPTA clusters were defined as voxels of top 0.05% 

intensity marked with black lines. The original MRI data for the slices shown in (A) and for 

the intensity shown in (B) are identical (from the same rats) in both sedentary and PHM-applied 

rats.  
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Figure 3-9. PHM changes intracerebral pressure at the PFC 

(A) Schematic representation of ICP measurement at rats’ PFC. (B) Representative ICP waves 

recorded in rats’ PFC during sedentary condition and PHM. Arrows indicate the time points of 

transition from inhalation to exhalation detected by simultaneous respiration monitoring. Scale 

bar, 1 s. (C) Respiration-unsynchronized ICP changes. Respiration-synchronized ICP waves 

indicated by rectangles in (B) are presented with high magnification. Right-angled scale bar, 1 

s / 1 mmHg. Note that 2-Hz ICP waves indicated by an arrow were specifically generated 

during PHM. (D) Magnitude of PHM-specific and -unspecific ICP changes unsynchronized 

with respiration. Peak to peak magnitudes indicated by arrows in (C) were quantified. ***, P 

< 0.001.  
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Figure 3-10. Fluid shear stress internalizes 5-HT2A receptor expressed in neuronal cells 

(A) Schematic images related to counting 5-HT2A receptor-internalized cells used for the 

quantification in (D). Yellow lines indicate the margins of neuronal somas outlined by anti-

TUJ-1 immunosignals. Blue lines represent 2 μm inside from the soma margins. Scale bars, 20 

μm. (B) 5-HT2A receptor was internalized after fluid shear stress (FSS). Neuro2A cells grown 

in a poly-D-lysine-coated dish were subjected to pulsatile FSS (average 2 Pa, 0.5 Hz, 30 min) 

or treated with 5-HT (10 μM), fixed, and stained for 5-HT2A receptor (5-HT2AR; red). To 

differentiate the cytoplasm of neuronal cells from their cell membranes, co-immunostaining of 

TUJ-1 was conducted (green). Left, control. Middle, 3 h after the termination of FSS. Right, 

15 min after 5-HT administration. Arrows point to cells with internalized 5-HT2A receptor. 

Scale bar, 20 μm. (C) 5-HT2A receptor internalization lasted longer after FSS, as compared 

with after 5-HT administration. Micrographic images of Neuro2A cells, with and without FSS 

application, stained for 5-HT2A receptor (5-HT2AR; red) and TUJ-1 (green). Arrows point to 

cells with internalized 5-HT2A receptor. Scale bar, 20 μm. (D) Quantification of 5-HT2A 

receptor internalization. Cells with internalized 5-HT2A receptor were counted out of 100 TUJ-

1- and 5-HT2A receptor-positive cells in micrographs of immunostaining. *, P < 0.05; **, P < 

0.01; ***, P < 0.001.  
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Figure 3-11. FSS induce morphological change of neuronal cells without apparent 

apoptosis 

(A) Neuronal cells became rounded after FSS. mCherry was exogenously expressed in 

Neuro2A cells to facilitate monitoring cell shape changes. Live cell images of mCherry-

expressing cells before and after FSS application (average 2 Pa, 0.5 Hz, 30 min) or 5-HT 

administration (10 μM, 15 min) are shown. Scale bar, 50 μm. (B) Micrographic images of anti-

active caspase-3 (green) and anti-5-HT2A receptor (5-HT2AR; red) immunostaining of Neuro2A 

cells 24 h after 30-min FSS application (right) and cells left unexposed to FSS (left) are shown 

together with nuclear staining (DAPI, blue). Scale bar, 25 μm. (C) Relative population of active 

caspase-3-positive cells among total cells. n.s., not significant.  
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Figure 3-12. FSS modulates neuronal response to 5-HT in vitro 

(A) FSS attenuated 5-HT-induced increase in intracellular Ca2+ concentration. Neuro2A cells 

were either exposed or left unexposed to FSS (average 2 Pa, 0.5 Hz, 30 min). After 3 h from 

the termination of FSS, cells were treated with 5-HT (10 μM) for 10 min, and subjected to 

measurement of intracellular Ca2+ concentration using Fluo 4-AM as described in Methods. 

Scale bar, 50 μm. (B) Intracellular Ca2+ concentration represented as relative fluorescence 

intensity with the mean fluorescence value from cells before 5-HT administration set at 1. *, P 

< 0.05; ***, P < 0.001. (C) FSS alleviated 5-HT-induced ERK phosphorylation in neuronal 

cells. Neuro2A cells were either exposed or left unexposed to pulsatile FSS (average 2 Pa, 0.5 

Hz, 30 min). After 3 h from FSS termination, cells were treated with 5-HT (10 μM) for 15 min, 

fixed and stained for 5-HT2A receptor (5-HT2AR; red), phospho-ERK (green) and DAPI. Scale 

bar, 25 μm. (D) Quantification of anti-phospho-ERK immuno-intensity: Signal intensity of 

anti-phospho-ERK immunostaining was quantified using ‘auto-threshold’ of ImageJ (NIH, 

USA), and immuno-intensity was determined as arbitrary units (A.U.) by referring the 

cumulated intensity values to the total positive signal area.  
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Figure 3-13. FSS is involved in the activation of protein kinase C 

(A) and (B) MARCKS was phosphorylated in neuronal cells after FSS, depending on protein 

kinase C (PKC) activity. Neuro2A cells, either exposed or left unexposed to FSS (average 2 Pa, 

0.5 Hz, 30 min) with and without PKC inhibitor pretreatment (Ro 31-8220; 4 μM, 1 h), were 

subjected to anti-TUJ-1 (green) and anti-phospho-MARCKS (red in A) or anti-PKCγ (red in 

B) immunostaining. Nuclei were stained with DAPI. High magnification images of anti-PKCγ 

immunostaining of arrow-pointed cells are presented with cell margins (white dash lines) as 

insets (B). Scale bars, 20 μm.  
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Figure 3-14. Inhibition of protein kinase C blocks FSS-mediated internalization of 5-

HT2A receptor in vitro and PHM-attenuated HTR in vivo 

(A) PKC inhibition hampered both 5-HT- and FSS-induced 5-HT2A receptor internalization. 

Neuro2A cells with combinations of Ro 31-8220 pretreatment and 5-HT (10 μM) 

administration or FSS application (average 2 Pa, 0.5 Hz, 30 min) were fixed and stained for 5-

HT2A receptor (5-HT2AR; red) and TUJ-1 (green). Scale bars, 20 μm. (B) Quantification of 5-

HT2A receptor internalization. (C) Schematic representation of the experimental protocol for 

PHM with PKC inhibition. Ro 31-8220 or vehicle was injected just before each bout of PHM. 

(D) and (E) PKC inhibition nullified the effect of PHM on 5-HTP-induced HTR. *, P < 0.05; 

**, P < 0.01, n.s., not significant. Asterisks (*) in (D) indicate statistical significance between 

PHM with (green line) and without (red line) Ro 31-8220 (P = 0.158, Student’s unpaired two-

tailed t-test), whereas there were no significant differences at any time point between Ro 31-

8220 with (green line) and without (black line) PHM (P = 0.981, Student’s unpaired two-tailed 

t-test).  
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Figure 3-15. Protein kinase C inhibition eliminates the effect of PHM on c-Fos expression 

and 5-HT2A receptor internalization in mouse PFC neurons 

(A) Representative micrographic images of anti-c-Fos (green), anti-5-HT2A receptor (5-HT2AR; 

red) and anti-NeuN (blue) immunostaining of the PFC of mice administrated with Ro 31-8220 

or its vehicle (saline) prior to each bout of daily PHM. Scale bar, 100 μm. (B) PKC inhibition 

nullified the effect of PHM on c-Fos expression in 5-HT2A receptor-positive neurons of mouse 

PFC. Relative population (%) of c-Fos-positive cells out of 300 NeuN- and 5-HT2A receptor-

positive cells is shown. (C) Representative micrographic images of anti-5-HT2A receptor (red) 

and anti-NeuN (green) immunostaining of mouse PFC from each group. High magnification 

images of anti-5-HT2A receptor immunostaining of arrow-pointed cells are presented with a 

gray scale. Yellow lines represent the margins of neuronal somas outlined by anti-NeuN 

immunosignals, and cyan arrowhead points to internalized anti-5-HT2A receptor 

immunosignals. Scale bars, 20 μm. (D) Internalized and membrane-associated 5-HT2A 

receptor-positive areas were quantified. 35 - 40 NeuN-positive cells were analyzed for each 

animal. *, P < 0.05; ***, P < 0.001; n.s., not significant.  
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Table 3-1. Simulative calculation of the magnitude of PHM-generated fluid shear stress 

on the PFC neurons 

(A) Values referenced for simulative calculation of the magnitude of fluid shear stress that 

PHM generated in the PFC. All referenced values except viscosity (marked by an asterisk) 

were drawn from analyses with Gd-DTPA-enhanced MRI and ICP measurement (Fig. 3-7 and 

Fig. 3-9). The property of interstitial fluid viscosity was referenced from previous studies156-

158. (B) Calculation of the magnitude of PHM-generated fluid shear stress. Fluid shear stress 

(τ) at the cell surface can be calculated as reported previously159.  
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Conclusion 
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Spasticity occurs chronically with involuntary muscular contractions resulting from 

hyperexcitability of spinal circuit after SCI. As one of the crucial factors for development of 

spasticity, up-regulated expression of 5-HT receptors on the spinal motor neurons due to the 5-

HT denervation is considered. Although physical training or exercise shows significant benefits 

for spasticity after spinal cord injury (SCI), the underlying mechanism of how physical training 

(exercise) regulates the 5-HT receptors on the spinal cord has not been elicited. Further, not 

only confined to the spinal cord, it is believed that physical training is also beneficial for several 

5-HT-receptor related mood disorders such as depression and anxiety. 

Thus, the objective of my thesis was to investigate the effects of physical training and its 

mechanism related 5-HT signaling in the CNS for better understanding and for developing 

novel strategies or therapeutic programs. To do so, I first set up a proper evaluation model for 

assessing spasticity. Using the swimming test, I investigated the effect of physical training 

(treadmill training) on the 5-HT2A receptor after traumatic SCI. Then, by exploiting the 5-HT2A 

receptor related neuronal behavior and the region in the brain, I explored the mechanism about 

how physical activities regulate the 5-HT2A receptor sensitivity. 

In the Chapter 1, I evaluated the feasibility of the swimming test with a rat model of 

contusive SCI to determine and assess spasticity along with examination of the expression of 

5-HT2A receptor. Based on the results of the swimming test, SCI rats could accurately and easily 

be categorized into “spasticity-positive” and “spasticity-negative” groups, and these results 

were not only reproducible across tests and time but also corresponded to the results of 

behavioral, electrophysiological, and histological feature assessments. Therefore, a swimming 

test using data based on the occurrence of spastic episodes (spasm and clonus) can accurately 

reflect the severity of spasticity in a contusive SCI rat model. I further uncovered a mechanism 

for the variation in spasticity among animals with SCI related to the expression of 5-HT2A 

receptor at the lumbar spinal motor neurons, which was more up-regulated in the spasticity-
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positive group. This indicates that the 5-HT2A receptor hypersensitivity may be correlated to 

the development and severity of spasticity following SCI. This chapter represents the first 

demonstration of spasticity evaluation in a contusive SCI animal model, demonstrating the 

utility of the swimming test for classification. Furthermore, I demonstrated a correlation 

between 5-HT hypersensitivity and spasticity severity for the same level of SCI. Thus, the 

Chapter 1 demonstrates that a swimming test is a useful method for evaluating spastic 

behaviors related to the 5-HT receptor that should help toward the development of new 

therapeutic interventions for spasticity. 

Utilizing the developed evaluating method in the Chapter 1, I investigated the effect of 

physical training (treadmill training) on spasticity, with or without combinational therapies 

using administration of serotonergic drugs (cyproheptadine or fluoxetine). In the Chapter 2, I 

observed beneficial effects of treadmill training and the 5-HT2 receptor antagonist 

(cyproheptadine) on spasticity assessed by a multimodal assessment approach, including 

behavior assessment, electrophysiology, and histology. Besides, I found no synergistic effect 

of the combined administration of treadmill training and the 5-HT antagonist. Moreover, my 

results indicate that treadmill training and the 5-HT receptor antagonist have different effects 

on the hyperactive state of the 5-HT2A receptor expressed on motor neurons. On the other hand, 

administration of the selective serotonin re-uptake inhibitor (fluoxetine) exacerbated spastic 

behaviors. In particular, using immunohistochemical analysis, I observed decrease 5-HT2A 

receptor expression by treadmill training and suggested that this result may be due to the 

internalization of the 5-HT receptor. The findings in the Chapter 2 successfully demonstrated 

the effect of combination therapy involving treadmill training and serotonergic drugs, and 

provide an insight into the mechanism underlying its effect. Thus, the Chapter 2 suggests that 

a new concept that is a fusion of locomotive and pharmacological rehabilitation, and provide a 
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reliable experimental approach to explore new therapeutic interventions for spasticity in 

contusive SCI. 

Last, in the Chapter 3, I further examined the effect of physical training on the regulation 

of 5-HT receptor based on the observation in the Chapter 2. To elicit how the physical training 

affects the regulation of 5-HT receptor, I used the brain of rodents and its 5-HT2A receptor 

related functions because of the possibility for utilizing as a reminiscent model to investigate 

the spinal neurons and for better understanding. I focused on physical movements of an animal, 

especially the head part, during treadmill training and hypothesized that the mechanical stress 

generated from physical activities regulates 5-HT receptor sensitivity in the CNS. Subsequently, 

I designed a ‘passive head motion’ system which generates vertical accelerations at rodent’s 

heads similar to those during treadmill running to deliver simple mechanical stress. I 

demonstrated that passive head motion in rodents recapitulates the effects of physical activity 

on the decreased neuronal response to overdose 5-HT injection. As the reason for 

desensitization to 5-HT, mainly, I observed the internalization of 5-HT2A receptor of neurons 

at the prefrontal cortex in the brain. Also, I determined the change of distribution dynamics of 

cerebral interstitial fluid using MRI analysis as well as the change of intracerebral pressures 

when the passive head motion applied to animals. From these results, I derived that fluid shear 

stress is generated in the brain of rodent, from the head motion, which also may occurred by 

treadmill running. Next, I presented in vitro evidences that neuronal cells exposed to fluid shear 

stress which is a similar level of passive head motion-induced shear stress showed the 

internalization of 5-HT2A receptor. Fluid shear stress exposed neuronal cells presented 

suppressed 5-HT signaling in consistent with in vivo analysis. Furthermore, I presented that an 

inhibition of protein kinase C (PKC) blocks mechanical desensitization of neurons in vivo and 

neuronal cells in vitro to 5-HT. Overall, the Chapter 3 suggests that the mechanical regulation 



 

113 

 

of neuronal cell function in the brain is partly responsible for the effects of physical activity, 

such as treadmill running, on the CNS. 

In conclusion, this study revealed that physical training (exercise) which generates the 

mechanical stress in the CNS could regulate the sensitivity of 5-HT2A receptor and alleviate 

spasticity after SCI. My results showed that the physical activities could desensitize 5-HT 

signaling toward hypersensitivity of 5-HT2A receptor after spinal cord injury or response of the 

5-HT receptor to overdose 5-HT receptor agonist in the brain. Considering these points, my 

study may help to develop novel rehabilitation programs or therapies for not only spasticity, 

but the other 5-HT receptor related disorders, focusing to maintain the homeostasis of 5-HT 

signaling. In addition, although my study confined its focus to the 5-HT receptor, beneficial 

effects of physical training on the CNS are evidently not limited to regulation of the 5-HT 

receptor in the neuronal cells. 

Physical training has been generally accepted as an effective and safest practice to 

maintain our health as well as a rehabilitation tool to promote impaired body functions. Various 

physical activities, such as running, swimming and bicycling, have been proven beneficial as 

prevention and therapy for a variety of health problems, including metabolic diseases, 

cardiovascular disorders and mental illnesses. Although the effects of physical activities are 

well documented, the mechanisms behind them are still uncovered. Thus, I assume that the 

other known physical activity-induced beneficial effects which especially related to GPCRs 

may be due to generated mechanical stress on the receptors. Also, given that mechanical 

regulation of the brain and spinal cord functions has not been extensively studied or even 

supposed so far, further studies are expected. 
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