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Traumatic brain injury (TBI) frequently causes cardiac autonomic 

dysfunction (CAD), irrespective of its severity, which is associated with an 

increased mortality in patients. Despite the effort to study the cellular 

mechanism underlying TBI-induced CAD, animal models on this mechanism 

are lacking. In the current study, I examined whether CAD is developed 

during the post-insult sub-acute period in a controlled cortical impact rat 

model of TBI. The severity of TBI was evaluated via quantification of the 

cortical lesion volume. Power spectral analysis in the frequency domain of 

heart rate variability (HRV) showed that the low frequency (LF) / high 

frequency (HF) ratio was increased in moderate and severe TBI rats. On the 

other hand, the measurement of the reflexive bradycardia during 

vasoconstrictor induction that the baroreflex sensitivity (BRS) was reduced 



xii 

 

in moderate and severe TBI rats. Overall, the higher LF/HF ratio and lower 

BRS observed in the TBI rats suggest an autonomic imbalance with 

sympathetic hyperactivity and parasympathetic hypoactivity. Then, cell 

excitability was recorded in the sympathetic stellate ganglion (SG) neurons 

and parasympathetic intracardiac ganglion (ICG) neurons using the 

gramicidin-perforated patch-clamp technique. The number of action potential 

(AP) discharges was significantly increased in the SG neurons and 

decreased in the ICG neurons in TBI rats, compared to the sham rats. The 

hyperexcitability of the SG neurons and the hypoexcitability of the ICG 

neurons in TBI rats are associated with the decreases and increases in the 

AP threshold and duration, respectively. The transient A-type K+ (KA) 

currents, but not the delayed rectifying K+ currents were significantly 

decreased in SG neurons in TBI rats, compared with sham animals. 

Consistent with these electrophysiological data, the transcripts encoding the 

Kv4 α subunits (Kv4.1, Kv4.2, and Kv4.3) were significantly downregulated 

in SG neurons in TBI rats, compared with sham rats. The application of XE-

991, a selective M-type K+ (KM) channel blocker, increases the number of 

AP discharges in SG and ICG neurons. TBI causes the downregulation and 

upregulation of functional KM currents and the KCNQ2 mRNA transcripts, 

which may contribute to the hyperexcitability of the SG neurons and the 

hypoexcitability of the ICG neurons, respectively. In addition, TBI was found 

to affect the afferent limb of the baroreflex arc by dramatically decreasing the 

excitability of both A- and C-type baroreceptor neurons. In conclusion, the 

CAD was developed during post-insult sub-acute period in a rat model of TBI. 
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The key cellular mechanism underlying the TBI-induced CAD may be the 

functional plasticity of the peripheral cardiac efferent neurons, which is 

caused by the regulation of the KA and/or KM currents, and cardiac afferent 

neurons.  
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I. INTRODUCTON 

1.1 Traumatic brain injury (TBI) 

1.1.1 Classification of TBI 

Traumatic brain injury (TBI), which is defined as an acquired brain injury 

by the application of sudden mechanical forces, is the leading cause of 

mortality in human race (Coronado et al., 2011). TBI can be classified based 

on severity (ranging from mild to severe TBI), mechanisms (closed or 

penetrating head injury), or other features (e.g., focal or global) (Kobayashi, 

1982; Lai et al., 2020). To be more specific, the types, injury duration, degree 

of brain injury attribute to the severity of TBI. Types of the brain damages are 

as follows: angular, shear, translational, and rotational injuries (Punchak et 

al., 2018). A standard classification of the severity of injury in TBI is initially 

evaluated by Glasgow Coma Scale (GCS). GCS scores are world-widely 

accepted scoring system and are defined as follows: severe TBI (3-8); 

moderate TBI (9-12); and mild TBI (13-15). TBI-related animal models for 

research have also applied and modified such system to classify the severity 

of injury (Ma et al., 2019). 

 

1.1.2. Epidemiology of TBI 

TBI is a non-neurodegenerative neurosurgical disease. TBI is one of the 

leading causes of deaths accounting for almost 30-40% of all mortalities from 

acute injuries. World widely, more than 60 million incidences of TBI occur 
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each year (Maas et al., 2017). TBI survivors experience many clinical 

complications ranging from neurological, psychosocial problems to long-

term disability (Bazarian et al., 2009). The financial costs of TBI are 

estimated to be over $70 billion per year internationally. This ultimately 

affected the economic states of the patients and family caregivers due to the 

inclusion of medical and rehabilitation care and continuous costs related to 

this care. The rate of mortality is evidently extremely high as 17 per 100,000 

people are reported to be the current statistics. This is almost 7-8 per 

100,000 people for patients in the hospitals (Faul et al. 2015). After all, this 

results in many socio-economic burdens due to an immense medical 

expense. To set up a systematic protocol in managing TBI, for instance, 

South Korea, has recently set up Korean Trauma Data Bank System 

(KTDBS) so that the clinicians can find the correlation between the critical 

parameters and functional prognosis after TBI (Jeong et al., 2016). Yet, more 

data must be collected to prevent TBI as well as to treat the patients with 

minimal secondary injury with neurologic deficits.  

 

1.1.3. Pathophysiology of TBI  

1.1.3.1. General view 

Understanding the underlying pathophysiological mechanisms of TBI has 

an important implication of developing therapeutic plans for preclinical and 

clinical studies.  

TBI is categorized largely into two sub-classifications: (i) primary injury, 
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which is directly caused by mechanical forces during the initial insult; and (ii) 

secondary injury, which refers to further tissue and cellular damages 

following primary insult. 

Mechanical input at the time of brain damage causes an initial primary 

brain injury which activates a secondary brain injury. This subsequently 

results in an increase in the intracranial pressure and a decrease in the 

cerebral perfusion. Primary injury is a critical factor for final prognosis of the 

patients with TBI. (Perez-Alfayate et al., 2019; Tapper et al., 2017) Thus, the 

goal of treating TBI is the prevention of either primary injury (i.e., preventing 

the traumatic events to happen in the first place) or the progression of 

secondary injury. An initial primary brain injury rapidly activates devastating 

secondary brain injuries including cerebral ischemia, increased intracranial 

pressure (ICP), and reduced cerebral blood flow (CBF) (Fig. 1). After primary 

injury, the cerebrovascular flow retention occurs due to intracranial 

hypertension, and this ultimately causes the global or local cerebral ischemia 

in the brain. Subsequently, the secondary ischemic insults will follow the 

primary injury. Although inflammation at the injury sites increases the oxygen 

consumption, the reduced CBF decreases the brain oxygen delivery, which 

determines the degree of secondary ischemic insults and the outcome of the 

TBI patient. The secondary injuries are often reversible and modifiable with 

immediate treatment in a timely manner (Baguley et al. 2008). The more 

details of the mechanisms of secondary injuries including many inflammatory 

changes induced by the trauma are described in the following section. After 

all, there is a whole spectral range of damage in TBI and the process in 
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between the start and the end stage of the disease determine the prognostic 

aspect of the patients. 

 

1.1.3.2. Biochemical and cellular mechanisms of the 

secondary brain injuries 

Secondary changes of the normal brain tissue may develop in tissues with 

direct impact or in the opposite to the contusion due to the striking, shearing, 

and stretching by brain rebounds, hence disruption of gap junctions in the 

brain structure (Schmidt et al., 2004, Pearn et al., 2017). The extent of 

neurologic deficits such as cognitive impairments and motor hemiparesis is 

normally determined by this impact. Consequently, abnormal mechanistical 

forces damage neuronal axon circuits, blood vessels, leading to brain edema 

and ischemic brain damage (Smith et al., 2003). Subcellular events occur 

where the neuronal damages are followed by the uncontrolled influx of ions 

such as sodium and calcium due to the breakage of plasma membrane of 

neurons and other structural cells (Pearn et al., 2017). Dysregulated influx 

of calcium into the injured cells initiates a vicious cycle of cellular toxicity with 

over release of glutamate which causes further cytoplasmic calcium 

increase. This eventually leads to mitochondrial dysfunction at the cellular 

level with the production of reactive oxygen species (ROS) and cell death 

(Pearn et al., 2017; McDonald et a., 2020). Notably, the axonal damages can 

persist up to months following TBI, suggesting an association with delayed 

secondary pathology of hemorrhages and brain edema (Saatman et al., 
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2008). Secondary brain injuries initiate as soon as primary injury is 

progressed, so the overall impact is not sequential, but rather a continuum 

of different mechanisms of injuries. There are several types of secondary 

injuries and some are mentioned as follows: (1) brain blood barrier 

destruction leading to the release of excitatory amino acids and causing 

excitotoxicity (Chamoun et al., 2010); (2) mitochondrial dysfunction and 

metabolic derangements in dying neurons with the production of reactive 

oxygen species, and subsequent cell death such as apoptosis (Grady et al., 

2003, Xiong et al., 1997, Singh et al., 2006); (3) neuroinflammation with 

overflooding of circulating cytokines such as IL-1β, IL-6 and TNF-α through 

the damaged blood brain barrier, into the damaged brain tissue (Lotocki et 

al., 2009); (4) global disorganization of axonal cytoskeletal network due to 

direct injury causing failures in the normal neural transmission (Povlishock, 

2006); and (5) reactive gliosis mediated by astrocytes and microglia which 

make glial scars to inhibit the recovery of axonal injury (Fawcett et al. 1999) 

(Fig. 2). Detailed activated mechanisms of microglia and gliosis are not much 

studied in TBI. However, the activation of M1 and M2 phenotypes of 

microglia are suggested to be critical for the permanently changed 

environment of the injured brain (Pearn et al, 2019).  
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Figure 1. The secondary processes of TBI.  

(BP: blood pressure; CBF: cerebral blood flow; ICP: intracranial pressure; TBI: 

traumatic brain injury) 
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Figure 2. The potential biochemical and cellular mechanisms of the secondary 

brain injuries. 
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1.2. Cardiac autonomic nervous system (ANS) 

The autonomic nervous system (ANS) is a part of peripheral nervous 

system where it controls smooth muscle contraction of heart, respiration, 

digestion, secretion of glands, renal functions (e.g., urination) and modulates 

the functions of internal organs (Wehrwein et al., 2016). The ANS is linked 

from the brainstem to the spinal cord and the related organs. The autonomic 

nervous system has three branches: the sympathetic nervous system, the 

parasympathetic nervous system and the enteric nervous system. The 

cardiac autonomic nervous system (cardiac ANS) is defined to contain 

sympathetic and parasympathetic nervous system of heart and it covers 

many physiological functions. It regulates heart rate, blood flow, and blood 

pressure. Major parts of my research focus on finding out how distinct 

neurons in peripheral autonomic ganglia communicate with multiple organs 

to ultimately regulate cardiac functions to maintain hemodynamic 

homeostasis in traumatic brain injury (Goldberger et al., 2019). 

Understanding the functions of a crosstalk between the autonomic nervous 

system and heart in normal and disease conditions are keys to this research. 

Many cardiological studies have been undertaken to find out the involvement 

of autonomic neuronal dysfunction in many disease conditions such as 

arrhythmia, and sudden cardiac death. The clinical intervention to target the 

modulation of cardiac autonomic dysfunction is critical in improving the 

patient prognosis (Qin et al., 2019). 
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1.2.1. Anatomy and functions of the cardiac ANS 

Anatomical structures on cardiac ANS are complex and there are two 

systems, i.e., sympathetic and parasympathetic. The cardiac nerves 

connecting to the cardiac plexus or distributing to the heart are named 

according to their origins as follows (Fountaine, 2018). Superior cardiac 

nerve is the cardiac nerve originating from the superior cervical ganglion or 

sympathetic chain. Thoracic cardiac nerve is the cardiac nerve originating 

from the thoracic stellate ganglia or the thoracic sympathetic chain below 

inferior cervical ganglion. Paravertebral sympathetic ganglion 

communicates with spinal nerves to control the heart innervated organs 

accordingly (Goldberger et al., 2019). The intrinsic cardiac ganglia is located 

in the epicardial muscle layer of the heart and it has both post-ganglionic 

sympathetic and pre-ganglionic parasympathetic nervous innervations. The 

balance of sympathetic and parasympathetic activities of heart are critical in 

regulating the physiological functions. 

 

1.2.2. Arterial baroreflex circuitry 

The arterial baroreflex is the most important mechanism for controlling of 

arterial blood pressure. The baroreceptor senses the fluctuations of blood 

pressure that occur in everyday situation. On the other hand, the reflex 

mechanisms regulate blood pressure in response to inputs from peripheral 

cardiovascular, respiratory, vestibular, and other receptors. The arterial 

baroreflex is a critical cardiovascular reflex that continuously modulate any 
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fluctuations in the blood pressure in normal and abnormal conditions of the 

body (Fountaine, 2018). The baroreflex controls cardiac output and total 

peripheral resistance to resultantly regulate blood pressure. For example, 

the activation of the baroreceptors after an increase in blood pressure results 

in suppressing the activities of sympathetic nerves innervating the heart and 

vessels, while increasing the parasympathetic activities of vagal output to 

the heart (i.e., the sinoatrial node). This results in decreases in cardiac 

output (CO) and total peripheral resistance (TPR) and then, blood pressure. 

In the conditions with low blood pressure, reduced baroreceptor activity 

causes the activation of reflex sympathetic circuit to increase CO and TPR 

 

1.2.3. Arterial baroreceptor neurons 

The arterial baroreceptor neuronal terminals are located in the carotid 

sinuses and aortic arch. These are mechanosensitive so the vessel dilatation 

or constriction will trigger off the baroreceptor afferent depolarization. There 

are several mechanosensitive channels in the baroreceptor afferents 

involves such as epithelial sodium channels (ENaCs), acid-sensing 

channels (ASIC), and transient receptor potential (TRP) channels and is 

regulated by several potassium currents and local signals (Snitsarev et al., 

2007). Primary baroreceptor afferents provide excitatory input to neurons 

located in the nucleus of the solitary tract (NTS) (Blessing, 2003). 

Barosensitive NTS neurons initiate a sympathetic pathway which controls 

total peripheral resistance and heart rate. 



１１ 

 

The baroreflex’s sympathetic pathway involves a projection from the NTS 

to send an inhibitory projection to sympathoexcitatory neurons located in the 

rostral ventrolateral medulla (RVLM) (Fig. 3). RVLM neurons pass on the 

excitatory signals to preganglionic neurons of the intermediolateral cell 

column and activate the sympathetic vasoconstrictor output to muscle, 

mesenteric, and renal blood vessels. This RVLM pathway is crucial for 

sustaining reflex control of blood pressure (Dampney et al. 2003). The 

baroreflex receives neural information from the NTS to a group of vagal 

preganglionic neurons located in the nucleus ambiguus. These cholinergic 

neurons project to the cardiac ganglion neurons that inhibit the automatism 

of the sinus and provide a beat-to-beat control of the heart rate (Spyer, 1994). 

There is a continuous regulation of the baroreceptor reflex depending on 

many physiologic conditions. This baroreflex modulation contributes not only 

to the short-term but also to the long-term control of blood pressure.  

The baroreflex controls the heart rate and its main mechanism is via its 

effects on the sympathetic vasoconstrictor neurons modulating total 

peripheral resistance. The efferent sympathetic component of the baroreflex 

is mediated by preganglionic sympathetic neurons that release acetylcholine, 

which acts via ganglion-type nicotinic receptors to switch on the excitation of 

noradrenergic neurons in the sympathetic ganglia innervating the resistance 

blood vessels. On the other hand, decreased baroreceptor activity triggers 

an activation of sympathetic vasoconstriction and an increase in peripheral 

resistance and venous return. The disruption of this system in the TBI 

individuals are shown to have dysregulated cardiac autonomic system with 
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disrupted BRS (McMahon, 2011). The BRS dysregulation results in the 

impairment and damage to the cardiac functions affected by abnormal 

automacity. 
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Figure 3. Schematic neural circuit of the arterial baroreflex. The circuit 

was consisted of sympathetic pathway from STG and parasympathetic flow 

of ICG, which was affected to heart rate and mean arterial pressure. If mean 

arterial pressure was increased, the negative feedback was started from the 

NG to the ICG via afferent and parasympathetic fiber.  

 

 

 

 

 

 

 

 

 

 



１４ 

 

1.2.3.1. Characteristics of arterial baroreceptor neuron 

subtypes  

The aortic depressor nerve (ADN) is composed of both afferent A-fiber 

(about 25%) and C-fiber (about 75%) (Yamasaki et al. 2004). The sensory 

discharge characteristics are different between A-fiber and C-fiber 

baroreceptor afferents. C-fiber afferents are activated mainly at very high 

pressure and have lower firing frequencies with irregular discharge patterns 

(Thoren, Munch, and Brown 1999). The C-fiber afferents are known to be the 

primary regulators of tonic baseline levels of BP (Seagard et al. 1993). A-

fiber afferents have lower pressure thresholds with very stable, proportional 

firing patterns (Thoren et al., 1999b). They are thought to regulate the 

baroreflex sensitivity but not baseline levels of BP (Seagard et al., 1993). 

Electrophysiological and pharmacological examination of all these cells 

revealed that the AB neurons were comprised of two functionally distinct 

populations of A- and C-type AB neurons (Li et al., 2008). All A-type AB 

neurons are stimulated repetitively in response to the depolarizing step 

currents. In contrast, the unmyelinated C-type AB neurons exhibited very low 

discharge frequencies and often responded to step current magnitudes with 

short bursts of action potential discharges. Unlike myelinated A-type afferent 

neurons, all unmyelinated C-type afferent neurons exhibited a marked “hump” 

or delay over the repolarization phase of the somatic action potential 

waveform (Li and Schild 2007). A- and C-type AB neurons are 

pharmacologically identified based upon a differential sensitivity to the 
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selective ligand channel agonists capsaicin. (Li and Schild 2007) Recent 

reports demonstrated that the conduction velocities in A-type AB neurons did 

not respond to somatic application of capsaicin while the C-type AB neurons 

were capsaicin-sensitive (Reynolds et al., 2006a, Jin et al., 2004). 

Furthermore, the afferent synaptic transmission was blocked in the neurons 

within the NTS (Jin et al., 2004). In this respect, C-type AB neurons highly 

express TRPV1 channel in peripheral axons and in aortic arch terminations 

but A-type did not (Reynolds et al., 2006). 

Voltage gated ion channels may involve in modulating arterial pressure 

and the neurotransmission of this information along the A- and C-type fiber 

pathways. Although various voltage-gated ion channels isoforms are 

expressed in both types, the relative expressions of each types of channels 

may form the unique discharge properties of the A-type and C-type 

baroreceptors (Schild and Kunze 2012). 

The fast inward Na+ current is a major determinant of the action potential 

threshold and the regenerative transmembrane current needed to sustain 

repetitive discharge (Schild et al., 2012). In the A-type baroreceptors the 

TTX-sensitive Nav1.7 channel contributes to the whole cell Na+ current. 

However, NaV1.7 is lowly expressed in the C-type neurons in conjunction 

with TTX-insensitive NaV1.8 and NaV1.9 channels (Chen et al., 1997; Tu et 

al., 2010; Muroi et al., 2011). As a result, the action potentials of A-type 

neurons have firing thresholds that are 15-20 mV more negative with 5-10 

times faster upstroke velocities when compared to the unmyelinated C-type 

neurons. A higher depolarized threshold of non-inactivating KV channel 
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subtypes produces C-type action potentials which are 3-4 times longer in 

duration than A-type neurons with low cellular excitability. 

The C-type AB neurons also express KCa1.1 which comprises 25% of the 

total outward K+ current. KCa1.1 plays a critically important role in shaping 

the action potential profile of C-type neurons while strongly influencing the 

neuronal excitability. The A-type AB neurons do not functionally express the 

KCa1.1 channel despite their whole cell CaV current is quite similar to that of 

C-type AB neurons (Li et al. 2008). 

In both A- and C-type AB neurons the HCN current are activated at 

membrane potentials more negative than −50 mV. In the A-type AB neurons, 

the HCN channels are activated with nearly twice the firing rates and more 

than 10 times the magnitude of the HCN currents of the C-type neurons. The 

differences in the peak magnitude signifies the large contribution of HCN1 

channels making the total HCN currents in the A-type AB neurons (Doan and 

Kunze 1999; Doan et al., 2004; Schild and Kunze, 2012). Interestingly, HCN2 

and HCN4 expression levels are comparable in both types of AB neurons 

(Doan and Kunze 1999). 

Together, such assembly of voltage gated ion channels strictly control the 

neural transmission of myelinated A-type baroreceptors to low threshold with 

high frequency but with a limited capacity for neuromodulation of afferent 

bandwidth. Unmyelinated C-type baroreceptors require greater depolarizing 

forces for activation, and usually have a low frequency discharge profile that 

is often poorly correlated with the physiological stimulus. However, the 

voltage gated ion channels in C-type neurons are more capable of 
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neuromodulation of cell excitability than the neurons from A-type 

baroreceptors. The resting membrane potential from different species ranges 

from approximately -60 mV. The variation in these values may reflect the 

species differences as well as sex and recording conditions such as methods. 

Nevertheless, the molecular mechanisms of arterial baroreceptor is yet 

poorly understood. Recent evidence suggested that these mechanosensitive 

channels are epithelial Na+ channels (ENaCs), acid-sensing ion channels 

(ASICs), and transient receptor potential (TRP) channels by pharmacological 

and genetic approaches (Drummond et al., 2008). The identification of the 

degenerin (DEG) / epithelial Na+ channel (ENaC) proteins has provided 

insight into the identity of mechanosensitive ion-channel complexes. These 

proteins are expressed predominantly in neuronal tissue and may play a role 

in mechanical sensation. They seem to have crucial roles in the kidney, colon, 

and lung epithelia as αENaC, βENaC, and γENaC form a heteromultimeric 

channel critical in Na+ and water transport (Canessa et al., 1993). Most 

DEG/ENaC proteins form amiloride-sensitive, non-voltage-gated cation 

channels (Mcdonald and Welsh 1995). The mammalian epithelial Na+-

channel (ENaC) subunits have been reported to contribute to baroreceptor 

neurons (Drummond et al., 2001). The acid-sensing ion channel (ASIC) is a 

member of the DEG/ENaC family and is highly expressed in the mammalian 

central and peripheral nervous systems (Duggan et al., 2002). It has also 

been reported that the ion channels (ASIC2) play an important role in 

maintaining the integrity of the arterial baroreceptor reflex and the sensitivity 

of the baroreceptor neurons (Tan et al., 2010). 
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1.2.3.2. Functional roles of different Ion channels in cardiac 

afferent and efferent neurons  

Sodium channels. Voltage-gated sodium channels (NaV) are important in 

the initiation and conduction of action potentials in excitable tissues and 

neural cells. TTX-sensitive NaVs currents are dominant in autonomic 

ganglion neurons. On contrary, mammalian primary afferent NG neurons 

(Ikeda and Schofield 1987) exhibit both TTX-sensitive and resistant NaV 

currents. Molecular studies have reported that there are nine specific NaVs 

α-chain subtypes (NaV1.1 to NaV1.9), and most of those except the NaV1.4 

subtype have been found in sensory neurons (Liu and Wood 2011). Among 

them, NaV1.5, NaV1.8 and NaV1.9 are known to be TTX-resistant (TTX-R) 

(Catterall et al., 2005). Each subtype has unique kinetic properties in the 

generation of action potentials. The overall NaV current in many sensory 

neurons is biphasic showing a rapid activation and inactivation current 

followed by a slowly activating and inactivating current. (Caffrey et al., 1992). 

 

Calcium channels. Voltage-gated Ca2+ (CaV) channels contribute to the 

electrical excitability, transmitter release, and gene expression in many types 

of neurons (Hille, 1992). CaV channels are involved in modulating membrane 

potential changes into intracellular Ca2+ transients that can act as secondary 

messengers to begin various physiological events. There are ten members 

of the CaV channel in mammals with different cellular functions. The CaV1 
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subfamily (L-type, CaV1.1 to 1.4) initiates contraction, secretion, gene 

expression, integration of synaptic input in neurons, and synaptic 

transmission at ribbon synapses in specialized sensory cells. The CaV2 

subfamily (N-type, CaV2.1; P/Q-type, CaV2.2; R-type, CaV2.3) is primarily 

responsible for initiation of synaptic transmission at fast synapses (McCarthy 

and TanPiengco, 1992; Tsien et al., 1988; Dunlap et al., 1995; Catterall and 

Few, 2008). The CaV3 subfamily (T-type, CaV3.1 to 3.2) is important for 

repetitive firing of action potentials in rhythmically firing cells such as cardiac 

myocytes and thalamic neurons (Mangoni et al. 2006).  

 

Potassium channels. So far, seven distinct voltage-activated K+ currents 

have been identified in mammalian autonomic neurons: 1) a delayed outward 

rectifying K+ channels; 2) a transient outward K+ channels (A-channel); 3) 

Ca2+-activated K+ channels (BK- and SK-channels); 4) an inwardly rectifying 

K+ channels; and 5) a muscarine-sensitive outward K+ channel (KCNQ or M-

Channel) (Adams et al., 1982). 

Delayed outward rectifying K+ channels are common in autonomic neurons 

and functions to repolarization of the action potential. The K+ current turns on 

with a brief delay following the onset of membrane depolarization and 

persists while the depolarization is maintained (Sun et al., 2015). The 

transient outward K+ (IA) channels are activated during the neuronal 

excitation, and functions to reduce the excitatory effects of depolarizing 

stimuli on a time-dependent manner. These channels contributed to the 

neuronal firing rate over a range of stimulus strength of synaptic transmission 
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(Daut, 1973) and afterhyperpolarization. Type IA is expressed in mammalian 

sympathetic neurons and regulates low-frequency repetitive discharge 

(Schofield and Ikeda 1989). Ca2+-activated K+ (KCa) channels are another 

key regulator of neuronal excitability, inter-spike interval and spike-frequency 

adaptation. Large conductance KCa (BK) channels show a very high single-

channel conductance (-250 pS in symmetric 0.1 M KCI) and are activated by 

membrane depolarization and increases in intracellular [Ca2+]i. They play a 

role as feedback modulators of the activity of voltage-dependent calcium 

channels (VDCCs). Small conductance KCa (SK) channels play another 

major role in all excitable cells and are activated by an increased intracellular 

[Ca2+]i. The activation of SK channels causes membrane hyperpolarization 

inhibiting action potential firing. The intracellular [Ca2+]i increase evoked by 

action potential firing decays slowly while SK channel are activated to 

generate a long-lasting hyperpolarization, i.e. slow afterhyperpolarization 

(sAHP) (Vergara et al. 1998). The KCNQ potassium channel gene family has 

three members: KCNQ1, KCNQ2, and KCNQ3 (Singh et al. 1998). The 

KCNQ2 and KCNQ3 subunits contribute to the M-current in central nervous 

system. KCNQ channel is activated in a voltage range between the resting 

potential and threshold (from -70 to -30 mV). KCNQ channels contribute to 

the normal resting membrane current and affects the general level of 

excitability (Shimizu et al., 1994). 

 

Hyperpolarization-activated cation (HCN) channels. Four HCN 

isoforms (HCN 1–4) have been identified (Ludwig et al., 1999). These 
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isoforms exhibit 80–90% structural consensus in their core transmembrane 

regions and cyclic nucleotide binding domains (Santoro et al., 1999). All 

isoforms have been shown to form homomeric, hyperpolarisation-activated, 

non-selective cation channels that are directly modulated by cAMP in many 

different cells (Santoro et al., 1999). HCN channels are known to be activated 

during the afterhyperpolarization (AHP) of the action potential. HCN can act 

to depolarize the membrane, limit, and shorten the AHP, and promote 

multiple firings (Adams, 1995). 

 

1.2.4. Ionic mechanisms underlying the excitability of 

intracardiac ganglion (ICG) neurons 

The action potential and the different firing patterns in intracardiac neurons 

contributed to the regulation of blood pressure in the mammalian heart (Xi et 

al., 1991). The TTX sensitivity of the voltage-activated Na+ current in rat 

parasympathetic neurons (Franklin et al., 1993) is known to be similar to the 

TTC sensitivity in rat sympathetic neurons ( Schofield et al., 1988). 

The components of the voltage-gated Ca2+ channels were N-type (63%), 

L-type (11%), and Q-type (19%), which were sensitive to ω-conotoxin GVIA, 

nifedipine, and ω-conotoxin MVIIC (Jeong et al., 1997), respectively. The 

electrical currents blocked with cocktail antagonists represent the R-type 

current (7%), which was sensitive to 100 μM NiCl2 (Jeong et al., 1997). 

Meanwhile, the muscarine-sensitive K+ current, M-current, regulates the 

discharge activity in neonatal rat ICG neurons. Whereas the Ca2+-activated 
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K+ current blockers such as charybdotoxin and apamin had no effect on firing 

frequency (Cuevas et al., 1997). The Ca2+-activated K+ current is known to 

form approximately 35% of the total outward K+ current observed in rat 

parasympathetic cardiac neurons. The Ca2+-activated K+ current in rat 

parasympathetic cardiac neurons contributes to the AHP (Xu and Adams 

1992) which is disappeared by the removal of extracellular Ca2+ or addition 

of Cd2+ to the extracellular solution in cultured ICG neurons of the guinea-pig 

(Allen et al., 1987). 

The Cd2+-resistant delayed rectifier K+ current in rat parasympathetic 

neurons contributes to maintaining the resting membrane potential, and to 

the repolarization phase of the action potential (Xu et al., 1992). The 

transient-outward (A-current) and inwardly rectifying K+ currents have been 

described in rat sympathetic neurons. However, they were not detectable in 

cultured rat parasympathetic cardiac neurons (Belluzzi et al., 1985). 

 

1.2.5. Ionic mechanisms underlying the excitability of 

stellate ganglion (SG) neurons  

The electrophysiological properties and modulation of SG neurons by 

neuroactive agents are yet poorly understood whereas the autonomic 

neurons from paravertebral superior cervical ganglion (SCG) (Shapiro et al., 

1994) and enteric ganglion (Adams, 1995; Vanner et al., 1993) are better 

studied. 

The enzymatic dissociated SG neurons in adult rats (Tu et al., 2014) were 
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exhibited spontaneous action potentials (Gilbert et al. 1998). The major 

components (85–90%) of voltage-gated Ca2+ currents are dihydropyridine-

insensitive, N-type Ca2+ channels (Plummer et al., 1989) in the mammalian 

sympathetic neurons, which was experimentally confirmed by complete 

blockade (95% of the Ca2+ current) by ω-conotoxin. 

The outward current of K+ and several voltage-dependent K+ conductance 

was identified on the basis of voltage dependence and pharmacological 

blockade and consisted of a transient outward K+ conductance, resembling 

A-type conductance described in mammalian autonomic neurons, (Belluzzi 

et al., 1985), and a delayed rectifier K+ current consisting of Ca2+-activated 

and Ca2+-insensitive components (Gilbert et al. 1998). 

 

1.3. Cardiac autonomic dysfunction (CAD) 

As mentioned earlier, the ANS is crucial in maintaining the physiological 

homeostasis. The wide network of ANS is susceptible to the injury and the 

disruption in the system can occur by many diseases such as TBI, stroke, 

primary hypertension, diabetes mellitus, and auto-immune diseases 

(Goldberger et al., 2019). Patients with cardiac autonomic dysfunction (CAD) 

show impaired baroreflex in the cardiac or peripheral innervating network. 

This may play a critical role in disrupting the hemodynamic outcome during 

the disease processes as well as cardiovascular manifestations to 

dysregulate autonomic system. 
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1.4. Relationship of TBI and CAD 

TBI causes the uncoupling of the autonomic nervous system from the heart 

during the post-injury period. There are evidences of altered cardiovascular 

regulation after acute traumatic brain injury (TBI) (Pearn et al., 2019). The 

loss of a normal autonomic control in the heart is known to frequently occur 

after moderate to severe TBI (Henden et al., 2014) The presence of CAD is 

specifically associated with an increased morbidity and mortality and can be 

used to predict the risk of progression to brain death. (Henden et al. 2014)  

The onset and progression of TBI-induced CAD is manifested by a loss of 

normal heart rate variability (HRV) and a blunted baroreflex sensitivity (BRS), 

which reflects an imbalance between the sympathetic and parasympathetic 

influences on the heart (Keren et al., 2005). Currently, however, there is a 

lack of preclinical studies that reproduce the characteristics of the CAD 

observed in TBI patients. Importantly, the cellular mechanisms underlying 

TBI-induced CAD remain unsolved. Theoretically, TBI-induced CAD may 

arise from profound structural and functional defects in the central and 

peripheral neural components that mediate the autonomic regulation of the 

heart. In the present study, we hypothesized that TBI-induced CAD is 

associated with functional plasticity in cardiac efferent neurons. Thus, we 

examined whether the excitability of sympathetic stellate ganglion (SG) and 

parasympathetic intracardiac ganglion (ICG) neurons is altered, and the 

consequent ionic mechanisms that underlie the dysfunction of the cardiac 

efferent neurons in an experimentally-induced rat model of TBI. 
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For instance, in severe TBI with severe stress hormone release, 

hyperadrenergic condition leads to abnormal sympathetic hyperactivity that 

it eventually results in the damages to the heart muscles (Clifton et al., 1983). 

Neurocritical care involves both neurosurgical emergency care as well as 

stable cardiovascular and respiratory management after TBI to minimize 

secondary injuries so that the cerebral perfusion is sustained until the patient 

is recovered (Khalid et al., 2019). 
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II. PURPOSES 

2.1. Rationale and hypothesis 

Traumatic brain injury (TBI) frequently causes cardiac autonomic 

dysfunction (CAD), irrespective of its severity, which is associated with an 

increased morbidity and mortality in patients. Clinically, the onset and 

progression of TBI-induced CAD is manifested by a loss of normal heart rate 

variability (HRV) and a blunted baroreflex sensitivity (BRS), which reflects an 

imbalance between the sympathetic and parasympathetic influences on the 

heart. Currently, however, there is a lack of preclinical studies that reproduce 

the characteristics of the CAD observed in TBI patients. Importantly, the 

cellular mechanisms underlying TBI-induced CAD remain unsolved. 

Accordingly, the working hypothesis in the present study is that TBI-induced 

CAD is associated with functional plasticity in the cardiac efferent and 

afferent neurons.  

 

2.2. Purposes 

I. To examine whether TBI causes CAD in rats.  

(1) To validate whether the TBI rat models are suitable for studying the 

cellular mechanisms underlying CAD. 

(2) To examine whether BRS and HRV are reduced in TBI rats 

 

II. To examine whether TBI induced functional plasticity of rat cardiac 

efferent and afferent neurons. 
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(1) To examine whether the cell excitability is altered in the SG and ICG 

neurons from TBI rats 

(2) To define the ionic mechanisms underlying the functional plasticity of 

the cardiac efferent neurons 

        (3) To examine whether the cell excitability is changed in the A- and C-type 

AB neurons from TBI rats 
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III. MATERIALS AND METHODS 

 

3.1. List of chemicals and stock concentration  

 

Capsaicin (Sigma-Aldrich, St. Louis, MO, USA), 1 mM 

Formaldehyde (Duksan, Ansan, Korea), 4% 

Isoflurane (Terrell, Minrad Inc., Bethlehem, PA, USA) 

Penicillin–streptomycin solution (Hyclone, Logan, UT, USA) 1% 

Phenylephrine (PE, Sigma-Aldrich), 40 mg/ml 

Surgicel® (Johnson & Johnson, Arlington, TX, USA) 

Urethane (Sigma-Aldrich), 1 g/ml 

TTC solution (Sigma-Aldrich, St. Louis, MO, USA). 2% 

 

3.2. Animals 

Male Sprague-Dawley rats (8 week-old) were obtained from DBL Co. 

(Eumseong-Gun, Republic of Korea), and were randomly allocated into three 

groups: (i) sham (control) (n = 15); (ii) moderate TBI (mTBI) (n = 15), and (iii) 

severe TBI (sTBI) (n = 15) groups. The rats were housed in separate cages 

under controlled cycle of light and dark at 22℃ free access to food and drinks. 

All animal care and experimental procedures were approved by the 

Institutional Animal Care and Use Committee of Yonsei University Wonju 
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College of Medicine (YWC-150408-1). 

 

3.3. Controlled cortical impact (CCI) model of TBI 

Anesthesia was administered using 4% isoflurane in an anesthesia 

induction chamber, followed by subsequent inhalation of 2% isoflurane 

inhalation through a rodent nasal cone during all surgical and impact 

procedures. Induction of deep anesthesia was confirmed by testing the pain 

reflex, and then each rat was placed in a stereotaxic frame (David Kopf 

Instruments, Tujunga, CA, USA) attached to a TBI-0310® head impactor 

device (Precision Systems & Instrumentation, Fairfax Station, VA, USA), as 

previously described (Khan et al., 2009) (Fig. 5). The ears of the rats were 

fixed, so that the head was positioned in parallel with the base plate by the 

nose bar. And then, a linear incision of 3 cm is performed in the midline of 

the brain scalp. After retracting the scalp, the periosteal membrane is 

denuded to reveal coronal suture with bregma. After exposing the skull, a 

craniotomy was performed by making a burr hole of 6 mm in diameter, 1 mm 

posterior to the coronal suture at the level of the left parietal cortex using an 

IPC® surgical drill (Medtronic, Forth Worth, TX, USA). Care was taken to 

avoid any injury to the dura, parenchymal structure and vascular structures. 

The impacting rod with a 5 mm tip was positioned at a right angle to the 

cortical surface of the left parietal lobe. A single CCI (4-m/s of velocity and 

200 ms of dwell time) was delivered with a contusion depth of either 2.5 mm 

(for the moderateTBI (mTBI) group) or 4 mm (for the severe TBI (sTBI) group). 
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Any mild bleeding after brain contusion was controlled using Surgicel® 

(Johnson & Johnson, Arlington, TX, USA) and then, the scalp wound was 

closed using surgical staples. The sham group underwent all surgical 

procedures, except CCI delivery. A rectal temperature around 37°C was 

maintained using a heating pad and a manually controlled lamp during the 

experiments. All animals were allowed to recover from anesthesia and to 

return to their cages. The overall design of the experiment is depicted in Fig. 

4. 
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Figure 4. The design of experimental procedure. Rats were divided into 

three groups: sham-control (n = 15), mild TBI (mTBI) (n = 15), and severe 

TBI (sTBI) (n = 15). The degree of TBI severity was controlled by the 

contusion depth of controlled cortical impact (CCI). Two days after CCI, the 

cortical lesion volume was measured after TTC staining to validate the 

degree of severity (n = 5 /group). Two weeks after CCI, CAD development 

was assessed by measurement of HRV and BRS (n = 5 /group). After then, 

electrophysiological recordings and single-cell RT-PCR were performed. 
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Figure 5. Controlled cortical impact (CCI) model. Head impactor device 

(A) and Head fixation with stereotaxic frame (B). Induction of deep 

anesthesia was confirmed by testing the pain reflex, and then each rat was 

placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) 

attached to a TBI-0310® head impactor device (Precision Systems & 

Instrumentation, Fairfax Station, VA, USA). 
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Table 1. The controlled cortical impact parameters for different TBI severity 

 

       Severity of 

       head injury 

Velocity 

(m/sec) 

Indwell 

time 

(msec) 

Depth 

(mm) 

Control 0 0 0 

Moderate 4 200 2.5 

Severe 4 200 4 
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3.4. Evaluation of TBI-induced cortical lesion volume 

Two days after CCI, the cortical lesion was visualized using 2,3,5-

triphenyltetrazolium chloride (TTC) staining (Bederson et al. 1986). Briefly, 

rats were anesthetized with sodium thiopental (100 mg/kg) and decapitated. 

The brains were quickly removed and placed in a chilled saline solution. After 

assessment of the macroscopic lesion of the cortical surface, serial 2-mm-

thick coronal slices were rostro-caudally cut using a rodent brain slicer. The 

brain slices were immersed in a 2% TTC solution (Sigma, St. Louis, MO, USA) 

for 15 minutes at 37 °C and then, were fixed in 4% paraformaldehyde solution. 

Brain infarction was evident by a negative TTC staining due to the loss of 

various dehydrogenases. The cortical lesion volume in each slice was 

quantified using the NIH image analysis software (ImageJ 1.41, NIH, 

Bethesda, MD, USA) as previously described (Yu et al., 2009). 

 

3.5. Power spectral analysis of heart rate variability (HRV) 

Two weeks after CCI, ECG was recorded in rats under anesthesia with 2% 

isoflurane (Murakami et al., 2014). Three electrodes were implanted 

subcutaneously to record the apex-base lead ECG (Gao X Y et al., 2011). 

The electrodes were connected to a Bio amplifier (AD Instruments, Colorado 

Springs, CO, USA) with signals digitized through an A/D converter Power 

Lab system (AD Instruments) (Fig. 6). The digitized ECG data were analyzed 

using Lab Chart v7 software (AD Instruments). Spectral density power of the 
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various frequency components from cycle length variability was calculated 

using the fast Fourier transform algorithm. Low frequency (LF) and high 

frequency (HF) components were distinguished in a spectrum calculated 

from short-term recordings of 2 minutes. LF and HF powers were defined as 

the area under the curve in the frequency range of 0.04-1.0 Hz and 1.0-3.0 

Hz, respectively (Hashimoto et al. 1999). The ratio between the LF and HF 

components (LF/HF ratio) was calculated to evaluate the balance between 

sympathetic and parasympathetic activities (Malliani et al., 1991). 

 

3.6. Evaluation of the arterial baroreflex  

The arterial baroreflex was evaluated by measuring the slowing of the 

heart rate (HR) in response to an increase in the blood pressure induced by 

injection of phenylephrine (PE) (Lee et al., 2016). Briefly, sham and TBI rats 

were anesthetized with urethane (0.75g/kg in 0.9% saline, intraperitoneally 

(i.p.)). The a thin cannula is inserted into the right femoral artery to record the 

blood pressure and HR. The left femoral vein was also cannulated to 

administer PE or saline. The arterial pressure and HR were synchronously 

and continuously recorded using a Power Lab data acquisition system and 

LabChart v7 software (AD Instruments). After a 10 minute stabilization period, 

the peak increases in the mean arterial pressure (MAP) in response to PE (5, 

10, 20, and 40 mg/kg), and the associated peak reflex decreases in the HR 

were recorded. (Fig. 6) The HR changes were converted to pulse interval (PI, 

ms) values using the following formula: 60,000/HR. For each drug dose, the 
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BRS was calculated as the ratio between changes in the HR (as PI) and 

changes in MAP (ΔPI/ΔMAP, ms/mm Hg). The BRS was also determined for 

each rat as the slope (gain) of the relationship between ΔPI and ΔMAP in the 

range of all PE doses. 
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Figure 6. Measuring baroreflex. After ECG application, the femoral artery 

and vein access were ontained and the information from the power spectral 

analysis were recorded from the transducer inserted in the femoral artery. 

The femoral vein is punctured with catheter for drug application. Via an 

injector, the vasopressor drugs were given and the BRS were measured via 

arterial transducer connected to the PowerLab and LabChart program. 
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3.7. Dissociation of cardiac efferent neurons 

The SG and ICG neurons were enzymatically dissociated as previously 

described (Jeong et al. 1999). The ganglion is isolated in cold HBSS buffer 

(pH 7.4) and incubated in the enzyme cocktails containing collagenase (1 

mg/mg, trypsin 0.3 mg/ml, and DNaseI 0.1 mg/ml) for 1 hour in the shaking 

water bath at 37°C. The dissociated neurons were washed two times and 

suspended in Minimum Essential Medium containing 10% fetal bovine serum 

and a 1% penicillin–streptomycin solution (all from Roche). Neurons were 

then plated onto poly-D-Lysine coated culture dishes (35 mm) and 

maintained in a humidified atmosphere of mixed gases containing 95% air 

and 5% CO2 at 37°C.  

 

3.8. Di-I labeling of aortic baroreceptor (AB) neurons.  

The retrograde neuronal tracer, Di-I (1,1-didodecyl-3,3,3,3-

tetramethylindocarbo-cyanine perchlorate, 0.25% in DMSO) (Molecular 

Probes, Eugene, OR) was used to identify AB neurons that projected to the 

aorta as previously described. One or two weeks prior to the 

electrophysiological recording, the rats were anesthetized with 2% isoflurane 

and mechanically ventilated. After a thoracotomy at the third intercostal 

space, the aortic arch was exposed after the retraction of pulmonary artery. 

Approximately 2 μL of Di-I was injected into a part of the adventitia of the 

aortic arch with a microinjector. After the injection of Di-I, the surgical incision 

was closed, negative intrathoracic pressure was re-established, and the 
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animals were allowed to rest and recover. All surgical procedures were 

performed under sterile conditions. 

 

3.9 Dissociation of cardiac afferent neurons  

Single nodose ganglion neurons were enzymatically dissociated as 

previously described (Lee et al., 2016). Briefly, adult male rats (200–300 g) 

were anesthetized with urethane (800mg/kg). A pair of nodose ganglia was 

dissected and placed in cold Hanks’ balanced salt solution (pH 7.4). The 

ganglia were desheathed, cut into small pieces, and incubated with 1 mg/ml 

collagenase type D (Roche, Diagnostics, Germany), 0.15 mg/ml trypsin 

(Worthington. Corporation, Harrison, NJ), and 0.1 mg/ml DNase type I 

(Sigma, St Louis, MO) in modified Earle’s balanced salt solution (EBSS, pH 

7.4) in a 25-cm2 tissue culture flask. The EBSS was modified by adding 3.6 

g/L glucose (Sigma, St Louis, MO) and 10 mM HEPES (Sigma). The flask 

was then placed in a shaking water bath at 100 rpm and 35.5°C for 60 

minutes. After incubation, the ganglia were dispersed into single neurons by 

vigorously shaking the flask containing the ganglia. After centrifugation at 

1200 rpm for 3 minutes, the dissociated neurons were resuspended in 

minimum essential medium (MEM) (Invitrogen, CA) containing 10% fetal 

bovine serum (Invitrogen), L-glutamine (Invitrogen) and 1% penicillin- 

streptomycin (Hyclone, Logan). The neurons were then plated on to culture 

dishes (35 mm) coated with poly-L-lysine (Sigma) and maintained in a 

humidified 95 % air-5 % CO2 incubator at 37 °C until use. 
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3.10. Electrophysiological recordings  

Current-clamp and voltage-clamp recordings were performed under the 

gramicidin-perforated and whole-cell-ruptured configurations of the patch-

clamp technique, respectively, using an EPC-10 amplifier and pulse/pulsefit 

(v8.50) software (HEKA Electronik, Lambrecht, Germany), as previously 

described (Lee et al., 2016; Won et al., 2006). For the current-clamp 

recordings, a normal physiological salt solution was used as the external 

solution and contained (in mM) 135.0 NaCl, 5.4 KCl, 10.0 HEPES, 10.0 

glucose, 1.8 CaCl2, and 1.0 MgCl26H2O (pH 7.4, 318 mOsm/kgH2O). A stock 

solution of gramicidin was prepared at a concentration of 50 mg/mL (in 

DMSO) and diluted (50 μg/mL final concentration) in an internal solution that 

contained (in mM): 20.0 KCl, 120.0 K-gluconate, and 10.0 HEPES (pH 7.2, 

310 mOsmol/kgH2O). To record the K+ currents, the external solution 

contained (in mM): 150 Choline-Cl, 5 KCl, 10 HEPES, 1.5 CaCl2, 5 MgCl2, 

0.2 CdCl2, and 10 Glucose (pH 7.4, 325 mOsm/ kgH2O). Patch pipettes were 

filled with an internal solution containing (in mM): 140 KCl, 5 Ethylene-

bis(oxyethylenenitrilo) tetraacetic acid (EGTA), 1 MgCl2, 0.5 CaCl2, 10 

HEPES, 3 Mg-ATP, and 3 Na-GTP (pH 7.3, 310 mOsm/ KgH2O) for A-type 

and delayed rectifier K+ currents, and 140 KCl, 0.1 1,2-Bis(2-aminophenoxy) 

ethane-N,N,N′,N′-tetraacetic acid (BAPTA), 10 HEPES, 4 Mg-ATP, and 0.1 

Na-GTP (pH 7.4, 310 mOsm/Kg H2O) for M-type K+ currents. Patch 

electrodes were fabricated from a boroslicate glass capillary (#8250) (King 

Precision Glass, Inc., Claremont, CA, USA). The electrodes were coated with 
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Sylgard 184 (Dow Corning, Midland, ML, USA) and fire-polished on a 

microforge, to obtain a resistance of 2-3 MΩ, when filled with the internal 

solution described above. The cell membrane capacitance and series 

resistance were electronically compensated for over 80%. All experiments 

were performed at room temperature (24 °C). 

 

3.11. Single-cell qPCR  

Single-cell quantitative PCR (qPCR) was carried out as previously 

described with minor modifications (Liu et al. 2012). An enzymatically 

dissociated single neuron was pulled into a patch pipette under negative 

pressure. The pipette tip containing the single cell was broken into a 0.2-mL 

PCR tube containing the following reagents: 5 μL volume consisting of 1 μL 

of lysis buffer (0.25 M Tris·HCl, 0.275 M KCl, 0.015 M MgCl2, and 2.5% 

Nonidet P-40), 0.5 μL of RNA guard Mix consisting of 1 μL of a 10X first-

strand cDNA synthesis buffer from Sensiscript Reverse Transcripase Kit 

(Qiagen, Valencia, CA, USA), 2 μL of RNase inhibitor (Applied Biosystems, 

Foster City, CA, USA), and 7 μL of DEPC-treated water, and 3.5 μL of DEPC-

treated water, and then kept at -80 °C until reverse transcription was 

performed. First-strand cDNA was synthesized from the 5 μL of each tube 

using Sensiscript Reverse Transcripase Kits (Qiagen) according to the 

manufacturer’s instructions. The cDNA was then stored at −80°C until real-

time PCR. The sequences of the single-cell qPCR primers are listed in Table 

2. To increase the specificity and sensitivity of the PCR, we used outer pair 
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primers in first-round of PCR and inner pair (nested or semi-nested) primers 

in the second-round of PCR. In addition, the primers were designed to 

amplify the segments of cDNA that consisted of two or more exons to prevent 

genomic DNA amplification. PCR amplification was conducted using a 

7900HT Fast Real-Time PCR System (Applied Biosystems). PCR reaction 

was performed in a 25 μL volume containing 12.5 μL of SYBR Green master 

mix (Applied Biosystems), 40 nM (in the first round) or 300 nM (in the second 

round) of each primer. In the first round of amplification, a 2 μL aliquot of the 

reverse transcription product was used and then 5 μL of the first-round 

product were used in the second round of amplification. After preheating at 

94 °C for 10 min, the amplification was performed for 30 - 35 thermal cycles 

of 94°C for 15 s, 60 °C for 1 - 2 min and 72 °C for 2 min, and a final extension 

at 72 °C for 5 min. The β-actin gene was amplified as a house keeping gene 

for reference. The fold changes in gene expression were analyzed using the 

comparative 2-ΔΔCT Livak method (Livak et al., 2001). 

 

 

 

 

 

 

 

 

 



４３ 

 

 

Table 2.   Single cell qPCR primer sequences  

Target Accession No.                        Sequence (5’-3’) Size (bp) 

β-actin NM031144.2 
F ext: ACCAGTTCGCCATGGATGAC 
R ext: GGTCTCAAACATGATCTGGG 
F int: ATGGTGGGTATGGGTCAGAA 
R int: ACCAACTGGGACGATATGGA 

389 

119 

KV 4.1  NM001105748.1 F ext: CCGTATATACCACCAGAACC 
R ext: GGAAGGTTGACTCTCATCTG 
F int: TTGCCAACTCTACTGCGTC 
R int: TTGGCATTGAGGCTTGAGC 

610 

109 

KV 4.2 NM031730.2 F ext: GGTGATGACAGACAATGAGG 
R ext: CACAAACTCATGGTTCGTGG 
F int: ACAAACGAAGGGCACAGAAG 
R int: AGTTGGTTGCTCAGTAACCC 

652 

109 

KV 4.3 NM031739.3 F ext: CATCATCATCTTTGCCACTG 
R ext: ATTAAGGCTGGAGCGACTAG 
F int: TATTTGGCTCCATCTGCTCC 
R int: TTCTTCTGTGCCCTGCGTTT 

733 

127 

KV 7.2 NM133322 F ext: ACTGTCCCCATGATCAGCTC 
R ext: TCTGATGCTGACTTTGAGGC 
F int: GAGTCTCGATGACAGCCCAA 
R int: AGGGAGGCTTGCTTCTTCTG 

471 

127 

KV 7.3 NM031597.3 
F ext: GCAATGTCCTGGCTACCTCT 
R ext: TTTTGGCTGGCTGCTGCTTC 
F int: CAGCAAAGAACTCATCACCG  
R int: ACAGGGCATCAGCATAGGTC 

613 

152 

 

(*ext: nested external primer; int: nested internal primers) 
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3.12. Data analysis and statistics 

The electrophysiological data were analyzed using the IGOR data analysis 

package (Wave-Metrics, Lake Oswego, OR, USA) or GraphPad Prism (v4.0, 

GraphPad Software Inc., La Jolla, CA, USA).  

The data are presented as the mean ± SEM. A Student’s t-test or one-way 

ANOVA with a post-hoc test (Tukey’s multiple comparison test) was 

performed. A value of p < 0.05 was considered statistically significant. 
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IV. RESULTS 

4.1. Evaluation of CAD in rats with moderate and severe TBI 

TBI was induced by CCI, which delivers a focal mechanical insult to the 

intact dura in rats. The degree of TBI severity was controlled by the contusion 

depth of CCI (Yu et al., 2009). Two days after CCI the cortical lesion was 

visualized using 2,3,5-triphenyltetrazolium chloride (TTC) staining for 

quantifying the cortical lesion volume (Bederson et al., 1986). As shown in 

Fig. 7, the cortical lesion volume was proportional to the severity of TBI. The 

control group had no detectable cortical lesions (Fig. 7A). On the other hand, 

the mTBI and sTBI groups exhibited a cortical lesion volume of 18% ± 1% (n 

= 5) and 37% ± 3% (n = 5), respectively (Fig. 7B), which was comparable to 

the previous study (Yu et al., 2009).  

The development of CAD was assessed two weeks after TBI. Power 

spectral analysis of HRV showed that the total power (TF) and HF were 

significantly decreased (p < 0.001), and LF tended to decrease, but not 

significantly, in the mTBI (p = 0.413) and sTBI (p = 0.326) groups, compared 

with the control group (Table 3). On average, TF, LF, and HF (in ms2) were 

12.1 ± 1.67, 1.21 ± 0.28, 3.45 ± 0.53 in the control group (n = 5), 6.3 ± 1.23, 

0.82 ± 0.18, 1.01 ± 0.2 in the mTBI group (n = 5), and 4.5 ± 0.87, 0.85 ± 0.2, 

0.72 ± 0.21 in the sTBI group (n = 5), respectively. Importantly, In the mTBI 

(p < 0.01) and sTBI (p < 0.001) groups, the LF/HF ratio was significantly 

increased, which suggests an autonomic imbalance with excessive 

sympathetic activity and a reduced parasympathetic activity (Table 3). On 
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average, the LF/HF ratio was 0.35 ± 0.07, 0.81 ± 0.08, and 1.18 ± 0.13, 

respectively in the control, mTBI, and sTBI groups, respectively. 

To investigate the impaired arterial baroreflex in the TBI groups, we 

assessed the BRS by measuring the peak increases in the MAP to PE (5, 10, 

20, and 40 mg/kg) and the associated peak reflex decreases in the pulse rate. 

As shown in Fig. 8A, the BRS (ΔPI/ΔMAP, ms/mm Hg) for each drug dose 

was significantly lower in the mTBI (n = 5, p < 0.05 for PE5, p < 0.01 for PE10, 

and p < 0.001 for PE20 and PE40) and sTBI (n = 5, p < 0.05 for PE10, and 

p < 0.001 for PE20 and PE40) groups, than in the control group (n = 6). The 

baroreflex gain, the slope of the relationship between ΔPI and ΔMAP was 

significantly lower in the mTBI (0.45 ± 0.09, n = 5, p < 0.01) and sTBI (0.47 

± 0.08, n = 5, p < 0.01) groups, compared to the control group (0.98 ± 0.08, 

n = 5) (Fig. 8B). In summary, these data indicate that the arterial baroreflex 

is impaired in TBI rats regardless of the severity. 
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Figure 7. Cortical lesion volume along to the TBI classification. (A) 

Histologic assessment of the cortical lesion volumes measured after mTBI 

and sTBI in rats, gross findings of the cortical lesion by CCI (upper) and TTC 

staining of each brain slice (lower). (B) The cortical lesion volume (%) in rats 

with mTBI and sTBI. The cortical lesion volume in each slice was quantified 

using the NIH image analysis software. Data are presented as the mean ± 

SEM. ***P < 0.001 compared to the sham group. 
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Table 3. Summary of HRV for sham (control), mTBI, and sTBI groups 

Data are presented as the mean ± SEM.  

*P < 0.05, **P < 0.01, ***P < 0.001 compared with the sham group. 
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Figure 8. Assessment of the arterial baroreflex in the sham (control), 

mTBI, and sTBI groups. (A) summary of the BRS for different doses of PE 

(5, 10, 20, and 40 mg/kg), (B) comparison of the slope of the relationship 

between the △PI and △MAP. Data are presented as the mean ± SEM. ###P 

<0.001 compared between the mTBI and sTBI groups; *P < 0.05, **P < 0.01, 

***P < 0.001 compared with the sham group. 
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4.2. Alterations in the cell excitability of cardiac efferent 

neurons from the TBI groups 

Sympathetic SG and parasympathetic ICG neurons were found to 

innervate the heart (Wallis et al., 1996). We examined whether the autonomic 

imbalance observed in TBI rats is associated with alterations in the 

excitability of these cardiac efferent neurons. Consistent with a previous 

study (Tu et al., 2014), all the tested SG and ICG neurons in the control group 

exhibited a regular discharge of action potential (AP) in response to a 

depolarizing current injection for 1 second under the gramicidin-perforated 

configuration of the patch-clamp technique (Fig. 9). The excitability in the SG 

neurons of TBI groups was significantly increased compared with the control 

group (p < 0.001 for the control group vs. the mTBI group and p < 0.001 for 

the control group vs. the sTBI group) (Fig. 9A & 9B). In contrast, the 

excitability of the ICG neurons in the TBI groups was significantly decreased 

when compared with the control group (p < 0.001 for the control group vs. 

the mTBI group, and p<0.001 for the control group vs. the sTBI group) (Fig. 

9C & 9D). The SG neurons of the control group (n = 13) discharged at 4.2 ± 

0.4, 6.5 ± 0.4, and 8.6 ± 0.5 spikes/s in response to 1X, 2X, and 3X threshold 

current stimulations, respectively. The SG neurons of the mTBI group (n = 

12) discharged at 6.5 ± 0.3, 9.8 ± 0.5, and 12.0 ± 0.6 spikes/s, and the SG 

neurons of the sTBI group (n = 14) discharged at 7.4 ± 0.3, 10.5 ± 0.4, and 

13.0 ± 0.4 spikes/s, in response to 1X, 2X, and 3X threshold current 

stimulations, respectively. The ICG neurons of the control group (n = 10) 
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discharged at 5.7 ± 0.4, 8.0 ± 0.5, and 11.0 ± 0.6 spikes/s in response to 1X, 

2X, and 3X threshold current stimulations, respectively. The ICG neurons of 

the mTBI group (n = 12) discharged at 2.6 ± 0.5, 4.6 ± 0.5, and 6.6 ± 0.5 

spikes/s, and the ICG neurons of the sTBI group (n = 13) discharged at 2.0 

± 0.3, 4.0 ± 0.7, and 5.8 ± 0.6 spikes/s in response to 1X, 2X, and 3X 

threshold current stimulations, respectively. There was no significant 

difference in the number of discharges between the two TBI groups. Taken 

together, these data suggest that TBI causes the hyperexcitability of 

sympathetic cardiac neurons and the hypoexcitability of parasympathetic 

cardiac neurons. 

The altered excitability in the cardiac efferent neurons of the TBI groups 

was also assessed by measuring the threshold potential and rheobase for 

triggering AP. Thus, the SG and ICG neurons were stimulated with an 

increasing depolarizing current injection for 5 ms, until a single AP was 

generated (data not shown). Compared with the control group, the two 

measures of excitability were significantly decreased in the SG neurons of 

the TBI groups (p < 0.05) (Table 4). On average, the threshold potentials 

were -31 ± 0.7 mV (n = 13), -37.1 ± 1.1 mV (n = 12), and -38.3 ± 1.5 mV (n 

= 14), respectively, in the SG neurons of the control, mTBI, and sTBI groups. 

Rheobase was 63 ± 5 pA (n = 13), 43 ± 5 pA (n = 12), and 40 ± 5 pA (n = 14), 

respectively, in the SG neurons of the control, mTBI, and sTBI groups. 

Conversely, the threshold potential was significantly increased in the ICG 

neurons of the TBI groups (p < 0.05) compared with the control group (Table 

4). On average, the threshold potentials were -31.7 ± 1.0 mV (n = 10), -23.7 
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± 1.5 mV (n = 12), and -21.2 ± 2.0 mV (n=13) in the SG neurons of the control, 

mTBI, and sTBI groups, respectively. In accordance with the changes in the 

threshold potential, the rheobase was significantly increased in the ICG 

neurons of the mTBI group (81 ± 4 pA, n = 12, p < 0.05) and sTBI group (87 

± 5 pA, n = 13, p < 0.05) compared with the control group (72 ± 6 pA, n = 10). 

Other electrical properties of the SG and ICG neurons were also compared 

between the control and TBI groups (Table 4). The AP duration (at 0 mV) was 

significantly altered in the SG and ICG neurons of the TBI groups when 

compared with the control group (p < 0.05). On the other hand, TBI effects 

on cell capacitance, input resistance, resting membrane potential, AP 

amplitude, and the amplitude and duration of the afterhyperpolarization were 

not considerable. Compared with the control group (2.9 ± 0.2 ms, n = 13), 

the AP duration was significantly decreased in the SG neurons of the mTBI 

group (2.3 ± 0.5 ms, n = 12) and sTBI group (2.3 ± 0.4 ms, n = 14), 

respectively (p < 0.05 for the control vs. the mTBI and p<0.05 for the control 

vs. the sTBI). Compared with the sham-operated group (2.4 ± 0.2 ms, n = 

10), the measure of excitability was significantly increased in the ICG 

neurons of the m TBI (3.1 ± 0.2 ms, n = 12) and sTBI (3.2 ± 0.3 ms, n = 13) 

groups, respectively (p < 0.05 for the control vs. the mTBI, and p < 0.05 for 

the control vs. the sTBI).  
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Table 4. Electrical properties of the SG and ICG neurons in sham and 

TBI groups 

 

 

(Ri, input resistance; RMP, resting membrane potential; AP, action 

potential; AHP, afterhyperpolarization) 

 

∗P < 0.01, *** p < 0.001 compared to sham-operated group 
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Figure 9. Changes in the excitability of SG and ICG neurons in TBI rats. 

(A) and (C): AP discharges in response to depolarizing current steps to 1, 2, 

and 3 times threshold (1X, 2X, and 3 X Th) for 1 s in the SG and ICG neurons, 

respectively from the sham, mTBI, and sTBI groups. Each neuron was 

depolarized from a resting membrane potential between -57 and -60 mV. (B) 

and (D): summary of the average number of spikes per second measured in 

A and C. Data are presented as the mean ± SEM. ***P < 0.001 compared 

with the sham group. 
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4.3. Decrease in the A-type K+ currents in the SG neurons 

of the TBI groups 

The voltage-dependent K+ (KV) channel is an important modulator of the 

activation threshold and spike discharge frequency in neurons (Xu et al., 

2006). The major KV currents in adult sympathetic neurons are known to be 

transient A-type K+ (KA) and sustained delayed rectifier K+ (KDR) currents 

(Schofield et al., 1982). Therefore, we performed voltage-clamp recordings 

to test whether TBI affects KA and KDR currents in the SG neurons. The total 

outward K+ (KTotal) and the KDR currents were evoked using 1-s depolarizing 

test pulses between -50 mV and +20 mV from the holding potentials of -100 

mV and -60 mV, respectively (Fig. 10A). KA current traces were obtained by 

subtracting the KDR current from the KTotal current (Phuket et al., 2009). As 

results, TBI significantly reduced the KA current with little effect on the KDR 

current. On average, the KA current that was evoked using a test pulse of up 

to +20 mV was significantly decreased in the SG neurons of the mTBI group 

(63 ± 7 pA/pF, n = 12, p < 0.05) and sTBI group (47 ± 6 pA/pF, n = 14, p<0.001) 

compared with the control group (83 ± 6 pA/pF, n = 10) (Fig. 10B). The mean 

KDR current density was 132 ± 8 pA/pF (n = 10), 153 ± 11 pA/pF (n = 10), 

and 163 ± 16 pA/pF (n = 14) in the control, mTBI, and sTBI groups, 

respectively. The KA current is lacking in adult ICG neurons, similar to 

neonatal ICG neurons (Xu et al., 1992). Similar to that in the SG neurons, 

the KDR current in ICG neurons was not altered after TBI (data not shown).  

In preliminary experiments using semi-quantitative RT-PCR, the SG 
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neurons from adult rats were found to express transcripts encoding different 

KA channel α-subunits, including KV 4.1, KV 4.2, and KV 4.3 (Fig. 11A). 

Consistent with the electrophysiological data, single-cell real-time PCR 

analysis revealed that the transcripts encoding the KA channel α-subunits 

were significantly downregulated in the SG neurons of the TBI groups (Fig. 

11B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



５７ 

 

 

 

 

Figure 10. Effects of TBI on A-type and delayed rectifier K+ currents in 

SG neurons. (A) Representative traces of total (KTotal), delayed rectifier (KDR) 

and A-type (KA) K+ currents recorded in the SG neurons of the shame-

operated, mTBI, and sTBI groups. The outward KTotal and the KDR currents 

were evoked using 1-s depolarizing test pulses between -50 mV and +20 mV 

from the holding potentials of -100 mV and -60 mV, respectively. The KA 
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current traces were obtained by subtracting the KDR current from the KTotal 

current. (B) Summary of the KDR and KA current densities acquired with a test 

pulse to +20 mV in the SG neurons of the sham, mTBI, and sTBI groups. 

Data are presented as the means ± SEM. Number of neurons tested is 

indicated in parentheses. ***P < 0.001 compared with the sham-operated 

group. 
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Figure 11. Downregulation of the KA channel α-subunits expressed in 

the SG neurons from mTBI and sTBI groups. (A) Semi-quantitative RT-

PCR shows that KV4.1, KV4.2, and KV4.3 are expressed in rat SG neurons. 

Abbreviations in the figure are as follow: M, DNA size marker; β-ac, β-actin 

(an internal control). (-), No genomic DNA was detected in a parallel reaction 
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without reverse transcriptase. Whole-brain RNA was used as a positive 

control. (B) the relative expression levels of the transcripts encoding the KA 

channel α-subunits, KV4.1, KV4.2, and KV4.3 in the SG neurons of the mTBI, 

and sTBI groups. Data are presented as the means ± SEM. Number of 

neurons tested is indicated in parentheses. ***P < 0.001 compared with the 

sham group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



６１ 

 

4.4. Opposite regulation of M-type K+ current in the SG and 

ICG neurons of the TBI groups 

Previous studies have shown that the slowly activating and deactivating 

M-type K+ (KM) currents regulates the subthreshold electrical excitability and, 

thus, the spike discharge frequency (i.e., discharge pattern) in the 

sympathetic and parasympathetic postganglionic neurons (Brown et al., 

1982; Cuevas et al. 1997; Xi-Moy et al., 1995). Consistent with these studies, 

XE-991 (3 μM), a selective KM channel blocker, increased the spike discharge 

frequency in both SG and ICG neurons (Fig. 12A). To examine whether TBI 

alters the KM current in the cardiac efferent neurons, the deactivation of KM 

current was evoked using a test pulse to -60 mV for 500 ms from a holding 

potential of -30 mV (Fig. 12B). The KM current was significantly decreased in 

the SG neurons of the TBI group (Fig. 12B). On average, the KM current 

density in the SG neurons of the control, mTBI, and sTBI groups were 3 ± 

0.3 pA/pF (n = 6), 1.9 ± 0.2 pA/pF (n = 7), and 1.8 ± 0.3pA/pF (n = 6), 

respectively (Fig. 12C). Conversely, the KM current was significantly 

increased in the ICG neurons after TBI (Fig. 12B). On average, the KM current 

density in the ICG neurons of the control, mTBI, and sTBI groups was 1.9 ± 

0.3 pA/pF (n = 7), 3.2 ± 0.3 pA/pF (n = 6), and 3.5 ± 0.3pA/pF (n = 6), 

respectively (Fig. 12C). It is well known that the KCNQ2 and KCNQ3 channel 

subunits assemble to constitute the native KM currents in the sympathetic 

neurons (Shapiro et al., 2000). Thus, we examined whether TBI regulates 

the expression of the transcripts encoding the KCNQ2 and KCNQ3 subunits 
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in the SG and ICG neurons. Single-cell real-time PCR analysis revealed that 

the transcript encoding KCNQ2 was approximately 2-fold down-regulated 

and up-regulated in the SG and ICG neurons of the TBI groups, respectively, 

compared with the control group (Fig. 12D). TBI did not alter the expression 

of the transcript encoding KCNQ3 in the SG and ICG neurons. 
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Figure 12. Opposite regulation of M-type K+ current in the SG and ICG 

neurons of the TBI groups. (A) Effects of XE-991, a selective M-type K+ 

(KM) channel blocker on the AP discharge in SG and ICG neurons. (B) 

Representative KM current traces recorded in the SG and ICG neurons of the 

sham, mTBI, and sTBI groups. The deactivation of KM current was evoked 

using a test pulse to -60 mV for 500 ms from a holding potential of -30 mV in 

the absence (●) or presence (●) of XE-991(3 μM). (C) summary of the KM 

current densities in the SG and ICG neurons of the shame-operated, mTBI, 

and sTBI groups. (D) The relative expression levels of the transcripts 

encoding the KM channel subunits, KCNQ2 and KCNQ3 in the SG and ICG 
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neurons of the sham, mTBI, and sTBI groups. Data are presented as the 

means ± SEM. *P < 0.05, ***P < 0.001 compared with the sham group. 
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4.5. Alterations in the cell excitability of cardiac efferent 

neurons from the TBI groups 

I examined whether TBI alters the cell excitability of arterial baroreceptor 

(AB) neurons in TBI rats. As shown in Fig. 13A, Di-I was injected into a part 

of the adventitia of the aortic arch to identify the AB neurons in the nodose 

ganglia. The small number of Di-I labeled AB neurons were detected by 

fluorescent microscopy (Fig. 13B). The AB neurons are composed of 

myelinated A-fiber (A-type) and unmyelinated C-fiber (C-type) neurons 

(Kraushs, 1979). The A- and C-type AB neurons can be easily distinguished 

by the presence or absence of capsaicin-sensitive TRPV1, and the shape 

and discharge properties of AP (Reynolds et al., 2006; Schild et al., 2012). 

As shown in Figure 13C, capsaicin (1 µM) evoked inward currents in C-type 

but not A-type AB neurons. Compared with A-type AB neurons, C-type AB 

neurons exhibit an AP with a definite inflection or “hump” during the 

repolarization phase which extends the AP duration of the action potential 

(Fig. 13C). In response to a strong depolarizing current (3 times threshold) 

injection for 1 sec, A-type AB neurons showed a regular and sustained AP 

discharge, while C-type AB neurons displayed a sparse and irregular 

discharge pattern (Fig. 13C).  

Compared with sham group, the excitability of A-type AB neurons in mTBI 

and sTBI groups was significantly decreased and displayed only one or two 

action potentials in response to incremental depolarizing current stimulation 

(Fig. 14A) (p < 0.001 for sham vs. mTBI and p < 0.001 for sham vs. sTBI).  
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On average, the A-type AB neurons of sham group (n = 5) discharged at 7.4 

± 0.67, 12 ± 0.7, and 15.2 ± 1.012 spikes/sec, in response to 1X, 2X, and 3X 

threshold current stimulation, respectively. The A-type AB neurons of mTBI 

group (n = 7) discharged at 1.142 ± 0.17, 1.43 ± 0.21, and 2.3 ± 0.57 

spikes/sec, and those of sTBI group (n = 6) discharged at 1.2 ± 0.1, 1.5 ± 

0.3, and 1.8 ± 0.3 spikes/sec, in response to 1X, 2X, and 3X threshold 

current stimulation, respectively (Fig. 14B). The excitability of the C-type AB 

neurons was also significantly suppressed in mTBI and sTBI rats when they 

were stimulated with 2X and 3X threshold depolarizing currents (Fig. 15A) 

(p < 0.001 for sham vs. mTBI and p < 0.001 for sham vs. sTBI). On average, 

the C-type AB neurons of sham group (n = 6) discharged at 1.5 ± 0.37, 2.5 

± 0.4, and 3.7 ± 0.5 spikes/sec in response to 1X, 2X, and 3X threshold 

current stimulation, respectively. The C-type AB neurons of mTBI group (n = 

8) discharged at 1.0, 1.5 ± 0.1 and 1.7 ± 0.35 spikes/sec, and those of sTBI 

group (n = 7) discharged at 1.0, 1.2 ± 0.2, and 1.4 ± 0.3 spikes/sec in 

response to 1X, 2X and 3X threshold current stimulation, respectively (Fig. 

15B).  

The passive and active properties of A- and C-type AB neurons in sham-

control and TBI groups are summarized in Table 5 and Table 6. The altered 

excitability of AB neurons in TBI groups was also assessed by measuring 

the threshold potential and current threshold (rheobase) for triggering action 

potentials (Fig. 16). In this regard, the A-type AB neurons were stimulated 

with an incremental depolarizing current injection for 5 ms until single action 

potentials were generated (Fig.16A). Compared with sham group, the two 
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measures of excitability were significantly increased in the A-type AB 

neurons of TBI groups (p < 0.001 for sham vs. mTBI and p < 0.001 for sham 

vs. sTBI). On average, the threshold potentials were -31 ± 0.7 mV, -21 ± 1.1 

mV, and -20.8 ± 1.5 mV in sham (n = 5), mTBI (n = 7), and sTBI (n = 7) 

groups, respectively (Fig. 16A & Table 5). The rheobases were 23 ± 4.1 pA, 

143 ± 5.3 pA, and 180.3 ± 4.8 pA in sham, mTBI, and sTBI groups, 

respectively (Fig. 16A & Table 5). In C-type AB neurons, the TBI-induced 

change in excitability was also assessed by measuring the threshold 

potential and rheobase (Fig. 16B). The threshold potential was significantly 

increased in the C-type AB neurons of mTBI (-20.13 ± 1.0 mV, n = 7 p < 

0.001) and sTBI (-18.1 ± 1.0 mV, n = 7, p < 0.001) groups compared with 

those of sham group (-31 ± 0.7 mV, n=5) (Fig. 16B & Table 6). In accordance 

with the changes in the threshold potential, the rheobase was also 

significantly increased in the C-type AB neurons of mTBI (251.5 ± 5.3 pA, p 

< 0.001) and sTBI (280.3 ± 4.8 pA, p < 0.001) groups compared with those 

of sham group (163 ± 5.1 pA) (Fig. 16B & Table 6). In addition to the 

threshold potential and rheobase, the durations of action potential and 

afterhyperpolarization (AHP) were also altered in the A- and C-type AB 

neurons of TBI groups (Tables 5 & 6). 
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Figure 13. Identification of the A-type and C-type AB neurons in nodose 

ganglia. (A) DiI injection sites (the blue dotted box) on the aortic arch for 

retrograde labeling of the AB neurons. (B) Representative photomicrographs 

showing enzymatically dissociated nodose neurons (Left: a phase-contrast 

microscopic view) and an AB neuron retrogradely labeled with Di-I (Right: a 

fluorescent microscopic view at 200x). (C) Electrophysiological 

characterization of the Di-I labeled A-type and C-type AB neurons. Top: the 

responses to 1 μM capsaicin (cap). Middle: discharge of single action 

potentials in response to brief depolarizing current injection of threshold. 

Bottom: discharge of action potentials in response to strong depolarizing 

current (3 times threshold) injection for 1 second. 
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Figure 14. Changes in excitability of the A-type AB neurons in TBI 

groups. (A) Discharges of action potentials in response to depolarizing 

current steps to 1, 2, and 3 times-threshold (1X, 2X, and 3X Th) for 1 sec in 

the A-type and C-type AB neurons, respectively from sham, mTBI, and sTBI 

groups. The magnitude of 1X-Th stimulus (in pA) was shown on the AP 

traces. Spike firing was significantly reduced in TBI groups. Each neuron 

was depolarized from a resting membrane potential between -57 and -61 mV. 
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(B) Summary of mean number of spikes per second measured in A. Data 

are presented as the mean ± SEM. Number of neurons tested is indicated in 

parentheses. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with sham group.  
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Figure 15. Changes in excitability of the C-type AB neurons in TBI 

groups. (A) Discharges of action potentials in response to depolarizing 

current steps to 1, 2, and 3 times-threshold (1X, 2X, and 3X Th) for 1 sec in 

C-type AB neurons, respectively from sham-contol, mTBI, and sTBI groups. 

The magnitude of 1X Th stimulus (in pA) was shown on the AP traces. Spike 

firing was significantly reduced in TBI groups. Each neuron was depolarized 
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from a resting membrane potential between -57 and -61 mV. (B) Summary 

of mean number of spikes per second measured in A. Data are presented 

as the mean ± SEM. Number of neurons tested is indicated in parentheses. 

* p < 0.05, ** p < 0.01, *** p < 0.001 compared with sham group.  
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Figure 16. Increased threshold potential and rheobase in the A-type 

and C-type AB neurons of TBI groups. (A) & (B): Determination of 

threshold potential and rheobase in the A-type and C-type AB neurons, from 

sham, mTBI, and sTBI groups. The AB neurons were stimulated with 

incremental (△20pA) depolarizing current injection for 5ms until single 

action potentials were generated. The arrowheads indicate the threshold 
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potentials for the discharge of single action potentials. Each neuron was 

depolarized from a resting membrane potential between -58 and -63 mV.  
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(R
i 
, input resistance; RMP, resting membrane potential; AP, action 

potential; AHP, afterhyperpolarization) 

 

(∗P < 0.01, *** p < 0.001 compared to control groups) 

Table 5. Electrophysiological characteristics of the Aδ-type AB neurons 

in TBI rats 
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(R
i 
, input resistance; RMP, resting membrane potential; AP, action potential; 

AHP, afterhyperpolarization) 

(∗P < 0.01, *** p < 0.001 compared to control groups) 

Table 6. Electrophysiological characteristics of the C-type AB neurons in TBI rats 
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V. DISCUSSION 

Many clinical studies have reported that the presence of CAD in patients 

with TBI increases morbidity and mortality, as well as the risk of progression 

to brain death. Despite the significance of probing the cellular mechanisms 

underlying the TBI-induced CAD, animal studies on this mechanism are 

lacking. To the best of my knowledge, the present study is the first to 

demonstrate that CAD develops during the post-insult sub-acute period in a 

rat model of TBI, as observed in human patients (Karen et al., 2005). 

Importantly, I demonstrated that (i) the TBI-induced CAD is associated with 

the opposing modulation of the excitability in the sympathetic and 

parasympathetic neurons innervating the heart, (ii) the opposite regulation of 

A- and/or M-type K+ channel currents underlie the altered excitability in these 

cardiac efferent neurons, and that (iii) TBI reduces the excitability of cardiac 

afferent neurons. 

Brain injury is produced by a rigid impactor that delivers a focal mechanical 

insult to the intact dura in rat (Morganti-Kossmann et al., 2010). The levels of 

injury by moderate and severe TBI were determined via quantification of the 

cortical lesion volume and were comparable to the previous observation in 

rats (Yu et al. 2009). HRV and BRS were measured to assess whether CAD 

develops in TBI rats, as in TBI patients (Esterov and Greenwald, 2017; Hilz 

et al., 2010). These approaches have also been applied in a variety of animal 

models of myocardial infarction (Minisi et al., 2009), hypertension (da Silva 

et al., 2009), chronic heart failure (Zhang et al., 2015), cirrhosis (Lee et al., 
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2016), diabetes (Gu et al., 2008), and sepsis (Radaelli et al., 2013). In the 

current study, CAD was observed, irrespective of TBI severity, which is 

consistent with clinical observations (Hilz et al., 2010). A recent clinical review 

has pointed out that even mild TBI can uncouple the autonomic control from 

the heart (Esterov and Greenwald, 2017). In the frequency domain analysis 

of HRV, the HF component is primarily associated with parasympathetic 

activity, whereas the LF component is largely under sympathetic control 

(Lombardi et al., 1996). Accordingly, the LF/HF ratio represents the balance 

between sympathetic and parasympathetic influences on the heart in rats 

(Kuwahara et al., 1994) and humans (Malliani et al., 1991; La Rovere et al., 

2008). On the other hand, for assessing BRS, the reflexive bradycardia 

produced by a vasoconstrictor (i.e., PE) was measured in my experiments. 

Therefore, the acquired BRS may reflect the parasympathetic control at the 

sinoatrial node. Overall, the higher LF/HF ratio and lower BRS observed in 

TBI rats suggest an autonomic imbalance with sympathetic hyperactivity and 

parasympathetic hypoactivity.  

The beat-to-beat reflexive control of the heart rate is mediated by the 

arterial baroreflex circuitry, which consists of peripheral afferent and efferent 

limbs, and central autonomic pathways in the brain stem. Thus, it could be 

presumed that TBI-induced CAD may arise from structural and functional 

alterations of the tracts or neurons at all levels of this reflex circuitry. In the 

current study, it was clarified whether TBI causes the functional plasticity of 

the peripheral efferent limb consisting of the sympathetic SG and 

parasympathetic ICG neurons. The axons of these cardiac efferent neurons 
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are in close physical proximity in the sinoatrial node for reciprocal modulation 

of the heart rate (Pardini et al., 1989). Conventionally, the autonomic efferent 

neurons have been considered as simple relays for conveying central 

autonomic outflows to target tissues. However, several lines of evidence 

have supported that the cardiac efferent ganglia themselves act as an 

integration center, where multiple extrinsic and intrinsic neural inputs are 

processed (Armour, 2007). Consistent with this notion, the functional 

plasticity at the level of the cardiac efferent neurons was found to be pivotal 

in the development of CAD in TBI rats. I showed that TBI increased the 

excitability of sympathetic SG neurons, while it decreased that of the 

parasympathetic ICG neurons. Indeed, the opposing regulation of excitability 

in these cardiac efferent neurons supports the autonomic imbalance 

observed in TBI rats. 

Despite the pivotal role of SG neurons in the autonomic control of cardiac 

functions, little is known about the mechanisms controlling the excitability in 

these neurons. In general, voltage-gated K+ (KV) channels are important 

determinants of the active AP properties in mammalian neurons (Ruby, 1988). 

Of these KV channels, the KA channel is known to be a determinant of the AP 

threshold and duration in the sympathetic superior cervical ganglion (SCG) 

neurons (Malin et al., 2001). The current study showed that spike discharge 

plasticity in the SG neurons of TBI rats is associated with a substantial 

reduction in the active membrane properties. Similar to the sympathetic 

superior cervical ganglion (SCG) neurons (Schofield et al., 1989; Gilbert et 

al., 1998), SG neurons were also found to display the KV currents primarily 
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composed of transient KA and sustained KDR currents. Indeed, TBI selectively 

decreased the KA, but not the KDR currents, which may contribute to a 

reduced AP threshold and duration and the concomitant hyperexcitability of 

SG neurons. Several studies have demonstrated that Kv4 α subunits (KV4.1, 

KV4.2, and KV4.3) primarily underlie the KA currents in the central neurons 

(Kim et al., 2005; Shibata et al. 2000) and SCG neurons (Malin and Nerbonne, 

2000, 2001). In addition, the suppression of the KV4.2 α subunit by a 

dominant negative mutant was found to enhance repetitive spike discharges 

in SCG neurons (Malin et al., 2001). I also found that the transcripts encoding 

all Kv4 α subunits are expressed in SG neurons, although the exact 

molecular correlates of the corresponding KA currents remain to be defined. 

Importantly, the reduced KA currents in the SG neurons of TBI rats may result 

from a downregulation of the Kv4 α subunit expression. Unlike the SG 

neurons, the KA currents were not detected in the ICG neurons of adult rats, 

similar to neonatal ICG neurons (Xi-Moy et al., 1995). The KM (KV7) channels 

are known to generate slowly activating and non-inactivating currents, in 

response to membrane depolarization, and determine the AP threshold and 

thus spike discharge frequency in the autonomic neurons (Brown et al., 1982; 

Wang and McKinnon, 1995; Arichi et al., 2019). Consistently, the application 

of XE-991, a selective KM channel blocker, resulted in the hyperexcitability of 

rat SG and ICG neurons. A previous study reported that the KM currents are 

not prominent in the guinea pig SG neurons (Gilbert et al., 1998). Thus, there 

appears to be species variation in the expression of the KM currents. It is well 

known that the KCNQ2 and KCNQ3 channel subunits assemble to constitute 
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the native KM currents in the sympathetic neurons (Shapiro et al., 2000). TBI 

causes the downregulation and upregulation of KCNQ2 mRNA transcripts 

and functional KM currents, which may contribute to the hyperexcitability of 

the SG neurons and the hypoexcitability of the ICG neurons, respectively. 

The selective regulation of the KCNQ2 mRNA transcripts in the cardiac 

efferent neurons of TBI rats is consistent with the notion that KM current 

expression in the peripheral nervous system is primarily determined by the 

regulation of KCNQ2 gene expression (Wang et al., 1998). It is unlikely that 

the altered excitability of cardiac efferent neurons is exclusively a result of 

the KV (i.e., KA and KM) channel regulation. We previously demonstrated that 

the downregulation of voltage-gated Na+ (NaV) channels is associated with 

the hypoexcitability of the aortic baroreceptor neurons and the impairment of 

the arterial baroreflex in cirrhotic rats (Lee et al., 2016).   

In the preliminary experiments, however, the NaV currents were not altered 

in the cardiac efferent neurons of TBI rats (J.W, Oh, and S.-W. Jeong, 

unpublished data). A previous study suggested that the selective inhibition of 

N-type Ca2+ currents decreases the excitability of SG and ICG neurons by 

reducing the AP threshold and duration (Tu et al., 2014). Thus, it might be 

worth examining whether TBI alters N-type Ca2+ channel expression and 

activity in the cardiac efferent neurons. 

The TBI-induced CAD is speculated to arise from structural damage to the 

central autonomic nervous system, including the hypothalamus and the brain 

stem in human patients (Baguley et al., 2008). However, the current study 

suggests that the functional plasticity of the cardiac efferent neurons also 
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contributes to the development of CAD in TBI rats (Fig. 17). At present, it is 

unclear how the cortical insult remotely affects the peripheral autonomic 

neurons. Several studies have shown that TBI releases a variety of humoral 

factors, including catecholamine, stress hormones, inflammatory cytokines, 

and reactive oxygen species (ROS) into systemic circulation through the 

activation of multiple pathways (Lucas et al., 2006; Purkayastha, et al., 2019). 

Under certain pathological conditions such as chronic heart failure (Tu et al. 

2010) and diabetes (Li et al., 2011), the reduced BRS and excitability of the 

aortic baroreceptor neurons appear to be associated with the angiotensin II-

NADPH oxidase-ROS pathway. Interestingly, a previous study has shown 

that mild and moderate TBI activates the central angiotensin II-NADPH 

oxidase pathway for ROS production in the hypothalamic cardiovascular 

nuclei (Erdos et al., 2006). Accordingly, future studies should be directed at 

testing whether the aforementioned TBI-released factors, especially ROS, 

mediate the regulation of the KV channel expression and the excitability of 

the cardiac efferent neurons.  

A previous study has shown that that the functional plasticity of the aortic 

baroreceptor neurons is a potential mechanism underlying the impairment of 

the arterial baroreflex in cirrhotic rats (Lee et al., 2016). On the other hand, 

Gao et al. (2009) suggested that the downregulation of the Kv4.3 channel 

expression in sympathetic rostral ventrolateral medulla (RVLM) may 

contribute to sympathoexcitation in rats with chronic heart failure. Thus, 

besides the peripheral cardiac efferent neurons, the TBI-induced CAD could 

be attributed to any defects in the sensory pathways, including the peripheral 
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baroreceptor neurons and the second-order baroreceptor neurons in the 

nucleus tractus solitarius, and the motor pathways, including the sympathetic 

pressor center in the RVLM, the parasympathetic preganglionic neurons in 

the nucleus ambiguous and dorsal motor nucleus, and the spinal sympathetic 

preganglionic neurons in the arterial baroreflex circuitry. Indeed, TBI was 

found to affect the afferent limb of the baroreflex arc by dramatically 

decreasing the excitability of both A- and C-type AB neurons. Although the 

exact underlying mechanisms have yet to be resolved, each type of AB 

neurons is suggested to play a unique role in the processing of the 

mechanosensory information to the CNS to evoke the reflex responses 

(Schild and Kunze 2012). Thus, the hypoexcitability of A- and C-type AB 

neurons may contribute to the TBI-induced CAD (Fig. 17). In the future, 

studies of the second-order baroreceptor neurons of the nucleus tractus 

solitarius as well as in the central efferent neurons, including 

electrophysiology studies, are awaited.  
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Figure 17. Schematic diagram showing the potential cellular 

mechanisms underlying TBI-induced CAD. TBI caused the development 

of CAD during post-insult sub-acute period irrespective of TBI severity. TBI 

increased the cell excitability in sympathetic SG neurons through 

downregulation of KA and KM currents, whereas decreased the cell 

excitability in parasympathetic ICG neurons through upregulation of KM 

currents. The activity imbalance between these cardiac efferent neurons 

may contribute to the reduced HRV and BRS (CAD) in TBI rats.  
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VI. CONCLUSIONS 

The CAD was developed during post-insult sub-acute period in a rat model of 

TBI. The key cellular mechanism underlying the TBI-induced CAD may be the 

functional plasticity of the peripheral cardiac efferent neurons, which is caused by 

the regulation of the KA and/or KM currents, and cardiac afferent neurons. Clinically, 

CAD is a commonly developed in different diseases including cirrhosis, portal 

hypertension, hear failure, and diabetes although pathogenesis is different. Thus, 

pre-clinical and clinical attention might be focused on probing common mediator(s) 

of the CAD regardless of origin. 
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VIII. ABSTRACT IN KOREAN 

 

외상성 뇌손상 쥐 모델에서  

심장 자율신경기능부전의 세포 및 분자 메커니즘 

 

오 지 웅  

 

연세대학교 대학원 의학과 

<지도교수: 황 금> 

 

외상성 뇌 손상은 손상의 중증도와 상관없이 빈번하게 심장 자율신경 

기능부전 을 유발하며, 이는 환자의 유병률 및 사망률 증가와 관련이 

있다. 외상성뇌손강에 의한 자율신경기능부전에 관한 세포수준의 메커

니즘 규명이 중요함에도 불구하고 이와 관련된 동물 연구는 아직 이루

어지지 않고 있다. 본 연구에서는 조절된 피질 충격을 가한 외상성 뇌

손상 쥐 모델에서 손상 후 아급성기 때 자율신경기능부전의 발생 여부

를 조사했다.  
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TBI의 중증도는 피질 병변 부피의 정량화를 통해 평가하였다. 심박동

변이율의 주파수 영역 의 파워 스펙트럼 분석 결과 중등도 및 중증의 

외상성 뇌 손상군에서 저주파 / 고주파 비율이 증가하였다. 한편, 혈관 

수축제로 유도한 압력 수용체 활성화 기간 동안 반사성 서맥을 측정한 

결과 중등도 및 중증의 외상성 뇌손상군에서 압력 반사 민감도 가 감소

하였다. 외상성 뇌손상군에서 관찰되는 높은 저주파 / 고주파 비율과 

낮은 압력반사민감도는 교감 신경의 과도한 활성 및 부교감신경의 낮은 

활성에 의한 자율신경의 불균형을 시사 하였다. 이러한 신경생리학적 

현상을 세포 수준에서 확인하기 위해 그라미시딘 천공 패치 클램프 기

법을 이용하여 교감 성상신경절 뉴런과 부교감 심장내신경절 뉴런에서 

세포 흥분성을 기록하였다. 대조군에 비해 외상성 뇌 손상 쥐 모델에서 

활동전압의 생성 빈도가 교감 성상신경절 뉴런 및 부교감 내심신경절 

뉴런에서 각각에서 유의하게 증가 또는 감소되었다. 외상성 뇌 손상군

에서 성상신경절 뉴런의 과흥분성과 내심신경정 뉴런의 저흥분성은 각

각 활동전위 역치 및 기간의 감소 혹은 증가와 관련이 있었다.  지연정

류 포타슘 전류와는 다르게 단기간 에이 형 포타슘 전류가 대조군에 비

해 외상성 뇌손상 그룹의 성상신경절 뉴런에서 유의하게 감소하였다. 

이러한 전기 생리학적 데이터에 일치하게 Kv4 알파 서브 유닛 (Kv4.1, 

Kv4.2 및 Kv4.3)을 코딩하는 전사체 발현은 대조군에 비하여 외상성 뇌 

손상군의 성상신경절 뉴런에서 유의하게 감소되었다. 선택적 엠 형 포

타슘 채널 길항제인 XE-991을 가햇을 때 성상신경절 및 내심신경절 뉴
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런에서 활동전위 생성 빈도가 증가하였다. 외상성 뇌 손상은 기능적 엠

형 포타슘 전류 및 KCNQ2 전사체의 하향 조절 및 상향 조절하였는데 이

들은 각각 성상신경절 뉴런의 과흥분성 및 내심신경절 뉴런의 저흥분성

에 각각 기여할 것이다. 이밖에도 외상성 뇌 손상은 혈압 반사궁의 감

각신경 축에도 영향을 주어 에형 및 씨 형 압력반사뉴런의 흥분성을 극

적으로 감소시켰다.  

결론적으로 뇌손상 쥐 모델에서 자율신경기능부전은 뇌손상후 아급성 

기간에 나타났다. 이러한 외상성 뇌손상에 의한 자율신경기능 부전의 

핵심 기전은 KA 및 KM 채널 전류의 조절에 의한 말초 심장 원심성 뉴런

의 기능적 가소성과 심장 구심성 뉴런의 기능적 가소성 일 것으로 사료

된다.  
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