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Abstract 

Spinal cord injury (SCI) causes devastating damage to an individual leading to life long 

consequences. The most commonly considered and researched consequences of SCI are deficits 

in motor and sensory systems below the level of injury. However, more recent work has begun to 

elucidate systemic effects of SCI, such as chronic deficits in the autonomic nervous system and 

immune function. An example of a deficit of the autonomic nervous system is autonomic 

dysreflexia (AD), a potentially fatal complication of high-level SCI marked by the sudden onset 

of an excessively high blood pressure. Concurrent with the presentation of these deficits, the 

intraspinal circuitry above and below the level of injury undergoes a period of structural and 

molecular plasticity. Recent research from our lab has shown a direct relationship between the 

changing autonomic circuitry of the spinal cord in response to injury, the onset of AD, and 

immune suppression. Significant work has been done to characterize and manipulate plasticity in 

the motor and sensory systems, but comparatively less is known about plasticity in the 

autonomic nervous system. In this study, we will fully characterize the time-dependent changes 

that occur in autonomic circuitry following SCI and the functional implications of this plasticity. 

Additionally, we will investigate the contribution autonomic plasticity is having on the 

development of autonomic dysreflexia (AD), a potentially fatal complication of spinal cord 

injuries (SCI) occurring at or above the fifth thoracic vertebral level. The hallmark symptom of 

AD is unchecked activation of the spinal autonomic (sympathetic) reflexes. The cardiovascular 

dysfunction that occurs during episodes of AD is caused, in part, by unregulated activation of 

sympathetic reflexes below the level of injury. This can lead to various complications ranging 



from sweating and headaches to cerebral hemorrhage and death. Our previous work has also 

implicated immune suppression with AD. Using in vivo recording of blood pressure and heart 

rate, we have shown that AD develops spontaneously in mice with high level SCI -- with the 

number of dysreflexic episodes increasing as a function of time post-injury. The mechanisms 

responsible for the onset and progression of AD are not well defined, but since supraspinal brain 

connections are mostly lost after high-level SCI, maladaptive plasticity within “presympathetic” 

neurons (neurons synapsing on the sympathetic preganglionic neurons of the autonomic nervous 

system), especially those originating from the brainstem and segmental interneurons, is expected. 

We hypothesize that spinal cord injury causes aberrant plasticity in autonomic circuitry leading 

to autonomic dysfunction. Inhibiting this aberrant spinal autonomic circuitry will decrease the 

frequency and severity of AD and related complications, including immune suppression. 

To test this hypothesis, we quantified the overall number of synapses, defined by the 

colocalization of pre- and post-synaptic markers, in the region of the spinal cord where most 

autonomic neurons reside. Our data reveal a progressive increase in excitatory synapses over 

time. The timing of this excitatory synapse formation coincides with an increase in number and 

severity of dysreflexic episodes, suggesting a direct link between post-SCI synaptogenesis and 

AD. Although additional data are needed, the current study suggests post-injury synaptogenesis 

is contributing to the development of AD. To definitively establish a direct relationship between 

this circuitry and AD development, we are investigating novel ways to modify or silence the 

newly developed circuitry of the injured spinal cord. We are utilizing Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs). DREADDs are specially designed 

receptors that can be targeted to a specific subtype of cells. These G-protein coupled receptors 

can be designed to be either excitatory or inhibitory, and to target excitatory or inhibitory 



neurons. For this study, we are utilizing inhibitory DREADD receptors targeting neurons we 

have already shown to be a part of the newly developed excitatory circuitry in the IML of the 

injured spinal cord. Studies have already shown that the silencing of this autonomic circuitry can 

ameliorate certain sequelae of AD, such as immune suppression. And, although preliminary, we 

have evidence to suggest that chemogenetics are preserving immune function by directly 

decreasing the frequency and severity of AD. AD and related bladder, bowel, and sexual 

function are among the top priorities of SCI patients. Understanding the mechanisms responsible 

for AD, and developing new treatments to prevent it, could also have implications for other 

disabling secondary disorders of SCI with plasticity-related causes, like chronic pain and muscle 

spasticity. 

Introduction 

Autonomic nervous system and sympathetic preganglionic neurons 

The synthesis of afferent information from, and output of efferent control to the body’s organ 

and tissue systems requires an integrative and reactive circuit. The monitoring and modulation of 

these various organ systems is achieved via the sympathetic and parasympathetic branches of the 

autonomic nervous system (ANS) 60. Both subdivisions of the ANS are capable of receiving 

afferent input from the periphery, processing the information, and coordinating an appropriate 

response with individual or multiple target organs. The sympathetic half of this system regulates 

the body’s fight or flight response and is often over-simplified as the quick excitatory system. An 

additional and important aspect of the sympathetic nervous system in relation to this proposal is 

that it innervates primary and secondary lymphoid tissue, and immune cells contain specific 

surface receptors for neurotransmitters and peptides associated with the sympathetic nervous 



system86-87. Meanwhile, it’s counterpart, the parasympathetic nervous system is known for 

slower and less energy-demanding tasks. The two divisions of the autonomic nervous system 

typically oppose each other in their regulation of functions such as heart rate, blood pressure, and 

respiration. There are some instances where the two systems work unopposed or cooperatively, 

such as pupillary dilation, the dilation of certain arteries, and male sexual function3. Generally 

speaking, the autonomic nervous system functions as a regulatory circuit maintaining 

homeostatic control of the periphery and coordinating adaptive changes in physiology and 

behavior. However, SCI causes significant damage to this autonomic circuitry, significantly 

disrupting its ability to regulate the body’s organ systems. 

The output neurons of the sympathetic nervous system are sympathetic preganglionic neurons 

(SPNs). The soma of SPNs are most often organized into tightly grouped “nests” in a part of the 

lateral horn of the spinal cord called the intermediolateral cell column (IML). SPNs are found 

between the first thoracic and second lumbar spinal levels and are topographically organized so 

the more rostral SPNs innervate upper parts of the body, and caudal SPNs innervate lower 

targets65. In addition to the IML, SPNs can be found in lesser numbers in the central autonomic 

area, dorsolateral funiculus, and intercalated nucleus66. The neurons that provide input to SPNs 

are referred to as presympathetic neurons. This presympathetic input originates in the spinal cord 

and five regions of the brainstem: the rostral ventrolateral medulla (C1 adrenergic neurons), the 

rostral ventromedial medulla, the caudal raphe nuclei (serotonergic), the A5 region 

(noradrenergic), and the paraventricular nucleus of the hypothalamus67-69. There is currently no 

evidence of sensory neurons synapsing on SPNs4. Additionally, interneurons play a significant 

and complex role in autonomic function via their input to SPNs. Elegant viral tracing studies26-28, 

as well as physiological studies29-33 have shown that interneurons synapsing on SPNs are capable 



of eliciting both excitatory and inhibitory postsynaptic potentials. The most abundant and 

functionally important neurotransmitters that control the activity of SPNs are glutamate 

(excitatory)70-71,74, GABA (inhibitory)72-73, and glycine (inhibitory)72,75. Various other 

neurotransmitters, like noradrenaline76, serotonin77, and orexin51-52 can affect the activity of 

SPNs as well, but glutamate or GABA is present in 95% of terminals on SPNs5, so they will be 

the primary focus of this research. SPNs send their cholinergic projections out to sympathetic 

postganglionic cells in the sympathetic chain and ganglia, as well as directly onto chromaffin 

cells in the adrenal medulla66. SPNs are the final site for the integration of information from 

supraspinal autonomic control centers and therefore serve as a point of convergence for all 

signaling from the brain and spinal cord out to the periphery. 

Despite their fundamental role in the maintenance of essential bodily functions, relatively little is 

known about how SPNs are affected by SCI. Few studies have investigated changes in SPN 

structure, input, and activity following SCI. The general consensus from these papers is that 

following injury, SPNs in the autonomic nucleus respond to a loss of input with dendritic 

dieback and a decrease of soma size. Over time, there is a partial recovery of input, although not 

in the same ratios as before, and a recovery of dendritic branching and soma size21-23. However, 

these studies leave some significant questions unanswered while also inspiring new ones. Each 

paper examines a limited number of time points post injury, and these time points are not 

consistent between papers. Additionally, and very importantly, these studies do not examine and 

quantify changes at each spinal level individually, but rather group multiple segments caudal to 

the injury site together. Finally, the SCI model is not consistent between these different studies, 

with variation in injury type and level. These last two points are especially important considering 

different parts of the body are innervated at different spinal levels and are likely to be affected by 



injury differently. For these reasons, a comprehensive study is needed to establish the time- and 

level-dependent changes in the dendritic phenotype of, and synaptic input to, SPNs in IML. 

Autonomic dysreflexia 

Autonomic dysreflexia is defined as the “Constellation of signs/symptoms in SCI above T5-T6 in 

response to noxious or non-noxious [peripheral or visceral] stimuli below injury level, including 

increase in blood pressure >20 mmHg above baseline, and may include one or more of the 

following: headache, flushing and sweating above lesion level, vasoconstriction below lesion 

level, or dysrhythmias. May or may not be symptomatic and can occur at any time following 

SCI.”42 The hallmark symptom of AD, resulting from unchecked activation of the spinal 

sympathetic reflexes, is elevated blood pressure. When the descending and predominantly 

inhibitory73 modulation of SPNs is ablated, a typically innocuous sensory input can trigger an 

exaggerated response in the intraspinal autonomic circuitry. AD develops in 50-90% of patients 

with tetraplegia or high paraplegia, with the incidence of AD increasing in correlation with the 

completeness of the injury20. Following this type of injury, a stimulus below the level of injury, 

like a full bladder or distension of the colon, sends an afferent signal to the spinal cord causing 

activation of the SPNs. This causes a rapid increase in blood pressure and triggers the release of 

norepinephrine and glucocorticoids from postganglionic sympathetic neurons and the adrenal 

gland2. This can affect various systems of the body, with potential complications including 

stroke, immune suppression, and death, but deficits in immune function will be the main focus of 

this proposal. 

Under normal physiological circumstances, glucocorticoids and norepinephrine ensure typical 

immune function. However, SCI can lead to SCI-IDS, a situation where the balanced cross talk 



between the immune system and two key regulators of immune function, the sympathetic 

nervous system and HPA axis, is disrupted8. In this scenario, the repeated and constant activation 

of glucocorticoid receptors and β-2 adrenergic receptors resulting from AD is immune 

suppressive19. Additionally within this circuit, the sustained and unchecked activation of the 

sympathetic nervous system promotes immune suppression as well. This is done through a few 

different mechanisms. First, most immune cells express adrenergic and glucocorticoid receptors, 

and the overstimulation of these receptors induces apoptosis of the cells86-87. Second, lymphoid 

organs like the spleen receive heavy sympathetic innervation, and the accumulation of 

glucocorticoids in the spleen leads to systemic loss of B, T, and white blood cells18. This entire 

process is exacerbated by the physical and psychological stress of a dysreflexic event stimulating 

the HPA axis to flood additional glucocorticoids into the system12. Research from our lab has 

already shown that AD causes immune suppression after SCI2, and silencing spinal interneurons 

inhibits this immune suppression24. It is still unknown if the same interneuronal circuitry 

contributing to immune suppression is also causing AD development. 

Results 

AD frequency increases as a function of time post injury 

Using in vivo telemetry and methods described in Zhang et al2, we are able to constantly record 

the heart rate and blood pressure of awake freely moving mice to detect episodes of AD. We 

have found that T3 injured animals have increasing frequency and severity of AD as time post 

injury increases (Figure 1).  This gradual but steady increase in AD frequency leads us to 

hypothesize that there must be some slow but progressive change taking place in the spinal cord 

circuitry that is leading to this pattern of development.  



 

The number of excitatory synapses increases in autonomic regions below the level of injury 

To investigate potential mechanisms underlying AD development, we quantified the number of 

excitatory synapses in the intermediolateral cell column of the spinal cord in naïve and SCI mice. 

Although all of our analysis is not yet complete, we have already shown a significant increase in 

the number of synapses at the T4 spinal level 28 days post injury (Figure 2), a time when AD is 

frequent and severe. We are in the process of quantifying the number of excitatory and inhibitory 

synapses at every thoracic spinal level at 3, 7, 14, 21, and 28 days post injury. 

 

 

Figure 1. Spontaneous episodes of AD can be detected in SCI mice using in vivo telemetry. 
Detection and analysis of spontaneous AD in SCI mice. Using MATLAB, a mathematical 

algorithm was designed to automatically detect spontaneously occurring events of AD in the 
HR/BP data. The number of daily bouts of spontaneous AD increases in T3 SCI mice in two 

phases: a transient increase during the first week postinjury (Phase I), followed by a gradual but 
consistent increase in the total number of daily events after 14 dpi 



 

Chemogenetic silencing of Vglut2+ interneurons ameliorates AD severity 

To ascertain the functional role of the interneurons developing more synapses in figure 2, we 

designed an experiment to silence their activity and see the affect this had on AD. For this 

experiment, we utilized an engineered Gi coupled human muscarinic M4 designer receptor 

packaged in an AAV8 vector. This chemogenetic approach is referred to as DREADDs 

(Designer Receptor Exclusively Activated by Designer Drugs). We targeted this receptor to 

Vglut2+ interneurons in the IML of the thoracic cord. With our designer receptor installed, we 

can silence the activity of our cell type of interest with a systemic injection of an otherwise inert 

drug, clozapine-n-oxide (CNO), which targets the designed receptor. These animals received 

twice daily injections of CNO from days 14-28 post injury. During this time we constantly 

monitored their heart rate and blood pressure. But additionally, on day 28, we induced a 

dysreflexic episode via colorectal distention. Colorectal distension is a clinically relevant 

technique for eliciting AD by inserting a balloon tipped catheter into the anus and then inflating 

Figure 2. Vglut2(red) and PSD95(green) label pre- and post-synaptic terminals in the T4 
IML of a naïve and T3-injured mouse. On the left, quantification of colocalized puncta, 

signifying functional excitatory synapses, shows a significant increase by 28 DPI. 
Representative images on the right.  



it to simulate an impacted bowel. This method has been previously shown to only elicit an AD 

event in upper-thoracic injured mice, but not naïve or those with a lower thoracic injury. This 

experimental setup provides us the opportunity to test the susceptibility to and severity of AD in 

a mouse, and then inject our drug, silencing the Vglut2+ intraspinal circuitry, and then repeat the 

test. This allows each mouse to serve as their own control and reduces variability. Although our 

data is still preliminary and repeated trials our necessary, our findings are very encouraging. We 

have found that chemogenetically silencing the Vglut2+ interneurons ameliorates AD severity 

(Figure 3). Changes in heart rate and blood pressure are a fraction of what we observe in the 

same animals pre-CNO. This data makes a compelling case for plasticity involving Vglut2+ 

interneurons in the thoracic IML being necessary for AD development.  

 

 

Figure 3. On the left, schematic showing DREADD construct and expression of mCherry after 
DREADD expression is induced in the Vglut2+ interneurons. On the right, example heart rate 

and blood pressure recordings from one animal before (Vglut2+ cells active) and after (Vglut2+ 
cells silenced) administration of CNO.  



Summary and future directions 

The current data show enhanced excitatory synaptogenesis in the IML below the level of a T3 

SCI as time post injury increases. This indicates that plasticity affecting Vglut2+ interneurons 

specifically is responsible for AD development afer SCI. We are currently planning on repeating 

this experiment with more animals to confirm our results. Additionally, we are working to 

expand our synapses quantification to include all levels of thoracic spinal cord and at various 

times post injury to gather a better representation of this circuitry is changing.  

If our findings are confirmed in future trials, the implications this could have on other parts of 

the body are vast. The same intraspinal autonomic circuitry that we are modulating here to 

regulate heart and blood vessels also innervates nearly every other organ in the body. We have 

already published on the affect this circuitry has on splenic immune function, and studies are 

already underway investigating the physiological impact SCI and autonomic plasticity can have 

on various other organ systems, including the adrenal gland, liver, skin, and more.  
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