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ABSTRACT 
 
  

RE-EXPRESSION OF THROMBOSPONDIN-1 IN THE THALAMOCORTICAL WHISKER CIRCUIT AFTER 
EXPERIMENTAL DIFFUSE TRAUMATIC BRAIN INJURY: POTENTIAL ROLE IN MEDIATING SYNAPTOGENESIS? 

 
Introduction:  
Annually, an estimated 2.5 million traumatic brain injuries (TBI) occur in the United States, of which, over 50,000 result in 
deaths. Currently, 5.3 million Americans are living with neurological dysfunction secondary to TBIs leading to a $60 billion 
dollar cost in medical expenses and productivity losses.  To date, there are limited treatments available to cure or ease 
the morbidity of TBI.  Despite preventative efforts, traumatic brain injuries (TBI) occur at a staggering rate and it is 
estimated that 15-20% of survivors develop persistent post-traumatic neurological impairment.  The purposed source of 
neurological dysfunction is a result of circuit reorganization when the brain rebuilds itself.  
 
After diffuse TBI, rodents have been shown to develop a late-onset, gain-of-function sensory sensitivity to whisker 
stimulation; similar to phonophobia and photophobia experienced by human TBI survivors. This morbidity coincides with 
evidence of post-TBI circuit reorganization, however the etiology of post-traumatic neurological impairment remains 
largely unknown. 
  
Thrombospondin-1 (TSP-1) and thrombospondin-2 (TSP-2) are heavily expressed during pediatric neuronal synapse 
development. Expression of TSPs, however declines with age. Mechanistically during development, TSP mediates 
synaptogenesis via binding α2δ-1 subunit of the voltage-gated calcium channel receptor (α2δ-1). After neurological insult, 
re-expression of TSPs has been demonstrated and experimental modulation of the TSP/ α2δ-1 interaction has led to 
changes in morbidity.  We therefore hypothesize that experimental diffuse TBI will result in re-expression of TSPs, which 
will be synchronous with increases in synaptic markers in the thalamocortical whisker circuit.  
 
Methods: Adult male Sprague-Dawley rats underwent sham or moderate midline fluid percussion brain injury. At multiple 
time points over 2-months post-injury, expression of TSPs and synaptic markers were quantified from thalamocortical 
circuit (ventroposterior medial thalamus (VPM), primary somatosensory barrel fields (S1BF)) biopsies using qPCR and 
automated capillary westerns, respectively.  
 
Results: TSP-1 gene expression and protein levels increase in the VPM during the first week after injury. Gene 
expression of TSP-1 did not significantly change over time in the S1BF, however, there was a significant increase in 
protein levels in the first and second weeks after injury. No significant changes were demonstrated in synaptic markers in 
the VPM over the time course.  TSP-1 protein levels demonstrated a similar multimodal response to synaptic markers in 
the S1BF.   
 
Conclusion:  Re-expression of TSP-1 and synchronous changes in synaptic marker supports a role for TSP-1 mediated 
synaptogenesis after experimental diffuse TBI in the S1BF. These data positions us for future investigation of 
pharmacological inhibition of TSP-mediated synaptogenesis after TBI; which may represent a prophylactic strategy 
against circuit reorganization and neurological dysfunction after TBI.  
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1.0 Introduction: Traumatic Brain Injury 
 

1.1 Epidemiology 
Annually, 2.5 million Americans present to emergency department for traumatic brain injuries (TBI), of this, 50,000 result 
in death which represents one third of all injury related deaths29,30.  However, the true incidence of TBI is unknown as 
many, particularly mild TBI, patients may never seek medical attention or seek medical attention in outpatient settings 
(where incidence data is not readily available)31.  Falls are the leading cause of TBIs overall and are the leading cause of 
death at the extremes of age, followed by motor vehicle collisions and assaults30,31. 
 
 Survivors of traumatic brain injuries may have long lasting or permanent neurological dysfunction that impacts their lives, 
the lives of their families, and results in a $60 billion economic burden including productivity losses. Return to work rates 
are correlated with severity of injury and are estimated between 12-70%32.  TBIs alarming impact on society necessitates 
investigation into preventative measures, pathophysiology and development of potential therapies for survivors.  
 

1.2 Traumatic brain injury severity 
Clinical TBI severity is most commonly classified as either mild, moderate or severe using the Glasgow coma scale 
(GCS), imaging findings, loss of consciousness, and post-traumatic amnesia33,34.  Figure 1 describes the severity 
designations of TBIs. TBIs can also be further classified by the mechanism (e.g. blunt, penetrating, blast) or by 
parenchymal involvement (focal or diffuse). Seventy-five percent of the documented TBIs are classified as mild diffuse 
TBIs as a result of blunt trauma35.  
 

 
 

1.3 Classification of traumatic brain injuries 
The majority of the literature describes the damage from a TBI as focal or diffuse. However, there are a plethora of 
different TBI injury mechanisms and degrees of force. Therefore, rather than an injury being categorized as focal or 
diffuse, it should be recognized that TBI injuries are on a spectrum between focal and diffuse injury36,37. 
 
Focal injures result from direct force to the cranium (coup) or parenchyma, in the case of penetrating injuries. Strong 
enough forces may also result a contra-coup injury if the brain is ricocheted off the opposing cranial wall. Focal damage 
may also be increased as a result from local mass effect of epi- or subdural hematomas38.  In focal injuries, the damage is 
more contained to a single area and is more likely to result in cell death and tissue volume loss39.  
 
Diffuse traumatic injuries result from acceleration/deceleration or rotational forces causing deformation of the brain 
tissue40. Typically, the damage is located at gray-white interfaces as a result of sheering of the axons deafferentation of 
synapses41-43. Delayed axotomy, which more likely occurs in mild TBIs, results from local damage leading to axonal 
swelling and cytoskeletal breakdown44-46.  This is then followed by separation and Wallerian degradation and thus 
synaptic deafferentation44-46. Cell death is less likely to occur in diffuse injuries in comparison to focal damage and the 
damage may be scattered amongst healthy tissue47-51. The severity of damage also depends on the direction of force, 
with lateral forces causing more axonal sheering than anterior-posterior forces45.  
 
Blast injuries, the leading cause of TBIs in the military, are similar to diffuse traumatic brain injuries. Blast injuries are 
diffuse in nature and may not demonstrate gross abnormalities on conventional imaging30,52. However, blast injuries are 
unique as the ultrasonic waves elicit several concussive injuries from a single blast35.  Additionally, the victim may also 
suffer a second TBI from either being struck by objects thrown in the blast or by striking their head on an object or the 
ground as they are propelled due to the blast force52.  
 
 

Mild Moderate Severe 

Normal imaging Normal or abnormal imaging Normal or abnormal imaging 
LOC <30 mins LOC >30 minutes and <24 hours LOC > 24 h hours 
AMS <24 hours AMS >24 hours AMS >24 hours 
PTA <24 hours PTA >24 hours and <7 days PTA >7 days 
GCS = 13-15 GCS= 9-12 GCS= 3-8 
LOC= loss of consciousness, AMS= altered mental status, PTA= post-traumatic amnesia,  
GCS= Glasgow coma scale 

Table 1. Severity of brain injury stratification.  
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1.4 Primary and secondary brain injuries 

Primary brain injury refers to the direct injury produced during the traumatic event. Following the traumatic injury, the 
physiological response to the injury may compound and worsen the initial injury, this being termed secondary brain injury.  
Primary brain injuries can be prevented or limited with the use of safety equipment and precautions, such as helmets, seat 
belts or with fall prevention measures.  
 
Prevention and limitation of secondary brain injury is the goal of acute medical and/or surgical interventions after a TBI. Of 
the patients that initially survive, but later die while in the hospital, typically succumb to effects of secondary brain 
injuries53. The pathophysiological response to brain injury begins with compromise of the blood-brain barrier, vasodilation 
leading to cerebral edema and increased intracranial pressure54,55. Since the cranium is a fixed volume, in absence of a 
surgical decompressive crainectomy, a severe increase in intracranial pressure may lead to herniation and death.  
 
Increased intracranial pressure leads to a decrease in cerebral blood flow and cerebral hypoxemia; which can be also 
worsened by polytrauma suffered by the patient53,56. This then leads to increased calcium influx and potassium efflux 
leading to ionic imbalances, mitochondrial dysfunction, and membrane depolarization. This is followed by glutamate 
excitotoxicity, increased demand on the sodium-potassium pump to maintain membrane potentials, and increased 
metabolic glucose utilization35,46,55,57-60.  
 
Subsequent reperfusion to the tissue then leads to free radical production, inflammatory response, cytoskeletal and 
membrane degradation, axonal swelling with subsequent delayed axotomy, and possible cell death35,39,46,55,57-60. 
Inflammatory mediators and immune cells assist with clearance of the damage, but may also contribute to subsequent 
morbidity as neurofibrillary tangles develop from dead neurons and tauopathy develops from the inflammatory 
amylodiogenesis; hallmarks of several neurodegenerative diseases46,61.  
 
Axonal damage then leads to Wallerian degeneration of the distal aspect of the axon over a course of weeks to months 
after injury and may impact non-injured circuits causing amplification or spreading of neurological dysfunction to non-
injured areas of the brain 45,46,62.  It is postulated that axonal degeneration and synaptic deafferentation manifests as the 
neurological dysfunction seen in diffuse TBI62. In mild TBI, where cell death is less likely, there is evidence supporting 
regeneration of synaptic terminals which may assist in either recovery or the development of chronic neurological 
dysfunction62-64.  
 
Secondary brain injury begins immediately after the primary injury, however secondary brain injury can continue for weeks 
to months after the initial injury65. As the body of knowledge grows on TBI and its consequences, TBI has become 
considered more as a disease process, rather than an isolated event66.  
 
 
2.0 Brain injury outcomes 
Outcomes and recovery from brain injury are variable depending on injury severity, underlying health status of the patient, 
age, location of injury. Prognosis has been shown to correlate to admission GCS, loss of consciousness and post-
traumatic amnesia62. Sequela of mild traumatic brain injuries have recently come to the foresight of public health. 
Symptoms can often be subtle, but have significant impact on survivors’ quality of life. Symptoms often go under reported 
and due to their insidious onset may not have their etiology linked to the TBI.  The chronicity of symptoms that can be 
experienced by survivors warrants the investigation of the mechanism and under lying pathophysiology.  

2.1 Glasgow outcome scale (GOS) 
After the development of successful medical and surgical management techniques for stabilizing head injury patients, 
efforts were made in 1975 to describe the potential outcomes for severe TBI survivors67.  There are several disability 
scoring systems to describe patient outcomes, however the GOS is more commonly used by practitioners (Figure 2). King 
Jr. et. al (2005) found 3 month GOS, prolonged hypotension, pupillary, diffuse axonal injury, pupillary dilation reflex were 
predictors of 12 month outcomes68.  
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2.2 Relationship to chronic neurological diseases: Chronic seizures, dementia & Alzheimer’s disease, 

Parkinson’s disease, chronic traumatic encephalopathy, endocrinopathy 
TBI has been identified as an independent risk factor for a number of chronic neurological diseases. This link to 
neurodegeneration highlights TBI as being a disease process, rather than an isolated event. These long term 
consequences are only a brief collection of the current literature available.  

 
2.2.1 Chronic seizures 

Early post-TBI seizures begin within 7 days of the injury, whereas late post-TBI seizures begin 7 or more days after the 
injury69,70.  It is estimated that 20% of symptomatic epilepsy prevalence is attributed to TBIs69.  Seizures are more 
common after penetrating injuries than closed head injuries. Other risk factors include dural penetration with metal, bi-
parietal contusions, multiple intracranial operations, multiple subdural contusions, subdural hematoma requiring 
evacuation, midline shift >5mm and severity of TBI71. Seizure risk is the highest in the first year after injury and then 
diminishes over time; however some individuals develop persistent seizures and continue to have seizures years after the 
initial injury69.  
 

2.2.2 Dementia and Alzheimer’s Disease (AD) 
The single strongest risk factor for developing of dementia is age, but studies have documented TBI increases risk of the 
development of dementia, including Alzheimer’s disease59,69.  AD is characterized by progressive dementia and 
development of extracellular senile plaques of amyloid beta deposition and intracellular neurofibrillary tangles composed 
of tau proteins. Similar histolopathological features can also be seen in acute brain injuries61. TBI studies have 
demonstrated post-traumatic dysregulation of several proteins implicated in the pathogenesis of neurodegenerative 
diseases61.   Post-TBI hypoxia or poor cerebral perfusion is not uncommon.  Hypoxia and poor cerebral perfusion have 
both been shown to accelerate beta-amyloid deposition, which are protein by-products indicative of neuronal degeneration 
and a hallmark of AD72-74.  
 

2.2.3 Parkinson’s disease 
Parkinson’s disease is a neurodegenerative disease of the dopamergic neurons in the substantia nigra, resulting in motor 
dysfunction and eventual dementia. Similar to Alzehimer’s disease, Parkison’s disease presents the latter decades of life.  
Development of Parkinson’s disease has been shown to be associated with TBI, including mild TBI with a loss of 
consciousness69,75,76. Repetitive TBI increases the risk of developing Parkinson’s disease76. 
 

2.2.4 Chronic traumatic encephalopathy (CTE)  
 Also known as dementia puglistica or “punch-drunk” syndrome. CTE characteristic pathology involves tauopathy, axonal 
injury, microvascular injury, neurodegeneration, and chronic inflammation65. CTE is associated repetitive TBIs over a 
chronic time period. At risk individuals include, athletes, military personal, and domestic violence victims77.  In athletes, 
symptoms typically develop 1-2 decades after retirement69,78-81.  CTE insidious onset begins with difficulties with 
concentration, attention and memory. Other symptoms such as headaches, dizziness or confusion may also occur. As 
CTE progresses, patients develop difficulties with insight, judgement and dementia. In the latter stages, patients will have 
motor difficulties, similar to Parkinson’s disease. As their mental faculties decline, progressive memory loss, dementia and 
psychosis leads to social instability and behavioral disturbances45.  The development and degree of severity of the 

Score State Abbreviation Explanation 

1 Dead D Dead 
2 Vegetative state VS Vegetative state 
3 Lower severe disability SD- Complete dependence on others 
4 Upper severe disability SD+ Partial dependence on others 
5 Lower moderate disability MD- Inability to return to work or reduced 

participation in social activities  
6 Upper moderate disability MD+ Return to work with reduced capacity, 

able to participate in social activities 
7 Lower good recovery GR- Good recovery with mild mental or social 

deficits 
8 Upper good recovery GR+ Good recovery without deficits 

 

Table 2. Extended Glasgow Outcome Scale. The Glasgow coma scale is utilized as a predictor of 
prognosis after TBI.  
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disorder seems to be correlated with severity and number of TBIs. Recently, evidence of CTE like pathology has been in 
demonstrated in blast injury victims; whom are likely to receive multiple TBIs from a single blast as described above52.  

 
2.2.5 Endocrinopathy 

The pituitary and pituitary stalk are encased in the sella turcia within the floor of the cranium. As the remainder of the brain 
shifts within the cranium while undergoing accelerative, decelerative, or rotational forces there can be considerable 
amount of strain on the pituitary and pituitary stalk as it remains stationary.  The pituitary and pituitary stalk play a critical 
role in the hypothalamic-pituitary axis, regulating hormonal release. Studies have described a number of dysregulatory 
responses after TBI involving growth hormone, somatotrophic, gonadotrophic, thyrotropic, cortisol, and control of free 
water status82-86.  It is estimated that ~20% of patients with severe TBI have endocrinopathies after TBI71,87.  
  

2.3 Sequela of mild traumatic brain injuries: post-concussive symptoms (PCS) 
Sequela of TBI is understandably correlated with severity of injury88. Recently, attention to the chronic sequela of mild TBI 
have gained the interest of researchers and practitioners with the realization of chronic neurological dysfunction of 
athletes and military veterans who have suffered multiple, mild TBI throughout their careers. It is estimated that ~17% of 
patients who suffered multiple concussions will develop CTE45.  
 
While most patients recover from mild traumatic brain injuries, 15-20% report having symptoms 1 month after injury; some 
who then go on to have persistent or permanent symptoms46,89,90. The true incidence is unknown, again as many patients 
with mild TBI do not seek medical care or practitioners may not link the symptoms to the TBI. While the population of 
patients experiencing more than one symptom after one year is small (5%), such symptoms can cause considerable 
amount of distress, impact daily life and may prevent someone from returning to their normal activities44.  
  
Symptoms can be broadly categorized into cognitive, emotional or somatosensory symptoms. Table 3 lists post-
concussive symptoms. The range of post-concussive symptoms reflects the diffuse nature of mild TBI (mTBI) impact on 
multiple brain regions and circuits91-93.  For example, thalamic damage after TBI has been associated in post-concussive 
headache, fatigue, cognitive deficits94-97. Thalamic susceptibility to damage after mTBI is thought to be due to high sheer 
forces upon the relay axons and its multiple connections to other regions of the brain98. These structural changes to axons 
have been suggested to contribute to the persistence in post-concussive symptoms99. 
 
At this time, it is unknown what severity or number of TBIs is required to alter mechanisms that normally lead to recovery 
towards a pathway of persistent PCS or CTE. Diagnosis of PCS has been controversial due to similar symptoms 
occurring in mental health disease, such as post-traumatic stress disorder or depression, post-traumatic endocrinopathies 
or other comorbidities.  Common forms of imaging, such as computer tomography(CT) and magnetic resonance imaging 
(MRI), often do not demonstrate evidence of injury with mild diffuse traumatic brain injury95,100,101.  Specialized imaging 
studies, which may be more sensitive to pathophysiological changes after mTBI,  such as diffusion-weighted imaging, 
diffusion tensor imaging, functional magnetic resonance imaging and spectroscopy have demonstrated changes in 
thalamic metabolism, decreased tissue volume, perfusion alterations, microstructural axonal injury,  and changes in 
connectivity after TBI95,100-103.  Post-mortem histology, in comparison to non-injured controls, has demonstrated pathology 
supporting PCS having an intrinsic neurological etiology104.  The chronicity of symptoms that can be experienced by 
survivors warrants the investigation of the mechanism and under lying pathophysiology.  

 
3.0 Animal models of TBI 
Translational research requires the ability to replicate clinical conditions in a controlled setting. Currently there are several 
models of brain injury in use by the neurotrauma community. Historically, the majority of TBI research has focused on 
focal injuries and acute time points65. With the rising recognition of the long-term consequences of mild traumatic brain 
injuries, interest has grown to investigate the mechanisms leading to chronic symptomatology and possible 
neurodegeneration over time. Additionally, investigation into repetitive TBI have been designed to investigate effects of 
multiple mild TBIs that are most commonly seen in athletes, domestic violence victims, and veterans.  

Cognitive Emotional  Somatosensory 

Concentration Irritability Headaches 

Memory  Depression Nausea/Vomiting 

Executive Functioning Anxiety Balance/Dizziness 

Learning  Sleep Disturbances 

Confusion  Light/Sound Sensitivity 
Table 3. Post-concussive symptoms 
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Development of translational therapies, however, has been proven to be quite difficult based on data from animal models. 
This is likely because, in the clinical world, there is not an ability to control for the many variables that impact TBI 
outcomes. Variables including age, sex, number of TBIs, magnitude and direction of forces applied, presence of 
polytrauma in combination with TBI, and other comorbid conditions, including mental health diseases, have all been 
demonstrated to impact TBI outcomes65. Moreover, evaluating symptoms such as headache, verbal/written 
communication skills, higher levels of executive functioning and some psychological effects of TBI are difficult to assess in 
animal models. Despite these differences a large effort has been made to develop clinically relevant models. Here we 
discuss the most widely used animal models. 

 
Focal injuries have been most commonly modeled by weight drop methods and controlled cortical injury. Weight drop 
methods involve a weight dropped from a chosen height and may be delivered in either a closed or open head fashion105. 
Controlled cortical injury uses a piston to deliver the force over exposed dura. Cortical control injuries are advantageous 
because they are more reproducible and severity of the injury can be more tightly controlled40. Focal models are designed 
to apply a force to a designated area to produce a cerebral contusion or cavitation depending on the severity of the 
injury106.  
 
Penetrating injury models have also been developed to model open head injuries, such as a gunshot wound or 
shrapnel106. These penetrating injuries can differ from other focal open injuries in that the damage is not only caused by 
the projectile alone, but also by the high energy transmitted. This high energy then causes shock waves through the brain 
parenchyma which may be strong enough produce a temporary deformation of the brain107.  
 
Diffuse injuries are most often modeled by fluid percussion injuries (FPI), 
where a craniotomy is preformed and a fluid pulse is delivered, via pendulum 
drop, over the dura (Figure 1). Alternatively, a weight drop method can be 
used when the subject is placed on a flexible platform to allow for diffusion of 
energy after impact of the dropped weight.  Placement of the craniotomy site 
for the delivery of the fluid pulse is critical to the type of injury that the 
investigator wants to elicit. Lateral fluid percussion creates a more focal 
injury, in comparison to parasagittal which creates both diffuse and focal 
damage. Midline fluid percussion creates the most evenly distributed injury, 
however slight variations in direction or angle of the force can create variable 
injury patterns.  Fluid percussion models are advantageous as they too can 
be well replicated and the severity of the injury can be controlled by the 
degree of the pendulum delivering the fluid pulse40.  
 
Diffuse injuries can also be modeled by acceleration/inertia devices, 
designed to mimic the forces created in motor vehicle collisions. However, 
the devices required to perform these injuries may be limiting for researchers 
due to cost and technical operational skill level40.   
 
Blast injury models typically involve a blast delivery in an open-field or via a blast tube where pressurized shock wave is 
delivered by transmitting a blast force and rupturing a membrane separating the tube106. This has become a clinically 
relevant model to demonstrate TBIs that are uniquely sustained in war theaters. The histopathology created by the blast 
models closely resembles the CTE like pathology and psychological manifestations seen in military veterans.  
 
While these models best reproduce the physical forces of trauma, there are limitations to animal models to study TBI in 
humans. While TBI study in higher order animals could potentially provide more translational data, these studies are 
typically hindered by ethical, technical and financial limitations. To date, the majority of TBI research has been done in 
rodent models107. Human craniums are geometrically different than most animal species used in TBI research, thereby 
impacting the biomechanics of the injury. Sulci and gyri that are present in the human brain and absent in some animal 
models may also impact the biomechanics of the injury and clinical pathology65. And as previously stated, unlike animal 
models which have tightly controlled independent variables, the diversity in patients and TBI mechanism has made 
development of effective treatments difficult.  
 
For the purpose of our study, we investigated the most common form of head injury, mild diffuse TBI (dTBI)107.  Methods 
involving focal trauma (e.g. controlled cortical impact, weight drop, lateral fluid percussion) would not be appropriate as 
there is more likely to be hematoma, gross tissue loss and neuronal cell death29. Midline fluid percussion has been 
demonstrated to be the optimal choice for replication of an evenly distributed mild-moderate diffuse axonal injury, ease of 
use in rodents and is cost effective. Midline fluid percussion forces designed to replicate a diffuse TBI reproduce the 

 

Figure 1. FPI device and location of 

craniectomy. An implanted cranial hub is 

attached to the injury device where an 

adjustable pendulum falls and strikes the 

plunger, generating a fluid pulse that impacts 

the dural surface, resulting in diffuse axonal 

injury without cavitation or contusion.  
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histopathology identified in autopsies, notably axonal damage, microvascular disruption, synaptic deafferentation and 
neuronal atrophy without overt cell death.   
 

 
4.0 Whisker circuit 
The thalamocortical circuit, or whisker circuit (Figure 2), in rodents is well understood and has been used as an in vivo 
model for neuronal plasticity and circuit activation due to its topographical organization108. These features and its 
susceptibility to microvascular disruption, neuronal pathology, and glial activation make it an ideal region to study synaptic 
and circuitry changes after TBI. 
 
Rodents, many whom are nocturnal and have poor eyesight, receive a large portion of sensory input from the environment 
from tactile input via their whiskers. Sensory input from mechanorecptors on individual whiskers project to the trigeminal 
ganglion. The input then travels to the principal trigeminal nucleus (PR5) of the hindbrain with topographic organization 
into barrelettes. The second order neurons then decussate via the lemniscal path and synapse in the ventral 
posteriomedial nucleus of the thalamus (barrels). Third order neurons then project to ipsilateral barreloids in layer four of 
the primary somatosensory barrel fields in a topographic fashion109-112.   
 
Information is then processed through the cortical layers in a columnar like fashion. Many intracortical synaptic 
connections co-exist in the cortical layers, suggesting redundant or amplification of incoming signaling. Layer four neurons 
connect to layers two, three and five; which then go on to synapse within the secondary somatosensory barrelfields and 
motor cortex113. Layer five and six neurons also give feedback to afferent neurons in the VPM114. 
 
Synaptic connections are mainly excitatory glutamatergic synapses, although it should be noted that inhibitory 
interneurons do participate in the corticocortical connections. During development, environmental stimuli (e.g. whisking) is 
required for proper development of the whisker circuit. For proper topographic and synapitcally active cortical circuit to 
form activation of post-synaptic NMDA and AMPA receptors is required, suggesting a Hebbian strengthening of 
circuitry114.  This theory has been demonstrated in previous studies that have examined the effects of whisker stimuli 
deprivation114. Ablation of some whiskers induces expansion of neighboring “real estate” into the region which would have 
been occupied by the ablated whiskers. Ablation of all whiskers during development of the circuit leads to disorganized 
and arbitrary connections with in the circuit, rather than the topographic formation of barrels, barreloids and barelfields114.  

4.1  Whisker sensitivity & the Whisker Nuisance Task (WNT) 
Due to rodents’ heavy reliance of environmental interpretation by whisker activity, it is not surprising that diffuse TBI 
(dTBI) somatosensory symptomatology manifests as whisker sensitivity. Whisker sensitivity is similar to phonophobia and 
photophobia experienced by human survivors, thus making it a useful model for the study of post-concussive 
symptoms115-117. What is curious about whisker sensitivity is that the symptom is not immediately present and does not 
manifest until 4-6 weeks post-TBI118. This delayed onset suggests that it is not the traumatic event itself, but the aftermath 
of trauma that contributes to the development of post-concussive symptoms.  
 
This behavioral pathology is identified by the Whisker Nuisance Task (WNT)118. The WNT evaluates and quantifies rodent 
behavioral response to vigorous stimulation (Appendix B Whisker Nuisance Task Behavioral Point Criteria). Rodents are 
acclimated to an open field, after which three 5 minute intervals of whisker stimulation with a cotton-tip applicator. Both 
pre and post-TBI scores are obtained to evaluate for change in response over time and compared to uninjured animals. 

Figure 2. Whisker Barrel Circuit 
Stimulation of the vibrissae (whiskers) activates a 
signal relay from the mystacial pad to trigeminal 
ganglion (Pr5) in the midbrain, to the contralateral 
barreloids in the ventral posterior medial nucleus 
(VPM) of the thalamus to layer IV of the barrel fields 
of the primary somatosensory cortex (S1BF). 
Axotomized neurons do not necessarily die, but 
can sprout and reorganize, forming new circuits. 

Whisker Barrel Circuit 
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The task scores behavioral components such as movement, respiratory rate, body position, evasive movements to 
identify distress due to whisker stimulation. This decreased tolerance to sensory stimulation, represented by agitation, is 
often seen in human survivors with post-concussive symptoms115,116.  
 
Whisker sensitivity and the understanding of in vivo structural and functional changes to the circuitry in the whisker circuit 
after TBI can potentially translate to human neural circuits contributing to post-TBI neruoplastic responses118.  Delayed 
development of sensory sensitivity is not unique to rodents. Neuropathic pain from spinal cord injury also demonstrates 
delayed presentation and presents similarly at 4-6 weeks post-injury119,120. It is postulated that delayed presentation is due 
to maladaptive circuit reorganization as the injured brain attempts to heal itself; which has been demonstrated to 
contribute to post-TBI epilepsy, central pain after stroke, and  phantom limb pain or hyperalgesia following peripheral 
nerve lesions 109,121-125. 
 
5.0 Synaptogenesis 

5.1 Synapses 
Synapses within the CNS are sites of neuronal to neuronal communication, consisting of a presynaptic neuron and a 
postsynaptic neuron. There are on average 10 billion neurons in the adult brain, each participating in roughly ten thousand 
synapses126. The majority, ~80%, of synapses are excitatory and the remaining are inhibitory126.  
 
Following depolarization of the presynaptic membrane, release of neurotransmitters from presynaptic vesicles bind 
receptors on the postsynaptic neurons. Neurotransmitters are cleared from the synaptic cleft by either enzymatic 
degradation or reuptake by neuronal elements or glial cells. Binding of neurotransmitters at the postsynaptic neuron then 
leads to depolarization, hyperpolarization or activation of second messenger systems to continue the flow of 
communication.  
 
Several neurological and psychiatric disorders have been linked to dysfunctional synapses, thus proper development and 
function of synapses is critical to neuropsychological health127-130. 
 

5.2 Synaptogenesis 
Induction of synaptogenesis can be stimulated by synaptogenic molecule secretion, neurotransmission or are activity-
dependent131-134. Varying lengths of time have been reported for the creation of a functional synapse from as little as 1-2 
hours to several days135. However, this complex process and subsequent maintenance or elimination of synapses is not 
fully understood. Many molecules have been implicated in synaptogenesis, however knockout models of many 
synaptogeneic molecules have not fully halted the process126. This review will focus on excitatory synaptogenesis in the 
CNS.  
 
Initial formation of a synapse begins with outward growth of the presynaptic neuron and contact with its postsynaptic 
target (dendrite, muscle/organ, axon)126,136.  Outward growth of the presynaptic neuron is guided by the growth cone, 
located at the distal aspect of the growing dendrite, responding axonal guidance molecules secreted by postsynaptic 
neurons and glial cells132,137. Growth associated protein 43 (GAP-43), a phosphoprotein located on the growth cone of 
presynaptic neurons, is indicative to developmental or plastic or regenerative axon growth138-142. GAP-43 is maximally 
expressed during development and is generally down-regulated in adulthood. GAP-43 remains elevated in highly plastic 
areas of the brain and conditionally up-regulated in response to neuronal insult124,138-141,143.  GAP-43 regulates axonal 
growth, branching, axonal guidance, axonal morphology and synpapse formation124.  GAP-43 begins to down-regulate 
once contact has been made with the postpysnaptic neuron and synapse forms124.  
 
After contact, the connection is physically stabilized by binding of pre and postsynaptic cell adhesion molecules 
(CAMs)126. Presynaptic and postsynaptic CAM binding promotes synaptogenesis through facilitation of presynaptic 
release and recruitment of postsynaptic receptor complex elements126. A variety of classes of CAMs participate in 
synaptogenesis: integrins, cadherins, neuroligins/neuroexins, Ephrin-Bs/Ephrin. Neural cadherin (N-cadherin) is present in 
most synaptic sites and is particularly present during developmental synaptogenesis and activity-dependent 
synaptogenesis126.  Presynaptic neurexin and postsynaptic neuroligin binding have been implicated in synaptogenesis of 
inhibitory and excitatory synapes by facilitation presynaptic release and postsynaptic reception of neurotransmission126,144. 
Neruoligin 1&3 have demonstrated to induce excitatory synapses and neuroligin 2 has been shown to induce inhibitory 
synapses145-148. Neuroligins have also demonstrated to bind to postsynaptic density elements, such as postsynaptic 
density 95 (PSD-95)126. Postsynaptic density elements function as scaffolding proteins and bind postsynaptic receptors, 
such as N-methyl-D-aspartate (NMDA) receptors.  Presynaptic Ephrin-Bs binding postsynaptic Eprhin receptors have 
been demonstrated to induce synaptogenesis, promote clustering of NMDA receptors, and neurotransmission149-156. 
Ephrin receptors have also demonstrated to recruit syndecan 2, a cell-surface heparn sulfate proteoglycan, which 
participates in maturation of dendritic spines126.  
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Following initially pre and postsynaptic contact, the presynaptic terminal morphs from multiple fliopodia into the classical 
bouton-like structures via postsynaptic secretion of Wnt157-160. Wnt signaling leads to cytoskeletal remodeling of the 
presyntaptic terminal, regulates neurotransmission, and postsynaptic functioning161-164. These morphological changes are 
associated with presynaptic and postsynaptic differentiation by the trafficking of presynaptic and postsynaptic scaffolding 
proteins and receptors at their given sites165-168. Minutes after contact, presynaptic Bassoon aggregates at the active zone 
to aid in neurotransmitter release135. Accumulated presynaptic vesicles are then exocytosed at the active zone and bind 
postsynaptic receptors to strengthen the connection by neurotransmission169. Synaptophysin (SYNP) is present on 
synaptic vesicles and is widely utilized as a marker for presynaptic terminals and for neuronal plasticity. It has been 
postulated that it also regulates synaptic vesicle exocytosis123,170.  
 
Postsynaptic terminal specialization begins with recruitment of numerous receptors and signaling components; such as, 
neurotransmitter receptors, NMDA receptors, postsynaptic densities, secondary messenger system molecules and 
glutamate receptors. Postsynaptic density 95 (PSD-95) is a well characterize subunit of a larger postsynaptic density 
structure. PSD-95 functions to anchor and organize NMDA receptors, as well as other postsynaptic density subunits. 
PSD-95 interaction with NMDA receptors have been demonstrated to play a role in synaptic plasticity171,172. PSD-95 is 
elevated in development and then plateaus at the cessation of neurogenesis.  
 
Following the recruitment of NMDA receptors, synapse maturation and stabilization occur. One indication of this is the 
recruitment of σ-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors, creating a functionally active 
synapse, and other non-NMDA glutamate receptors. Synapses lacking AMPA receptors are non-functional and are 
termed “silent synapses”173. AMPA receptors are structurally made up of 4 GluR subunits. AMPA receptors participate in 
synaptic plasticity and are pivotal to long term potentiation and depression by promoting excitatory neurotransmission174-

178.  Activation of NMDA receptors and AMPA receptors also solidify synapses by stabilizing the bouton-like shape of the 
nerve terminals151,179-181.   
 
Trafficking of AMPA receptors is, in part, regulated by protein interacting with C-kinase (PICK-1)182. PICK-1 is a subunit of 
postsynaptic density element and is highly associated with AMPA receptors. PICK-1 binds to many ligands, including 
EphrinB, EphrinB2 receptors, glutamate receptors, and neuroligins183. Over expression of PICK-1 results in increased 
AMPA receptors on postsynaptic terminals; thus, it can be inferred that PICK-1 plays a role in synaptogenesis50.  
 
 

5.3 Secreted molecules critical to synaptogenesis 
5.3.1 Brain derived neuropathic factor (BDNF) 

BDNF is both secreted by and acts on pre and postsynaptic nerve terminals. Secreted BDNF has been demonstrated to 
induce both excitatory and inhibitory synapses184-186. BDNF acts by binding tropomyosin-related tyrosine kinase receptor 
B (TRK-B) on glutamatergic synapses184-186. BDNF facilitates neuronal regeneration, synapse formation, dendritic 
sprouting and enhances neurotransmission184-186.  BDNF also enhances postsynaptic function by modulating response to 
NMDA and GABA receptors and upregulates AMPA receptors. BDNF has been demonstrated to regulate activity-
dependent plasticity particularly in learning and memory184-186. 
  

5.3.2 Hevin and SPARC 
 Hevin and SPARC are both astrocyte secreted molecules that are involved in the formation of excitatory synapse in the 
CNS187.  Both Hevin and SPARC are secreted during development and adulthood, unlike many other developmental 
synatogenic molecules, therefore it has been postulated that Hevin and SPARC may be involved in synaptic maturation or 
maintenance187. Hevin induces structurally normal, functionally silent synapses, and deletion of Hevin results in a 
decrease in the number of synapses formed in cell culture187. SPARC acts to antagonize Hevin induced synaptogenesis 
via interfering with glutamate transmission and AMPA receptor trafficking187.   
 

5.3.3 Glypicans 
Glypicans are heparin sulfate proteoglycans that can be found attached to neuronal membranes, via GPI anchoring, or 
secreted from astrocytes188,189. The 5 glypican subtypes all have similar structures, but are expressed in different regions 
of the body190. Glypicans 1,2, 4, and 6 can be found in the CNS; whereas, glypicans 3 and 5 are found outside the 
nervous system190. Glypicans in the CNS are highly expressed during development and but can also be found in the adult 
CNS. Glypican 1 has been demonstrated to be upregulated after focal brain injury and binds amyloid precursor protein 
resulting in inhibition of neurite outgrowth191. Other CNS glypicans have been demonstrated to act to guide growing axons 
and induce synaptogenesis to produce functionally active synapses.188,192. Glypicans 4 and 6 has also been shown to 
strengthen synaptic connections by aggregating AMPA receptors (GluA1)188. 
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5.3.4 Thrombospondins (TSPs) 

Thrombospondins (TSP) are group of 5 matricellular glycoproteins initially isolated in the 1970s grouped into 2 different 
subfamilies A&B.  Subfamily A Thrombospondins are (TSP 1 &2) are trimmers, whereas Subfamily B (TSP 3, 4, & 5) are 
pentamers. Thrombospondins are found throughout the body and have a variety of ligands193,194.   TSP-1, the first TSP to 
be discovered, is a 420 kDa protein of 3 polypeptideds liked together by disulfide bonds. The protein has 6 different 
domains with areas of homology or repeats similar to properdin (a component of the complement cascade), epidermal 
growth factor, calmodulin’s calcium-binding motif. TSP-1 was initially discovered in the alpha-granules in platelets and 
was released in response to thrombin and bound the surface of activated platlets, fibrinogen, fibronectin and von 
Wiliebrand factor193,195,196.  Clinically, TSP is generally involved in the modulation of cell- matrix interactions. Specifically, 
TSP has demonstrated roles in platelet function, angiogenesis, tumor progression, wound healing, vascular disease and 
recovery after neuronal insults196.   
 
TSP 1&2 are heavily expressed during developmental synaptogenesis and are then down regulated to minimal levels with 
age in the central nervous system. TSPs main roles are involved with creation and maintenance of neuronal synapses via 
aiding neuronal cell contact and axonal outgrowth2,197-200. Christerpherson et al (2005) found astrocytes to released TSPs. 
TSPs has be found to be up-regulated in human brains in general, as opposed to other primates, which may account for 
greater neural plasticity201.  
 
TSPs have a number of roles in the CNS and have a variety of receptors (Table 4). TSPs act to promote migration of 
precursor cell, aid in the attachment and growth of neurons and induce synaptogenesis. Deficiency of TSPs in 
development have been shown to reduce the number of synapse formed; however this does not affect the progenitor cell 
population level202.   Overexpression of TSPs or the α2δ-1 subunit on a voltage-gated calcium channel (α2δ-1), results in 
increased synaptogenesis1,25,173.  Synapses created by overexpression of thrombospondins were noted to by 
morphologically normal and pre-synaptically active. Interestingly though, the newly created synapses were post-
synapitically silent173. Further investigation revealed that these post-synaptically inactive synapses secondary to lack of 
AMPA receptors173. 
 
The mechanism of action of TSPs on synaptogenesis after binding α2δ-1, a GPI anchored protein on pre and 
postsynaptic neurons,  is the recruitment of cell adhesion and scaffolding proteins to future synaptic sites203. The 
downstream signaling is not yet entirely understood. TSP has been shown to act trough neruoligin-1 to accelerate 
synaptogenesis and has been shown to bind very-low-density-lipoprotein receptors causing activation of GTPase RhoA 
signaling leading to synaptic plasticity18,25,204,205. The stimulus for the release of TSPs after injury appears to the result of 
ATP binding P2 receptors which are coupled with protein kinase signaling cascades involving mitogen- activated protein 
kinase (MAPKs) and Akt206.    
 

 
 
 
 

Receptor TSP interaction site CNS function Citation 
α2δ-1 Type 2 EGF-like repeats Synapse formation  1 
ApoER2 unknown Reelin signaling; neuronal migration 2,3 

CD36 Type 1 repeats Microglial activation; brain lipid metabolism 4-6 

CD47/IAP C-terminal domain Neurite development  7-9 
Heparin N-terminal domain Cell-cell recognition and adhesion 10,11 
HSPG Type 1 repeats Cell adhesion; astrocyte migration 12-14 
Integrin N-terminal domain 

Type 3 repeats 
Neuronal migration; synapse architecture 
and function 

15-17 

Latent TGF-β Type 1 repeats Activivation of TGF-β; Cytoskeletal stability; 
mobilization of synaptic machinery 

18-20 

LRP1/CRT N-terminal domain Endocytosis of MMPs , Notch signaling 21-24 
Neuroligin unknown Synapse formation 25,26 
Notch unknown Neural progenitor cell proliferation and 

differentiation; neuronal morphology 

26,27 

VLDLR unknown Reelin signaling; neuronal migration 2,3 
 Table 4.  Known binding sites of Thromobospondin-1 in the Central Nervous System.  
Adapted from Risher et. Al. 201228 
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6.0 Evidence of circuit reorganization after dTBI 
Previous work in our lab has provided evidence of circuit reorganization in the whisker circuit in Sprauge-Dawely rats 
utilizing mildline fluid percussion to produce a mild diffuse TBI or concussion207. In this model, chronic histopathology has 
been demonstrated up to 4 weeks after injury. Initial investigation questioned whether or not the model produced overt 
neuronal cell death. Giemsa staining in the VPM (Figure 3) and S1BF demonstrates persevered cytoarchitecture without 
presence of hemorrhage, edema, or cavitations in the brain208. The lack of gross damage to the brain is consistent with 
what is seen in clinical cases where often mild TBI (mTBI) produces no signs of injury on conventional CT or MRI 
imaging95,100,101. 

 
Microscopic investigation of the whisker circuit aimed provide more information on the etiology of the development of 
behavioral morbidity. Amino-cupric silver staining (Figure 4), utilized to quantify neuronal degeneration, resides mainly in 
the axons and dendritic processes209. Previous work has identified significantly elevated neuronal pathology at 1, 7, and 
28 days post- injury in the S1BF208. In the PR5 and VPM, similar results demonstrated increasing neuronal pathology at 7 
days post-injury without complete resolution by 28 days post-injury209.  Axonal damage and withering, as indicated by the 
silver staining, likely involves synapses which may have been perturbed too by secondary TBI pathophysiology.  Partial 
resolution in the PR5 and VPM, may indicate a shift to the cessation of secondary TBI processes and return to normal 
neuronal homeostasis209. During this process, evidence of neuronal dendrite regrowth in a trophic environment leads to 
adaptive reorganization and recovery; however aberrant synaptogenesis could result in morbidity such as whisker 
sensitivity109,121,122,208-212.   

 

Figure 3.  Giemsa staining of VPM tissue from injured and sham animals. To assess the cytoarchitecture of 
sham and injured animals in the VPM giemsa staining was utilized. Giemsa stained VPM tissue confirms 
cytoarchitectural preservation over the entire post-injury time course in terms of cellular size and relative density. 
N=2-3/group/time point; scale bars=100 µm. 

 

 

Figure 4. Silver Stain of VPM after dTBI 
demonstrates persistent neuronal pathology.  
A) Representative images of sham and injured animals 
at 1, 7, 28 days post-injury.  Silver staining shows 
marked neuropathology at 7 and 28 days post-injury 
compared to the complete absence of staining in 
uninjured sham brain. B) Pixel density analysis of silver 
staining in the VPM after dTBI. Silver is significantly 
increased at 7 and 28 days post-injury in comparison to 
sham. Significance is represented by *, where p < 0.05 
compared to shams. Bar graphs represent the mean ± 
SEM. N=3-5/group. Scale bars=100 µm. 



17 

 

 
The presence of maladaptive circuit reorganization is further supported by dynamic changes in neuronal morphology 
throughout the time course in the whisker circuit. 3D reconstruction of Golgi stained neurons in the VPM indicated (Figure 
5) an initial decrease in complexity over the first week after injury, signified by the decrease in in branch points, branch 
ends and mean process length, suggests an initial injury effect and is supported by our findings of increased silver 
staining at 7 days post-injury. Subsequent regrowth is evident in the VPM, indicated by increased complexity by 28 days 
post-injury in comparison to 7 days post-injury, noted by the increase in process quantity, branch points, branch ends and 
mean process length. 3D reconstruction of Golgi stained neurons in the S1BF (Figure 6) resulted in a decrease in 
neuronal complexity 1 day post-injury indicated by a reduction in the number of dendrites, dendritic length, branch points 
and mean dendritic surface area. Dendrites returned to uninjured morphology by 7 days post-injury, supporting the 
presence of on-going reparative processes. Surprisingly though, there is a second reduction in complexity produced by 28 
days post-injury, supporting the presence of ongoing neuronal pathology and circuit reorganization213. Since structure 
begets function, it is possible that these morphological changes induce alterations in synaptic number or function which 
could participate in the development of whisker sensitivity42,118,122,214-216.  
 
Investigation into whisker circuit glutamate signaling revealed increased basal and potassium-evoked glutamate release in 
both the VPM and S1BF at 28 days post-injury in comparison to injured animals 7 days-post injury and uninjured 
animals122. What is more telling of the implications of post-traumatic changes in neuronal structure and circuit function is 
the linear relationship between the increase in evoked glutamate release and the increase whisker sensitivity scores 
during WNT118,121,122. Taken together, the alterations in neuronal morphology and glutamate signaling supports the 
presence of circuit reorganization after diffuse TBI; which may then contribute to the development of whisker sensitivity. 
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 Figure 5. Morphology of VPM neurons changes as a function of time after traumatic brain injury.  
A) Representative images of Golgi stained neurons at 20x magnification. B) 3D tracings of neurons 
represented in panel A. C) Changes in the process quantities over the time course, the number of processes 
were significantly increased at 28d FPI compared to 7d FPI, however remained similar at other time points *P 
< 0.05 via one-way ANOVA. .D) Changes in the process length, there is a significant decrease at 7d FPI 
compared to shams and a recovery back to sham levels at 28d FPI, *P < 0.05 via one-way ANOVA. E) 
Changes in number of branch points, the places where a process splits into 2 or more branches, there is a 
significant reduction at 7d FPI compared to sham and 28d FPI, *P < 0.05 via one-way ANOVA. . F) Changes 
in the soma area, showing a significant increase at 7d FPI compared to sham and 1d FPI, *P < 0.05 via one-
way ANOVA. G) Changes in the number of ends, there is a significant decrease at 7d FPI compared to sham 
and 28d FPI as well as a significant increase between 1 and 28d FPI, *P < 0.05 via one-way ANOVA. H) 
Sholl analysis revealed fewer interactions at 7d FPI in comparison to sham between 50 and 70 µm from the 
soma as well as significant differences between 28d FPI and sham between 140µm and 170µm.  Error bars 
represent the SEM and *P < 0.05 
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Figure 6. Morphology of S1BF neurons changes as a function of time after traumatic brain injury.  

 A) Representative neurons are displayed at 20x magnification. B) The 3D traces of the represented neurons in 

panel A. C) Process quantity was significantly decreased in dendrites at 1 day post-FPI compared to sham 

followed by an increase between 1 and 7 and 1 and 28 days post-FPI. *P < 0.05 via one-way ANOVA.  D) The 

mean dendrite length was significantly shorter at 1 day and 28 days post-FPI compared to sham.  *P < 0.05 via 

one-way ANOVA E) The mean number of branch points are significantly decreased at 1 and 28 days post-FPI 

compared to sham. *P < 0.05 via one-way ANOVA. F) Soma volume did not change significantly over the post-
injury time course (F(3,12)=0.2221; p=0.8796). G) Quantity of ends significantly decreased at 1 day and 28 days 

post-FPI compared to sham. *P < 0.05 via one-way ANOVA. H) Sholl analysis revealed significant differences in 

the number of dendritic intersections (10 µm concentric circles) between sham versus 1 day post-FPI at 40-

190µm; sham versus 7 days post-injury at 80-180µm; sham versus 28 days post-FPI at 50-210µm; 1 day versus 7 

days post-FPI at 50-120µm and 7 days post-FPI versus 28 days post-FPI at 60-130µm from the cell center 
(F(3,672)=104.2; p<0.0001).  
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6.1.1 Glial response to TBI 

Alterations in neuronal morphology and synaptic functioning are not solely dependent on the neuronal pathology alone. 
Glial cells, the most abundant cells in the central nervous system, function to maintain neuronal homeostasis. Astrocytes 
serve a role in the maintenance of the blood-brain barrier, synapse formation and function, extracellular homeostasis, and 
neuronal maintenance201,217,218.  After the introduction of an insult to the CNS, astrocytes react, via calcium signaling 
cascades, and proliferate due to the presence of inflammatory mediators, indicators of cell injury, neurotransmitters, 
oxidative stress, ischemia, and metabolic toxins217-219. They function to protect neurons from injurious substances and aid 
in the repair of synapses and blood brain barrier217.  GFAP, a cytoskeletal filament, is upregulated in activate astrocytes 
and is the most commonly used indicator of astrogliosis in the literature219,220. Their persistent activation to at least 28 
days post-injury supports unresolved disruption in normal neuronal homeostasis.  Furthermore, astrocytes involvement in 
synapse formation supports the potential for ongoing post-traumatic circuit reorganization221-226. 
 
In the healthy CNS, microglia function to constantly survey the environment for infection or neuronal damage. In the 
resting state, ramified microglia have thin long processes which aid to maintain homeostasis and phagocytose cellular 
debris. Microglia have also been implicated in synaptic plasticity, neurogenesis, synaptic pruning, and regulate neuronal 
cell death during development, and activity dependent learning. In the setting of trauma, microglia hypertrophy and 
become more amoeboid in shape, termed activated microglia227,228. These activated microglia then travel to the site of 
trauma and release anti-inflammatory (M2) or pro-inflammatory (M1) factors depending on phenotypic differentiation 
triggered by local cytokines. While a mixed M1/M2 response appears initially after TBI, over time there seems to be a shift 
to an M1 predominant response228,229. This chronic proinflammatory activation persists from weeks to months after injury, 
similar to astrocytes and is thought to contribute to poor outcomes after TBI229. Microglia can also form an elongated 
morphology, termed rod microglia, which have been demonstrated to parallel to neuronal elements and are thought to 
play a role in post-TBI synaptic plasticity227.  

 
7.0 Previous studies: TSP mediated synaptogenesis after neuronal insult.  
Thrombospondin levels are elevated during development, but decrease to minimal levels in adulthood13,173. TSP 
expression can be induced by injury. Thrombospondins role in the CNS are thought to be involved in the development and 
maintenance of synapses TBIs, epilepsy, ischemia and spinal cord injury result in reactive astrogliosis and elevated levels 
of TSPs206.  Xing et al (2014) demonstrated that insult to the brain caused the release of lipocalin-2.  Lipocalin-2, initially 
known for its antibacterial properties after release from neutrophils, was also shown to be protective against ischemia in 
animal model kidneys230.   Xing et al (2014) then found application of lipocalin-2 to astrocytes resulted in release of brain-
derived neurotrophic factor and TSP-1; suggesting that its release may act as a vehicle for up-regulation in times of 
neuronal injury or insult 230. 
 
Recently, TSP-1 mediated synaptogenesis has been investigated after neuronal insult and its potential implications on 
circuit reorganization. Liauw et. al. (2008) found TSP-1 and TSP-2 to be up-regulated after stroke and were found to be 
beneficial in motor recovery in a rodent model231. However, other investigators have found TSP-1 mediated 
synaptogenesis to be detrimental, resulting in epileptogenesis or neuropathic pain232-240. Excitingly, however, TSP-1 
mediated synaptogenesis has been attenuated by TSP-antagonism with gabapentin. Eroglu et. al. (2009) confirmed 
gabapentin binding to the TSP receptor, α2δ-1, responsible for inducting synaptogenesis.  These studies support the 
presence of maladaptive circuit reorganization after neuronal insult.  
 
8.0  Scope of project and Hypothesis 
Previously, our lab has investigated the chronic consequences of mild TBI (mTBI) or concussion-like injuries using the 
translational rodent model of midline fluid percussion injury. As described, we have previously demonstrated chronic 
changes in histopathology with silver staining and changes in neuronal morphology in the VPM and S1BF208,213,241. These 
structural changes are thought to induce functional changes in the thalamocortical whisker circuit. These functional 
changes have been demonstrated by increased cFOS immunohistochemical staining in the whisker circuit and increased 
basal and potassium-evoked glutamate signaling in the VPM and S1BF after dTBI122,123. What is most intriguing about 
these findings is their relationship to the development of a rodent model of post-concussive symptoms; a late-onset, gain-
of -function whisker sensitivity that develops 28 days after injury118,121.   This evidence of circuit reorganization and 
previous findings of elevated TSP-1 after neuronal insult by other investigators, including focal TBI models, leads us to the 
next logical question of the mechanism behind circuit reorganization and development of behavioral morbidity of whisker 
sensitivity in our model. We therefore hypothesize that experimental diffuse TBI will result in re-expression of TSPs, which 
will be synchronous with increases is synaptic markers in the thlamocortical whisker circuit.  
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9.0 Methods 

9.1 Subjects 
Adult male Sprague-Dawley rats (Harlan Laboratories, Inc., Indianapolis, IN) were used for all experiments. Rats were 
housed in a 12 h light/12h dark cycle (6:00/18:00) at a constant temperature (23°C ± 2° C) with food and water available 
ad libitum according to the Association for Assessment and Accreditation of Laboratory Animal Care International. Rats 
were acclimated to their environment following shipment for at least 7 days prior to any experiments. After surgery, rats 
were evaluated daily for post-operative care by a physical examination and documentation of each animal’s condition. The 
Institutional Animal Care and Use Committees at the University of Arizona (Phoenix, AZ) approved animal care. 

9.2 Midline Fluid Percussion Injury (mFPI) 
Rats (350-375g) were subjected to midline fluid percussion injury (FPI) consistent with methods described previously 
(Lifshitz, 2008 328 /id;Hosseini, 2009 22 /id;Lifshitz, 2007 258 /id). In total, 72 animals were used in this study. Briefly, 
animals were anesthetized with 5% isoflurane in 21% O2  (compressed breathable air) and maintained at 2.5% via nose 
cone. During surgery, body temperature was maintained with a Deltaphase® isothermal heating pad (Braintree Scientific 
Inc., Braintree, MA). In a sterotactic frame (Kopf Instrument, Tujunga, CA), a midline scalp incision was created with 10 
blade and the skull was then exposed via blunt dissection. A 4.8-mm circular craniotomy was performed (centered on the 
sagittal suture; midway between bregma and lambda) carefully ensuring the underlying dura or superior sagittal sinus 
were not disturbed. An injury cap was fabricated from the female portion of a 20 gauge Luer-Loc needle hub, which was 
cut and beveled and positioned in-lay with the craniotomy site. A skull screw was secured in a 1-mm hand-drilled hole into 
the right frontal bone. The injury hub was affixed over the craniotomy using cyanoacrylate gel and methyl-methacrylate 
(Hygenic Corp., Akron, OH). The incision was partially sutured closed with 4.0 Ethilon sutures and topical Lidocaine and 
antibiotic ointments were applied. Animals were returned to a warmed holding cage and monitored until ambulatory 
(approximately 60-90 min). 
 
For injury induction, animals were re-anesthetized with 5% isoflurane 60-90 min after surgery. The dura was inspected 
through the injury-hub assembly to ensure a good seal between the hub and skull, no damage to the dura and dura/hub 
free of debris. The hub was then filled with normal saline and attached to the male end of the fluid percussion device 
(Custom Design and Fabrication, Virginia Commonwealth University, Richmond, VA). An injury of moderate severity 
(Averaged 2.1 atm) or sham injury was administered by releasing the pendulum onto the fluid-filled cylinder as reflexive 
responses returned. Animals were monitored for the presence of a forearm fencing response and the return of the righting 
reflex after injury 242. The fencing response is a tonic posturing characterized by extension and/or flexion of arms 242. The 
righting reflex time, the total time from the initial impact until the rat spontaneously rights itself from a supine position, is 
the primary indicator of injury severity. After injury, the injury hub assembly was removed en bloc, hemostasis and 
integrity of the dura was observed, and the incision was stapled closed. Moderate injuries were defined as having a 
righting reflex of 5-10 minutes (7.1 ± SEM minutes).  Animals were then placed in a warmed holding cage before being 
returned to the vivarium. Adequate measures were taken to minimize pain or discomfort.  

9.3 Perfusion and dissection 
At 1, 3, 5, 7, 14, 21, 28 and 56 days post-injury, each animal was given a lethal dose of sodium pentobarbital 200 mg/kg 
(Euthasol®, i.p.). Animals were transcardially perfused with ice-cold phosphate buffered saline (PBS) for 3 minutes. The 
brain was rapidly removed and rinsed with ice-cold PBS. Tissue biopsies (2 mm diameter) taken from the VPM were 
collected from 2 mm thick coronal sections made using a chilled rat brain matrix. Tissue biopsies from the right 
hemisphere were, stored in RNAlater® (Invitrogen catalog # AM7020), and kept at -20°C until mRNA was extracted for 
quantitative PCR. Tissue biopsies from the left hemisphere were flash frozen and stored in at -80°C until protein was 
extracted for automated capillary western analysis. 

9.4 RNA extraction 
Total mRNA was extracted from the VPM biopsies, previously stored in RNAlater®, using the MagMAX™-96 Total RNA 
Isolation Kit (Invitrogen catalog; # AM1830). Following the manufacturer’s protocol, biopsies were homogenized in TRI 
reagent® solution (Invitrogen; # AM9738) and extracted under acidic conditions. Total RNA was further purified using 
RNA binding beads. The ratio of the absorbance at 260 and 280 nm was used to assess RNA purity and quality 
(Nanodrop, Thermo-Scientific 2000). All RNA samples were within the established range for pure RNA (1.8-2.1), with an 
average A260/A280 of 1.86±0.09 standard deviation in the VPM and 1.976± 0.06 in the S1BF. 

 
9.5 Quantitative PCR 

Total RNA was converted to cDNA using the High Capacity RNA-to-cDNA Kit from Life Technologies™ (catalog # 
4387406). Optimization to identify the optimal concentration of cDNA indicated that either 10 ng (thrombospondin-1), 7.5 
ng (thrombospondin-2) or 5 ng (for all other genes) be used in the preparation for quantitative real-time PCR (qPCR) 
using commercially-available gene expression assays. The Applied Biosystems TaqMan® Gene Expression Assay for 
post-synaptic density 95kb  (PSD-95; Rn00571479_m1), synaptophysin (SYP; Rn01528256_m1), growth associated 
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protein 43kb (GAP43; Rn00567901_m1), thrombospondin 1 (TSP1; Rn01513697_m1), thrombospondin 2 (TSP2; 
Rn02111874_S1) and alpha2delta-1 (α2δ-1)(Rn01442580_m1).  
 
Gene assays were optimized to run under universal thermal cycling conditions, with amplification efficiencies of 100% by 
the manufacturer. Within each animal, relative gene expression was normalized to the 18S rRNA endogenous control and 
then to gene expression levels in the sham group using the 2-ΔΔCT method243, which relates gene expression to the PCR 
cycle number at which the fluorescence signals exceed a threshold above baseline. Samples were run in triplicate and 
18s was run in duplicate according to manufacturer’s instructions. 

 
9.6 Protein extraction 

Total protein was extracted from the VPM previously stored at -80°C. Tissues were homogenized in 250 μl of ice-cold 
extraction buffer (pH 8.0) containing 0.24 M Tris, 0.74 M NaCl, 100 μl TritonX100 with a protease inhibitor cocktail 
(complete, Roche Diagnostics; #11836153001). Tissue from VPM was homogenized with the Precellys®24 machine 
(Bertin Technologies, Montigny le Bretonneux, France) for 40 seconds bouts until solution was completely clear (being 
chilled on iced for 2 minutes between bouts). Samples were then centrifuged at 3,000 × g for 15 minutes and the 
supernatant stored in 10-20 µl aliquots in the -80C for analysis. Protein concentrations were determined using the 
Bicinchoninic acid assay (BCA) using manufactures instructions (Pierce, Rockford, IL).  
 

9.7 Automated capillary western –ProteinSimple (Wes) 
Protein expression was evaluated using automated capillary western (ProteinSimple® Wes™). For this process, primary 
antibody information can be found in tables 5 and 6. Secondary antibodies, streptavidin HRP, dithiothreitol (DTT), 
molecular weight fluorescent standards (internal control), luminol, hydrogen peroxide, sample buffer, antibody diluent, 
running buffer, wash buffer, capillaries and plates (stacking matrix, separation matrix, wash buffer, matrix removal buffer) 
were purchased from ProteinSimple (Santa Clara, CA). The instrument utilized was The Simple WesternTM and was also 
purchased from ProteinSimple (Santa Clara, CA). Technical properties were described by Rustandi et al and Loughney et 
al244,245.  

 After protein extractions, samples were prepared according to the manufacturer’s recommendations.  Samples were 
combined with sample buffer and master-mix (40mM DTT, 0.1x ProteinSimple Sample Buffer, and 1x Fluorescent 
Standards) to achieve the desired concentration. Samples were then denatured via heating block at the optimized 
temperature (see tables 5 and 6). The ladder, samples, primary and HRP-conjugated secondary antibody, wash buffer, 
antibody diluent and chemiluminescent were then placed in the designated wells per experimental design. Each plate was 
centrifuged at 2500 RPM for 5 minutes and placed into the automated capillary western machine where proteins were 
separated by size (electrophoresis), immobilized and immunoprobed in individual capillaries.  Once loaded into the 
instrument, the following metrics were utilized for separation and detection: Separation matrix loading time 200 sec, 
stacking matrix loading time 15 sec, sample loading time 9 sec, separation time 25 min at 375V.  After separation, 
samples are the exposed to UV light for 4sec and capillaries are immobilized for 200 sec to allow for cross-linking 
between the sample and wall of the capillary. The matrix is removed with matrix removal buffer and 3 consecutive wash 
buffer cycles.  Sample were then blocked with antibody diluent for 5 min followed by primary antibody (incubation times 
indicated in tables 5 and 6). Secondary antibodies were incubated for 30 min followed by detection with 
chemiluminescence (luminol/ hydrogen peroxide solution). Capillaries were then imaged at the following times: 5, 15, 30, 
60, 120, 240 and 480 seconds. 
 
The associated software, Compass (ProteinSimple®), generates an electropherogram (figure 9) with peaks corresponding 
to the expression of proteins of interest and calculates the area under the curve (AUC) for each peak. To calculate relative 
protein expression, the AUC for the protein of interest was then divided by the AUC for the housekeeping protein. Animals 
were run in duplicates; therefore, the ratios were averaged for each animal.  Animals of a given plate were then 
normalized to shams on the same plate.  An example calculation is provided in table 5.  
 
Prior to running all samples, each protein of interested was optimized for primary antibody (from different manufactures), 
antibody concentration, protein concentration, multiplexing with housekeeping protein (actin/GAPDH), denaturing process, 
loading conditions, and exposure times. For experimental samples, days post-injury were randomized between plates, 
where the same 3 shams were ran on all plates to ensure continuity between plates.  

9.8  Statistical analyses  
Changes in relative gene and protein expression obtained at each time point were compared over the time course and to 
sham animals. A one-way ANOVA with Fischer LSD post-hoc analysis was performed with significance set at p<0.05. All 
statistical analyses were performed using Prism 6 (Graph Pad, La Jolla, CA). Data are presented as the mean ± the 
standard error from the mean (SEM). 
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Table 5.  Plate conditions for VPM samples 

Antibody Species Expected 
band 

Actual  
Band 

Ig company, catalog #, 
primary antibody time 

Denaturing 
Temp 
(celcius) 

[Protein] 
Ug/ul 

[Ig] Biological 
control 

TSP-1 Rabbit 124 ~155 Abcam (ab85762) 
60 mins 

70*C X 10 
mins 

2 1/50 Actin- 
mouse 

PSD-95 Mouse 95 ~95 Pierce (MA1-045) 
60 mins 

95* X5 mins 1 1/100 Actin- 
mouse 

SYNP Rabbit 34 ~63 Abcam (ab52636) 
60 mins 

95* X5 mins 1 1/100 Actin- 
mouse 

A2d1 Mouse 150 ~180s Abcam (ab2864) 
30 mins 

70*C X 10 
mins 

0.5 1/2000 Gapdh 

Gap-43 Rabbit 43 ~80s Millipore (ab5220) 
30 mins 

70*C X 10 
mins 

0.5 1/2000 Gapdh 

TSP-2 rabbit 58, 125, 
135, 180 

~low 
60s 

Novus (224420002) 
30 mins 

70*C X 10 
mins 

0.5 1/50 Gapdh 

 GAPDH Rabbit 38 39-41 Abcam (ab8245)   1/1000  
Actin Rabbit 47 ~47 Sigma (a2066)   1/100  
Actin  Mouse 47 ~47 Sigma (A5441)   1/2500  
 

Table 6.  Plate conditions for S1BF samples.  

Antibody Species Expected 
band 

Actual  
Band 

Ig company, catalog #, 
antibody time 

Denaturing 
Temp 
(celcius) 

[Protein] 
Ug/ul 

[Ig] Biological 
control 

TSP-1 Rabbit 124 ~155 Abcam (ab85762) 
60 mins 

37*C X 30 
min 

0.5 1/25 Actin 

PSD-95 Mouse 95 ~95 Pierce (MA1-045) 
60 mins 

95* X5 min 0.5 1/100 Actin 

Synp Rabbit 34 ~63 Abcam (ab52636) 
60 mins 

95* X5 min 0.5 1/100 Actin 

A2d1 Mouse 150 ~180s Abcam (ab2864) 
30 mins 

95* X5 min 0.25 1/1500 Gapdh 

Gap-43 Rabbit 43 ~80s Millipore (ab5220) 
30 mins 

95* X5 min 0.25 1/2000 Gapdh 

TSP-2 Rabbit 58, 125, 
135, 180 

~low 
60s 

Novus (224420002) 
30 mins 

95* X5 min 0.25 1/50 Gapdh 

Pick-1 Mouse 50s Mid 
50s 

Abcam (ab85762) 
60 mins 

95* X5 min 0.25 1/1500 Gapdh 

 Gapdh Rabbit 38 39-41 Abcam  (ab8245)   1/1000  
Actin Rabbit 47 ~47 Sigma (a2066)   1/250  
Actin  Mouse 47 ~47 Sigma (A5441)   1/1000  
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Figure 7. Example electropherogram. 

 

Table 7. Example calculation for protein quantification.  
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10.0 Results 
While previous studies have evaluated changes in gene and protein expression of TSP mediated synaptogenesis after 
various brain insults, diffuse traumatic brain injury (dTBI) induced by midline fluid percussion is a novel model230,231,235. 

In this study, male Sprague-Dawley rats (330-350g) underwent sham or moderate midline fluid percussion brain injury 
(mFPI; 12.1atm; 6-10min righting reflex). At multiple time points over 56 days post-injury (DPI) (e.g 1, 3, 5, 7, 14, 21, 28, 
56 DPI), gene and protein expression of purposed injury-induced astrocyte-secreted mediators of synaptogenesis and 
other markers of synaptogenesis were quantified from tissue biopsies of the ventral posteromedial nucleus of the 
thalamus (VPM) and primary somatosensory barrel fields of the cortex (S1BF).   
 
Potential mediators of synaptogenesis identified for these experiments include Thombospondin-1 (TSP-1), 
Thrombospondin-2 (TSP-2), and the purposed TSP-1 receptor, α2δ-1 subunit of the L-type calcium channel (α2δ-
1)1,173,231.  Markers of synapse would include synaptophysin (SYNP), Growth associated protein (GAP-43), and Post-
synaptic density 95 (PSD-95) and Protein interacting with C-kinase 1 (PICK-1).  Gene expression was quantified using 
quantitative real-time polymerase chain reaction (qPCR) and protein expression for thrombospondin-1 (TSP-1), 
thrombospondin-2 (TSP-2), α2δ-1, SYNP, GAP -43, Protein expression for SYNP, GAP-43 and PSD-95 were evaluated 
using protein quantification by automated capillary western (Proteinsimple).  Day 21 was excluded from the gene analysis 
of the S1BF as there were only 2 samples useable for qPCR procedures. 
 
For statistical analysis, a One-way ANOVA statistical analysis with a Fischer’s LSD post-hoc was then performed to 
evaluate for significant changes in expression over time to compare injured animals to sham.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

Figure 8. Glutamatergic Synapse. 

TSP-1: Thrombospondin 1    TSP-2: Thrombospondin 2 
α2δ-1: α2δ-1 subunit of    GAP-43: Growth associate protein 43  
voltage-gated calcium channel  PSD-95: Post-synaptic density 95   
SYNP: Synaptophysin    PICK-1: Protein interacting with C-kinase 1 
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10.1 Gene expression of Growth Associated Protein 43 increases in the S1BF after diffuse TBI. 

Growth associated protein 43 (GAP-43) is associated with neuronal growth and is located within the neuronal growth 
cone246,247. While lower levels exist in adulthood in comparison to development, GAP-43 can still be observed in areas of 
synaptic plasticity246,248,249. Similarly, studies evaluating various focal and diffuse brain insults have demonstrated an 
increase in GAP-43 expression246,249-253.  In these studies, we hypothesized to see an increase in GAP-43 gene and 
protein expression in the VPM and S1BF after dTBI.  

 
In the VPM, there were no significant changes over the time course in gene expression (F(8,41)=1.602, p=0.1543, N=3-
9/time point) or protein levels (F(8, 43)=1.982, p= 0.072, N=3-9/ time point).  In the S1BF, there was a significant change 
in gene expression over time (F(7,41)=2.353, p=0.0407, N=3-12/ time point), with post-hoc analysis indicating increased 
expression at 7DPI. Protein levels in the S1BF did not change significantly over time (F(8,28)=0.9868, p=0.467, N=3-6/ 
time point).  

 
Results from the VPM gene and protein analysis and the S1BF protein analysis did not support our hypothesis. Gene 
analysis in the S1BF did support our hypothesis of increased expression after dTBI.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. GAP-43 gene expression and protein levels in the VPM and S1BF over time after dTBI.  

A) Gene expression of GAP-43 in the VPM was assessed via qPCR. No significant changes in gene expression of 

GAP-43 occurred after dTBI in comparison to sham in the VPM. N=3-9/time point. B) Protein levels of GAP-43 in the 

VPM were assessed via automated capillary western blot analysis. No significant changes in protein levels of GAP-43 

occurred after dTBI in comparison to sham in the VPM. N=3-9/ time point. C) Gene expression of GAP-43 in the S1BF 

was assessed via qPCR. Gene expression of GAP-43 significantly increased at 7 days post-injury in comparison to 

sham in the S1BF. N=3-12/ time point. D) . B) Protein levels of GAP-43 in the S1BF were assessed via automated 

capillary western blot analysis. No significant changes in protein levels of GAP-43 occurred after dTBI in comparison 

to sham in the S1BF. N=3-6/ time point. The data are presented as the mean ±SEM. *p <0.05 in comparison to sham.  
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10.2 Gene expression of synaptophysin (SYNP) increases in the S1BF after dTBI. 

SYNP is a presynaptic marker that is ubiquitously expressed throughout the brain. Increases can can be indicative of 
synaptogenesis254,255. In these studies, we hypothesized to see an initial decrease in SYNP, associated with decreased 
synapses secondary to trauma, followed by an increase in gene expression and protein levels associated with re-growth 
after dTBI.  

In the VPM, there were no significant changes over the time course in gene expression (F(7, 33)=2.2.241, p=0.0557, N=3-
7/ time point) or protein levels (F(8, 34)=0.6175, p=0.757, N=3-6/time point).  Day 21 was excluded from the gene 
analysis as there were only 2 samples useable for qPCR procedures.  In the S1BF, there was a significant change in 
gene expression over time (F(7,43)=4.08, p=0.0016, N=3-10/ time point). Post-hoc analysis of gene expression 
demonstrated increased gene expression at 1 DPI. Protein levels of SYNP were multimodal in character and significantly 
changed over time (F(8, 31)=3.186, p=0.0094, N= 3-6/time point).  
 
Results from the VPM gene and protein analysis and the S1BF protein analysis did not support our hypothesis. Gene 
expression and protein level analysis in the S1BF did support our hypothesis of increased expression after dTBI. Of note, 
while not significant, the multimodal levels of SYNP over the time course is suggestive of an initial decrease followed by 
increase, which would be consistent with our hypothesis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 11. SYNP gene expression and protein levels in the VPM and S1BF over time after dTBI.  

A) Gene expression of SYNP was assessed in the VPM after dTBI vai qPCR. In the VPM, there were no significant 

changes over the time course in gene expression in comparison to sham. N=3-7/ time point. B) Protein levels of 

SYNP in the VPM over time were assessed via automated capillary western blot analysis. There were no significant 

changes in SYNP protein levels in the VPM after dTBI in comparison to sham. N=3-6/time point.  C) In the S1BF, 

there was a significant increase in gene expression in SYNP at 1 day post-injury in comparison to sham. N=3-10/ time 

point. D) Protein levels of SYNP were multimodal in character and significantly changed over time in comparison to 

sham. N= 3-6/time point.  The data are presented as the mean ±SEM. *p <0.05 in comparison to sham. 
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10.3 Post-synaptic density 95 (PSD-95) demonstrates decreased gene expression in the VPM and 

multimodal gene and protein levels in the S1BF. 
PSD-95 is neuronal post-synaptic density marker that plays a role in synapse maturation256-258.  Protein levels of PSD-95 
has been shown to decrease in the subacute phase after neuronal insult without successful recovery 1-2 weeks after 
injury259,260.  Given this, we hypothesize there will be an initial decrease in PSD-95 protein levels in the immediate days 
after mFPI, followed by an increase in gene expression and protein levels signifying recovery efforts in the whisker circuit.  

In the VPM, there is a significant change in gene expression of PDS-95 after dTBI (F(8,29)=3.304, p=0.0084, N=3-8/ time 
point). Post-hoc analysis signified decreased gene expression at 1, 5, 7, 21 DPI. Protein levels of PSD-95 in the VPM did 
not significantly change over the time course (F(8, 82)=0.41, p=0.9085, N=3-8/time point).  In the S1BF, PSD-95 gene 
expression, significantly changed over time (F(7, 43)=4.149, p=0.0014, N=3-11/time point). Post-hoc analysis 
demonstrated increased gene expression at 1DPI. Protein levels in the S1BF of PSD-95 demonstrated significant 
changes over the time course (F(8, 29)=2.435, p=0.0378, N=3-6/time point). Post-hoc analysis signified decreased protein 
levels at 5 and 28 DPI.  
 
In these studies, gene and protein analysis of PSD-95 in the VPM did not support our hypothesis. Similarly, protein levels 
of PSD-95 in the S1BF also did not support our hypothesis of an initial decrease in levels, followed by increased protein 
levels during the recovery phase. Gene expression of PSD-95 in the S1BF did however did support our hypothesis with 
increased expression after dTBI.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 11. PSD-95 gene expression and protein levels in the VPM and S1BF over time after dTBI.  

A) Gene expression of PSD-95 was assessed in the VPM via qPCR. Gene expression significantly decreased at 1, 5, 

7, 14 days post-injury in comparison to sham. N=3-8/ time point. B) Protein levels of PSD-95 were assessed in the 

VPM via automated capillary western blot analysis. Protein levels of PSD-95 in the VPM did not significantly change 

over the time course in comparison to sham. N=3-8/time point. C) Gene expression of PSD-95 was assessed in the 

S1BF via qPCR. Gene expression of PSD-95 in the S1BF after dTBI did not significantly change over time in 

comparison to sham. N=3-11/time point. D) Protein levels of PSD-95 were assessed in the S1BF via automated 

capillary western blot analysis. Protein levels of PSD-95 in the S1BF after dTBI significantly decreased in comparison 

to sham at 5 and 28 days post-injury. N=3-6/time point. The data are presented as the mean ±SEM. *p <0.05 in 

comparison to sham. 
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10.4 Protein interacting with C-kinase 1 (PICK-1) protein levels do not change overtime after dTBI. 

PICK-1 is post-synaptic density protein that is associated with synapse maturation via trafficking AMPA receptors, thereby 
creating functional synapses261,262. We therefore, hypothesize there will be an initial decrease in protein levels in the 
immediate days after mFPI, followed by an increase in gene and protein expression signifying recovery efforts in the 
whisker circuit. 
 
In these studies, protein expression of PICK-1 did not demonstrate significant changes in protein levels over the time 
course in the VPM (F(8, 47)=2.138, p=0.0505, N=4-9/time point) or the S1BF (F(8, 28)=1.647, p=0.1638, N=3-4/time 
point).  
 
These studies did not support our hypothesis of an initial decrease in protein levels in the immediate days after mFPI, 
followed by an increase in gene and protein expression signifying recovery efforts in the whisker circuit. 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
 

 

Figure 12. PICK-1 protein levels in the VPM and S1BF over time after dTBI.  

A)  Protein levels of PICK-1 were assessed in the VPM via automated capillary western blot analysis. Protein levels of 

PSD-95 in the VPM did not significantly change over the time course in comparison to sham. N=4-9/time point.  

B) Protein levels of PICK were assessed in the S1BF via automated capillary western blot analysis. Protein levels of 

PSD-95 in the S1BF did not significantly change over the time course in comparison to sham. N=3-4/time point. The 

data are presented as the mean ±SEM. *p <0.05 in comparison to sham. 
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10.5 Thrombospondin-1 (TSP-1) protein expression increases in the VPM and S1BF after dTBI. 

TSP-1 is known to be expressed during embryonic development and aid in synaptogenesis; however, levels steadily 
decline to negligible amounts after post-natal day 20173. Recently, it has been found that TSP-1 are conditionally 
expressed after various neuronal insult model1,194,231,232,235. We hypothesize TSP-1 will increase in the sub-acute period 
after dTBI, with subsequent decline over the time course in the whisker circuit.  

In these studies, TSP-1 gene expression (F(8, 48)=19.68, p= <0.0001, N=3-11/time point) and protein levels (F(8, 
32)=5.384,p=0.0002, N=4-6/time point) significantly changed over the time course in the VPM. Post-hoc analysis 
identified increased gene expression at 1 and 5 DPI and increased protein levels at 7 DPI. TSP-1 gene expression 
(F(7,47)=2.107, p=0.727, N=5-12/time point) did not significantly change in the S1BF over time. TSP-1 protein levels 
(F(8,28)=4.128, p=0.0023, N=3-5/time point) significantly changed over the time course with post-hoc analysis identifying 
increased TSP-1 protein levels at 1,3, and 14 DPI.  
 
These studies validated our hypothesis of increased gene expression in the VPM and increased protein expression in the 
VPM and S1BF, however gene expression of TSP-1 in the S1BF did not support our hypothesis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. TSP-1 gene expression and protein levels in the VPM and S1BF over time after dTBI.  

A) Gene expression of TSP-1 was assessed in the VPM after dTBI via qPCR. TSP-1 gene expression significantly 

increased at 1 and 5 days post-injury in comparison to sham after dTBI in the VPM. N=3-11/time point. B) Protein 

levels of TSP-1 in the VPM were assessed via automated capillary western blot analysis. Protein levels of TSP-1 in 

the VPM significantly increased at 7 days post-injury in comparison to sham after dTBI. N= 4-6/ time point. C) Gene 

expression of TSP-1 was assessed in the S1BF after dTBI via qPCR. TSP-1 gene expression did not significantly 

change in comparison to sham after dTBI in the S1BF. N=5-12/time point D) Protein levels of TSP-1 in the S1BF were 

assessed via automated capillary western blot analysis. Protein levels of TSP-1 in the S1BF increased significantly at 

1, 3, 14 days post injury in comparison to sham after dTBI.  N=3-5/time point.  The data are presented as the mean 

±SEM. *p <0.05 in comparison to sham. 



31 

 
10.6 Thrombospondin-2 (TSP-2) gene expression in the VPM decreases after dTBI 

Similar to TSP-1, TSP-2 is an astrocyte secreted molecule that aids in development but is largely unexpressed in the adult 
CNS 173. Previous studies have reported increased in TSP-2 mRNA expression between 7-14 days after insult, suggesting 
a maintenance role in synaptogenesis231.  We hypothesized that will be an increase in TSP-2 after dTBI.   

In these studies. TSP-2 gene expression in the VPM significantly changed over the time course (F(8, 60)=2.899, 
p=0.0084, N=3-13/ time point). Post-hoc analysis demonstrated decreased gene expression at 3 days post- injury.Protein 
levels of TSP-2 in the VPM did not significantly change over time in the VPM (F(8, 43)=2.908, p=0.011, N=3-9/ time point). 
In the S1BF, neither gene expression (F(6, 40)=1.742, p=0.164, N=4-11/time point) or protein levels (F(8, 23)=1.439, 
p=0.2334, N=3-5/time point) of TSP-2 significantly changed over time. Day 28 was excluded from S1BF gene analysis as 
there were only 2 samples available for qPCR procedures. These data do no support our hypothesis of increased gene 
and protein expression in the whisker circuit after dTBI.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 14. TSP-2 gene expression and protein levels in the VPM and S1BF over time after dTBI.  

A) Gene expression of TSP-2 was assessed in the VPM after dTBI via qPCR. TSP-2 gene expression significantly 

decreased at 3 days post-injury in comparison to sham after dTBI in the VPM. N=3-11/time point. B) Protein levels of 

TSP-2 in the VPM were assessed via automated capillary western blot analysis. Protein levels of TSP-2 in the VPM 

did not significantly change in comparison to sham after dTBI. N=3-9/ time point. C) Gene expression of TSP-2 was 

assessed in the S1BF after dTBI via qPCR. TSP-2 gene expression did not significantly change in comparison to 

sham after dTBI in the S1BF. N=3-9/ time point. D) Protein levels of TSP-2 in the S1BF were assessed via automated 

capillary western blot analysis. Protein levels of TSP-2 did not significantly change in comparison to sham after dTBI in 

the S1BF. N=3-5/time point. The data are presented as the mean ±SEM. *p <0.05 in comparison to sham. 
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10.7 α2δ-1 subunit L-type calcium channel receptor α2δ-1 

α2δ-1 is ubiquitously expressed in the healthy adult brain and has been demonstrated to be the receptor for TSP-11.  
Studies in peripheral nervous tissue have shown up-regulation of the α2δ-1 subunit after injury and involvement in 
neuropathic pain syndromes233,236,263-267. We therefore hypothesize to observe an increase in α2δ-1 in the VPM and S1BF 
after dTBI.  

In these studies, α2δ-1 gene expression (F(8, 61)=6.91, p=<0.0001, N=4-17/time point) and protein levels (F(8, 43)=4.77, 
p=0.0003, N=3-8/time point) in the VPM significantly changed over time. Post-hoc analysis identified decreased gene 
expression at 3, 5, 14, 21, 56 DPI and decreased protein expression at 5, 14-56 DPI.  α2δ-1 gene expression 
(F(7,63)=2.06, p=0.612, N=4-14/time point) and α2δ-1 protein levels (F(8, 23)=1.051, P=0.429, N=3-5/time point) in the 
S1BF, however, did not significantly change over time. These data do not support our hypothesis of increased gene 
expression and protein levels in the VPM and S1BF after dTBI.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 15. α2δ-1 gene expression and protein levels in the VPM and S1BF over time after dTBI.  

A) Gene expression of α2δ-1 was assessed in the VPM after dTBI via qPCR. α2δ-1 gene expression significantly 

decreased at 3, 5, 14-56 days post-injury in comparison to sham after dTBI in the VPM. N=4-17/time point. B) Protein 

levels of α2δ-1 in the VPM were assessed via automated capillary western blot analysis. Protein levels of α2δ-1 in the 

VPM significantly decreased at 5, 14-56 days post injury in comparison to sham after dTBI. N=3-8/time point. C) Gene 

expression of α2δ-1 was assessed in the S1BF after dTBI via qPCR. α2δ-1 gene expression did not significantly 

change in comparison to sham after dTBI in the S1BF. N=4-14/time point. D) Protein levels of α2δ-1 in the S1BF were 

assessed via automated capillary western blot analysis. Protein levels of α2δ-1 did not significantly change in 

comparison to sham after dTBI in the S1BF. N=3-5/time point. The data are presented as the mean ±SEM. *p <0.05 in 

comparison to sham. 
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11.0 Discussion 

11.1 Summary of results 
These data support our hypothesis that TSP-1 would increase following experimental dTBI. Gene and protein expression 
of TSP-1 significantly increased in the VPM after dTBI, however, gene expression and protein levels of synaptic markers 
(GAP-43, SYNP, PSD, PICK-1 and α2δ-1) in VPM did not indicate TSP-1 mediated synaptogenesis. TSP-1 gene 
expression in the S1BF did not significantly change over the time course, however TSP-1 protein levels demonstrated 20-
30X increase after dTBI. Synaptic markers demonstrated multimodal expression throughout the time course suggesting 
varying rates of synaptogenesis and pruning of synapses. Taken together, the significant increase of TSP-1 protein levels 
at 1, 3, and 14 days post-injury and multimodal expression of synaptic markers throughout the time course suggests that 
TSP-1 may have a role in mediating post-TBI synaptogenesis.   
 
Midline FPI has previously been shown to result in neuronal degeneration and altered neuronal morphology without 
producing overt cell death over 28 days post-injury241. Thus following injury, it was hypothesized to see and upregulation 
in GAP-43 in response to injury and indicate neuronal growth and repair of synapses249. GAP-43 has been demonstrated 
to up-regulate after neuronal insult and injury142,143. Previously, we have demonstrated a significant decrease in GAP-43 
gene expression at 7 days post-injury with recovery back to sham levels in the VPM in the same model123. In these 
studies, there were no significant changes in gene expression or protein levels of GAP-43 in the VPM, thus our data did 
not reproduce previous experiments. In the S1BF, we previously demonstrated no significant changes in gene expression 
of GAP-43 at 7 or 28 days post-injury; however in these studies, the S1BF demonstrated increased gene expression at 7 
days post-injury123. A similar trend was observed in the protein levels, although significance was not reached. 
 
The dissimilar response in GAP-43 gene expression may either reflect regionally specific responses or susceptibility to 
dTBI. Alternatively, it may be possible that the window of elevated GAP-43 gene expression or protein levels have been 
missed by the selected time course. Christman et. al (1997) demonstrated elevated GAP-43 protein levels at 28 day after 
mFPI, indicating that diffuse trauma may lead to a prolonged regenerative phase215.  While growth is demonstrated in the 
neuronal morphology with increased number of dendrites, silver staining in both regions remains elevated at 28 days post-
injury208,241. Given this, one could hypothesize that if the balance between neuronal growth and degeneration was skewed 
more towards degeneration at 28 days-post injury, based on silver staining in the VPM and S1BF, it is possible the 
subsequent shift to regrowth was not captured during the 4 week lag before the final time point of 56 days post-injury268.  
 
Similar to GAP-43, SYNP has been utilized as a marker of regrowth after neuronal insult. Our previous studies 
demonstrated decreased SYNP gene expression at 7 days post-injury with recovery be 28 ay post-injury in the VPM and 
no significant changes in the S1BF over time after dTBI123. Here we found no significant differences in gene expression or 
protein levels in the VPM.  In the S1BF, gene expression of SYNP was significantly increased at 1 day post-injury and 
demonstrated multimodal peaks and troughs throughout the time course. Protein levels of SYNP, while not significantly 
different over time in the S1BF, paralleled the gene expression with multimodal peaks and troughs throughout the time 
course.  These data did not support our hypothesis of acute loss of SYNP protein levels after dTBI, signifying loss of 
synaptic terminals due to primary and secondary brain injury, followed up up-regulation of gene expression and protein 
levels supporting regrowth after injury. Shojo et. al (2006) demonstrated similar findings, in a fluid percussion model, with 
no significant changes in protein levels in SYNP at 2, 15 or 30 days post-injury269. Shojo et. al. (2006) concluded that 
since immunohistochemical staining of SYNP demonstrated increased staining at sites of injury, without overt neuronal 
cell loss in their model, that SYNP may be concentrated to sites of injury rather than total protein levels of SYNP being up-
regulated269. Redistribution of SYNP to sites of injury could potentially explain the findings of these data, particularly 
considering our model has previously demonstrated to no cause gross neuronal cell loss; however even in the presence 
of cytoarchitectural preservation, a loss of synapses due to deafferentation from the primary and secondary brain injury is 
still likely present and thus one would expect to see at least a temporary decrease in synaptic vesicles and SYNP 208,241.   
 
PSD-95 and PICK-1 were hypothesized to follow a similar pattern as GAP-43 and SYNP demonstrating injury effect 
followed by restoration of synaptic connections; although since PICK-1 is associated with synapse maturation, one would 
hypothesize increased PICK-1 levels to temporally lag behind trends in PSD-95182,261,262. In regards to PSD-95, we 
observed a significant decrease in PSD-95 gene expression in the VPM at 1, 5, 7, 21 days post-injury, but without any 
significant changes in protein levels over the time course.  These data in the VPM do not support the ongoing hypothesis 
of an acute loss of PDS-95 levels due to synaptic followed by recovery.  Gene expression of PSD-95 in the S1BF 
demonstrated a significant increase at 1 day post-injury, but with paradoxical decreases in protein levels at days 5 and 28 
days post-injury.  The early decrease in PSD-95 in protein levels at 5 days post-injury in the S1BF may represent  delayed 
synaptic deaffrentation and Wallerian degeneration during the pathogenesis of secondary brain injury35,39,46,55,57-60.  The 
delayed decrease in protein levels of PSD-95 in the S1BF could potentially represent synaptic pruning after sprouting of 
new synapses. Synaptic pruning is a part of the normal maintenance of synapses performed by glial cells270. During 
normal development and plasticity, synaptic terminals that never find targets or synapses that do not obtain the necessary 
strengthening signals are pruned and eliminated; however, excessive pruning has been implicated in neurological 
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diseases such as Alzheimer’s disease and Schizophrenia270,271.  Future studies, therefore, may look to evaluate the 
synapse quantification in the context of behavioral outcomes and symptomatology post-TBI.  
 
PICK-1 did not demonstrate any significant changes in protein levels over the time course in either the VPM or the S1BF. 
Although significant conclusions cannot be drawn from the data, VPM protein level trends steadily declined over the time 
course and in the S1BF demonstrated a rise in protein levels at the 7, 14 and 21 days post-injury. The steady decline in 
the protein levels in the VPM, could reflect an inability to reestablish synaptic connections. The ongoing 
neurodegeneration and reactive environment, as demonstrated by the ongoing glial response and morphological changes 
in the neurons, may hinder successful synaptic connections208,227,241. Severe TBI can lead to the formation of glial scars, 
which then can preclude axonal growth, molecular signaling and synaptic formation217. The trend of PICK-1 protein levels 
in the S1BF, eluded to low levels of PICK-1 acutely, followed by a possible increase in protein levels from days 7-21 post-
injury and then a return to sham levels at 4 and 8 weeks post-injury. These data are somewhat similar to the data found 
with other synaptic markers in each region that may provide some insight as to what could potentially be occurring after 
injury.  
 
Despite the synaptic marker data not reaching significance to reflect the previously demonstrated injury effects on 
neuronal morphology, the data did support an increase in TSP-1 protein levels in both the VPM and S1BF. Increased 
TSP-1 would provide a source for the induction of synaptogenesis after injury. Histologically, there is an increase in 
astrocytosis at days 7 and 28 post-injury that would supply the source of TSP-1; however, since TSP-1 alone only induces 
the formation of silent synapse, additional signaling would be required to create functional synapses to restore 
connectivity.  TSP-1 and TSP-2 have a similar structure and therefore are thought to bind the same receptors and perform 
similar functions, though TSP-1 has been much more extensively studied in the CNS173,194.  
 
Contrary to our hypothesis, TSP-2 did not significantly increase in gene expression or protein levels in either VPM or 
S1BF. Whether or not an absence in elevated TSP-2 gene expression and protein levels after dTBI has a beneficial or 
detrimental effect on post-TBI synaptogenesis remains unknown.  Lin et al (2003) noted a difference in the temporal 
expression of TSP-1 and TSP-2 after cerebral ischemia, supporting the possibility of TSP-1 and TSP-2 having somewhat 
different functions194.  While both TSP-1 and TSP-2 have been demonstrated to induce synaptogenesis, studies looking at 
wound healing and angiogenesis have also supported possible differences in function.  TSP-2 null mice have been 
demonstrated to have accelerated wound healing and angiogenesis; however the TSP-2 has been shown to be critical for 
repairing the integrity of the blood brain barrier (BBB) and preventing BBB leakiness after foreign body insertion in the 
CNS194,272-275.  The multiple functions of TSP-1 and TSP-2 on angiogenesis and extracellular matrix components, or the 
lack there of, could potentially have significant implications on restoration of function or the development of morbidity after 
TBI and future studies would be necessary to further define each the role of TSP-1 and TSP-2 in these areas.  For the 
purpose of this discussion we will focus on the potential implications of TSP-1 on synaptogenesis and the development of 
circuit reorganization after TBI.  
 
TSP-1 binds multiple receptors in the CNS. Table 4 lists known binding sites and actions of TSP-1 in the CNS.  More 
recently TSP-1 has been found to bind the α2δ-1 subunit of the voltage-gated calcium channel receptor (α2δ-1) to induce 
synaptogenesis1. This interaction has since spurred various studies investigating role of TSP-1/ α2δ-1 on various neuronal 
insult models.  Studies in the peripheral nervous system have investigated the role of α2δ-1 in pain and have 
demonstrated up-regulation of α2δ-1 after peripheral nerve injury sites233,237,251,265.  Here we demonstrate a decrease in 
α2δ-1 gene expression and protein levels in the VPM and no significant changes in gene expression and protein levels in 
the S1BF; these data did not support our hypothesis of increased α2δ-1 after dTBI in either region. Given the whisker 
sensitivity that is found ~28 days after injury in this model, it would have been intriguing to observe increased α2δ-1 
protein levels in the VPM or S1BF 241.  Gabapentin and pregabalin (gabapentinoids) are FDA approved drugs that are 
used for a variety of conditions, such as epilepsy and neuropathic pain. Gabapentinoids binds α2δ-1 and have been 
demonstrated to decrease calcium influx into nerve terminals and neurotransmission leading to decreased central pain 
symptoms after stroke in rodent models234. 
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Evidence from rodent models of central pain syndrome after stroke have suggested that the etiology is secondary to 
thalamic hyperactivity and circuit reorganization of corticothalamic relays120,276. Though central pain after stroke can be 
present immediately after the incident, the symptoms develop over weeks to months. Similarly, 3-4 weeks after a mild-
moderate midline fluid percussion injury (FPI) rodents develop a late-onset gain-of-function sensory, which persists to at 
least 56 days post-FPI118.   This sensory sensitivity is similar to photophobia and phonophobia experienced by human TBI 
survivors277-280.  Sensory sensitivity to whisker stimulation is mediated through a glutamatergic circuit in rats that connects 
the VPM thalamic nucleus to the barrel fields of the S1BF and corresponds with the onset of hypersensitive presynaptic 
glutamate release in the thalamus and can be exacerbated by elevated intracranial pressures after injury 
111,118,121,122,208,210,214,281-283. Lack of gross structural damage in the whisker circuit as indicated by giemsa staning, we 
looked to microscopic observations of chronic pathology in the VPM and S1BF to explain the behavioral changes118,208,241.   
 
Increased cFOS staining in the VPM and S1BF, signified the increase of circuit activation; which could potentially have 
implications of somatosensation in the form of whisker sensitivity123.  Thomas et. al. (2012) later supported this by 
demonstrating increase basal and potassium-evoked glutamate signaling in the VPM and S1Bf at 28 days after injury; 
paralleling the onset of whisker sensitivity122.  Given these alterations in behavior and circuit function, we next look for 
histological findings could help to explain these differences from uninjured animals.  
 
Neuronal morphology was assessed and quantified via Golgi staining and 3D reconstruction. Neuronal morphology in the 
VPM and the S1BF demonstrated to be quite dynamic and regionally unique. The VPM demonstrated decreased in 
complexity from 1 day post-injury to 7 days post-injury, with later resolution back to sham morphology by 28 days post-
injury241.  In the S1BF, we observed an initial injury effect seen with a decrease in complexity at 1 day after injury and 
resolution by 7days post-injury; however, by 28 days post-injury there was a second decrease in complexity. These 
changes in neuronal structure over time could potentially have significant implications on neuronal function and circuitry, 
and behavioral morbidity. 42,118,122,214-216.  
 
The purpose of this study was to initiate an investigation in to the potential molecular mechanism for our previous findings. 
By uncovering the mechanism by which circuit reorganization occurs and behavioral morbidity develops (e.g. whisker 
sensitivity), translational studies could then be conducted to begin development for potential therapies for treatment or the 
prophylaxis of post-concussive symptoms.  
 
Although, our current findings in the gene expression and protein levels of synaptic markers did not support our 
hypothesis demonstrating and injury effect, followed by increases indicating recovery efforts and restoration of synapses, 
we did find significant increases in protein levels of TSP-1 in both the VPM and S1BF after dTBI. Our outcomes in 
synaptic markers in the VPM and S1Bf could indicate that TSP-1 does not mediate post-TBI synaptogenesis in our model, 
due to the non-synchronous trends in our results. Alternatively, the difference in synaptic marker gene expression and 
protein levels in the VPM and the S1BF after dTBI could be a reflection of a dose-dependent response. TSP-1 protein 
levels increased 2X in the VPM, whereas TSP-1 protein levels the S1BF increased 20-30X. Christopherson et. al (2005) 
demonstrated increasing synaptic puncta, via colocalization of presynaptic synaptogamin and postsynaptic PSD-95, with 
the application of increasing concentrations of TSP-1 in retinal ganglion cultures. However, Christopherson et. al (2005) 
also found that the number of synaptic puncta eventually plateaued with increasing concentrations of TSP-1 and did not 
impact the length of neuronal axons, dendrite number or protein levels of synaptic markers, indicating that TSP-1 function 
may be more involved with protein localization, rather than synthesis. Thus, the lack of significant increases in synaptic 
maker protein levels in the VPM may not entirely rule out the presence of TSP-1 mediated synaptogenesis in the VPM 
after dTBI. Future studies would need to employ immunohistochemistry to confirm or refute this mechanism. 
 
12.0 Clinical implications and future directions 

12.1 Clinical implications 
Here we investigated the molecular mechanism behind a translational model of post-concussive symptoms. Post-

concussive symptoms can be broadly described as being cognitive (fatigue, foggy, memory, concentration, cognitive 

slowing), emotional (depression, irritability, anxiety) and somatosensory (headaches, visual disturbances, dizziness, 

photo/phono phobia, nausea, vomiting, balance disturbances, numbness/tingling, sleep disturbances)284-288.  Those at risk 

for developing post-concussive symptoms are more likely to be female, extremes of age, history of multiple TBI, history of 

mental health diagnoses289,290.  While most who suffer from a mild TBI recover without complications, an estimated 15% of 

adult patients and 15-30% of pediatric patients have post-concussive symptoms at 1 month after injury and some 

symptoms may not develop until weeks after the injury284,291-293. However the true incidence of post-concussive symptoms 

is unknown as many mild TBI patients do not seek care for their injury31,294.   

The range of post-concussive symptoms reflects the diffuse nature of concussion and the injury impact on multiple brain 

regions 91-93. However, it is also possible that damage to one area of the brain could have impact other regions of the 
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brain. As there are many intercortical and subcortical connections throughout the brain, damage resulting in improper 

signaling, could spread a message of dysfunction to the brain globally. For example, the thalamus plays an important role 

as a relay for multiple cortical pathways and thalamic damage may have diffuse consequences.  Thalamic damage after 

TBI has been associated in post-concussive headache, fatigue, cognitive deficits and central pain94-97. Thalamic 

susceptibility to damage after mTBI is thought to be due to high sheer forces upon the relay axons98.  These structural 

changes to axons have been suggested to contribute to the persistence in post-concussive symptoms99.  

Common forms of imaging, such as computer tomography and magnetic resonance imaging, often do not demonstrate 

evidence of injury with mild traumatic brain injury95,100,101.  Specialized imaging studies, which may be more sensitive to 

pathophysiological changes after mTBI,  such as diffusion-weighted imaging, diffusion tensor imaging, functional magnetic 

resonance imaging, and spectroscopy have demonstrated changes in thalamic metabolism, decreased tissue volume, 

perfusion alterations, microstructural axonal injury,  and changes in connectivity after TBI95,100-103.   These imaging 

modalities may help identify patients with or at risk for post-concussive symptoms in the future as these techniques 

become more rapid to perform and readily available.  

Alternatively, TSP-1 could potentially be used a serum biomarker for TBI patients and serve as an indicator to physicians 

when to deliver therapies. Wang et al (2015) looked at serum TSP-1 after TBI and found elevated TSP-1 levels to be an 

independent risk factor for 1 week mortality, 6 month mortality, and poor 6 month outcomes. This further supports the 

possibility that TSP-1 leads to neurologic dysfunction after TBI, perhaps secondary to circuit reorganization. If future 

studies indicate TSP-1 to be causative, rather than correlative, of circuit reorganization and poor outcomes, gabapentin 

could then be used prophylactically to prevent morbidity from ever developing. This would then improve the lives of 

countless survivors in the future.  

 
1.1 Future directions 

 
First, the findings of TSP-1 in the whisker circuit after dTBI warrants the investigation of effect of blocking potential 

mediate post-TBI synaptogenesis on whisker sensitivity. Given that TSP-1 is increased in the VPM and S1BF during the 

first and second weeks after injury, one could hypothesize that treatment with gabapentin for the duration of TSP-1 

elevation after TBI could be prophylactic to preventing circuit reorganization and behavioral morbidity. If those studies 

found positive results, they could then be followed up with evaluating the ideal dose, length of therapy and if therapy could 

initiated after the rise in TSPs had started.  

Another future direction would be to investigate TSPs role in TBI and circuit reorganization in the pediatric population. 

Given that TSP is normally elevated during development, it would be beneficial to determine if TSP in this population is 

detrimental or beneficial. If gabapentin therapy proved to be beneficial in an adult population, it would also be useful to 

know if would be beneficial or if preventing synaptogenesis in the pediatric population after TBI would have deleterious 

effects. Although there have been a few juvenile animal studies that have demonstrated that gabapentin therapy, does not 

interfere with normal developmental synaptogenesis in the setting of reactive post-insult TSP mediate synaptogenesis295.  

Finally, future directions for these findings will also investigate the role of TSPs in other brain regions associated with 

post-concussive symptoms. Areas of the brain of interest would be ones associated with cognition and emotions. 

Pursuing the impact of TSP-1 and circuit reorganization in the brain after dTBI in these areas could then aid to decipher 

whether or not similar therapies (e.g. gabapentin) could be applied and aid in the development of precision medicine for 

TBI survivors.  
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Appendix B 
Links to additional Proteinsimple Simple Western Automated Capillary Western technical information. 
 

1. Wes User Guide 

http://www.proteinsimple.com/documents/Wes_User_Guide.pdf 
 
 

2. Wes 25-capillary Total Protein Master Kit Product Insert  

http://www.proteinsimple.com/documents/043-026_RevA_Wes_TP01-TP02_master_kit_PI.pdf 
 
 

3. Simple Western Size Troubleshooting Guide 

http://www.proteinsimple.com/documents/Simple_Western_Size_Troubleshooting_Guide.pdf 
 

4. Compass Software User Guide for Wes, Sally Sue and Peggy Sue 

http://www.proteinsimple.com/documents/Compass_Software_User_Guide_for_Wes,_Sally_Sue_and_Peggy_Sue.pdf 
 

5. Simple Western Size Assay Development Guide 

http://www.proteinsimple.com/documents/042-889_Rev1_Size_Assay_Development_Guide.pdf 
 
 
 
 
 
 
 
 
 
 
 

 
 


