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JEREMY JON SWORD 
Neuronal and Astrocytic Disruption During Traumatic Brain Injury Described 
Using Longitudinal Imaging ·\ 
(Under the direction of SERGEI KIROV) 

In Traumatic Brain Injury (TBI) mechanical forces applied to the cranium 

and brain cause irreversible primary neuronal and astroglial damage associated 

with terminal dendritic beading and spine loss. Edema, which quickly develops 

after TBI, causes an increase in intracranial pressure, which can cause 

secondary injury in the peri-contusional area. Spreading depolarizations have 

also been shown to occur after TBI in humans as well as in animal models, 

contributing to secondary injury. However, the impact of spreading 

depolarizations on real-time injury to dendrites and astrocytes in the peri-

contusional area during edema development is unknown. We used in vivo two-

photon laser scanning microscopy (2PLSM) in mouse somatosensory cortex via 

an optical window to monitor yellow fluorescent protein expressing neurons and 

enhanced green fluorescent protein expressing astrocytes in the peri-contusional 

area after mild TBI. Loss of capillary blood flow preceded dendritic beading, 

which developed slowly over the ·next several hours. This indicated that acute 

injury to dendrites was gated by the degree of ischemia as a result of developing 

edema. Astrocytes were swollen (cytotoxic edema) due to ion and 'rater uptake 

and remained swollen up to 24 hours. When spreading depolarizations were 

repeatedly induced by pressure-injecting 1 M KCI with a Picospritzer outside the 

imaging area, dendrites underwent rapid beading and recovery coinciding with 

passage of spreading depolarizations, as was confirmed with electrophysiological 



' 
recordings in the vicinity of imaged dendrites. However, each s:ubsequent 

I 

spreading depolarization resulted in a smaller percentage of dendrites that were 
I 

able to fully recover until ultimately all were terminally injured. Thus our data 

suggests that accumulated stress resulting from spreading depolarizations 

expedites acute dendritic injury in the peri-contusional area, worsening 

secondary damage following TBI. We also propose that persistent astroglial 

swelling in the peri-contusional area may be harmful and decreases astroglial 

maintenance of normal homeostatic function and possibly contributes greatly to 

the negative outcome of TBI as astrocytes fail to provide neuronal support. 

INDEX WORDS: Dendrite, Astrocyte, Spreading Depolarization, Two Photon 
Microscopy, Traumatic Brain Injury 
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INTRODUCTION 

STATEMENT OF THE PROBLEM AND SPECIFIC AIMS 

The Centers for Disease Control in Atlanta, GA estimates that 1.5 million 

Americans receive head trauma each year (CDC 2006). However, no 

pharmacological treatments have been proven to protect against the noxious 

results of a traumatic brain injury (TBI) (Narayan et al 2002) and many promising 

therapies such as hypothermia have not been successful. Hence, in order to find 

potent therapeutic targets, it is important to understand the mechanisms of tissue 

damage following TBI. After TBI, the impact on the brain causes almost 

immediate, primary injury to cerebral tissue that will not recover. Vasogenic 

edema develops quickly after injury, raising intracranial pressure (Kimelberg 

1995; Maas et al 2008; Nortje & Menon 2004; von Baumgarten et al 2008), and 

can contribute to developing secondary damage. Cytotoxic edema is also 

evident after injury, which can cause a loss of astroglial maintenance of 

homeostatic function and loss of neuronal support (Kimelberg 2005). In severe 

injury in experimental animals, cerebral blood flow is reduced to ischemic levels 

(Dietrich et al 1998) and for mild to moderate TBI in experimental animals, 

cerebral blood flow is reduced to 70-80% of normal (Dietrich et al 1996). 

Spreading depolarizations (Dreier 2011) have also been shown to occur 
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after TBI in human patients (Hartings et al 2011) as well as in animal models of 

cortical impact (von Baumgarten et al 2008), penetrating ballistic injury (Williams 

et al 2005), fluid percussion injury (Rogatsky et al 2003), and stroke (Risher et al 

201 0) and spreading depolarizations are likely to contribute to further secondary 

injury in metabolically compromised tissue. However, the real-time 

spatiotemporal dynamics of secondary injury has yet to be elucidated. In our 

mild impact TBI mouse model, we looked at the development of secondary 

damage to neurons and astrocytes in the peri-contusional area, which we defined 

as the area extending 0.5 mm outside the 2.0 mm impact site where the 

dendrites aren't immediately damaged but are susceptible to immediate injury 

without treatment, for up to 24 hours after damage occurred. 

Our hypothesis was that the amount of local blood flow after TBI, as in 

stroke (Zhang et al 2005), would determine the speed and degre~ of beading 

developing in surrounding dendrites, which morphologically reflects injured 

neurons. Moreover, we reasoned that because of the edema in response to the 

cortical damage, that there would be marked astrocytic swelling, just as was 

reported previously in a photothrombotic occlusion model of stroke or a cardiac 

arrest model (Risher et al 2009). Finally, we hypothesized that the passage of 

spreading depolarizations through the metabolically compromised peri

contusional area would eventually cause terminal dendritic damage, supporting 

what has been seen clinically in severely head injured human patients (Hartings 

et al 2011 ). The specific aims of this dissertation are: 
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Aim 1: To test the hypothesis that after a sealed cortical impact, blood flow stall 

precedes dendritic damage surrounding the site of impact. Additionally, we will 

test the hypothesis that multiple KCI-induced spreading depolarizations in the 

peri-contusional area will increase secondary injury to cortical dendrites. 

Aim 2: To test the hypothesis that controlled cortical impact (CCI) will lead to 

persistent astrocytic swelling in the peri-contusional area, possibly compromising 

neuronal homeostasis. 

BRIEF LITERATURE REVIEW 

Classification of TBI 

The etiology of traumatic brain injury in humans is varied and complex. 

Traumatic brain injury occurs when someone receives a sudden blow or jolt to 

the head or from a missile injury penetrating the skull which causes the brain not 

to function normally. Primary injury causes tissue damage in the early period 

after trauma due to the force of initial injury, usually lasting less than 100 

milliseconds. The secondary injury is the cellular and molecular changes that 

occur as a result of the primary injury and cause changes in cell function and 

injury propagation from such mechanisms as edema, depolarization, 

excitotoxicity, free radical production, blood-brain barrier disruption, and calcium 
! 

homeostasis disruption, to name a few (Greve & Zink 2009). Brain-injured 

patients fall into 3 categories of mild, moderate, and severe TBI depending on 

mechanism (closed vs open), clinical severity (as measured by the Glasgow 

Coma Scale), and by neuroimaging (often CT, especially during the acute phase) 
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to determine structural abnormalities (Table 1) (Maas et al 2008). The Glasgow 

Coma Scale has become almost the universal means for classifying a TBI and 

consists of 3 parts: eye, motor, and verbal scores. It is normally reported as the 

sum total of the 3. Although a universally accepted definition of concussion or 

mild TBI has yet to be agreed upon, concussion would often be considered an 

example of or synonymous with a mild TBI because there are usually few telltale 

signs using imaging techniques, such as a lack of hemorrhage seen on CT scan, 

and brief or no loss of consciousness immediately following the event (Anderson 

et al 2006). There are additional criteria that are used beside those previously 

mentioned to aid in the classification of TBI such as Alteration of Consciousness 

(AOC), Loss of Consciousness (LOC), and Post-Traumatic Amnesia (PTA). 

Depending on the duration of lost consciousness and amnesia, the 

categorization of mild, moderate, and severe TBI can be further determined. 

Another method of classifying patients is by assigning prognostic scores to 

TBI patients. Prognostic models are statistical models which draw from large 

pools of patient data to predict outcome and are more reliable than acute 

observations (Perel et al 2008). These models help to ensure that treatments 

are matched to patients to provide a better outcome when they are indicated. 

Two general measures of neurologic outcome are the Glasgow Outcome Scale 

(GOS) and Disability Rating Scale (DRS). The GOS was designed to assess 

outcome of patients in large epidemiological studies and the DRS is a more 



AOC -Alteration of consciousness/mental state 
LOC -loss of consciousness 
PTA - Post-traumatic amnesia 
GCS=Giasgow COma Scale 

Note: For purposes of injury stratification, the Glasgow Coma Scale is measured at or after 24 
hours 

http://www.cdc.gov/nchs/data/icd9/Sep08TBI.pdf 
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Table 1. TBI classification depending on imaging results, loss of 
consciousness duration, amnesia, and Glasgow Coma Scale. The GCS is 
normally measured at 24 hours because of sedation, pwalysis, or intoxication in 
the acute stages following injury (Stocchetti eta/ 2004). 

sensitive detector of subtle neurological impairments. However; some TBI 

investigators feel that neither test is sufficient for tracking improvement in 

individual patients (Choi et al 1998; Zink 2001 ). Overall, classifications are used 

to aid in comparing treatments which might be effective to treat TBI, ensure that 
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patients are receiving the best care possible, and to help analyze clinical trial 

results (Maas et al 2008). 

Based on these generalized criteria, we could classify our model as a mild 

impact that led to a mild to moderate TBI. In most cases we noticed bleeding 

under the dura (subdural hematoma), intracranial hematoma and additionally 

noticed a complete loss of blood flow in the impact area using laser speckle 

flowmetry (technique described later in the literature review). Behavioral studies 

in mice cannot provide the same cognitive assessment as in human patients 

after TBI, which is one limitation in a study using a rodent model. 

Cerebral Edema and Contribution to Damage 

Edema is an increase of water in the brain and causes an enlargement of 

the volume of brain tissue. Osmotic edema is associated with intracellular water 

accumulation during an acute decrease of blood plasma osmolarity and can be 

classified as vasogenic edema and cellular (cytotoxic) edema (Kimelberg 1995; 

Papadopoulos et al 2004; Verkman et al 2006). Both types of edema occur after 

TBI and can lead to secondary injury (Greve & Zink 2009). Vasogenic edema 

occurs when the blood-brain barrier becomes leaky, such as after trauma or 

stroke, and allows the movement of water into the extracellular space (Kimelberg 

1995). The edema can continue to increase within a small range of brain 

compliance without raising the intracranial pressure {ICP) (Zink 2001). Once the 

compliance has been exhausted, ICP will start to rise primarily as vasogenic 

edema continues, usually reaching its maximum water content at 24-48 hours 
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(Greve & Zink 2009). Cellular edema occurs by water transport through the intact 

blood-brain barrier, through astrocytic endfeet, and mostly into astrocytes 

(Kimelberg 1995) though in certain cases, neurons. The fluid that has collected 

in the brain is eliminated by various mechanisms. It can be transferred through 

the blood-brain barrier into the blood, through the glia limitans externa into the 

subarachnoid space, or through the glia limitans interna and ependymal cells into 

the ventricles (Verkman et al 2006). 

Aquaporin 4 (AQP4) is a transmembrane water transport protein in the 

family of molecular water channels that allows the bi-directional movement of 

water across a membrane down the concentration gradient. AQP4 is known to 

be expressed on the astrocytic processes of the glia limitans interna, glia limitans 

externa, ependymal cells lining the ventricles, and the astrocytic endfeet 

surrounding vasculature in the brain (Badaut et al 2000a; Badaut et al 2000b; 

Nielsen et al 1997; Venera et al 1999). Aquaporin 4 has been implicated in 

cellular as well as vasogenic edema using data collected from AQP4 null mice. 

Regarding cellular edema, AQP4 null mice showed to be protected from its 

harmful effects, suggesting that AQP4 was a primary means of water transport in 

astrocytes (Verkman et al 2006). However, because of the bi-directional water 

transport capabilities, AQP4 null mice showed increased ICP and brain water 

content after intraparenchymal fluid infusion of artificial cerebrospinal fluid 

(Papadopoulos et al 2004 ). This data suggests that AQP4 is necessary for the 
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Figure 1. Sites of A QP4 expression in the brain with mechanisms for water 
egress after vasogenic edema (Verkman eta/ 2006) . 

clearance of vasogenic edema (Bloch et al 2005; Papadopoulos et al 2004 ). It is 

thought that AQP4 on the glia limitans processes, and through the endfeet on a 
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limited basis, provide a direct route for the clearance of water, as shown in Figure 

1. 

Spreading Depolarization Initiation and Contribution to Damage 

The rapid drop in ATP during TBI and the subsequent sodium and calcium 

pump failure cause a sudden sustained depolarization of neurons and glia 

(Dreier 2011 ). This depolarization is referred to as spreading depolarization 

because it can actively propagate a breakdown of ion gradients across the brain 

at a rate of 2-6 mmlmin (Lauritzen et al 2011; Leao 1944; Risher et al 2011 ). The 

extracellular negative direct current (DC) shift between -5 and -30 mV serves as 

a robust measure of spreading depolarization since it directly reflects the 

depolarization of the cortical network. Spreading depolarization represents the 

largest disturbance of homeostasis in the living brain (Dreier 2011) and signifies 

an energy state which may entail either recovery, dependent on sufficient energy 

to maintain sodium pump activity (figure 2), or cell death. Spreading 

depolarization induces massive ionic changes between the extra- and 

intracellular space (Chen 2012; Hansen & Zeuthen 1981; Kraig & Nicholson 

1978; Windmuller et al 2005). Neuronal Ca2
• simultaneously increases a 

thousand fold (Dietz et al 2008) and this raise of intracellular Ca2
• is thought to 

trigger the cascades leading to cell death (Somjen 2004). Spreading 

depolarization-induced breakdown of ion gradients causes glutamate transporter 

reversal resulting in a massive release of glutamate, 
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Figure 2. Mechanisms responsible for cellular edema and spreading 
depolarization in neurons. The top figure shows the double Gibbs-Donnan forces 
established by the sodium pump and balanced by an inward current maintaining 
an ionic equilibrium in healthy normoxic tissue. In spreading depolarization there 
is a loss of the sodium and calcium outward currents so the net current is inward, 
causing a depolarization and influx of water (Dreier 2011 ). Ions gradients across 
the membrane are shown in the upper right of the figure. There is a large influx 
of sodium into the neuron during spreading depolarization while extracellular 
potassium increases from approximately 3 to 60 mM. Intracellular calcium 
increases almost 1000 fold from approximately 30 nM to 25 J.lM with each 
depolarization. The increases in calcium are responsible for acute and delayed 
cell death pathway activation (Enright eta/ 2007; Shuttleworth & Connor 2001) . 
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triggering excitotoxicity (Rossi et al 2000). Synaptic Zn2
+ release (Dietz et al 

2008; 2009) and oxygen free radical production (Dreier 2011) are also among the 

deleterious effects of spreading depolarization. The spreading depolarization 

activates glycolytic pathways as evidenced by a raise in extracellular lactate and 

a pH drop to -6.9 (Mutch & Hansen 1984; Windmuller et al2005). Concurrently, 

the extracellular space shrinks by -70% (Mazel et al 2002; Perez-Pinzon et al 

1995) which leads to concentration of harmful substances that are released as 

well as decreased diffusion of oxygen and small molecules (Kimelberg 2005). 

Thus, spreading depolarization is a mechanism leading to cellular edema 

(Kempski 2001; Klatzo 1987; Somjen 2004), because osmotic pressure in the 

cell cytoplasm, increased by a buildup of excess electrolytes, pulls water into the 

cells. The osmotic water imbalance during TBI is widely accepted as an essential 

contributor to acute brain injury (Somjen 2004). Thus, experiments deciphering 

the neuronal and astroglial components of acute brain swelling during spreading 

depolarization are clinically important. It is now becoming clear that spreading 

depolarization with its widespread nature and varying severity is a major event 

acutely injuring the brain. 

Since most of excitatory synapses occur on the dendritic arbor, dendrites 

were predicted to be the initial site of excitotoxic injury leading to neuronal 

damage and death (Bindokas & Miller 1995). For example, sustained high Ca2
• 

levels that were shown to develop in distal dendrites upon excitotoxic insult are 

capable of slowly spreading to the soma ultimately resulting in acute neuronal 

death (Shuttleworth & Connor 2001 ). Likewise, spreading depolarization-induced 
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intracellular Ca2+ rise outlasts the other ionic changes (Dietz et al 2009). 

Spreading depolarization recorded in vivo under conditions of severe metabolic 

compromise as during global ischemia rapidly damages fine synaptic circuitry 

(Murphy et al 2008a) and in the absence of reperfusion, dendrites remain 

terminally beaded and spines are lost (Risher et al 2010; Zhang & Murphy 2007). 

Concurrently, terminal dendritic beading is indicative of an irreversible acute 

neuronal injury (Hori & Carpenter 1994; Hsu & Buzsaki 1993; Risher et al 2010), 

and it is an early sign of cell death pathway activation (Enright et al 2007). 

Spreading depolarizations facilitate injury to fine synaptic circuitry within the 

ischemic penumbra (Risher et al 201 0), but development of damage to synaptic 

circuitry in the peri-contusional cortex is unknown and the underlying 

mechanisms are not clear. Recent advances in the study of astrocytes have 

shown that they are tightly coupled with neurons, combining with axons and 

dendrites to form the tripartite synapse (Araque et al 1999; Witcher et al 2007; 

Witcher et al 2010). Astrocytes also form close associations with the 

microvasculature of the brain, providing a bridge between neurons and the blood 

supply as part of the neuro-vascular unit (Haydon & Carmignoto 2006). 

Therefore, trauma-induced disruption of synaptic circuitry should also be studied 

with regards to astroglial damage and not just neuronal injury. However, the 

impact of spreading depolarizations on the real-time injury of astrocytes in the 

metabolically compromised tissue is not clear and the dynamics of concurrent 

neuronal and astroglial injury and recovery from propagating spreading 

depolarizations is not established. 
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Spreading depolarizations are common in human patients. Spreading 

depolarization is a benign phenomenon in the normoxic human brain when 

energy resources are not compromised. Here spreading depolarization is 

assumed to be a pathophysiological correlate of a migraine aura (Lauritzen 1994; 

Lauritzen et al 2011 ). Spreading depolarizations have only been seen in clinical 

studies of the past decade due to dura and skull RC (resistor-capacitor) filtering 

of the DC potential shift (Dohmen et al 2008; Dreier et al 2006; Fabricius et al 

2006; Strong et al 2002). Recent clinical studies have shown that when 

spreading depolarizations occur in patients with malignant hemispheric stroke, 

subarachnoid and intracerebral hemorrhage or TBI, they correlate with lesion 

progression in metabolically-compromised human brain such as during the 

inverse hemodynamic response (Dreier 2011; Lauritzen et al 2011 ). The data 

imply that spreading depolarizations are involved in the mechanism of these 

brain injuries. The incidence of spreading depolarizations in brain injured patients 

is very high (-55% for TBI patients, -60% for patients with spontaneous 

intracerebral hematomas, -70% for aneurysmal subarachnoid hemorrhage and 

100% for malignant ischemic stroke (Dohmen et al 2008; Dreier et al 2006; 

Hartings et al 2009; Hartings et al 2011 )). Moreover, patients with multiple 

spreading depolarizations have very poor prognoses for recovery, pointing to 

spreading depolarizations as a novel mechanism in developing acute human 

brain injury. Some potential therapies against spreading depolarization exist 

such as crR agonists like haloperidol or carbetapentane (Anderson et al 2005), 

hypothermia, dibucaine (Douglas et al 2011) and prevention of the inverse 
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hemodynamic response, but a therapeutically useful treatment has yet to reach 

the bedside. 

Current Management of TBI Patients 

With the varied manifestation of damage in human traumatic brain injury, 

management of the patient requires a multifactorial approach in the clinical and 

pre-clinical setting which requires recognition and action based on injuries 

sustained (Miller et al 1993). Several key factors require attention following brain 

trauma including mitigating the spread of secondary injury from hypoxia, 

ischemia, decreased cerebral perfusion pressure (CPP), regulation of intracranial 

pressure (ICP), and maintaining sufficient tissue oxygenation (Bullock 2007). 

Evidence-based treatments following TBI are mostly standardized international 

guidelines (Maas et al 2008) written by a panel of experts for pre-hospital 

management (Badjatia et al 2008), critical care (Bullock 2007; Vas et al 2012; 

Yates 2007), and neurosurgical techniques (Bullock et al 2006). Unfortunately 

much of the supporting evidence behind these studies is weak, and often there is 

insufficient evidence to support a Level I or Level II recommendation. Clearly 

there is a need for more rigorous evidence to strengthen the recommendations. 

Studies looking at the incidents of death from severe head injury in trauma 

centers with neurosurgical care facilities versus those without showed the odds 

of mortality were significantly higher when treated in a non-neurosurgical facility 

(Hannan et al 2005; MacKenzie et al 2006; McConnell et al 2005; Patel et al 

2005). A contemporary corollary to this would be the close range shooting of 
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Arizona Congresswoman Gabrielle Giffords at an Arizona mall. In January of 

2011 Ms. Giffords was shot in the back of the left side head with a 9 mm round 

and the bullet exited the left side of the front of her skull. Neurosurgeons say that 

several key factors contributed to her survival of a wound that is often fatal 

(Zafonte et al 2001), such as maintaining an open airway immediately after the 

incident and getting her to the appropriate trauma care facility very rapidly (she 

was reportedly in surgery within 38 minutes) (Orcutt 2011 ). Brain tissue is 

dependent on a continuous supply of oxygen, so even a brief decrease in 

oxygenation can lead to permanent damage (Dunn & Smith 2008; Greve & Zink 

2009; Zink 2001 ). 

Pre-hospital management of TBI encompasses controlling hypoxia and 

maintaining blood pressure (Badjatia et al 2008), thus preventing the 

development of secondary injury. The Brain Trauma Foundation guidelines have 

prehospital management broken down in three sections: assessment, treatment 

on the scene, and deciding the best course of action (Badjatia et al 2008). Two 

primary factors influencing patient outcome after TBI are low blood oxygenation 

and low blood pressure and thus are part of the initial assessment by paramedics 

after TBI. These indicators are seen in a third of TBI patients, and ninety percent 

of patients who die from TBI show ischemic injury (Greve & Zink 2009; Rudehill 

et al2002; Winchell & Hoyt 1997). 

The Brain Trauma Foundation also publishes comprehensive guidelines 

for the intensive care management of TBI patients as well as neurosurgical 

guidelines (Bullock 2007; Bullock et al 2006) in order to manage post traumatic 



16 

Figure 3. Image of a CT scan showing an example of primary brain injury. 
Extradural hematoma (white arrow) with midline shift (black arrows) is a mass 
effect that requires surgery to resolve (Dunn & Smith 2008) . 

cerebral edema and evacuation of mass lesions. The major neurosurgical focus 

on admission is to quickly detect and treat any operable lesions (Maas et al 

2008). Not only is the goal of the emergency room physician to assess the 
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neurological status of the patient but also to detect indications that would quickly 

lead to secondary damage such as mass effect causing a midline shift that could 

be recognized on a CT scan (figure 3). 

Prevention of secondary damage through the treatment of hypoxemia and 

hypotension, along with the evacuation of an expanding intracranial hematoma is 

extremely important in the acute setting and can directly affect outcome (Dunn & 

Smith 2008). Control of intracranial hematoma, the most important complication 

of TBI, requires surgery in 25-45% of severe TBI cases, 3-12% of moderate TBI 

cases, and about 0.2% of mild TBI cases (Bullock et al 2006). In the 

neurointensive care setting, prevention and treatment of cerebral ischemia 

through the monitoring of ICP, cerebral oxygenation and electrical potential, 

glycemic control (to provide optimal energy to the injured brain), and seizure 

prevention are all areas of focus (Maas et al 2008). Raised ICP from the 

development of edema following TBI is a common problem that leads to a 

dangerous ischemic condition in the brain. Cerebral perfusion pressure (CPP) is 

equal to mean arterial pressure (MAP)- ICP. At a given MAP the higher the ICP, 

the lower CPP becomes, and a CPP below -50 mm Hg is usually considered 

ischemic. Cerebral autoregulation maintains constant cerebral blood flow (CBF) 

despite changes in CPP through changes in cardiovascular resistance (CVR) 

since CBF = CPP/CVR (Greve & Zink 2009). With the loss of autoregulation 

after TBI in some cases, CBF actually increases, although in most patients CBF 

is usually about half that of normal (Greve & Zink 2009). Hyperventilation has 

historically been used to treat brain swelling because it is known to lower ICP but 
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Figure 4. This illustration shows a bifrontal craniectomy for the treatment of 
elevated ICP. The dura has an incision that allows for expansion of the 
underlying tissue and a dural expansion graft has been placed over the incision 
(Polin et al1997). 

it is only used in certain instances currently because hyperventilation lowers ICP 

though vasoconstriction, causing a potential ischemic condition . Osmotherapy 
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and decompressive hemicraniectomy (figure 4) are current treatments to control 

brain swelling, and thus ICP. The use of a decompressive hemicraniectomy is 

quite controversial, because it does not always improve the outcome and has 

side effects which can be severe, so studies are ongoing as to the efficacy of the 

treatment. One criticism of the controlled cortical impact model, which will be 

described in the following section, is that often a piece of the skull is removed for 

the impact and never replaced (Morales et al 2005), which can attenuate and 

compensate for a rise in ICP after TBI. We sealed a glass coverslip in place with 

a rigid adhesive, which proved critical to the development of cellular damage 

immediately after impact. 

Animal Models of •TBI 

In an effort to understand the mechanisms behind primary and secondary 

injury following TBI, several animal models have been developed to identify the 

mechanisms of injury. The goal of the different models is to be able to apply 

what is learned from the resulting pathophysiology in animals to treating the 

human TBI condition. Models should adhere to a number of criteria such as: the 

injury is reproducible and quantifiable (which approximates the human condition), 

the injury physiological and biochemical metrics should increase with increasing 

mechanical force causing injury, and intensity of mechanical force should predict 

damage severity (Cernak 2005). With the varied etiology of human TBI. no one 

model will be able to reproduce the entire range of injuries that patients present 

with in the emergency room or battlefield trauma units. Some experiments are 
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conducted on larger animal models such as sheep, non-human primates, cats, 

and dogs, while TBI models usually use rodents because of logistical 

considerations (ie. size, extensively studied, and cost) (Morales et al 2005). 

TBI models can be categorized based on the type of human injury they 

reproduce: focal and diffuse. Focal brain injuries are those that result in localized 

tissue damage, but can evolve into midline shift, herniation, and brainstem 

compression (O'Connor et al 2011 ). Examples of these focal injury models 

would include the weight drop model, controlled cortical impact model, and the 

midline fluid percussion model. The weight drop model was the first TBI model 

developed (Dail et al 1981; Feeney et al 1981) and uses falling weights on a 

restrained animal to produce cranial injury. Levels of injury are controlled with 

different weights and weight drop heights. Controlled cortical impact uses a 

pneumatic impactor to deliver a precise blow, usually to the exposed dura after a 

craniotomy has been performed on a restrained animal (figure 5). 

After the impact has been delivered, the impact area could be covered 

with a cover glass and rigidly sealed with dental cement which allows the ICP to 

rise, more closely approximating a closed brain injury, although this is not usually 

done (Morales et al 2005). We chose this model because of its reproducibility 

and delicate control over mild impact parameters, enabling two-photon 

microscopy in and around the damaged cortex. This model also allowed for 

direct 
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Figure 5. Pneumatically controlled cortical impact device (Pittsburgh Precision 
Instruments, Inc.) which allows precise control of impact location, depth, velocity, 
and dwell time (contact duration) (Dixon & Kline 2009). 

access to cortical tissue after cortical impact so that any bleeding which might 

occlude imaging could be removed. 

Diffuse injury occurring in the brain is associated with axonal, 

microvasculature, and swelling injury that occurs over a larger area of the brain 

near to and remote from the injury site (Laurer et al 2000). Diffuse injuries are 

caused by inertial forces at the time of injury, either from impact or non-impact 

(long acceleration followed by rapid deceleration) to induce diffuse axonal, 

ischemic, and swelling injury. Diffuse axonal injury (DAI) can occur from the 

shearing of axonal tissue at the boundaries between tissue of different densities 

(white and gray matter) and can lead to a deleterious entry of Ca2
• into the axon 
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(LoPachin & Lehning 1997; Wolf et al 2001). The severity of DAI is directly 

correlated to prolonged unconsciousness without mass lesions, high mortality, 

and poor outcome (O'Connor et al 2011 ). Some examples of diffuse injury 

models would include the impact acceleration model, inertial acceleration model, 

blast wave model, and the diffuse injury model. The inertial acceleration model 

was designed to mimic the damage that many people face in motor vehicle 

accidents where damage occurs from rotational forces rather than a blow to the 

head. Inertial acceleration model requires a larger animal with a brain of 

increased size to allow shearing between different brain regions. In one variant, 

a miniature anesthetized pig is restrained in the prone position and the head 

fixed in the apparatus. The apparatus imparts an inertial loading over 11 o• in 20 

ms (O'Connor et al 2011; Ross et al 1994; Smith et al 1997) causing diffuse 

axonal injury at the junction of white and grey matter. 

Several behavioral methods exist to evaluate the damage in an animal 

model after injury. Depending on location, method, and depth of injury several 

vestibulomotor, sensorimotor, and cognitive tasks have been developed to 

uniformly assess outcomes across laboratories. Determining the time point for 

which to administer a test is also an important factor. In the acute phase, 

behavioral tests should be conducted once the effect of anesthesia and any post

surgical confounds have been eliminated (Fujimoto et al 2004) and should be 

continued at regular intervals in the acute and chronic period for as long as time 

and resources will allow (Fujimoto et al 2004). The beam walk test is an example 

of a motor test to evaluate injury to the sensorimotor, motor association, and 
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cerebellar pathways after TBI. This test was the first used to evaluate rodents 

after experimental TBI (Dixon et al 1987). The beam walk test uses a narrow 

elevated wooden beam that has a dark box placed at one end and a light or 

white noise at the other end. The animal has been previously trained to see the 

box as a comfortable escape from the light or white noise at the opposite end. 

Animals are scored on latency to enter the box as well as number of foot slips 

(Feeney et al 1982). Since the mild cortical impact was in the sensorimotor 

cortex of mice in this study, the beam walk test was well suited as a sensitive 

indicator of acute damage in that area of the cortex. In our study, mice were 

tested before impact and at 1, 3 and 7 days after impact since this was an acute 

imaging study. Mice were not tested directly after cortical impact to reduce 

confounds from anesthesia as previously noted. 

Cognitive tests are also employed to measure the degree of deficit that 

might exist in learning and memory. The Morris Water Maze is the most widely 

used evaluation of working and spatial memory following TBI (Fujimoto et al 

2004). An animal is trained to find a platform hidden just beneath the surface of 

the water using visual cues surrounding the water tank. The animals are then 

compared after injury to their amount of time spent in the location with the 

platform removed. Possible motor deficit confounds should also be measured by 

recording total distance traveled (Fujimoto et al 2004). 

While a number of therapies in experimental TBI have been promising, 

none of them have resulted in a specific treatment for human TBI. This reality 

might be due to the complex nature of human TBI which involves injuries that are 
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both focal and diffuse with no two injuries being the same (Morales et al 2005). 

Clinicians have to deal with severe time constraints when dealing with TBI 

patients. They must diagnose and treat a wide array of injuries in a similar 

manner based on incomplete information, before the situation worsens (Morales 

et al 2005). Certainly there are a number of differences between the size and 

structural anatomy of the human brain and preferred animal model brains, which 

are mainly rodents. However, careful insight into conserved mechanisms of 

injury, such as ischemic damage, may help the progress of human clinical 

treatments and possibly prevent the progression of secondary damage. 

Microscopic Imaging of Dendritic Structures and Astrocytes after TBI 

Until now, longitudinal microscopic imaging has been absent from the 

literature in human and experimental TBI. Extensive electron microscopy and 

histological section data has been collected, (Dietrich et al 1994; Jenkins et al 

1979) but single time point examinations offer limited information about the 

development of cellular damage. CT and MRI macroscopic imaging has been a 

standard technique to assess and monitor TBI patients (Bullock 2007; Bullock et 

al 2006), but these modalities lack cellular resolution. Many of the experimental 

models previously listed result in a fair amount of blood on the cortical surface, 

which can greatly obscure two photon imaging. Two photon laser scanning 

microscopy (TPLSM) is an imaging technique that offers several advantages for 

in vivo imaging, such as deeper penetration into scattering media like the murine 

brain and reduced out of focus fluorescence, but it still requires an imaging area 
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clear of blood to image efficiently. TPLSM also allows for increased cell viability 

by shifting the excitation spectra of some fluorophores to IR from the l)V range, 

which is toxic to cells. 

TPLSM was pioneered by Winftied Denk in 1990 in the Watt lab at Cornell 

University (Denk et al 1990). It continues to grow as the availability of fluorescent 

dyes and transgenic animals expressing fluorescent labels expands. Two photon 

imaging takes advantage of a physical property of light whereby two . 
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Figure 6. Diagram shOwing single and two photon excitation and emission. 
Wavelength of the two photon excitation is a/most twice that of single photon 
excitation (modified from www.bio-rad.com). 
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Figure 7. Single-photon excitation (top) and two-photon excitation (bottom) 
demonstrated in a cuvette of fluorescent dye (modified from www.bio-rad.com). 
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photons of approximately twice the wavelength of single photon excitation quasi

simultaneously cause an electron to shift into an excited state. When the 

electron returns to ground state, it emits a photon of longer wavelength (lower 

energy) (figure 6). With the probability of two photon excitation being 

proportional to the square of the excitation intensity (1 2
), almost all excitation 

occurs in the focal plane, nearly eliminating out of plane fluorescence (Figure 7) 

(Pawley 2006). Eliminating out of focal plane fluorescence increases contrast 

(signal to noise ratio), but two photon microscopy does not increase resolution, 

since resolution is inversely proportional to excitation wavelength, which is 

approximately twice that of single photon excitation. 

Two photon microscopy relies on a fluorescent label to image structures of 

interest. Several methods exist that fluorescently label structures in the brain. 

Transgenic animals have been created that endogenously express a fluorescent 

protein in neurons, glia, and microglia. Fluorescent dyes can be stereotactically 

injected that can be taken up by different cells or are permeant to the cell 

membrane and are modified to stay within the cell. Viral vectors can also be 

injected stereotactically and induce expression of fluorescent proteins. While 

human tissue can be fluorescently labeled for two photon imaging ex vivo, 

TPLSM has seen limited use with autofluorescent excitation in humans in vivo 

(Masters et al 1998). 
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Morphological Correlation with Cellular Damage 

Dendritic morphology has been imaged using two photon microscopy in 

the field of stroke research. During periods of ischemia, focal dendritic swelling or 

beading is known to occur (Li & Murphy 2008; Murphy et al 2008b; Zhang & 

Murphy 2007), reflecting damage. Spreading depolarizations are also known to 

rapidly bead dendrites after photothrombotic vessel occlusion (Risher et al2010). 

In those situations, a substance, Rose Bengal, is administered intravenously and 

light activated, causing irreversible vascular occlusion. Subsequent recovery of 

the morphology can occur after the passage of a spreading depolarization if there 

is sufficient blood flow nearby to provide energy for regaining a structure and 

electrochemical gradient (Risher et al 201 0). It has been shown previously that 

under normal conditions small flowing vessels are on average 13 IJm away from 

the dendritic structure and flowing vessels maintained dendritic structure if there 

were at least one flowing vessel an average of 80 1-1m away (Zhang & Murphy 

2007). 

If metabolic capacity is inadequate to restore ion homeostasis, neurons 

remain depolarized and stay overloaded with Ca2
• resulting in irreversible 

neuronal injury and death (Somjen, 2001; Dietz et al., 2009). Terminal dendritic 

beading has been associated with irreversible neuronal injury during ischemia 

(Hsu and Buzsaki, 1993; Hori and Carpenter, 1994) and may be an early 

indication of cell death pathway activation (Enright et al., 2007). Dendritic 

beading can also be reversible when energy stores are not compromised, as in 

the case of cold-induced beading when energy reserves become available with 
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rewarming (Kirov et al., 2004) or during cortical spreading depolarization invoked 

in healthy tissue with sufficient blood flow (Takano et al., 2007). Dendritic 

beading is reversible if immediate reperfusion is possible after focal stroke 

(Zhang et al., 2005) or after brief global ischemia (Murphy et al., 2008). f 

Laser Speckle Flowmetry to Image Cortical Blood Flow 

Laser speckle flowmetry uses the blurring of interference patters of 

reflected coherent light by scattering media (RBCs when measuring blood flow) 

that, when processed, produce 2D maps with high spatiotemporal resolution 

(figure 8). Laser Doppler flowmetry (LDF) has been a standard way of 

measuring blood flow in which the Doppler shift of the frequency of photon 

scattering from moving particles is analyzed (Boas & Dunn 2010). However, the 

spatiotemporal resolution of laser speckle imaging is much better than LDF, and 

LDF is limited by the need to mechanically scan the beam or probe (Dunn et al 

2001 ). The Doppler probe is quite large (1.0mm diameter) relative to a 4.0mm 

diameter cranial window for in vivo imaging and gives an average flow over that 

area. Hence, laser speckle flowmetry is gaining popularity as a means for 

measuring blood flow, especially in neuroscience (Forrester et al 2002). 
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Figure 8. A, Raw speckle image from the thin skull of a rat, showing a grainy 
pattern in which it is possible to discern some spatial variation in the speckle 
contrast, and B, when the spatial speckle contrast is estimated from a 7x7 
window of pixels, the blood vessels on the surface of the brain become apparent 
with high spatial resolution (Boas & Dunn 2010). 

Laser speckle flowmetry requires a few components to illuminate the 

region of interest and measure and record the reflected light. In order to image 

surface cortical blood flow (to a depth of approximately 5001-Jm-1 mm (Dunn et al 

2001 )), a laser diode in the near IR spectrum (A= 600-800 nm) is used with a 

beam expanded to illuminate approximately 6x6mm area of cortex. ceo 

cameras are used to capture the speckle image, and a computer processes the 

images to compute speckle contrast maps(figure 9) (Dunn et al 2001 ). The 

animal is usually anesthetized and restrained in a stereotactic head holder 
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Figure 9. Schematic illustration of setup for speckle imaging of cerebral blood 
flow (CBF). The mouse is anesthetized and restrained in a stereotactic head 
holder to minimize movement artifact. Imaging is typically accomplished through 
a cranial window or thin skull preparation. Between 150-300 images are taken 
and averaged to provide a single 20 speckle contrast map (Dunn eta/ 2001). 

for laser speckle imaging. A cranial window or thinned skull preparation is made 

to allow a clear view of the cortical vasculature. 

Quantification of the speckle contrast (K) is computed using the definition 

K=a6/<l> where a. is the spatial standard deviation of pixels in a given image 

frame, and <I> is the local mean of those pixels (Dunn et al 2001; Yang et al 

2011 ). Once the contrast values have been calculated, a flow rate can be 

established by determining a speckle correlation time (T) which is equal to 2TK2 

(Cheng & Duong 2007; Ramirez-San-Juan et al 2008). Assuming 1/ T to be 

proportional to blood flow, relative flow values can be determined by 1/{2TK2
). 

Images can be processed and averaged to yield single time point speckle 

images using programs such as lmageJ (http://rsb.info.nih.gov/ij) or processed 

for real time analysis using modified software downloaded from the Choi lab 

webpage {http://choi.bli.uci.edu/software/realtime lsi.html). Real time speckle 
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imaging software was written in LabView and the graphics processing unit of an 

internal NVIDIA graphics card was used to efficiently process images in parallel 

using a 5x5 pixel sliding window algorithm (Yang et al 2011 ). This method allows 

for up to -15 frames per second (depending on camera and graphics card) to 

evaluate surface cortical blood flow with high spatiotemporal resolution. 

Line Scan Imaging to Determine Small Vessel Flaw 

Line scan imaging is a technique routinely used to quantify the rate of 

blood flow in small vessels such as capillaries and arterioles. Together with 

TPLSM, line scan imaging can be used to measure flow in small vessels down to 

approximately 600 IJm. This measurement technique requires the systemic 

injection of a fluorescent dye, usually texas red-dextran or fluorescein-dextran, 

which labels blood plasma but leaves the red blood cells (RBCs) unstained. 

Usually 500 or 1 000 scans are made repetitively along the central axis of a 

capillary at 1 or 2 msec per line, yielding a diagonally striped space-time image 

when the scanned lines are stacked (figure 1 0). Motion of the RBCs across the 

line scan area results in dark bands that move over time. 

Line scan diagrams have a distance (x) component and time (t) 

component. The time between bands at lit is inversely proportional to the flux 

(RBCs/sec), and the distance between bands at llx is inversely proportional to 

the linear density of RBCs (RBCs/mm). The slope (llt/llx) is inversely 

proportional to the velocity of the RBCs (mm/sec) (Kleinfeld et al 1998). Average 
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flux can be determined by manually counting dark bands (RBCs) in a given time 

interval (0.5 or 1 sec). 

1.0 

38 0 3ll 

Sam,xljJm] 

Figure 10. Line scans of RBC motion in capillaries (Kleinfeld et al1998). Flux 
(RBC/sec) ;qnd velocity (mm/sec) can be determined from these scans of 
microvasculature. Velocity is inversely proportional to the slope of the bands so 
the more vertical the bands, the slower the RBC velocity (RBC velocity in (a) is 
less than in (b)). 

In this dissertation, we selected a CCI model in transgenic mice that would 

allow for the first time in vivo longitudinal imaging of morphological changes in 

dendrites and astrocytes, reflecting cortical damage. Additionally, since 

spreading depolarizations occur in almost 55% of human TBI patients, we 

wanted to see what effect they had on dendritic structure in the metabolically 
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compromised peri-contusional cortex. We felt that this concept would be a good 

starting point for repeated cellular imaging after TBI, something that has been 

noticeably absent from the literature. We feel that this type of imaging is 

achievable with the fairly recent development of two photon microscopy. 

Hopefully data collected from cellular imaging in fluorescently labeled animal 

models can answer questions about the development of damage after TBI and 

can lead to clinically useful therapies, possibly improving patient quality of life 

and even recovery. 



MATERIALS AND METHODS 

Transgenic mice 

All procedures followed National Institutes of Health guidelines for the 

humane care and use of laboratory animals and underwent yearly review by the 

Animal Care and Use Committee at the Medical College of Georgia. Every effort 

was made to minimize animal discomfort and reduce the number of mice used. 

The founding mice of the B6.Cg-Tg(Thy1-YFPH)2Jrs/J colony [YFP-H] were 

purchased from Jackson Laboratories. YFP-H mice display bright fluorescence in 

a fraction of pyramidal neurons of the neocortex (Feng et al 2000), thus 

facilitating in vivo 2PLSM imaging. The wild type littermates of YFP-H mice were 

also used in experiments for behavioral testing and laser Doppler blood 

flowmetry as well as in some electrophysiological experiments and for histology. 

Founders of the FVB/N-Tg(GFAP-EGFP)GFEA-FKi colony [GFAP-EGFP] were 

kindly provided by Dr. H. Kettenmann (Max Delbruck Center for Molecular 

Medicine, Berlin, Germany). Mice of this strain display bright fluorescence in 

astrocytes from multiple areas of the CNS (Nolte et al 2001 ). In total, 35[YFP-H], 

23[GFAP-EGFP] and 12 wild type adult male and female mice were used in this 

study. 

35 
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Preparation of mice for in vivo imaging and TBI 

Surgical procedures for cranial windows followed a standard protocol used 

previously (Risher et al 2009; Risher et al 2010). Anesthesia was induced with an 

intraperitoneal (IP) injection of urethane (1.5 mg/g body weight), or IP injection of 

Avertin (0.015 mL/g, Sigma) for multi-day astrocyte imaging. Body temperature 

was maintained at 37"C with a heating pad (Sunbeam). A short -1 em L-shaped 

glass capillary (1.2 mm diameter) was inserted into the trachea and secured with 

two sutures to minimize potential breathing problems that may result from 

prolonged anesthesia. The skull was exposed after a midline incision. The dental 

handpiece (Midwest Stylus Mini 540S, Dentsply International) with Y. bur was 

used to thin the circumference of a 3.5-4 mm diameter circular region of the 

skull, centered at stereotaxic coordinates -1.5 mm from bregma and 2.0 mm 

lateral over sensory-motor cortex. The thinned bone was lifted with forceps and 

an optical chamber was constructed by covering the intact dura with a thin layer 

of 1.5% agarose prepared in a cortex buffer containing (in mM) 135 NaCI, 5.4 

KCI, 1 MgCI2, 1.8 CaCb, 5 HEPES, pH 7 .3. At this point, the optical chamber was 

left open for later TBI induction (see below). A small aluminum bar with two 

tapped screw holes was glued to the skull with dental acrylic cement (Co-Oral-lte 

Dental), and then the mouse head was stabilized by screws tightened to a 

custom-made L-shaped adjustable metal arm. The arm was affixed to the 

baseplate which was mounted on the Luigs & Neumann microscope stage for 

imaging. Instead of adhering a tapped aluminum bar to the skull, a custom-made 
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1.3 em diameter plastic ring was glued to the skull with dental acrylic cement 

(Co-Oral-lte Dental) to stabilize the head with a mouse head holder (Fried et al 

2001) during craniotomy and imaging. Rectal temperature was monitored 

continuously and maintained at 37°C with a heating blanket (Harvard Apparatus). 

Blood oxygen saturation level was assessed with MouseOx® pulse oximeter 

(STARR Life Sciences) mounted on the left thigh to ensure Oz saturation 

percentage remained above 90% for the duration of imaging, indicating that the 

mice were respiring properly. Depth of anesthesia was gauged by the lack of a 

toe-pinch reflex and heart rate (450-650 beats/min) monitoring and was 

maintained with only minimal supplementation (<10 % of the initial urethane 

dose) for up to 15 h. Hydration was maintained by intraperitoneal injection of 

0.9% NaCI (200-300 J.JI) with 20 mM glucose at 1-2 h intervals. A 0.1 ml bolus of 

5% (w/v) Texas Red Dextran (70 kDa) (Invitrogen) in 0.9% NaCI was injected into 

the tail vein for blood flow visualization. All chemicals were from Sigma Chemical 

unless indicated otherwise. 

TB/ model 

Mild TBI was induced by the controlled cortical impact (CCI) injury device 

(Pittsburgh Prec!sion Instruments) following a protocol adapted from Animal 

models of acute neurological injuries (Dixon & Kline 2009). The baseplate 

containing the head holder and the mouse was moved from the microscope 

stage to the CCI injury device as the pneumatic piston (containing a 2.0 mm 
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diameter flat edge impactor tip) was adjusted to allow for an impact normal to the 

cortical surface. Agarose covering the cortex was removed and the impactor tip 

was positioned to contact the dura. To produce a mild TBI, the cortex was struck 

at 5.0 m/s to a depth of 0.1 mm, with impact duration of 100 ms. The dura was 

then carefully removed, so that blood from a subdural hemorrhage, which often 

was present after the impact, would not interfere with imaging. The cortex was 

covered with 1.5 % agarose (prepared in a cortex buffer) and rigidly sealed by a 

circular glass coverslip (Bellco, #1943-00005) using dental acrylic cement. The 

cement prevented any shifting of the coverslip due to brain swelling. 

2PLSM 

Images were collected with an IR optimized water-immersion objective 

lens 40x/0.80 NA (Carl Zeiss), using the Zeiss LSM 510 NLO META multiphoton 

system mounted on the motorized upright Axioscope 2 FS microscope (Zeiss). 

The scan module was directly coupled with the Spectra-Physics Ti:sapphire 

broadband mode-locked laser (Mai-Tai) tuned to 910 nm for 2-photon excitation. 

Emitted light was detected by internal photomultiplier tubes (PMTs) of the scan 

module with the pinhole entirely opened. The imaged dendrites and astrocytes 

were typically within 100 1Jm of the pial surface and therefore in layer I. To 

monitor structural changes, three-dimensional (3D) time-lapse images were 

taken at 1.0 1Jm increments, using 3x optical zoom, resulting in a nominal spatial 

resolution of 13.65 pixels/IJm (12 bits/pixel, 1.26 IJS pixel time) across a 75x75 
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f.Jm imaging field or at 2.0 f.Jm increments with 0.7x optical zoom, resulting in a 

nominal spatial resolution of 3.19 pixels/f.Jm (8 bits/pixel, 2.51 f.JS pixel time) 

across a 318x318 f.Jm imaging field. The same individual astrocytes were 

successfully imaged before and after TBI although the entire peri-contusional 

area experienced dramatic swelling. This imaging was achievable due to the 

relatively large size of astrocytes and sparse EGFP expression, labeling only a 

small fraction of astroglia. Therefore, individual image stacks of astrocytes were 

taken before and 0.5 h after TBI, and time lapse imaging continued in 0.5 h 

intervals. It was much more technically challenging to find the same dendrites 

before and after injury in the neuropil with a high density of YFP labeled neuronal 

components because they were shifting out of register in 2-dimensional space 

due to swelling. Moreover, due to changes of optical properties in some regions 

of the tissue, it was difficult to reliably predict which peri-contusional areas would 

remain accessible for high resolution imaging of small dendritic structures. 

Therefore, we obtained the baseline image stacks of dendrites at 0.5 h after TBI, 

and starting 1 hour after TBI, time lapse imaging was performed in 1 hour 

intervals. 

Once shifting of the focal plane occurred, the field of focus was adjusted 

and re-centered prior to acquiring the next image stacks (Risher et al 2009; 

Risher et al 201 0). The blood flow was imaged in a repetitive line scan mode 

(1000 lines per scan) along the central axis of a capillary (1.15 mslline, 0.2 
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J.Jm/pixel, 8 bits/pixel, 4.57 IJS pixel time). Data acquisition was controlled by 

Zeiss LSM 510 software. 

Image analysis 

An LSM 510 Image Examiner (Zeiss) was used together with NIH lmageJ 

(http://rsb.info.nih.gov/ij) for 2PLSM image analyses and processing. A median 

filter (radius=2) was applied to images in figures to reduce photon and PMT 

noise. Dendritic beading was identified as the appearance of rounded regions 

extending beyond the diameter of the parent dendrite, separated by "interbead" 

segments. Since axial resolution of 2PLSM is relatively poor (- 2 J.Jm), two

dimensional Maximum Intensity Projections (MIPs) of image stacks were used to 

assess relative changes in the area of astroglial soma, as was described before 

(Andrew et al 2007; Risher et al 2009). In some cases, the astroglial processes 

made distinguishing the soma boundary impossible in the MIP image, so the 

slice with the largest soma area in the image stack was used. Multiple 

techniques were used to measure relative volume changes. 1) Images were 

digitally traced by hand to measure area of soma profiles at different 

experimental points and then were compared for significance. 2) Subsequent 

images were pseudocolored red and green and overlayed to reveal different 

areas that remained red or green in contrast to yellow overlapping areas. 3) 

Control outlines were created and filled to create a mask which showed areas of 

swelling when overlaid on post impact images. 4) Images were filtered with a 
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median filter, background subtracted, and thresholded using lmageJ. The 

thresholded image with the astrocytic soma was then measured with the Analyze 

Particles function in lmageJ. All four methods yielded similar results. The 

velocity of red blood cells (RBCs) was measured from a space-time image 

formed by a stack of line scans along the central axis of a capillary where moving 

RBCs are seen as dark bands (Kleinfeld et al 1998). The sign and the inverse of 

the slope of these bands reflect the direction of flow and speed. The velocity of 

RBCs is calculated as {ill</lit), where L\x is the average distance between bands 

at a fixed time and lit is the average time between bands at a fixed position. 

In order to quantify the amount of beading that occurred in an imaging 

field, a technique that was used previously (Murphy et al 2008b) was applied to 

give a percentage of beaded dendrites at a given time point. Briefly, image 

stacks were converted to maximum intensity projections, and then the 

percentage of blebbed dendrites were scored in 20 J.lm squares that were 

superimposed over the images using lmagej. Each box was scored as beaded if 

there were any evidence of the characteristic dendritic blebbing as had been 

reported by Zhang et al., 2005 (Zhang et al 2005). Otherwise the box was 

counted as not beaded. Only boxes with dendrites in them were counted. 
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Cerebral blood flow (CBF) measurements 

Two-dimensional maps of CBF with high spatiotemporal resolution were 

acquired by laser speckle imaging as described elsewhere (Dunn et al 2001; 

Risher et al 2010; Sigler et al 2008). Briefly, the cortical surface was illuminated 

through Edmund Optics anamorphic beam expander by a 785 nm StockerYale 

laser at an angle of -30° and imaged with a 4x/0.075 NA objective (Zeiss). The 

Zeiss AxioCam MRm CCD camera controlled by AxioVision software (Zeiss) was 

used to capture 150 images at 13 Hz with 20ms of exposure time. Individual 

images of variance were created from raw speckle images by using two

dimensional variance filtering (3x3 pixel kernel size, 3.23 ~m/pixel) function of 

lmageJ. Individual 32-bit images of the standard deviation were calculated by 

taking the square root of the variance images. An image of laser speckle contrast 

(k) was obtained by dividing the standard deviation image by the mean of each 

raw image and then averaging the stack to obtain a single image. Alternatively, 

real time speckle imaging was employed using custom written LabView (National 

Instruments, Austin, TX) software downloaded from the Choi Lab website 

(http://choi.bli.uci.edu/software/realtime_lsi.html) and modified for use with the 

Zeiss AxioCam MRm camera using the AxioCam SDK 7.3 (Zeiss). The software 

processes about 6 fps in our setup using the NVIDIA Quadro FX 1700 graphics 

card CUDA on the graphics processing unit, processing each image with a 5 x 5 

pixel sliding window (Yang et al 2011) for immediate display. Images were 
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recorded using Camtasia Studio 7 (TechSmith, Okemos, Ml) software and could 

also be individually saved as 32 bit images for image analysis. 

Conventional laser Doppler recordings of CBF were conducted in wild

type mice using the PeriFiux 5000 system (Perimed PF5010 laser Doppler 

perfusion monitoring unit) equipped with small (1 mm diameter) Probe 407-1 

(Perimed) and PeriSoft analysis software. The probe was positioned at 

stereotaxic coordinates -1.0 mm from bregma and 0. 7 mm lateral, to contact a 

coverslip sealing the optical chamber and control regional CBF was measured to 

obtain baseline values. After CCI, the craniotomy was sealed again and CBF 

was monitored continuously for 6 hours after TBI. CBF at specific time points in 

the results was calculated from average values within 1 minute. Regional CBF 

was expressed as a percentage of baseline values. 

E/ectrophysiological recordings and Spreading Depolarization induction 

The cortical surface potentials were recorded with a glass microelectrode 

(filled with 0.9% NaCI, resistance 1-2 MO) inserted through a small opening in a 

coverslip into the peri-contusional area within layer I of somata-motor cortex. 

The Ag/AgCI pellet reference electrode (A-M Systems) was installed under the 

skin above the nasal bone. Signals from a MultiCiamp 700B amplifier were 

filtered at 1 kHz, digitized at 10 kHz with a Digidata 1322A interface board, and 

analyzed with pCiamp 9 software (Molecular Devices). In order to induce 

spreading depolarizations, a micropipette (tip diameter 2-3 J.lm) was placed into 
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the cortex to a depth of 200-300 ~m. 2-3 mm from the recording site. The 1 M 

KCI was pressure injected (Picospritzer, Parker) to deliver approximately 50 nL of 

KCI. 

Behavioral test 

In chronic experiments for behavioral testing, mice were anesthetized by 

an IP injection of Avertin (0.015 mUg) before CCI. To assess vestibulomotor 

function, beam walk tests were performed at 4 different time points, i.e., before 

TBI, 1, 3, and 7 days after TBI. The procedures for beam walk test followed 

protocol adapted from (Feeney et al 1982). Mice were trained to escape a bright 

light and loud white noise by traversing a narrow wooden beam (50 em length, 6 

mm wide) to enter a darkened glove box at the opposite end of the beam. During 

training and testing, the mouse was placed at the end of the beam close to the 

source of light and noise. The light and noise were terminated when the mouse 

entered the glove box at the other end of the beam. Performance was rated on a 

seven-point scale as described previously (Masuda et al 201 0), 1) unable to 

traverse the beam and unable to place the left hindlimb on the horizontal surface 

of the beam; 2) unable to traverse the beam, but places the left hindlimb on the 

horizontal surface of the beam; 3) traverses the beam while dragging the left 

hindlimb; 4) traverses the beam and at least once places the left hindlimb on the 

horizontal surface of the beam; 5) traverses the beam and uses the left hindlimb 

in less than half of its steps along the beam; 6) traverses the beam and uses the 
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left hindlimb in more than half of its steps along the beam; and 7) traverses the 

beam with no more than two foot slips. Training trials were ·continued until the 

mouse traversed the beam with a score of "7" on three consecutive trials, after 

which sham operation or CCI was initiated a day later. The data for each daily 

session consisted of the best of three trials. 

Histology 

After TBI at 8, 24, 48, and 72 h, a subset of wild-type mice were 

anesthetized with urethane and perfused with 25 ml of cold PBS, followed by 25 

ml of 4% paraformaldehyde (Electron Microscopy Sciences) in phosphate buffer. 

The brains were removed and post-fixed in the same fixative for 36 h. Coronal 

sections were cut at a thickness of 100 IJm with a vibrating blade microtome 

(VT1000S, Leica Instruments), mounted with distilled water onto gelatin-coated 

slides, dried overnight, and then hydrated through graded alcohols to distilled 

water. For hematoxylin and eosin (H&E) staining, sections were stained with 

hematoxylin (Fisher Scientific) for 15 minutes and then rinsed in distilled water for 

20 minutes. Sections were then stained with eosin-phloxine solution (Thermo 

Fisher Scientific) for 2 minutes, dehydrated, cleared with xylene (Fisher 

Scientific) and mounted on the microscope slides for further examination using 

the Aperio ScanScope CS digital slide scanner with the Olympus 20x/0.75 NA 

Plan Apo objective. For Fluoro-Jade staining, sections were placed into a solution 

of 0.06% KMn04 for 15 min, rinsed in distilled water, and then stained with 
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0.001% Fluoro-Jade solution (Histo-Chem) for 30 min. Sections were then rinsed 

in distilled water, dried, cleared with xylene, and mounted on the microscope 

slides with DPX (Aldrich) mounting media for further examination using the Zeiss 

LSM 510 system with the Zeiss 1 Ox/0.30 NA objective. 

Statistics 

SigmaStat (Systat) was used for statistical analyses. One-way RM ANOVA 

followed by the Tukey test or a paired two-tailed t-test was used to compare 

group means for parametric data.Kruskai-Wallis ANOVA on Ranks or Friedman 

RM ANOVA on Ranks followed by the Student Neuman-Keuls or Tukey test was 

used to compare the median values for nonparametric data. The significance 

criterion was set at P<0.05. Data are presented as mean±s.e.m. 



Results 

TBI for in vivo imaging induced by mild cortical impact 

Because of limitations (the imaging area must be clear of anything that will 

obstruct the objects of interest) inherent using two photon imaging in these 

experiments, a model must be carefully selected that allows imaging in the 

cortical area just outside the location of the impact. Initially impact parameters 

were used similar to those in other models reported previously (Deng et al 2007; 

von Baumgarten et al 2008; Xiong et al 2008), but the bleeding that followed was 

too great to allow imaging around the site of injury. Reducing the impact depth 

from approximately 1.0mm to 0.1 mm allowed for imaging of the area surrounding 

the impact while still causing a measurable injury. No spontaneous spreading 

depolarizations were recorded in the peri-contusional area in 18 animals, in 

which we proceeded to record the DC potential after impact and removal of any 

blood. This outcome could be attributed to the impact depth, because in other 

studies, where a 750 IJm impact depth was used (von Baumgarten et al 2008), 

spontaneous spreading depolarizations were always recorded immediately 

following impact and sometimes in the following hours. In order to validate that 

the model would produce functional deficits found in TBI, we investigated the 

tissue damage and motor deficit of our mild TBI. The mild cortical impact resulted 
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Mild motor deficit in 
Beam Walk Test 

7 
• sham • TBI 

0 
pre day1 day3 day? 

48 

N=6 for sham; N=6 for TBI 

Figure 11. Mild cortical impact resulted in localized cortical damage that could 
be imaged with 2PLSM. A, Camera image of cortical impact site over 
somatosensory and motor cortex. TBI was induced by controlled cortical impact 
from a pneumatic impactor. A 2.0 mm flat face tip with a strike velocity of 5.0 m/s, 
strike depth of 0. 1 mm, and impact duration of 100 ms resulted in mild damage 
localized to the cortex. A sealed glass coverslip contained the effects of edema 
and allowed for 2 photon imaging. B, Hematoxylin-Eosin stained section of 
ipsilateral cortex. The tissue damage was localized to the cortex and did not 
extend down to the hippocampus. Mice were perfusion fixed 8 hrs after TBI. C, 
Coronal section 1 OOJ.lm thick with fluorojade staining shows dying neurons in all 
layers of the cortex but not extending into the hippocampus. Mouse was 
perfusion fixed 48 hours after TBI (cortical surface is on the left and hippocampus 
is on the right) . D, Summary of 12 animals showing scores of Beam Walk Test. 
Beam Walk Test was performed at 4 time points: before TBI, day 1, day 3 and 
day 7 after TBI. TBI (n=6) resulted in mild motor dysfunction with significant 
difference compared to sham (n=6) at day 1, day 3, and day 7 after TBI/sham 
operation. * indicates significant difference compared to the sham at each time 
point (P<0.05, Kruskai-Wallis ANOVA on ranks followed by Student-Newman
Keuls Method) 
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in localized tissue damage with less bleeding compared to the damage from 

greater impact depth used previously in our initial trials (Fig. 11A) (data not 

shown) (Deng et al 2007; Xiong et al 2008). 

Histological analysis was performed on the murine brain harvested at 8 

hours and 2 days after TBI. Hematoxylin-Eosin stained sections showed that 

tissue damage was localized to the cortex at 8 hours after TBI (Fig. 11B). 

Fluorojade is an anionic tribasic fluorescein derivative that is used to stain dead 

and dying neurons undergoing a variety of cell death pathways such as 

apoptosis and necrosis (Schmued et al 1997). Staining with fluorojade revealed 

that at 48 hours there was a population of dead and dying cortical neurons that 

were labeled beneath the site of impact, but no neuronal labeling was seen in the 

underlying hippocampus (Fig. 11C). 

Behavioral testing was performed before TBI and 1, 3, and 7 days after 

TBI to assess the functional deficit from the cortical impact to the ipsilateral 

somatosensory and motor areas. The score of the Beam Walk Test revealed a 

significant deficit in the TBI administered animals compared to sham at days 1, 3, 

and 7 (P<0.05, Fig. 11 D). We were not able to assess a functional deficit with 

the Beam Walk Test immediately after impact because the mouse was still under 

anesthesia. Because of the damage noticed by histological sectioning and the 

Beam Walk Test, we reasoned that our modified TBI model was a valid one that 

reflects cortical damage. 
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Blood flow loss in the peri-contusional area 

Once our modified model was validated, we used a combination of 

histological techniques, laser Doppler flowmetry, and laser speckle flowmetry to 

verify the condition of the blood flow in the peri-contusional area. We used Texas 

Red dextran injected animals to further elucidate the condition of the blood flow 

around the damaged cortex (Fig. 12A). Using coronally cut histological 

sectioning of the Texas Red dextran infused brains 8 hours after TBI, we were 

able to see where the fluorescent Texas Red dextran (injected before impact) 

was trapped in stalled vessels surrounding the impact. Laser Doppler flowmetry 

gave a blood flow average across the 1 mm laser Doppler tip diameter in the peri

contusional area for 6 hours after impact. The percent of average blood flow was 

decreased by about 30% (Fig. 128), showing a significant difference at 1.5 to 3 

hrs and 4.5 to 6 hrs compared to the control (100% ± 0) before TBI, (P<0.05, 

One-way repeated measures ANOVA followed by Tukey test). Since 

conventional laser doppler flowmetry has limited spatial resolution, a series of 

laser speckle images were used to create 2D maps of cortical vasculature. 

Blood flow appeared normal across the entire cortical surface in control 

conditions but at 1 and 2 hours post impact, the blood flow was completely 

stalled in the impact area (Fig 12C). 

Dendritic beading in peri-contusional area 

With the stalled vessels in the peri-contusional area, it seemed plausible 

that acute ischemic damage would develop in the region, so we imaged the peri-
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Figure 12. Decrease of blood flow in peri-confusional area confirmed by 
several methods. A. Example of histological sectioning of Texas Red stagnated 
blood vessels in the peri-confusional area, showing loss of blood flow. Texas Red 
Dextran was injected into the tail vein before TBI to visualize blood vessels. Mice 
were perfused 8 hours after TBI and Texas Red Dextran was flushed from flowing 
blood vessels, resulting in areas where Texas Red had stagnated in vessels 
without flow. B. Summary from 6 animals, showing the blood flow in peri
confusional area measured by Laser Doppler Blood Flowmetry. TBI resulted in 
mild decrease of blood flow in peri-confusional area as averaged over cross 
sectional area of 1. 0 mm diameter Laser Doppler tip. * indicate significant 
difference compared to before TBI (P<O. 05, One Way Repeated Measures 
Analysis of Variance followed by Tukey test). C. Grayscale image sequence of 
laser speckle contrast reveals surface BF directly below the craniotomy, with 
regions of high-velocity BF appearing dark. The primary impact area without BF 
(asterisk) with adjacent hypoperfused peri-confusional cortex (arrow) is shown at 
1 h after TBI. Surface blood flow (down to approximately 500-600J1m) almost 
completely stalled in the impact area. 
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contusional area to track changes in dendritic morphology. The peri-contusional 

area was defined to be within 1..0 mm from the border of the primary insult area 

that was subject to secondary damage after T81. The dendritic structure in this 

area was imaged for up to 8 hours post impact. Surface cortical tissue in the peri

contusional area retained a relatively normal appearance immediately after 

impact, with a small amount of bleeding in the cortex (Fig. 13A). In vivo 2-photon 

imaging with low magnification, showed that the peri-contusional area contained 

many dendrites with a normal appearance at 0.5 hours after T81 (Fig. 138 left). 

However, most of dendrites in the peri-contusional area had beaded by 4 hours 

after T81 (Fig. 138 right). Under high magnification, 2PLSM showed that most of 

the dendrites retained a normal appearance at 0.5 hours after T81 (Fig. 13C, 0.5 

hr). Time lapse imaging showed dendritic beading progression in the next 6 

hours (Fig. 13C, 1 hr - 6 hrs) with the characteristic "beads-on-a-string" 

appearance of damaged dendrites (Hori & Carpenter 1994; Hsu & 8uzsaki 1993; 

Risher et al 2010). Quantification of 2PLSM image series in 5 animals revealed 

the progression of dendritic beading as a function of time showing a significant, 

progressive increase in beading up to 8 hours vs control images showing 

undamaged dendrites (Fig. 130). 

Blood flow loss preceded dendritic beading 

Next, we decided to look at the timing between blood flow stall and 

changes in dendritic morphology. Once the impact area was cleared of any 

blood, facilitating imaging, the extracellular field potential in the peri-
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Figure 13. Dendritic beading develops slowly in the peri-confusional area in 
the absence of spreading depolarizations. A. Camera image of peri-confusional 
area showing impact site and surrounding (normal appearing) cortex. Relatively 
normal appearance of cortex was retained 30 minutes after TBI in the peri
confusional area. The inset indicates the area shown in (B). B. Maximum
intensity projections of YFP-positive dendrites of cortical neurons in peri
confusional area (from 50 z-stack images with 2 pm step) at 30 minutes (left) and 
4 hours (right) after TBI, showing dendritic beading under low magnification at 4 
hours after TBI. The inset indicates the area shown in (C). C. Maximum-intensity 
projections of YFP-positive dendrites of cortical neurons in peri-confusional area 
under high magnification (from 10 z-stack images with 1 pm step) at 0.5, 1, 2, 3, 
4 and 6 hours after TBI, showing the slowly progressing dendritic beading. D. 
Summary showing increasing beading percentage with time after cortical impact. 
By 8 hours dendrites are nearly 100% beaded. Beading values are based on 
manually scored beading percentage in imaging fields using a 6x6 grid (Chen et 
a/ 2011) in 5 animals at 1, 2, 4, 6, and 8 hours. Asterisks indicate significant 
difference from control (*P<0.05, ***P<0.001 by one way RM ANOVA followed by 
Tukey test). · 
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contusional area was monitored (data not shown) in several trials, but we were 

not able to successfully record a spreading depolarization, explaining the 

progressive dendritic beading. To better image the area surrounding the impact, 

a mild (instead of more severe) injury was delivered, which likely caused failure 

of the development of spontaneous spreading depolarizations. Therefore, we 

postulated that ischemia in the peri-contusional area was responsible for the 

changes in dendritic morphology. To test this hypothesis we monitored dendritic 

beading and local blood flow in the peri-contusional area using in vivo 2-PLSM to 

investigate the relationship between blood flow and dendritic beading. The time 

course of nearby capillary flow and dendritic beading (where we were able to 

view a flowing vessel before and after stalling) was shown in Fig. 14C. Line scan 

imaging along a capillary (Figs. 14A, 4C arrow) showed the movement of RBCs 

as angled dark bands in the column as single, non-fluorescent RBCs flowed 

through the capillary. In this example, the decrease of the RBC velocity was 

observed at 2 hours after TBI (Fig. 148). Dendrites in the area retained a normal 

appearance at 1 hr after TBI but started progressive beading after the blood flow 

loss. Another example of progressive dendritic damage is shown in Fig 140. 

Initial imaging after cortical impact revealed stalled vessels in the entire imaging 

field which was typical for most animals after cortical impact. Only rarely were 

we able to image vessels as they slowed and finally stopped flowing. More 

commonly, the vessels were stalled from the beginning (Fig. 140), and dendritic 

beading (likely due to ischemia) developed within 45 minutes of the initial 

imaging. When the beading percentage is plotted against 
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Figure 14. Loss of blood flow preceded dendritic beading in the peri
contusional area. A. Maximum-intensity projections of YFP-positive dendrites of 
cortical neurons in the peri-contusional area (from 30 z-stack images with 1 Jlm 
step) at 1, 2, 3,and 4 hours after TBI, showing that dendritic beading progressed 
after complete loss of blood flow. Arrow indicates the position and direction of line 
scan for the RBC velocity measurement. B. Examples of capillary line scan in 
the peri-contusional area shown by arrow in (A) at 1 hour (left) and 2 hours (right) 
after TBI, showing blood flow loss. Vessels were scanned 1. 15 msec per line for 
1000 cycles. The inset in the left column shows characterization of RBC flow. The 
inverse of the slope of these bands is proportional to the instantaneous RBC 
velocity calculated as MM (inset). sb=10 Jlm wide, 100 msec vertical. C. The 
RBC velocity in the peri-contusional area shown by arrow in (A) after TBI, 
showing blood flow loss in the area. Complete loss of blood flow was observed, 
in this case, by 2 hours and never re-started. D. Max-intensity projections of 
YFP-positive dendrites in peri-contusional area at 55 and 99 minutes after impact 
(low magnification images above with high magnification of highlighted area 
below). All vessels in low magnification images appeared to be stalled at 55 and 
99 minutes when measured by line scan (data not shown). E. Summary showing 
beaded dendrite percentages in imaging field as a function of when the blood 
flow was first measured as being stalled. The values are based on manually 
scored beading percentage in 3 animals at 1 and 2 hours after blood flow had 
stalled. Asterisk indicates significant difference of percent dendrites beaded from 
when the blood vessels had stalled (*P<0.05 by one way RM ANOVA followed by 
Tukey test). 
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the time after the blood flow is first seen as stalled instead of time after trauma 

(Fig. 14E), there is nearly complete (97.2±2.9%) beading of the dendrites in the 

imaging field within the following hour. 

Spreading depolarization induced fast beading and recovery of dendrites 

around impact 

It has been shown previously that spreading depolarizations occur 

spontaneously after traumatic brain injury and ischemic stroke in human patients 

(Hartings et al 2011 ), an ischemic stroke model in mice (Risher et al 201 0), and in 

a moderate to severe CCI mouse model (von Baumgarten et al 2008). 

Recordings of the DC potential in our mild CCI mouse model in the peri

contusional area revealed no spontaneous spreading depolarizations after the 

CCI. Since we have a unique model for imaging dendrites and glia after TBI, we 

decided to image the changes that exist in the dendritic morphology surrounding 

the impact site by induced depolarizations. We thought that in our model, the 

damage may occur in a similar manner to the spreading depolarization induced 

damage reported clinically after TBI (Hartings et al 2011) and we could image its 

progression. Rapid beading and recovery was noticed to follow the 

depolarizations as they passed through the area starting at 49 minutes post 

impact (Fig. 15A). Because of the impact site preparations, which included 

sealing half of a cover glass over the impact site and leaving the bottom half 

open for electrophysiological recording, imaging did not 
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Figure 15. Spreading depolarizations in metabolically compromised peri
confusional dendrites undergo rapid beading and recovery until terminally 
damaged and no longer change from spreading depolarization passage. A. 
Example of 2PLSM imaging with intracellular recording in the peri-confusional 
area. Images show beading and recovery of dendrites during the first 3 
spreading depolarizations induced by pressure injecting -50 nL 1 M KG/ with 
picospritzer away from the imaging field. The recording micropipette was placed 
next to the dendrites that are being imaged. Time after CCI injury is indicated 
next to each image. B. Image series showing electrophyisiologica/ recording and 
dendrites corresponding to before spreading depolarization, during spreading 
depolarization, and immediately after spreading depolarization. After the 9th and 
final spreading depolarization passed through this cortical region, there was no 
longer a change in dendritic morphology and the dendrites appear terminally 
damaged. C. Summary from 5 animals showing significant beading occurring 
during the 151 spreading depolarization, from which the dendrites rapidly recover. 
Significant beading also occurs at all time points associated with the gth 

spreading depolarization, which do not appear to change with spreading 
depolarization passage. (***P<0.001 by one way RM ANOVA followed by Tukey 
test). 
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start until 30-40 minutes after cortical impact. Each spreading depolarization was 

accompanied by a rapid cycle of beading and recovery that was approximately 2 

minutes in duration. After the first spreading depolarization propagated through, 

the beaded dendrite regained its structure, and the potential recovered back to 

baseline. As successive spreading depolarizations propagated through the 

imaging area, beading was less noticeable and there was less structural 

recovery. By the final (in this instance, the gth depolarization, when the dendritic 

morphology no longer appeared to change) spreading depolarization in this 

example (Fig. 15B), there was almost no noticeable difference between the 

before depolarization, during depolarization, and after depolarization conditions. 

This outcome was recognized as terminal damage. Beading quantification using 

the 6 x 6 square grid method described in the methods section, showed a 

significant increase (P<0.001, n=S) during the 1st spreading depolarization vs 

before and after the 1"1 spreading depolarization, respectively (Fig. 15C). 

Similarly, all 3 time points for the glh and final spreading depolarization (before, 

during, and after spreading depolarization) showed that beading was significantly 

increased (P<0.001, Friedman RM AN OVA on Ranks followed by SNK test for 

multiple comparisons) compared to before and after the initial spreading 

depolarization. 
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Impact causes astrocytic swelling in peri-contusional cortex reflecting 

edema 

Another question that we wanted to address was what happens to the 

astrocytes in the peri-contusional cortex after impact, because astrocytic swelling 

has previously been identified as a cause of injury and a target for therapy after 

TBI (Kimelberg 1992; 2005). A series of control images of astrocytes were taken 

at a depth of about 60-80J.Jm in layer I of the somatosensory and motor cortex 

before impact. Additionally, we imaged a series of line scans of nearby 

capillaries to record the basal level of blood flow under pre-impact conditions. 

After the impact and sealing of the cover glass, we were able to find the same 

astrocytes again and imaged them for up to 24 hours, allowing for direct 

comparison against control soma sizes. Images of 7 astrocytes in 5 animals 

showed rapid astrocytic swelling at 30 and 60 minutes post impact (Figs. 16A 

and B). The soma area increased 30.4% ± 9.1% at 30 minutes (P<0.01, Fig. 

16C) and 46.6% ± 8.9% at 60 minutes (P<0.01, Fig. 16C). We noticed that there 

was little or no stalling of the local capillaries when measured by line scan 

imaging. While there was a significant reduction in local capillary flow (P<0.05, 

Fig. 160), the blood flow was not reduced to ischemic levels that were shown to 

cause dendritic damage. Additionally, astrocytes were seen to remain 

significantly swollen at 24 hours (Fig. 17A). The soma cross sectional area 

increased an average of 23.8% ± 6.1% at 24 hours (P<0.001, Fig. 178) in 10 

astrocytes from 3 animals. Interestingly, one recorded instance showed that 

imaging multiple astrocytes in the same field at 1 hour and 24 hours after CCI 
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lead to different outcomes in individual cells adjacent to one another (Fig. 18). 

Two of the astrocytes swelled at one hour while one did not, and by 24 hours 

after cortical impact, one remained swollen while the others were not. 
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Figure 16. Cortical impact causes astrocytic swelling in peri-confusional cortex 
reflecting edema. A, B. Astrocytic swelling examples at 30 and 60 min, 
respectively, following controlled cortical impact as a result of edema showing 
30.4% and 46.6% increase in cross sectional area, respectively. C. Summary of 
30 and 60 min. time points following cortical impact showing an increased 
astroglial cross sectional soma size. Areas are percent change compared to 
control area (100%) from 7 astrocytes in 5 animals. Asterisks indicate significant 
difference from control (**P<0.01 by one way RM ANOVA followed by Tukey 
test). D. Graph showing significant decrease in blood flow velocity at 1 hour 
after impact compared to control as measured by line scans of local vessels 
(*P<0.05 by paired t-test, n=7). Note, however, that blood flow never completely 
stalled and significant astrocytic swelling was still apparent. 



B 

55 

so 

N 
45 

E 
::s. 40 

35 

30 

Astrocyte Cross Sectional 
Area After TBI 

*** 

before impact 1st hour after 24 hours after 
impact impact 

66 

Figure 17. Astrocytic swelling before, 1 hour, and 24 hours after cortical 
impact. A. Image sequence showing astrocytes and blood vessels in control, 1 
hr and 24 hrs after TBI. In this example, astrocytes were swollen at 1 hr post TBI, 
regardless of whether there was a nearby flowing vessel. Astrocyte remained 
swollen at 24 hr (-70% increase in the cross-sectional soma area) while blood 
vessel nearby was flowing as indicated by striped image of capillary. B. Graph 
shows significant increase in soma cross sectional area at 1 hour and 24 hours 
after cortical impact (*P<0.05, ***P<0.001 by one-way RM ANOVA, n=10 in 7 
animals). 
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stalled stalled 

Figure 18. Example of astrocytic swelling in the peri-confusional area after 
mild TBI reflecting edema. A. Image sequence showing 3 astrocytes and 
surrounding blood vessels in control, 1 hr and 24 hrs after TBI. Two of the three 
astrocytic somas were swollen at 1 hr post TBI. The astrocyte next to the stalled 
vessel (arrow) remained swollen at 24 hrs but the two other astrocytes closer to 
the flowing blood vessels have recovered in this example. 



DISCUSSION 

We applied real-time 2PLSM to an in vivo TBI model in order to determine 

pathophysiology of secondary injury around the site of impact. A mild cortical 

impact model was modified to reduce bleeding that would prevent in vivo 

imaging. The tissue damage was localized to the cortex and a motor deficit was 

observed for 7 days after TBI. In vivo 2PLSM showed slowly progressing 

dendritic beading in the peri-contusional area, in the absence of spreading 

depolarizations, and rapid beading and recovery until terminal dendritic damage 

when spreading depolarizations were induced using 1 M KCI. LDF in a 1 mm 

diameter region showed a mild decrease of blood flow in the peri-contusional 

area while line scan imaging of individual vessels revealed progression of 

dendritic damage around those that stalled completely. Simultaneous 

observation of capillaries and dendrites showed that significant dendritic beading 

started after blood flow loss during the acute phase (first 8 hours) after cortical 

impact and within the first hour after blood flow stall. 

Mild TBI model 

When conducting in vivo imaging, bleeding on the brain surface after TBI 

was one of the biggest obstacles to monitoring the progression of secondary 
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damage. In our preliminary study, using parameters reported in previous studies 

(Deng et al 2007; Xiong et al 2008), bleeding on the brain surface prevented in 

vivo imaging for hours (data not shown). Therefore we used a modified TBI 

model to reduce subdural brain hemorrhage. Histological analysis showed the 

tissue damage was localized in the cortex, suggesting our TBI model is milder 

than other models reported previously (Deng et al 2007; Xiong et al 2008). 

However, behavioral tests showed significant motor deficit after TBI, suggesting 

that our model was useful to investigate microscopic pathophysiology of TBI as it 

developed. 

Blood flow loss in the peri-contusional area 

In our study, Texas Red stagnated blood vessels were observed in peri

contusional cortex at 8 hours after TBI, suggesting that blood flow in the peri

contusional area decreased at an early stage. LDF showed that a significant 

decrease of blood flow occurs within 90 minutes in the peri-contusional area. 

However, two-photon in vivo imaging of individual blood vessels showed blood 

flow loss within 30 minutes in the peri-contusional area in some cases (data not 

shown). Therefore, the brain edema may not completely explain this blood flow 

loss in the very early stage after TBI. One of the other mechanisms underlying 

blood flow loss is micro-thrombosis. In brain trauma, abnormal platelet activation 

has also been reported and may participate in the pathogenesis (Dietrich et al 

1998; Dietrich et al 1994; Maeda et al 1997). Micro-thrombosis has also been 
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reported in the peri-contusional area (Maeda et al 1997). Importantly, these 

areas of prominent platelet accumulation were associated with severe reductions 

in cerebral blood flow. Thus, TBI-induced vascular injury resulting in local platelet 

thrombosis and focal perfusion deficits may lead to cerebral ischemia under 

some traumatic conditions (Bramlett & Dietrich 2004). These complex 

mechanisms including edema and micro-thrombosis participate in cerebral 

ischemia after TBI and help to explain the spatiotemporal course of secondary 

damage that we observed. 

Progressive dendritic beading in peri-contusional area after TBI 

In our study, progressive dendritic beading was observed over a wide area 

after TBI within 8 hours, reflecting secondary injury in the peri-contusional area in 

our model. Cerebral ischemia has long been discussed as a secondary injury 

mechanism that participates in brain injury after TBI (Bouma et al 1991). Some 

debate exists whether ischemia causes neuronal damage after TBI or whether 

metabolic compromise leads to reduced blood flow, as evidenced by combined 

PET and microdialysis studies (Vespa et al 2005; Vespa 2006). The present 

investigation does not attempt to settle the debate but does lend direct 

supporting evidence that ischemia is a major factor in cellular damage in the 

acute phase after TBI. One of the major mechanisms of blood flow loss has 

been thought to be an increase of intracranial pressure (ICP) from tissue edema 

(Nortje & Menon 2004). Since the cerebral perfusion pressure (CPP) = mean 
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arterial pressure (MAP) - intracranial pressure (ICP) (Greve & Zink 2009), 

increasing ICP outside of the small range of brain compliance can quickly 

translate to a drop in CPP below ischemic levels (-50 mm Hg) (Greve & Zink 

2009). After TBI, edema in the ipsilateral cortex begins early at 1-6 h, is maximal 

at 48 h, and is resorbed by 5-7 days in a rat moderate fluid percussion model 

(Bareyre et al 1997). The time course of dendritic beading in our study was 

consistent with the time course of edema formation after TBI, and is shown to be 

responsible for increased intracranial pressure, suggesting that local ischemia 

induced by tissue edema resulted in dendritic beading by causing the 

microvasculature to stall. A hemicraniectomy, which has become a standard 

treatment after TBI (Bullock et al 2006), reduces the ICP that develops under the 

skull and allows the microvasculature to continue to flow, thus providing neurons 

the energy that they need to remain functional. We speculate that vasogenic 

edema in the site of injury and the tissue swelling against the cover glass raises 

the ICP and is responsible for blood flow loss. During development of the animal 

model, the cover glass was sealed with a pliable sealant which allowed for 

swelling of the cortical tissue out of the craniotomy. Incomplete sealing of the 

cover glass may have acted in a similar manner to a decompressive 

hemicraniectomy in which a large portion of the skull is removed to decrease ICP 

and maintain cerebral blood flow (CBF), which is routinely conducted after brain 

trauma (Maas et al 2008). Blood flow stalling was not seen when the cover glass 

was not rigidly fixed, acute dendritic damage did not occur, and a large shift in 

the optical field was also noted. Once the dental cement was used to rigidly seal 
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the craniotomy and preserve the effect of edema, blood vessels were seen to 

stall and dendritic beading followed. We think this model closely approximates 

secondary damage progression that occurs after closed mild impact brain 

trauma. 

Blood flow loss precedes dendritic beading 

Dendritic beading has been reported in the ischemic condition (Hori & 

Carpenter 1994; Zhang et al 2005) and is a reliable indicator of a loss of fine 

synaptic circuitry (Douglas et al 2011 ). Recent studies using in vivo 2PLSM 

imaging showed dendritic beading after local blood flow loss in an ischemic 

mouse model using photothrombosis (Zhang et al 2005). Dendritic structure and 

neuronal function require a constant supply of energy to maintain normal 

physiological process, and when the supply of energy is interrupted, functional 

and morphological changes occur, which can lead to irreversible damage if not 

restored. Energy deprivation during ischemia can alter the distribution of the free 

G-actin pool and stimulate irregular F-actin formation (Atkinson et al 2004), thus 

leading to dendritic beading (Gisselsson et al 2005). The neuronal plasma 

membrane typically has low water permeability which protects it from abrupt 

changes in osmolarity, but during conditions of ischemia, depolarizations can 

occur which allow the entry of water and dendritic swelling (Andrew et al 2007; 

Risher et al 2009). The molecular pathways by which water moves through the 

osmotically tight neuronal compartment at ischemic onset are not well 
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understood. Perhaps hemichannels or other large pore conductance channels 

open in response to ischemic stress and depolarization, allowing the bulk entry of 

water (Anderson et al 2005; Thompson et al 2006). Transporters may also be 

responsible for water accumulation as well as recovery when water might be 

quickly translocated from neurons by co-transport proteins (MacAulay & Zeuthen 

2010). Ultimately, permanent dendritic beading with spine loss are signs of acute 

terminal injury when energy stores are compromised (Andrew et al 2007; Davies 

et al 2007; Enright et al 2007; Obeidat et al 2000; Zhang et al 2005). In our 

simultaneous observations of capillaries and dendrites, we have shown that there 

is a strong correlation between dendritic beading following blood flow loss by 

time after impact (Fig. 130), but more importantly, time after blood flow stall (Fig. 

14E). Therefore, we conclude that decreased local blood flow is responsible for 

the dendritic beading that develops in the peri-contusional area after TBI (Zhang 

et al 2005). A future direction of study would include measuring oxygenation 

levels with an 02 sensitive phosphorescent probe (Finikova et al 2008) or oxygen 

sensing electrode (Takano et al 2007) to determine microregional levels of tissue 

oxygenation and to make comparisons between tissue oxygenation in situ and 

changes in cellular structure. 
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Spreading Depolarization propagation through metabolically compromised 

peri-contusional area causes terminal dendritic damage 

Spreading depolarization has been defined as a voltage shift of the 

ultraslow ECoG potential to near OmV caused by a large, nonspecific inward 

current (Na•, cr, and Ca2
• influx, K+ efflux) (Somjen 2001 ). Prolonged 

depolarization by recurring spreading depolarizations is detrimental in 

metabolically compromised penumbra in animal models and in human patients 

(Oiiveira-Ferreira et al 201 0). If the available energy is not sufficient to maintain 

ion homeostasis, neurons remain depolarized and have a sustained overload of 

Ca2
•, resulting in irreversible neuronal injury and death (Dietz et al 2009; Somjen 

2001 ). One morphological indicator of dendritic injury following periods of 

ischemia that has been observed is dendritic beading (Hori & Carpenter 1994; 

Hsu & Buzsaki 1993), and it may be an early indication of cell death pathway 

activation (Enright et al 2007). In our experiments, spreading depolarizations 

were clearly associated with dendritic beading in the peri-contusional area and 

eventually lead to terminal dendritic beading. Dendritic beading is reversible if 

immediate reperfusion is possible after focal stroke (Zhang et al 2005), 

photothrombotic occlusion (Risher et al 201 0), or after brief global ischemia 

(Murphy et al 2008b), but repeated spreading depolarizations in metabolically 

compromised tissue eventually lead to terminal damage (Risher et al 2010). In 

the case of severe ischemia (<10% of control CBF and presumably in the 

absence of flowing vessels in an 80 1Jm radius), dendrites were beaded within 10 
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min (Zhang et al 2005). For comparison, in Risher et al. (Risher et al 201 0) and 

in Murphy et al. (Murphy et al 2008b) beading occurred within just a few seconds 

during spreading depolarization. It should be noted that under conditions of 

severe ischemia, the metabolically compromised neurons eventually will swell 

and dendrites will bead even in the absence of spreading depolarizations 

because of the influx of ions when the Gibbs-Donnan double forces across the 

membrane breaks down due to the lack of energy (Somjen 2004). Neurons will 

swell without countered outward transport by ion pumps, mainly by the Na+-K+

ATPase, as was seen after CCI when no spreading depolarizations were 

detected. In the experiments reported here, spreading depolarizations initially 

resulted in transient dendritic beading within a few seconds, thus facilitating 

acute dendritic injury in the peri-contusional region. Repeated spreading 

depolarization propagation through the peri-contusional area did not just 

accompany developing secondary damage in our TBI model but was capable of 

causing terminal damage to fine synaptic circuitry. In our mild impact model, we 

observed flowing vessels in the imaging area where spreading depolarizations 

propagated through. The flowing vessels were initially able to support the 

dendritic structure and were consistent with previous reports that a single flowing 

vessel an average of -80 IJm away would be sufficient to support dendritic 

structure, but once the spreading depolarizations propagated though, terminal 

dendritic damage occurred. Our findings give direct supporting evidence to 

suggest that spreading depolarizations exacerbate damage in metabolically 

compromised pericontusional tissue. 
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Astrocytic swelling in the peri-contusional area 

Astrocytes play a critical role in buffering extracellular potassium (Kofuji & 

' 
Newman 2004). Elevated [K1a levels lead to reversible membrane depolarization 

of astrocytes, accumulation of [K+]I, and osmotic water intake through aquaporins 

(Binder et al 2006; Manley et al 2004; Walz 1997). Elevated [K+]a is linked to 

spreading depolarizations during stroke and TBI (Hartings et al 2011; Leis et al 

2005; Vorisek & Sykova 1997; Xie et al 2008) as well as the electroneutral 

uptake of K+ and cr by astrocytes which contributes to cellular edema (Mangin & 

Kimelberg 2005). After cortical impact, water traverses brain capillaries through 

aquaporins, entering perivascular end-feet and resulting in swelling. The 

astroglial component of brain swelling at TBI onset is thought to be primarily 

mediated by aquaporin 4 (AQP4) (Amiry-Moghaddam et al 2003; Rash et al 

1998; Verkman et al 2006), and there was significantly decreased cellular edema 

in AQP4 KO mice after ischemic injury (Verkman et al 2006; Yang et al 2008). In 

the human brain, increased astroglial AQP4 protein levels were found at the 

periphery of ischemic foci, suggesting that post-ischemic up regulation of AQP4 

might exacerbate brain edema (Aoki et al 2003). Accordingly, slower dissipation 

of brain edema after TBI and stroke may result from a reduction of AQP4 in 

perivascular astrocyte end-feet in mice (Amiry-Moghaddam et al 2003; Verkman 

et al2006). 
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After controlled cortical impact, both vasogenic and cellular edema build 

around the site of injury. Mice that expressed eGFP in a subset of astrocytes 

were used to look at the effect of edema on astrocytic swelling after impact in our 

mild TBI model. Previously, in an in vivo cardiac arrest model of global ischemia 

(Risher et al 2009), astrocytic swelling was observed regardless of proximity to 

blood vessels. We used our mild TBI model to determine whether astrocytes 

swelled in a similar manner after TBI compared what has been seen in global 

ischemia. Analysis by electron microscopy previously has shown that massive 

astrocytic swelling peaks 30-40 min after injury, continuing for 3 hours to 3 days 

post injury, and endfeet swelling was capable of compressing capillaries (Bullock 

et al 1991 ). The data collected showed significant and progressive astrocytic 

swelling at 1 hour and 24 hours after impact compared to the control. There was 

no apparent regulatory volume decrease in most cases throughout the 24 hour 

period. One curious exception to this outcome was an imaging area (751Jm x 

751Jm) that contained 3 astrocyes (Fig 18). At 1 hour after impact two of the 

actrocytes swelled and by 24 hours only 1 of the 3 remained significantly swollen. 

Perhaps this outcome was due to the proximity of the swollen astrocyte to a 

stalled vessel at 24 hours, although the astrocyte in figure 7 remained swollen at 

24 hours even though it was situated next to a flowing vessel. Further study will 

need to be conducted in order to account for this phenomenon. Alternatively, 

continued astrocytic swelling was likely due to continued electroneutral uptake of 

K+ and cr, in addition to glutamate and possible membrane permeability 

(Kimelberg 1995; 2005). Persistent astrocytic swelling is thought to be harmful 
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due to a number of mechanisms such as decreased ECS size and release of 

EAAs (Kimelberg 2005), ATP release and autocrine signaling involving purinergic 

receptors causing increased intracellular Ca2
• (Thrane et al 2011) and eventually 

leading to loss of membrane integrity and plasmalemma rupture (Gurer et al 

2009). Therefore, the observed astroglial swelling after TBI is potentially a 

therapeutically relevant target for secondary damage. 



SUMMARY 

In this study we collected some of the first in vivo data that showed blood 

flow in capillaries, as well as dendritic and astrocytic morphology, after a 

controlled cortical impact. We used a variety of imaging techniques to 

investigate the two aims of this dissertation, but focused primarily on two photon 

microscopy in a transgenic mouse model, which expressed GFP in a subset of 

neurons and astrocytes. 

After rigidly sealing the cranial window, we noticed blood flow stall which 

was consistent with the time course of developing edema. Once the blood flow 

stalled, dendritic beading slowly started occurring, which was indicative of 

ischemic damage. Dendritic damage developed at different rates during the 8 

hours after cortical impact but seemed to closely proceed once stalling of 

regional vessels occurred, consistent with developing edema and a raised ICP. 

In the peri-contusional area, we induced several spreading depolarizations 

using potassium chloride to observe how spreading depolarizations affect 

dendritic morphology. We noticed that during the initial depolarizations, 

dendrites beaded and recovered rapidly; however, as more and more 

depolarizations occurred in the metabolically compromised peri-contusional area, 
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the dendrites did not fully recover. The dendrites ultimately remained in a 

terminally damaged state in which they remained beaded and swollen, not 

changing further as spreading depolarizations propagated through the area. This 

outcome seems consistent with the finding that when spreading depolarizations 

are recorded after TBI in human patients, it is often associated with a worse 

outcome. 

We also imaged astrocytes in the peri-contusional area to evaluate the 

time course and degree of swelling. Significant swelling was noticed at 1 hour 

and 24 hours after impact in the 10 astrocytes that were imaged. This continued 

astrocytic swelling was likely due to continued electroneutral uptake of K+ and cr 

, in addition to glutamate uptake and possibly swelling after membrane rupture, 

allowing bulk water influx. Astrocytic swelling likely compromises the 

homeostatic relationship with neurons, likely compromising them further after 

TBI. 

Together, imaging these cellular mechanisms of damage provides new 

insight into TBI and the progression of secondary injury. This model should 

prove useful for evaluating therapies at the cellular level as well as changes in 

blood flow after cortical impact or multiple injury modalities. 
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