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Traumatic Brain Injury (TBI) is a significant cause of death in the United States, and is the leading cause of disability in children and young adults.  Acidosis is one of the most frequent secondary brain injuries and is associated with longer Intensive Care and hospital length of stay.  This thesis investigated the interaction between a primary mechanical injury and a secondary acidosis injury using an innovative experimental TBI model consisting of organotypic cultured rat hippocampus.  Propidium Iodide imaging was used to assess percent cell death, with results tentatively suggesting an additive rather than a sensitizing interaction between TBI and acidosis.  However, analysis of the dentate gyrus indicated that there may be both regional specificity of vulnerability and regional interaction between TBI and acidosis.  Amiloride and psalmotoxin were investigated as possible neuroprotective agents, with psalmotoxin but not amiloride producing promising results for reducing cell death by acidosis.  Immunocytochemistry and Western blot techniques were utilized to confirm presence of ASIC channels in the organotypic rat hippocampus cultures, with results demonstrating presence of ASIC1a and ASIC2a in control cultures, and a decrease in ASIC1a concentration following TBI.  Dendritic spine imaging was used to explore synaptic structural changes resulting from TBI and acidosis.  The data obtained from these imaging studies suggests that following an injury dendritic spine density decreases while varicosity density increases, implying that the mechanisms of cell death for TBI and acidosis are likely not spine mediated.  Taken together, these results further our understanding of the interactions between TBI and acidosis and are important for considering the clinical treatment of TBI.  Future research should investigate further the regional specificity of injury, psalmotoxin as a possible neuroprotective agent, and the role of dendritic spine remodeling following TBI and/or acidosis.  
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Introduction


One of the most remarkable, complex, and mysterious structures in the world is the human brain.  The brain allows for perception, behavior, thought, language, learning, and memory, processes that define and make so exquisite our very existence.  The human brain consists of approximately 1012 individual neurons, the discrete, functional units of the brain (Thompson, 2000).  This number of neurons is greater than all the stars in the entire Milky Way galaxy!  All neurons share the same basic architecture and properties, but are able to produce very different, complex results due to the way that they are connected with each other (Kandel et al., 2000).  These precise anatomical circuits, rather than specialization of the individual neurons, give rise to the complexity of life.   


When a neuron is injured or dies, it typically loses the ability to adequately function as part of its circuit.  The flow of information along this path is therefore interrupted, causing the information to be lost, and leading to a variety of possible losses of function depending on the particular circuit and the extent of damage.  Traumatic Brain Injury (TBI) is a cause of significant death and disability in the United States.  Each year approximately 1.5 to 2 million people experience a TBI, 1 million people with an injury to the head are treated in hospital emergency rooms, and 230,000 people are hospitalized as a result of a TBI and survive (NIH website1, NIH website 2).  TBI is the leading cause of disability in children and young adults, and every year about 80,000 people suffer a TBI so serious that they are left with permanent, incapacitating losses of function, significantly altering their future plans, lifestyle, and creating large medical expenses1 (NIH website 2).  Chronic physical harm is only the beginning, though.  Common disabilities also include problems with cognition (thinking, memory, and reasoning), sensory processing (sight, hearing, touch, taste, and smell), communication (expression and understanding), and behavior or mental health (depression, anxiety, personality changes, aggression, acting out, and social inappropriateness) (NIH website 1).  With such high morbidity, mortality, and disability, the treatment and prevention of TBI are topics of substantial clinical literature and are established public health concerns.  However, the mechanisms underlying the different forms of brain injury and effective treatment are not well understood.

TBI causes neuron death as a direct result from the physical, anatomical injury at the time of impact.  This type of neuron death is due to the primary injury.  For instance, if a bullet enters the brain, it physically disrupts the brain’s structure, killing the neurons along its path.  However, a TBI rarely occurs in isolation; the primary injury is typically followed by a secondary injury, which is usually delayed and more widespread (Jeremitsky et al., 2003).  Typical secondary injuries include metabolic imbalances (problems with the chemical processes necessary for the maintenance of life), anoxia (reduced supply or absence of oxygen), hypoxia (insufficient levels of oxygen in the tissue), edema (swelling of the brain), excitotoxicity complications (when the injury causes the release of high levels of an excitatory neurotransmitter, causing cell death by excessive activation of its receptors), ischemia (a decrease in the blood supply to a part or all of the tissue), and/or acidosis (an abnormal increase in the acidity of the fluids surrounding the tissue) (Chesnut et al., 2004; Gennarelli, 1993; Jeremitsky et al., 2003; Unterberg et al., 2004).  


The acidity of the blood and interstitial fluids (fluid outside the cardiovascular system) is measured along the “pH spectrum,” with more acidic pHs being lower values and more basic pHs being higher values.  The pH spectrum runs from a pH of 0 to a pH of 14, with acidic items like lemon juice having a pH of 2 and basic items like bleach and soap having a pH of 13.  Pure water has a pH of 7, directly in the middle of the spectrum, and thus would not be classified as either acidic or basic.  Normal physiological pH is 7.4 (see Figure 1 for clarification), and most cells function optimally at this particular pH.  When the pH shifts too far from 7.4 in either direction, the productivity of cells decreases, and at farther distances from a pH of 7.4, the cells eventually die.  Figure 2 illustrates this concept.


Figure 1.  pH scale.  

From www.epa.gov/.../site_students/images/phscale.gif.
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Figure 2. The y-axis represents how well the cell is functioning.  
Note how, the further the distance from the optimal pH (usually 
the physiological pH of 7.4), the more that the cell’s proper 
functioning is impaired.  From 

http://www.biologycorner.com/resources/enzyme_ph_graph.gif.

Following a TBI, the typical normal functions of neurons may be altered.  Neurons are continually producing acidic molecules, but the mechanisms for removing these molecules from the neurons and the surrounding extracellular fluid may be compromised as a result of the TBI.  Thus, after a TBI, the acidic molecules can accumulate and cause further harm to the neurons due to such high concentrations (Kaku et al., 1993).  In addition, it has been suggested that electrical stimulation induces extracellular acidification (Xiong and Stringer, 2000), implying that a build-up of acidic molecules may occur as a result of various events that promote neuron excitability such as an epileptic event or an injury like a TBI.  These injuries are characterized by the excessive release of excitatory molecules from injured cells (Koura et al., 1998; Seal et al., 1999).

Primary TBIs commonly cause some form of oxygen depletion, typically by partially cutting off blood circulation, the medium by which oxygen is distributed to the brain2.  This oxygen depletion forces the brain to use anaerobic glycolysis in order to function (Xiong et al., 2004).  Glycolysis is the way the body produces energy, and anaerobic glycolysis is the method for producing energy that the body resorts to when there is little or no oxygen present (versus aerobic glycolysis, which occurs in the presence of oxygen) (Silverthorn, 2004).  Anaerobic glycolysis produces lactic acid as a byproduct, causing the brain’s pH to fall to levels around 6.0 (Kaku et al., 1993; Nedergaard et al., 1991; Xiong et al., 2004; Xu et al., 1998).  Thus, acidosis (the build up of acidic molecules like lactic acid in the tissue) plays a crucial role in brain injury.  Research suggests that a slightly acidic environment (approximately pH6.8-pH7.4) is actually protective to neurons, while more extreme acidosis (particularly pH values lower than 6.4) aggravates neuronal injury (Kaku et al., 1993; Xiong et al., 2004).  Since pH typically falls to levels between 6.0 and 6.5, and even below 6.0 in severe cases following TBI, acidosis tends to aggravate brain injury (Kaku et al., 1993; Xiong et al., 2004).  


To study the role of acidosis following a TBI, it is necessary to have an accurate and clinically relevant brain injury model.  It is extremely difficult, if not impossible, to characterize a complex mechanical insult delivered in vivo (within a living organism).  Thus, an in vitro (in an artificial environment) injury model was used in this research project.  Using in vitro cultures allows for exposure to defined stimuli, controlled mechanical and biochemical experimental conditions, precise measurement of cellular response to injury, and the flexibility to simulate regulated secondary injury.  


The majority of previous in vitro injury models have used monolayer dissociated cell cultures, which do not accurately resemble the intercellular matrix and heterogeneous (variable) cell population of in vivo brain tissue, nor closely represent the shear strain (mechanical deformation) of the tissue during a TBI (Morrison et al., 1998).  To overcome these problems, an in vitro injury model was developed by members of both the Dow Neurobiology Lab and the Biomechanics Lab3.  This experimental model uses three-dimensional organotypic brain cultures rather than a monolayer of cells.  This three-dimensional tissue preserves the in vivo heterogeneous cell population and cytoarchitecture (cellular arrangement), providing cells anchored on all sides to surrounding cells.  The organotypic tissue thus more accurately represents the cells’ sensing of and response to mechanical strain (Gähwiler et al., 1997; Stoppini et al., 1991).  These organotypic brain slices survive in a controlled culture environment for prolonged periods of time4, allowing for a controlled setting characteristic of in vitro experiments (Bahr et al., 1995).


In the experiments described in this thesis, the organotypic tissue used was cultured from the rat brain.  Rats were selected as the model organism as human brain tissue clearly could not be obtained, and mouse whole-brain cultures lose their gross integrity (structure) at relatively low injury levels.  Rat tissue, by contrast, retains its gross integrity even at injury levels over twice the acceleration level where mouse tissue deteriorates (personal communication with T. Lusardi, 2006).  Primary rat cultures are one of the most convenient and cost effective methods and are widely utilized to study various neuronal death mechanisms (Choi et al., 1987; Goforth et al., 1999).  Furthermore, rats are more capable at performing behavior studies than are mice, so using rat tissue avoids limiting future research possibilities with this model.  Finally, rats are the least phylogenetically advanced animal known to share physiology and pathological response to TBI with humans5.  In using rat tissue, the assumption was made that human TBI can be replicated in the rat and that the species differences (Gennarelli, 1994), while clearly present, were not significant enough to prevent possible conclusions being extrapolated to the mechanisms and treatment of humans.


The rat and human brain are not homogenous.  The brain has distinct functional regions, each of which is anatomically identifiable.  These regions include, but are not limited to, the hypothalamus (located in the diencephalon and responsible for automatic feelings such as hunger), the basal ganglia (located in the cerebral hemispheres in the forebrain and a regulator of motor performance), and the hippocampus (also located in the cerebral hemispheres and involved with memory storage) (Kandel et al., 2004), the latter of which is the focus of this study.  

The hippocampus is a deep-lying structure of the forebrain, and forms in both hemispheres (the two sides of the brain) during development.  Figures 3 through 5 depict the position of the hippocampus within the overall context of the human (Figure 3) and rat (Figure 4 and Figure 5) brain. 
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Figure 3. Location of the hippocampus 

in the human brain.  From www.morphonix.com.
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Figure 4. Cross-section of the rat brain.
From http://www.bio.davidson.edu/courses/genomics/method/brain3.jpg.

[image: image4]
Figure 5. Position of hippocampus in the rat brain.
From http://www.duke.edu/~amwhite/Adolescence/hippocampalslice.jpg.
The hippocampus is known to function in storing “episodic memories,” or memories of events and episodes (Kandel et al., 2000), and thus it is important in the memorization of both declarative (explicit, the “what,” e.g. facts and events) and nondeclarative (implict, the “how,” e.g. procedural sequences and emotional responses) information (Thompson, 2000).  Being so highly involved in learning and the formation of new memories, it follows that hippocampal damage has been directly correlated to learning disabilities and memory loss (Geddes et al., 2003; Wang et al., 1997).  The NIH has stated that the loss of specific memories and the inability to form new ones is the “most common cognitive impairment among severely head-injured patients is memory loss” (NIH website 1).  Clinically, TBI is associated with both transient and permanent memory loss (Novack et al., 2000), indirectly indicating hippocampal damage.  Thus, the hippocampus- the site of memory formation- is an ideal portion of the brain to study in exploring TBI since memory dysfunction is so prevalent following head injuries6.  Furthermore, the hippocampus is a relatively homogenous and well-characterized structure in the rat brain and appears to be selectively vulnerable to injury (Geddes et al., 2004).

The hippocampus itself is composed of several discrete sections.  The hippocampus proper consists of three fields (CA1, CA2, and CA3), which, together with five other sections (the dentate gyrus, subiculum, presubiculum, parasubiculum, and entorhinal cortex) make up what is commonly called the hippocampus (Amaral and Witter, 1995).  Figures 6 and 7 respectively depict a schematic diagram and real image of the hippocampus, labeled to aid in identifying these six aforementioned regions.  The most relevant regions for this thesis are the CA1, CA2, CA3, which form a “C”-shape, and the dentate gyrus, which forms a smaller “C”-shape cap around the CA3 end of the hippocampus proper.  
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Figure 6. This figure illustrates the relative location of the six major regions of the rat 

hippocampus on a horizontal slice through the hippocampus. A. Immunocytochemistry 

image.  A’. Diagram: EC=Entorhinal Cortex, PaS=Parasubiculum, PrS=Presubiculum, 

S=Subiculum, CA1/2/3= Cornu Ammonis, DG=Dentate Gyrus.  From Amaral and 

Witter, 1995.
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Figure 7. An image of the rat hippocampus.  
DG=Dentate Gyrus, CA1/2/3= Cornu Ammonis.  From 

http://content.answers.com/main/content/wp/en/a/ab/
HippocampalRegions.jpg.

The hippocampus is organized like an oval track, with each of the six regions connected, one to the next, by mostly unidirectional projections.   Information flows from the entorhinal cortex to the dentate gyrus via the perforant pathway, the dentate gyrus neurons (known as dentate granule cells) project their mossy fibers to the CA3 field, the CA3 field transmits information to the CA1 via schaffer collaterals7, and the CA1 sends information to the subiculum and cortical (cortex, the outer layers of the brain which function in cognition) regions of the brain.  Figure 8 illustrates this unique8 pattern of information flow.  
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Figure 8. This diagram depicts the main intrinsic connections 
of the rat hippocampus.  Note how the majority of pathways 
are unidirectional.  EC=Entorhinal Cortex, PaS=Parasubiculum, 
PrS=Presubiculum, S=Subiculum, CA1/2/3=Cornu Ammonis, DG=Dentate Gyrus.  

From Amaral and Witer, 1995.

Only organotypic rat hippocampal slices were utilized in the experiments in this thesis.  The slices were injured using a device that will be described in the Materials and Methods section of this thesis.  The innovative TBI model, designed specifically for these experiments, delivers a reproducible, scalable, and clinically relevant shear strain result and is well suited for identifying critical parameters governing mechanically induced sensitization to subsequent acidic injury.  

The goal of this thesis was to characterize the interaction between a primary mechanical insult and a secondary acidosis insult using the aforementioned TBI model.  It was my hypothesis that a sublethal mechanical injury would sensitize the hippocampus to secondary acidosis, causing preventable neuronal death.  It was hoped that the interval between these two injuries would be a realistic target for therapeutic intervention, and thus this research would not only advance our understanding of the interaction between TBI and acidosis, but also potentially provide the tools necessary for discovering possible treatments.


To comprehend the experimental treatments examined in this thesis, it is necessary to know a little more about neurons.  A neuron is separated from the extracellular fluid (ECF) by the neuron’s cell membrane, a thin, fluid, semipermeable (selective) barrier that controls the passage of substances into and out of the neuron.   Interspersed throughout the cell membrane are proteins that look like doughnuts, providing a doorway for entry of material into or out of the neuron.  These proteins are known as ion channels, and there are numerous types of ion channels, each specially designed to allow a specific type of ion (electronically charged molecule) to pass through.  Figure 9 depicts the basic structure of an ion channel.
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Figure 9. This drawing shows the fundamental structure 
of an ion channel.  In the example depicted, the ion 
channel is designed for the passage of potassium ions (K+) 
into the cell membrane.  From Kandel et al., 2000.  


Some ion channels are open (allowing the passage of a specific ion) all the time, some open due to changes in the voltage of the cell membrane, some are opened following stretching of the neuron, and some channels depend on ligands (signaling molecules) to adopt their open state.  Channels that need to bind (attach to) a ligand in order to be in their open conformation are known as ligand-gated ion channels.  The ligand, almost like a key, must be present in the extracellular fluid as well as bound to the ligand-gated channel for the channel’s door to open.  Without this key, the ligand-gated channel remains shut.  Figure 10 portrays a schematic illustration of the closed and open states of a ligand-gated ion channel.  
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Figure 10. An illustration of the closed and open conformations 
of a ligand-gated ion channel.  Note that in order for the channel 
to adopt the open conformation, the ligand must be bound to the 
channel.  The open conformation allows for the passage of a 
substance specific to that channel through the membrane.  From 
Kandel et al., 2000.  

One particular type of ligand-gated ion channel is the acid-sensing ion channel (ASIC).  The ligand which activates (opens) ASICs is a molecule of acid9.  Thus, in more acidic environments (decreasing pH), ASICs are more likely to be in their open state.  ASICs are expressed (present) in many types of mammalian neurons (Alvarez de la Rosa, 2002; Chu et al., 2004; Waldmann et al., 1997a; Wemmie et al., 2002; Xiong et al., 2004), and come in several varieties.  Six ASIC subunits (parts that may be put together in different combinations to create different varieties of ASICs) have been discovered: ASIC1a, ASIC1β, ASIC2a, ASIC2β, ASIC3, and ASIC4 (Chu et al., 2004).  Of these subunits, homomeric (consisting of only one type of subunit) ASIC1a and ASIC2a channels are particularly prevalent, occurring in both sensory and central neurons (Chu et al., 2004), and thus these were the channels selected for further analysis in this thesis.



ASIC channels are not the only type of ion channels found in a neuron’s membrane; there are hundreds of different types of channels.  Thus, in order to isolate the ASIC channel function and determine the cell death resulting from acidosis alone, it was necessary to block the effects of these other channels.  This was accomplished by adding a mixture of several drugs, known as MCN (MK-801, CNQX, and Nimodipine10), thereby blocking all relevant channels except for the ASICs.  Any cell death observed was therefore the effect of acid alone, not a result of the various other secondary injury possibilities aforementioned.  


The further analysis pursued in regard to ASICs was in attempt to block their effects on the neuron.  When acid binds to an ASIC following an injury, it allows for the ASIC to let in various ions11 more than usual.  This excess of ions throws off the neuron’s natural balance so much that the neurons may even die, thereby aggravating the initial TBI.  Thus, blocking the ASICs (specifically ASIC1a and ASIC2a) from functioning should decrease the overall acid-induced cell death observed.  

Several experiments have demonstrated this decrease in cell death with specific drugs that block ASICs.  One such drug is known as amiloride, which has many effects ranging from aiding in the treatment of hypertension to blocking ASICs.  Amiloride has been demonstrated to be a nonspecific blocker of ASIC channel activation in several electrophysiological studies (Price et al., 2000; Waldmann et al., 1997a; Xiong et al., 2004).  The term nonspecific here refers to how amiloride acts: the drug does not discriminate between which type of ASIC that it blocks, it simply blocks any ASIC channel, regardless of subunit type.  Psalmotoxin 1 (or PcTX1) is another drug and is obtained from the venom of the tarantula Psalmopoeus cambridgei.  PcTX1 has been shown to be a specific ASIC1a blocker (it only blocks ASIC1a function) (Escoubas et al., 2000; Xiong et al., 2004).

To effectively use these drugs to block ASIC channel function, it is necessary to have ASIC channels present in the cell membrane.  Many techniques may be used to verify the existence and/or localization of ASICs in tissue, including immunocytochemistry and Western blot analysis, two procedures which will be explained in the Materials and Methods section following.  Previous research strongly supports both ASIC1a and ASIC2a existence in mammalian hippocampal tissue, although different ways of preparing and isolating tissue cultures may affect the prevalence of the ASICs (Waldmann et al., 1997a; Wemmie et al., 2002). 

The exploration of ASIC channel presence, localization, and blockage in this thesis was in addition to the primary thesis question.  It was an attempt to begin the enormous task of determining possible treatments and thereby decrease the cell death induced by acidosis, providing possible clinically relevant treatment options for humans in the long-term.  However, the primary research hypothesis remained that a primary TBI sensitizes the hippocampus to secondary acidosis.
Materials and Methods
Surgery and Tissue Protocol

Hippocampal slice cultures were prepared according to a modified version of the interface method used by Stoppini et al. (1991).  The Legacy Animal Care and Use Committee of Legacy Clinical Research and Technology Center approved the use of the rat brains for culture.  Wister rats were anaesthetized with halothane 5-8 days postnatal (after the migratory phase of nerve cells has finished) before being decapitated.  The brain was then removed and placed in ice-cold dissecting medium (Hank’s BSS, 5mg/ml glucose, 1M HEPES) for 5 minutes prior to hippocampal dissection and removal.  The hippocampal tissue was sliced 400(m thick using a tissue slicer (McIlwain™, Stoelting Co., Wood Dale, IL), floated in ice-cold dissecting medium, and trimmed to the hippocampus and adjacent entorhinal cortex tissue.  Three tissue slices were transferred to a Millicell-cm culture plate insert with microporous membrane (PICM0RG50, Millipore, Bedford, MA) in culture medium.  The slices were then placed in incubators, with an ideal environment of 36˚C, 5% CO2 enriched, humidified atmosphere maintained.  The culture medium was replaced every 3-4 days; cultures were used 13-15 days following plating.  Essentially all the nerve and glial cell types survive in organotypic brain cultures, but with a decreased density of synaptic structures in the hippocampal slices following the slicing process. 

Propidium Iodide (PI) Uptake


Once a slice undergoes a designated experimental condition (e.g. a TBI, an acid injury, both a TBI and acid injury, no injury, etc.), it is necessary to determine that slice’s level of cell death.  This is done by allowing the slice to recover for approximately 24 hours, then exposing it to a substance that labels (marks) only the dead cells.  This marker is known as PI (Propidium Iodide), and it technically only labels cells with compromised cellular membranes, a feature typical of dead cells.  When the slice is imaged on a confocal microscope, the slice appears white in areas of cell death and black in areas of living cells.  Figure 11 portrays an example of a slice labeled with PI after a TBI (a) and after exposure to a known toxic substance (b).  Thus, using PI imaging allows for localization (where the injury caused the most harm) as well as quantification of cell death.   
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Figure 11. The PI image to the left (a) shows cell death (the white regions) in the CA1 and the 
dentate gyrus portions of the hippocampal slice following a TBI.  The PI image to the right (b) shows
cell death in all of the regions pictured (CA1, CA2, CA3, and the dentate gyrus) following 24hours 

of exposure to a 1mM NMDA and 10uM glycine media.  From thesis experiments.  Scale bars: 200um 

for both images.


Prior to imaging, cultures were exposed for at least one hour to PI (Molecular Probes, 2ug/ml of a 1 mg/ml stock).  Images were captured with a Retiga 1300 PMT using Qcapture software (Qimaging) on a Leica DMR upright microscope (Wetzlar, Germany) illuminated by a mercury arc lamp and filtered using a 545nM/590nM (excitation/emission) filter set.  An exposure time of either 100ms or 250ms was used; data presented in the Results section are all from a 250ms exposure time.  Following the first set of PI imaging 24 hours after the TBI, the cultures were then each exposed to 1mM NMDA and 10uM glycine in serum-free culture medium for 24 hours, and finally imaged 48 hours following the primary injury.  Cultures treated with the NMDA/glycine combination served as “control injuries,” representing the maximal neuronal cell death that the cultures could experience.  Variation between individual cultures based on differential slice health was thus compensated for since each slice’s cell death was normalized to its own maximal cell death.

Dendritic Spine Imaging
While PI imaging is an effective measure of the overall health of a rat hippocampal slice, a complimentary method of analyzing slice health is known as spine imaging.  With spine imaging it is possible to zoom in to the level of the neuron itself, providing a more sensitive measure of slice health.  The majority of neurons consist of four functional sections: an input section, an integrative or trigger section, a conductile section, and an output section (Kandel et al., 2000).  Figure 12 depicts these four sections in a very basic format.  
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Figure 12. The model neuron, consisting of four 

sections.  Information flows from the top of the 

diagram to the bottom and on to the next 

neuron(s) in the pathway.  From Kandel et al, 2000.


The top, star-shaped portion of the neuron, labeled as the “integrative” section, is the cell body, or the region where the neuron’s genetic information is stored, as well as where signals from various other neurons are integrated (hence the title “integrative”) to produce one overall signal.  This one signal, if it is large enough, then travels down the conductive section, also known as the axon, to reach the output section, where the signal is transmitted to the next neuron in the pathway, and the flow of information continues.

These various signals arrive in the cell body via long processes extending outward from the cell body.  These fibrous extensions are known as dendrites, which function as receivers of information from other neurons (the “input” section).  Along the length of healthy, functioning dendrites are tiny protrusions termed dendritic spines.  Spines come in a wide variety of shapes and sizes, and are remarkably dynamic structures (Harms et al., 2006; Hering and Sheng, 2001).  When spine number and morphology decrease, there is a parallel decrease in synaptic transmission (information transfer) at that site, suggesting a decrease in information communication to that neuron.  Since the ultimate purpose of a neuron is to transfer information, if dendritic spines decrease, it indicates that the neuron is not performing its function and is unhealthy relative to its previous state.  Figure 13 displays a healthy slice with a plethora of dendritic spines.  The arrows point to several different shapes of spines present along this particular dendrite.


[image: image14]
Figure 13. Dendritic spines present in the motor cortex of a pyramidal neuron 
in an adult rat.  Note the spine shape variety, pointed out by the white arrows.  
Scale bar: 5um.  From Harms et al., 2006.

Many researchers suggest that dendritic spines play a significant role in brain plasticity12, or the ability of the brain to change, since alterations in the spines themselves may be correlated with alterations in the pathways of information flow (Harms et al., 2006; Hering and Sheng, 2001; Lippman et al., 2005).  Thus, by analyzing the changes in spine density in rat hippocampal slices for these experiments, an extremely sensitive gauge of slice health is possible.


Cultures were labeled with DiO (3,3'-dilinoleyloxacarbocyanine perchlorate, Invitrogen), a fluorescent, lipophilic marker taken up by neurons and making their dendrites visible, according to a technique outlined in Dailey and Smith, 1996.  A capillary puller (Narishigi model PP-830) was used to pull a glass capillary tube, producing a very fine tip.  This tip was then coated with solid DiO crystals (no dilution) and inserted into a micromanipulator.  The tip was carefully maneuvered to precise locations on the organotypic hippocampal slice using a 2X objective on a microscope.  The tip with the dye was barely, gently touched to the surface of the tissue, depositing DiO crystals.  All parts of this procedure were performed in the dark as much as possible, since DiO is sensitive to light.  

Dendritic spine imaging was carried out approximately 6 hours following labeling of the slice.  The imaging was completed using an upright compound microscope (Leica DMR, Wetzlar, Germany) and Leica Confocal software.   Live 13-15 day old cultured slices (one at a time) were mounted in a perfusion chamber and placed on the stage of the confocal microscope.  The slice was perfused with an ECF solution at a pH of 7.4.  DiO labeled proteins were imaged at 488nm excitation (Ar laser), and emission filtered at 500-535nm.  A 60X water-immersion lens was used to view the spines.  Images were acquired at a scanning speed of 400Hz and were typically a 1024X1024 resolution with line averaging set to 4 scans per line.  Zoom was generally maintained at less than or equal to 4X, as a greater zoom at a 1024X1024 resolution would have exceeded the optical resolution of the objective.  Since dendritic spines extend in three dimensions within the slice, stacks of images were collected over sections spanning 7-27um in the Z-dimension with a 0.5-1.8um step size in order to ensure that structures as small as spines were fully captured.  

Immunocytochemistry

Immunocytochemistry is a technique that utilizes fluorescent (glowing) antibodies (markers) to precisely detect and localize where cellular components like ASIC channels are.  The standard immunocytochemistry protocol was used for the experiments in this thesis, although some adjustments to the timing scheme were made to accommodate for the increased thickness of organotypic tissue slices.   A 1:100 dilution was utilized for the Neurotrace (Molecular Probes), and a 1:100 dilution for the ASIC1a (Sigma, S 7944) and ASIC2a (Alpha Diagnostic, MDEG11-A).
Western Blot Analysis

Another method is known as the Western blot technique, and it allows for the identification and measurement of the relative amount of a particular protein (e.g. the homomeric ASIC1a channel).  Western blots use gel electrophoresis (electricity through a gelatinous material) to separate proteins based on their respective molecular weights (size).  Following a transfer of the data from the gel to paper (a more permanent form), a specific protein (e.g. ASIC1a) is detected by using a probe13 (a marker).  


Hippocampal slices were homogenized in 50uL of lysis buffer (0.1M NaCl, 0.02M Tris-HCl, 1mM EDTA, 1% NP-40, 1.5mg/mL Aprotinin, 10mg/mL Leupeptin, 1mg/mL MeOH Pepstatin, 10mg/mL PMSF) .  Three hippocampal slices were collected for each condition (e.g. three control slices, three TBI at 10.3mph slices).  If the condition was TBI, the slices were collected at 2 hours following the primary TBI, to obtain the slices at a stage that would mimic the environment present when a secondary (acid) injury would be applied.  Protein concentrations were measured using 1mL Bradford reagent (Sigma) with 3.3uL of each sample.  Equal protein amounts were resolved in SDS-10% polyacrylamide gels at 120mA and transferred to nitrocellulose membranes (BioRad) overnight.  The membranes were blocked with a 5% dry milk-Tween solution, incubated with a 1:1000 primary antibody dilution at 4˚C overnight.  

After several rinses in PBS-T, horse-radish peroxidase (HRP) linked anti-mouse secondary antibody (Chemicon) was used to detect primary antibodies at a dilution of 1:2000 for 90 minutes at room temperature.  The ASIC1a and ASIC2a antibodies were obtained from Sigma (S 7944) and Alpha Diagnostic (MDEG11-A) respectively.  The positive controls for both ASIC1a and ASIC2a were from HEK (Human Embryonic Kindey) cells transfected with that particular type of ASIC channel.  The negative control for ASIC were uninduced HEK cells (not transfected with the ASIC channel).  Following extensive washes in PBS-T, HRP positive bands on the blots were detected by chemiluminescence (PerkinElmer) for 1 minute.  Chemiluminescence was detected on photographic film (Kodak) for 20 minutes; the film was developed in an automatic developer (Kodak).  Thus, the techniques of immunocytochemistry and Western blotting allow for confirmation of ASIC channel presence in cultured tissue.  
TBI Model

Rapid acceleration or deceleration of the head during a closed-head TBI impact is believed to lead to tissue shear strain by inertial loading (Gennarelli et al., 1982).  For in vitro TBI modeling, the biological injury cascade should be initiated by a mechanical stimulus most appropriate to in vivo TBI causation.  Hence, a team of researchers from the Dow Neurobiology Lab and the Biomechanics Lab developed an organotypic Neuronal Shear Injury (NSI) model which employs inertia-driven shear strain14 to generate scalable mechanotrauma.  This model creates a change in acceleration, which causes inertia, which in turn causes the shear strain (Bottlang et al., 2006).  Thus, the faster the acceleration change, the more severe the shear strain.

Shear strain occurs by a mechanism similar to what happens when a person pushes a stack of printer paper at an angle- all of the individual pages remain unhurt, but the stack has still been altered.  Thus, the horizontal neuronal cells of the tissue remain relatively untouched and uninjured, while the vertical neuronal cells undergo significant deformation (see Figure 14).  The injury device is able to produce inertial accelerations that resemble the magnitudes of shear strain observed in vivo, thus mimicking the mechanism by which human head trauma causes neuronal injury (rapid acceleration-induced shear strain injury), as is observed in common traffic accidents.


[image: image15]
Figure 14. Hippocampal slice deformation.  Note how the horizontal neuron remains 

intact, while the vertical neuron is significantly stretched during the injury.

A cartoon depiction (Figure 17) and actual photo of the injury device (Figure 18) may help visually explain how this machine works.  The millicells, containing the cultured tissue (see Figure 15), are placed on the acceleration module, which can hold up to 6 Millipore millicells at a time in a standard six-well arrangement.  A translucent Plexiglas cover is slid on top of these millicells and locked into place, protecting the cultures against contamination and airflow during experiments.
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Figure 15. A. A standard six-well plate is displayed.  Each well contains one Millipore millicell membrane in 1mL of culture medium.  Each Millipore has three organotypic rat hippocampal slices plated on it.  B. A closer view of the lower right well.  Note the culture media, which is the light orange liquid, and the three distinct hippocampal slices plated on the Millipore.
The acceleration module is then inserted into the linear slide, resting against the piston of a linear actuator.  The actuator accelerated the module over a 90mm stroke length and is driven by a flywheel mechanism engaged by a solenoid-powered clutch.  

Various accelerations can be produced by the device based on the level of pressure dialed into the piston.  The levels of injury used for this experiment were D0, D08, D13, and D25 (as well as 0mph for solely acid injuries and sham experimental conditions), with the “D” notation referring to the Dial on the injury device.  These dial levels correspond to the impact velocities depicted in Figure 16, which were determined using a high-speed camera system.  The camera system (Fastcam Ultima APX RS, Photron, Itronx, CA) captured 512X512 pixels/frame at 36,000 frames/s of the transient deformation of the culture surface during impact.  Note that the impact velocity values, which will be used from this point on to refer to the level of TBI, are not directly comparable to typical human traffic accidents.  Human brains have a much greater mass, are encased in a bony skull, and are protected by cerebrospinal fluid (CSF).  In addition, in most automobile crashes, a lot of the inertial energy of the impact is taken up in the car as part of the safety features (e.g. the bumpers, front and rear crumple zones, seat belt, and air bag), which are designed to reduce the occupant’s acceleration change.  Thus, the injuries to the rat hippocampal tissue described as resulting from impact velocities in mph do not directly indicate the injuries which would occur for humans.

	Dial Level
	Impact Velocity (m/s)
	Impact Velocity (mph)

	0
	2
	4.5

	8
	4.6
	10.3

	13
	6.6
	14.8

	25
	10.4
	23.3


Figure 16. The impact velocities in both m/s and mph which 

correspond to the dial levels on the injury device used.  
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Figure 17. Cartoon depiction of the TBI Injury Device.

[image: image18]
Figure 18. Photo of the TBI Injury Device.

Materials


Extracellular fluid (ECF) was prepared following instructions by Xiong et al. (2004) and was used as the medium for applying the secondary injury.  ECF was made at both a pH of 6.0 (the acidic variable) and a pH of 7.4 (mimicking physiological pH and placed on sham secondary injury cultures).  The ECF was left on cultures that underwent a secondary injury for either 1 or 3 hours, depending on which duration those cultures were assigned for the experiment.  

Culture media was prepared as 50% MEM, 25% horse serum, 25% HBSS, 1M HEPES, 1mM glutamine (Glutamax, Invitrogen, Carlsbad, CA), and 25mM glucose.  Serum-free culture medium was also prepared using this protocol, except without the horse serum, and with some adjustments for osmolarity. 


MCN is an acronym used to designate culture media supplemented with three chemicals: 10uM MK-801 (a NMDA antagonist), 20uM CNQX (an AMPA and kainite receptor antagonist), and 5uM Nimodipine.  The purpose of this MCN mixture is to isolate the effect of acidity on the cultures.  In essence, the MCN blocks the effect that acid would have on hypoxia, excitotoxicity, and the numerous other possibilities, and allows a way to prevent all cell death except as a direct cause of the acidic conditions.  MCN functions by isolating the ASIC (Acid-Sensing Ion Channels) function in the tissue, as explained in the Introduction.


Amiloride and spider venom (PcTX1) were used in this thesis as possible neuroprotective agents.  Amiloride was purchased from Sigma, and the PcTX1 was obtained in powder form from SpiderPharm, Inc.  Dilutions were made from these basic concentrations.  

Time Course

After designating which millicells will belong to which experimental condition (e.g. control, sham for acidosis, sham for TBI, both acidosis and TBI injuries, acid or TBI alone), the cultures that undergo TBI are injured using the device at one of several levels (0mph, 4.5mph, 10.3mph, 14.8mph, or 23.3mph).  After the TBI, all cultures except the control and maximum cultures were placed into serum-free culture medium for a duration of either 0h (no delay) or 2h.  Following the delay, the cultures were placed into MCN for 30 minutes (enough time to effectively isolate ASIC channel function).  This 30 minute exposure to MCN was split into two 15 minutes washes.  At the end of the 30 minutes, if the culture is undergoing a secondary injury, it was placed into pH6.0 ECF for a duration of either 1 or 3 hours.  If the culture is designated as a sham secondary injury, it will be incubated in pH7.4 ECF for either 1 or 3 hours.  Note that, for a culture undergoing a 0h delay experimental condition, the true delay is 30 minutes due to the MCN pre-treatment.  Similarly, for a culture undergoing a 2h delay experimental condition, the true delay is 2.5 hours on account of the 30 min MCN pre-treatment.

  Once the specified duration of secondary injury is complete, the cultures are placed back into serum-free culture medium and allowed to incubate overnight.  Twenty-three hours after the initial TBI injury, 2ul/ml of PI from a 1mg/ml stock solution is injected into the culture medium for uptake by the tissue, and 1 hour later (24 hours following initial TBI), the cultures are imaged.  After this first round of PI imaging, each culture is exposed to 1mM NMDA and 10uM glycine for 24 hours, and imaged a second time to obtain the maximal cell death images (48 hours following initial TBI).  Figure 19 displays this time course protocol.  

Note that due to time restrictions and the necessity of increasing N (sample size) values, a delay of 2 hours (actually 2.5 hours considering the MCN pre-treatment), a TBI level of 10.3mph, and an acid injury of 6.0ECF for 3 hours was chosen to focus on.  
Data Collection

Once the PI images are captured and saved on the computer, they must be analyzed.  ImageJ 1.36b software (NIH) is used to find the mean brightness of the image (the brighter the image, the more cells that are effectively dead).  These mean values are then divided by the mean value obtained from the PI image of the maximal cell death for that same respective hippocampal slice (by NMDA; see Figure 11 for clarification).  When this fraction is multiplied by 100, it gives a percentage of the total culture that is dead as a result of the specific injury prescribed to that given culture.  All reported values are for the 24 hour timepoint after impact (TBI) divided by the maximum intensity (after exposure to NMDA) for the same slice.  The calculations for these percentages were performed in Microsoft Excel 2003.


The analysis of the percent cell death for a specific region of the hippocampus, e.g. the dentate gyrus, was completed by following the same protocol aforementioned for the overall image.  The only difference is that the Freehand Selections tool was used to manually draw an outline around the region in question rather than using the overall image to obtain a mean intensity.  The same outline was used for both the 24 hour cell death and the maximal cell death images, and then a percentage cell death was calculated by the same process already explained.  


Image J 1.36b was also used to analyze the dendritic spine images.  After setting the scale to a global value of 4.301 pixels/um, a stack of dendritic spine images was then z-projected using the maximum intensity of each image.  Green or grayscale look-up tables were primarily used during the analysis process.  The Cell Counter tool in Image J was then used to track the number of dendritic spines and/or varicosities along a length of dendrite.  The length of the dendrite was determined by using the segmented line selection tool in Image J.  Overall densities of spines and varicosities per micron were calculated in Microsoft Excel 2003. 

Statistical Analysis


Microsoft Excel 2003 spreadsheets were uploaded into StatView for statistical analysis.  Preliminary graphing was performed in StatView, while final graphing was performed in Excel.  Significance was determined by using the Scheffe ANOVA Post-hoc test at a standard confidence level of 5%.  This particular type of ANOVA was selected because the sample sizes (N) for the various experimental conditions were not equal.  The Scheffe post-hoc test allowed for the unequal variances and unequal number of specimens to be accounted for.  A standard ANOVA test was also used for determination of interaction between two variables, which in this thesis were the two injuries.  In all results and graphs mean values are represented ± one standard error rather than standard deviation.

Results
PI Results

The fundamental experiment performed was the double hit experiment to determine the interaction between each individual “hit,” or injury (TBI and acidosis).  The percent cell death resulting from control (No TBI) experimental conditions with and without acid, sham (Sham TBI) conditions with and without acid, and TBIs (at 10.3mph) with and without acid were determined at acid levels of ph6.0 for 3 hours.  Control experimental conditions showed a 5.75 ± 0.56% cell death without acid (No TBI and No Acid) and a 19.94 ± 4.18% cell death with acid (No TBI and 6.0(3h)).  Sham experimental conditions showed a 6.64 ± 0.80% cell death without acid (Sham TBI and No Acid) and a 14.69 ± 1.83% cell death with acid (Sham TBI and 6.0(3h)).  TBI experimental conditions showed a 11.45 ± 2.21% cell death without acid (10.3mph and No Acid) and a 25.71 ± 2.31% cell death with acid (10.3mph and 6.0(3h)).

The results in regard to the primary hypothesis are displayed in Figure 20.
Note that both the TBI alone and the acid (6.0 for 3 hours) injury alone are significantly different than the control experimental condition in the whole hippocampal slice (p<0.0001 and p=0.0025 respectively).  In addition, the double hit injury (TBI at a level of 10.3mph, a 2 hour delay, and a subsequent 6.0 injury for 3 hours) is significantly different from the TBI at 10.3mph alone (p=0.0003).  Finally, a standard ANOVA test of this double hit data set produces significance for both TBI alone (p=0.0002) and acid alone (p<0.0001), but does not produce significance for an interaction between the two (p=0.1804).












      

     
Figure 20. The results obtained from the PI data of the double hit results, that is, the TBI and acid injuries alone and together, with a 2h delay.  Error bars represent standard error.  The single star (*) indicates that the acid injury alone (6.0 for 3 hours, second column in from the left) differs significantly from the control (No TBI and No Acid/far left) (p<0.0001).  The double star (**) indicates that the TBI injury alone (only 10.3mph included, without acid injury) differs significantly from the control (p=0.0025).  The triple star (***) indicates that the double hit injury (far right column, both TBI of 10.3mph and acid injury of 6.0 for 3 hours) differs significantly from the primary TBI alone (p=0.0003).  N values from left to right: 42, 14, 21, 15, 21, 18.


Qualitative observation of the PI images comprising the double hit data suggested that an acid injury, either alone or in a double hit experimental condition, selectively resulted in cell death in the dentate gyrus region of the hippocampus.  Quantitative support for this observation was pursued by selectively analyzing the mean pixel intensity for the dentate gyrus region alone.  Control experimental conditions showed a 19.90 ± 3.64% cell death without acid (No TBI and No Acid) and a 51.37 ± 3.20% cell death with acid (No TBI and 6.0(3h)).  TBI experimental conditions showed a 23.87 ± 5.52% cell death without acid (10.3mph and No Acid) and a 67.25 ± 4.46% cell death with acid (10.3mph and 6.0(3h)).
Figure 21 displays the results from this quantitative analysis.  The double hit injury is significantly different from the acid injury alone (p=0.0197), as well as very highly significantly different from the TBI alone (p<0.0001).  The TBI alone was not significantly different from the control experimental condition, while the acid injury alone was very highly significantly different from the control condition (p<0.0001).  Furthermore, a standard ANOVA test of the dentate gyrus region alone produced significance for the acid injury alone (p<0.0001), as well as for the interaction between the two injuries (TBI and acidosis) (p=0.0269).  


[image: image19]Figure 21. The results obtained from the PI data of the double hit results with a 2h delay for the dentate gyrus region of the hippocampus.  Error bars represent standard error.  The single star (*) indicates that the acid injury alone (6.0 for 3 hours, second column in from the left) differs very highly significantly from the control (No TBI and No Acid/far left) (p<0.0001).  The double star (**) indicates that the double hit injury (TBI at 10.3mph, acid injury at 6.0ECF for 3 hours) differs significantly from the acid injury alone (p=0.0197) and from the TBI alone (p<0.0001).  Note that the TBI alone condition did not significantly differ from the control condition.  N values from left to right: 42, 14, 21, 18.


There was hope that amiloride could be a potential drug to block the effects of secondary acidosis following the primary TBI, since amiloride has been demonstrated to non-specifically block ASIC channel activation in electrophysiological studies (Price et al., 2000; Waldmann et al., 1997a; Xiong et al., 2004).  The percent cell death resulting from control (No Drug) experimental conditions with and without acid, concentration one (100uM amiloride) conditions with and without acid, and concentration two (at 1mM amiloride) conditions with and without acid were determined at acid levels of ph6.0 for 3 hours.  Control experimental conditions showed a 5.75 ± 0.56% cell death without acid (No Drug and No Acid) and a 19.11 ± 2.94% cell death with acid (No Drug and 6.0(3h)).  Concentration one experimental conditions showed a 6.16 ± 0.70% cell death without acid (100uM amiloride and No Acid) and a 15.14 ± 1.81% cell death with acid (1mM amiloride and 6.0(3h)).  Concentration two experimental conditions showed a 24.04 ± 0.73% cell death without acid (100uM amiloride and No Acid) and a 30.19 ± 1.24% cell death with acid (1mM amiloride and 6.0(3h)).

As Figure 22 displays, at high concentrations, amiloride even appeared to be toxic, causing a very highly significant increase in cell death (p<0.0001).  At lower concentrations, the amiloride was ineffective in either increasing or decreasing cell death.  The cell death resulting from an acid injury alone and an acid injury with amiloride are not significantly different (see Figure 22).  Thus, when amiloride was used in an attempt to prevent acid injury alone, it appeared unable to do so.  
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Figure 22. PI results from experiments with amiloride neuroprotection.  The single star (*) indicates that the 1mM amiloride without acid (second column in from the right) differs significantly from the control condition (No Drug, No Acid), which is displayed in the far left column (p<0.0001).  Note that while the 100uM amiloride without acid did not differ significantly from the control condition, the 100uM amiloride with acid (6.0) for 3 hours also did not differ significantly from the acid alone condition (6.0(3h)).  Error bars represent standard error.  N values from left to right: 42, 21, 6, 6, 3, 3.


As amiloride did not appear to be effective, psalmotoxin (PcTX1/venom) was pursued as a potential blocker to sensitization following a primary TBI.  Psalmotoxin is a specific blocker of ASIC1a channels, and this specificity may reduce the toxicity associated with amiloride.  The percent cell death resulting from control (No Drug) experimental conditions with and without acid, and several PcTX1 concentration (100, 300, 400, 500, 600, 750, 900, 1000, 1500, and 3000ng/mL venom) conditions with and without acid were determined at acid levels of ph6.0 for 3 hours.  Control experimental conditions showed a 7.40 ± 0.70% cell death without acid (No Drug and No Acid) and a 20.62 ± 1.61% cell death with acid (No Drug and 6.0(3h)).  100ng/mL venom showed a 31.53 ± 2.38% cell death with acid (100ng/mL venom and 6.0(3h)) and an experimental condition without acid was not performed.  300ng/mL venom showed a 8.46 ± 2.36% cell death without acid (300ng/mL venom and No Acid) and a 21.12 ± 1.40% cell death with acid (300ng/mL venom and 6.0(3h)).  400ng/mL venom showed a 8.61 ± 1.46% cell death without acid (400ng/mL venom and No Acid) and a 16.80 ± 2.11% cell death with acid (400ng/mL venom and 6.0(3h)).  500ng/mL venom showed a 7.40 ± 0.63% cell death without acid (500ng/mL venom and No Acid) and a 16.65 ± 1.40% cell death with acid (500ng/mL venom and 6.0(3h)).  600ng/mL venom showed a 6.26 ± 1.94% cell death without acid (600ng/mL venom and No Acid) and a 15.10 ± 1.38% cell death with acid (600ng/mL venom and 6.0(3h)).  750ng/mL venom showed a 6.01 ± 1.01% cell death without acid (750ng/mL venom and No Acid) and a 17.03 ± 1.75% cell death with acid (750ng/mL venom and 6.0(3h)).  900ng/mL venom showed a 5.50 ± 0.61 % cell death without acid (900ng/mL venom and No Acid) and a 13.24 ± 2.15 % cell death with acid (900ng/mL venom and 6.0(3h)).  1000ng/mL venom showed a 14.60 ± 4.56 % cell death without acid (1000ng/mL venom and No Acid) and a 19.93 ± 1.68% cell death with acid (1000ng/mL venom and 6.0(3h)).  1500ng/mL venom showed a 3.62 ± 0.66 % cell death without acid (1500ng/mL venom and No Acid) and a 23.03 ± 7.13 % cell death with acid (1500ng/mL venom and 6.0(3h)).  3000ng/mL venom showed a 57.25 ± 3.17 % cell death with acid (3000ng/mL venom and 6.0(3h)) and a without acid experimental condition was not performed.  

As Figure 23 demonstrates, preliminary data examining the dose response of venom show that psalmotoxin is not toxic to the cultures except at extremely high levels.  In addition, this data demonstrates that at intermediate concentrations, psalmotoxin may be effective at reducing cell death.  While these results were not significant, the data portrayed in Figure 23 are from only one week’s worth of experiments.  Had there been more time, an increased N may have supported significance in the intermediate venom concentrations.
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Figure 23. PI results from experiments with venom neuroprotection.  Note that none of these results are significant by the Scheffe ANOVA post-hoc test, although the 500, 600, and 900ng/mL of venom with acid had lower p-values relative to the rest of the results.  N values from left to right: 84, 51, 3, 3, 12, 3, 3, 2, 9, 2, 3, 6, 12, 3, 3, 6, 18, 3, 3, 3.

Immunocytochemistry Results
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Figure 24. Immunocytochemistry results. The left image shows a slice labeled with neurotrace, and the right image shows a slice labeled with an ASIC2a antibody.  Note that the ASIC2a has a slightly folded over region in the upper left-hand corner of the image, but that this fold does not prevent a confident interpretation of the results.  Scale bars: 500um for both images.

Neurotrace labels the Nissl substance (endoplasmic reticulum) of neurons, and the left image in Figure 24 clearly displays the localization of the neurotrace throughout the organotypic rat hippocampal slice.  The neurotrace image shows that neurons are present in all regions of the hippocampus (CA1, CA3, and dentate gyrus).  The right image in Figure 24 displays the results of immunocytochemistry using an ASIC2a antibody.  The localization of ASIC2a follows a pattern which closely mirrors that of the neurotrace, appearing to be present in all areas of the organotypic rat hippocampal slice.  Immunocytochemistry with an ASIC1a antibody was attempted, but did not produce results which could confidently be suggested as ASIC1a (the autofluorescence was particularly high both times ASIC1a immunocytochemistry was attempted).  

Western Blot Results


[image: image24]
Figure 25. Western Blot developed on 9/19/06.  ASIC1a secondary antibody used.  Exposure time of 20 minutes.  Note also the dark band appearing at 45kDa in the whole brain and cortex tissue.


The Western Blot served to 1) provide further support that ASIC channels are present in the organotypic rat hippocampal slices cultured in the lab and to 2) demonstrate the relative amount of ASIC protein present before and after a TBI.  Both ASIC1a and ASIC2a proteins have a theoretical molecular weight of approximately 58kDa, but in practice actually appear at about a 78kDa molecular weight (Alvarez de la Rosa et al., 2002).  

The ASIC1a Western blot is shown above in Figure 25.  While there are several less than optimal parts to this particular Western blot (the hole in the middle and the vertical shift in the gel), it nevertheless still provides a significant amount of important information.  The highlighted yellow boxes feature the most essential data.  The blot has the rainbow ladder (shows where known molecular weights are located on the gel) as the very right-hand column.  The control tissue is the second lane in from the right, and the third lane in is organotypic rat hippocampal tissue (4 slices) collected 2 hours following the primary TBI.  Thus, this lane shows how much ASIC1a is present in the cultures when the secondary (acid) injury is applied.

The lanes in the middle on the Western blot are all various parts of the rat brain.  Thus, they are all controls, since ASICs should appear in all regions of the rat brain.  It appears that this is indeed the case, as there is clearly a more intense band at about 78kDa for these lanes, although the presence of the hole in the blot does prevent any definitive assertion.  The far left lanes (the second yellow highlighted box) show the positive and negative controls for ASIC1a presence (from right to left respectively).  The positive control is visually darker than the negative control, indicating specificity of the ASIC1a antibody.  Thus, for all the flaws in the ASIC1a Western blot, it suggests the presence of ASIC1a protein in control organotypic rat hippocampal slices, as well as a relative drop in the concentration of these channel proteins following a TBI and subsequent 2 hour delay.
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Figure 26. Western blot developed on 9/19/06 with a 20 minute exposure.  ASIC2a antibody used.

The ASIC2a Western blot produced very weak results, as shown above in Figure 26.  This is not surprising, as ASIC antibodies are notoriously unsuccessful.  The ASIC2a blot does weakly demonstrate a presence of ASIC2a channel proteins at approximately the correct molecular weight, though, supporting the data obtained from immunocytochemistry which shows ASIC2a present throughout the hippocampus.  
Dendritic Spine Results
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Figure 27. The left image (a) is of a control slice.  The right image (b) is of a double-hit (TBI and acid injuries) slice with a 2h delay.  Note the high dendritic spine density in the control slice and high varicosity density in the double-hit slice. Scale bar: 5um for both images.  
Figure 27 displays qualitative representations of the dendritic spine imaging.  The control slice has a relatively high spine density compared to the double hit injury, while the double hit injury has a relatively high varicosity density compared to the control.  Figure 28, a table, features the quantitative results for both spines/10um and varicosities/10um for the basic experimental conditions (double hit/not including any drug treatments).  

	Experimental Condition
	Spines/10um
	Spines

Standard Error
	Varicosities/10um
	Varicosities Standard Error

	Control
	2.57
	0.43
	0.24
	0.08

	TBI: 0.3mph
	0
	0
	0.61
	0.09

	Acid: 6.0(3h)
	0.06
	0.05
	0.55
	0.15

	Double hit (2h delay)
	0
	0
	0.80
	0.07


Figure 28. Table displaying the density of dendritic spines and varicosities per micron of dendrite length.  
These values are also portrayed in Figures 29 and 30, in graphical form.  As Figure 29 demonstrates, the control spine density is very highly significantly different from every other experimental condition’s spine density ((p<0.0001).  In addition, as Figure 30 shows, the double hit varicosity density is significantly different from the control varicosity density (p=0.0151), while no other experimental conditions differ significantly from the control varicosity density.  
[image: image28.emf]Dendritic Spine Density

0

0.5

1

1.5

2

2.5

3

Control 10.3mph 6.0(3h) 10.3mph+2h delay+6.0(3h)

Experimental condition

Spines/10um


Figure 29.  Dendritic spine density for each basic experimental condition.  Note that the double hit injury (the far right column) is with a 2 hour delay.  Note also that the spine density is portrayed in spines/10um rather than per 1um, in order to allow comparison to the varicosity density.  Error bars shown are standard errors.  The single star (*) indicates that the control condition is very highly significantly different from every other condition (p<0.0001 for every other experimental condition).  N values from left to right: 14, 12, 8, 6.
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Figure 30.  Varicosity density for each basic experimental condition.  Note that the double hit injury (the far right column) is with a 2 hour delay.  Note also that this graph is on a different y-value scale in order to allow comparison of the different individual experimental condition heights, and that varicosity density is portrayed per 10um.  Error bars shown are standard errors.  The single star (*) indicates that only the double hit injury was significantly different from the control in terms of varicosity density (p=0.0151).  N values from left to right: 7, 12, 8, 6.
Discussion
It was my hypothesis that a sublethal mechanical injury would sensitize the hippocampus to secondary acidosis, causing preventable neuronal death.  The observations and data presented in this thesis suggest that a combined TBI of 10.3mph and acidosis at a pH of 6.0 result in an injury greater than either individual injury (see Figure 20).  While the PI data for the double hit injury is significantly different from the TBI at 10.3mph alone (p=0.0003), it is not significantly different from the acid injury alone, indicating that sensitization by TBI to subsequent acidosis is not occurring.  Furthermore, a standard ANOVA does not produce significance for the interaction between TBI and acidosis, although each injury alone is significant.  Thus, these results do not seem to support the hypothesis that a primary TBI sensitizes the hippocampus to secondary acidosis, although an increased N would allow for more solid support of this conclusion.

The conclusion that a primary TBI does not seem to sensitize to secondary acidosis in the hippocampus does not imply that the results are insignificant.  As elaborated in the Introduction, acidosis commonly occurs as a secondary injury following TBI.  In fact, of all secondary brain injury factors, acidosis, hypocapnia, and hypotension occur most frequently, while acidosis and hypoxia are related to longer Intensive Care and hospital length of stay (Jerimitsky et al., 2003).  Furthermore, acidosis associated with TBI tends to be extreme with pH levels falling below 6.5, and thus acidosis tends to aggravate brain injury (Kaku et al., 1993; Xiong et al., 2004).  

The relationship between TBI and acidosis is extremely important to determine, and, because the data do not support TBI sensitizing to secondary acidosis in the hippocampus, the other option is that TBI and acidosis display an additive relationship.  In other words, TBI and acidosis seem to be two independent injuries occurring by separate pathways rather than a single, common pathway as sensitization would imply.  Mild TBI and acid injuries were deliberately selected to unmistakably determine a sensitization interaction, as the double hit experimental condition would be expected to result in much higher, significant cell death relative to each individual experimental condition (TBI and acidosis).  Although the results did not support the hypothesis, they seem to indicate an additive effect.    It is important, however, to note that any conclusions tentatively made apply only to the specific TBI and acid injuries used in this thesis.  If more or less severe injuries were investigated, it is possible that their interaction would not be additive.  

Lactate Dehydrogenase (LDH), an enzyme released by damaged cells and thus another technique that indicates gross cell death was considered as a method of quantifying cell death for this thesis.  However, it was rejected because 1) of possible interactions of the LDH with the culture media, which would produce unreliable results, and 2) the disadvantage of not allowing for close analysis of the slice, only overall hippocampal cell death.  The decision to utilize PI as the primary method of quantifying cell death appears to have been advantageous, since PI images allow for analysis of the aggregate hippocampal cell death, as well as regional analysis.  During analysis of the aggregate (all hippocampal regions) PI data, it was qualitatively observed that the dentate gyrus appeared to have a higher cell death than the other hippocampal regions following an acid injury (alone or double hit).  The advantage of PI is that it allows for a second round of analysis of cell death, specific to each hippocampal region.

While the PI data overall suggest separate TBI and acidosis mechanisms for causing cell death, analysis of the dentate gyrus data for the same images as included in the double hit data set complicate this assertion.  Although the TBI alone was not significantly different from the control experimental condition, this was hypothesized, as the TBI was expected to be sub-lethal since a mild intensity was selected.  The acid alone was very highly significantly different from the control condition (p<0.0001), as well as from the double hit injury (p=0.0197).  Finally, the double hit injury was also very highly significantly different from the TBI alone (p<0.0001).  Taken together, the dentate gyrus results indicate that this particular region of the hippocampus seems to be selectively vulnerable to acid injury, although at this point there is no certain data to determine whether that increased cell death following acidosis is due to an additive effect or to sensitization. The results of a standard ANOVA do indicate some interaction between the two injuries (p=0.0269), but the precise interaction is unknown.  The important conclusion from analysis of the dentate gyrus region is that the mechanisms of cell death may differ between hippocampal regions and that each region may produce results specific to that region.  Thus, analysis of aggregate cell death for a slice may fail to spot crucial results.  Analysis of the functionally distinct regions of the hippocampus (CA1, CA3, and dentate gyrus) is clearly warranted, both for future studies and for the data comprising this thesis.  

Following a very tentative suggestion of cell death occurring by separate pathways for TBI and acidosis, exploring neuroprotective strategies for the acute time frame following TBI seemed natural as a path to pursue, since blocking the effect of the acidosis component alone should theoretically decrease the overall double hit cell death to levels around that of TBI alone.  Before reduction of double hit death may be analyzed with a particular drug, the drug must be proven to reduce cell death as a result of an acid injury alone.  By proving this, an optimal concentration for the drug is determined, as well as an affirmation that the specific drug is actually effective in ameliorating death caused by acidosis for the culture type being used.

Figure 22 displays the amiloride results, and the lack of significance between acid injury alone and 100uM amiloride implies that amiloride is not effective at blocking cell death caused by acidosis.  Note that this does not necessarily imply that amiloride is ubiquitously ineffective; it may be ineffective here due to the type of cultured slices, the age of the slices, or many other possibilities.  Previous studies which suggested that amiloride is a nonspecific blocker of ASICs are primarily electrophysiological (Price et al., 2000; Waldmann et al., 1997a; Xiong et al., 2004), a technique which analyzes neurons during a very short time period.  In these cases, amiloride need only be applied over a short time (minutes), which is considerably different from the longer duration that amiloride was applied in the experiments displayed in Figure 22 (approximately 3.5 hours or the total duration of acid and MCN treatment).   Amiloride is known to have numerous effects, including blocking the sodium/proton antiport, promoting sodium excretion and potassium retention, as well as blocking ASICs.  It is likely that the increased cell death observed as a result of amiloride in Figure 22 is due to one of amiloride’s non-ASIC involved effects, which over an extended period of time could certainly negatively impact cell functioning, even ultimately resulting in cell death.  

As amiloride did not prevent cell death by acidosis, the spider venom PcTX1 was pursued as a possibility to decrease cell death resulting from acidosis.  PcTX1 has been shown to be a specific ASIC1a blocker (Escoubas et al., 2000; Xiong et al., 2004), also through use in electrophysiology studies.  However, because PcTX1 is very specific, it was hoped that extended exposure of PcTX1 to the cultured slices would be able to decrease cell death caused by acidosis and not increase cell death by disturbing other cellular mechanisms as amiloride probably did.  Figure 23 displays the venom results, which are also not significant.  However, this does not indicate that the results are insignificant.  Qualitatively and even quantitatively there is some suggestion that intermediate concentrations of venom may decrease cell death resulting from acid injury alone, a very promising suggestion for only one week’s worth of data.  Thus, PcTX1 shows promise as a possible neuroprotective agent against secondary acidosis following a TBI, and the results portrayed in Figure 23 warrant further investigation.  

However, as both amiloride and venom results did not produce significance, the question arises as to if ASIC channels are even present in cultured, 13-15 day old organotypic rat hippocampal slices.  ASIC channels are known to be present in many types of mammalian neurons (Alvarez de la Rosa, 2002; Chu et al., 2004; Waldmann et al., 1997a; Wemmie et al., 2002; Xiong et al., 2004), but the techniques and protocol for tissue preparation in this thesis could possibly cause ASIC channel expression to decrease or be completely absent.  Thus, immunocytochemistry was pursued in order to confirm that ASIC channels were present in the cultures used in this thesis.  ASIC2a clearly appears to be present in all major regions of the hippocampus (CA1, CA3, and dentate gyrus), as displayed in Figure 24. 

Unfortunately, ASIC1a did not produce as clear immunocytochemistry results due to autofluorescence.  By consequence, Western blotting was pursued in an attempt 1) to support the presence of ASIC channels, particularly ASIC1a, in the organotypic hippocampal slices, and 2) to show how a TBI affects the relative concentration of the ASIC channels in the slices.  As Figure 25 portrays, ASIC1a is clearly present in the control cultured slices, but following a TBI and subsequent 2 hour delay, the ASIC1a concentration is drastically reduced.  This reduction in ASIC1a following a TBI may limit the efficacy of the venom, as venom is a specific ASIC1a blocker, and with less ASIC1a present there are fewer ASIC1a channels present for the venom to act on.  However, the Western blot suggests that there is still at least some ASIC1a present in the cultures following a TBI since the band is still clearly present but noticeably fainter than that of the control.  Hence, venom should still be explored as a possible neuroprotective agent following a TBI.

The immunocytochemistry and Western blot results also allow for further possible implications when considered with the PI data previously discussed.  The double hit data may appear to be an additive result of the individual TBI and acid injuries because of a few possibilities.  First, TBI and acidosis may be simply additive, acting via separate pathways to cause a greater double hit cell death.  Second, each hippocampal region may produce results specific to that particular region, which when analyzed together in the overall mean intensity cause a loss of significance.  Third, the ASIC1a may decrease as a compensatory mechanism following TBI.  In this way, the cell would be protecting itself against further harm from acid by preventing one route for acid to act on the cell.  This drop in ASIC1a observed from the Western blot results could occur during the same time that ASIC2a sensitizes, producing overall results which appear to be additive when the individual injuries are actually interacting.  ASIC2a is clearly present in control cultures as Figure 24 demonstrates, but what happens to the concentration of ASIC2a following a TBI is currently unknown.  Thus, these other possibilities must be explored before an additive effect may be tentatively concluded.  This investigation should include an analysis of ASIC2a concentrations in control tissue and also following a TBI and two hour delay, as well as attempting to prevent the ASIC1a drop following TBI in order to see if the level of cell death shifts.  

Determination of which mechanism is being employed by the hippocampal neurons is crucial to improving treatment of TBI.  While prevention (helmet, seat belt, bumper, crumple zone, air bag, etc.) offers a significant reduction in the severity of a TBI, the guidelines for treating a TBI once it occurs are inadequate.  The difficulty in treating TBI arises because of the wide range of secondary injuries that occur with a TBI.  For instance, administering a drug that would decrease the acidity of the hippocampal tissue would seem an obvious treatment in order to prevent further cell death.  However, since a slightly acidic environment (approximately pH6.8-pH7.4) can actually be protective to neurons (Kaku et al., 1993; Xiong et al., 2004), a drug that would decrease acidosis would only be appropriate at certain times (e.g. after a determined level of TBI).  In the case of this thesis, separate TBI and acidosis mechanisms could be treated separately, but if these individual injuries do share a mechanism for causing their respective injuries, then their treatment can only be considered together.  Beyond confidently determining the mechanism of TBI and acidosis injuries (additive or interacting), it is important to establish a clinical timeframe for treatment.   Furthermore, the window of vulnerability following a TBI must be determined in order to ascertain if the mechanism(s) of TBI and acid injury remain consistent the entire post-TBI period, or if interaction occurs during one time interval, and addition during another.  

One way of investigating further the mechanism(s) involved is to examine what happens at the cellular level to contribute to the cell death observed with PI.  Dendritic spine imaging allows for a quite sensitive analysis of slice health and an indirect measure of slice function, and can be used not only to support the results obtained with PI, but also to compare the structural changes following a TBI or acidosis.  Clinically, TBI is associated with both transient and permanent memory loss (Geddes et al., 2003; Novack et al., 2000; Wang et al., 1997), indirectly indicating hippocampal damage.  In addition, previous studies have implicated dendritic spines in neuronal plasticity associated with learning and memory formation (Harms et al., 2006; Hering and Sheng, 2001; Lippman et al., 2005).  These studies suggest that the structures of the spines themselves may be correlated with alterations in the pathways of information flow.  It follows that the neurons may use these alterations in the spines to increase or decrease their synaptic transmission after a TBI in order to protect from further cell death or to compensate for the cell death that occurred.  

Figures 27-29 show that injuring the slice (TBI alone, acid alone, or a double hit) increases the density of varicosities and decreases the density of spines.  Note that while the double hit condition is significant compared to the control for the varicosity density, this could be a result of an additive relationship between the two individual injuries; it does not necessarily indicate sensitization.  Moreover, as the spines, the structures allowing for communication at a synapse, appear to dramatically decrease following an injury, it seems most likely that the cell death observed in the PI data is the result of a mechanism other than spine modulation.  In essence, the observed decrease in spine density would seem to imply short term protection by reduction of synaptic strength (transient protection against excitotoxicity) and a decrease, rather than the observed increase, in overall cell death.  

As previously discussed, spines are considered to be plastic structures.  Thus, although spine density drastically decreased and varicosity density drastically increased following injury, it is plausible that, given a substantial duration of time, the spine density could increase nearly back to its original value and the varicosity density could decrease back to its original value.  If this remodeling does occur, it suggests that recovery may be possible and that the cell death occurring following a TBI or acidosis injury could possibly be compensated for by new synaptic pathways.  Future research should certainly explore whether the dendritic spines ever reappear, and if they do, any potential neuroprotective drugs should be confirmed to not hinder this increase in spine density during recovery.  


Thus, taken together these results on the surface tentatively suggest that TBI and acidosis act in an additive manner.  However, preliminary data appears to suggest a more complex relationship, with regional variation.  These results, while preliminary, do further understanding of the TBI-acidosis interaction and advance knowledge for possible treatments of TBIs in which acidosis is involved.  

Footnotes

1Disabilities resulting from a TBI depend on the severity and location of the injury, as well as the age and health of the patient.  

2A reduction in oxidative metabolism and altered glucose metabolism can also result from a TBI without brain ischemia (Vespa et al., 2005).

3Biomechanics Laboratory, Legacy Research Center, 1225 NE 2nd Avenue, Portland, OR 97232.
4The majority of all nerve and glial cell types survive in the culture environment, although in the hippocampus the density of synaptic structures decreases (Finsen et al, 1992).

5While rats share many physiological and pathological responses to TBI with humans, it is notable that the rat tissue used in these experiments was removed from the skull.  Hence, the injury levels and resulting neuronal death should not be taken as directly comparable to a human head injury of the same velocity.  Humans have brain tissue that is encased within a hard, bony skull and which is surrounded by cerebrospinal fluid (CSF), both of which act to protect the brain and absorb the force of the impact.  Furthermore, prevention should always be the first line of defense, which is the reason behind extensive marketing to promote wearing of helmets when riding bicycles or wearing of seatbelts when in a motor vehicle.

6Whole brain slices were rejected for use because of slice-to-slice heterogeneity (variability), which would impede accurate comparisons of experiments, and also due to demonstrated loss of gross integrity at high TBI accelerations (Morrison et al, 2004).  

7The CA2, a field between the CA3 and CA1 fields in the hippocampus proper, is recognized in some texts and not in others.  In essence, the area remains, but some literature divides the region designated as CA2 into the CA3 and CA1 for various reasons.  Thus, in the explanation for hippocampal information flow, as well as in Figure 7, the CA2 has been effectively “absorbed” into the CA3 and CA1, but is still present.  

8This pattern of information flow is unique because “one-way projections are extremely atypical for corticocortical connections” (Amaral and Witter, 1995).  Most cortical regions contain reciprocal connections.  

9A “molecule of acid” is actually a proton (H+).  Thus, more acidic (higher concentration of protons) environments will have a higher probability of one of these protons binding to an ASIC and thereby activating it.  The important point is simply that a more acidic environment is more likely to open ASICs.  

10MK-801 is an NMDA receptor antagonist, CNQX is an AMPA and kainite receptor antagonist, and Nimodipine is a calcium channel blocker.

11Which ions are allowed movement by the ASIC is dependent on which particular ASIC channel is being referenced.  For instance, homomeric ASIC1a channels are permeable (allow through the cell membrane) to both sodium (Na+) and calcium (Ca2+), while ASIC1β has no calcium permeability (Chu et al., 2004).  

12It should be noted that, while the experiments which make up this thesis focus on cell death and injury, the brain is remarkable plastic.  Thus, “when one functional region or pathway is damaged, others may be able to compensate partially for the loss” (Kandel et al, 9) by reorganizing their linkages.  The remaining, uninjured portions of the brain essentially accommodate for the breakdown in information transfer in another area.  This is clearly not always possible, as serious symptoms do arise from TBI, but does occur, and provides hope for rehabilitation and therapy efforts following a TBI.  

13Probes used in Western blots are typically antibodies.

14Uniform brain tissue shear strain results, assuming that the tissue in incompressible.

Glossary
Acidosis: The condition of increased acidity, caused by the accumulation of acids in the fluids surrounding the tissue.  An abnormal condition for the human body that is marked by sweet breath, headache, nausea, vomiting, and visual disturbances.  

Activate: To allow function of a molecule.  Here, activate refers to opening an ASIC channel so that ions can pass through.  

Amiloride: A drug that is a nonspecific blocker of ASIC channels.

Anaerobic glycolysis: A cellular process of making energy that lacks oxygen.  It causes the build-up of acidic molecules in the cell, which can be dangerous to the cell’s function and health, even resulting in cell death.  

Anoxia: A reduction or total absence in the supply of oxygen.

Antibody: A molecule which functions as the effector of an immune response, but which in this thesis is used, in various techniques, as a marker that indicates the presence or absence of a protein by binding to it.  The proteins in question for this thesis are ASIC channels of different types, each of which has its own specific antibody.

ASIC (Acid-Sensing Ion Channel): A ligand-gated ion channel that opens when an acidic molecule (a proton, the ligand) is bound to it.  It allows acid to have an effect on the cell by being present in the cell’s membrane.

Axon: A classically long extension or process from the neuron’s cell body.  It carries nerve signals away from the cell body and toward other target cells.  

Basal ganglia: A portion of the brain that is located in the cerebral hemispheres in the forebrain.  It is known to function as a regulator of motor performance.  

Behavior: Observable activity, the aggregate of responses to both internal and external stimuli.

Bind: A transient state where two molecules attach together.  

Block: The act or ability to stop a particular action.  Here, block refers to plugging the passageway in ASIC channels so that ions cannot pass through.

Byproduct: A secondary product or side-effect molecule, usually unintentional.

Cell: A microscopic structure containing a nucleus (DNA) and cytoplasmic material, and enclosed by a semipermeable membrane.  There are a plethora of cell types, and neurons are one type.  

Cell body: The section of a cell that contains the nucleus, which in turn contains the genetic material of the cell.  Typically, the dendrites bring information to the cell body and the axons transmit the information away from the cell body.

Cell membrane: A thin, fluid, semipermeable barrier that controls the passage of substances into and out of the neuron.

Cerebrospinal fluid: See CSF.

Cognition: The act or process of knowing.  Perception, thinking, memory, and reasoning are all part of cognition.

Communication: Act by which information is transferred.  Expression and understanding are part of communication.

Confocal: A type of microscope that allows the observer to visualize objects in a single place of focus, creating a sharper image.

Cortical: Of the cerebral cortex, a portion of the brain which is on the surface.  It is the largest and most complex part of the mammalian brain and contains sensory and motor nerve cell bodies.  It is known to function in cognition.

CSF (Cerebrospinal fluid): A clear fluid that fills the ventricles of the brain and the central canal of the spinal cord.  It contains small quantities of glucose and proteins.  

Cytoarchitecture: Cellular arrangement and connections.  

Declarative: One type of information that is stored by the hippocampus.  It is explicit information, the “what,” e.g. facts and events.  

Dendrite: One of typically many short, highly branched processes of a neuron.  It conveys nerve signals toward the cell body.  

Dendritic spine: A mushroom-shaped protrusion from dendrites that represents the principal site of pre-synaptic termination onto a post-synaptic neuron.  Thought to be a very sensitive indicator of cell health.

Diencephalon: The posterior section of the forebrain.  It connects the midbrain to the cerebral hemispheres.  

Dissociated: Cultures of living neurons that are broken apart from one another following dissection from a model organism.

Double hit: In this thesis, this term refers to both a primary (TBI) injury and a secondary (acid) injury affecting the same slice.  It is an experimental condition in which one slice undergoes both types of injuries, in a particular sequence, and with a particular delay between the two injuries.  

ECF (Extra-Cellular Fluid): The interstitial fluid and the plasma (e.g. the fluid existing outside of the cells in an organism).

Edema: Swelling of the brain.

Electrophysiological: A technique which measures the strength of a neuron’s signal (technically, the neuron’s current), an extremely rapid occurrence.  

Epileptic: A transient neurological event in which certain parts of the brain are over-stimulated, causing abnormal motor phenomena, loss of attention and consciousness, and, at times, severe convulsions.

Excitatory: Inducing excitation or a pathway that increases neuronal stimulation.

Excitotoxicity: A theory that suggests that injury stimulates the release of high levels of excitatory neurotransmitters, causing cell death by the excessive activation of receptors for that particular neurotransmitter.  

Experimental condition: Refers to the specific events that a particular slice undergoes during a given experiment.  For instance, in this thesis, there are numerous experimental conditions: control, sham TBI, sham acid injury, TBI, acid injury, double hit with a 2h delay, double hit with a 0h delay, etc.  None of these examples include any of the drug experimental conditions run.

Expressed: Present.

Extra-Cellular Fluid: See ECF. 

Fluorescent: Emitting light during exposure to radiation from an external source.  Basically, a brightly colored, almost glowing marker.  

Forebrain: The anterior of the three primary divisions of the brain in the vertebrate embryo.  It is the part of the adult brain that includes the diencephalons and the telencephalon.

Gel electrophoresis: The separation of proteins on the basis of their size and electrical charge by the rate of protein movement through an electrical field in a gel.  

Glia: A class of cells in the brain and spinal cord that form a supporting structure for the neurons and provide certain neurons with insulation, increasing their speed of signal transmission.

Glycolysis (aerobic): The process of splitting glucose, a primary energy source, into pyruvate.  It is the beginning point for aerobic respiration and the ultimate production of energy.  This processs needs oxygen in order to function.  

Hemisphere: In reference to the brain, either of the lateral halves of the cerebrum.

Heterogeneity/Heterogeneous: Being composed from dissimilar parts, variable.

Hippocampus: A part of the brain located in the cerebral hemispheres and which plays a central role in memory processes, specifically memory storage.  It is composed of six main sections known as the hippocampus proper, dentate gyrus, subiculum, presubiculum, parasubiculum, and entorhinal cortex.  

Hippocampus proper: The three sections of the hippocampus known as the CA1, CA2, and CA3.  

Homogeneity/Homogeneous: All of the same or similar kind or nature.

Homomeric: A type of subunit where each subunit is the same (the protein or ion channel consists of only one type of subunit).

Hypothalamus: The ventral part of the vertebrate forebrain.  It is known to function in maintaining homeostasis and coordinating the endocrine and nervous systems, as well as being responsible for automatic feelings such as hunger.

Hypoxia: Insufficient levels of oxygen in the tissue.

Immunocytochemistry: A technique that allows for the detection of chemical components of cells by means of antibodies coupled to substances that can be made visible, e.g. fluorescent antibodies.   

In vitro: Occurring in an artificial environment outside the living organism.  The artificial environment is typically prepared to simulate the internal environment of the living organism being studied.  It allows a controlled setting for experiments.  

In vivo: Occurring within a living organisms or natural setting.

Inertial loading: Inertia is mass multiplied by acceleration.  The point of the NSI model is that F=ma, and because the mass of the rat hippocampus is so small, it takes a larger acceleration to cause the same force.  All forces acting on the hippocampus are inertial rather than other types of forces.

Integrity: The state of being unimpaired, whole, unreduced and unbroken.  For this thesis, integrity refers to retaining the gross structure of the slice following TBI (e.g. the slice is not misshapen and smeared across the Millipore). 

Interstitial fluid: Fluid outside of the cardiovascular system, throughout the internal environment of vertebrates.  It fills the spaces between cells.  

Ion: An electronically charged atom (positive or negative).  

Ion channel: A transmembrane pore that allows for passage of ions through the cell membrane and down their electrochemical gradients.  They are usually specific to one or a few ions.  There are several types of ion channels, including ligand-gated ion channels such as ASICs.  

Ischemia: Insufficiency of blood supply which deprives tissue of oxygen, glucose, and other nutrients that are distributed by the blood.  In addition, ischemia prevents the removal of potentially toxic substances such as acid.  When ischemia is sufficiently severe and prolonged, neurons and other cellular elements die, known as infarction.  

Label: To attach a marker to in order to allow for detection and so that the marker is traceable.  

Ligand: A molecule that binds specifically to a receptor site of another molecule.  

Ligand-gated ion channel: A signal receptor protein in a cell membrane that can act as a channel for the passage of a specific ion across the membrane.  When activated by a specific signal molecule, the receptor either allows or blocks passage of the ion, resulting in a change in ion concentration that usually affects cell functioning.  ASICs are ligand-gated ion channels, with one molecule of acid being the ligand that activates the channels.

Lipophilic: A material having a high affinity for lipids (e.g. insoluble to water, like fats).

Mass: The quantity of matter in an object.

MCN: An acronym that stands for a mixture of three drugs: MK-80, CNQX, and Nimodipine.  This mixture blocks all relevant channels except for the ASIC channels, thereby isolating cell death results to cell death occurring by acidosis.  

Mental health: Psychological well-being and satisfactory adjustment to the demands of life.  Many disorders occur from disturbances in mental health, such as depression, anxiety, personality changes, aggression, acting out, and social inappropriateness.

Metabolic imbalance: A change from the normal ratios of molecules involved in metabolism (energy production) in an organism.

Millicell: A culture plate insert with a microporous membrane manufactured by Millipore.  It allows for slices placed on it to exchange nutrients with the culture medium underneath the membrane without being submerged in the fluid itself.  

Molecular Weight: The average weight of one molecule of a substance.  Typically, a larger substance will have a larger molecular weight.  

N: Sample size value (e.g. number of slices participating in the experiment).

Neuron: The neuron is the discrete functional unit of the brain.  It is the type of cell found in the nervous system of organisms.  There are several types of neurons, specialized to perform specific tasks.

Neuronal Shear Injury: See NSI.

Nondeclarative: One type of information that is stored by the hippocampus.  It is implicit information, the “how,” e.g. procedural sequences and emotional responses.  

Nonspecific: No particular or designated types of ASIC channel blockage.  

NSI (Neuronal Shear Injury): The model used for causing TBI in this thesis.  It causes a uniform shear stain injury by creating a change in acceleration of the culture.  

Open state: The state of an ion channel that allows for the passage of ions through the membrane.  This is opposed to the closed state, which prevents ions from passing through the channel.

Organotypic: Tissue that is typical of the organ.  It has similar cellular architecture, connections, and structure to the in vivo tissue.

PcTX1 (Psalmotoxin/Venom): A drug that is obtained from the venom of the tarantula Psalmopoeus cambridgei.  It is a specific ASIC1a blocker.  

Permeable: Capable of being penetrated by a particular substance, ion, or molecule.  Allowing passage of that given substance through the cell membrane (either out or in).  

Physiological: A trait which is characteristic of the normal functioning of an organism.  Typical human and rat physiological pH is approximately 7.4, and thus the majority of cells function optimally at this specific pH.  
PI (Propidium Iodide): A chemical that enters cells with a compromised cellular membrane.  Often used as a marker of cell death.

Plasticity: The capability of being molded and changed.  In biological terms, capable of building tissue, adapting, and a formative process.  

Primary injury: The first injury.  In this thesis, the TBI is the primary injury.  Thus, the primary injury is the cell death that occurs as a direct result of the physical, anatomical injury at the initial time of impact.  

Probe: The general term for a label that detects a specified molecule, such as a protein like ASICs.

Propidium Iodide: See PI.  

Psalmotoxin: See PcTX1.  

Secondary injury: The second injury in a sequence.  In this thesis, the acid injury is the secondary injury.  The secondary injury is typically more widespread and delayed.  Other examples of secondary injury besides acidosis include metabolic imbalances, anoxia, hypoxia, edema, and ischemia.  

Semipermeable: Partially permeable/permeable only to certain molecules, not to all.  In biological terms, allowing the passage of specific molecules but acting as a barrier to others, e.g. the cell membrane.  

Sensory processing:  The operations by which an organism is able to detect and analyze its surroundings.  Includes sight, hearing, touch, taste, and smell.

Sham: A “sham” experimental condition is one that follows the procedure that the injured cultures undergo (the movements of the millipores, removal from the incubator, placement into ECF, etc.), but is not actually injured.

Spine (dendritic): See dendritic spine.

Shear strain: Mechanical deformation and displacement of the tissue based on the material that the tissue is composed of.  Displacement acts parallel to the surface of the tissue.  Displacement can be measured with the NSI model, and thus values of shear strain were used to quantify the level of injury given to the tissue.

Spine imaging: The process of obtaining very close pictures of dendrites that is thought to be a sensitive measure of cell health.  

Strain: See shear strain.

Subunit: A discrete subdivision of a larger, more comprehensive unit.

Synaptic transmission: Information transfer between neurons.

TBI (Traumatic Brain Injury): An external, rapid onset injury to the brain resulting from a mechanical component.  It can involve skull fracture, shaking, penetration, and many other factors.  The NSI model utilizes a closed-head TBI to cause injury.  The consequences of a TBI depend on several components.  

Traumatic Brain Injury: See TBI.  

Varicosity: An enlargement or swelling on the dendrite.  Often referred to as “pearls” or “beads” on a string.  Thought to indicate lack of cell health.  

Venom: See PcTX1.
Western Blotting: A highly sensitive technique for identifying and measuring the amount of a specific protein in a mixed extract.  Proteins are separated by gel electrophoresis, transferred to a special filter paper, and probed for the specific protein under investigation.  
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Figure 19:  Time course of combined acceleration and acidosis experiments.
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