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ABSTRACT OF THE DISSERTATION

Role of the Contra-lesional Cortex
in Recovery of Function

after Traumatic Brain Injury

Derek Ray Verley
Doctor of Philosophy in Neuroscience
University of California, Los Angeles, 2017

Professor Neil G. Harris, Chair

After a lateralized traumatic brain injury (TBI), neural repair and regeneration in
the area proximal to the injured region is known to be associated with recovery of some
of the function lost to injury. However, there is a growing body of evidence, mostly from
stroke research that distant, but networks which are both functionally and structurally
connected to the injured cortical region are not only indirectly altered by injury, but may
also be critically involved in the recovery process. One such region, called the contra-
lesional cortex (CLCtx), is the uninjured, homotopic brain region mirrored on the
opposite cerebral hemisphere. Here, we sought to determine how the cortical map is
altered by injury and whether the CLCtx is causally involved in recovery of function after
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unilateral TBI. We used functional magnetic resonance imaging (fMRI) and in vivo
electrophysiology to chart the changes in the functional map throughout recovery from
experimental TBI in the rat. To determine if the CLCtx is involved in functional
recovery, we tested function with and without temporary inactivation of the CLCtx at
weekly for the first month after injury. The results of these experiments indicated that the
functional map shifts to the CLCtx throughout the first four weeks after injury. At 4
weeks post-injury, silencing the CLCtx re-instated the injury deficit, indicating that the
CLCtx was supporting functional recovery chronically. Surprisingly, silencing activity of
the CLCtx at just one week post-injury resulted in a complete recovery of function,
indicating that the CLCtx is impeding function of the affected forelimb. Therefore, with
its causative role in recovery of function after TBI, the CLCtx might be an important

target for future interventional strategies in TBI recovery.
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Chapter 1

Background
Epidemiology of traumatic brain injury

Traumatic brain injury (TBI) is the leading cause of death and disability worldwide (Loane
and Faden 2010). TBI results from a blow to the head or a forceful acceleration/deceleration of the
brain within the skull. At least 1.7 million new cases are reported annually in the United States
(Loane and Faden 2010). The risk of TBI is higher for military personnel. In the wars in Iraq and
Afghanistan, head trauma was diagnosed in more than 85% of all trauma admissions (Xydakis et
al. 2012). Risk factors for TBI in the US civilian population include age, gender, and low
socioeconomic status. Males are twice as likely of sustaining a TBI compared to females,
potentially attributable to increased propensity for risk taking behaviors (Corrigan et al. 2010). The
most likely ages for suffering a TBI include children aged 0-4 years, adolescents between 15-19
years, and seniors aged 75+ years and the top mechanisms of injury include vehicular accidents
and falls from height (CDC 2014).

An estimated 5.3 million TBI survivors in the United States and 7.7 million in Europe
require physical rehabilitation for sensorimotor deficits (Kozlowski et al. 2013). The financial
burden for both acute care and rehabilitative therapy for TBI in the US has been estimated between
$9-10 billion per year (Ragnarsson 2006; Bales et al. 2009). While some spontaneous recovery of
function may occur after injury, it is often limited, and many TBI survivors do not recover full
function. Approximately 50% of patients who survive a moderate TBI will suffer chronic
disabilities (Bales et al. 2009). For example, in a follow-up study of 67 moderate-to-severely

injured patients and found that 30% of patients still had upper limb impairments at 5 years post-



injury (Hillier et al. 1997). The experimental TBI model in the early adolescent male rat employed
in the studies presented in this dissertation reproduces etiology of the large population of patients
with upper limb impairments nicely. The use of an animal model minimizes the variability in injury
location(s) observed in clinical TBI and enables control for many independent variables that might
otherwise increase variability and require larger sample sizes including diet, exercise, housing
environment, adherence to treatment schedules, sex and age. It is the hope that the information
gleaned from these studies also address more broad concepts regarding circuit remodeling, re-
organization of the cortical map, and interhemispheric interactions change throughout recovery

after a lateralized brain injury.

Deciphering neural correlates of behavior: Equipotentiality vs. Cortical Localization theories
Most modern neuroscientists agree that specific regions of the mammalian brain are at least
partially specialized to support for function specific behaviors. At the same time, we recognize
that the brain is much more complicated than the design of an automobile, whereby each
component stringently performs a single specific function to support the function of the whole
machine. While specialization of function by brain structure In some cases, even single neurons
have been found to be selective for single data points, such as the place cell of a rat which are
preferentially activated when the rat is positioned in a specific location within a maze (Cushman
et al. 2013; Ravassard et al. 2013; Acharya et al. 2016; Moore et al. 2016) or in the human, “face
cells” are neurons which are activated only when a particular familiar face is recognized by human
research subjects (Viskontas et al. 2009). From the signal processing of a single neuron to the
ensemble of a large network of neurons firing together, it is these components of the brain which

are ultimately responsible for simple-to-complex behaviors.



In the strictest view of the Cortical Localization theory, one would assert that damage to a
brain region responsible for specific behavior, would result in a predictable deficit corresponding
to the damaged brain region’s behavioral correlate. The strict view of Equipotentiality might assert
that function is distributed throughout the brain and any region of brain is capable of support most
behavioral functions. These competing hypotheses were investigated and debated by philosophers
beginning in the early 18" century (Karenberg 2009), was hotly debated in the 19™ century by
physicians and early neuroscientists (Pearce 2009), and remains a topic of interest in the literature.
had been using information gleaned from post-traumatic and post-surgical case studies which
depict cortical maps, the so-called homunculus. These depictions delineate specific regions of the
cortex as specific centers responsible for general behavioral functions such as the vision, speech,
auditory processing, memory, movement of body parts, and sensory processing for various regions
of the body. Work by Lindsley seemed to show that the reticular formation of the brain is
responsible for arousal (Lindsley et al. 1950), as cats with lesioned reticular formation slipped
into a coma and could not be aroused back to consciousness. Then, an interesting follow-up study
by John Adametz replicated these results when he lesioned all reticular nuclei at once, but found
that if the lesion was produced in a stepwise manner with three week intervals between partial
reticular lesioning, the cats showed normal sleep-wake cycles after the reticular formation was
destroyed (Adametz 1959). This indicates that other networks in the brain can support functions
for which they were not specialized for prior to injury.

However, lesioning of entire cortical regions does not always result in permanent loss of
the corresponding functions. Many studies have shown that at least some spontaneous recovery of
function often occurs after focal brain injury such as stroke or experimental focal brain lesion

without regeneration of the most injured cortical region (Finger et al. 1971). Spontaneous partial



recovery occurs after traumatic brain injury (TBI) as well, though TBI has both focal and diffuse
components. While some apparent functional improvements might attributable to behavioral
compensation, whereby related networks adapt existing behavioral functions to make up for those
lost by injury. When one limb is impaired, for example, the non-impaired or less impaired limb is
relied upon more heavily and used more than before injury, particularly if it is the non-preferred
hand. Many tests have been designed so that scientists are better able to measure true functional
recovery by deciphering between compensatory behavior and true recovery of function, to measure
specific deficits related to learning and memory or somatosensory and motor function (Fujimoto

et al. 2004).

Diaschisis:

Regions which tend to show new activation after injury include regions that are structurally
connected to and functionally related to the injured network. This reflects diaschisis early after
injury, which is loosely defined as the alteration of function in an area or areas of the brain which
are connected to the injured brain region. The effects of diaschisis after brain injury has been
described in terms of altered metabolism, neuronal activity and excitability, and overall
functionality of brain regions remote from the injury site (KEMPINSKY 1958; Von Monakow
1969; Feeney and Baron 1986; Andrews 1991; Buchkremer-Ratzmann et al. 1996; Reinecke et al.
1998; Sutton et al. 2000; Biitefisch et al. 2003; Maggiolini et al. 2008; Nishibe et al. 2010b;
Holschneider et al. 2013; Carrera and Tononi 2014; Dalton 2014; Le Prieult et al. 2016). It is not
clear, whether, at more chronic stages of recovery, new regions of activation indicate networks
which support recovered function or if the diaschisis has a role in remodeling of compensatory

networks



Clinical management of moderate-severe TBI

Clinical management of TBI begins in the intensive care unit (ICU) where the focus of
interventions is aimed at minimizing secondary brain injury (Algattas and Huang 2013). All
moderate-severe TBI patients receive an initial CT scan to diagnose gross pathological features
such as skull fracture, midline shift, hemorrhage, sub-dural hematoma, and other features. CT
images show acute blood in the brain very well, is relatively inexpensive, and the imaging
process is fast (Cooper and Golfinos 2000). Intracranial pressure (ICP) and cerebral perfusion
pressure (CPP) are monitored and managed using decompressive craniotomy, mannitol
(hypertonic saline), hypothermia and CSF drainage (A Brain Trauma Foundation; American
Association of Neurological Surgeons; Congress of Neurological Surgeons 2007). In humans,
brain edema formation peaks between 2-4 days post-injury (Cooper and Golfinos 2000). Edema
is swelling of a part of the brain that results in either a compensatory compression of another
region or an increase in ICP. It is important to monitor and control unwanted increases in ICP
because elevations in ICP are associated with poor outcome. However, CPP is the optimal
parameter to use (CPP = mean arterial pressure [MAP] — ICP). In this acute phase (<24 hours),
experimental treatments such as hypothermia and hyperbaric oxygen therapy have shown mixed
results, but have not yet shown enough promise to take to phase I'V clinical trials (Algattas and
Huang 2013). There is a phase II, multi-institution stem cell therapy study ongoing at the time of
the writing of this dissertation to test the potential ability of SB623 (SanBio, Inc.) cells to
improve chronic motor deficits from TBI ([online access: 4/4/2017]

https://www.centerwatch.com/clinical-trials/listings/). Recently, amantadine became the first

pharmacotherapy that has been shown to improve the rate of functional recovery after TBI in a



Phase III randomized, placebo-controlled trial (Diaz-Arrastia et al. 2014). Other compounds
including cyclosporine A (immunosuppresant), FK506 (protects mitochondria), erythropoietin,
glyburide, growth hormone (steroid hormone), progesterone (steroid hormone), methylphenidate
and atomoxetine (increase synaptic dopamine and norepinephrine levels), minocycline
(antiinflammatory/antiapoptotic/antibiotic/antioxidant properties) and statin drugs are

compounds that have shown some promise in early trials (Diaz-Arrastia et al. 2014).

Pathophysiology of TBI

The pathophysiology of moderate-severe traumatic brain injury is often described in terms
of the primary and secondary injury components. The primary injury is caused directly by the
initial biomechanical forces associated with injury and results in a cascade of biochemical
reactions. The force of injury and displacement of affected brain regions and injury to axons, lost
synaptic integrity, and produces a generally neurotoxic environment. At this acute stage, metabolic
crisis is an additional cellular stressor. At 36 hours after injury there is a drop in much needed
glucose fuel, as it is used up during generalized hyperactivity/hypermetabolism after injury, with
an accompanying increase in metabolic fuel demand, resulting in greater cellular loss (Vespa et al.
2005). The availability and utilization of oxygen was not a limiting factor except for in the most
severe traumas, from which most do not survive (Vespa et al. 2005). Differing from stroke injury
in this way, these data indicated that ischemic injury is not a prominent feature of TBI. This
information provides researchers a target of metabolic supplementation to protect cells from initial
metabolic crisis. In the lateral CCI rat model of TBI, as used in the experiments presented herein,
metabolic crisis occurs within 2-4 hours after injury (Xu et al. 2011). Further, the use of alternative

fuels have shown some promise as neuroprotective treatment in the research setting (Sutton et al.



1993, 1994, 2000; Moro and Sutton 2010; Deng-Bryant et al. 2011; Moro et al. 2011; Moroa et al.
2013). Unfortunately, this approach has proved challenging, as more than 30 clinical trials in this
area have failed (Loane and Faden 2010). Continued research in this line of research is clearly
needed, as protecting cells from the acute insult would ultimately result in optimal recovery, as it
would attenuate subsequent secondary injury.

The secondary injury features a strong immune response and neurodegeneration
preceeding the initiation of programs of neuroplasticity and neural repair. Damage to the cerebral
vasculature and neuronal cell bodies caused by TBI activates innate immunity and intrusion of
immunocytes into the damaged brain. This initiates production of pro-inflammatory
prostaglandins and cytokines with subsequent production of antibodies and proliferation of
lymphocytes and activation of microglia (Gendelman 2014; Loane and Kumar 2016). Axonal
transport is impaired, resulting in axonal swelling and disconnection from 1-7 days post-CCI in
the rat (Chen et al. 2003). Axotomy results in Wallerian-like degeneration (Coleman and Freeman
2010). It is also important to note that some populations of axons are also more vulnerable than
others. For example, the unmyelinated axons are more susceptible to secondary injury than
myelinated axons (Reeves et al. 2005). Axotomized neurons showed decreased excitability while
intact pyramidal neurons showed an increase in excitability within intact neurons (Greer et al.
2012). Since post-injury pathologies are specifically more damaging to certain network types or
network components, they may each result in specific behavioral impairments at different times
throughout recovery. In addition to the inflammatory response and axonal degeneration, epigenetic
factors such as altered expression of micro RNAs (miRNAs), which are known to be involved in
apoptosis (programmed cell death), inflammation, and cell proliferation (Bhalala 2015). Reduction

or elimination of secondary injury would reduce the burden of recovery support in the chronic



stages after TBI, which are characterized by various mechanisms of enhanced neuroplasticity and

spontaneous functional recovery.

Common models of lateralized traumatic brain injury

There are numerous experimental animal models of lateral brain injury including cryogenic
brain lesions, cortical photothrombosis, medial carotid artery occlusion (MCAo0), cortical
undercut, blast injury, acceleration/deceleration models, weight drop models, fluid percussion
injury (FPI), and controlled cortical impact (CCI). The most commonly used TBI models are FPI
and CCI. For the studies presented here, the rat CCI model was utilized.

FPI is a diffuse model of TBI which exhibits damage and sheering of long-range white
matter axons. Axonal damage disrupts axon transport and leads to cell death and disconnection
between the affected networks in the brain. The FPI device produces injury with a brief pressure
wave (usually set between 8-30ms in duration) of physiological saline in contact with the intact
duramater. The pulse of saline briefly compresses the brain. Because the mechanical injury is
diffuse, it causes damage not only to the underlying cortex but to subcortical structures as well.
Thus, one reason that FPI is often used to study post-traumatic effects on spatial memory and fear
learning is that its damage can reach deeper structures including the hippocampus and amygdala.

The CCI results in a more focal zone of gross mechanical injury compared to the FPIL
Instead of using a pulse of water to briefly compress the brain, the CCI device employs the use of
a pneumatic piston to drive an impactor tip into the intact dura. While white matter damage and
still occurs through the stretching and sheering force of the impact, the damage is more localized.
Far from being a true focal injury model like the cryogenic and ischemic stroke models,

neurodegeneration occurs broadly within the peri-lesional cortex, ipsilesional thalamus,



homotopic contralesional cortex, and bilaterally across the corpus callosum beginning as early as
24 hours post-CCI and continuing through post-injury day 7 (Hall et al. 2005). The significant
population of patients with upper limb impairments are most closely modeled with the CCI injury
model employed herein. However, the study was designed with the goal of gaining a broader
understanding of remodeling of brain circuitry after TBI. For example, gaining a better
understanding of how contralesional cortical networks are affected by injury may provide insights
into contralesional changes which might occur in response to a hippocampal injury, affecting
memory rather than sensorimotor function. The unilateral CCI injury of the left sensorimotor
cortex for the forelimb (S1FL) was used for these studies because it allowed longitudinal study of
the evoked map for investigation with both fMRI BOLD and in vivo electrophysiological

techniques.

The sensorimotor neural circuit
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Figure 1. Ascending somatosensory pathways: Posterior columns

The somatosensory pathway from the forelimb to the SIFL cortex

The posterior columns and medial lemnisci convey impulses concerned with well-localized

touch the sense of movement and position. Critical for temporal and spatial discrimination, the

posterior columns make it possible for a person to hit an incoming baseball with a bat, ride a

bicycle, or to type out the words of a dissertation. The posterior columns make it possible to

visualize the position of any part of one’s own body without looking. In the somatosensory

pathway from the rat forelimb to the contralateral SIFL cortex, primary sensory neurons from the

10



forelimb into cervical spinal cord, rostrally to synapse on cell bodies of the secondary neurons
within the nucleus cuneatus in the lower medulla. From the cuneate nucleus, the majority of the
secondary neurons decussate in the medulla as the internal arcuate fibers and ascend to the ventral
posterior-lateral nucleus of the thalamus (VPL)(Edeline 1999). However, some of the fibers do not
cross, but instead ascend to the ipsilateral VPL (Figure 1). After injury, fibers have been shown to
sprout from the injury affected path, back across the midline to the contralesional thalamus (Figure
1, yellow arrow). The tertiary VPL axons then travel through the internal capsule and radiate to

the S1FL cortex via the corona radiata.

Learning transfers between cortical hemispheres of the brain

Bilateral brain activity occurs normally in lateralized forms of learning such as sensory
motor in the uninjured brain. Some have shown that recovery of function depends upon
contralesional cortex (CLCtx) activity after lateral brain injury. For example, persistent excitatory
electrical stimulation of the CL motor cortex improves motor function chronically following
experimental cortico-spinal tract (CST) lesion in the rat (Carmel et al. 2014). Following this gain-
of-function experiment, the group went on to show that stimulated CLCtx was also the structure
which became critical for supporting recovery with a direct loss-of-function-like perturbation
study. They found that silencing activity of the contralesional motor cortex with GABA agonist,

muscimol reinstated the forelimb deficit only in brain stimulation-treated rats (Carmel et al. 2014).

Injury severity-dependence
Severity of unilateral injury may dictate the degree to which affected-side recovery is

dependent on the CLCtx. When recovery was enhanced with four weeks of “enriched-

11



rehabilitation” (ER) after either large or small experimental ischemic stroke in the rat forelimb
cortex, pellet reaching success was greater in rats with larger lesion volumes (Biernaskie et al.
2005). This comes as no surprise when considered within the framework of the specialization-of-
function-by-cortical-location hypothesis. Both large and small lesion groups showed steady
recovery of limb reaching ability throughout the 4 weeks of ER (Biernaskie et al. 2005).

If gains in functional recovery are dependent upon the peri- or ipsilesional cortex, silencing
activity of the ipsilesional sensory motor cortex (iISMC) would produce an impairment to pre-ER
levels. However, if gains in functional recovery are dependent upon the uninjured, contralesional
cortex, silencing activity of the contralesional sensory motor cortex (¢cSMC) would predict return
to pre-ER levels. Beirnaskie et al. found that silencing the contralesional cortex (CLCtx)
significantly affected reaching performance in the small and large infarct groups as well as
uninjured controls (Biernaskie et al. 2005). By week 4, ER reinstatement of limb deficit using
CLCtx silencing was more devastating in the large compared to the small lesion group (Biernaskie
et al. 2005). Reliance on the CLCtx for functional recovery could depend on the degree of
irreversible damage to primary ipsilesional somatosensory cortex (iISMC). In the case that the TBI
obliterates the entire primary SMC for the forelimb, remaining and recovered forelimb post-injury
function might depend on a related intact para-lesional (S2, M2, barrel fields, or hindlimb regions).
Restored function might also result from connected and related brain regions in the CLCtx. In the
following studies, we investigated the spatial and electrophysiological changes in both the
ipsilesional and contralesional hemispheres to better understand how lesion severity influences

broad post-injury remodeling.

Brain activations correlate with functional outcomes

12



Functional Magnetic Resonance Imaging (fMRI) brain oxygen level-dependent (BOLD)
activation maps could serve as biomarkers to improve diagnosis, prognosis, and treatment options
after TBI (Lotze et al. 2006a, 2006b). The present studies seek to provide a clearer idea of how
variables such as injury severity, lesion volume, and recovery time, affect how the ipsilesional and
contralesional hemispheres remap during the acute and chronic recovery periods. Due to the large
variability in the mechanisms of injury and resulting symptom in human patients, it is expensive
and technically difficult to gather functional and structural MRI data from a sufficiently large
patient sample size exhibiting very similar injuries and symptoms. To reduce such variability in
these studies, the CCI was chosen because it is a commonly used rodent TBI model. The time-
dependent fMRI signature provides a biomarker for progress of brain remapping over time after
TBI. Functional brain activation maps might eventually help inform practitioners how to utilize
modulation of brain activity, termed neuromodulation, to improve the brain’s ability to optimally

remodel to support the best possible functional outcomes.

MRI: Basic physics of the MR signal, functional MRI and the BOLD signal

Functional magnetic resonance imaging (fMRI) is widely used to map brain activity.
Although it was developed about 29 years ago, it has become one of the most prominent brain
mapping tools. With technological advancements like increasing magnetic field strength and
innovations in both scan sequences and image analysis tools, fMRI continues to help researchers
provide answers to critical research questions in neuroscience. FMRI works by detecting the level
of blood oxygen throughout the brain over time. The signal detected by MRI is called the blood-
oxygen-level-dependent (BOLD) signal. The BOLD signal comes from the magnetic properties of

deoxyhemoglobin, which causes a small magnetic resonance signal. Increases in blood flow to a
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particular region of brain result in a time dependent increase in signal within that region. Creation
of brain activation maps relies on the fact that increased neuronal activity results in a corresponding
spatially and temporally-dependent increase in blood flow. The rectangular volume of brain
imaged is broken into a 3-dimensional matrix of equivalent volumes called voxels. For example,
in the data presented in this dissertation, the data is composed of 14 consecutive images which are
128x128 voxels per image. Analysis of the resulting 4-dimensional data is essentially done by
comparing the oxygen level at each voxel between the task “on” or task “off” condition. For
example, in the present studies, forelimb stimulation is the task and images acquired during trains
of forelimb stimulation compared to images acquired in the “off” or “rest” condition in which no
forelimb stimulation occurs. The data sets are very large and the statistics involved are made more
difficult because of the statistical necessity to make proper corrections for the many multiple
comparisons that must be made for determination of statistical significance. The fMRI sequence
used for the experiments presented in this dissertation acquired an image of the brain every two
seconds for 360 seconds, or 180, 3-dimensional images. So, for the example above, each 3-D image
collected 128x128x14 =229,376 data points 180 times, which results in more than 41 million data
points collected from each rat.

One challenge in statistical analysis of fMRI data is accounting for temporal
autocorrelations, which is handled by analysis software FSL (fsl.fmrib.ox.ac.uk/fsl) by a process
called “pre-whitening,” whereby autocorrelations are removed by temporal filtering with known
autocorrelations (Woolrich et al. 2001). Spatial autocorrelations were corrected using spatial
smoothing of the autocorrelation to further improve the estimation (Woolrich et al. 2001).
Recently, there is new experimental evidence that the autocorrelations used by common fMRI data

analysis software could be producing inflated false-positive rates (Eklund et al. 2016). This is
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because current analyses pipelines assume that the data fit a Gaussian distribution (Eklund et al.
2016). Instead, the use of nonparametric permutation test methods, which do not require that
assumptions be made about the normal distribution of the data. The disadvantages of using non-
parametric methods include incomplete utilization of the data, the results are more difficult to
interpret, analytical methods are limited, and statistical power is lower (Nahm 2016). This issue
not only applies to fMRI data, but a great deal of published biological data, which is often not
normally distributed and sample sizes are often limited (Nahm 2016). It is important to note that
the analysis in this study was performed with the FSL FEAT tool box. Therefore, there is a
potentially increased risk of observing some regions of activation which are a result of
autocorrelation and violation of assumptions of normality in the data sampled. It is possible that
some time soon, some peer reviewed journals may require that published data be analyzed using

nonparametric permutation tests.

A time window of enhanced neuroplasticity may occur after TBI

Reorganization of neural networks within the injured hemisphere is suggested by altered
cortical maps (Lotze et al. 2006b; Kasahara et al. 2009) and altered functional connectivity (Harris
et al. 2016b) after TBI. There is strong evidence that neuroplasticity is enhanced after TBI and,
perhaps more importantly, neuroplasticity is more easily enhanced during a period of time after
injury which can take the form of axonal sprouting, dendritic remodeling, altered neuromodulatory
systems such as changes in receptor populations (Jergensen et al. 1997; Biernaskie and Corbett
2001; MacDonald et al. 2007; Nishibe et al. 2010a; Harris et al. 2010a, 2013a, 2013c; Chen et al.
2011; Greer et al. 2011a; Lee et al. 2011; Machado et al. 2013; Addington et al. 2015; Song et al.

2016). These studies also showed that there are several approaches to enhance plasticity after
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injury, including pharmacological agents, exercise, training, enriched environment, or brain
stimulation, to name a few. Enhanced neuroplasticity within the cerebral cortex have been found
to occur during times of altered balance between inhibition and excitation within the cortex
(Fujioka et al. 2004; Benali et al. 2008). However, not all increases in post-injury plasticity will
result in improvements in functional outcome (Harris et al. 2010a; Wang et al. 2011). Indeed, some
forms of post-injury plasticity are maladaptive and result in post-traumatic epilepsy, characterized
by sponteneous chronic recurrent seizures (D’ Ambrosio et al. 2004, 2005, 2009b; Hunt et al. 2009;
Yang et al. 2010; Kharlamov et al. 2011). Therefore, more research must be done in this area, as
it may be one key to solving both post-traumatic epilepsy and plasticity which supports functional

recovery after TBI.

The balance of trans-callosal inhibition is disrupted in lateralized TBI

Basic mechanisms of trans-callosal cortical inhibition have been characterized in the
normal, uninjured vertebrate brain (Ferbert et al. 1992; Meyer et al. 1995; Gerloff et al. 1998; Li
et al. 2011). Silencing of activity in the rodent forelimb motor cortex with the sodium channel
blocker lidocaine caused a 42.2% expansion of the forelimb representation in the opposite cortex
(Maggiolini et al. 2008). This data agrees with the widely-supported notion that each hemisphere
works constantly to maintain the forelimb representation of its contralateral, homotopic
counterpart, and that this maintenance is achieved through mostly inhibitory influences (Ferbert et
al. 1992; Meyer et al. 1995; Gerloff et al. 1998; Li et al. 2011). According to this basic mechanism,
injury to one cortical hemisphere would result in dysfunction of that injured area imparting

disinhibition of its contralesional, uninjured counterpart. Conversely, if the uninjured, CLCtx is
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disinhibited it could become hyper-excitable, as observed in the PP-SEP experiments for Aim 1
(upcoming Figure 6). Indeed, after a focal, cortical ischemic lesion, use of the unaffected forelimb
results in reduced ILCtx-to-CLCtx inhibition and increased CLCtx-to-ILCtx inhibition (Rehme et
al. 2011) but it is not known whether the brain’s response to TBI is like that of stroke in this regard.
Any differences might provide insights into the source of the difference in terms of differences

between the disease pathophysiologies.
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Overview and Specific Aims:

Traumatic brain injury (TBI) is a leading cause of death and disability throughout the
world, with at least 1.7 million new cases reported annually in the United States alone (Loane and
Faden 2010). Recovery after TBI remains of foremost concern, as incomplete or prolonged
recovery is common. Recent estimates indicated that 5 million TBI survivors in the United States
require physical rehabilitation for sensorimotor (SM) deficits (Kozlowski et al. 2013). Although
some deficits resolve spontaneously over time after brain injury, recovery is often limited. In a
follow-up study of 67 moderate-severely injured TBI patients, for instance, 30% still had upper
limb impairments at five years (Hillier et al. 1997). After SM cortex injury, various brain regions
may exhibit new "abnormal" functional activation throughout recovery, including regions around
the injured cortex, and surprisingly within the opposite, uninjured cortical hemisphere (Lotze et
al. 2006a). It is unclear whether newly activated brain regions are causally involved in facilitating
spontaneous recovery after TBI. Non-invasive brain imaging and electrophysiological techniques
may serve as important biomarkers of the brain reorganization associated with the most optimal
functional recovery. If distant networks are best suited to support optimal functional recovery for
permanently damaged brain regions

Clear understanding of both the time-dependent brain activation map changes and
mechanisms that enable the brain to dynamically reorganize to support recovery of function after
TBI remain elusive. While some studies have been performed in rat models of lateralized focal
ischemia, ablation, and electrolytic lesion, little is known about TBI-associated functional
remodeling within the opposite, contralesional hemisphere. Clearly, more work in this area of TBI
research because trauma exhibits unique etiological features. The overall goal of this thesis project

was to determine whether the uninjured, contralesional cortex (CLCtx)--located in the opposite, or
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“homotopic” cerebral hemisphere—mirroring the site of brain trauma—plays a role in recovery of
function following lateral controlled cortical impact injury (CCI) in the rat. In Aim 1 of the present
study, the temporal involvement of the injured and contralesional cortical hemisphere was studied
throughout the first 4 weeks of recovery in terms of changes in both the cortical activation maps
(Aim 1A) and the underlying neurological activity (Aim 1B). Aim 2 sought to determine the causal

role of the non-injured, CLCtx in spontaneous functional recovery of the injury-impaired forelimb.

The CLCtx may be an important target for therapeutic intervention after TBI

A time window of enhanced brain plasticity following TBI has been documented
(Griesbach et al. 2007, 2009, Harris et al. 2010a, 2013b, 2013c¢; Nishibe et al. 2010b; Greer et al.
2011b; Campbell et al. 2012). Potential for the brain to make more substantial anatomical and
physiological changes after TBI may be a substrate for recovery from functional deficits. Within
the injured cortex, surviving neurons have been shown to sprout axons in order to remodel
connections lost to injury throughout the acute period (Harris et al. 2010b). Enhancement of axonal
sprouting in the ILCtx did not enable the brain to regenerate neural networks lost to injury to
support recovery of function (Harris et al. 2010a). However, after CCI in the adult rat, an initial
up-regulation of plasticity-associated markers after injury subsides in the injured, ipsilesional
(ILCtx) and hippocampus 21 days after injury (Griesbach et al. 2009). ILCtx may be most
amenable to reorganization within three weeks post-injury in the CCI injury model of TBI in the
rat. Correspondingly, much of the spontaneous recovery occurs within the first several weeks after
injury in the rat. As with life span, the human the time scale of functional recovery is longer. It is
difficult to make some comparisons between humans and rats (Xiong et al. 2014; Failla and

Wagner 2015), as their life spans are much shorter (~3 years). Interestingly, at 21 days after CClI,
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synapsin and BDNF are increased in the CLCtx, implying that the potential for contralesional
plasticity is enhanced throughout the early recovery period after TBI (Griesbach et al. 2009).
However, during more chronic recovery periods, the potential for return of function diminishes as
the time window of injury-induced plasticity closes (Griesbach et al. 2007, 2009). Interventions
that enhance or extend the period of post-traumatic plasticity may provide potential for better
recovery (Harris et al. 2010a, 2010b), but no such treatment has been approved for TBI patients
yet.

The temporal component of the CLCtx had not yet been investigated longitudinally in the
rat. To determine how the role of the CLCtx might change over time, function was tested with and
without silencing activity of the CLCtx both acutely and chronically after injury. The results of
such studies would help inform the future directions for altering activity and plasticity in specific
brain regions at various time points throughout recovery. If the uninjured, CLCtx is found to
support re-learned function for the injured, ILCtx therapeutic intervention to enhance plasticity in
this region might be a beneficial approach. At this point, most experimental interventions aimed
at enhancing plasticity have focused their attention mainly within the peri-lesional cortex or more
distant sites within the injured cerebral hemisphere. In the case our studies indicated that activation
from this region impedes functional recovery, the goals of therapeutic intervention might be best
directed toward decreasing activity and plasticity in this region throughout recovery, while up-
regulating plastic potential in the perilesional or other cortical regions. The overall goal is to
determine if the CLCtx is supportive of renewed function in early and late recovery. In pursuit of
this overall goal, the spatio-temporal alterations in the cortical map were first characterized. The
role of the CLCtx regions identified by fMRI in spontaneous recovery of affected forelimb

dexterity was then determined by CLCtx inactivation, and sought to determine which brain regions
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mediate altered function by transiently silencing CLCtx activity at both the acute and chronic time

points.

Could the use of neuromodulation improve therapeutic gains?

We know that injury to one part of the brain affects activity of not only those regions
directly affected by the initial mechanical injury, but of more distant brain regions functionally
connected to the injury cite. One such site is the uninjured, CLCtx. Functional MRI data have
shown that interaction between the injured ILCtx and the CLCtx is altered throughout recovery
from cortical stroke(Rehme et al. 2011, 2012; Volz et al. 2015). Stroke lesioning studies have
reported increased excitability in the CLCtx (Buchkremer-Ratzmann et al. 1996; Reinecke et al.
1999; Mohajerani et al. 2011). Hyperexcitability after stroke is thought to be due, at least in part,
to a disruption of the inhibitory, GABAergic networks. In support of this stroke studies have
reported reduced GABA receptor binding after experimental (Qt et al. 1998) and clinical stroke
(Biitefisch et al. 2003). Modulation of medial prefrontal cortical GABAergic (inhibitory) systems
have been found to improve working memory deficits within the first month following lateral CCI
in the adult rat (Kobori and Dash 2006). In the first several days following injury in the rat,
however, constraint-induced movement therapy (forced use of the affected limb often coupled with
restraint of the non-affected limb) results in greater cell death and increase in lesion volume
(Kozlowski et al. 1996). To enhance the effectiveness of rehabilitative therapy one strategy is to
use the brain’s innate ability to modify remaining networks to support recovery. In more severe
injury, such as stroke or contusive TBI, adjacent regions of surviving perilesional cortex and other
more distantly connected cortical regions within the injured hemisphere are thought to remodel in

order to compensate for lost function of injured tissue after either experimental stroke (Carmichael
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et al. 2001; McNeal et al. 2010) or TBI (Harris et al. 2010a). However, some have speculated that
CLCtx activation is maladaptive or an indicator of poor outcome, since better recovery of limb
function is achieved in stroke patients in which activation has returned to the ILCtx (Dijkhuizen
et al. 2003). Functional magnetic resonance imaging (fMRI) data acquired from stroke patients
shows that the CLCtx is more functionally active during motor activity of the impaired hand, even
after full clinical recovery (Riecker et al. 2010), suggesting that a more permanent reorganization
of networks inluding the CLCtx contributes to recovery. Compared with stroke, far less is known
about the role of the CLCtx in TBI recovery. Functional recovery after unilateral TBI, where white
matter injury is a signature feature, is accompanied by distinct cortical remapping and
physiological adaptations in both the injured and uninjured cortical hemispheres. Determination

of how CLCtx networks are involved in functional recovery might aid in future studies.

These studies were designed to address the following specific aims:
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Specific Aim 1: To investigate bilateral, longitudinal changes in the limb-evoked
sensorimotor maps and underlying neurological activity after unilateral TBI in

the rat

Specific Aim 2. To determine if the CLCtx is causally involved in recovery of limb
function after TBI and whether this is temporally limited.

Specific Aim 3: To identify brain regions involved in affected forelimb activity

during silencing of the CLCtx at the acute or chronic recovery periods.
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Chapter 2

Aim 1: To investigate bilateral, longitudinal, [A] changes in the cortical map and [B] underlying

neurophysiological activity in the contra-lesional cortex after unilateral TBI in the rat

Introduction

In the normal mammalian brain, most axons in both the sensory and motor pathways cross
the midline sagittal plane as they ascend or descend respectively, between the brain’s cerebral
hemispheres and their associated parts of the body. Due to the crossing of fibers, cortical
representations for the body reside in the opposite cortical hemisphere from the body region to
which it connects. However, approximately 5% of primary motor neurons of the cortico-spinal
tract remain uncrossed, but they normally do not contribute significantly to skilled reaching in the
uninjured rat (Whishaw and Metz 2002). For the spino-thalamic sensory pathways approximately
8% of fibers in the rat, between 5-10% in the cat, and 17% of fibers in the monkey make up the
uncrossed (ipsilateral) pathway (Granum 1986; Jones et al. 1987; Apkarian and Hodge 1989).
Typically, damage to regions associated with sensorimotor cortex (SMC) in one cerebral
hemisphere causes functional impairments on the opposite side of the body (Willis et al. 1979;
Soblosky et al. 1996; Nathan et al. 2001; Alwis et al. 2012).

Some bilateral cortical activation is a normal feature of the uninjured brain, shown to occur
during tactile learning (Harris and Diamond 2000). A large portion of brain activation ipsilateral
to the stimulated limb is due to activity of inhibitory interneurons responding to input from the
opposite hemisphere through the corpus callosum (Kobayashi et al. 2003a). This normal trans-

hemispheric inhibition dampens mirror movements and enables functional independence between
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the right and left cortical hemispheres allowing lateralization of function. It is possible that a basic
sensorimotor imprint exists on the homotopic contra-lesional cortical hemisphere, enabeling the
intact contralesional cortex to take on sensory processing and motor control for the affected limb.
Local cerebral blood flow (LCBF) autoradiographic studies in a controlled cortical impact (CCI)
rat model of unilateral TBI revealed a significant increase in limb-stimulation-evoked contra-
lesional cortex (CLCtx) activation at 4, 7, and 30 days post-injury (Harris et al. 2013a). The CLCtx
is the uninjured cortical region in the same location as the injury, in the opposite cortical
hemisphere. Early recovery of the affected forelimb was temporally correlated with new areas of
activation spread diffusely across CLCtx, the cortical hemisphere contralateral (on the opposite
cortical hemisphere) to the injury site, while a return of ipsi-lesional (on the same hemisphere as
the injury) activation was observed at 30 days (Harris et al. 2013a). CLCtx activation after brain
injury evoked by the injury-affected limb has been reported in both clinical (Riecker et al. 2010)
and experimental stroke studies (Dijkhuizen et al. 2001; Ward et al. 2003), but far fewer studies
have investigated this phenomenon after TBI. At least with stroke injury, greater prevalence of
contralesional activation has been reported in patients with more extensive lesions during both the
acute (Biernaskie et al. 2005; Hsu and Jones 2006) and chronic (Carey et al. 2002; Feydy et al.
2002; Biernaskie et al. 2005; Calautti et al. 2007; Dong et al. 2007; Riecker et al. 2010; Jang 2011)
phases of stroke recovery. However, even less is known about alterations after TBI, and due to the
paucity of fMRI studies in TBI, the forelimb sensory map changes. The biomechanical forces
associated with TBI cause stretching and shearing of both myelinated and unmyelinated axons in
white matter, likely contributing to a global injury, and heterogeneous outcomes associated with
TBI. The larger, unmyelinated axons of the white matter are particularly susceptible to irreversible

damage from diffuse axonal injury (DAI)(Reeves et al. 2005). While stroke injury features a major
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ischemic component, except in the most severe, and often fatal cases, TBI does not (Vespa et al.
2005). Also, despite growing evidence of a trans-hemispheric shift in activation both in unilateral
stroke and TBI, the CLCtx shows significant time-dependent changes in dendritic plasticity after
experimental stroke (Jones 1999), but not after unilateral CCI, when researchers used the MAP2
staining for histological quantification of dendritic spines (Jones et al. 2012). To my knowledge,
careful longitudinal assessment of somatosensory map changes throughout recovery from
unilateral CCI injury has not yet been performed. Based upon pilot data and that published in the
literature, it was anticipated that CCI injury in the rat would initiate new affected forelimb-evoked

CLCtx fMRI activation patterns that evolved throughout recovery.

Neurovascular coupling: BOLD signal reflects activation of neurons

The neurophysiological signal underlying altered CLCtx activation after TBI is also not
well understood. Both LCBF autoradiography and fMRI measure temporal changes in blood flow,
which increases by dilation of small, localized arterial blood vessels, in response to the increased
metabolic and oxygen demand from increased neuronal activation. Despite the vastly different
technologies employed in these techniques, given the similarity of the essential measures, similar
results from fMRI studies were expected. The blood oxygen level-dependent (BOLD) signal
measured by fMRI provides a measure of neuronal activity over both space and time (Logothetis
et al. 2001). Changes in blood flow have been shown to correlate positively with excitatory
neuronal activity in the normal human and rodent cortices (Ureshi et al. 2004; Mishra et al. 2011;
Devonshire et al. 2012). With the exception of only a few non-cortical regions including the
caudate and putamen, the assumption of linearity apply when interpreting BOLD activation data

(Mishra et al. 2011). In the primary structures of interest, in particular, the sensorinotor cortex and
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thalamus, the linear relationship between forelimb stimulus frequency and both neuronal activity
and blood flow have proven reliable (Kida and Yamamoto 2010; Mishra et al. 2011; Nasrallah et
al. 2011; Devonshire et al. 2012).

While both fMRI and EEG can give us some information regarding brain activity, each
technique features a different set of strengths and weaknesses. Overall, in regard to event-related
(i.e. somatosensory stimulation-evoked) brain activation, fMRI data provide much better spatial
resolution while EEG provides superior temporal resolution. Together, these two techniques
complement one another to provide a more comprehensive look at brain activity. For this
dissertation, electrophysiology was performed in two parallel series of rats to investigate the
neuronal activity underlying the dynamic BOLD activation maps throughout the first four weeks

after injury.

Materials and Methods:

Experimental Protocol:

Two separate cohorts of male, adult rats were used to acquire either somatosensory evoked
potential (SEP) electrophysiology recordings (n=8 rats) or somatosensory evoked functional
magnetic resonance imaging (fMRI) data (n=11 rats) before and at 7, 14, 21 and 28 days after
controlled cortical impact (CCI) injury. All experimental procedures were approved by the UCLA

Institutional Animal Care and Use Committee.

Brain Injury:
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Adult male Sprague-Dawley rats (320-350g) were acquired from Charles River Breeding
Labs, (Hollister, CA), housed two per cage, and acclimated to standard housing conditions for one
week prior to their use as experimental subjects. Throughout the study, rats were allowed access
to rat chow (LabDiet Inc., St. Louis, MO, USA) and water ad libitum. Animals were anesthetized
with isoflurane (3% induction, 1-1.5% for maintenance) vaporized in oxygen flowing at 0.8 L/min.
The scalp was shaved after which it was placed in a stereotaxic framed (Stoelting Co., Wood Dale,
IL, USA). Body temperature was maintained at 37+0.5°C throughout the surgery using a
thermostatically-controlled heating pad. After cleaning the scalp with alternating betadine and
ethanol scrubs, 0.1ml of the local anesthetic bupivicaine was injected subcutaneously at the
midline of the scalp before the skull was exposed via a midline incision. A Smm diameter
craniotomy was made using a dental drill with intermittent perfusion of sterile saline to prevent
heating of the skull caused by drilling. A surgical microscope was used during exposure of the left
hemispheric sensorimotor cortex centered at Omm from Bregma in the anterior-posterior (AP)
plane and -3mm lateral (ML) from the midline (over the left cerebral hemisphere. Injury was
induced by controlled cortical impact (CCI) whereby a 4mm diameter (), flat, circular impactor
tip was advanced through the craniotomy tangentially onto the dural surface at 20psi (2.2m/s) or
30psi (2.8m/s) to a depth 2mm below the dural surface with a 250ms dwell time, resulting in a left-
side injury of the primary sensorimotor cortex for the right forelimb (S1FL Ctx). Animals were
randomized to mild-moderate (20psi or ~2.2m/sec) or moderate (30psi or ~2.8m/sec) groups prior
to CCI surgery. Images were acquired through the microscope for all injuries for later verification
of the presence of a sub-dural hematoma. The craniotomy was then sealed with a layer of non-
bioreactive, Kwik-Cast silicon elastomer (Sarasota, FL, USA) and the scalp was re-sutured and

covered with a layer of bupivicaine local anesthetic solution and triple antibiotic ointment.
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Animals were placed in a recovery chamber with ambient temperature maintained at ~28°C until
they awoke from anesthesia after which they were returned to their home cages. No mortalities

occurred due to acute post-surgical complications.

Injury Model: Rat Controlled Cortical Impact (CCI)

Left sensorimotor cortex (SMC) injury results in: Left Cortical
Hemisphere Injury

1. Right (affected) forelimb impairment

2. Sub-dural hematoma glial scar tissue in cortex

3. Die-back of white matter axons

4. Disconnection with other regions

3 Impact

Anesthesia: Vapor [soflurane 2%
CCI parameters: 2mm depth; 4mm dia.; 20-30psi; 22. 5°
angle

‘Jmm /,,/

N

In]urys
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\J Forelimb (impaired by injury)

Figure 2. The controlled cortical impact (CCI) injury model in the rat used for the experiments
presented here utilizes a pneumatic piston to produce a contusion injury directly to the left forelimb
sensorimotor cortex, which controls the right forelimb (including forepaw). The piston—set at
either 20psi (moderate) or 30psi (moderate-severe injury) impacts the intact duramater at a 22.5°
lateral angle, 2mm depth, with a flat 4mm diameter impact tip.

Injury severity assessment in vivo & ex vivo
Differences in cortical lesion size were compared across our subjects using Tensor-Based

Morphometry (TBM), a technique developed by Paul Thompson and colleagues (Hua et al. 2011,



2013). TBM measures local volumetric differences between two images by analyzing the Jacobian
matrices of displacement fields resulting from registering the images. In our case, a non-linear
atlas was constructed from the data determinant of each subject over this region to compute a
univariate measure of injury severity. As the Jacobian determinant represents the fractional volume
change required to match the average image to each subject, this was found to be a good measure
of relative injury severity for our dataset, producing results similar to those measured by
microscope (Zeiss, Switzerland) from post-mortem tissue sections.

Magnetic Resonance Imaging:

A 7 Tesla Bruker MR spectrometer running Paravision 5.1 (Bruker, Billerica, MA, USA)
was used to acquire structural and functional data before, and at weekly intervals after brain injury.
Rats were briefly anesthetized with 4% isoflurane in oxygen flowing at 0.61/min in order to
administer dexmedetomidine sedation (0.05mg/kg in sterile saline (Williams et al. 2010) via the
penile vein. Following placement of a subcutaneous cannula 3cm above the base of the tail
dorsally. Continuous rate infusion (Hamilton syringe pump) of dexmedetomidine (0.1mg/kg/hr)
commenced as the rat was transferred to a purpose-built cradle and secured using three-point
immobilization of the head with two ear bars and a tooth bar. Respiration was monitored remotely
and temperature was thermostatically-controlled by forced air (SA11 Instruments, Inc., USA)
through the bore of the MRI scanner. The S116 Bruker gradients (400mT/m) were used in
combination with a birdcage transmit and an actively decoupled receive-only surface coil to
acquire the data. Following a multi-slice, gradient echo pilot scan to optimize positioning within
the magnet, localized shimming was performed on the head to improve BO homogeneity. fMRI: a
multi-slice, gradient-echo, single shot, echo-planar imaging sequence (repetition time (TR)=2s,

echo time (TE)=30ms, no averages and using 14x0.75mm thick slices with a 30mm?2 field-of-view
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(FOV) and a data matrix of 128 read by 128 phase-encoding steps) was used to acquire brain
oxygen level-dependent (BOLD) signal data during repeated electrical stimulations (10 Hz, 3.5
mA, Grass Instruments, Warwick, RI, USA) of affected and unaffected forelimbs in separate
experimental trials, each with an “off-on-off” block design repeated thrice with each block
consisting of 60s-off, 40s-on, and 60s off.

Limb stimulation was elicited through a pair of steel electrodes positioned subcutaneously
at the 1st and 4th pad of each forepaw. Electrodes were placed while the rat was under the initial
period of isoflurane anesthesia and tested by verifying hand movement upon stimulation. FMRI
data acquisition began at 20-30mins after the termination of the initial 10min period of isoflurane
anesthesia. After two runs of stimulus-evoked fMRI acquisition, isoflurane anesthesia was
reinstated and dexmedetomidine infusion was discontinued. Structural images: A 2-dimensional
rapid acquisition with relaxation enhancement (RARE) sequence was used to collect T2-weighted
images with the following parameters: TR = 5000 ms, TE = 60 ms, RARE factor = 8, 2 averages
and using 14x0.75mm thick slices with a 30mm2 FOV and a data matrix of 128 read by 64 phase-
encoding steps in a total time of 8 mins. At the end of the imaging session sedation was reversed
using antisedan (1.0mg/kg, intraperitoneally). Rats recovered to the awake state and resumed

exploratory behavior in their home cages within two minutes following this reversal injection.

Image Analysis:

fMRI: Data were weighted Fourier transformed to 128x128 and converted to compressed
NIFTI format for entrance into the FEAT analysis pipeline (FSLtools, (Worsley 2001). First-level
analysis was run after brain extraction, motion and slice timing correction, Smm spatial smoothing

and a high-pass filter. Data were analyzed using the general linear model by fitting a hemodynamic
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response function composed of a square wave according to the stimulus protocol timing,
convolved with a single gamma variate function to derive the temporal derivative waveform.
Analysis was performed using temporal filtering and using FMRIB’s improved linear modeling
with pre-whitening while including motioning correction parameters in the model. Data were co-
registered to a study-specific FMRI template using FLIRT (Jenkinson et al. 2002) with 12 degrees
of freedom and a co-ratio cost function. Statistical maps were cluster thresholded at z=1.7 and
p<0.05 based upon pre-injury data showing robust activation within the sensory-motor cortex.
Higher level, group analyses were run between baseline and post-injury data using FMRIB’s’ local
analysis of mixed effects (Woolrich et al. 2004a, 2004b) with automatic outlier de-weighting and

with contrasts cluster thresholded at z=1.7 and p<0.05. Data were displayed on a rat brain template.

Tensor-based morphometry:

Tensor-based morphometry (TBM) was used to measure local volumetric differences at 28
days post-injury as an indicator of injury severity. This was achieved by co-registration of the
structural data from all pre-injury and 28d post-injury data to a non-linear atlas constructed from
this data. The Jacobian matrices were derived from the displacement field calculated from each
image-to-template co-registration. The Jacobian determinant of the matrix is a univariate measure

that represents the fractional volume change required to match the template image to each subject.

Sensory-Evoked Cortical Recordings
A parallel series of rats was used to investigate alteration of the cortical sensory evoked
potential (SEP) signal before and at various time points after injury. Two electrode montages were

used to cover the extent of the CLCtx. Montage A (n=4 rats) consisted of three stainless steel
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epidural screw electrodes (¥=1.19mm including threading) over the anterior aspect of the forelimb
sensorimotor cortex (SMC) at stereotaxic (X, y) coordinates relative to the skull-based landmark,
Bregma: (2mm,2mm); (1.5mm,-1.mm); and (4mm, -1.0mm. Montage B (n=4) consisted of five
screw electrodes placed at: (3mm, 2.0mm), (2, Omm, (4.5mm, Omm), (2.0mm, -2.0mm), and
(4.5mm, -2.0mm). For both montages, a reference electrode was placed midline in the frontal bone.
We began these experiments with Montage A and added two additional electrodes to Montage B
and combined the groups for analysis. A hand drill (model DH-1 holder, D#60 bit; Plastics1.com)
set to 0.8mm depth and diameter of 1.00mm was used to fine tune the depth and width of the
smaller pilot hole so that recording electrode screws could be set into the skull with 1/2 turn or less
without pushing the remaining bone into the brain space. These precautions ensured that the dura
was not deformed at any time throughout the drilling or electrode placement procedure
(D’ Ambrosio et al. 2009a). Insulated electrode leads were connected to gold-plated sockets within
a plastic pedestal and dental acrylic was used to anchor it to the skull over the electrodes. The
location of the skull that would later be removed for CCI injury was covered with silicon elastomer
(WP Instruments, Sarasota, FL) and a thin layer of dental acrylic for easy removal. Each montage
was implanted one week prior to control recordings and two weeks in advance of CCI injury.
Sensory-evoked potentials (SEPs) were recorded using the MP150 Biopac acquisition
system and Acknowledge Software v4.1.1 (Biopac Systems, Inc., Goleta, CA). Paired-pulse SEPs
(PP-SEPs) were recorded over the contra-lesional cortex and evoked by electrical stimulation of
the unaffected forelimb and while under the same dexmedetomidine sedation as detailed before
MRI study. The inter-stimulus interval (ISI) between pulses was varied between 30, 35, 40, 50,

100, and 200ms.
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Changes in synchronous neural activity are inferred from changes in local blood
flow in the BOLD fMRI signal. Several studies have shown that the hemodynamic response is
linearly coupled to the neuronal activity using simultaneous fMRI-EEG techniques in the rat
sensorimotor cortex before and as early as 3 days after injury (Ureshi et al. 2004; Mishra et al.
2011; Devonshire et al. 2012). In order to determine if activation of the CLCtx observed in the
present fMRI studies were associated with neurophysiological signal, SEPs were measured from
electrocorticography (ECoQG) electrodes. The decision to use skull-based electrophysiological
recordings of local field potential (LFP) without depth electrodes, which would record multi-unit
activity (MUA) was based on several advantages of the skull-based epi-dural electrode headset
paradigm compared to depth electrode: Spatial consistency, reliability, good signal-to-noise ratio
and minimal brain trauma. The electrode headsets enable reliable data acquisition over the exact
same locations throughout the longitudinal study duration. Epidermal electrodes, while simple and
convenient, struggle with low signal due to their distance from the brain and greater noise artifact
from underlying skin, muscle, and bone. Epidermal electrodes provide poor spatial resolution due
to their large size compared to the relatively small rat brain, while epidural electrodes are small
and could be placed in a tightly spaced grid. Finally, the non-invasive skull-based electrode
implantation does not cause cortical tissue damage and inflammation (D’ Ambrosio et al. 2009a),
whereas micro wire depth electrodes initiate strong astrocyte and microglial activation caused by
cortical damage (Paralikar et al. 2009). Electrode damage itself can lead to altered excitability of
neurons therein, so the electrodes and implantation procedures were designed to avoid potentially
confounding damage in the CLCtx. Still, addition of a subgroup of rats with both depth and ECoG
electrodes would have help to determine the relative contributions of both inhibitory post-synaptic

potentials (IPSPs) and excitatory post-synaptic potentials (EPSPs) composing the SEP signal data
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reported here. This would provide additional information about the local changes in the balance
between cortical excitation/inhibition thought to occur after brain injury. This may not be
necessary in the future, however, as model-based analysis of LFPs are showing promise for
bettering our understanding of the inhibitory/excitatory balance in cellular activity by
decomposing the signal into its component inhibitory and excitatory conductances (Zheng et al.

2012).

CCI surgery procedure with electrode headsets

One week after acquiring the baseline, pre-injury PP-SEP recording, rats were anesthetized
with isoflurane. The left skull over the SIFL cortex was exposed through the electrode headset
using a dental drill to remove the overlying acrylic layer and surgical forceps to extract the
underlying silicone elastomer (WP Instruments, Inc.) plug. CCI was then performed through the
left side of the open headset as described above. The contused cortex and craniotomy were sealed
over with a thin protective layer of silicon elastomer (WP Instruments, Inc.) and the headset was
re-closed with pre-mixed dental acrylic. PP-SEP data was acquired prior to injury and at 3, 7, 14,

21, and 28 days after injury.

SEP Analysis:

All 35 acquired time-locked PP SEP epochs of 350ms duration were averaged and
subsequently analyzed off-line with Acgknowledge Software v4.1.1 (BioPac Systems, Inc.,
Goleta, CA). For the more standard paradigm of left (unaffected by injury, non-impaired) forelimb
stimulation through the principal pathway to the right (uninjured, contra-lesional) peak amplitudes

of the evoked response (N1) were measured from the baseline immediately following the first
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(stimulus A) and second (B) stimulus artifacts for N1A and N1B for each ISI at each time point.
The paired-pulse ratio (PPR) was calculated as the ratio of the second response amplitude relative
to the first (N1B/N1A) to assess modulations in the time-locked evoked amplitude throughout the
first month of recovery. This was repeated for each ISI. When PPR=1, the second response is of
the same magnitude as the first, indicating that the cortex is neither inhibited nor hyper-excitable
at the tested ISI after the stimulus. In the case where the PPR < 1, the second response to the
equivalent stimulus input is unable to produce the same response because the cortical neurons are
being inhibited by local inhibitory interneurons. When the PPR > 1, the second response is greater
than the first, the cortex is thought to be hyper-excitable at the ISI period after the first stimulation.
An increase in the PPR over time indicates decreased inhibition (disinhibition) over time.

For SEP waveforms featuring peaks which are broader and less clearly defined, the peak
integrals were used as the primary measure of cortical response rather than peak heights and
latencies. The post-injury PP SEP recorings in the ipsi-lesional cortex around the injury or in the
contra-lesional cortex during affected forelimb stimulation are not well characterized in the

literature.

Results
Trans-hemispheric shift of the cortical representation for the injury-affected forelimb occurs over
four weeks

To characterize how the cortical map changes throughout recovery after TBI (Aim 1),
affected forelimb-evoked fMRI data was acquired from 11 adult rats before and at weekly intervals
following either moderate or moderate-severe CCI injury of the left primary sensorimotor forelimb

(S1-FL) cortex. These data showed that CCI injury initiated a trans-hemispheric shift in the group-
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averaged affected forelimb-evoked BOLD activation from the injured cortex to the uninjured,
CLCtx over the first four weeks of recovery (Figure 3A-C). The activation patterns show a new,
wide-spread bilateral pattern of activation during the first two weeks after injury, covering a large
region of the uninjured cortical hemisphere and broad ipsilesional cortical activation surrounding
the injury site. Over the next two weeks of recovery, the mean activation map shifted completely
to the opposite and homotopic contralesional S1-FL cortex. Functional MR images of average
BOLD brain activations in response to affected-limb stimulation at pre-injury baseline, 7, 14, 21,
28 and days post-CCI injury (corrected for multiple comparisons, z=1.7, p=0.05) show widespread
ipsi- and contra-lesional cortical activation after stimulation of the right (injury-affected) fore-paw
(Figure 3A). This evolved to a more focused volume of S1-FL CLCtx activation at 4 weeks post-
injury. The number of activated voxels in the injured cortex elicited by the right, affected limb
stimulation prior to and following injury shows significantly decreased ipsilesional activation
throughout the first four weeks following CCI injury to the left sensorimotor cortex (Kruskal-
Wallace test, p=0.0018) (Figure 3B). For these box-and-whisker plots, the top of the box marks
the upper quartile, the bottom of the box marks the lower quartile range, the horizontal line in each
box denotes the median number of activated voxels, and finally, the “whiskers” mark the
maximum and minimum number of activated voxels. Compared to pre-injury the number of
significantly activated voxels in the ipsilesional cortex are decreased significantly at 21 and 28
days (Dunn’s Multiple Comparison test, p<0.05). The volume of activated cortex within the
injured hemisphere decreased to approximately half of pre-injury values over the first two weeks
following injury, then again at both 21 and 28 days to approximately 10% of the pre-injury volume.
The average activation volume within the ILCtx shrank significantly throughout 4 weeks of post-

injury recovery. The average activation volume elicited by affected limb stimulation prior to and
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following injury in the uninjured, contralesional cortex did vary significantly over time (Kruskal-
Wallace test, p=0.0231) (Figure 3C). However, post-hoc rank sum tests showed no significant

differences by post-injury time point compared to the activation volumes at the pre-injury baseline.
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Figure 3. The cortical BOLD activation map for the affected forelimb shifts to the uninjured,
contra-lesional cortex throughout the first four weeks after unilateral CCI injury in the rat. [A]
Functional MR images of average BOLD brain activations in response to affected-limb stimulation
at pre-injury baseline, 7, 14, 21, 28 and days post-CCI injury (corrected for multiple comparisons,
z=1.7, p=0.05). Stimulation of the right (injury-affected) fore-paw initiates widespread ipsi- and
contra-lesional wrong-side activation, which leads to focused wrong-side S1 activation at 4 weeks
post-injury. [B] Box-and-whisker plot showing the number of activated voxels in the injured cortex
elicited by affected limb stimulation prior to and following injury. How to read these box-and-
whisker plots: The top of the box marks the upper quartile, the bottom of the box marks the lower

quartile range, the horizontal line in each box denotes the median number of activated voxels, and
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finally, the “whiskers” represent the maximum and minimum number of activated voxels.
Ipsilesional activation is significantly decreased throughout the first four weeks following CCI
injury to the left sensorimotor cortex (Kruskal-Wallace test, p=0.0018). Compared to pre-injury
the number of significantly activated voxels in the ipsilesional cortex are decreased significantly
at 21 and 28 days (Dunn’s Multiple Comparison test, p<0.05). [C] Box-and-whisker plot showing
the number of activated voxels in the uninjured, contralesional cortex elicited by affected limb
stimulation prior to and following injury. Activation volumes in the uninjured, contralesional
cortex vary significantly over time (Kruskal Wallis test, p=0.0231). Post-hoc rank sum tests
showed no significant differences by post-injury time point.

Affected forelimb-evoked contralesional activation is correlated with injury severity only acutely
after injury

To determine if more severely injured rats exhibit more pronounced CLCtx activation, the
relative cortical lesion size was used to divide rats into either “mild” (TBM < 15) or “moderate-
severe” (TBM > 15) injury groups (Figure 4A-D). Relative lesion size was measured using the
TBM analysis comparing anatomical images acquired before and at four weeks post-injury. The
resulting within-ROI-averaged Jacobian determinate calculated for each animal provided a good
index of relative injury severity in this dataset, as lesion size measured by TBM significantly
correlates with lesion volumes measured by histological tissue post mortem from the same rats
(Spearman r = 0.782, p-value (two tailed) = 0.0064, see Supplementary Figure 1 in the

Appendix).
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Figure 4. More extensive damage to the sensorimotor cortex leads to increased contra-lesional
“wrong-side” activation. [A] Example images of the mildest and most severe cortical lesions
within the region of interest (ROI, green trace) Jacobian maps overlaid on the mean (n=11) RARE
structural image for mild or moderate-severe TBI. The color scale (right) indicates the relative %
change required to warp the image to the group average image at 28 days post-injury. Tensor-based
morphometry (TBM) analysis of t2-weighted MR images was used to compare relative, within-
group cortical lesion size as a measure of injury severity. [B] The degree of wrong-side activation
at 7 days post-injury is significantly correlated with injury severity in the rat (Spearman r = 0.782,
p-value (two tailed) = 0.0064) but not at subsequent time points (p<0.05). [C] Greater damage to
the sensorimotor cortex leads to increased contra-lesional “wrong-side” activation. Comparison
between average activation maps of mild-moderate (n=7) to moderate (n=4) injured rats. [D]
Affected limb stimulation-evoked BOLD activations correlate positively with lesion volume at
one week post-injury, but not at later time points. At PID7 activated white and grey matter volumes
positively correlate with lesion volumes (corrected for multiple comparisons, p<0.05, z>1.0,
n=11). Lower right: Z-value color scale for significant regions of affected limb-evoked BOLD
activation.

The volume of CLCtx BOLD activation one week post-injury was significantly correlated

to the degree of cortical damage (Spearman r=0.782, p-value(two-tailed) =0.0064) (Figure 4B).
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There is a severity-dependent increase in both peri-lesional and contralesional BOLD activation
in rats with moderate-severe compared to mild cortical lesions at 7 days post-injury (Figure 4C).
On average, the mild injury group displayed ipsilesional activation without activation of the
CLCtx. However, rats with moderate-severe injury showed broad bilateral activation, indicating
that more severe damage to the cortex initiates a broad contralesional activation acutely.
Surprisingly, there was no correlation between injury severity and increased CLCtx activation at
two, three, or four weeks post-injury (p>0.05) (Figure 4D). Therefore, the acute activation pattern
at one week post-injury could serve as a biomarker for either injury severity and prospective

recovery outcomes.

Unaffected forelimb-evoked CLCtx BOLD signal increases at day 28 is associated with increased
excitability

The location of CLCtx activation did not change over time (Figure SA). However, the
BOLD signal magnitude within the CLCtx (S1-FL area) during stimulation of the unaffected
forelimb was significantly enhanced four weeks after injury relative to pre-injury, but not at early
time points (Figure 5B). Statistical contrasts between pre-injury activation showed no difference
in contralesional activation at 7, 14, or 21 days following injury. However, at 28 days following
injury, activation was significantly enhanced within the contralesional S1-FL somatosensory

cortex (Figure 5SB-D).
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Figure 5. Unaffected forelimb-evoked BOLD signal increases in signal intensity at 4wks post-
injury but the cortical map location does not change over time. [A] Average BOLD unaffected
forelimb-evoked activation maps overlaid onto the mean group T2-weighted structural image in
rats before and at 1, 2, 3, and 4 weeks following CCI injury. [B] Interestingly, stimulation of the
unaffected limb resulted in significantly enhanced activation of the contralesional cortex at 28
days (Paired contrast, z>1.7, p>0.05, corrected for multiple comparisons). Earlier post-injury
time points did not show significant differences in activation intensity (Anatomical MRI brain
sections with no significant activations). [C] Average raw BOLD activation signal (y-axis) from
the contralesional S1FL cortex for all rats during pre-injury baseline (grey) or 28DPI (black)
over 360 seconds. The black horizontal lines above the x-axis indicate periods of unaffected
forelimb stimulation. [D] Average % BOLD signal increase from un-thresholded 4-D data within
a region of interest comprising the S1-FL registered from a standard brain atlas to functional
space. Average BOLD activation increased significantly over time (p<0.0001, linear mixed
models ANOVA). Post-hoc comparison showed significant increase in bold signal at 4wks
compared to pre-injury (Dunn’s Multiple Comparison test, p<0.05). *=p<0.05.
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Figure 6. Rats with larger lesions show increased bilateral c-Fos expression across the corpus
callosum white matter tract, which connects the injured and contra-lesional cortices. [A] Column
graph comparing c-Fos early immediate gene protein expression between moderately (n=6) or
moderately-severly (n=8) injured rats after stimulation of the unaffected forelimb at 5 wks. post-
injury. Rats with moderate injury severities expressed significantly increased c-Fos activation in
both the left and right corpus callosum compared to rats with less severe, mild-moderate injuries
(p<0.05). In either right or left cortical grey matter, however, the density of c-Fos+ activated
neurons was not significantly different between injury severity (Mild-Mod vs. Moderate, t-test,
p>0.05).

To investigate the neurophysiological signal underlying the unaffected forelimb-evoked
activation of the CLCtx, paired-pulse sensory-evoked potentials (PP SEPs) were recorded from
skull-based electrodes over the primary somatosensory forelimb (S1FL) cortex. The unaffected
forelimb was stimulated using inter-stimulus intervals (ISIs) of 35, 50, 100, and 200 ms, whereby
the time between the first, A, and the second, B stimuli is varied (Figure 7A). At longer ISI, the
B SEP waveform is similar to the A waveform. At shorter ISI, active intercortical inhibition in the

CLCtx during the response to stimulus A blunts the response to stimulus B. This paired-pulse
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suppression (PPS) results from inhibition of the excitatory networks by other, integrated networks
of inhibitory GABAergic interneurons. The N1Bjsp,s becomes broader than N1Ajsy,s because the
neuronal ensemble is desynchronized by the pulse of inhibition 35ms into the first response,
resulting in a slower/longer latency time-to-peak. Latencies of the N1Bjsms peaks decreased
significantly at both 14 and 21 days (Figure 7B). Residual inhibition 100ms after the onset of the
first ”A” stimulus increased significantly at 7 days (p=0.030) and again at 28 days (p=0.016) post-
injury paired t-tests compared to pre-injury latencies. The NI1A peak latencies decreased
significantly at both 21 and 28 days. Naive rats did not show any significant change in the latencies

of the N1A nor N1B peaks over time (one-way ANOVA, p>0.05) (Figure 7C).
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Figure 7. [A] Representative paired-pulse sensory-evoked potentials (PP SEPs) averaged traces
organized by decreasing inter-stimulus interval (ISI) from 200 ms (top traces) to 35 ms (bottom
traces). For each ISI, traces from pre-injury (solid line), seven days post-injury (dotted line), and
28 days post-injury (bold dotted line) are overlaid. [B] PP SEP Latency plots of the N1A and N1B
peaks recorded from the right cortical hemisphere during stimulation of the left (non-affected)
forelimb. The latencies of the N1B Compared to pre-injury, latency of the N1B peak at 100ms ISI
was significantly shorter at both 7 (p=0.030) and 28 days (p=0.016, paired t-test). At 35ms ISI
latency of N1B peak was significantly shorter at both 14 (p=0.025) and 21 days (p=0.048)
compared to pre-injury. [C] Plot of N1A (green dot) and N1B (black X) peak latencies from a
group of uninjured control rats (n=5). Naive, age-matched controls received electrode headset
implantation surgery but not the CCI injury surgery. Latencies were measured 3, 7, 14, 21, and 28
days after implantation of their electrode headsets. Peak latencies did not change significantly over
time (p>0.05). ISI=Inter-stimulus interval. *=p<0.05.

Bi-phasic excitability: An early and late wave of hyper-excitability?
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The paired-pulse ratio (PPR) of the amplitude of the second, N1B to the first, N1A is a
standard measure of inhibition, with decreasing values indicating increased inhibition and
increasing PPR indicating increasing excitability. The PPR did not vary significantly with PID for
the 35ms, 50ms or 200ms ISI (Figure 8B). However, the PPR of the N1 peak at 100ms ISI did
vary significantly over time (Friedman statistic=15.79, p=0.0075) (Figure 8A-B), but post-hoc
testing showed no significant differences between pre-injury and each of the post-injury time
points (p>0.01, Dunn’s Multiple Comparison Test). The PPR first increased at PID3 then
decreased to below pre-injury levels, then increasing again to above pre-injury levels at PID28.
The amplitude of the N1A;oms peak increased significantly at PID21 (Figure 8C), while the
amplitude of the N1Booms peak increased significantly at both the early-acute PID3 and the more
chronic PID28 (p<0.01, Dunn’s Multiple Comparison Test) (Figure 8D), indicating an increase in
the size and/or synchronicity of the receptive field and/or amplification of the signal along the

sensory pathway.
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Figure 8. PP SEP#1: [A] Visualization of the average change in CLCtx excitability by electrode
pair over all time points. compared to pre-injury paired-pulse sensory-evoked potential (PP SEP)
paired-pulse ratio at 100ms inter-pulse interval (PPRooms) spatially overlaying a cortical map
template. Key: Oval marks the region of increased BOLD response at 28 DPI in a parallel group
of rats stimulated at 10Hz (100ms ISI). Violate-filled broken circle over the left SIFL and M1
cortical regions is the CCI injury site. [B] PPR plotted over time for each inter-stimulus interval
(IST) from CLCtx PP SEPs during stimulation of the left (non-affected) forelimb. PPR of the N1
peak at 100ms ISI changed significantly over time (Friedman statistic=15.79, p=0.0075). Post-hoc
testing using Dunn’s Multiple Comparison test showed only non-significant differences between
pre-injury and each of the post-injury time points. The PPR did not vary significantly with time
for the 35ms, 50ms or 200ms ISI. [C] The amplitude of the N1A¢oms peak increased significantly
at PID21 (p<0.01, Dunn’s Multiple Comparison Test). [D] The amplitude of the N1B;ooms peak
increased significantly at PID3 and PID28 (p<0.01, Dunn’s Multiple Comparison Test).

Neurophysiological signal underlying affected forelimb-evoked CLCtx BOLD activation maps
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To determine if cortical pyramidal neurons are the source of the affected forelimb
stimulation-evoked ILCtx and CLCtx BOLD activation maps after injury, a second PP SEP study
was conducted, this time with the post-injury addition of ipsi-lesional electrodes for bilateral
recording and unaffected or affected forelimb stimulation. During affected forelimb stimulation,
both the average Response Ajooms and Response Bjooms, measured as the amplitude of the first

dominant peak within the first 30ms following each stimulus.
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Figure 9. PP SEP waveforms and analysis from affected forelimb stimulation with paired-pulse
stimuli at 100ms ISI shown according to stereotaxic location within the ipsi-lesional [A] or contra-
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lesional cortex [B]. Upper column graphs in [A] and [B] show the PPRoms plotted by electrode
location over time. Lower column graphs plot the N1A¢ms and N1Bjooms peak amplitudes by
electrode location over time. [A] Ipsi-lesional N1Ajooms and N1Ajpms signal amplitudes
diminished significantly in rostral, caudal, and medial ILCtx regions at both 1wk and 4wks post-
injury (two-way ANOVA, p<0.05; Bonferonni-corrected post-hoc comparison, p<0.05). The
PPRooms in the ILCtx did not change significantly after injury. [B] The N1A¢oms, N1Biooms, and
PPR¢oms did not change significantly in the CLCtx (bar graphs) (two-way ANOVA, p>0.05).

Key: Waveforms represent group averaged PP SEP recordings from pre-injury (black trace), one
week (magenta trace) and four weeks (blue trace) post-injury, and prior to injury from the right
cortex during left forelimb stimulation (gray trace in [A]) for comparison. ILCtx=ipsi-lesional
cortex; CLCtx=contra-lesional cortex; *=significantly different from pre-injury, p<0.05, two-way
ANOVA; */ =significant variation by cortical location; n.s.=no significant differences compared
to pre-injury.

In the CLCtx, analysis N1,goms peak amplitude measures did not show a significant change
in the peak height or PPR (Figure 9B). Further investigation into the excitability of the CLCtx
using the shorter 35ms ISI indicated region-specific increases in excitability. The N1Ajspys, like
the N1Aooms, did not change significantly over time (Figure 10B, lower left plot). However, the
N1Bssms peak amplitude increased significantly in the anterior CLCtx at 7DPI. Likewise, the
medial and anterior CLCtx PPR3sns increased significantly at 7DPI but had returned to pre-injury
levels by 28DPI (Figure 10B, upper and lower right plots).

In addition to measuring peak amplitude, because of the wide, prominent peak between
56.4-103.8 ms of the recording made amplitude measurement less sensitive, (upper traces Figure
9B, gray broken boxed region 2A), the area under the peak was also measured for the affected
forelimb-evoked, anterior, CLCtx SEP data (see Supplementary Figure 2C in Appendix). These
data showed that the cortical response magnitude increased significantly in the CLCtx at PID28
(Figure 9C top) in agreement with the fMRI BOLD map (Figure 3). Similarly, response Bssps

(Figure 9B, bottom graph) peak integral (area under the peak) measured at the dominant peak
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between 48-135ms increased significantly over the CLCtx on PID7 (post-hoc paired t-tests: Pre-
Wkl p=0.003 and Pre-Wk4 p=0.006 (two-tail)). Unlike the amplitude data, the peak integral
analysis showed that affected limb CLCtx activation increases according to the PP SEP, and this

is concordant with the results of the fMRI data (Figure 3).
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Figure 10. Affected forelimb stimulation at 35ms ISI and resulting average PP SEP waveforms
according to location within the ipsi-lesional [A] or contra-lesional cortex [B]. Upper column
graphs in [A] and [B] show the PPR3sy,s of the N1B/N1A peak amplitudes plotted by electrode
location over time. Lower column graphs plot the N1Ajsy,s and N1Bj3sys peak amplitudes by
electrode location over time. [A] Ipsi-lesional N1Assnms signal amplitudes decreased significantly
in all ILCtx regions at both 1wk. and 4wks. post-injury (two-way ANOVA, p<0.05; Bonferonni-
corrected post-hoc comparison, p<0.05). The PPR3sps in the ILCtx increased significantly in the
lateral region at 1wk and in the anterior, medial and lateral regions of the ILCtx at 4wks post-
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injury. [B] The PPR3sys increased significantly in the anterior and medial regions of the CLCtx
(upper right graph) (two-way ANOVA, p<0.05; Bonferroni-corrected post-hoc comparison,
p<0.05) with greatest hyperexcitability originating from the anterior and posterior regions of the
contra-lesional cortex at both 1wk and 4wks post-injury (two-way ANOVA, p<0.05; Bonferonni-
corrected post-hoc comparison, p<0.05). The N1A;s,,s amplitude did not change significantly over
time (|B] lower graphs) with the N1Bj3sm, amplitude increasing significantly in the anterior CLCtx
Iwk. post-injury.

Key: Waveforms represent group averaged PP SEP recordings from pre-injury (black trace), one
week (magenta trace) and four weeks (blue trace) post-injury, and prior to injury from the right
cortex during left forelimb stimulation (gray trace in [A]) for comparison. ILCtx=ipsi-lesional
cortex; CLCtx=contra-lesional cortex; *=significantly different from pre-injury, p<0.05, two-way
ANOVA; */ =significant variation by cortical location; n.s.=no significant differences compared
to pre-injury.

In the ILCtx, the average affected forelimb stimulation-evoked N1A and N1B SEP signal
amplitude decreased significantly at both 1wk and 4wks post-CCI (Figure 9A, bottom) and
(Figure 10A, bottom graphs) ISI trials (p<0.05, two-way ANOVA, Bonferroni post-hoc
comparisons). The loss of ILCtx SEP at 4wks (lower graphs in Figures 9A and 10A) agrees with
the absence of ILCtx fMRI BOLD signal at 4wks post-injury. At 1wk post-injury, the
electrophysiological signal was significantly diminished, while the fMRI data indicated clear
BOLD activation surrounding the injury site (Figure 3A). This mismatch could be indicative of
an inhibitory interneuronal signal in the ILCtx at 1wk post-injury during affected forelimb
stimulation, since the SEP primarily reflects the activity of cortical pyramidal neurons near the

surface of the epidural electrodes.
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Figure 11. Affected forelimb stimulation at 100ms ISI and resulting average PP SEP waveforms
according to location within either the ipsi-lesional cortex [A] or contra-lesional cortex [B]. Upper
column graphs in [A] and [B] show the PPRgoms of the N1B/N1A peak amplitudes plotted by
electrode location over time. Lower column graphs plot the N1A goms and N1Bjoms peak
amplitudes by electrode location over time. [A] Ipsi-lesional PPR jpoms and peak amplitudes did not
change significantly by electrode location or time relative to injury (two-way ANOVA, p>0.05).
The N1Aooms and N1Bgoms peak amplitudes did not change significantly after injury. [B] CLCtx
N1Ajoms and N1Bjooms peak amplitudes did not vary significantly over time, but did vary
significantly by electrode location (two-way ANOVA, p<0.05) with greatest signal originating
from the anterior and posterior regions of the CLCtx at all time points tested (two-way ANOVA,
p<0.05; Bonferonni-corrected post-hoc comparison, p<0.05). CLCtx PPRoms increased
significantly in the lateral region at 1wk and in the medial CLCtx at 4wks post-CCI.

Key: Waveforms represent group averaged PP SEP recordings from pre-injury (black trace), one
week (magenta trace) and four weeks (blue trace) post-injury, and prior to injury from the right
52



cortex during right forelimb stimulation (gray trace in [A]) for comparison. ILCtx=ipsi-lesional
cortex; CLCtx=contra-lesional cortex; *=significantly different from pre-injury, p<0.05, two-way
ANOVA; */ =significant variation by cortical location; n.s.=no significant differences compared
to pre-injury.

Surprisingly, the ILCtx SEP showed no significant change in N1Aooms, N1Bigoms, OF
PPRooms after injury during UFL stimulation (Figure 11A). It was expected that, since injury
resulted in a significant and dramatic decrease in AFL-ILCtx SEP, injury would similarly diminish
the magnitude of the UFL-ILCtx SEP. However, this lack of significant change might be due to
the much lower signal magnitude at pre-injury baseline (Figures 9A compared to Figures 11A
and 12A), thus resulting in a floor effect. It seems less likely that the UFL-ILCtx SEP signal
generator either lies outside of the affective injury zone or that it moves to a new location after
injury, as the signal does not appear to shift from one location to another over time, but the
waveforms at all time points look similar for each location, even though the pre-injury control was
recorded in the opposite, right cortex. Similarly, the only significant change in amplitude was a
decrease in N1Bj3sysat 1wk post-injury (Figure 12A, lower right graph) and excitability measured

with PPR3sps did not change significantly (Figure 12A, upper column plot).
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Figure 12. Unaffected forelimb 35ms ISI paired-pulse stimulation at and resulting average PP SEP
waveforms according to location within the ipsi-lesional [A] or contra-lesional cortex [B]. Upper
column graphs in [A] and [B] show the PPRisy,s of the N1B/N1A peak amplitudes plotted by
electrode location over time. Lower column graphs plot the N1Ajsms and N1Bjsms peak
amplitudes by electrode location over time. [A] Ipsi-lesional N1Ajsy, signal amplitudes decreased
significantly in all ILCtx regions at both 1wk. and 4wks. post-injury (two-way ANOVA, p<0.05;
Bonferonni-corrected post-hoc comparison, p<0.05). The PPR3sys in the ILCtx increased
significantly in the lateral region at 1wk and in the anterior, medial and lateral regions of the ILCtx
at 4wks post-injury. [B] The PPR3sms increased significantly in the anterior and medial regions of
the CLCtx (upper right graph) (two-way ANOVA, p<0.05; Bonferonni-corrected post-hoc
comparison, p<0.05) with greatest hyperexcitability originating from the anterior and posterior
regions of the contra-lesional cortex at both 1wk and 4wks post-injury (two-way ANOVA, p<0.05;
Bonferonni-corrected post-hoc comparison, p<0.05). The N1Ajsys amplitude did not change
significantly over time ([B] lower graphs) with the N1Bssy,s amplitude increasing significantly in
the anterior CLCtx 1wk. post-injury.
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Key: Waveforms represent group averaged PP SEP recordings from pre-injury (black trace), one
week (magenta trace) and four weeks (blue trace) post-injury, and prior to injury from the right
cortex during right forelimb stimulation (grey trace in [A]) for comparison. ILCtx=ipsi-lesional
cortex; CLCtx=contra-lesional cortex; *=significantly different from pre-injury, p<0.05, two-way
ANOVA; n.s.=not significant. */=significantly different between cortical positions across the
contra-lesional cortex, two-way ANOVA with Bonferroni post-hoc comparison.

Both the N1Ass,s and N1A poms data showed significant spatial differences in signal
magnitude across the UFL-CLCtx PP SEP (Figures 11B and 12B, two-way ANOVA, p<0.05).
The strongest signal tended to come from the more anterior (rostral) portion of the SIFL cortex,
and the weakest, but least variable signal, was detected in the lateral region of the CLCtx (Figures
11B and 12B). The spatial distribution pattern of SEP signal amplitude remained consistent across
time points in agreement with the UFL stimulation-evoked fMRI map (Figure SA), does not shift
after injury. UFC-CLCtx PPR3sys did not reveal a change in excitability (Figure 12B, upper
graph). However, the PPRooms did show that the lateral CLCtx was hyperexcitable at 1wk and the

medial region was significantly more excitable at 4wks post-CCI (Figure 11B, upper bar graph).

Discussion
Lesion size-dependent increase in CLCtx activation is transitory

Throughout the first four weeks of recovery after CCI, the steady resumption of more
normal limb-reaching is a stereotypical feature in this lateral TBI model (Harris et al., 2010;
Nobuhiro et al., 2011). If the ILCtx were responsible for spontaneous recovery of limb function, a
concomitant return of ipsilesional activation would be expected. However, the regions of
activation appear to shift to other, more distant regions of the brain. These new regions of

activation point to brain regions which are part of a network responsible for improving limb
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function over the first month of recovery. The CLCtx appears to be an interesting candidate for
supporting functional recovery because it consistently exhibited new activations from the impaired
limb throughout recovery (Figure 3A). The affected limb-evoked fMRI data show a progressive
trans-hemispheric shift from the injured to the CLCtx after unilateral CCI injury until, at four
weeks post-injury, affected limb stimulation elicits activation in the CLCtx only (Figure 3A).
Increase in CLCtx activation from pre-injury to PID7 may serve as a bio-marker indicating more
severe injury (Figure 4) and requirement of a particular treatment such as early neuromodulation
combined with focused therapies to improve outcome in the human patient. This result differs from
most in the stroke literature, where CLCtx activation has been shown to increase with lesion
volume (Kobayashi et al. 2003b). The index of injury severity was essentially the chronic injury
lesion volume. The ability of the ILCtx to activate dissipated over the first four weeks post-injury
(Figure 3A, B).

While mechanisms leading to ipsilateral activations after brain injury are currently under
investigation, it has not been determined whether CLCtx activations play any causal role in
recovery from TBI-induced deficits. Improved functional recovery after CCI injury in the rat is
associated with sprouting of axons within the corticospinal tract from the CLCtx to the affected
limb (Smith et al. 2007; Carmel et al. 2010; Zhang et al. 2010; Meng et al. 2014). This increased
input to the injury-impaired forelimb through the uncrossed (ipsilateral) fibers and the re-crossing
of sprouting axons could be responsible for sustained ipsilateral activation in the uninjured
homotopic CLCtx observed in the present fMRI studies (see Figure 3A). Axonal sprouting has
been shown to occur as early as one day post-injury (Greer et al. 2011b) and appears to peak around
PID7-PID14 (Harris et al. 2010b). It is possible that sprouting could strengthen the uncrossed (or

rather recrossed) pathway could enhance injury-affected forelimb (AFL)-stimulation-evoked
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CLCtx activation by transmitting more signal to the contra-lesional thalamus and from there to the
CLCtx. Enhanced AFL-evoked CLCtx activation, particularly when it is widespread in the first
two weeks after injury, can also arise by amplification of the signal from the uncrossed pathway
to the CLCtx in the thalamus. Another potential mechanism of CLCtx activation from sensory

inputs from the AFL activation is through the corpus callosum from injured to CLCtx.

Unaffected-forelimb-stimulus-evoked CLCtx map: Evidence of an affected “unaffected” pathway

If the CLCtx takes over function of the affected forelimb, it must adapt, restructure, and
remodel throughout recovery to enable some existing or new networks to take on function for the
affected limb. These newly purposed or re-purposed networks could be integrated into the same
cortical space as networks still responsible for maintaining function of the unaffected limb.
Enhanced neuroplasticity within the cerebral cortex have been found to occur during times of
altered balance between inhibition and excitation within the cortex (Fujioka et al. 2004; Benali et
al. 2008). The unaffected forelimb stimulus-evoked N1Bjoms peak latencies were significantly
reduced at both PID7 and PID28, indicating two temporally distinct periods of CLCtx disinhibition
(increased excitability) and enhanced cortical map plasticity in the CLCtx over the first month of
recovery in the rat (Figure 7B).

In the first PP SEP study (PPSEP#1), in which electrodes were placed only over the CLCtx
and the paired-pulse stimulation was performed at ISI of 35ms, 50ms, 100ms, and 200ms. The
goal of PPSEP#1 was to test the hypothesis that the increased unaffected limb-evoked BOLD
signal observed in the CLCtx at PID28 (Figure 5) is due to disinhibition of the CLCtx. Results of
pilot data indicated that this range would be sensitive to a change in contra-lesional excitability if

it were to occur within the first four weeks after injury. It was expected that the 35ms ISI would

57



show the greatest increase in CLCtx excitability, because the second response is strongly
attenuated (lower PPR) and would be less likely to be hindered by a ceiling effect. The CLCtx was
most strongly influenced by changes in inhibition over time at the 100ms ISI, since the 100ms ISI
was also used for forelimb stimulation in the parallel fMRI experiment and thus is best suited to
show the electrophysiological signal that underlies the BOLD activation maps. Also, co-incidental,
was the significantly increased CLCtx signal magnitude, in both the BOLD fMRI signal and the
SEP electrophysiological signal during 100ms ISI unaffected forelimb stimulation at PID28.

In the second PP SEP study (PPSEP#2), PPRgoms also showed significant disinhibition at
both PID7 and PID28 (Figure 11B, upper column graph). These data agree with the PPSEP#1
results and also support the idea that the CLCtx becomes hyperexcitable through the mechanism

proposed in Figure 13 below:

Potential mechanism and circuitry involved in
reduced ipsi-lesional brain activation after TBI:

A region of traumatic brain injury
results in:

Axonal disconnection & reduced trans-
hemispheric inhibitory influence,

Development of contra-lesional
disinhibition, which

Suppresses ipsi-lesional activity &
stunts plasticity over time

Figure 13. Proposed mechanism leading to long-term map changes after lateral CCI in the rat

Imbalance in inhibitory control between the hemispheres could lead to increased
excitability within the contralesional SI1-FL cortex (Figure 11). Reduced ipsilesional-to-

contralesional transcortical inhibition through trans-colossal fibers may reduce the threshold of
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contralesional circuitry to activate. Disinhibition of the CLCtx occurs, at least in part, through a
down-regulation of the inhibitory neurotransmitter gamma-aminobutyric acid type-A receptors
containing the al subunit (GABAsR-al) (Lee et al. 2011). The al subunit-containing GABA
receptors are predominantly located post-synaptic side of the synaptic cleft between the pre-
synaptic GABAergic inhibitory interneuron and the post-synaptic excitatory neuron. These
receptors are responsible for phasic inhibition of excitatory pyramidal cells in the cerebral cortex.
Phasic inhibition from interneurons in the cerebral cortex, for example, is responsible for
modulating various EEG-detectable frequency bands such as the theta and gamma network
ocillations (Farrant and Nusser 2005). Recently, phasic GABAergic transmission was shown to be
impaired as early as in the CLCtx 24-48 hours after unilateral CCI in the mouse (Le Prieult et al.
2016). So, in addition to injury-induced changes in excitatory networks, changes in phasic
inhibition is also likely to influence cortical map plasticity and changes in excitability observed in
the fMRI and PP SEP data presented here.

At the same time, the number of extrasynaptic GABAaRs associated with tonic inhibition,
such as the a4/5 and a5 subunit-containing GABA, receptors, increased significantly in the
CLCtx, yet the GABAR-mediated currents showed slower kinetics to result in an overall increase
in the excitation/inhibition ratio (Le Prieult et al. 2016).

On the other side of the brain, numbers and tonic inhibitory activity of GABAARs
containing the a5 subunit increased in the peri-lesional cortex after experimental stroke injury
(Clarkson et al. 2010). When the superfluous receptors were treated with an inverse agonist tonic
inhibition was normalized and functional impairment caused by the SMC lesion was improved
significantly (Clarkson et al. 2010). Together, the data from this study and those mentioned above

in this section indicate that the deficits affecting behavior and function after TBI are associated
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with an imbalance of transhemispheric excitation/inhibition between the injured and contra-
lesional cortices.

The current working model (Figure 11) depends on the well-supported idea that each
cortex inhibits activity of its homotopic counterpart in the opposite, contra-lateral cortex through
trans-callosal white matter fibers that connect the lateral hemispheres. Initially, injury stuns the
ipsi-lesional cortex, which attenuates ipsi-to-contra-lesional inhibition, resulting in
hyperexcitability in the contra-lesional cortex. In the same way as silencing one cortical region
with GABAAR agonist results in immediate expansion of the contra-lateral receptive field. This
trans-hemispheric disinhibition thus causes increased activity within the CLCtx, which, in turn,
has the recipricol effect of increased trans-callosal inhibition of the already stunned ILCtx. This
basic working model for the effects of lateral brain injury on circuitry remodeling has been
supported by data from studies in stroke patients (Calautti and Baron 2003; Calautti et al. 2007;
Rehme et al. 2011, 2012; Volz et al. 2015). The model is also supported by the data presented
herein, and this is not surprising because it is based on brain circuitry which has been well studied

and validated.

Ipsi-lesional BOLD activation may reflect activation of networks of inhibitory interneurons

The presence of the BOLD and SEP signals coincided in the CLCtx as explained by the
excitatory activity of cortical pyramidal neurons. In the ILCtx, the presence of an AFL-evoked
BOLD signal at PID7 (Figure 3B) coincided with a conspicuous loss of SEP signal (Figure 10A).
However, the average cortical SEPs recorded from electrodes around the edge of the contusion site
were not statistically different from control recordings of background brain activity in the absence

of stimuli (Supplementary Figure 2A). There are several plausible explanations for the
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discrepancy in ILCtx activation signal between the two techniques. First, the signal could be
blunted by their proximity to the blood and scar tissue from the contusion from the CCI. Because
the electrodes were implanted after injury, there are no pre-injury baseline PP SEP recordings from
the left STFLCtx to compare to and the space between the IL electrodes is greater than that between
the electrodes over the CLCtx. Or potentially, because the electrodes must be screwed into pilot
holes in the skull at the edge of the craniotomy, they may be farther from the signal generators in
the underlying brain due to shifting of the map or death of tissue forming a cavity below the
electrodes and insulating them from the cortical signal. The most compelling explanation is that
the signal observed by BOLD results from activation of the networks of inhibitory interneurons in
the injured cortex through trans-callosal fibers from the CLCtx. Since the local field potentials
generated by synchronous firing of excitatory pyramidal cells are detected by the skull electrodes
but the signal from networks of inhibitory interneurons cannot be measured by the induction of
magnetic fields because their heterogeneous orientations cancel each other out resulting in a net B
field vector equal to zero. This latter explanation does also fit the current working model for the
mechanisms leading to disruption of the normal interhemispheric balance between excitation and
inhibition toward suppressed ILCtx activity and hyperexcitation of the CLCtx. The c-Fos study
results are also consistent with the idea that increased contra-to-ipsi-lesional trans-callosal
inhibition occurs after lateralized TBI in the rat. Larger lesions showed greater activation across
the corpus callosum interconnecting the ILCtx and CLCtx (Figure 6). Recently published
histological and diffusion tensor MR imaging data show that unilateral CCI initiates a significant

loss of transcallosal structural connectivity by PID35 (Harris et al. 2016a).
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The electrophysiological underpinnings of affected limb-stimulation-evoked contra-lesional
cortex BOLD activation maps

At the same ISI as the fMRI stimulus, the magnitude of the 100ms ISI cortical response
increased significantly at both 7 and 28 days after injury (Response A in upper Figure 9B and
upper graphs in Figure 9C). The peak with the most profound post-injury change in Response A
for 100ms ISI is a broad N2-like peak. Since the ipsi-lateral SEP has not been studied and
characterized in the published literature, the pathway of the evoked signal from the hand to the
ipsi-lateral (same side as the stimulated hand) CLCtx is uncertain, particularly after brain injury
and subsequent post-injury remodeling has altered the circuitry. Regardless of the pathway, the

significant increase in the magnitude of the AFL-CLCtx SEP response agrees with the BOLD data.

Biomarkers from neurophysiology and fMRI BOLD cortical mapping

Poor motor recovery has been shown to be associated with increased CLCtx-to-
ILCtx interhemispheric inhibition in chronic stroke patients (Murase et al. 2004; Duque et al.
2005; Rehme et al. 2011, 2012; Volz et al. 2015) Paired-pulse SEP techniques provide markers of
altered excitability. At the shorter 35ms ISI and longer 100ms ISI we detected an overall change
in inhibition by measuring the latency of the first synchronous excitatory response of pyramidal
neurons in the contralesional cortex when the stimulus travels through the in-tact sensory
pathway from the unaffected limb. At 4 weeks post-injury, the increase in the AFL-CLCtx BOLD
signal corresponded with increases in the N1;goms 151 PPR (Figure 12D) and N1Booms 1s1 peak
amplitude (Figure 10D), indicating that these measures might serve as a useful biomarker of
remodeling within the CLCtx. The 100ms inter-stimulus interval (ISI) is most comparable to the

10Hz forelimb stimulation frequency in the parallel fMRI experiment. Also, co-incidental was
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the significantly increased CLCtx signal magnitude, in both the BOLD fMRI signal and the SEP
electrophysiological signal during 100ms ISI unaffected forelimb stimulation at PID28. If the
CLCtx takes over function of the affected forelimb, it must adapt, restructure, and remodel
throughout recovery to enable some existing or new networks to take on function for the affected
limb, to work in the same cortical space than the networks still responsible for maintaining
function of the normal limb. The neuroplastic changes within the cortex have been found to
occur during times of altered balance between inhibition and excitation within the cortex (Benali
et al. 2008). The N1Booms peak latency data show distinct increases in excitation at PID7 and
PID28, with the N1Bjsys latency data showing hyperexcitability in the two weeks between
(Figure 9), possibly indicative of temporally distinct periods of functional modifications in the
CLCtx over the first month of recovery in the rat. These results highlight the importance of
timing for any interventions targeting the dynamic changes in excitation/inhibition within the
injured brain. It is unclear from these data, however, whether CLCtx hyper-responsiveness is

maladaptive to recovery after experimental TBI.
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Chapter 3

Specific Aim 2. To determine if the contralateral cortex (CLCtx) is causally involved in recovery

of limb function after TBI and whether its influence is temporally limited.

Background

Much of the evidence showing involvement of the CLCtx after lateralized brain injury has
been gleaned from stroke and other focalized cortical lesion studies, while there is a relative dearth
of research in TBI. Thus, while the results of stroke and lesion studies are very helpful, the
published data remains limited and, as noted previously, the results may not be translatable to TBI
(Voorhies and Jones 2002; Vespa et al. 2005; Jones et al. 2012; Kozlowski et al. 2013; Lu et al.
2013). Even after stroke, it remains unclear whether new CLCtx activity signifies that the
homotopic cortex acts to support or impede affected limb recovery. While CLCtx activation is
present with recovering limb function, a clear role has not yet been determined. The controversy
regarding the apparent influence of the uninjured cortical hemisphere in recovery after stroke has
led some to suggest that each hemisphere should be treated differently from a therapeutic
standpoint (Schallert et al. 2003). The cortical representation of the affected forelimb remains
dynamic into the more chronic recovery period. For this reason, brain-targeted treatments must
consider timing and location for treatments such as neuromodulation to force trans-hemispheric
balance of inhibition and excitation. This study sought to provide a step toward a clearer
understanding of the role of the uninjured hemisphere at multiple time points in recovery after
TBI.

Although not yet investigated after TBI, studies of stroke patients indicate that up-

regulation of contralesional motor cortex (M1) may play an important adaptive role in regaining
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function (Ward et al. 2003; Belanger et al. 2007). In the early post-stroke stages, fMRI studies
have shown enhanced CLCtx activation during various motor tasks in early recovery (Johansen-
Berg et al. 2002; Ward et al. 2003; Tombari et al. 2004). During later periods of chronic recovery,
however, the role of the undamaged cortex appears to diminish as activation patterns decline in
patients with good recovery. These studies indicate that in chronic recovery, outcome would
improve if activation were shifted back from the CLCtx to the ipsilateral, injured cortex (ILCtx) if
possible. The ability of the ILCtx to support functional recovery may, however, depend upon how
extensively the injury has destroyed the critical brain structures. A better understanding of any
causal role that the CLCtx plays in TBI-associated impairment and spontaneous recovery is
necessary to develop a direct, neuromodulatory treatment paradigm to maximize the effects of
therapeutic interventions. To help fill this critical knowledge gap in the TBI field, the following
studies aimed to determine whether the CLCtx is causally involved in behavioral impairment and

recovery time course in the acute and chronic phases after unilateral, cortical TBI.

Materials and Methods

Experimental Groups and Procedure:

Adult, male, naive rats (16-week-old adult male Sprague-Dawley rats) were food-restricted
to 15-20g/day, received forelimb reach training and subsequent testing on a staircase
reaching task (Montoya et al. 1991). Subsequently, a left controlled cortical impact (CCI)
injury was performed. Forelimb reaching success was measured using a modified version
of the staircase test prior to, and after pharmacologically silencing the CLCtx by infusion
of intracortical muscimol or artificial cerebrospinal fluid (aCSF) vehicle control. Post-

injury testing for both aCSF and muscimol-treated rats was performed at 6d and at 27d. At
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7d and 28d rats were re-tested 30 minutes after the right CLCtx was silenced by
intraparenchymal muscimol (n=11) or aCSF (n=7) infusion. A subset of rats (n=7/group)
were tested at 35d post-injury to determine if temporary silencing produced any longer-

term carry-over effects on limb function. Experimental design is shown in Figure 13.

Brain Injury

All study protocols were approved by the University of California, Los Angeles (Los
Angeles, CA) Chancellor’s Animal Research Committee and adhered to the Public Health
Service Policy on Humane Care and Use of Laboratory Animals. The method for induction
of moderate CCI injury was performed as previously described. Briefly, rats (220-250 g in
body weight) were anesthetized with 2% isoflurane vaporized in O2 flowing at 0.8 L/min
and placed on a homeostatic temperature-controlled blanket while being maintained in a
stereotactic frame. CCI was produced using a 4mm diameter impactor tip that was
advanced through a 6mm craniotomy (centered at 0Omm Bregma and 3mm left lateral to the
sagittal suture) onto the brain using a 20-psi pressure pulse and to a deformation depth of
2 mm below the dural surface. Following injury, a cannula was placed into the right,
contralesional sensorimotor cortex (SMC) through a 0.8mm diameter burr hole and secured
to the skull with super glue gel and dental cement. Care was taken to prevent heat damage

to the brain during drilling by cooling the skull with sterile saline (0.9%) during drilling.

Cortical Silencing
A permanent in-dwelling cannula (Plastics1 inc., Roanoke, Virginia) was placed into the

contralesional homotopic primary sensory forelimb (S1-FL) cortex immediately following
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CCI injury. Using stereotaxic coordinates from Paxinos and Watson Rat Atlas, cannulas
were centered within the S1-FL area using the following coordinates, based on our previous
fMRI data: +3.5mm lateral, +0.5mm rostral relative to Bregma, and 2.5mm below the outer
skull surface (~1.5mm below the cortical surface) and into the middle of the S1-FL cortex
according to both The Rat Brain in Stereotaxic Coordinates brain atlas (Paxinos and
Watson 1998) and forelimb stimulus-evoked fMRI activation maps presented in Chapter
1.

Immediately after surgery, injured animals were randomized (randomizer.org) into
two groups, Muscimol or aCSF. On days 7 and 28, S1-FL cortex activity was temporarily
silenced by infusion of lul of the GABA4 channel receptor agonist muscimol (lug/ul in
aCSF vehicle) through the cannula over a period of 10 mins. Vehicle-treated control rats
received equivalent volume of aCSF (Harvard Apparatus, Holliston, MA) by the same

injection procedure.

Assessment of forelimb function

Rats were habituated and trained in a staircase forelimb reaching/ pellet retrieval apparatus
(Lafayette Instruments, Lafayett, IN) for 1 and 2 weeks respectively until they reached
50% reaching success rate on both limbs, as with prior studies (Harris et al. 2010). The
number of steps cleared of sugar pellets within a 10-min period (pellet retrieved and eaten)
was used as an objective measure of forelimb skilled-reaching ability. The number of
pellets dropped was used as a measure of unskilled limb performance. Two trials were run
for each rat per testing day and the results were averaged. Each trial was video-recorded

for offline analysis. Reaching dexterity was assessed offline on a frame-by-frame basis.
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The reviewer was blinded to the treatment group and asked to count the number of pellets
eaten, dropped, and attempted with each forelimb. An unsuccessful attempt was counted
when a rat reached for a pellet inside a stairwell and then closed its digits in a grasping
effort, but ultimately failed to hold and eat the pellet. To calculate reaching success for
each forelimb, the number of pellets eaten or dropped was divided by the total number of
reaching attempts and expressed as a percentage. The rate of success provides a more
precise measure of dexterity and sensory function compared to the number of total pellets

eaten as it considers how much difficulty the rat had in feeling and grasping each pellet.

Functional MRI of CLCtx silencing

To investigate the effects of silencing the CLCtx on the cortical map at five weeks after
CCI injury (Aim 3), forelimb-evoked BOLD MRI was acquired (as described in Aim 1
Methods) prior to and 1 hour after CLCtx silencing at 5 weeks post-injury from 11 rats

from the forelimb reaching studies in Aim 2.

Results

To determine whether CLCtx activation is involved in behavioral outcome after TBI,
forelimb reaching ability was assessed in the staircase reaching apparatus before and immediately
after pharmacological silencing of the CLCtx by infusion of intracortical muscimol or aCSF

vehicle control at one and four weeks post-injury (see Figure 12 for overview).
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Figure 14. To determine the functional role of the contra-lesional cortex after TBI, rats were trained
to reach in the staircase-reaching task to establish pre-injury baseline reaching accuracy for each
rat. Controlled cortical impact (CCI) injury was delivered to the left, sensorimotor cortex,
impairing the right forelimb. Pre-injection baseline reach performance was assessed on days 6 and
27 post-injury. On days 7 and 28 post-injury, a small portion of the contra-lesional S1-FL cortex
was injected with either 1uL of Muscimol to silence part of this cortex or aCSF to control for any
potential effects of vehicle injection. Functional MRI data was acquired during week 5 post-injury
to test the UnAffected or Affected forelimb-evoked response before and during silencing of the
contra-lesional S1-FL cortex.
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Figure 15. The limb use preference changed significantly over time after injury for use of the right,
left, and both limbs (simultaneously) (one-way ANOVA, p<0.05). Testing limb preference before
silencing on PID6 and after silencing the CLCtx on PID7 revealed a significant decrease in left,
unaffected forelimb use preference (Blue diamonds) (paired t-test, p<0.05) and a significant
increase in preference for use of the right, affected forelimb (red circles) (paired t-test, p<0.05),
but no significant change in simultaneous use of both limbs (black squares) (paired t-test, p>0.05).
Broken grey box highlights data acquired during silencing of the contralesional S1FL cortex.
Broken line between -7d and 6d post-injury indicates non-linear time scale. *p<0.05, paired t-test
between pre-silenced and silenced conditions.

CLCtx silencing reversed the injury-induced limb use preference favor affected forelimb at one

week post injury

Prior to injury, rats did not show a preference for either the right or left limb in the Schallert
Cylinder Test (Figure 13). Injury caused an increase in unaffected forelimb use and a decrease in
affected forelimb use, as expected (Figure 13). Also anticipated was the silencing-induced
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decrease in use of the left forelimb (paired t-test, p<0.05). Surprisingly, however, silencing the
CLCtx by muscimol injection on PID7 resulted in a significant increase in the proportion of

affected forelimb use.

Silencing of the uninjured cortex impairs the UFL

To assess the efficacy of the silencing procedure, reaching success of the unaffected (by
injury) forelimb was assessed before (6 or 27 DPI) and after (7 or 28 DPI) injection of either
muscimol or the aCSF vehicle control (Figure 14). Prior to injury, the future unaffected forelimb
reaching accuracy was at or above 50% for both the muscimol (54%) and aCSF (61%) groups, and
did not differ between the two groups (Figure 14A). Injury did not impair forelimb reaching for
the unaffected limb at 1 week post-CCl, as both groups were reaching at 55% success. At 7 days
after TBI, infusion of muscimol impaired forelimb reaching ability of the unaffected forelimb by
reducing it to an average of 17%. Reaching success for the aCSF group was not impaired, as these
animals reached a 60% success rate after infusion compared to the 58% success rate on day six,
prior to infusion.

At 27 days post-injury, unaffected forelimb reaching success was not significantly different
from pre-injury reaching levels for either group (Figure 14B). The day 28 injections initiated
temporary unaffected forelimb reaching impairments in muscimol-treated rats (accuracy declining
from 55% pre-drug to 17.5% post-infusion) while aCSF control animals maintained a reaching
accuracy post-infusion (59%) that was not significantly different from the prior day’s performance
(61%). These combined results indicate that temporary CLCtx silencing was equally effective at
both one and four weeks post-injury. To verify that the second injection also had no effect on later

unaffected forelimb reaching, forelimb reaching success was measured a final time at 35 days post-

[ 8



CCI. At that timepoint, the muscimol-treated group was reaching with 62% success rate while the
control group was reaching with 54% accuracy, a difference that was not statistically significant
(Figure 15C, students t-test, p>0.05). These data show that transient muscimol-induced cortical
silencing did not have lasting effects on cortical function as measured by normal reaching success
of the injury-unaffected forelimb at 35 days post-injury and after multiple injections of either

muscimol or aCSF.
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Figure 16. Muscimol injection-induced changes on PID7 in unaffected forelimb reaching success
verified silencing of the contra-lesional cortical function resulted from muscimol but not aCSF
(vehicle control). These results also suggest that silencing was equally affective at both 1 and 4
weeks post-injury, and that transient silencing did not have lasting effects on cortical function.
tx=injection (Muscimol or aCSF), # p<0.05 between group, *p<0.05 pre-tx vs. tx for muscimol.
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CLCtx silencing improved AFL function in acute recovery

At six days, post-CCI rats assigned to muscimol and aCSF groups had equivalent and
significant deficits in forelimb reaching accuracy compared to pre-injury baselines (Figure 15A).
Contralesional silencing resulted in a significant improvement in reaching accuracy of the affected
forelimb compared to vehicle infused rats one week post-injury (muscimol vs aCSF at day 7, linear
mixed effects modeling, corrected for multiple comparisons, p=0.001). Silencing improved
reaching success to pre-injury levels (paired t-test, p<0.045). This contrasts with results seen for
the unaffected forelimb, where no carryover effects of the first muscimol infusion were observed

(Figure 15A).
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Figure 17. Silencing the contralesional cortex by muscimol injection ameliorated injury-induced
impairment one week after injury. [A] Temporary silencing the contra-lesional S1-FL cortex by
injection of muscimol one week after unilateral CCI injury resulted in significant improvements
in affected forelimb reaching success compared to aCSF vehicle (linear mixed-effects model,
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p=0.0011). [B] Week one improvement in affected forelimb reaching accuracy (y-axis) was
dependent on the degree of impairment in the unaffected forelimb (x-axis) caused by muscimol
(linear regression: F=19.43, P=0.0029 (two-tailed), and r2=0.7083), but not by vehicle injection
(grey squares; p>0.05). [C] Silencing did not result in a significant difference between groups four
weeks after injury. [D] At 4 weeks post-injury reinstatement of deficits in affected forelimb
function (y-axis) was dependent on the degree of impairment in the unaffected forelimb (x-axis)
produced by cortical silencing by muscimol (linear regression: F=10.43, P=0.0090, and
1’=0.5106), but not by vehicle injection (grey squares; F=0.07487, P=0.7953, r<0.1475).

There was also some evidence of spontaneous recovery in the aCSF group from day 6 (~6-
8 reaching success) to day 27 (20% success), concomitant with the improvements seen in the
muscimol group from day 6 (~12% success) to day 27 (~35% success) (Figures 13A and 13C).
At five weeks post-injury, the muscimol-treated group was reaching with ~33% success rate while
the control group was reaching with ~28% accuracy (Figure 13A; not significantly different
between groups). This level of performance with the affected limb was not significantly worse

than that of the unaffected limb at 5 weeks post-CCI.
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Figure 18. Lesion volumes were similar between aCSF and Muscimol groups. [A] scatter plot of
lesion volume for each rat by treatment group. Horizontal line denotes the group average. Lesion
volume did not differ between aCSF and Muscimol rats by volume analysis (Signed-rank test,
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p>0.05). [B] Average lesion area (mm?) for each coronal brain section mapped by the A-P distance
from anatomical landmark, bregma.

Dose-response evaluation

The silencing technique employed in these experiments produced greater than expected
variability in forelimb reaching impairments, suggesting that the cortex was not silenced to the
same degree among all rats (Figures 13B and 13D). However, this variability in the effectiveness
of the muscimol-silencing technique provided an opportunity to determine if there is a dose-
response relationship between the amount of silencing (change in reaching success for the
unaffected forelimb) and the influence of the CLCtx on affected limb reaching ability at one
(Figure 15B) and four (Figure 15D) weeks post-injury. Interestingly, reaching improvement at
one week post-injury showed a significant positive correlation, with greater resumption of reaching
ability resulting from a greater effectiveness of cortical silencing indicated by loss of reaching
function in the unaffected limb (Figure 15B). Crucially, in vehicle control rats, there was no
association between silencing of unaffected limb and affected forelimb after aCSF infusion. The
situation at four weeks post-injury was the opposite effect, as muscimol worsened outcome, and
this was dependent on the degree of silencing. A reinstatement of deficits in the affected forelimb
was significantly correlated with the degree of impairment produced by muscimol in the unaffected

forelimb, an effect not found in the aCSF-treated rats (Figure 15D).

Muscimol effectively silences unaffected forelimb-evoked BOLD activation of SIFL CLCtx.
Preliminary fMRI results from 5 weeks post-injury indicate that the contralesional silencing
procedure effectively dampens activity of the sensorimotor cortex surrounding the injection site.

Figure 17A shows the contrasts between unaffected forelimb stimulation-evoked activations



before and during active silencing of the CLCtx with muscimol. The blue activation maps (Figure
17A, left) indicate regions of the brain that are more strongly activated prior to silencing. Put
another way, the blue brain regions exhibit reduced brain activation due to muscimol injection. On
the contralesional hemisphere, there is significantly greater involvement of the sensorimotor
cortex, caudate/putamen, compared to the same rats one hour after contralesional muscimol
injection (P<0.05, z>1.0, corrected for multiple comparisons). Conversely, the red-yellow
activation maps (Figure 17A, right) indicate new regions of brain activation that occur due to
affected forelimb stimulation during silencing, compared to the pre-silencing condition. Several
small brain regions show increases in unaffected forelimb-evoked activation (red-yellow
activations; Figure 17A). The cortical regions of silencing-induced increases include the CLCtx
secondary somatosensory cortex (S2) and part of the ipsilesional S1-FL cortex. This data verifies

that overall muscimol injection successfully inhibited the contralesional sensorimotor forelimb

cortex.
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Figure 19. A. Comparisons of unaffected forelimb stimulation-evoked BOLD activation contrast
maps compared between the same rats (N=8) prior to and during contralesional silencing by
muscimol infusion into the contralesional S1-FL cortex through a cannula (imaging artifact from
cannula visible in right cortical hemisphere). Silencing resulted in an increase in activation in the

contra-lesional thalamus but the S1FL region of the CLCtx was not responsive to affected forelimb
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stimulation. B. Comparisons of affected forelimb-evoked activation areas are compared between
the same rats (N=8) prior to and during contralesional silencing by muscimol infusion into the
contralesional S1-FL cortex through a cannula (imaging artifact from cannula visible in right
cortical hemisphere). No new areas of activation are present following stimulation of the affected,
with exception of the thalamus, which is more greatly activated while the contra-lesional cortex is
activated.

Contralesional silencing of affected forelimb-evoked activation at 5 weeks unmasks very few new
regions of brain activation

Stimulation of the injury-affected forelimb of this group (Figure 17B) prior to
contralesional cortical silencing showed the contralesional S1-FL cortex activation, as observed in
the first MRI study, and showed some activation lateral to the injury site and within the injured
cortex. The lesion observed in the averaged RARE images are dominated by the largest lesions,
and are representative of only the most severely injured rats. Prior to silencing, the contralesional
S1-FL cortex is activated in response to stimulation of the injury-affected forelimb (Figure 17B,

blue activations).

Discussion

In the present chapter, functional MRI was used to image nearly the whole
cerebrum to identify regions responsible for time-dependent effects of silencing the CLCtx
in acute and more chronic post-injury recovery periods. Experiments for Aim 3 were
designed to identify new areas of activation which might be responsible for the surprising
result of silencing-induced improvements in forelimb reaching at one week post-injury and
the worsening of affected forelimb impairment when the CLCtx is silenced with muscimol

at four weeks post-injury. Forelimb-evoked fMRI data was collected from 11 rats in the
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chronic post-injury recovery period. By measuring brain activation prior to injection of
muscimol, and then a second session 1 hour after the injection of muscimol into the CLCtx,
this experimental design provided the opportunity to compare the effect of silencing of the
CLCtx by muscimol to the non-silenced condition within the same animals. The idea was
that the within animal comparison would be more powerful than having two groups,
because it would minimize the variability across animals, particularly regarding lesion size
and location. In addition, to control for any potential effect of the vehicle injection, five
animals were scanned prior to and one hour following injection of artificial cerebrospinal
fluid vehicle (aCSF). BOLD activation data acquired before injection could again be
compared, within-subject, to that acquired one hour after injection to determine if there are
any differences which may be caused by the injection itself. We expected that there would
be no difference in average group activations caused by injection of aCSF vehicle control
since there was no effect on forelimb reaching ability (see Figures 11, 12, and 13). At the
level of a cortical network, such as the S1 forelimb region of the CLCtx, application of
muscimol reversibly dampens the cortical response in a concentration-dependent manner.
Silencing effectiveness by muscimol injection was verified by the disappearance of
CLCtx activation during unaffected forelimb stimulation at the chronic time point.
Stimulation of the affected forelimb further verified the efficacy of contralesional silencing
because the contralesional activation was eliminated in cortex surrounding the cannulas
(Figure 16). At 4 weeks post-injury, silencing re-enacted the deficits in affected limb
function, so the silenced CLCtx was at least part of a network critical for supporting
spontaneously recovered function. Unsurprisingly, no new areas of activation were

observed upon silencing the CLCtx at PID35.
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Balance of trans-callosal inhibition is disrupted in TBI

Basic mechanisms of trans-callosal cortical inhibition have been characterized in the
normal, uninjured vertebrate brain (Ferbert et al. 1992; Meyer et al. 1995; Gerloff et al. 1998; Li
et al. 2011). Silencing of activity in the rodent forelimb motor cortex with the sodium channel
blocker lidocaine caused a 42.2% expansion of the forelimb representation in the opposite cortex
(Maggiolini et al. 2008). This data agrees with the widely-supported notion that each hemisphere
works constantly to maintain the forelimb representation of its contralateral, homotopic
counterpart, and that this maintenance is achieved through mostly inhibitory influences (Ferbert et
al. 1992; Meyer et al. 1995; Gerloff et al. 1998; Liet al. 2011). According to this basic mechanism,
injury to one cortical hemisphere would result in dysfunction of that injured area imparting
disinhibition of its contralesional, uninjured counterpart. Conversely, if the uninjured, CLCtx is
disinhibited it could become hyper-excitable, as observed in the PP-SEP experiments from Aim 1
(Figure 6). Indeed, after a focal, cortical ischemic lesion, use of the unaffected forelimb results in
reduced ILCtx-to-CLCtx inhibition and increased CLCtx-to-ILCtx inhibition (Rehme et al. 2011)
but it is not known whether the brain’s response to TBI is like that of stroke in this regard. Any
differences might provide insights into the source of the difference in terms of differences between
the disease pathophysiologies.

Inactivation of the CLCtx one week after injury resulted in a dramatic recovery of function
in the injury-affected limb (Figure 15; 6 vs. 7 days, p=0.0156, Wilcoxon two-tailed signed rank
test). Therefore, activity of the uninjured homotopic SI-FL region could impair limb function by
relieving CLCtx-to-ILCtx inhibition. It may be that silencing prevents the uninjured cortex from

inhibiting an otherwise still-functional ILCtx through inhibitory trans-callosal activity. While it
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seems that the injured cortex is “stunned” with metabolic crisis early after injury once that has
resolved, the volume of activated ILCtx continues to decline due to ramping up of CLCtx-to-ILCtx
inhibition over the first four weeks post-injury. Another possibility is that the injured cortex is
truly dysfunctional in moderate-severe injury so that it is less capable of supporting function one
week after injury. Thus, inactivation of contralesional S1-FL cortex may rescue limb function
through disinhibition of other regions of brain that might be able to support function early after
injury. These could be enhanced by functional alterations in connected subcortical regions such as
the thalamus and caudate, or in associated cortical regions such as the prefrontal cortex or
supplementary sensory and motor areas. For example, in human stroke patients, fMRI studies of
hand movement found connectivity changes between injured primary motor cortex (M1) for the
hand and contralesional M1, premotor, and supplementary motor cortices (Rehme et al. 2011).
Increased peri- and contralesional activations in the first two weeks after injury by affected
forelimb stimulation were observed in the fMRI data presented here (Aim1/chapter 1, Figure 3
above). Corresponding electrophysiological data (Figure 7A) suggest that the underlying activity
is associated with post-synaptic activity of pyramidal cells, because sensory-evoked cortical signal
was also detected over this cortical region. It is possible that the increased activation of the CLCtx
elicited by the affected limb arises from reduction of trans-callosal inhibition from the contused or
perilesional cortex. By silencing this CLCtx at seven days post-injury contralesional to ipsilesional
inhibition is released, allowing the contused cortex to resume control of the affected forelimb. This
hypothesis presumes that the injured and or ILCtx remains functional at seven days post-injury but
it is merely inhibited by the increased activation and inhibition from the CLCtx. Additional fMRI
studies are required to determine which region of the brain is responsible for the reinstatement of

limb function that occurs with silencing of the CLCtx at seven days post-injury.
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The site of direct unilateral focal injury does not activate in more severely injured brains
(see Figures 3A and 4B). Over time, however, it is possible that the brain makes adaptive changes
to the hemispheric imbalance in inhibition and excitation. Biernaskie et al. (2005) used lidocaine
to temporarily inactivate the contralesional motor cortex after rats had recovered from unilateral
stroke (during exposure to an enriched environment). In their stroke model, silencing strongly and
significantly reinstated a functional deficit in a skilled forelimb-reaching task following either
three or four weeks of post-injury enriched-rehabilitation, indicating that the CLCtx is critically
involved in functional recovery after physical rehabilitation (Biernaskie et al. 2005). Similarly, in
the present study, muscimol silencing showed a trend toward reinstatement of the injury-induced
deficits at week four—worsening reaching performance in eight of the 11 animals tested—the
within-group effect was not significant in the post-hoc comparison. The between-animal
variability of reaching success is probably one contributing factor. However, we did not observe
clear evidence that lesion volume in the chronic period, indicating that lesion volume may not be
a sensitive predictor of functional outcome. A second possibility is that the cannula placement did
not completely target the cortical region which aids in support of function for the recovering
forelimb by four weeks post-injury, as we have observed the CLCtx map shifts laterally throughout
this period. Deficits were not significantly reinstated in our model of TBI at four weeks post-injury
in either aCSF or muscimol treated rats from 27 to 28 days post-injury. This discrepancy may arise
from differences in etiology between stroke and TBI. The homotopic contralesional (S1-FL) cortex
may be among several different networks that support limb function for injured cortex after TBI.

Taken together, these data support the hypothesis that CLCtx-to-ILCtx trans-callosal
inhibition prevents normal forelimb function and ipsilesional map plasticity. I suspect that the

mechanism by which the CLCtx aids in latent recovered function of the affected forelimb involves
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the chronic inhibition of activity in the injured cortex throughout recovery and a reciprocal loss of
ILCtx-to-CLCtx inhibition. Thus, the CLCtx is an important target for intervention and a
biomarker signaling the need to re-establish balance of inhibition/excitation between the
hemispheres and other interconnected regions (McNeal et al. 2010; Rehme et al. 2012) to
potentiate recovery of lost function resulting from TBI. The altered functional map may help
provide information about the spatial and temporal status of the recovering brain (Hoskison et al.
2009; Rehme et al. 2011, 2012; Algattas and Huang 2013) so that rehabilitative and interventional
strategies (Mansoori et al. 2014) are tailored to each individual case throughout recovery.

Excitability is also attenuated in aged rats (David-Jiirgens and Dinse 2010) and humans
with diminished tactile acuity (Takeuchi et al. 2010). Increased inhibition around the injury site
may be a maladaptive phenomenon when lesions are small and some of the network is spared.
Research on stroke patients show reduced inhibitory drive from the ILCtx-to-CLCtx during early
recovery (Rehme et al. 2011). At chronic stages patients showed stronger CLCtx-to-ILCtx
inhibitory drive which was also correlated with poor functional outcome(Rehme et al. 2011). In a
well-characterized cortical focal stroke model, there is convincing evidence that increased intra-
cortical tonic inhibition within the ILCtx prevents recovery, and that general pharmacologic
attenuation of tonic inhibition with GABA, receptor inverse agonist significantly improves
functional outcome (Clarkson et al. 2010; Clarkson 2012).

The current model-based data point towards remote regions of changes in
excitation/inhibition. The BOLD data from the first MRI study indicated that the contra-lesoinal
cortex was the only area that showed persistent new activation every week for at least four weeks
and electrophysiological studies verified the hyperexcitability. Imbalance between inhibition and

excitation initiated by injury should be addressed to recover the balance between the injured cortex
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and other remotely connected networks. It may be possible to drive improved recovery of the
ILCtx, re-enable its activation over time, and provide an opportunity for a better overall

improvement in functional outcome.

Early time point MRI

The finding that limb use preference (Schallert cylinder test) and dexterous function
of the injury-affected forelimb had essentially normalized by silencing the CLCtx at one
week post-injury was surprising and perhaps the most interesting finding for further study
by investigators in the future. These findings imply that CLCtx activity interferes with
function of the injury-affected forelimb acutely, but not chronically after injury. The
prolonged contra-to-ipsi-lesional inhibition, which begins within the first week after injury,
could act to divert somatosensory signals from the affected limb to the CLCtx rather than
ILCtx, thereby “learning” to process information from the affected forelimb through
mechanisms of activity-dependent plasticity. If this winner-take-all inter-hemispheric
competition type model is at work after CCI, then rebalancing the interhemispheric
excitability might promote survival and sustained use of the ipsi-lesional cortical map.
Thus, for future investigators, it would region of the brain is responsible for the silencing-
induced return of forelimb function at one week post-injury. My hypothesis is that the
CLCtx is responsible for inhibiting this region, either directly or indirectly. The contusional
or peri-contusional cortex is the most obvious region of potential reactivation since there
is direct inhibition of this region through the trans-callosal fibers from the CLCtx. Given
the various other cortical and subcortical regions both structurally and functionally

connected to the SIFL CLCtx, it is possible that silencing CLCtx produces a second
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diaschisis resulting in inhibition or disinhibition of another network which is then able to
support full limb function just one week after injury. Regions connected to the silenced
S1FL CLCtx which could also support forelimb function might include the prefrontal
cortex, higher-level somatosensory processing cortices like the secondary somatosensory
(S2) cortex, the thalamus, primary (M1) and secondary motor (M2) corticies, and the
cerebellum (Pawela et al. 2010). Reestablishment of balanced excitatation/inhibition
between, not only the injured and contra-lesional cortices, but between all brain regions
that undergo excitability-related diaschisis, may be useful in directing neural repair and
remodeling. Ideally, the use of a targeted approach guided by the fMRI and
electrophysiological results may help facilitate a more complete recovery following a

traumatic brain injury.
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Chapter 4
General Discussion

There is currently no cure for traumatic brain injury and all clinical trials to date have
failed. Fortunately, some spontaneous recovery can occur after injury and rehabilitative therapies
have proven to be effective in enhancing spontaneous recovery. Even with current rehabilitative
therapeutic approaches, recovery is often incomplete, so many TBI survivors are left to struggle
with long-term disabilities. The data in these studies indicate that network-specific, targeted
approaches to modulate the excitability of specific nodes of injury-affected networks, such as the
CLCtx, might improve the efficacy of rehabilitation by unlocking the ability of a patient to
temporarily practice physical therapy exercises with the injury-impaired limb. In the clinic, this
could translate to the use of repeat transcranial magnetic stimulation (rTMS) during physical
therapy sessions. The author proposes that future treatment might implement a wearable headset
cap device with multiple stimulators to balance excitability across the brain to optimize recovery.
Such an idealized theoretical device would be a closed-loop system implementing sensors to use
brain function biomarkers to dynamically modulate neural excitability throughout the brain
during affected and unaffected forelimb use. This sort therapeutic strategy hinges upon the
assumption that the effects of stimulation will have carry-over effects between treatment sessions
so that there is a synergy between the stimulation and rehabilitation to maximize recovery. Since
map changes have been shown to occur in response to rehabilitation, rehabilitative therapies
could improve outcome by encouraging the cortical map to shift back to the ipsi-lesional cortex
or to other regions which might better support function (Hamzei et al. 2006; Richards et al. 2008;

Donahoo and Richards 2009). With the addition of brain stimulation strategies, rehabilitation
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might be more effective in shifting the map to the most optimal region(s) of brain to support

functional recovery.
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Figure 20. Schematic diagram of the hypothesized mechanism of trans-hemispheric excitability
disruption by lateral injury and re-balancing of excitation/inhibition by combined neuro-
stimulation and CIMT treatments. Left: Prior to injury, interhemispheric inhibitory fibers are
functional, and excitation (red “+” signs) and inhibition (blue “-” signs) is balanced in
homeostasis. Excitatory sensory input frome each limb to the corresponding thalamus then to the
S1FL cortex, each being excitatory inputs. Middle: Injury results in loss of ipsi-to-contra-
lesional inhibition and mostly intact contra-to-ipsi-lesional inhibition when the contused cortex is
“stunned” and further when axons die due to Wallerian degeneration and secondary axonal
injury. Right: Excitatory stimulation of the ILCtx and inhibitory stimulation of the CLCtx
rebalances excitation/inhibition across the injured brain and re-enable affected limb function,
which is then re-enforced using CIMT and AFL training.

CCI Injury: Disinhibition, Expansion of AFL-CLCtx receptive field, Activity-dependent
plasticity

Decreased AFL Input: Impairment leads to learned non-use

Increased UFL Input: Compensatory over use, Activity-dependent plasticity, Expansion of AFL-
CLCtx receptive field;
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eTMS = excitatory transcranial magnetic stimulation, iTMS = inhibitory transcranial magnetic
stimulation, L = Left, R = Right, CCI = Controlled cortical impact injury, CIMT = constraint-
induced movement therapy.

Current neurorehabilitation strategies and map plasticity

Post-injury rehabilitative therapies have been developed to target various types of
impairments including speech, memory, cognition, or movement. Here, the focus will remain on
therapies geared toward sensorimotor recovery, since the injury model used for these
experiments feature TBI affecting the sensorimotor networks of the central nervous system.
Impairment of forelimb/upper limb after brain injury naturally results in increased use of the
UFL to compensate for lost function of the AFL (Taub et al. 2006).

Constraint-induced movement therapy (CIMT) is one of the most proven and common
interventions for limb impairments due to stroke. CIMT encourages use of the AFL and
decreases voluntary activity of the UFL by constraining the UFL in a sling CIMT has also been
shown to alter excitability (Tarkka et al. 2008). While more studies of CIMT’s effectiveness have
been performed in stroke research, some have been emerging in TBI research. A study of CIMT
in adolescent TBI showed significant improvements in a variety of outcome measures (Cimolin
et al. 2012; CDC 2014). This is particularly important because of the bimodal increased
incidence of TBI among the young and the old (Testa et al. 2005). In a more elderly population, a
study of 29 chronic stroke patients with hand impairment, used fMRI and TMS to investigate
cortical reorganization after CIMT (Hamzei et al. 2006). These investigators found that AFL
training with CIMT was associated with a change in the sensorimotor map and intracortical
excitability for the affected hand (Hamzei et al. 2006). Others have found CIMT to both change

the cortical map and improve function (Schaechter et al. 2002). The Extremity Constraint
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Induced Therapy Evaluation (EXCITE) trial, a prospective, single-blind, randomized,
multicenter clinical trial conducted at 7 US academic institutions from 2001-2003 found that
when a 2-week CIMT program was implemented between 3-9 months post-stroke, patients
showed significant and lasting improvements in arm function (Wolf et al. 2012). Sensorimotor
rehabilitation significantly improves function of the affected forelimb after CCI in the rodent, but
rehabilitation therapies must be more intense and more varied to show improvements, whereas

stroke injury responds more readily to individual therapies.
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Figure 21. Images: Affected forelimb-evoked fMRI data acquired pre-injury (green mean
activation area) and at 28d after injury with CIMT at 4-14d post-injury (red mean activation area)
or injury only (blue mean activation area; n=3/group) revealed an effect of CIMT increasing
more ipsilesional activation (left side of images). Activation data are over-plotted onto mean
anatomical data showing no effect of early CIMT on contusion volume. Graph: Number of
voxels significantly activated in ipsilesional (left) cortex normalized by the number of voxels

activated in the contralesional cortex. Figure adapted with permission from Professor Neil G.
Harris, Ph.D.

In the rat, preliminary studies (3 rats/group) showed that compared to no treatment

controls, CIMT from days 4-14 post-injury resulted in a shift in the average activation to the
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ipsilesional cortex around the injury site at 28 days post-injury (Figure 21). Though this is a
small sample of 3 rats per group, the activation maps clearly show that CIMT rats had greater
ipsilesional activation and less CLCtx activation. These preliminary data still support the
hypothesized mechanism of action (Figure 20). These results should encourage future use of
fMRI to analyze the neurophysiological alterations which result in optimal recovery, particularly
in an animal model in which injury location can be controlled. While effectively preventing UFL
input activity, CIMT also results in an obligatory increase in AFL use. For quadrupedal animals
like rats, walking with the UFL constrained in a vest necessitated consistent use of the impaired,
AFL. In humans, who are bipedal and use their upper limbs for daily tasks, CIMT is employed

during daily tasks to “re-train” the impaired limb.
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Figure 22. Images: Resting- state fMRI data were acquired from rats before injury and then again
at 4 wks post-CCI (CIMT+injury, injury only, n=3/group). After co- registration to a rat atlas,
data were processed for seed- based functional connectivity (fc) analysis of the contralesional
SM cortex (blue area). CIMT increased fc of the homotopic, ipsilesional SMC compared to

injury alone as shown by mixed effects analysis Z score (see Figure legend). Graph: Number of
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functionally connected voxels in ipsilesional (right) SM cortex normalized to contralesional (left)
obtained from group mean image data shown.

In the same groups of CIMT and control rats, resting-state fMRI was also acquired before
and then 4 weeks post-injury and analyzed for functional connectivity to the SIFL CLCtx
(Figure 22). These data indicate that inter-hemispheric functional connectivity was greatest in
rats rehabilitated using CIMT. Thus, CIMT may improve AFL function by changing the laterality
of input toward more ILCtx activation from AFL activity. In this regard, inhibitory stimulation of
the CLCtx and excitatory stimulation of the ILCtx are the afferent compliment to CIMT and
therefore has potential to enhance current rehabilitative treatment paradigms in TBI survivors
(see Figure 20). After injury cortical reorganization is dependent upon time-dependent

imbalance between glutamatergic excitation and GABAergic inhibition (Benali et al. 2008).

Does non-invasive region-specific brain stimulation hold the potential to be an adjunctive
approach to enhancing the effectiveness of current rehabilitative therapies?

The Food and Drug Administration (FDA) has approved use of vagus nerve stimulation
(VNS) for epilepsy and depression, deep brain stimulation (DBS) for Parkinson's disease and
dystonia, and repetitive transcranial magnetic stimulation (rTMS) for the treatment of
depression. Another stimulation method, transcranial direct current stimulation (tDCS) has
recently been tested as experimental treatment of stroke and neuropsychiatric patients (Aparicio
et al. 2016). Network-specific neuromodulation might also show promise in a potential ability to
enhance rehabilitative therapies after TBI. The proposed mechanism of action for CLCtx
inhibition (silencing) to enhance the effectiveness of rehabilitative therapies to improve recovery

can be summarized as the following: CLCtx silencing results in disinhibition of the ILCtx and
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other connected regions, making these networks newly receptive fields. Therapy then uses these
new networks, promoting cortical re-specialization by mechanisms of activity-dependent-
plasticity (Martin et al. 1999; Overman et al. 2012). Advanced analysis of longitudinal fMRI data
from stroke patients at the acute and chronic phases of recovery shows altered balance in
inhibitory or excitatory tone between interconnected network nodes after injury (Rehme et al.
2011, 2012; Volz et al. 2015). The work of Rehme and colleagues provides strong incentive for
the investigator to be mindful that there are likely to be multiple close or distant networks which
will be affected by injury and probably important for recovery (Rehme et al. 2011, 2012; Volz et
al. 2015). These studies serve as a powerful reminder that the most affective stimulation
paradigm treatments will probably require stimulation of multiple regions simultaneously, each
with custom stimulation parameters, depending on whether the network excitability was to be
increased or decreased. With this approach and results of the current literature in mind that
spatially balanced activity between regions is required to re-establish their appropriate
connectivity.

There is still much pre-clinical work to be done to understand the significance of the
many variables which are inherent after TBI but much more difficult to control and measure.
Some important variables which need to be better understood include timing of treatment,
method of stimulation or other task relevance, location and distribution of primary and secondary
injury/injuries, and mechanism of injury. Although there are limitations to pre-clinical animal
models, the ability to control the above variables, they provide the most promising opportunity to
understand not only the function of each variable, but also the interaction between each variable.
Analysis of large public data sets from many clinical and pre-clinical studies might ultimately

provide the best understanding of the mechanisms and the potential points of intervention.
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Neuroimaging still holds promise as a TBI biomarker but is limited by a lack of clear
relationship between the neuropathology of injury and recovery and the quantitative image-based
data obtained. Specifically lacking is the data on electrophysiological changes that lead to
alterations in cortical map changes after TBI.

When inhibitory rTMS (iTMS, <1 Hz) is applied to the motor cortex in one hemisphere it
works to diminish excitability there, while simultaneously increasing the excitability of the non-
stimulated hemisphere through a reduction of interhemispheric inhibition from the stimulated
(inhibited) to the non-stimulated motor cortex. When rTMS is applied with higher frequency
stimulation (=3Hz), rTMS can be used to increase cortical excitability (Kubis 2016). Regarding
the model (Figure 20) of re-balancing interhemispheric excitation/inhibition this could be

applied to the injured cortex or other brain regions affected by excitability-related diaschisis after

TBIL

Importance of timing

The results of the current studies document several main findings regarding post-injury-
time-dependent changes in cortical map excitability, plasticity, and function in brain regions
remote from the site of injury following controlled cortical impact (CCI) injury in a rat model of
unilateral TBI. First, the group averaged cortical representation for the affected forelimb (AFL)
stimulation-evoked BOLD activation map shifted from its usual unilateral location in the left
M1/S1FL sensorimotor cortex before injury, to a broad bilateral/bi-hemispheric coverage in the
first two weeks after injury. Then, the bilateral activation patterns focused down to more

compact regions at 3 weeks post-injury, and finally by 4 weeks post-injury, the average AFL
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cortical map had made a complete trans-hemispheric shift to a the CLCtx. The appearance of
new AFL BOLD activations in the CLCtx are both spatially and temporally associated with
periods of increased SEP signal and altered excitability. Additionally, the role of the CLCtx in
affected forelimb function at one week post-injury is the exact opposite as its role at four weeks
post-injury. These data show the importance of timing of treatment, as the brain dynamically

remodels throughout recovery.

Is the uncrossed ipsilateral pathway to the CLCtx the most optimal or just the new path of least
resistance?

It may seem unlikely that the small proportion of axonal fibers that make up the
uncrossed (ipsilateral) sensory and motor pathways could support the same load of information
that the primary, crossed pathway does prior to injury. There is a plethera of evidence that fibers
from the damaged pathway sprout axons back across to the contralesional side at the level of the
spinal cord, structurally bolstering the ipsilateral pathway (Martin et al. 1999; Dancause et al.
2005; Lee et al. 2011; Lindau et al. 2014). Damage to the dorsal columns, spontaneous recovery
is dependent on the sprouting of preserved afferent fibers and their enhanced role in activating
neurons throughout the somatosensory system in rats, primates, and humans, alike (Kaas et al.
2008). Another potential neuroplastic mechanism that the brain may use to compensate for the
smaller ipsilateral tract is amplification of the signal from the AFL at the synaptic junctions
within the contralesional thalamus or the CLCtx. While the present data supports the idea that the
CLCtx plays a role in supporting recovered limb function in chronic recovery, it may not be
capable taking on 100% functional support. If the entire network is destroyed, then for complete

functional recovery to occur, other brain regions must be tasked with supporting the lost function
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beyond what the CLCtx is capable. It may be that the imbalance in excitability leading to
increased CLCtx excitability and functional take over can be corrected to enable other nodes of

the sensorimotor network to support some of the function lost to injury.

Early map changes are reliably reported by fMRI BOLD

The experiments for the first study were designed to investigate cortical map changes,
which have been shown to occur and are thought to be associated with spontaneous functional
recovery of the injury-affected forelimb. It is unlikely that abnormal CLCtx activations
pathophysiological events associated with TBI that might alter the hemodynamic response include
vasogenic edema and blood-brain barrier (BBB) permeability. Holmin and Mathiesen described a
biphasic temporal profile of edema occurring over the first week after injury in the damaged
cortical hemisphere (1995). The first phase of edema occurs from 1 hour to 2 days post-CCI before
subsiding from days 3-5 post-CCI (Holmin and Mathiesen 1995). The secondary phase of edema
occurred at PID6 within the injured, but not the CLCtx (Holmin and Mathiesen 1995). These
pathophysiologies were restricted to the injured cerebral hemisphere and thus are by themselves
not sufficient to explain the increased CLCtx activation and altered excitability. Thus, the data
presented here indicates that the neurovascular coupling required for reliable fMRI brain mapping
is intact within the CLCtx. Thus, fMRI may be a very useful biomarker of altered excitability and
might help inform a patient-specific treatment approach for rehabilitation and stimulation protocol.
Further studies using DCM analysis methods of fMRI data, similar to that done in stroke (Rehme
etal. 2011, 2012; Volz et al. 2015), could provide valuable information about how the excitability
of each network node has been altered by injury and thus, how stimulation can be used to rebalance

these network interactions during rehabilitative therapy.
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Concluding remarks:

Neuroscientific discovery has always been limited by the technologies available to study
the brain. With the advent of immunocyto- and immunohistochemistry and microscopy, patch
clamp electrophysiology we could study the brain at a cellular level. With the
electroencephalogram (EEG) neuroscientists could get a gross view of the brain's activity. More
recently, with the advent of non-invasive functional brain imaging and brain stimulation
techniques we are entering an era whereby activity and excitability might soon be measured and
modulated in near real time with noninvasive technologies to treat TBI. One similar concept,
deep brain stimulation (DBS) devices now used to treat certain forms of pharmaco-resistant
epilepsy. There is some precedent for the use of non-invasive brain stimulation after chronic
stroke. Some investigators have used an excitatory stimulus paradigm to increase excitability in
ILCtx and an inhibitory stimulus to reduce excitability in the uninjured cortex and found that
patients have shown significant improvements (Hummel and Cohen 2006). While these
treatments remain experimental and their effectiveness has been somewhat controversial
(Hummel et al. 2008), it appears with further research, this approach holds some promise as a
future adjuvant treatment with physical therapy (Takeuchi et al. 2012).

In the studies presented here we have made some progress toward a better understanding
about the role of the CLCtx in recovery of function after TBI. While single treatment paradigms
have been shown to improve functional recovery, to maximize recovery, a multimodal approach
at once addressing neuroprotection, neuroplasticity, and multi-focal neuromodulation is required.

The findings of this study add to the growing body of data indicating that spatially balanced
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activity between regions is required to re-establish their appropriate connectivity after TBI

specifically, and, perhaps, lateralized brain injury in general.
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Supplementary Figure 1. A. Example images of the mildest and most severe cortical lesions
within the region of interest (ROI, green trace) Jacobian maps overlaid on the mean (n=11)
RARE structural image for mild or moderate-severe TBI. The color scale (right) indicates the
relative % change required to warp the image to the group average image at 28 days post-injury.
B. Validation of TBM by comparison to tissue tracing volume analysis. Linear regression
analysis indicates a significant deviation from zero (p=0.0013). Thus, our lesion analysis method
using TBM will serve as a suitable non-invasive indicator of injury severity for subsequent

analyses.
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Supplementary Figure 2. Right affected forelimb stimulation, bilateral recording electrodes:

[A] Upper: ILCtx @ ISI 100ms: Average PPSEP responses were not significantly different from
control traces without limb stimulation. Lower: ILCtx @ ISI 35ms: PPSEP responses were not
significantly different from control traces without limb stimulation. [B] Upper CLCtx @
ISI100ms: One-way ANOVA of peak integral (area under the peak) measured across the
dominant peak between 56.4-103.8 ms in the first response after the first of the 100ms ISI
paired-pulse stimuli showed a significant increase in the neuronal response magnitude over the
homotopic contralesional S1FL cortex. [C] Lower: CLCtx @ ISI 35ms: One-way ANOVA of
peak integral (area under the peak) measured at the dominant peak between 48-135 ms (boxed
region) in ResponseBs3sms showed a significant increase in the neuronal response magnitude over
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the homotopic contralesional S1FL cortex. Post-hoc paired t-tests: Pre-Wk1 p=0.001535 and Pre-
Wk4 p=0.002972 (one-tail).

Key: Waveforms represent group averaged PP SEP recordings from pre-injury (black trace), one
week (magenta trace) and four weeks (blue trace) post-injury, and in the absence of stimuli
(grey trace) for comparison. ILCtx=ipsi-lesional cortex; CLCtx=contra-lesional cortex;
*=significantly different from pre-injury, p<0.05; #=significantly different from non-stimulated
control
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