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Abstract
Traumatic brain injury can initiate an array of chronic neurological deficits, effecting executive
function, language and sensorimotor integration. Mechanical forces produce the diffuse pathology
that disrupts neural circuit activation across vulnerable brain regions. The present manuscript
explores the hypothesis that the extent of functional activation of brain-injured circuits is a
consequence of initial disruption and consequent reorganization. In the rat, enduring sensory
sensitivity to whisker stimulation directs regional analysis to the whisker-barrel circuit. Adult,
male rats were subjected to midline fluid percussion brain or sham injury and evaluated between
1d and 42d post-injury. Whisker somatosensory regions of the cortex and thalamus maintained
cellular composition as visualized by Nissl stain. Within the first week post-injury, quantitatively
less cFos activation was elicited by whisker stimulation, potentially due to axotomy within and
surrounding the whisker circuit as visualized by amyloid precursor protein immunohistochemistry.
Over six weeks post-injury, cFos activation after whisker stimulation showed a significant linear
correlation with time in the cortex (r2=0.545; p = 0.015), non-significant correlation in the
thalamus (r2=0.326) and U-shaped correlation in the denate gyrus (r2=0.831), all eventually
exceeding sham levels. Ongoing neuroplastic responses in the cortex are evidenced by
accumulating growth associated protein and synaptophysin gene expression. In the thalamus, the
delayed restoration of plasticity markers may explain the broad distribution of neuronal activation
extending into the striatum and hippocampus with whisker stimulation. The sprouting of diffuse-
injured circuits into diffuse-injured tissue likely establishes maladaptive circuits responsible for
behavioral morbidity. Therapeutic interventions to promote adaptive circuit restructuring may
mitigate post-traumatic morbidity.
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1. Introduction
Annually, 1.5–2.0 million Americans survive a traumatic brain injury (TBI), however 20%–
50% of those patients develop persistent functional morbidity within weeks to months after
the incident (McAllister, 1992; Langlois et al., 2004). TBI begins with the transient
application of a mechanical force to the head (impact or acceleration-deceleration over ~20
msec) that shears cellular membranes, axons and the vasculature (LaPlaca et al., 2007).
Following this primary injury, secondary molecular, biochemical and cellular events cause
additional neuronal, glial and vascular injuries across multiple brain areas (Thompson et al.,
2005; Farkas and Povlishock, 2007). The identification of diffuse axonal injury (DAI) lead
to the supposition that neurological dysfunction arises from impaired transport and signaling
through injured axons (Povlishock and Stone, 2001; Smith et al., 2003; Povlishock and Katz,
2005; Farkas and Povlishock, 2007; Biasca and Maxwell, 2007). However, axonal injury
does not necessarily culminate in neuronal death, rather transient perturbations trend toward
recovery over seven days post-injury (Singleton et al., 2002; Singleton and Povlishock,
2004). Cortical, thalamic and hippocampal neurons with peri-somatic axotomy remain
viable (Singleton et al., 2002) and do not undergo membrane perturbation (Kelley et al.,
2006) or elicit a targeted immune response (Kelley et al., 2007). Furthermore, the early
axotomy in the ventral posterior thalamus leads to neuronal atrophy through one week post-
injury, which is no longer significant at one month suggesting a reintroduction of trophic
support (Lifshitz et al., 2007). This heterogeneous, multi-focal, diffuse brain injury
perplexingly spares tissue adjacent to the pathology (Povlishock et al., 1983; Povlishock et
al., 1992; Singleton et al., 2002; Singleton and Povlishock, 2004; Kelley et al., 2006;
Lifshitz et al., 2007).

Post-traumatic degeneration and synaptic deafferentation are followed by endogenous
reparative processes to maintain trophic support and survival (Christman et al., 1997; Emery
et al., 2003; Wieloch and Nikolich, 2006). In the diffuse injured brain, damaged tissue
would regenerate to and from damaged tissue, typically resulting in circuit reorganization,
rather than repair. In contrast, focal injured tissue can be reinnervated by surrounding
healthy tissue, which, when successful, provides a substrate for functional recovery
(Johansen-Berg, 2007). As a result of uncoordinated regenerative responses (Povlishock and
Katz, 2005), diffuse injured circuits could remain disconnected, rewired or intact following
the insult. As such, survivors exhibit broad and widespread patterns of neural activation
compared to control subjects when functionally imaged during cognitive tasks
(Christodoulou et al., 2001; Levine et al., 2002).

By definition, diffuse TBI is more difficult to localize in both the time post-injury and
anatomical location than focal TBI. The data in the present manuscript begin to explore the
cellular basis for the concurrently observed behavioral sensory sensitivity upon facial
whisker stimulation (McNamara et al., 2010). The aberrant behavior provides strict
structural landmarks within the somatosensory whisker circuit to examine injury-induced
circuit disruption in terms of altered neuronal activation, axonal injury, and synaptic
regeneration. By indentifying diffuse injury in a circuit with observable functional deficits,
advancements in our understanding of injury-induced mechanisms that result in post-
traumatic morbidity can guide therapeutic strategies.

2. Results
With mechanically-induced axotomy and chronic neuronal atrophy in the whisker
somatosensory (ventral posterior) thalamus (Kelley et al., 2006; Lifshitz et al., 2007),
whisker stimulation evokes aberrant behavioral responses in diffuse brain-injured rats
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(McNamara et al., 2010), indicating altered signal processing in a diffuse brain-injured
circuit.

2.1 No Overt Histological Damage Evident in the Whisker Barrel Circuit After Diffuse Brain
Injury

One set of cytochrome oxidase stained sections were counter-stained with Cresyl Violet to
demonstrate that cortical barrels and thalamic barreloids do not sustain focal damage after
diffuse injury (Figure 2). Individual cortical barrels remain well defined by cytochrome
oxidase histochemistry and filled with nissl-positive cells in sham and diffuse-injured brains.
No apparent injury-related change in barrel architecture or cellular profile is evident over the
post-injury period. Arbitrarily angled sections are required to capture discrete thalamic
barreloids in the ventral posterior medial thalamus (Haidarliu and Ahissar, 2001). In coronal
sections, similar histochemical and histological staining are evident in sham and diffuse-
injured brains. No gross changes in cellular composition or distribution are evident,
supporting previous reports of an absence of neuronal loss (Lifshitz et al., 2007).

2.2 Whisker Stimulation Induces Widespread Neuronal Activation
The holistic changes in the physical and affective perception of whisker stimulation in brain-
injured rodents suggest that circuits beyond the somatosensory whisker-barrel pathway
become activated upon whisker stimulation (McNamara et al., 2010). Before transcardial
perfusion, all but two whiskers per side were clipped and then stimulated for 30 min to
activate neuronal circuits responsive to whisker stimulation as identified by immediate early
gene cFos immunohistochemistry. Over the observed time course, whisker stimulation
activated neurons in the cortical barrels in layer IV of primary sensory cortex (Figure 3A–C)
and thalamic barreloids in the ventral posterior medial thalamus (Figure 3D–F) in sham and
brain-injured animals. By 28 days and through 42 days post-injury, stimulation-induced
cFos activation was observed in area CA3 (Figure 3H1, 3I1) and the hilus (Figure 3H3, 3I3)
of the hippocampus in contrast to the absence of activated neurons in uninjured sham brain
(Figure 3G1, 3G3). Area CA1 of the hippocampus showed immunoreactivity that did not
appear to depend on injury group (Figure 3G2, 3H2, 3I2). In the striatum (Figure 3J–L),
stimulation resulted in cFos activation that was restricted to the dorsal striatum (Figure 3J1)
in sham animals, but both the dorsal (Figure 3K1, 3L1) and ventral striatum (Figure 3K2,
3L2) in injured brain. Neuronal activation in the posterior medial nucleus of the thalamus
(PoMN, Figure 3M–O), an efferent nucleus for whisker movement (Waite and Tracey,
1995), did not demonstrate injury-related differences, despite feedback control in the
sensorimotor circuit. Neuronal activation, if any, in other brain regions, including the
amygdala and posterior nucleus, was not different between injured and uninjured animals
(data not shown). Based on regional localization and cellular morphology, the cFos
immunoreactivity was restricted to gray matter and particularly neurons. Therefore, the
long-term consequences of diffuse brain injury include widespread circuit activation in
response to specific sensory input.

2.3 Sensory Activation of the Diffuse-Injured Brain is Initially Attenuated and Later
Augmented

The somatosensory cortical barrels, ventral posterior thalamus and hippocampus maintain
strict structural landmarks that can be used to guide quantitative analysis. Histological
staining was quantified based on the percentage of digital image pixels exceeding a
threshold level of staining. This procedure is exclusive of staining intensity and rather
focuses on the relative extent of staining, expressed as a percent of all pixels in defined
regions of interest.
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For the primary somatosensory cortical barrel field, data from uninjured sham animals
indicate 4.3 ±0.8% of the defined cortical barrels show cFos-positive staining in response to
whisker stimulation (Figure 4A). Between one and seven days post-injury, the relative cFos
activation was less than sham, and then increased above sham levels by 42 days post-injury.
The significant linear correlation between cFos labeling and days post-injury (r2=0.545;
F(1,8) = 9.58; p = 0.015) bridges the sham value near three weeks post-injury.

For the ventral posterior thalamus, data from uninjured sham animals indicate 2.4 ±0.6% of
the defined dorsal regions show cFos-positive staining in response to whisker stimulation
(Figure 4B). Between one and seven days post-injury, the relative cFos activation was less
than or equal to sham, and then returned to sham levels by 42 days post-injury. The linear
regression between cFos labeling and days post-injury (r2=0.326; F(1,9) = 4.35; p = 0.067)
bridges the sham value near three weeks post-injury.

For the hippocampus, data from uninjured sham animals indicate 3.7 ±0.7% and 3.6 ±0.3%
of the dentate gyrus and area CA3, respectively, show cFos-positive staining in response to
whisker stimulation (Figure 4C, 4D). For the dentate gyrus, cFos activation in brain-injured
animals remains within sham values for the first two days and then attenuates over seven
through 28 days. Values exceeded sham values by 42 days post-injury, resulting in a U-
shaped relationship between activation and time post-injury (r2=0.831; y = 0.0001x2 −
0.0041x + 0.0474). For area CA3, cFos activation does not appear to change significantly
from sham values over time post-injury (r2=0.036; F(1,8) = 0.299; p = 0.599).

The initial hypo-activation followed by chronic hyper-activation in discrete loci indicates an
initial circuit disruption and a delayed recovery from diffuse brain injury.

2.4 Traumatic Axonal Injury: An Initiating Mechanism for Circuit Disruption
The anterograde transported amyloid precursor protein (APP) accumulates at sites of
cytoskeletal damage to indicate axonal injury and axotomy associated with the initiating
mechanical forces of TBI (Kelley et al., 2006). In comparison to the absence of staining in
sham brain (Figure 5A), multi-focal sites of traumatic axonal injury can be identified by
immunocytochemistry at 1–2 days post-injury that include the subcortical white matter
(Figure 5B), superior thalamic radiation (Figure 5C), internal capsule (Figure 5D) and
fimbria of the hippocampus (Figure 5E). Moreover, axotomy was confirmed in grey matter
regions (data not shown), as previously reported (Kelley et al., 2006; Lifshitz et al., 2007).
Traumatic axonal injury is concomitant with petechial hemorrhage, shown in the subcortical
white matter (Figure 5B) and fimbria of the hippocampus (Figure 5E). However, the
traumatic axonal injury does not uniformly effect all neurons within a given loci, resulting in
a heterogeneous pathology (Singleton and Povlishock, 2004).

2.5 Neuroplasticity Gene Expression Supports Injury-Induced Circuit Rewiring
A series of robust, but unregulated, neuroplastic events may be initiated in response to the
traumatic axotomy sustained by a fraction of the neuronal population in order to maintain
cellular viability (Lifshitz et al., 2007). In an initial attempt to identify a neuroplastic,
regenerative response after diffuse brain injury, sets of tissue were immunostained for
growth-associated protein 43 (GAP-43), a pre-synaptic regenerative marker (Hulsebosch et
al., 1998) or synaptophysin, a marker of synaptic reorganization (Bergmann et al., 1997). In
experimental brain injury, GAP-43 and synaptophysin have been reported as markers of
regenerative sprouting (Christman et al., 1997; Hulsebosch et al., 1998; Emery et al., 2000;
Thompson et al., 2006). In the chronic, diffuse-injured brain distinguishing regenerated
circuits from uninjured, intact circuits remains inconclusive. High background levels of
these ubiquitous proteins were not appreciably altered in the diffuse-injured brain
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(Supplementary Figure 1), affirming immunohistochemistry approaches as insensitive to
detect coordinated regenerative responses.

Quantitative real-time polymerase chain reaction (qPCR) was used to determine relative
levels of injury-induced change in gene expression related to sprouting. At 7 days and 28
days after brain injury, GAP-43 and synaptophysin gene expression was quantified in the
somatosensory whisker cortex (S1BF), thalamus (VPM) and hippocampus relative to
uninjured sham (Figure 6). In the primary somatosensory barrel cortex (S1BF; Figure 6,
left), GAP-43 expression trended towards an increase over time post-injury (F(2,8)=3.50;
p=0.081), outpacing the expression of synaptophysin (F(2,8)=0.95; p=0.427), but neither
achieved significance. In the ventral posterior medial thalamus (VPM; Figure 6, middle),
diffuse brain injury resulted in significantly reduced gene expression of GAP-43
(F(2,7)=5.80; p=0.033) and synaptophysin (F(2,8)=6.07; p=0.025) at 7 days post-injury,
which recovered to sham levels by 28 days post-injury. In the whole hippocampus (Figure 6,
right), gene expression for GAP-43 (F(2,8)=5.56; p=0.031) and synaptophysin
(F(2,8)=14.17; p=0.002) mirrored the results for the thalamus and significantly exceeded
sham levels at 28 days post-injury. Therefore, neuroplastic responses are evident within the
thalamic relay of the whisker barrel circuit and extend into the hippocampus following
diffuse brain injury in the rat, which may not necessarily provide complete circuit
restoration.

3. Discussion
In the diffuse brain-injured rat, whisker stimulation elicits behavioral morbidity (McNamara
et al., 2010) and altered patterns of neuronal activation (Figure 3) at one month post-injury,
without overt destruction of the somatosensory whisker circuit (Figure 2). Traumatic axonal
injury initiated by the primary injury (Figure 5) could be the precipitating anatomical event
that disconnects some thalamocortical projection neurons from their cortical targets, without
cell death (Singleton et al., 2002; Lifshitz et al., 2007). The surviving neurons display
atrophic change at one day and one week post-injury (Lifshitz et al., 2007), reflecting a loss
of trophic support. In response to injury, collateral sprouting of injured axons throughout the
brain may ensure neuronal survival, despite the functional neurological consequences of
circuit reorganization. By one month post-injury, the atrophy is no longer significant
suggesting a restoration of neurotrophic support (Franklin and Johnson, 1998; Lifshitz et al.,
2007). In the adult central nervous system, sprouting would not be capable of reconnecting
the disconnected projection circuits; rather maladaptive local connections are more likely to
be established. Inappropriate connections within and between local domains would disrupt
neural signaling, aberrant signals would become amplified in ascending systems, and likely
manifest in behavioral morbidity (Jones and Pons, 1998). Simply, the axotomized projection
neurons that survive would function as interneurons, scattering neural information.

Experimental, diffuse TBI does not result in overt cavitation, hematoma or edema (Farkas
and Povlishock, 2007; McGinn et al., 2009). In fact, the thalamic relay and cortical domains
for whisker somatosensation remain unremarkable post-injury. At the cellular level, whisker
stimulation activates the predicted thalamic and cortical domains, but also recruits additional
brain regions in the chronic injured brain. At one month post-injury, cFos was observed in
the ventral striatum and hippocampal area CA3, in contrast to uninjured brains. Over six
weeks post-injury, cFos activation after whisker stimulation showed significant correlations
with time, eventually returning to or exceeding sham levels. The quantification method
employed is based on immuno-positive pixels, rather than the number of immuno-positive
neurons. Neuronal atrophy could contribute to the early reductions in cFos activation,
whereas the delayed increases in activation are unlikely to be associated with hypertrophy.
Similarly, the contusion associated with the mixed focal and diffuse model of para-sagittal
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fluid percussion impairs the predicted metabolic activation of cortical and thalamic domains
with whisker stimulation acutely and through two months post-injury (Dietrich et al., 1994;
Passineau et al., 2000). Regardless, the simultaneous time courses for the sprouting response
and circuit activation (initial attenuation followed by expansion) indicate a cellular response
to brain injury for the restoration of circuit function after diffuse brain injury.

3.1 Initiating Mechanism for Circuit Disruption and Reactive Sprouting
Multifocal sites of axonal injury were evident acutely after brain injury, notably in the
superior thalamic radiation, internal capsule, subcortical white matter and fimbria of the
hippocampus. The mechanical forces of the injury sever axons apparently indiscriminately,
leaving a fraction of the neurons with an axotomy in the peri-somatic domain that does not
result in neuronal death (Singleton et al., 2002; Kelley et al., 2006; Lifshitz et al., 2007).
During this acute axotomy period, whisker stimulation is less likely to activate neurons.

The delayed onset behavioral morbidity suggests that endogenous repair of the injured brain
is either incomplete or incorrect. Diffuse brain injury initiates regional specific neuroplastic
responses (GAP-43 and synaptophysin gene expression) in the somatosensory whisker
circuit, suggesting persistent dynamic circuit reorganization within the timeframe of aberrant
behavioral responses to whisker stimulation. In the cortex, plasticity markers continually
increased, whereas plasticity markers in the thalamus and hippocampus initially decreased
and then returned to uninjured levels. Immunohistochemically, GAP-43 protein expression
in the cortex and hippocampus have been reported to peak and subside within a week after
midline fluid percussion (Hulsebosch et al., 1998). These regional differences may represent
regional susceptibility to diffuse injury and inherent heterogeneity of neuroplastic responses
to brain injury. In focal brain injury, synaptophysin protein expression followed GAP-43
expression, suggesting that sprouting may precede synaptogenesis (Thompson et al., 2006).
Also, axotomy without cell loss is sufficient to induce a regenerative response, as neurons
axotomized close to the cell body demonstrate increased GAP-43 levels (Doster et al.,
1991). Similarly, in vivo axotomy of layer V pyramidal neurons and a cortical stab lesion
upregulate GAP-43 expression without cell loss (Darian-Smith and Gilbert, 1994; Vaudano
et al., 1995; Di et al., 2005). The regenerative potential of the whisker circuit is exhibited by
the rapid rearrangement of cortical barrel representations when whiskers are stimulated or
removed (Dunn-Meynell et al., 1992; Feldman and Brecht, 2005). Whether injury-induced
sprouting accumulates as in the cortex or rebounds as in the thalamus, only a small fraction
of misconnected neurons would be necessary to interfere with corticothalamic and
thalamocortical circuit function, as demonstrated by cFos activation.

Injury-induced remodeling could be an exploitation of inherent structural plasticity (local
changes in synaptic strength and connectivity) (Chklovskii et al., 2004; Debello, 2008;
Holtmaat et al., 2008). Studies in disparate fields of cognition, sensory plasticity and
peripheral nerve injury have shown that remodeling in the adult brain occurs over several
millimeters through the growth of axonal and dendritic branches to form novel connections
over prolonged time periods (Pons et al., 1991; Jones, 2000; Dancause et al., 2005; Jain et
al., 2008). Under normal circumstances or in response to focal injury, these neuroplastic
responses may enhance circuit function. After diffuse brain injury, the capacity of the brain
to rewire could be commandeered to take advantage of silent synapses and create new
synapses, which allows individual neurons to recover and survive despite the consequences
on circuit function. The absence of atrophic change at one month post-injury suggests a
reintroduction of trophic support (Franklin and Johnson, 1998; Lifshitz et al., 2007). No
significant net changes in neuron or synapse number would necessarily need to occur for
behavioral morbidity to emerge after injury.
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Denervated post-synaptic sites likely also survive the loss of presynaptic inputs and initiate
neuroplastic responses that partially or fully reinnervate those sites (Povlishock et al., 1992).
Similarly, regenerative sprouting could occur in undamaged axons to further disrupt circuit
function and influence behavioral morbidity. Behavioral morbidities may emerge as a
consequence of global activation and an inability to discern useful information from
elevated background noise, as has been demonstrated in sensory integration disorder, a
component of Autism Spectrum Disorder (Iarocci and McDonald, 2006). Aberrant sprouting
also has been suggested to contribute to post-traumatic epilepsy, recovery from cortical
stroke and the neuronal changes in Alzheimer’s disease (Carmichael, 2003; Chuckowree et
al., 2004). Regardless, the formation of new synapses and therefore new circuits may be
responsible for functional deficits associated with neurological disease.

3.2 Repair Differs Between Focal and Diffuse Brain Injured Circuits
Focal injury induces reinnervation of damaged tissue by surrounding healthy tissue and,
when successful, provides a substrate for functional recovery (Johansen-Berg, 2007). Years
after upper limb deafferentation in the monkey, thalamic and cortical neurons undergo
transneuronal atrophy, with remarkably little cell loss and considerable evidence for circuit
reorganization (Jones, 2000). Similarly, cortical ischemia creates a favorable environment
that permits long-range sprouting from perilesional and distal cortical regions (Dancause et
al., 2005; Carmichael et al., 2005). Similar, but different, diffuse injury induces a
regenerative response (frank regeneration, collateral sprouting, or synaptic plasticity) within
damaged tissue towards adjacent damaged tissue that would typically result in circuit
reorganization. In the absence of glial scaring or a necrotic focus, regenerative responses are
not guided towards an injury focus, but rather occur locally between diffuse-injured regions
in an unregulated manner. Transneuronal atrophy and delayed recovery is evident by the
transient reduction of neuronal nuclear volume in the somatosensory thalamus after diffuse
brain injury (Lifshitz et al., 2007). Moreover, reorganization in a relatively small volume in
subcortical tissue would diverge significantly at the cortical level to amplify the structural
alterations (Jones and Pons, 1998). Morbidity may also arise from similar neuroplastic
events occurring within the descending cortical pathways. The injury-induced structural
alterations are likely to be permanent in the absence of therapeutic interventions, forming
the organic basis for persistent behavioral morbidity. The abrupt and extensive circuit
reorganization initiated by diffuse brain injury may further deplete the capacity for adaptive
change to subsequent challenges (Kolb et al., 1998), thereby contributing to enduring post-
traumatic morbidity.

3.3 Conclusion
The present manuscript addresses the cellular basis of circuit reorganization underlying a
previously reported diffuse brain injury-induced behavioral morbidity (McNamara et al.,
2010). The anatomical guideposts of the whisker barrel circuit direct functional, anatomical
and molecular analyses of experimental diffuse brain injury in order to evaluate post-
traumatic morbidity. Cellular signaling in the injured brain likely favors axonal growth and
survival, with the adverse outcome of maladaptive plasticity. The appropriate
pharmacological treatment in concert with relevant physical therapy (whisker stimulation)
may enhance adaptive restructuring and promote functional recovery. These studies provide
a model to explore the causes of persistent morbidity experienced by survivors of mild to
moderate TBI, for whom treatment options are limited.
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4. Experimental Procedure
4.1 Midline Fluid Percussion Brain Injury

Adult male Sprague–Dawley rats (375–400 g; n = 27) were subjected to midline fluid
percussion injury (FPI) consistent with methods described previously (Lifshitz et al., 2007;
Lifshitz, 2008). Briefly, rats were anesthetized with 4% isoflurane in 70% N2O and 30% O2,
intubated, and maintained on a ventilator with 2% isoflurane. During surgery, body
temperature was maintained at 37°C with a thermostat controlled heating pad (Harvard
Apparatus, Holliston, MA). In a head holder assembly (Kopf Instrument, Tujunga, CA), a
midline scalp incision exposed the skull. A 4.8-mm circular craniotomy was performed
(centered on the sagittal suture midway between bregma and lambda) without disrupting the
underlying dura or superior sagittal sinus. An injury cap was fabricated from the female
portion of a Leur-Loc needle hub, which was cut, beveled, and scored to fit within the
craniotomy. Skull screws were secured in 1-mm holes hand-drilled into the right frontal and
occipital bones. The injury hub was affixed over the craniotomy using cyanoacrylate gel and
methyl-methacrylate (Hygenic Corp., Akron, OH) was applied around the injury hub and
screws. The scalp was sutured closed over the hub, topical Lidocaine ointment was applied,
and the animal was extubated. Animals were returned to a warmed holding cage and
monitored until ambulatory (approximately 60–90 min). Additional animals included in the
gene expression studies were treated similarly, except that isoflurane was delivered in 100%
O2 via nosecone.

For injury induction, animals were re-anesthetized with 4% isoflurane. The incision was
opened and the injury hub was filled with normal saline and attached to the male end of the
fluid percussion device (Custom Design and Fabrication, Virginia Commonwealth
University, Richmond, VA). An injury of moderate severity (1.9–2.0 Atm; n = 19) was
administered by releasing the pendulum onto the fluid-filled piston (Dixon et al., 1987;
Lifshitz, 2008), as reflexive responses returned. After injury, the injury hub assembly was
removed en bloc, bleeding was controlled with Gelfoam (Pharmacia, Kalamazoo, MI), and
the incision was sutured. Animals were monitored for spontaneous respiration and the return
of the righting reflex. After recovery of the righting reflex, animals were placed in a warmed
holding cage before being returned to the vivarium. For sham-injured animals (n = 8), the
identical surgical procedures were followed, without the induction of the injury, and
distributed across post-injury time points. Righting reflex times greater than 6 minutes in all
brain-injured animals indicated a moderate injury severity, compared to less than 15 seconds
for sham-injured animals. Experiments were conducted in accordance with NIH and
institutional guidelines concerning the care and use of laboratory animals (IACUC).
Adequate measures were taken to minimize pain or discomfort.

4.2 Tissue preparation and Cytochrome Oxidase Histochemistry
At 1 day, 7 days, 28 days or 42 days after moderate midline fluid percussion brain or sham
injury (n = 2–4/group), rats were briefly anesthetized with inhaled isoflurane and all but two
of the posterior macrovibrissae per side were clipped using surgical scissors. After a 60
minute recovery, the remaining whiskers were manually stimulated for 30 min before
transcardial perfusion. Animals were euthanized by an overdose of sodium pentobarbital
(150 mg/kg, i.p.) and transcardially perfused with 4% paraformaldehyde/0.1%
glutaraldehyde in Millonig's buffer for immunocytochemistry. Brains were removed,
blocked in the coronal plane and sectioned in 0.1 M phosphate buffer (PBS) at a thickness of
40 µm using a vibratome (Leica Microsystems, Bannockburn, IL). As much as reasonably
possible, the brains and tissue sections were protected from light during and following the
sectioning. Twelve sets of serial coronal sections were collected in 0.1 M PBS (480 µm
between sections in a given set). Immediately following the tissue sectioning, all sections
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were reacted for cytochrome oxidase histochemistry. The PBS was replaced with syringe-
filtered (0.2 µm) staining solution (4% sucrose, 0.05% diaminobenzidine, 0.05%
cytochrome c [type IV, Sigma-Aldrich C7752] in PBS). Sections were incubated in an oven
at 37 °C on an orbital shaker in the dark for 2–3 hours. After the first hour, the staining
solution was replaced with fresh solution. Sections were checked for reddish-brown staining
intensity every 30 minutes. The histochemical reaction was stopped with three rinses of 4°C
PBS for 10 minutes each. Sections were stored at 4°C in PBS until immunohistochemical or
Cresyl Violet staining.

4.3 Immunohistochemistry
Separate sets of tissue from each animal were immuno-stained for the immediate early gene
cFos, amyloid precursor protein (APP), presynaptic growth associated protein 43 (GAP-43)
or synaptophysin. Sections were subjected to microwave antigen retrieval in citric acid and
visualized with nickel-enhanced diaminobenzidine to discriminate antigen stain from
cytochrome oxidase histochemistry, as modified from previous methods (Stone et al., 1999;
Kelley et al., 2006; Kelley et al., 2007). Briefly, endogenous peroxidase activity was
quenched with 0.3% H2O2 in PBS for 30 min. After antigen retrieval in citric acid, sections
were pre-incubated in 10% normal goat serum (NGS) with 0.2% Triton X-100 in PBS (60
min), and incubated overnight with a primary antibody in 1% NGS in PBS. Primary
antibodies include cFos (1:4000, sc-52, rabbit anti-cFos, Santa-Cruz Biotech), APP (1:1500,
rabbit anti-C-terminus specific APP, Invitrogen), GAP-43 (1:2000, mouse anti-GAP-43,
Sigma) and synaptophysin (1:2000, rabbit anti-synaptophysin, Invitrogen). Then, sections
were incubated (60 min) in biotinylated goat anti-rabbit (1:200) or mouse (1:1000) IgG
secondary antibody (Vector Labs) in 1% NGS in PBS. Immunostaining was visualized using
avidin:biotinylated enzyme complex (Vectastain ABC Standard Elite Kit; Vector) for 1h
followed by 0.015% diaminobenzidine, 0.4% nickel sulfate, and 0.006% H2O2 in 0.1M
phosphate buffer for 10–20 min. Sections were dehydrated and coverslipped. Additional
sections processed without primary antibody served as a control. Images were captured
using an Olympus AX80 microscope equipped with an integrated digital camera and image
capture software. Final publication micrographs were adjusted to utilize the maximum range
of levels in the red, green and blue channels (Adobe Photoshop CS2).

4.4 Quantification of Neuronal Activation
Primary quantification of the cFos reaction product in the cortical barrels, ventral posterior
thalamus and hippocampus was conducted by calculating the percentage of immuno-positive
pixels within strict structural landmarks from digital photomicrographs, comparable to the
gray-level-index as previously described (Bisler et al., 2002). Briefly, regions of interest
were traced onto grayscale images of immuno-positive staining, using cytochrome oxidase
histochemistry to highlight regional boundaries. The barrels of primary somatosensory
cortex bordered on cortical layer I, the inter-barrel septa and cortical layer VI (Figure 1).
The ventral posterior nucleus of the thalamus bordered on the reticular nucleus, superior
thalamic radiation and the posterior nucleus, limited ventrally through its midsection. The
dentate gyrus bordered on the molecular layer and the linear segment to the end of CA4.
Area CA3 of the hippocampus bordered on the linear segments from the dentate gyrus to
CA4 and included the alveus to stratum moleculare. The grayscale pixel distribution was
digitally thresholded to separate positive stained pixels from unstained pixels (BioQuant,
BioQuant Image Analysis Corporation). The thresholded image was then segmented into
white and black pixels, indicating positive and negative staining, respectively (Figure 1).
Two or three sections per animal containing the regions of interest were quantified in
triplicate to calculate the cFos labeling as percent of cFos positive pixels (white pixels) in
the region of interest (white + black pixels). The change in regional activation with reference
to the mean sham value was evaluated as a function of days post-injury by regression
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analysis to indicate the rate and phases of circuit activation influenced by diffuse brain
injury

4.5 Real-Time Quantitative PCR
Twelve additional animals were generated for quantitative real-time polymerase chain
reaction (qPCR), which has the sensitivity to detect the expression of low abundance mRNA
transcripts in small tissue samples of individual animals. Sham (n = 4), 7 day (n = 4) and 28
day (n = 4) brain-injured rats were perfused with cold saline, and tissue samples from
primary somatosensory barrel cortex (S1BF), ventral posterior medial thalamus (VPM) and
the whole hippocampus were obtained by dissection from 2 mm coronal sections. mRNA
content was stabilized (RNAlater, Qiagen Corp) and stored frozen. Isolated mRNA
(RNeasy, Qiagen Corp) was quantified (NanoDrop ND-1000 spectrophotometer), converted
to complementary DNA (cDNA; High Capacity cDNA Archive Kit, Applied Biosystems
Inc.) and then used as a template (200 ng based on original RNA concentrations) for
commercially-available gene expression assays, according to manufacturer’s protocols. To
evaluate the injury-related neuroplastic response, two sprouting-related genes, GAP-43
(Rn00567901_m1) and synaptophysin (Rn00561986_m1), were quantified in triplicate
(StepONE, Applied Biosystems) according to manufacturer’s protocols. The Applied
Biosystems TaqMan® Gene Expression Assays are optimized to run under universal thermal
cycling conditions, with amplification efficiencies of 100%. Within each animal, relative
gene expression was normalized to the 18s rRNA endogenous control (part number
4352930E) and the average threshold cycle in the sham group using the 2−ΔΔCT method
(Livak and Schmittgen, 2001), which relates gene expression to the PCR cycle number at
which the fluorescence signals exceed a threshold above baseline. Relative gene expression
was analyzed by one-way ANOVA and a Newman-Keuls post-test, with significance set at
p<0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

APP Amyloid precursor protein

CA Cornu ammonis of the hippocampus

cDNA Complementary DNA

DAI Diffuse axonal injury

FPI Fluid percussion injury

GAP-43 Growth-associated protein 43 kDa

IACUC Institutional animal care and use committee

NGS Normal goat serum

PBS Phosphate buffered saline

PoMN Posterior medial nucleus of the thalamus

qPCR Quantitative real-time polymerase chain reaction

S1BF Primary somatosensory barrel field

TBI Traumatic brain injury
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VPM Ventral posterior medial nucleus of the thalamus
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Figure 1.
A digital thresholding procedure was implemented to quantify neuronal activation in the
primary somatosensory cortex, ventral posterior thalamus and hippocampus. (A) The region
of interest (green border) is outlined to include cortical layers II through V and span the
width of the layer IV barrels. Thresholds are adjusted to include immuno-positive staining
(B, yellow). Pixels with positive staining are segmented from pixels in unstained tissue (C,
white vs. black). The percentage of white pixels to black+white pixels provides the cFos
labeling percentage presented in Figure 3. Measurements are replicated three times and
averaged to obtain a value for each section. (D) Representative region of interest for the

Hall and Lifshitz Page 14

Brain Res. Author manuscript; available in PMC 2011 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ventral posterior thalamus. (E) Representative regions of interest for hippocampus area CA3
(left) and dentate gyrus (right).
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Figure 2.
Diffuse brain injury does not destroy the whisker barrel circuit. Coronal sections through
primary somatosensory barrel cortex (A–E) and ventral posterior medial thalamus (F–J)
were stained by cytochrome oxidase histochemistry and cresyl violet. Individual cortical
barrels remain well defined and filled with nissl-positive cells in sham (A), 1 day (B), 2 day
(C), 7 day (D) and 28 day (E) post-injury. In sections through the ventral posterior medial
thalamus, similar staining is evident between sham (F), 1 day (G), 2 day (H), 7 day (I) and
28 day (J) post-injury. Scale bars are 100 µm.
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Figure 3.
In response to selective whisker stimulation, cFos immunohistochemistry (black dots) and
cytochrome oxidase histochemistry (background stain) in uninjured sham (left column), 28d
fluid percussion injured (FPI; middle column), and 42d FPI (right column) rats show
predicted neuronal activation in the primary somatosensory cortex (A–C; arrows indicate
edges of an activated barrel; −3.36 mm from bregma) and ventral posterior (VP) medial
thalamus (D–F; −3.60 mm from bregma). Activated barreloids in the VPM were evident in
all conditions (D1, E1, F1). In sham brain, the activated neurons scattered in hippocampal
area CA1 (G2; −4.00 mm from bregma) are not found in area CA3 (G1). In the injured brain,
activated neurons are evident in area CA1 (H2, I2), but dwarfed by the activated neurons
throughout area CA3 (H1, I1). In the dentate hilus, activated neurons are evident in the
injured (H3, I3), but not uninjured tissue (G3). Activated neurons throughout the dorsal (K1,
L1; −2.00 mm from bregma) and ventral (K2, L2) striatum after brain injury contrasts the
activated neurons selectively found in the dorsal striatum (J1), but not ventral striatum (J2)
of sham animals. (M–O) Diffuse brain injury does not appear to effect neuronal activation in
the posterior medial nucleus (PoMN; −4.00 mm from bregma) of the thalamus, a motor
nucleus that controls whisking. All scale bars are 10 µm.
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Figure 4.
Pixel quantification of cFos labeling of uninjured (open circles) and fluid percussion injured
(FPI) animals (closed circles) over a 42 day post-injury time course (see methods for
details). The open circles and horizontal dashed line indicate activation following whisker
stimulation in individual uninjured sham animals and the group average, respectively. (A) In
the somatosensory barrel fields, over the first week post-injury, fewer cortical barrel pixels
were activated by whisker stimulation. At 28–42 days post-injury, cFos labeling exceeds
sham levels. The positive correlation between cFos labeling and time post-injury (r2=0.545)
indicates a greater extent of neuronal activation following diffuse brain injury. (B) In the
ventral posterior thalamus barreloids, over the first week post-injury, fewer pixels were
activated by whisker stimulation. At 28–42 days post-injury, cFos labeling returns to sham
levels. (C) In the hippocampus dentate gyrus, cFos labeling declined over the first week
post-injury, remained depressed through 28 days, and exceeded sham values by 42 days
post-injury. The data fit a U-shaped, second-order polynomial correlation between time
post-injury and cFos labeling (r2= 0.831). (D) In the hippocampus area CA3, cFos labeling
remained unchanged from sham values over the 42 day time course.
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Figure 5.
Cytochrome oxidase histochemistry (background stain) with amyloid precursor protein
(APP) immunohistochemistry (black) in uninjured sham (A; −3.24 mm from bregma) and
2d brain-injured (B–E) rats demonstrate the extent of axonal pathology across the
subcortical white matter (B; −4.56 mm from bregma), superior thalamic radiation (C; −4.56
mm from bregma), internal capsule (D; −1.56 mm from bregma) and fimbria of the
hippocampus (E; −3.48 mm from bregma). Axonal injury is identified by APP-positive
immunoreactivity and swollen axonal segments or terminal bulbs. Scattered pathology is
evident in the low magnification images and the high magnification insets. All scale bars are
10 µm.
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Figure 6.
Gene expression indicates a neuroplastic response after diffuse brain injury. From sham, 7d
and 28d fluid percussion brain-injured (FPI) animals, mRNA was isolated from the
somatosensory cortex (S1BF), ventral posterior medial thalamus (VPM) and hippocampus.
The relative expression of sprouting genes (GAP-43, synaptophysin) was quantified using
real-time quantitative PCR. In S1BF, plasticity markers continually increased, whereas
plasticity markers in VPM and hippocampus initially decreased and then returned to or
above uninjured levels. *, p<0.05 vs. sham; +, p<0.05 vs 7d FPI.
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