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Abstract Disruption and consequent reorganization of
central nervous system circuits following traumatic brain
injury may manifest as functional deficits and behavioral
morbidities. We previously reported axotomy and neuronal
atrophy in the ventral basal (VB) complex of the thalamus,
without gross degeneration after experimental diffuse brain
injury in adult rats. Pathology in VB coincided with the
development of late-onset aberrant behavioral responses to
whisker stimulation, which lead to the current hypothesis
that neurodegeneration after experimental diffuse brain
injury includes the primary somatosensory barrel cortex
(S1BF), which receives projection of VB neurons and
mediates whisker somatosensation. Over 28 days after
midline fluid percussion brain injury, argyrophilic reaction
product within superficial layers and layer IV barrels at
1 day progresses into the cortex to subcortical white matter
by 7 days, and selective inter-barrel septa and subcortical
white matter labeling at 28 days. Cellular consequences
were determined by stereological estimates of neuronal
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nuclear volumes and number. In all cortical layers, neu-
ronal nuclear volumes significantly atrophied by 42-49%
at 7 days compared to sham, which marginally attenuated
by 28 days. Concomitantly, the number of healthy neurons
was reduced by 34-45% at 7 days compared to sham,
returning to control levels by 28 days. Progressive neuro-
degeneration, including argyrophilic reaction product and
neuronal nuclear atrophy, indicates injury-induced damage
and reorganization of the reciprocal thalamocortical pro-
jections that mediate whisker somatosensation. The rodent
whisker barrel circuit may serve as a discrete model to
evaluate the causes and consequences of circuit reorgani-
zation after diffuse brain injury.

Keywords Disector - Fractionator - Nucleator

Introduction

Discrete neural circuits sub-serve specific neurological
functions. In the wake of traumatic brain injury (TBI),
neural circuits may be destroyed or damaged by the pri-
mary mechanical forces or ensuing degenerative events.
Circuit destruction leads to obvious functional deficits or
impairment (Glassman 1994). On the other hand, circuit
disruption and consequent reorganization can evolve into
behavioral morbidity with the formation of maladaptive
circuits (Steward 1989), as evidenced by the delayed onset
of post-traumatic seizure (Pitkanen et al. 2009). Circuit
disruption in the thalamus, due to diffuse axotomy, likely
perturbs ascending thalamocortical sensory and descending
corticothalamic pathways, in addition to intracortical
executive functions (Uzan et al. 2003; Maxwell et al. 2004,
Reeves et al. 2005). In this way, enduring post-traumatic
morbidities span the neurological spectrum from cognition
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to emotion, resulting in staggering personal and societal
costs (Langlois et al. 2004). Investigating the natural
course of circuit damage, degeneration and reorganization
are essential to guide potential therapeutic interventions or
clinical treatment after TBI.

Diffuse axonal injury begins with focal impairment of
axonal transport, resulting in progressive swelling and then
delayed disconnection (Biasca and Maxwell 2007), often
found within 60-100 pm of the soma (Singleton and
Povlishock 2004; Kelley et al. 2006). In diffuse brain
injury uncomplicated by contusion, atrophy of individual
neurons, rather than their loss, is the predominant neuro-
pathological consequence of axotomy (Singleton et al.
2002; Lifshitz et al. 2007; Greer et al. 2011). More than
3 months after human TBI, similar neuronal atrophy, in
addition to loss, has been documented across cortical
domains, despite heterogeneous injury mechanisms, clini-
cal complications, and varying mean post-injury survival
time points (Maxwell et al. 2010). Hence, in addition to
axotomy, somal perturbation across brain regions may be a
histopathological hallmark of experimental and clinical
TBI. The possibility remains for early and transient neu-
ronal perturbation to trend toward recovery (Povlishock
1986; Singleton et al. 2002; Lifshitz et al. 2007), with the
caveat that unguided reorganization could develop mal-
adaptive circuits that underlie post-traumatic morbidities.
Axotomy and reorganization likely explain the regional
atrophy (Warner et al. 2010) and widespread activation
patterns during functional imaging (Christodoulou et al.
2001; Levine et al. 2002) observed following diffuse TBI
in humans.

For the rodent, whisker somatosensation is a primary
sense, aiding in spatial navigation by tactile surface
detection. Sensory information from the mystacial whis-
kers projects to the ipsilateral principle trigeminal nucleus,
then crosses the midline to the contralateral ventral pos-
terior medial (VPM) nucleus of the thalamus, and on to
barrel fields in layer IV of primary sensory cortex (S1BF)
(Woolsey and Van der 1970; O’Leary et al. 1994). Each
cortical barrel is an element of a functional sensory input
column that spreads from layer II/III to layer VI (Waite and
Tracey 1995; Giaume et al. 2009). This whisker barrel
circuit provides anatomical landmarks and discrete sensory
function to evaluate the neuropathological consequences of
diffuse TBI. The primary mechanical injury forces result in
diffuse axonal injury and perisomatic axotomy (Kelley
et al. 2006; Lifshitz et al. 2007), particularly within the
VPM, that would disconnect thalamocortical projection
neurons. Acutely, whisker stimulation results in attenuated
neuronal activation, which later recruits broader and
greater thalamic and cortical activation (Hall and Lifshitz
2010). It follows that whisker stimulation in the awake
brain-injured rodent elicits aberrant behavioral responses at
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and beyond 1-month post-injury (McNamara et al. 2010),
suggestive of the agitated behaviors often observed in
survivors of brain injury (Waddell and Gronwall 1984;
Bohnen et al. 1991).

Accordingly, the current study explores the time course
and subregional localization of neurodegeneration in the
S1BF after diffuse brain injury as predicted by the
pathology in the VPM thalamic relay (Lifshitz et al. 2007),
functional hyperactivation in VPM and S1BF to whisker
stimulation (Hall and Lifshitz 2010) and development of
aberrant behaviors upon whisker stimulation (McNamara
et al. 2010). In brain-injured and uninjured rats over
1 month after moderate midline fluid percussion brain
injury, we demonstrate injury-induced neurodegeneration
progressing through the cortical layers into subcortical
white matter as indicated by accumulation of argyrophilic
reaction product, reduction in healthy neuronal number and
atrophy of neuronal nuclear volumes. These results provide
quantitative insights to cortical layer specific consequences
of circuit disruption that may contribute to the development
of behavioral morbidity.

Materials and methods
Midline fluid percussion brain injury

Adult male Sprague-Dawley rats (375400 g) were sub-
jected to midline fluid percussion injury (FPI) consistent
with methods described previously (Lifshitz 2008; Hosse-
ini and Lifshitz 2009). Briefly, rats were anesthetized with
4% isoflurane in 70% N,O and 30% O,, intubated, and
maintained on a ventilator with 2% isoflurane. For some
animals, anesthesia was delivered in 100% O,, without
intubation. During surgery, body temperature was main-
tained 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 (4+2.0 mm rostral,
+2.0 mm lateral from bregma) and occipital (—2.0 mm
posterior, 0.0 mm lateral from lambda) bones. The injury
hub was affixed over the craniotomy using cyanoacrylate
after which methyl-methacrylate (Hygenic Corp., Akron,
OH) was applied around the injury hub and screws. The
scalp was sutured closed over the hub and cured adhesive,
topical Lidocaine ointment was applied, and the animal
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was extubated. Animals were returned to a warmed holding
cage and monitored until ambulation returned.

For the injury induction, animals were re-anesthetized
with 4% isoflurane approximately 60-90 min after the
conclusion of the surgical procedure. The incision was
opened and the female end of the injury hub assembly was
filled with normal saline and was attached to the male end
of the fluid percussion device (Custom Design and Fabri-
cation, Virginia Commonwealth University, Richmond,
VA). An injury of moderate severity (1.91 + 0.02 atm)
was administered by releasing the pendulum onto the fluid-
filled piston, moments before reflexive responses returned.
After injury, the injury hub assembly was removed en bloc,
bleeding was controlled with Gelfoam (Pharmacia, Kala-
mazoo, 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, ani-
mals were placed in a warmed holding cage before being
returned to the vivarium. For sham-injured animals, the
identical surgical procedures were followed, without the
induction of the injury. All brain-injured animals had
righting reflex recovery times >6 min (404 £ 22 s) com-
pared to <15 s for sham-injured animals. Two additional
animals died from respiratory complications caused by the
injury over the course of the study. Experiments were
conducted in accordance with National Institutes of Health
(NIH) and Institutional Animal Care and Use Committee
(IACUC) guidelines concerning the care and use of labo-
ratory animals.

Aminocupric silver technique

Argyrophilic reaction product, which has come to indicate
neurodegeneration, was examined using the de Olmos
aminocupric silver histochemical technique as previously
described (de Olmos et al. 1994; Switzer 2000; Mikics
et al. 2008). At designated times, sham (n = 3; one per
time point) or brain-injured rats (n = 3 per time point)
were overdosed with sodium pentobarbital (200 mg/kg i.p.)
and transcardially perfused with 0.9% sodium chloride,
followed by a fixative solution containing 4% parafor-
maldehyde and 4% sucrose in 0.1 M phosphate buffered
saline. Following decapitation, the heads were stored in a
fixative solution containing 15% sucrose for 24 h, after
which the brains were removed, placed in fresh fixative,
and shipped for histological processing to Neuroscience
Associates Inc. (Knoxville, TN). The rat brains were
embedded into a single gelatin block (Multiblock® Tech-
nology; Neuroscience Associates). Individual cryosections
containing all the rat brains were mounted and stained with
the de Olmos aminocupric silver technique according to
proprietary protocols (Neuroscience Associates) to reveal
argyrophilic reaction product, which localized to neurons

and neuronal processes, counterstained with Neutral Red,
and then cover-slipped. The stained sections were analyzed
in our laboratory.

Quantification of the argyrophilic reaction product in the
primary somatosensory barrel fields was conducted by
calculating the percentage of argyrophilic-positive pixels
from grayscale digital photomicrographs, comparable to
the pixel quantification as previously described (Hall and
Lifshitz 2010). Briefly, the primary somatosensory barrel
cortex was divided into thirds through the depth of the
cortical mantel (superficial, middle, deep) by tracing a 4 x
digital photomicrograph at approximately —2.3 mm from
bregma. The absence of cytoarchitecture in the stain pre-
cluded analysis by traditional cortical layers. 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.
Measurements were made in triplicate and averaged to
calculate the silver staining (argyrophilic reaction product)
as percent of positive silver stained pixels (white pixels) in
the region of interest (white + black pixels).

Stereology tissue preparation and Giemsa stain

Rats were euthanatized at 1 day (n = 4), 7 days (n = 5)
or 28 days (n = 5) after brain or sham (n = 4; one per
time point and two at 7 days) injury with an overdose of
sodium pentobarbital (200 mg/kg, i.p.) and transcardially
perfused with 0.9% NaCl followed by 4% paraformalde-
hyde/0.1% glutaraldehyde in sodium cacodylate buffer.
The brains were removed and blocked in the coronal
plane (12 mm extent in the rostral-caudal plane) and
paraffin processed. Post-processing, brains were embed-
ded, comprehensively sectioned at 30 um in the coronal
plane (Shandon, AS325, Waltham, MA), and wet moun-
ted on 2% gelatin-subbed slides. Every other section was
heated, deparaffinized, rehydrated, stained with 10%
Giemsa stain (EM Sciences, #26156-01) at 60°C, differ-
entiated with 1% acetic acid, dehydrated, and covers-
lipped. The histological sections are the same as those
used to quantify the ventral basal complex in a previous
study (Lifshitz et al. 2007).

Design-based stereology

Design-based stereological estimates of neuronal nuclear
volume, neuronal number, and regional volume were
obtained by systematic-random sampling in layers II/III
(relay), IV (input), and V (output) of the SIBF in one
hemisphere of brain-injured and uninjured rats. For ster-
eological analyses, the somatosensory barrel cortex
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included layers II/III, TV, and V of the cortex from
Bregma level —0.36 mm through —4.36 mm, according to
the Paxinos and Watson rat brain atlas (Paxinos and
Watson 1998). Briefly, measuring the diameter of a neu-
ronal nucleus on a length cubed ruler at a random orien-
tation allows for a mathematical estimate of nuclear
volume (Gundersen 1988). Counting 150-200 neurons in a
defined area of each tissue section, through a known depth
of the tissue section, in a known fraction of tissue sections
allows for a mathematical estimate of the total population
of neurons, as described below. Counting the number of
systematically random points falling within a region of
interest provides an estimate of area, which can be
extrapolated to regional volume based on the Cavalieri
principle.

Fractionator: neuronal number estimate

The primary somatosensory barrel cortex was identified
based on morphological and histological boundaries: the
molecular layer I on the dorsal surface, the distinct
changes in neuronal size and density between layers, and
the reduction in layer IV thickness to indicate the lateral
extents of the cortical barrel fields (Supplementary Fig-
ure 1). Every sixth section containing the somatosensory
barrel cortex was selected to obtain a sample in a sys-
tematic uniform random manner (section-sampling frac-
tion; ssf = 0.166), yielding 8-10 sections per brain. The
first of these sections was randomly selected. In the
sampled sections, an optical disector counting frame was
employed for counting and measuring neuronal nuclei at
predetermined regular x, y intervals (Gundersen 1977).
Inclusion and exclusion counting criteria were followed by
a blinded observer who recorded counts only when a
single neuronal nucleolus was brought into focus within
the disector frame (Sterio 1984). Healthy neurons were
distinguished from other objects such as astrocytes and
microglia based on the presence of a distinguishable
nuclear membrane, unstained nucleus and dense nucleolus
within the cell in question, in accordance with criteria
previously used in stereological studies to identify neurons
(West 1993; Witgen et al. 2005; Lifshitz et al. 2007).
Unhealthy neurons (dystrophic or multiple nuclei and/or
inconsistent nuclear membranes) were not quantified.
Because the area (a) of the counting frame was known
relative to the regular stage-stepping intervals over the
section, one can calculate the area sampling fraction
(asf) = a (frame)/a (x, y step) as 0.0744, 0.1246, and
0.0997 for layers II/III, IV and V, respectively. The height
(h = 25-29 pm) of the optical disector was equivalent to
the thickness of the section (f = 27.30 & 0.67 pm). With
these parameters, the estimated number of neurons
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(N) followed from the formula N = > 0 x t/h x 1/
asf x 1/ssf, where > O~ was the number of neurons
counted.

To analyze the sampling scheme reliability, for every
animal, coefficient of error (CE) was calculated using
Matheron’s quadratic approximation (Gundersen and
Jensen 1987) and by considering the ‘‘nugget effect”
(West et al. 1996) to reflect the variance introduced by
the sampling of tissue sections (Table 1). All samplings
were conducted using an Olympus BH-2 microscope
with an ASI automatic stage (Olympus, USA), using a
100x, 1.3 numerical aperture oil immersion objective
(Olympus, Japan). A mounted video camera (QImaging,
BC, Canada), and microcator (Heidenhaim, Deerfield,
IL) were used in conjunction with Bioquant Life
Science Image Analysis software package (Bioquant,
Nashville, TN) which included Stereology and Topography
plugins.

Table 1 Stereological parameters and estimated total number of
neurons in the cortical layers of the primary somatosensory barrel
fields of sham and brain-injured rats

Layer II/III Layer IV Layer V

>°Q” + SEM

Sham 96 + 7 104 £ 18 96 + 14

1 day FPI 79 £ 7 118 £ 17 88 + 11

7 day FPI 53+ 6 61 £ 12 64 +3

28 day FPI 90 + 7 119 £+ 14 106 £ 10
Est. num + SEM

Sham 7,744 £ 579 4,985 £ 867 5,791 + 835

1 day FPI 6,353 £ 560 5,696 + 838 5,310 £ 669

7 day FPI 4,243 + 444 2,957 £ 564 3,827 £ 202

28 day FPI 7,276 £ 567 5,713 £ 668 6,366 + 619
Mean (CE)

Sham 0.122 0.113 0.106

1 day FPI 0.120 0.107 0.114

7 day FPI 0.153 0.164 0.136

28 day FPI 0.108 0.099 0.105
OCV

Sham 0.150 0.348 0.288

1 day FPI 0.197 0.329 0.282

7 day FPI 0.234 0.427 0.118

28 day FPI 0.174 0.262 0.218
Percent reduction from sham

1 day FPI 18.0% —14.3% 8.3%

7 day FPI 45.2% 40.7% 33.9%

28 day FPI 6.0% —14.6% —9.9%

Mean = standard error of the mean

FPI fluid percussion injury, > Q™ number of neurons counted, CE
coefficient of error, OCV observed coefficient of variation
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Vertical nucleator: neuronal nuclear volume estimate

Unbiased object volume (um?) can be estimated using the
vertical nucleator stereological probe. As employed in the
present communication, the vertical nucleator provided
assumption-free estimates of mean neuronal nuclear vol-
ume in systematically sampled neurons within distinct
layers of somatosensory barrel cortex (Gundersen 1988;
Lifshitz et al. 2007). Two randomly oriented length cubed
rulers (L?) extend from a central point of the object
(nucleolus) and are measured at the intersection with the
nuclear membrane (Gundersen 1988).

The vertical nucleator probe was used to estimate
unbiased object volume within the somatosensory barrel
cortex, using tissue sectioned in the coronal plane, in which
neurons are randomly oriented. When the neuronal
nucleolus was in focus, the nucleator was applied. Two
randomly oriented, perpendicular length cubed rulers (L)
extend from a central point in the nucleolus and the
intersections of the rulers with the nuclear boundary are
marked. Measurements of nuclear volume, rather than
somatic volume, provide clear and objective boundaries of
the nuclear membrane surrounding the unstained nucleus.
The BioQuant software package calculated the neuronal
volume based on the length cubed rulers. The nucleator
was applied to an average of 88.4 & 4.1 neurons per cor-
tical layer (range = 27-173). In addition to the quantitative
measurements of the mean of the neuronal population,
individual neuron measurements for each animal were
separated across thirteen 25 pm® bins to establish popula-
tion distribution histograms.

Cavalieri principle: regional volume estimate

Estimates of regional volume were obtained by the Cav-
alieri method, based on systematically random point
counting. The volume of the primary somatosensory barrel
cortex was estimated by counting the number of unique
points along a systematically random grid established in
pilot studies for each cortical layer (layer II/III,
110 pm x 110 pm; layer IV, 85 um x 85 pm; layer V,
95 pm x 95 pum) across the outlined region that fell within
the region of interest. Each included point represents a
known area, such that the sum of the number of points
lying within the region multiplied by the corresponding
area (layer II/III, 12,100 umz; layer 1V, 7,225 umz; layer
V, 9,025 um?®) multiplied by the represented thickness
(30 um x 6 sections) yields an estimate of the somato-
sensory barrel cortex volume for each animal. The coeffi-
cient of error (CE) was calculated for each animal, such
that the mean CEs of the individual estimates of somato-
sensory barrel cortex volume were 0.12, 0.13, 0.12, and

0.13 for sham, 1 day FPI, 7 days FPI, and 28 days FPI,
respectively.

Statistical tests

Data for each cortical segment or layer were treated as
separate datasets and analyzed separately. Means for
quantification of the argyrophilic reaction product, neuro-
nal nuclear volume, neuronal number, regional volume and
neuronal density were analyzed by a one-way ANOVA
across post-injury time points, followed by Student Neu-
mann—Keuls post-test to determine an injury effect. Neu-
ronal nuclear size distributions were analyzed by two-way
ANOVA between time post-injury and the bin size. Sta-
tistical tests were considered significant at the p < 0.05
confidence level. Data are presented as mean =+ standard
error of the mean.

Results
Primary somatosensory cortex gross histopathology

Previous studies have demonstrated acute membrane per-
turbation, perisomatic axotomy and protease activation
across the thalamus and somatosensory cortex after iden-
tical midline fluid percussion brain injury (Singleton and
Povlishock 2004; Kelley et al. 2006; McGinn et al. 2009).
The mechanical forces of this injury continue to produce no
overt hemorrhage, edema, contusion or cavitation, as
observed at 1 day, 7 days and 28 days post-injury in pri-
mary somatosensory barrel cortex (Fig. 1). At a macro-
scopic level, gross histopathology in the somatosensory
barrel cortex is unremarkable between uninjured sham and
injured brains, maintaining cytological distinction between
cortical layers at least up to 1-month post-injury. Cortical
thickness measurements were not evaluated.

Argyrophilic reaction product identified
neurodegeneration

Tissue was stained by the de Olmos amino cupric silver
technique over the post-injury time course to identify
argyrophilic reaction product, commonly interpreted as
neurodegeneration, within the primary somatosensory
cortex. As expected, no appreciable argyrophilic reaction
product was observed in uninjured sham brain (Fig. 2a). At
1 day post-injury, argyrophilic reaction product accumu-
lation was present in the superficial segment across the
expanse of primary somatosensory cortex, with selective
labeling of the cortical barrels (Fig. 2b). By 7 days post-
injury, argyrophilic reaction product accumulation pro-
gressed to middle and deeper cortical segments, including
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Fig. 1 Diffuse brain injury
modeled by midline fluid
percussion injury (FPI) occurs
in the absence of overt
hemorrhage, edema or
cavitation. Distinct cortical
layers based on cytology remain
preserved in primary
somatosensory barrel cortex
(layers I-VI) over time post-
injury. Cortical thickness was
not measured. Scale

Bar = 100 pm

subcortical white matter (Fig. 2c). By 28 days post-injury,
argyrophilic reaction product accumulation is preferen-
tially found within the inter-barrel septa of layer IV, middle
and deeper cortical segments and subcortical white matter
(Fig. 2d).

Since neurodegeneration progressed deeper through the
cortex over time post-injury, further analyses divided the

A Sham

Fig. 2 Post-traumatic time course of argyrophilic reaction product in
the primary somatosensory barrel cortex as revealed by the de Olmos
silver staining technique in uninjured sham (a) and at 1 day (b),
7 days (c) and 28 days (d) after moderate midline fluid percussion
brain injury. Uninjured sham brain was absent of argyrophilic
reaction product. At 1 day post-injury, argyrophilic reaction product
was localized to the superficial segment of the cortex, particularly
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28d FPI

cortex into thirds to evaluate superficial, middle and deep
segments of the cortex. Cytoarchitectural layers could not
be delineated clearly. At 1 day post-injury, reaction prod-
uct was restricted to superficial and middle segments of the
cortex (Fig. 3a). The argyrophilic reaction product was
primarily found in thin processes (axons and/or dendrites)
in various orientations. Light microscopy was insufficient

P i

within the cortex barrels (between white arrowheads). At 7 days post-
injury, argyrophilic reaction product progressed to the middle
segment of the cortex and remained preferentially in the cortical
barrels. By 28 days post-injury, argyrophilic reaction product appears
absent in the superficial segment and diffuse across the middle and
deeper segments of the cortex. By this time, staining encompasses the
inter-barrel septa (white arrowheads)
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Fig. 3 Argyrophilic reaction
product progresses through the
cortex over time post-injury.

a Photomicrographs of primary
somatosensory barrel cortex
(S1BF) processed by the de
Olmos silver staining technique
show no appreciable
accumulation in uninjured sham
brain and indication of
degeneration that progresses to
deeper segments of the cortex
with time post-injury. The
cortical mantle has been divided
by thirds into superficial, middle
and deep segments. b Higher
power photomicrographs of
each segment of S1BF cortex
show the progression through
deeper segments and dense
argyrophilic reaction product in
neuronal processes, which likely
include axons, dendrites and
synaptic terminals. Infrequent
stained somata are present,
primarily at 1 day post-injury in
the middle and deep segments.
¢ Argyrophilic reaction product
was quantified as a percent of
silver stained pixels in each
cortical segment (pixel
quantification; see “Materials
and methods”). As visualized,
degeneration in the superficial
segment increased significantly
at 1 day after fluid percussion
injury (FPI) and subsided over
28 days. In the middle segment,
degeneration continued to
increase over 1 and 7 days post-
injury and remained elevated at
28 days post-injury compared to
uninjured sham. In the deep
segment, a delayed increase in
degeneration was observed at 7
and 28 days post-injury
compared to sham.

(mean + SEM; *p < 0.05
compared to sham; Tp < 0.05
compared to 1 day FPI;

th <0.05 compared to 7 days
FPI)

Superficial

Middle

Deep

Neurodegeneration
(% silver stain pixels in S1BF)

28d FPI

00
ol m28d FPI

30%
25% *
20%
15%
10%

5%

0%

Superficial Middle Deep
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to delineate between processes cut in cross section and
synaptic terminals. Infrequent reactive cell bodies were
observed, as indicated in both superficial and middle seg-
ments at 1 day post-injury (Fig. 3b). At 7 days post-injury,
qualitatively similar staining to 1 day post-injury was
observed, but primarily in middle and deep segments of the
cortex. Throughout the middle segment, dense reactive
processes perpendicular to the pial surface were observed.
By 28 days post-injury, much of the argyrophilic reaction
product was restricted to middle and deep cortical seg-
ments, with an apparent lower density of reactive
processes.

Pixel quantification revealed significant argyrophilic
reaction product in primary somatosensory cortex of brain-
injured animals over the observed 1-month post-injury time
course (Fig. 3c). In the superficial segment of the cortex,
significant argyrophilic reaction product was evident
at 1 day and 7 days post-injury compared to uninjured
sham and returned to sham levels by 28 days post-injury
[F(3, 8) = 8.823, p = 0.0064]. In the middle segment of
the cortex, significant argyrophilic reaction product was
evident at 1 day post-injury compared to sham, which
further increased significantly at 7 days post-injury com-
pared to sham and 1 day brain-injured samples; by 28 days
post-injury, argyrophilic reaction product remained sig-
nificantly elevated above uninjured sham, but reduced
compared to 1 and 7 days post-injury [F(3, 8) = 74.601,
p < 0.0001]. In the deep segment of the cortex, significant
argyrophilic reaction product was evident at 7 and 28 days
post-injury compared to uninjured sham, without signifi-
cant changes at 1 day post-injury [F(3, 8) = 8.717,
p = 0.0067]. Therefore, degeneration of neuronal pro-
cesses (which include axons, dendrites, cell bodies and
likely terminals) within the primary somatosensory barrel
field progresses from superficial to deep segments and from
within the barrels to the septa over time post-injury.

Injury-induced atrophy of neuronal nuclear volume

The preserved cytoarchitecture of the somatosensory cor-
tex allowed a layer specific analysis of neuronal nuclear
volumes over time post-injury. As expected, the largest
neurons were the motor neurons of layer V of somato-
sensory cortex. Using the vertical nucleator, significant
neuronal nuclear atrophy was evident in brain-injured rats
at 7 days after diffuse brain injury across all cortical layers
[layer II/IIL: F(3, 14) = 4.289, p = 0.024; layer IV: F(3,
14) = 4.926, p =0.015; layer V: F(3, 14) = 7.956,
p = 0.002] compared to sham (Fig. 4). In layer V, neuro-
nal nuclear volumes were significantly smaller than sham
at all post-injury time points. The atrophy in neuronal
nuclear volume at 28 days after brain injury compared to
sham in cortical layers II/III and IV was not significant.
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Fig. 4 Brain injury-induced atrophy of neuronal nuclear volume was
estimated using the nucleator probe. Fluid percussion injury (FPI)
results in a significant reduction in mean neuronal nuclear volume in
all cortical layers at 7 days post-injury compared to sham
(*p < 0.05). Injury-induced neuronal atrophy is evident in Layer V
at all post-injury time points compared to sham (*p < 0.05). Values
are mean + SEM

Injury-induced shift in neuronal nuclear size
distribution across cortical layers in the primary
somatosensory barrel field

Neuronal nuclear measurements were pooled across sections
within animals, separated into 25 pm® bins and averaged
across animals within a given group (Fig. 5). After brain
injury, the nuclear size distributions indicate shifts toward
smaller nuclear volumes, as indicated by significantly fewer
neurons larger than the sham mean (grey vertical lines in
Fig. 5) and/or significantly more neurons smaller than the
sham mean. Significant neuronal atrophy was observed in all
three cortical layers, over the post-injury time course
examined, as identified by two-way ANOV As between time
post-injury and the bin size [layer II/III: F (36, 182) = 3.745,
p < 0.001; layer IV: F(36, 182) = 2.847, p < 0.001; layer
V: F(36, 182) = 3.77, p < 0.001]. Taken together, these
data support consistent neuronal atrophy in primary
somatosensory cortex across all post-injury time points.

Transient reduction of healthy neuron number
after brain injury

Stereological procedures were employed to quantify the
number of healthy neurons (unstained nucleus with a
condensed nucleolus) remaining in the primary somato-
sensory barrel cortex after diffuse brain injury. The number
of healthy neurons in S1BF cortical layers II/IIL, IV and V
were estimated for sham, 1 day FPI, 7 day FPI and 28 days
FPI (Fig. 6a, Table 1). Statistically significant reductions
in estimated total neuron number at 7 days post-injury
were achieved in cortical layer II/III [F(3, 14) = 8.376;
p = 0.002] and layer V [F(3, 14) = 3.465; p = 0.045]
compared to uninjured sham or other time points. Neuron
numbers in layer IV were not significantly different
between uninjured and brain-injured animals [F(3,
14) = 3.277; p = 0.0528]. The sampling procedures
employed to estimate neuronal number are sufficient, as the
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Fig. 5 Injury-induced shifts in neuronal nuclear size distribution
across cortical layers in the primary somatosensory barrel fields.
Nucleator measurements were pooled across sections and binned by
size. The frequency of each volume measurement is plotted for sham
and fluid percussion injured (FPI) animals. After brain injury, the
nuclear size distributions show significant shifts toward smaller

coefficient of error (CE), representing the intra-animal
variability associated with the sampling procedures, ranged
from 0.10 to 0.16 in all animals (Table 1) (Gundersen and
Jensen 1987; West et al. 1991). The coefficient of variation
(CV), representing inter-animal biological variability,
indicates that biology, rather than the sampling procedures,
contributes to the variability in the data (Table 1).
Estimates of regional volume were obtained using the
Cavalieri principle to enable calculations of neuronal den-
sity. No significant differences in the volume of the primary
somatosensory cortex layers II/III [F(3, 14) = 1.299;
p = 0.314],layer IV [F(3, 14) = 0.502;p = 0.687], or layer
V[F(@3,14) = 0.472; p = 0.706] were detected (Fig. 6b). In
calculating neuronal density (number of neurons/regional
volume), all the cortical layers of brain-injured rats at 7 days
post-injury had significantly lower neuronal densities than
uninjured and/or other post-injury time points [layer II/III:
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volumes (mean & SEM; * and *p < 0.05 compared to sham and
7 days FPI for each size bin, respectively). Neuronal populations from
brain-injured animals show fewer neurons that are larger than the
mean of the sham group (grey vertical line). Additionally, for brain-
injured animals, there are more neurons in the bins smaller than the
mean of the sham group

F(@3, 14) = 8.452; p = 0.002; layer IV: F(3, 14) = 5.140;
p = 0.013; layer V: F(3, 14) = 8.981; p = 0.001; Fig. 6c].
Neuronal densities at 28 days post-injury were not signifi-
cantly different from values in uninjured animals. Injury-
induced reductions in neuronal density are not related to
differential tissue shrinkage since uniform tissue shrinkage
was observed in all groups (Lifshitz et al. 2007).

Therefore, the composition of healthy neurons within
the primary somatosensory cortex of rats subjected to dif-
fuse brain injury changes transiently over the observed
1-month post-injury time course.

Discussion

Neuropathological evaluation of the diffuse-injured brain
demonstrated neurodegeneration over 1-month post-injury

@ Springer



58

Brain Struct Funct (2012) 217:49-61

9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

Est. Neuron Number >

Layer I/l Layer IV LayerV

024 ¢
0.20 +

0.16 +

012 ¢

0.08 +

0.04 +

Est. Region Volume (mm®) @

0.00

Layer I/l Layer IV LayerV

90,000 +
80,000 T1d FPI
700004 I B 554 FPI
60,000

50,000
40,000
30,000

* + + + +
W W,
o4 : ;

20,000
Layer I/l Layer IV LayerV

O Sham

10,000

Neuronal Density (#/ mm®) o

Fig. 6 Stereological quantification in the S1BF using the fractionator
and Cavalieri principles to estimate neuronal number and regional
volume, respectively. a At 7 days post-injury, the number of neurons
in Layer II/III was significantly less than sham and other post-injury
time points. Neuronal number is significantly different between 7 and
28 days post-injury in layer V. b No injury-related changes in
regional volume were detected. Estimates of regional volume were
obtained by the Cavalieri method, based on systematically random
point counting. ¢ Neuronal density calculations indicate significant
injury-related reductions at 7 days post-injury compared to sham and
other post-injury time points. (mean £ SEM; *p < 0.05 compared to
sham; *p < 0.05 compared to 7 days FPI)

in the primary somatosensory barrel cortex (S1BF), as an
additional component of the somatosensory whisker barrel
circuit that also suffers pathology in the thalamic relays
(Lifshitz et al. 2007). Neuropathological evaluation inclu-
ded qualitative and quantitative evaluation of argyrophilic
reaction and stereological quantification of neuronal
nuclear volume, neuronal number and neuronal density;
together these define neurodegeneration in the present
communication. By 1-month post-injury, the density of
healthy neuron number has returned to uninjured sham
levels, but evidence of ongoing argyrophilic reaction and
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neuronal atrophy persist. Ongoing neurodegenerative
responses to diffuse brain injury likely disrupt the con-
nectivity of this functionally relevant and anatomically
distinct circuit, giving rise to late onset, persistent sensory
sensitivity to whisker stimulation (McNamara et al. 2010).
Similar circuit disruption and consequent reorganization
may underlie the spectrum of post-traumatic morbidities
reported for post-concussion syndrome (McAllister 1992;
Nakamura et al. 2009). These results are intriguing, given
that diffuse brain injury is uncomplicated by contusion and
occurs in the absence of overt hemorrhage or edema
(McGinn et al. 2009).

We report cytoarchitecturally distinct argyrophilic
reaction product accumulation that progressed into deeper
cortical segments and spread within the cortical barrels
over time post-injury. The impact associated with the fluid
percussion injury affects widespread cortical and subcor-
tical regions, but argyrophilic reaction product preferen-
tially localized to the SIBF cortical domains. Separately,
we are investigating the relationship between the injury
forces and the structure of the rat skull to explain this sus-
ceptibility. In these areas of reaction product accumulation,
neurons are likely undergoing degenerative processes,
including dendritic reorganization, synaptic sprouting
and/or frank degeneration (Beltramino et al. 1993; Switzer
2000). The argyrophilic reaction was found infrequently
in neuronal somata and primarily in thin processes
(axons and/or dendrites), which may include synaptic ter-
minals. Future ultrastructural analyses will determine the
extent of axolemmal, dendritic, somatic and terminal
degeneration. The argyrophilic reaction across S1BF may
include or lead to the observed persistent neuronal atrophy,
which then explains the transient reduction in healthy
neuronal number as atrophic neurons no longer meet strict
inclusion counting criteria. These changes may occur in the
presence or absence of axotomy and not necessarily result
in cell death (Singleton et al. 2002; Lifshitz et al. 2007),
despite evidence for TUNEL positive staining (Singleton
et al. 2002), membrane perturbation (Kelley et al. 2006),
and protease activation (McGinn et al. 2009). Efforts to
reestablish homeostatic balance would promote cellular
repair (i.e. receptor or ion channel composition), account-
ing for the restoration of neuronal number and volume at
later time points (Turrigiano and Nelson 2004; Turrigiano
2008).

The current communication evaluated neuropathology
in S1BF up to 28 days after a moderate diffuse brain injury.
The degeneration previously observed in the thalamic relay
to S1BF predicted pathology in S1BF (Lifshitz et al. 2007).
The studies were terminated at 28 days, because behavioral
morbidity associated with sensory sensitivity to whisker
stimulation becomes established within that time frame,
neither worsening nor improving over 56 days post-injury
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(McNamara et al. 2010). The transient reduction in number
and atrophy of neuronal nuclei in the cortex may be
associated with the post-injury argyrophilic reaction
(1-7 days post-injury) followed by injury-responsive
regenerative changes (7-28 days post-injury). Neuropa-
thology likely occurs in the cortico-thalamic direction,
given that reductions in neuronal number occur earlier in
the cortex than in the thalamus (Lifshitz et al. 2007).
Tracer-labeled circuits would verify injury-induced
remodeling between thalamic and cortical domains, but not
necessarily the directionality. In addition, similar reduc-
tions in neuronal number and subsequent recovery have
been reported in the contralateral hippocampus after lateral
fluid percussion brain injury (Tran et al. 2006). Unchanged
regional volumes over time post-injury suggest limited net
cellular edema, but possibly a compensatory vascular or
glial swelling to compensate for the observed neuronal
nuclear atrophy in the cortex. Thus, the neurodegeneration
of diffuse brain injury manifests as argyrophilic reaction
and atrophic change, as supported by our prior data in the
ventral basal complex (Lifshitz et al. 2007) and lateral
vestibular nucleus (Hosseini and Lifshitz 2009).

The progression of the argyrophilic reaction does not
necessarily indicate irreversible damage, but rather cyto-
architectural responses to disease, injury or signaling. A
century of lesion studies have employed variations of the
silver histochemical technique to explore long-range con-
nectivity. Similarly, argyrophilic reaction product accu-
mulation identified local neurodegeneration at the cortical
impact site and long-range degeneration in the contralateral
hemisphere after focal brain injury (Hall et al. 2008). The
silver technique identified both focal and diffuse regions of
degeneration after the diffuse brain injury employed in the
present manuscript. Since frank degeneration of paren-
chyma was not observed, the argyrophilic reaction likely
identifies structural organization. Similarly, pharmacolog-
ical inhibition of NMDA receptors by systemic MK-801
administration results in argyrophilic reaction product in
various cortical and hippocampal regions (de Olmos et al.
2009). This transient loss of synaptic inputs leads to mor-
phological changes that outlast the acute induction of
immediate early gene expression (cFos, FosB) (de Olmos
et al. 2009). Our results support the conclusion that mor-
pho-functional alterations compensate for circuit inhibi-
tion, whether initiated by pharmacological inhibition or
mechanical trauma.

Direct mechanical forces may render superficial layer II/
IIT the most vulnerable. Yet, progressive neurodegeneration
into deeper cortical layers likely reflect consequences of
axonal injury, axotomy and deafferentation (Steward 1989;
Singleton et al. 2002). Diffuse axonal injury along white
matter tracts at grey—white interfaces may directly disrupt
thalamocortical and corticothalamic projections (Smith

et al. 1997; Meythaler et al. 2001), initiating neuronal
change in the middle and deep layer IV and V. The time-
dependent reductions in healthy neuron number and
nuclear volume support an acute degenerative phase
(1-7 days post-injury). An ensuing regenerative phase is
inferred from the partial restoration of healthy neuron
number and volume by 28 days post-injury. More detailed
spatial and temporal analyses could assess individual cor-
tical barrels to delineate the progression of argyrophilic
reaction from within the barrel and septal regions. In
human autopsy samples, degeneration and partial restora-
tion of diffuse-injured tissue may underlie the cell loss and
shrinkage across cortical domains (Maxwell et al. 2010).

As a surrogate marker of neuronal somatic volume,
neuronal nuclear volumes via shrinkage or expansion have
been shown to reflect cellular atrophy or hypertrophy,
respectively, in neurodegenerative disease (Finch 1993; Sa
et al. 2000; Bothwell et al. 2001). Neuronal atrophy over
the first week post-injury suggests that degenerative events
may limit neurotrophic signaling necessary to maintain
cellular homeostasis (Rich et al. 1989; Sofroniew et al.
1993). Similarly, excitotoxic lesions of basal forebrain
cholinergic targets leave neurons atrophic in the absence of
target-derived trophic support (Sofroniew et al. 1993). The
restoration of healthy neuron size and number suggests a
reinstatement of trophic support, from either autocrine or
paracrine sources (Rich et al. 1984; Gold et al. 1991). The
possibility remains that the reorganization of brain-injured
circuits provides synaptic sources of trophic factors.
Whether the reinstatement of neuronal number and vol-
umes are contingent upon neuroplastic responses for circuit
reorganization remain to be shown (Hall and Lifshitz
2010).

The results implicate a temporal series of degenerative
and reorganizational changes after diffuse brain injury that
may serve as potential therapeutic targets. Acute treatments
could focus on neuronal health through energy substrates or
trophic factors (Saatman et al. 1997; Royo et al. 2007;
Prins 2008). Delayed treatments could target the structural
reorganization by encouraging activity-dependent plastic-
ity or impairing synaptogenesis after unregulated plasticity
(Kleim et al. 2003; Feldman and Brecht 2005; Gogolla
et al. 2007). Effective therapies would mitigate the cellular
neuropathology in the somatosensory cortex (current
communication), thalamic relay for whisker sensation
(Lifshitz et al. 2007), broad functional activation of the
whisker circuit (Hall and Lifshitz 2010) and behavioral
allodynia to whisker stimulation (McNamara et al. 2010).

In summary, we postulate that circuit reorganization,
initiated by degenerative events and concluding with
plastic events, is responsible for the functional and
behavioral consequences of diffuse brain injury. Here, we
showed neurodegeneration in the somatosensory cortex

@ Springer



60

Brain Struct Funct (2012) 217:49-61

over 1 month after diffuse brain injury. Over time, the
numbers of healthy neurons and their nuclear volumes are
restored as degenerative change progresses deeper into the
cortex and outside the cortical barrels. These neuropatho-
logical events in the cortex indicate degenerative and
regenerative processes that may interfere with neural cir-
cuit function, explaining the behavioral morbidity elicited
by whisker stimulation in the diffuse brain-injured rodent
(McNamara et al. 2010). Similar post-traumatic cellular
events in man may disrupt neural circuits, underlying the
spectrum and intensities of post-traumatic morbidities
(McAllister 1992).
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