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Abstract

Mitochondrial dysfunction may be central to the pathophysiology of traumatic brain injury (TBI) and often can be recog-
nized cytologically by changes in mitochondrial ultrastructure. This study is the first to broadly characterize and quantify
mitochondrial morphologic alterations in surgically resected human TBI tissues from three contiguous cortical injury zones.
These zones were designated as injury center (Near), periphery (Far), and Penumbra. Tissues from 22 patients with TBI with
varying degrees of damage and time intervals from TBI to surgical tissue collection within the first week post-injury were
rapidly fixed in the surgical suite and processed for electron microscopy. A large number of mitochondrial structural patterns
were identified and divided into four survival categories: normal, normal reactive, reactive degenerating, and end-stage
degenerating profiles. A tissue sample acquired at 38 hours post-injury was selected for detailed mitochondrial quantification,
because it best exhibited the wide variation in cellular and mitochondrial changes consistently noted in all the other cases.
The distribution of mitochondrial morphologic phenotypes varied significantly between the three injury zones and when
compared with control cortical tissue obtained from an epilepsy lobectomy. This study is unique in its comparative
quantification of the mitochondrial ultrastructural alterations at progressive distances from the center of injury in surviving
TBI patients and in relation to control human cortex. These quantitative observations may be useful in guiding the translation
of mitochondrial-based neuroprotective interventions to clinical implementation.
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and in neurodegenerative disorders.''='* Patterns of mitochondrial
“morphodynamic’’ changes may therefore be useful to monitor the
alterations in the loss of cytoplasmic homeostasis and to provide

Introduction

NIMAL MODELS of traumatic brain injury (TBI) reveal that

mitochondrial dysfunction is a critical factor in the cascade of
events leading to apoptotic and necrotic neuronal cell death.'™
Being highly dynamic, the single mitochondrion represents only a
transient manifestation of a constantly changing morphology.
Mitochondrial morphology and intracellular distribution are de-
pendent on numerous factors, including mitochondrial energy
state, changes in membrane permeability, physical interactions
with the cytoskeleton, mitochondrial dynamics (movement, fis-
sion, fusion), and the balance between mitochondrial biogenesis
and degradation.*
Abnormalities in mitochondrial morphology accompany key
events in the progression of excitotoxic neuronal injury'® and are
commonly observed in ischemic and traumatic brain injury (TBI)

insight into the subcellular pathophysiology of death.

Mitochondrial morphology, bioenergetics, and molecular path-
ways of apoptosis have been studied extensively in animal models
of acute and chronic neurodegeneration. Despite the remarkable
similarities of many of their pathophysiological alterations, a direct
comparison between animals and humans may not always be
possible. For example, numerous animal models of TBI have not
fully replicated with exact fidelity the diversity of tissue damage
and outcome characteristics of human TBL'*! Taken together,
therefore, accurate conclusions regarding the extent to which the
mitochondrial dysfunction observed in animal TBI models re-
sembles those in human TBI remains open to question. This work is
presented in an effort to begin to bridge that gap.
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Direct determination of mitochondrial dysfunction after human
TBI is limited by availability of tissue removed from living patients
and rapidly processed to minimize post-mortem and ex vivo alter-
ations.'® Our study is the first to use rapidly fixed tissue removed from
patients with TBI to qualitatively classify normal versus reactive and
degenerative mitochondria by morphology, to quantitatively char-
acterize mitochondrial ultrastructural changes after human TBI at
progressive distances from the injury site, and to compare these data
with control human cerebral tissue made available during the course
of a lobectomy for the management of intractable epilepsy.

We hypothesize that the severity of closed head injury can be
recognized by changes in cellular organelles, especially mito-
chondria, and that changes in two-dimensional (2D) mitochondrial
structure (1) reflect overall severity of TBI, (2) reflect regional
levels of brain injury severity, and (3) characteristically vary from
one post-injury interval to another.

Methods
Clinical data

The relevant clinical details pertaining to our 22 patients with
blunt traumatic brain injuries and one control patient (C-01) are
listed in Table 1. Falls accounted for the largest group of patients
(50%), followed by motor vehicle crashes (35%). The remaining
15% included two assault victims and one struck pedestrian. Our
control patient #C-01 was a 30-year-old man who had medication-
resistant partial onset seizures. Resected hippocampal tissue for
therapeutic management showed neuronal loss and gliosis, as ex-
pected. The more remote temporal lobe tissue removed to gain
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hippocampal access was used in this study and was judged to be
normal by light microscopy.

Patients with TBI varied widely with respect to age, Glasgow
Coma Scores (GCS), and time intervals from TBI to surgical tissue
collection and fixation. There were 18 males and 4 females. Com-
puted tomography (CT) scan of the TBI patients included in our study
revealed mixed density lesions of the cerebral cortical tissue that were
characterized as focal contusions (low density) associated with in-
tracerebral hematoma (high density). Extracerebral hematomas, such
as acute subdural or acute epidural hematomas, were also present.
These lesions were accompanied by intracranial hypertension and/or
lateral shifts of cerebral hemispheres.

The patients with TBI underwent a resective surgery to prevent
brainstem compression. Anesthesia was induced with fentanyl, pro-
pofol, and midazolam, followed by neuromuscular blockers, iso-
flurane, and fentanyl. The frontal lobe tissue only was resected in 80%
of cases, the temporal lobe tissue only was resected in 10% of cases,
and the cerebral cortical tissue of both frontal and temporal lobes was
resected in 10% of cases. The average time from induction of anes-
thesia to tissue resection from TBI patients and from the one epilepsy
lobectomy patient was 1 h and 2 h, respectively. Of TBI patients, 75%
were discharged for rehabilitation (Rh); 20% of patients expired in
hospital (EXP), and 1 of the 22 patients was discharged directly to
home (HM). Standard preoperative management for all patients in-
cluded mannitol and hypertonic saline. Other medications such as
fentanyl, propofol, and morphine were used as necessary.

Program review and operative procedures

Brain tissues were removed during surgical debridement of the
damaged cerebral cortex from patients admitted to the University of

TABLE 1. BRAIN INJURY STUDY PATIENTS’ CLINICAL DATA AND LOCATION OF SUBMITTED TISSUE

Post-injury Manner Age CT scan tissue density Tissue resected Injury zone Patient
Case # interval (h) GCS of injury Sex (years) abnormality lobe/site location from tissue discharged to
C-01 n/a 15 SURG M 30  Right amygdala & hippocampus Temporal lobe  n/a HM
1 5 10 FALL F 72 Right temporal Temporal lobe N, F, P Rh
2 6 3 MVC M 23 Bifrontal, bitemporal, & biparietal  Frontal lobe N, F EXP
3 9 5 MVC M 23 Right frontal and left temporal Frontal lobe N, F EXP
4 12 14 FALL M 48  Left frontal, temporal, Frontal lobe N, F Rh
TOX parietal, & occipital
5 13 3 FALL M 50  Left frontal and midbrain Frontal lobe N, F EXP
6 15 13 ASLT M 73 Bifrontal, left temporal Frontal lobe N, F Rh
7 16 9 FALL M 32 Right frontal and temporal Frontal lobe N Rh
8 23 14 FALL F 68  Right frontal Frontal lobe N, F Rh
9 27 4 MVC M 26 Right frontal, temporal, & parietal Frontal & N, F Rh
temporal lobes
10 32 13  FALL M 48  Bifrontal, left temporal Frontal & N, F Rh
temporal lobes
11 38 13 MVC F 16  Right frontal Frontal lobe N, F Rh
12 38 15 MVC M 27  Bifrontal Frontal lobe N,F, P HM
13 39 11 MVC M 45  Bifrontal Frontal lobe N, F Rh
14 65 6 ASLT M 76  Right frontal, temporal, & parietal  Frontal lobe N, E, P Rh
15 68 14 FALL M 74 Right frontal Frontal lobe N, F EXP
16 71 14 MVC M 15  Left frontal Frontal lobe N, F Rh
17 72 15 FALL M 30  Bifrontal, left temporal Frontal lobe N, F Rh
18 84 3 MVC M 23 Bifrontal, right temporal, & parietal Frontal lobe N, F Rh
19 109 3 FALL M 38  Bifrontal Frontal lobe N, F Rh
TOX
20 136 7 PED M 45  Bitemporal Temporal lobe N, F Rh
21 171 8 FALL M 51  Left frontal, temporal, & parietal Frontal lobe N, F Rh
22 175 14 FALL F 78  Right parietal Parietal lobe N, F Rh

GCS, Glasgow Coma Scale; CT, computed tomography; SURG, surgical resection only; n/a, not applicable; HM, home; FALL, fall; N, Near; F, Far; P,
Penumbra; Rh, rehabilitation; MVC, motor vehicle crash; Exp, expired; TOX, intoxicated; ASLT, assault; PED, pedestrian struck.
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Maryland School of Medicine R. Adams Cowley Shock Trauma
Center with a clinical diagnosis of blunt TBI and from one patient
who underwent an epilepsy lobectomy at the Baltimore Veterans
Affairs (VA) Medical Center. All neurosurgical procedures and
tissue studies were approved by both the University of Maryland
Baltimore Institutional Review Board and the VA Maryland Health
Care System Research and Development Committee. Their decision
was that informed consent was not required for this project.

The resected cortical tissues in all 22 TBI patients were classified
visually by the same neurosurgeon as to level of degenerative
changes based on tissue texture, coloration, and presence of mi-
crohemorrhage. These areas were designated as Near (zone of most
advanced tissue damage), and Far (less damaged adjacent tissue).
In three cases, a separate fragment of involved tissue was also
removed that appeared near-normal (Penumbra). The majority of
specimens were from focal cerebral contusions or mixed density
lesions by CT.

Fixation and electron microscopic procedures

Cortical fragments, approximately 10 to 15 mm in greatest di-
mension, were fixed in 4% paraformaldehyde-0.1 M phosphate
buffer (pH 7.4) in the surgical suite within 10 min of separation
from the patient’s vascular circulation and kept at 4°C until a
secondary fixation was performed using a mixture of 4% parafor-
maldehyde and 1% glutaraldehyde with 0.1 M phosphate buffer pH
7.4 (4F1G) for 48 hours at 4°C.'7 Before 4F1G fixation, the tissues
were divided into smaller ~1mm fragments. These fragments
were then rinsed in 0.1 M sodium cacodylate containing 0.2M
sucrose for 10 min and post-fixed in 1% osmium tetroxide-0.1 M
phosphate buffer, pH 7.4, for 1h at 4°C. Subsequently, they were
en bloc stained with uranyl acetate for 1 h, dehydrated in increas-
ing concentrations of ethanol, infiltrated with solutions containing
different proportions of propylene oxide and Poly/Bed-812 em-
bedding medium and embedded in Poly/Bed-812 medium.

To facilitate orientation during the electron microscopy study,
~ 1 pm semi-thin sections were stained with toluidine blue and
examined with a Nikon E800 microscope equipped with an Op-
tronics color digital camera. Ultrathin sections (100 nm), obtained
with a Porter-Blum ultramicrotome, were stained with uranyl ac-
etate and lead citrate and observed in a Tecnai G2 transmission
electron microscope (TEM) equipped with AMT V600 software.

Morphometric and statistical analysis

A minimum of 30 TEM images were evaluated for each injury
zone of each of the 22 TBI patients and for the control patient pre-
sented in Table 1. Mitochondrial profiles appearing in these images
were classified according to the following structural criteria: (1) 2D
shape; (2) outer membrane integrity: preserved versus disrupted; (3)
inner membrane integrity: preserved versus disrupted; (4) cristate
alignment: orthodox/parallel versus random; (5) cristate membrane
integrity: preserved versus disrupted; (6) intracristate space: parallel
versus open; (7) matrix density: condensed, moderate, clear; (8) dense
matrix inclusions: absent versus present. For our representative case,
patient #12, we also quantified mitochondrial mitophagy, fission,
fusion, outer membrane ‘‘budding,” and mitochondria that showed
bizarre presentations of their 2D shapes and internal structure.

Statistical comparisons of the number of different mitochondrial
profiles present in the three injury zones were performed using tissue
from TBI case #12 for two primary reasons: (1) This patient was one
of only three in our series in whom all three progressive injury zones
were identified and separated by the neurosurgeon; (2) tissue from
this patient was obtained at an intermediate post-injury time of 38 h
and exhibited the full range of normal and abnormal mitochondrial
2D profiles observed in all other patients in our series.

TBI patient #12 was a 27-year-old man who sustained blunt head
trauma with a brief loss of consciousness at the scene of a motor
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vehicle accident. He was found to have multiple facial fractures,
pneumocephalus bifrontal contusions, and subarachnoid hemor-
rhage. His GCS score on admission was 15, and neurosurgery with
tissue collection and fixation was conducted 38 h post-injury. At the
time of surgery, his GCS was 14. He recovered well post-surgery
and was discharged to home 5 days after admission (Table 1).

For morphometric analysis of mitochondria, 4400 X magnifica-
tion 8-bit gray scale TEM images for each Near (n=30), Far (n=32),
Penumbra (n=50) zones of patient #12 and from control tissue
obtained from one epilepsy lobectomy patient (n=36) were simul-
taneously and randomly selected using AMT V600 software. The
brightness of the beam, gain/contrast options, and exposure time
were normalized electronically. MetaMorph software was used to
count the number of different mitochondrial morphological profiles
present on each image (actual image size is 44 um?) and to measure
the optical absorbance of each mitochondrion present on the images.
Mitochondria were counted in the neuronal processes in all three
injury zones and control cortex, and in neuronal perikarya of Far and
Penumbra zones and control tissue.

The neuronal cell bodies and their processes were distinguished
from glial cell bodies and their processes using previously de-
scribed morphologic criteria.'® > Typically, neurons have a large,
round nucleus containing a conspicuous, large, spherical nucleolus,
and are located in the center of the cell body. The karyoplasm lacks
chromatin particles and shows typically clear vesicular appearance.
Neuronal cells are recognized by the presence of numerous free
polysomes and Nissl bodies. Axons consist of thin processes in-
terspersed with boutons containing synaptic vesicles. Axons may
be myelinated or unmyelinated. Axons and dendrites contain
neurofilaments and microtubules, where they form parallel array.
Dendrites are characterized by synapses, both asymmetric, recog-
nized by thickened postsynaptic densities, and symmetric, recog-
nized by pleomorphic vesicles and uniform thinner densities on
pre- and postsynaptic sides. Spiny dendrites are sub-divided into
shafts and spines connected to their dendritic shafts through necks.

The optical absorbance of each outlined mitochondrion was cal-
culated as previously described.® Using the MetaMorph program, we
measured average intensities of the outlined mitochondria at white
light that correspond to intensity amplitudes of all pixels in the object
divided by area. The absorbance of each outlined mitochondrion was
calculated by subtracting the measured intensity amplitude (I) from
maximum pixel intensity amplitude (Imax) in brain slice images.

Absorbance =Imax — |
Imax =255 (pixel values are from O to 255)
I=measured pixel intensity amplitude

In addition, we measured the average absorbance values of the
cytosolic areas outlined around mitochondria for each image. These
values were then subtracted from the absorbance values of mito-
chondria.

The statistical differences for pairwise comparisons of number
of different mitochondrial morphological profiles present on each
TEM image between three injury zones and control tissue were
determined by Wilcoxon rank sum test. Statistical analyses were
performed using SAS version 9.2 statistics software. The data are
presented as mean * standard error.

Results
Range of mitochondrial architectural profiles

Based on published ultrastructural studies on isolated mito-
chondria, mitochondria in tissue culture and tissue slices, and mi-
tochondria observed in perfusion-fixed primate brains,>*>' the
human cortical mitochondrial structural patterns identified in our
study of the 23 human cases were divided into four categories:
normal, normal reactive, reactive degenerating, and end-stage
degenerating profiles. Normal profiles are characterized by a
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moderately dense matrix and a normal cristate architecture (Figs.
1A, B, C). This profile is often referred to as the ‘“‘orthodox con-
formation.” 2% Normal reactive profiles exhibit a tightly con-
densed matrix and widely expanded intracristate space (Fig. 1D),
indicative of a “condensed conformation.””?2

Some mitochondria exhibit condensed twisted matrix (Fig. 1E).
This category also includes mitochondria with unusual shapes such
as tubular loops (Fig. 1F) and tubular donut-shaped mitochondria
(Fig. 1G). Because we have analyzed 2D TEM slices, we cannot
exclude that these 2D shapes are results of the slicing plane rather
than anomalous mitochondrial fusion.® Reactive/degenerating pro-
files include ““thread-grain-transitions,”> which are characterized
by segmented mitochondria that vary from low to high amplitude
swollen profiles. The matrix within these mitochondria may be
normal to electron lucent but maintain semblance of original cristate
architecture (Fig. 1H, L). This category also includes mitochondria
undergoing membrane blebbing and ‘““budding” (Fig. 11, J), and
dividing mitochondria with partial loss of cristae and often granular
matrix (Fig. 1J). The buds either resemble tiny mitochondria (Fig.
1J), or they contain a core of homogeneous material and resemble
small mitochondria-derived vesicles (Fig. 1M).>*

Also present are round, symmetrical mitochondria with clear
matrix (Fig. 1K). While small spherical structures could represent
filamentous mitochondria cut orthogonally, they are not accom-
panied by the presence of filamentous or small ellipsoidal mito-
chondria within the same image, as would be expected from
orthogonally cuts of asymmetric mitochondria.

End-stage degenerating mitochondria are typified by spherical
fission products, some showing high amplitude swelling (Fig. 2A)
and swollen collapsing mitochondria (Fig. 2B). Inner membrane-
associated dense granular inclusions are also present in this cate-
gory and are a hallmark of mitochondrial calcium overload and
irreversibly injured mitochondria (Fig 2C).***® Many mitochon-
dria exhibit dark diffusely granular matrix (Fig. 2D). Some of
end-stage degenerating mitochondria are enveloped by residual
membranes of autophagic vacuoles (mitophagy) (Fig. 2E).Y

Mitochondrial accumulation is evident in bulbous enlargements
of neuronal processes and was frequently observed within the Far
zone (Fig 3A, B). Massive mitochondrial accumulation is most
evident in tissue obtained near the end of the first week post-injury
(Fig. 3B). These mitochondria exhibit characteristics present in all
four survival profiles.

Progression of structural changes in different zones
of injury and comparison with control

In the 22 TBI cases studied, similar mitochondrial structural
patterns were observed consistently from one injury zone to the
next within each of three post-injury intervals defined as “‘early”
(less than 1 day post-injury), ““intermediate’” (between 1 and 3 days
post-injury), and “‘late” (approximately 3 days post-injury and
later). Within the early injury interval, the central or Near zone of
injury exhibits predominantly reactive/degenerative and end-stage
degenerative changes in mitochondrial morphology (Fig. 4A). The
more peripheral Far zone and Penumbra exhibit primarily normal
and normal reactive mitochondrial morphotypes (Fig. 4B, C). Some
mitochondria in these two zones are reactive/degenerative, ex-
hibiting primarily thread-grain-transition profiles (Fig. 4D). In
parallel, parenchymal cells in these two zones display better pres-
ervation than that observed in the Near zone.

Slight cytoplasmic, axonal, and dendritic swellings are notice-
able in the Far zone and Penumbra. In the Near zone of injury, there

BALAN ET AL.

AR
B,Ligu%.ﬂ:ﬂ;‘g; .

FIG. 1. Human brain mitochondrial ultrastructural patterns. (A—
C) Normal survival category (A, Case #12, Penumbra zone; B,
Case #l1, Far zone; C, Case #1, Penumbra zone); (D-G) Normal
reactive category (D, Case #12, Far zone; E, Case #13, Far zone;
F, Case#ll, Far zone; G, Case #1, Penumbra zone); (H-M)
Reactive/degenerating category (H, Case #13, Far zone; I, Case
#12, Far zone; J, Case #16, Far zone; K, Case #14, Penumbra
zone; L, Case #17, Far zone; M, Case #2, Near zone; arrow shows
mitochondria-derived vesicles). Scale bar equals 500 nm.

is moderate to severe swelling of parenchymal cells and processes.
When the GCS score is low (GCS =3-5; Cases #2, 3, and 5; Table
1), total disruption of tissue architecture and presence of primarily
end-stage degenerating mitochondria are characteristic for all in-
jury zones (Fig. 5A, B).

Within the intermediate post-injury interval, cellular edema-
tous changes are maximal with a peak at approximately 36-42
hours post-injury. The widest variations in mitochondrial path-
ological changes among different injury zones are present within
this injury interval. Penumbra and Far zone exhibit all four mi-
tochondrial profile categories, but they differ quantitatively be-
tween these two zones. The Near zone of injury contains
primarily reactive/degenerating and end-stage degenerating mi-
tochondria.

Within the late post-injury phase, normal-appearing mitochon-
dria are infrequent even within the Penumbra zone. Reactive/de-
generating mitochondria are abundant, however, in both the
Penumbra and Far zones (Fig. 6A—C). The Near zone contains
primarily end-stage degenerating mitochondria (Fig. 6D).
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FIG. 2. End-stage degenerating mitochondrial profiles. (A) Case #12, Far zone. High amplitude swollen mitochondrion with electron-
lucent matrix. (B) Case# 13, Far zone. Swollen collapsing mitochondrion. (C) Case #10, Near zone. Swollen mitochondrion with
matrical dense inclusions. (D) Case #22, Near zone. Mitochondrion with dark diffusely granular matrix. (E) Case #7, Near zone.
Spherical mitochondrion with segmental area loss of cristate structure and matrical densities is enveloped by double membranous
authophagic vacuole (mitophagy). Scale bar equals 500 nm.

The majority of mitochondrial profiles present in control cere-
bral cortex are normal and normal reactive, as expected. Normal
tubular mitochondria are present almost exclusively in neuronal
processes (Figs. 7A—C). In contrast, mitochondria of neuronal cell
bodies are predominantly ovoid or rounded (Figs. 8A—C). While
normal cristate architecture is maintained in most mitochondria,
few exhibit disrupted cristae or an apparent loss of matrix material
(Fig. 8C). A few reactive/degenerating and end-stage degenerating
mitochondrial profiles are also apparent in the control tissue sample
(Figs. 7B,C, 8C).

Histologic comparisons between cerebral cortex
from TBI and control (epilepsy lobectomy)

Control cerebral cortex obtained during the course of an epilepsy
lobectomy (Fig. 9A) displays medium-size pyramidal neurons and

glial cells scattered in a field of predominantly unmyelinated axons,
consistent with cortical levels 4, 5, and 6 (Fig. 9A). In contrast to
TBI brain tissue, no evidence for edema is present, and neuronal
nuclei are fully rounded, containing stippled, homogeneously dis-
tributed chromatin and prominent nucleoli. Neuronal cytoplasmic
swelling is barely noticeable. Vascular stasis is widespread, but
perivascular hemorrhage is minimal to absent.

Characteristic histologic changes that readily distinguish each of
the three injury zones present in tissue resected from Patient #12 are
evident by examination using light microscopy (Figs. 9B-D). In the
Penumbra zone of injury, vascular stasis is focal and mild, whereas
perivascular hemorrhage is not evident. Neurons are recognizable by
their large size and fully rounded nuclei, which exhibit evenly dis-
persed stippled chromatin (Fig. 9B). Many nuclei contain prominent
intact nucleoli. Focally, there is mild to moderate intracellular
swelling restricted primarily to perineuronal areas (Fig. 9B).
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FIG. 3. Accumulation of mitochondria in bulbous enlargements of neuronal processes present in injured cortex, Far zone. (A) Case
#12, Far zone. Disorientation of microtubules and mitochondria are predominantly accumulated in the periphery of the process
enlargement. (B) Case #21, Far zone. Tightly packed mitochondria in a process enlargement.

FIG. 4. Ultrastructural pathology of injured cortex at early injury phase (less than 1 day post-injury; Case #1). (A) Near zone.
Neuropil with frequent swollen processes showing high amplitude swollen mitochondria (arrows). Inner membrane-associated dense
granular inclusions are present in a mitochondrion (black arrow). (B) Far zone. Slight to moderate cytoplasmic swellings are noticeable.
Mitochondria are primarily normal (black arrow) and normal reactive (white-head arrow). (C) Penumbra zone. Slight to moderate
cytoplasmic swelling. Mitochondria are predominantly normal orthodox (black arrow) or normal reactive (white head arrow). (D) Far
zone. Neuropil with swollen processes showing mitochondrial changes. Note the teardrop-shaped mitochondrial profiles with thin
thread-like extension (arrows) suggestive of a thread-grain transition. Scale bars equal 500 nm.
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FIG. 5. Ultrastructural pathology of injured cortex at early injury phase (less than 1 day post-injury; Case #2). (A) Far zone. (B) Near
zone. A and B: Total disruption of tissue architecture and end-stage degenerating mitochondria (arrows) present. Scale bars equal 500 nm.

In the Far zone of injury, survey sections (Fig. 9C) are vari-
able in appearance, but parenchymal cells display better pres-
ervation than that observed in the Near zone (Fig. 9D). Patchy
vascular stasis, perivascular hemorrhage, and slight to moderate
focal cytoplasmic and axonal swelling are also noticeable in the
Far zone. As with the Penumbra, neurons are easily recognized
by their size, shape, and distinctive nuclei; however, many

neuronal nuclei in the Far zone exhibit irregularly aggregated
chromatin. Focally, there is moderate to severe swelling re-
stricted to the perineuronal area, with the involved perikarya
presenting a reciprocal decrease in the cross-sectional area of
their cytoplasm.

In Near zone of injury (Fig. 9D), total disruption of tissue
architecture is obvious, characterized by edematous loose

FIG. 6. Ultrastructural pathology of injured cortex at late injury phase (approximately 3 days post-injury and later; Case #14). (A,B)
Penumbra zone. (C) Far zone. (D) Near zone. (A) Neuronal cell body showing a group of mitochondria that exhibit abnormally spherical
profiles with clear matrix space and disruption of cristate architecture (black arrows). Another group of mitochondria exhibit normal
reactive structure (white-head arrows). N-nucleus. (B) Area of neuropil with slight to moderate swelling of neuronal processes.
Mitochondria exhibit normal reactive (white-head arrows) and reactive/degenerating (black arrow) profiles. (C) Neuropil with frequent
swollen processes showing normal reactive (white-head arrows) and reactive/degenerating (black arrows) mitochondrial changes. (D)
Total disruption of tissue architecture and end-stage degenerating mitochondria (arrows) present. Scale bars equal 500 nm.



FIG. 7. Mitochondrial profiles present in neuropil in normal
cortex obtained by temporal lobectomy. (A) Neuronal process
contains long orthodox mitochondria (arrows) in close association
with microtubules. A spherical mitochondrion (double arrows)
with slightly condensed matrix is present in an adjacent cell
process. (B) Mitochondria are predominantly tubular in shape
(white arrow), their matrix density is moderately condensed, and
cristate architecture is well preserved. A rare large spherical mi-
tochondrial profile (black arrow) is contained within another cell
process. (C) Predominantly tubular mitochondria (white arrow)
with moderately condensed matrices are present. Occasionally,
cristae are parallel to the mitochondrial long axis (black arrow). A
mitochondrion shows moderate rounding and fusiform shape
change of a late thread-grain transition (double black arrows). All
scale bars equal 500 nm.
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necrotic material, marked dilatation of vascular spaces, red
blood cell congestion, stasis, and focal areas of interstitial
hemorrhage.

Quantitative ultrastructural characteristics
of mitochondria present in injured cerebral cortex

The Near zone exhibits marked parenchymal degenerative
changes and is characterized by massive cytoplasmic swelling,
rupture of plasmalemmal and nuclear membranes with surface bleb
and vesicle formation, and disintegration and loss of cytoplasmic
organelles (Figs.10A—D). The neuropil displays marked interstitial
edema and swollen cell processes (Figs. 10C,D). Virtually all dis-
cernible mitochondria fall within the classifications of either re-
active/degenerating (37.4%+5.3) (Fig. 1 H-M) or end-stage
degenerating (62.6% £ 5.3) (Figs. 2A-E) (Fig. 11). Subsets of these
mitochondria include those with matrical dense granular inclusions
(26.4% *£4.5) (Fig. 2C) and those with dark diffusely granular
matrix (28.8% +4.8) (Fig. 2D).

The Far zone presents evidence of mild to moderate focal intra-
and extracellular edema (Figs. 12A—C). All four survival mito-
chondrial categories are noticeable in this zone, with the normal
orthodox profile (Figs. 1A-C) being relatively scarce (1.6% +0.8)
(Fig. 11). Normal reactive mitochondria are prevalent
(63.3% £3.9), and include mitochondria with condensed matrix or
dense twisted matrix (Figs. 1D, E; 12B, C). Among reactive/de-
generating mitochondria, there are teardrop-shaped mitochondrial
profiles interconnected with thin thread-like structures (Figs. 1L;
12A), suggestive of mitochondrial thread-grain transition.*® This
zone exhibits significantly less end-stage degenerating mitochon-
dria (27.2% £ 3.5) (p <0.0001) than those present in the Near zone
(Fig. 11). The Far zone also displays significantly fewer end-stage
degenerating mitochondria with matrical dense granular inclusions
(2.8% 1.1 vs. 26.4%*4.5) (Fig. 2C) and with dark diffusely
granular matrix (14.5% 2.6 vs. 28.8% +4.8) (Fig. 2D) than Near
zone (p<0.05 and p<0.0001, respectively).

The Penumbra zone appears far more normal than both the Near
and Far zones: however, morphologically altered mitochondrial
profiles are present in both neuronal cell bodies and processes (Figs.
13A-D). The Penumbra zone exhibits all four mitochondrial

FIG. 8. Mitochondrial profiles present in neuronal cell bodies in normal cortex obtained by temporal lobectomy. (A) Pyramidal
neuron with good preservation of nucleus (N), cytoplasm, and even distribution of organelles. (B) Fragment of neuronal cell body with
well-preserved normal mitochondria (arrow). (C) Fragment of neuronal cell body showing spherical mitochondria with clear matrix
space and disruption of cristate architecture (arrows). Scale bars equal A: 2 um; B and C: 500 nm.
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FIG. 9. Toluidine blue stained semi-thin sections of human brain. (A) control cortical tissue; (B-D) Case #12 (B, injured Penumbra
zone; C, injured Far zone; D, injured Near zone). A-D: original magnification X 200; insertions within A-D: original magnifica-
tion X 550.

FIG. 10. Ultrastructural pathology of injured cortex, Near zone (Case #12) at intermediate injury phase (between 1 and 3 days post-
injury). (A) Enlarged area of ruptured cell shows advanced cytoplasmic dilution and spherical mitochondria containing multiple matrix
densities and dark diffusely granulated matrix (arrows). N, nucleus. (B) High magnification of perinuclear area. Mitochondria show
segmental area loss of cristate structure and soft matrical densities (arrows). N, nucleus. (C) Enlarged area of neuropil shows interstitial
edema, swollen processes, cytoplasmic fragmentation, and spherical mitochondria containing multiple matrix densities in a dark
diffusely granulated matrix (arrows). (D) Area of advanced cellular disruption. Mitochondria show both retention of matrix with large
hard densities or soft semicrystalline densities (arrow with white head) and matrical swelling and clearing (black arrow). Scale bars for
A, C, and D equal 500 nm; for B, 100 nm.
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FIG. 11. Distribution of cerebral cortex mitochondria among
morphologic categories. Categories were defined as normal, nor-
mal reactive, reactive/degenerating, and end-stage degenerating.
Distributions among these categories are given for control tissue
and TBI tissue separated into Near, Far, and Penumbra injury
zones. Measurements were made within 2D fields (44 um?) of
ultrathin sections (100 nm). The number of fields used for control,
Near, Far, and Penumbra were 36, 30, 32, and 50, respectively.
Total mitochondrial number counted for Control, Near, Far, and
Penumbra were 712, 346, 378, and 621, respectively. Values
represent the meansstandard error (SEM). *p<0.0001 when
compared with control.

morphology categories, as seen in the Far zone, but the number of
normal orthodox mitochondria (Fig. 1A-C; 13B) in Penumbra
(12.9% £2.0) is higher (p <0.0001) than in Far zone (Fig. 11). The
optical absorbance of orthodox mitochondria in these two TBI
zones is less than that measured in control tissue (p<0.001) (Fig.
14). This finding suggests that the matrix of the orthodox mito-
chondria in the TBI tissue may have been more edematous because
of osmotic swelling.*®

The Far and Penumbra injury zones exhibit statistically equivalent
numbers of normal reactive mitochondria (Figs. 1D-G); however, the
number of end-stage degenerating mitochondria (Figs. 2A, B, D, E) in
the Penumbra zone is significantly less (p<0.0001) than in the Far
zone (Fig. 11). The Penumbra zone displays significantly fewer mi-
tochondria with dark diffusely granular matrix (Fig. 2D) (7.1% % 1.3)
than present in the Far zone (p<0.05). There are no mitochondria
with matrical dense inclusions detectable in the Penumbra zone
(Fig. 2C). The Penumbra zone exhibits significantly fewer normal
“orthodox” mitochondria (12.9% £2.0 vs. 57% +3.1) (p <0.0001) and
a significantly larger number of reactive/degenerating mitochondria

>

FIG. 12. Ultrastructural pathology of injured cortex, Far zone
(Case #12) at intermediate injury phase (between 1 and 3 days
post-injury). (A) Perinuclear area showing moderate edema of
cytoplasm, and mitochondrial profiles showing degenerative
changes of cristate structure and clear expanded matrix (arrows).
A profile shows undergoing thread-like extension of inner and
outer membranes suggesting an arrested thread-grain transition
(black arrow). N, nucleus. (B) Area of neuropil showing wide-
spread edematous expansion of cell processes and synaptic ter-
minals as well as variation in mitochondrial size, shape, and
matrix density. Arrows show normal reactive mitochondria with
condensed matrix. (C) Area of neuropil showing moderate
swelling of cell processes. Note cell process with edematous
swelling and containing condensed twisted mitochondria (arrows).
Scale bars equal 500 nm.
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FIG. 13. Ultrastructural pathology of injured cortex, Penumbra zone (Case #12) at intermediate injury phase (between 1 and 3 days
post-injury). (A) Neuronal cell with good preservation of nucleus (N), cytoplasm, and even distribution of organelles. Endoplasmic
reticulum (ER) cisternae are in a normal configuration. Mitochondria, however, exhibit abnormally spherical profiles with clear matrix
space and disruption of cristate architecture (black arrows). (B) Neuropil with numerous swollen cell processes and a wide range of
mitochondrial profiles including spherical mitochondria with normal density matrix and apparent cristate proliferation (double black
arrows) or with clear matrix space and disruption of cristate architecture (arrow with white head). A filamentous orthodox mito-
chondrion (black arrow) is also seen. (C) Swollen cell processes with advanced cytoskeletal fragmentation and contiguous spherical
mitochondrial profiles suggestive of budding or fission (arrow). (D) Neuropil with frequent swollen processes showing mitochondrial
changes. Note the teardrop-shaped mitochondrial profile suggestive of a late thread-grain transition (arrow). All scale bars are 500 nm.

(19% £2.1 vs. 5.3% %+ 1.3) (p<0.0001) when compared with con-
trol tissue (Fig. 11).

Discussion

The purpose of this study was to characterize the ultrastructure
of neuronal mitochondria present in the Near, Far, and Penumbra
focal injury areas within the cortex of patients with TBI and to
compare these with the mitochondrial ultrastructure observed with
control human cerebral cortex. We also assessed whether different
post-injury intervals affected changes in mitochondrial morpho-
types seen after TBI. Because of the diversity of ages, sex, GCS
scores, and time after injury when tissue was collected, this pre-
liminary work cannot be considered to represent the entire spec-
trum of mitochondrial ultrastructural phenotypes and pathologies.
Further, an inherent limitation of conventional transmission elec-
tron microscopy used in this work is that it shows a random 2D
projection image of the mitochondria but does not display overall
mitochondrial shape. Further three-dimensional EM reconstruction
of the mitochondria is necessary to exclude the limitation.* The
value of this work is in bringing to light a pattern of related changes
and in providing a framework for evaluation of the significance of
future cerebral cortical cytoarchitectural and cytochemical obser-
vations on these and other study subjects.

The tissues in these studies were fixed by immersion in a 4%
formaldehyde-1% glutaraldehyde combination primary fixative.
Because both penetration of fixative into the brain tissue fragment

and ultrastructural changes related to ischemia are time dependent,
one must factor these parameters into the interpretation of our
findings. In the “in vitro necrosis™ study,*” using 2% osmium te-
troxide only or alternatively, 6% glutaraldehyde only as the pri-
mary fixative, progressive mitochondrial ultrastructural alterations
occurred at finite time intervals. Only loss of their usual matrix
granules was observed after 15 min. After 30 minutes, mitochon-
dria were structurally unremarkable except for some enlargement
of the matrix compartment and some loss of matrix density. Only
after 1 h were there recognizable irregularities of the contour of the
outer membrane and membrane-associated flocculent densities.

Our studies used 4% formaldehyde as a primary fixative. Because
formaldehyde penetrates and complexes proteins at a 5 to 10 times
faster rate than either glutaraldehyde alone or osmium tetroxide
alone*' and because immersion of the tissues in this study occurred
within 10 min of separation from the patient’s vascular circulation, it
is unlikely that this amount of ischemia resulted in any of the
structural changes beyond those also apparent abnormalities noted in
our control tissue. On the other hand, because there is a very dynamic
association between microtubules and mitochondrial shape and
trafficking between the nucleus and synaptic junctions, in vivo sec-
tioning injury of an axon may result in changes in their distribution
and structure in both the control and TBI cases. It is also possible that
the anesthetics used during either the TBI tissue resections or the
epilepsy lobectomy could influence mitochondrial ultrastructure;
however, such effects appear restricted to prolonged exposure of the
immature brain to anesthesia.*>
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FIG. 14. Optical Absorbance of normal mitochondria exhibiting
an orthodox conformation present in human traumatic brain injury
(TBI) (Fig. 13B (black arrow)) and control cortex (Fig. 7A, ar-
rows). Absorbance units (AU) obtained from the cytoplasm
present immediately adjacent to mitochondria were defined as
background absorbance and subtracted from the AU recorded for
entire mitochondria. n=390 for control tissue; n=78 for TBI
tissue, using both Far and Penumbra zones. **#p <0.001.

Control

We draw the following general conclusions from our analyses of
mitochondrial ultrastructural changes after human TBI: first, cere-
bral cortical mitochondria undergo many diverse and striking mor-
phological changes apparent in tissue samples surgically resected
and rapidly placed in fixative. These changes are most wide-ranging
at the intermediate post-injury time of 38h (plus or minus a few
hours) within the first week post-injury and when GCS scores are not
severely low. When GCS scores are as low as 3 or 5, the mito-
chondrial changes are not so varied. Even at the early post-injury
phase, the mitochondria exhibit primarily end-stage degenerating
profiles, when GCS scores are low. When GCS scores are moderate
or high, Far and Penumbral zones exhibit primarily normal and
normal reactive mitochondrial categories at early post-injury phase.
Rare reactive/degenerative mitochondria display predominantly
thread-grain-transition profiles. At late stage within the first week
post-injury, mitochondrial ultrastructural changes are occasional to
rare. Mitochondria exhibit primarily reactive/degenerating profiles
in Far and Penumbra zones and end-stage degenerating profiles in
Near zone. These findings support our hypothesis that changes in
mitochondrial ultrastructure reflect overall severity of TBI, that
they vary from one post-injury interval to another, and that levels
of irreversible (end-stage degenerating) and reversible (normal
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reactive) mitochondrial changes reflect regional levels of brain in-
jury severity. We speculate that if TBI is severe, the transformation
of mitochondrial morphology from normal to irreversibly damaged
occurs more rapidly than when TBI is mild or moderate.

Second, quantitative analysis derived from our representative
case reveals statistically significant differences in four mitochon-
drial morphologic categories both between the three contiguous
cortical injury zones and between these zones and control cerebral
cortex tissue obtained during an epilepsy lobectomy.

Third, changes in morphological categories in the Near, Far, and
Penumbral injury areas are associated with additional changes in
other markers of neuronal pathology—e.g., cell membrane dis-
ruption, cytoplasmic edema, and nuclear structural alterations,
which also vary among these zones. Previously, it was found that
different cortical contusion zones ranging from the injury center,
through its periphery, to the surrounding penumbra, display specific
pathological characteristics, e.g., blood flow and oxygenation, in
both human and experimental TBL.****7 Considering the depen-
dence of mitochondrial structure and energetics on the availability
of biofuel and oxygen, the differences in mitochondrial morphol-
ogy among these zones is consistent with these gradients.

The mitochondrial phenotypes consistently observed in our 22
TBI cases include: (A) profiles associated with conformational
changes typically associated with different rates of aerobic energy
metabolism; (B) morphodynamic alterations, including division,
thread-grain transition, budding, outer membrane blebbing, loop
and donut-shaped (toroidal) formations; (C) mitochondrial accu-
mulation in bulbous enlargements along dendrites and axons; (D)
intramitochondrial accumulation of dark precipitates and diffuse
granules; (E) appearance of mitochondrial forms involving low and
high amplitude swelling; and (F) mitochondrial authophagy.

Based on the structural status and integrity of the matrix, cristae,
and outer and inner membranes, mitochondria were grouped into
four categories: normal, normal reactive, reactive degenerating, and
end-stage degenerating phenotypes. Many additional sub-categories
were also identified. A tissue sample of a representative case ac-
quired at 38 h post-injury was selected for detailed mitochondrial
quantification. According to our unpublished results, at approxima-
tely 38 h post-injury, there is a peak of cellular edematous changes
within the first week post-injury. This case provided all three injury
zones for comparative analysis between changes in mitochondrial
morphology and different regional levels of brain injury severity.

In the central injury zone (Near), there is widespread cellular
fragmentation with end-stage degenerating mitochondria as the
primary mitochondrial phenotype. Edematous loose necrotic ma-
terial, marked dilatation of vascular spaces, vascular stasis, and
interstitial hemorrhage are characteristic for this zone. The Far and
Penumbra zones exhibit more normal-appearing cellular mor-
phology and numerous normal reactive mitochondria. The Far
zone, however, appears less well preserved than the Penumbra zone
and is characterized by intra- and extracellular edema, focal peri-
vascular hemorrhage, and occasional reactive/degenerative chan-
ges in cellular organelles. The number of end-stage degenerating
mitochondria is significantly higher in the Far zone than in both the
Penumbra zone and control tissue. Although the Penumbra zone is
better preserved than the Near and Far zones, evidence for intra-
cellular swelling and changes in cellular organelles are present.

In contrast to control tissue, the Penumbra zone exhibits sig-
nificantly fewer normal “‘orthodox’ mitochondria and a larger
number of reactive/degenerating mitochondria. In comparison with
mitochondria present in control tissues, orthodox mitochondria
from TBI tissues exhibit a significant reduction in optical density,
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suggesting a dilution and/or loss of matrix contents. This finding
also suggests that this relatively electron translucent, orthodox-like
mitochondrial profile in TBI tissue could represent an early stage
during mitochondrial swelling.*®

Mitochondria grouped to the normal category are similar in
appearance to the conformations termed orthodox, which is often
associated with relatively low, basal respiration.?*® These mito-
chondria are elongate and tubular or ovoid/spherical with moder-
ately dense matrix and well preserved cristate and membrane
structures. Normal reactive mitochondria frequently display
morphologies consistent with a “‘condensed’” conformation, which
is typically associated with rapid respiration in response to physi-
ologically stimulated oxidative phosphorylation.”®~

Far and Penumbral zones exhibit significantly more normal re-
active mitochondria when compared with control tissue. Elevated
aerobic energy metabolism has been demonstrated in the cortical
Penumbral zone of TBI patients,47 which is consistent with in-
creased mitochondria displaying a condensed conformation in this
zone. Increased mitochondrial biogenesis has also been reported in
neurons of the cortical infarct border zone after hypoxic-ischemic
brain injury.*® Some of the normal reactive mitochondria display
transformation of the matrix to a dense “‘twisted”’ conformation.
This morphotype represents an intermediate, reversible stage of
mitochondrial swelling.®® The most striking mitochondrial
morphological subtype present in the normal reactive category is
donut-shaped mitochondria and their loop-like intermediates.
Similar toroidal mitochondria have been observed after hypoxia-
reoxygenation and may be caused by dissociation of mitochondria
from microtubules and anomalous mitochondrial fusion.®

The reactive degenerating mitochondrial category is represented
mainly by mitochondria undergoing various fission processes.
These processes include thread-grain transition and appearance of
spheroidal mitochondria in the absence or presence of dense in-
clusions. Other fission-related morphologies include mitochondrial
division and mitochondrial membrane blebbing. Evidence obtained
from in vitro studies suggest that the thread-grain transition is
mediated by a dynamin-related protein 1, precedes cell death, and is
accompanied by ultrastructural alterations, autophagy, loss of cel-
lular ATP, and oxidative stress.>**>*? It is also possible that some
of the fission-related morphologies observed after TBI represent
adaptive mitochondrial biogenesis in response to metabolic stress.

There is massive mitochondrial accumulation in varicosities of
neuronal processes within the first week post-injury that may focally
increase the production of reactive oxygen species and/or pro-
apoptotic proteins by the mitochondria. The analogous massive
mitochondrial accumulation was previously demonstrated both in
human TBI axons™ and in rodent dendrites and axons after cerebral
ischemia.’! The end-stage degenerating mitochondrial category is
typified by spherical fission products represented mainly by swollen
mitochondria with electron-dense diffusely granular matrix and/or
matrix dense inclusions. These mitochondrial profiles are most and
least abundant in the Near zone and Penumbra zone, respectively.
Similar patterns of structural alterations to neuronal mitochondria
have been shown to occur during reperfusion after cerebral ischemia.>?

Mitochondrial flocculent densities can precede matrix granulation
and may be a reliable indicator of irreversible mitochondrial inju-
ry3® Although the exact pathophysiology of these mitochondrial
structural alterations is unknown, cellular calcium dysregulation
may be responsible.”>>® When intramitochondrial calcium reaches
a critical level, the mitochondrial permeability transition pore opens,
leading to mitochondrial depolarization, loss of mitochondrial
metabolites, osmotic swelling, and necrotic cell death.>*™® Other
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calcium-dependent activities that could contribute to end-stage
mitochondrial degeneration include calpain-mediated proteolysis
and phospholipase-mediated membrane lipid hydrolysis.

Based on our observations and evidence from experimental
models, we propose that the mitochondrial structural alterations
that occur in human cortical TBI tissue are associated with both
perturbations in mitochondrial dynamics and with osmotic swelling
associated with mitochondrial permeability transition (MPT) pore
openings.>> "% It has now been demonstrated that inhibition of the
MPT after TBI is a viable neuroprotective approach® % and can
improve the favorable outcomes of severe TBI patients.®*> The
several interrelated mitochondrial dynamic processes, such as fu-
sion, fission, anterograde and retrograde transport in axons, turn-
over, and interaction with cytoskeleton and other organelles, form a
complex interacting network that governs mitochondrial function
and thereby cellular integrity.* Pharmacologic approaches toward
minimizing abnormal alterations in mitochondrial dynamics war-
rant exploration and might exert neuroprotection beyond what has
been observed with inhibitors of the mitochondrial permeability
transition that help maintain mitochondrial and cellular integrity.®®

Our data suggest that TBI therapeutic interventions might target
mitochondria in Far and Penumbral zones to protect and preserve
potentially viable cortical tissue. In contrast to Near zone, these
zones appear to exhibit high levels of reversibly altered mito-
chondria within the first few days to 1 week post-injury, depending
on the severity (GCS) of the injury.
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