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1. Introduction
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Mitochondria are critical cellular organelles (0.5—
1.0 um) located in the cytoplasm of most eukaryotic
cell types. They are responsible for the generation of
Primary defects in mitochondrial function have been impli- @pproximately 90% of a cell’'s total ATP supply and
cated in over 100 diverse diseasissitu, mitochondria pos- therefore serve as the primary source of cellular energy
sess unique and well-defined morphology in normal healthy production under aerobic conditions. Traditionally, mi-
cells, but diseases linked to defective mitochondrial func- tochondria have been viewed as the intracellular “pow-
tion are characterized by the presence of morphologically ab- erhouse”. However, recent studies recognize that mito-
normal and swollen mitochondria with distorted cristhe. chondria are not mere|y semiautonomous ATP gener-
§itq study of m'itochondr.ial morphology is established as an ators, but highly evolved organelles that are fully in-
indicator of 'mltochonglrlal health but thus.far assessments tegrated into the overall functioning of the eukaryotic
have been via subjective evaluations by trained observers us- cell. [4,15,19,26]. It has been recognized since the late
ing discontinuous scoring systems. Here we investigated the 1960'37 thr;lt r;litochondria play a major role in many
value of digital imaging analysis to provide for unbiased, re- . . ) .

metabolic processes of eukaryotic cells, including cy-

producible, and convenient evaluations of mitochondrial ul- i lci h . dulati f cell red
trastructure. Electron photomicrographs of ileal mucosal mi- tosolic calcium homeostasis, modulation of cell redox

tochondria were investigated using a scoring system previ- Status, osmotic regulation, pH control, and intracellular
ously described by us, and also analyzed digitally by using Signaling [32]. Mitochondria have also been shown to
six digital parameters which define size, shape, and electron be involved in apoptotic as well as necrotic cell death
density characteristics of over 700 individual mitochondria. [3,7,10,27].

Statistically significant changes in mitochondrial morphol- In addition to the realization of essential aspects of
ogy were detected in LPS treated animals relative to vehi- mitochondrial performance, the potential roles of mi-

cle control using both the subjective scoring system and dig- tochondrial dysfunction in disease are increasingly ev-
ident [13,14,17,30]. Thus far, primary defects in mi-
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tochondrial function have been implicated in over 100
diverse diseases, including neurodegenerative disor-
ders [2], liver disease [20], diabetes mellitus [1], blad-
der dysfunction [18] and cardiac failure [21,22]. We
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have also recently shown the involvement of mitochon-
dria in sepsis-related organ failure [5,6]. Furthermore,
the severity of sepsis-induced mitochondrial ultrastruc-
tural injury strongly correlates with the impaired oxy-
gen metabolism [16], typical of sepsis, in systemic or-
gans [5]. Thus, mitochondrial dysfunction appears to
have a general role in a wide array of pathophysiolog-
ical settings and may be a new target for therapeutic
strategies [17].

Mitochondria have unique and well-defined mor-
phology that includes an outer membrane, which is
permeable to most small molecules1(0 kD) and
ions, and an extensively invaginated inner membrane
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to provide for unbiased, reproducible, and convenient
evaluations of mitochondrial ultrastructure, as captured
in electron photomicrographs of ileal mucosal tissue
taken from Control and endotoxin (LPS)-treated ani-
mals.

2. Methods
2.1. Study design and tissue collection

lleal mucosal tissues were harvested from a feline
model of lipopolysaccharide (LPS)-induced organ fail-

(cristae) with more selectivepermeability characteris- ure [5,6]. Segments of ileal tissue were collected at 2
tics [19]. In normal cells, this organelle is typically and 4 hours after LPS (3.0 mg/ml, 1V) or saline (ve-

oval shaped or elongated; however, alterations in per- hicle) administration and then processed for electron
meability, such as during various disease states, causemicroscopy (see below). Electron photomicrographs
significant changes in mitochondrial shape [11,12,20]. of ileal mitochondria were then studied using a digi-

Diseases linked to defective mitochondrial function are tal imaging approach and a traditional scoring system
characterized by the presence in the tissues of morpho-we previously developed [5,6]. The animal preparation

logically abnormal and swollen mitochondria with dis-
torted cristae, and the study of situ mitochondrial
morphology can be a suitable indicator of the health
and viability of this organelle [24,25,28].

Assessments ah situ mitochondrial morphology
have potential value in the study of disease mecha-
nisms and therapeutic interventions, but quantitative
and robust methods to do so are not well-defined [15].
In previous reports, we and others have examined
in situ mitochondrial morphology via examination of
electron photomicrograph images and histopathology
scoring approaches [5-7,29]. These qualitative meth-
ods, based primarily upon subjective scoring of mito-
chondrial swelling and morphological changes, have
been valuable, but several important limitations ex-
ist. These limitations include a required expertise in
mitochondrial assessments, potential variability in the
results from different laboratories, limited statistical
power of discontinuous parameters, and the potential
for investigator bias.

Recent advances in digital imaging tools provide

used has been described in detail previously [5,6], and
all experiments were approved by The Ohio State Uni-
versity Institutional Laboratory Animal Care and Use
Committee.

2.2. Tissue collection and electron microscopy

lleal tissue samples were diced and immediately
submerged into buffered isotonic fixative (4% para-
formaldehyde, 2.5% glutaraldehyde, and 0.1 M su-
crose in 0.1 M phosphate buffer, pH 7.4) for ap-
proximately 2 hours at room temperature. The tis-
sue was then minced such that longitudinal sections
through the villi were easily obtained. Tissue pieces
were then repeatedly rinsed in isotonic buffer (0.1 M
sucrose in 0.1 M phosphate buffer, pH7.4), post-
fixed in 1% osmium tetroxide in rinse buffer for 1 hour
at room temperature, rinsed again in rinse buffer, and
stored overnight at4C. The following morning, the
tissue pieces were allowed to come to room temper-
ature, then dehydrated through an ascending series of

an opportunity to characterize images using automated ethanol solutions. After rinsing with propylene oxide,

software with high precision, minimum investigator
bias, and provision of continuous numerical parame-
ters for statistical comparisons. Digital imaging meth-

they were infiltrated with and embedded in Spurr me-
dia that polymerized overnight at 80. The next day,
thin sections (80—90 nm) were cut on a Reichart Ul-

ods may also increase data throughput and reliability. tracut E microtome, mounted on copper grids, stained
No previous studies have demonstrated the value of with 2% uranyl acetate and Reynolds lead citrate, and
digital imaging technologies for tha situ assessment  then later examined using a Phillips CM-12 transmis-
of mitochondrial morphology, and optimal conditions sion electron microscope at 60 kV. All electron pho-

to do so have not been defined. Here, we investigated tomicrograph images investigated in this study had a
the potential value of using digital imaging analysis magnification of 55,008 [5,6].
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Table 1
Qualitative scoring system
Cellular injury Mitochondrial Mitochondrial characteristics
stage injury score
Stage | 0 Normal appearance
Stage II/11l 1.0 Swelling of endoplasmic reticulum, minimal
mitochondrial swelling
Stage IV 2.0 Mild mitochondrial swelling
3.0 Moderate or focal high-amplitude swelling
4.0 Diffuse high-amplitude swelling, disruption of cristal
membrane integrity
Stage V/VI 5.0 High-amplitude swelling with some mitochondrial

flocculent densities and/or calcifications
Digital imaging parameters

Qualitative Characteristic Digital imaging
parameter morphological parameter

change
Swelling Increased size e Mitochondrial area

change in shape e Aspect ratio
o Roundness= perimetef/(4-7-area)
e Perimeter
Condensation Change in e Mean optical density
intracristal structure e Variation in optical density (OD-CV%)
*[5,6,29];1[8,9,29].

2.3. Morphological assessments of mitochondria ing ImagePro 4.0 software (Media Cybernetics, Silver
Springs, MD). Once traced, each individual mitochon-
2.3.1. Qualitative morphological scoring drion was independently evaluated using digital pa-

High resolution black and white electron photomi- rameters. All subsequentimage analysis was also per-
crographs (& x 11 inches) were evaluated using a formed using ImagePro 4.0 software.
strategy designed to consistently grade the severity of ~ Traditional evaluations of mitochondrial morphol-
mitochondrial ultrastructural injury, as previously de- 09y focus mainly upon the size and shape of the mito-
scribed [5,6]. The association between the degree of chondria and the structure of the cristae. We therefore
mitochondrial injury and the defined stages of cellular Selected six digital parameters that related to these sub-
injury [29] was employed to quantify the severity of ul- !ectlve scoring parameters (Table 1, see Dlglltal Imag-
trastructural injury to the ileal mitochondria on a scale 1" Parameters). Measurements of these six parame-
of 0-5, as shown in Table 1. This approach is similar to ters were then made on each individual mitochondrion
the morphometric analysis developed by Trimmeretal. (-9, approximately 700 mitochondria were individu-
(2000). Using this scoring approach, we have recently ally mvgsﬂgated). Average parameteryalues were then
demonstrated evidence of mitochondrial ultrastructural d€términed for each electron photomicrograph image.
injury at 2 and 4 hours post-LPS in this feline model To enhance automation, these six parameters were de-

[5,6]. fined in the imaging software, and a macro-subroutine
' o _ . was programmed to allow high-throughput parameter
2.3.2. Digital imaging evaluations measurements for all collected images.

Electron photomicrographs (55,00@nagnification)
were converted to computer files using a high-resolution 2.4, Statistical analyses
flatbed scanner (Hewlett-Packard ScanJet 6200C, 2400
dpi, TIF file format). The outlines of all mitochon- All data are expressed as the meaiSEM. All sta-
dria present in each image (roughly 10 per photomi- tistical tests were conducted using SigmaStat software.
crograph) were traced by automated edge detection us-Comparisons of parameters between groups were con-
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Fig. 1. Representative electron photomicrographs of ileal mucosal mitochondria. (A) Control animal 4 hours post-treatment; (B) LPS-treated
animal 2 hours post-treatment; (C) LPS-treated animal 4 hours post-treatment; (D) Injury scores as determined using qualitative criteria defined
in Table 1 (meant SEM). In comparison to the normal mitochondrial ultrastructure in control, LPS treatment caused significant ultrastruc-
tural injury (see arrows in (B), (C)). Mild to moderate mitochondrial swelling was typical of most of the LPS-treated animals by 2 hours (B),
while high amplitude swelling with concomitant loss of membrane integrity was often observed by 4 hours post-treatment (C). (Magnification:
55,000x; Staining: 2% uranyl acetate and Reynolds lead citrate). Significant mitochondrial ultrastructural injury was apparent within 2 hours

and worsened by 4 hours following LPS treatmeni & 0.001, compared to time-matched Contrdls; < 0.01, compared to corresponding

2-hour measurement).

ducted using 2-factor ANOVA (testing for time and
treatment effects), followed by Newman-Kepgst-
hoc tests. Pearson’s nonparametric correlation analy-
ses were used to test for statistically significant as-
sociations between qualitative mitochondrial injury
scores and quantitative morphological parameters. In
all casesp < 0.05 was considered statistically signifi-
cant.

3. Results

As shown previously [5,6], significant mitochon-
drial ultrastructural injury was evident in ileal mu-
cosal tissues 2 hours following LPS treatment (Fig. 1).
Mitochondrial injury typically consisted of mild to
moderate swelling of all intra-mitochondrial compart-
ments by 2 hours with high amplitude swelling and
accompanying loss of membrane integrity evident by

to derive inter- and intra-investigator parameter vari-
abilities. In all cases and for all 6 digital parameters,
the coefficient of variation was less than 4%.

In our preliminary investigations, we found our dig-
ital imaging approach to be convenient and time effi-
cient. Following the establishment of optimal condi-
tions, images could be analyzed at the rate of about
1 image/5 min. Due to the automation, all the data was
directly obtained in a form easy for statistical analy-
sis (spreadsheet format). In total, about 700 individual
mitochondria were analyzed in the present study.

The mean mitochondrial morphological assessments
for the Control and LPS-treated groups over time are
shown in Fig. 3. We observed statistically significant
differences between the groups with respect to Mi-
tochondrial Area, Aspect Ratio, Perimeter, and mean
Optical Density (OD) at both the 2 and 4 hour time-
points. Roundness and the Variation in Optical Den-
sity (OD-CV%) were significantly different between

4 hours post-treatment (Fig. 1). Qualitative assessment the groups as well, but only at the 2 hour time-point.

of mitochondrial injury (using criteria defined in Ta-
ble 1) following LPS administration, yielded a mean
injury score that was 4 times greater than that of time-
matched Controls by 4 hours (Fig. 1, lower panel).
Shown in Fig. 2 are representative electron pho-
tomicrograph images of single ileal mitochondria 4
hours after Control or LPS treatment. In addition, mean
values of the six digital parameters (as listed in Ta-
ble 1) derived in this study are provided. In preliminary
studies, we investigated the variation of the mitochon-

These statistically significant differences are consistent
with previous findings wherein LPS treatment caused
time-dependent mitochondrial ultrastructural injury in
ileal tissues [6].

Shown in Fig. 4 are the relationships between the six
digital mitochondrial parameters and the qualitative as-
sessments of mitochondrial injury in the same electron
photomicrograph images according to Table 1. Using
Pearson’s nonparametric correlation analysis, statisti-
cally significant correlations were observed for mito-

drial imaging parameters. Three separate investigators chondrial Area, Aspect Ratio, Roundness, and Perime-

(blinded to the treatment groups) studied a subset of

ter; whereas, the OD parameters did not demonstrate

electron photomicrographs on three separate occasionssignificant correlations.
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CTL4hr LPS4hr

Area (uM) 0.22 0.67
Aspect ratio 2.17 1.16
OD (mean) 0.29 0.14
OD (STD.DEV) 0.11 0.08
Perimeter (M) 1.80 2.93
Roundness 1.40 1.06

Fig. 2. Representative of digital imaging parameters for individual mitochondria 4 hours after the administration of vehicle control (left panel) o
LPS (right panel). Digital parameters of area and perimeter were derived from a continuous tracing of the outer mitochondrial membrane (green
line). The aspect ratio and roundness of individual mitochondria were determined using the major and minor axes (red lines), as shown. The optic
density (OD) parameters were measured within the region described by the perimeter (green line) and likely reflect changes in the density of the
mitochondrial matrix (e.g., a decrease in OD may occur during osmotic swelling).
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Fig. 3. Mean morphological assessments 2 and 4 hours after the administration of vehicle control or LPS. Two hours after LPS treatment, all
measured morphological parameters demonstrated significant deviations from the Controls. LPS-induced changes in mitochondrial morphology
included an increase in size, as reflected by greater perimeter and area measurements, and a more rounded shape, as reflected by a decrease in the
aspect and roundness measurements. The mean optic density (OD) was reduced with the variation in optic density (OD-CV%) increased 2 hours
post-treatment, perhaps related to the osmotic swelling of the mitochondria. Morphological parameters of area, aspect ratio, perimeter, and OD
remained significantly different between the groups at 4 hours post-treatment.
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Fig. 4. Relationship between the mitochondrial injury score and the digital imaging parameters assessed 4 hours after the treatment with LPS
(black circles) and in time-matched Controls (open triangles). Evaluations of mitochondrial ultrastructure using the qualitative scoring method
(i.e., mitochondrial injury scores) were highly correlated with respect to changes in area, aspect ratio, roundness and perimeter, but not with the
OD parameters.

4. Discussion and throughput was greatly facilitated by the creation
of an automated subroutine. Further advantages in-
Mitochondria are now recognized as important par- cluded a high degree of reproducibility (inter- and
ticipants in a variety of acute and chronic disease intra-observer variatiorc4%) and the generation of
states. In this regaré situmitochondrial morphology ~ continuous parameters for statistical analyses.
closely correlates with changes in oxygen metabolism  Using a qualitative scoring system, we have recently
in systemic organs [5] and accurately reflects the sever- reported time-dependent changes in ileal mitochon-
ity of cell damage [29]. The use of electron microscopy drial ultrastructure following LPS treatmentin cats [5,
for the purpose of mitochondrial visualization has been 6]. In the present study, we found that four of the
conducted for several decades but only recently have six digital parameters we investigated provided statis-
investigators attempted to use these images for mor- tical conclusions consistent with our previous report.
phological assessments in pathological settings. Thus These objective parameters are reflective of changes
far, all previous reports have used qualitative scor- in size and shape (i.e., mitochondrial area, aspect ra-
ing approaches to assesssitu mitochondrial health. tio, perimeter, and roundness). These size- and shape-
While valuable, these approaches require investiga- related mitochondrial parameters had a high degree of
tor expertise, are labor intensive, provide discontinu- correlation to the scoring system we previously em-
ous parameters, and are difficult to standardize. We ployed. In contrast, parameters that reflected intra-
therefore investigated the use of digital imaging tech- mitochondrial density and condensation were different
nologies to aid in throughput and reliability for mito-  between the groups only at 2 hours post-treatment, and
chondrial morphology studies. We identified six quan- these parameters did not correlate with the mitochon-
titative parameters that were consistent with the ul- drial injury score. This discrepancy suggests that char-
trastructural hallmarks of mitochondrial damage, in- acteristics of condensation may be less sensitive than
cludingswelling and condensation. These parameters changes in size and/or shape in this model of mito-
were easily assessed using digital imaging software chondrial injury. Alternatively, the subjective assess-
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ments utilized for determining the mitochondrial in-
jury scores may have been derived more from shape
changes than from density changes.

In summary, we have developed and validated a dig-
ital imaging approach for routine morphological as-
sessments of mitochondria from electron photomicro-

graph images. Several scalar parameters were read-

ily derived to provide data regarding mitochondrial
size, shape, and ultrastructural density. These param-
eters provided statistical conclusions identical to an
integrated mitochondrial injury scoring system de-
rived from more labor-intensive subjective assess-
ments. Most digital parameters were highly correlated
to the subjective scoring system. This concurrence pro-
vides evidence of the robust value of the digital meth-
ods and further validates the conclusions previously
derived using the subjective scoring system. Thus, the
primary advantages of the digital imaging approach
are enhanced throughput, a high degree of standardiza-
tion, and an excellent concurrence to other established
methodologies. These results emphasize the utility of
mitochondrial ultrastructural evaluations in the setting
of disease and demonstrate the value of digital imaging
methods for this purpose.
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