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Chronological changes in the morphology of mitochondria in capillary endothelial cells within muscles and
cells comprising the blood-brain barrier (BBB) were examined as indicators of mitochondrial dysfunction and
adenosine triphosphate (ATP) depletion in a patient with mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS). Electron microscopic study of muscles at biopsy and autopsy and the cerebral
frontal cortex at autopsy revealed distinct mitochondrial morphology differences among capillary endothelial
cells, cells comprising the BBB and neurons. Biopsied muscle at age 5 years showed scattered disruption of endo-
thelial tight junctions. On the other hand, at age 13 years, capillary endothelial cells in autopsied muscle were in-
flated with closed tight junctions, and some mitochondrial cristae showed concentric whorling.

Mitochondrial size and number were increased in cerebral capillary endothelial cells, pericytes and astro-
cytes, while mitochondria in neurons were preserved. At age 13 years, glycogen granules were noted in the in-
termyofibrillar cytoplasm, cerebral endothelial cells and neurons other than astrocytes. These differences in
changes among cells may suggest sequential neuroprotective responses to chronic lactic acidosis and ATP deple-
tion, involving active opening of capillary endothelial tight junctions, in MELAS.
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Introduction

Capillary endothelial cells form a permeability
barrier between circulating blood and interstitial
tissue. Also, the endothelial cells in the brain are
components of the blood-brain barrier (BBB) along
with pericytes and the perivascular feet of astro-
cytes, which regulate the access of various sub-
stances to neurons. Astrocytes have processes in
contact with both capillaries and neurons”?.

We previously described disruption of capillary
endothelial tight junctions, or the zona occludens, as
the critical pathology of mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like episodes

(MELAS), being the early capillary endothelial cell
response to chronic lactic acidosis, in biopsied mus-
cle and autopsied brain tissue from a patient with
MELAS’.

Herein, we studied tight junctions in capillary en-
dothelial cells and mitochondrial morphology
changes as indications of mitochondrial dysfunction
and adenosine triphosphate (ATP) depletion®”of
both biopsied and autopsied muscles, and in cells
comprising the BBB obtained from the frontal cor-
tex at autopsy. Tight junction disruption might be
an early response maintaining brain and muscle ho-
meostasis under conditions of ATP depletion and
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sustaining muscular and neuronal survival in
chronic lactic acidosis.
Case Report

The clinical, biochemical and brain findings at
autopsy of our patient were previously described in
detail”. This girl had begun to show fatigability at 3
years of age, with symptoms then showing progres-
sive worsening. At 5-years 1-month of age, biopsied
muscle revealed low activity of cytochrome ¢ oxi-
. dase on histochemical staining, and a point mutation
of A3243G mitochondrial DNA. Staining for succi-
nate dehydrogenase revealed strong reactivity for
this enzyme on blood vessels. At age 13 years and 6
months, she died of multiple organ failure and
chronic respiratory failure. Her height had been
104.5 cm (— 0.6 SD) and weight 13.07 kg (—2.0 SD) at
the age of 5 years and 1 month, and remained
stunted at 139 cm (— 3.0 SD) and 295 kg (— 24 SD),
respectively, at the time of death.

Results

1. Electron microscopic findings of biopsied
quadriceps femoris muscle

Muscle biopsy at age 5 years had shown scat-
tered disruption of endothelial tight junctions. Four
out of 7 tight junctions in 3 capillaries (57%) were
observed to be open. There was no mitochondrial
proliferation in endothelial cells, pericytes, intermy-
ofibrillar cytoplasm or subsarcolemmal spaces. Gly-
cogen granule accumulation was seen in subsar-
colemmal spaces and in the myofibrillar cytoplasm.

2. Autopsy findings

Autopsy was performed 10 hours after death.
The postmortem brain examination revealed dif-
fuse atrophy. Multiple old and recent necrotic foci
were observed throughout the cerebrum and were
prominent in the bilateral occipital and frontal lobes,
along with neuronal loss associated with capillary
proliferation, while some neurons were preserved.

3. Electron microscopic findings of the autop-
sied intercostal muscle

Capillary endothelial cells and pericytes showed
irregular inflation and thickening associated with
narrowing of the capillary lumen, but no disruptions
were detected in 11 tight junctions in 4 capillaries.
There was no proliferation of mitochondria in either

Fig. 1 Electron micrograph of autopsied frontal cor-
tex obtained at age 13 years and 6 months. Capillary
endothelial cells (E), pericytes (P) and an astrocytic
end-foot (A) are inflated. Distinct narrowing of the
lumen (L) is also evident. Some proliferative astro-
cytes show vacuolation (asterisk). A few lipofuscin
granules can be seen in an astrocyte. (X 3,500)

capillary endothelial cells or pericytes. However, mi-
tochondria were increased in size and number in
the subsarcolemmal spaces and myofibrillar cyto-
plasm. Some mitochondrial cristae were disar-
ranged such that they showed concentric whorling.
There were abnormally increased accumulations of
glycogen granules and lipid droplets in the intermy-
ofibrillar cytoplasm. Myofibrils were atrophic.

4. Electron microscopic findings of the autop-
sied cerebral frontal lobe

Capillary endothelial cells, pericytes, astrocytes
and neurons in the frontal lobe cortex, which was
the predominantly affected site with multiple old
and recent necrotic foci, were examined. Endothe-
lial tight junction disruption was confirmed in one of
21 tight junctions (5%) in 7 capillaries. Capillary en-
dothelial cells were inflated, mitochondria were in-
creased in size and number; disarrangement of mi-
tochondrial cristae was marked in astrocytic end-
feet as well as in endothelial cells and pericytes
(Fig. 1). In contrast, neurons were preserved with
no alterations of mitochondria (Fig. 2). Similarly, ab-
normal increases in mitochondrial size and number
were also identified mainly in smooth muscles of
small arterioles as well as in endothelial cells (not
shown). Some of the inflated capillary endothelial
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cells and neurons contained glycogen granules.
Most astrocytes showed vacuolation (Fig. 1).

The comparison of mitochondrial changes in each
of the cell types in muscles and the brain are sum-
marized in Table.

Discussion
This female MELAS patient had a mtDNA

Fig. 2 Electron micrograph

of autopsied frontal
cortex. Capillary endothelial cells (E) are inflated,
the lumen (L) is reduced in size. Pericytes (P) show
increased mitochondrial size and number, while a
surviving neuron (N) appears normal with glycogen
granules. (X 3,500)

A 3243G mutation with cytochrome ¢ oxidase defi-
ciency. She showed short stature, fatigability, mus-
cle weakness, elevated lactate and pyruvate in both
blood and cerebral spinal fluid, stroke-like episodes,
psychomotor deterioration, epileptic seizures, blind-
ness, congestive cardiomyopathy and nephrotic
syndrome. Short stature is a common and early
finding of mitochondrial disease, and is caused by
primary hypothalamic growth hormone-releasing
hormone deficiency®.

The BBB is essential to maintaining neuronal vi-
ability, and with substantial barrier loss in the hypo-
thalamus” there is critical exposure to circulating
lactate. Furthermore, decreased intracellular pH af-
fects hypothalamic neuroendocrine cells and sup-
presses endocrine secretion in MELAS®. BBB and
capillary endothelial tight junctions may play criti-
cal roles in neuronal homeostasis and neuroprotec-
tive responses to the chronic lactic acidosis charac-
teristic of MELAS.

Muscle biopsy at age 5 years prior to the distinct
onset of stroke-like episodes had shown scattered
disruption of endothelial tight junctions, but no mi-
tochondrial abnormalities were found in these endo-
thelial cells. At autopsy, capillary endothelial cells in
the intercostal muscles were inflated, with neither

Table Summary of electron microscopic study results

Cell subtype & fndings Specimen Muscle Biopsy Muastc fu?ggigled Frontal cortex obtained at autopsy
Capillary endothelial cells

opening of tight junctions + scattered, 57% - 0% + rarely, 5%

proliferation of cells - - -

inflated cells - +/+ + +/++ with glycogen granules

mitochondrial change - - + + increased in size & number
Pericytes

proliferation of cells - - +

inflated cells - + +/+ +

mitochondrial change - - + + increased in size & number
Astrocytes

proliferation of cells + reactive astrocytosis

with/without vacuolation
inflated cells + + with lipofuscin granules
mitochondrial change + + + increased in size & number

Neurons
proliferation of cells
inflated cells
mitochondrial change

- with glycogen granules
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disruption of tight junctions nor mitochondrial ab-
normalities. Scattered endothelial tight junction dis-
ruptions in biopsied muscle, seen at 5 years of age,
were no longer detectable in autopsied muscle at
age 13 years, suggesting the disruption of tight
junctions to possibly be an early neuroprotective re-
sponse to lactic acidosis. Disruption of endothelial
tight junctions was rare in brain capillaries at
autopsy (1/21; 5%). Electron microscopic study of
the frontal cortex revealed distinct mitochondrial
morphology differences in endothelial cells and cells
comprising the BBB. Mitochondrial size and num-
ber were increased in capillary endothelial cells,
pericytes and astrocytes, while mitochondria in
neurons were unchanged.

The tight junction disruptions induced by lactic
acidosis may represent early and active opening.
This active opening of tight junctions might lead to
an influx of plasma lactate into the cerebral intersti-
tial space, and the resultant lowering of cerebral in-
terstitial pH would suppress the activities of both
cellular enzymes and glycolysis, thereby contribut-
ing to neuronal survival associated with low activ-
ity. When cerebral metabolism is suppressed in lac-
tic acidosis. lactate transport across the BBB might
be enhanced and lactate may partially replace glu-
cose as a substrate for oxidation in astrocytes and
neurons”. Energy sources for astrocytes include
glucose supplied via endothelial cells by specific glu-
cose transporters®.

Moderate lactic acidosis offers potential neuro-
protection through suppression of neuronal activity
during ischemia which might reduce neuronal
metabolic energy demands and glucose utilization
by inhibiting phosphofructokinase®. In the early
stage of lactic acidosis in MELAS, tight junctions
might mediate a neuroprotective action, like hy-
pothermia, against hypoxic-ischemic encephalopa-
thy”.

Glycogen metabolism usually couples astrocytes

10)

and neurons'. Glycolysis in astrocytes leads to the

production of lactate, which serves as an energy
substrate for oxidative metabolism in active neu-
rons mediated by the monocarboxylic acid trans-

10}

porter”. However, lactic acidosis in MELAS may
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suppress glycolysis in astrocytes, and lactic trans-
port from astrocytes to neurons, thereby lowering
neuronal activity. Accumulation of glycogen gran-
ules was noted in subsarcolemmal spaces and my-
ofibrillar cytoplasm in both biopsied and autopsied
muscles, as well as in endothelial cells and neurons
in autopsied brain tissue from this patient, indicat-
ing ATP demand and glycolysis in muscles and
neurons to be reduced.

Thus, in chronic cerebral lactic acidosis, sup-
pressed neuronal metabolism could compensate for
ATP depletion in neurons and delay neuronal loss,
thereby providing neuroprotection.

Conclusion

The morphological changes in the mitochondria
of cells comprising the BBB and neurons were cell-
selective in MELAS. The disruption of endothelial
tight junctions, as well as these cell-selective
changes in mitochondria and surviving neurons
with inactivity, may be attributable to neuroprotec-
tive responses to chronic cerebral lactic acidosis
and ATP depletion.

We obtained no financial support nor do we have any
relationships that may pose conflicts of interest.
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MELAS IZ& 1+ 2 MG RBEFIE MR & SEMROI P A RUPREDER ;
EMmEREHEROR#EESHEMICK 3BBEREORES
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Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) @ 1 fizBit5, I bz
YR THEEBEETE ATP B EDTEIEL LTI Pa vy FY TEEORBNEILE, 5AEMIME A EMR
L MBI (BBB) #RMINL THRET L7z, EFEMSIT R, SRR &R A OB/ M E N M & ik
2B A KBATTEZE N E BBB RS L UARBMIE T, I Yy FYTHRBIECELVWEZRL D2 5Kk
DFHAERIIAE MRS SHRSBE LTz, —F, 13RROHBRHGAOEMME MM, BL, A
SFEEAEIEAL, Z2VATIREEIROER 2 XL bary FY 7238074 ROBMMEAEZME, ERH
fo, BIRB#MBEOI P2y FY70ORES, HEDITWRLAD, ARMEEANOI bay V) 7RIEFICR:N
TWwie, 7y a—7 YEE, 13RO RGERER, RoBMMENZMER, &R oh, BRE
MpgICidROoN b ol SNOLEEBRMKICBITA I ba Y N 7OBEELERIE, MELAS 2B 518
FRET ¥ F—Y R & ATPABICKIS L, FEMME N MRS & 2 BB ISR 2 M REMRH EEZ X
7-.
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