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Abstract

The spatial density of mitochondria was studied by thin-section electron microscopy in smooth muscles
of bladder, iris and gut in mice, rats, guinea-pigs and sheep. Morphometric data included areas of muscle
cell profiles (~6,000 muscle cells were measured) and areas of their mitochondria (more than three times
as many). The visual method delivers accurate estimates of the extent of the chondrioma (the ensemble of
mitochondria in a cell), measuring all and only the mitochondria in each muscle cell and no other cells. The
digital records obtained can be used again for checks and new searches. Spatial density of mitochondria
varies between about 2 and 10% in different muscles in different species. In contrast, there is consistency of
mitochondrial density within a given muscle in a given species. For each muscle in each species there is a
characteristic mitochondrial density with modest variation between experiments. On the basis of data from
serial sections in the rat detrusor muscle, mitochondrial density varies very little between the muscle cells,
each cell having a value close to that for the whole muscle. Mitochondrial density is different in a given
muscle, e.g., ileal circular muscle, from the four mammalian species, with highest values in mouse and low-
est in sheep; in mice the mitochondrial density is nearly three time higher that in sheep. In a given species
there are characteristic variations between different muscles. For example, the bladder detrusor muscle has

markedly fewer mitochondria than the ileum, and the iris has markedly more.
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Introduction

Mitochondria are well in evidence in all smooth muscle cells in every organ of the body; their role in aero-
bic metabolism is as well established as it is essential. Since the smooth muscles of viscera, or visceral muscles,
serve a variety of mechanical roles (even more than vascular smooth muscles do) and have specialized func-
tions in each organ, one might ask whether the mitochondrial apparatus (also known as the chondrioma, that is,
the ensemble of the mitochondria in a cell) shows differences in various organs and animal species and ages of

life, for example. There is no answer to that question, in published work, and smooth muscle physiologists have
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to make do with the assumption that the chondrioma is the same in all muscle cells, except in certain pathologic
conditions. Even a basic morphological parameter such as the spatial extent of the chondrioma within smooth
muscle cells has not been studied systematically, in spite of the possibility that quantitative data will help to
understand structure and function of those muscles. In addition, related problems of morphogenesis, in evo-
lutionary terms and over the life of a single organism are still very unclear and in need of new observations.

The present study is an attempt (a first attempt in the literature) to put on a quantitative basis the extent of
the chondrioma (referred to as spatial density or simply density of mitochondria) in a few smooth muscles of
the gut, bladder and iris, in some mammalian species. Wider afield, especially in plant studies and in animal
cells grown in vitro, chemical and structural differences within populations of mitochondria have been found
and are well documented (1, 2).

There are many examples of variation in size and distribution of mitochondria in different cell types. For
example, well documented are those in fish muscles with different fibre types (3—5) and in pancreatic acinar
cells (6). Fernandez-Vizarra and colleagues (7) have observed differences in number, function, protein com-
position and morphology in mitochondria from whole-organ homogenates of brain, heart, liver, kidney and
skeletal muscle of the rat.

What is particularly interesting, however, is that the chondrioma is in a dynamic state and its volume
and functional properties change under special circumstances. This has become clear since the classic stud-
ies by Gottfried Schatz on yeast (e.g., 8, 9). Among the studies of adaptive changes, those on skeletal muscle
under condition of endurance training are quite substantial (e.g., 10, 11). Buser et al. (12) found an increase
in mitochondria in skeletal muscles of growing rats after cold adaptation, paralleling the increase in oxygen
consumption.

Variations in structure and function of mitochondria clearly exist; however, the field is so vast and the
techniques employed so varied that it is hard to draw general conclusions, even when there are thorough inves-
tigations and good solutions of the technical problem of quantitation of mitochondria (13, 14). The difficulty of
preservation in vitro of the in vivo conditions is recognized (15). This matter is highlighted by a simple com-
parison of the complex internal architecture of mitochondria documented by cryo-electron microscopy (16,
17) with the (rarely published) images of mitochondria after homogenization (but see a good documentation in
Hendgen-Cotta et al. [18]). In addition, data on cell lines and other cells grown in vitro are not fully representa-
tive of cells living within tissues and organs. Also some chemical variations may reflect functional states rather
than the existence of different populations of mitochondria.

In contrast since the original observations of Veltri et al. (19) the variation in DNA content between mito-
chondria of different cell types has been repeatedly confirmed.

There is also some evidence suggesting the possibility that even in a single cell there is functional het-
erogeneity in mitochondria (20). Subpopulations of mitochondrial, structurally and metabolically distinct
were described by Kuznetsov and Margreiter (21), by Riva et al. (22) and by Hollander et al. (23). However,
Hendgen-Cotta and colleagues (18) provide strong evidence against the existence of discrete subpopulations
of mitochondria in cardiac muscle of the mouse. Battersby and Moyes (24) had already shown absence of
subpopulations of mitochondria in skeletal muscles. In this field, terms such as types, populations, heterogene-
ity, subpopulations and similar carry theoretical aspects that are far from simple, to be added to any transient
functional variations in any set of organelles.

The method used in this study is based on electron microscopy, transverse sections of a variety of smooth
muscles and a morphometric analysis of micrographs. The methodological aspect of the work is important, as

will be discussed, and the method is chosen not in preference but as an alternative to several other strong ap-
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proaches in use, particularly those discussed in two extensive publications (13, 14).
The numerical data that will be presented, extracted from electron micrographs, are not used as precise

quantitative values but as indicators of constancy, or change, or variation or difference between muscles.

Materials and Methods

Materials

Animals used for this study were: adult Sprague-Dawley rats (body weight 170-250 grams); adult female
sheep (ewes; body weight about 35 kg); adult mice, Swiss strain (body weight 25-35 grams); and guinea-pig
(body weight 200-500 grams).

Tissues were also examined from guinea-pig fetuses, from very young guinea-pigs aged from 1 to 17
days, and from guinea-pig aged 24 to 36 months (aged guinea-pigs). All the procedures involving materials

from animals complied fully with the UK Home Office Regulations under a Personal and a Project License.

Microscopy

All the materials were dissected from freshly killed animals and, after a short passage in Krebs solution,
were immersed in fixative, at room temperature. Relaxation of the smooth muscles was maintained or obtained
by a brief incubation (20120 seconds) of the tissue in a Ca?*-free version of Krebs solution at room tempera-
ture. Strips of muscle (tenia coli of guinea-pigs) and hollow organs (bladder and gut) were immersed in fixative
while maintained in a degree of physiologic distension, mainly in order to avoid contracture and excessive
shortening or distortion of the natural arrangement of the muscle cells. The fixative was glutaraldehyde, buff-
ered with Na*-cacodylate and used at a concentration ranging between 3% and 5% in different experiments.
All the tissues were post-fixed in osmium tetroxide and dehydrated in graded ethanols and epoxy-propane,
before embedding in Araldite.

Sections of about 0.1 pm thickness were cut with glass knives, collected on 200-mesh copper grids or on
single-hole grids, and stained with uranyl acetate and lead citrate. They were examined and photographed in
an electron microscope. Single electron micrographs were taken on film at medium magnification (8,000 to
24,000x) and were followed by photographic montages at low magnification (3,000 to 8,000x). Positive prints
enlarged 2.5x were made, the montages assembled, and all areas of interest scanned on an A3 flatbed scanner
at 600 dpi resolution. Some montages were assembled electronically by scanning directly the electron micro-

scope plates at 2,400 dpi resolution.

Morphometry

The microscope images, in digital form, were analyzed with the software FreeHand version 10 and version
MX (both originally produced by Micromedia, but no longer supported by Adobe). This required the use of
Apple desktop computers operating with an obsolete operating system (earlier than OX 10.6).

The structures of interest were ‘traced’, in order to record and measure their outline, perimeter and area.
Strictly speaking this is not a ‘tracing’ procedure: rather, a series of points in linear sequence is placed by hand
(by clicking the computer mouse) sequentially along the contour of the object of interest, e.g., a muscle cell
or a mitochondrion. The points around an individual object, joined to each other by straight segments, form a
polygon; the software then replaces each segment with a Bezier curve for each point, and a smooth profile of
the object thus emerges. The precision of this outlining procedure can be controlled by the number of points

(mouse clicks) that one enters over the profile of an object (a judicious number of points produces a more faith-
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ful outline that an excessive number of points). In practice all the membrane-based elements in a tissue were
traced, including those of blood vessels, nerves and other non-muscle cells. For the present study only the
outlines of muscle cells, their nucleus and their mitochondria were used.

Several thousand muscle cells (strictly speaking, those were not muscle cells but muscle cell profiles) and
more than three times as many mitochondria were traced individually by hand. Number of objects, and area
and perimeter of each one of them were obtained by means of NIH Imagel.

The morphometric data presented are all based on micrographs, that is, on two-dimensional views of the
muscles rather than on three dimensions. However, since the mitochondria are round or oval or, when elon-
gated, have rounded ends, the values for perimeters and areas on 2-D sections were taken as comparable to
those (unknown) of 3-D surface and volume of those structures. Most of the data are given in percentage form,
that is, the percentage of the cytoplasm area that consists of mitochondria, and the term cytoplasm in this case
refers to the whole cell minus its nucleus. Actual measurements of areas and perimeters, in micrometres, were
also obtained. For the present purpose the use of percentage values is sufficient, and it is preferred because it
avoids the great difficulties of obtaining exact size values when accounting for specimen shrinkage in fixation,
compression in sectioning and microscope magnification across different instruments, over a large amount of
material. The number of mitochondria per cell profile is not used, because it is regarded as an unsafe parameter
for comparative work, since it is impossible to have all the preparation in exactly the same condition of relax-

ation (or contraction), and the individuality of mitochondria when in groups is sometimes uncertain.

Results

Mouse

In the ileum of the mouse, 139 muscle cells of the circular muscle layer (from 3 experiments; summation
of the sectional areas measured: 3,534 pm?) contained 2,347 mitochondria (summation of the sectional areas
measured: 301 um?), which occupied 8.94% of the cytoplasm. It is not uncommon to find cell profiles with 15
or more mitochondria, often arranged in large aggregates near the central axis of the cell, although they could
be found in any part of the cell profiles (which were disproportionately large by comparison with other species)
(Fig. 1A and B).

Sheep

In the circular muscle of the sheep ileum mitochondria in muscle cells appear uniformly distributed and
are present, usually singly, in the large majority of cell profiles (Fig. 2A and B). They are located in any part
of the cell, including areas immediately beneath the cell membrane and areas adjacent to the nuclear envelope.
They form a relatively uniform population in terms of size (as can be judged from single sections of a muscle),
by comparison with other muscles.

In 1,226 muscle cells (from 6 experiments; summation of the sectional areas of muscle cell profiles mea-
sured: 7,796 um?) contained 2,023 mitochondria (summation of the sectional areas of mitochondria: 225 pm?),
which occupied 2.93% of the cytoplasm (Table 1).

Guinea-pig
Ileum
In the ileum of young adult guinea-pigs, 614 muscle cells of the circular muscle layer (from 3 experiments;

summation of the sectional areas measured: 3,100 um?) contained 2,037 mitochondria (summation of the sec-

54—



Mitochondria in smooth muscle cells

Fig. 1. Ileal muscle of mouse

A. Ileum of mouse, circular muscle layer in transverse section, with submucosa just appearing at top right and lon-
gitudinal muscle just appearing at bottom left. Smooth muscle cells of the circular layer (two of them showing the
full nucleus profile) are richly endowed with mitochondria, which are highly electron-dense in this preparation
and occur singly or clustered in large aggregates; the rest of the cytoplasm appears finely dotted by the relatively
uniformly distributed myosin filaments. Width of the microscopic field: ~18 um.

B. This line drawing is obtained from the micrograph in A, and it covers the same area. The cell membrane of
the muscle cells and the envelop of three nuclei are traced in thin lines, and the mitochondria in the full muscle
profiles are traced in black-filled small structures. Measurements of mitochondrial density were carried out on
images of this type.

tional areas: 126.2 pum?), which occupied 4.18% of the cytoplasm, calculated from the mean of 3 experiments.
No variation was noted across the thickness of the muscle layer (Fig. 3A). In the adjacent longitudinal muscle
and in the muscularis mucosae the mitochondrial density (measured on a smaller scale than in the circular
layer) was of the same order. In contrast, the accessory muscle cells that form a special layer of circular muscu-
lature bordering the submucosa along the entire length of the small intestine (their ultrastructure is described
in (25)), consistently had a mitochondrial spatial density at least a third lower than that of the main circular
muscle (Fig. 3B), and the same was noted in the ileum of the other species. A large cluster of (apparently) ir-
regularly arranged mitochondria is present beyond both poles of the nucleus. Elsewhere, mitochondria are usu-
ally elongated and parallel to the myofilaments; columns of mitochondria along the length of the cell beneath
the cell surface are found. Lateral aggregation of mitochondria is rare. Mitochondria are absent in profiles
smaller than 1 square micrometer, that is, very close to the tapered ends of the cell. The montages and graphic

representation of mitochondrial position do not reveal any evident pattern in distribution (Fig. 3C and D).

Tenia coli

In the tenia coli of young adult guinea-pigs (3 to 5 months of age) mitochondria occupied about 3.9% of
the cytoplasm, ranging in 7 experiments from 3.82% to 4.44% (Table 2) (Fig. 4A). During development, spa-
tial density of mitochondria was lower, about 3% around the time of birth (Fig. 4B), then increasing (possibly

progressively) (Table 2). At age 19 day the mitochondrial density was within the values of the young adult.
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Ileal muscle of sheep

A. Ileum of sheep, circular muscle layer in transverse section. Smooth muscle cells of the circular layer (four of
them showing the full or partial nucleus profile) presenting their mitochondria as electron dense particles in the
cytoplasm; most of them occur singly but there is a large cluster of them in the cell profile at bottom middle and
another cluster around the pole of a nucleus. Width of field of view: 35 um.

B. Detail of the circular layer near the border with the submucosa. Some muscle cell profiles display their mito-
chondria and prominent dense bodies (sites of myofilament insertion); the cell membrane shows numerous dense
bands (also for filament insertion) and there is a prominent basal lamina. At the top of the micrograph there are
four muscle cells that are smaller, more electron dense, more convoluted in outline, which constitute an accessory
thin layer of circular musculature. Collagen fibrils in transverse section (all circular in profile but of non-uniform
diameter) are present in the extracellular space. Width of field of view: 8 um.

Table 1. Mitochondrial density in sheep ileum

Sheep

dleum CM 2106 1 2 3 4 5 6
Muscle cells examined, n 1,226 131 854 45 64 72 60
Total muscle cell area, pm? 7,795.9 pm?  594.8 um?  5,780.9 um? 2282 um?  382.8 um?  396.7 um?>  423.1 pm?
Total area of nuclei 118.68 um?>  9.57 um?>  89.49 um?> 484 um> 537 um?>  2.75um?>  6.66 um?
Cytoplasm 7,677.20 585.3 5,691.40 2233 367.8 394 416.4
Mitochondria examined, n 2,023 217 1,386 77 113 125 105
Mitochondria, total area 224.92 um?  16.55 um?  165.10 pum?  5.85 um?  12.32 um?  12.5pum?  12.6 um?
Mitochondria, % of area of cytoplasm 2.93% 2.83% 2.91% 2.62% 3.27% 3.17% 3.03%

Circular muscle of sheep ileum; summary of the experiments on 6 animals. In addition to the number of cells (cell profiles) that were mea-

sured and their mitochondria (mitochondrial profiles), the Table shows the total area of the cells, the nuclei and the mitochondria measured.

The concluding observation (bold column) is the average percentage of mitochondria density (2.93%). The values of the six experiments

are also presented individually, to support the conclusion that there was only a modest variability between these animals. All the figures for

measurements are given with a decimal point (a numerical artifact and not an indication of the precision of the method) to make it quicker

to recognize that they are measurements, here all in micrometres.

In ageing animals, over 2 years old, the values of about 3.6% were at the lower end of the range of the young

adults (Fig. 4C and D). In contrast, in animals close to 3 years of age there was a markedly lower value, well
below the 3.6% mark (Table 2).
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Fig. 3.

Ileal muscle of guinea-pig

A. General view of the circular muscle layer of the ileum, in transverse section at low magnification: submucosa at
top, a small part of the longitudinal muscle layer at bottom left, part of a myenteric ganglion at bottom right, with
a fibroblast between circular and longitudinal muscle layers. The cytoplasm of the muscle cells is studded with
particles which are the mitochondria and are highly electron-dense in this preparation. Width of field of view: 50
pm.

B. Higher resolution view of the innermost part of the circular muscle layer. The submucosa is at top and a very
thin layer of flattened muscle cells separates it from the circular muscle layer proper. A large nerve bundle is vis-
ible, consisting of a glial cell and more than two dozen axons, several of which are laden with axonal vesicles;
another, smaller nerve bundle runs adjacent to it. Width of field of view: 19 pm.

C. A montage of the circular muscle layer in its full thickness, as used for the quantitative work. The submucosa
is at top, and part of a myenteric ganglion is at the bottom. Mitochondria are highly electron-dense and easy to
identify and to trace for counting and area measurement. Width of field of view: 60 um.

D. This graphic image of the musculature is obtained from the micrographs of Fig. 3C, by tracing the outlines of
all the cells (muscle cells, endothelial cells, fibroblasts), the nuclei of the muscle cells (then filling them in dark
grey) and the mitochondria of all the full muscle cell profiles (then filling them in black), before counting them
and measuring the area of each of them individually.
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Table 2. Mitochondrial density in guinea-pig tenia coli

. animal code Number of Number oi.’ Spat}al densit?/ of
muscle cells mitochondria mitochondria
fetus, term BMT 83 170 2.87%
newborn BQE 31 96 2.84%
newborn BRY 64 138 3.08%
newborn BQI 74 254 3.05%
4 day old BQQ 111 243 3.08%
4.5 day old BQH 54 172 2.99%
9 day old BQK 32 114 3.12%
17 day old BRQ 50 162 3.46%
adult BPK 121 350 4.02%
adult BPJ 209 617 3.82%
adult BQP 75 307 3.84%
adult BPW 84 244 3.91%
adult AJG 148 451 3.99%
adult AJH 214 705 4.44%
adult BIJ 252 881 4.08%
aged (~2 year old) BSIJ 55 246 3.67%
aged (~2 year old) BSK 267 778 3.52%
aged (~3 year old BQT 117 451 2.80%
aged (~3 year old) BQZ 46 212 2.75%

Spatial density of 4,591, mitochondria in 2,087 muscle cell profiles from the tenia coli of guinea-
pigs, from birth to old age. The three numerical columns give the number of muscle cell profiles
measured, the number of mitochondria in those cell profiles, and the percentage area of the muscle
cell cytoplasm occupied by those mitochondria.

Bladder
In the guinea-pig bladder detrusor muscle, 139 muscle cells had 345 mitochondria, which occupied 2.63%

of the cytoplasmic area (weighted average; the percentages from 3 experiments were 2.90%, 2.55% and 2.51%).

Iris

In the sphincter pupillae - the ring of usually entirely smooth musculature around the pupil - mitochondria
were particularly abundant: in 172 muscle cell profiles (from 3 experiments) there were 1,045 mitochondria
occupying 9.07% of the cytoplasm (the percentages from the three experiments, each with about 60 cells, were
9.60%, 9.26% and 8.41%). In this muscle, mitochondria are often clustered or stacked sideways, and have an
extensive association with cisternae of sarcoplasmic reticulum. The average size of the profiles is smaller than
in other muscles and their distribution quite irregular and matching the irregular shape of the muscle cell pro-
files (Fig. 5A and B).

Rat
Ileum

In the ileum of the rat, in 749 muscle cell profiles of the circular muscle layer from 4 experiments 3,421
mitochondria occupied 6.61% of the cytoplasm (the percentages from the 4 experiments were 7.32%, 6.06%,
6.43% and 6.14%) (Fig. 6A—D). The spatial density of mitochondria was not affected by the muscle being short-
ened in contraction or being elongated in relaxation (data not shown); the average size of the mitochondrial

profiles, however, was much greater in the contracted muscle, roughly in proportion to the expanded sectional



Fig. 4.
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Tenia coli of guinea-pig
A. Part of a montage from an adult guinea-pig tenia coli sectioned transversely. For the morphometric work in
this montage the muscle cell profiles were traced and a black line was superimposed on the cell membrane of the

muscle cells (the cell outlines thus look particularly sharp). In the muscle cell profiles that are fully included in
this field of view the mitochondria have also been traced and filled in black, in preparation for counts and mea-
surements. Width of field of view: 50 pm.

B. Part of a montage from the tenia coli of a newborn guinea-pig, in transverse section. All the muscle cell profiles
are traced and black line are superimposed on the cell membranes. In the muscle cell profiles the mitochondria have
also been traced and filled in black, in preparation for counts and measurements. Width of field of view: 35 pm.

C. Part of a montage from the tenia coli of an aged guinea-pig, in transverse section. All the muscle cell profiles are
traced and black lines are superimposed on the cell membranes. In the muscle cell profiles the mitochondria have
also been traced and filled in black, in preparation for counts and measurements. Width of field of view: 90 um.

D. Plain electron micrograph with a detail from the montage and tracing in C showing the cytological features of
the tenia muscle cells in an aged animal. Width of field of view: 35 pm.
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Sphincter pupillae of guinea-pig

A. Iris of guinea-pig, sphincter pupillae muscle in transverse section (radial to the pupil). Smooth muscle cells
present highly irregular outlines and large numbers of mitochondria. Width of field of view: 24 pm.

B. Iris of guinea, sphincter pupillae in transverse section (montage), with muscle cells traced (thin black lines) and
muscle cell mitochondria traced and filled in black, superimposed on the electron micrographs. The high spatial
density of mitochondria in this muscle compared with other muscles is well in evidence. Small, untraced profiles
(arrowed) are axons, and they too are particularly rich in mitochondria. Width of field of view: 32 um.
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area of the cells, a difference accounted for by some change in shape of the mitochondria and by some change

in their orientation.

Bladder

In the urinary bladder detrusor muscle 419 muscle cell profiles (from 3 experiments) contained 2,155
mitochondria, which occupy about 3.13% of the cytoplasm sectional area (the averages in the 3 experiments
were 3.24%, 3.04% and 3.16%). Distribution and size are similar to those of the small intestine (Fig. 7A). In an
experiment on the rat detrusor a muscle bundle of 127-135 muscle cells was examined in serial sections over a
depth of about 100 pum (Fig. 7B-D). The mitochondria density in each section of the series varied from 3.06%
to 3.24%. On the basis of serial sections, in this bundle of some 130 muscle cells, in exact transverse section
(the number of cells included varies slightly along the series, due to mid-bundle terminations and origins of
muscle cells) the spatial density of mitochondria was uniform, as one would expect even if there were varia-
tions in the single cells. The consistent value of the spatial density works more as a validation of the measure-

ment method than an original observation. In this preparation, as in all smooth muscles, individual muscle

Fig. 6. Ileal muscle of rat in four views
A. Ileum of rat, circular muscle in transverse section. Four views from the same preparation. Montage of electron
micrographs of the full thickness of the circular muscle layer, with cells of the accessory muscle layer just ap-
pearing at top right and some longitudinal muscle cells at bottom; the two clear structures are blood vessels. At
this magnification only the muscle cells, their nuclei and their mitochondria can be recognized. Width of field of
view: 160 pm.
B. In this line picture, covering approximately the area of the photographic montage and obtained with the trac-
ing procedure, the muscle cells are in grey and their mitochondria in black. All the other elements of the tissue,
including the extracellular space and non-muscle cells (with the exception of the layer of accessory circular
muscle cells at the top have been darkened.
C. A detail from the traced montage as shown in B, with added tracings of the nerve bundles (axons in red and
glia in yellow), of a blood vessel (endothelium in blue) and of the other non-muscle cells (in brown). Width of field
of view: 62 um.
D. A micrograph with further detail of the muscle layer, as in B, showing muscle cells, their mitochondria, as they
appeared under the microscope. Even before tracing, the mitochondria are optically dense and easy to recognize
and measure. Width of field of view: 18 pm.

Fig. 7. Detrusor muscle of bladder of rat
A. Smooth muscle cells in transverse section, surrounded by extracellular space with collagen fibrils and by
small nerve fibres. In all the muscle cell profiles there are mitochondria, round or oval dark structures; the
nucleus is visible in three cell profiles. The same group of cells is also visible right of centre of the micrographs
below. Width of the microscopic field: 21 pm.
B. Low-magnification of a muscle bundle in transverse section (the same as in A.) that was used for serial sec-
tions. A few muscle cells in oblique section lie around the bundle. The enlargement in B—D. is shown through the
calibration squares on 1 and 5 um in the tracings, near the right border. Width of field of view: 100 pm.
C. Tracing of the muscle bundle in B for measuring mitochondrial spatial density. The cell membrane of all
the muscle cells of the bundle, the mitochondria and the nuclei are traced; the nuclei are filled in grey and the
mitochondria are filled in black. There are 136 muscle cell profiles in the bundle at this level, 11 nuclei and 765
mitochondria. The sectional area of each muscle cell profile (minus the nucleus) and of each mitochondrion was
measured, in order to obtain the mitochondrial spatial density.
D. The same image as in C, to which numbering has been added. Each muscle cell profiles bears a double set of
digits, the first indicating the assigned number to that cell and the second indicating the number of the section
in the series. For example the nucleated cell profile at the top of A, which also appears in all the other images, is
labelled 341.01, being cell n. 341 in the first section of the series.
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Fig. 8. Muscle cells of the detrusor muscle of rat bladder.

307.23

305.23

307.31
305.31

From the same preparation illustrated in Fig. 4, two muscle cells (number 305 and 307), shaded in grey, are followed
in some serial sections (from level 01 to level 31); they are non-nucleated at these levels. Their mitochondria are
filled-in in black. Over the sequence there is a remarkable change in shape of the profiles of the two cells, whose
space relationship also varies rapidly; it should also be noted how un-smooth these cell profiles are. The number of
mitochondria varies considerable between the individual profiles; however, their average spatial density over the
series is close to the one calculated for the whole bundle. A calibration square (1 pm) is at the bottom left.

cell profiles have a large variation in the number and spatial density of mitochondria, some small profiles, and
occasionally even a large profile showing no mitochondria. Mitochondria are again absent in cell profiles of
less than 1 square micrometres. However, each muscle cell followed in serial sections, collecting the data from
up to 30 profiles at different serial levels, shows a mitochondrial density very close to the average density of
the entire bundle (Fig. 8). The variation is of the order of 2—4%.

Other animal species

Data on other animal species were collected but were not sufficiently extensive for proper quantitation.

Rabbit
In a large preparation of the ileum, 311 muscle cell profiles of the circular layer contained 1,277 mitochon-

dria, which occupied 4.76% of the cytoplasmic sectional area.

Shrew

In the shrew (a small mammal with a body weight below 10 g), in a large preparation of the ileum 232
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muscle cell profiles of the circular layer contained 1,311 mitochondria, which occupied 5.91% of the cytoplas-

mic sectional area.

Amphibians, fishes, reptiles and birds

Mitochondrial density in smooth muscles of amphibian was assessed in margin of the present study.
Typically, in the small intestine of the Axolotl the mitochondrial density in muscle cells was 1.8%. In intes-
tinal muscles of frog, Xenopus and bullfrog the mitochondrial density was consistently well below the 2%
mark. Similar values were obtained from intestinal muscles of fish (ray fish and angler fish). In a few hundred
muscle cells of the small intestine of turtles and chickens the mitochondrial density was consistently within
the 2.0-2.5% range.

Discussion

The first concern to discuss is about the reliability of the procedures used, and their limitations. Many
methods have been used for quantitative studies of mitochondria, the majority based on biochemical assays
(13, 14, 26). Some of them have great attraction, but all have considerable and well-acknowledged limitations;
in addition, the very question of what is meant with quantitative evaluation of the chondrioma has complex
theoretical aspects.

On the one hand, the morphometric method used in this study, based on electron micrographs and a graph-
ics software, can be very accurate in outlining the objects to be measured, in obtaining their dimensions and
in producing a permanent and accessible digital record of the entire procedure — images, measurements, cal-
culations. All the materials can be revisited for checks and further analysis. The mitochondria (all of them and
only them) can be readily identified microscopically, and there is no risk of contamination from other cellular
elements or from mitochondria of other cell types within the tissue. A further attraction of the method is that
the data are partly figurative, rather than entirely numerical, a possible advantage in the eye of morphologists.

On the other hand, a difficulty of the method is its reliance on adequate preservation of the tissues for
microscopy. Preparation artifacts affecting the mitochondria (such a shrinkage, swelling, cutting compres-
sion) are hard to avoid entirely, and more difficult still it is to recognize whether an artifact is present or not. A
further important weakness of this work is that all mitochondria were regarded as equal, varying only in size
and number, which is surely an oversimplification, even if it is currently the basic assumption in the literature
on smooth muscle. In any case, data on the extent of the chondrioma only show the maximum “mitochondrial
capacity” of a cell or a tissue, not what activity the organelle plays at any functional moment. In other fields,
chemical and structural differences among mitochondria have been observed, as was mentioned in the Intro-
duction.

The first conclusion to draw from the data is that the mitochondrial density, that is, the percentage of the
cytoplasm volume (or of the cell volume minus the nucleus) that is occupied by mitochondria, varies markedly
in different smooth muscles, roughly from less than 2 to almost 10 percent. Even the highest values observed
are small by comparison with those of skeletal muscles and very small by comparison with those of cardiac
muscle. For example, Park, ef al. (6), who used citrate synthase activity as an index of mitochondrial density
in human muscles, obtained relative values of 222, 115 and 48 for cardiac, skeletal and smooth muscles, re-
spectively; however, since respiration activity varied in the same proportion, the authors concluded that the
respiratory activity per mitochondrion is similar in the three types of muscle. In smooth muscles of mammals it

seems that the 10% spatial density is the upper limit for mitochondrial density, and in fact it is not a very com-
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mon value, and the lower limit is around 2%, over a range of species and muscles. Looking at other Vertebrates,
including fishes, reptiles and amphibians (preliminary observations not illustrated here) the mitochondrial
density was lower than in mammals but it never fell below about 1.8%. In smooth muscles of mammals it seems
that 10% spatial density is the upper limit for mitochondrial density, and in fact it is not even a very common
value, and the lower limit is around 2%, over a range of species and muscles. Looking at other Vertebrates, in-
cluding cold-blooded species of fishes, reptiles and amphibians (preliminary observations, not illustrated here)
the mitochondrial density was lower than in mammals but it never fell below about 1.8%.

The large differences in mitochondrial spatial density in different muscles that are observed by micros-
copy are regarded as genuine differences between the tissues (and not as artifacts), and variations of this mag-
nitude raise many questions. The variation may have biological significance in two respects. First, the variation
in the spatial density of mitochondria may impart (but not necessarily) some different functional property to
each muscle. Second, the structural features of the chondrioma are the outcome of life-long morphogenetic
processes, and should not be interpreted solely as an expression of the functional ‘needs’ of the tissue.

The second conclusion is that the ample variation of mitochondrial density is in contrast with its relative
uniformity within a given muscle in a given animal species. It is true that different experiments on the same
material show some variability, and, even if some variability is introduced and is accounted for by the method
used, some of it is surely a property of the tissue itself. So, for example, in the case of the tenia coli variability
between preparations is quite evident. Nevertheless, there is no overlap in the range of the values for the tenia
with those for the ileum of the same species, allowing the conclusion to be made that there is a range of spatial
density values that is characteristic of each muscle type or animal species. Similarly, while the results from the
guinea-pig ileum are not identical in different experiments, nevertheless there is no overlap in the data from
the experiments on the ileum of mice, rats, guinea-pigs and sheep; each one of the four species seems to have
a characteristic non-overlapping range of values for their chondrioma.

A third point concerns the variability of mitochondrial density among the cells of a given muscle, sug-
gesting the presence of some species-specific mechanisms. In an individual muscle cell profile the value of
mitochondrial spatial density has no interest: it amounts to a measurement on a small fraction of a one hun-
dredth of the volume of that cell (a section of 0.1 pm thickness out of an elongated cell 600—800 um long).
Serial sections, in contrast, are interesting because they allow measurements to be made on several profiles
from the same muscle cell. In the work with serial sections the larger the number of sections of a single cell
that are examined, the closer the value of mitochondrial density for that cell gets to the average value for the
whole muscle. How much variation would remain if one had access to all the sections of a single cell through its
entire length, cannot be established. However, the true variation between cells would be quite small, certainly
well below +/-5%. This is the conclusion offered by the rat detrusor muscle; its validity also for other smooth
muscles seems probable, but remains to be proved.

The mitochondrial density, therefore, appears to be somehow regulated, around small oscillations and
with small differences between the cells of the same muscle. What are the possible regulation mechanisms, and
how they work, is unknown. It should also be noted that a given percentage value of spatial density depends
on at least two factors, the mitochondria themselves on the one hand, and the rest of the cell on the other: for
example, mitochondria might be entirely static but their density could fall because of an increase in the volume
of the contractile material in the cell. Processes bringing in new mitochondria or eliminating old ones are
known in many cell types (27-29), including bladder smooth muscle (30); however, nothing can be said yet as
to the role of mitogenesis and mitophagy in the comparative difference described here.

As a fourth conclusion, in the circular musculature of the ileum there is intra-species consistence in mi-
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tochondrial density, as discussed, but also a characteristic variation between the four species studied. There is
some correlation between mitochondrial density of visceral muscle cells and the body size of the species exam-
ined. However, the correlation has only limited merit, because it is rather vague and there are many exceptions
(the shrew has values closer to those of the rat than to those of the mouse, for example, and the rabbit has values
close to those of the guinea-pig). A link between body size and cell size is an intriguing feature, and one that
is observed only in a very few cell types in the body. While more observations will cast light on the nature of
these links, the current data simply suggest that among the many factors influencing the muscle structure there
is also the body size of the species and its relationship with the basic metabolic rate. Recent studies have cast
much doubt on the value of these relationships, centred on the notion of scaling, in all tissues in general (31).

A fifth conclusion is drawn by comparing mitochondria in different muscles from the same species. While
along the gut of the guinea-pig variations in the chondrioma are small and probably of little significance (and
possibly, as usual, partly accounted for by technical variations), in contrast ileum and urinary bladder show a
clear-cut difference. Ileal circular muscle has 30% more mitochondria per unit volume than the detrusor muscle
of the bladder. In the rat the difference is even greater, with the bladder having only half the mitochondrial den-
sity than the ileum. The differential between gut and bladder is found both in guinea-pigs and in rats, while the
differential between guinea-pigs and rats remains the same in the two organs. Such a large difference suggests
the occurrence of a substantial difference in the energy access of the two muscles, by mitochondrial respiration
and by anaerobic energy production via glycolysis. In a parallel study (32) in the same segment of ileum used
for the present work, the mitochondrial spatial density in the myenteric neurons was found to be about twice as
large as that in the adjacent smooth muscle, and there was a similar differential between different mammalian
species; in contrast, the corresponding enteric glial cells gave values similar to those of muscle cells, that is,
much lower than those of the neurons.

The iris has the highest mitochondrial endowment of all smooth muscles, twice as large a chondrioma in
the guinea-pig iris than in the bladder (a very large difference was observed also in rats and rabbits, even with-
out quantitative evaluations). No explanation can be offered for this richness in mitochondria in the sphincter
pupillae of the iris; in principle, it may be related to some of the unique features of that muscle, such as the high
speed of contraction, the minimal external resistance to shortening or the intense exposure to light. Visible
light has marked effects on mitochondrial functions (33, 34); whether this has any physiological significance
for the musculature of the iris remains to be investigated.

Age-related changes in the chondrioma are well known and rather extensive in some cell types, including
skeletal muscle fibres (35-37). Here only preliminary data are available, on the tenia coli of guinea-pigs, and
they suggest only a minor reduction in aged animals (except in case of extreme old age). These data are difficult
to interpret in view of the continuous changes in muscle cell size and shape, organelles, density of innervation,
extracellular materials occurring in the tenia throughout life (38).

Mitochondria are highly dynamic organelles (39—41) and growth, fission, budding, change in shape are
linked with the data presented here, yet not understood. The relationship of mitochondria with the endoplas-
mic reticulum, well explored in preparations in vitro, is not clear in cells in situ, even in the case of smooth
muscle cells where the movement of calcium between cytoplasmic compartments is essential in the control of
contraction. The links of mitochondria with microtubules and the cytoskeleton, crucial in a tissue capable of
extensive isotonic contraction, should be explored, especially if detected in a whole tissue in conditions close

to natural life.



G. Gabella

Declaration

The Author declares that there is no conflict of interest with this work and the preparation of the paper.

Acknowledgment

This paper is an excerpt from a presentation at the JSNR meeting in Nagoya, August 2017, reviewing the contri-
bution of morphology to our understanding of the autonomic nervous system, with special reference to smooth muscle

cells.

References

1. Moyes CD. Controlling muscle mitochondrial content. J Exp Biol. 2003; 206(Pt 24): 4385-91. [Medline]
[CrossRef]

2. Moyes CD, Hood DA. Origins and consequences of mitochondrial variation in vertebrate muscle. Annu
Rev Physiol. 2003; 65: 177-201. [Medline] [CrossRef]

3. Battersby BJ, Moyes CD. Influence of acclimation temperature on mitochondrial DNA, RNA, and en-
zymes in skeletal muscle. Am J Physiol. 1998; 275(3 Pt 2): R905-12. [Medline]

4. Leary SC, Lyons CN, Rosenberger AG, Ballantyne JS, Stillman J, Moyes CD. Fiber-type differences in
muscle mitochondrial profiles. Am J Physiol Regul Integr Comp Physiol. 2003; 285(4): R817-26. [Med-
line] [CrossRef]

5. Dalziel AC, Moore SE, Moyes CD. Mitochondrial enzyme content in the muscles of high-performance
fish: evolution and variation among fiber types. Am J Physiol Regul Integr Comp Physiol. 2005; 288(1):
R163-72. [Medline] [CrossRef]

6. Park SY, Gifford JR, Andtbacka RHI, Trinity JD, Hyngstrom JR, Garten RS, Diakos NA, Ives SJ, Dela
F, Larsen S, Drakos S, Richardson RS. Cardiac, skeletal, and smooth muscle mitochondrial respiration:
are all mitochondria created equal? Am J Physiol Heart Circ Physiol. 2014; 307(3): H346-52. [Medline]
[CrossRef]

7. Fernandez-Vizarra E, Enriquez JA, Pérez-Martos A, Montoya J, Fernandez-Silva P. Tissue-specific
differences in mitochondrial activity and biogenesis. Mitochondrion. 2011; 11(1): 207—13. [Medline]
[CrossRef]

8. Schatz G, Haslbrunner E, Tuppy H. Deoxyribonucleic acid associated with yeast mitochondria. Bio-
chem Biophys Res Commun. 1964; 15(2): 127-32. [Medline] [CrossRef]

9. Plattner H, Schatz G. Promitochondria of anaerobically grown yeast. III. Morphology. Biochemistry.
1969; 8(1): 339—43. [Medline]

10. Gollnick PD, King DW. Effect of exercise and training on mitochondria of rat skeletal muscle. Am J
Physiol. 1969; 216(6): 1502—9. [Medline]

11. Hood DA. Invited Review: contractile activity-induced mitochondrial biogenesis in skeletal muscle. J
Appl Physiol 1985. 2001; 90(3): 1137-57. [Medline] [CrossRef]

12. Buser KS, Kopp B, Gehr P, Weibel ER, Hoppeler H. Effect of cold environment on skeletal muscle mi-
tochondria in growing rats. Cell Tissue Res. 1982; 225(2): 427-36. [Medline] [CrossRef]

13. Larsen S, Nielsen J, Hansen CN, Nielsen LB, Wibrand F, Stride N, Schroder HD, Boushel R, Helge JW,
Dela F, Hey-Mogensen M. Biomarkers of mitochondrial content in skeletal muscle of healthy young hu-
man subjects. J Physiol. 2012; 590(14): 3349—-60. [Medline] [CrossRef]

14. McClatchey PM, Keller AC, Bouchard R, Knaub LA, Reusch JEB. Fully automated software for quanti-


http://www.ncbi.nlm.nih.gov/pubmed/14610025?dopt=Abstract
http://dx.doi.org/10.1242/jeb.00699
http://www.ncbi.nlm.nih.gov/pubmed/12524465?dopt=Abstract
http://dx.doi.org/10.1146/annurev.physiol.65.092101.142705
http://www.ncbi.nlm.nih.gov/pubmed/9728090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12947029?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12947029?dopt=Abstract
http://dx.doi.org/10.1152/ajpregu.00058.2003
http://www.ncbi.nlm.nih.gov/pubmed/15374817?dopt=Abstract
http://dx.doi.org/10.1152/ajpregu.00152.2004
http://www.ncbi.nlm.nih.gov/pubmed/24906913?dopt=Abstract
http://dx.doi.org/10.1152/ajpheart.00227.2014
http://www.ncbi.nlm.nih.gov/pubmed/20933104?dopt=Abstract
http://dx.doi.org/10.1016/j.mito.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26410904?dopt=Abstract
http://dx.doi.org/10.1016/0006-291X(64)90311-0
https://www.ncbi.nlm.nih.gov/pubmed/5777331
http://www.ncbi.nlm.nih.gov/pubmed/5786739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11181630?dopt=Abstract
http://dx.doi.org/10.1152/jappl.2001.90.3.1137
http://www.ncbi.nlm.nih.gov/pubmed/7105158?dopt=Abstract
http://dx.doi.org/10.1007/BF00214693
http://www.ncbi.nlm.nih.gov/pubmed/22586215?dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.2012.230185

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Mitochondria in smooth muscle cells

tative measurements of mitochondrial morphology. Mitochondrion. 2016; 26: 58—71. [Medline] [Cross-
Ref]

Kondrashova M, Zakharchenko M, Khunderyakova N. Preservation of the in vivo state of mitochon-
drial network for ex vivo physiological study of mitochondria. Int J Biochem Cell Biol. 2009; 41(10):
2036-50. [Medline] [CrossRef]

Frey TG, Mannella CA. The internal structure of mitochondria. Trends Biochem Sci. 2000; 25(7): 319—
24. [Medline] [CrossRef]

Frey TG, Renken CW, Perkins GA. Insight into mitochondrial structure and function from electron
tomography. Biochim Biophys Acta. 2002; 1555(1-3): 196—203. [Medline] [CrossRef]

Hendgen-Cotta UB, Esfeld S, Jastrow H, Totzeck M, Altschmied J, Goy C, Haendeler J, Winterhager E,
Rassaf T. Mouse cardiac mitochondria do not separate in subsarcolemmal and interfibrillar subpopula-
tions. Mitochondrion. 2018; 38: 1-5. [Medline] [CrossRef]

Veltri KL, Espiritu M, Singh G. Distinct genomic copy number in mitochondria of different mammalian
organs. J Cell Physiol. 1990; 143(1): 160—4. [Medline] [CrossRef]

Collins TJ, Bootman MD. Mitochondria are morphologically heterogeneous within cells. J Exp Biol.
2003; 206(Pt 12): 1993-2000. [Medline] [CrossRef]

Kuznetsov AV, Margreiter R. Heterogeneity of mitochondria and mitochondrial function within cells as
another level of mitochondrial complexity. Int J Mol Sci. 2009; 10(4): 1911-29. [Medline] [CrossRef]

Riva A, Tandler B, Loffredo F, Vazquez E, Hoppel C. Structural differences in two biochemically de-
fined populations of cardiac mitochondria. Am J Physiol Heart Circ Physiol. 2005; 289(2): H868-72.
[Medline] [CrossRef]

Hollander JM, Thapa D, Shepherd DL. Physiological and structural differences in spatially distinct sub-
populations of cardiac mitochondria: influence of cardiac pathologies. Am J Physiol Heart Circ Physiol.
2014; 307(1): H1-14. [Medline] [CrossRef]

Battersby BJ, Moyes CD. Are there distinct subcellular populations of mitochondria in rainbow trout
red muscle? J Exp Biol. 1998; 201(Pt 16): 2455-60. [Medline]

Gabella G. Special muscle cells and their innervation in the mammalian small intestine. Cell Tissue
Res. 1974; 153(1): 63—77. [Medline] [CrossRef]

Schmitt S, Schulz S, Schropp EM, Eberhagen C, Simmons A, Beisker W, Aichler M, Zischka H. Why to
compare absolute numbers of mitochondria. Mitochondrion. 2014; 19(Pt A): 113-23. [Medline] [Cross-
Ref]

Cerveny KL, Tamura Y, Zhang Z, Jensen RE, Sesaki H. Regulation of mitochondrial fusion and divi-
sion. Trends Cell Biol. 2007; 17(11): 563—9. [Medline] [CrossRef]

Hoppins S, Lackner L, Nunnari J. The machines that divide and fuse mitochondria. Annu Rev Biochem.
2007; 76: 751-80. [Medline] [CrossRef]

Goldman SJ, Taylor R, Zhang Y, Jin S. Autophagy and the degradation of mitochondria. Mitochondrion.
2010; 10(4): 309—15. [Medline] [CrossRef]

Ekman M, Uvelius B, Albinsson S, Swird K. HIF-mediated metabolic switching in bladder outlet ob-
struction mitigates the relaxing effect of mitochondrial inhibition. Lab Invest. 2014; 94(5): 557—68.
[Medline] [CrossRef]

Suarez RK, Darveau CA, Childress JJ. Metabolic scaling: a many-splendoured thing. Comp Biochem
Physiol B Biochem Mol Biol. 2004; 139(3): 531-41. [Medline] [CrossRef]

Gabella G. Enteric glial cells: their morphology in a comparative perspective. Auton Nerv Syst. 2018;
55: 5-16.

Lascaratos G, Ji D, Wood JPM, Osborne NN. Visible light affects mitochondrial function and induces
neuronal death in retinal cell cultures. Vision Res. 2007; 47(9): 1191-201. [Medline] [CrossRef]

Osborne NN, Nuifiez-Alvarez C, Del Olmo-Aguado S, Merrayo-Lloves J. Visual light effects on mito-


http://www.ncbi.nlm.nih.gov/pubmed/26688338?dopt=Abstract
http://dx.doi.org/10.1016/j.mito.2015.12.003
http://dx.doi.org/10.1016/j.mito.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19410011?dopt=Abstract
http://dx.doi.org/10.1016/j.biocel.2009.04.020
http://www.ncbi.nlm.nih.gov/pubmed/10871882?dopt=Abstract
http://dx.doi.org/10.1016/S0968-0004(00)01609-1
http://www.ncbi.nlm.nih.gov/pubmed/12206915?dopt=Abstract
http://dx.doi.org/10.1016/S0005-2728(02)00278-5
http://www.ncbi.nlm.nih.gov/pubmed/28716666?dopt=Abstract
http://dx.doi.org/10.1016/j.mito.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/2318903?dopt=Abstract
http://dx.doi.org/10.1002/jcp.1041430122
http://www.ncbi.nlm.nih.gov/pubmed/12756281?dopt=Abstract
http://dx.doi.org/10.1242/jeb.00244
http://www.ncbi.nlm.nih.gov/pubmed/19468346?dopt=Abstract
http://dx.doi.org/10.3390/ijms10041911
http://www.ncbi.nlm.nih.gov/pubmed/15821034?dopt=Abstract
http://dx.doi.org/10.1152/ajpheart.00866.2004
http://www.ncbi.nlm.nih.gov/pubmed/24778166?dopt=Abstract
http://dx.doi.org/10.1152/ajpheart.00747.2013
http://www.ncbi.nlm.nih.gov/pubmed/9679107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4613481?dopt=Abstract
http://dx.doi.org/10.1007/BF00225446
http://www.ncbi.nlm.nih.gov/pubmed/24969531?dopt=Abstract
http://dx.doi.org/10.1016/j.mito.2014.06.005
http://dx.doi.org/10.1016/j.mito.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/17959383?dopt=Abstract
http://dx.doi.org/10.1016/j.tcb.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17362197?dopt=Abstract
http://dx.doi.org/10.1146/annurev.biochem.76.071905.090048
http://www.ncbi.nlm.nih.gov/pubmed/20083234?dopt=Abstract
http://dx.doi.org/10.1016/j.mito.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24589856?dopt=Abstract
http://dx.doi.org/10.1038/labinvest.2014.48
http://www.ncbi.nlm.nih.gov/pubmed/15544974?dopt=Abstract
http://dx.doi.org/10.1016/j.cbpc.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17306853?dopt=Abstract
http://dx.doi.org/10.1016/j.visres.2006.12.014

35.

36.

37.

38.

39.
40.

41.

G. Gabella

chondria: The potential implications in relation to glaucoma. Mitochondrion. 2017; 36: 29-35. [Med-
line] [CrossRef]

Conley KE, Jubrias SA, Esselman PC. Oxidative capacity and ageing in human muscle. J Physiol. 2000;
526(Pt 1): 203—10. [Medline] [CrossRef]

Crane JD, Devries MC, Safdar A, Hamadeh MJ, Tarnopolsky MA. The effect of aging on human skel-
etal muscle mitochondrial and intramyocellular lipid ultrastructure. J Gerontol A Biol Sci Med Sci.
2010; 65(2): 119-28. [Medline] [CrossRef]

Porter C, Hurren NM, Cotter MV, Bhattarai N, Reidy PT, Dillon EL, Durham WJ, Tuvdendorj D, Shef-
field-Moore M, Volpi E, Sidossis LS, Rasmussen BB, Bersheim E. Mitochondrial respiratory capacity
and coupling control decline with age in human skeletal muscle. Am J Physiol Endocrinol Metab. 2015;
309(3): E224-32. [Medline] [CrossRef]

Gabella G. Development and ageing of intestinal musculature and nerves: the guinea-pig taenia coli. J
Neurocytol. 2001; 30(9-10): 733—66. [Medline] [CrossRef]

Yaffe MP. Dynamic mitochondria. Nat Cell Biol. 1999; 1(6): E149-50. [Medline] [CrossRef]

Hales KG. The machinery of mitochondrial fusion, division, and distribution, and emerging connec-
tions to apoptosis. Mitochondrion. 2004; 4(4): 285-308. [Medline] [CrossRef]

Chan DC. Mitochondria: dynamic organelles in disease, aging, and development. Cell. 2006; 125(7):
1241-52. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/27890822?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/27890822?dopt=Abstract
http://dx.doi.org/10.1016/j.mito.2016.11.009
http://www.ncbi.nlm.nih.gov/pubmed/10878112?dopt=Abstract
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00203.x
http://www.ncbi.nlm.nih.gov/pubmed/19959566?dopt=Abstract
http://dx.doi.org/10.1093/gerona/glp179
http://www.ncbi.nlm.nih.gov/pubmed/26037248?dopt=Abstract
http://dx.doi.org/10.1152/ajpendo.00125.2015
http://www.ncbi.nlm.nih.gov/pubmed/12165668?dopt=Abstract
http://dx.doi.org/10.1023/A:1019660519961
http://www.ncbi.nlm.nih.gov/pubmed/10559975?dopt=Abstract
http://dx.doi.org/10.1038/14101
http://www.ncbi.nlm.nih.gov/pubmed/16120392?dopt=Abstract
http://dx.doi.org/10.1016/j.mito.2004.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16814712?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2006.06.010

