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ABSTRACT

Mitochondria are the sites in which the products of
digestion are oxidized to provide the energy For cellular
activities, such as contraction and secretion.

In the adrenal cortex, the mitochondrial membrane is
the site of hydroxylating enzymes essential in the syn-
thesis of cortlsone andlother corticodds from cholesterol.

Pritchard's silver is the recommended stain for use
in quaptitative gtudies of mitochondria in the adrenal

cortex.
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MITOCHEONDRIA AND SECRETORY ACTIVITY-
WITH SPECTAL REFERENCE TO THE ADRENAL CORTEX
INTRODUGCTION
The purpose of thils thesis 1s to review the evidence !

for the relationship of mitochondria to secretlon and to

congider the role of mitochondria in the formation of
adreno cortical sterolds. |

Part One will consist of three sections: (1) an intfo-
duction ﬁo the background of research on mitochondria and
secretlion, with consideration of some correlations between
structure and function; (2) a éummary of some recent expefiu
mental work correlating changes 1nlmitochondria with cellhlar
injury and wlth secretory cycleslin various glands, and
especlally in the adrenal cortex; (3) a discussion of a pgssible
mechanism for the participation of mitochondrial enzymes in
the synthesis and secretion of adrenocortical steroids.

Part Two will consist of the author's study of staining
techniques for mitochondriﬁ in tlesue secretions of the ‘
adrenal cortex of the rat, carried out under the directioﬁ
of Dr. Donald I. Patt, Professor of Biology, Boston Unive%sity;

The outliné for Part I ié based on Lindberg & Ernste?'s

"Chemistry and Physlology of Mitochondria and Microsomes.h



PART ONE
I. BACKGROUND
A, HISTORICAL
The high points of research on mitochondria before
the discovery by Bensley and Hoerrtl, in 1934, of the iso-
lation of mitochondria by washing and centrifugation have
been outlined by E. V. Cowdry.l1

Mitochondria were discovered by Altmannll in 1880, sﬁme
thirty years after Gerlach had popularized ‘the use of stain-
ing techniques in cytological research. Altmann, using an
acid fuchsin anilin oil staining mixture noted granules,
rods, and fillaments that superficilally resembled bacteria in
many different kinds of cells. He called them "bloblasts"
and believed them to be elementary vital units existing in
all cells., Though they are no longer associated with the
mechanism of heredity, they are important in eellular metab-
ollsm and in secretion. Their role in the process of secre~
tlion ramainé to be elucidated and forms the subject of this
paper.

The second majJor step in the characterization of mito-~
chondria was taken by Michaelisll in 1900, and by Laguesse,ll
in the same year, who desecribed the staining of mitochondria
with Janus green B (diethylBafranineazodimethylaniline hydro=
chloride) in fresh living cells. This technique became



widely used as a tool for the identification of mitochondria,
but it was not wntil 1953 that the mechaniasm of Janus green
staining was descitbed.

50 and Lazarow and Goopersteinzll 52 gemonstrated

Showacre,
that Janus green B is . -first reduced to diethyl safranine and
to leuco safranine by the lactic dehydrogenase and glucose
dehydrogenase systeﬁs of the cell, and then reoxidized'by
the cytochrome ¢ - cytdchrane oxidase system which is con-
centrated in the mitdchondria. Complete anaerobic condi-
tions and cyanlide poisoning abolish the selective staining
of the mitochondria, by inhibiting the cytochrome oxidase
system. Thus their importance in cellular metabollam was
demonstrated. In 1899, Benda introduced the term "mito~
chondria™ (meaning "thread" and "granule," Gr.) to describe
the cell organelles discovered by Altmann; Other workeré
used the term “chondriosomqs."s |

As early as 1909, the relation of mitochondria to cellu-

lar secretion was suggested by Regaudll in his eclectosome

theory of mitochondrial function, in which he stated that

the mitochondria of animal cells act like plastids or "electo=
somes,” choosing and selecting substances from the cytoplesm

and condensing them on the surface or the interior, and chang-

ing them into diverse products.

This idea was further developed by E. V. Cowdrylz, into



the Surface Film Theory of the Function of Mitochondria,

which.appqared in-1926. Evidence for the mitochondrial

origin of plastids in plant cells had been presented by
Alvarado, Maximov, Meves, and others, while in animal cells
mitochondria had been shown to accunulate more than 100
gubstances from the cytoplasm of 6ifferant cells, 1l Cowdry's
theory of the role of mitochondria in’accumulation and se¢reﬂ
tion stabted that:  (a) the molecules of certain solutes orient
at the mitochondrial;cytoplasmic interface; (b) the mole-‘
cules of the approximated substances are incorporated Into

the mitochondria; (c) the aubstanceé are then concentratgd
in the mitochondria (indicated by the increased intensity of
gtaining reaction, or the increased amount of starch or fat
and the enlargement of the mitocﬁondria); (d) the 1ncorp¢ra~
ted substances react with the mitochondrial material to pfo—
duce new substancés; (e} sach step 1in the process is accom-
pénied by a‘mitodhondrial change demonstrated by increased
resistance to the solvent actlon of acetic acid and by changes
In slze, shape, and staining properties.

Supporting evidence for the theory was: (a) the occur-
rence of the mitochondrial £ilm in all living, active cells;
(b) measuraments of acinous cells of the pancreéa which
showed thet the combined surface area of the mitochondria.
was greater than the surface area of the nuclear or cyto~j

plasmic membrane; {c) migration and localization of mito-.



chondria in different cells and in different physiologica;
states; (d) differential absorption action In various

cells due to differentidtion in the proteolipids of the
mitochondria to produde different physical properties of the
£1im; (e) the uniformity of tharmitochondrial dismeter in
cells of thé same typey, while varying in length, and from:
type to type. (f) The dependence of the activity of the
mitochondria on fha cytoplaamic cOmposition; (g) the senéi-
tlvity to injury of mitochondria in secreting cells. Thus,
though mitochondria were clearly linked fo secretory procésses
in cells as early as 1926, their exect function was not
known, but belleved to'Be "multiple, diffefing, perhaps, even
in successive stages bf cyfomorphosis and between cells of
different categorizétion." |

In 1926, Robertsonltl ﬁade the suggestion that the
molecules at the mitochondrial surface might orient so that
the reactive carboxyl an& amino=-acid groups would point out=
ward to the surrounding cytoplasm due to the lipoid proPef-
_ties of the mitochondria.

Then, in 1932, Guilliermond ) confirmed the eariier re-
ports that the plastids of plants derive froem mitochondris,
But Regaudts "electosome theoﬁy" of the relation of mito-
chondria to secrebtion in animal cells remained unproveh.
Research continued, howevef, and in 1933, Horningll

demonstrated a correspondence between the distribution and
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orientation of mitochondris and intense enzymatic activity
in protozoan and metazoan cells.

Then an important new technligue was developed by Bensley
and Gersh,ll who applied Altmann'a staining methods to frozen-
dried tissues., Thus by the avoldance of chemlcal fixatives
they opened the way for histochemical research on mitochdndria.

Prior to 1934; therefore, the main lines of resesarch
had been established into the nature and function of mito-
chondria. Extensive work had shown that: (a) mitochondria
were basic cell components, found in all plant and animal
cells, and were as essentlal to the éytoplamn as chromatin
wag to the nucleus; (b) they provided a very extensive
surface of lnteraction with the cytoplasm; (c) they were
mostly lipo-proteln in composition; (d) they were centers
of constructive metabollam of products essential to 1lifse.

See Fig. 1.

B. MORPHOLOGICAL AND METHODOLOGICAL
1. TSOLATION AND IDENTIFILCATION
The turning point In ressarch on mitochondria occurred
in 1934, when as previously stated, Bensley and Hoerril
isolated mitochondria from tissue homo genates. By 1953 the
lsolation procedure had been standardized as follows:
The tissue 1s removed from the animal as quickly
&8s possible, qooled in lce-cold sucrose solution and
cut into small pleces, The pleces of tissue gre then
homogenized. The homogenate may be filtered rough
gauze to remove any coarse particles. Unbroken cells,

nuclel and cell debris are removed by low~speed centriw~
fugation. The supernatant is then spun at a high rate:



~and the mitochondria &re obtained as a pellet. For:
the lsolation of mierosome material, the clear orx
almost clear supernatant i1s spun again at still higher
speeds, : ‘
The most important result of the use of this techndique
was the discovery of the multiplieity and heterogeneity of

cytoplasmic partlcles.
First, Claude® discovered the microsome layer in,1940,

which contained sub-microscoplc particles of about 50+150 mu.
This layer was found to consist of fragménts of the "endé-
plasmic reticulum”" characterized as a system of membranes
and small, dense ﬁarticles by George E, Palade%0r %1 of ﬁhe
Rockefeller Institute for Medlcal Research.

Then Laifd, Nygaard, Ris, and Barton®? geparated a densely
packed lower layer of mitochondris from a loosely packed
fluffy layer which contained particles similar in shape,
osmotic behavior and suceilnoxidase acti&ity to mitochondfia,
but intermediate between mitochondria and microsomes in their
ribonucleic acid (RNA) to protein ratioc and phospholipid
content, and showing twice the alkaline phosphastase aotivity
of the mitochondria or the microsomes.. Electron microscope
studies reviewed by Novikoff3® have shown the fluffy 1ayef
to be a mixture of mitochondria and microsomes, but de Duve15
believes there may be elements called "1ysosomes,"‘containing
the acid phosphatases and hydrolases, ﬁhich may be separsate
particles or precursors of mitochondria,

Toe sidestep this problem and avoid the arbitrary separa-



tion of particles, Kuff and Hogeboom,26 together with,Dalton,l
devised a new technique based on the "slze distribution
analysis of the cytoplasmic particles as determined fram the
rate of sedimentation of their specific biochemical con-
stituents."

Livers of fed rats were homogenlzed and the homogensate

cleared of nuclei, whole cells, and comnectlive tissue

by preliminary low-speed centrifugation. The resul-

tant suspension, the "cytoplammic extract," was centri-

fuged at varying speeds (depending on the size of the
particle to be analyzed), for a glven length of time.

A 50% sucrose solution was then mechanically injected

at & slow and constant rate through a hypodermic needle

inserted into the tube a few millimeters from the bottom,

The fluid column was thes floated upward and pessed into

& sampling device which permitted the collection of

timed semples of fluld levels from the column. The

volume of the sample was determined by welght, and the
samples analyzed for blochemical composition.

In general, four distinet particle types were indicatedr
() glycogen inclusions; (b) mitochondria; (c¢) and (d)
not dlstinct, but possibly lysosomes and microsomes, as both
contained large emounts of pentose nucleic acid (PNAQ.

The succinic dehydrogenase actlvity, generally thought
to be exclusively located in the mitochondria, was determined
for extracts of mitochondria spun at 3148 to 14,290 r.p.m.
The size distribution of the particles centered around radii
of 1.22 and 1.27 u, which wam in agreement with earlier
measurements of rat liver mitochondria, See Fig. 2.

Succlnlec dehydrogenase activity, however, may be obtained
with mitochondrial fragments, and a preferable enzymiec

erlterion for the ldentification of mitochondria is the

3
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capacity for oxldative phosphorylation.

Although Janus green B has been used to characterize
mitochondria in the intact cell, the staining of isolated
structures with the dye does not neceasarlly prove them to
be mitochondria, as Lazarow and GoopersteinSl:52 damonstya-
ted that the mitochondrial, microsomal and supernatant frac-
tione of liver cell homogenates were all capable of reducing
the dye under appropriate conditions.

2. SIZE AND STRUCTURE

Early observetions by Cowdryl?Q with the light microw-
soope; stressed the unfformity of the mitochondrial diameter
in a given cell type. Palade, 39,40 however, using the elec-
tron microscope, found variation in every cell type. Liver
mitochondria, for example, varied in diameter from 0.35 to
0.74 u,

The differences in the mitochondrial dismeters are char-
acteristic for the various cell types, ranging from slender
{0.2-0,3 u dia.) in endothelia, epithella of pancreatic ducts,
pancreatic centro~acinar cells, pancreatic islet cells, dnd
acinar cells of the salivary gland, to thicker (0.5 u dia)
in epithelium of the proxlimal convoluted tubules of the
nephron (0.4-0.6 u dia) in pancreatlc acinar cells, (0.5-0.7 u
dia) and in heart muscle, (0.4-1.0 u dia). In an electron
microscope study of lsclated mitochondria obtained from
lymphosarcoma of the rat, Claude and Fullam8 found an average
mitochondrial diameter of 0.6 to 1.3 u. |



In histological demonstrations, Cowdrylo :ound mito-
chondrial diameters to vary from 0.2u to 7.0u as the
extreme limits. The mitochondria may be granular, rod-
like, or filamentous in appearance.

In tissue culture, with phase contrast optics, Lewis
and LewisBu observed them to be in constant movement,
with pear-shaped and dumbbell-~shaped forms appearing.

In electron micrographs of sectioned material mito-
chondria are round or oval, sharply outlined and of differ-
ent density than the c¢ytoplasm.

The form of the mitochondria undergoes profound

alteration when the cell 1ls subjedt to external

or internal stimuli. When the cell is absorbing or

secreting, or is subjected to hypotonic conditions,

the mitochondria swell, become rounded, nd MAy assume

a volume many times the resting value. In a hypertonic

medium on the other hand, they shrink and the rods

are readily converted to angular formations.

The electron microscope has also been a most useful
tool in the elucidation of %the ultrastructure of the mito-
chondria.B’ 43

In a fundamental study of methods of fixation of tissues
for electron microscope study, Paladeuu found that the diameter
of the mitochondria varied with the pH of the fixative and
was smallest at neutrality. He recommended a Ffixative of 1%
osmium tetroxide (Osou), buffered at pH 7.3-7.5 with acetate-
veronal buffer as giving best results. Since then potassium

dichromate (chrome-osmium), KMnOu, and formalin have also

been developed as fixeatives, but Osou 1s still preferred.
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Dalton and Pelix*3 evaluated the criterla for the
accepfance of electron microscope data and the 1dentification
of artifacts of fixatlion, and confirmed the findings of Palade
that each mitochondrion has (a) a limiting membrane; (bl.&
mitochondrial matrix that appears structureless at present
levels of resolution; (c¢) a system of internal ridges (cristae
mitochondriales) that pfotrude from the inside surface of
the membrane toward the interior, some perpendicular to the
long axis of the mitochondrion and occurring in series and
parallel at more or less regular intervals. Dalton and
Felixl® also established the presence of s double limiting
‘membrane and double internal membranes, continuous with, #nd
apparently formed by an inward folding of the inner of the
two limiting membranes. |

Having numerous internal membranes increases the sur~
face aresa at which mitochondrial enzymes and subastrate re-
action may take place. They may also serve to maintain the
gpatial organlzation of the mitochondrial enzyme systems.‘

5. NUMBER

A method for counting mitochondria in tissue sectiong
15 described in detail by Thurlow,%% who demonstrated a con-
stant number of mitochondria per unit volume of cytoplasm
in normal nerve cells. This constant differed for nerve
colls of different types, and was thought to be significant
indication of functional differentiation of the nerve cell.

The method for cowmting isolated mitochondria is des-
cribed by Allard, Mathieu, de Lamirande, and Cantero.®
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Lindberg and Ernster®® in a brief review of some important

quantitative studies on mitochondria state that: !
The number of mitochondria varies from tissue to tissue,
and is relatively high in highly active cells. The .
number of mitochondria may also vary in the same tilssue
undeyr different physiologlical conditions....An lncrease
in mitochondria has also been observed in vigorously 5
secreting tissues such as secreting tumours. Jungueira?
(1951) has found a direct correlation between the mitochon-
driasl count and the secretory activity In the salivary -
glands of the mouse, S ‘
Further research may uphold this observation with re#

spéct to the adrenal cortex as well. One such sﬁudy is dis-

cussed on page 25 of this work,

4. INTRACELLULAR DISTRTBUTION |

Mitochondris are known to swell dﬁring the accumulation'
of heparin in mast ceils and zymogen in excretory cells of
thelpancreas, and becaﬁéldnqplets of secretion. The mito%
chondria are originally oriented basally in the éecretory;
cells, and migrate to the apex of the cell during the accﬁmuu
lation process where they are finally excreted by an unknown
mechanism.56 _ .

As revealed with-ojtologichl technigues, the mitochondris
are small, granular, and evenlj distributed throughout thé

cytoplasm of the adrenal cortex.¥

C. PHYSIOLOGICAL AND BIOCHEMICAL
1. CHEMICAL COMPOSLTION
Lindberg and Ernster®® have summarized the main points

concerning the chemical composition of mitochondriag

# See PartII ff.
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Chemically, mitochondria consist mainly of lipoprotein,
in addition- they contain small amounts of RNA and of low-
molecular components. Proteins, lipida, and nucleic,
acld together account for 92% of the dry weight of the

mitochondria. . ' J
Protein | 65-70% dry wt.
- Iipld (mainly Phosphatides) ‘ 25-30% dry wt.

Nucleic Acild
RNA concentrated in core
DNA some in membrane. .

The chemical distinction between mitochondria and
microsomes in animal tissues has been based primarily on the
‘higher ribonucleic_gcid (RNA) content of the latter, the
Palade granules consiéting of appﬁoximately equal parts of
protein and ribonucleid aclid (RNA). In plént material, héw—
ever, only a slight difference in'nucleic acid content be%

tween microsomes and mitochondria has been found.

2. GENERALIZED FUNCTLONS

A brief summary of the géneralized functions of mitochon~
dria 1s here gilven, prior to consideration of the evidence
linking mitochondria fo secretory processes in cells., Mito-
chondria are of impoftance in cellular metabollsm as theyi
contain the enzymes for catalyzing the Krebs cycle, coupliﬁg
- oxldation and phosphorylation, and formingladenosine triphbs-

phate. In their role as energy suppliefs, theéy have been
termed "thenpowerhouse of the ce11."50

Lindberg and Ernster®6 have written the most compre-'
hensive review of the chemlstry and physiology of mitochon-

dria. Junqueirs and Hirsch,®® in a study of secretion in
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the pancreas and salivaiy glands, have sumarized the relé—
vant data which has been adapted and reproduced in Pigs. 2,
3, and 4. | 1
The general chemical reactions localized in the mito-
chondria may be classified under three major headings: (q)
oxidations; (b) electron transport; (c) oxidative phosphory-

lation.

a) OXIDATIONS

The oxidations which take place in the mitochondria are
exargonic reactions and provide the energy needed by the qell
to carry on the life processes. Fatty aclds, amlno acidsé
and pyruvate are oxidlzed to carbon diqxide and water. The
pyruvate substrate obteins from the extrawﬁitochondrial oxi-
dation of carbohydrates, principally glucose.

pyruvate - +
fatty acids oxid.E €O, and H
amino aclds ' 2 , ¢, oxid.

| | Hg0
The amino acids and fatty acids derive from the breakdown
of proteins and fats. Siekevitz states that:

Inside the mitochondria thase compoundsg undergo a

camplex series of reactions to form intermedlate products,
all of which are Interrelated by a chain of enzymes
called the citric acid cyele. Thé oxidations remove
carbon atoms one at a time from the intermediate products
of carbohydrate and protein hbreakdown, and two at a

time from the products of the breakdown of fats, The:
carbon dloxide produced by the oxidations is ultimately
exhaled., Many, but not all, of the enzymes which pre-
side at these steps have been localized 1n the mito-
chondria,
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b) ELECTRON TRANSPORT

Hydrogen fons are oxidized stapwise by a seriss of
mitochondrial enzymes, known ag the electron (or hydrogen)
transport chain. When the electrons and hydrogen lons regch
oxygen they combine with it to form water.

Some pathways have been ldentified in mitochondrial prep-
arations, and in reconstructed soluble enzyme preparationg,
and are illustrated in Fig. 4. Other electron carriers'aﬁe
known, but their intramitochondrilal paths have not been
determined.'

The three main factors In the known system are the
pyrldine nucleotide coenzymes, the flavoprotein reductaseé,

and the eytochrome-cytochrome oxidase system.

¢) OXTDATIVE PHOSPHORYLATION

Oxidative phosphorylation 1s the transformation of eﬁergy
liberated by oxidation into the chemical snergy of the ATP.
pyrophosphate bond. Conversion of ADP to ATP requires pyruvic
acld, oxygen, and phosphoric acid - CHzCO COOH & 5 0 & 15 ADP
& 15 HzP04>3C05 & 17 Hy0 & 15 ATP (Greeé? ATP 18 thought
to provide energy for different cell activities, such as the‘
synthesis of prbteins and other compounds, contraction, the
production of light and electricity, oamotlc work, and celi
secretion. | ' f

At sach stage of the electron (hydrogen) transport ch?in |
a definlte amount of energy 1is liberated:. |
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Three molecules of ADP are phosphorylated during

the passage of a palr of electrons from DPNH to

molecular oxygen, (P:0 ratlo equals three), cor- .

responding to a thermodynamlc efficiency of &0- !

70%. : ' - ’
See PFig. 5. ‘ _

Guanoaiﬁe diphosphate 1s the co-enzyme 1in the trans~5
formation of suécinyl-co~enzymé A to suceinlc acld, respoéw
sible for the. formation of ATP. The obher three phosphory-
lating enzymes are unknown. f

| Attempts have been made to 1ldentify these enzymes.
Claude demonstrated that isolated mitochondria swell in
hypotonic sucrose. Taplegﬁgéggothers.have shown that this
swelling can be inhibited in intact mitochondria by the
addition of certain "uncoupling agents," which uncouple oxi-
dation and phosphoryiation,-such as 2, 4~dinitrophenol,
dicumarol, and pentachlorophenol. Enzyme systems isolated
from disrupted mitochondria have been tested with these
subgtances. ‘

Gamble and Lehningerla dlsrupted rat liver mitochondria
by chemical and mechanlical means, and analyzed scme of the?
mitochondrial fragments with a light-scattering photometer,
These fragments showed changes in shape and aggregation :
after the addition of compounds which cause swelling in
intact mitochondria, and might represent the enzyme chains§

responsible for the swelling in intact mitochondria,

Aboad and Alexanderl isolatsd a multienzyme complex from
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rat brain mitochondria disrupted.by treatment with a deter-
gent, Triton. The enzyme units carried on oxidative phos;

phorylation with much the gsame P:0 ratio, substrates, and .

co-factor requirements as intact brain mitochondria.

Plaut46 isblatéd an enzyme from plg and rat liver ané
beef heart which catalyzed an éxchange reaction betwsen tﬁe
terminal phosphate of adenosine triphosphata (ATP) and in%
organic phosphate (P52), and is specific for adenine nucléo-
tldes. Thse reactlon requlrss EEF* and 1s stimulated by |
adenosine diphosphate (ADP). As an exchange of P%2 with |
the terminal P of adenosine triphosphate (ATP) can occur ﬁn
intact mitochondria in the absence of substrate oxidation:
the enzyme has properties like those of intact mitochondri?;

Thyroxine and its analogs, however, do not uncouple
oxidative phosphorylation In the isclated enzyme complexes,
though they producs pronounced sﬁelling of liver and kidney
mitochondria, and slight swelling 6f diaphragm and heart. :
Papley and Cooper®:92,53 suggest therefors, that these sub%
stances may produce thelr effect in intact mitochondria byé
altering the structure in some way (involving the movamentf
of water or intrééallular electrolytes or the permeabilityi
of the membrane ), rather than by direct interaction with tﬁe
enzymes,

Isolated rat mitochondria from various organs were sué-
peﬁded in a sucrose solution. The substance to be tested.‘

was added, and the volume changes 1n the mitochondria were
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obgerved with a spectrophotometer.

In general, these findings are tending to confirm the

statement by Gamble and Lehninger18 that:

Mitochondria may contain relatively durable enzyme units,
loosely coupled together, possibly in a uniformly dis-
tributed menner. There may be a significant difference
in the organization of phosphorylating and non-phosphory~
lating enzyme groups iIn the mitochondria studied.

3. SPECTAL FUNGITONS

In addition to their generalized functions as produccrs
of‘ehergy in cell metabollsm, mitochondria contain enzymcc
which aid in the formatlon of substances to be accumulated
or secreted, including the adrenoccrtical sterolda, :

This is one of the “special funetlons" of mitochondric
as stated by Lindberg and Ernster36 in their review of the
physiology of cytoplasmic particles.

The reactlons assoclated with the metabolism of

fatty aclds, the synthesis of nitrogenous end
"products and condensatlon for purposes of
~detoxirfication of arcmatlic substances with

activated radicals, and the formation of sub-

stances to bs accunulated or secreted are apscial
- functions based on the fundamental pattern.

In discussing the role of mitochondria in relation toé
. cell secretion, Jungueira and Hirsch25 distinguish three
types of materlals passing out of a cell:

a) Secretions: Products of more or less complex
complex molecules that are bullt up, accumulated in
the cyt glasm, and later extruded to the outside of the
cell. o best known examples are hormones, diges-
tive enzymes, mucus, and polsons. ‘
b} Recrements: Inorganic substances such as water and
ionsg™TIow INtO cytoplasm during ingestion and are :
eliminated as such (from "Reltrete" according to Frey-
Wyssling 1945).

¢) Excretions: This third group 1s of waste material
derived from the breakdown of cellular components.

Utilizing these distinctions they define secretion as
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.+:8 chein of processes in Which the following three
maln steps may be observed: Ingeation, comprising
the penetration of raw material in e cell such as
amino -acids, sugars, fatty acids, water, ions, etc.
(2) E%Eﬁhasis, in which more or less complex molecules
are up, concentrated, and stored in grenules,
vacuoles, crystals, etc. (3) Extrusiqn, the expulsion
of these secretions from the ce

The mitochondrion as a whole may effect the ingestion
of vaw materials through "active transport" across the mito-
chondrial membrane. Rosenberg49 defines active transport as
"the transport from a lower to a higher chemical potential "
More generally, he states that: -

Active transport is the movement of substance
which is influenced by other forces in addition
to chemical (or analagous) potential gradient of
this substance.

This is sometimes referred to as the "secretory activity"

of mitochondria. Lehnlinger®? states that:

. ..the apparent abllity of these bodies to effect
-accunulation or secretion of some substances, such

ds water and certaln electrolytes, presumably against
gradients of chemlcal potential, These energy~
requiring secretory properties (itallics mine) of mito-
chondria are apparently gsared to the process of
.oxidative phosphorylation. Although other enzymes
and enzyme systems have been found in mitochondria,
electron transport with is coupled phosphorylations :
-and the secretor activitx (italics mins) appear to }
represent the most emental functions of mitochon- -
dria. _ .

According to Davies,?

It is now known that the cell is not the simplest unit
which is able to malntain active transport. Mitochon-
dria are able to 'both secrete and accumulate a varliety
of inorganlc and organic cations and anions. '

Bartley and Davies4 showed that well-oxygenated actively
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metabolizing kidney cortex can actively transport HY, Nat,
K+, orthophosphate, adenosine polyphosphates, pyruvate,
fumarate, oxaloacetate, K= keto-glutarate, and clirate.

Sheep kidney cortex was homogenized and a mitochondrial
precipitate obtalned by centrifugation. The particles weﬁe
then incubated sercbically at room temperature with.adenoéine
triphoéph&te, magnesium phoaphate and substrates. After
incubation the substances were generally found and were coﬁu
centrated in the mitcéhondria. l

The "secretory activity” referred to involving recfe%
ments and.éubstances to.be‘Oxidized, is better described Qs
actlive transport, however, reserving the term “secretion"é
for the entire process of Ingestion, synthle sis of»camplex;
compounds and extrusion as defined above. i

The processes 6f active transport and secretion require
energy as compafed'with the process of metabolism which :
suppllies senergy.

The mitochondria, as the main energy producer of the éell
appear to supply the energy for the processes of cell secﬁe-
tion. | | f

In a'comparative study of_the cytological and biocha@ical
phenomena related to cell secretion in normaliy functioniﬁg
and non-gecreting salivary gland, Junqueirs and Hirsch®% ;on-
cluded that "the role of mitochondria in the proceéées dré
cell secretion appears to be mainly that of energy supplie%s."

Materials and Method: Normal or excretory duct ligat;d

submaxillary glands of mice and rats. Results (in

ligated glands): (1) disappearance of secretory
granules; (2) decrease in cell and gland sizey
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(3) decreased activity of digestive enzymes; (4) no |
secretion; (5) mno degenerative changes for one year;
(8) some glycolysis (in normal and ligated glands); :
(7) decreased QOg consumption and succinic dehydro- |
genase activity; %8) decrease in amount of ATP, ADP,
and PC.

The decreased oxygen consumption and succinie dehydrogenase
activity in the ligated'glands suggest thét,the‘mitochondﬁia
are the ma;n aource of energy in cell secretion. The decrease
in the energy rich bhosphorus compounds'éf the cell suggesﬁ
that they are the immedlate sources of energy for cell
secretion. j

Price, Fonnesu, and Davies4® have presented evidence%
that "high-energy" phosﬁhate esters may also supply the
energy for the moﬁement‘of'water and ions in respiring rat
liver mitochondria. Taﬁieysl, however, feels that there i
as yet no convincing evidence tha£ water per se 1s activelﬁ
transported by mitochondria. Further discussion of this ‘
question 1s another problem, however, and will not be dis~

cussed here. : !

II. MITOCHONDRIAL CHANGES
&. - A. REACTTONS TO INJURY
Changes in mitochondria in various glands as reaction;d
to cellular injury have been extensively studied, ang fofmj
a basls of comparison for studies correlating mitochondriai
changes with secretory cycles. The mitochondria are sensigive
to internal and external stimuli; In a hypertonic medium ﬁhey
shrink, the rod-shaped forms becoming angular while in a !
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hypotonic medium, or when the cell 1s absorbing or secretiﬁg
they swell to many times their normal size.

Cowdryl2 summed up ﬁhe chief types of reactions as
follows: (&) granulatiﬁe degeneration of filamentous mito}
chondria; (B) "chondriolysis," the passing into solution
and disappearance oOf grahular mitochondria; (%) the ehlarge;
ment of granular mitochondrid to form droplets which disappéar
or change to fatty elemsﬁts_(fatty degeneration); (H) agglu-
tination of granules to-form clumps, then large droplets, .
which change tollipoids.E

Ciaceozh assorted gfades of ‘changes of mitochondrisa due
to poisoning and infectious disesses:

(1) Preplastorrhexis - slight change of form;

(2) Plastorrhexis - change like the breaking up-

of the cell nucleus (fragmentation);

(3) Plastopycnosis - change llke pycnosis of
| the nucleus (shrinkage);

(h; Plastovacuolisation - vacuole formation;

(5) Plastolysis - declination of staining and
disappearance of mitochondria like in
chromatolysis and karyolysis.

EmelL7 studied mitdchOndrial changes and pH changes
in the rat's kidney following interruption and restoration |
of the renal circulatibng Iigation of the renal artery-waé
followed by an immediatefrise,in tissue aeldity and mitochon-
dria were observed to fragment. Reorganization of the mito-
chondria in the normal elongated forms found in the renal
cortex followed restoration of the circulation and the retﬁrn

of the pH to normal valués.

XKyu, Matsuoka, and Ishiwatar127 have notsed the sPeciaﬁ



22

sensitivity of mitochondria in the zona fasciculata of the |
adrenal to experimentally induced shock.

Materials and Method: Shock induced in rabblis

and guines plgs by one or several doses of antigen
(horse serum). Shock induced after one injection
causes mitochondria to dimlnish in size, become
irregular in shape and fragment. The changes

become more marked after each sensitizing injectien.
After Ffive such injections the shock dose was
edninistered three weeks after sénsitization was ;
complete. Results: Plastorrhexis and plastopycnosis
develops increasingly with each injection before shock
is induced. There is decreased stainability and
irregularity of distribution of the mitochondria.

In the zona fasciculata repeated sensitization
produces extensive plastopycnosis, disappearance

of mitochondrial staining end the nuclei become
fuchsincphile.

B. RELATION TO SECRETORY CYCLES

1. Tn Various Glgnds

The exact functioﬁ of mitochondria iﬁ relation to secre-
tofy processes has not been firmly established, ;

Zollinger3® demonstrated that kidney mitochondria havé
the capacity to accumulate different substances and are trans-
formed into drOplets of' secretions

If ovalbumin, haemoglobin, gelatin, or sucrose 1is
injected intra-venously or intra-peritoneally into

an 'animal, the test substance 1ls taken up by mito-
chondria, This process is readily followed under
phase contrast optics . . . Ovalbumin, haemoglobin,
and vital stains accompanied by plasma proteins
first appear as small scattered droplets in the
mitochondrial core. They then coalesce and undergo
g chemical change, as, for example, accumuilated -
~ovalbumin could be stained between 2} and 1410 hours
after injection, but not earlier or later, with
specigl fibrin stains, The accumulated material .
finglly occuples the entire mitochondria body, where-
upon the mitochondrial membrane degenerates and the
miltochondrion becomes a drop of secretion.
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" Investigations on other glands, however, have not always
demonstrated the trensformation of mitochondria into secre%
tion granules, though an inverse relation between the numbér
of granules and the number of mitochondria has been Shown.j

Hiraschowitz23 demonstrated this relation between the
number of mitochondria and the number of secretory granuleé,
beliéved to contain pepsinogen, the precursor of the enzymé
pepsin, in the gastric chief cells of . the rabblt. l

Materials and Method: ﬂ.single dose of pllocarpine
Injécted into a fasting rabblt initiated a complete
secretory cyele In gastric chief cells. Results:
After one hour the granules, abundant in the resting
phase started to disappear except at the base of the
cell, which becomes smaller. The mitochondria are
scattered throughout the cell, After three hours

the number of granules decreases, the number of
mitochondria increases, and they become more slender ;
and wavy. The pepsin content of the gastric juice now
increases at the exXpense of the mucosal pepslinogen '
content. After six hours replacement signs appear.
The cells enlarge, the mitochondria enlarge and

orgenize at the base of the cell, and the granules

beglin to eppear at the free border of the cell.

After sixteen hours the cycle is complete. The

pepsinogen level increases to the fasting level and

restocking of cells with granules occcurs.

A light and electron microscope study of the albumin-
secreting cells of the hen oviduct by Hendler,_Dalton, and -
Glenner?? did not show either the mitochondria or the Golgi
apparatus to be directly involved in the synthesis of an j
amorphous precipitate believed to be newly synthesized egg-

white proteins.



Cunningham, et al, and Potter and Ward, 3® however,
observed an increasa-in'the number of mitochondria in immature
blood cells in the phase of active protein synthesis.

Mitochondria may supply the energy for the "activation®
of amino acids as the first step in protein synthesis, by the
combination of the amino acids with high-energy phosphate
groups. The linkage of the amino acids and the establishment
of the complex structure of the protein molecule seem to be
functions of the microsome or endoplasmic reticulum, harever.
Zemecnik et al.5% summarizes the evidence for this theory of
protein synthesis. |

2. In The Adrenal Cortex

Mitochondria vary in form in the adrenal cortex of dif-
ferent animal speciés. Hoerr2t found rods and slongated
mitochondria in the cells of the zona glomerulosa of the
guinea pig. The mitochondria of the 2ona fasciculata were
larger and ailmost wholly granular. Occasionally a single
cell of the fasciculata was found to contain all rod-like
forms. Bennett® observed elongated mitochondria throughout
the cortex of the cat. Payneuu has noted that in fowl only
spherical mitochondria are normally present. Miller37
observed that while in intact untreated rats spherical mito-
chondria predominate, the zona glomerulosa and zona fasciculata
also showed rod and filamentous forms with Baker's acid
hematin method.

In an invéstigation of the relation of mitochondria to
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secretory activity in the ceils of the adrenal cortex of the
cat,‘Bennett5 found that "mitochondria and Golgi apparatusj
are.present in the cell‘early in its life cycle and persieﬁ
till the.death of the cell, apparently long after secretion
is completed." He found "o cytological evidence that these
structures participate direectly in the formatlion of the ;
secretion of the gland." .

Deane and Greep,lu however,~correlated changes in.mito-
chondria with steroid secretion in the adrenal cortex of the
rat after hypophyeectomy. They found that mitochondria
remain erowded grenules of an unchanged small size in the
zona glomerulosa. In the zeea fasciculata they become smailer
and 1ose their characteristic irregularity. In degeneratiﬂg
cells they ﬁay”be-fueed‘and:noﬁ discrete bodies. The keto-
steroids-gradually'disappear from theréona fasciculata after
hypophysectomy, but persist in the zona glamerulosa. "The I
secretory activity of the zona fasciculata diminishes to almost
zero.

Miller3T following this work, applied quantitative tech-
niques in the fascicular zone of the rat's adrenal. .He foﬁnd
an increase in the total number of mitochondria after a single
injection of ACTH, thought to coinclde with the synthesis or
restoration of cortical hommone or a precursor of the horméne.

lMateriale and Method: Normal and hypophyeectomized ‘

rats of the Vanderbilt strain between 35 and 80 days

‘old used. Standard hypophysectomy. The number of

eosiniphils estimated in a PFuehis-Rosenthal counting

chamber. Adrenals fixed in 10% formol-calcium after

decapitation or anaesthesia with sodium amytal or .
after perfusion with formol-Calcium through the aorta.
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- Tigsues mordanted according to Baker's method in
acid-hematin test for phospholipid. Embedded in
gelatin and sectioned at 2u and stained with
Haidenhain's iron hematoxylin. Control and experi-
mental animals anaesthetized with nembutal and.

blood samples drawn. Experimental animals then
injected with ACTH or epinephrine and killed at
intervals after the injection. Total number of
mitochondria and the number of elongated mitochondria -
were counted in sections of cells in the outer third !
of the zona fasciculata. Cells which had a nucleus
‘were chosen to keep the volume of cytoplasm constant
except where expsrimental conditions altered the :
size of the cell, Results: In all tests the incrsase,
in the totsl number of mitochondria was preceded by a -
transient increase in the number of elongated mito-
chondria. This phenomenon occurred only in the zona
fasciculata. :

A decrease in the number of eosinophils was the criterion
for the release of cortical hormone into the peripheral blobd
atream. There was no temporai relation between the prolife%a—
tion of mitochondria and the discharge of cobtical_hormone.#

The proliferation of mitochondria may be brought about;by
the division of elongated mitochondria to‘form spherical mifo-
chondria. | :

Paynellt found elongated mitochondris in the adrenal cortical
cells of fdwl and beliefes that they may represent the orig%
ination of new_mitbchonaria by division. !

Materials and Method: Adrenals fixed in a 1:2:1

mixture of 2% osmic acid, 3% potassium dischromate,-
and 1% chromic acid. Then stained with acid-fuchsin

# Hartroft and Eisensteinl®,20 have furthered earlier
findings which indicate that the zons fasciculata pro-.
duces glucocorticoids, particularly corticostsrone, while
"the zZona glodmerulosa is functionally specific for
_aldosterone.
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and methyl green. . Observations: The cortical
cells of fowl lie in separate groups or masses
irregularly scattered in the gland. In general
the peripheral cells are smaller and less active,
In young fowl there are fewer secretory droplets.
In the interior of the gland the cortical cells
are in varying stages of secretory activity:
(1} filled with droplets; (2) having discharged
gecretions; (3) recuperative state; (i) degenera-
tive state. They mey return to the functional
condition from the degenerative state. The
mitochondria are all normally spherical, Central
cell mitochondria are larger, but their size may
vary in the same cell. Destaining the mitochondria
‘raveals 1 to 10 dark red granules standing out in
~eontrast to the non-granular mitochondrial matrix. ;
The presence of elongated mitochondria with a slight
separation of two granulés indicates division rather than
fusion activity. There is no evidence of division or fusién
in mitochondria with more than two gramules. |
There is some evidence to indicate that cortical hormone
or a precursor of the hormone is being synthesized during '
periods of mitochondrial: proliferation. Miller38 suggests;
that mitochondrial proliferation mey begin as scon as 1/2 j
hour after injection.with ACTH even though the increase iné
elongated mitochondria is not statistically significant until
L, hours after injectidn.l The total number of mitochondria%
shows a significant increase from 7 to 10 hours after injeé—
tion with ACTH in intact animals. Rats which had been
hypophysectomized for five days, when injected with ACTH,
showed the same saquencefof svents, buﬁ they were delayed

by three hours.
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ITE. MITOCHONDRIA AND ADRENOCORTICAL STEROID SECRETION

Hayeno, Saba, Dorfman, and HechterZl have reviewed the
hydroxylation of steroids, with special reference to the
adrenals, ’ .

Enzymes which play an essential role in the biogenesi§
of adrenal steroid hormones have been isolated in the mito-
chondria of the adrenal cortex. These enzymes catalyze hydroxy-
lations (the introduction of hydroxyl groups into the steroid
nucleus) and are known as hydroleases. The 11-B hydroxy-
lating system has been localized primarily in the mitochon-
drial fraction. The sysﬁem involved in the primary degrads-
tion of the cholesterol side chain has also been localized

in the mitochondria. The 17-and 2l-hydroxylase systems wefe
localized in the "soluble fraction," while the 3-B hydrogensase
which converts pregﬁenolone to progesterone was localized in
the "microsomal fraction."

Fig. 5 is an adaptation of a diagrammatic sumary of the
reactions in the sequence of corticosteroid biogenesis from
cholesterol (and acetate), indicating enzyme localizati on in
the adrenal cortex based on the method of tissue homogenation,
and lsolation and identification of components.

Intact mitochondria were found to hydroxylate proges-‘
terone at C 11-B more than disrupted mitochondria. Oxidative
phosphorylation 1s no longer considered a direct factor in’
the reaction, but only stimulatory.

Fig. 6 is a schematic represeﬁtation of the localization
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of enéymes on a mitochondrisl aﬁrface. Tha possible spatial relations havé

: i
been suggzested to correlate ;g'ﬁivo and in vitro date on the biosynthetic se-

i
quence., g !

How the transportation of steroids within the cell is effected, consid}
ering their relative insolubilify, is problematical ., The existence of
transporting compounds has beenippstulated, but without any definitive evi-
dence that they exist. It would seem Just as reasonable to relegate this :
function to the ﬁitochondria ané portions of the endoplasmic reticulum, ina%—
muach as both are in a conatént ;tate of motility within the actively metabohiz—
ing cellnand both represent sités of enzyme localization. é

Daeta o test the alternatijé hypothesta have been collected by Hbchteﬁ
and his associateas from mitochondria which were isolated from the adrenal c;rtex
by centrifugation in sucrose at 8,000 G for 20 minutes and incubeated 2 hour%
in cofactor-phosphate medium, ihe major product, which was identified by i%frared
analysis proved to be progesterﬁna. No pregnenolons or 17-, 2l—, or 1l é
hydroxylated compounds ( derivafﬁes of progesterone) were found, %

It was concluded that 17~ and 2l-hydroxylases were not associated wit% the

mitochondria, but rather that, in theses experiments at least, some part oﬁ 3B-ase
: !
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‘activity was firmly associated with the mitochondria. This
can be accounted for by postulating the'adsorption of micro-
somes on the surface of the mitochondria to form a "mito-
chondrial complex" at specific sites.

Further studles led to the conclusion that Iﬂﬁr and 21—
hydroxylase were also adsorbed on the mitochondrial surface.

Materials and Methods Mitoohondria from 100 g of

adrenal cortex was suspended in .00 ml. cofactor

buffer medium containing 0.025 ynsucrose, incubated

with 50 ug of cholesterol -l4-C+4 for 2 hours at 38°C,

(05). Results: FProgesterone, 113-hydroxyprogestarone,

corticosterone, cortisol obtained. Contamination was:

avoided by spinning down the mitochondria in batches

and by washing.

This evidence supports the theory that the extraemitOQ
chondrial enzymes are mobile. and become adsorbed on specific
mitochondrial sites in orderly fashion, so that an integrated
pattern is developed in which steroids are transferred :
succesgively from one enzyme to &noﬁher,-and the entire
'sequenee of cholesterol to corticoids occurs on a single
surface. The various end prOducts-ieave the surface of thé
mitochondrial complex and diffuse out into the cyf0p1asmic;

medium and thén out of the cell.
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PART TWO
THE STAINING OF MITOCHONDRIA IN TISSUE SECTIONS
IN THE ADRENAL CORTEX OF THE RAT

1. Statement of Aims

A method for stainipg mitochondria was sought which
would permit quantitative stﬁdies-to‘determine their numbeﬁ
per unit volume of cybtoplasm in adrenocortical tissue in tﬂe
rat. The criteria for sélecfing the method were: (a) |
differentiation sufficient to allow discrimination and count-
ing of individual mitochondria (under.high power or after
being photographed and enlarged); (b} suitability for masé
processing of tissue secfions;- (¢) reliability of results
with standardization of method; (d) ease in correlating |
results with cftologicalfstudies of lipid changés.7

The importance of studying mitochondrial changes in the
adrenal gland is indlcated by Part One of this thesis.‘ If;
mitochondris are lmportant in the secretory activity of I
adrenal cells, applicatién of quantitative techniques to
adrenal tissue mlight be rﬁosfa illuminating. An inverse relation
between the number of secrstory granules and the mumber ofé
mitochondria may indicﬁte ﬁhé transformation of mitochondria
into secretory granules.‘ This could then be followed in dé—
tail with phase contrast ‘optics, as demonstrated by Zollinger
in the kidney.* in increase in the numher of mitochondria

prior to an increase in the amount of secreted subsbance may

# BSee page 2B
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indicate that mitochondria play an active role in the syntﬁesis
of that substanca.
2. —Fixation _ :

A1l tissues were fixed in Regaud's (80 cc. 3% potassiﬁm
dichromate and 20 cc. LO% formaldehyde solution added at time
of using) after initial attempts with Helly's (;OO CC. dis%
tilled water, 5 gms. mprcuric ch}oride, 2.5 gms. potassium?
dichromate, - to.EO cc. add 1 cc. neutral formalin before ﬁse)
and Bensley‘s formol—bichromate-sublimate (nautral formaliﬁ
10 cc., water Q0 cc., poﬁassium dichromate 2.5 gms., cor- :
rosive sublimate 5 gms. } showed mitochondria less well w1th

running together of fat granules, and precipitate in tissue.35

3. Staining Techniques

A. Bensley's acid fuchsin-methyl green35 - Fix in E

Regaud's, and refrigerate for two days, changing fluid daily.
Mordant in 3% potassium dichromate four days, changing after
two days. Wash overnight in running water. Dehydratg in i
graded alcohols, clear, and infiltrate in autechnicon.

Imbed in paraffin, melbing point'S?OC. Sectioned 5u. De-
paraffinize in xylene 10 miﬂutes. Hydrate in absolute al—i
cohol 2 minutes, 95% alcohol 1.5 mlnutes, 70% alcohol 1.5
minutes, 50% aleohol 1.5 minutes, distilled water 1.5 minufes.
Pretreat tissue for staining: 1% agueocus potassium permanganate
1 minute. Rinse in distilled water, then 5% oxalic acid 1 min-
ute. Wash in distilled water 1 minute, 2.5% agueous potassium
dichromate 1/2 minute. Rinse in distilled water. Stain in

Altmann's acid fuchsin (vigorously shake 1 cc. aniline with
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20 cb. distilled water a few minutes; shake again from time

to time in 2lj-hour period; filter; add L. gms. acid fuchsin;
shake from time to time in 2)-hour period before use; prepare
20 cc. only as it will deteriorate) that has been heated t@
60°C. Place a few drops on a glide and allow to cool 5 minutes;

Wash in distilled water 1 minute. Drop 1% methyl green in

aqueous solution 55$e96nds. Pehydrate in absoluts alcoholé
2 minutes. GClear in 50/50 abSolufe alcohol and xylene 2
minutes, pure xylene 5 minutes. Mpuﬁt in permount.

Potassium permanganate gxtracts the_mordantizing eleménts
off the fixative; oxalic acld extracts potassium permangana%e.
Treatment with 2;5% potéssiuﬁ dichromate improves staipiﬁgi
with ascid fuchsin, and helps prevent too much counterstaiﬁing.

‘Besults - Mitochondria are crimson, nuclei are green.;
Differehtiation is not sufficiently good to observe individual
mitochondria in most cells,; Mbthjl green 1s both the differ-
entlator and counterstain énd time is most criticgl. ILipids
are well preserved with mitochondria densely packed in cytéu
plasm around 1ipid-erplet$. Advantage is excellent'presef—
vation of lipids. Disadvantage is the critical nature of .
differentiation necessitating individual treatment of slides .
with only fair results, ‘

B. #cid fuchsin - sodium carbonate - Following a sug%

gestion by Baker,6 1951, T tried differentiating with O.I%f
sodium carbonate. Pollow A through staining with acid fucﬁu
gin., Differentlate under microscope. Wash In distilled !



34

water. Ddhydfate as in A, |
Results - Mitochondris are crimson. Excellent dif-'é
ferentiation was obtained in some cells in some sections b%t
the technique could not be standardized. Advantages are tﬂat
-a colorless differentiator and use of a weak solution alloﬁs
leisurely differentiation. Disadvantages are individual
treatment of slides and lack of uniform reéults; but the
technique is worth investigating further where mass proces$~
ing is not required, as careful differentiation can produc%

good results.

C. Heidenhain's hematoxylin35 - Follow & through tregt-
ment with oxalic acid. Mordant in 5% ferric ammonium sulf&te
18 hours. Rinse in distilled water 1 minute. Stain in Helden-
hain'!'s hematoxylin 2l hours. (Hematoxylin 0.5 gms.; distiiled
water 100 ce.; ILithium carbonate-saturate 3 drops and'alloﬁ
to ripen)., Differentiate under microscope in 2% ferric
ammonium sulfate. Wash in distilled water 1 hour. Dehydréte
in graded alcochols (50% - 1 minute, 70% - 1 minute, 95% - ﬂ
minute, absolute alcohol -~ 2 minutes, 50/50 - 2 minutes,'xﬁlene
- 5 minutes). Mount in permount.

4Resu1ts - Mitochondria are black; cytoplasm is yellowi?h
to brown. Differentiation is not very good., ILipids are nét
well preserved. This method is not suiltable for mass pfocéss»
ing of tissues. Differentiation cén quite easlly pass tooI

far. Results were not uniform.
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D. Harman's Fast Green FCF19 - Follow A through treat-

ment with oxalic. Stain in fast green FCF (4% solution w/v
in aniline water, 10% v/v) heated to 62° C. Put a few drops
of stain on a sglide and let cool for 6 minutes., HRinse |
rapidly in distilled water. Immerse in saturated aqueous
picric aclid 10 minutes. Rinse in distilled water. Immerse
in 1% phosphomolybdic acid 1 minute. Wash in distilled wafer
1 minute. Counterstain with 1% safranin in 50% ethanol, 1
second., Dehydrate and clear as in C,

Results - M tochondria are green; cytoplasm is red.
Liplds are well preserved. Differentiation is falr but not
adequate for counts of individual mitochondria. Mach diffi-
culty has been encountered with the counterstain which tends
to overstain. If diluted to 0.1%, ethanol bleaches during
dehydration. .

E. TLacy'ts Silver_z8 - Follow A through treatment wiﬁhé

oxalic. Place slide in 1.5% silver nitrate 15 minutes (not
critical). Remove s8lide and wipe around section - leave a
thin film of silver nitrate on section. Flace slide section
downwards over a solid watch-glass filled to the top with |
Royama reducer (Hydroquinone 1 g., L40% formaldehyde IS5 cc.,
distilled water 85 cc., anhydrous sodium sulfite 0.15 g.)
diluted with 5 parts water for 1 minute. Remove slide. Do
not’ let reducer in watch-glass overflow. Wash in distilled
water 15 minutes. Dehydrate and mount as in C. Carry out
reduction away from strong light. |

Results - Mitochondria are black on a colorless back-
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ground. This method does not work with mercuric chloride

in the fixative. If.ovér-impregnated, sections can be gold;
toned and differentisted. Most sections showed diffusion
effects; three stﬁiniﬁg afeas in the fissue were recognizabie
| under'both low and high power: (&) Central area - silver ;
was deposited only in cells, no - intracellular deposit was
geen. _Miﬁochondria were dark brown to black on a colorless
background; evenly sized and distributed in the célls,

- clearly distinguishable individually, and could be counted.;
(B) Intermediate area - silver was deposited inter- and
intracellularly. In the cells, granu;es Qre uneven in size
and tend to outline the cell and Iipaid inclusions, an@.mayﬁ
be artifacts. The overéll appearance 1is fuzzy. (e) Per-
ipheral area - yellow to colorless with large irregular

sized clumps of black-purple silver'deposit. Individual
cells.were not clesarly distiﬁguishable. Disadvantages are ;
the need for individual processing, and diffusion’ «effects.
The' silver nibrate is carried over in the section and pro-
vides most of the silver that is deposited. The mechanism |
of action of silver nitrate on mitochondria is suggested by
Lacy. Both michhondria and lecithin react to silver nitrafe
solution in the same way. The msthod probably'depends‘on

_ the phospholipid content of the mitochondria. Acid hematin
testé show mitochondria contain a phospholipid, and potassiﬁm
dichromate fixes phosphélipid (which is also retained in

gelatin-imbedded sections).
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F, Pritchard's_Silver47 - Follow A through oxalié acid,
Place slide, agitating gently, in silver bath 20 seconds (to
5 cc. of 10.2% silver nitrate add ammonium hydroxide drop by
drop until the precipitate which forms is dissolved. Add
5 cec, of 3.1% NaOH and jus“b dissolve the resulting precipi-
tate with a few drops of ammonium hydroxide, Make the 1
solution up to 50 cc. with distilled water. Dilute with an
equai volume of distilled water with the addition of 2 drops
of 8% emmonium hydréxide per 50 cc. of mixtureJ. Drain exdess
solution. Quickly plunge the slide with agitation into 0. 1%
c ommercial formalin in distilled water. Reduction takes }
place in 10 15 seconds. | | |

Use fredh formalin for each section Wash.in‘distiluﬁd
water and examine under the microscope. The mitochondria are
specifically blackened and show distinctly. (If nuclei and.
other structures stain yellowish or brdwnish, remove withré% ‘
squeous potassium ferriqyanide,Idifferentiate under miero-g
scope - this procedure did not prove necesaary,*howevef). I

Results - Mitochondria were black; cytopiasm colorless.
Mitochondria were evenly sized and distributed through cell.
No intercellular deposition of silver was sesn except sligﬁtly
around edges of sectlon in some cases. Mitochondria can bé
counted inlan.individual cell by fdcusing up and.down. Wiﬂa
8light adjustments ih.the amount of forﬁalin used, the method
can probabl& be adapted to masslprocessing of sections. _Tﬁe

-

results were very rellable and could be reproduced‘in section
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after section. After a while 1%t 1s possible to tell if re;
duction'is complete by the gross appearance of the slide. ‘
The 1lipids do not show clearly as in the acid fuchsin and
fast green FCF methods, but the superiority of the mi tochon-
drial demonstration makes it most suitable for quantitativ?
studies, A control should be run to verify whether or nbté
the blackened, spherical granules are really mitochondria ;
rather than artifacts.

Control - Frozen sections fixed and stored for.one yeér
in 10% neutral buffered formalin wers rinsed in distilled ‘
water and stalned as above and mounted in Kaiser's glyceri#
Jelly. A second group were pretreated with 1 part glaciali
gcetic acid and 3 éarts absolute alcohol from 1 to 5 minutés
to remove mitcchondria and then stained:as above. A ﬁhirdi .
group were pretreated with 2.5% potassium dichromate and tﬁen
stained gnd mounted &s above. Results were ambiguous. Siiver
was deposited in irregular sized clumps on almost all slides.
Nothing resembling mitochondria was seen. As the most ‘
important variable in silver staining is fixation and can—;
dition of the tissue, no conclusions can be drawn from this

series.

i, The Theory of Silver Staining as Discussed Ez}Zon?é -
When ammonium hydroxide is added to silver nitrate, first ;
silver hydroxide is precipitated and then, as more base is
added the silver hydroxide redissolves to form a compound Ag
(NH3}2N03. The state of equilibrium in a sqlution of silver
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diammino-nitrate is as follows: The salt lonizes campleteiy
into a complex cation Ag(NH3)2 and the nitrate anion. The
complex cation dissociates slightly giving silver ions and by
hydrolysis gmmonium and hydroxyl ions. The excess of ammonium
hydroxide gbove two moles for each one of silver is necessary
to depress the number of silver ions so that silver hydroxide
will not be precipitated.

Silver deposition upon the stalned elements plays a part
in silver staining procesgses. The rate of reduction of silver
within and on histological structures is an important factor.
Some factors controlling the rate of reduction are 1) the
absorption of silver hydroxide and ammonia, 2) the affinity
of silver for proteins, and 3) the protective power of the
Vgel_structures. In gbsorption the anion is not taken up.
Ammonium hydroxide and silver hydroxide are absorbed. The
ratioc of base, amine and silver plays aﬁ important role in
controlling the rate of reduction. The conditions are so
complex, however, that optimum ratios for deposition must Be
determined by experimen%. The amount of silver absorbed
depends upon the concentretion in the surrounding medium.

The union follows the Freundlich absorption isotherm. Ab;
sorption of silver occurs only because a decrease in free
energy takes place. As the concentration increases, the
absorbent becomes saturated and successive increments of
absorbate cause less free energy change and are held less
avidly. The rate of reduction, therefore, of absorbed

silver compounds increases rapidly as the concentration of
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theﬁsilver solution increases. . f

The third factor upon which difference in stalning |
properties of various structures depends 1s that they haveigel
structures which allow precipitation of metallic silver toi
occur readily. In si1Ver stalned sections the colors assuﬁed
by tissue elements are exactly those which may be seen in :
silver solutbtions of different particle size. Silver stain%d
structures contain colloidal particles of silver. Since t@e
gel structure can affect the rate of crystal growth, énd tﬂe
degree of dispersion of a solution 1g dspendent upon the }
ratio of.the rate of rnucleus formation to the rate of crysfal
growth, the results indicate that each structure has a different

protective power.

Bielchowsky-type staln -~ The tissués take up ammoniumé
hydroxlde and silver hydroxide in various ratlios.’ Each j
histologic structure has a different affinity for silver aéd
different profeétive power. In the reducing sdlution absoﬁp-
tion of formaldshyde takes place and reduction of gilver 1
hydroxide occurs rapidly or slowly depending on the above
factors. Those structures in which reduction of silver o
hydroxide proceeds fastest will acquire a deposit'of silvef
from the solution carried over mechanically from the silveé-

bath, This mechanicallycarried silver will tend to diffusei

out, and if reduction is too slow will be ungvagilable for

deposition. Fixatives change the protective power of the

L e e al e e i ok - e = - R SN U i et EED— e T 20 i e




b1

gels;And.théir ability to absorb silver and are therefore
the most important variable in silver staining.

Tadmen and Mitchell??, using the Bodian Protargol methbd
and the electron microscope showed particles of g lver, 0.Lu
in one dimension within the mitochondria of rat retina. They
also found that in paraffin sections silver stain has greater
sharpness and clarity than the anilin-acid fuchsin-methyl |
green method., It would be.interesting to apply their méth#ds
to the staining of adrgnal tissues. | '
5. Summary

Several techniques for the selective processing and
staining of mitochondria were studied for the purpose o
'ascertaining one best suited for use in further investiga- |
tions of changes in mitochondria during adrenocortical re-j
generation in the rat. The methods of Pritchard, 1952, and

Lacy, 195l., were found most satisfactory. .
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