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SUMMARY

The distribution of glucose-6-phosphatase activity in rat hepato-
cytes during a period of rapid cell and membrane differentiation was
studied by electron microscopic histochemistry. Livers from animals 4
days before to 1 day after birth were perfused with 2% glutaraldehyde in
the presence of 6 mM glucose-6-phosphate. The short fixation time (3 to
5 minutes) allowed retention of 70-90% of the enzyme activity. Slices
50-100 micra thick were incubated in 1 mM glucose-6-phosphate, 2 mM lead
nitrate and 350 mM cacodylate buffer, pH 6.6. The slices were post-fixed
in osmium tetroxide, oriented during embedding, and sectioned perpendi-
cular to their length so that the complete width of a slice could be
examined. Observations were confined to the outermost layers of cells
where consistent results implied adequate penetration of both lead and
substrate. The concentration of lead used did not imhibit glucose-6-
phosphatase or cause non-specific hydrolysis of the substrate. At all
stages examined the lead phosphate deposit was localized to the endo-

plasmic reticulum and the nuclear envelope.

At four days before birth, when the enzyme specific activity is
only 9% of the adult level, the enzymatic reaction product was present
in only a few hepatocytes. In these cells, a light deposit was seen
throughout the entire rough-surfaced endoplasmic reticulum. At birth,
with a specific activity approximately equal to that of the adult,
nearly all cells gave a positive reaction for the enzyme. Again the
lead phosphate was evenly distributed throughout the entire endoplasmic
reticulum, nuclear envelope included. By 24 hours post-parturition,
all of the rough membranes, and in addition the newly-formed smooth
membranes, contained heavy lead deposits; enzyme activity at this stage
is 250% of the adult level, These findings indicate that glucose-6-
phosphatase develops simultaneously within all of the rough endoplasmic
reticulum membranes of a given cell, although non-synchronously in the
hepatocyte population as a whole. In addition, the enzyme appears in
the smooth endoplasmic reticulum as the membranes form during the first

24 hours after birth.
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To confirm that the pattern of histochemical deposits reflects
the actual distribution of enzyme sites, a method to sub-fractionate
the rough endoplasmic reticulum was developed, based on the retention
of reaction product within fresh microsomes reacted in vitro. Lead
phosphate increases the density of glucose-6-phosphatase~-containing
microsomes and thereby makes possible their separation from enzyme-

free vesicles by isopycnic centrifugation on a 2-step density gradient.

The procedure was applied to rough microsomes isolated from rats
at various stages during hepatocyte differentiation, and the results
obtained agree very well with those given by the histochemical experi-
ments in situ. Before birth, when only some of the cells react, only
a commensurate proportion of the microsomal fraction can be rendered
heavy by the glucose-6-phosphatase reaction. Thus, the distribution of
the reaction product in the intact endoplasmic reticulum reflects the
actual distribution of enzyme sites in the membranes. The enzyme is
evenly distributed in closely-spaced sites throughout the endoplasmic
reticulum membranes, and there is no regiomal differentiation within
the rough endoplasmic reticulum with respect to glucose-6-phosphatase
at this level of resolution. These findings suggest a mechanism of
membrane assembly and differentiation involving molecule-by-molecule
insertion into a pre=-existing structural framework. The membranes
formed are mosaics of old and new components and do not contain
regions of entirely "mew’ membrane, in which all components are newly

synthesized or newly assembled.
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HISTORY OF THE ENDOPLASMIC RETICULUM

The endoplasmic reticulum (ER) is an interconnected network of
membranes which is found within cells. These membranous components
divide the cell into two compartments, and possibly act as selective
barriers. The topography of the endoplasmic reticulum varies from cell
to cell; in the hepatocyte the reticulum is composed of tubular vesicles
and flattened cisternae., The endoplasmic reticulum membranes are of two
types: those studded on their cytoplasmic surface with ribosomes, called
rough ER, and those lacking the ribosomes, called smooth or sometimes

tubular ER,

As a structure, the endoplasmic reticulum was unknown to the
light microscopists, although sub-microscopic components with an affinity
for basic dyes had been identified as early as the late 1900's, This
material was known variously as basophilic material, ergastoplasm, Nissl
substance and Nebernkern (see Garnier 1900 for review, Garnier 1897,

Mathews 1899, Deamne 1946).

In early electron microscopic investigations on flattened prepara-
tions of whole cells, Porter, Claude and Fullam (1945) and Claude, Porter
and Pickels (1947) saw a lacelike network in the cytoplasm of cells,
Porter (Porter and Thompson 1948, Porter and Kallman 1952) called the
network the endoplasmic reticulum since in the whole mounts it was found
in the interior of the cytoplasm, the endoplasm, and was absent from the
outer region of the cytoplasm, the cortex or ectoplasm. Technical ad-
vances in sectioning and embedding led to the use of sectioned material
for electron microscopic studies, allowing much greater resolution., In
1954 Palade and Porter (1954) and Palade (1955b) described the network
in sectioned material as a reticulum of membrane-bounded vesicles. The
reticulum was found in many cell types (Porter and Palade 1957, Palade

and Porter 1954).

In addition to the morphological studies, work on the fractioma-
tion of cells provided evidence for the existence of sub-microscopic
particles in the cytoplasm of cells. Claude (Claude 1938, 1939, 1940,

1941, 1947-48) isolated a sub-microscopic, small granule fraction which



he later called microsomes. Based on their sedimentation properties,
he calculated that the granules were in the range of 50-200 my in
diameter and he suggested that the particles were of widespread occur-
rence in cells. When Claude (Claude 1939, 1947-48) and others (see
Hogeboom and Schneider 1955, for review) found the fraction to be rich
in RNA, Claude hypothesized that the microsomes corresponded to the

basophilic material of the light microscopists.

The morphological and cell‘fractionation observations were
brought together in the early fifties., In 1953, after comparing the
structure and occurrence of the ER in the electron microscope with
the appearance of the reticulum seen in living cells under the light
microscope, Porter (1953) postulated that the ER corresponded to the
microsome fraction of Claude. In addition, he suggested (Porter 1954)
that it was also the ''basophilic material' of the light microscopists.
Palade (1955a) identified small granules, later called ribosomes, in
the cytoplasm of many cell types. He observed a close association
between these granules and the membranous components of the endoplas-
mic reticulum. By comparing the distribution of these small granules
to the staining properties of many cells, he concluded that the
presence of the small granules imparted basophilia to the cytoplasm.
The association of these small granules with the endoplasmic reticulum
membranes produced the whorl-like shapes of the basophilic material
seen in the ergastoplasm. The particles were found to be rich in RNA
(Palade and Siekevitz 1956a) and were thought to correspond to the
"macromolecules'' isolated by Peterman and her colleagues (Peterman
and Hamilton 1952, Peterman et al., 1953, Peterman et al. 1954). The
RNA, which is very basophilic, is what caused the granules, and the
membranes to which they were attached, to stain darkly with the basic

dyes. (For reviews of the history, see Palade 1956 and Palade 1958.)

The two types of ER,.the rough- and..smooth=surfaced; werve
identified by several investigators., In 1956, Palade and Siekevitz
(1956a, 1956b) undertook parallel biochemical and morphological
studies of liver and pancreas cells, and proved conclusively that the

microscmes were derived from the ER of the intact cell. They suggested
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that when the cells are homogenized, large structures, such as the long
and tubular ER, fragment; the vesicles formed are those vesicles found
in the microsome fraction. Since most of the isolated microsomes ob-
tained were closed spheres, and when ribosomes were found on vesicles
they were on the outer surface, the authors proposed that there was
either an active pinching off process by the membranes under the stress
of homogenization, or that if the fragmentation were caused exclusively
by mechanical means, then the broken ends healed very quickly to form

the closed vesicles,

Since its identification as a structure within cells, much work
has been done on the endoplasmic reticulum and onm microsomes, using
biochemical, morphological and histochemical means. A great deal of
the biochemical work on the isolated microsomes has been concerned with
the identification of the enzyme components. A multitude of enzyme
activities has been found concentrated in this fractiomn, including

enzymes with very diverse functions in the metabolism of the cell,

Since there are three parts to the endoplasmic reticulum, there
was a question concerning the localization of the enzymes. Were they
in the cistermnal space, in the membranes, or on the ribosomes? The
ribosomes have now generally been dismissed as a possible site of many
enzyme activities,; except for their predominant role in protein synthe-
sis, and most investigators are concentrating their attention on the
enzymatic characteristics of the memb#®ane and the cistermal space
(for a review of the enzyme activities found associated with the ER

as of 1963, see Siekevitz, 1963).

HISTORY OF GLUCOSE-6-PHOSPHATASE

One of the enzymes found to be concentrated in the microsomal
fraction of liver cells was glucose-6-phosphatase (G6Pase) (Hers et al.
1951). The existence of an enzyme that would split either glucose-1-
phosphate or glucose-6-phosphate (G6P) was first postulated by Cori and
Cori.(Cori and Cori 1938, Cori et al. 1939). The enzyme was actually
discovered and shown to be a specific phosphatase, different from acid

or alkaline phosphatase, several years later by Fantl and Rome (Fantl
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et al, 1942, Fantl and Rome 1945). They found the enzyme to be specific
for glucose-6-phosphate and named it glucose-6-phosphatase (D-glucose-6-
phosphate phosphohydrolase,E.C..3.1.3.9). The biochemical properties of
the enzyme were studied by de Duve and co-workers (de Duve et al.1949,
Hers and de Duve 1950, Hers et al. 1951, Beaufay and de Duve 1954a and
1954b, Beaufay et al. 1954) and by Swanson (1950) almost simultaneously.
More recently, attempts at isolation and purification have been made by
Ganoza (1964) and Nordlie and Arion (1964). The enzyme has a well-
defined pH maximum, between 6.5 and 6.7, which distinguishes it from
acid and alkaline phosphatase, It has a high specificity for its sub-
strate, and does not efficiently hydrolyze many phosphate-sugars closely
related to glucose-6-phosphate, although even when partially purified

it does split ribose—5—phosphate,(XFglycerophosphate, and phenyl phos-
phate (Ganoza, 1964). The enzyme is relatively unstable (de Duve et al,
1949, Stetten and Taft 1964)., It has been identified in kidney and in-
testine in addition to liver, although it is absent from muscle and many
other tissues (Hers and de Duve 1950). The enzyme appears to be tightly
membrane-bound (Reid 1967,; Hultin 1957, Carruthers and Baumler 1962),
and it is not easily solubilized or purified from phospholipid. In fact,
glucose-6-phosphatase itself is probably a lipoprotein since it appears
to require lipid for activity (Beaufay and de Duve 1954b, Ganoza 1964,
Duttera et al. 1968) . The activity of the enzyme is fairly dependent
upon the integrity and the conformation of the membrane as was found by
Ernster (Ernster et al. 1962, Ashmore and Nesbett 1955). Since its
localization by Hers et al., glucose-6-phosphatasé. has been widely used

as a marker for the endoplasmic reticulum,

The main pathway in which glucose-6-phosphatase participates is
shown below. It involves the conversion of stored glycogen into free
glucose, which is liberated into the blood stream. The glycogen is
first cleaved and phosphorylated by phosphorylase. The glucose-1-
phosphate formed is converted into G6P by phosphoglucomutase; there is
no appreciable cleavage of the phosphate directly from glucose-1l-
phosphate. The G6P thus formed is cleaved by the enzyme into free
glucose and inorganic phosphate. In addition to the G6P formed from

glycogen, some is produced by the reversal of glycolysis. Although
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| phosphorylase
GLUCOSE-1-PHOSPHATE
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GLUCOSE-6-PHOSPHATE

glucose-6-phosphatase

Y
GLUCOSE + Pi

Pathway involving glucose—6—phosphata$e.

the enzyme appears to act reversibly and has a binding site for glucose
(Ganoza 1964), it does not so function within the cell. The main path-
way for the phosphorylation of glucose is via a kinase, requiring ATP
as a high-energy cofactor. G6Pase itself does not have any external
cofactor requirement, although it may be dependent upon internally

bound divalent cations (Beaufay et al. 1954, Nordlie and Lygre 1966).

Recent work (Stetten and Taft 1964, Fischer and Stetten 1966,
Nordlie and Arion 1964, Arion and Nordlie 1964, Nordlie et al. 1965)
suggests that G6Pase is a multifunctional enzyme, carrying out a
hydrolysis of inorganic pyrophosphate (1) and a pyrophosphate-
glucose phosphotransferase reaction (2) as well as the hydrolysis of

G6P.
(1) PPi + H20 T 2 Pi
(2) PPi + glucose —> Pi + glucose-6-phosphate

The identification of these as activities of a single enzyme rests
on many factors including tissue and intracellular distribution, parallel
inactivation and response to inhibitors, and enzyme kinetic data includ-

ing competition between PPi and G6P. In addition, Nordlie and co-workers



(Nordlie and Arion 1965, Nordlie et al. 1968) believe that the enzyme
functions to transfer a phosphate group from nucleoside di- and tri-
phosphates to glucose. Nordlie and Lygre (1966) suggest that the
transferase reaction (2) may be important in the phosphorylation of

glucose during diabetes when the glucokinase activity is low.

G6Pase activity is influenced by a number of hormones including
cortisone, glucagon (Greengard and Dewey 1967), and thyroxine (Greengard
and Dewey 1968). Under some conditions increased enzyme activity is due
to newly-synthesized enzyme (Weber et El" 1964) while under others,
there is an activation of already existing enzyme (Nordlie et al. 1965,
Arion and Nordlie 1967). Precocious development of G6Pase activity can
be induced in the late rat foetus by injecting glucagon (Greengard 1969).
The response 0f the enzyme to hormonal factors is probably related to
the central role it plays in gluconeogenesis (Weber et al. 1964,

Dawkins 1963) .,

HISTOCHEMISTRY OF GLUCOSE-6-PHOSPHATASE

The first to attempt to localize glucose-6-phosphatase histo-
chemically was Chiquoine (1952). He incubated fresh-frozen slices,
which were attached to siides,°with glucose-6-phosphate and lead ions.
By light microscopic investigation, he found the enzyme to be present
in liver cells, in the proximal convoluted tubules of the kidney, and
in the brush border of the intestine (Chiquoine 1955). The histochemi-
cal reaction was refined and modified by Wachstein and Meisel (1956),
who introduced the use of buffer to maintain the proper pH and in addi-
tion incubated free-floating slices. Both of these changes made the
reaction much more reproducible and with these modifications it has

been used ever since for the localization of glucose-6-phosphatase.

The reaction is outlined below. Lead ions are included during
the reaction to precipitate the released phosphate as lead phosphate.
Because the precipitate is white, it is converted to brown lead
sulfide by treatment with ammonium sulfide. The lead sulfide can be

seen in the light microscope. Tice and Barrnett (1962) used the pro-

cedure for electron microscopic observations. They utilized the fact



1. glucose-6-phosphate ————3 glucose + Pi

lead++

lead phosphatiy

2, 1lead phosphate + sulfide =—— 3 lead sulfid§¢ + Pi
(brown)

that the lead nucleus is electron-opaque and efficiently scatters elec-
trons., The lead phosphate precipitate which is formed directly when the
reaction is carried out in the presence of lead ions is visible in the
electron microscope., Tice and Barrnett examined the liver cells of the
rat using this method and localized the enzyme to the endoplasmic reti-
culum. This histochemical work, together with the biochemical studies
which found the enzyme concentrated in the microsomal fraction, helped
to confirm that the ER actually gives rise to microsomes upon fragmenta-

tion,

The electron microscopic technique has been used by others
including Rosen et al. (1966), Orrenius and Ericsson (1966), Pollack
and Shorey (1968), Sabatini et al. (1963), and Ericsson (1966),.

DIFFERENTIATION WITHIN THE ENDOPLASMIC RETICULUM

Although many enzyme activities have been found associated with
the endoplasmic reticulum, the actual function of the ER, aside from
the role played in protein synthesis by the ribosomes, remains rather
obscure, Since so many different types of enzymes are found in the
membranes, it seems possible that the ER may be highly differentiated.
In the broadest sense, the ER is differentiated, since two types of
membranes, rough and smooth, do exist. These are distinguished from
each other on the basis of the presence or absence of attached ribo-
somes. In addition, the organization of the two types of membranes
within cells differs. The rough ER is usually found as long, parallel
cisternae, while the smooth ER appears in section as randomly arranged
circular profiles. Although the enzymatic composition of the smooth

and rough seems to be similar, these two types of ER are found in
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varying proportions in cells specialized for different functions. Cells
which synthesize protein for export, such as the pancreatic acinar cell,
have a very well-developed rough ER (Palade 1956), Cells involved in the
production of steroids, on the other hand, such as the interstitial cell
of the testis, have very large amounts of smooth ER and little rough ER

(Porter 1961, Christensen and Fawcett 1961).

Within the smooth and rough ER there is also differentiation.
The Golgi region is morphologically different from the rest of the smooth
ER, and plays a unique role in the transport and packaging of material
(Jamieson and Palade 1967a, 1967b; also see Beams and Kessel 1968, for
review). The nuclear envelope is part of the ER system, but again has

a distinct role.

Within the morphologically homogenecus rough ER and within the
smooth ER, are there regions specialized to perform specific functions?
This question is not easily answered biochemically since there are no
good means of separating one type of rough ER from another., Recently,
Dallner and co-workers have tried to attack this problem by fraction-
ating the rough ER of liver cells into very small fragments by sonication
(Dallman et al. 1969, see also Dallner et al. 1968). In this way they
hoped to produce fragments which might differ from each other in enzymatic
components., Unfortunately, the only means available to separaté these
small fragments from each other is by differences in size and density,
which have no obvious relationship to the enzymatic components of the
vesicles. Upon sub-fractionation of the vesicles, these workers did
find some separation of enzymatic activities, with the NADH-linked
electron transport chain sedimenting differently from the NADPH-1linked

chain.

On the other side of the question, Orrenius and Ericsson (1966)
have looked at the distribution of glucose-6-phosphatase activity within
the ER of rat liver after stimulation with phenobarbital. The drug
induces the formation of new smooth ER and also stimulates the synthesis
of several enzymes involved in the pathway which detoxifies the drug
(NADPH-cytochrome c reductase, cytochrome P-450) (Orrenius et al. 1965,

Ernster and Orrenius 1965). At the same time, some enzymes, such as
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glucose-6-phosphatase, decrease in specific activity. Orrenius and
Ericsson looked for newly-formed smooth ER which might be rich in the
newly-synthesized enzymes and poor in glucose-6-phosphatase. No such

fractions were found either by biochemical or histochemical means.

So although the question of heterogeneity within the rough and
smooth ER is intriguing, there is still no conclusive evidence to
support either view., In the second part of this thesis, I will describe
a method for the subfractionation of rough microsomes based on the pre-
sence or absence of glucose-6-phosphatase, This provides a rational
basis for the separation of two fractions of rough ER. Some of the

applications of the method will be discussed.

BACKGROUND OF THE PROBLEM

The work of this thesis is concerned with the development of ome
enzyme associated with the endoplasmic reticulum, during a period of
rapid cell and membrane differentiation. During the days immediately
before and after birth, the hepatocyte of the rat undergoes striking
morphological and enzymatic changes. A number of these changes have
been studied by Dallner, Siekevitz and Palade (1966a, 1966b). The
amount of glycogen in the hepatocytes increases before birth, and at the
time of birth a large store is accumulated in the cell, which is utilized
during the first day of life. The amount and organization of the rough
ER increases during the last few days of gestation and the membranes
become organized into parallel arrays similar to the pattern seen in
the adult. The complement of bound and free ribosomes changes. At
birth, the number of ribosomes attached to the membranes of the ER is
very large, while before and after birth, fewer ribosomes are attached
and more are found free in the cytoplasm. Before birth, the cells do
not contain a significant amount of smooth ER, although they do have
Golgi cisternae. Smooth ER is formed rapidly during the first 24 hours

after birth, the membranes appearing in the glycogen regions.

In addition to these morphological changes, the enzymatic activity
of the cell as a whole (Burch et al. 1963, Greengard 1969, inter alios)

and of the endoplasmic reticulum changes during this time. There are
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three main patterns of development of the ER enzymes. One group, typi-
fied by ATPase, has almost reached the adult value in the ER by four days
prior to birth., Another group, including NADH-cytochrome c reductase and
nucleoside diphosphatase, increases in activity slowly after birth. A
third group, including glucose-6-phosphatase and NADPH-cytochrome ¢ reduc-
tase, displays a dramatic increase in activity immediately after birth,
This dramatic increase after birth is apparently due to the synthesis of
new enzyme, since the changes can be prevented by actinomycin or puromycin

treatment.

The enzymological work of Dallner Eﬁ.il“ was done on homogenized
liver tissue. It could not, therefore, provide information about the dis-
tribution of the newly-formed enzymes within the intact organ or within
the cell. Histochemistry is the only tool available for looking at the
localization of an enzyme activity within intact tissue, without breaking
open cells, fragmenting components and changing topographical relation-

ships. In this respect, it is an important companion to biochemical studies.

Investigating the development of the enzymes of the hepatocyte by
histochemical techniques could provide answers to at least four questions

not answered by the fractiomation work:

1. What is the distribution of the newly-formed enzymes within
the cells of the hepatocyte population? Do all the cells begin to synthe-
size enzyme at the same time or is the population asynchronous, with some

cells developing the enzyme ahead of others?

2. How are the enzymes distributed within the ER membranes of
each cell? Do only a small number of ER membranes contain new enzymes?
Does the ER seem to be homogeneous or heterogemeous with respect to the

localization of the enzymes?

3. Are the enzymes found in all of the smooth ER membranes when
they are formed after birth, or do omnly some of the membranes contain

enzyme?

4, Are newly-synthesized enzyme molecules inserted into pre-
existing membrane structures or are they incorporated along with other
newly-synthesized membrane components into a totally new portiom of

membrane?
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The topic of this thesis is the application of electron micro-
scopic histochemical techniques to the study of the development of one
of the ER enzymes. Glucose-6-phosphatase was chosen since it is very
tightly bound to the membrane and is probably an integral part of the
membrane structure, because the enzyme shows an interesting pattern of
development, and because a histochemical technique for the electron
microscopic localization of the enzyme has been reported, The locali-
zation of the enzyme during the entire course of development was
examined, from 4 days prior to birth, when the enzyme activity is
barely detectable biochemically, to 24 hours after birth, when the
activity is at its maximum and the smooth ER membranes have started to
form, The results obtained histochemically were substantiated bio-
chemically, using a fractionation scheme to separate microsomes having
glucose-6-phosphatase from those vesicles lacking the enzyme. This

separation procedure was applied to several stages in the development

of the enzyme.
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ANTMALS

Adult

Male albino rats of the Sprague-Dawley strain were fed ad libitum
on Purina Lab Chow, Animals weighing 150-300 grams were considered to
be adult for both histochemical and biochemical experiments. They were
not starved previous to sacrifice in order to approach the conditions
found in the foetal and newborn rats as closely as possible, In these
latter animals, the glycogen content of the liver cannot be reduced by

starvation,
Foetal

Female Sprague-Dawley rats, in most cases from Holtzman Co.,
Madison, Wisc., were received between the 14th and 17th days of pregnancy.
These rats have a gestation period of 22 days. At least 4 rats, mated
on the same date, were maintained on Purina Lab Chow. One of these
animals was sacrificed at the desired stage of pregnancy and at least
two rats were kept as controls and allowed to deliver normally so that
the actual age of the foetuses from the sacrificed animals could be
determined., The rats almost always delivered on the expected date and

generally within several hours of each other.
Newborn

For all newborn animals the time of birth was known to within
about 1 hour since it takes approximately 1 hour for the mother to
complete delivery., For the earliest time point after birth, the young
were sacrificed 1-2 hours after the start of delivery and were therefore

1-2 hours old. At this age they have not yet started to nurse,

HISTOCHEMISTRY

Perfusion Fixation

Adult

Rats were anesthetized with ether and the peritoneal cavity was
opened, The hepatic portal vein was ligated with surgical thread at

the caudal end to prevent profusive bleeding. An incision was then made
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proximal to the thread and a cannula of polyethylene tubing was inserted
and tied into place. The heart was cut to permit the easy flow of the
perfusion medium through the liver., The liver was perfused through the
cannula, first with 50 ml cold buffer (0.1 M sodium cacodylate pH 6.6,
containing 6 mM glucose-6-phosphate, Sigma Co.), then with 100 ml cold
fixative (2% glutaraldehyde, Fisher Co., in 0.1 M cacodylate buffer

pH 6.6, containing 6 mM G6P) and finally with another 50 ml of the buffer.
The initial perfusion with buffer was designed to wash out blood cells
so they would not become fixed in the blood vessels, and the final per-
fusion with buffer was to wash the fixative away from the cells, Since
after perfusion of the first 50 ml of buffer the perfusate leaving the
heart was almost colorless, this volume appears to be sufficient to

wash the entire liver. The perfusion with fixative lasted about 3-5
minutes, The liver became light pink and solid to the touch, indicating
good fixation, After the second perfusion with buffer, the liver was

transferred to cold buffer, cut into pieces and kept at 4° ¢,

In some experiments, the right hand lobe of the liver was ligated
with surgical thread after the initial perfusion with buffer and was
then immediately removed into cold buffer, No fixative leaked through
the cut if the thread was tied tightly, so that a closed system was
still maintained for the perfusion of fixative. In this way both fixed
and unfixed tissue could be obtained from the same liver, This was
especially important in the experiments to determine the extent of

enzyme inactivation by the fixation procedure,
Foetal

Female rats at the desired stage of pregnancy were anesthetized
with ether, the peritoneal cavity was opened and the foetuses were
removed, As each animal was removed it was either anesthetized in an
ice bath or decapitated with a scissors. The animal was pinned down
onto a board and the peritoneal and pericardial cavities were opened.
The heart was cut to provide an exit for the perfusate and the hepatic
portal vein was located under a dissecting microscope. An incision was

made near the point where the vein enters the liver and 5 ml of fixative

S
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(same as that used for the adult) were carefully pushed through. The
perfusion had to be done very slowly and steadily since the liver of the
foetal rat is very fragile and tends to break open if too much force is
exerted, The initial perfusion with buffer was omitted because of the
fragility of the tissue, As the liver is fixed, it hardens and becomes
less delicate so that a final wash with 5 ml of cold buffer could be
performed. Generally the right hand side of the liver was well fixed,
It became lighter pink and could be handled with forceps whereas unfixed
tissue tended to fall apart., The well-fixed lobes were transferred to
cold buffer and cut into pieces, The perfusion was usually performed

on 2 animals of each litter.
Newborn

The ages of the animals were determined by taking the midpoint
in delivery as time zero. The newborn animals were treated much like
the foetuses, but 10 ml of fixative and then 10 ml of buffer were used.
Litter mates were used for the time points between birth and 24 hours

in any one experiment,

Slicing, Incubation and Preparation for Microscopy

The rest of the procedure was similar for all ages. Small cubes
of liver were transferred to a piece of filter paper which was attached
with glue to a plastic disc. The tissue was covered with luke-warm agar
which was then solidified by placing the plastic dish in the freezing
compartment of a refrigerator for 10-30 seconds, The tissue was chopped
into thin slices on the Farquhar slicing apparatus (Smith and Farquhar
1963), The slices were washed with buffer for 1/2 - 1 hour before being
incubated in the histochemical medium., The thickness of the slices was
estimated to be 50-100 K by photographing the width of a slice at low
magnification in the electron microscope and measuring the width from

the plate,

The histochemical procedure was performed at 24-25° C in a water
bath, The tissue was placed in approximately 40 ml of histochemical
medium in a beaker and was shaken continuously during the incubation.

The medium was a modification of that of Wachstein and Meisel (1956)
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and contained 1 mM glucose-6-phosphate (dipotassium salt), 2 mM lead
nitrate, 50 mM sodium cacodylate buffer pH 6.6. The lead concentration
was twice that of the substrate to ensure the presence of adequate lead
ions to trap all the released phosphate, This concentration of lead
did not produce any precipitate with the glucose-6-phosphate, and the
medium did not become cloudy even during a 60-minute incubation. Some
batches of cacodylate (Amend Drug Co.) produced a slight cloudiness
when added to the lead. Only batches which did not produce precipitate

were used for the histochemistry.

After the desired length of incubation (30 or 60 minutes), slices
were transferred directly into 2% OsO4 in 0.1 M cacodylate buffer pH 6.6,
to stop the reaction and to post-fix the tissue. This fixation, for 1
hour at 4° C, was followed by several rinses in the same buffer. The
tissue was usually left overnight in either cacodylate or veronal-acetate
(V-A) buffer (0.28 M, pH 6.8). After several changes in veronal acetate
buffer the material was stained for 1 hour at room temperature with 0.5%
uranyl acetate prepared in V-A buffer (Farquhar and Palade 1965), washed
again with V-A buffer and then dehydrated through graded alcohols
(beginning with 70%) and propylene oxide, The tissue slices were left
overnight at 4° C in a mixture composed of 507% propylene oxide and 507%
Epon 812 (Shell Chemical Co., New York). The propylene oxide was
evaporated by rotating the vials and passing cool air over them, and the
tissue was then embedded in Epon (Luft 1961). An entire slice was
embedded and oriented with its long axis perpendicular to the plane of

sectioning.

After at least two days of polymerization at 60° C, the blocks
were trimmed so that each section would include the complete width of
a tissue slice., In this way two opposite edges which were exposed to
the medium during the histochemical incubation could be examined, and
the distance of penetration of the substrate and trapping agent into the
slice could be observed. This procedure was followed to insure repro-
ducible results, since often the inner areas of the tissue slices dis-
played no reaction product, implying that either substrate or lead did

not penetrate, The blocks were sectioned on a Porter-Blum Servall MT2
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automatic microtome with a Dupont or Sugg diamond knife. Gold, silver
or gray sections were collected on bar grids (E.F., Fullam Co.) covered
with 2% formvar and carbon. The sections were stained with alcoholic
uranyl acetate for 1 minute (Watson 1958) and basic lead citrate for
3-5 minutes (Venable and Coggeshall 1965), and were examined in a
Siemens Elmiskop electron microscope fitted with double condenser,

400 y condenser aperture, 50 p objective aperture, operated at 80

kilovolts,

Light Microscopy

Embedded sections

If the incubated slices were to be used for light microscopic
histochemistry, they were washed with 0.05 M cacodylate buffer after
incubation, and were then rinsed briefly with dilute ammonium sulfide.
Following further rinses with buffer and water, they were dehydrated
and embedded as described above., One-half j, sections were cut from the

polymerized blocks and were mounted on slides,

Frozen sections

Small pieces of perfusion-fixed liver were sectioned at a setting
of 20U on an American Optical freezing microtome, After being washed
in buffer, the sections were incubated in the same manner as described
above, After incubation and treatment with ammonium sulfide, the slices

were mounted directly on slides coated with albumin solution,
Pictures

Sections of tissue prepared for light microscopy were examined
and photographed in either a Zeiss Ultraphot microscope or a Zeiss photo-

microscope equipped with oil-immersion phase-contrast lenses,

Controls for Histochemistry

For all histochemistry, controls were incubated without substrate,
For the electron microscopy and the light microscopy. on embedded slices,
tissue was incubated with 1 mM beta-glycerophosphate replacing the
glucose-6-phosphate. In addition, for the electron microscopy, controls

included prior heating of the tissue at 80o C for 5 minutes, pre-
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. . -4 :
incubation of the tissue with 5 x 10 M parahydroxymercuribenzoate,

or inclusion of 5 mM sodium oleate during the incubation.
Morphology

When liver tissue was used solely for morphological studies, it
was treated as described for the histochemistry but the incubation in
the histochemical medium at 250 C was omitted. The thin slices were

transferred directly from cold cacodylate buffer into osmium tetroxide.

Preparation of Glucose-6-phosphate

In order to obtain highly purified glucose-6-phosphate for the
histochemical incubation, the barium salt of glucose-6-phosphate was
purchased from Sigma Chemical Co., St. Louis, Mo., and was converted
to the more soluble di-potassium salt. This conversion was dome in

either of two ways.

1. Dowex method (C.C. Widnell, personal communication)

Approximately 10 grams Dowex-50 (Dow Chemical Co.), which had
been stored in the acid form in 0.1 N HCl, was washed several times in
water. A slurry was prepared of 2 grams of barium-glucose-6-phosphate
in approximately 10 ml H20° To this slurry the washed Dowex-50 was
added dropwise with stirring until no white precipitate was visible on
the bottom of the beaker. The mixture was allowed to stir for about
20 minutes at 4O C, A column (6 x 1 cm) was prepared from additiomal
washed Dowex and was washed twice with 2 ml water. The mixture of G6P
and Dowex was loaded onto the column and the effluent was collected.
The column was washed twice with 2 ml water and this wash was added to
the effluent (total volume approximately 20 ml)., This solution of
glucose-6-phosphate (acid form) was neturalized to pH 7.0 with KOH,
The concentration of free inorganic phosphate and total phosphate was
then determined by the method of Ames and Dubin (1960). The amount of
Dowex used had a large enough capacity to convert all of the barium

salt of the glucose-6-phosphate to the acid form,
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2. Sulfuric acid method

Two grams of the barium-G6P were transferred to a conical centri-
fuge tube and to this was added several ml of water., Sulfuric acid was
added in a concentration somewhat greater than equi-molar with the G6P.
The barium sulfate precipitate that formed was spun out and a drop of
sulfuric acid was added to the supernatant to check for the complete
precipitation of the barium. The clear solution was then neutralized

to pH 7.0 with KOH.

The two methods give comparable results in terms of contamination
by inorganic phosphate (which is low) but the Dowex method yields greater
recoveries. After preparation, the glucose-6-phosphate solution was

stored at —200 C.

BIOCHEMISTRY

Preparation of Tissue

Adult male rats were anesthetized with ether and foetal rats were
removed from mothers which had been anesthetized. Newborn rats were not
exposed to ether at all. When liver tissue was to be used solely for
biochemical experiments, the livers were removed from the animals without
prior perfusion, and were transferred to cold sucrose, either 0.25 or
.88 M. In adult rats, it was possible to do both histochemistry and
biochemistry on the same liver by tieing off one lobe as previously
described, so that in these experiments the livers were perfused with
buffer. The livers of the young animals were too small to use for both
biochemistry and histochemistry, so that litter mates were used. Gener-
ally 4-5 of these small livers were used for each biochemical experiment,
and 5-15 were used in the fractionation experiments. The livers were
minced in cold sucrose and were blotted on filter paper before being
weighed., Liver from young animals was homogenized directly since it was
very soft, but liver from adult rats was generally passed through a
tissue press fitted with a stainless steel plate before homogenization.
The homogenates (10, 20 or 25% w/v) were prepared by suspending the tissue
in sucrose using a motor-driven Potter-Elvehjem homogenizer (Potter and
Elvehjem 1936) fitted with a teflon pestle. Preparaticn of the homogenates

was carried out at 4o Cs
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If biochemical activity of glucose-6-phosphatase was to be assayed
in tissue fixed by perfusion with glutaraldehyde, a somewhat more vigorous
disruption procedure was necessary since homogenization does not insure
complete breakage of fixed cells, After the standard homogenization,
homogenates from both fixed and unfixed tissue were examined under the
phase microscope and the number of unbroken cells per unit area was
counted. The homogenates were then sonicated with a Branson sonifer set
at 4-6 Amperes and again were examined. The sonication was continued on
both the fixed and unfixed homogenates until there were few unbroken
cells in the homogenate from the fixed tissue. The tissue was kept in
an ice bath during the sonication and 10-second intervals of sonication
were separated by 15 seconds to permit cooling. The loss in activity
due to the heat generated during sonication was determined by assaying
both the sonicated and unsonicated homogenates (to be discussed in
Table 2). Sonication of the fixed tissue insured both an accurate enzyme

assay and an accurate protein determination.

Chemical Assays

Glucose-6-phosphatase

The method used was modified from those of Swanson (1950) and
de Duve et al. (1949). The assay was carried out in a conical centrifuge
tube containing 30 mM cacodylate buffer pH 6.6 and 30 mM glucose-6-
phosphate dipotassium salt (final concentrations in 1 ml volume). A
preliminary experiment indicated that addition of Mg++ was not necessary
for activity. The reaction was run either at 370 C or 250 C 1in a shaking
water bath for 5 to 60 minutes. For routine biochemical assay, the
reaction was run at 370 C for 20 minutes. To determine the amount of
phosphate released during the histochemical incubation, the reaction was
run at 25° ¢ for 30 or 60 minutes. The reaction was started by the
addition of tissue and was stopped by adding 1 ml cold 10% TCA. Occasion—
ally both a tissue and a substrate blank were included but routinely a
zero time point blank was used. For this, TCA was added prior to the
addition of tissue. The TCA precipitates were kept at 40 C for at least

1 hour and were then sedimented. The supernatants were removed with a
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Pasteur pipette and were used for the determination of free inorganic
phosphate, while the pellets were suspended in 1 ml 1 N NaOH to be used
for protein determination. When protein was determined on homogenates
of fixed liver, the TCA precipitates in NaOH were heated in capped tubes
for 30 minutes at 90-100° C to solubilize the protein. Routinely,
specific activity was determined as ymoles inorganic phosphate released

per mg protein per unit time, All samples were run in duplicate.
Protein

Protein was determined by the method of Lowry (Lowry et al. 1951),
with bovine serum albumin (BSA) as standard. For samples heated at
100° C for 30 minutes a standard curve was prepared from BSA which had
been TCA-precipitated and heated, In determining protein on homogenates
from fixed tissue, the Lowry method was checked by assaying for protein
nitrogen, The two methods agreed when the homogenates had been sonicated

and the TCA precipitates heated in NaOH as previously described.

Phosphate

For most work, inorganic phosphate was determined by the method
of Fiske and SubbaRow (1925). Occasionally the method of Ames and Dubin
(1960) was used for both inorganic and total (organic plus inorganic)

phosphate, KZHPO4 was used as a standard.

Phospholipid

Phospholipid was extracted by the Folch procedure (Folch et al.
1957) using 0.73% NaCl as the aqueous phase. The chloroform layer was
transferred to acid-washed tubes and evaporated under a stream of warm
air, After evaporation, 0.1 ml chloroform was added to the dry tubes,
and was swirled around to collect the lipid material in the bottom of
the tube. This was then evaporated and the dry material was resuspended

in 0.1 ml ethanol and was washed with MgNO The residue was assayed

3.
by the Ames method for total phosphate. To obtain micrograms phospho-

lipid, micromoles of phosphorous were multiplied by 775.



23

RNA was determined by the method of Munro and Fleck (1966). RNA
was extracted from a perchloric acid precipitate by heating in 0.3 N
KOH at 37° C for 60 minutes. The optical density at 260 mu was measured,
This method was chosen rather than the orcinol method (Mejbaum 1939),
since the high concentration of sucrose in some of the fractions inter-

fered with the orcinol reaction,

FRACTIONATION OF ENDOPLASMIC RETICULUM

Preparation of Rough Microsome Fraction

The procedure used to obtain a fraction of rough microsomes is
a modification of that of Rothschild (1963) and is shown schematically
in Figure 1, At all stages, livers were removed in the same manner as
described under "Biochemistry'. Homogenates, 20% w/v, were prepared by
homogenizing the livers in 0.88 M sucrose as described earlier., This
concentration of sucrose was used in preference to 0.25 M since it pro-
duced a cleaner separation of rough and smooth microsomes. The homo-
genates were either kept at 4° ¢ for several hours, or 9-12 ml were
immediately centrifuged for 15 minutes at 10,000 x g (average) in the
Spinco S 40 rotor. The rotor was stopped with the brake and the super-
natant was removed with a curved pipette fitted with a rubber bulb.
The pellet was washed with 0.88 M sucrose and was recentrifuged. The
wash supernatant was added to the original supernatant to form the
post mitochondrial supernatant (PMS). This fraction contained micro-
somes and free ribosomes. The pellet (mitochondrial pellet, MP),
containing whole cells, mitochondria, nuclei and some microsomes, was

resuspended to 10 ml and was kept at 4° ¢,

The PMS was stored at 4° until one hour before the rough-smooth
fractionation, At that time alpha amylase (hog pancrease, Worthington
Biochemical Corp., Freehold, N.J.,) was added to the PMS and incubation
was continued for 60 minutes at 4° C., The amylase added was in great
excess, based on an estimate of the glycogen content, and almost com-
pletely digested the glycogen present in the PMS, During the incubation,

the solution was homogenized three times and then the PMS was layered
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SEPARATION PROCEDURE FOR ROUGH AND SMOOTH MICROSOMES

Liver
homogenize, 0.88 M sucrose
20% w/v
HOMOGENATE

spin 10,000 x g, 15"

PELLET POST-MITOCHONDRIAL
SUPERNATANT

amylase 60", 4°C
layer over
5ml 2.0M sucrose
13 ml 1.32 M sucrose

resuspend
homogenize
spin

10,000 x g, 15'

// spin 78,500 x g 12-13 hr
MITOCHONDRIAL WASH
PELLET
ROUGH SMOOTH MICROSOMES
MICROSOMES +
REMAINDER
A
buffer
f
load ~— free hemoglobin
T <—— smooth microsomes
1.32Mm

T <——— rough microsomes
2.0M

*all g values are average force at the middle of the tube filled to capacity

Figure 1. Separation procedure for rough and smooth microsomes. The
upper part of the figure outlines the centrifugation procedure;
for full description see text. The lower part shows the dis-

tribution of material on the gradient.
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onto the following step gradient: 5 ml 2.0 M sucrose at the bottom,
overlayed with 13 ml 1,32 sucrose. An aliquot of the PMS was layered
over the 1.32 M sucrose and the remainder of the tube was filled with
0.01 M cacodylate buffer pH 6.6. The gradient was spun in the Spinco
S-30 rotor for 12-13 hours at 78,000 x g (average). The gradients were
tapped on an Isco Density Gradient Fractionator, using 50% (w/w)
potassium tartrate to push up the gradient. Optical density was
monitored at 550 mp and 1 ml fractions were collected into precooled
tubes in an ice bath. The fractions containing the rough and smooth
microsomes were separately pooled and kept at 40 C. In this gradient,
the smooth microgomes remain at the interface between the 1.32 M
sucrose and the load zone, while the rough microsomes collect at the
interface between the 1.32 and 2.0 M sucrose. Free glycogen and
glycogen associated with membranes would pellet under these conditions
if any were present. Only a very slight reddish pellet is seen if the
PMS is treated with amylase., Polysomes and free ribosomes should be

in the 2.0 M sucrose layer or in the pellet.

The pooled rough microsome fraction was gently sonicated in
an Acoustica ultrasonic bath for 30 or 60 seconds at 50 milliamperes
in order to break up any aggregates that might have formed during the

centrifugation.

Histochemistry and Subfractionation

of Rough Microsomes

Aliquots of the rough microsome fraction were incubated in the
histochemical medium in exactly the same manner as were the tissue
slices. The reaction was continued at 25° ¢ for 60 minutes at which
time the beakers were transferred to the cold. Aliquots of microsomes
were also incubated without glucose-6-phosphate, During the reaction,
aggregation of the microsomes occurred., In order to reverse this
aggregation, the reacted microsomes were dialyzed against EDTA. Ten
ml aliquots of the microsomal suspension were transferred to washed
dialysis bags. The washing procedure for the bags included an over-
night soak in 0,01 M EDTA, rinsing with distilled water, boiling for
10 minutes in 2% NaZCO3, thorough washing with distilled water and a
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final 10-minute boiling in distilled water. The washing was necessary
since dialysis in unwashed bags caused fragmentation of the microsomes.
The microsomal suspension was dialyzed overnight at 40 C against 0.01 M
cacodylate buffer pH 7.4 containing 100 pM EDTA, Dialysis volumes were
1:100. Twice during the dialysis the bags were transferred to fresh
medium of the same composition and three times during dialysis the bags
containing the microsomal suspension were gently sonicated for 9-10
minutes at 50 milliamperes in the ultrasonic bath., The sonication
helped to break up the aggregates formed during the incubation and
allowed the EDTA to more efficiently bind the free lead ions. It was
necessary for the bags to spin freely during the dialysis in order to
completely reverse the aggregation., After a third sonication, the
microsomal suspension was removed from the dialysis bags and 20 ml were
layered over 9 ml of 2.0 M sucrose. The material was spun at 63,600 x g
for 60 minutes in the Spinco SW 25.1 rotor. The gradients were tapped
on the gradient fractionator, and the absorbance was monitored at 254 mu.
Two ml fractions were collected into precooled tubes in am ice bath and
adjacent fractions were pooled. For biochemical analysis, the pellets
were resuspended in 0.88 M sucrose and homogenized in a small centrifuge
tube with a close-fitting teflon pestle. Aliquots were taken from the
pooled fractions immediately, or after freezing, for the determination
of protein and phospholipid. When the fractions were assayed for
glucose~6-phosphatase activity, this was done immediately after the

gradients were collected.

Electron Microscopy of Fractions

For electron microscopy, the pellets from the final gradients
were fixed in situ. Aliquots of the material at the interface were
pelleted as were fractions of the isolated rough and smooth microsomes.
The aliquots were diluted to 5.0 ml with 0.1 M cacodylate buffer, pH
6.6, or 0,01 M cacodylate buffer, pH 7.4, and were centrifuged for 45
minutes in the Spinco SW 39 rotor at 125,000 x g (average). All pellets
were fixed overnight at 4° ¢ in 1% osmium tetroxide im 0.1 M cacodylate
buffer, pH 6.6 or 7.4, washed in cacodylate buffer and several changes

of V-A buffer, and stained for 1 hour in 0,5% uranyl acetate. The
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pellets were dehydrated in the bottom of the centrifuge tubes through
70% to 95% alcohol, While in 95% alcohol they were cut into sectors
which included both top and bottom of the pellet. During embedding
these sectors were oriented so that a section would include the total
thickness of the pellet in the direction of centrifugation. Thus,

changes in the composition across the pellet could be examined.
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I. DEFINING THE HISTOCHEMICAL SYSTEM

Reliable histochemical localization is notoriously difficult.
Numerous artifacts are possible and must be rigorously excluded before
meaningful conclusions can be drawn. These artifacts range from inac-
tivation of the enzyme during the fixation process to nonspecific
deposition of the reaction product. Many of the sources of artifact
were investigated by biochemical and histochemical means and the results

of these experiments will be presented in this section of the thesis.

Biochemical Assay

In order to examine the parameters of the histochemical system
used to localize glucose-6-phosphatase, a biochemical assay for the
enzyme, modified from those of Swanson (1950) and de Duve et al, (1949)
was used. (The details of the system are described in 'Materials and
Methods'). Homogenized adult liver was used for most of these experi-

ments,

First, the kinetic properties of the enzyme were examined. The
amount of inorganic phosphate released during the reaction is dependent
upon the enzyme concentration (Fig. 2A). Generally the equivalent of
10-20 mg wet weight of liver were assayed, which, under the conditions
of the assay, makes the reaction lst order with respect to enzyme. The
substrate concentration (30 mM) on the other hand, was chosen to satur-
ate the enzyme (Fig, 2B) and the reaction is zero order with respect to
substrate concentration, Thus, the amount of substrate hydrolysed is

directly proportional to the activity of the enzyme.

The rate of the reaction at 37° and 25° is shown in Fig, 2C.
At both temperatures the rate of release of inorganic phosphate is
linear up to 30 minutes, For biochemical assays at 370, the reaction
was routinely run for 20 minutes, at which time the reaction is still

linear, The initial rate at 25o is half that at 370.

Parameters of the Histochemical Reaction

Buffer

The biochemical system was used to check many of the parameters

involved in the histochemistry. The first was the selection of a buffer,
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Kinetics of Glucose-6-Phosphatase Reaction
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Figure 2, Kinetics of G6Pase reaction in homogenates from adult liver.
Assay medium:
A. 30 mM G6P, 30 mM cacodylate buffer, pH 6.6.
B. 30 mM cacodylate buffer pH 6.6, 10 mg liver homogenate.
C. 30 mM G6P, 30 mM cacodylate buffer, pH 6.6, 10 mg
homogenate.
D. 30 mM G6P, 30 mM cacodylate buffer, pH 6.6, 10 mg
homogenate,
In D, activity in liver of rat killed by decapitation is com-

pared to that in liver of rat killed by anesthesia with ether.
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Citrate, the buffer used by Swanson (1950) was reported by Nordlie and
Lygre (1966) to inhabit G6Pase. Cacodylate buffer was used by de Duve
et al, (1949) in the G6Pase assay, and was also employed by Sabatini

et al, (1963) when fixing with glutaraldehyde; it does not interact with
the fixative in the way that Tris buffer does. Swanson (1950), however,
had reported that arsenate inhibits G6Pase activity although arsenite
does not, Since cacodylate is the salt of an arsinic acid in which the
arsenic is in the same oxidation state as in arsenate, the effect of
cacodylate on G6Pase activity was determined, The activity in the
presence of cacodylate buffer was the same as that with Tris-Maleate,
and so cacodylate was routinely used for both the biochemical and
histochemical assays. The lack of effect of cacodylate on G6Pase

agrees with the findings of Nordlie and Lygre (1966).
Anesthesia

In order to perfuse the liver while the rat is still alive, it is
necessary to anesthetize the animal. Since ether is a lipid solvent
which could alter membrane structure, it might have an effect on the
activity of membrane-bound enzymes such as G6Pase, The effect of ether
anesthesia on G6Pase activity is shown in Figure 2D, This is one of
several experiments which compares the G6Pase activity in the liver of
an animal which has been killed by decapitation with the activity found
in the liver of an anesthetized animal, The reaction rate is very
similar in the two animals. The slight increase in activity after
anesthesia which was found in most of the experiments might be signifi-
cant, Since, however, the difference is so small, and the anesthesia
is necessary, all of the histochemical and biochemical experiments using
adult rats were performed on rats which had been previously anesthetized,
Foetuses were removed from anesthetized mothers and were then decapitated,

while newborn animals were merely decapitated,
Fixation

One of the most serious problems in histochemical work is the
proper selection of a method of tissue fixation. Two criteria must be

met by the fixation technique. First, fine structural localization by
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electron microscopic histochemistry requires reliable morphological
preservation of the tissue. Thus, many methods of fixation, while
adequate for light microscopic work, are not sufficiently good for
electron microscopic investigations. Second, the enzyme must not be
inactivated during the fixation. Only in this way can one be sure that
the activity observed histochemically is representative of the enzyme

activity actually present in the cell.

Glutaraldehyde is a commonly used fixative which produces excel-
lent morphological preservation, &It has, however, been reported to
inhibit G6Pase activity (Sabatini et al, 1963) . In the work of Sabatini
et al. the tissue was fixed by immersing tissue blocks in the fixative
for extended periods of time. We reasoned that a very short fixation
might preserve the morphology of the tissue well enough, without inac-
tivating the enzyme. The liver is well suited to a short fixation by
perfusion through the portal vein. It is so well permeated with
capillaries and sinusoids that the fixative need only diffuse across
the thickness of one cell., One other advantage of perfusion fixation
is that it permits uniform fixation of the entire liver. Thus, there
should be no inactive, overfixed areas, nor regions where, due to under
fixation, the reaction product is deposited non-specifically. (See

Orrenius and Ericsson 1966 for examples of these types of problems.)

The perfusion fixation method outlined earlier satisfies the
two requirements stated. The first, morphological preservation, is
good at all stages of development (see plates 2, 8, 12, 15, 22, 26).
The cells remain intact and there is no vacuolation of the endoplasmic
reticulum or the mitochondria. Other cell organelles also retain their

accepted morphological appearance.

The second condition, retention of enzyme activity after fixationm,
was also met (see Table 1), At all ages, the amount of activity recov-
ered after fixation was 70-80% of that present before fixation. This is
a respectable recoﬁery of activity and implies that the histochemical
reaction product marks the location of the bulk of the activity present
in the unfixed tissue. Since purification of the glutaraldehyde by

passage through Norite (Anderson 1967) did not increase the recovery,
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G-6-Pase ACTIVITY AFTER FIXATION BY PERFUSION

umoles Pi/mgoprotein/
1 ¥
Exp. Sonication 20'/37 * Per cent
no. Age Fixative (seconds) fixed control recovery
1 | aduie | % lutaraldehyde 35 1.18 1.69 70
unpurified
9 i 27 glutaraldehyde 35 1.26 1.66 76
purified
2% glutaraldehyde
3 " unpurified 70 1.26 1.60 79
+ 6 mM G-6-P
4 = 1% glutaraldehyde 30 1.30 1.66 78
purified
e pe 2% glutaraldehyde
5 €2 hgune) unpurified 60 .86 1.04 83
+6 mM G-6-P

* Values are averages of two determinations.

Each experiment refers to rat liver perfused with different

fixation medium. When purified, glutaraldehyde was passed through

Norite.

Sonication was continued until the number of unbroken cells

in the homogenate of fixed tissue was approximately equal to that in

the unsonicated homogenate of unfixed tissue. For all experiments

on adult liver the specific activity of G6Pase left in the tissue

after fixation is compared to that present in the same liver before

fixation.

from a litter mate.

In the newborn, the comparison is made to unfixed tissue

sonicated homogenates,

All specific activities in the table are from
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unpurified fixative was used. Lowering the concentration of the fixative
to 1% resulted in poor fixation and had no effect on recovery of activity.
Although inclusion of G6P during the fixation procedure did not apprecia-
bly increase recovery of activity, it was routinely included during the
fixation as an added precaution since the enzyme is relatively unstable
(Stetten and Taft 1964, de Duve et al. 1949). This exposure of the
tissue to substrate does not contribute any background precipitate

detectable either biochemically or histochemically.

Homogenates prepared from both fixed and unfixed tissue were
sonicated., Sonication was continued until the fixed tissue was well-
dispersed and the cells broken. This sonication breaks up clumps of
fixed cells which are very difficult to disperse by homogenization.

When clumped, the cells settle during the enzyme assay and thus show a
somewhat lower activity. In addition, the sonication is necessary for
reliable protein determinations on the fixed tissue. TCA precipitates
of the large clumps of cells do not dissolve readily in alkali even
when heated and therefore spurious protein measurements result. Table 2
shows the results of several experiments in which losses in enzyme
activity due to the heat generated during sonication were determined.
The amount of heat produced is very difficult to control and the losses
in the unfixed control homogenate varied between 0% and 23%. In the
fixed tissue, the activity in the sonicated homogenate was always either
the same as or slightly higher than the activity in the original

unsonicated homogenate,

Recently, there have been two reports of brief fixation methods
which retain histochemically-demonstrable G6Pase. Neither author used
biochemical assays to determine the actual percentage of activity re-
tained after fixation. Ericsson (1966) employed a brief perfusion of
liver with glutaraldehyde, while Manns (1968) used a brief formalin

fixation of frozen sections.
Lead Ions

With the development of an adequate method for fixation, two

other important parameters had to be checked. The lead ions present



TABLE 2

EFFECT OF SONICATION ON G-6-Pase ACTIVITY

IN HOMOGENATES FROM ADULT RAT LIVER
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Specific Activity .
pmoles Pi/mg Protein/20', 37

Fixed Tissue

Unfixed Tissue

7% increase % loss
Sonication| unsoni-|soni- after unsoni-| soni- after
Exp.] Conditions (seconds) cated |cated sonication | cated cated |sonication
1 Glutaraldehyde
2% unpurified 70 1.22 1.26 3 1.68 1.60 5
+ 6 mM G-6-P
Glutaraldehyde
2 |2% purified 50 .81 .85 5 1.50 115 23
+ 6 mM G-6-P
Glutaraldehyde
3 |17 purified 30 1.79 1.79 0 2.40 2.40 0
+ 6 mM G-6-P
Glutaraldehyde
4 |1% purified 30 1.31 1.43 9 1.78 1.62 8

+ 6 mM G-6-P

Sonication was continued until the number of unbroken cells

in the fixed homogenate was approximately equal to that in the

unfixed, unsonicated homogenate,

In each experiment, fixed and

unfixed tissue was obtained from the same liver; sonicated and un-

sonicated material was from the same homogenate.

The homogenate

was kept in an ice bath during sonication and 10 second bouts of

sonication were separated by 15 seconds of cooling.
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during the incubation have been shown to inhibit some phosphatases
(Novikoff SE El" 1958, Tice and Engel 1966, Marchesi and Palade 1967),
To check the effect of lead on G6Pase activity, tissue was assayed

under the histochemical conditions (1 mM g-6-p, 50 mM cacodylate buffer,
250 C) with and without 2 mM lead present, this being the concentration
used for the histochemical reaction. After 30 minutes of incubation,
aliquots were removed and were precipitated with TCA. Preliminary
experiments had shown that 5% TCA completely solubilizes the lead
phosphate precipitate and releases it from the tissue so that the

assay for inorganic phosphate included the amount of lead phosphate pres-
ent. The lower part of Table 3 illustrates that this concentration of
lead did not inhibit G6Pase at all. Kinetic experiments showed that the
rates of reaction in the presence and absence of lead were identical.
This concentration of lead, 2 mM, is the highest that can be used without
precipitation occurring. Previous investigators (Tice and Barrnett 1962)
using higher lead concentrations reported finding such precipitates.
Since this precipitation introduces uncertainty in the conditions of the
reaction, it was avoided. 1 mM G6P and 2 mM lead were used to ensure
that the concentration of trapping agent was greater than that of the

substrate without causing precipitation.

Another possible source of artifact in the system is the reported
ability of lead ions to hydrolyse various phosphate esters (Rosenthal
et al. 1966, Moses et al. 1966, Moses and Rosenthal 1967, 1968, Novikoff
1967) . Since under some conditions this non-specifically released
inorganic phosphate is deposited preferentially over certain organelles
(Moses et al., 1966), interpretation of the histochemical deposit in the
presence of such a non-enzymatic hydrolysis becomes ambiguous. The
histochemical medium was incubated without tissue, but under the same
lead and substrate concentrations used for the histochemical reaction.
Aliquots were removed for ‘the assay of inorganic phosphate immediately
after mixing, and then after 30 and 60 minutes of incubation. Table 3
(top) illustrates that during the incubation, there is no significant
increase in the amount of inorganic phosphate. The amount found can be

accounted for by that present in the reagents alone.
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TABLE 3

LACK OF EFFECT OF Pb++ ON G-6-Pase REACTION

On Substrate

min. of incubation®* pmoles Pi/ml¥**
0 .038
30 .025
60 .033

On Enzyme Activity

incubation conditions* | pymoles Pi/mg prot/30'**

(25)
no pbi T 1.18
+2mMpPb T 1.18

* 1 mM G-6-P, 2 mM PbNO
buffer, pH 6.6

3’ 50 mM Na Cacodylate

*% Values are averages of two determinations

Top: G6P and lead ions were incubated together at 250. Aliquots
were removed right after mixing and then after 30 and 60
minutes of incubation, and were immediately assayed for
inorganic phosphate,

Bottom: 10 mg of homogenate were assayed with and without 2 mM

lead nitrate present,
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Inhibitors

In order to find incubation conditions which might be useful as
controls for the histochemistry, the biochemical assay for G6Pase was
carried out in the presence of a number of inhibitors which had been
previously reported to act on the enzyme., Table 4 lists the activity
obtained using several conditions which produced partial inhibition of
the enzyme. The results are essentially similar to those reported
elsewhere (Beaufay et al. 1954, Swanson 1950) but none of the conditions
were useful for histochemistry. Since the determination of the histo-
chemical deposit is not quantitative, a 50% inhibition would be difficult
to assess. An adequate histochemical control should contain little or no
observable deposit. Althoughﬁg-glycerophosphate does not inhibit the
reaction, it is not utilized as a substitute substrate (see Table 5) and
in this capacity is a good control for the histochemistry. Table 5 lists
several inhibifory conditions under which little or no activity was
detectable biochemically. Substitution of[?-glycerophosphate for G6P,
prior heating of the tissue and omission of substrate were good control
incubation conditions. The histochemical results obtained using these
conditions will be presented in Results Part III., The inhibition
obtained with sodium oleate (Ganoza 1964) is variable., Parahydroxy-
mercuribenzoate may inhibit the reaction by binding to a sulfhydryl
group on the enzyme molecule, but since it also precipitates in the
histochemical medium, its usefulness as a histochemical inhibitor is
limited,

Penetration of Substrate and Trapping Agent

In addition to controlling the histochemical assay conditions
one other problem had to be considered, During the 30 or 60 minute
reaction, the lead and substrate do not completely penetrate the 50-100
M thick slices incubated in the histochemical medium (see Holt and
Hicks 1961, Essner et al, 1958, Barrnett 1959) for discussions of the
problem of penetration), To obtain reproducible results, it is
necessary to determine the depth of penetration, The procedure used

to observe.the penetration was outlined in "Materials and Methods'.
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EFFECT OF INHIBITORS ON G-6-Pase ACTIVITY IN

ADULT HOMOGENATES
(partial inhibition)

Specific Activity

(umoles Pi/mg protein/

Percent Activity
Compared to

Exp.| Incubation Conditions 20', 37 ) Control
1 Control 2,24 -
+ glucose 30 mM +62 28
+ 20, 30 mM .40 18
+ B-glycerophosphate 105
2,36
30 mM
+ NaF 30 mM 1.11 50
+ linoleic acid
7 mM 1.86 83
pH 5.0, 30' at 37" 1.61 72
2 Control 1.57 =
Na caprylate 10 mM 1.36 86

Assay medium:

homogenate.

30 mM G6P, 30 mM cacodylate buffer, pH 6.6, 10 mg

The treatment at pH 5.0 included pre-incubating the enzyme for 30

minutes at 370, pPH 5.0, before assaying at pH 6.6.

tions done in duplicate.

All determina-
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TABLE 5

EFFECT OF INHIBITORS ON GLUCOSE-6-PHOSPHATASE ACTIVITY

(whole homogenates)
complete inhibition

Percent
Specific activity activity
Incubation (umolesoPi/mg prot. compared to
Exp. conditions 37 20')* control
1 control (adult) 1.34
no substrate 0 0
B-glycerophosphate
instead of G-6-P .03 2
(30 mM)
Na oleate (5 mM) .05 4
2 control (adult) 2.24
heat treatment of
enzyme (80 5'") .03 1
3 control (newborn) 1.84
PMB (5 x 10'4M) 1.21 65
4 control (newborn) 1.84
-4
PMB (5 x 10 'M;
preincubated with 0 0
enzyme 37 30')

* Values are averages of two determinations
PMB = parahydroxymercuribenzoate, sodium salt

Reaction was run, except where stated, with 30 mM G-6-P, 30 mM
cacodylate buffer, pH 6.6
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Essentially it involves embedding the entire incubated slice so that the
edges can be easily examined, By trimming and sectioning the slice to
include two opposite edges exposed during the reaction, one can see outer
regions of the slice, where the deposit is specific and reproducible,
and inner areas where there is no deposit at all. Qualitatively, the
deposit at the edges increased in a manner paralleling the increase in
biochemical activity, whereas the center of the slice, lacked deposit at
all stages., If slices are not oriented but are sectioned in random
planes, then the presence or absence of deposit depends upon the area
through which the section passes, If it passes through the outer areas
of the slice, reaction produce is seen, whereas if it passes through the
interior of the slice deposit is absent, Plate 1 shows a light micro-
graph of a slice from adult liver which was processed for light microscopy
and then embedded in the manner just outlined, The preparation has not
been stained so that contrast is imparted to the tissue solely by the
reaction product. The reaction is best at the edges of the slice where
the deposit is heavy and is limited to the cytoplasm, The amount of
product decreases as one moves into the slice, Only occasionally were
non-specific deposits seen at the edges of the slices, Further observa-
tions were thus always confined to the outermost layers of cells where
both lead and substrate were readily available, In this manner,

reproducible and consistent results were obtained,

IT, THE DEVELOPMENT OF GLUCOSE-6-PHOSPHATASE ACTIVITY

Figure 3 illustrates the development of G6Pase activity in whole
homogenates prepared from animals ranging in age from four days before
to 72 hours after birth, Enzyme specific activity is presented as a
percent of that found in the adult liver., To obtain an average value
for the adult, the activities measured in 6 experiments were averaged.
Duplicate points at the same stage of development represent different
litters, Generally livers from 4-5 animals of a litter were pooled.
The specific enzyme activity increases slowly before birth reaching a
value approximating that of the adult at the time of birth, Then,
during the first 24 hours after birth, the enzyme specific activity

increases rapidly, overshooting the adult value by about three-fold.
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Plate 1. Light micrograph of histochemical reaction for G6Pase in adult
liver slice. Slices of perfusion-fixed liver were incubated with
lead and G6P for 30 minutes, processed for light microscopic ob-
servation and embedded in Epon. This slice is approximately 90 p
across. The section, 0.5 p thick, is unstained. Typical hepatic

"cords' of gells are visible.

The reaction product is clearly present in the outermost layers
of cells and the intensity of the deposit decreases towards the
interior of the slice. Note the localization of deposit in the
cytoplasm of the hepatocytes and the lack of deposit in the nuclei

(arrows) .

Magnification: x 1350.
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Development of Glucose - 6- Phosphatase Activity
in Liver Homogenates

300

250

T
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50F

Enzyme Specific Activity (% adult value)

0 ] 1 1 1 1
72-96 48-72 24-48 0-24 T 12 24 48 72

Hours before birth Hours after birth

Birth

Figure 3. Development of G6Pase activity in liver homogenates,

Assay medium: 30 mM G6P, 30 mM cacodylate buffer, pH 6.6.
Adult value is average of 6 experiments. All determinations
done in duplicate. Each point is from homogenate prepared
from combined livers of several animals in a litter. In a
single experiment, litter mates were used for all time

points after birth.
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Similar curves have been reported by Burch et al. (1963), Dallner et al,
(1966Db), Greengard and Dewey (1967) inter alios, although the time and
degree of overshoot vary somewhat from one report to another. Dallner
et al, (1966b) have shown that the activity drops off several days after
birth and slowly decreases to the adult level. Greengard and Dewey
(1968) have postulated that the slow accumulation of G6Pase activity
during the last few days of gestation reflects the increased metabolic
activity of the foetus caused by the functioning of the thyroid which
starts at about this time. The dramatic increase right after birth is
probably a response to post-natal hypoglycemia (Dawkins 1963, Greengard
and Dewey 1967). The increased enzyme activity facilitates the conver-

sion of stored glycogen into free blood glucose.

Figure 4 illustrates the kinetics of the reaction at several
stages in development. At all stages the rate is linear up to 30 minutes

of incubation.

G6Pase activity was also measured in rough microsomes which were
isolated from animals at several stages of development. In Table 6 this
activity is compared to that found in isolated rough microsomes from the
adult rat. The increase in activity in the rough microsomes is. similar
to that found in the whole homogenate. This suggests that the changing
composition of the liver during this time does not account for the shape
of the curve. Since the vast majority of rough microsomes are derived
from hepatocytes, the activity of these vesicles represents ‘the enzyme
activity of the hepatocytes, and there is little non-hepatocyte protein
in the fraction to decrease the specific activity (which is calculated
on a protein basis). In addition, by 1 day before birth, when the
activity becomes appreciable, most of the developing blood cells are no
longer in the liver. The composition of the liver does not change

drastically after that time,
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Kinetics of G-6-Pase Reaction
at Several Times during Development

7.2 '
9 48 hours after birth

6.4
B : 24 hours after birth

5.6

g~ adult

pmoles Pi/mg protein

o] 5 10 15 20 25 30
Minutes of incubation, 37°

Figure 4. Kinetics of G6Pase reaction at several times during
development,
Assay medium: 30 mM G6P, 30 mM cacodylate buffer, pH 6.6,

Duplicate points on each curve represent two determinations

on the same sample.
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DEVELOPMENT OF G-6-Pase ACTIVITY IN WHOLE HOMOGENATES

AND ROUGH MIC

ROSOMES

Specific Activity

Percent of

Specific Activity

Percent of

Age |Rough Microsomes® Adult Homogenate® Adult
-3 Days .18 6 .19 11
-2 Days .61 19 .38 13

Birth 3.24 100 1.42 82

Adult 3.26 - 1.73 -

* Specific Activity = pmoles Pi/mg protein/20', 37°

Values are averages of duplicate determinations. Assay

medium: 30 mM G6P, 30 mM cacodylate buffer, pH 6.6.

prepared from same homogenate as that assayed.

Microsomes

Homogenate kept

o . :
at 0 overnight and assayed simultaneously with microsomes.
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Summary of Parts I and IT

The biochemical assay used to detect G6Pase meets the criteria
for reproducible and systematic enzyme determination., The reaction rate
varies linearly with enzyme concentration, and the enzyme is saturated
with substrate under the conditions used. The reaction has linear
kinetics for 30 minutes of incubation at both 25° C and 37° C, although

it proceeds more slowly at the lower temperature,

The conditions used for the histochemical analysis do not produce
appreciable inhibition of the enzyme. Perfusion fixation of the liver
for a short time allows retention of approximately 807% of the original
enzyme activity in both the adult and newborn. The lead concentration
used in the histochemical reaction does not inhibit the enzyme nor

hydrolyze the substrate non-specifically,

A number of conditions were found which almost completely inhibit
G6bPase and are thus useful as controls to check the histochemical

specificity of the enzyme,

Oriented embedding of the entire tissue slice permits controlled

examination of the penetration of substrate and lead into the slice.

The biochemical activity of G6Pase in both whole homogenate and
isolated rough microsomes was determined at a number of the stages

during the development which will be examined histochemically.

III, HISTOCHEMISTRY

The material to be discussed in this chapter includes the results
of histochemistry done on liver from animals ranging in age from 4 days
prior to birth, when G6Pase activity is low, to 24 hours after birth,

when the activity is at its highest.
Adult

To examine the intracellular distribution of the reaction product
and compare its localization to that obtained by others, the G6Pase

histochemistry was first performed on adult tissue.
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Morphology: A typical hepatocyte from adult liver is shown in Plate 2,
The material was fixed by perfusion but was not incubated in the histo-
chemical medium. The morphological preservation of the tissue is good
and is similar to that seen after prolonged fixation (Porter and
Bonneville 1963). There is no vacuolation of the ER, the nuclear
envelope or the mitochondria., Both the rough and smooth ER are well
preserved and easily recognizable. The Golgi complex (Plate 3) and the
other cell organelles retain their accepted morphological appearances,
The cells are intact and also retain their mnormal topographical relation-
ships to each other (see Plates 1 and 7). Occasionally myelin figures
are seen in the vicinity of smooth ER or Golgi membranes. The glycogen
regions appear light instead of dark due probably to fixation in caco-
dylate rather than in phosphate buffer. The glycogen in Plate 3 is
better preserved than that in Plate 2, Plate 4 shows a higher magnifica-
tion view of the edge of a glycogen region. The adult hepatocyte con-
tains many ER membranes of both the rough and smooth surfaced variety,
and points of continuity between the two types of ER are visible. The
difference in topography between the rough and smooth ER is well demon-
strated; the rough is arranged as long parallel cisternae while the
smooth appears as a connected network of tubules. The rough ER ends at
the edges of the glycogen deposit while the smooth penetrates into it.
These animals have not been starved and the glycogen deposits are so

large that sometimes the smooth membranes do not completely permeate them.

After reaction in the histochemical medium it is often difficult
to distinguish between rough and smooth.ER solely by the presence of
ribosomes on the former, The ribosomes are not clearly Visibie° This
may be due to the incubation at room temperature for 30 minutes, the
presence of dense lead deposifs inside the cisternae which obscure the
ribosomes or the depolymerization of the RNA by the lead (Farkas 1968).
After reaction, it is mnecessary to identify the two types of ER by their
characteristic morphology, their relationship to other cell organelles
and the density of the surrounding matrix. Rough surfaced vesicles are
embedded in a dense matrix made up of free ribosomes and ribosomes

attached to membranes which are out of the plane of section. Smooth



Plate 2. Electron micrograph of hepatocyte from adult liver fixed by
perfusion with glutaraldehyde. The tissue was not incubated in
the histochemical medium. None of the cell organelles is dis-
tended or vacuolated. The parallel arrangement of the elongated,
flattened rough ER cisternae (rm) contrasts with the tubular
network of smooth ER membranes (sm). The glycogen regions (gly)
appear extracted and are much less electron dense than after
fixation in the presence of phosphate buffer. , Note the differ-
ence in electron opacity between the material surrounding the

rough and smooth ER.
ne - nuclear envelope
m - mitochondria

mb - microbody

Magnification: x 25,000,
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Plate 3. Electron micrograph of hepatocyte from adult liver fixed by
perfusion with glutaraldehyde. 1In this cell the glycogen areas
(gly) are better preserved. An interconnected network of smooth
ER (sm) is seen enmeshed with glycogen particles. The Golgi

complex (G) is well preserved. Tissue was treated as in Plate 2,
rm - rough ER.

Magnification: x 24,000.
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Plate 4. Enlargement of Plate 2. Arrows indicate points of continuity
between the rough (rm) and smooth (sm) ER. A small myelin
figure (f), probably formed during aldehyde fixation, is seen

in the region of the smooth ER. Tissue was treated as in Plate 2.

Magnification: x 53,000.
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membranes are located in the glycogen regions which are areas of low
electron density. In order to facilitate the identification of the
two types of ER, pictures of tissue which has not been incubated in

the histochemical medium are included at most stages during development,

Histochemistry. Plate 5 shows the localization of the reaction product

in adult tissue which has been incubated for 30 minutes. The deposit

is found exclusively in the cisternal space of both the rough and smooth
ER and within the nuclear envelope. There is no reaction along the
plasma membrane, in the elements of the Golgi complex (which are not
shown) or over other cell organelles. This localization agrees with
that found by Tice and Barrnett (1962) and Orrenius and Ericsson (1966).
The deposit is heavy and is distributed uniformly in the ER of the cell,.
Note the poor definition of the ribosomes. Although the intensity of

deposit varies from cell to cell, all of the hepatocytes react positively.

The section seen in Plate 6 was not stained with either uranyl
acetate or lead citrate although the tissue was treated in block with
uranyl acetate; the liver slice was incubated in the complete histo-
chemical medium for 30 minutes. The details of the morphology are clear
and the lead deposit is easily visible in the ER membranes. Much of the
contrast in the section is provided by the non-specific binding of the
free lead ions, present in the incubation medium, to the tissue. This
exposure to lead is equivalent to staining fthe section with lead for an
extended period of time at room temperature. In contradiction to this
finding Essner and Novikoff (1961) state that incubation of tissue in
lead containing medium does not increase contrast. The very fine
punctate deposit which is caused by the non-specific lead binding is
easily distinguished from the coarse, dense lead phosphate deposit
produced by the activity of the enzyme. The faint background deposit
is also seen in tissue which has not been stained in block with uranyl
acetate. In addition, the fine deposit is visible in control material
which has been incubated without substrate. It is not seen in the tissue

prepared purely for morphological observations and not exposed to lead.




Plate 5. Electron micrograph of G6Pase histochemistry in adult hepato-
cyte incubated for 30 minutes in the histochemical medium. This
cell is near the edge of the tissue slice. The lead phosphate
deposit is present in the nuclear envelope (nm) and in the rough
(rm) and smooth (sm) ER, There is no reaction product over the
nucleus (N), mitochondria (m) or plasma membrane (pm). Note the
density of the matrix surrounding the rough ER compared to that
surrounding the smooth ER. The ribosomes are not easily

distinguished (cf. Plate 2).

Magnification: x 30,000,
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Plate 6. Histochemistry in a section of an adult hepatocyte. The tis-

sue was incubated in the complete histochemical medium for 30
minutes, stained in block with uranyl acetate, but the section
was not additionally stained. Much of the morphological detail
is visible due probably to the staining effect of the lead
present during the histochemical incubation. Note the fine
background deposit (arrows) over the mitochondria (m). This
punctate deposit is found over many cell organelles and is
probably due to non-specific binding of the lead ions to the
membranes. The background deposit is readily distinguished
from the lead phosphate deposit seen in the rough (rm) and

smooth (sm) ER.
gly - glycogen area
L - lipid droplet

Magnification: x 40,000,
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The distribution of reaction product within the lobule of the
adult rat liver was examined on frozen sections cut from perfusion-
fixed liver., Plate 7 illustrates such a preparation which has been
processed for light microscopy. The reaction product is evenly dis-
tributed throughout the lobule., The cells are unstained and are visible
only because they contain lead sulfide deposit. This even intralobular
distribution makes it unnecessary to confine observations to a particu-
lar part of the lobule., Tice and Barrnett (1962) similarly report an
even intralobular distribution of G6Pase while Novikoff (1959) and

Manns (1968) find heavier reaction product in the peri-portal areas,

Foetus

-4 and -3 Days

Morphology. These early stages will be considered together since
they present virtually identical pictures. In the foetus of this age,
the gross anatomy of the liver is similar to that of the fully mature
animal but the microscopic anatomy is extremely different. In fact, it
is difficult to recognize the typical liver morphology at all. The cell
population of the liver is very heterogeneous; at least half of the cells
belong to the hematopoietic series (see Plate 8). These blood cells are
dispersed between hepatocytes and are in close contact with them. The
typical adult "cords" of hepatocytes do not exist at these stages. The
entire liver is very loosely packed. This loose structure aids the
penetration of substrate and lead during histochemical incubation and

often reacted cells are seen in the center of slices.

The hepatocytes are very small and irregularly shaped. They
contain a small amount of rough ER which is often not organized into
parallel cisternae as in the adult. There is essentially no smooth ER
although there are Golgi saccules. Glycogen has started to collect in
the cells although the deposits are still much smaller than at birth.
The morphological preservation of the tissue fixed by perfusion is good
despite the fact that the perfusion of these small livers is extremely
difficult. Since the cells at this stage are so small and irregular in
shape, it is difficult to find thin sections which show large areas of

the cytoplasm. It is more common to find cytoplasmic extensions zs in

Plate 11,
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Plate 7. Light microscopic histochemistry in a fixed-frozen section of
adult liver. This 20 micra frozen section of perfusion fixed
liver was incubated in the complete histochemical medium for 30
minutes, treated with ammonium sulfide and then mounted in
glycerin jelly. The section is unstained so that the contrast
is due solely to the brown lead sulfide precipitate in the
hepatocytes. The field shows one lobule and the reaction

product is evenly distributed across it.
h - cords of hepatocytes
c - central vein

Magnification: x 120,
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Plate 8., Light micrograph of a section of perfusion-fixed liver from
an animal 3 days prior to birth. This section illustrates the
heterogeneous cell population in the liver at this stage. The
section (0.5 p thick) was stained with toluidine blue. The
hepatocytes (H) contain glycogen deposits (g) which are light
in color and appear distinct from the other cell organelles
(darker areas in hepatocytes). Interspersed among the hepato-
cytes are numerous hematopoietic cells (h). Several blood
vessels are visible in the section but the tissue has not yet

differentiated into its adult form (cf. Plate 7).

Magnification: x 1800,
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Histochemistry., At these stages the G6Pase specific activity is less

than 10% that of the adult. Within the population of hepatocytes, this
activity is distributed very heterogeneously. Most of the cells do not
contain any lead phosphate deposit after histochemical incubation while
a small number of cells show a light but definite deposit. These two
types of cells can occasionally be found directly adjacent to one

another as can be seen in Plate 9. One cell has no deposit in edither

the rough ER or the nuclear envelope while the other has deposit
specifically located in the cisternae of the rough ER. The insert more
clearly shows the location of the deposit inside of the membranes., Note
the large size of the nucleus in the unreacted cell compared to the small
amount of surrounding cytoplasm. Incubation of this material was carried
on for 60 minutes. Even after this long incubation the deposit is much
lighter than that found in the adult after only 30 minutes of incubation.
If this tissue is incubated for 30 minutes, the deposit is so light that
it is often difficult to distinguish at all. The heterogeneous reaction
within the population of hepatocytes was also seen when incubated tissue
slices were processed for light microscopy (see Plate 10). A hepatocyte

containing reaction product is next to one which completely lacks deposit.

A part of another reacting cell (Plate 11) illustrates the wide-
spread distribution of the deposit in all of the rough ER of the cell.
The deposit is found within the cisternae. It often appears that cells
which react positively for the enzyme at this stage have more highly
organized ER than unreactive cells., More often long profiles are seen
in the ER of the reacting cells and some of the cisternae line up in

parallel arrays.

The development of the cells in the hepatocyte population is
thus asynchronous. This asynchrony is seen throughout differentiation
right up to the last stages studied when the smooth ER forms after birth.
In the cells which contain enzyme, however, the reaction product is

found in all of the ER membranes present in that cell.
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Plate 9. Electron microscopic histochemistry in a liver slice from an

Insert

animal 4 days before birth. This field, taken near the edge of
the tissue slice, shows the heterogeneous reaction between adja-
cent hepatocytes. 1In the lower right is a part of a cell which
has a light deposit in the rough ER (arrows), while the cell in
the upper left has no deposit in either the nuclear envelope (nm)
or rough ER (rm). There is no deposit along the plasma membrane
(pm) between the two cells. Note the large size of the nucleus
(N) in the upper cell compared to the surrounding cytoplasm.

The tissue was incubated for 60 minutes.

Magnification: x 20,000.

(9A). This field shows an enlarged portion of the cell seen in
the lower right. Note the location of the deposits within the

cisternae of the rough ER (arrows).

Magnification: x 39,000.
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Plate 10. Light micrograph of G6Pase histochemistry in liver slice

from a rat 3 days before birth. Two hepatocytes (H) are
included in this field. One contains reaction product in the
nuclear envelope and cytoplasm (arrow), and the other com-
pletely lacks deposit. This field is near the edge of the
slice. The tissue was reacted for light microscopic histo-
chemistry and was then embedded in Epon. This 0.5 p section
is unstained. The picture was taken using a phase-contrast

oil-immersion lens.
h - hematopoietic cells.

Magnification: x 4,000.
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Plate 11. Electron micrograph of G6Pase histochemistry in hepatocyte

from an animal 4 days before birth. The lead phosphate deposit
(short arrows) is uniformly distributed within the cisternal
space of all of the ER visible in the cell., In the glycogen
region in the upper left some ER containing deposit (long
arrows) is present. Because of the location within the
glycogen region and the tubular appearance, these are probably
smooth ER membranes. The field is near the edge of the tissue

slice,
H - hematopoietic cell
m - mitochondria

Magnification: x 32,000,
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~z2 Days

Morphology. By two days prior to birth, the cells have increased
in size and have acquired larger glycogen deposits (see Plate 12). The
ER, which is still exclusively rough surfaced, has increased in amount
and its organization more closely approaches that of the adult. The
rough ER ends at the edges of the glycogen deposits as it does in the
adult. The proportion of developing hematopoietic cells in the popula-

tion has decreased.

Histochemistry. The number of hepatocytes reacting positively

for G6Pase has increased but they are still in the minority. At this
stage the biochemical G6Pase specific activity is approximately 20% of
that of the adult. The histochemical deposits seen in a reacting cell
after 60 minutes of incubation have become heavier (see Plate 13). They
are present in the rough ER and nuclear envelope but are absent from the
Golgi elements and the plasma membrane. The deposit is widespread in
all of the ER of positive cells as is well--illustrated in this picture.
In Plate 14 a higher magnification view of the deposit is shown. Note
its location in the cisternal space. The background, punctate deposit
caused by the non-specific binding of the lead is also visible in this

section.
-1 Day

Morphology. Plate 15 shows a junction of three cells from the
liver of an animal within approximately 24 hours of birth. The morphology
within the lobule is approaching that typically seen in adult liver.

The hepatocytes have increased still further their stores of glycogen,
the areas of which are still completely devoid of penetrating membranes.
The ER is quite well organized and now contains rather dense material
within it., The preservation of the perfusion-fixed tissue is good and
all cell organelles retain their normal structures and normal relation-

ships to each other,

Histochemistry. By 1 day before birth the enzyme activity has

increased to 70% of the adult. The histochemical deposit is heavier than
at -2 days and is easily visible in the ER and nuclear membrane (Plate 16

and 17). The elements of the Golgi complex are conspicuously free of




Plate 12. Morphology of hepatocyte two days before birth., The tissue
was not incubated in the histochemical medium. Note the large
glycogen regions (gly) which appear to be extracted. The rough
ER (rm) ends at the edges of the glycogen deposits which are
free of elements of the smooth ER (cf. Plate 2). The ER cis-
ternae are filled with a moderately electron-dense material.
Several empty vesicles (v) are seen in this section. These
vesicles are encountered frequently in tissue from young
animals. At the upper left is a hematopoietic cell (H). Such

cells are still common at this stage.
m - mitochondria

nm - nuclear envelope

pm - plasma membrane

G - Golgi region

Magnification: x 20,000,
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Plate 13. G6Pase histochemistry in a hepatocyte 2 days before birth,
The tissue was incubated for 60 minutes in the complete histo-
chemical medium. Lead phosphate deposit is widespread in all
of the rough ER cisternae (rm). There is no deposit over the
nucleus (N) or in the elements of the Golgi complex (G). The
faint background deposit caused by the non-specific lead bind-
ing can be seen over the mitochondria. This cell is from the
edge of a section as are all of the following pictures of

tissue incubated in the histochemical medium.
gly - glycogen deposit
nm - nuclear envelope

Magnification: x 19,000.
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Plate 14. Higher magnification view of a portion of a reacted cell
from an animal 2 days before birth., The lead phosphate
deposit (short arrows) is visible in the nuclear envelope
(nm) and within the cisternal space of the rough ER (rm).

The reaction product is seen in all of the ER profiles. In
this field the background non-specific deposit (long arrows)
is clearly visible over the mitochondria (m) and Golgi
saccules. Ribosomes can be seen along the rough ER membranes
and between them, although they are not as distinct as in

unincubated tissue.
N - nucleus

Magnification: x 51,000.
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Plate 15, Hepatocyte 1 day before birth. Ribosomes are clearly
visible along the rough ER (rm), the cisternae of which are
filled with a moderately dense material. The rough ER ends
at the edges of the glycogen deposits (gly) which are free

of membranous profiles.
G - Golgi region

m - mitochondria

nm - nuclear envelope
pm - plasma membrane

Magnification: x 22,000,
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Plate 16. G6Pase histochemistry in hepatocytes 1 day before birth.
The reaction product is visible in all of the rough ER (rm)
of these cells, It is present in the nuclear membrane (nm)
but is absent from the elements of the Golgi complex (G).
There is no deposit over the nucleus (N) or along the
plasma membrane (pm). At the edge of the bile canaliculus
(bc) there is a light deposit which is seen even in tissue
incubated without substrate (arrows). A large vacuole (V)
of unknown origin is seen at the right of the field. The
tissue was incubated for 60 minutes in the histochemical

medium,

Magnification: x 17,000,
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Plate 17. G6Pase histochemistry in hepatocytes 1 day before birth.
The histochemical deposit again fills all of the ER elements
present in the cells, including the nuclear envelope (nm).
The localization of the deposit within the cisternal space
is clearly visible in some areas (arrows). No deposit is
present along the plasma membrane (pm). The edge of the

section is at the lower left.
mb - microbody
m - mitochondria

Magnification: x 19,000,
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deposit, as is the plasma membrane (Plates 16, 17 and 18), the mitochon-
dria and the microbodies, In general the localization of deposit is the
same as in the adult except that no smooth ER membranes are yet present
in the cells. Within a cell, the deposit is uniformly distributed in

the rough ER, and the heterogeneity in the population of hepatocytes has
decreased, Several reacting cells are seen next to one another in these
pictures., Plate 17 well illustrates the location of the deposit within

the cisternae of the rough ER,
Newborn

2 Hours After Birth

Morphology. At the time of birth the cells are large and contain
such huge deposits of glycogen that they displace all of the other cell
organelles., Plate 19 shows the edge of such a deposit which is still
free of ER profiles., The rough ER is arranged in parallel arrays
similar to the pattern seen in the adult liver. The ER cisternae are
filled with material of high density which was also visible one day
before birth, The Golgi complex is large at this stage and now contains
vacuoles with lipoprotein granules, a typical finding in Golgi vacuoles
of the adult liver., The amount of rough ER is still less than in a fully
mature liver and the membranes are densely covered on their outer surface
with ribosomes, The cytoplasm between membranes is also filled with
ribosomes, Lipid droplets, which are seen in the cytoplasm of the cells

from newborn animals, have started to appear at this stage,

Histochemistry. At birth the specific enzyme activity of G6Pase

is approximately equal to its adult value., Plate 20 shows the reaction
in tissue incubated for 30 minutes, The deposit is visible within the
rough ER and nuclear envelope and is absent from the Golgi vesicles and
plasma membrane, The reaction product is evenly distributed throughout
the ER of each cell; by this stage most of the hepatocytes react positive-
ly for G6Pase, although the amount of deposit in the ER varies from cell

to cell. Plate 21 shows the appearance of the deposit after 60 minutes

of incubation,
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Plate 18, G6Pase histochemistry in a hepatocyte 1 day before birth.
This higher power view of the Golgi complex (G) clearly shows
the absence of reaction product from the flattened Golgi
cisternae, and the presence of the product in the long cister-
nae of the rough ER (rm). The small vesicles and larger

vacuoles of the Golgi complex are also negative.
gly - glycogen region
pm - plasma membrane

Magnification: x 54,000.
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Plate 19. Hepatocyte at birth. This unincubated tissue is from an
animal approximately 1 hour old. The glycogen region (gly)
at the left is extremely large and displaces all other cell
components. These deposits are free of associated ER ele-
ments, a situation typical of cells at birth. The rough ER
is very densely covered with ribosomes and numerous ribosomes
are also free in the cytoplasm. The rough ER cisternae are
filled with material of intermediate electron-opacity. The
Golgi complex (G) is extremely large and is comprised of
elongated cisternae, large vacuoles, and small vesicles.

The number of microbodies, several of which are seen in this
field (mb), increases at about this time in development.

The grazing section through the nucleus reveals several
nuclear pores (short arrows) and ribosomes arranged in

rosettes (long arrows) on the nuclear envelope.

Magnification: x 25,000.






91

Plate 20. G6Pase histochemistry in hepatocyte from an animal 1 hour
old. The histochemical reaction was continued for 30 minutes.
The reaction product is seen in all of the rough ER cisternae
(rm) and in the nuclear envelope (nm). The elements of the
Golgi complex (G), plasma membrane (pm), nucleus and mito-
chondria are free of deposit. At the right is an empty
vacuole (v) and several myelin figures probably produced

during fixation.
gly - glycogen region

Magnification: x 18,000,
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Plate 21. G6Pase histochemistry in hepatocyte at birth. In this
tissue the reaction was continued for 60 minutes. The
deposit is uniform in all of the ER and is more continuous
than after 30 minutes of incubation (cf. Plate 20). Arrows
mark regions where the deposit is clearly located wifhin
the cisternal space. In this field the ER cisternae are
not disposed in parallel arrays but form a continuous,
winding network. Note how difficult it is to distinguish
ribosomes (cf. Plate 19); free ribosomes appear as gray

material between the reacting rough ER cisternae.
m - mitochondria
pm - plasma membrane

Magnification: x 36,000.
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6 and 24 Hours After Birth

Morphology: Formation of Smooth Endoplasmic Reticulum, The smooth

ER begins to develop in the hepatocyte after birth. The process is asyn-
chronous in the hepatocyte population so that at any one time after birth,
cells can be found at various stages of this proliferation, Plate 22
shows one of the earliest stages in a cell 6 hours after birth., Smooth
ends of the rough-surfaced cisternae are visible at the edges of the
glycogen deposits, Plate 23 is a cell 24 hours after birth. This is
another early stage in the proliferation of smooth ER. Rough-surfaced
membranes ring the glycogen areas and completely enclose them. Smooth-
surfaced tubules appear and penetrate the glycogen regions, Mitochondria
are trapped between cisternae of rough ER and these cytoplasmic "islands"
separate regions of glycogen. Note the decreased ribosome density on the
rough ER compared to that at birth, Plate 24 shows a cell 6 hours after
birth which has already reached this stage. In this reacted cell it is
difficult to distinguish rough and smooth ER, but the pattern of glycogen

areas ringed by ER membranes is obvious,

A slightly later stage in the proliferation of smooth ER is seen
in Plate 25, which is also material 6 hours after birth, The smooth-
surfaced vesicles have increased in number and are visible in the glycogen
areas (regions of low electron-density). Lipid droplets, which can be
seen in great numbers by 24 hours after birth, are already visible in the
glycogen regions. Comparison of Plate 25 and Plate 4 shows that the
smooth ER and its relation to the glycogen is similar to the pattern in
the adult, Plate 26, 24 hours after birth, shows an even later stage
of development. The glycogen regions have become drastically reduced in
size and are completely penetrated by smooth ER, Areas of continuity
between rough and smooth ER are easily visible at this stage. Again
note the relative sparseness of ribosomes on the ER, This picture also
shows a large Golgi complex which is characteristic of many of the
stages in development (also see Plate 19 of a cell at birth), As at

birth, the lipoprotein containing vacuoles of the Golgi comples are

present,
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Plate 22, Hepatocyte 6 hours after birth. This field shows an
early stage in the formation of the smooth ER. Smooth-
surfaced ends (arrows) of rough-surfaced cisternae (rm)
are seen along the edges of the glycogen deposits (gly).
Most of the glycogen region is still free of membranous
profiles. The rough ER has fewer attached ribosomes
than immediately after birth and the cisternal content
is of lower electron-opacity (cf. Plate 9). Lipid
droplets (L) begin to form at about this stage. The

tissue was not incubated in the histochemical medium.
G - Golgi complex.

Magnification: x 30,000.
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Plate 23. Hepatocyte 24 hours after birth. This field shows a some-
what later stage in the formation of the smooth ER. Rough ER
encircles portions of the glycogen (gly) deposits and appears
to divide the glycogen regions into smaller units. Areas along
the length of the rough ER surrounding the glycogen deposits
appear free of ribosomes; smooth-surfaced extensions of it
penetrate the edges of the glycogen masses (arrows). At‘this
age there are even fewer attached ribosomes than at 6 hours
after birth. At the upper left is a small region in which
the development of the smooth ER has proceeded farther,
preoducing inter-connected tubules of smooth ER (sm). This

tissue was not incubated for histochemisty.

Magnification: x 23,000.
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Plate 24, Histochemistry in hepatocyte 6 hours after birth. In
addition to illustrating the histochemical reaction, this
picture shows an area similar to that seen in Plate 23.
The ER has completely surrounded regions of glycogen (gly),
and membranous profiles are seen penetrating the glycogen
regions. Lead phosphate deposit is present along the
length of the rough ER cisternae (rm), in the ER surround-
ing the glycogen deposits and in the membranes within the
glycogen regions themselves (arrows). At the lower left
is a small area which contains reacted membranes arranged
in a tubular network (sm). Comparison with Plate 25 sug-
gests that this is probably newly formed smooth ER. All
of these membranes contain reaction product. The edge of
the slice is to the left. The tissue was incubated for

30 minutes.

Magnification: x 17,000,
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Plate 25, Hepatocyte 6 hours after birth. In this cell the smooth
ER development is farther advanced than in Plate 23 even
though the cell is from a younger animal. Smooth-surfaced
ends (arrows) of rough-surfaced cisternae (rm) are seen.

In addition, a tubular network of smooth ER (sm) has already
_ developed along the edge of the glycogen region (gly). Two
large lipid droplets (L) are present in the glycogen region.

The tissue was not incubated in the histochemical medium.
pm - plasma membrane

Magnification: x 35,000,



103




104

Plate 26. Hepatocytes 24 hours after birth. The formation of smooth
ER in these cells is further advanced than in Plate 24. The
glycogen regions (gly) are small and are completely permeated
with smooth ER (sm) profiles. The network of smooth-surfaced
tubules visible in the glycogen region at the upper right is
reminiscent of that seen in adult liver (cf. Plate 4) except
that the membranes penetrate into the center of the glycogen
deposits. Arrows indicate points of continuity between the
rough and smooth ER. Along the length of the rough ER cis-
ternae (rm) there are regions which are free of attached
ribosomes. The Golgi complex is large (G) and a centriole

(c) is apparent near the nucleus at the upper left.

Magnification: x 14,000.
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Histochemistry: 6 hours after birth. By 6 hours after birth the

histochemical deposit is very heavy and continuous within the ER cis-
ternae (Plate 27 incubated for 30 minutes). It is still specifically
localized to the ER and nuclear envelope and is well distributed
throughout all of the ER of the cell. Where mitochondria are ringed
by ER the dense deposits are clearly seen to be present in the ER and
absent from the mitochondria, The ER is outlined in black against a
paler cytoplasm. All of the membranes encircling the glycogen areas
are filled with deposit (Plate 24) and the ER elements penetrating the
glycogen regions also contain reaction product, By comparison with
unincubated tissue (Plate 23) these membranes are identified as being
mostly smooth ER, Since the glycogen appears light, the dense deposits

in the membranes are easily distinguished.

Histochemistry:s 24 hours after birth. At this stage G6Pase

activity is at its highest, 2 1/2 times that of the adult, Plate 28

shows cells incubated for 30 minutes in the histochemical medium, The
edge of the block is towards the upper left and the deposit begins to be
spotty towards the right. Several stages in the proliferation of the
smooth ER are seen in this picture, The topmost glycogen area is cir-
cumscribed by ER, Right below is an area already penetrated by smooth

ER membranes, while the glycogen region in the lower cell is completely
permeated with smooth ER., The heavy deposit in the ER surrounding the
glycogen areas and the dense deposit in the smooth ER as it pervades the
region are illustrated in the upper two glycogen regions (compare with
Plate 23 and Plate 26 for localization of the two types of ER), Note

that again the elements of the Golgi complex and the plasma membrane are
negative, The faint background deposit caused by the non-specific binding
of the lead is seen in the 1lipid droplets and in the Golgi cisternae,
Plate 29 shows a higher power view of the deposit in the areas of rough
and smooth ER, One region of glycogen surrounded by rough ER is seen

and so is the edge of another. The deposit inside the membranes is heavy.

An area of proliferated smooth ER also contains heavy deposit.
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Plate 27, G6Pase histochemistry in a cell 6 hours after birth.
The dense and continuous reaction product is clearly visible
in all of the rough ER elements (rm) and in the nuclear
envelope (nm). No deposit is seen along the plasma membrane
(pm) or over the nucleus (N) or mitochondria (m). Several
mitochondria appear encircled by ER elements. The glycogen
region (gly) at the left is free of ER profiles. The tissue

was incubated for 30 minutes.

Magnification: x 20,000.
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Plate 28, G6Pase histochemistry in hepatocytes 24 hours after birth,

This field shows 3 different stages in the formation of the
smooth ER. The glycogen region (gly) at the top left is sur-
rounded by ER profiles but does not contain many membranes
within it. The glycogen region just below is also surrounded
by ER, but in addition, is penetrated by numerous ER profiles.
The region of glycogen at the lower right is no longer ringed
by the ER but the entire region is permeated with smooth ER
(sm) arranged in the typical tubular network, The edge of the
tissue slice is towards the upper left and the histochemical
reaction is less intense and consistent towards the right of
the picture. 1In the top two glycogen regions all of the ER
profiles contain deposit, including those within the glycogen
regions (arrows). In the glycogen area in the lower right,
which is further into the slice, the reaction is more spotty.
The nuclear envelope (nm) contains reaction product although
the elements of the Golgi complex (G) and the plasma membrane
(pm) do not. Light background contamination can be seen in
the lipid droplet (L) and in the Golgi cisternae. The tissue

was incubated for 30 minutes.

Magnification: x 18,000,
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Plate 29. Higher power view of G6Pase histochemistry in a hepatocyte
24 hours after birth. Two regions of glycogen (gly) ringed by
ER.are seen. In addition, in the upper right, is an area
which has been completely permeated with smooth ER (sm). The
reaction product is heavily deposited in the rough ER cister-
nae (rm), in the ER surrounding the glycogen areas, and in the
newly formed smooth ER. The tissue was incubated for 30

minutes.

Magnification: x 33,000,



112




113
Controls

In order to substantiate further the assumption that the activity
localized histochemically is actually G6Pase, a number of controls were
conducted at all stages, Omission of substrate, prior heating of the
tissue for 5 minutes at 800, substitution of B-glycerophosphate for G6P
all produced little or no observable deposit. Plate 30 is a picture of
a cell at birth incubated without substrate. No deposit is visible in
any of the ER membranes, This indicates that there is very little endo-
genous substrate in the tissue. The light, punctate, non-specific
deposit although present, is not very obvious in this photograph. The
electron dense content of the ER cisternae typical of this stage of
development is visible, although the Golgi cisternae have a lighter
content, The ER membranes are heavily covered with ribosomes which are
more visible than in material containing lead deposits but are not as

well preserved as in unincubated tissue,

A cell 6 hours after birth, incubated with B-glycerophosphate
as substrate instead of G6P, is seen in Plate 31, There is no deposit
in any of the ER cisternae. These histochemical findings agree with
the biochemical results using the same incubation conditions which showed
that no inorganic phosphate was released, Inclusion of oleate during
incubation produced variable histochemical results. In some experiments
inhibition of activity was complete, In others on ly very slight deposit
was visible while at times the oleate itself precipitated non-specifically
in the tissue. Inclusion of parahydroximercuribenzoate (PMB) during the
incubation reduced the density of deposit while pre-incubation of the

tissue with PMB almost completely eliminated the reaction.

Since the histochemical findings parallel the biochemical results
with the same inhibitors, they help to confirm that the deposit seen

histochemically is indeed caused by the activity of G6Pase,




114

Plate 30. Hepatocyte at birth incubated for 30 minutes without

substrate. This field is from the edge of a slice. There
is no lead deposit in any of the rough ER cisternae (rm)
or in the nuclear envelope. The electron dense cisternal
content typical of cells at this stage is visible in the
rough ER, although the content of the Golgi cisternae (G)
is of lower electron cpacity. The ribosomes are distin-
guishable, and densely cover the rough ER. The complete
lack of lead phosphate deposit is typical of tissue

incubated without substrate at all stages of development.

Magnification: x 37,000.
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Plate 31. Hepatocyte 6 hours after birth incubated with/B—glycero-
phosphate instead of G6P. After a 30-minute incubation
there is no deposit in any of the rough ER cisternae (arrows).
This cell is near the edge of the slice. At no stage in
development is[g—glycerophosphate utilized as a histochemical

substrate.
G - Golgi complex

Magnification: x 23,000.
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Summary Part IIT

During development, as the biochemical activity of G6Pase increases,
the lead phosphate deposit seen in histochemically reacted cells becomes
heavier, At all stages, it is localized exclusively in the cisternal
space of the ER and the nuclear envelope., No deposit is seen in the
elements of the Golgi complex, along the plasma membrane or over other
cell organelles, The results of several histochemical controls parallel
those found biochemically with the same incubation conditions and help to
substantiate that the histochemical deposits are a result of G6Pase

activity,

Further, the histochemical results provide information about two
levels of development of the enzyme, First, within the population of
hepatocytes, individual cells differ in the time during development when
they acquire G6Pase. That is, the hepatocyte population differentiates
asynchronously with respect to the enzyme. At four days before birth,
the majority of the hepatocytes lack G6Pase activity, while at the time
of birth, the vast majority of the cells react positively for the enzyme,
The biochemical activity of G6Pase detected early in development is a
result of the activity in a small number of cells, while the activity

measured at birth is due to a contribution from all of the hepatocytes.

Second, within a given cell, all rough ER membranes acquire
enzyme activity synchronously. As soon as the enzyme can be detected
in a cell, it appears in all of the rough ER elements present in that
cell, When smooth ER is formed during the first 24 hours after birth,
it too contains G6Pase activity and no smooth ER lacking the enzyme is
seen., At no time during differentiation is G6Pase activity restricted
to certain parts of the ER, This indicates that there is no regional

differentiation within the ER of a cell with respect to this enzyme.
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IV. SUB-FRACTIONATION OF ROUGH MICROSOMES

There remains one possible source of serious error in the inter-
pretation of the results of the histochemical experiments presented in
Part III. It has been assumed so far that the distribution of reaction
product within the ER of a cell represents the actual distribution of
sites of enzyme molecules, In other words, the even and uniform appear-
ance of the lead phosphate deposits reflects a widespread and relatively
homogeneous distribution of sites within all of the ER of a cell, How-
ever, if released phosphate diffuses rapidly within the cisternae of the
ER prior to its precipitation by the lead, then this pattern of lead
phosphate deposits could also be found even if the enzyme sites were
unevenly distributed within the cell. Two possible ways to help in
choosing the correct interpretation are available. Both involve con-
verting the continuous ER cisternae into disconnected units to prevent
the possible diffusion from occurring, First, it might be possible to
cause the ER within the intact cell to fragment into small, unconnected
vesicles. The phosphate released by the activity of G6Pase could not
diffuse from one vesicle to another and thus the distribution of re-
action product in the population of vesicles would reflect the distri-
bution of enzyme sites, Second, isolated microsomes, formed from the ER
by homogenization, could be reacted. Again diffusion of phosphate would
be precluded., In either case, only those vesicles which contained
enzymes sites would acquire lead phosphate deposit after reaction., If
only some of the vesicles contain reaction product, the apparently
widespread pattern of deposit seen in the intact cells would be a result
of diffusion of phosphate from widely-spaced enzyme sites, However, if
virtually all of the vesicles react, the interpretation that the histo-
chemical findings result from a uniform distribution of closely-spaced

enzyme sites would be confirmed,

Two methods of forming unconnected vesicles within the intact cell
were tried: mechanical damage by slicing unfixed liver tissue, and
osmotic damage by perfusing the liver with hypotonic medium prior to
fixation, In both cases damage to the tissue occurred and although the

ER did fragment, the preservation of the tissue was poor and the histo-

chemical results were unsatisfactory.
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The second approach, homogenization, was more successful, Since
the histochemistry on the tissue slices showed that the lead deposit was
found within the cisternae of the ER and not on the outside of the mem-
brane, it was thought that if microsomes were reacted in the histochemi-
cal medium, the lead phosphate deposit would be found within the vesicles,
Preliminary experiments with total microsomes from liver (and also the
work of El-Aaser 1967) indicated that this was indeed the case; the lead
deposits were seen within the microsomal vesicles, This observation led
to the formulation of a method to separate those vesicles containing
enzyme and lead phosphate after incubation, from those vesicles lacking
the enzyme, The fractionation scheme designed is shown in Figure 5.

The microsomes formed from fragmentation of the ER are reacted in the
histochemical medium, Those vesicles containing at least one site of
G6Pase ‘activity should acquire lead deposit after reaction while those
vesicles lacking enzyme should not. The lead phosphate precipitate
increases the density of the G6Pase-containing microsomes and makes
possible their separation from the G6Pase-free vesicles by isopynic

centrifugation in a 2-step density gradient,

The unreacted vesicles should float above the layer of 2.0 M
sucrose, as do normal rough microsomes; however, vesicles containing
precipitate should sediment through the 2.0 M sucrose, due to their
increased density, and form a pellet in the bottom of the tube., By
this means it is possible to determine the proportion of vesicles
which react and thus to distinguish between the two alternative explan-

ations for the pattern of lead phosphate deposit seen histochemically,

Isolation of Rough Microsomes

Since at the time during development in which I was interested
the cells contain very little smooth ER, the first step in the procedure
consisted in obtaining a fraction of rough microsomes, This eliminates
any confusion due to the presence of smocoth-surfaced vesicles derived
from plasma membrane or from elements of the Golgi complex, none of

which should react as judged from the histochemistry.
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FRACTIONATION SCHEME FOR ROUGH MICROSOMES BASED ON
GLUCOSE-6-PHOSPHATASE ACTIVITY

— o= —
endoplasmic
reticulum = -

l homogenize

O O

microsomes

react with g-6-p and lead

rough microsomes
with lead deposit

+

rough microsomes @

without lead deposit

layer over concentrated
sucrose (2.0 M)
spin 64,000 x g, 60'

° T

—g@i— g-6-p-ase site 2.0 M sucrose

A Pby (PO ), @ $ \ / |!
precipitate '®

Figure 5. Sub-fractionation scheme for rough microsomes based on G6Pase
activity. Normal rough microsomes float above 2.0 M sucrose

while microsomes containing lead deposit sediment through the

dense sucrose, and pellet.
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Procedure

The procedure used for the separation was a modification of that
of Rothschild (1963). The changes employed included:

1. the use of 0.88 M sucrose as the suspending medium for the
homogenate,

2, the addition of a bottom cushion of 2.0 M sucrose, .and

3. the use of the larger Spinco S 30 rotor in order to process

larger volumes,

The 0.88 M sucrose allowed a better separation of the rough and
smooth microsomes than did the 0.25 M sucrose. The 2,0 M sucrose cushion
is denser than the rough microsomes and was used to prevent the rough
microsomes from pelleting during the spin., Thus, any aggregation caused
by the pelleting could be avoided. Such aggregation could complicate the
final subfractionation of the rough microsomes. The rough=smooth separa-
tion method of Dallner (1963), which employs cesium ions to speed up the
separation, was not used, The cesium binds to the rough microsomes and
increases their density, and since a density difference was to be used
to subfractionate the rough microsomes, this would confuse the interpre-

tation of the final results.

In the lower tracing in Figure 6 is reproduced the absorbance at
550 mp of the step gradient in which rough and smooth microsomes were
separated, The peak at the lower interface marks the position of the
rough microsomes, and the double peak at the higher interface is composed
of smooth microsomes, which collect at the interface, and free hemoglobin

which remains in the load zone,

The upper tracing shows the pattern from another experiment, in
which the gradient was tapped by hand; one milliliter fractions were
collected, The peaks of absorbance at 260 myu or 280 mu mark the position
of the rough and smooth microsome fractions. The rough fraction has both
a higher absorbance and a higher 260/280 ratio, due to the presence of
ribosomes containing RNA, The hemoglobin is not seen as a separate peak

by the ultraviolet absorbance measurement,
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Figure 6. Optical density tracings of step-gradient to separate rough

and smooth microsomes,

Top figure: Gradient tapped by hand, 1 ml fractions collected.
Peak at interface between 2.0 M and 1.32 M sucrose represents
rough microsomes, and peak between 1.32 M sucrose and load zone
is smooth microsomes. In this experiment the post-mitochondrial
supernatant was not treated with amylase and a pellet of

glycogen was found,

Peak between

Bottom figure:
2,0 M and 1.32
The lower part
1.32 M sucrose

the upper part

Gradient tapped on fractionator.
M sucrose again represents rough microsomes,
of the double peak at the interface between
and the load zone is smooth microsomes, whereas

is probably hemoglobin. In this experiment the

post-mitochondrial supernatant was treated with amylase and

no pellet was visible.



124
Morphology

The morphological purity of the rough microsome fraction is shown
in Plate 32, The microsomes were prepared from an animal approximately
2 hours after birth. The majority of the vesicles are intact and are
covered with ribosomes on the outer surface, Contaminants include some

pieces of plasma membrane, lysosomes, mitochondria and free ribosomes.

Biochemistry of Rough Microsomes

A number of biochemical parameters were tested to ensure that the
fraction was composed of typical rough microsomes, These include protein,
RNA and phospholipid content, .and G6Pase activity. Table 7 compares this
fraction with a rough microsome fraction obtained by Dallner (1963). In
general the correspondence is good, The RNA/protein rtaio is slightly
lower than that found by Dallner. This may be due to the difference in
methods used to assay RNA, The rough microsome fraction as isolated
contains 507% of the total RNA in the homogenate.1 The distribution of
G6Pase activity in the fractions also suggests that approximately 70% of

: : ; : 2 :
the rough microsomes are recovered in the final fraction, Since the

. If 15% of the total RNA in the homogenate is unsedimentable, and 5% is
nuclear RNA, then a maximum of 80% of the total RNA should be in the post-
mitochondrial supernatant. This consists of RNA in both the bound and
free ribosomes. Approximately 257% of the ribosomes (207% of total cell RNA)
are free (unattached to membranes, Blobel and Potter 1967)., If only half
of these pellet in the step gradient during the 12-13 hour spin then 70%
of the total RNA of the whole homogenate should be found in the rough
microsome fraction., The recovery of 50% is then 707 of the maximum
calculated value,

The post-mitochondrial supernatant contains approximately 75% of the
total G6Pase activity, while the mitochondrial pellet retains 25%. The
activity in the mitochondrial pellet is contributed by smooth microsomes
sedimenting with the glycogen and rough microsomes which begin to sediment
under the centrifugation conditions used, If the contribution from rough
and smooth are approximately equal, then about 25% of the rough microsomes
are lost to the mitochondrial pellet. This leaves a maximum recovery of
75% of the rough microsomes in the final rough fraction. 90% of the
G6bPase activity in the post-mitochondrial supernatant is recovered in the
combined rough and smooth microsome fractions; the activity is sometimes
evenly distributed between the two fractions although sometimes more is
found with the rough microsomes., Thus, approximately 67% of the total
rough microsomes are found in the final fraction.
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Plate 32. Micrograph of the middle of the pellet showing the

composition of the rough microsome fraction prepared from
the liver of an animal 1-2 hours old. In this case the
post-mitochondrial supernatant was not treated with amylase;
the field is similar to microsome fractions obtained after
amylase treatment. The pellet consists mostly of intact
rough-surfaced vesicles including some flattened cisternal
elements (c). A few of the vesicles have moderately
electron-dense content. Occasional contaminants of the
fraction include mitochondria, plasma membrane fragments
and lysosomes (L). Arrows mark areas where ribosomes are

clearly visible on the outer surface of the vesicles.

Magnification: x 40,000,
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TABLE 7

CHEMISTRY OF ROUGH MICROSOME FRACTION FROM ADULT LIVER

%* %
Determination Leskes Dallner
1. Gb6Pase 3.44 4,03
(umoles Pi/mg protein/20") 3.26
3.91
2, Percent of total G6Pase activity 417 St
in rough microsomes 347
51%
3. Gb6Pase 86 52
(umoles Pi/20'"/gm liver) 75
4, mg protein/gm liver 25 13
23 19
5., mg RNA/gm liver 3.6 4,2
4.3
6, mg RNA/mg protein .15 .33
i
7. Percent of total RNA in rough 447, ---
microsomes 59%
8., mg phospholipid/gm liver 4,0 2,2
9, mg phospholipid/mg protein .20 .16

% Duplicate and triplicate determinations are from different
experiments,

%% Dallner (1963).
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smooth microsome fraction as isolated from the gradient contains a large
amount of free hemoglobin, it is not meaningful to compare rough and
smooth fractions in terms of specific activities on a protein basis,
With regard to total recovery, however, 2-13% of the total RNA of the

homogenate is recovered in the smooth fraction compared to 50% in the

rough fraction.

Comparisons between the isolated rough fraction and the unpurified
homogenate show an increase in G6Pase specific activity of 1.9 to 2.8 fold,
The average value for the homogenate was 1.72 pmoles Pi/mg protein/ 20
minutes and that for the rough fraction was 3.73 (average of 4 experiments),
The RNA to protein ratio in the rough fraction also increased 1.8 to 3.7
times over that in the homogenate. The rough fraction then, appears to be
a typical rough microsome fraction and contains an acceptable proportion

of the total rough ER present in the cell.

Reaction and Sub-fractionation of Rough Microsomes

Reaction

The rough microsomes were incubated for 60 minutes in the histo-
chemical medium. As Figure 7 shows, this allows the enzyme reaction to
reach maximal rate and then level off, Thus, any vesicle containing
enzyme would contain as much lead phosphate as possible, During the
incubation the microsomes aggregate., The aggregation is probably due to
the presence of excess lead in the incubation medium, Lead, a bivalent
cation, may form ionic bonds between negatively-charged groups on two
vesicles and thus bind the vesicles together, In addition, microsomes
incubated with lead alone become more dense and sediment through the 2.0
M sucrose, which should float unreacted rough microsomes, This increase
in density is probably also due to binding of lead ions by the membranes.1
Thus it was necessary to remove the excess lead in order to reverse the
aggregation of the reacted membranes, and to separate reacted from unre-
acted membranes on the basis of the difference in density due to lead

phosphate deposits within the reacted vesicles.

1 The non-specific binding of the lead to the membranes may be what pro-
duced contrast in the incubated tissue sections which had not been stained
(Plate 6).,
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G-6-Pase Activity in Rough Microsomes
from Newborn Rat

pmoles Pi/mg protein

| | 1 1 1 J

10 20 30 40 50 60
Minutes of incubation, 25°C

Figure 7. G6Pase activity in rough microsomes from newborn rat.
Assay conditions, 1 mM G6P, 2 mM lead nitrate, 50 mM caco-

dylate buffer, pH 6.6, are same as those used for histo-

chemistry.
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Dialysis

In order to remove the free lead ions, the reacted microsomes
were dialyzed against 100 pM EDTA, This concentration was more efficient
than 40 uM in reversing the aggregation, but no further difference was
observed by increasing the concentration of EDTA to 1000 uM. Two changes
of dialysis medium were necessary, since aggregation of the membranes was
still visible after the first change. It was also important that the
bags spin freely during the dialysis, to prevent the aggregated vesicles
from settling to the bottom of the bags. Gentle sonication of the entire
dialysis bag further helped reverse the aggregation, possibly by enabling
the EDTA to better penetrate the aggregates, Several different pH's and
buffer concentrations were tried, Dialysis against water instead of
buffer resulted in vesicle aggregation probably due to a lowering of the
pH. A pH of 7.4 was more effective than pH 6.6, possibly because at the
higher pH the membranes are more highly charged and tend to repel each
other; 10 mM cacodylate buffer was more effective than 50 mM. Inclusion
of highly charged molecules or high molecular weight polymers such as
dextran were not particularly helpful in preventing the aggregation and
in addition, some of them interfered with the final assays of phospho-
lipid and protein. Inclusion of high concentrations of salt (0.5 M
potassium acetate) in the incubation medium prevented aggregation of the
microsomes and did not inhibit the enzyme reaction. However, when this
concentration of salt was included during dialysis even the reacted
vesicles floated at the interface, Thus, the salt either interfered
with the lead phosphate precipitation or caused solubilization of some
of the precipitate. When glycogen was present in the rough microsome
fraction it tended to bind vesicles together and so the original post-
mitochondrial supernatant was treated first with amylase to digest the

glycogen,

Test of Aggregation

The final procedure used, which is described in 'Materials and
Methods', was successful in reversing the aggregation. The degree of
aggregation was measured in the following way. Aliquots of rough

microsomes from newborn rats were incubated in the histochemical medium
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in the presence or absence of substrate. The microsomes incubated with
lead and substrate should acquire lead phosphate deposit and become dense
while the microsomes incubated with lead only should remain less dense,
Newborn tissue was chosen since the histochemistry had shown that at this
time most of the cells react and the deposit is fairly heavy. The use of
adult tissue would have been an alternative, but the aggregation is more

of a problem in the microsomes from foetal and newborn tissue.

The two samples of vesicles were allowed to dialyze separately.
After overnight dialysis, equal quantities of the two were combined and
dialysis was continued for several hours. This combination should
produce 'a population in which half of the vesicles float and half pellet.
The mixing was done after overnight dialysis to ensure that the concen-
tration of G6P in the suspension of reacted microsomes was substantially
reduced, In this way membranes originally incubated only with lead would
have no chance to react with the substrate, Dialysis of the mixture was
continued, to allow the two types of membranes to coaggregate, if they
were to aggregate at all, When the vesicles did aggregate, all of the
membranes sedimented through the dense sucrose into the pellet, When the
aggregation was reversed half of the vesicles remained at the interface
above 2,0 M sucrose and the others sedimented into the pellet, Figure 8
shows the results of such an experiment in which the reacted microsomes
were processed so as to completely reverse the aggregation, This figure
shows the distribution of phospholipid and protein in the gradient,
In general, phospholipid is a better marker for the membranes since some
of the ribosomes break down during the dialysis against EDTA and the
released ribosomal protein remains at the top of the gradient. Therefore
the proportion of protein recovered in the sedimenting fractions is
decreased, In several experiments RNA was assayed and a high proportion

of it was also located at the top of the gradient in the load zone,

The first tracing (Figure 8A) shows the pattern obtained when the
"light" microsomes, incubated with lead alone, are spun. All of the
vesicles collect at the interface; none are in the pellet., After reac-
tion with both lead and substrate (8B), the vast majority of the micro-
somes sediment into the pellet; only a small amount of material remains

at the interface., When the two types of vesicles are mixed (8C) half of
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Separation of mixture of reacted microsomes
from newborn

Mixed after incubation

Incubated with Incubated with
F lead only lead + G-6-P Mixture
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8. Distribution of phospholipid and protein in gradient
separating mixture of reacted microsomes from newborn;

mixed after incubation.

An aliquot of rough microsomes was incubated with 1 mM G6P,
2 mM lead nitrate and 50 mM cacodylate buffer, pH 6.6 ('lead
+ G6P""), while another aliduot was incubated without sub-
strate ("'lead only"); The aliquots were dialyzed separately
overnight and then equal amounts of the two were combined;
dialysis was continued for several hours.

The microsomes were layered over 2.0 M sucrose and were spun
at 63,600 x v for 60 minutes. Four milliliter fractions
and the pellet were assayed for phospholipid and protein.
The ordinate is the amount of material recovered in the
fractions as a percentage of .the total recovered on the
gradient. Fraction 6 is the interface between the load and
the 2.0 M sucrose. All three tracings are from the same
experiment. Phospholipid and protein were determined in
duplicate on aliquots of fraction 6 and the pellet as well

as on aliquots of the microsomal suspension loaded on the

gradient.
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the membranes float and half are found in the pellet. The results of
this experiment and of a similar one using adult microsomes are summar-
ized in Table 8. Comparison between the actual recovery figures and the
theoretical values for complete separation of the two types of vesicles
(bottom line) indicates a close agreement between the two. Thus the

aggregation has been successfully reversed,

Retention of Lead Phosphate

It was possible that loss of lead phosphate deposit from within
the reacted vesicles might occur during the sonication and dialysis
against EDTA. EDTA binds lead ions very strongly. If free lead ions
are produced by the slight dissociation of the lead phosphate, the EDTA
could bind to these ions and shift the dissociation equilibrium so that
solubilization of the lead phosphate would be increased. To eliminate
the possibility that vesicles which float have lost the lead phosphate
which they contained after reaction, aliquots of reacted microsomes
were tested for the presence of inorganic phosphate before and after
dialysis. The tissue was treated with 5% TCA to release the lead
phosphate precipitate from the tissue. Table 9 shows that there was
no loss of inorganic phosphate during the sonication and dialysis,

In fact, in all cases the amount of inorganic phosphate found after
dialysis was slightly higher than that present before dialysis. This
increase is probably due to the fact that the enzyme reaction is not
actually stopped after a 60 minute incubation period. Dialysis at 4o
only slowly removes lead and G6P from the microsomal suspension and

further reaction probably proceeds slowly for some time.

The finding that there is no loss of lead phosphate is supported
by the very small solubility product constant of lead phosphate,

k = 10—32

. There are, therefore, very few free lead ions, formed by
the dissociation of the lead phosphate, with which the EDTA could
combine. The retention of inorganic phosphate during the procedure
confirms the histochemical finding in the intact cell, that all of the
phosphate released by the action of G6Pase is released into the
cisternae of the ER. It also suggests that the capture efficiency of

the released phosphate by the lead is excellent; no inorganic phosphate
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SEPARATION OF MIXTURE OF REACTED ROUGH MICROSOMES

Mixed after Incubation

Percent of Recovered Material
L T at Interface in Pellet
Conditions P1P Protein PLP Protein
Birth
A. Lead only 85 54 1 2
B. Lead + G-6-P 10 9 65 50
C. Mixture
(1/2 A + 1/2 B) 49 36 29 22
Calculated
(1/2 A + 1/2 B) 48 32 33 26
Adult
A. Lead only 84 62 1 1
B. Lead + G-6-P 5 6 79 65
C. Mixture
(1/2 A + 1/2 B) 22 3 30 32
Calculated
(1/2 A + 1/2 B) 45 34 40 33

Total recovery on the gradients was between 74 and 119%.
The figures on the chart compare phospholipid and protein found
in the fractions to the total recovered on the gradients. The
data for the animal at birth are the same as those plotted in
Figure 8. The mixture contained equal parts of "lead only" and
"lead and G6P".
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TABLE 9

RETENTION OF INORGANIC PHOSPHATE DURING DIALYSIS AGAINST EDTA

Experiment Age Total umoles Pi/ml*
end of reaction after dialysis
1 -2 Days .017 .028
2 Birth .101 .121
3 Birth .061 .088
4 Adult .067 .076

*Values are averages of two determinations.
Essentially no volume change occurs during dialysis;
no change in ug protein/ml.

Rough microsomes were incubated in the histochemical medium.,
The microsomal suspension was dialyzed against 100 uM EDTA, 10 mM
cacodylate buffer, pH 7.3-7.4, for approximately 18 hours, and was
gently sonicated during the dialysis. Aliquots were removed before
and after dialysis, the tissue was precipitated with TCA, and the

inorganic phosphate in the suspension was measured.

152.2./0
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is left unprecipitated, or it would escape during dialysis. Note that
the amount of inorganic phosphate produced during the enzyme reaction
in the -2 day animal is less than that produced in the newborn animal,
This is in direct agreement with the biochemistry done on the homogenate

and with the histochemistry in the intact cell.

Subfractionation of Rough Microsomes

Rough microsomes isolated from animals at several stages of
develcopment were reacted with glucose-6-phosphate and lead, and treated
to reverse the a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>