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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. ·.roM gLuco se -Be-phoaphate , 2 roM lead

nitrate and 50 mM cacodylate buffer, pH 6.6. The slices were post-fixed

in osmium tetroxide, oriented during embedding, and sectioned perpendi7

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 inhibit 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 hepatocyteso 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 membranes9 and in addition the newly-formed smooth

membranes 9 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 distributio� of enzyme sites» a method to sub-fractionate

the rough endoplasmic reticulum was developed, based on the retentio�

of reaction product within fresh microsomes reacted in vitro. Lead

phosphate increases the density of glucose-6-phosphatase-containi�g

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 onl? some of the cells react, only

a CQmmensurate prQPortion 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 si tes in the; .membr-ane s , The enzyme is

evenly distributed in closely-spaced sites throughout the endoplasmic

reticulum membranes» and there is :no regional differentiation within

the rough endoplasmic reticulum with respect to glucose-6-phosphatase

at this level Qf 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 IVnew" membrane» in. which all compolDlents are newly

synthesized or newly assembledo
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HISTORY OF THE ENDOPLASMIC RETICULUM

The endoplasmic reticulum (ER) is a� i�terco��ected network of

membra�es which is found within cells� These membra�ous components

divide the cell into two compartments� and possibly act as selective

barriers. The topography of th� 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 u�k�ow� to the

light microscopists» although sub-microscopic compo�ents with a� affi�ity

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 review9 Gar�ier 1891,

Mathews 1899, Deane 1946).

In early electron microscopic iDvestigatio�s o� flatte�ed prepara­

tions of whole cells, Porter, Claude and Fullam (1945) and Claude, Porter

and Pickels (1941) 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 i� the whole mou�ts it was fou�d

i� the interior of the cytoplasm� the endoplasm9 a�d was abse�t from the

outer regio� of the cytoplasm� the cortex �r ectoplasm. Tech�ical ad­

vances in sectioning and embedding led to the use of sectio�ed material

for electron microscopic studies, allowing much greater resolutio�. 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 ma�y cell types (Porter and Palade 1951» Palade

and Porter 1954).

In addition to the morphological studies» work on the fractiona­

tion of cells provided evidence for the existence of sub-microscopic

particles in the cytoplasm of cells. Claude (Claude 1938p 1939» 1940,

1941p 1947-48) isolated a sub-microscopic� small granule fraction which
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he later called microsomes. Based on their sedimentation properties,

he calculated that the granules were in the range of 50-200 � 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�. 1953, Peterman et�. 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.rsmooth-e sur-faced; we:ve':'

identified by several investigators. In 1956, Palade and Siekevitz

(1956a, 1956b) undertoo� parallel biochemical and morphological

studies of liver and pancreas cells, and proved conclusively that the

microsomes 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 lo�g

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 vesiclese

Since its identification as a structure within cells, much work

has been done on the endoplasmic reticulum and on microsomest 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 componentse A multitude of enzyme

activities has been found concentrated in this fraction, including

enzymes with very diverse functions in the metabolism of the cello

Since there are three parts to the endoplasmic reticulum, there

was a question concerning the localization of the enzymes. Were they

in the cisternal 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 membfiane and the cisternal 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 �.
1951). The existence of an enzyme that would split either glucose-l­

phosphate or glucose-6-phosphate (G6P) was first postulated by Cori and

Cori.(Cori and Cori 1938» Cori et al. 1939)0 The enzyme was actually

discovered and shown to be a specific phosphatase» different from acid

or alkaline phosphatase, several years later by Fant1 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,EoC.·�,3.1.3.9). The biochemical properties of

the enzyme were studied by de Duve and co�workers (de Duve et �.1949,
Hers and de Duve 1950, Hers � ale 1951, Beaufay and d� Duve 1954a and

1954b, Beaufay et al., 1954) and by Swanson (1950) almost simul taneously.

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, ai-glycerophosphate, and phenyl phos­

phate (Ganoza, 1964). The enzyme is relatively unstable (de Duve et�.
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:i950). 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 alA 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 ale 1962, Ashmore and Nesbett 1955). Since its

localization by Hers et aL, , glucose-6-phosphatase;,has' beeniwia�l:y;,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-l­

phosphate formed is converted into G6P by phosphoglucomutase; there is

no appreciable cleavage of the phosphate directly from glucose-l­

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



GLYCOGEN

! phosphorylase

GLUCOSE-I-PHOSPHATE

! phosphogl ucomutase

GLUCOSE-6-PHOSPHATE

! glucose-6-phosphatase

GLUCOSE + Pi

6

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 ale 1954, Nordlie and Lygre 1966).

Pathway involving glucose-6-phosphatase.

Recent work (Stetten and Taft 1964, Fischer and Stetten 1966,

Nordlie and Arion 1964, Arion and Nordlie 1964, Nordlie et �. 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.

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 �o 1968) believe that the enzyme

functions to transfer a phosphate group from nucleoside di- and tri­

phosphates to glucoseo 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)0 Under some conditions increased enzyme activity is due

to newly-synthesized enzyme (Weber et al. 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 oID the enzyme to hormonal factors is probably related to

the central role it plays in gluconeogenesis (Weber et al. 19643

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 slides, ·with glucose-6-phosphate and lead ions.

By light microscopic investigation, he found the enzyme to be present

in liver cellsg 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



8

1. glucose-6-phosphate � glucose + Pi

1 lead++

lead phosphat�
2. lead phosphate + sulfide�------�) lead sulfide]

(brown) �
+ Pi

that the lead nucleus is electron-opaque and efficiently scatters elec­

trons. The lead phosphate precipitate which is formed directly when the

reaction �s carried out in the presence of l�ad 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

obscureo 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

someso In addition, the organization of the two types of membra�es

within cells differso 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 cel19

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 homogeneous 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 ale 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 separate 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-linked

chain.

On the other side of the question, Orrenius and Ericsson (1966)

have looked at the distribution of glucose-6-phosphatase �ctivity 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-phosphataseo 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 one

enzyme associated with the endoplasmic reticulum, during a period of

rapid cell and membrane differentiation. During the d�ys 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 ale 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 c 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 et al. 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 fractionation work:

I. 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 heterogeneous 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 only 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 portion 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 tne 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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MATERIALS AND METHODS
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ANIMALS

Male albino rats of the Sprague-Dawley strain were fed ad libitum

on Purina Lab Chowa Animals weighing 150-300 grams were considered to

be adult for both histochemical and biochemical experimentse 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 days9 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 0 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 6g6,

containing 6 roM glucose-6-phosphate, Sigma COg), then with 100 ml cold

fixative (2% glutaraldehyde, Fish�r Co., in 0.1 M cacodylate buffer

pH 606, containing 6 roM G6P) and finally with another 50 ml of the buffero

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 liverg 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 40 Co

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 procedureo

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 openedo
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
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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 anyone 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 disco 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 mediumo The thickness of the slices was

estimated to be 50-100 � 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 24-250 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 roM glucose-6-phosphate (dipotassium salt), 2 roM lead

nitrate, 50 roM 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% Os04 in 0.1 M cacodylate buffer pH 6.6,
to stop the reaction and to post-fix the tissuee This fixation, for 1

hour at 40 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- 40 C in a mixture composed of 50% propylene oxide and 50%

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 600 C, the blocks

were trimmed so that each section would include the complete width of

a tissue sliceo 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 I 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 � condenser aperture, 50 � objective aperture, operated at 80

kfLovo I t s ,

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 � 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 20� 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 substrateo

For the electron microscopy and the light microscopy_ on embedded slices,
tissue was incubated with I roM beta-glycerophosphate replacing the

glucose-6-phosphate. In addition, for the electron microscopy, controls

included prior heating of the tissue at 800 C for 5 minutes, pre-
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-4
incubation of the tissue with 5 x 10 M parahydroxymercuribenzoate,
or inclusion of 5 roM 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 25° C was omitted. The thin slices were

transferred directly from cold cacodylate buffer into osmium tetroxide.

Preparation of Glucose-S-phosphate

In order to obtain highly purified glucose-S-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 done 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 40 C. A column (6 x I cm) was prepared from additional

washed Dowex and was washed twice with 2 ml water. The mixture of GSP

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 1.0 with KOHo

The concentration of free inorganic phosphate and total ph©sphate was

then determined by the method of Ames and Dubin (1960) a 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 1.0 with KOB.

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. Preparation of the homogenates

was carried out at 4° C.
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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 ale (1949). The assay was carried out in a conical centrifuge

tube containing 30 roM cacodylate buffer pH 6.6 and 30 roM 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 37° C or 25° C in a shaking

water bath for 5 to 60 minutes. For routine biochemical assay, the

reaction was run at 31° C for 20 minutes. To determine the amount of

phosphate released during the histochemical incubation, the reaction was

run at 25° C for 30 or 60 minutes. The reaction was started by the

addition of tissue and was stopped by adding 1 ml cold 10% TeA. Occasion­

ally both a tissue and a substrate blank were included but routinely a

zero time point blank was usedo For this, TeA was added prior to the

o
addition of tissueo The TeA precipitates were kept at 4 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 �moles 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

1000 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. K2HP04 was used as a standard.

PhosphOlipid

Phospholipid was extracted by the Folch procedure (Folch et al.

1957) using 0 .. 73% NaGl 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 MgN03• The residue was assayed

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

lipid, micromoles of phosphorous were multiplied by 775.
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RNA

RNA was determined by the method of Munro and Fleck (1966). RNA

was extracted from a perch10ric acid precipitate by heating in 0.3 N

KOH at 370 C for 60 minutes. The optical density at 260 � was measuredo

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 -0£ Rothschild (1963) and is shown schematically
in Figure 10 At all stages, 1 ive rs 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 40 C for several hours, or 9-12 m1 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

o
resuspended to 10 m1 and was kept at 4 C.

The PMS was stored at 40 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

1 homogenize, 0.88 M sucrose

20i'o w/v

HOMOGENATE

PELLET

resuspend
homogenize

MITOCHONDRIAL
PELLET

-

..
-

buffer

lot
�

-t
1.32M

�
t
2.0M

_L

spin 10,000 x g, 151

POST -MITOCHONDRIAL
SUPERNATANT

I
/

/
/

/
/

/

WASH

amylase 601, 40C
layer over

5 ml 2.0 M sucrose

13 ml 1.32 M sucrose

spin 78,500 x g 12-13 hr

ROUGH
MICROSOMES

SMOOTH MICROSOMES
+

REMAINDER

� smooth microsomes

* 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 gradiento
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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 Spineo

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 � and 1 ml fractions were collected into precooled

tubes in an ice bath. The fractions containing the rough and smooth

d k 40 c. thO d'microsomes were separately pooled an ept at In 1S gra 1ent,

the smooth microsomes 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 200 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 250 C 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 occurrede In order to reverse this

aggregation, the reacted microsomes were dialyzed against EDTAo 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% Na2C03, 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 4° C against 0.01 M

cacodylate buffer pH 7.4 containing 100 �M 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 200 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 �_.

Two ml fractions were collected into precooled tubes in an 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 situo 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 001 M cacodylate buffer, pH

6.6, or 0.01 M cacodylate buffer, pH 1.4, and were centrifuged for 45

minutes in the Spineo SW 39 rotor at 125,000 x g (average). All pellets

were fixed overnight at 4° C in 1% osmium tetroxide in 0.1 M cacodylate

buffer, pH 606 or 704, 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% alcoholg 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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RESULTS
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I. DEFINING THE HISTOCHEMICAL SYSTEM

Reliable histochemical �oca1ization 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 �e (1949)
was used. (The details of the system are described in '�ateria1s 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 (rig. 2A). Generally the equivalent of

10-20 mg wet weight of liver were assayed, which, under the conditions

of the assay, makes the reaction 1st order with respect to enzyme. The

substrate concentration (30 roM) 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 370 and 25° is shown in Fig. 2C.

At both temperatures the rate of release of inorganic phosphate is

linear up to 30 minutese 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 250 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 20 Kinetics of G6Pase reaction in homogenates from adult liver.

Assay medium�

A. 30 mM G6P, 30 mM cacodylate buffer, pH 606.

Bo 30 roM cacodylate buffer pH 606, 10 mg liver homogenate.

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

homogenate.

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

homogenate 0

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

.adul t rats were perfor.med 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 ale 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 fixation,

was also met (see Table I). At all ages, the amount of activity recov­

ered after fixation was 70=80% of that present before fixation. This is

a respectable recovery 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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TABLE 1

G-6-Pase ACTIVITY AFTER FIXATION BY PERFUSION

�moles Pi/mg protein/
Sonication

20'/37° *
Per centExp.

no. Age Fixative (seconds) fixed control recovery

1 adult
2% glutaraldehyde 35 1.18 1.69 70
unpurified

2 " 2% glutaraldehyde 35 1.26 1.66 76
purified

2% glutaraldehyde
3 " unpurified 70 1.26 1.60 79

+ 6 roM G-6-p

4 " 1% glutaraldehyde 30 1.30 1.66 78
purified

newborn ,2% glu�araldehyde
5

(2 hours) unpurified 60 .86 1.04 83
+·6 roM 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 GGPase left in the tissue

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

fixation. In the newborn, the comparison is made to unfixed tissue

from a litter mate. All specific activities in the table are from

sonicated homogenates.
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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 ale 1949)e This exposure of the

tissue to substrate does not contribute any background precipitate

detectable either biochemically or histochemically.

Uomogenates prepared from both fixed and unfixed tissue were

sonicated. Sonication was continued until the fixed tissue was well­

dispersed and the cells brokene 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 activitYe In addition, the sonication is necessary for

reliable protein determinations on the fixed tissue. TeA 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

bioehemical 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
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TABLE 2

EFFECT OF SONICATION ON G-6-Pase ACTIVITY

IN HOMOGENATES FROM ADULT RAT LIVER

Specific Activity
0

�moles Pi/mg Protein/20', 37

Fixed Tissue Unfixed Tissue

% increase % loss
Sonication unsoni- soni- after unsoni- soni- after

Expo Conditions (seconds) cated cated sonication cated cated sonication

1 Glutaraldehyde
2% unpurified 70 1.22 1.26 3 1.68 1.60 5
+ 6 roM G-6-p

Glutaraldehyde
2 2% purified 50 .81 .85 5 1.50 1.15 23

+ 6 roM G-6-P

Glutaraldehyde
3 1% purified 30 1. 79 1. 79 0 2.40 2.40 0

+ 6 roM G-6-p

Glutaraldehyde
4 1% purified 30 1.31 1.43 9 1. 78 1.62 8

+ 6 roM 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.



36

during the incubation have been shown to inhibit some phosphatases

(Novikoff et al. 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 TeA. 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 ale 1966, Moses and Rosenthal 1967, 1968, Novikoff

1961). Since under some conditions this non-specifically released

inorganic phosphate is deposited preferentially over certain organelles

(Moses et ale 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 C8,n 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* f.lmoles Pi/ml**

0 0038

30 0025

60 .033

On Enzyme Activity

incubation condit Lons= f.lmoles Pi/mg prot/30'**
0

(25 )

+I-
1.18no Pb

+ 2 niM Pb
+I-

1.18

* 1 roM G-6-p, 2 roM PbN03, 50 niM Na Cacodylate
buffer, pH 6.6

** Values are averages of two determinations

Top: GGP 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 ale 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. AlthOugh�-glycerophosphate does not inhibit the

reaction, it is not utilize� as a substitute substrate (see Table 5) and

in this capacity is a good control for the histochemistry. Table 5 lists

several inhibitory conditions under which little or no activity was

detectable biochemically. Substitution Of(.3-g1yceroPhosphate 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

histochemioal 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 6,0 minute

reaction, the lead and substrate do not completely penetrate the 50-100

� thick slices incubated in the histochemical medium (see Holt and

Hicks 1961, Essner!!!i. 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 obser:ve"the penetration wu outlined in "Materials and Methods".
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TABLE 4

EFFECT OF INHIBITORS ON G-6-Pase ACTIVITY IN

ADULT HOMOGENATES

(partial inhibition)

Specific Activity Percent Activity
(�moles Pi/mg �rotein/ Compared to

Expo Incubation Conditions 20', 37 ) Control

1 Control 2024 -

+ glucose 30 mM .62 28

+ P04 30 roM .40 18

+ �-glycerophosphate 2036
105

30 roM

+ NaF 30 roM 1.11 50

+ linoleic acid
1086 83

7 mM

30'
a

1.61 72pH 5.0, at 37

2 Control 1.57 -

Na caprylate 10 mM 1.36 86

Assay medium: 30 roM G6P, 30 roM cacodylate buffer, pH 6.6, 10 mg

homogenate.

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

minutes at 37°, pH 5.0, before assaying at pH 6.6. All determina­

tions done in duplicate.
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TABLE 5

EFFECT OF INHIBITORS ON GLUCOSE-6-PHOSPHATASE ACTIVITY

(whole homogenates)
complete inhibition

Percent

Specific activity activity
Incubation (�moles Pi/mg prot. compared to

Expo conditions 370 20')-;\' control

1 control (adult) 1.34

no substrate 0 0

�-glycerophosphate
instead of G-6-p .03 2

(30 roM)

Na oleate (5 roM) .05 4

2 control (adult) 2.24

heat treatment of
0

5') .03 1enzyme (80

3 control (newborn) 1084

PMB (5 x 10-4M) 1.21 65

4 control (newborn) 1.84

PMB (5 x 10-4M;
pre incubated with 0 0

enzyme 37° 30')

* Values are averages of two determinations

PMB = parahydroxymercuribenzoate, sodium salt

Reaction was run, except where stated, with 30 roM G-6-p, 30 roM

cacodylate buffer, pH 6.6
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Essentially it Lnvo l,ves 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 're'action 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. .Eurther 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.

II. 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 �

across. The section, 0.5 � thick, is unstained. Typical hepatic

"cords" of �ells 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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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 littero 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 ala (1963), Dallner et ala

(1966b), 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 �onver­

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- Pose Reaction

at Several Times during Development

7.2
[J 48 hours after birth
[J

6.4

5.6

8
..... adult

2 hours after birth

1.6

0.8

o 10 25 3015 205

Minutes of incubation, 3r

Figure 40 Kinetics of G6Pase reaction at several times during

development 0

Assay medium: 30 mM G6P, 30 mM cacodylate buffer, pH 6.60

Duplicate points on each curve represent two determinations

on the same sample.
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TABLE 6

DEVELOPMENT OF G-6-pase ACTIVITY IN WHOLE HOMOGENATES

AND ROUGH MICROSOMES

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 -

'k Specific Activity = umo Le s Pi/mg protein/20', 37°

Values are averages of duplicate determinations. Assay

medium: 30 roM G6P, 30 roM cacodylate buffer, pH 6.6. Microsomes

prepared from same homogenate as that assayed. Homogenate kept

at 00 overnight and assayed simultaneously with microsomes.
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Summary of Parts I and II

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 250 C and 370 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 80% 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

G6Pase 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 normal 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 visible. This

may be due to the incubation at room temperature for 30 minutes, the

presence of dense lead deposits inside the cisternae which obscure the

ribosomes or the depolymerization of the RNA by the lead (Farkas 1968).

After reaction» it is necessary 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
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Plate 2. Electron micrograph of hepatocyte from adult liver fixed by

perfusion with glutaraldepyde. The tissue was pot incubated in

th� histochemical medium. None of the cell organell�s 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 25,0000



51



52

Plate 3. Electron micrograph ot hepatocyte from adult liver fixed by

perfusion with glutaraldehyde. In 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. Arrow� 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 tbe region of the smooth ER. Ti�sue was treated as in Plate 2.

Magnification: x 53,000.



55



56

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 minuteso 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 live� 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 the 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.
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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 (cfo Plate 2).

Magnification: x 30,000.
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Plate 60 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 histochemica� incubation. Note the fine

background deposit (arrows) over the mitoch�ndria (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 a� i�

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 tpe complete bistochemic�l 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 tq 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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�late 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 st�ge. The

section (0.5 � thick) was stained with toluidine blue. The

hepatocytes (H) contain glycogen depos�ts (g) which are light

in color and appear distinct trom 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 either

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 s6me 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 Eft 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

animal 4 days before birth. This field, taken near the edge of

the tissue slice, shows the heterogeneous reacti9n between adja­
cent hepatocytes. In 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 hap po 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.

Insert (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 � 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 som� ER containing deposit (long

arrows) is pr�sent. Because of the location within the

glycogen region and the tubular appearance, these are probably

smooth ER membranes. The f�eld is near the edge of the tissue

slice.

H - hematopoietiC cell

m - mitochondria

Magnification: x 32,000.
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�2 Days

Morphology. By two days prior to birth, the c,ells 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
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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 p+esent 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

(be) 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 so�e areas (arrows). No deposit is

present along the plasma membrane (pm). The edge of the

s�ction 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. !he 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 -adul t 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 incubationo
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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 fr�e 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.
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Plate 200 G6Pase histochemistry in hepatocyte from an animal .1 hour

old. The histochemical �eaction 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 pr�bably 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 within

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 anyone 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 ce11 24 hours after birth. This is

another early stage in the proliferation of smooth ERe 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 ce11 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 ?icture 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 format�on of the smqoth 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 fre� of ribosomes; smooth-surfaced extensipns 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,

producing inter-connected tupules 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 phosp�ate 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 advanGed 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.
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Plate 26. Hepatocytes 24 hours after birth. The formation of smooth

ER in these cells i� 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: 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 lipid droplets and in the Golgi cisternae.

Plate 29 shows a higher power view of the deposit in the areas of rough

and smooth ERo 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 continqous 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 incub�ted for 30 minutes.

Magnification: � 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. In the top two glycogen r�gions 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 forme� smooth ER. The tissue was incubated for 30

minutes.

Magnification: x 33,000.
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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 �-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 �-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 PM] 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.
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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 opacity. 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�-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 isf1-g1ycerOPhosPhate utilized as a histochemical

substrate.

G - Golgi complex

Magnification: x 23,000.
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Summary Part III

During development, as the biochemical activity of G6Pase increases,
the lead phosphate deposit aeen in histochemically reacted cells becomes

heavierM 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

activitYe

Further, the histochemical results provide information about two

levels of development of the enzymee 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 enzymeo

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

cella 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 -actLvd ty 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 .af t.e r 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 .a t 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

precipi tate '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 see'Q. 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 smooth-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

rough
endoplasmic

reticulum

(::' '.
e e

e.

rough
microsomes

homogenize

rough microsomes
with lead deposit

+

react with g-6-p and lead

rough microsomes

without lead deposit

layer over concentrated
sucrose (2.0M)

spin 64,000 x g, 601

_ g-6-p-ase site
T

2 . 0 M sucrose

.llll... Pb3 (PO 4)2
precipitate

l_

Figure 5. Sub-fractionation scheme for rough microsomes based on GGPase

activityo 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 Ro ths.chLLd (1963). The 'changes employed included:

10 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 1:1 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 s p i.n , 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 ffiIl of. the 'step gradient in which rough and smooth microsomes were

separatedo 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 absorhance at 260 mlJ. or 280 � 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 200 M and 1.32 M sucrose represents

rough microsomes� and peak between 1032 M sucrose and load zone

is smooth microsomeso In this experiment the post-mitochondrial

supernatant was not treated with amylase and a pellet of

glycogen was found.

Bottom figure: Gradient tapped on fractionator. Peak between

200 M and 1.32 M sucrose again represents rough microsomeso

The lower part of the double peak at the interface between

1032 M sucrose and the load zone is smooth microsomes, whereas

the upper part is probably hemoglobin. In this experiment the

post-mitochondrial supernatant was treated with amylase and

no pellet was visible.
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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, Lyso somea 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
1

contains ,50% of the total RNA in the homogenate. The distribution of

G6Pase activity in the fractions also suggests that approximately 70% of

the 'rough microsomes are recovered in the final fraction ..

2
Since the

1
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 25% of the ribosomes (20% 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 70% of the maximum
calculated value.

2
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

G6Pase 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 superijatant 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, plasmq membrane fragments

and lysosomes (L). Arrows mark areas where ribosomes are

clearly visible on the outer surface of the vesicles.

Magnification: x 40,0000
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TABLE 7

CHEMISTRY OF ROUGH MICROSOME FRACTION FROM ADULT LIVER

127

Determination
'k

Leskes
.,'c"k

Dallner

1. G6Pase

(I-Lmoles Pi/mg protein/20')

2. Percent of total G6Pase activity
in rough microsomes

3. G6Pase
(u mo Le s Pi/20'/g:m liver)

4. mg protein/gm liver

5. mg RNA/gm liver

6. mg RNA/mg protein

7. Percent of total RNA in rough
mi.c ros ome s

8. mg phospholipid/gm liver

9. mg phospholipid/mg protein

3.44
3.26
3.91

41%
34%
51%

86
75

25
23

.15

.12

44%
59%

4.0

.20

4.03

52

13
19

.. 33

.16

"k 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 foldo

The average value for the homogenate was 1.72 �moles 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 108 to 307

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-fractfonation 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 aggregateo The aggregation is probably due to

the presence of excess lead in the incubation mediumo 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 200

M sucrose, which should float unreacted rough microsomeso This increase

in density is probably also due to binding of lead ions by the membranes.l
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- Pose Activity in Rough Microsomes

from Newborn Rat

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

chemistryo
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Dialysis

In order to remove the free lead ions, the reac t'ed microsomes

were dialyzed against 100 � EDTA. This 'concentration was more:efficient

than 40 u M in reversing the aggregation, but no further difference was

observed by increasing t.he concentration of EDTA to 1000�. 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

hags 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 penet-rate the .agg rega tes , 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 roM 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 f�aterials 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 arid 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 wi th the substrate. Dialysis of the 'mixtu,re 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 gradf.ent; , 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 (8e) half of
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Separation of mixture of reacted microsomes
from newborn

Mixed after incubation
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Figure 80 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 aliquot 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 200 M sucrose and were spun

at 63,600 x g for 60 minutes. Four milliliter fractions
av

and the pellet were assayed for phospholipid and proteino

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 0 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 tnat present before dialysis. This

increase is probably due to the fact that the enzyme reaction is not
o

actually stopped after a 60 minute incubation period. Dialysis at 4

only slowly removes lead and G6P from the microsomal suspension and

further reaction probably proceeds slowly for some time.

The �inding �hat 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



TABLE 8

SEPARATION OF MIXTURE OF REACTED ROUGH MICROSOMES

Mixed after Incubation
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Incubation
Conditions Protein

Percent of Recovered Material

PLP

at Interface

Protein

in Pellet

PLP

A. Lead only

B. Lead + G-6-p

C. Mixture

(1/2 A + 1/2 B)

Calculated

(1/2 A + 1/2 B)

Birth

A. Lead only 85 54 1 2

B. Lead + G-6-p 10 9 65 50

C. Mixture
49 36 29 22

(1/2 A + 1/2 B)

Calculated
48 32 33 26

(1/2 A + 1/2 B)

Adult

84 62

6

37

34

1

79

30

40

1

65

32

33

5

55

45

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 umo Le s 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 f.lg protein/mI.

Rough microsomes were incub�ted in the histochemical medium.

The microsomal suspension was dialyzed against 100 �M 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 TeA, and the

inorganic phosphate in the suspension was measur-ed ,
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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

development were reacted with glucose-6-phosphate and lead� .and treated

to reverse the ·aggregation as described above. They were then sedimented

on a step gradient to determine the proportion of vesicles which con­

tained reaction product. For all stages, controls were incubated with

lead but without substrate to check that the excess lead had been removedo

In addition� mixing experiments such as that just described were performed

to ensure that the aggregation had been successfully reversed.

Figure 9 shows ·the results of these experiments. The first

tracing, of reacted microsomes from an animal three days before birth,
indicates that almost no rough microsomal vesicles have become dense and

therefore very few contain the enzyme. The actual amount of material

found in the pellet at this stage of development varies somewhat (see

Fig.• 10), since it is impossible to determine the exact age of the

animals. The histochemistry on intact cells from an animal at this stage

showed that only a small number of hepatocytes contain G6Pase. The

specific -activity of the enzyme is approximately 1/10 that of the·adult.

Two days before birth a larger number of hepatocytes contain lead

phosphate deposit, although they are still in the minority. At this

stage (second tracing), a small proportion of the reacted rough microsomes

is found in the pellet.

By the time of birth almost all of the·cells react and have histo­

chemical deposit in all of their ER. The enzyme activity is approximately

equal to that in the adult. The vast majority of the microsomes at this

s cage (third tracing) are found in the pellet, indicating that all of the

vesicles have reacted and contain enzyme.
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Figure 9. Fractionation of reacted rough microsomes from animals at

4 stages of development; distribution of phospholipid and

protein.

At each stage rough microsomes were incubated with 1 mM G6P,

2 mM lead nitrate and 50 mM cacodylate buffer, pH 606, for 60

minutes at 250• The suspensions were dialyzed overnight

against 100 �M EDTA, 10 mM cacodylate buffer, pH 7.3-7.4, and

were gently sonicated. The suspensions were loaded above 20.0

M sucrose and were spun for 60 minutes at 63,600 x g •

av

Four milliliter fractions and the pellets were assayed for

protein and phospholipid. Determinations on fraction 6 and

the pellet in each gradient were done in duplicate. Ordinate

compares protein and phospholipid in the fractions to that

recovered on the total gradient. In each experiment microsomes

incubated without substrate remained in fraction 6.
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The histochemistry on the adult liver shows a pattern similar to

that at birth. All of the cells react and all of the ER in �ach cell

contains lead phosphate deposit. In the fractionation (fourth tracing)
all of the vesicles become dense after reaction. The distribution of

material at the interface 'and in the pellets of these four gradients is

summarized in Table ,10.

Table '11 compares the specific activity of G6Pase 'in the isolated

rough microsomes wi th the 'amount of material (as phospholipid) recovered

in the 'pellets. Column four relates the 'specific activities of micro­

somes from fetuses or newborn animals to that of the adult and the ,last

-co Lumn normalizes the 'phospholipid recovered in the pellet to that

recovered in the pellet from the adult. Comparison of these ,two ,columns

indicates that. in general the activity of the enzyme in the micros.omes

agrees very well with the amount of heavy lead phosphate-containing
vesicles found after reacting the microsomes.

Thus" the -resul ts of fractionating the reacted rough mf c-rosomes

are 'cons Ls t.errt with the hypothesis that G6Pase molecules 'are well

dis tributed in 'closely-spaced si tes -t.hroughout; the ER of the hepatocyte 0

There is no need ta postulate diffusion .of released phosphate 'within

the ER .of cells reacted histochemically, ta explain the unifarm and

widespread distributi.on .of lead phasphate deposit. This distribution

results from, and is .a reflection of, .a uniform and widespread distri­

bution of enzyme sites.

However, ,a further control experiment more rigorously ta exclude

aggregation of the reacted microsomes could be done with the above

results in hand , It was 'conceivable -tha t the aggregation of vesicles

which takes place during the -reactian is nat campletely reversed by

the sonication and dialysis, ,although no further aggregatian takes place

under these 'circumstances as was shown by the experiment in which

reacted and unreacted vesicles were mixed. If there were irreversible

aggreg,ation, same vesicles which did not contain deposit may have been

bound to heavy vesicles, leading to a spuriausly high prapartion .of

the microsomes pelleting through the 2.0 M sucraseo



TABLE 10

FRACTIONATION OF REACTED ROUGH MICROSOMES

AT FOUR STAGES OF DEVELOPMENT
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Age

Percent of Recovered Material

3

PLP

at Interface

Protein PLP

in Pellet

3

65

59

63

10

5

39

36

9

6

Protein

-3 Days

-2 Days

Birth

Adult

12

65 50

7

79

These are the same data that were presented in Figure 9.

All determinations were done in duplicate. Total recovery figures

for the gradients were between 74 and 119%.
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TABLE 11

CORRELATION OF G-6-pase ACTIVITY IN ROUGH MICROSOMES WITH

PERCENT PHOSPHOLIPID RECOVERED IN REACTED PELLET

Exp. Age Specific Activity Percent of PLP recovered

I-lmoles Pi/ total PLP in pellet
mg prot/20' percent of recovered as percent of

37
0

C"� adult in pellet adult value

1 -3 days .10 3 3 4

2 -3 days .20 6 12 15

3 -2 days .61 19 12 15

4 Birth 2.94 90 65 82

5 Birth 3.24 99 73 92

6 Adult 3.26 100 79 100

* Values are average of two determinationso

This Table includes data from Tables 8, 10, and 12. The

specific biochemical activity was determined on an aliquot of the

same fraction used for incubation with G6P and lead ions. Assay

conditLons for biochemical specific activi ty: 30 mM G6P, 30 mM

cacodylate buffer, pH 6.6. Assay conditions for incubation with

G6P and lead: 1 mM GGP, 2 mM lead nitrate, 50 mM cacodylate

buffer, pH 606.
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To rule out this possibility» isolated rough microsomes from

animals at two different stages of development, -3 days and birth, were

mixed before reaction in the histochemical mediume When reacted alone,

vesicles from -3 day animals all remain light, and vesicles from newborn

animals all become densee Equal quantities of vesicles from the two

stages were mixed and reacted, and the mixture was dialyzed and analyzed

on a step gradient. Equivalent amounts of each of the types of micro­

somes were also reacted separately and analyzed. The results' are shown

in Figure 10.

The first iracing (lOA) shows the pattern obtained using rough

microsomes from an animal three days before birth. The majority of the

membranes float and a small fraction pellets. The seconG tracing (lOB)

from the animal at birth, is similar to that shown before (Figures 8

and 9); all of the membranes pellet. The last tracing (lOC) shows the

dist�ibution of material in the mixture. The results are just what is

expected in the absence of aggregation; half of the membranes float and

half pellet through the heavy sucrose. These results are summarized in

Table 12. The phospholipid in the0two fractions accounts for 70-80% of

the total phospholipid recovered in the gradients� However, these two

fractions do not account for as high a percentage of the protein. This

is probably due to the presence at the top of the gradient of protein

released from the ribosomes. The bottom line shows the recoveries

expected in the mixture if aggregation does not occur. The actual values

obtained are very close to these theoretical recoveries. It seems quite

clear then� that there is no aggregation present at the time that the

material is sedimented on the step gradient. Therefore, in the cases

of the newborn and the adult» all of the rough microsomes sediment

through the heavy sucrose because they contain lead phosphate. And to

go back one step» they contain the precipitate because every v�sicle

contains at least one site of G6Pase.

G6Pase Activity of Fractions

The elegant corollary to this fractionation would be the demon­

stration that the vesicles which remain at the interface lack G6Pase

activity while those that pellet contain it. This determination was
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Separation of mixture of reacted microsomes
from rats of different ages

100
Mixed before incubating with G-6-P and lead

- 3 Days
(A)

Birth
(B)

r-"
I I
, I

Mixture
(1/2A + 112 B)

- Phospholipid
--- Protein

2 3 4 5 6 7 8 Pellet I 2 3 4 5 6 7 8 Pellet

Frac t ion

2 3 4 5 6 7 8 Pellet

Figure 10. Distribution of phospholipid and protein on gradient

separating mixture of reacted rough microsomes from -3 day

and newborn rats.

Equal aliquots of rough microsomes prepared from rats of the

two ages were mixed before incubating with G6P and lead. The

suspension was dialyzed overnight against 100 �M EDTA, 10 mM

cacodylate buffer, pH 7.3-7.4, and was gently sonicated.

The microsomal suspension was layered over 2.0 M sucrose

and was spun for 60 minutes at 63,600 x gave Four milli­

liter fractions and the pellets were assayed for phospho­

lipid and protein. All three gradients are from the same

experiment. Fraction' 6 is the interface between the load

zone and the dense sucrose.
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TABLE 12

SEPARATION OF MIXTURE OF REACTED MICROSOMES FROM -3 DAY AND

NEWBORN RATS-MIXED BEFORE INCUBATING WITH G-6-p AND LEAD

Percent of Recovered Material

Age at Interface in Pellet

PLP Protein PLP Protein

A -3 days 60 33 12 9

B Birth 3 11 73 65

C Mixture 35 25 44 33

(1/2 A + 1/2 B)

Calculated
32 22 43 37

1/2 A + 1/2 B

These data were presented in Figure 10. Determinations were

made in duplicate. Total recoveries on the gradients were between

79 and 115%.
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attempted several times but unfortunately without any success. G6Pase

is a .rather labile enzyme. Table 13 shows that if the isolated rough

microsomes are kept at 40 C overnight, the time required to dialyze the

reacted microsomes, they lose 85% of their original G6Pase activity_

The rest of the activity is lost if the microsomes are dialyzed against

EDTAo Preincubation of the microsomes with Mg++ before assay does not

increase their G6Pase activity. Possibly the enzyme could be stabilized

by inclusion of substrate during the entire procedure, but this was not

attempted 0

Morphology of Fractions

In all of the fractionation experiments, the material at the

interface and in the pellet was examined by electron microscopy. Plate

33 shows material from the interface of a gradient loaded with a mixture

of adult microsomes: microsomes reacted with both lead and substrate, and

microsomes incubated with lead alone. The material was pelleted and

processed for electron microscopy.

Plate 33A shows a portion of the top of the pellet. Many of the

vesicles are intact and have ribosomes on their outer surfaces. There

are some broken vesicles and some membrane fragments. Plate 33B shows

a similar field from the bottom of the pellet. The vesicles are tightly

packed and many are cut tangentially. Most of the vesicles are again

intact and only occasionally is a reacted vesicle seen at the bottom of

the pellet.

Plate 34 shows the material which pellets in the step gradient.

Most of the vesicles have electron dense lead phosphate deposit inside

of them. Some of the vesicles are completely filled with deposit. In

others, which are not completely filled, the deposit remains closely

applied to the inner surface of the vesicle. This suggests that the

inorganic phosphate does not diffuse far before it is precipitated by

lead. In addition, it attests to the insolubility of the lead phosphate

precipitate since it does not travel away from the membrane. No deposit

is seen on the outer surface of any vesicle. Sometimes an occasional

mitochondrion, some membrane fragments and some vesicles that appear to

lack deposit are seen contaminating the fraction.
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LOSS OF GLUCOSE-6-PHOSPHATASE ACTIVITY DURING DIALYSIS

(Rough Microsomes from Newborn Animal)

Fraction

Specific Activity
�moles Pi/mg Protein/

20', 37°*

Rough microsomes -

assayed day isolated

Rough microsomes -

assayed 2nd day,
stored 0° **

Rough microsomes -

assayed 2nd day,
dialyzed against
100 �M EDTA, 0.01 M

cacodylate buffer,
pH 7.4 **

2.62

.40

o

* Average of two determinations

** Pre'Lncub at.ed with 5 roM Mg
-1+

before assay

All three determinations were done on aliquots of the same

rough microsome fraction. The aliquot which was dialyzed was kept

in the 40 C room during dialysis. None of the aliquots was incu­

bated with lead or G6P.
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Plate 33. Interface fract�on from a step-gradient containing a

mixture of rough microsomes incubated either with lead and

G6P or with lead but no substrate. Microsomes derived from

adult rat liver. These are the vesicles which remained

above 2.0 M sucrose.

Plate 33A. Top of the pellet prepared by re-sedimenting this

fractiop.

deposit.

The microsomes do not contain lead phosphate

The pellet includes intact vesicles (v), broken

vesicles (b) and membrane fragments (f). Ribosomes are

visible on the outer surfaces of the vesicles (arrows).

Magnification: x 57,000.

Plate 33B. Bottom of the pellet. The vesicles are more tightly

packed and in this field many are cut tangentially (t).

Only occasionally are vesicles containing lead phosphate

encountered (none present in this picture).

arrows - ribosomes attached to the membranes

Magnification: x 75,000.
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Plate 34. Pellet fraction from a step-gradient containing a mixture

of rough microsomes incubated either with lead and G6P or

with lead but no substrate. Microsomes derived from adult

liver. These are the microsomes which sedimented through 2.0

M sucrose. The pellet consists mostly of vesicles containing

within them electron-opaque lead phosphate deposit. Some of"

the microsomes are completely filled with deposits (f) while

others are partially filled (p). In addition some empty

microsomes are seen (e). In the partially filled vesicles

the deposit often remains closely applied to and completely

covers the inner surface of the membranes. Other partially

filled vesicles contain clumps of deposit which does not

completely line them (arrow). This field is near the top of

the pellet and is representative of its entire depth.

Magnification: x 105,000.
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Plate 35 illustrates the material found in the pellet of a step

gradient loaded with reacted microsomes isolated from an animal immedi­

ately after birth. The material looks much like that found in the pellet
of reacted microsomes from the adult. Most of the vesicles contain lead

deposit. The insert shows an area in which the membrane surrounding the

lead deposit is more clearly seen. Considering the treatment -- dialysis

against EDTA and sonication -- the membranes are well preserved. They
are mostly intact and have ribosomes or the remains of ribosomes on their

outer surfaces.

Plate 36 shows a piece of plasma membrane found in the pellet.

Although no deposit is seen along the length of the membrane, a finding
which agrees with the histochemistry on the intact cell, small vesicles

joined to the membrane do react. These are probably ER fragments which

are ,attached to the plasma membrane. This observation can be used to

illustrate 'another point. Some of the vesicles seen in ,the pellets lack

deposit; often these 'are large vesicles. If only a part of the vesicle

'contained lead deposit, then it would be possible for a section to 'cut

through a part of the vesicle in which the deposit was not visible.

Such a thing cou ld happen with this plasma membrane if the section

passed through an area where the small vesicles were not present. It

would then be 'assumed that the material was in the pellet as a contami­

nant although in fact it pelleted because of the precipitate.

The small amount of material found at the interface in the gradi-

-ents of reacted microsomes from the newborn animal look much like 'that;

found at the interface of the mixing experiment. The total amount of

material is so small that sometimes it was not possible ,to pellet the

material for microscopic observations. The vesicles are probably derived

from a few cells which still do not react. In cases where the material

could be pelleted (Plate 37) some reacting vesicles were found contamina­

ting the bottom of the pellet.

Plate 38 shows the interface and pellet fractions from an experi­
ment in which microsomes from a -3 day and a newborn animal were 'reacted

together. Again the material at the interface is composed of vesicles

lacking lead deposit while the pellet contains lead-filled vesicles.
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Plate 350 Pellet from a step-gradient containing reacted rough

microsomes from an animal at birth� In general the fraction

looks much like that in Plate 3�. The majority of the

vesicles encountered in the pellet cont�in electron-opaque

lead phosphate deposit, which partially (p) or completely (f)

fills them. Some vesicles which appear free of deposit are

also seen (e). The reaction product is always found within

the lumen of the microsomes.

Magnification: x 75,000.

Insert: In this field the membranes of the microsomes are clearly

visible surrounding the lead phosphate deposits.

r - ribosomes attached to the vesicles

Magnification: x 148,000.
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Pl�te 36. Plasma membrane found in pellet from step-gradient of

reacted rough microsomes from an animal at birth. There

is no lead deposit along the length of the membrane although

deposit is seen in small vesicles adjoining the membrane (v).

Some of the vesicles seem to be covered with ribosomes and

may be rough ER attached to the plasma membrane •. T�� arrow

marks a point of obvious continuity between a vesicle and

the plasma membrane. There is some fuzzy material lining

the inside of the plasma membrane. Bottom of pellet.

Magnification: x 66,000.
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Plate 37. Interface fraction from step-gradient of reacted rough

microsomes from an animal at birth (pellet shown in Plate 35).

At this stage the amount of material found in this fraction

is very small. A number of the vesicles are broken, some are

smooth-surfaced,: and numerous ribosomes appear scattered in

the interstices. This field is at the bottom of the pellet

pr�pared by re-sedimenting the interface fraction, and some

v�sicles containing lead deposit are present (r).

v - intact vesicles

f - membrane fragment

Magnification: x 47,000.
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Plate 38. Interface and pellet fractions from a step-gradient con­

taining a mixture of reacted rough microsomes from a -3 day

and a newborn animal.

Plate 38A. Interface fraction: vesicles which floated above 2.0 M

sucrose. The fraction consists of vesicles lacking lead

deposit. In addition to the unbroken (v) and broken (b)

vesicles and membrane fragments, there are free ribosomes

in the fraction. This picture is taken at the top of the

pellet prepared from the peak fraction.

r - ribosomes attached to vesicles.

Magnification: x 55,000.

Plate 3SB. Pellet: microsomes which sedimented through 2.0 M

sucrose. The pellet consists of microsomes containing lead

phosphate reaction product. In this field several empty

vesicles are also seen. The location of the deposit within

the vesicles and the unit membrane (arrows) bounding them

are clearly seen in the insert. Some attached ribosomes

can also be seen. Picture taken in the middle of the pellet.

f - vesicles completely filled with deposit

p - vesicles partially filled with deposit

e - e�pty vesicles.

Magnification: x 75,000. Insert: x 120,000.
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These fractions chosen for illustration are representative of all

the fractions examined. The material that pellets through the heavy
sucrose always consists of reacted vesicles while the material which

floats -Ls composed of unreacted microsomes. The microscopy thus sub­

stantiates that the method can be used to separate two types of rough
microsomes: those that contain G6Pase 'and those that do not.

Correlation with Histochemistry

The results of the cell fractionation study confirm and expand
the histochemical findings.. At all stages, the proportion of rough
microsomes which can be rendered dense by the presence of lead phosphate

precipitate correlates well with the biochemical activity of the enzyme

'and with the 'amount .and distribution of the histochemical deposit in the

intact tissue� Furth�r, in the adult and in the newborn, where all of

the microsomes react, we can say with confidence that the distribution

of deposits seen in situ reflects the 'actual distribution of enzyme

siteso The enzyme molecules are widely distributed in closely-spaced
sites throughout the ER of the hepatocyte. There is no need to postulate

� diffusion of releas€d phosphate within the ER cisternae to explain the

histochemical pattern. The 'results further suggest that there ,is no

differentiation within the Tough ER at a level of resolution defined

by the 'size of the microsomal vesicles analyzed: this point will be

expanded in the discussion�

It is not possible to interpret the histochemical results from

the animals before birth with such certainty. In those instances in

which only some of the vesicles become dense after reaction, one canno t

conclude that all of the rough ER from a particular �ell contributes

enzyme-carrying -vesicles to the total microsomal population. However,

it is likely that at these stages, too, the uniform distribution of

reaction product results from the even distribution of enzyme sites

wi thin the membranes.•
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Swrunary Part IV

A method for the sub-fractionation of rough microsomes was developed

based on the retention of lead phosphate within fresh microsomes incubated

in vitro for G6Pase. The reaction product increases the density of the

G6Pase-containing microsomes and thereby makes possible their separation

from G6Pase-free vesicles by isopycnic centrifugation in a 2-step density

gradient. The method permits the virtually complete reversal of the

aggregation which occurs during the incubation. The procedure was applied

to rough microsomes isolated from rats at various stages during hepatocyte

differentiation and the results obtained agree with those given by the

histochemical tests in situ. Before birth, when only some of the hepato-

cytes react, only a commensurate proportion of the microsomal fraction

can be rendered heavy by the G6Pase reaction. At the time of birth and

in the adult, all of the microsomes acquire lead deposit and become dense

after reaction. The results further suggest that the pattern of distribu­

tion of lead phosphate deposit in the ER of cells in tissue slices can be

explained by the actual distribution of enzyme molecules. Enzyme molecules

are uniformly distributed, in closely-spaced sites throughout the rough ER

of the hepatocyte. There is no qualitative differentiation of the rough

ER with respect to G6Pase at this level of resolution.
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DISCUSSION
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Pitfalls in Histochemistry

Conditions of Reaction

Careful workers have realized that histochemical localization of

enzymes has many pitfalls (Gomori 1950a, 1950b, Barrnett and Palade 1958,

Holt 1959)� The controls conducted during this study were an attempt to

avoid some of these problems.

The conditions used for the histochemistry allowed optimal visual­

ization of enzyme activity� The concentration of trapping agent (lead

ions) is high enough to ensure that all of the inorganic phosphate re­

leased can be precipitated immediately. If this were not the case,

non-specific deposition of reaction product might be found due to the

diffusion of released phosphate before its precipitation (see Reid et ale

1964). None of the conditions or reagents inhibits the enzyme and there

is no non-specific breakdown of substrate during the reaction to compli­

cate the interpretation (Moses and Rosenthal 1967)�

Fixation

One of the most important problems faced by histochernists is

enzyme inactivation during tissue fixation. The requirements of good

tissue fixation and retention of enzyme activity seem mutually exclusive

(Barrnett and Palade 1958). Good fixation involves stabilization of

molecular configurations while retention of activity implies that the

enzyme can interact with its substrate, possibly by changing configuration.

Under suitable conditions, however, a compromise can be reached. It is

necessary that quantitative determinations of the enzyme remaining in

fixed tissue be made. If only a fraction of the original activity is

left, the deposit cannot be considered representative of the localization

of the enzyme in the unfixed tissue. Since different methods of fixation

may selectively inactivate different populations of enzyme molecules,

strikingli different results could be obtained from two different methods

of fixation (see Goldfischer et al. 1964).

The technique of short fixation by perfusion employed in this study

allowed retention of 70-80% of the original enzyme activity_ It is» of

course, difficult to show conclusively that the 20-30% of the activity
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lost was not derived preferentially from one site or configuation of the

enzyme. Substrate was included during fixation in an attempt to trap

enzyme molecules in their active configuration. It was hoped that more

of the enzyme molecules would be in this configuration in the presence

of substrate (see Beaufay et �. 1954 for a discussion of the ability
of substrate to protect G6Pase against inactivation). But this precaution

-

did not increase the recovery of activity.

Metal Salt Precipitation

The histochemical method first developed by Gomori (1939, 1941)

and Takamatsu (1939), employing metal salt precipitation, has been widely

used. For a number of enzymes it is the only reliable method··available.
\

There are several problems concerning this method. One of these problems

is the interpretation of the location of the deposits. How closely does

this location correspond to the point of release of the product and to

the site of the enzyme molecule itself? How far does the free phosphate

diffuse before it is trapped by the lead ions, and how efficient is the

precipitation?

The results obtained by incubating isolated rough microsomes in

the histochemical medium, followed by extensive dialysis and sonication,

indicate that the precipitation of phosphate ions is extremely efficient.

All released phosphate ions are trapped by lead and remain precipitated

during the entire procedure. Although the sub-fractionation of rough

microsomes was undertaken to determine whether diffusion of released

inorganic phosphate takes place during the histochemical reaction, the

results do not directly answer that question. It has not been conclu­

sively demonstrated that the uniform distribution of the deposits is

a direct reflection of the distribution of sites of enzyme activity;

the results do not rule out diffusion. Diffusion of the phosphate may,

in fact» take place. However, these results do tell us that each micro­

some has at least one site of G6Pase activity» and that G6Pase molecules

are uniformly distributed along the ER membranes. Thus, the distribution

of histochemical deposits may result from the release and rapid precipi­

tation of phosphate at these sites.
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A further observation lends support to this interpretation. When

reacted vesicles are examined in the electron microscope, the precipitate
is seen attached to the inside of the membranes in those cases where it

does not fill the whole vesicle. Similar findings have been reported for

the reaction product of other phosphatases (Tice and Engel 1966, in

reacted sarcoplasmic reticulum vesicles, .and Go1dfischer et a10 1964,
Tice and Barrnett 1962, in histochemistry in situ)o This suggests that

the phosphate does not diffuse far from its release point before it is

trapped. In addition, the observation shows that the lead phosphate

precipitate is insoluble and that it does not diffuse away from the

membrane 0

Position of the Enzyme in the Membrane

In vivo glucose-6-phosphate is available in the cytoplasmic matrix

of the cell, where it is formed from glycogen. In the incubated fresh

microsomes in.Y.llfQ, the substrate is outside the vesicle. Whether G6P

can penetrate through the ER membrane is unknowno If the membrane is

impermeable to the substrate, then there must be a binding site for the

substrate exposed to the cytoplasmic matrix. If the 'substrate can pass

through the membrane then the enzyme need not be located on one or the

other side.

In both the intact cell (fixed) and the isolated microsomes

(unfixed) the lead phosphate deposit -was always found on the cisternal

side of the membrane. In fact, the experiment with the microsomes showed

that the recovery of released phosphate within the cisternae was

'quantitative. Thus there is a directional release of the phosphate which

is split from G6P. A possible advantage of this directionality might be

the removal of inorganic phosphate from the cytoplasm much as the

mitochondria sequester calcium ionso

There is no evidence concerning the site of glucose release.

Since it is possible that the membranes are at least semi-permeable to

glucose, this site might be difficult to determine: and if the membranes

are freely permeable to glucose, then the point of release is irrelevant.

Although ER membranes are semi-permeable to sucrose (Share and Hansrote
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1960, Palade and Siekevitz 1956a, Tedeschi et ale 1963) there are no data

concerning their permeability to glucose. Cahill et ale (1958) report

the plasma membrane to be freely permeable to glucose although Dawkins

(1963) disagrees. If the ER membranes are impermeable or only partially

permeable to glucose, then a release of glucose into the cavity of the

ER might be a means of transporting the glucose out of the cell through

these intracellular channels. Such an intracisternal transport of

glucose is discussed by Siekevitz (1958)� Nordlie and Soodsma (1966,
also Soodsma et ale 1967), studying kidney G6Pase, hypothesize that the

enzyme is involved in facilitated transport across the kidney tubule

epithelial cell in diabetic animals. They suggest that G6Pase trans­

phosphorylates glucose as it enters the cell from the tubule lumen, and

then dephosphorylates the G6P on the side of the cell near the blood

stream. They do not discuss this theory with reference to the physical

location of the enzyme itself (which is in the endoplasmic reticulum).

Sub-fractionation of Rough Microsomes

The technique of using a histochemical reaction product to modify

the density of microsomes has not been previously reported. Since the

lead phosphate deposit has such a high density, even a small amount of

precipitate is sufficient to increase the density of a vesicle enough

so it can be easily separated from an empty vesicle on the basis of this

increased density.

The observed non-specific binding of lead to the membranes in­

creased the density of all vesicles indiscriminately. To separate

reacted from unreacted vesicles by density differences, it was necessary

that the free lead ions be removed. The procedure developed for doing

this, dialysis against EDTA (a chelating agent), does not disturb the

lead phosphate precipitate itself and so the enzymatically formed

phosphate remains insoluble inside the vesicles.

A drawback to the procedure is the inability to recover G6Pase

activity after dialYSis. Part of the reason for the loss of activity

is the length of time necessary to completely dialyze away the excess

lead ions. Even unreacted microsomes kept in sucrose at 0° C for the
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same length of time lose much of their activityo Exactly why the remain­

der of G6Pase activity is lost during the dialysis is not clearo Rough

microsomes which were not incubated with lead but which were merely car­

ried through the dialysis procedure lost all G6Pase activity by the end

of the dialysis, suggesting the inactivation occurs during the dialysis

itself. Possibly EDTA dialysis removes a tightly bound divalent cation

necessary for activity, but reincubation of the fractions with Mg++
before assay did not reactivate the enzyme 0 If there is such a removal

of cations it may permanently change the configuration of the enzyme.

There is no evidence that EDTA has such an effect on the enzyme and the

loss of activity may be due to another problem altogether. Beaufay et

�. (1954) reported losing G6Pase activity during dialysis, but they

believed the inactivation to be du� merely to a low pH since adding

bicarbonate prevented it. In this case, the pH was controlled (and

maintained at pH 7.3-7.4) so that a low pH could not be the cause of

the inactivation.

A possible modification of the technique to overcome this loss

of enzyme activity is the introduction of sephadex chromatography

instead of dialysis to remove the excess lead ions from the microsomal

suspension 0 The procedure could be shortened considerably and the

exposure to EDTA could be eliminatedo

Several other determinations could be made on the sub-fractions

of rough microsomes. First, if enzyme activity can be recovered, the

G6Pase activity in the dense fraction might be compared to the activity

in the light microsomes to further SUbstantiate that the method separ­

ates vesicles containing G6Pase from those lacking the enzyme. Second,

the microsomes in the two fractions could be tested for other enzyme

activities to see if the cells which contain G6Pase also develop other

microsomal enzymes early. Third, the concentrations of newly formed

membrane constituents (e.g., protein and phospholipid) in the two

fractions could be determined to see if the cells containing G6Pase are

also preferentially synthesizing or turning over membrane components.
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Further Applications of the Microsomal

Sub-fractionation Technique

Although so far the sub-fractionation technique has been applied
to only one question, many other uses can be envisioned. Considering
only G6Pase first, the reaction might be useful as a tool to separate
smooth microsomes from Golgi-derived vesicles. The Golgi-derived
vesicles should not contain enzyme 'and should remain light after reac­

tion while the smooth microsomes become dense. Also, the question
approached by Orrenius and Ericsson (1966) might be soluble; .af te r

phenobarbital induction, are smooth ER membranes formed which lack

G6Pase but contain NADPH-cytochrome c reductase? In addition, the

basic technique is applicable to any enzyme reaction (all phosphatases)
in which the product can be trapped as a heavy metal precipitate, .and

the technique could be useful as a mechanism for separating various

cellular components (e.g., Golgi-derived vesicles from other cell

organelles based on the presence in the former of thiamine-pyrophos­

phatase) ..

Heterogeneity Within the Endoplasmic Reticulum

Rough�ER

The in situ histochemistry demonstrated that as soon as a cell

acquires G6Pase activity, the enzyme is distributed throughout all of

the ER present in that cellQ The cell fractionation experiments con­

firmed this widespread distribution of enzyme; all rough microsomes

isolated from adult or newborn rat liver contained at least one site

of G6Pase activitYo

The fractionation of the ER as measured by the size of the

microsomal vesicles sets the limit to the resolution of the procedure.

If the vesicles form by pinching off from the ER and thus contain

membrane from both sides of the cisternae, then the enzyme sites along

a membrane (one side of a cisterna) are, on the average, no further

apart than half the circumference of the smallest microsomes. The

average half-circumference value for the entire microsomal population,
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determined by measuring the vesicles in micregraphs, is 180 m�l. Thus,
twO' melecules ef G6Pase are nO' further apart than 180 m�.

The reselutien ef the technique can be increased by decreasing
the size ef the vesicles. Reugh calculatiens estimate the 'average num-

2ber ef G6Pase melecules per vesicle to' be in the range ef 4-36. Since

Dallman et ale (1969) repert being able to' reduce the size ef micresemal

vesicles to' 1/100 their eriginal velume by senicatien, it -sheuld be

pessible to' preduce a heteregeneeus pepulatien ef small vesicles, seme

ef which centain enzyme and seme ef which de net. Thus, the actual

distances between sites of G6Pase mo lecuLes in the ER might be 'available

to' direct measurement and the differentiatien with the ER, which must

exist at the melecular level, ceuld be ebserved.

The finding ef a uniferm distributien ef G6Pase in alIef the

reugh ER micresemes is in centradictien to' the werk ef Dallner and ce­

werkers (Dallner et ale 1968). They feund an uneven distributien ef

G6Pase in the pepulatien ef adult rat liver reugh micresemes which were

sedimented en a centinueus sucrese gradient. The specific activity ef

G6Pase was greater in the slewly-sedimenting micresemes than in the

faster-meving enes.

1
This methed ef measuring weuld tend to' underestimate sizes since enly

if a vesicle is cut threugh the center is the actual diameter measured.
However, the thickness of the sectiens (appreximately 60 mil) is -of the
same erder ef magnitude as the diameter ef the vesicles. The size ef

the vesicles seen in the sectiens sheuld be reasenably geed estimates

ef their actual diameters. In additien, fer this calculatien we are

interested in the smallest vesicles in the populatien, sO' the figure
ef 180 m� can be used as :an appreximatien.
2

Assume G6Pase is a flat plate 5 m� en a side. This is in the range
ef myeglebin (Kendrew 1961) and RNAase (Kartha et a1. 1967). The sur­

face area is then 25 tq.J.2. If the G6Pase account.s fer 0 .. 1-1.0% of the

tetal pretein (cytechreme b5 is approxi.mateLy 0.8%, Omura et a l , 1967),
then one mo LecuLe of G6Pase would be found .,per 2500-25,000 mI-L2ef pre­
teinD If the pretein is evenly distributed en the twO' sides ef a

phospholi�id bilayer, then ene melecule ef G6Pase will exist per 1250-

12,500 mj.l ef surface pretein. Calculating frem the average size

vesicle measured, with a half-circumference ef 180 IDj.l2 and a diameter
of 60'l-Lm, the surface 'area (4*"(fr2) is 43,2-00 ffij.l2. There weuld be

4-36 melecules ef G6Pase per vesicle.
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The slower-sedimenting vesicles must be either smaller, or less

dense, or both, than the faster-sedimenting oneSa It is difficult to

understand what relation size or density of a vesicle would have to its

enzyme contento At any rate, application of a sub-fractionation scheme

such as the present one, based on a factor directly related to the enzyme

content, ought to give a more straightforward resulta

In the same group of experiments, Dallner et ala found that the

distribution of NADH- and NADPH-cytochrome c reductases followed that

of G6Pase while cytochrome b5 was found uniformly distributed throughout

the gradienta The increase in activity of several newly-formed enzymes

in the newborn rat was greatest in the slowest sedimenting fraction, as

was the phenobarbital-induced increase of NADPH-cytochrome c reductase

activity and the starvation-stimulated increase in G6Pase activity.

The authors interpret their findings as suggestive of a high degree of

heterogeneity within the rough ER although it is surprising that cyto­

chrome b5 and NADH-cytochrome c reductase, proteins which are involved

in a common electron transport chain, show different patterns of

sedimentation.

Such groups of enzymes involved in common functional pathways

(such as the cytochrome b5 and NADH-cytochrome c reductase mentioned

above) are known to exist in the ERa It is highly probable that these

proteins are located close to one another within the membrane. This

supports the idea that the membrane is a mosaic of functionally

distinct unitsa Drug stimulation of some enzymes and not others

(Ernster and Orrenius 1965) further supports this concept.

The present work on G6Pase does not necessarily disagree with

this idea. Resolution of the heterogeneity may only be obtained if the

ER is fragmented into smaller vesicles than those obtained by simple

homogenization. Alternativcly, G6Pase, an enzyme which is unrelated

to other membrane-bound ER enzymes, may have a pattern of distribution

in the membrane radically different from that of mUlti-enzyme units.

The technical problem is how to separate enzymatically distinct units

in order to observe the heterogeneity. Application of techniques

similar to the one presented in this thesis, employing reaction products

to differentiate microsomes, appears to hold considerable promise.
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Smooth ER

The in situ histochemistry shows the enzyme product to be present

in much of the smooth ER. From the histochemistry alone, it is difficult

to say whether all of the smooth ER contains G6Pase. (see Plates 5, 6, 28,
and 29). There have been histochemical reports suggesting that G6Pase

activity exists in all smooth ER (Orrenius and Ericsson 1966) and bio­

chemical work (Dallner 1963) localizing the enzyme to only some of the

smooth ER. Dallner and co-workers have performed experiments similar to

those just discussed concerning the rough ER, to examine differentiation

within the smooth ER (Dallner 1963, Glaumann and Dallner 1968a, 1968b).

They used magnesium to separate two fractions of smooth ER. Magnesium ions

aggregate some of the smooth microsomal vesicles but not others. Both

fractions are derived from the ER although they have different enzyme

compositions. The increase in smooth membrane seen after phenobarbital

treatment seems to be limited exclusively to those membranes which

aggregate with magnesium. Fragments of plasma membrane and/or Golgi­

derived vesicles may, however, account for one of these fractions.

Glaumann and Dallner (1968b; see also Dallner and Ernster 1968)

have sub-fractionated smooth ER on a continuous sucrose gradient in the

presence of cesium ions. They found that NADH-cytochrome c reductase,

NADPH-cytochrome c reductase and nucleoside diphosphatase have high

specific activities in the vesicles found near the top of the gradient

while G6Pase is highest in the faster-sedimenting microsomes. Adenosine

monophosphatase, Mg++ activated adenosine triphosphatase and cholesterol

content are highest in the pellet, suggesting that the pellet contains

plasma membranes.

There is evidence accumulating that protein and phospholipid are

assembled into membrane in the rough ER which is then converted into

smooth ER. Dallner et ale (1966b) studying the newborn rat liver found

newly formed constitutive enzymes first in the rough and then later in

the smooth microsome fraction. Omura, Siekevitz and Palade (unpublished

experiments) followed the in vivo incorporation of radioactive label

into purified membrane proteins and showed first an increase in specific
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radioactivity in the enzymes isolated from the rough microsomes and later

an increase in the specific radioactivity of the enzyme isolated from the

smooth microsomes� Ernster and Orrenius (1965) found that the specific

enzymatic activity of the newly formed enzymes induced by phenobarbital,

increase first in the rough and then later in the smooth ER. Jakobssen

and Dallner (1968) followed the increase in G6Pase activity after star­

vation and in alloxan-induced diabetes and found that the activity

increased first in the rough and then later in the smooth ER.

If this is actually the mechanism of smooth ER formation, then all

of the smooth membranes, especially those in the newborn rat liver, might

be expected to have G6Pase, since all of the rough membranes contain the

enzyme. The first smooth membranes to form right after birth do have

G6Pase histochemically. Application of a sub-�ractionation technique to

the smooth microsomes, similar to that applied to the rough microsomes,

would add considerable dimension to our knowledge.

Models for Membrane Assembly

The results of this study can also be used to construct models of

membrane assembly. At the very early times examined, when only a few

cells show a light reaction, those cells that react contain enzyme in

all of their rough ER. In other words, as soon as the enzyme activity

appears, it is visible in all of the ER membranes. At the later time

points too, the enzyme is found in all of the membranes. At no time are

cells seen with two types of ER: membranes that contain the enzyme and

those that do not.

Two possible ways in which membranes can be assembled are dia­

grammed in Figure 11. The first mechanism (A) proposes that there are

a small number of growing points where new membrane is being formed.

That is, all of the components in these fragments are newly synthesized

or at least newly assembled. If enzyme is inserted only into these new

membrane areas, the pattern illustrated, with well-delimited areas of

only some cisternae reacting, would be the pattern seen after the reac­

tion for G6Pase. Fractionation of the membranes would produce a hetero­

geneous population of microsomes� some containing G6Pase and some lacking
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Figure 11. Two models for membrane assembly.

A. Dense line represents regions of newly synthesized membrane

containing newly synthesized G6Pase.

B. Dense line represents regions of newly synthesized membrane

containing newly synthesized G6Pase, or regions of old

membrane containing newly inserted G6Pase molecules.

In both models the stippling represents lead phosphate deposit.

The first figure in each model illustrates the composition of

the membrane, the second is the pattern of lead phosphate

deposit seen after histochemical incubation, and the third

describes the population of microsomes after incubation with

G6P and lead.
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the enzyme. This type of pattern is not seen either by histochemistry

or by cell fractionation.

The only way to reconcile the observed histochemical distribution

and this model of assembly is to assume that the membrane constituents

are turning over very rapidly and that old membrane, lacking the enzyme,

is very quickly replaced by new membrane, containing the enzyme. Al­

though there is no data for the turnover of membrane constituents in the

foetus, Omura et al. (1967) have studied this turnover in the adult rat

liver. They found that the half life of the protein components: of the

ER membranes is on the order of 3-4 days. This means it would take this

long for half of the old membranes to be totally replaced by new ones.

If the rate of turnover in the foetus were similar, it would not be

sufficient�y rapid to reconcile the histochemical findings with this

mechanism of assembly. With such a rate of turnover we should be able

easily to find cells in which part of the ER, the "new" part, contained

enzyme, while the "o�d" part did not. Such cells are not found, and so

unless the turnover in the foetus is much more rapid than that in the

adult, this model of membrane assembly cannot adequately explain the

findings.

The second pattern (B) can be explained by two mechanisms. One

of these assumes that there are a large number of closely-spaced sites

where new membrane formation is taking place. If the enzyme is inserted

only into these areas, then deposit will be seen along the length of each

and every cisterna. The fractionation will produce vesicles which all

contain enzyme as ,fong as the microsomes formed are larger than the spaces

between the neighboring enzyme sites.

This pattern of lead deposit may also be explained in another way.

There may be no areas of completely new membrane at all; that is, no

areas where all of the components of the membrane are newly synthesized

or newly assembled. Growth and change in the membrane may take place by

the insertion of membrane constituents into an already formed sub-struc­

ture. The histochemistry would then present a picture of deposit dis­

tributed along the whole length of the cisternae and the fractionation
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would again produce a homogeneous population of microsomes all containing

the enzyme.

The results obtained are those shown in B. The two explanations
of the pattern are not easy to distinguish experimentally. The first

explanation would predict an increase in the actual amount of membrane

in the cell and the second would not. So far it has not been possible

to distinguish any difference between the amount of membrane in cells

containing enzyme activity and the amount of membrane in cells lacking

the enzyme.

The type of membrane formation suggested by either of the two

explanations for B implies that any moderate length of membrane is

always a mosaic of new and old components. This is the conclusion which

appears to be favored by data acc�ulating from many studies of membranes.

Dallner et�. (1966a, 1966b) found that the patterns of development of

various ER enzymes during hepatocyte differentiation are very different.

Enzymes, even those involved in the same biochemical pathway, appear at

different times and increase at different rates. The enzyme composition

of the ER is thus continuously changing during development. These

authors interpreted their findings as suggestive 6f a multi-step process

of membrane assembly in which membrane components are inserted into a

pre-existing structure independently of one another.

Omura et alg (1967) have shown that the phospholipid and protein

constituents of the ER have different half lives and are thus turning

over independently of each other. Even among the proteins, there is

variation; cytochrome b5 turns over more slowly than NADPH-cytochrome c

reductase. In the phospholipids too, it appears that the glycerol

backbone turns over faster than the fatty acid portion of the moleculeo

Ernster and co-workers (Ernster and Orrenius 1965, Orrenius and

Ernster 1964) have studied the effect of phenobarbital on ER enzymes.

The drug induces specific increases in NADPH-cytochrome c reductase,

cytochrome P450 and oxidative demethylation. This is the pathway which

metabolizes phenobarbital. Other enzyme activities actually decrease

in specific activity. A proliferation of smooth ER membranes is seen

after the phenobarbital treatment but it appears from the limited data
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available (Orrenius and Ericsson 1966) that no areas of the membranes

contain exclusively these induced enzymes. Since the rate of synthesis
of the induced enzymes is increased and the rate of synthesis of the

other ER enzymes is unchanged (Jick and Shuster 1966, Kuriyama et a1.

1969) the newly-formed membranes probably contain an increased proportion
of NADPH-cytochrome 'c reductase and cytochrome P450. When the drug
treatment is discontinued the neWly-formed smooth ER remains for several

days after the enzyme activity has 'returned to normal. This suggests

that the membrane components are being turned over independently ..

Kuriyama et ale (1969), studying ,enzyme activities after a single

injection of phenobarbital, found that the increase in the amount of

cytochrome P450 lagged behind that of NADPH--cytochrome c Teductase

although the two 'are involved in a common pathway.

All of these studies support the same type of model of membrane

,assembly that is suggested by the work presented in this thesis. Mem­

branes seem to be 'assembled through 'a molecu1e-by-molecu1e insertion

or replacement into a pre-existing structural frameworka Exactly how

this insertion,is accomplished is unclear .. A correlate to the theory

is the existence of recognition sites which determine the final assem­

bly; the enzyme components of a single pathway are probably located

together in the membrane. Possibly the lipid, ,as well as the protein,

plays a' role in this 'recognition, for there are known differences in

lipid composition of various membranes (Fleischer and Rouser 1965,
inter alios). In addition, studies by Duttera et a1. (1968) and Ganoza

(1964) have shown that phospholiPids can affect the substrate specificity

of G6Pase. Other work (Fleischer et a1. 1962, Jones and Wakil 1967)

have associated certain lipids with enzymes, while Widnel1 and Unke1ess

(1968) have found a specific lipid (sphingomyelin) associated with a

single membrane protein (51-nucleotidase).

The model of membrane assembly outlined above does not exclude

the existence of functionally distinct units within membranes. Molecules

need not be inserted at random into the pre-existing framework. The

model does rule out the formation of large regions of membrane where

all of the constituents -- lipids, enzymatic proteins and possibly

"structural proteins" -- are assembled concurrently.



176

BIBLIOGRAPHY

..



177

Ames, BoN. and Dubin, D�To� 1960� Jo Biolo Chern. 235:769. The role of

polyamines in the neutralization of bacteriophage deoxyribonu­
cleic acid.

Anderson, P.J., 1967, J& Histochem. Cytochem .. 15:652. Purification and

quantitation of glutaraldehyde and its effect on several enzyme
activities in skeletal muscle.

Arion, WGJ. and Nordlie, RoC., 1964, J� BioI. Chern. 239:2752. Liver
microsomal glucose-6-phosphatase, inorganic pyrophosphatase and

pyrophosphate-glucose phosphotransferase .. 110 Kinetic studies.

Arion, WoJo and Nordlie, RoCo� 1967, J� BioI. Chern. 242:2207. Biologi­
cal regulation of inorganic pyrophosphate-glucose phosphotrans­
ferase and glucose-6-phosphatase. Activation by triamcinolone
in vivo in the presence of actinomycin Do

Ashmore, J. and Nesbett, FoB .. s 1955, Proc , Soc. Exp. Bf.o l., and Med.
89:780 Effect of bile acids on activity of glucose-6-phosphatase.

Barrne t t, RoJ., 1959, Exp tl , Cell Resa 1:65.. The demonstration with the
electron microscope of the end�products of histochemical reac­

tions in relation to the fine structure of cells.

Barrnett� RoJ. and Palade, G.E�, 1958, Jo Histochem. Cytochemo &:1.
Applications of histochemistry to electron microscopy.

Beams, H.W. and Kessel, RoG., 1968� Into Rev .. Cytol .. 23:209. The Golgi
apparatus: Structure and functiono

Beaufay, Ho and de Duve, Co� 1954a, Bull .. Soco Chimz BioI. 36:1525. Le

syst�me hexose-phosphatasique. IV. Specificit� de la-glucose-6-
phosphatase.

Beaufay , H, and de Duve , C., 1954b, Bul I , Soc. ChLm, BioL 36::1551. Le

syst�me hexose-phosphatasiqueo VI. Essais de d�membrement des

microsomes porteurs de glucose-6-phosphataseo

Beaufay, He� Hers� HoG., Berthet, Jo and de Duve� C., 1954, Bull .. Soc.
Chim .. BioL 36:1539.. Le syst�me hexose-phosphatasique. Vo
Influence dedivers agents sur l'activit� et la stabi1it� de la

glucose-6-phosphataseo

Blobel, Go and Potter, V�Ro, 1967, J. Mol 0 BioI, 26:279. Studies on

free and membrane bound ribosomes in rat liver .. I. Distribution

as related to total cellular RNAo

Burch, HoB., Lowry, OoHo, Kuhlman, A.Mo, Ske r jance , J .. , Diamant, E.J.,
Lowry , S .R. and von Dd.ppe, D .. , 1963, J e Biola Chern. 238: 2267"

Changes in patterns of enzymes of carbohydrate metabolism in the

developing rat liver ..

Cahill, G.FOSl Jr,,� Ashmore, .r., Earle, A.So and Zo tta , S., 1958, Am. J ..

PhysiolG 192�49l" Glucose penetration into liver.

Carruthers, C. and BaumlerSl Ao, 1962, Arch. Biochemo Biophys. 99:458.
The influence of various detergents on the esterase and glucose-
6-phosphatase activities of mouse liver microsomes.



178

Chiquoine, D., 1952, J. Histochem. Cytochem. 1:429. The distribution
of glucose-6-phosphatase in the liver and kidney 6f the mouse.

Chiquoine, D., 1955, J. Ristochem. Cytocnem. 3:471. Further studies

on the histochemistry of glucose-6-phosphatase.
Christensen, A.K., and Fawcett, D.W., J. Biophys. Biochem. Cytol. 9:653 •.

The normal fine structure of opossum testicular interstitial cells.

Claude, A., 1938, Proc. Soc. Exp. BioI. and Med. 39:398. A fraction
from normal chick embryos similar to the tumor-producing fraction
of chicken tumor I.

Claude, A., 1939, Sci. 90:213. Chemical composition of the tumor�

producing fraction of chicken tumor I.

Claude, A., 1940, Sci. 91:77. Particulate components of normal and
tumor cells.

Claude, A., 1941, Cold Spring Harbor Symp. on Quant. BioI., 9:263.
Particulate components of cytoplasm.

Claude, A., 1947-48, The Harvey Lectures 43:121. Studies on cells:

Morphology, chemical constitution and distribution of biochemical

functions.

Claude, A., Porter, K.R. and Pickels, E.G., 1947, Cancer Res. �:42l.
Electron microscope study of chicken tumor cells.

Cori, G.T. and Cori, C.F., 1938, Proc. Soc. Exp. BioI. and Med. 39:337.

Enzymatic breakdown of glycogen in liver extracts.

Cori, G.T., Cori, C.F. and Schmidt, G., 1939, J. BioI. Chern. 129:629.

The role of glucose-I-phosphate in the formation of blood sugar

and synthesis of glycogen in the liver.

Dallman, P.R., Dallner, G., Bergstrand, A. and Ernster, L., 1969,
J. Cell BioI. 41:357. Heterogeneous distribution of enzymes in

sub-microsomal membrane fragments.

Dallner, G.9 1963, Acta Path. et Micobiol. Scand., Supp., 166. Studies

on the structural and enzymatic organization of the membranous

elements of liver microsomes.

Dallner, G., Bergstrand, A. and Nilsson, R., 1968, J. Cell BioI. 38:257.

Heterogeneity of rough-surfaced liver microsomal membranes of

adultr phenobarbital-treated and newborn rats.

Dallner, G. and Ernster, L., 1968, J. Histochem. Cytochem. 16:611.

Subfractionation and composition of microsomal membranes: A review.

Dallner, G., Siekevitz, P. and Palade, G.E., 1966a, J. Cell BioI. 30:73.

Biogenesis of endoplasmic reticulum membranes. I. Structural and

chemical differentiation in developing rat hepatocyte.

Dallner, G., Siekevitz, P. and Palade, G.E., 1966b, J. Cell BioI. 30:97.

Biogenesis of endoplasmic reticulum membranes. II. SynthesiS-of
constitutive microsomal enzymes in developing rat hepatocytes.

Dawkins, M.J.R., 1963, Ann. N.Y. Acad. Sci. 111(1):203. Glycogen syn-
,\ --

thesis and breakdown in fetal and newborn rat liver.



179

Deane, H.W., 1946, Amo J. Anat. 78:2270 The basophilic bodies in
hepatic cells.

de Duve, C., Berthet, J., Hers, H.G. and Dupret, L., 1949, Bull. Soc.
Chim. BioI. 31:1242. Le syst�me hexose-phosphatasique. 1.
Existence d'une glucose-6-phosphatase specifique dans Ie foie.

Duttera, S.M., Byrne, W.L. and Ganoza, M.C., 1968, J. BioI. Chern.
243:2216. Studies on the phospholipid requirement of glucose-6-
phosphatase.

EI-Aaser, A.A., 1967, see Reid, E., Membrane Systems in "Enzyme Cytology",
ed. D.B. Roodyn, Academic Press, N.Y. p. 385.

Ericsson, J.L.E., 1966, J. Histochem. Cytochem. 14:361. On the fine
structural demonstration of glucose-6-phosphatase.

Ernster, L. and Orrenius, S., 1965, Fed. Froc. 24:1190. Substrate
induced synthesis of the hydroxylating enzyme system of liver

microsomes.

Ernster, L., Siekevitz, P. and Palade, G.E., 1962. J. Cell BioI. 15:541.

Enzyme-structure relationships in the endoplasmic reticulum of

rat liver.

Essner, E. and Novikoff, A.B., 1961, J. Biophys. Biochem. Cytol. �:773.
Localization of acid phosphatase activity in hepatic lysosomes
by means of electron microscopy.

Essner, E., Novikoff, A.B. and Masek, B., 1958, J. Biophys. Biochem.

Cytol. i:711. Adenosine triphosphatase and 5'-nucleotidase
activities in the plasma membrane of liver cells as revealed by
electron microscopYQ

Fantl, P. and Rome, M.N., 1945, Austral. J. Exptl. BioI. and Med. Sci.

23:21. Dephosphorylation in liver extracts.

Fantl, Po, Rome, M.N. and Nelson, J.F., 1942, Austral. J. Exptl. BioI.

and Med. Sci. 20:121. Factors controlling glucose formation in

the Ii ver ,

Farkas, W.R., 1968, Biochim. Biophys. Acta 155:401. Depolymerization
of ribonucleic acid by plumbous ion.

Farquhar, MoG. and Palade, G.E., 1965, J. Cell BioI. 26:264. Cell

junctions in amphibian skin.

Fisher, C.J. and Stetten, M.R., 1966, Biochim. Biophys. Acta 121:102.

Parallel changes in vivo in microsomal inorganic pyrophosphatase,
pyrophosphate-glucose phosphotransferase and glucose-6-phospha­
tase acti vi ties 0

Fiske, C.H. and Subbarow, Y., 1925, J. BioI. Chern. 66:375. The color­

imetric determination of phosphorus.

Fleischer, S., Brierley, G., Klouwen, fl. and Slautterback, D.B., 1962,
J. BioI. Chern. 237:3264. Studies of the electron transfer
system� XLVII. The role of phospholipids in electron transfer.

Fleischer, S. and Rouser, Go, 1965, J. Am. Oil Chern. Soc. 42:588.
Lipids of subcellular particles.



180

Folch, J., Lees, M. and Stanley, GoH.S., 1957, J. BioI. Chern. 226:497.
A simple method for the isolation and purification of total

lipides from animal tissues.

Ganoza, M.C., 1964, The role of lipid in glucose-6-phosphatase, Ph.D.
thesis, Duke University.

Garnier, C., 1897, Bibliographie .anat , 5: 278. Les "filaments bas aux"
des cellules glandulaires.

-

Gamier, C .• , 1900, J. Ana com, et physio!.. 36:22. Contribution a l'etude
de la structure et du foncionnement�es cellules glandulaires
s€reuses: du role de ergastoplasme dans la s�cre-tion.

Glaumann, H. and Dallner, Go, 1968a, J. Lipid Rese 9:720. Lipid compo­
sition and turnover of rough 'and smooth micr�somal membranes in
rat liver.

Glaumann, H. and Dallner, G., 1968b, Abstracts 5th FEBS Meeting, Prague.

Goldfischer, S., Essner, E. and Novikoff, A.B., 1964, J. Histo. Cyto.
g: 72. The localization of phosphatase 'activities .at the level
of ultrastructurea

Gomori, G., 1939, Pro c , Soc. Exp , Bf.oI , and Med .. 42:23. Mic'rotechnical
demonstration of phosphatase in tissue sections.

Gomori, G., 1941, Arch. Path. 32:188. Distribution of acid phosphatase
in the tissues under normal and under pathological conditions.

Gomori, G., 1950a, Ann .. N.Y. Acade Sci. 50:968. Pitfalls in histo­

chemistry ..

Gomori, G., 1950b, Stain Tech. 25:81. An improved histochemical technic

for acid phosphatase.

Greengard, o�, 1969, Sci. 163:891. Enzymic differentiation in mammalian

liver ..

Greengard , 0.• and Dewey, H.K., 1967, J. BioL Chern. 242:2986. Initia­

tion by glucagon of the premature development of tyrosine amino­

transferase, .serLne dehydratase and glucose-6-phosphatase in the

fetal rat liver.

Greengard, O. and Dewey, HoK., 1968, J. BioI. Chern. 243:2745. The de­

velopmental formation of liver glucose- 6- phosphatase .and reduced

nicotinamide 'adenine dinucleotide phosphate dehydrogenase in

fetal rats treated with thyroxine.

Hers, H.G., Berthet, J 0, Berthet, L. and de Duve , Cit, 1951, Bull. Soc.
Chim. Biol. 33:21. Le systeme hexose-phosphatasique. III. Locali­

zation intra�llulaire des ferments par centrifugation fraction�e.

Hers, HoG. and de Duve, C., 1950, Bull. Soc. Chim. BioI. 32:20. Le

syst�me hexose-phosphatasique. II. R�partition de l'activit�
glucose-6-phosphatasique dans les tissus ..

Hogeboom, G.R. and Schneider, W.C., 1955, The Cytoplasm in "The Nucleic

Acids", ed. Eo Chargaff and Jo N� Davidson, Academic Press, N.Y.,
p .. 1990



181

Holt, S.J., 1959, Exp. Cell Res. SuPp. 1:1. Factors governing the

validity of staining methods for enzymes and their bearing upon
the Gomori acid phosphatase tecynique.

Holt, S.J. and Hicks, R.M., 1961, J. Biophys. Biochem. Cytol. 11�3l.
Studies on formalin fixation for electron microscopy and cyto­
chemical staining purposes.

Hultin, T., 1957, Exp. Cell Res. 11:290. Characteristics of extracts
from liver microsomes.

Jakobsson, S.V. and Dallner, G., 1968, Biochim. Biophys. Acta 165:380.
Nature of the increase in liver microsomal glucose-6-phosphatase
activity during the early stage of alloxan induced diabetes.

Jamieson, J.D. and Palade, G.E., 1967a, J. Cell BioI. 34:577. Intra­
cellular transport of secretory proteins in the-Pancreatic exo­

crine cell. I. Role of the peripheral elements of the Golgi
domplex ..

Jamieson, JeD. and Palade, G .. E., 1967b, J 0 Cell Bf.ol , 34:597. Intra­

cellular transport of secretory proteins in the pancreatic exo­

-crine cell. II. Transport to condensing vacuoles and zymogen
granules.

Jick, Ho and Shuster, Lo, 1966, J. Biol. Chern. 241:5366. The turnover

of microsomal reduced nicotinamide adenine dinucleotide phosphate­
cytochrome c reductase in the livers of mice treated with pheno­
ba rbLta L,

Jones, PoD •. and WakE, SoJ., 1967, J. BLo I , Chern. 242:5267. A require­
ment for phospholipids by the microsomal reduced diphosphopyridine
cytochrome c reductase.

Kartha, G., Bello, Jo and Harker, D., 1967, Nature 213:862. Tertiary
structure of ribonuclease.

Kendrew, JoCo, 1961, Sci. Amer. 205:96. The three-dimensional structure

of a protein molecule.

Kuriyama, Y., Omura, T., Siekevitz, P� and Palade, GoE., 1969, J. BioI.

Chern. 244:2017. Effects of phenobarbital on the synthesis and

degradation of the protein components of rat liver microsomal

membranes.

Lowry, DoH., Rosebrough, N.Jo, Farr, A.L. and Randall, RoJ., 1951,
J. BioI. Chern. 193:265� Protein measurement with the Folin

phenol reagent ..

Luft, J.H., 1961, J. Biophys. Biochem. Cytol. 2:409. Improvements in

epoxy resin embedding methods.

Manns, E., 1968, J. Histochem. Cytochemo 16:819. Preservation of glucose-
6-phosphatase activity in formaldehyde-fixed fresh-frozen sections.

Marchesi, V.To and Palade, G.E., 1967, J. Cell BioI. 35:385. The locali­
zation of Mg-Na-K activated adenosine triphosphatase on red cell

ghost membranes.

Mathews, A.� 1899, J. Morph. Supp. 12:171. The changes in structure of
the pancreas cell.



182

Mejbaum� W., 1939, Z. physiol chern. 258:117. tiber die bestimmung kleiner

pentosemengen, insbesondere in derivaten der adenylsaUre.
Moses, H.L. and Rosenthal, A.S., 1967, J. Histochem. Cytocheme 15:334.

On the significance of lead-catalyzed hydrolysis of nucleoside

phosphates in histochemical systems.

Moses, H.L., Rosenthal, A.S., Beaver, D.L. and Schuffman, S.S., 1966,
J. Histochem. Cytochem. 14:702. Lead ion and phosphatase histo­

chemistry. II. Effect of-adenosine triphosphate hydrolysis by
lead ions on the histochemical localization of ATPase activity.

Munro, R.N. and Fleck, A., 1966, The Analyst 9:78. Recent developments
in the measurement of nucleic acids in-biological materials.

Nordlie, R.C. and Arion, W.J., 1964, J. BioI. Chern. 239:1681. Evidence
for the common identity of glucose-6-phosphata;;, inorganic
pyrophosphatase and pyrophosphate-glucose phosphotransferase.

Nordlie, R.C. and Arion, W.J., 1965, J. BioI. Chern. 240:2155. Liver

microsomal glucose-6-phosphatase, inorganic pyrophosphatase and

pyrophosphate-glucose phosphotransferase. III. Association of

nucleoside triphosphate and nucleoside diphosphate - glucose­
phosphotransferase activities.

Nordlie, R.C., Arion, W.J. and Glende, E.A., Jr., 1965, J. BioI. Chern.

240:3479. Liver microsomal glucose-6-phpsphatase, inorganic
pyrophosphatase and pyrophosphate-glucose phOsphotransferase.
IV. Effects of adrenalectomy and cortisone administration on

activities assayed in the absence and presence of deoxycholate.

Nordlie, R.C., Hanson, TeL., Johns, P.T. and Lygre, D.G., 1968,
Proc. Nat. Acad. Sci. 60:590. Inhibition by nucleotides of

liver microsomal glucose-6�phosphatase.

Nordlie, R.C. and Lygre, D.G., 1966, J. BioI. Chern. 241:3136. The inhi­

bition by citrate of inorganic pyrophosphate-glucose phospho­
transferase and glucose-6-phosphatase.

Nordlie, R.C. and Soodsma, J.F., 1966, J. BioI. Chern. 241:1719.

Phosphotransferase activities of kidney glucose-6-phosphatase.

Novikoff, A.B., 1959, Approaches to the in vivo function of subcellular

particles, in "Subcellular Particles�d. T. Hayashi, Ronald

Press, N.Y., p. I.

Novikoff, A.B., 1967, J. Histochem. Cytochem. 15:353. Enzyme localiza­

tion with Wachstein-Meisel procedures: Real or artifact.

Novikoff, A.B., Hausman, D.H. and E. Podber, 1958, J. Histochem. Cyto­
chern. 6:61. The localization of adenosine triphosphatase in

liver:-In situ staining and cell fractionation studies.

Omura, T., Siekevitz, P. and Palade, G.E., 1967, J. BioI. Chern.

242:2389. Turnover of constituents of the endoplasmic reticulum

membranes of rat hepatocytes.

Orrenius, S. and Ericsson, J.L.E., 1966, J. Cell BioI. 31:243. On the

relationship of liver glucose-6-phosphatase to the proliferation
of endoplasmic reticulum in phenobarbital induction.



183

Orrenius1 S., Ericsson, J.L.E. and Ernster, L., 1965, J. Cell BioI.
25:627. Phenobarbital-induced synthesis of the microsomal-drug­
metabolizing enzyme system and its relationship to the prolifera­
tion of endoplasmic reticulum membranes.

Orrenius, S. and Ernster, L., 1964, Biochem. Biophys. Res. Comma 16:60.
Phenobarbital-induced synthesis of the oxidative demethylating
enzymes of rat liver microsomes.

Palade, G.E., 1955a, J� Biophys. Biochem. Cytol. 1:59. A small parti­
culate component of the cytoplasm.

Palade, G.E., 1955b, J. Biophys. Biochem. Cytol. 1:567� Studies on the

endoplasmic reticulum. II. Simple disposition in cells in situ.

Palade, G.E., 1956, J. Biophys. Biochem. Cytol. Supp. �:85. The

endoplasmic reticulum.

Palade, G.E., 1958, Microsomes and ribonucleoprotein particles, in
"Microsomal Particles and Protein Synthesis", ed. R.B. Roberts,
1st Symp. Biophys. Soc., Pergammon Press, N.Y., p. 36.

Palade, GoEo and Porter, K.R., 1954, J. Exp. Med. 100:641. Studies on

the endoplasmic reticulum. I. Its identification in cells in situ.

Palade, G.E. and Siekevitz, P., 1956a, J. Biophys. Biochem. Cytol. �:171.
Liver microsomes: An integrated morphological and biochemical study.

Palade, G.E. and Siekevitz, P., 1956b, J. Biophys. Biochem. Cytol. �:671.
Pancreatic microsomes.

Petermann, M.L. and Hamilton, M.G., 1952, Cancer Res. 12:373. An ultra­

centrifugal analYSis of the macromolecular particles of normal

and leukemic mouse spleen.

Petermann, M.L., Hamilton, M.G. and Mizen, N.A., 1954, Cancer Res. 14:360.

Electrophoretic analysis of macromolecular nucleoprotein particles
of mammalian cytoplasm.

Petermann, M.L e
' ,-Mizen, N.A. and Hamilton, M.G., 1953, Cancer Res. -13:372.

The macromolecular particles of normal and regenerating rat liver.

Pollack, J.K. and Shorey, C.D., 1968, Dev. BioI. 17:536. The cytochemical
localization of glucose-6-phosphatase within the liver of the

developing chick embryo.

Porter, KoR., 1953, J. Exp. Med. 97:727. Observations on a submicroscopic
basophilic component of cytoplasm.

Porter, K.R., 1954, J. Histochem. Cytochem. 2:346. Electron microscopy
of basophilic components of cytoplasm.

Porter, K.R., 1961, The ground sUbstance: Observations from electron

microscopy, in "The Cell", ed. J. Brachet and A.E. Mirsky,
Academic Press, N.Y.

Porter, K.R., Claude, A. and Fullam, E.F.1 1945, J. Exp. Med. 81:233.
A study of tissue culture cells by electron microscopy.

porter� K.R. and Bonneville, M.A., 1963, '�n Introduction to the Fine
Structure of Cells and Tissues", Lea and Febiger.



184

Porter, K .. R. and Kallman, F.L., 1952, Ann. N.Y. Acad , Sci. 54:882.
Significance of cell particulates as seen by electro�microscopy.

Porter, K.R. and Palade, G.E., 1957, J. Biophys. Biochem. Cytol. 1:269.
Studies on the endoplasmic reticulum. III. Its form and distribu­
tion in striated muscle cells.

Porter, KoR .. and Thompson, H.P., 1948, J. Exp. Med. 88:15. A particu­
late body associated with epithelial cells cultured from mammary
carcinomas of mice of a milk factor strain.

Potter, _V.R. and Elvehjem, C.A., 1936, J. BioI. Chern, 114:495. A modi­
fied method for the study of tissue oxidations.--

Reid, Eo, 1967, Membrane systems, in "Enzyme Cytology", ed. D.B. Roodyn,
Academic Pres s., N. Y 0

Rosen, s.r.; KellYll G"W. and Peters, V"B., 1966, ScL 152:352. Glucose-
6-phosphatase in tubular endoplasmic reticulum of hepatocytes.

Rosenthal, A.S., :t1oses, HoL., Beaver, DoL,. and Schuf fman , S.S., 1966,
J .. Histochem. Cytochem .. 14:698. Lead ion and phosphatase histo­

chemistry" I .. Non-enzymatic hydrolysis.of nucleoside phosphates
by lead ion ..

Rothschild, Jo, 1963, Biochem. Soc" Symp.11:4. The isolation of
microsomal membranes.

Sabatini, .n.n., Bensch, K. and Barrne t t , R"J., 1963, J. Cell BioI. 12:19.
Cytochemistry and electron microscopy. The preservation of cellu­
lar ultrastructure and enzymatic activity by aldehyde fixation.

Share, ,L .. and Hansrote, RoW., 1960, Jo Biophys. Biochem. CytoL 1:239.
Permeability of rat liver microsomes to sucrose and carboxypoly­
glucose, in vitro.

Siekevitz, P., On the meaning of intracellular structure for metabolic

regulation, in Ciba Found. Symp" on Regulation of Cell Metabolism,
ed. G.E.,W., Wolstenholme and G.M. O'Connor, Little, Brown and Co.,
Boston, p .. 17 e

Sf.ekevdt z , ,Po, 1963, Annual Review of Phys Lol , p. 15. Protoplasm: Endo­

plasmic reticulum �nd microsomes and their properties.

Smith, RoE." .and Farquhar, M .. G., 1963, Nature 200:69. Preparation of

thick sections for cytochemistry and electron microscopy by a

non�freezing technique.

Soodsma , J.F., Legler, Be and Nordlie, RoC., 1967, J. Bio!. Chem, 242:1955.
The inhibition by phlorizin of kidney microsomal inorganic pyro­
phosphate-glucose phosphotransferase and glucose-6-phosphatase.

Stetten, Mojo and Taft, HoL,o, 1964, J. BioI. Chem. 239:4041. Metabolism

of inorganic pyrophosphate. 110 The probable identity of micro­

somal inorganic pyrophosphatase, pyrophosphate-phosphotransferase
'and glucose- 6- phospha tase ,

Swanson, M.J., 1950, J. BioI. Chern. 184:647. Phosphatases of liver.

10 Glucose-6-phosphatase.



185

Takamatsu, H., 1939, Trans .. Soc. Path. Japan 29:492., Histologische und
biochemische Studien uber die Phosphatase Histochemieuntersuch­

ungsmethodik der Phosphatase und deren verteilung irt Verschiedene

Organen und Geweben.

Tedeschi, H., James, J.M. and Anthony, We, 1963, J. Cell BioI. �:503.
Photometric evidence for the osmotic behavior of rat liver
microsomes.

Tice, LoW. and Barrnett, R.Jo, 1962, J. Histochem. Cytochem. 10:754.
The fine structural localization of glucose-6-phosphatase in
rat liver.

Tice, LaW. and Engel, A.G., 1966, Jo Cell BioI. 31:4890 Cytochemistry
of phosphatases of the 'sarcoplasmic reticulum. II .. In situ
localization of the Mg dependent enzyme.

Venable, J .n, and Coggeshall, R., 1965, J. Cell BioI. 25 :407. A simpli­
fied lead citrate 'stain for use in electron -mi.c-ros copy ,

Wachstein, M. and Weisel, E., 1956, J. Histochem. Cytochem. �:592. On

the histochemical demonstration of glucose-6-phosphataseo

Watson, M.L., 1958, Jo Biophyso Biochemo Cytol. �:4750 Staining of

tissue sections for electron microscopy with heavy metals.

Weber, G., Singhal, R., Stamm, N., Fisher, Eo and Hent.end'l ek, Mo, 1964,
Regulation of enzymes involved in gluconeogenesis, in Advo Enzyme
Reg. 1:1, Pergammon Press, Oxford.

Widnell, C.G. and Unkeless, .r.c., 1968, Pro c , Nat. Acado ScL ..§1.:l050.
Partial purification of a lipoprotein with 5';...nuc1eotidase

activity from membranes of rat liver cells.



THE LIBRARY

II I 1111 III 1111111111111 111111111111 11111111111111111111111111111
19010000039039



 


	The Localization of Glucose-6 Phosphatase in Developing Rat Liver: A Histochemical and Biochemical Study
	Leskes, Andrea_1969

