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Puisque, au fond méme de notre conscience humaine, la
face interne du Monde vient au jour et se réfléchit
sur elle-méme, il semblerait que nous n”ayons qu’3 nous
regarder nous-mémes pour comprendre dans quelles relations
dynamiques se trouvent, en un point quelconque de 1 Univers,
le Dehors et le Dedans des choses.

Le Phénoméne Humain

P. Teilhard de Chardin
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and effects of cations.
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mammalian brain. II. Electrokinetic characteristics
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Microelectrode studies on intact nuclei isolated from
mammalian brain.
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Influence of pH, DNAase, RNAase and Heparin on the
ultrastructure of isolated rat cerebrocortical nuclei.

G.G. Badr and S. Smeds (Submitted for publication).

Inner structure of microdissected cerebrocortical
nuclei as observed by whole mount electron microscopy.

G.G. Badr and S. Smeds (Submitted for publication).

In vitro response of nuclei isolated from rat brain to
pH changes, enzymes and heparin treatment: cytochemical
characteristics and incorporation of 3H—ur*idine and

1k

C-valine.

G.G. Badr: Cytobiologie. In press.

In the text, these papers will be referred to by Roman numerals

I-VI.,



The following abreviations are

AQ

DNA
DNP
RNA
DNAase
RNAase

3y

1uc

Acridine orange
Deoxyribonucleic acid
Deoxyribonucleoprotein
Ribonucleic acid
Deoxyribonuclease
Ribonuclease

Labelled with tritium

Labelled with Carbon 1u
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INTRODUCTION

Those properties unique to the brain are the processing,
storage and recall of the information which Iimpinge upon it
as nerve impulses. To fulfil such a complexe function the brain
is highly organized by means of specific interactions among
the nerve cells and between the nerve cells and glia- forming
a biochemical and functional unit (Hydén 1967). The intrinsic
integrative properties of the brain cells allows them,
moreover, to generate as well as to code and decode the
nerve impulses.

The requirements for such a processing are met by the
functioning of multiple and complex synaptic networks (Grund-
fest 1967, Mountcastle 1967, Eccles 1967) and by molecular
mechanisms (Hydén 1967, 1972, Agranoff 1967).— RNA and
protein synthesis are known to change during the processing
of new information (Hydén 1967, Bocharova et al.1972). What
are the mechanisms translating electrical activity into
macromolecular patterns ?

The cell surface, écting as a transducer, transmits the
information received from the environment into intracellular
control sites which will regulate the specific cellular
response. The instructions encoded in these control sites,
within the genome, are translated into macromolecules that
direct the synthesizing machinery of the cell. Hence, know-
ledge of the control of gene expression is required to
understand the manner in which cells respond to functional,

e.g. electrical, activity.
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The primary substance of the genetic material is DNA
present within the chromatin. The chromatin consists of fibres
of various diameters containing DNA in supercoiled arrangement
around which specific protein is bound (Zirkin and Kim 1972).
Changes in DNA-protein interactions may play a role in the
control of gene expression.

The chromatin exists in two forms: a condensed form which
is functionally repressed and an active dispersed form engaged
in RNA synthesis (Ringertz et al. 19703 Brasch et al. 19723
Leake et al. 1972). The state of the chromatin is highly
dependent on the composition of the surrounding medium (Solari
1968). Thus, changes in physicochemical parameters, such as
ions or pH, may be important factors in the activation of the
chromatin (Ringertz 1967).

In all eukaryotic cells, the chromatin is contained in
a well-defined nucleus, and it is often partly attached to the
nuclear membrane (Comings and Okada 1970). Hence, intra and
extracellular factors which regulate the release of information
operate via the nucleus. The nature of the relationships
between the nuclei and its surrounding is essential to an
understanding of cell control through the process of gene
expression. Nucleocytoplasmic exchange, activated after
stimulation (Bocharova et al. 1972), is of great importance
in the communication of the genetic instructions in the cell.
In this, the nuclear surface, with the pore-complexes it
contains, must play a major role (Wunderlich 1972; Scharrer
and Wierzelmann 1969).

Alterations of the cytoplasm surrounding the nucleus are
responsible for many of the nuclear responses. It is therefore

of major importance to determine how nuclear responses are



related to changes in the surrounding secondary to the main
manifestations of the nerve cell such as changes in the
membrane potential.

In order to provide clues for the understanding of the
nuclear behavior, investigations have been performed on
nuclei in situ, using various methodological approaches, such
as electrophysiology (Kanno et al. 1965; Loewenstein et al.
1966) , electron microscopy (Wunderlich et al. 1972; Yasuzimi
et al. 1966), biochemistry (Bocharova et al. 1972; Hogan and
Gross 1972), and studies of cell hybrids (Bolund 19713 Harris
1967). The natural surrounding 6f the nucleus is however
far too complex to allow accurate monitoring of its action
on the nucleus. Therefore, studies have been carried out on
isolated nuclei suspended in a well-defined milieu (Anderson
19563 Arnold et al. 19723 Brasch et al. 19713 Burdman and
Journey 1969; Dravid et al. 1969; Haglid 1972; Haljamde and
Waldman 19733 Kato and Kurockawa 19673 Kraemer and Coffey 1970;
Lévtrup-Rein 19703 Olins and Olins 19723 Ris and Mirsky 1948;
lweswet alaa L9y el Tosice £ aly l972$ Waldman and Alm-Hékansson
3oy

However, to fully understand the in vitro behavior of
nuclei, for example following alterations in their environment,
many aspects of the nuclear response have to be considered
simultaneously. Thus, the purpose of the present investigation
was to compare the physical, chemical and morphological
characteristics of isolated brain nuclei.

To achieve this aim, the work was carried out along
the following methodological lines:

1) Electrophoresis: the aim of the electrophoresis

experiments is to obtain information about the surface of the

17
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particle under observation. Since the nuclear surface is
the site of many impbrtant biological phenomena, knowledge
of surface characteristics is of interest.

2) Microelectrode studies: microelectrode impalements of

particles allow recording of possible internal potentials,
the study of which provides clues to the ionic content as well
as the structural organization of the internal elements.

3) Electron microscopy: Ultrastructure of isolated nuclei

were observed. An ordered ultrastructure can be of importance
for the physical characteristics of the nuclei.

4) Cytochemistry: Cytochemical methods are convenient to

investigate the molecular interactions responsible for the
ordered structure of the nuclei.

5) Biochemistry: That the observed ultrastructural and
molecular alterations of the nuclei have a functional significarce
can be shown through biochemical methods such as the study of

the incorporation of precursors into nuclear macromolecules.

The main purpcses of the present investigation dealing
with the in vitro behavior of isolated nuclei can then be
summarized as attempts to:
= Determine the electrokinetic and electrostatic characte-
ristics of isolated brain nuclei (I, II, III)
= To identify and characterize the ultrastructure of the
nuclear population (IV, V)
= To study some cytochemical and biochemical parameters of

isolated brain nuclei (VI)



= To analyze with the aid of these physicochemical parameters
the nuclear response to alterations of the surrounding milieu

- To discuss some biological significance of the obtained

results.

13
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METHODOLOGY

The following is only a brief summary of the materials
and methods used in this investigation. For further details
the reader is referred to the individual publications.
Materials:

Experimental animals. Erythrocytes as well as brain and

liver nuclei were usually isolated from Sprague-Dawley rats.
Nuclei from neuronal- and glial-enriched fractions, however,
were obtained from albino rabbits.

Human material. Normal grey and white matter, as well as

tumor nuclei were prepared from samples removed at surgery
(Department of Neurosurgery, Sahlgrenska, GSteborg).

Preparation of nuclear suspensions (I). Following removal

and homogenization of the appropriate tissues nuclei were
prepared by ultracentrifugation in a sucrose density gradient

as previously described by Dravid et al.(1968). Rabbit neuronal-
and glial-enriched fractions were prepared according to the
procedure of Blomstrand and Hamberger (1969).

Preparation of rat erythrocytes (I). Blood was collected,

heparinized and centrifuged. Packed erythrocytes were repeatedly

washed and resuspended in a buffered medium.

Methods:

Treatment of nuclei. Freshly isolated nuclei were incubated

in different solutions:Tris-HCl, potassium/sodium phosphate
and NaHCO03 buffers were tested in a wide range of pHs as well
as in different ionic strengths. Nuclei were treated with
enzymes, such as DNAase, RNAase, Pronase, with monovalent

and divalent cations, as well as with heparin and spermidine.
The concentrations used, the time and the temperature of the

incubation are presented in the appropriate publications.
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Electrophoresis (I, II). The electrophoretic mobility of

isolated nuclei suspended in a buffered milieu was studied
using a rectangular electrophoresis chamber mounted on the
stage of a phase contrast microscope. The chamber was
calibrated and tested using rat erythrocytes. The surface
charge was computed from the electrophoretic velocity (Brinton
and Lauffer 1959; Tenforde 1970). The assumptions and limi-
tations of the method are extensively described in publi-
catiion T

Microelectrode studies (ITII). Glass as well as gold-plated

microelectrodes were used to impale, under microscopic
observation, freshly isolated nuclei suspended in a buffered
medium. The potentials were recorded and analyzed following
the classical procedures used in electrophysiology (Burés
et al. 1967).

Phase contrast observations (I, IT, IIT, IV).The morphology

of intact and treated nuclei in suspension was studied by
phase contrast microscopy. The size of nuclei was measured

on picture prints. Qualitative studies on the response of
nuclei to an applied electric field were performed on nuclei
suspended on a glass slide (Oil-chamber type) with electrodes
mounted on each side of the slide (I).

Electron microscopy (IV, V). The ultrastructure of intact and

treated nuclei was studied by electron microscopy, following
fixation, embedding,sectioning and staining of the preparation
(IV). Whole mount electron microscopy observations (V) were
performed on isolated nuclei individually microdissected prior
to fixation and staining.

Absorption spectra (VI). Freshly isolated nuclear preparations

were suspended into quartz microcuvettes and their absorption
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spectra measured in the far ultraviolet using a double
beam spectrophotometer.

Microfluorimetry (VI). A microfludrimeter was used to

quantify the fluorescence of individual nuclei stained
with AO (Bolund 1971).

Microinterferometry(VI). The dry mass of nuclei was deter-

mined using a rapid scanning and integrating microinter-

ferometer (Carlsson et al. 1870).

il

In vitro incorporation of Yc-valine and °H-uridine into

nuclear proteins and RNA (VI). The procedure of nuclear

incubation was essentially that described by Ramirez et al.

14 3

(1972). For the double labelling with C-valine and "H-
uridine a modification of the same procedure was used as
presented in publication VI. All the necessary precautions
were taken to avoid bacterial contamination. The radio-
activity of the samples was determined in a scintillation

counter.

Analytical procedure. Protein determinations were performed

according to the folin phenol method (Lowry et al. 1958),
DNA was determined by the diphenylamine method (Burton 1956)

and RNA by the orcinol method (Mejbaum 1939).
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RESULTS AND COMMENTS

During the isolation procedure of the nuclei, it is likely
that some nuclear material is lost, Proteins may be solubilized
(Laval and Bouteille 1973) or the nuclear envelope may also be
altered at the molecular level. These changes can even be more
pronounced after a longer preparation procedure such as the
isolation of neuron and glia-enriched fractions. On the other
hand, cytoplasmic remnants can contaminate the nuclear pre-
parations. For these reasons the purity and integrity of the
nucelar preparations were checked by microscopic observations.

A. Morphological features of isolated brain nuclei.(IV).

Observed with phase contrast microscopy, the preparations
of isolated nuclei were essentially free of cytoplasmic con-
taminants. The nuclei appeared intact. In a population of
mammalian brain nuclei suspended in a medium at neutral pH,
at least two types of morphologically distinct nucleil are
observed. One type of nuclei, accounting for approximately
25% of the total population appears as a relatively large,
round structure with a light nucleoplasm and a centrally
located nucleolus. Observed with electron microscopy, the
nuclear envelope, as in other eukaryotic nuclei (Stevens
and André 1969) consists of two membranes separated by a
perinuclear space. The envelope is circular, although not
regularly so. The nuclear pores, often surrounded by fila-
mentous structures (50-100 A) and electron opaque material,
contain a central granule (150 A). The nucleoclar components
are readily differentiated as fibrils (50-150 A), granules
(150-250 A) and amorphous matrix, Chromatin bundles, either
loose or densely pécked, radiate from the nucleolus, ex-

tending as far as the nuclear membrane. In the nucleoplasm,
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perichromatin granules (300-600 A) as well as inter-
chromatin granules (200-250 A) are present.

The other type of nuclei encountered under the same
conditions represents half of the total nuclear population.
The nuclei of this group are smaller, some of them containing
one or many eccentric circular or elongated nucleoli while
no nucleolus can be observed in the others. Observed with
electron microscopy the nuclear envelope appears circular.
When present, the nucleoli have a poorly defined structure.
The nucleoplasm is dense. Intranucleoplasmic structures,
such as perichromatin and interchromatin granules are sparsely
distributed. A thin and dense perinuclear layer is present.

A third group includes small and unidentifiable nuclei.

In accordance with previous descriptions (Kato and
Kurokawa 1967; Lovtrup-Rein and McEwen 19663 Mori and Leblond
197035 Perers et all. 19703 Reger: et al. 1972), the first type
of nuclei is generally identified as being mainly of neuronal
origin while the second type is mainly of glial origin.
Nuclei isolated from cell debris of non-neuronal origin and
from microglia as well as disrupted nuclei account for the
unidentified nuclei. The observation of some nuclear pre-
parations incompletely isolated from their surrounding
cytoplasm confirmed the classification of the nuclei by the
identification of the cytoplasmic components(Reger et al.
19725 Mori and Leblond 1970).

Ribosome-like particles are sometimes observed to be
attached to the outer membrane of the nuclear envelope.

In the envelope, the inner and outer membranes are held

together by thread-like membrane-to-membrane intracisternal
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linkers (Frank et al. 1873). Hence, treatment of either of

the membranes could affect the entire envelope. Indeed, the
various treatments described for the detachment of the ribo-
some-like particles or for the separation of the outer membrane
affect the nuclear structure (Zbarsky 1972). Since the inte-
grity of the nuclear envelope, which performs many specific
functions (Zbarsky 1972), is necessary to maintain the integrity
of the nuclei and the ultrastructure of the pores, no attempts

were made to further purify the nuclear preparations.

B Electrokinetic characteristics of isolated mammalian

brain nuclei (I) (II)

L Mobility of intact nuclei. Intact nuclei isolated from

brain or liver cells migrate in an electric field, provided
the suspending medium is of low ionic strength. Nuclei migrate
slower than rat erythrocytes (taken as reference). The electro-
phoretic velocity is a function of the ionic strength of the
buffer used, the velocity decreasing sharply as the molarity
of the surrounding medium increases. The direction and velocity
of migration of the nuclei are also pH-dependent. When observed
at the stationary layer, the nuclei migrate to the positive
electrode at all pH values above pH 4.0. The velocity increases
progressively, peaking at a pH of about 6.8 with a value of
0.87 + 0.01 um.sec” -.V l.cm. This peak is followed by a slight
decrease; thereafter an increase in the velocity occurs. The
same pH-characteristic curve is observed independently of the
buffer used.

A heterogeneity in the distribution of the electrophoretic
velocity of the nuclei is to be expected, since they are known

to originate from different cell types. This heterogeneity is
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depicted as a bimodal distribution in the histogram of the
velocity. It is further indicated by the spreading of the
velocity distribution observed when the nuclei are allowed
to migrate for a longer time, when the ionic-strength of
the suspending medium is increased, the current intensity
lowered, or the pH changed. All of these factors decrease
the electrophoretic velocity.

To ascertain the difference between the nuclear types,
the electrokinetic properties of nuclei isolated from glial-
and neuronal-enriched fractions were studied. The velocity of
the glial nuclei is found to be significantly higher than the
velocity of neuronal nuclei. Also, nuclei isolated from human
tumors of presumably glial origin migrate faster than the
nuclei from the normal grey matter. Further, a comparative
analysis of the velocity values obtained for nuclei isolated
from different organs, such as liver or brain, and from dif-
ferent species, such as rat, rabbit and human provides strong
evidence for a specificity of the surface charge. This is in
accordance with previous reports (Abramson and Mayer 1936) on
erythrocytes. Differences in the surface charge values were
observed for erythrocytes isolated from different species.
This specificity in the surface charge makes the electrophoretic
method suitable as a separation procedure of nuclear fractions.

2% Electrokinetic characteristics following treatment of the

nuclei. In order to obtain information about the ionogenic
groups giving rise to the surface charges, brain nuclei were
submitted to various treatments following their isolation.

a) Cations. In vivo, the nuclear environment is rich in

cations. Brain nuclei have been reported to differentiate

between divalent and monovalent cations (Haljamde and Waldman
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** which are known to interact

1973). Some cations, such as Ca
strongly with phospholipid membranes (Ohki 1972) also compete
with proteins in binding to DNA (Chang a&d Carr 1968). Hence
the presence of negative charges at the n@clear surface requires
consideration of the interaction of catioﬁs, that can influence
the ultrastructure as well as the enzyme functions of the nuclei
(Meeker 1970, Stevens and André 1969).

The electrophoretic mobility of the nuclei do not change
following incubation of the nuclei with a low concentration

: ! L+ ++ ++ ++
of ications, such asi lid iy Ca vy Mg 50 dn

However, & 4.0 mM
concentration of cations leads to a drastic decrease in the
mobility with all divalent cations used, whereas Li+ does not
affect the mobility. ca®'™ is the most active cation. The
differences observed in the behaviour of nuclei following treat-
ment with different cations can be due to a specificity in binding
while different radii of the cations can affect the surface of
shear differently. Furthermore, treatment of nuclei with cations
often induces morphological alterations. Cations adsorbed at
specific sites may be able to induce ultrastructural changes

by reducing the repulsive electrostatic force between ionizable
groups.,

b) Enzymes. DNA, RNA and proteins constitute, together with
phospholipids, the major molecular components present at the
nuclear periphery (Zbarsky 1972). Furthermcre, DNA 1s reported
to be closely associated with the nuclear membrane (Ockey 1970) ,
while ribosome-like particles are sometimes encountered

attached at the outer membrane. This led to an investigation

of the effect of DNAase, RNAase and pronase on the electro-

kinetic characteristics of isolated nuclei.
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Treatment with DNAase results in a large, significant
decrease of the electrophoretic velocity. From the brain
nuclear population, two groups can be distinguished. One
group, accounting for approximately 25% of the total popu-
lation shows about 80% of a decrease in its velocity. RNAase-
treatment does not affect the electrophoretic velocity provided
the incubation time is less than an hour. Increasing the time
of incubation with RNAase decreases the velocity. Treatment
of nuclei with DNAase and RNAase results in a large decrease
of the electrophoretic mobility together with a loss of the
normal morphology of the nuclei. Treatment with pronase results

in a large decrease of nuclear mobility associated with structural

changes.
c) Polyions. Profaund changes in the nuclear structure and

the chromatin configuration are known to occur following the
action of heparin on nuclei (Krazemer and Coffey 1970). The
possibility that heparin, by formation of complexes with nuclear
proteins might serve as a de-repressor of nucleic acid synthesis
in vivo (Novello and Stirpe 1969; Kraemer and Coffey 1970)
stimulated studies on the electrokinetic characteristics
following treatment of nuclei with heparin.

Similarly, nuclei were treated with spermidine, which is
known to form complexes with the nucleic acids and to affect
the chromatin (Michelson 19633 Bachrach 1970).

Heparin-treated nuclei are found to increase their electro-
phoretic velocity. This effect is associated with a swelling of
the organelles. Spermadine treatment results in a decrease in

the nuclear mobility together with a shrinking of the nuclei.
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These compounds can either adsorb at the nuclear surface
and/or penetrate the nuclear envelope (Stevens and André 1969)
with a direct action on the intranuclear structures.

81 Further characterization and origin of the surface charges.

The electrophoretic mobility is a function of the net surface
charge density. It reflects the composite effect of the surface
components on the surface charge (Brinton and Lauffer 1959).

The surface charges arise from the ionization of groups present
at or near the nuclear surface and from adsorption of ions.
Ionizable groups on the surface become charged by the loss or
gain of ions, particularly hydrogen ions. The forces involved

in adsorption of ions are essentially electrostatic in nature
adsorption being limited by hydration. The ionogenic groups
which contribute to the charge density are present on and below
the slip plane. When the ionic strength of the suspending medium
decreases, the coulombic screening of the charged groups de-
creases and thus ionic groups situated deeper may contribute
increasingly to the surface charge density. At a very low ionic
strength, the surface charges arise mainly from anion adsorption,
while at higher ionic strength fixed anionic components of the
nuclear surface become responsible for the surface charge.
Further, since the nuclear envelope is permeable to water, small
molecules, and some macromolecules (Stevens and André 1969),
other structures situated deeper below the surface of shear can
contribute to the total surface charge (I) (Haydon 1961). More-
over, any modification of the nuclear surface structures or
morphological changes observed following treatment of the nuclei
can alter the nuclear surface, so that components normally hidden

deep in the surface may contribute to the negative charges
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of the nucleus. Treatment with, for example, enzymes or
polyions can induce many changes besides the specific action
on the substrate. Changes in the effective thickness of the
surface of shear with rearrangement of the molecular structures
at the surface may follow adsorption of the active compound.
Possible elution of components from the membrane, as well as
adsorption of impurities from the autolytes may affect the
electrokinetic characteristics of the surface, inducing changes
in the viscosity and the dielectric constant of the envelope.
Following adsorption, the compound can develop a "shadowing"
effect masking some structural charges, or be active itself at the
electrokinetic surface. The theory, limitations and assumptions of
the electrophoretic method have been extensively discussed
(I) (II) (Brinton and Lauffer 19593 Tenforde 1970).

Approximative values of the electrokinetic potential and
the charge density of the nuclear surface under various con-
ditions were derived and computed from the electregphoretic velo-
city. The number of charges per nucleus area is a function of
the pH and ionic strength of the bathing medium. A decrease in
the pH, which results in a decrease of the surface charge inducesg
a shrinking of the nucleus, that is a decrease of the nuclear
size, while heparin, which increases the surface charge, produces
a swelling of the particles. Swelling must require stretching
of the membrane; that may unmask ionizable structures which
would thus prevent a decrease in the expected surface charge
since the membrane would be thinner, Alternatively preassembled
materials may be brought near the surface and account for the
surface charges. However, although often associated with nuclear

size variation, the charge density can vary, as a function of
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the ionic surrounding, independently of any observable morpho-
logical alteration. This is observed for example between pH
6.5-7.5 when nuclei do not undergo visible volume changes although
the surface charge is reaching a peak.

Distinct groups are responsible for the surface charges.
Since pronase acting on the proteins known to account for a
large part of the dry weight of the nuclear envelope (Zbarsky
1972) decreases the surface charge, it is conceivable that an
important part of the charges on the nuclear surface arises
from protein-associated compounds present at the nuclear
envelope. Equally, the phospholipids present at the nuclear
envelope (Stadler and Kleinig 1971) where they represent about
25% of the dry weight (Zbarsky 1972) also account for the
surface charges.

On the other hand, DNAase treatment of the nuclei induces
a decrease in the electrophoretic velocity. The nuclear
shrinkage following DNAase treatment might contribute to a
certain extent to the decrease in the total surface charge,
gince some structural charges may no longer be active at the
surface of shear. However, most of the decrease follows a
direct action of the enzyme on DNA-associated structures which
carry the major part of the surface charges and are present near
the nuclear surface. DNAase presumably acts on these surface
structures prior to a further action on the more intranucleic
structures.

Tt is noteworthy that, one group of nuclei, representing
25% of the total population, is very sensitive to DNAase-
treatment. Hence, either most of its charges are carried by
DNA-associated structures present at the surface, or it is

more readily permeable to the enzyme. This fraction may well
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represent the round-shaped type of intact nuclei identified
previously as being of neuronal origin and which account for
25% of the total nuclear population.

Besides the ionic groups already described, other groups
might account, to some extent, for the total surface charge,
e.g. the carboxyl groups arising from the small amount of sialic
acid found to be present at the membrane (Zbarsky 1972, Nicoclson
et al. 19713 Kashnig and Kasper 1969). Some glycolipid amines
as well as some terminal groups of e.g. arginine provide posi-
tive charges (Mehrishi 1972).

Another point of interest is that the differences in
surface charge density of nuclei isolated from different cell
types,from different organs, and from different species, can
reflect a fundamental difference in the molecular structure
of the nuclei which can be related to nuclear activity. This
is further suggested by the differences observed in the surface
charge of nuclei isolated from tumoral cells as compared to

normal cells.

@5 Microelectrode studies.(III)

1183 Intranuclear potential. In order to see whether the internal

structures can develop a cationic distribution, microelectrode
studies were performed on isolated nuclei in suspension.
Following impalement, a negative internal potential is recorded
at all pH values of the bathing medium above pH 4.0, provided

the ionic strength is lowsindependently of the buffer used.

The magnitude of this potential is 18 + 1.6 mV in 10 mM phosphate

buffer pH 6.8.
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The intranuclear potential is found to be a function ot
the ionic strength. Increasing the ionic strength decreases the
value of the recorded potentials. The potential appears also
to be a function of the pH of the bathing medium. The largest
values of the recorded potentials are observed between pH
6.7-7.0 in a 10 mM phosphate buffer. Further increases in the
pH result in constant decreases in the potential.

A heterogeneity of the recorded potential is observed
depending upon whether the nucleus has one central nucleolus
(i.e. a nucleus of probably neuronal origin) or one or more
noncentrally located nucleoli (nuclei of probably non-neuronal
origin). The intranuclear potential is found to be larger
for the single-nucleolated nuclei.

To ascertain the differences between the different types
of nuclei,nuclei were isolated from glia- and neurcn-enriched
fractions and were impaled. The intranuclear potentials of
nuclei isolated from neuronal-enriched fractions are found
to be significantly higher than the potentials of nuclei from
glial-enriched fractions.

Also, nuclei isolated from human tumors of presumably
glial origin had a lower potential than nuclei from normal
grey matter.

21 Origin of the intranuclear potential. This internal

potential indicates an unequal distribution of ions. Although

it is well established that cations accumulate within the nucleus
(Haljamie and Waldman 1973; Hanig et al, 19723 Tres et al. 1972)
this recorded potential is not caused by an active transport

of mobile ions. It is rather a Gibbs-Donnan potential based

on fixed charges (Tupper and Tedeshi 1969). The nucleoproteins
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present in the nucleoplasm can be anionic and capable of
supporting a cationic distribution independently of any
metabolism. Since neuron nuclei contain more macromolecules
than glia nuclei (Poduslo and Norton 1972) a higher poten-
tial is expected for the former; this is indeed observed.

To further characterize the origin of this intranuclear
potential intact nuclei were treated with various agents.
DNAase induces an increase in the recorded internal negative
potential of the nuclei, while RNAase has no major effect.
Heparin decreases the potential. Treatment with divalent
cations at a concentration of 4.0 mM results in a decrease
in the value of the recorded potential.

DNAase, by acting primarily on the DNA-associated structures
present at the nuclear membrane will enhance the intranuclear
potential difference. On the other hand, the decrease of the
potential following heparin treatment can be due to a neutrali-
zation of the fixed charges following adsorption of heparin.
This may produce secondary molecular changes. However, it may
also be that the structural changes result in a secondary
decrease in the potential, since a reorganization of the macro-
molecules may be expected to occur. The differences in the
potentials recorded following treatment of nuclei with various
cations further suggest specific adsorption and/or penetration
sites present at the nuclear surface. On the other hand, DNA
present at the nuclear surface (Comings and Okada 1970a;

Ockey 1970) could behave as a negative polyelectrolyte and
could modify the ionic mobilities of small ions (Overbeek 1956)
while strongly binding divalent cations (Katchalsky 1964) in
competition with the cationic protein binding to DNA (Chang

and Carr 1968).



D. Tnduced ultrastructural changes of isolated nuclei (IV)

Morphological changes of the nuclei are observed following

alterations of the suspending medium such as pH changes (Ris

and Mirsky 19493 Anderson 1956; Anderson and Wilbur 1952).
Nuclei shrink in acid pH and swell in alkaline pH. The ordered
structure of the nuclei appears thus to be much dependent on

the ionic environment. Intranuclear elements, such as nucleoli
are also sensitive to changes in the ionic environment of the
nuclei, since morphological changes, such as displacement or
deformation of the nucleoli are observed when the nuclei are

subjected to the action of an electric field (I).

The visual observation of nuclear shrinkage is characterized

ultrastructurally by a very prominent condensation of the
nuclear chromatin as well as of the nucleolus, which appear
very densely packed. A swelling state of the nuclei is
characterized by an "unfolding" of the nucleolus while the
chromatin is released from its dense granular packing and
becomes filamentous. These changes are, to a certain extent,
reversible. Hence, depending on the extranuclear milieu, the
nucleolus can be present in the form of a condensed structure -
droplets - or dispersed filaments. In a similar way, the intra-
nucleoplasmic structures such as the perichromatin granules
and interchromatin granules can condense or become filamentous.
It is therefore suggested that many of the observed structures
in the nucleoplasm can be the same elements with a different
physical state.

DNAase treatment of the nuclei differentiates two types
of nuclei from the total brain population. About 15% of the

nuclear population have their nucleoplasm cleared, while opaque

29
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material is observed at their periphery. This observation
suggests either a different localization of the DNA-associated
structures in the different types of nuclei or a different
sensitivity towards DNAase digestion. A different nuclear per-
meability to the enzyme must also be considered. RNAase is
effective only after a long period of incubation. It induces

a condensation of the nuclear components. Heparin-treated

nuclei are swollen and their ultrastructural changes are similar
to the ones observed following alkalinisation of the nuclei

environment.

B Observations of nuclei by whole mount electron microscopy (V)

The general picture of the ultrastructure of normal nuclei
suggests the existence of networks of dispersed or condensed
filaments in the nucleoplasm, radiating from the nucleolus and
occasionally observed to be attached to the nuclear membrane
(IV) (Brasch et al. 19713 Comings and Okada 1970). In order
to sustain this observation, isolated intact or treated nuclei
were microdissected and mechanically stretched upon an electron
microscope grid prior to observation. A dense network of compact
filaments of various sizes is observed to radiate from the
electron opaque central core of the nucleus and to branch into
thinner filaments before ultimate attachment to the nuclear
membrane. Both condensed and dispersed chromatin structures
are observed in the nucleoplasm. Their respective presence is
a direct function of the degree of stretching of the nuclear
membrane.

Moreover, mild DNAase-treatment, while clearing the

network, reveals a polygonal-patterned reticulum apparently
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connected to the network of compact filaments. The fact
that this reticulum is insensitive to DNAase,unless it is used
at very high concentrations, suggests that it is a protein-

rich structure.

Fi Spectroscopy, cytochemistry of isolated nuclei. Incor-

poration of precursors into nuclear macromolecules (VI).

In order to determine whether the observed structural
changes involve alterations in the interaction and the close
packing of nucleoproteins, and are not secondary to fixation,
the absorption spectra in the far ultraviolet range were re-
corded. A relation between the morphology of the nuclei and
their absorption spectra is observed, which agrees with pre-
vious reports (0lins and Olins 1972; Kraemer and Coffey 1970).
Swollen nuclei present well defined spectra, close to the
spectra of purified nucleoproteins (0lins and Olins 1972),
while the spectra of shrunken nuclei are flattened.

In order to further understand the mechanisms of nuclear
volume changes, cytochemical analyses based on the binding
properties of acridine orange (A0) were performed. The extent
to which this basic dye binds to the nucleoproteins varies with
the state of the nuclear chromatin (Ringertz et al. 1970) as
well as with modifications of charge interactions. AO-binding
is mainly electrostatic in nature, free phosphate groups in
the nucleic acids providing the negative charges (Fredericq and
Houssier 19723 Rigler 1966). AO-binding is known to be a
function of the structural organization of the tightly packed
DNP complexes (Ringertz and Bolund 1969). Following DNAase

treatment, the binding capacity of A0 decreases dramatically.
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This is a strong indication that AO binds to DNP structures.

Further, the binding of AO to DNP is observed to be pH-depen-
dent and to peak at a neutral pH. It is worth noting that it

is the same pH at which the nuclei present the peak of their

charges (I) (II) (III).

The changes in AO-binding of nuclei subjected to pH
alterations thus reflect changes in the physicochemical state
of the nuclear DNP complexes. Since the dry mass remains constant
the possibility that AO changes are secondary to major loss or
degradation of nuclear protein is excluded.

Changes in AO-binding to DNP were reported to parallel
changes in RNA synthesizing cell nuclei (Ringertz et al. 1970).
On the other hand, nuclear condensation is correlated with a
decrease in RNA synthesis (Grasso et al. 1963, Grasso and
Woodard 1966), while in vivo the condensation of chromatin may
be associated with depression of RNA synthesis (Brasch et al.
1971). These findings stimulated the study of the in vitro
metabolic response of nuclei, such as incorporation of pre-
cursors into RNA and proteins in order to see whether they
are associated with the state of condensation of the chromatin.
The function of the chromatin is thus measured as the amount of
uridine incorporated. It is shown that the incorporation of
both RNA and protein precursors are pH-dependent. However,
while the incorporation of aminoacid decreases with an increase
in pH and hence a swelling of the nuclei, uridine incorporation
increases. Further, the maximum value for protein synthesis is
found to occur at pH 6.8 which is the pH at which the nuclei

present their most ordered ultrastructure.
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GENERAL DISCUSSION

Intact nuclei, with their envelope organized as a mosaic
of macromolecular complexes (Zbarsky 1972), possess electrical
surface charges. These charges arise from selective adsorption
and/or ionization of the proteophospholipids and DNA-associated
structures present at/near the nuclear surface. They are specific
for each type of nucleus. Electroneutrality dictates an elevated
concentration of cations in the solution adjacent to the sites
of fixed negative charges which may affect ion activities and
diffusion rates across the nuclear membrane. Moreover, the
nucleoplasm contains polyelectrolytes whose anionic charges are
prevented from passing into and out the nucleus. A cationic
distribution is expected to arise. Divalent cations such as
ca*t concentrate inside the nucleus (Haljamde and Waldman 1973)
and can be loosely bound to the intranuclear structures, while
small monovalent cations with a smaller binding capacity will
have a different distribution. This effect could account in
part for the major role attributed to the divalent cations in
the maintenance of the nuclear structure.

The ordered structure of the nucleus is determined by
the interaction between the chromatin, the nucleolus and the
nuclear membrane. It has been shown that the nucleolus is
connected through a branched chromatin network to the inner
leaflet of the nuclear envelope (V). A highly organized
intranuclear structure is further suggested by a protein-rich
reticulum observed on the nuclear membrane and possibly inter-
acting with the chromatin network.

Another major factor accounting for the ordering of the

nuclear structure is the packing of the chromatin which consists
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of coiled and twisted fibrils (Comings and Okada 1970, Engelhardt
and Pusa 1972) composed of DNA. Interactions between proteins

and DNA in the chromatin may be responsible for the specific
configuration of the chromatin. The DNA-containing structures

may be held in a dispersed state by repulsion between nega-
tively charged groups within them. Any modification of the

charge interactions could induce ion-mediated configurational
changes of the intranuclear elements.

The dramatic alterations of the chromatin morphology
observed, including narrowing of chromatin fibres, a decrease
in the number of granules and a general increase in electron
translucency are all consistent with unfolding and extension
of the chromatin fibres; this could be due to a loss of cross-
linking substances from the chromatin fibres. A thinning in
the chromatin fibre diameter may be a result of the marked
extension of a supercoiled structure produced by nuclear
membrane and chromatin stretching (V) (Comings and Okada 1970).
Nuclear swelling is induced secondarily to these changes.

Thus, the volume changes are considered to be due primarily
to ionic effects on the nuclear colloids rather than to osmotic
behaviour. Any changes in the nuclear surface charges, secondary
to a modification of the surrounding milieu, such as pH changes,
will affect the ionic distribution. The configuration of the
chromatin will be then modified with, as a result, a change in
the osmotic pressure.Swelling or shrinking of the entire nucleus
will then follow.

Does the dispersal of condensed chromatin have any signi-
ficance in terms of activation of the genetic transcription?

Probably, since the chromatin condensation is generally asso-
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ciated with repression of the chromatin activity (Leake et al.
1972) while a dispersion of the chromatin is associated with
an increase in RNA synthesis (Brash and Seligy 1972; Ringertz
et al. 1970). On the other hand, changes in the ionic environ-
ment have been considered to be important factors in repression
and derepression of the chromatin (Laval and Bouteille 1973).
It could be expected that an induced dispersion of the chromatin
in isolated nuclei, by the unfolding of the tightly packed DNP
can make the structure suitable for its function as a template
to the synthesis of RNA (Rigler 1966). Hence, the physical
state of the chromatin which reflects the physicochemical pro-
perties of DNA is important in the expression of gene activity.
The experimental results indeed strongly suggest an association
between the organigational state of intranuclear DNP and the
template activity of the nucleus. A state of condensed chromatin,
which represents tightly packed DNP, parallels a minimum incor-
poration of precursor into RNA while an increase in the order
of chain organization increases the synthesis of RNA (Wood and
Berg 1964). When DNA reaches its maximum order of helix, the
lability of the helix which follows facilitates the strand se-
paration, and thus the template activity of DNA. A complete
dispersal of the nuclear chromatin parallels a dramatic increase
in RNA synthesis. The synthesis of protein within the nucleil
may be connected with the RNA (Laval and Bouteille 1973).
However, the problem of the nature and origin of the nuclear
protein is still controversial.

In vitro, therefore, isolated brain nuclei respond speci-
fically to alterations of their surrounding. They present
their best characteristics at a pH of the bathing milieu of

pH 6.8. Brain nuclei in situ, on excitation of neurons, are
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exposed to alterations of the ionic composition of the
surrounding cytoplasmic milieu due to generation of action
potentials (Bocharova et al. 1972). The cytoplasmic pH -
between pH 6.8-7.0 in nerve fibers (Bicher and Ohki 1972;
Caldwell 19583 Chambers and Kao 1952; Spyropoulos 1960) -
has been reported to change, following activity of nerve
cells (Wasserman and Kallfelz 1970). Moreover, electrical
stimulations of neurons induce ultrastructural changes in
the neuronal nuclei together with changes in RNA synthesis
(Bocharova et al. 1872).

Brain cells are required to process, store and recall
vast amounts of information convéyed as sequences of nerve
impulses. Such intense cellular activity necessarily results
in changes in the cytoplasmic milieu surrounding the nuclei.
Some of the physical, chemical and morphological characteristics
observed in isolated nuclei following alterations in their
surrounding miliéu have been presented here. Such effects may
be of biological significance in vivo as regards the response
of nuclei to functional activity and hence the control of gene

expression.



SUMMARY

An electrophoresis method was described and used for
the determination of the electrical surface charge density
of isolated mammalian brain nuclei. These charges were pH -
and ionic strength - dependent. They were negative over a
wide range of pH, presenting a maximal value at pH 6.8. A
specificity of these electrical charges was strongly suggested.
Treatment of isolated brain nuclei with cations, enzymes -
DNAase, RNAase and pronase - heparin and spermidine affected
the electrophoretic velocity. From these results attempts
were made to determine the origin of the surface charge.
Intranuclear potentials were also recorded with micro-
electrodes when isolated brain nuclei were suspended in a
low ionic strength medium. These potentials were shown to
be pH - and ionic strength - dependent. They were negative over
a wide range of pH and peaked at pH about 6.8. The different

potentials obtained with nuclei isolated from different

sources suggested a specificity of these intranuclear potentials.

Treatment of isolated brain nuclei with cations, enzymes and
polyions affected the intranuclear potential. The results
indicated that the potentials were of a Gibbs-Donnan nature.

These potentials were discussed in relation to the
surface charge density and to the ultrastructural organization
of the nuclei.

The ultrastructure of isolated brain nuclei was further
studied by electron microscopy. Different types of nuclei were

encountered, described and tentatively identified.
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Following changes in the pH of the surrounding medium
or treatment with DNAase, RNAase, pronase or heparin, marked
alterations of the nuclear ultrastructure were observed. They
consisted of changes in the condensation state of the nuclear
chromatin and the nucleoli. A close association of the
chromatin with the nuclear membrane and the nucleolus was
suggested to account for these reversible alterations.

To confirm this view, investigations on isolated and
microdissected nuclei were performed. Networks of chromatin
fibrils were observed to radiate from the central mass of the
nucleus, branching into thinner filaments before attachment
to the nuclear membrane.

In an attempt to examine the molecular basis of the
observed ultrastructural changes, the DNP complexes of
nuclear chromatin were examined by cytochemical methods.
Since a causal relationship exists between the structural
and funtional state of the nuclei, the incorporation of
precursors into nuclear RNA and proteins were also studied
after alterations of the suspending medium.

The results were discussed in relation to a possible
biclogical role of the physicochemical characteristics of

brain nuclei studied in vitro.
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