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detectable with cationic iron colloid and aldehyde fuchsin, or cell surface glycoproteins reactive to
lectin Vicia villosa or soybean agglutinin. The perineuronal sulfated proteoglycans develop three
to four weeks after birth. The cell surface glycoproteins develop at earlier stage or two to three
weeks after birth. Dark or active neurons begin to appear three to four weeks after birth. These
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Many neurons in the adult rat cingulate cortex
possess perineuronal sulfated proteoglycans de-
tectable with cationic iron colloid and aldehyde
fuchsin, or cell surface glycoproteins reactive to
lectin Vicia villosa or soybean agglutinin. The
perineuronal sulfated proteoglycans develop
three to four weeks after birth. The cell surface
glycoproteins develop at earlier stage or two to
three weeks after birth. Dark or active neurons
begin to appear three to four weeks after birth.
These findings indicate that the brain matures
after birth or during weaning period.
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ur previous light microscopic studies of the rat

brain sections stained with cationic iron colloid
revealed the existence of many neurons with an intensely
negative-charged surface coat (1-3). Similar neurons have
been observed in the human brain (4) and in the brains of
cows, cats, rats, mice and other animals, including some
lower vertebrates such as bullfrogs and fish (5, 6).

Our recent histochemical and electron microscopic
studies of the human, rat and mouse brains showed that
the surface coat consists of sulfated proteoglycans dis-
tributed as extracellular matrix in the perineuronal tissue
spaces (7-12). These studies also showed that the neu-
rons were frequently coated with cell surface glyco-
proteins reactive to lectin Vicia villosa or soybean agg-
lutinin (7-12).

The present study reinvestigates the rat brain (12),
and demonstrates that even in this animal, the sulfated
proteoglycans and cell surface glycoproteins develop after
birth. It also demonstrates that the dark or active neurons
with shrunken cell bodies begin to appear after birth. The
cingulate cortex was the object of our study as it contains
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many heurons with perineuronal sulfated proteoglycans or
cell surface glycoproteins (12).

Materials and Methods

Newborn (0-5 weeks after birth) and adult (16 weeks
after birth) Wistar rats were killed by ether anesthesia
between 9 and 10 o’clock am. while the animals were
sleeping. From these animals, 1-2mm thick blocks
traversing the cingulate cortex were removed. These
blocks were fixed with 4.0 % paraformaldehyde in 0.1 M
cacodylate buffer (pH 7.2-7.4) for 6h or longer, embed-
ded in paraffin and cut into sections. These sections were
deparaffinized with xylene.

The deparaffinized sections were stained with cationic
iron colloid at a pH value of 1.0-1.5 (13), aldehyde
fuchsin (14), lectin Vicia villosa agglutinin (VVA) or
soybean agglutinin (SBA) (7). Some sections were
stained doubly with cationic iron colloid and aldehyde
fuchsin, or with lectin and cationic iron colloid (pH 1.0~
1.5) (8). In the lectin staining (labeling), peroxidase activ-
ity was demonstrated with diaminobenzidine (DAB) (15)
or amino-ethylcarbazol (AEC) (16). Controls for lectin
labeled sections consisted of adjacent sections treated with
phosphate buffer containing no agglutinin (7).

Resuits

Adult rats. The cingulate cortex of adult rats
contained many neurons which were coated with perineu-
ronal sulfated proteoglycans reactive to cationic iron
colloid and aldehyde fuchsin (Fig. 1). In the sleeping
animals, the neurons were usually light though some
neurons were dark (Fig. 1). In the light neurons, nuclear
fast red preferentially stained the nucleolus and nucleolus
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Fig. | ' ' Fig. 2

Fig. 1. A light micrograph survey of the adult rat cingulate cortex, stained with cationic iron colloid and nuclear fast red. Many neurons
are coated with perineuronal sulfated proteoglycans reactive to cationic iron colloid (large and small arrowheads). Some neurons are darkened,
and stained with nuclear fast red (small arrowheads). Upper-left inset shows a closer view of a light neuron with the perineuronal proteoglycans
(large arrowhead). In the light neuron, nucleolus (n) and nucleolus associated chromatin (a) are reactive to nuclear fast red; nucleus (N) and
cytoplasm are not stained with this dye. Right inset shows a closer view of a dark neuron with the perineuronal proteoglycans (small arrowhead).
In the dark neuron, the nucleus (N) and cytoplasm (C) as well as nucleolus and nucleolus associated chromatin are stained with nuclear fast
red. Lower-left inset shows the adult rat cingulate cortex as doubly stained with lectin VVA (DAB) and cationic iron colloid. The neuron Wis
stained with iron colloid; the neuron X is stained with lectin; the neuron Y is stained doubly with lectin and iron colloid; the neuron Z is neither
labeled with lectin nor stained with iron colloid. X 400. Upper-left inset: X 1,200; lower-left inset: X 500; right inset: X 1,200.

Fig. 2. Newborn rat cingulate cortex (4 weeks after birth), stained with cationic iron colloid and nuclear fast red. Many neurons are coated
with perineuronal sulfated proteoglycans reactive to cationic iron colloid (large and small arrowheads). Some of these neurons are darkened
and stained with nuclear fast red (small arrowheads). Some neurons without perineuronal surface coats are also darkened (small arrows).
Upper inset shows a neuron with perineuronal sulfated proteoglycans (large arrowhead) as observed in the newborn rat cingulate cortex (4
weeks after birth). Lower inset shows the developing perineuronal sulfated proteoglycans as stained with aldehyde fuchsin (large arrowhead)
(newborn cingulate cortex, 4 weeks after birth). X 350. Upper inset: X 1,500; lower inset: X 1,300.

associated chromatin (Fig. 1 upper-left inset). In the dark  chromatin (Fig. 1 right inset).
neurons, nuclear fast red stained the cytoplasm and The cell surfaces of many neurons, including the dark
nucleus as well as the nucleolus and nucleolus associated — neurons, were labeled with lectin VVA or SBA. Double
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Fig. 3 Fig. 4

Fig. 3.  Newborn rat cingulate cortex (3 weeks after birth), stained with lectin VVA (DAB) and hematoxylin. Many neurons are labeled with
lectin VVA (large arrowheads). Upper inset shows a closer view of a lectin VVA-labeled neuron (large arrowhead) (DAB). Lower inset shows
the newborn rat cingulate cortex (3 weeks after birth), stained with lectin SBA (small arrowheads) (DAB). Some neurons are labeled with lectin
SBA (small arrowheads). X 150. Upper inset: X 1,000; lower inset: X I50.

Fig. 4. Newborn rat cingulate cortex (five weeks after birth), stained doubly with lectin VVA (AEC) and cationic iron colloid. Many neurons
are stained doubly with lectin VVA and iron colloid (large arrowheads). Small arrowheads indicate the neurons stained only with iron colloid.
Lower inset shows the newborn rat cingulate (5 weeks after birth) as doubly stained with lectin SBA (AEC) and iron colloid. Many neurons are
stained only with iron colloid (small arrowheads). Large arrowheads indicate the neurons doubly stained with lectin SBA and iron colloid. Upper
inset shows a closer view of the newborn rat cingluate cortex (5 weeks after birth) as doubly stained with lectin SBA (DAB) and iron colloid.
It is obvious that the neuron W is stained solely with iron colloid, while the neuron Y is stained doubly with lectin VVA and iron colloid. X

250. Upper inset: X 1,000; lower inset: X 250.

stainings indicated that the neurons labeled with lectin
VVA or SBA were usually stained with cationic iron
colloid though they sometimes showed no reaction to
cationic iron colloid; the neurons stained with cationic
iron colloid also sometimes showed no reaction to lectin
VVA or SBA (Fig. 1 lower-left inset). In the control

Produced by The Berkeley Electronic Press, 1996

sections, no neuron was reacted to DAB or AEC,
Newborn rats. The perineuronal sulfated
proteogycans began to appear at 3 to 4 weeks after birth
(Fig. 2). In this stage, the proteoglycans were lightly
stained with cationic iron colloid and aldehyde fuchsin
(Fig. 2 upper and lower insets). The proteoglycans rapid-
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ly increased their thickness. At 5 weeks after the birth,
thus, the proteoglycans were clearly observable even at
low magnifications (Figs. 3, 4). From 0 to 2 weeks after
birth, no neuron was reactive to cationic iron colloid or
aldehyde fuchsin,

The cell surface glycoproteins detectable with lectin
VVA or SBA began to appear at 2 to 3 weeks after birth
(Fig. 3 lower inset). These glycoproteins also developed
rapidly. At 3 weeks after birth, thus, many neurons were
clearly labeled with lectin VVA or SBA, or deeply
stained with DAB or AEC (Fig. 3, upper inset). In the
control sections, no neuron was reactive to DAB or
AEC. In the stage of 0-1 week after birth, no neuron
was labeled with lectin VVA or SBA.

In the doubly stained sections obtained from newborn
animals 5 weeks after birth, it was confirmed that the
neurons stained with cationic iron colloid were frequently
labeled with lectin VVA or SBA though they occasionally
showed no reaction to these lectins (Fig. 4, upper and
lower insets). It was also observed in these double
stainings that some neurons labeled with lectin were not
stained with cationic iron colloid (data not shown).

The dark neurons began to appear 4 weeks after birth.
No dark neurons were noted at the earlier stages or 0-3

weeks after birth.

Discussion

The present study supplements our previous studies
of the rat brain (1, 3, 12), and confirms that the rat brain
contains many neurons with intensely negative-charged
surface coats which are stained with cationic iron colloid
and aldehyde fuchsin. Our previous experiments with the
human and mouse brains showed that chondroitinase
ABC/heparitinase/ keratanase digestions never interfere
with the aldehyde fuchsin staining though they completely
erase the cationic iron colloid staining (5, 7). These
findings indicate that cationic iron colloid stains the sulfate
groups, and aldehyde fuchsin stains the core proteins of
proteoglycans (5, 7-9).

QOur recent double stainings of the human and mouse
brain sections show that the perineuronal sulfated proteo-
glycans are stained with Golgi’s silver nitrate (10, 11),
and confirm that they are identical with Golgi’s reticular
coating (17). These double stainings further indicate that
Golgi’s silver nitrate stains the core proteins of proteo-
glycans (10, 11). Previously, Golgi’s reticular coating
was regarded as the processes of glial cells (glial nets)
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(18).

Our recent studies of the mouse brain and spinal cord
show that the neurons with perineuronal sulfated proteog-
lycans are mainly distributed as local or relay interneurons
in the red nucleus, nucleus of the trapezoid body, cerebel-
lar nuclei and certain other nuclei, including some sensory
and motor nuclei such as the lateral vestibular nucleus and
nucleus of the oculomotor nerve (5, 9, 12). In these
studies, we have proposed that the perineuronal sulfated
proteoglycans might serve as msulators in the stable
transmission of the synapses or in stabilizing the neuronal
circuits in the brain and spinal cord (5, 9, 12).

The present study, together with our recent study of
the mouse brain (12), shows that the perineuronal sulfated
proteoglycans are formed at the stages of 3 to 4 weeks
after birth or during the weaning period. Also noteworthy
is that the dark neurons began to appear at this stage. As
discussed elsewhere, we believe that the development of
proteoglycans and appearance of dark neurons indicate a
certain stage of brain maturation (10).

Ramén y Cajal (1909) indicated that the dark neurons
were resting neurons (19), while Hodge (1892) regarded
the dark neurons as fatigued cells (cited by Ramén y
Cajal, 19). Our recent observations of the mouse brain
show that the dark neurons, which show a circadian
rhythm in occurrence (20) and are restored to light
neurons by sleep (21), are active neurons which have fully
developed endoplasmic reticulum and Golgi’s complexes
(22). The dark neurons are not apoptotic cells since they
showed no reaction to DNA nick end labeling (20).

The present study, together with our earlier study of
the mouse brain and spinal cord (9), confirms that the cell
surface glycoproteins labeled with lectin VVA or SBA
begin to develop 2 to 3 weeks after birth or at an earlier
stage than the development of proteoglycans. It also
supplements our recent studies of the human and mouse
brains (8, 9), and confirms that the neurons stained with
cationic iron colloid are not always labeled with lectin
VVA or SBA. These findings indicate that the cell
surface glycoproteins are fairly independent, and that they
are not adhesive molecules of the proteoglycans (8, 9).
Our recent studies of the human brain further indicate that
the neurons labeled with lectin VVA are not always
identical to the neurons labeled with lectin SBA (8).
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