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This study was performed to investigate the differentiation and distribution
of choline acetyltransferase (ChAT)-immunoreactive cells in the magno-
cellular preoptic nucleus (MCPO) of the postnatal and adult rat forebrains,
utilizing techniques of immunocytochemistry. According to the cell shape
and the ratio of long axis versus short axis of cell soma, the ChAT-
immunoreactive nerve cells in the MCPO were classified into six types: 1)
round, 2) oval, 3) elongated, 4) fusiform, 5) triangular, and 6) polygonal
types. Frequency distributions of the oval and round nerve cells on the
postnatal day (PND) O were observed to be high. But in the adult, fre-
quency distributions of the same cells were shown to decrease. Compared
to those of the postnatal rats, frequency distributions of elongated, fusiform,
triangular, and polygonal nerve cells in the adult were increased. The total
mean volumes of ChAT-immunoreactive cell somata in the MCPO of PND 0
rat were the lowest, while those in the PND 17 rat were shown to be the
highest and decreased in the adult. The soma volumes of the immunore-
active cells at the PND 17 were evenly distributed, but those in the other
developmental stages (e.g. PND 7 and adult) appeared to exhibit unimodal
distributions. On the electron micrography, the free ribosomes, polysomes,
and rough endoplasmic reticula (RER) of the nerve cells in the MCPO of
PND 21 rat forebrains were immunoreactive to ChAT in the tissues
untreated with triton X-100. According to the observations in the present
study, it is considered that the ChAT-immunoreactive nerve celis in the
MCPO of the rat forebrains are differentiated throughout the following
processes during the postnatal development: 1) increase in cell soma
volumes, 2) development of neurites, 3) increase in the frequency of
differentiated cell types, and 4) decrease in cell soma volumes. The
ribosomes, polysomes, and RER are considered to be closely related to the
intracellular localization and biosynthesis of the ChAT but not Golgi
complex.

The cholinergic neurons, which are choline acetyltrans-
ferase (ChAT)-immunoreactive, are distributed in the
brainstem and spinal cord, the somatic nerve system
and the autonomic nerve system (Armstrong et al.,
1983; Houser et al., 1983; McGeer et al., 1987). These
neurons are known to have various functions in sleep-
ing (Szymusiak and McGinty, 1986), memory (McGeer
et al., 1981), and learning (Drachman, 1977). Those in
basal forebrain are also involved in the generating and
maintaining cortical activation during the state of
wakefulness (Detari and Vanderwolf, 1987; Buzsaki et
al., 1988) and in the initiation and maintenance of slow
wave sleep (Szymusiak and McGinty, 1986; Detari and
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Vanderwolf, 1987).

In order to characterize the cholinergic neurons, the
biochemical (Eckenstein, 1988; Dreyfus et al., 1989) and
morphological methods (Armstrong, 1986; Sofroniew et
al.,, 1987) have been utilized. The methods using
radioisotope (Happe and Murrin, 1992), anterograde and
retrograde tracers (Grove et al., 1986) and in situ
hybridization using ChAT mRNA (Butcher et al.,, 1992;
Oh et al., 1992) have been developed. Also, immuno-
cytochemical and immunohistochemical methods using
monoclonal antibody to the ChAT in the teleosts
(Brantley and Bass, 1988), amphibians (Ciani et al.,
1988), reptiles (Medina et al.,, 1993), mammals (Ko et
al.,, 1995), and human (Mesulam et al., 1992) have
been developed.

The ChAT-immunoreactive neurons are known to be
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distributed in the medial septal nucleus, vertical and
horizontal diagonal bands of Broca, magnocellular
preoptic nucleus (MCPO), ventral pallidum, and basal
nucleus of Meynert in the rat forebrains (Armstrong et
al., 1983; Ko et al., 1995). The MCPO, which is
generally known to originate in the telencephalon,
moves to the preoptic area (Bayer and Altman, 1987)
and then distributes in the lateral area of the caudal
part of the horizontal diagonal band of Broca. Especially,
this nucleus has a complex of fibers consisting the
medial forebrain bundle (Gritti et al., 1993). In addition,
the ChAT-immunoreactive neurons of the MCPO and
the other one of the magnocellular basal nucleus are
known to project the nerve fibers to the hippocampus
and neocortex, which are in charge of memory and
learning functions (Koh et al., 1989; Hellweg et al,
1990).

Gould et al. (1989, 1991) have investigated the
basal forebrain neurons undergoing somatal and
dendritic remodeling during postnatal development.
Dinopoulos (1988) identified three types of cells in the
basal forebrain nuclei of the rat on the basis of soma
shape and dendritic form in the Golgi-impregnated
materials. Chung et al. (1994) and Ko et al. (1995)
classified the nerve growth factor receptor- and the
ChAT-immunoreactive nerve cells in detail into six
types in the postnatal and adult rat forebrains. They
also have investigated the changes of both the
frequency of distributions of the cell types and their
soma volumes during postnatal development. However,
such observations have not been performed in the
MCPO. Therefore, the present study was performed to
investigate the differentiation and distribution of ChAT-
immunoreactive nerve cells and their organelles in the
MCPO of the postnatal and adult rat forebrains. The
cell soma volumes in six cell types was also inves-
tigated at the developmental stages and the adult.

Materials and Methods

Animals

Five to six rats of Sprague-Dawley strain at the postnatal
day (PND) 0, 7, 14, 17, 21, 28, 35 and 90110 (adult)
were anesthetized with sodium pentobarbital solution
(5 mg/100 gm body weight) and subsequently perfused
through the aorta with 0.1 M phosphate buffered saline
(PBS), followed by periodate-lysine- paraformaldehyde
fixative at pH 7.4 (McLean and Nakane, 1974).

Immunohistochemistry

Brains were washed in 0.1 M PBS for 2 h and coronal
sections were made on a vibratome (40 or 80um
thick) throughout the rostrocaudal extent of MCPO
(Paxinos and Watson, 1986). Sections were maintained
in serial order for the immunocytochemical processing
of ChAT. Immunocytochemical localization of ChAT was
visualized with the avidin-biotin peroxidase method
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(Hsu et al., 1981) with recommended dilutions. Briefly,
tissue sections were incubated in 0.1 M PBS containing
3% horse sera and 0.05-0.2% Triton X-100 for 1 h and
incubated overnight at 4T with 0.5- 2.0 ug/ml of the
primary antisera (monoclonal antibody against ChAT,
Boehringer Mannheim) in 0.1 M PBS. The sections
were washed three times in PBS for 10 min each and
incubated in biotinylated horse antimouse IgG for 90
min at room temperature. After subsequent washes,
sections were incubated in the avidin-biotin complex
for 90 min and washed. Following the immunohistochemi-
cal procedure, sections were incubated with 3,3'-diamino-
benzidine tetrahydrochloride solution containing 0.003%
hydrogen peroxide for 7-10 min to visualize the reaction
product at room temperature. The sections were then
hydrated and coversliped. Contro!l Sections were incu-
bated for 16 h in PBS instead of monoclonal antibody
to ChAT and were otherwise treated in the same manner.

Immunocytochemistry

Immunoreacted tissue sections for ChAT were post-
fixed in 1% osmium tetroxide for 1 h at 4C and stained
en bloc with uranyl acetate in 70% ethyl alcohol for 2 h,
dehydrated in ethyl alcohol and propylene oxide, and
embedded flat in epon-araldite mixture. Selected areas
were cut and remounted on blank epon blocks. Ultrathin
sections were made, mounted on formvar-coated slot
grids, stained with lead citrate, and observed by Zeiss
EM 109.

Statistical analysis

The cell types were defined by both the cell shape
(tiangular and polygonal) and the ratio of long axis
versus short axis (round: 1.0~1.24, oval: 1.25~1.74,
elongated: 1.75~2.74, fusiform: 2.75 and more). The
frequency distribution was presented as a percentage
(%). The volumes of the ceill somata were estimated
with the following equations (Dinopoulos et al.,, 1988):
V=(n/6)><ABz, where A and B are the lengths of the
major and minor axes, respectively, for nerve cells
with round, oval, elongated, and fusiform somata and
V=(/3)xr* h, where r is the radius of the base and h is
the height of the pyramid for the nerve cells with
triangular and polygonal perikarya.

Results

Distribution and immunoreactivity of the ChAT-immu-
noreactive nerve cells

In the MCPO of the postnatal and adult rats, many
ChAT-immnoreactive neurons were found to be evenly
distributed (Fig. 1). The boundary between the MCPO
and the caudal part of horizontal band of Broca was
not clearly distinctive. In the PND O (Figs. 1A and 3A)
and 7 (Figs. 1B and 3B) rats, the nerve cells and the
bundles of nerve fibers were undifferentiated and their



Fig. 1. Distribution of the ChAT-immunoreactive nerve cells in the
coronal sections of the postnatal and adult rat forebrains at the anterior
commisure (ac). A, A few immunoreactive nerve cells in the MCPO of
the PND O rat. Immunoreactivity to the ChAT are considerably weak. B
and C, Several immunorreactive nerve cells in the MCPOs of the PND
7 (B) and 14 (C) rats. The immunoreactivities are moderate. D and E,
Many immunoreactive nerve cells in the MCPOs of the PND 35 (D) and
adult (E) rats. The imunoreactivities are stronger than those in the early
postnatal rats. Many immunoreactive nerve fibers are well developed.
More immunoreactive nerve cells are seen in the horizontal diagonal
band of Broca (HDB) than in the MCPO. Scale bars=100 um.

immunoreactivities were weak. However, the immuno-
reactive nerve cells with dendrites developed in the
PND 14-28 rats (Figs. 1C, 3C, and D) and their immu-
noreactivities were considerably intense. In the PND
35 rat (Fig. 1D), the differentiation and immunoreactivity
of the immunoreactive nerve cells were similar to
those of the adult rats (Figs. 1E and 3E) and many
nerve fibers were also found to be well developed.
Some of these fibers in the bundle showed relatively
intense immunoreactivity.

Korean J Biol Sci 1: 483489, 1997

i

Fig. 2. Six ChAT-immunoreactive nerve celi types in the coronal
sections of the PND 21 rat MCPO. The round (A), oval (B), elongated
(C), fusiform (D), triangular (E), and polygona! (F) nerve cells with long
dendrites (arrowheads) are seen. Arrows indicate non-immunoreactive
nuclei in those cells. Scale bars=25 um.

Frequency distributions of the ChAT-immunoreactive
nerve cell types

The ChAT-immunoreactive nerve cells could be classified
into the round, oval, elongated, fusiform, triangular,
and polygonal types according to the cell shape and
the ratio of long axis versus short axis of the cell
soma (Fig.2). As shown in Table 1, the frequency
distributions of the round (18.9%) and oval (67.6%)
types were high in the PND Orats, while those of the
elongated (30.1%) and fusiform (1.8%) types in the
PND 35rats and of the triangular (20.4%) and poly-
gonal (17.4%) types were high in the adult rats. The
frequency distribution of the oval type was higher than
those of the other types, while the frequency distri-
bution of the fusiform was very low compared to those
of other types.

The volumes of ChAT-immunoreactive nerve cell
somata and the differentiation of the neurites

As shown in the Table 2 and Fig. 3, the soma volumes
of the immunoreactive nerve cells progressively in-
creased from PND 0 (1,832 um®) to PND 17 (4,983 um°)
and thereafter they decreased to the level of adult
(2,323 uma). The soma volume of the immunoreactive

Table 1. The frequency distributions of the ChAT-immunoreactive nerve cell types in the MCPO of the postnatal and adult rats

Postnatal Number Frequency distribution (%) of nerve cell types
age of cells Total
(day) scored Round Oval Elongated Fusiform Triangular Polygonal
0 127 18.9 67.6 6.0 0.3 6.8 0.4 100
7 207 10.7 62.1 141 0.5 1141 1.5 100
14 491 12.2 50.0 23.8 04 10.2 34 100
17 224 10.7 423 26.7 0.9 15.2 4.2 100
21 519 9.5 40.8 27.7 0.8 16.2 5.0 100
28 383 9.0 354 27.9 1.3 16.7 9.7 100
35 493 7.9 31.8 30.1 1.8 17.8 10.6 100
90 +10 425 5.2 28.0 27.7 1.3 20.4 17.4 100
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Table 2. The cell soma volumes of the ChAT-immunoreactive nerve cell types in the MCPO of the postnatal and adult rats

Postnatal Number Cell soma volume (um®, mean+S.E) of nerve cell types
age of cells - - Mean
(d) scored Round Oval Elongated Fusiform Triangular Polygonal
o} 127 2,168+ 191 1,857 +108 2,217 +191 1,925+ 598 1,418+260 1,406+ 72 1,832+147
7 207 2,944+124 2,565+ 80 2,440+143 2,694+ 20 2,817+218 1,967 +269 2,571+142
14 419 5,184+254 4,529 +103 4,284 +135 3,123+119 4,602 +292 3,289+ 347 4,169+ 208
17 224 5,983+ 507 5,126 =194 4,808+ 174 3,186 +904 5,018+282 4,029 + 402 4,983 1245
21 519 4,024 +233 3,461+ 89 3,135+ 98 2,052 1382 3,831+176 2,803+ 181 3,218+193
28 383 3,417 +200 3,390+105 3,040 103 2,015+430 3,791 +197 2,369 +171 3,004 +201
35 493 3,358+ 189 3,048+ 79 2,835+ 78 2,800+ 465 2,965+ 131 2,105 +121 2,852+140
90+ 10 425 2,704+123 2,433+ 64 2,242+ 96 2,103+399 2,152+ 86 2,301 +121 2,323+ 111

cell was shown to be the largest in the PND 17. The
soma volumes of the round nerve cells were larger
than those in the other cell types, except for the cases
of the PND 0 and 28 rats, while those of the fusiform
nerve cell were very small compared to other cell types.

One or two sproutings of neurites from the soma of
the immunoreactive nerve cell in the PND 0-14 rats
were frequently found (Fig. 3A-C). In the PND 21 (Fig.
2) and 28 (Fig. 3D) rats, it was observed that several
typical neurites sprouted from the cell soma and
increased in number.

The cell soma volumes in each cell type

As shown in the Fig.4, the change of frequency
distributions of cell soma volumes in six cell types at
the developmental stages (e.g. PND 7 and 17) and
the adult was investigated. The cell soma volumes
increased with developmental age (from PND 7 to

Fig. 3. Comparison of the sizes of ChAT-immunoreactive nerve celis in
the MCPOs during postnatal development. A, Triangular (arrowhead)
and polygonal (arrows) immunoreactive nerve celis with short dendrites
in the PND 0O rat. B, Oval (arrowhead) and polygonal (arrow) nerve cells
in the PND 7rat. C, Oval (small arrowheads), elongated (large
arrowhead) and polygonal (arrows) nerve cells in the PND 14rat. D,
Elongated (arrowhead) and polygonal (arrows) in the PND 28rat. E,
Oval (arrow) and elongated (arrowheads) cells in the adult rat. The
sizes of immunoreactive nerve cells in the PND 0 and 7 are significantly
smaller than those in the PND 14 and 28, whereas they are almost the
same in size as those in the adult. Scale bars=100um.
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PND 17) and thereafter decreased progressively to the
adult. Generally, the cell soma volumes in the round
and oval types at the PND 7 and in all cell types, with
the exception of the fusiform cell type, at the adult
appeared to exhibit a unimodal distribution. But, at the
PND 17, those in all cell types were evenly distributed
as well as possessing a wide range.

Electron microscopy for ChAT-immunoreactive nerve
cells

Immunoreactive nerve cells in the PND 21 rat fore-
brains were observed by electron microscope. The cell
had a large nucleus with several indentations of
nuclear envelope (Fig.5A). Well developed Golgi
complexes, mitochondria, RER, polysomes, and free
ribosomes were found. Several axosomatic synapses
on the cell membrane were detected (Fig. 5A and C).
These axon terminals contained a few synaptic vesicles
and mitochondria.

The free ribosomes, polysomes and RER of the
nerve cells in the MCPO of PND 21rat forebrains
were identified to be ChAT-immunoreactive in the
tissues untreated with Triton X-100, but Golgi com-
plexes were non-immunoreactive.
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Fig. 4. Histograms illustrating the frequincy distributions of the cell soma
volumes (ums) of round, oval, elongated, fusiform, triangular, and
polygonal cells in the MCPO of the PND 7, PND 17 and adult rat
forebrains.



Fig. 5. Electron micrographs of the ChAT-immunoreactive nerve cells in
the MCPO of the PND 21 rat forebrain at the anterior commisure. A, A
immunoreactive nerve cell. This cell nucleus shows deep indentations
(short arrows) and prominent nucleolus (long arrow). Especially, rough
endoplasmic reticula, Golgi complexes (g), mitochondria (m), and
ribosomes are well developed. Axosomatic synapses (arrow heads) are
seen on the cell membrane. B and C, Enlarged parts from A,
Immunoreactive free ribosomes (small arrowheads), polysomes (large
arrowheads) and RER {arrows) are seen as well as the non-
immuno-reactive Golgi complex (g). A axosomatic synapse (large arrow)
is located on the cell membrane. Scale bars=1 m (B, C) and 4 ym (A).

Discussion

In the present investigation, many immunoreactive
nerve cells lied intermingled within the longitudinal
fibers of medial forebrain bundle, but these were
shown to be more closed together in the intimate area
to the caudal part of horizontal diagonal band of Broca
as shown in Fig. 1E. Gritti et al. (1993) described that
the cholinergic neurons in the MCPO of the rat lied in
the course of the longitudinal fibers of the medial
forebrain bundle and in continuity with those of the
horizontal diagonadal band of Broca as well as resem-
bling in their prominent size and multipolarity.

In this study, the immunoreactivities of the nerve cell
cytoplasm in the PND O rat (Figs. 1A and 3A) were
identified to be very weak. It progressively increased
throughout postnatal development (Figs. 1-3). The above
observations were identical with the findings of Gould
et al. (1991) in the same nucleus of the rat and with
the descriptions of Ko et al. (1995) in the medial
septal nucleus and diagonal bands of Broca. But, the
immunoreactivities in the basal nucleus of Meynert and
caudate-putamen of the postnatal rats were first
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identified in the PND 7 and PND 10 rats, respectively
(Gould et al., 1991). Therefore, it could be considered
that the ChAT-immunoreactivities in the various nuclei of
the postnatal rat forebrains could be variable and this
variation may be related the level of tissue differentiation
in the forebrain nuclei.

In the early postnatal rats (Figs. 1A and B, and 3A
and B), the nerve fibers were not differentiated and
also the immunoreactivity of the fibers was weak. But,
during postnatal development the immunoreactivity of
the nerve fibers was gradually increased. In the late
postnatal stages (Figs.1C and D, and 3C and D), it
was relatively intense compared to that in the early
postnatal stages. In the PND 35 (Fig.1D) and the
adult (Fig. 1E), the nerve fibers were shown to be well
developed.

In the light microscopic observation, the intracellular
immunoreactivity was almost even (Figs.2 and 3).
Such finding was identical with the phenomenon that
the immunoreactive ribosomes, polysomes, and RER
were evenly distributed in the cytoplasm on the elec-
tron microscopic observation (Fig. 5).

Dinopoulos (1988) classified the Golgi-impregnated
neurons in the basal forebrain of the rat into three cell
types on the basis of soma shape and dendritic form:
1) triangular, 2) round, and 3) fusiform types. But, in
the previous studies (Chung et al., 1994; Ko et al.
1995), the nerve growth factor receptor-immunoreactive
and the ChAT-immunoreactive nerve cells were
classified in detail into six types in the other basal
forebrain nuclei of the postnatal and aduit rats on the
basis of the cell shape and the ratio of long axis
versus short axis of the cell soma. In this study, ChAT-
immunoreactive nerve cells also could be classified
into six cell types (Fig. 2). Thus, the changes of both
frequency distributions of cell types and their soma
volumes were examined during the developmental
process (Tables1 and 2 and Fig. 4).

Gould et al (1989) described that the somata and
dendrites of the cholinergic neurons in the rat forebrain
were changed during the postnatal development. Satoh
et al. (1983) also observed the same neurons in the
MCPO of adult rats in which the polygonal cells were
increased in number. Those observations were similar
to the finding in this study that the frequency distribu-
tions of triangular and polygonal cells increased
throughout the progressive postnatal development.
Consequently, it is considered that the nerve cells are
differentiated into several cell types following the
sprouting and development of the neurites throughout
the postnatal developmental processes. Therefore, the
frequency distributions of the differentiated cell types
are progressively increased.

In the PND O rat of the present study, the total
mean volumes of the immunoreactive nerve cell
somata were the lowest (1,406-2,217 um°), while those
in the PND 17 were the highest (3,186-5,983 um?).
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Those were almost the same as the results of Gould
et al. (1989) that the cross-sectional cell body areas
progressively increase, peaking at postnatal day 18. In
the PND 17 rats, the development of the neurites of
nerve cells were predominant and the cell soma
volumes were significantly increased (Table 1 and Fig.
4). The cell soma volumes of six cell types in the
PND 17 rat were evenly distributed with a wide range.
Such distributions were significantly different from a
unimodal distribution of most cell types at the other
developmental stage (e.g. PND 7) and the adult. It is
supposed that the increase of cell soma in the PND
17 rat is an event of previous process for sprouting of
neurites. Such distribution has not been observed
previously in the rat forebrains. But, Gould et al.
(1989) reported that the progressive increases were
related in number of primary dendrities, number of
dendritic branch points, and the length of the longest
dendrite that peaked at PND 18 and thereafter
decreased with the exception of dendritic length which
monotonically increased until adulthood. Therefore, it is
considered that the increase of cell volumes, the
development of neurites, the morphological change of
cell somata and the increase of frequency of the
differentiated cell types in the MCPO during postnatal
development are the inevitable processes of the
differentiation of immunoreactive nerve cells.

The free ribosomes, polysomes, and RER of the
nerve cells were immunoreactive in this electron micro-
scopic observation (Fig. 5). In the median septum and
diagonal band of Broca of the rat forebrain, Ko et al.
(1995) also confirmed the same ChAT-immunoreac-
tivity in the identical cell organelles. On the other
hand, it was particularly interesting that the Golgi
complexes were non-immunoreactive. Therefore, it is
conciuded that both the intracellular localization and
the synthesis of ChAT correlate closely with the free
ribosomes, polysomes and RER, but not with Golgi
complexes.
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