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ABSTRACT. The glycogen body (GB) is in the dorsal area of the lumbosacral spinal cord in birds and is composed of uniform cells char-
acterized by high glycogen storage. The glycogen of GB cells remains unchanged in vivo by the effects of a variety of hormones such
as insulin, glucagon, adrenocorticotropic hormone and by physiological conditions such as starvation. In order to investigate the latent
functionability of GB cells, we observed morphological changes of glycogen body cells in a co-culture system with cerebellar neurons
by light and transmission electron microscopy. Cultured GB cells were labeled with 1,1’-dioctadecyl-3,3,3”,3’-tetramethylindocarbocy-
anine perchlorate (Dil). The cultured neurons derived from cerebellum were co-cultured with the labeled GB cells. Under the co-culture
with neurons, 2 types of GB cells were detected. One was conventional with numerous glycogen deposits in the cytoplasm and tended
to make clusters. The other type of GB cells singly extended the processes attaching to the neuronal body and axons. In the axons in
contact with GB cell processes, small vesicles appearing as synaptic vesicles were observed. These observations suggested that some
GB cells can differentiate to an average astrocyte. The GB cells were assumed to involve the synapse formation or maturing as astrocytes

in the CNS.
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The glycogen body (GB) is an ovoid gelatinous mass
located in the lumbosacral region of the spinal cord in birds,
and is composed of uniform GB cells [31]. Developmen-
tally, the GB appears as a periodic acid Schiff (PAS)-posi-
tive cell cluster at about 7 to 8 days of incubation and
increases in volume as elaborated large stores of glycogen
after 15 days of incubation [6, 19]. The PAS-positive cells,
GB cells, arise from the neuroepithelium that comprises the
ependyma and roof plate of the avian lumbosacral spinal
cord [7]. In in vitro experiments, the GB cells contain glial
fibrillary acidic protein in the cytoplasm [16, 18]. Thus, it is
recognized that the GB cells are derived from an astrocyte
lineage.

According to the classical view, glial cells have been rec-
ognized as silent cells in the central nervous system (CNS),
and their main roles are to support the physiology of associ-
ated neurons. That is, the astrocytes participate in numerous
functions in addition to structural support, e.g., regulation of
the ionic environment and clearing neurotransmitter
released from synapse [4], responding to the metabolic
demands of neurons [23], uptake of neurotransmitters, regu-
lation of extracellular cation levels, and metabolic support
of neurons [1]. Recently, astrocytes have been proposed to
have the new function of modulating synapse formation and
maturation [13, 28].

The mature GB is a very stable tissue. The glycogen con-
tent of GB is not altered by effects of a variety of hormones
[14, 24] or by starvation [6, 11]. Furthermore, GB shows
normal development with high glycogen content under
some experimental conditions, such as grafting to chorioal-
lantoic membrane or tail bud removal [6, 8].

In our previous study, we confirmed that the GB cells
were of astrocyte lineage, and that glycogen contents are
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affected by a neurotransmitter, noradrenalin, in vitro [18].
However, there is little information about the interaction
between the GB cells and neuronal elements, because neu-
rons are not observed in the mature GB. In the present
study, we seek to elucidate a possibly masked function of
GB cells by making them interact with neurons, which may
be a strong stimulation for the GB cells. We investigated the
morphological changes of GB in co-culture with cerebellar
neurons.

MATERIALS AND METHODS

GB cell culture: GBs were prepared from 5 White Leg-
horn chick embryos at 15 days’ incubation. The cells were
cultured by the method of Lee ef al. [18]. In brief, the GB
was dissected and dissociated mechanically and chemically
with 0.25% trypsin (Invitrogen Ltd., U.S.A.). The isolated
cells were incubated in Dulbecco’s modified Eagle’s
medium (DMEM)-supplemented with 10% FCS (Invitrogen
Ltd., U.S.A.), 50 U penicillin and 50 ug streptomycin/m/ in
35-mm Petri dishes at 37°C in a 5% CO, atmosphere with
95% humidity. The culture medium was renewed twice a
week.

Dil (Molecular Probe, U.S.A.) labeling: Dil, lipophilic
carbocyanine dye, has been developed to provide labeling in
long-term cell tracing and shows very low cell toxicity.
Cultured GB cells after 3, 6 and 9 days were incubated with
40 pg/m/ Dil in DMEM for 1 min at 37°C. The cultures
were washed twice with DMEM, and suspended by 0.25%
trypsin. To count labeled cells, a portion of the cells was
fixed with 10% formalin, and observed under fluorescent
microcopy.

Neuron culture: Cultures were as described by Furuya et
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Fig. 1.

(a) Phase contrast micrograph of cultured cerebellar cells at 5 days. Many cells possess round nucleus and a few long

processes. (b) Fluorescent micrograph of anti-tubulin immunostained cerebellar cells cultured for 3 days. Most cultured cells
are tubulin positive and make meshwork by their processes. Bars: 20 ym.

Fig. 2.

Photographs of co-cultures under phase contrast microscopy (a and c) and fluorescent micrographs of

the same area as left column respectively (b and d). Arrowheads indicate neurons. Arrows show GB cells with
red fluorescent of Dil in right column. GB cells make a small cluster around a neuron (small arrows in a and
b). Some GB cells independently attached to the neuron and extended processes (large arrows). Bars: 10 ym.

al. [9] with some modifications. The cerebella were
removed from 3 White Leghorn chick embryos at 15 days’
incubation, and transferred to Hanks’ balanced salt solution
(HBSS). The meninges were completely removed under
dissection microscope. Small pieces of the cerebella were
washed with HBSS twice, and incubated with 5 m/ 0of 0.25%
trypsin at 37°C for 10 min. After washing with HBSS, the
cerebella were dissociated with a Pasteur pipette in DNase

solution (40 U/m/), and centrifuged at 400 x g for 3 min.
The cell pellets were suspended in DMEM/F-12 (Invitrogen
Ltd., U.S.A.) with 10% FCS (finally 1-2 x 10° cell/m/), and
seeded onto a 10 g/ml poly-L-ornithine (PLO)-coated cul-
ture dish (35 mm in diameter). After 20 min incubation at
37°C in a 5%CO, atmosphere with 95% humidity, non-
attached cells were collected, suspended at 1, 5 and 10 x 10°
cell/300 i/ of DMEM/F-12, and seeded onto 500 ug/ml
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Fig. 3.

PLO-coated culture dishes with 13.5 mm diameter cover-
slips. After 3 hr incubation at 37°C in a 5% CO, atmosphere
with 95% humidity, 3 m/ of DMEM/F-12 with 1% FCS and
supplements (20 nM progesterone, 10 xg/m/ bovine insulin,
100 pg/ml transferrin, 100 4M putrescine, 30 nM sodium
selenite, and 0.5 ng/ml tri-iodothyronine) was added to each
dish. The supplements were purchased from Sigma Chemi-
cal Co. (U.S.A.). After 18 hr, half of the medium was
replaced with fresh DMEM/F-12, supplements and cytosine
arabinoside (1.4 ug/ml).

Co-culture: The Dil labeled GB cells were washed and
resuspended at 5 x 103 cells/3 m/ of DMEM/F-12 with the
supplements. The cell suspensions were added to neuron
cultures of 6 days after plating, and incubated for 3 days.

Morphological assays: For light microscopical observa-
tions, all cultures were fixed with 10% formalin for 10 min,
and rinsed in 0.01 M phosphate-buffered saline (pH 7.4),
and observed under phase contrast microscope (Olympus,
Japan). The neuron cultures were incubated with primary
antisera against tubulin (dilution 200 x; Neo Markers,
U.S.A.) for 18 hr at 4°C, following FITC conjugated sec-
ondary antisera (dilution 100 x; Seikagaku Kogyo Co., Ltd.,
Japan) for 1 hr at room temperature. The FITC and Dil flu-
orescents were detected under fluorescent microscope
(Olympus, Japan) at 488 and 546 nm of the exciting wave-
length, respectively.

For electron microscopical observations, the co-cultures,
after observation under fluorescent microscopy, were fixed
with a mixture of 2% paraformaldehyde and 2.5% glutaral-
dehyde in 0.1 M phosphate buffer for 1 hr followed by post-
fixation with 1% OsQ, in the same buffer for 1 hr at 4°C.
After dehydration with graded ethanol, the cell sheets were
covered with the gelatin capsules filled by epoxy resin
(Epok-812). Thick sections were stained with toluidine

Electron micrograph of neuron in co-culture for 3 days. Neuron possesses a large round nucleus (N) with prom-
inent nucleolus. The cytoplasm of neuron is low electron dense than that of GB cell (GB). Ax: axon. Bar: 10 gum.

blue. Ultrathin sections were stained with uranyl acetate and
lead citrate and observed under transmission electron micro-
scope (JEOL 1210, Japan).

RESULTS

The cultured GB cells were attached to the dish 1 day
after seeding. The cells were flat with processes and the
nuclei were oval in shape. After Dil labeling, the cytoplas-
mic and nuclear membranes were detectable as red fluores-
cent. The labeling ratios of the GB cells were changed by
the culture periods; the ratio (positive cells/200 cells) was
73.3 £ 7.4% at 3 days, 54.5 + 11.1% at 6 days and 22.8 *
4.6% at 9 days after incubation. In the following co-culture
analysis, we used the GB cells labeled with Dil at 3 days
after incubation.

Growing of neurons in dish depended on culture condi-
tions especially on cell density at seeding. Cells at low den-
sity (1 x 103 and 5 x 10° cells /m/) were not attached or dead
in the early period of incubation. Neurons at seeding den-
sity 1 x 10° were successfully attached to the PLO-coated
culture dish after 3 to 6 days of incubation (Fig. 1a). Most
of the cells were tubulin-positive, and their processes exhib-
ited a meshwork structure (Fig. 1b).

In co-cultures of GB cells and cerebellar neurons, Dil-
positive cells formed small clusters, and some single cells
were beside the large neurons (Fig. 2). The single cells then
attached to the neuronal body and the base of the thick pro-
cess (Fig. 2). The ratio of the clustered cells and single cells
was about 7 to 1 under fluorescent microscope. Under elec-
tron microscope, the neurons were distinguished by large
round nuclei with a prominent nucleolus, and by microtu-
bules in the axon and axon hillock (Fig. 3). GB cells were
easily detected by their nuclei with irregular margins, and



1084 T. IMAGAWA, K. SHOGAKI AND M. UEHARA

Fig. 4.
(N) and electron dense cytoplasm with a short thin processes (arrows). (b) The cytoplasm of clustered GB
cells contains numerous glycogen granules as dense deposits (G) or coarse rosettes (arrowheads). Fibrous ele-
ment is little. Bars: 10 #m in A and 1 gm in B.

electron-dense cytoplasm, in which glycogen particles and a
few vacuoles were observed. GB cells in the small clusters
possessed large glycogen deposits and a few intermediate
filaments in the cytoplasm (Fig. 4). The single GB cells,
beside a neuronal body, extended the processes surrounding
the axon. The cytoplasm of the processes was rich with
intermediate filaments and a few scattered glycogen gran-
ules (Fig. 5). In the axon surrounded by GB processes,

Electron micrographs of GB cells in co-culture for 3 days. (a) GB cells possess irregular shape nucleus

small electron-lucent vesicles 40 to 50 nm in diameter were
found as well as microtubules (Fig. 5). Membranous
changes like pre- and post-synaptic membranes were not
detected at either the axon or the GB cell membrane.

DISCUSSION

Among the various hypotheses about the function of GB
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Fig. 5.  Electron micrographs of GB cells in co-culture for 3 days. (a) The processes of single GB cells include
intermediate filaments (arrows) and glycogen beta particles throughout the cytoplasm (arrowheads). (b) The pro-
cesses of GB cells surround axon (Ax). Cytoplasm contains scattered glycogen granules (arrowheads). In the
axon, small round vesicles (arrows) are visible. Bars: 1 um.
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cells, most classical and the major view suggest it to be an
energy reservoir in avian CNS because of the high glycogen
content. One author proposed the function of GB as a secre-
tory cell from ultrastructural observations [15]. Also, Benzo
and colleagues have proposed a hypothesis that GB cells are
metabolically linked to lipid synthesis and myelin formation
in the avian embryo [2, 3].

It is well known that astrocytes maintain the synapse
functions in mature animals [1, 30]. Especially in cerebel-
lum, astrocytes regulate the number of Purkinje cell axoso-
matic and axospinous synapses and promote the structural
and functional maturation of Purkinje cells [22]. Recently,
Ullian et al. [28] reported that astrocytes promote functional
synapses in the spinal cord and maintain the synapses in
vitro. In the present in vitro study, some of the GB cells
attached to the cerebellar neuron and processes surrounded
the axon including synaptic vesicles; GB cells possessed
rich intermediate filaments and a small glycogen store
unlike typical GB cells. Since the neurons influence the dif-
ferentiation, morphology and GFAP gene expression of the
astrocytes [10, 12], it is suggested that a part of GB cells
show astrocytic features by contacting with neurons. These
GB cells may function as synapse promoters.

Most investigators have recognized GB in the form of
uniform cell clusters. In the present study, we detected 2
types of GB cells in co-culture with neurons. One type was
the conventional GB cell, which formed cell clusters and
contained a large volume of glycogen in the cytoplasm.
Another type independently contacted neurons and
extended the process along the soma and axonal processes.
Except for the induction of astrocytic GB cells from one cell
lineage, the morphological differences of GB cells might be
explained under the present conditions as due to: 1) contam-
ination with cerebellar or spinal cord astrocytes, and 2) het-
erogeneity of GB cells.

Addition of cytosine arabinoside, a selective DNA syn-
thesis inhibitor, eliminates proliferative glial cells [26]. In
the present cerebellar cell cultures treated with cytosine ara-
binoside, most of the astrocytes were eliminated. The cere-
bellar astrocytes persisting in co-cultures were easily
distinguished from GB cells by their irregular-shaped
nucleus and many vacuoles in the cytoplasm (data not
shown). The GB primordia of chicken are completely fused
after 11 days of incubation [27] and are macroscopically
detectable after 15 days of incubation [6, 19]. Under dissec-
tion microscopy, the boundary of GB and spinal cord matter
was clearly distinguished at 15 days of incubation, and so it
is unlikely that the astrocytic GB cells are from cerebellar or
spinal cord astrocytes.

Developmentally, the GB consisted of two parts, the roof
plate and the floor plate of the neural canal [27, 29]. Mor-
phologically, no reports describe the differences between
GB cells from the roof and floor plates. The present mor-
phological differences of GB cells might reflect their roof
and floor plate origin.

In mammals, the choroid plexus ependymal cells have
been suggested to have the potential to change into other
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types of glial cells after grafting [17]. The morphological
features of the stem cells remain controversial. The choroid
plexus and ventricular ependymal cells do not express
GFAP at any normal developmental stage in humans [21] or
rodents [5, 25], while the human adult stem cells show an
astrocytic morphology and express GFAP [20, 32]. In the
early stage of chicken development, the GB appears as a
paired primordia separated by the ependymal septum, which
exist until 11 days of incubation [27]. The appearance of
astrocytic GB cells in co-culture suggests that GB may
include a neural stem cell.
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