Invertebrate Neuroscience (2020) 20:16
https://doi.org/10.1007/510158-020-00249-z

ORIGINAL ARTICLE q

Check for
updates

Glial cells in the posterior sub-esophageal mass of the brain in Sepia
officinalis (Linnaeus, 1758) (decapodiformes—sepiida): ultrastructure
and cytochemical studies

G.lbrahim'® . M. Luisetto? - O. Latyshev?

Received: 24 October 2019 / Accepted: 19 August 2020 / Published online: 2 September 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Electron microscopy revealed that glial cells in the posterior sub-esophageal mass of the brain in Sepia officinalis had a
well-developed rough endoplasmic reticulum formed by long coverslips with rectilinear or curvilinear arrangements. The
coverslips appeared dilated and have a large amount of adhered polysomes. Vesicular lamellae coexisted with the elongated
lamellae of RER and dictyosomes of Golgi apparatus. Endocytosis was evidenced through the pale vesicles which were
appeared next to the apical border of microvilli in some glial cells. Sub-cellular features of endocytosis, predominantly the
fluid phase, were observed in the apical glial cell cytoplasm. Glial cells were related to phagocytosis of apoptotic neurons,
endocytosis, pinocytosis and adsorption. These functions were proposed based on their ultrastructure characteristics and a
significant number of vesicles with different shapes (oval to polygonal), sizes 0.052—0.67 um and contents. Glycogen, MPS
and lipid were detected in the glial cells. Alkaline phosphatase was not observed, while an activity of acid phosphatase
was bound to lysosomes. ATPases were present in the glial cells along the lateral and basal plasma lemma as well as on
the membranes of cell organelles. Unspecific esterase was clearly recognizable by electron microscopy. The monoamine
and cytochrome oxidase activities were demonstrated, while the succinate dehydrogenase showed a weak enzyme activity.
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Introduction

Glial cells are present in the CNS from the simplest inver-
tebrates to humans (Lane 1981). The glial-neuron ratio
increases with the size of the brain. The nematodes have
a low percentage of glial cells, while in the fruit fly they
represent app. 25%. In the brain of the mouse, this percent-
age increases to 65%, while that in the human brain and
in the elephant the glia could represent more than 90%.
Evolution indicates that the glia diversified and specialized
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for the neural functioning (Kettenmann and Ransom 1995;
Imperadore et al. 2017). Ultrastructure studies of glial cells
in cephalopods are described sporadically in the literature
(Gray 1969; Reinecke 1976; Abbott et al. 1981; Bundgaard
and Abbott 1981; Cardone and Roots 1990; Kettenmann and
Ransom 1995; Imperadore et al. 2017). The fine structure
of the brain components in cephalopods is not sufficiently
covered (Gray 1970; Abbott et al. 1981). Electron micros-
copy revealed two types of glial cells in Octopus brain, the
fibrous and protoplasmic glia; and also enigmatic dark cells
(Gray 1969). The general morphology of the tick Boophilus
microphis and cephalopod glial cells were described (Bin-
nington and Lane 1980; Kettenmann and Ransom 2004).
The physiology of neurotransmitters and brain anatomy of
Octopus vulgaris were studied (Turchetti-Maia and Hochner
2019). The authors of this paper recommend two interest-
ing publications which explain the functional organization
of the brain parts of the cuttlefish Sepia officinalis (Boycott
1961; Bundgaard and Abbott 1981; Imperadore et al. 2017).
The estrogen receptor of Octopus vulgaris is a constitutive
transcriptional activator (Keay and Thornton 2006). The
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determination of the enzyme localization within the glial
cells in cephalopods on ultrastructure level is entirely lack-
ing in the literature. Ibrahim (2020), the first author of this
study, investigated the fine structure of the central brain in
the octopod Eledone cirrhosa (Lamarck, 1798) and think
to cover the missing field of glial cells in the posterior
sub-esophageal mass of the brain in Sepia officinalis. The
immune cytochemical and biochemical evidence for the
presence of serotonin containing neurons and nerve fib-
ers in the Octopus arm was studied (Bellier et al. 2017).
AMPA-kainate and NMDA-like glutamate receptors at the
chromatophore neuromuscular junction of the squid were
identified (Lima et al. 2003). The gyri of the Octopus verti-
cal lobe have distinct neurochemical identities (Shigeno and
Ragsdale 2015). Serotonin is a facilitating neuromodulator
of synaptic transmission and reinforces long-term poten-
tiation induction in the vertical lobe of Octopus vulgaris
(Shomrat et al. 2010; Shomrat and Hochner 2015a). The
available literature described the morphology of the brain in
Octopus vulgaris and Loligo sp. (Young 1932, 1971a, 1976,
1977, 1979). Cephalopod nervous system shows a marked
cephalization (Turchetti-Maia et al. 2017). The two pedal
ganglia (ventral), the two pleurovisceral ganglia (lateral) and
the two cerebral ganglia (dorsal) fuse to form the “brain.”
It surrounds the esophagus and is comparable to the brain
of the vertebrates; this represents an adaptive convergence.
Protecting and wrapping cartilaginous ring-shaped case con-
stitute the “skull” which is analogous to that of vertebrates
(Graindorge 2008). Octo- and decapods have 8 and 10 bra-
chial nerve cords, respectively, and these originate from the
pedal ganglia (Shomrat et al. 2015b; Turchetti-Maia et al.
2017). At the base of each arm is a brachial ganglion, and all
brachial nodes are joined by a brachial nerve ring. Brachial
nerve cords are equivalent to the pedal cords of other mol-
luscs (Budelmann and Young 1985). The fast movements are
achieved thanks to the strong and synchronous contractions
of the mantle muscles. These contractions are due to the
impulses that arrive from a complex system of giant motor
fibers (giant axons) (Shomrat et al. 2015b; Imperadore et al.
2017). The eyes of cephalopods are very developed (another
adaptive convergence with the vertebrates), and from each
one an optic nerve pinches off and terminates to each cer-
ebral ganglion, there are some great ganglia (or lobes)
that are many times bulkier than the cerebrospinal ganglia
themselves (Shomrat et al. 2015b). In connection with the
cerebral nodes, there is also a pair of upper mouth nodes,
located above the buccal bulb. These in turn are connected
with other lower mouth nodes located below it (Turchetti-
Maia et al. 2017).

Our present work aims to investigate the fine structure
of the glial cells in the posterior sub-esophageal mass of
the brain in Sepia officinalis, to test which enzymes can
be detected through cytochemical procedures and the fine
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structure localization can be demonstrated by electron
microscopy. This study tests whether lipids and glycogen
are present in the glial cells.

Materials and methods

Adults of Sepia officinalis were collected from the Medi-
terranean Sea of Alexandria, Egypt. n=100/month during
June—August 2018. Identification of the species was car-
ried out according to Pyle and Doring (2017) and WoRMS
(2017). Samples were transported in aquaria to the labora-
tory and dissected after carbon dioxide anesthesia. A tis-
sue blister from the posterior sub-esophageal mass (Fig. 1)
was isolated and fixed in phosphate-buffered glutaraldehyde
(6%, pH 7.2) at 4 °C for 20-24 h or in Karnovsky fixative
(Sigma-Aldrich®, St. Louis, MO, USA) (n= 10/month). This
tissue blister was unified in all brains tested and marked in
blue color in (Fig. 1). In sequence, the materials were post-
fixed in OsO, in the same buffer, followed by dehydration
of the increasing series of acetone materials, inclusion in
Araldite (Merck®, Darmstadt, Germany). Trimming of the
blocks was done to obtain semithin (500 um) and ultrafine
(0.08 um on average) sections. Sections were mounted in
copper grids and contrasted with uranyl acetate and lead
citrate (Pantin 1948). The ultrathin sections were analyzed

Fig. 1 Computerized lateral view of the adult brain and associated
structures in Sepia officinalis. The brain is pierced by the esopha-
gus (es) and is divided into the sub-esophageal mass (SBM) and
the supra-esophageal mass (SPM). The SBM is subdivided into the
anterior (ASM), middle (MSM) and posterior (PSM) sub-esophageal
masses. The optic lobe (OL) is situated on the lateral side of the optic
tract region (OTR) in the SPM. bm, buccal mass; bN, brachial nerve;
ibG, intrabrachial ganglion; ibL, inferior buccal lobe; pN, pallial
nerve; sbL, superior buccal lobe; st, statocyst; vsN, visceral nerve
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and photographed under the electron microscope Philips
CEM-1000 Transmitter (Philips®, Germany).

Cytochemical methods
Detection of carbohydrates

Samples (n=10/month) for glycogen detection were sub-
jected to histochemical reactions. Periodic acid Schiff (PAS)
was used in order to detect neutral glycoconjugates and dia-
stase + PAS, and to diagnose glycogen at pH 0.5 (Pearse
1968). This reaction oxidizes selectively glucose residues
and produces aldehydes that react with Schift’s reagent and
produces a purple—magenta color. A suitable basic dye is
often used as a contrast dye. PAS staining is mainly used
to color structures containing a high proportion of carbo-
hydrate macromolecules (glycogen, glycoprotein, proteo-
glycans) (Zakout et al. 2010). The PAS and the glycogen
reactions were according to Khalid (2019). Acetylation/
deacetylation was applied to check the Alcian blue color
with subsequent PAS reaction. Acetylation (or ethanoyla-
tion) refers to the process of introducing an acetyl group
(resulting in an acetoxy group) into a compound, that is, the
substitution of an acetyl group for an active hydrogen atom.
A reaction involving the replacement of the hydrogen atom
of a hydroxyl group with an acetyl group (CH;CO) produces
a specific ester, acetate. Acetic anhydride is generally used
as an acetylating agent to react with free hydroxyl groups.

Detection of lipids (Pearse 1968)

Fragments of the posterior sub-esophageal mass were fixed
in formalin calcium for 48 h n=10/month. Samples were
subjected to vacuum in a desiccator during the fixation pro-
cess and dehydrated in an ethyl series. The histochemical
samples were included in histological paraffin (Merck®,
Darmstadt, Germany) (Hayashi 2011). The slides were
assembled with glycerin gelatine. Using rotary microtome
(820 Spencer, American Optical Corporation, Massachu-
setts, USA), 15-um-thick frozen sections were obtained. Oil
Red O, Sudan Black B and Nile Blue were applied according
to Guigui and Beaudoin (2007). The control sections were
extracted with pyridine before each reaction.

Enzyme cytochemical methods

Alkaline phosphatase

Alkaline phosphatase comprises a group of phosphohydro-
lase enzymes that have maximum activity at an alkaline

pH close to 10. All ALP share a common protein structure,
but differ in carbohydrate content. All isoforms of ALP are

involved in the transport of metabolites across cell mem-
branes. Alkaline phosphatase catalyzes the transfer of the
phosphate group from the substrate p-nitrophenylphosphate
(pNFF) to 2-amino-2-methyl-1-propanol (AMP), forming
p-nitrophenol. The release rate of p-nitrophenol, which has a
high absorbance at 405 nm, is proportional to the enzymatic
activity of the alkaline phosphatase in the sample. Parts of
the posterior sub-esophageal mass, n = 10/month, were
rinsed with PBS pH 6.8 (79383, Sigma-AldriCh®, St. Louis,
MO, USA). The sample was protected from light and stored
at 2 to 8 °C. Samples were transferred to 2.5% glutaralde-
hyde buffered with 0.2 mol sodium phosphate and perfused
with buffer pH 7.3. All samples were remained 6 h in fresh
buffered glutaraldehyde and in 0.1 mol sodium cacodylate
buffer pH 6.5 (Merk®, Germany) (Dhruv and Savio 2018).
Incubation medium: 2.0 ml tris-maleate buffer 0.2 mol, pH
9.0 2.0 ml, Na-glycerophosphate solution 1.3 ml (G5422,
Sigma-Aldrich®, St. Louis, MO, USA) and Pb (NO3), 1%
final pH 9.0. Control sections were treated with substrate-
free medium. The incubation time was 5 min for the electron
microscopic examination at 4 °C, The further treatment of
glycerol gelatine sections before inclusion was carried out
with treated ammonium sulfide (Pearse 1968). For electron
microscopy, sections were inserted for 1 hin 1% OsO, post-
fixative and post-contrasted with 5% uranyl acetate.

Acid phosphatase

Acid phosphatase is the enzyme characteristic of lysosomes,
and its presence allows to distinguish this organelle from
other types of cytoplasmic vesicles. Samples (n=10/month)
for the detection of acid phosphatase were air-dried for at
least 10 min and fixed in cold glutaraldehyde pH 7.2 (4 °C)
for exactly 30 s. Samples were washed with double-distilled
water under pressure allowing the excess water to drain.
The incubation solution was prepared in situ as follows:
44 ml double-distilled water, 3 ml acetate buffer, 3 ml Naf-
tol ASBI phosphate substrate (naphthol AsBi phosphoric
acid solution, Sigma®, St Louis, USA) containing 12.5 mg/
ml C,gH,sBrNO4P and 24 mg of the stable diazotized salt
2-methyl-4- (2-methylphenyl) -azobenzenedodiazosul-
fate (Fast Garnet GBC Sulfate Salt, Sigma Chemical Co,
St Louis, USA). Dissolve by stirring for at least 5 min and
filter the solution twice. After the incubation period, the
slides were washed in running water. An effective way to
wash is to deposit the slides at the ends of a Coplin glass,
placing it under running water from a tap. In this way, the
water jet is able to impact the bottom of the Coplin glass
generating a multitude of air bubbles that drag up any
unwanted deposit. After 10 min of washing, samples were
passed through distilled water under pressure. The detec-
tion of acid phosphatase was carried out according to the
method of (Jonek et al. 1977). Incubation medium: 0.12 g
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Pb (NOs3),, 100 ml 0.05 mol Na acetate buffer, pH 5.0 with
7.5% sucrose (0.22 mol), 10 ml of 3% Na-glycerophosphate
solution with final pH 5.0. The control medium contained
no glycerophosphate. The incubation period was 30 min at
room temperature. Subsequently, 15-um-thick frozen sec-
tions in Na acetate buffer (0.05 mol, pH 5.0) with 7.5%
sucrose and 4% formalin in 1% acetic acid and finally rinsed
in acetate buffer. Before inclusion in glycerol gelatine, sec-
tions were taken with treated ammonium sulfide solution
(Pearse 1968). The ultrastructure cytochemistry test was
detected on 50-pm-thick sections for 10-min incubation at
room temperature. The flushing was carried out according
to the previous scheme with replacement of 1% against a 2%
acetic acid. For post-fixation, the sections were inserted for
2 hat4 °Cin 1% osmic acid. The post-contrasting took place
partially with 5% uranyl acetate (Griffiths 1979).

Adenosine triphosphatase (ATPase) (Pearse 1968)

Samples n=10/month were fixed in 5% glutaraldehyde
with 0.1 mol Na cacodylate buffer pH 7.2. Rinse with the
same buffer containing 7% sucrose. The incubation time
of light microscopic and for the electron microscopic sec-
tions was 15 min at room temperature. The Mg**, Mg**-
Na*-K*- and Ca™*- activatable ATPase was used with the
developing medium, modified from (Martins and DeMeis
1985), diagnosed: 1: 0.83 mmol ATP; 10 mmol MgSO,;
80 mmol tris-maleate buffer pH 7.2; 2.4 mmol Pb (NOs),;
final pH 7.2. 2: medium (1) with the addition of 0.1 mol
NaCl and 20 mmol KCI. 3: medium (1) in which MgSO,
was replaced by 5 mmol CaCl,. 4: medium (1) in which ATP
is obtained by molar concentration of Na-glycerophosphate
was exchanged. 5: medium (1) without MgSO,; this was an
exclusion of the through spontaneous hydrolysis: medium
(1) without ATP. Then the sections used for light micros-
copy were included in dis. H,O, treated with ammonium
sulfide and covered in glycerol gelatine. For the electron
microscopic examination, 50-pm-thick frozen sections after
incubation in acetate—veronal buffer pH 7.4 with 7% rinsed
sucrose and fixed with 1% OsO, for 45 min. Partially the
thin sections were examined in electron microscope before
contrast in 5% aqueous uranyl acetate solution.

Unspecific esterase (Pearse 1968)

The samples (n=10/month) were fixed in 5% glutaraldehyde
and placed in 0.1 mol cacodylate buffer pH 7.2 with 7.5%
sucrose. For the light microscopic examination, 15-pm-thick
frozen sections were prepared (Mulyaningsih et al. 2017)
and incubated room temperature in 49 ml 0.1 mol phosphate
buffer pH 6.5, 1 ml of 1% solution of a-naphthyl acetate in
50% acetone, 50 mg real blue salt B, final pH 6.5. After the
incubation, the sections were rinsed several times in tap water
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and covered in glycerin gelatine. Electron microscopic exami-
nation was the method of Crevier and Belanger, according to
Mulyaningsih et al. (2017). Medium: 23 ml cacodylate buffer
0.05 mol pH 5.2, 0.5 ml MgCl2 1 mol, 1 ml thioacetic acid
0.24 mol, 0.2 ml Pb (NO3), 0.1 mol, final pH 5.2. 7.5% sucrose
was added to the medium. The control took place under the
exchange of thioacetic acid with dis. H,O. The incubation time
of the 50-pm-thick frozen sections was 60 min at 4 °C. After
rinsing in distilled water and post-fixation in 1% osmium for
one hour, the sections were embedded in Epon.

Monoamine oxidase (Pearse 1968)

Method according to Soep (1976): Native cryostat sec-
tions (20 pm) n=10/month were incubated at 37 °C for 50 min
in 25 mg tryptamine monohydrochloride, 4 mg sodium sulfate,
5 mg p-nitro blue tetrazolium chloride (Nitro-BT), 5 ml of
0.1 mol phosphate buffer pH 7.6, 15 ml and distilled water,
The control medium does not contain tryptamine monohydro-
chloride. After rinsing in distilled water, sections were inserted
in neutral 10% formalin and enclosed in glycerin gelatine.

Cytochrome oxidase

Method according to Jonek et al. (1977): Native cryostat
sections n=10/month were incubated for 45 min in 1 ml of
ethanol 96%, 20 mg of a-naphthol acetate, 20 mg of 4-ami-
nodiphenylamine, 29 ml of 0.2 mol Tris—HCI, buffer pH
7.4,70 ml and distilled water. The control sections were
incubated in the same medium, but without 4-aminodiphe-
nylamine. After sixty minutes of treatment with 10% cobalt
nitrate in 10% formalin and two times in running water, the
sections were covered in glycerol gelatine.

Succinate dehydrogenase

Method according to Kimura and Singer (1976): The incu-
bation time of 20-pm-thick native cryostat sections, n=10/
month, was 20 min at 37 °C in 12.5 ml 0.2 mol phosphate
buffer pH 7.6, 12.5 ml 0.2 mol succinic acid (disodium
succinate), 12.5 ml distilled water, 12.5 ml saline solution:
34 ml distilled water, 1 ml 0.25 mol CaCl,, 1 ml of 0.05 mol
of MgSO,, 10 ml 0.6 mol NaHCO;, 4 ml AICl;. 50 mg
p-nitro blue tetrazolium chloride (Nitro-BT). The control
medium does not contain disodium succinate.

Results
Transmission electron microscopy of glial cells

The main cell types present in the posterior sub-esophageal
mass in Sepia officinalis were glial cells. According to their
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morphology, glial cells were of several types. They were
either longitudinally branched cells or endothelial-like or
cuboidal. The cell body measured between 3 and 4 pm wide
and 6 pm long. There was heterogeneity in the distribution of
these three types inside the posterior sub-esophageal mass.
The longitudinally branched cells were distributed centrally
and have an elongated cell body with long processes parallel
to neighboring axons. Their processes themselves had many
ramifications. The endothelial-like glial cells were limited,
while the cuboidal ones were the most numerous; both types
were distributed everywhere. In their supra-nuclear cyto-
plasm, the rough endoplasmic reticulum (RER) was well
developed and was formed by long coverslips with rectilin-
ear or curvilinear arrangements. The coverslips appeared
dilated at its extremities and sometimes in its middle parts,
having a large amount of adhered ribosomes to its walls, and
adjacent aggregates of free ribosomes forming polysomes
(Fig. 2a). There were few coverslips of the RER, which rep-
resented dilated vesicles of this reticulum complex and have
a smaller relative amount of adhered ribosomes. Vesicular
lamellae coexisted with the elongated lamellae of RER itself
and dictyosomes of Golgi apparatus. They were abundant
and well developed in the supra-nuclear cytoplasmic mass.
A large amount of vesicles with varied forms and contents
surrounded the long lamellae of RER and Golgi sacs. Endo-
membrane-coated vesicles having clear or more electro-
opaque contents and pale vesicles with smooth surface were
observed (Fig. 2b). In some glial cells next to the apical bor-
der of microvilli, pale vesicles appeared in the apical mem-
branes characterizing a process of endocytosis. Microtubules
were evident, and junction complexes were formed between
the glial cells and lateral plasma membranes adjacent at the
apical level (Fig. 2¢). Still in the supra-nuclear cytoplasm of
several glial cells, multivesicular complexes encompassing
dense bodies of different electrodes and fragment material
were observed (Fig. 2d). Apparently, they are remnant of
decomposed organelles (auto-phagocytosis). However, the
possibility of occurrence of heterophagic digestion is pre-
sent which is supported by the concomitant observation of
homogeneous dense bodies, of different electrodes (Fig. 2e).
In glial cell cytoplasm, at different levels, a large amount of
lysosomes (Fig. 2f-h), pale vesicles, an aggregate of dense
and coated vesicles were observed (Fig. 2f). Adjacent to
lysosomes, elongated lamellae of the RER, polysomes, mito-
chondria, small and coated vesicles and pale multivesicular
bodies were observed (Fig. 2g). Cisterns of the vesicular
RER were located in the supra-nuclear cytoplasm of some
glial cells, apparently circumscribing parts of the cytoplas-
mic content, having ribosomes attached to its outer walls
(Fig. 2f). In the middle part of the posterior sub-esopha-
geal mass, supra-nuclear cytoplasm of various glial cells
was characterized by the occurrence of large cross-linking
derived from the abundant RER and by appreciable amount

of lysosomes and coated vesicles (Fig. 2g). The coverslips
of RER appeared predominantly elongated, some of them
dilated and with vesicular characteristics, showing dicty-
osomes of Golgi apparatus (Fig. 2h). Lysosomes were pre-
ceded by large amount of endosomes presented in the apical
cytoplasm (Fig. 2e). Sub-cellular features of endocytosis,
predominantly fluid phase, were observed in the apical
glial cell cytoplasm, where apical areolas were observed,
encompassing pale vesicles at the border of apical microvilli
followed by the presence of pale vesicles, endosomes and
multivesicular bodies being predominantly pale (Fig. 2i).
Near the apical cytoplasmic border of some glial cells, sec-
tions were observed, with different structural parts of neu-
rons in close contacts with the apical border of microvilli
of glial cells, and/or with the plasma membrane of apical
cytoplasm of glial cells (Fig. 2j, k). Such contact had lamel-
lae RER concentricity within a predominance of circum-
ferential association (Fig. 2n). RER lamellae, with circum-
ferential arrangement, located at the basal level, delimited
a space of the cytoplasmic content, in which mitochondria
occurred, forming double-membrane vesicular tubes or two
dense granules circumscribed by coverslips (Fig. 2n). The
covering epithelium was formed predominantly by especial
type of glial cells referred to as ependymal cells (Fig. 2m).
The supra-nuclear cytoplasm in these cells presented large
concentration of lysosomes, RER lamellar and many vesi-
cles, predominantly small, but varied in shape 0.067 um and
content (Fig. 2m). The apical plasma membrane of these
cells had internalized as small, clear coated vesicles, near
the underlying cytoplasmic border of peripheral neurons. A
few ependymal cells showed apical cytoplasmic extensions,
projecting in the inside the brain between the apical edges
of microvilli of peripheral glial cells, noting a large granule
of lipid inclusion in the cytoplasmic content (Fig. 2n). In
the infra-nuclear, cytoplasm, RER appeared circumferential,
with their coverslips disposing so concentric and parallel to
each other, delimiting a homogeneous and denser part of
cytoplasmic content. Lamellae of RER itself appeared adja-
cent to the circumferential formation one of them contacted
the nuclear envelope and the other involved a lysosome, with
heterogeneous electro-density (Fig. 20).

Enzyme cytochemical test
Acid phosphatase (Fig. 3a, b)

Some of the investigated glial cells were examined individu-
ally through light microscopy. Black granules were observed
in the supra-nuclear zone. More evenly dark-colored layer
was seen in the apical cell districts. In both cases, these were
the reaction products of acid phosphatase, which could be
confirmed in control experiments. The electron microscopy
revealed rounded, approximately 0.1-0.3 pm cell organelles
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Fig.2 A semithin and TEM
sections in the sub-esophageal
mass of the brain in Sepia
officinalis showing: a glial

cells and nerve cell bodies. b
RER with Golgi dictyosomes,
free-floating ribosomes and
various endocytosis vesicles. ¢
Axons embraced by glial cells
implicating massive arrays of
microtubules. d Dense bod-

ies of different electrodes. e
Lysosomes and pale vesicles. f
RER, polysomes, mitochondria,
vesicles and pale multivesicu-
lar bodies. g Abundant RER,
lysosomes and coated vesicles.
h Coverslips of RER, dicty-
osomes of Golgi apparatus

and endosomes. i fluid phase
endocytosis. j, k Some neurons
were in close contact with the
apical border of microvilli of
glial cells, j in circumferential
association. k, 1 RER lamel-

lae delimited a space in which
mitochondria occurred. m
Covering epithelium of the sub-
esophageal mass. n Apical cyto-
plasmic extensions, projecting
in the inside the brain between
the apical edge of microvilli of
peripheral glial cells. o Circum-
ferential RER coverslips. Apical
cytoplasm AC; apical microvilli
AM; axons A; collagen fibrils
CF; decomposed organelles
DO; dense bodies of different
electrodes DE; free-floating
ribosome R; endocytosis vesi-
cles EV; ependymal cells EC;
lysosomes L; glial cells GC;
granules G; golgi dictyosomes
GD; lipid inclusion LI; micro-
tubules MT; mitochondrion

M; multivesicular body MB;
nerve cell bodies NB; nuclear
envelope NE; pale vesicles V;
polysomes P; rough endoplas-
mic reticulum RER
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with different electro-dense granules filled and surrounded  Alkaline phosphatase
by a membrane. It was after the definition of (Jonek et al.

1977) for lysosomes associated with lead phosphate pre-  In all investigated glial cells, we did not found a positive
cipitations of the cytochemical detection reaction for acid  reaction by light and electron microscopy for alkaline
phosphatases. phosphatase.

Fig.3 Histological and TEM
sections in the sub-esophageal
mass of the brain in Sepia
officinalis showing: a acid
phosphatase granules. b Cell
organelles with different
electro-dense granules of acid
phosphatase. ¢ The ATPases
were in the form of black verti-
cal stripes indicated by arrows.
d Electro-dense granules of the
ATPases indicated by arrows.
e Blue-black granules of
monoamine oxidase over the
whole cell membrane. f Blue—
black products of cytochrome
oxidase indicated by arrows. g
Dark tinged form of esterases
indicated by arrows. h Esterases
were small granules within the
cell organelles as lysosomes.

i Blackish bluish dripping of
lipids stained with Sudan Black
B. j Red granular products of
glycogen indicated by arrows
(color figure online)
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ATPases (Fig. 3¢, d)

Results could be obtained by light and electron microscopy
at an incubation time of 15 min at room temperature. By
light microscopy, the reaction products of the ATPases can
be described as lead sulfide precipitates in the form of black
vertical stripes on the lateral cell boundaries. Controls (incu-
bation without substrate) were invariably negative. Sponta-
neous hydrolysis of the substrate at 15-min incubation was
not observed. In the electron microscopy, enzymatic activity
occurred only at the lateral cell boundaries. The reaction prod-
ucts were in the form of electro-dense granules both lateral
and basal plasma lemmas. It should be taken into account in
these findings that part of the enzyme activity was due to non-
specific phosphatases. The experiments in which ATP was
replaced by Na-glycerophosphate were shown only a weak
positive reaction.

Oxydoreductases
Detection of succinate dehydrogenase (Fig. 3e)

Weak and apically localized enzyme activities of succinate
dehydrogenase were observed.

Detection of monoamine oxidase

In the glial cells, a high enzyme activity was observed in the
form of blue-black granules over the whole cell membrane. In
the apical zone, these occurred more frequently.

Detection of cytochrome oxidase (Fig. 3f)

The proof was positive, but here were blue-black reaction
products less numerous in the glial cells than in the monoam-
ine oxidase detection.

Unspecific esterases (Fig. 3g, h)

Light microscopy is non-specific in cytochemical detection.
Esterases have only moderately strong activity in dark tinged
form. Electron microscopy, on the other hand, shows as in the
case of the proof that the acidic ones were Phosphatase and
the reaction products were small granules within the cell orga-
nelles as lysosomes, which were surrounded by a membrane.
Both light and electron microscopies confirm the enzyme
detection as in the case of acid phosphatase and the ATPase.
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Lipids and glycogen
Lipids (Fig. 3i)

Blackish bluish dripping inclusions could be observed in the
supra-nuclear zone of glial cells stained with Sudan Black B.
These districts stained in the apical cytoplasm and remained
unstained in the control sections with Baker pyridine extrac-
tion. To distinguish between neutral and acidic lipids, Nile
Blue stain was used. Red inclusions were not observed, so
this reaction pointed to the occurrence of acidic lipids in the
glial cells. The additional Oil Red coloring with negative
reaction also suggested that glial cells lacked neutral fats.

Glycogen (Fig. 3j)

The PAS reaction after (Peter 1985) was clearly positive
in the form of red granular products that were uniform in
the cytoplasm of the glial cells. In the glial cells with long
peripheral processes, PAS-positive substances could be
found. But thereafter, the positive PAS reaction remained
unchanged, and a positive failure was recorded, concluding
that glycogen was not the proven polysaccharide. As the
sections after prior acetylation and irreversible esterifica-
tion colored amino alcohol groups, the PAS reaction was
negative. At subsequent deacetylation, the hydroxyl groups
by oxidation converted back into aldehydes and were in the
form of a pale red coloration visible in the sections of glial
cells of cuboidal or endothelial forms. It followed that in
the case of the positive PAS reaction not glycogen, but un-
substituted glycol groups play a role. A clear blue coloration
of these glial cells with the Alcian blue and subsequent PAS
staining indicates the presence of acidic MPS.

Discussion

Glial cells of the posterior sub-esophageal mass in Sepia
officinalis were characterized by a developed RER with
long lamellar, straight and curvilinear tanks. They had a
concentric arrangement with characteristic vesicular cis-
terns with few attached ribosomes. Perhaps glia have a pos-
sible implication in the secretion of proteins (Bundgaard and
Abbott 1981; Elisabet et al. 2013). The excess ribosomes and
polysomes attached to the coverslips of RER present in the
supra-nuclear cytoplasm would express a high protein syn-
thesis capacity (Baskin 1971). RER in supra-nuclear cyto-
plasm showed long lamellae associated with dictyosomes of
Golgi apparatus. Coated vesicles in nereid polychaetes pre-
sented in the cytoplasm adjacent to these organelles (Baskin
1971). The association between RER and Golgi sacs with
adjacent dense vesicles may be related to the synthesis and
secretion of glycoproteins in Sepia officinalis (Abbott et al.
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1981). The secreted proteins pass directly through Golgi
apparatus before being released into the tubular lumen
(Bios-e-16 2013). However, studies of autoradiographic
images, with marked isotopes, showed the silver grains
initially on RER and successively on Golgi apparatus: api-
cal cell surface and tubular lumen (Bentivoglio 1989). The
exact transport mechanism of proteins, i.e., the nature of
the carrier of secreted macromolecules from Golgi sacs to
the cell surface is still not clearly defined. It was suggested
to possible involvement of pale vesicles of smooth surface,
adjacent to Golgi apparatus, in the transport of secreted pro-
teins (Amgen 2019), or would be the small, dense coated
vesicles, responsible for this process (Abbott et al. 1981).
Our observations tend to agree with the first interpretation
reserved for pale vesicles rather than participation of the
endocytotic apparatus of cells. Lamellae of RER delimited
a space of the cytoplasmic content containing mitochon-
dria, polysomes and electro-dense granules, circumscribed
by vesicles, also suggesting the synthesis of protein mate-
rial. The presence of circumferential RER with electro-dense
material had been characterized in cells of four sea hare spe-
cies, namely Aplysia Juliana, A. parvula, D. dolabrifera and
A. californica (Prince and Johnson 2015). Several functions
were proposed to these glial cells in this study: phagocytosis
of apoptotic neurons, fluid phase endocytosis activities (or
pinocytosis) and adsorptive endocytosis (or phagocytosis).
The action of glial cells was therefore ambivalent: stimula-
tion of neurogenesis and induction of neuronal apoptosis.
These glial cells were equipped with a large panel of receiv-
ers and can therefore take into account any modification of
their environment. These findings were comparable to the
glial-like cells in Octopus vulgaris (Young 1971b; Cardone
and Roots 1990; Kettenmann and Ransom 2004). That same
kind of activity was evidenced in supra-nuclear cytoplasm
of all glial cells in invertebrates (Binnington and Lane 1980;
Kettenmann and Ransom 1995; Kettenmann et al. 2010),
insects (Moussa and Banhawy 1958; Richard et al. 1984),
lobsters (Holtzman et al. 1970) and gastropods (Sun and
Tsai 2011). The first step in endocytosis was characterized
by the presence of an apex formed between the microvilli,
which internalize as small vesicles in the apical cytoplasm
and interrelated sub-cellular structures to the endocytosis
(Lane and Swales 1976). Moreover, at the level of apical
and supra-nuclear cytoplasm the presence of sub-cellular
endocytotic processes was typically characterized follow-
ing previously proposed models for this functional activity
(Guerra 1992; Hochner and Shomrat 2012). Suggestions
were assumed that the cytoplasmic processes of glial cells
would be mere fixing artifacts (Clayton 1962; Lane and
Treherne 1972; Reinecke 1976; Murphy and Pearce 1987;
Nixon and Young 2003; Perry and Barron 2013) or inert
structures and no striking functional meaning (Stephens and
Young 1969). Regarding the presence of lipid inclusions in

the supra-nuclear cytoplasm of some glial cells, they are
non-nervous elements and might represent a functional
reserve (Clayton 1962; Young 1979; Williamson and Chra-
chri 2004; Wentzell et al. 2009).

The cytochemical evidence of this study suggested that
the cubic glial cells and their peripheral processes contained
PAS-positive granules of glycogen nature in their cytoplasm.
The negative PAS reaction after acetylation and the weak
positive reaction after the acetylation indicated the presence
of Glycol groups out. Blue coloration of the glial cells cyto-
plasm with the Alcian blue staining suggested the occur-
rence of acid MPS; for review, see Baumann and Pham-
Dinh (2001) and Ceprian and Fulton (2019). The detection
of lipids in our study can be assumed with the result of
Hayashi (2011) and unlike to Zimmermann et al. (2012),
who gave a strong positive response of alkaline phosphatase
(GOMORI method) (Dhruv and Savio 2018). We found
in electron microscopic study that lead precipitates were
observed presumably due to unspecific reactions. A similar
result (Zimmermann et al. 2012) indicated that the level of
glycogen and alkaline phosphatase fluctuates in glial cells
and was involved in glycogen assembly and degradation.
In numerous studies, in small laboratory animals on CNS,
it was found that a positive reaction of acid phosphatase
(Packard and Albergoni 1970; Jonek et al. 1977; Griffiths
1979; Cardone and Roots 1990; Zimmermann et al. 2012).
Uptake of glucose and its conversion to glycogen by neurons
and glial cells in the leech central nervous system were stud-
ied (Wolfe and Nicholls 1976). The hydrolase acidic phos-
phatase was regarded as carrier and function with other lyso-
somal enzymes for intracellular digestion. Different results
brought in previous studies on the ATPase activity in glial
cells (Medzihradsky et al. 1972; Martins and DeMeis 1985;
Cardone and Roots 1990; Khalid 2019). Peroxidase uptake
by glial cells in de-sheathed ganglia of the cockroach was
proved (Lank and Trbherne 1969). Our study revealed only
an ATPase activity by light microscopy at the lateral and
basal cell boundaries, which could be confirmed by electron
microscopy. Occasionally, reaction products in the apical
zone of glial cells were likely non-specific. This was shown
by the experiments in which ATP was replaced by glycer-
ophosphate and also apical reactions were recognizable. In
addition, the absence of ATPase activity on the cell mem-
brane sections was involved in the formation of detention
complexes. At the adhesion complexes of all glial epithelia,
no ATPase activity could be detected. As enzymes of bio-
logical membranes, the ATPases were by Ca*™ ions and MG
ions (Medzihradsky et al. 1972; Martins and DeMeis 1985).
For the active intercellular transport, a Mg**-dependent
serves ATPase, which continues through Na*™ and K* acti-
vation and represents a Na—K transport system (Peter 1985).
Such transport ATPases could also be detected in sense that
calcium activates potassium channels and both participate
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in secretion (Petersen andMaruvama 1984). The esterases
are usually lysosomal-bound enzymes. Naphthyl acetate as
a substrate is representable as a weakly granular reaction.
It could be detected by electron microscopy with thioacetic
acid as substrate. Extralysosomal esterases such as (Living-
ston et al. 1969) in plant and animal tissues as probably
ribosomal-bound allylases were able to detect in the cubic
glial cells of invertebrates. In earlier studies on oxidoreduc-
tases in invertebrate brains, lower vertebrates and various
mammals (Soep 1976; Kimura and Singer 1976; Emma-
nuel et al. 2019) were able to get a regular enzyme activity
of monoamine oxidase, cytochrome oxidase and succinate
dehydrogenase be detected. Statements about the strength
of the enzyme reactions can be carried out without “special
control steps” according to Emmanuel et al. (2019). The
observation in the present study indicates that the enzyme
activity was related to resorptive processes or active secre-
tion of substances into the subnuclear zone. The positive
result of monoamine oxidase may be related to an adrenergic
transmitter mechanism when seen to the function of this
enzyme in terms of its inactivation of contaminants such as
noradrenaline and serotonin and other biogenic amines think
(Shomrat et al. 2010; Shomrat et al. 2015a). The main func-
tions of glial cells were manifold and have been assumed in
this study as adsorptive endocytosis, fluid phase endocyto-
sis, resorption of the luminal fluid, protein and glycopro-
tein secretions; and water, saline, ions and macromolecules
exchanges with neurons. Glial cells are assumed for different
enzyme cytochemical behavior in the brain as, for example,
primarily enzymes of oxidative metabolism for mechani-
cal tasks, enzymes for glycolytic metabolism as expression
for synthesis and ATPase activity. The ability of glial cells
to secrete proteins including glycoproteins was related to
developed organellar system associated with synthesis and
secretion such as the presence of a remarkable rough endo-
plasmic reticulum (RER) associated with the appliance of
Golgi apparatus. Other ultrastructural components were
related directly to the complex RER-Golgi apparatus, such
as dark and coated vesicles, exocytotic vesicles and tran-
scytosis which were similarly observed in four species of
sea hares (Prince and Johnson 2015). The use of markers
of macromolecules placed in the microenvironment glial
cells was useful to demonstrate amino acid transport and
incorporation through the free surface of the cells epithelial
(Elisabet et al. 2013; Liscovitch-Brauer et al. 2017). In addi-
tion, one pathway intracytoplasmic secretory protein was
demonstrated in glial cells of Octopus vulgaris (Packard and
Albergoni 1970; Young 1971b) and cell-to-cell transfer of
glial proteins to the squid giant axon was observed (Lasek
et al. 1977). The glial cells of the cerebral ganglia of Helix
pomatia functioned in uptake of ferritin and ‘H-glutamate
(Shivers 1976). Trans-glial channel-facilitated transloca-
tion of tracer protein across ventral nerve root sheaths of

@ Springer

crayfish (Shivers 1976). The presence of apical cytoplas-
mic processes with meaning of possible cell secretion was
noted in the hepatopancreas of Astacus leptodactylus (Hirsch
and Jacobs 1930), the gonads of Octopus (Wells and Wells
1959), neuroglia cells in the brain of invertebrates (Lane
1981), the glial cells in the glial blood-brain barrier in the
cuttlefish, Sepia offirinalis (Bundgaard and Abbott 1981),
and the endodermal region of the GI tract in the freshwater
shrimp Neocaridina heteropoda (Sonakowska et al. 2015).

This study concluded that the glial cells in the posterior
sub-esophageal mass in Sepia officinalis were either lon-
gitudinally branched or endothelial-like or cuboidal. There
were dilated vesicles of RER and dictyosomes of Golgi
apparatus with an amount of adhered ribosomes. In glial cell
cytoplasm, at different levels, a large amount of lysosomes,
polysomes, mitochondria, pale vesicles and an aggregate
of coated vesicles were observed. Parts of neurons were
observed in close contact with the apical border of micro-
villi, and/or with the plasma membrane of apical cytoplasm
of glial cells. Though light and transmission electron micros-
copies, this study proof the presence of acid phosphatase,
ATPases, succinate dehydrogenase, monoamine oxidase,
cytochrome oxidase, lipids, glycogen and acidic MPS in the
glial cells.
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