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1. Introduction

The Rajidae Family are weakly electric fish (Fessard, 1958). Psammobatis extenta (Rajidae
Family) is a South American electric fish. Electric organs of the electric fish have constituted
the choice system for studying the biochemistry, morphology, physiology and cell biology
of the nervous cholinergic system (Barrantes et al., 1983; Changeux, 1981; 2010; Fox et al.,
1990; Prado Figueroa et al., 1995; Wittaker, 1977). Electric organs derive embryologically
from myoblasts and are constituted by cells called electrocytes.

The electric organs (EO) of Psammobatis extenta produce weak electrical discharges to the
surrounding environment. Electrocytes have evolved and differential independently, losing
the contractile ability. In previous works we employed a microanalysis (EDS-SEM) and
documented the presence of aluminium and silicon in significant concentrations. Zinc,
oxygen and cupper were also localized.

Silicon (Si) is an essential nutrient for animal biology (Carlisle 1982). It has been shown that
silicon is required for bone, cartilage and connective tissue formation (Bissé et al. 2005).
Silicon may function as a biological cross-linking agent and may contribute to the
architecture and resilience of connective tissue (Schwarz 1973). Aluminium (Al) and Si
accumulations have been detected in electric organs by a combination of scanning electron
microscopy and X-ray spectrometry (EDS-SEM) (Prado Figueroa et al., 2008). Al and Si have
been also detected in the human cerebral cortex from elderly people by using EDS/SEM
(Perl and Brody 1980, Candy et al. 1985). These inorganic elements are related to
pathological changes in the human brain (Candy et al. 1985, Tokutake et al. 1995).

Biomineralization is the process by which living organisms produce minerals, often to
harden or stiffen existing tissues. Chalcedony is a microcrystalline fibrous form of silica
(5i0y) and it is the product of biomineralization by silica (Erhlich et al., 2010). We have
identified chalcedony in living fish electric organs by using a standard polarized light
microscope (Prado Figueroa et al., 2008). In plane-polarized light, chalcedony is rounded in
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shape, 12-15 micron in size, translucent, with a low refraction index. The crossed-polarizer
image shows first order birefringence colour (grey-white) and radial extinction.

In this chapter, we document the visualization and identification of chalcedony crystals in
electric organs, by using a Leica TCS - SP2 Laser Scanning Confocal Microscope (LSCM).
Three ion lasers were used i.e.: argon with emission band in 458 nm (cyan), 476 nm (blue-
green), 488 nm (green) and 514 nm (yellow); He/Ne in 543 nm with emission band in red,
and He/Ne with emission band in 633 nm (blue). The autofluorescent character of
chalcedony (a mineral) allowed us to obtain images of the crystals together with a
topographic study. Chalcedony consists of nanoscale intergrowths of silica polymorphs:
quartz and moganite (Heaney & Post, 1992). These silica polymorphs, with their two
different nanocrystal structures, are described in the present chapter. Quartz and moganite
are both identified in three-dimensional (3-D) images using a LSCM and Leica software. 3-D
images were generated as “surface”: the blank spaces between the pixels are filled. 3-D
images were also generated as “wireframe”: all pixels are linked with lines, while the blank
spaces remain free. Many images generated by differential interference contrast (DIC) are
also shown in this chapter.

2. Biomineralization by silica in electric fish

Biomineralization by silica is a complicated process observed in living organisms. Of the
intriguing topics that are receiving renewed attention, the study of biomineral formation
based on organic templates is one of the most fascinating topics today (Ehrlich, 2010; Ehrlich
et al., 2010). Biosilicification is an evolutionarily old and widespread type of
biomineralization both in unicellular and multicellular organisms, including sponges,
diatoms, radiolarians, choanoflagellates, and higher plants (Schroeder et al., 2008).

We have studied Psammobatis extenta electric organs from the Rajidae family, a group of
elasmobranch electric fish. Electric organs are structures specialized in the production of
electric discharges (Fessard, 1958). Their major cell components, called electrocytes, are
highly polarized. We could detect biomineralization by microcrystalline silica in P. extenta
electric organs (Prado Figueroa et al., 2008).

2.1 Psammobatis extenta: A Rajidae family fish

Adult female and male P. extenta were collected from the Bahia Blanca Estuary (38° 40’S and
39°30°S, 62°16’'W and 63°26’W) in the Buenos Aires Province, Argentina and transported to
the laboratory in sealed polyethylene bags containing oxygen-saturated seawater.

The fish were anesthetized by immersion in ice cold seawater for 10 min and then killed by
pithing. Immediately after dissection of the ray, the electric tissue was frozen in liquid
nitrogen at -198°C.

Electrocytes from P. extenta are cup-shaped cells, multinucleated and polarized. They have
an anterior, concave, innervated face and a posterior, convex, non-innervated face, that
shows a very large system of caveolae (Prado Figueroa et al., 1995). These cup-shaped
electrocytes are plesiomorphic, phylogenies based on morphological data (Jacob et al., 1994).
Neuronal cell death and synaptic terminal degeneration have been noted in the adult
electric organs of fish from the Rajidae family (Fox et al., 1990 and our observations).
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Understanding cellular and molecular mechanisms participating in neurodegenerative
process is thus an important field of research.

2.2 Silicon in electric organs

Silicon is an essential element for animals (Carlisle, 1982). Silicon may function as a
biological cross-linking agent and may contribute to the architecture and resilience of
connective tissue (Schwarz, 1973). It has also been documented that silicon is present as a
silanolate, i.e., an ester-like derivative of silicic acid and plays a role in the structural
organization of glycosaminoglycans and polyuronides (Schwarz, 1973).

We could observe aluminium and silicon in the cytoplasmic extracts of P. extenta electric
tissue (Prado Figueroa et al., 2008) using a combination of scanning electron microscopy and
X-ray spectrometry (EDS/SEM) (see Fig. 1). The result of this microanalysis is an energy-
dispersive spectrum in which the peaks are localized at energy lines characteristic for each
element

Element Weight % Atomic %

@ CK 13 24
OK 35 46
NaK 3 3
AlK 9 7
SiK 13 10
KK 5 2
CaK 2 1
ZnK 20 7
Total 100 100@

Zn
2.00 4.00 6.00 8.00 10.00 1200 KeV
FS: 4288 CPS: 213 Cnts: 444 KeV: 3.38

Fig. 1. Electric organ cytoplasmic extracts from Psammobatis extenta on lyophilised paper and
metalized with gold were microanalyzed by using EDS/SEM. This energy dispersive
spectrum (a) shows high peaks localized at energy lines characteristic for oxygen, silicon
and aluminium. Sodium, potassium, calcium and zinc are also observed. Weight and atomic
percents for these elements are indicated next to the spectrum (b).
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An electric organ cytoplasmic extract (50 ul) on lyophilised paper (Labconco Corp., USA)
was fixed in 2.5% glutaraldehyde in a 0.05 M sodium phosphate buffer (pH 7.2) for 60 min at
4 °C. Samples were washed with buffer and bi-distilled water for 2 h, then, dehydrated. (For
more detail of this method, see Prado Figueroa et al., 2008).

This method (EDS/SEM) has also been used for studying photosensitizers in electric tissue
(Prado Figueroa & Santiago, 2004).

2.3 Microcrystalline silica in electric organs

Based on the evidence of aluminum and silicium accumulation in P. extenta, we documented
the presence of silica minerals in P. extenta electric tissue by means of mineralogical
techniques (Prado Figueroa et al., 2008). It was thought that these compounds could form
minerals (i.e., solid inorganic substances with a defined chemical composition and
determined crystallography).

Fractionation of electric tissue homogenates by differential centrifugation was carried out
as described for other tissues (Beaufay and Amar-Costesec, 1976, Amar-Costesec et al.,
1985)

50 um

Fig. 2. Photomicrograph of a cytoplasmic extract of the electric organ from P. extenta in
crossed-polarizers, by using a standard polarized light microscope.

The crossed-polarizer image of a cytoplasmic extract shows SiO, replacements in grey and
white arrangements, with undulatory extinction.
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using isotonic 3 mM imidazole-HCl-buffered 0.25 M sucrose (pH 7.4). The following
fractions were obtained: cytoplasmic extract (E), nuclear fraction (N), large granules (ML),
microsomes (P) and supernatant (S). Drops of the fractions were collected on glass slides,
dried and mounted in PBS/glycerol. These fractions were inspected using a Leica polarized
light microscope (DMLP). This microscope has a polarizer and a switchable analyzer. In
mineralogical microscopy, when the light enters an anisotropic mineral, one which
transmits light at different rates in different orientations, it is decomposed in two rays,
oscillating in two orthogonal planes. This phenomenon is known as birefringence and
allows for the identification of each mineral. In this microscope, with a circular graduated
stage capable of a 360° rotation, minerals in different positions display their optical
properties, such as birefringence colour and extinction position, with crossed polarizers.

All electric organ fractions in crossed-polarizers show SiO; replacements in grey and white
arrangement, with undulatory extinction. The crossed-polarizer image of a cytoplasmic
extract shows SiO, replacements in grey and white arrangements (chalcedony), Fig. 2.

Electric organs without any treatment were also used for X-ray diffraction analysis.
Different peaks were obtained from diffractometric analysis; specifically peaks belonged to a
quartz (low quartz; Moore and Reynolds, 1997). (See: Prado Figueroa et al., 2008).

3. Autofluorescent crystalline silica detected by using a LSCM

Autofluorescence characteristics of minerals have been described by Henkel (1989). In this
chapter, we document the visualization and identification of chalcedony crystals in electric
organs, by using a Leica TCS - SP2 Laser Scanning Confocal Microscope (LSCM). This
microscope has three ion lasers i.e.: argon with emission band in 458 nm (cyan), 476 nm
(blue-green), 488 nm (green) and 514 nm (yellow); He/Ne with emission band in 543 nm
(red) and He/Ne with emission band in 633 nm (blue). Since chalcedony is characteristically
an autofluorescent mineral, we were allowed to obtain images of crystals.

3.1 Autofluorescent microcrystalline silica (chalcedony)

Adult female and male P. extenta were collected from Bahia Blanca Estuary in Buenos Aires
Province, Argentina. Fractionation of electric tissue homogenates by differential
centrifugation was carried out as described in Section 2.1.

Fractions (nuclear fraction “N”; microsomes “P” and supernatant “S”) were used and
observed with a LSCM. A nuclear fraction shows many autofluorescent crystals and also
little electrocytes, Fig. 3. Electrocytes from the electric organ of the Patagonian ray
Psammobatis extenta are very unusual cells: semicircular in shape, multinucleated and highly
polarized. Their anterior face is concave and innervated by numerous nerve-endings.

Fig. 3 shows an unbroken electrocyte with many autofluorescent crystals, these were
observed with an argon ion laser with emission band at 488 nm (green). This image was
merged with (DIC).

Normally, the microsomal fraction contains membranes from the synaptic region. The
microsomal fraction has many autofluorescent crystals. A crystal of chalcedony from the
microsomal fraction, its dimensions and autofluorescent intensity (I, arbitrary units) are
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Fig. 3. Photomicrograph of a nuclear fraction of the electric organ from P. extenta in LSCM.
This fraction shows a little electrocyte, which is unbroken. Many autofluorescent crystals
were observed in the electrocyte with an Ar ion laser with emission band at 488 nm (green).
This image was merged with DIC.

shown in Fig. 4. This image was obtained with an argon ion laser with emission band at 488
nm (green). This crystal is about 20 micron.

The crystal dimension and autofluorescent intensity (I) are shown in this image. This crystal
was observed by using an argon ion laser with emission band at 488 nm (green).

Images of a chalcedony crystal from the microsomal fraction in LSCM are shown in Fig. 5.

Crystals from this fraction are rhombohedral in shape and they are in large quantities. This
crystal is about 20 micron. The chalcedony crystal has autofluorescence with different ion
lasers and is about 20 micron. A He/Ne ion laser with emission band in 543 nm (red), a
He/Ne ion laser with emission band in 633 nm (blue) and an Ar ion laser with emission
bands in 458 nm (cyan), and 514 nm (yellow) were used. An image DIC of the crystal is
shown (top, right side) and also all the images merged (botton, right side).
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Fig. 5. Images of a chalcedony crystal from the microsomal fraction in LSCM.
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The chalcedony crystal has autofluorescence with different ion lasers: a He/Ne ion laser
with emission band in 543 nm (red); a He/Ne ion laser with emission band in 633 nm (blue);
an Ar ion laser with emission bands in 458 nm (cyan), and 514 nm (yellow) were used. An
image DIC of the crystal is shown and also all the images merged (right side, top and
botton). This crystal is about 20 um in size.

An image of a chalcedony crystal from the supernatant fraction in LSCM is shown in Fig. 6,
it was observed by using an argon ion laser with emission band at 488 nm (green). The
chalcedony crystal has autofluorescence with different ion lasers and is about 10 micron in
size. The supernatant fraction has many crystals.

3.2 Autofluorescent nanocrystalline silica (silica polymorphs)

Chalcedony is a microcrystalline fibrous form of silica which actually consists of nanoscale
intergrowths of quartz and the optically length-slow fibrous silica polymorph moganite
(Conrad et al., 2007; Deer et al., 1966; Heaney & Post, 1992; Heaney, 1993; Heaney et al., 1994,
2007). Quartz and moganite are both silica minerals, but they differ in that quartz has a
trigonal crystal structure (o, B, y different to 90°), whilst moganite has a monoclinic crystal
structure (o different to 90° and B, y = 90°). An image of silica polymorphs were obtained by
using a LSCM with different emission bands, Fig. 7. This Fig. 7 shows a crystal of
chalcedony from the microsomal fraction using an argon ion laser with emission bands in
458 nm (cyan) and 514 (yellow) merged and contrasted with DIC.

Fig. 6. A crystal of chalcedony from a supernatant fraction in LSCM.
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This chalcedony crystal was observed by using an argon ion laser with emission band at 488
nm (green). This crystal is about 10 um. This fraction has many little autofluorescent
crystals.

The same crystal of chalcedony (from Fig. 7) is shown in 3D images, Fig. 8. An argon ion

Fig. 7. A crystal of chalcedony from the microsomal fraction in LSCM. An argon ion laser
was used, with emission bands in 458 nm (cyan) and 514 nm (yellow). Emissions were
merged and contrasted with DIC.

Fig. 8. 3-D images of the silica polymorphs from the microsomal fraction in LSCM .
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These images were obtained of the same crystal from Fig. 7. Cyan colour nanocrystals are
acicular (pinacoid) in shape and nanocrystals in yellow are trapezohedral in shape.

laser was used with emission band in 458 nm (cyan) and 514 nm (yellow). Both nanocrystals
are very different. Nanocrystals in cyan colour are acicular in shape. Nanocrystals in yellow
are trapezohedral in shape. Quartz and moganite were detected by using ion lasers with
different emission bands.

Fig. 9. 3D images of silica polymorphs nanocrystals from the microsomal fraction in LSCM.

The chalcedony crystal has autofluorescence with different ion lasers: a He/Ne ion laser
with emission band in 543 nm (red); a He/Ne ion laser with emission band in 633 nm (blue);
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an Ar ion laser with emission bands in 458 nm (cyan), 514 nm (yellow) and 488 nm (green).
A DIC image of the crystal is shown (Top, right). This crystal is about 20 pm in size.

Moganite nanocrystals are pinacoid (acicular) in shape and about 1 micron in size. Quartz
nanocrystals are trapezohedral in shape, about 2 or 3 micron in size, and they are present in
large quantities in chalcedony crystal.

3D images of nanocrystals from the microsomal fraction, shows silica polymorphs, Fig. 9.

The chalcedony crystal has autofluorescence with different ion lasers: a He/Ne ion laser
with emission band in 543 nm (red); a He/Ne ion laser with emission band in 476 nm (blue);
an argon ion laser with emission bands in 458 nm (cyan), 514 nm (yellow) and 488 nm
(green). A DIC image of the crystal is shown (Fig. 9, top, right). This chalcedony crystal is
about 20 micron in size and shows very different autofluorescent images. May be, this
crystal image shows different degree of crystallization. This mineralization of the
electrocytes implies the death of the cell and the nerves, revealing that these conditions of
pH and Eh are necessary for this process to occur.

4. Conclusion

The origin of chalcedony (SiO2) has been widely discussed in the literature.
Biomineralization by silica can occur under a wide variety of circumstances (Heaney, 1993;
Fernandez Loépez, 2000; Nash & Hopkinson, 2004). A slight oversaturation of silicon is
necessary for allowing chalcedony formation from the solution.

A crystal is a solid material whose constituent atoms, molecules, or ions are arranged in an
orderly repeating pattern extending in all three spatial dimensions (Hahn, 2002). Crystal
habit depends on two main factors: the inner, crystalline structure determines the faces the
crystal can present; growth conditions, however, determine the relative size of each face,
and hence also the overall shape (Rasmuson, 2009).

The conditions at which silica formation occur is at a pH 7 or near a pH of 8 and an Eh
(oxidation potentials) of 0.0 to -0.2 (Fig. 10; Krumbein & Garrels, 1952). It was documented
oxidative stress in electric organs from Rajidae family fish (Prado Figueroa, 2005). In such
oxidative conditions, the presence of iron could contributed to silica formation.

Crystal growth is a major stage in the crystallization process, and consists in the addition of
new atoms, ions, or polymer. Details of the early stages of chalcedony genesis are not fully
understood but could involve either the direct precipitation of amorphous silica from a
hydrous fluid, which then evolves into chalcedony, or the direct growth of crystalline
chalcedony (Moxon & Carpenter, 2009).

The proportion of moganite decreases with age (Moxon, 2004; Moxon & Carpenter, 2009).
There is a correlation of crystallite growth with moganite content. The recrystallization of
moganite to alfa-quartz clearly occurs at the same time as crystallite growth. Water has an
important role: In the absence of water vapour, crystallite growth and transformation of
moganite to quartz ceases (Moxon & Carpenter, 2009). Moganite is abundant in arid
environment, this is probably due to the lack of water available to support the dissolution of
moganite and the simultaneous precipitation of quartz (Bustillo, 1992).
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The change in composition of internal water is proposed as a method for approximate
dating of agates (a variety of chalcedony) (Moxon, 2004). It has been demonstrated in
geological environments that less stable silica polymorphs appear to have transformed over

time to chalcedony and microquartz (Nash & Hopkinson, 2004).
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Fig. 10. Chalcedony formation. Krumbein, W.C., Garrels, R.M., (1952).
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It is possible to identify the silica polymorph components of chalcedony: quartz and
moganite in 3-D images of nanocrystals, by using a Laser Scanning Confocal Microscope
and Leica software, see Fig. 7. These quartz and moganite nanocrystals can be differentiated
by using an argon ion laser with two emission bands: 514 nm (yellow emission) and 458 nm
(cyan emission). These are shown at the Figs. 7 to 9. These figures perhaps show the growth
of chalcedony in the electric organ from marine fish.

Quartz is estimated to occupy circa 12 % of the earth’s crust, so it is not surprising that
research into its diverse applications has been of major interest for over 100 years. Important
uses are made of quartz minerals that range from piezoelectric devices to the literal down-
to earth quartz aggregates required by the construction industry. During the past (1950’s
and 60'0s, there were commercial demands for quality quartz crystal required in the
manufacture of medical and aerospace sensors (Moxon, 2004; Moxon & Carpenter, 2009).

Of the intriguing topics that are receiving renewed attention nowadays, the study of the
“triangle” biomineralization/demineralization/remineralization is among the most
fascinating (Ehrlich et al., 2010).

Electric organs of the electric fish have constituted the choice model for studying the
nervous cholinergic system (see: Changeux, 1981; 2010). This chapter shows the
autofluorescent chalcedony in electric organs. Autofluorescent chalcedony was also
documented in human brains from elderly patients (Prado Figueroa & Sanchez Lihén, 2010).

There are many similarities in the occurrence of biosilicification in both systems. One of the
major neurochemical features of Alzheimer’s disease is the marked reduction of nicotinic
acetylcholine receptor in relevant diseased brain regions such as the cerebral cortex and
hippocampus (Oddo & LaFerle, 2006). An important use of chalcedony crystals from electric
organs is, maybe, in relation with the human medicine.

This paper has demonstrated, using different samples of electric organs, the way Laser
Scanning Confocal Microscope with three dimensional (3D) images obtained by using a
Leica Confocal Software can be employed to identify chalcedony and nanocrystalline silica
polymorphs (quartz and moganite) in electric organs from marine fish.

This communication provides the first experimental evidence of biologically produced
crystalline silica mineral phase (i.e., chalcedony) and its growth (crystallinity) in electric
organs from living electric fish.
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