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Electron microscope allows the direct observation of ultrastructural aspects of the cells. This equipment is also a very
efficient tool to analyze the toxic potential of certain compounds since it allows a more detailed understanding of the
effects of contaminants on the organisms under study, revealing the real risks that they represent. Due to the high
resolution that this equipment has it is possible to visualize what is the level of integrity and preservation of the organelles
of the material analyzed. Thus, couple up studies of the ecotoxicology area with technological advances in transmission
electron microscopy allows the assessment of the main biological responses of the living organisms to the action of
pollutants in a more accurate form. In this sense, this text aims to present and discusses the ultrastructural alterations found
in cells of the main organs of terrestrial invertebrates used in toxicity tests, as well as the intensity of the stressor factor,
the type of target organ and the cellular alterations in their different levels.
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1. Introduction

The creation of transmission electron microscope (TEM) resulted in a series of experiments concerning electrons and
their behaviour. In 1926 the first studies aiming to focus beams of electrons arose and, based on these studies, in 1931 it
was initiated the construction of the first TEM by Knoll and Ruska. Due to the enormous advance that transmission
electron microscopy has brought to science, in 1939 it was already built the first commercial model of TEM. Since then,
the improvements that the technical progresses promoted were so many that there are almost no barriers for the
amplification of images promoted by this equipment [1].

Thus, the transmission electron microscopy has been a tool of fundamental importance for research in several areas
of knowledge. Exceeding all the resolution limits of the human eye, which does not reach 0.2 mm, TEM with its high
definition of images has contributed, in a representative way, for the characterization of the studied material, whether
they are cells or tissues [1, 2]

Detailed knowledge of the ultrastructure of organisms allows not only the understanding but also, in many cases,
even the prediction of their characteristics and behaviour [3]. Therefore, coupling electron microscopy to
ecotoxicological studies becomes quite interesting, since it enables extreme precision to these studies, which helps in
the localization of altered regions, identification of the level of such alterations and how invasive and harmful is the
compound or pollutant studied, thus allowing to understand the main biological responses of the living organisms to the
action of the toxicants.

Moreover, the ultrastructural analysis of target organs of several species of terrestrial invertebrates shows that the cell
organelles have different susceptibilities to the pollutants and show different degrees of reaction in relation to them [4].
In these cases, depending on the stressor factor and the type of target organ, cellular alterations may vary at different
levels [5], providing qualitative evidences of a functional adaptation to the external environment [6], as well as
indicating early stages of toxicity [5, 7].

Thus, this paper aims to present and discuss the main ultrastructural alterations found in cells of organs of terrestrial
invertebrates used in toxicity tests. A summary of the ultrastructural responses presented by these cells can be seen in
Table 1.

2. Main ultrastructural alterations observed in terrestrial invertebrates

Edaphic saprofagous invertebrates such as Nematoda, Oligochaeta, Gastropoda, Isopoda, Diplopoda and Collembola,
are among the most appropriate organisms to evaluate the effects of accumulation of toxic substances in the soil due to
their direct contact with the contaminants therein [8-10].

Besides these organisms, Hymenoptera are also used to assess the environmental contamination. Bees are important
pollinators and due to the destruction of their natural habitat, began to forage in agricultural areas. The contact with
pesticides used in these areas has led to the decrease in the species number [11]. Ants have important characteristics
that make them bioindicator organisms, such as enormous diversity, numerical dominance, wide geographic
distribution, stationary nests and ease of sampling, which allows following alterations over time [12].
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Ultrastructural morphological analysis of target organs such as midgut, fat body, hepatopancreas, tegument and
salivary glands has become an efficient tool to identify damages caused by different harmful substances in studies with
these invertebrates [7, 13].

2.1. Plasmatic membrane

Cell membrane is a structure of fundamental importance for the maintenance of the physiological conditions of any
living organism and it is the first region to get in contact with any exogenous chemical substance. Membranes are not
only passive barriers but, due to the group of specialized proteins, act in the promotion or catalysis of a variety of cell
processes, such as transport of substances, including that potentially toxic.

For these characteristics, ultrastructural alterations can be observed in the plasmatic membrane of terrestrial
invertebrates submitted to contaminants. Diplopods exposed to sewage sludge, for example, showed loss of plasmatic
membrane integrity and also cellular spaces dilatation of the epithelium that cover the intestine wall [14]. Disruption of
the plasmatic membrane was visualized in some cells of the ants midgut exposed to boric acid [15].

Changes in the plasmatic membrane characterize the process of necrosis related to the destabilization of junctional
complexes [16]. In addition, necrotic cells suffer changes in the osmotic balance, which causes an increase in the cell
volume and, consequently, rupture and release of their content to the extracellular environment, promoting
inflammation in the adjacent tissues [16].

2.2. Microvilli

In Hymenoptera the microvilli of midgut cells and Malpighian tubules underwent dilatation after exposure to boric acid
[17, 15]. In Isopoda, the microvilli diminished or were destroyed in hepatopancreas cells of the animals treated with
heavy metals [18]. In diplopods exposed to sewage sludge, occurred a decrease in the number of microvilli in the
midgut cells [14] (Figure 1A, B).

2.3. Cytoplasm

2.3.1. Formation of vacuoles, vesicles, granulations and cytoplasmic degradation

Boric acid was capable of causing cytoplasmic changes in the midgut cells, Malpighian tubules and postpharyngeal
glands of ants. In the midgut were observed cytoplasmic vacuolization, presence of myelin figures and autophagic
vacuoles; in the Malpighian tubules cells were observed mineralized granules with loss of concentric bodies and
electron-density, as well as presence of myelin figures; in the postpharyngeal glands, cells presented intense
cytoplasmic vacuolization [15].

In bees larvae, the compost fipronil was responsible for generating vacuolization and cytoplasmic disruption in
intestine cells [19]. This substance was also responsible for the intense vacuolization of the cytoplasm of Malpighian
tubule cells and presence of vacuoles in the trophocytes of worker bees. Mineralized granules present in the Malpighian
tubules were also altered, since they were structurally distinct from those found in bees not exposed to the substance, in
which it was evidenced only the initial stages of formation of granules concretions [20].

Also in bees, cells treated with boric acid presented intense cytoplasmic vacuolization in the Malpighian tubules,
higher quantity of vacuoles in the trophocytes and presence of autophagic vacuoles in the oenocytes [20].
Hypopharyngeal gland cells exposed to the product Fenoxycarb presented cytoplasmic disorganization and presence of
lysosomes.

In Diplopoda and Isopoda there was cytoplasmic condensation [18, 21] and in Collembola there was an increase in
the formation of sphaerocrystals in the epithelial cells of the intestine [22]. For diplopods exposed to sewage sludge it
was described the notable presence of autophagic vesicles in hepatic cells [21], increase in the number of cytoplasmic
granules (sphaerocrystals) (Figure 1F), cytoplasmic vacuolization of cells midgut epithelium (Figure 1B) and intense
release of secretory vesicles into the intestinal lumen [14].

Secretory vesicles of the apocrine type seem to help in the elimination of toxic substances initially absorbed by the
organism and form a protective layer that would reduce the contact between the toxic agent and the analyzed tissue
[14]. According to these authors, vacuolization of the cytoplasm indicates cell death by necrosis as well as impairment
of other cell compartments that end up compromising the cell.

2.3.2. Mitochondria

Mitochondria are generally sensitive to several types of stressors and react very quickly with global pathological
symptoms [23-25]. In Hymenoptera exposed to boric acid and fipronil, insecticides widely used in plantations,
mitochondria of the organs such as postpharyngeal gland, intestine, Malpighian tubule and fat body presented as main
alterations, swelling with loss of the typical structure, increase of the electron-density and dilatation of the internal
membranes and increase in number [19-20].
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However, in diplopods midgut cells exposed to different concentration of sewage sludge [14] and isopods
hepatopancreas cells exposed to heavy metals [18] showed a reduction in mitochondria number. Besides these
alterations, a decrease in the number of mitochondrial cristae was reported for collembolans midgut cells also exposed
to metals [22].

In the epithelial cells of the earthworms intestine submitted to the albendazole drug was observed severe change in
the morphology of this organelle indicated by the loss of the inner structure, such as reduction in the matrix content,
decrease in the quantity of cristae, presence of a single membrane, agglomeration of small particles besides irregular
organization of the cristae [26]. Nematodes larvae also submitted to albendazole presented a decrease in the
mitochondria number of the non contractile muscle cells present in the body wall besides some mitochondria developed
large vacuoles and became distorted and degenerated [27].

All the alterations pointed out constitute, frequently, the result of the interactions between the toxicants and the
components of the membrane [28] and changes in the transport of ions along the mitochondrial membrane [29].

2.3.3. Endoplasmic reticulum

Endoplasmic reticulum also reacts very quickly to several types of intoxications, but comparing with mitochondria, they
are more differentiated and allow to distinguish easily the progress of such changes [30]. In Hymenoptera treated with
boric acid and fipronil, the rough endoplasmic reticulum of the intestine cells [19], Malpighian tubule, trophocytes and
oenocytes [20] presented dilatation of their inner membranes and loss of ribosomes. Acini cells of the Hymenoptera
hypopharyngeal gland exposed to Fenoxycarb did not present rough endoplasmic reticulum [31].

Endoplasmic reticulum cisternae of the isopods hepatopancreas cells showed a tendency for a parallel or circular
arrangement [18]. In collembolans there was a reduction in the quantity of this organelle in the midgut cells, however,
in the regenerative cells there was an increase in the number of cisternae both of the smooth and rough endoplasmic
reticulum and accumulation of these organelles in the apical region of their microvilli [22]. In the observation of the
smooth endoplasmic reticulum of the earthworms intestinal epithelium was verified a dilatation process, besides a
progressive degeneration according to the exposure and growing concentrations of albendazole [26].

Alterations such as dilatation, loss of granulation of the endoplasmic reticulum have been related to functional
modifications, such as induction of the oxidative biotransformation of enzymes, expression of recombinant membrane
proteins, or the presence of mannitol oxidase [apud 30].

2.3.4. Golgi apparatus

Golgi apparatus seems to be less sensitive to intoxication and the reactions that occur are retarded in comparison with
the endoplasmic reticulum [30]. However, it was observed, in terrestrial gastropods mucous cell, an alteration in the
number of Golgi cisternae, which could appear dilated or compressed, besides alterations in the form or size of the
secretory granules produced [30]. These alterations can be interpreted as an interference of toxic agents with an altered
influx of material of the membrane from the endoplasmic reticulum [29].

2.4. Nucleus

Depending on the type of stressor, the nucleus of the cell can develop symptoms quickly or not [30]. Midgut nuclei cells
of ants workers exposed to boric acid presented alterations that suggest programmed cell death, such as marginalization
and chromatin condensation, formation of blebs, nuclear fragmentation, irregular morphology and pyknosis with central
chromatin condensation. Malpighian tubules nuclei cells of Hymenoptera, in turn, suffered alteration in the morphology
and increase in size of the heterochromatin regions, mainly near the nuclear envelope [15]. These same authors
observed the intense chromatin condensation in the postpharyngeal gland nucleus, as the main alteration caused by the
boric acid. Pyknosis of the cell nucleus was also observed in the larvaec workers bees intestine exposed to fipronil [19].
Both the boric acid and fipronil were responsible for generating evaginations of the outer membrane of the nuclear
envelope and increase in the size of regions with electron-dense chromatin in Malpighian tubules cells, oenocytes and
trophocytes of bees [20].

Samples of sewage sludge also caused changes in the nuclear ultrastructure in diplopod, evidenced by the occurrence
of nuclear envelope integrity loss of hepatic cells (Figure 1C, D) [14]. In collembolans submitted to heavy metals, the
nuclei presented heterochromatin electron-dense spots located near the nuclear envelope. Moreover, it could be
observed a displacement of the epithelial nucleus cells to the apical direction and lipid droplets and sphaerocrystals to
the perinuclear region [22].

Body wall cells of nematode larvae presented degeneration of the nuclei. These alterations could be caused by the
binding of toxic substances with the chromatin, but it can be also related with alterations in the membranes or any other
metabolic alterations that lead to cell death [32].
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2.5. Adverse reactions

In diplopod it was observed the formation of haemocytes clusters through of the fat body layer cells (Figure 1E), a
reaction that is directly related to the mechanism of animals defence. The presence of haemocytes in a particular
location represents an inflammatory reaction that helps in the removal of toxins and helps in the re-absorption of the
damaged epithelium [33, 34, 35]. As the accumulation of haemocytes represents a common tissue response in
invertebrates exposed to different conditions of environmental stress, the control of the haemocytes number can be used
as a measure of stress caused by contamination of the environment [35].

A high increase in the tracheioles number between the hepatic cells that compose the diplopods midgut was observed
in sub-chronically exposed animals to sewage sludge (Figure 1G) [14]. The authors suggest that, as the mechanisms of
defence and detoxication imply in an excessive and continuous expenditure of energy, in special when the organism is
exposed to a toxic agent for a long period, a higher oxygenation of the tissue is needed in order to allow the formation
of adenosine triphosphate molecules (ATP).

3. Conclusions

The transmission electron microscopy is a tool that has successfully been used by many researchers in order to
investigate how the cells respond to the contamination caused by man. As presented in this chapter, cell organelles can
present different types of responses, depending on factors such as: (1) taxonomic group that the animal belongs to; (2)
organ where the cell is located; (3) and substance that it is exposed.
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Table 1 — Summary of the main ultrastructural alterations found in the cells of Hymenoptera, Diplopoda,
Collembola, Isopoda, Oligochaeta and Gastropoda and the meaning of the alterations to these organisms.

Structure Alteration Animal Meaning of the alteration
Plasmatic - disruption Diplopoda
membrane - dilatation of the intercellular spaces - Necrosis and cell death
- disruption Hymenoptera
Microvilli - dilatation Hymenoptera - Increase of the excretion surface
- decrease and/or destruction Isopoda - Reduction of the absorption area
- dilatation - Cell death
- increase in the electron-density Hymenoptera - Oxidative stress
- increase in the number - Increase in the energy production
- reduction in number Diplopoda
Isopoda - Reduction in the energy production
- decrease in the number of cristae Collembola
- loss of the inner structure
Mitochondria - reduction of the matrix content
- decrease in the quantity of cristae Oligochaeta - Mitochondrial inhibition, reduction
- agglomeration of particles in the in the energy production
cristae
- irregular organization of the cristae
- decrease in the number Nematoda - Mitochondrial inhibition, reduction
- presence of large vacuoles in the energy production
- distortion/ degeneration
- dilatation of the inner membranes Hymenoptera - Cell death — apoptosis
- deformation Isopoda - Detoxification
- deformation Collembola
. - increase in the number of cisternae - Detoxification
End(.)plasmlc - accumulation in the apical region of
reticulum microvilli
- dilatation Oligochaeta - Cell death
- alteration in the number of cisternae
- dilatation or compactation of the - Altered flow of membranous
Golgi apparatus  cisternae Gastropoda  material produced by the endoplasmic
- alteration in the shape or size of the reticulum
secretory granules
- vacuolization Hymenoptera - Cell death - necrosis
- formation of autophagic vesicles - Cell death — apoptosis
- myelin figures - Symptoms or early stage of cell
death
- vacuolization Collembola - Cell death — necrosis
- formation of autophagic vesicles - Cell death — apoptosis
- increase in the number of - Storage and elimination of toxic
sphaerocrystals substances
Cytoplasm — -
- vacuolization - Cell death- necrosis
- formation of autophagic vesicles - Cell death — apoptosis
- increase in the number of Diplopoda - Storage and elimination of toxic
sphaerocrystals substances
- release of secretory vesicles - Elimination of toxic substances
- chromatin condensation
- formation of blebs - Decrease in the metabolic activity —
- nuclear fragmentation cell death
- increase in the size of
heterochromatin Hymenoptera
Nucleus - pyknosis - Advanced process of cell death
- evaginations of the nuclear - Unknown
envelope
- loss of integrity of the nuclear Diplopoda - Cell death

envelope

© 2012 FORMATEX

339



Current Microscopy Contributions to Advances in Science and Technology (A. Méndez-Vilas, Ed.)

Table 1 (cont.) — Summary of the main ultrastructural alterations found in the cells of Hymenoptera,
Diplopoda, Collembola, Isopoda, Oligochaeta and Gastropoda and the meaning of the alterations to these

organisms

Structure Alteration

Animal Meaning of the alteration

- heterochromatin electron-dense
spots near the nuclear envelope

Nucleus (cont.) - presence of lipid droplets and
sphaerocrystals in the perinuclear
region

Collembola - Cell death

Adverse - formation of haemocytes clusters
reactions

- increase in the tracheioles number

- Inflammatory reaction

Diplopoda -
- Increased energy requirement
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Figure 1 - Electron micrographs of the midg ut of diplopod. Control group (A, C). Group exposed to sewage sludge (B, D, E, F, G).
Principal cell with microvilli (A), vacuolization of principal cell (B), intact nucleus cell (C), loss of the nuclear envelope integrity
(D), concentration of haemocytes (E), sphaerocrystals (F) and tracheoles (G).

h: haemocytes; he: hepatic cell; m: mitochondria; mv: microvilli; n: nucleus; pc: principal cell; sp: sphaerocrystals; v: vacuoles; t:
tracheoles; arrows in D: damage of the nuclear envelope.
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