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Visual evidences undeniably appear more convincing since they can be interpreted easily, though may not be always 

accurate. The electron microscopy techniques not only allow examining the ultra-structure of various cell/tissue types but also 

help in proposing the in-depth mechanisms of biological processes. Similarly, comprehensive analysis of the neuronal and 

synaptic communications, and overall integrity of the brain not only helps us to understand its intricate functioning, but also aids 

in deciphering the complex human brain disorders. The Drosophila brain and the pair of compound eyes have emerged 

as favoured organs to investigate the fundamentals of nervous system development and disease biology. Various types of 

electron microscopy techniques have assisted the Drosophila neurobiologists to generate significant insights about the 

development, structure and function of different neuronal cell types and their contribution in the aetiology of neurodegenerative 

disorders. The present review provides a snapshot of the applications of various electron microscopy methods in Drosophila 

neurobiology research. 
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The electron microscopic techniques allow biologists 

to unravel the ultra-structure of various living entities 

and the in-depth mechanisms of biological processes. 

Electron microscopy (EM) offers a higher resolution 

and magnification as it uses the shorter electron waves 

as compared to the longer light waves. For instance, the 

extent of magnification offered by light microscope is 

×1000 - ×1500 times, with a resolution of ~200 nm, 

whereas, scanning electron microscopy (SEM) allows 

higher magnifications up to ×100,000 times. EM has 

emerged as a gold standard to image and construct 

detailed cellular diagrams and understand the structural 

complexities such as wiring of neurons, synapses, and 

the brain itself
1-3

. The recent advances in the EM 

techniques have allowed the reconstruction of brain 

circuitry of smaller organisms such as C. elegans and 

Drosophila larvae. Such structural information can 

address essential questions about functions and 

mechanisms of complex nervous system, which when 

coupled with biochemical/physiological analyses can 

yield comprehensive insights into the physiological and 

pathological workings of the brain
4
. 

The understanding of the neuronal connections, 

synaptic communications and overall integrity of the 

brain not only helps us to understand its intricate 

functioning, but also aids in deciphering the complex 

human brain disorders. Human neuronal tauopathies, 

polyglutamine[poly(Q)] disorders, amyotrophic lateral 

sclerosis, etc. are some neurodegenerative disorders 

which lack targeted intervention strategies due to 

insufficient understanding of their aetiology. Some of 

these disorders, such as Alzheimer’s, Parkinson’s, and 

Huntington’s disease cause structural changes in the 

brain which in turn cause gait, memory, and cognition 

deficits. Due to the limitations associated with human 

genetics, model systems such as mice, Drosophila 

melanogaster and C. elegans have emerged as 

sophisticated substitutes for deciphering the 

pathogenesis of these disorders and to develop suitable 

intervention strategies. The present review attempts to 

provide a snapshot of the application of electron 

microscopy in Drosophila neurobiology research. 

Drosophila as a model system for human neuro-

logical disorders 

Drosophila is an ideal model system to elucidate the 

complexities of human neuronal disorders due to a 

remarkable presence of the functional homologues of 

more than 50% of all the human disease-causing genes 

and the striking conservation in the genes and 

pathways between the fly and human. In addition, it 

has a well-developed brain and nervous system, and 

serves as a genetically accessible model organism with 

complex and well-characterized behaviours such as 

walking, flight, escape responses, grooming, courtship, 
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learning, and memory
5-7

. Accordingly, numerous 

studies on Drosophila disease models have enriched 

our understanding about the complex human brain 

disorders. Successful generation of the Drosophila 

poly(Q) models of neurodegenerative Spinocerebellar 

Ataxia 3 (SCA3)
8
 and Huntington’s disease

9
 paved  

way to model several other human neurological 

disorders such as Alzheimer’s disease, Parkinson’s 

disease, Dementia, Amyotrophic lateral sclerosis, 

Frontotemporal dementia, etc
10,11

. 
 

A glimpse into the nervous system of Drosophila 

Nervous system is one of the most complex systems 

featuring animals. Studies on the development and 

functioning of the nervous system, regulation of stimuli 

reception and response generation, integration of 

information in the form of memory have always 

fascinated scientists. Drosophila offers an unparalleled 

system to carry out such experiments in vivo. The fly 

nervous system is composed of both neuronal (~150,000 

cells) and glial cells (~15,700 cells) located in a 

primitive organ resembling brain
12,13

. The neurons and 

glia are predominantly concentrated in the brain and the 

compound eyes (in adults), whereas the remaining 

peripheral system can be considered as a cage of 

neurons distributed throughout the body of the organism.  

The Drosophila brain and the pair of compound 

eyes are the most favoured structures which are 

exploited to investigate the fundamentals of nervous 

system development and disease biology. Fly visual 

system is frequently used to examine the effects of 

genetic perturbations without directly compromising 

the viability of the organism. Since the compound eye 

of Drosophila is composed of both neuronal and non-

neuronal cells, deliberate expression of the disease-

causing human transgene(s) using appropriate driver 

line(s) generate easily quantifiable degenerative eye 

phenotype
14

.  

Electron microscopy allows rapid and accurate 

screening of the external eye phenotype and 

identification of the disease causing and disease 

modifying genes
15,16

. The significance and 

contribution of SEM and TEM (Transmission 

Electron Microscopy) in unravelling the in-depths of 

the human neuronal disorders in the fly system have 

been discussed in the following sections. 
 

Scanning electron microscopy: Detailed study of 

the external landscape 

SEM, due to its powerful magnification and 

resolution (~2 nm), has enabled the researchers to 

gain better insight into multiple areas of biology, 

especially with an aim to understand the topography, 

morphology, and composition of a tissue type. 

Interestingly, SEM has a rich history in Drosophila 

research, such as embryogenesis, development of 

proboscis, wing, and arrangement of bristles; and ultra-

structural analyses of antenna, halteres and gut
17-22

.  
 

As already mentioned, Drosophila models of 

neurodegeneration, for instance poly(Q) and 

tauopathies display characteristic external eye  

deformities such as ommatidial fusions, roughening of 

eye surface, depigmentation, and reduced/increased 

eye curvature that can be observed under the classical 

light microscope
23-25

. Although, bright field imaging 

allows the researchers for quick discrimination 

between a wild type and diseased/mutant eye 

phenotype on routine basis (Fig. 1A & B), but due to 

poor magnification and undesired reflection of light 

from the surface of the eyes, a range of architectural 

details are often missed. SEM imaging allows the 

detailed phenotypic analysis of the eye surfaces, 

including minute ommatidial deformities and 

imprecise bristle arrangement. For instance, SEM 

images of tauopathy-expressing fly eyes (Fig. 1D & Dʹ) 

revealed the differences in the size, surface 

topography, loss of mechano-sensory bristles and 

ommatidial fusions
24,26

 (compare Fig. 1C & Cʹ with D 

& Dʹ). A schematic representation highlights the 

structural defects in the compound eyes as observed 

under SEM (Fig. 1E-G). Similarly, SEM analysis of 

the adult eyes of the Drosophila models of human 

poly(Q) disorders such as Huntington, SCA1 and 

SCA3 have also revealed loss of ommatidia, 

misaligned and clustered mechano-sensory bristles 

and collapsed retina which are indicative of severe 

tissue degeneration
25,27,28

. Several gene-to-phenotype 

relationships have been established utilizing SEM. 

For instance, it has been demonstrated that 

Drosophila eye pigment genes are capable of 

modulating tau-induced neurodegeneration
29

. 

Comparative analysis of such identifying features can 

help evaluating the severity and nature of mutation or 

disease.  
 

Although, scanning electron microscopy generates 

a repertoire of information, it fails to provide 

structural information of internal components which 

may help in deciphering the underlying defects 

culminating in the external anomalies. A modified 

SEM technique that is extensively used to address this 

challenge is the TEM. A brief overview of the 
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applications of TEM in Drosophila neurobiology 

research has been provided in the following section.  

 
Transmission electron microscopy: Paving way 

into greater details 

Conventionally, fluorescent labelling of protein(s) 

and/or molecules followed by optical sectioning by a 

confocal microscope allows the study of internal 

structures and arrangement of a cell(s). Comprehensive 

study of the deeper layers of a cell or structure is 

necessary to distinguish defective components 

associated with the external phenotypes. However, the 

limitations in the extent of magnification pertaining to 

confocal microscopy and inability to identify specific 

structures due to redundancy in protein expression have 

opened an avenue for the utilization of TEM. 

Intriguingly, TEM, due to its capacity to magnify the 

internal architecture of a specimen up to ×1,000,000 

times and generating images with a resolution of about 

0.2 nm is one of the most valuable techniques used to 

out run the technical limitations of confocal 

microscopy
30

. TEM requires very fine slices of the 

tissue and generally produces images in black-grey 

scale where identification of cells and 

intracellular/extracellular components is made based on 

prior knowledge of the structure. Recently, specific 

regions of a TEM micrograph have been painted 

manually or in a computer-automated fashion in 

different colour schemes to discriminate different cell 

types from one another aiding the researchers to 

develop better understanding of the internal 

geometry
31-33

. Moreover, TEM, being one of the 

propitious techniques, has been exploited over other 

fluorescence labelling techniques to precisely allocate 

the position of various glial cells at different 

developmental stages in Drosophila
34

.  

TEM has been used extensively in Drosophila 
research for quite a long time enabling the researchers 
to extend their knowledge of finer details such as the 
number, arrangements, and shape of the photoreceptor 

 
 

Fig. 1 — Images of Drosophila adult compound eyes through different microscopy techniques. (A) A normal looking control (GMR-Gal4/+) 

adult eye; (B) Human mutant-tau expressing adult eye (GMR-Gal4>TauV337M) displays reduced curvature and size with roughening of 

surface as seen under bright-field microscope. C – Dʹ represent SEM images of the same; (C) A detailed pattern of ommatidia and bristle 

arrangement in the wild type eye; and (D) Tau-expressing eye shows ommatidial fusions and absence of mechano-sensory bristles. Cʹ and Dʹ 

show the magnified area of the marked regions of C and D, respectively. E-G are schematic representations of defected phenotypes observed 

in poly(Q) (F) and tauopathy(G) diseases. E is a typical wild type arrangement with uniformly aligned bristles (arrows in E), F represents 

poly(Q) expressing adult eye surface with reduced ommatidial size (compare the double headed arrows in E and F), clustered bristles (arrows 

in F) and collapsed retina. G represents human pathogenic tau expressing adult eye surface with ommatidial fusions (arrow in G) and loss of 

mechano-sensory bristles (indicated by asterisks in G). (Scale: C, D = 100 µM; Cʹ, Dʹ = 10 µM) 
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cells in the adult eyes, synaptic junctions, mitochondrial 
morphology and sub-cellular protein aggregates. Further,  
TEM has enormous implications in the study of 
manifestation of neurodegenerative conditions modelled 
in Drosophila. Most neurodegenerative conditions are 

known to be caused due to aberrant expression of some 
proteins that reorganize themselves in form of 
proteinaceous insoluble aggregates or inclusion bodies

35
. 

Examination of tissue samples for the existence of such 
entities and the study of their structural morphology is 
essential to annotate the disease condition as well the 

status of disease progression in an individual. These sub-
cellular/inter-cellular components are mostly visible 
through transmission electron microscopy

36
. Since, 

rough-eye phenotype and other structural anomalies are 
often attributed to defective photoreceptor cells and 
rhabdomeres residing deep down the observable 

lattice
37,38

. Therefore, TEM offers an extended 
advantage in understanding the in-depth cellular 
mechanisms determining these discrete morphological 
defects. When a processed tangential section of 
Drosophila eye is observed under a conventional TEM, 
seven photoreceptor cells (R1-R7) are found to exhibit a 

floral arrangement, whereas the eighth photoreceptor 

(R8) lies proximal to retina exactly beneath the R7 
photoreceptor cell. TEM facilitates detailed examination 
of any potential degeneration and/or alteration in the 
arrangement of an embedded and/or internal neuronal 
structure. Figure 2 depicts a comparative assessment of 

the arrangement and number of photoreceptor cells in 
the control (normal) and poly(Q) expressing adult eyes 
as examined by bright field microscopy (Fig. 2A & C), 
and TEM (Fig. 2B, Bʹ & D, Dʹ). TEM has aided in the 
generation of accurate information, for instance, the role 
of an endocytic protein, Past1, which was earlier 

undetermined through SEM, was found to be 
indispensable in differentiation of R1/R6/R7 
photoreceptor cells and cone cells of fly ommatidia as 
observed in the tangential sections of the adult eye 
through TEM

39
. Electron microscopy performed on the 

metabolic model of adrenoleukodystrophy in 

Drosophila showed fenestration in the membrane 
separating the eye and the brain besides evident disarray 
in the normal hexagonal pattern of ommatidial 
structure

40
. Similarly, TEM has also been used to 

investigate the impact of yata mutant on the spatial 
architecture of the photoreceptor cells. TEM analysis 

revealed enhanced vacuolization and presence of 

 
 

Fig. 2 — Ommatidial architecture of the GMR-Gal4/+ control and poly(Q) disease bearing adult Drosophila eye as observed under bright field 

microscope and TEM. (A) Deep-pseudopupil analysis of the GMR-Gal4/+ control adult Drosophila eye under bright-field microscope reveals the 

typical arrangement of a bunch of photoreceptor neurons per ommatidium; (B) Schematic representation of the TEM pattern of image A which 

reveals detailed structure of the ommatidia and arrangement of photoreceptor cells. (B') Magnified view of an individual ommatidium (boxed area 

in B) showing the typical arrangement of 7 photoreceptors; (C) Deep-pseudopupil analysis of poly(Q) disease bearing adult Drosophila eye 

showing degenerated photoreceptors and disrupted ommatidial lattice. (D') Schematic representation of the magnified view of an individual 

ommatidium (boxed area in D) clearly showing the degeneration of the photoreceptors. (Scale: A, C = 10 µM) 
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abnormal cellular structures in the close vicinity of 
photoreceptor cells, specifically R7-R8

41
. A range of 

other studies have also utilized TEM to depict the 
disordered arrangement of photoreceptor cells

42-45
. 

TEM has been effectively utilized to generate a better 

understanding of the pathogenic events that occur in 

neurodegenerative conditions. TEM analysis of the brain 

samples of adult flies subjected to Paraquat treatment (to 

model Parkinsonism) displayed enhanced nuclear 

membrane, chromatin disintegration and fragmented 

mitochondria within the cytoplasm
46

. Likewise, TEM-

based investigation of the structural organization of 

cartilage in the laminar region of the brain suggested that 

pathogenic tau protein can cause presynaptic 

dysfunction in Drosophila disease models. Examination 

of the laminar region of the brain revealed that 

accumulation of P301L mutant tau aggregates disrupts 

the synapse formation and causes abnormally developed 

synaptic terminals
47

. Interestingly, these aggregates 

exhibit dynamic structure, transforming from less 

pathogenic form to more pathogenic form as the disease 

progresses. Since, such aggregates are visible through 

TEM, several research groups have utilized this 

opportunity to investigate the role of the structural 

dynamics of these aggregates in disease development 

and progression. In addition to the above, TEM 

techniques have also facilitated detailed examination of 

the misfolded and/or abnormally folded ultrastructure of 

the tau protein isolated from Drosophila disease 

models
48

. Such insights into the disease pathogenesis 

might pave way for screening of potential drugs or 

genetic modifiers that could ameliorate the disease 

condition. A recent study has utilized TEM to examine 

efficiency of Rose Bengal in regulating the pathogenic 

tau filaments
49

.  
With time, several variants of the conventional 

electron microscopy have been developed to achieve 

enhanced resolution. An overview of such variants 

and their applications in Drosophila neurobiology 

research has been provided below. 
 

Variants of the conventional SEM and TEM and 

their applications in Drosophila neurobiology 

research 
The conventional scanning and transmission 

electron microscopic techniques have immensely 

aided in understanding the biological structures and 

increased our knowledge of various neurological 

disorders. However, the conventional electron 

microscopy techniques, TEM as well as SEM, have 

certain limitations that make it inconvenient for 

converting into automated high-throughput 

techniques. Some of the limitations associated with 

the conventional SEM are as follows: 
 

1.  Specimen Preparation: Conventional SEM only 

allows the imaging of dehydrated samples 

operated under high vacuum to maintain the 

coherency of the electron beam and to prevent 

electron scattering by atmospheric gases. Therefore, 

elaborate processing of the biological samples is 

required; subjecting them to desiccation, and 

coating them with heavy metals (gold, palladium), 

which may alter the native structure and properties 

of the samples and introduce artefacts
50

.Such 

intricate processing of the biological samples makes 

it difficult to image them in their native form. 

2.  High-throughput technology: The conventional 

electron microscopes image the specimen one pixel 

at a time, making it time consuming and laborious. 

Thus, it is difficult to convert these conventional 
techniques into a high-throughput technology. 

3.  Specimen thickness: This limitation specifically 

refers to the conventional TEM, which can produce 

high resolution images, but is only limited to ultra-

thin sections (less than 100 nm). Thus, it fails to 

offer the structural details of thick or voluminous 
biological entities. 

4.  Automation and analysis: Though, the conventional 

TEM has been paramount in generating high 

resolution structural images, yet reconstruction of 

serial sections into 3D constructions and their 

software-based analysis is not possible with the 

conventional EM.  

To circumvent the above-mentioned limitations of 

conventional EM, advanced variants of EM have been 

developed in recent years. Some of the widely used 

variants are as follows: 
 

Cryo-Electron Microscopy (Cryo-EM) 

Cryo-EM is one of the very first techniques that 

allowed macromolecule structural imaging without 

fixation, staining, or desiccation of the specimen. It is a 

combination of three technologies, specimen 

preparation, electron microscopy and mathematical/ 

computational approaches
51

. It offers a unique 

specimen preparation method for preserving the 

biological samples in their near-native condition by 

covering it with a thin layer of amorphous ice film and 

imaging at liquid nitrogen temperature. Cryo-electron 

microscopy of ultra-thin vitreous sections (CEMOVIS) 

is a suitable tool to generate high resolution images of 
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frozen hydrated tissues and cells52,53 and has been used 
for the analysis of brain structures such as synapses54,55. 
A schematic representation of the Cryo-electron 
microscopic image has been provided in (Fig. 3A-C). 
Combination of cryo-soft X-ray microscopy and cryo-
TEM technology has been suggested as a suitable 
technique to image synapses of the Kenyon cells of the 
Drosophila mushroom body in frozen hydrated brains 
and ultra-thin vitreous sections56. Cryo-electron 
microscopy has also been used to determine the activity 
and atomic structure of an amyloid protein- the 
Drosophila cytoplasmic polyadenylation element-
binding (CPEB) protein, Orb2, and its role in memory57. 
 
Atmospheric Scanning Electron Microscopy 
(ASEM)/Environmental Scanning Electron 
Microscopy (ESEM) 

The conventional SEM is a powerful tool for 
biological research; however, it requires high vacuum 
conditions and elaborate specimen processing. Recently 
designed environmental scanning electron microscope 
(ESEM) allows imaging of samples in gaseous and 
vapour conditions at pressures ranging from 10 to 
103Pa58. ESEM allows the imaging of wet (biological) 
samples without any prior specimen preparation. The 

primary electron beam, being very energetic, penetrates 
the water vapour with little scattering and scans across 
the sample surface, releasing secondary electrons. The 
water vapour molecules struck by these secondary 
electrons produce secondary electrons of themselves, 
which in turn produces more secondary electrons from 
the adjacent molecules, thus amplifying the cascade59. It 
eliminates the need for the samples to be desiccated and 
coated with gold-palladium, allowing the preservation of 
original characteristics of the sample and to be free of 
artefacts. ESEM makes use of a series of pressure-
limiting apertures (PLAs), creating a pressure gradient, 
with good vacuum at top of the column to protect the 
electron gun, and poor vacuum conditions in the 
specimen chamber.  

ESEM has been used to study minute details of 
structure in various biological samples including 
Drosophila60. For instance, ESEM examination of 
Drosophila eyes aided in elucidating the role of M6 
protein in eye development61. ESEM based studies 
have also allowed the elucidation of the role of 
crinkled/Myo VII in the formation and organisation of 
actin filament bundles that ultimately drive the proper 
shape of cellular projections62. ESEM has also 
determined the role of methionine sulfoxide reductase 
A (dmrsA) in regulation of FOXO in Drosophila63. 
 

Multi-beam Scanning Electron Microscopy 
As mentioned above, conversion of the conventional 

SEM into high throughput technique is difficult due to 
slow imaging speed of SEM. To increase the speed of 
imaging, the beam current will have to be amplified, 
which means compromising with the resolution of the 
final image. The multi-beam SEM, instead of a single 
beam, uses 61 electron beams64. The multi-beam 
produces a pattern of 61 primary foci, arranged in a 
hexagonal pattern to minimise optical aberrations. The 
secondary electrons (SE) that emanate from the 
primary electrons are imaged onto a multi-detector 
having a specific detection unit for each beam. The 
sample is scanned over with the primary electron 
beams and the secondary signal is recorded for each 
position like the conventional SEM64. Therefore, a 
single round of scanning produces multiple images 
simultaneously, hence yielding a complete image. A 
volumetric reconstruction of the mouse brain has been 
made possible with this technological advancement65.  
 
Serial section TEM (ssTEM) 

TEM has played a vital role in answering 
important neurobiological questions, such as 

 
 

Fig. 3 — Schematic representation of the cryo-electron microscopic
pattern of a neuronal protein of adult Drosophila brain. (A) Pictorial
representation of an adult Drosophila head; (B) Representative
schematic of cryo-electron micrograph of a neuronal protein of
adult Drosophila brain with inset depicting the magnified view of a
section (boxed area in B); and (C) A schematic representing the
cryo-EM reconstruction of the filaments of the neuronal protein at
Å resolution in transverse plane 
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synaptic communication
66,67

. Serial section TEM 

(ssTEM) has paved way for in-depth structural analysis 

especially in neurobiology, to understand 3D synaptic 

structures in brain
68-70

. It can accurately identify and 

measure objects smaller than 250 nm. Many variants of 

this technique have been developed to achieve large scale 

serial section electron microscopy such as, serial section 

electron tomography or SSET; serial section transmission 

EM or ssTEM; block-face EM or SBEM; focused  

ion beam scanning EM or FIBSEM
69,71,72

. Though, 

ssTEM has allowed imaging with higher spatial 

resolution and a greater signal-to-noise ratio with the 

same dose of electron beam as conventional EM, 

however, it still lacks automated collection, handling and 

imaging of biological samples.  
 

Computer-Assisted Serial Section Electron 

Microscopy 

Modern automated electron microscopic techniques 

can generate many image tiles; however, their 

interpretation and construction of volumetric images is 

not easy
73

. Neuroscience laboratories depend on these 

automated tools to analyse these vast EM data sets using 

affordable techniques. Recent developments have 

allowed the imaging of enormous serial section EM 

datasets of tissue volumes, for example 86.7 trillion 

voxel dataset spanning 64 million M
3
 of an adult 

female Drosophila VNC, by a combination technique, 

the TEMCA-GT
74

. It combines GridTape, a tape 

substrate that allows automated section collection with 

an automated TEM camera array (TEMCA)
74

. The 

GridTape technology has been then used to image the 

VNC and reconstruct over 1000 sensory and motor 

neurons that regulate the limb movements, and 

examining the organisation of peripheral nerves and the 

leg motor neurons
75

. 

TrakEM2, an open-source software package, has 

especially been optimised to reconstruct neural circuits 

from tera-scale serial sections EM image data sets
73

. 

This software allows rapid entry, organisation, and 

navigation through the EM image selections, enabling 

manipulation, visualisation, reconstruction, annotation, 

and measurement of the neuronal components 

embedded in the data. TrakEM2 has been successfully 

used for the reconstruction of targeted EM micro 

volumes of Drosophila larval central nervous system
3
. 

Similar strategies have recently allowed the whole-brain 

EM dataset generation of the adult Drosophila brain by 

utilizing the TEMCA based tools
1
. It also helps in 

combining confocal stacks of the same tissue with the 

TEM sections. 

Conclusion 

Pictorial evidences are undeniably convincing  

and satisfying since it can be interpreted easily, though 

may not be always accurate. Microscopes have emerged 

as indispensable tools for biological research. 

Particularly, various types of electron microscopy 

methods have assisted the Drosophila neurobiologists to 

generated significant insights about the development, 

structure and function of different neuronal cell  

types and their contribution in the aetiology  

of neurodegenerative disorders. A transformative 

advancement in Drosophila neurobiology research can 

be attained by appropriate usage of modern electron 

microscopy techniques which allow achieving atomic 

level resolution of biomolecules. 
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