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ABSTRACT
Classical histology or immunohistochemistry combined

with fluorescence or confocal laser scanning microscopy

are common techniques in arthropod neuroanatomy,

and these methods often require time-consuming and

difficult dissections and sample preparations. Moreover,

these methods are prone to artifacts due to compres-

sion and distortion of tissues, which often result in infor-

mation loss and especially affect the spatial

relationships of the examined parts of the nervous sys-

tem in their natural anatomical context. Noninvasive

approaches such as X-ray micro-computed tomography

(micro-CT) can overcome such limitations and have

been shown to be a valuable tool for understanding and

visualizing internal anatomy and structural complexity.

Nevertheless, knowledge about the potential of this

method for analyzing the anatomy and organization of

nervous systems, especially of taxa with smaller body

size (e.g., many arthropods), is limited. This study set

out to analyze the brains of selected arthropods with

micro-CT, and to compare these results with available

histological and immunohistochemical data. Specifically,

we explored the influence of different sample prepara-

tion procedures. Our study shows that micro-CT is

highly suitable for analyzing arthropod neuroarchitecture

in situ and allows specific neuropils to be distinguished

within the brain to extract quantitative data such as

neuropil volumes. Moreover, data acquisition is consid-

erably faster compared with many classical histological

techniques. Thus, we conclude that micro-CT is highly

suitable for targeting neuroanatomy, as it reduces the

risk of artifacts and is faster than classical techniques.
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Morphological analysis of an organism’s nervous sys-

tem complements the analysis of physiological, func-

tional, and evolutionary characteristics and can also

provide new insights into phylogenetic relationships

(Harzsch, 2006; Strausfeld and Andrews, 2011). Com-

parative, functional, or developmental analyses of neu-

roanatomy require calibrated data of structures (e.g.,

neuropils) within an anatomical context as close to the

natural state as possible. Current techniques include

light and electron microscopic analyses of serial sec-

tions, but systematic compression, distortion, and sec-

tioning deformations can cause substantial artifacts,

resulting in inaccurate visualizations. Immunohistochem-

istry combined with confocal laser scanning microscopy

(cLSM) is another common approach to obtain detailed

neuroanatomical information. With cLSM it is possible

to investigate whole-mount preparations (Ott and

Elphick, 2003; Huetteroth and Schachtner, 2005; Wu

and Luo, 2006; Zube et al., 2008) to depict specific

neuropils and subsets of neurons in detail. Recently,

histological clearing techniques have allowed cLSM

through the arthropod cuticle (Smolla et al., 2014). At

present, cLSM studies are the basis for establishing
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representative standard brains (e.g., standardized refer-

ences of brain neuropils) for insects (whole-mounts or

sectioned brains), e.g., the fruit fly Drosophila mela-

nogaster (Rein et al., 2002), the sphinx moth Manduca

sexta (Huetteroth and Schachtner, 2005; El Jundi et al.,

2009; Huetteroth et al., 2010), the desert locust Schis-

tocerca gregaria (Kurylas et al., 2008), the honey bee

Apis mellifera (Galizia et al., 1999; Brandt et al., 2005),

and the flour beetle Tribolium castaneum (Dreyer et al.,

2010). However, penetration of antibodies and the

depth of laser penetration into tissue thicker than 500

mm are limiting factors, and artifacts due to high z-

errors and constraints of the objective (e.g., numerical

aperture, immersion media, operation distance) cause

heavy signal reductions (Wanninger, 2007; Smolla

et al., 2014). Furthermore, this method entails exten-

sive tissue preparation steps, which are very time-

consuming. Consequently, most neuroanatomical stud-

ies are based on a small sample size, and studies on a

population level are rare.

Noninvasive imaging such as X-ray micro-computed

tomography (micro-CT) can overcome the aforemen-

tioned limitations and is widely used for clinical imaging

(Hsieh, 2003; Kalender, 2005; reviewed in Metscher,

2009a,b), for example. CT is based on a computational

procedure called tomographic reconstruction, as tomo-

grams (image data sets) are generated from tomographic

projections obtained with penetrating radiation (such as

visible light, electrons, X-rays). X-ray tomography, with

a resolution in the micro- or nanometer range is usually

combined in the term X-ray micro-CT. In micro-CT in

general, the sample is placed in the path of an X-ray

beam that generates a projection image on a scintilla-

tor of a detector array (reviewed in Mizutani et al.,

2008b; Metscher, 2009a). It is then rotated and

imaged at multiple angles so that the X-ray absorption

sequence of projections can be reconstructed within

the scanned volume and the data sets obtained can be

analyzed by reconstruction software. Nowadays,

laboratory-scale, polychromatic micro-CTs are fre-

quently used to analyze biological samples. In contrast

to conventional laboratory-scale systems using solely

geometric magnification, optical laboratory-scaled

micro-CTs use a two-stage magnification technique

based on synchrotron-caliber optics. In this approach,

projection images of samples (or portions thereof) are

first enlarged through geometric magnification and con-

secutively enlarged using a scintillator that converts X-

rays into visible light, which can then be optically mag-

nified using different objectives mounted on a micro-

scope turret (Technical Note on Resolution of a 3D X-

Ray Microscope, Carl Zeiss Microscopy GmbH, Jena,

Germany, 2013). This two-stage architecture allows

high-resolution analyses of small areas of interest

within a large sample without the need of dissection.

Micro-CT has been used for more than 10 years to

study arthropod anatomy (Fanenbruck et al., 2001;

H€ornschemeyer et al., 2002) and has become an inte-

gral part of studies on the arrangement of various organ

systems such as the musculature, the alimentary sys-

tem, and rarely the nervous system of arthropods (Tani-

sako et al., 2005; Betz et al., 2007; Mizutani et al.,

2007, 2008a,b, 2013; Beutel et al., 2008; Friedrich and

Beutel, 2008; Metscher, 2009a; Friedrich et al., 2013).

In combination with corrosion casts, the arthropod cir-

culatory system has been successfully studied (Wirkner

and Richter, 2004; Wirkner and Prendini, 2007). A limit-

ing factor for biological samples is often the low con-

trast of nonmineralized tissues in the X-ray (Metscher,

2009a). To enhance the contrast, organically bound

iodine or osmium tetroxide staining has been success-

fully applied to soft tissues of vertebrates (Johnson

et al., 2006; Dorr et al., 2007; de Crespigny et al.,

2008; Aggarwal et al., 2009; Metscher, 2009a,b; Dobri-

vojević et al., 2013;), as well as invertebrates such as

honeybees (Ribi et al., 2008; Greco et al., 2012) and

fruit fly larvae (Mizutani et al., 2007).

Here we explore whether micro-CT allows sufficient

visualization of brains and specific neuropils in arthro-

pods even though specific labeling of cells or neuro-

transmitters is not possible. We tested to what extent

this technique is suited 1) to analyze the neuroarchitec-

ture in situ; 2) to distinguish specific neuropils; and 3)

to obtain quantitative data such as neuropil volumes to

facilitate quantitative analyses. To explore limits of

resolution, we analyzed the neuroarchitecture of insects

of variable sizes ranging from the fruit fly Drosophila

hydei to the European hornet Vespa crabro. In addition,

we compared effects of different fixatives, media in

which samples can be scanned, and drying methods to

identify optimal sample preparation protocols. Further-

more, we analyzed the neuroarchitecture of the centi-

pede Scutigera coleoptrata by using micro-CT and

compared our results with previous histological and

immunohistochemical data from this species.

MATERIALS AND METHODS

Species studied
Drosophila hydei Sturtevant, 1921 (Hexapoda:
Diptera)
Specimens of D. hydei (ratite; obtained from Heu-

schreckenzucht Brunau, Germany) were reared at the

department of General and Systematic Zoology (Zoologi-

cal Institute and Museum, University of Greifswald, Ger-

many). Specimens were anesthetized by using CO2
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followed by decapitation, to allow for sufficient penetra-

tion of the fixative. Specimens were fixed in Bouin’s

solution (saturated aqueous picric acid, pure acetic

acid, and 10% formaldehyde solution) overnight and

subsequently washed in sodium hydrogen phosphate

buffer (0.1 M, pH 7.2, 1.8% sucrose). Samples were

dehydrated by using a graded ethanol series and incu-

bated in a 1% iodine solution (iodine, resublimated [Carl

Roth GmbH 1 Co. KG, Karlsruhe, Germany; cat.

#X864.1] in �99.8% ethanol) overnight. After several

washing steps in �99.8% ethanol, specimens were criti-

cal point dried by using the automated dryer Leica EM

CPD300 (Leica Microsystems GmbH, Wetzlar, Ger-

many). The drying protocol included slow CO2 admit-

tance with a delay of 120 seconds, 18 exchange cycles

(CO2 :� 99.8% ethanol), followed by a slow heating pro-

cess and slow gas discharge. Finally, samples were

fixed on an insect pin with glue from a hot glue gun.

Lucilia sp. and Sarcophaga carnaria (Linnaeus,
1758) (Hexapoda: Diptera)
Specimens of Lucilia sp. and S. carnaria were reared at

the department of General and Systematic Zoology (Zoo-

logical Institute and Museum, University of Greifswald)

and used to compare different fixatives as well as the qual-

ity of tomography images for samples scanned in ethanol

and after subsequent drying. Specimens were anesthe-

tized by using CO2 followed by decapitation. Specimens

were fixed in either 70% ethanol, 2.5% buffered glutardial-

dehyde solution, or Bouin’s solution (see above). All sam-

ples, except those fixed in ethanol, were washed several

times in sodium hydrogen phosphate buffer (0.1 M, pH

7.2, 1.8% sucrose), followed by subsequent dehydration in

a graded ethanol series. Finally, samples were stained

using a 1% iodine solution (see above).

After incubation overnight, samples were washed sev-

eral times using �99.8% ethanol and transferred into a

small vial. The vial was prepared from the narrow part

of a 1-ml pipette tip that was fixed on an insect pin

with hot glue. The sample was transferred into the vial

containing �99.8% ethanol. After scanning in ethanol,

samples were critical point dried by using a Leica EM

CPD300 critical point dryer (see above). In addition, a

further specimen of S. carnaria was fixed in Bouin’s

solution, washed, dehydrated in a graded ethanol

series, stained, and processed as described above.

Then, the sample was transferred into a vial containing

�99.8% ethanol to prepare for subsequent transitional

series of graded ethanol:hexamethyldisilazane (HMDS;

Carl Roth GmbH 1 Co. KG, cat. #3840) mixtures (2:1;

1:1, 1:2, each for 30 minutes), and finally to pure

HMDS (100%). The final transitional step was followed

by two additional changes of pure HMDS (30 minutes

each), before the vial was uncapped to allow for evapo-

ration and thus sample drying.

Vespa crabro Linnaeus, 1758 (Hexapoda:
Hymenoptera)
Specimens of the European hornet were provided by

Christoph Kornmilch (Department of Applied Zoology and

Nature Conservation, Zoological Institute and Museum,

University of Greifswald). Specimens were anesthetized

by using CO2 before they were decapitated, fixed in

Duboscq–Brazil solution (saturated alcoholic picric acid,

80% ethanol, pure acetic acid, and 10% formaldehyde

solution), and dehydrated in a graded ethanol series.

After incubation in a 1% iodine solution (see above) over-

night and several washing steps in �99.8% ethanol,

specimens were critical point dried (Leica EM CPD300)

and fixed with superglue (Pattex Ultra Gel, Henkel, Dues-

seldorf, Germany) on an insect pin.

Scutigera coleoptrata (Linnaeus, 1758) (Myria-
poda: Chilopoda)
Specimens of S. coleoptrata, which were reared at the

department of Cytology and Evolutionary Biology (Zoologi-

cal Institute and Museum, University of Greifswald), were

decapitated, fixed in Bouin’s solution (see above), and

subsequently dehydrated in a graded ethanol series and

incubated in a 1% iodine solution (see above) overnight.

After several washing steps in �99.8% ethanol, speci-

mens were critical point dried (Leica EM CPD300) and

fixed with superglue (Pattex Ultra Gel) on an insect pin.

Optical, laboratory-scale micro-CT
Scans were performed with an Xradia MicroXCT-200 X-

ray imaging system (Carl Zeiss Microscopy GmbH). Set-

tings for each specimen and individual scan, including

pixel size and scanning times, are summarized in Table 1.

Settings were optimized for each specimen, and objec-

tives were chosen according to sample size and region of

interest. Samples were scanned in either �99.8% ethanol

or after drying to detect potential artifacts resulting from

the drying procedure. Tomography projections were recon-

structed by using the XMReconstructor software (Carl

Zeiss Microscopy GmbH), resulting in images stacks (TIFF

format). All scans were performed by using Binning 2

(summarizing 4 pixels, resulting in noise reduction) and

subsequently reconstructed by using Binning 1 (full resolu-

tion) to avoid information loss.

3D visualization and quantification
Volume rendering of image stacks was performed by

using Amira 5.4.5 and Amira 5.6.0 (FEI Visualization Sci-

ence Group, Burlington, USA) using the “Volren” or "Vol-

tex" function. Color maps were set to "Gray," and the
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histograms were adjusted to individual image stacks

properties. Additionally, the function "FilteredObliqueSli-

ces" was applied for visualization of specific aspects of

the internal organization of brains and neuropil struc-

tures. We implemented 3D surface renderings of all

major neuropils of V. crabro, Luclia sp., and D. hydei

into pdf files using Fiji software (http://fiji.sc/Fiji). To

that end, we converted corresponding Virtual Reality

Modeling Language files (.wrl) of corresponding neuro-

pils and the entire brain using the “VRML Export” mod-

ule of Amira 5.6.0 and subsequently imported these

files into Deep Exploration 5.5 (SAP VEA distributed by

SAP, Walldorf, Germany). Finally, we exported a .u3d file

for each brain atlas with a given hierarchy, which can

be imported into pdf files using the 3D tool of Adobe

Acrobat (Adobe Systems Inc., San Jos�e, CA, USA.

(Please, click on the pdf file in Figures 2C and E and 3A

to activate the virtual content and then use the mouse

to rotate the objects. Use the menu in the activated fig-

ure for further functions.) Exemplary quantitative data

were obtained after segmentation of the antennal lobes

of D. hydei using the “MaterialStatistic” tool in Amira

5.6.0. Here, the total numbers of voxels of the left and

right antennal lobe were measured, followed by calcula-

tion of the total volume based on pixel to mm ratio.

Terminology
For the hexapod brain, the neuroanatomical terminology

proposed by Ito et al. (2014) is used. However, it cannot be

applied completely for the centipede S. coleoptrata, as the

neuroanatomical terminology for Chelicerata, Myriapoda,

and Crustacea differs from that of Hexapoda (compare

Richter et al., 2010; Loesel et al., 2013). For example, the

hexapod antennal lobe is called the “olfactory lobe” in Crus-

tacea and Myriapoda, and the homologous neuropil of the

myriapod medulla is still a matter of debate (Strausfeld,

2005; Loesel et al., 2013). Bilaterally paired deutocerebral

neuropils processing mechanosensory input from the first

antennae are called the antennal mechanosensory and

motor center (AMMC) in Hexapoda, lateral antenna 1 neu-

ropil (LAN) in Crustacea, and corpus lamellosum in Myria-

poda (Sombke et al., 2012; Loesel et al., 2013).

RESULTS

Micro-CT to investigate arthropod
neuroanatomy

We analyzed the brain architecture in representatives of

three insect species (Fig. 1A) whose brain sizes ranged

from several millimeters (Lucilia sp., V. crabro) down to a

few hundred micrometers (D. hydei). Volume reconstruc-

tions of the head of V. crabro allowed identification and

differentiation of brain neuropils, e.g., the optic neuropils,

neuropils of the central complex, and the mushroom

bodies (Figs. 1B,C). Likewise, the numerous, spherical glo-

meruli of the antennal lobes were evident (Figs. 1C,D).

The same level of information was achieved for the blow

fly, Lucilia sp. (Figs. 1E,F). The brain of D. hydei (brain

width of �600 mm) is tiny in comparison with the hornet

and the blow fly (Figs. 1A, 2A). However, virtual sections

of volume reconstructions of D. hydei allowed us to distin-

guish and identify synapse-rich neuropils (such as, for

example, the optic neuropils or glomeruli of the antennal

lobes) and provided detailed information on their neuro-

architecture (Figs. 2A–C). Imaging at the maximum resolu-

tion (Table 1, pixel size �500 nm, Binning 2) elucidated

further details on the organization of the fan-shaped body,

TABLE 1.

Detailed Overview of Species Investigated, Different Fixations and Media Including Scanning Parameters1

Scan no. species Fixative Medium

Voltage (kV)/

power (W)

Current

(mA)

Objective

lens unit

Pixel

size (mm)

Exposure

time (sec)

1 Scutigera coleoptrata Bouin’s solution Air 20/4 200 103 2.23 4.0
2 Scutigera coleoptrata Bouin’s solution Air 20/4 200 203 1.05 1.0
3 Vespa crabro Duboscq–Brasil Air 30/6 200 43 6.38 10.0
4 Vespa crabro Duboscq–Brasil Air 30/6 200 103 2.08 3.0
5 Lucilia sp. 70% Ethanol Ethanol 30/6 200 43 4.97 1.0
6 Lucilia sp. 70% Ethanol Air 30/6 200 43 5.29 1.0
7 Lucilia sp. 2.5% Glutardialdehyde Ethanol 30/6 200 43 5.35 1.5
8 Lucilia sp. 2.5% Glutardialdehyde Air 30/6 200 43 5.49 1.0
9 Lucilia sp. Bouin’s solution Ethanol 30/6 200 43 5.35 1.5
10 Lucilia sp. Bouin’s solution Air 30/6 200 43 5.49 1.0
11 Lucilia sp. Bouin’s solution Air 30/6 200 103 2.15 2.0
12 Sarcophaga carnaria Bouin’s solution Ethanol 30/6 200 43 5.13 1.5
13 Sarcophaga carnaria Bouin’s solution Air 30/6 200 43 5.49 1.0
14 Drosophila hydei Bouin’s solution Air 30/6 200 203 1.03 3.0
15 Drosophila hydei Bouin’s solution Air 30/6 200 403 0.50 9.0

1All samples were stained using 1% iodine solution. A specific filter was not applied.
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Figure 1. Volume rendering (voltex rendering) and virtual cross sections of three selected insect taxa. A: Volume reconstruction of the

heads of the European hornet Vespa crabro (1), the blow fly Lucilia sp. (2), and the fruit fly Drosophila hydei (3). B: Virtual cross section of

the head of V. crabro illustrating of the nervous system within the head capsule. C,D: Higher magnification of the brain of V. crabro (103

objective; virtual cross section) showing the calyces of the mushroom bodies, the central complex, and glomeruli within the antennal lobe.

Please click in the pdf file on C to activate the virtual content and then use the mouse to rotate the objects. Use the menu in the acti-

vated figure for further functions. E,F: Virtual cross sections of the head of Lucilia sp. focusing on the neuroarchitecture. Please click in

the pdf file on E to activate the virtual content and then use the mouse to rotate the objects. Use the menu in the activated figure for fur-

ther functions. F: Higher magnification of the antennal lobes showing single glomeruli. Abbreviations: AL, antennal lobe; An, antenna; CC,

central complex; CE, compound eye; Clp, clypeus; Es, esophagus; Fr, frons; Gl, glomeruli; Lo, lobula; Md, mandible; MB, mushroom body;

Me, medulla; Oc, ocellus; Re, retina. Scale bar 5 1 mm in A,B; 300 mm in C; 200 mm in D,F; 500 mm in E.
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Figure 2. Volume rendering (voltex rendering) and virtual cross sections of the head and brain of the fruit fly Drosophila hydei. A: Frontal

and lateral view of the head. Lateral view with virtual oblique section through the compound eye and optic neuropils. Please click in the

pdf file on this figure to activate the virtual content and then use the mouse to rotate the objects. Use the menu in the activated figure

for further functions. B: Virtual cross section of the brain illustrating the central complex and optic neuropils. C: Higher magnification

showing the antennal lobes and the vertical lobes of the mushroom bodies (403 objective; virtual cross section). The asterisk marks a

concentration of somata. D: Higher magnification showing the central complex (403 objective; virtual cross section). Vertical subdivisions

of the fan-shaped body are visible. E: Virtual horizontal section showing the innervation of antennal afferents into the deutocerebrum.

Abbreviations: AL, antennal lobe; An, antenna; Ar, arista; CE, compound eye; EB, ellipsoid body; Es, esophagus; FB, fan-shaped body; Gl,

glomeruli; Gng, gnathal ganglia; La, lamina; Lo, lobula; LoP, lobula plate; Me, medulla; MxP, maxillary palp; Oc, ocellus; Re, retina; VL, verti-

cal lobe; *, accumulation of somata. Scale bar 5 200 mm in A; 100 mm in B; 50 mm in C–E.
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Figure 3. Methodological evaluation of different media (ethanol vs. air). Volume rendering (voltex rendering) and virtual sections of the

head and brain of the same specimen of the blow fly Lucilia sp. scanned in ethanol (A,B) and after critical point drying (C,D). A,C: Frontal

and sagittal representation of the blow fly head. Externally, the critical point dried sample results in less noise and consequently more

details. Internally, structures such as the antennal nerve (arrow) and the antennal lobe are better resolved. B,D: Virtual horizontal sections

of the brain illustrating the central complex and optic neuropils. The signal to noise ratio is also higher in the critical point dried sample.

Abbreviations: AL, antennal lobe; An, antenna; AN, antennal nerve; Ar, arista; CE, compound eye; CPD, scanned after critical point drying;

EB, ellipsoid body; Es, esophagus; EtOH, scanned in pure ethanol; FB, fan-shaped body; L1, thoracic leg 1; Lab, labellum; Lb, labium; Lbr,

labrum; Lo, lobula; Me, medulla; Mu, musculature of the thorax; MxP, maxillary palp; Oc, ocellus. Scale bar 5 1 mm in A,C; 200 mm in

B,D.
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which is composed of several vertical subunits (Fig. 2D),

as well as individual glomeruli that form the antennal lobe

(Fig. 2E).

Although individual neurons, the somata of which are

located in the periphery of the brain, could not be traced,

it was possible to identify clusters of somata (Figs. 2C–E;

asterisks). We further quantified the volume of the overall

brain, as well as certain neuropils such as the antennal

lobe, or the optic neuropils, which was calculated based

on micro-CT data (a summary of these volumes is given

in Table 2). The optic neuropils that include lamina,

medulla, lobula, and lobula plate, represented a promi-

nent portion of the brain in all three species investigated

(�20% in V. crabro and D. hydei), and those of Lucilia sp.

occupied almost half of the entire brain volume (�46%).

In contrast, the antennal lobes of all three species inves-

tigated were rather small. Here, the volume of each

antennal lobe was about 150,000 mm3 in D. hydei (0.9%

of the overall brain volume), 3,400,000 mm3 in Lucilia sp.

(0.4% of overall brain volume), and 27,600,000 mm3

(0.6% of the overall brain volume).

Optimal sample preparation
We used different fixatives that are commonly used

for histological analysis (70% ethanol, 2.5% glutardialde-

hyde, and Bouin’s solution) to determine the optimal

sample preparation (Table 3). Fixation in ethanol

resulted in good signal-to-noise ratio, as well as suffi-

cient soft-tissue contrast, whereas samples treated with

buffered glutardialdehyde solution provided inferior

results (Table 3). In the latter medium, neither fixation

nor contrast was sufficient to extract meaningful neuro-

anatomical information (data not shown). We obtained

the best soft-tissue contrast using Bouin’s solution

(Table 3, Figs. 3, 4). Volume reconstructions of the

head, as well as virtual sections, allow detailed descrip-

tions of 1) in situ coherence of the musculature, alimen-

tary system, and nervous system and 2) distinct

neuropils, such as the optic neuropils and glomeruli of

the antennal lobe.

Soft-tissue contrast and thus the level of neuroana-

tomical details strongly increased after critical point dry-

ing of the samples (Fig. 3; compare A,B with C,D), which

allowed us to clearly identify small nerves and distinguish

certain neuropils. However, we detected minor shrinkage

artifacts in muscle tissue (compare virtual sections in

Figs. 3A with C). In contrast, chemical drying using

HMDS caused a dented cuticle and had negative effects

on tissue representation and the fine structure of the

nervous system (compare Figs. 4A,B with C,D). After

HMDS treatment, the nervous system was not only sub-

ject to extensive shrinkage, but was also disrupted during

the drying process (compare Fig. 4B with D).

TABLE 2.

Volume Measurements of the Brain and Selected

Neuropils Calculated on the Basis of Micro-CT Data1

Volume

Brain2 Antennal lobe Optic neuropils3

Vespa crabro �4.230 mm3 �0.02760 mm3 �0.4370 mm3

Lucilia sp. �0.820 mm3 �0.00340 mm3 �0.1950 mm3

Drosophila

hydei

�0.016 mm3 �0.00015 mm3 �0.0015 mm3

1Volumes of neuropils correspond to one antennal lobe, and optic

neuropils of one hemisphere of the brain.
2Including optic neuropils.
3Comprising lamina, medulla, lobula, and lobula plate.

TABLE 3.

Comparison of Different Sample Fixations and Preparations1

Preliminaries

1. Scan (in pure

ethanol) 2. Scan (dried)

Fixative Fixation
quality

Exp.
time (sec)

Contrast
(nervous
tissue)

Drying
method

Exp.
time (sec)

Contrast
(nervous
tissue)

Comments
(artifacts affected

by drying procedure)

2.5%
Glutardialdehyde

2 1.5 Low CPD 1.0 High Disruption of retinal
and parts of the
central nervous system

70% Ethanol 1 1.0 Low CPD 1.0 High Slight shrinkage of
nervous tissue
and musculature

Bouin’s solution 11 1.5 Medium CPD 1.0 High No obvious shrinkage
or disruption

Bouin’s solution 11 1.5 Medium HMDS 1.0 High Central nervous system
disrupted and shrunken

1All samples were stained using 1% iodine solution. 2, overall appearance of nervous tissue is poor; 1, overall appearance of nervous tissue is suf-

ficient; 11, overall appearance of nervous system is suitable.

Abbreviations: CPD, critical point drying; HMDS, hexamethyldisilazane.
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Figure 4. Methodological evaluation of chemical drying. Volume rendering (voltex rendering) and virtual sections of the head and brain of the same

specimen of the flesh fly Sarcophaga carnaria scanned in ethanol (A,B) and after chemical drying using HMDS (C,D). A,C: Frontal and oblique sagittal

representation. Externally, both volume renderings show nearly equal quality. Internally, the signal to noise ratio is higher after chemical drying using

HMDS (compare antennal nerve marked by arrow). However, the brain was highly affected, as indicated by enormous shrinkage artifacts. B,D: Virtual

horizontal sections of the brain showing the central complex and optic neuropils. Although the signal to noise ratio is higher in the HMDS sample,

internal features of the brain are not accessible. Note the high amount of shrinkage and disruption of the optic neuropils (asterisk) after HMDS treat-

ment. Abbreviations: AL, antennal lobe; An, antenna; Ar, arista; CE, compound eye; EB, ellipsoid body; Es, esophagus; EtOH, scanned in pure ethanol;

HMDS, scanned after chemically drying using hexamethyldisilazane; FB, fan-shaped body; Lab, labellum; Lb, labium; Lbr, labrum; Lo, lobula; Me,

medulla; Mu, musculature of the thorax; MxP, maxillary palp; Oc, ocellus. Scale bar 5 1 mm in A,C; 200 mm in B,D.
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DISCUSSION

General remarks
Our data demonstrate that micro-CT facilitates inves-

tigating the nervous system of even small arthropods in

great detail and thus provides a promising extension of

the methodological spectrum used in studies on arthro-

pod neuroanatomy. Virtual sections of the head of a

wasp and honey bee that depicted neuroanatomical

information have already been published by Metscher

(2013) and Ribi et al. (2008). Our study of the Euro-

pean hornet and the blow fly corroborates that detailed

information on the architecture of the brain can be

achieved by micro-CT analyses. In addition, we showed

that micro-CT analyses are even suitable for analysis of

neuropils within the tiny brain of Drosophila. A compre-

hensive understanding of the arthropod neuroanatomy

depends on broad reference systems such as 3D brain

atlases. Detailed descriptions of brain neuropils and

even individual neurons are available for Drosophila, as

are virtual standard brain atlases (Vosshall et al., 2000;

Rein et al., 2002; Cardona et al., 2010; Peng et al.,

2011; Ito et al., 2014) and specific databases (e.g.,

http://www.virtualflybrain.org).

The generation of such atlases is traditionally based on

serial sectioning or whole-mounts of dissected brains.

However, this is a time-consuming procedure prone to arti-

facts (e.g., section loss, distortion, staining, or labeling arti-

facts). The sectioning process itself disrupts the tissue

continuity, resulting in local tissue deformations that have

to be removed in subsequent, complex alignment proce-

dures (Saalfeld et al., 2012). Nevertheless, systematic

compression and distortion, which are typically induced

while cutting (Hayat, 2000), as well as z-axis compression,

can cause serious problems in subsequent extraction of

3D information (Gardella et al., 2003; Kubota et al., 2009).

We were able to show that noninvasive approaches such

as micro-CT are suitable for establishing a broad reference

system for arthropod brains and thus for generating 3D vir-

tual brain atlases (see virtual content of Figs. 1B,C, 2A).

Moreover, we suggest that noninvasive approaches such

as micro-CT are likely to more accurately reflect the spa-

tial arrangement of certain neuropils compared with inva-

sive techniques and should therefore be favored for

establishing brain atlases.

Volumetric analysis
Quantification (i.e., volume measurements) in general

aims at achieving objectivity and comparability, but the

accuracy of quantified data is certainly influenced by

multiple factors including intra- and interoperator preci-

sion variability, as well as manual segmentation errors.

Moreover, in histology, precise quantification is often

limited by sample preparation that involves, for exam-

ple, tissue shrinkage and deformation. Possible shrink-

age artifacts are caused by fixation and dehydration

procedures (Gusnard and Kirschner, 1977; Hayat, 1981;

Fox et al., 1985; Bucher et al., 2000; Ott, 2008). The

effect of sample preparation on volume shrinkage of

rabbit bone, brain, and muscle was recently investi-

gated by Buytaert et al. (2014) and revealed remark-

able volume losses (up to �66% for isolated vertebrate

brain tissue). Likewise, Grabe et al. (2015) revealed

notable volume decreases of about 43% of the antennal

lobe of D. melanogaster caused by dissection and

fixation.

We quantified the volume of the antennal lobe of D.

hydei to compare for volumetric data obtained in our

approach (fixed, dehydrated, and critical point dried) and

to test whether this technique is suitable for extracting

volumetric data even from the brain of the smallest

insect investigated here. We calculated a volume of

approximately 150,000 mm3 for each antennal lobe of D.

hydei, which corresponds to 0.9% of the entire brain vol-

ume (including optic neuropils). This is somewhat larger

than the calculated volumetric range of 120,000–

140,000 mm3 of dissected and fixed D. melanogaster

brains provided by Grabe et al. (2015). However, Grabe

et al. (2015) further calculated the volume of the anten-

nal lobe of living D. melanogaster (mean of in vivo

approach �210,000 mm3) to compare for volumetric dif-

ferences caused by sample preparation. Thus, our data

further confirm a considerable volume decrease. How-

ever, in vivo imaging is highly challenging and often

restricted to genetically modified model organisms. Thus,

sample preparations that involve chemical fixation of soft

tissue are so far the only feasible application for a broad,

comparative approach that involve nonmodel species. In

this respect, noninvasive approaches such as micro-CT

that maintain the overall natural coherence of organ sys-

tems should be favored over destructive approaches, at

least to minimize subsequent artifacts. Furthermore, if

possible, we advise the provision of relative and absolute

measurements that correct for size-dependent misinter-

pretations and thus allow for a meaningful inter- and

intraspecific comparison.

Optimal sample preparation
Metscher (2009a) suggested that sample preparation

should follow the protocol that provides the best histo-

logical result for a given species. We obtained the best

tissue fixation by using Bouin’s solution and the best

soft tissue contrast after drying. To evaluate the degree

of tissue transformations caused by the drying process,

all samples were scanned twice, first in �99.8% ethanol

and then after drying. In our approach, critical point
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drying prevented unfavorable effects on surface appear-

ance, internal tissue formation, and fine structure of

the nervous system, in contrast to the previous ethanol

scan of the same sample. However, in addition to criti-

cal point drying, we tested chemical drying by using

HMDS. Drying by evaporation of HMDS is generally con-

sidered to be comparable to critical point drying (Bray

et al., 1993; Hazrin-Chong and Manefield, 2012), which

is considered appropriate to treat delicate and soft tis-

sue such as, for example, hepatic endothelial cells for

Figure 5. Comparison of methods in arthropod neuroanatomy as exemplified for the house centipede Scutigera coleoptrata I. A,B: Horizon-

tal sections of the head in approximately the same orientation. A: Inverted virtual section illustrating the protocerebrum with optic neuro-

pils and head musculature. B: Vibratome section (structured illumination fluorescence microscopy). Green, synapsin immunoreactivity; red,

labeling against f-actin; blue, labeling against nuclei. C,D: Cross sections of the right deutocerebral hemisphere with olfactory glomeruli

(dense synaptic profiles) both magnified from a 43 overview (inset in D from light microscopy) Single larger somata between deuto- and

tritocerebrum are clearly visible (arrowheads). B and D modified after Sombke et al. (2011). Abbreviations: AN, antennal nerve; CE, com-

pound eye; diMu, dilator muscles of the pharynx; Es, esophagus; FC, frontal connective; fLM, fluorescence microscopy; La, lamina; LM,

light microscopy; Me, medulla; micro-CT, micro-computed tomography; Mu, musculature; OL, olfactory lobe; PC, protocerebrum; TC, trito-

cerebrum. Scale bar 5 500 mm in A,B; 100 mm in C.D.
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Figure 6. Comparison of methods in arthropod neuroanatomy as exemplified for the house centipede Scutigera coleoptrata II. The cor-

pus lamellosum, which is composed of eight lamellae, visualized according to different methods. A: Virtual volume reconstruction

from micro-CT. B: Histological cross section (1.5 mm) stained with 1% toluidine blue. C: Anterograde backfill with dextran-biotin. D:

Phalloidin labeling (80-mm Vibratome section). B–D modified after Sombke et al. (2011). Note that neuropil sizes may vary as adult

centipedes molt and grow throughout their perennial adult life. Abbreviations: cLSM, confocal laser scanning microscopy; Il, inner

lamellae; LM, light microscopy; micro-CT, micro-computed tomography; Oul, outer lamellae. Scale bar 5 50 mm in A–D.
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scanning electron microscopy and even transmission

electron microscopy (Braet et al., 1996). Our compari-

son of both methods demonstrated that critical point

drying of samples is the most appropriate method when

the arthropod nervous system is investigated with

micro-CT.

Micro-CT in comparison with classical
approaches in arthropod neuroanatomy

To compare the suitability of micro-CT with con-

ventional approaches in arthropod neuroanatomy, we

analyzed neuroanatomical features of the common

house centipede, S. coleoptrata, by using classical

(invasive) neuroanatomical (Sombke et al., 2011, 2012),

as well as synchrotron-based approaches (Fanenbruck

et al., 2001). However, in comparison with the early

synchrotron-based data shown by Fanenbruck et al.

(2001), technical enhancements of our micro-CT

approach are evident at the level of resolution and sen-

sitivity. In virtual and inverted sections through the

head of S. coleoptrata, the nervous system stands out

in brighter tonalities, whereas musculature and cuticular

elements appear darker based on the different density

of the structures (Figs. 5A,C). Images from single

orthogonal virtual sections are equally detailed com-

pared with images taken from histological sections or

from specimens labeled using immunohistochemical

techniques at comparable magnifications (Figs. 5A–D).

At this level of magnification, micro-CT, for example,

visualizes the two optic neuropils within the lateral pro-

tocerebrum nearly as clearly as fluorescence micros-

copy after labeling against synaptic proteins (compare

Fig. 5A with B; yellow channel). Within the centipede

deutocerebrum, micro-CT and classical histology like-

wise lead to identification of the olfactory lobes (5

antennal lobes in hexapods) composed of elongated

olfactory glomeruli (Sombke et al., 2011, 2012),

because these dense synaptic regions are highly con-

trasted by both methods (compare Fig. 5C with D;

asterisks). Moreover, single larger somata in between

the deuto- and tritocerebrum are clearly visible (Figs.

5C,D, arrowheads). The corpus lamellosum, the pre-

sumptive deutocerebral mechanosensory neuropil in

Myriapoda (Sombke et al., 2012), is well resolved in vir-

tual cross sections. It is characterized by its arrange-

ment of eight parallel lamellae, with outer lamellae

forming a loop and inner lamellae projecting contralat-

erally. Figure 6 compares visualizations of the corpus

lamellosum obtained by micro-CT (Fig. 6A) with differ-

ent histological and immunohistochemical methods,

demonstrating that the level of contrast, resolution, and

detail of micro-CT is comparable to that of light micro-

scopic methods. However, the lamellae show a slightly

finer texture in semithin sections (1 mm) of a plastic-

embedded specimen visualized by brightfield micros-

copy (Fig. 6B). Labeling with fluorescent phalloidin, a

probe for filamentous actin, also visualizes these lamel-

lae (Fig. 6D). The combination of visualizations (Figs. 5,

6) clearly shows that micro-CT results in detailed and

accurate visualization of arthropod brain neuropils and

gives profound insights into spatial arrangements and

dimensions.

CONCLUSIONS AND FUTURE DIRECTIONS

We demonstrate that micro-CT is very well suited for

analysis of overall arthropod neuroanatomy. Due to fast

processing time, we also consider this technique to be

extremely potent when it comes to large-scale analyses

of general neuroarchitecture including phenotypic varia-

tion within and between populations and species. More-

over, quantitative volume data of the antennal lobe of D.

hydei correspond with volumetric data obtained with

other noninvasive approaches in D. melanogaster such

as cLSM. Thus, we conclude that micro-CT allows com-

parative quantitative analyses with little size-dependent

limitations. However, the resolution and image quality

obtained depend not only on the tomographic system

and settings (e.g., high or low voltage) and specimen

size, but also on the preparation methods. Our study

suggests a preferable treatment of samples for micro-CT

studies of arthropod neuroanatomy. We would like to

note that sample preparations are validated for the spe-

cies used in this study, as well as other representatives

of centipedes, xiphosurans, decapod crustaceans, and a

variety of spider taxa (A.S., E.L., and P.M., unpublished

data).

Micro-CT will not replace, but will supplement selec-

tive staining methods such as immunohistochemistry for

neurotransmitters, intracellular injections, and backfills.

Micro-CT will be especially useful for obtaining volumet-

ric data from arthropod brains. Furthermore, this nonin-

vasive technique allows subsequent histological analyses

of the same specimen as well as investigation of the

internal anatomy of precious type material from museum

collections. This method also has the potential for rapid

analysis of the brains of diverse and rare nonmodel

arthropods, thus promoting comparative neuroanatomical

approaches in an evolutionary framework (Harzsch,

2006; Strausfeld and Andrew, 2011).
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