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Exploring miniature insect brains
using micro-CT scanning techniques

Dylan B. Smith?, Galina Bernhardt®*, Nigel E. Raine®*, Richard L. Abel®, Dan Sykes$,
Farah Ahmeds®, Inti Pedroso®”:* & Richard J. Gill%**
Received: 20 May 2015 . The capacity to explore soft tissue structures in detail is important in understanding animal physiology
Accepted: 29 January 2016 and how this determines features such as movement, behaviour and the impact of trauma on reqular
Published: 24 February 2016 : function. Here we use advances in micro-computed tomography (micro-CT) technology to explore the
. brain of an important insect pollinator and model organism, the bumblebee (Bombus terrestris). Here
we present a method for accurate imaging and exploration of insect brains that keeps brain tissue free
from trauma and in its natural stereo-geometry, and showcase our 3D reconstructions and analyses of
19 individual brains at high resolution. Development of this protocol allows relatively rapid and cost
effective brain reconstructions, making it an accessible methodology to the wider scientific community.
The protocol describes the necessary steps for sample preparation, tissue staining, micro-CT scanning
and 3D reconstruction, followed by a method for image analysis using the freeware SPIERS. These
image analysis methods describe how to virtually extract key composite structures from the insect
brain, and we demonstrate the application and precision of this method by calculating structural
volumes and investigating the allometric relationships between bumblebee brain structures.

In spite of the pivotal role of the brain in controlling animal behaviour, very little is still understood about how
its structural and functional complexity determines the diversity of behaviours observed'. Investigations of brain
structure, and its role in determining specific behavioural traits, have propelled critical developments in imaging
methodology, such as magnetic resonance imaging (MRI) and X-ray computed tomography (CT). For example,
CT scanning has highlighted that variation in volume, shape and density of particular human brain regions can
be correlated with phenotypic syndromes and diseases>*. The implementation of such technologies to the study
of smaller organisms with tiny brains (such as insects), however, is notably lacking®-. A major barrier to progress
in this area is that imaging at this small scale is a more challenging task due to problems with low image resolution
and the practicalities of manipulating, preparing and observing miniature composite structures®”.

So why study insect brains? Despite their comparatively small size, insect brains are capable of rapidly detect-
ing and responding to a plethora of diverse stimuli in a wide range of sensory modalities, facilitating their global
ecological success and establishing them as an essential model system for cognitive biology and neuroscience®'>.
Although insect brains are smaller and simpler than their vertebrate counterparts, there is increasing evidence
that insect cognitive performance can be impressive''*-%”. For instance, foraging insects must learn and memo-
rise navigation routes in complex landscapes requiring the ability to detect, distinguish and integrate a multitude
of chemical, visual, landmark and celestial cues!'**>?7-32 Therefore, knowledge of insect brain structure allows
us to understand how comparatively small (and simple) brains can generate complex patterns of behaviour and
act as a gateway to understanding more complex brains and their evolutionary development®!*163334 Indeed,
variation in the volume of brain regions (examined using histological techniques) has been reported to be linked
to differences in innate responses to stimuli®*, age/experience related behavioural transitions*-*%, behavioural
syndromes®** and rates of learning and performance in cognitive tasks*"*2. Yet, there remains much to discover
about how insect brain structure relates to individual behaviour!%*. Closing such a fundamental knowledge gap
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requires the development of new imaging protocols and the application of novel strategies to measure, record and
robustly quantify aspects of brain morphology across multiple individuals.

The majority of investigations into insect brain morphology have used traditional histological techniques (see
Supplementary Tables 1 and 2 for a list of representative studies). Producing 2D images with these techniques
requires invasive dissection for image preparation followed by relatively time-consuming fixing and physical
tissue slicing using a microtome®. Typically brain samples prepared using this method can suffer tissue distor-
tion, desiccation and permanent damage, leading to biased measurements that impede accurate quantification of
morphology*~*’. Magnetic resonance and confocal microscopy imaging have been used to study insect brains,
eliminating the need for tissue slicing and/or staining, but these approaches suffer from comparatively low res-
olution and semi-destructive treatment of the samples*->!. The development and application of micro-CT to
investigate the small brains of insects is a significant milestone towards collecting unprecedented data and insight
into brain structure®>>* and offers the potential for studies linking variation in brain structure with behavioural
differences. The landmark study of Ribi et al. (2008)? showcased the use of micro-CT in exploring insect tissues,
specifically in the honeybee (Apis mellifera) brain. After removing the head musculature and salivary glands, the
authors used an osmium-based staining method to enhance contrast and showed that the main brain structures
could be distinguished from other tissues. Other authors have shown that the integration of brain reconstructions
can provide a powerful method for producing structural atlases of standardised insect brain maps that facilitate
fast, semi-automatic analysis (region annotation, segmentation and volume extraction) across multiple individu-
als*74951:55-58 ‘While Ribi et al. (2008) provided a proof-of-concept that high resolution imaging of insect brains
is possible, brain atlases to date have typically been constructed using lower resolution and invasive techniques.
Therefore, developing protocols to apply high-resolution imaging (such as micro-CT) coupled with segmentation,
for quantitative volumetric and 3D morphological analyses, would improve our ability to understand the intricate
details of brain morphology, and link this structural variation with organismal function through comparative
analyses, both within and among species, across a range of ontologies and life histories.

Here we describe a methodology that builds on the pioneering work of Ribi et al.*?, to allow exploration of
the composite structure of small-scale soft tissues without disturbing the insect brain within the head case, hence
retaining its natural stereo-geometry and minimising any potential tissue destruction. By exploring the brain of
a common European bumblebee (Bombus terrestris) we outline a relatively easy-to-use protocol, that reduces the
effort needed to prepare samples for high resolution micro-CT scanning, and couple this with the application
of open source (freeware) visual analysis software SPIERS to generate non-destructive, 3D reconstructed brain
images at relatively high resolution (achieving a standardised 4.6 pm voxel size per scan — an improvement on
7 pm reported by previous studies®?). Furthermore, we demonstrate an application of this method by segmenting
and virtually extracting five of the primary brain composite structures for 19 individual bees. We present quan-
titative volumetric measurements for each of the five brain structures: mushroom bodies (MBs), antennal lobes
(ALs), medullas (Mes), lobulas (Los) and the central body (CB) (see Supplementary Table 3 for brief description
of each structure). This study provides an appreciable number of samples, allowing us great insights into the
degree of variation in brain morphology and how to achieve the appropriate level of statistical power required for
future comparative analyses. As a result this method provides a critical step towards detailed geometric morpho-
metric studies and investigations of links between brain-structural variation and organismal function in insects.

Results and Discussion

Working towards the objectives of attaining high resolution images and precise 3D morphological measurements
of insect brain morphology, we addressed several of the key challenges faced by researchers when attempting to
use X-rays to image small brain structures: a) sample preparation: we optimised a protocol for specimen prepara-
tion, using a non-hazardous dye and simple staining procedure, that produces images with appropriate contrast
for distinguishing soft tissues of interest for downstream image analyses; b) scanning of specimens: our protocol
used settings to scan multiple individuals at once to reduce cost and machine running time while still producing
high quality images; c¢) image segmentation and validating the biological veracity of the data: we have developed
a useful, freeware-based, protocol for image analysis to segment brain regions with high confidence, capable of
systematically providing precise and repeatable measures of morphological features.

Generating accurate visualisations of independent brain structures critically requires the ability to differen-
tiate multiple tissues based on density, shown by the degree of staining that provides effective contrast enhance-
ment. To facilitate stain perfusion throughout the brain tissues, we removed the front cuticle of the bee head-case
without disturbing the brain®? (see Supplementary Fig. 1a). Standardizing the staining process involved studying
the dynamics of tissue staining over time (i.e. the rate at which specimens take-up the stain, and contrast provided
when repeatedly imaged). We tested the efficacy of three staining solutions previously used on insect tissues:
iodine (I), uranyl acetate (UA) and phosphotungstic acid (PTA: see Online Methods for details). We excluded
osmium-tetroxide, used by Ribi et al. (2008), from the comparison because its toxicity profile precludes wide-
spread general use. To examine the effectiveness of staining, each head was micro-CT scanned once per day for
specified days over a nine-day period (see Methods). We found that seven days of PTA staining provided the best
contrast enhancement and resolution of brain structures, and was therefore chosen as the staining method for bee
brains prior to scanning (Supplementary Figs 2-4).

Micro-CT scans were performed using a Nikon Metrology HMX ST 225 system® with a molybdenum target
(Supplementary Fig. 5). The raw data for each brain scan were reconstructed using CTPro 2.1 software (Nikon
Metrology, Tring, UK) and visualised using VG Studio Max 2.1 (Volume Graphics GmbH, Heidelberg, Germany)
for alignment and re-slicing of all the samples along the same optimum orientation plane (see Fig. 1a). For each
sample we exported scan images at a standardised voxel size representing the upper limit of the range, which
was 4.6 um (scan resolution ranged between 3.1-4.6 um). Segmentation and volume analysis of brain structures
were carried out using the freeware SPIERS 2.20 (Serial Paleontological Image Editing and Rendering System).
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Figure 1. Bumblebee brain micro-CT scan slice. Raw image (a) showing optimum orientation and slice plane
for viewing brain structures for segmentation, visible structures of interest: lateral calyx (L Cal), medial calyx
(M Cal), central body (CB), medulla (Me), lobula (Lo), and (b) the optimum threshold for segmentation of the
mushroom body calyces of the same slice.

Using SPIERS required us to develop a novel protocol to specifically segment insect brains. Individual scans were
opened in the form of an 8-bit greyscale bitmap (BMP) image stack (see Supplementary Video 1), and could be
viewed in greyscale or binary form (a black and white visualization of the image; Fig. 1b). For segmentation, we
first compared two different methods of thresholding on two brain structures (Mes and MB calyces): i) a manual
‘tracing method’ judging by eye; and ii) a second method based on ‘pixel intensity histograms’ (see Methods
and Supplementary Results). For both methods we started by converting scan slices to binary threshold images
representing the optimum ratio of active white pixels, comprising the structure of interest, and inactive black
pixels, for the surrounding tissues (see Online Methods). Structures were then defined by placing looped splines
around the active pixels at five slice intervals. Splines were finally interpolated across all slices, between five slice
intervals, to form the framework to create a mask around the structure, defining it as an independent object for
3D reconstruction and volumetric analysis (see Figs 2 and 3; Supplementary Video 2). Volumes calculated from
the tracing- and pixel intensity histogram methods gave almost identical results for the simpler structure of the
medullas. Seventeen of the 19 samples had the same calculated volumes, with a mean difference between the two
methods for the 19 brains of just 0.45% (median (IQR) = 0% (0 - 0)). For the more complex mushroom body cal-
yces 10 of the 19 structures had the same volumes, with a mean difference in calculated volumes between the two
methods for the 19 brains being 3.8% (median (IQR) = 0% (0 - 5.5); see Supplementary Fig. 6 and Supplementary
Table 4). Each method had its pros and cons, with the tracing method potentially suffering from subjective deci-
sions for node placement but benefitting from making common-sense decisions as to what should constitute the
tissue of interest, whereas the pixel intensity histogram provides an objective method but may include neighbour-
ing pixels that are not part of the tissue of interest. For this paper, we used the tracing method to calculate volumes
of the remaining brain structures.

We further validated our method of brain segmentation by testing the precision of our calculations. We
looked at the similarity of our estimates by repeating full segmentation and volumetric analysis four times for
both the left and right medullas from one brain. We found low test re-test repeatability scores of 0.0016 for
the left medulla (mean = 0.0745 mm?; s.d. = 0.0008, c.v. = 1.08%) and a score of 0.0011 for the right medullar
(mean = 0.0751 mm?; s.d. = 0.0006, c.v. = 0.74%; see Supplementary Table 5), showing high precision of our vol-
umetric estimates. Secondly, we examined the self-consistency of our volumetric estimates by comparing left
and right-paired structures for each brain across all individuals (single structure of the CB was thus excluded).
Finding very similar (or the same) paired volumetric calculations would support the precision of our method
when assuming that such paired structures typically develop symmetrically. We found strong linear relation-
ships, and low mean percentage differences, between the left and right paired structures (whole MBs: r?=91.2,
%diff.= 3.85%; MB lobes only: r? = 74.8, %diff. = 7.48%; MB calyces only: r> = 93.4, %diff. = 4.10%; ALs:
r? = 89.3, %diff .= 4.92%; Mes: r* = 95.7, %diff. = 3.06%; Los: r* = 72.1, %diff.= 6.58%; Fig. 4A, Supplementary
Fig. 7 and Supplementary Table 6). The differences between the paired volumes are small and our findings sup-
port that our methods can objectively assess the volume of morphologically complex brain structures with rela-
tively high precision. Indeed, the differences we do find likely represent an upper limit of error considering that
true asymmetry between brain hemispheres may naturally develop, although the extent of this has not been
quantified.

Our results conformed to the general allometric relationships between brain structures and body size found
in previous histological studies - a significant positive correlation between predictors of body size and each brain
structure (MBs, ALs, Mes and Los), with the exception of the CB**° (Fig. 4B, Supplementary Figs 9 and 10). This
general conformity supports the view that our results do not suffer from significant artefacts or misrepresentations
of brain tissue. However, our methods should generate structural volumes that more accurately reflect real vol-
umes, whereas histological techniques are likely to suffer from multiple sources of error. For instance, histological
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Figure 2. 3D rendered views from micro-CT imaging of bee head case, brain and brain structures. (a) External
head case with independently segmented structures: right eye (RE), left eye (LE) right lateral ocellus (RLO),
median ocellus (MO), left lateral ocellus (LLO), right antenna (RAn), left antenna (LAn). (b) transparent head
case showing brain in situ; (c) brain tissue, virtually segmented from head case; (d) transparent brain tissue showing
brain structures in situ; (e) individually segmented brain structures independent of additional brain tissue showing:
central body (CB), and one of the pair of lobulas (Lo), medullas (Me), antennal lobes (AL), mushroom body

calyces (MBC) and mushroom body lobes (MBL). The images show false colour application to the head and brain
structures, and images (c—e) have been magnified 1.5 in size compared to (a,b).
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Figure 3. 3D SPIERS View renderings from micro-CT imaging of a mushroom body (a-c), medulla (d-f) and
antennal lobe (g-i). (a) Right mushroom body frontal view highlighting the: lateral calyx (L Cal), medial calyx
(M Cal), and pedunculus (Ped); (b) medial side view highlighting the: lip (Li), collar (Co), basal ring (BR),
vertical lobe (V) and medial lobe (M); (c) dorsal view; (d) right medulla frontal view; (e) medial side view;

(f) dorsal view; (g) right antennal lobe frontal view; (h) medial side view; (i) dorsal view.

techniques estimate structural volumes by using only a subset of microtome slices with each slice being typically
thicker than ours (e.g. 10-20vs 4.6 pm), whereas our methodology incorporates structural tissue across all slices
(i.e. mean = 377 slices) into an automated volume calculation. Furthermore, from our optimum thresholding
procedure, we can differentiate tissues based on density and thus facilitate the exclusion of extraneous internal
tissue from each slice enhancing our ability to examine real representations of these complicated structures, with
surfaces textured with grooves, pits, crevices and hollows (Fig. 3). Histological techniques, however, are unable to
do this as volumes are calculated by visually tracing the structure of interest for each of the subset of slices, taking
this calculated area and then interpolating between the subset of slices. A potential shortcoming of this approach
is that it assumes the structure has a uniformly even surface between slices, yet this is unlikely to be true (as
shown by our images; Fig. 3). We therefore make the prediction that our volume calculations will be consistently
lower than those calculated in previous histological studies of bee brains (see Supplementary Table 1-2). If so,
we would further expect that the two case-studies®®®! we compare to our dataset would overestimate the volume
of structures with more complicated shape (in this case the MBs, Mes, ALs and Los are more morphologically
complex than CB). Indeed, our results confirmed both of these predictions with all of the structures having lower
volumes, with our calculated volumes of the MBs, ALs, Mes and Los being, respectively, 49/69%, 44/53%, 60/56%
and 63/59% of the volumes estimated in case-studies®*®!, and the CB being 88/80% of the size (see Supplementary
Table 7 for details). Although, further explanations for our smaller estimated structural volumes could be that the
previous case-studies examined brain volumes in a different bumblebee species, and/or that our sampled brains
were not a mature adult size given we sampled very young bees (only four days old) with little experience and that
brain structure volumes have been reported to increase with age by as much as 37%°!.

Developing and combining the advances in imaging technology®*->* with a detailed imaging analysis protocol
has allowed us to produce high quality 3D reconstructions of soft tissue samples with high resolution and pre-
cision that can be revisited for repeated new exploration, virtual dissection and comparative analyses of tissue
structure without the need for additional sample preparation (see Figs 2 and 3; Supplementary Video 2). The
methods presented here provide a relatively cost-effective and time-efficient toolkit to enable a wide-range of
researchers to explore intra- and inter-individual variability of soft tissues (in this case brain structure), and
their links to organismal phenotypes (minimizing sample preparation artefacts), which can be applied to both
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Figure 4. (A) Isometric relationship between the calculated volumes (mm?) of three paired structures found on
the left (x-axis) and right (y-axis) sides of the brain (n= 19), and (B) allometric relationship between body size
(thorax width (mm)) and total volumes of each of the paired structures combined (n = 19). Using the manual
tracing method; (A) Fitted linear regression lines are plotted with r? values and slope gradients shown. The very
high degree of congruence between the volume of left and right paired structures strongly supports that our
method is effective at differentiating and extracting the structural tissue. (B) Fitted linear regression lines are
plotted with 95% confidence limits (dashed line), and r? values and slope gradients are shown. For the whole
mushroom body (MB) we explored the relationship when the lobes and calyces were combined.

insects and other invertebrate taxa. Given the important ecosystem services provided by beneficial arthropods
(e.g. pollination and bio-control of pests), and recent reports of global pollinator declines, our methodology can
help elucidate the factors affecting physiology and behaviour helping us to appropriately assess and mitigate such
problems®. Indeed, the development of this scanning and image processing protocol is particularly timely as it
has great potential for investigating whether exposure to specific stressors, such as disease or agrochemicals, can
significantly affect brain development, function and associated key behaviours such as learning, foraging and
navigation®-6°,

Methods

Bumblebee husbandry, sampling and sample preparation. Five bumblebee colonies (Bombus ter-
restris) were obtained from a commercial company (Koppert Biological Systems, the Netherlands). Upon arrival,
colonies (each containing a queen and a mean of 95.4 workers (range = 71-127)) were transferred to wooden
nest boxes within 24 hours. All colonies were then provided with ad libitum pollen and sucrose solution (40/60%
sucrose/water). To understand the standing variation in brain morphology and to consider the precision of our
measurements, we sacrificed individuals for brain scanning that were all of the same age - four days old. These
early-adults had eclosed from their pupal case after the colonies had spent at least 21 days (approx. time taken
for a worker to be reared from egg to adult®’) under the same laboratory setting. Age matched individuals were
sacrificed because adult maturation, changes in social environment and increased experience can all have effects
on brain morphology**¢!. We monitored colonies twice per day and marked any newly eclosed individuals using
numbered Opalith tags (Christian Graze KG, Germany), which consequently allowed us to track the age of each
individual throughout the sampling period.

Young bees were used for brain scanning to limit any potential changes in brain structure/size during adult
development associated with allocation to different tasks in the colony. Bees were sacrificed by removing an indi-
vidual from the colony using forceps, and then swiftly decapitating the live individual using a disposable surgery
scalpel (Supplementary Fig. 1a). Once cut, the head was fully submerged in a 70/30% ethanol/de-ionised water
solution in a 1.5 ml centrifuge tube and stored at 5°C until the staining process was undertaken.

The head case was prepared for staining by removing the front part (just below the antennae; see
Supplementary Fig. 1a) with a scalpel under 10 x magnification (using a stereomicroscope) ensuring that we
did not cut into the brain. The head was then fully submerged in the staining solution in one well as part of
a multi-well cell plate. We measured thorax width for each decapitated individual, just above the tegula (see
Supplementary Fig. 1b), using a set of digital callipers (accuracy = 10 pum) as this has been shown to be strong
estimator of body mass in bumblebees®. Thorax width measurements were taken twice per individual and the
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average taken. We sacrificed 34 bees for staining (n = 6 from one colony for the staining optimization test; n =28
from five colonies for brain 3D reconstruction).

Selecting staining conditions. Measures of contrast enhancement to view staining success have been used
for imaging animal soft tissue in previous studies® although each have employed differing stains, techniques and
preparation. In order to develop an accurate and repeatable protocol for visualising bumblebee brain structures,
we first focused on establishing a staining procedure. There are a number of widely used tissue stains including
uranyl acetate (UA)7*"1, iodine (I)**7072, phosphotungstic acid (PTA)*%*7* and osmium tetroxide®*”!. For our
investigation we examined the effectiveness of: 1) 1% I solution (1 mg/ml concentration in 70/30% ethanol/water
solution); ii) saturated (0.9-1%) aqueous solution of UA; iii) 0.5% PTA solution (0.5 mg/ml concentration in
70/30% ethanol/water solution). Osmium tetroxide was excluded due to its high toxicity and cost®*”*,

For each optimization test we prepared two heads per stain. Each of the six heads were individually scanned
on days 1, 3, 6,7, 8 and 9 to observe how well the stain penetrated the brain (see Supplementary Fig. 2). Uranyl
acetate — the brain scans indicated little staining across all nine days. As differentiation of brain regions could not
be seen or was very difficult to detect we concluded this to be a poor staining method for soft brain tissue CT
scanning. Iodine — this permeated the brain more extensively than UA, and was quicker to stain tissue than PTA
as it only required around 1-3 days. However, the contrast threshold for iodine was not as good, tissues were not
as readily identifiable and edges were less defined compared to PTA stained samples. Moreover, after just six days
iodine began to bleed causing very blurry edges and then poor tissue differentiation. PTA showed the highest
level of contrast enhancement after seven days of staining of all stains, and in comparison to Iodine we found
no evidence of stain bleeding, even after nine days. Additionally, when comparing identical phases of perfusion
for each stain, PTA produced superior definition of brain regions compared to Iodine and UA. Therefore, we
decided to use seven-day exposure to PTA stain based on the achievable image quality (see Supplementary Fig.
3 and 4). Scans for all staining assays were performed using the following settings: 80-90kV at 100-110 1A, gain
6 dB, with no noise reduction and no beam hardening corrections, and was balanced by increased projections to
6284 and exposure time of 354 ms to provide a suitable noise to signal ratio. The relative performance of the stains
we assessed could vary under different scanner settings, therefore, additional testing of these settings could be
further optimized for each stain. For example small decreases to the voltage to align with the excitation edges for
tungsten, and to increase the current to increase flux.

Scanning of specimens. Micro-CT scans were carried out at the Imaging and Analysis Centre, London
Natural History Museum, using a Nikon Metrology HMX ST 225 system (Nikon Metrology, Tring, UK), with
cone beam projection system, four megapixel detector panel, maximum voltage output of 225KV for the reflec-
tion target and a maximum current output of 2000 LA (Supplementary Fig. 5). The focal spot size is 5m and the
exposure ranges from 0.25-5.6 frames per second. Reconstructed data were visualised in VG Studio Max 2.1 in
which samples were rotated and re-sliced along the orientation plane that gave the optimum view for segmenta-
tion (Fig. la; mean slices per brain = 377, range = 294-580; see Supplementary Video 1). We micro-CT scanned
the seven-day PTA stained brains by scanning two heads per scan run by inserting two heads inside a plastic
straw, held firmly in place by rigid foam at each end and separated by tissue paper, before being placed in the
scanner. Due to the number of scans required we needed to scan over a seven day period, therefore to ensure all
bee brains were scanned at a standardised number of days after the first day of staining, we respectively staggered
the staining start date.

From the 28 brains that were prepared and PTA stained for micro-CT scanning, and of the possible 308
separate structures of interest (left and right MB lobes, MB calyces, ALs, Mes and Los, and the CB), we obtained
images to allow full and detailed 3D reconstruction of 297 (96.4%) of these structures. In this study we used the
19 brains (17 workers and 2 males) that provided us with reconstructions of all the brain structures of interest per
individual (see Supplementary Table 8).

Image segmentation and geometric morphometric analyses.  SPIERS 2.20 was run on a standard
laptop computer (Samsung Series 3 Notebook 1TB HDD NP3530EC, Intel® Core™ i5-3210M CPU @ 2.50 GHz,
RAM 6.00 GB, Intel® HD Graphics 3000, 64-bit Operating System). SPIERS is a custom software suite made up
of three independent programs: SPIERS edit, SPIERS view and SPIERS align. SPIERS was chosen ahead of other
potential software based on two key and advantageous features: i) financial cost — SPIERS is freely available; ii)
system requirements — SPIERS has relatively low system requirements and will run on most standard desktop
and laptop operating systems. Segmentation was carried out using the SPIERS edit program (see Supplementary
Step-by-Step Guide).

For each sample, segmentation of five of the key composite structures of the brain (MBs; ALs; Mes, Los and
the CB) was performed, with each MB being segmented as calyces and lobes separately. Each individual scan
was opened in SPIERS edit in the form of an 8-bit greyscale bitmap (BMP) image stack. The sequence of slices
could be viewed in either greyscale or threshold form (a black and white, binary visualization of the image)
with a simple interchange between the two representations. For a single scan slice showing the brain region of
interest, thresholding was performed by adjusting the Base and Top values representing the range of shades to
be assigned on the grey-value scale covered where 0 = black and 255 = white. The optimum threshold being that
which achieved the best ratio of white, active ‘on’ pixels comprising the structure of interest and black, inactive
‘oft” pixels for the surrounding tissues. To implement our ‘tracing method’” we outlined the following criteria
for our threshold: i) it would separate all ‘background’ material from the bee head tissue, ii) it would retain the
identifying features of each brain structure of interest (MBs, ALs, Mes, Los and CB), iii) and it would separate
each structure of interest from the tissue directly surrounding it. This was achieved by overlaying the greyscale
and threshold views, adjusting the base level until the binary image fulfilled our criteria - to effectively trace the
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structures of interest. For the ‘pixel intensity histogram’ method, we based the threshold point on the base value
corresponding with the top of the second peak on the working image histogram. This second peak value was
applied as the constant determinant of the threshold for the second method. The optimum threshold (for each
structure) was independently determined for 15 slices, at 10 slice intervals, across one brain scan to account for
slight changes in second peak values across slices. This interval spacing was selected to provide a robust subsam-
ple, as each structure is typically visible in 150 scan slices (this slice interval was adjusted for those smaller struc-
tures visible across fewer slices). The average of the ranges established for each of our 15 slices was taken to obtain
a single range to apply and achieve an optimum threshold, across all scan slices for each individual scan (Fig. 1b).

Working in this ‘threshold view’, a central slice - of those in which the structure of interest was visible - was
selected as a starting point. To filter down to the specific brain structure of interest we drew a looped spline
around the object(s) to be followed across multiple slices and used a series of landmarks (nodes) to refine the
loop to match the shape of the object as accurately as possible. We copied the fitted spline to the next slice (either
five slices up or down from the starting slice) and adjusted it to fit the structure outline in the new slice (using the
same number of nodes). Spline adjustment was performed on every fifth slice for the region in which the struc-
ture of interest was visible. We then interpolated the splines between each start and end slice over the five slice
intervals, this automated the process of positioning nodes to define a curve on each intervening slice to create
an accurate transition between curve shapes for every first to fifth slice in sequence. This produced a framework
around the outline of the structure of interest across all relevant slices, which was then used as the defining foun-
dation to create a ‘mask;, or in other words isolating the complete structure across all slices to be used to form
a complete 3D image. The mask could then be exported as an independent object for reconstruction in SPIERS
view rendering software, allowing 3D viewing and manipulation of the structure.

Following image reconstruction, we applied an automated processing feature in SPIERS view (called ‘island
removal’ combined with ‘smoothing’) to reduce the amount of artefactual extraneous tissue and smooth the mask
to depict a more accurate representation of the structure (Figs 2 and 3; see Supplementary Step-by-Step Guide for
details). In SPIERS edit we then calculated the volume of the brain structure using a tool to calculate the number
of voxels making-up each independent object (each segmented structure), which we could then multiply by the
known voxel volume.

References
1. Abbott, A. Neuroscience: solving the brain. Nature 499, 272-274, doi: 10.1038/499272a (2013).
2. Honea, R, Crow, T. ., Passingham, D. & Mackay, C. E. Regional deficits in brain volume in schizophrenia: a meta-analysis of voxel-
based morphometry studies. Am. J. Psychiat. 162, 2233-2245, doi: 10.1176/appi.ajp.162.12.2233 (2005).
3. Shear, P.K. et al. Longitudinal volumetric computed tomographic analysis of regional brain changes in normal aging and Alzheimer’s
disease. Arch. Neurol. 52, 392-402, doi: 10.1001/archneur.1995.00540280078021 (1995).
4. Schambach, S.J., Bag, S., Schilling, L., Groden, C. & Brockmann, M. A. Application of micro-CT in small animal imaging. Methods
50, 2-13, doi: 10.1016/j.ymeth.2009.08.007 (2010).
5. Holdsworth, D. W. & Thornton, M. M. Micro-CT in small animal and specimen imaging. Trends Biotechnol. 20, S34-S39,
doi: 10.1016/S0167-7799(02)02004-8 (2002).
6. Metscher, B. D. MicroCT for comparative morphology: simple staining methods allow high-contrast 3D imaging of diverse non-
mineralized animal tissues. BMC Physiol. 9, 11, doi: 10.1186/1472-6793-9-11 (2009).
7. Miklos, G. L. G. Molecules and cognition: the latterday lessons of levels, language, and iac. Evolutionary overview of brain structure
and function in some vertebrates and invertebrates. J. Neurobiol. 24, 842-890, doi: 10.1002/neu.480240610 (1993).
8. Chittka, L. & Skorupski, P. Information processing in miniature brains. P. Roy. Soc. B- Biol. Sci. 278, 885-888, doi: 10.1098/
rspb.2010.2699 (2011).
9. Srinivasan, M. V. Honey bees as a model for vision, perception, and cognition. Annu. Rev. Entomol. 55, 267-284, doi: 10.1146/
annurev.ento.010908.164537 (2010).
10. Menzel, R. The honeybee as a model for understanding the basis of cognition. Nat. Rev. Neurosci. 13, 758-768, doi: 10.1038/nrn3357
(2012).
11. Collett, T. S., Graham, P, Harris, R. A. & Hempel-De-Ibarra, N. Navigational memories in ants and bees: memory retrieval when
selecting and following routes. Adv. Stud. Behav. 36, 123-172, doi: 10.1016/S0065-3454(06)36003-2 (2006).
12. Warrant, E. & Dacke, M. Vision and visual navigation in nocturnal insects. Ann. Rev. Entomol. 56, 239-254, doi: 10.1146/annurev-
ento-120709-144852 (2011).
13. Wehner, R. Desert ant navigation: how miniature brains solve complex tasks. J. Comp. Physiol. A 189, 579-588, doi: 10.1007/500359-
003-0431-1 (2003).
14. Giurfa, M., Zhang, S., Jenett, A., Menzel, R. & Srinivasan, M. V. The concepts of ‘sameness’ and ‘difference’ in an insect. Nature 410,
930-933, doi: 10.1038/35073582 (2001).
15. Leadbeater, E. & Chittka, L. Social learning in insects — from miniature brains to consensus building. Curr. Biol. 17, R703-R713,
doi: 10.1016/j.cub.2007.06.012 (2007).
16. Chittka, L. & Niven, J. Are bigger brains better? Curr. Biol. 19, R995-R1008, doi: 10.1016/j.cub.2009.08.023 (2009).
17. Lihoreau, M. et al. Unravelling the mechanisms of trapline foraging in bees. Commun. Integr. Biol. 6, 22701, doi: 10.4161/cib.22701
(2013).
18. Chittka, L. & Geiger, K. Can honey bees count landmarks? Anim. Behav. 49, 159-164 (1995).
19. Giurfa, M., Eichmann, B. & Menzel, R. Symmetry perception in an insect. Nature 382, 458-461, doi: 10.1038/382458a0 (1996).
20. Dyer, A. G., Neumeyer, C. & Chittka, L. Honeybee (Apis mellifera) vision can discriminate between and recognise images of human
faces. J. Exp. Biol. 208, 4709-4714, doi: 10.1242/jeb.01929 (2005).
21. Boisvert, M. J. & Sherry, D. E. Interval timing by an invertebrate, the bumble bee Bombus impatiens. Curr. Biol. 16, 16361640,
doi: 10.1016/j.cub.2006.06.064 (2006).
22. Dacke, M. & Srinivasan, M. V. Evidence for counting in insects. Anim. Cogn. 11, 683-689, doi: 10.1007/s10071-008-0159-y (2008).
23. Avargués-Weber, A, Deisig, N. & Giurfa, M. Visual cognition in social insects. Ann. Rev. Entomol. 56, 423-443, doi: 10.1146/
annurev-ento-120709-144855 (2011).
24. Sheehan, M. J. & Tibbetts, E. A. Specialized face learning is associated with individual recognition in paper wasps. Science 334,
1272-1275, doi: 10.1126/science.1211334 (2011).
25. Lihoreau, M. et al. Radar tracking and motion-sensitive cameras on flowers reveal the development of pollinator multi-destination
routes over large spatial scales. PLoS Biol. 10, €1001392, doi: 10.1371/journal.pbio.1001392 (2012).
26. Giurfa, M. Cognition with few neurons: higher-order learning in insects. Trends Neurosci. 36, 285-294, doi: 10.1016/j.
tins.2012.12.011 (2013).

SCIENTIFICREPORTS | 6:21768 | DOI: 10.1038/srep21768 8



www.nature.com/scientificreports/

27.

28.
. Lihoreau, M., Chittka, L., Le Comber, S. C. & Raine, N. E. Bees do not use nearest-neighbour rules for optimization of multi-location

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.

48.
49.

50.
51.
52.
53.
54.
55.

56.

57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

67.

Collett, M., Chittka, L. & Collett, T. S. Spatial memory in insect navigation. Curr. Biol. 23, R789-R800, doi: 10.1016/j.cub.2013.07.020
(2013).
Collett, T. S. & Collett, M. Memory use in insect visual navigation. Nat. Rev. Neurosci. 3, 542-552, doi: 10.1038/nrn872 (2002).

routes. Biol. Lett. 8, 13-16, doi: 10.1098/rsbl.2011.0661 (2012).

Lihoreau, M., Chittka, L. & Raine, N. E. Travel optimization by foraging bumblebees through readjustments of traplines after
discovery of new feeding locations. Am. Nat. 176, 744-757, doi: 10.1086/657042 (2010).

Merkle, T. & Wehner, R. Landmark guidance and vector navigation in outbound desert ants. J. Exp. Biol. 211, 3370-3377,
doi: 10.1242/jeb.022715 (2008).

Philippides, A., Baddeley, B., Cheng, K. & Graham, P. How might ants use panoramic views for route navigation? J. Exp. Biol. 214,
445-451, doi: 10.1242/jeb.046755 (2011).

Menzel, R. & Giurfa, M. Cognitive architecture of a mini-brain: the honeybee. Trends Cogn. Sci. 5, 62-71, doi: 10.1016/S1364-
6613(00)01601-6 (2001).

Greenspan, R. J. & van Swinderen, B. Cognitive consonance: complex brain functions in the fruit fly and its relatives. Trends
Neurosci. 27, 707-711, doi: 10.1016/j.tins.2004.10.002 (2004).

Julian, G. E. G. & Gronenberg, W. Reduction of brain volume correlates with behavioral changes in queen ants. Brain Behav. Evol.
60, 152-164, doi: 10.1159/000065936 (2002).

Durst, C., Eichmiiller, S. & Menzel, R. Development and experience lead to increased volume of subcompartments of the honeybee
mushroom body. Behav. Neural Biol. 62, 259-263, doi: 10.1016/S0163-1047(05)80025-1 (1994).

Withers, G. S., Fahrbach, S. E. & Robinson, G. E. Effects of experience and juvenile hormone on the organization of the mushroom
bodies of honey bees. J. Neurobiol. 26, 130-144, doi: 10.1002/neu.480260111 (1995).

Riveros, A. J. & Gronenberg, W. Brain allometry and neural plasticity in the bumblebee Bombus occidentalis. Brain Behav. Evol. 75,
138-148, doi: 10.1159/000306506 (2010).

Jandt, J. M. et al. Behavioural syndromes and social insects: personality at multiple levels. Biol. Rev. 89, 48-67, doi: 10.1111/
brv.12042 (2014).

Molina, Y. & O’Donnell, S. Mushroom body volume is related to social aggression and ovary development in the paperwasp Polistes
instabilis. Brain Behav. Evol. 70, 137-144, doi: 10.1159/000102975 (2007).

Gronenberg, W. & Couvillon, M. J. Brain composition and olfactory learning in honey bees. Neurobiol. Learn. Mem. 93, 435-443,
doi: 10.1016/j.nlm.2010.01.001 (2010).

Riveros, A. ]. & Gronenberg, W. Olfactory learning and memory in the bumblebee Bombus occidentalis. Naturwissenschaften 96,
851-856, doi: 10.1007/s00114-009-0532-y (2009).

Friedrich, E. & Beutel, R. G. Micro-computer tomography and a renaissance of insect morphology. Proceedings of SPIE conference:
optical engineering and applications, 7078, 70781U, doi: 10.1117/12.794057 (2008).

Simmons, D. M. & Swanson, L. W. Comparing histological data from different brains: sources of error and strategies for minimizing
them. Brain Res. Rev. 60, 349-367, doi: 10.1016/j.brainresrev.2009.02.002 (2009).

Ju, T. et al. 3D volume reconstruction of a mouse brain from histological sections using warp filtering. J. Neurosci. Meth. 156,
84-100, doi: 10.1016/j.jneumeth.2006.02.020 (2006).

Dorph-Petersen, K. A., Nyengaard, J. R. & Gundersen, H. J. G. Tissue shrinkage and unbiased stereological estimation of particle
number and size. J. Microsc. 204, 232-246, doi: 10.1046/j.1365-2818.2001.00958.x (2001).

Andersen, B. B. & Gundersen, H. J. G. Pronounced loss of cell nuclei and anisotropic deformation of thick sections. J. Microscopy
196, 69-73, doi: 10.1046/j.1365-2818.1999.00555.x (1999).

Haddad, D. et al. NMR imaging of the honeybee brain. J. Insect Sci. 4, 7 (2004).

Jenett, A., Schindelin, J. & Heisenberg, M. The virtual insect brain protocol: creating and comparing standardized neuroanatomy.
BMC Bioinformatics 7, 1-12, doi: 10.1186/1471-2105-7-544 (2006).

Galizia, C. G., McIlwrath, S. L. & Menzel, R. A digital three-dimensional atlas of the honeybee antennal lobe based on optical
sections acquired by confocal microscopy. Cell Tissue Res. 295, 383-394, doi: 10.1007/s004410051245 (1999).

Rybak, J. et al. The digital bee brain: integrating and managing neurons in a common 3D reference system. Front. Syst. Neurosci. 4,
30, doi: 10.3389/fnsys.2010.00030 (2010).

Ribi, W., Senden, T. J., Sakellariou, A., Limaye, A. & Zhang, S. Imaging honey bee brain anatomy with micro-X-ray-computed
tomography. J. Neurosci. Meth. 171, 93-97, doi: 10.1016/j.jneumeth.2008.02.010 (2008).

Zhang, K. et al. 3D visualization of the microstructure of Quedius beesoni Cameron using micro-CT. Anal. Bioanal. Chem. 397,
2143-2148, doi: 10.1007/500216-010-3696-6 (2010).

Greco, M. K., Tong, J., Soleimani, M., Bell, D. & Schafer, M. O. Imaging live bee brains using minimally-invasive diagnostic
radioentomology. J. Insect Sci. 12, 89, doi: 10.1673/031.012.8901 (2012).

Brandt, R. et al. Three-dimensional average-shape atlas of the honeybee brain and its applications. J. Comp. Neurol. 492, 1-19,
doi: 10.1002/cne.20644 (2005).

Rohlfing, T., Brandt, R., Maurer, C. R. Jr. & Menzel, R. Bee brains, B-splines and computational democracy: generating an average
shape atlas. Proceedings of the IEEE Workshop on Mathematical Methods in Biomedical Image Analysis - MMBIA, pp187-194,
doi: 10.1109/MMBIA.2001.991733 (2001).

Rohlfing, T, Brandt, R., Menzel, R. & Maurer Jr, C. R. Evaluation of atlas selection strategies for atlas-based image segmentation with
application to confocal microscopy images of bee brains. NeuroImage 21, 1428-1442, doi: 10.1016/j.neuroimage.2003.11.010 (2004).
Kvello, P, Lofaldli, B. B., Rybak, J., Menzel, R. & Mustaparta, H. Digital, three-dimensional average shaped atlas of the Heliothis
virescens brain with integrated gustatory and olfactory neurons. Front. Syst. Neurosci. 3, 14, doi: 10.3389/neuro.06.014.2009 (2009).
Abel, R. L., Laurini, C. & Richter, M. A biologist’s guide to ‘virtual’ micro-CT preparation. Palaeontologia Electronica 15, 1-16
(2012).

Mares, S., Ash, L. & Gronenberg, W. Brain allometry in bumblebee and honey bee workers. Brain Behav. Evol. 66, 50-61,
doi: 10.1159/000085047 (2005).

Jones, B. M, Leonard, A. S., Papaj, D. R. & Gronenberg, W. Plasticity of the worker bumblebee brain in relation to age and rearing
environment. Brain Behav. Evol. 82, 250-261, doi: 10.1159/000355845 (2013).

Vanbergen, A. J. et al. Threats to an ecosystem service: pressures on pollinators. Front. Ecol. Env. 11, 251-259, doi: 10.1890/120126
(2013).

Gill, R. J. & Raine, N. E. Chronic impairment of bumblebee natural foraging behaviour induced by sublethal pesticide exposure.
Funct. Ecol. 28, 1459-1471, doi: 10.1111/1365-2435.12292 (2014).

Wolf, S. et al. So near and yet so far: harmonic radar reveals reduced homing ability of Nosema infected honeybees. PLoS ONE 9,
€103989, doi: 10.1371/journal.pone.0103989 (2014).

Lach, L., Kratz, M. & Baer, B. Parasitized honey bees are less likely to forage and carry less pollen. J. Invertebra. Pathol. 130, 64-71,
doi: 10.1016/j.jip.2015.06.003 (2015).

Stanley, D. A., Smith, K. E. & Raine, N. E. Bumblebee learning and memory is impaired by chronic exposure to a neonicotinoid
pesticide. Scientific Reports 5, 16508, doi: 10.1038/srep16508 (2015).

Duchateau M. J. & Velthuis, H. H. W. Development and reproductive strategies in Bombus terrestris colonies. Behaviour 107,
186-207, doi: 10.1163/156853988X00340 (1998).

SCIENTIFICREPORTS | 6:21768 | DOI: 10.1038/srep21768 9



www.nature.com/scientificreports/

68. Hagen, M. & Dupont, Y. L. Inter-tegular span and head width as estimators of fresh and dry body mass in bumblebees (Bombus
spp.). Insect. Soc. 60, 251-257, doi: 10.1007/s00040-013-0290-x (2013).

69. Metscher, B. D. MicroCT for developmental biology: a versatile tool for high-contrast 3D imaging at histological resolutions.
Developmental Dynamics 238, 632-640, doi: 10.1002/dvdy.21857 (2009a).

70. Hyafil, F. et al. Noninvasive detection of macrophages using a nanoparticulate contrast agent for computed tomography. Nat. Med.
13, 636-641, doi: 10.1038/nm1571 (2007).

71. Seo, E,, Lim, J.-H., Seo, S. J. & Lee, S. J. Whole-body imaging of a hypercholesterolemic female zebrafish by using synchrotron x-ray
micro-CT. Zebrafish, 12, 11-20, doi: 10.1089/zeb.2014.1039 (2014).

72. Jeffery, N. S, Stephenson, R. S., Gallagher, J. A., Jarvis, J. C. & Cox, P. G. Micro-computed tomography with iodine staining resolves
the arrangement of muscle fibres. J. Biomech. 44, 189-192, doi: 10.1016/j.jbiomech.2010.08.027 (2011).

73. Faulwetter, S., Vasileiadou, A., Kouratoras, M., Thanos, D. & Arvanitidis, C. Micro-computed tomography: introducing new
dimensions to taxonomy. ZooKeys, 263, 1-45, doi: 10.3897/zookeys.263.4261 (2013).

74. Bentley, M. D, Jorgensen, S. M., Lerman, L. O, Ritman, E. L. & Romero, J. C. Visualization of three-dimensional nephron structure
with microcomputed tomography. The Anatomical Record: Advances in Integrative Anatomy and Evolutionary Biology 290, 277-283,
doi: 10.1002/ar.20422 (2007).

Acknowledgements

We thank Mark JF Brown and Seirian Sumner for their intellectual input, Russell Garwood for help using SPIERS
software, Oscar Ramos-Rodriguez for help with bee husbandry, Alex Ball with advice on the staining protocol and
two anonymous referees for their constructive comments. This work was supported by grants from the Centre
for Ecology and Evolution (awarded to IP & RJG) and the UK Insect Pollinators Initiative (grant BB/I000178/1,
awarded to NER) funded jointly by the Living with Environmental Change programme, Biotechnology and
Biological Sciences Research Council (BBSRC), Wellcome Trust, Scottish Government, Department for
Environment, Food and Rural Affairs (DEFRA) and Natural Environment Research Council (NERC). DBS’s PhD
is supported by a NERC DTP scholarship in affiliation with the Grantham Institute at Imperial College. RJG is
supported by Imperial College’s Grand Challenges in Ecosystems and the Environment initiative, IP is supported
by the Leverhulme Grant F/07537/AK to Mark JF Brown, CONICYT PAI 821320035 and InnovaChile-CORFO
(FCR-CSB 09CEII-6991) from the Chilean Government, and NER is supported as the Rebanks Family Chair in
Pollinator Conservation by The W. Garfield Weston Foundation.

Author Contributions

RJ.G,, LP,R.A,, EA. and N.E.R. conceived the project and designed the study; G.B., D.S., EA. and L.P. assessed
staining protocols; G.B., D.S., EA. and L.P. performed CT scanning; D.B.S. performed segmentation, image
rendering and 3D reconstruction; D.B.S., N.E.R. and R.J.G. validated quantitative volumetric measurements;
D.BS.,N.E.R,,R.A, DS, EA,, LP. and R.J.G. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Smith, D. B. et al. Exploring miniature insect brains using micro-CT scanning
techniques. Sci. Rep. 6,21768; doi: 10.1038/srep21768 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:21768 | DOI: 10.1038/srep21768 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Exploring miniature insect brains using micro-CT scanning techniques

	Results and Discussion

	Methods

	Bumblebee husbandry, sampling and sample preparation. 
	Selecting staining conditions. 
	Scanning of specimens. 
	Image segmentation and geometric morphometric analyses. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Bumblebee brain micro-CT scan slice.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ 3D rendered views from micro-CT imaging of bee head case, brain and brain structures.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ 3D SPIERS View renderings from micro-CT imaging of a mushroom body (a–c), medulla (d–f) and antennal lobe (g–i).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (A) Isometric relationship between the calculated volumes (mm3) of three paired structures found on the left (x-axis) and right (y-axis) sides of the brain (n = 19), and (B) allometric relationship between body size (thorax width (mm)) an



 
    
       
          application/pdf
          
             
                Exploring miniature insect brains using micro-CT scanning techniques
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21768
            
         
          
             
                Dylan B. Smith
                Galina Bernhardt
                Nigel E. Raine
                Richard L. Abel
                Dan Sykes
                Farah Ahmed
                Inti Pedroso
                Richard J. Gill
            
         
          doi:10.1038/srep21768
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep21768
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep21768
            
         
      
       
          
          
          
             
                doi:10.1038/srep21768
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21768
            
         
          
          
      
       
       
          True
      
   




