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ABSTRACT

When correlating brain size and structure with behavioural and environmental characteristics, a range of
techniques can be utilised. This study used gobiid fishes to quantitatively compare brain volumes
obtained via three different methods; these included the commonly used techniques of histology and
approximating brain volume to an idealised ellipsoid, and the recently established technique of X-ray
micro-computed tomography (micro-CT). It was found that all three methods differed significantly from
one another in their volume estimates for most brain lobes. The ellipsoid method was prone to over- or
under-estimation of lobe size, histology caused shrinkage in the telencephalon, and although micro-CT
methods generated the most reliable results, they were also the most expensive. Despite these
differences, all methods depicted quantitatively similar relationships among the four different species for
each brain lobe. Thus, all methods support the same conclusions that fishes inhabiting rock pool and
sandy habitats have different patterns of brain organisation. In particular, fishes from spatially complex
rock pool habitats were found to have larger telencephalons, while those from simple homogenous sandy
shores had a larger optic tectum. Where possible we recommend that micro-CT be used in brain volume
analyses, as it allows for measurements without destruction of the brain and fast identification and
guantification of individual brain lobes, and minimises many of the biases resulting from the histology and
ellipsoid methods.

Introduction

The nervous system performs a crucial role in an organism’s central processing, perception and
behavioural responses to external environmental stimuli. Through the progression of evolution, nervous
systems have developed into a diverse array of functioning structures in a variety of shapes and sizes
that few other organs can rival [Kotrschal et al., 1998]. Brain size has been shown to increase with body
size among many vertebrate taxa, and after body size correlations have been taken into account, there
still remains a considerable amount of variation in relative brain size. Many comparative studies across
species have linked these variations in brain size to differences in a species’ ecology, which suggests that



variation in cognitive demands has resulted in the adaptive evolution of different brain sizes among
species. For example, variables such as habitat complexity [Safi and Dechmann, 2005; White, 2015],
social behaviour [Dunbar, 1995; Pollen et al., 2007; Gonzalez-Voyer et al., 2009a], diet [Hutcheon et al.,
2002; Gonzalez-Voyer et al., 2009a], parental care strategies [Young et al., 1998], life-history traits
[lwaniuk and Nelson, 2001], mating strategy [Kolm et al., 2009] and sexual selection [Garamszegi et al.,
2005; Pitnick et al., 2006] have all been shown to correlate with variation in brain size and structure in a
range of vertebrate taxa.

Fish are an ideal taxonomic group for studies exploring how ecology has impacted brain evolution. The
huge number of species (over 30,000 described) [Chapman, 2009] and their radiation in nearly every
aquatic habitat has subjected fishes to different selection pressures unique to their niche, likely resulting
in specialised sensory abilities and behaviours, which may be reflected in brain morphology [Kotrschal et
al., 1998; Braithwaite, 2006; Ullmann et al., 2010]. Consequently, a vast array of brain morphologies has
evolved in fishes [Kotrschal et al., 1998; Nieuwenhuys and Meek, 1998]. Although fish have developed a
great diversity of brain sizes and shapes, their central nervous system still closely resembles that of other
vertebrates in terms of functionality and morphology [Wullimann and Mueller, 2004; Broglio et al., 2011].
Fish brains can be divided into ten main structures that control specific cognitive functions; these include
the olfactory bulbs, telencephalon, optic tectum, mesencephalon, diencephalon, pituitary, hypothalamus,
cerebellum, dorsal medulla and brain stem, and many of the centres for higher processing show clear
homologies with the brain regions of other vertebrates [Broglio et al., 2003; Ullmann et al., 2010]. Thus, it
is not unexpected that fish should exhibit similar correlations between brain size and ecology to those that
have been observed in terrestrial vertebrates. For example, studies comparing the brains of cichlids from
a variety of different lakes in Africa have shown correlations between optic tectum size and diet,
telencephalon and cerebellum size and structural complexity of the habitat, hypothalamus size and
mating strategy, and dorsal medulla size and trophic position [Van Staaden et al., 1995; Huber et al.,
1997; Pollen et al., 2007]. Despite this huge diversity, we still know comparatively little about variation in
brain morphology of the vast majority of fish species.

The majority of studies exploring the links between brain size/morphology and environmental complexity
in fishes have used two methods of volumetric analysis to determine brain structure size. The first
method, an ellipsoid model, relies on the assumption that the volume of each brain structure can be
approximated by calculating the volume of an idealised ellipsoid [Van Staaden et al., 1995; Huber et al.,
1997; Wagner, 2001a, b]. This method involves obtaining linear measurements for length () , width (w)
and height (h) of each brain lobe and converting them into volumetric measures using the ellipsoid
formula: 0.167 wlwh [Huber et al., 1997]. The ellipsoid method has been accepted as a fast and efficient
method for calculating brain volumes without the need for labour-intensive dissections, and has been
used to assess a variety of brain lobe shapes [Lisney et al., 2007; Pollen et al., 2007; Burns and Rodd,
2008; Gonda et al., 2009; Kolm et al., 2009].

The second technique, known as the histological method, involves the serial sectioning of brains followed
by dehydration in a graded ethanol series and staining [Kotrschal and Palzenberger, 1992; Salas et al.,
1996; Vargas et al., 2000; Kihslinger and Nevitt, 2006]. Brain volume is then calculated by adding the
areas of all sections and multiplying them by section thickness [Rosen and Harry, 1990; Ullmann et al.,
2010]. The key advantage here is that the actual shape of each lobe can be determined and there are no
underlying assumptions about approximations to ellipsoids. Although the histological method is highly
laborious and time-consuming compared to the ellipsoid method, it allows the overall shape of brain lobes
to be defined more clearly, makes boundaries between brain lobes more obvious, and also accounts for
the presence of foliation on the brain’s surface and ventricles within brain structures themselves.



However, this method is also prone to distorting some structures more than others during the dehydration
process [Ulimann et al., 2010].

More recently, methods capable of reconstructing 3D images of brain structures have been applied to the
volumetric brain analyses in animals. 3D imaging techniques such as MRI (magnetic resonance imaging)
and micro-CT (X-ray micro-computed tomography), unlike conventional histology, are more accurate,
non-destructive, non-invasive and less time-consuming methods to image, measure and reconstruct
volumes of brain structures [Metscher, 2009a; Dobrivojevi¢ et al., 2013]. Perhaps most impressive of all is
that the final 3D model can be rotated and dissected along any plane using computer software. By
examining the brain as a whole ex vivo, damage, deformity and shrinkage caused by histological
processing can be minimised. However, high accuracy comes at a high cost (a micro-CT scanner costs
AUD 87,500 to purchase and imaging time is generally AUD 90 per hour) [Metscher, 2009a].

Until recently, micro-CT was limited to imaging adipose tissues and skeletal structures in small
experimental animals. In particular, in vivo imaging of the brain using micro-CT was highly challenging
because contrast resolution of brain structures is much lower than that of other organs [Schambach et al.,
2010]. However, newly developed techniques involving the use of X-ray absorbing radiocontrast agents
have produced high-resolution micro-CT images of the brain with a spatial resolution and contrast very
similar to that of micro-MRI scans [de Crespigny et al., 2008; Metscher, 2009a; Prajapati et al., 2011].
Furthermore, micro-CT scanners have proven to be easier to maintain and substantially more cost-
effective to run than micro-MRI scanners, which makes micro-CT more accessible for use in research
laboratories where large numbers of specimens are examined [Dobrivojevi¢ et al., 2013]. Micro-CT has
been used increasingly over the last 12 years for non-clinical research and more recently to assess brain
volumes in honeybees [Ribi et al., 2008], Drosophila [Mizutani et al., 2007], rabbits and mice [de
Crespigny et al., 2008]. These studies demonstrate that the different brain lobes are clearly defined using
micro-CT imaging techniques, although individuals were not measured specifically. To the authors’
knowledge, micro-CT has never been used for volumetric analyses of fish brains or to calculate brain lobe
volumes.

As with all new methodologies, it is essential that they be compared to techniques already in existence
(using a specific model species) so that overall accuracy and validity can be assured. Here we compare
two well-established methods of brain volume assessment in fishes (ellipsoid model and histological
sectioning) with a more recently developed imaging method (micro-CT). Volumes of specific brain lobes
(i.e. telencephalon, optic tectum, cerebellum, hypothalamus and dorsal medulla) were measured in the
following sequence using the ellipsoid model and then micro-CT or sectioning in order to determine if any
volumetric differences arise between the three methods. To explore how well these techniques are able
to highlight species differences in brain lobes, we used four species of intertidal gobies with already
known differences in brain volumes [White, 2015] found on temperate rocky shores and sandy beaches in
the Sydney region of Australia. These species were comprised of a mixture of rock pool resident species,
Cocos frillgoby (Bathygobius cocosensis) and Krefft's frillgoby (Bathygobius krefftii) , and sandy shore
species, eastern longfin goby (Favonigobius lentiginosus) and Hoese’s sandgoby (Istigobius hoesei) .

Methodology
Specimen Preparation

To examine the brain morphology of the four chosen intertidal goby species, a total of 56 fish (ca. 14
individuals of each species) were captured at low tide from a number of beaches and rock platforms in
Sydney, N.S.W., Australia. Goby specimens were euthanized with an overdose of tricaine methane
sulfonate (MS222), and their total length (distance from the tip of the snout on the upper jaw to the end of



the tail) and body weight were measured. Fish specimens were immediately placed under a dissecting
microscope in a bath of distilled water, and their brains were exposed dorsally by removing the top of the
neurocranium (i.e. frontal, parietal and nasal bones, and in some cases the operculum). Specimens were
then placed in a solution of 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) buffer pH 7.2
to fix the tissues for 2 days. After fixation was complete, we rinsed the specimens 3 times in 0.1 M PBS
buffer, waiting 15 min between rinses. The brains were then removed completely from the neurocranium
under a dissecting microscope by severing the cranial nerves and the posterior hindbrain using fine
forceps and a scalpel. We left the eyes attached to the brain to allow brains to be easily picked up and
transported without being damaged. Total brain volume calculations did not include the eyes. Between
imaging sessions, histological analysis and micro-CT analysis brains were stored in 0.1 M PBS buffer at
4°C.

Volumetric Analysis Using Ellipsoid Model

Digital images were acquired of the brains’ dorsal, ventral and lateral views using a computer-assisted
video image analysis system, employing an Olympus SZX16 research stereo microscope equipped with a
ColourView digital camera (ColourView lllu). Images were acquired using analySIS docu version 5.0
(Olympus Soft Imaging Solutions, 2007). Magnification on the microscope was always set between 5x
and 2x, and images were saved in TIF format. To reduce tissue shrinkage, all photographs were acquired
while the brains were submerged in a bath of distilled water. All samples were covered by water to exactly
the same depth (i.e. all specimens had exactly 1 mm of water over their surface) and all photographs
were taken looking straight down onto the sample; therefore, the refractive index should have been
exactly the same for all specimens. The ellipsoid model was used to determine the volume of each brain
lobe, i.e. telencephalon, optic tectum, cerebellum, hypothalamus and dorsal medulla (fig. 1 a—c); this
model assumes that all lobes are the shape of an idealised ellipsoid [Van Staaden et al., 1995; Huber et
al., 1997; Wagner, 2001a, b; Lisney and Collin, 2006; Lisney et al., 2007; Pollen et al., 2007; Ulimann et
al., 2010]. Linear measurements for length (I) , width (w) and height (h) of each brain lobe were acquired
from digital images using analySIS docu version 5.0. The length and width of each structure was
measured from a dorsal photograph, with length defined as a line parallel to the midline that extends
across the maximum length of the lobe structure, and width defined as a perpendicular line extending
from the midline to the lateral boundary. Lastly, height was measured from a lateral photograph, and
defined as a line extending perpendicularly from the dorsal surface to the ventral surface of each lobe.
Linear measures were converted into volumetric measurements (V) using the formula 1/6 mwlwh for the
ellipsoid model. For examined structures that contained paired hemispheres (i.e. telencephalon, optic
tectum and hypothalamus) only one hemisphere was measured and the estimated volume was doubled.

Total brain volume was also estimated using the ellipsoid formula 1/6 nlwh, length of the whole brain was
measured from the rostral edge of the telencephalon to the caudal edge of the medulla, height of the
whole brain was measured from the dorsal edge of the midbrain to the ventral edge of the hypothalamus
from a lateral image, and whole brain width was measured across the two optic tecta from a dorsal image.

Micro-CT Acquisition and Volumetric Analysis

Four brains for each of the four fish species were used in micro-CT acquisition. Prior to imaging, the fish
brains were stained in 2% osmium tetroxide for 2 days to aid in visualisation of brain structures. Micro-CT
employs a microfocus X-ray source operating in the cone-beam method to create a visual image of the
surface and internal structures of the brain in three dimensions, without destructive or extensive specimen
preparation (see [ACMM, 2011]). Brain samples were suspended in a clear pipette tip attached to a
plastic stub with plasticine and examined with a Skyscan 1172 Xray micrograph version 1.5 (Belgium,
2009) fitted with a Hamamatsu 10-megapixel camera. Projection images were obtained at 59 kV and 167
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Fig. 1. lllustration of the 3 methods used to assess brain volumes in the Cocos frillgoby Bathygobius
cocosensis : ellipsoid method ( a—c ), micro-CT method ( d—i ) and histological sectioning method ( j-I ). Key
to abbreviations in a—c : 1 = telencephalon, 2 = optic tectum, 3 = cerebellum, 4 = hypothalamus, 5 = dorsal
medulla. The dashed line (i) indicates the approximate position of the transverse sections g and j that pass
through the telencephalon, the dashed line (ii) indicates the approximate position of the transverse sections
h and k that pass through the optic tectum, cerebellum and hypothalamus, and the dashed line (iii) indicates
the approximate position of the transverse sections i and | that pass through the cerebellum and dorsal
medulla. In the ellipsoid method, the length (I), width (w) and height (h) were measured from photographs
using analySIS docu. In the micro-CT method, the brain was scanned producing a stack of reconstructed 2D
cross-sectional images and the boundaries of the brain lobes were measured using analysis docu. In the
histology method, the brain was stained and sectioned, and the boundaries of the brain lobes measured
using analysis docu.



MA (pixel size = 9.36 uym for I, w and h ). The specimen was then slowly rotated 360° and a sequence of
images were ‘back projected’ onto an X-ray-sensitive detector [Hsieh, 2003; Kalender, 2005]. A rotation of
0.39° was used between each image acquisition, providing a series of 925 projection images in 45 min.
From this series of images, a stack of 2D virtual sections was reconstructed for each brain sample. 3D
modelling and analysis reconstruction of the brain were obtained with NRecon software (version: 1.6.6;
fig. 1 d—f). This program allows the reconstruction of objects from the stack of 2D virtual sections after
segmentation by aligning cross-sectional images to the rotational axis of the specimen and displays them
as a 3D matrix of brightness values [Metscher, 2009a]. Reconstructed 3D models were obtained using
VGStudioMax software version 1.2.1 (Germany, 2006).

Only one 2D acquisition slice out of every 11 slices (84 slices in total) was used for volumetric analysis
(fig. 1 g—i). The cross-sectional area of each brain lobe was traced digitally on each virtual slice using
analySIS docu version 5.0. This program counted the number of pixels contained within the drawn
polygon. We then calculated the total volume of each lobe by adding the number of pixels from all traced
slices and multiplying them by the size of a single pixel (9.3 x 9.3 ym) and by the slice thickness (102.3
pgm). Brain lobe structural boundaries used in this study closely followed published descriptions by Davis
and Northcutt [1983] and Wullimann et al. [1996]. For examined structures that contained paired
hemispheres (i.e. telencephalon, optic tectum and hypothalamus), only one hemisphere was measured
and the estimated volume was doubled. The entire brain was also traced digitally from virtual slices and
total brain volume was calculated by adding the areas from all traced slices and multiplying them by the
section thickness.
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Fig. 2. Quantitative assessment (means = SE) of brain lobe volumes compared using the ellipsoid method,
histology and micro-CT.

Histology and Volumetric Analysis

Ten brains from each of the four fish species were prepared for sectioning following calculation of brain
volumes using the ellipsoid method; this involved staining brains in a solution of 1% methylene blue, 0.6%
sodium bicarbonate and 40% glycerol (diluted with water to a 1:1 ratio) for 2 min, embedding them in
agarose and storing them overnight in 0.1 M PBS buffer at 4°C. Brains were sliced into a series of 100-
pm-thick sections on a Leica VT 1000S Vibratome and mounted on a microscope slide (4 per slide) or
stored in a well plate containing 0.1 M PBS to avoid dehydration until the imaging was complete. Sections



were photographed immediately using a digital camera (ColourView lllu) attached to an Olympus SZX16
Research Stereo Microscope (fig. 1 j-I). The cross-sectional area of each brain lobe was traced digitally
and analysed using analySIS docu version 5.0. The total volume of each lobe was then calculated by
adding the areas from all traced sections and multiplying them by the section thickness (100 pm) [Rosen
and Harry, 1990; Costa et al., 2011]. For examined structures that contained paired hemispheres (i.e.
telencephalon, optic tectum and hypothalamus), only one hemisphere was measured and the estimated
volume was doubled. The entire brain was also traced digitally from sections and total brain volume was
calculated by adding the areas from all traced sections and multiplying them by the section thickness.

Statistical Analysis

To compare the relative volume estimates between the three methodologies and goby species, repeated
measures ANOVA was performed on ellipsoid and histology methods and then on the ellipsoid and micro-
CT with species included as a factor in each analysis. We were unable to include all methodologies in a
single repeated measures analysis because although we have ellipsoid data for all fish, we do not have
data for the same fish for the histology and micro-CT methods. Micro-CT staining technigue dyes brain
tissues black and makes lobe boundaries difficult to identify for histological analysis, and a brain cannot
be reassembled for micro-CT scanning once it has been sectioned for histology. Thus, to compare
histology and micro-CT methodologies, we used an additional one-way ANOVA test with species included
as a factor.

Brain volume comparisons can be complicated by the fact that brain size exhibits an allometric
relationship with body size [Striedter, 2005; Deaner et al., 2007; Gonzalez-Voyer et al., 2009a, b]. To
control for these allometric effects, we calculated the relative lobe volume for each fish specimen
[Bullmore et al., 1995; Burish et al., 2004; Wiper et al., 2014]. For example, when examining relative lobe
volume, body size was controlled for by dividing lobe volume by total brain volume to give the relative
value (i.e. telencephalon volume/total brain volume = relative telencephalon volume). Furthermore, all fish
specimens used in this study were large (>4 cm) to ensure that variation in brain/body size was limited
between specimens within the same species. However, we cannot rule out the possibility that relative size
of different brain regions may vary with age, even if animals have the same body length. All statistical
analyses were performed using IBM SPSS statistics version 20 (IBM Corp. 2011) and StatView version
5.0.1 (SAS Institute Inc., 1998).

Results
Method Comparison

All three methods differed significantly from one another for all brain lobes except for the hypothalamus
and cerebellum (fig. 2). In the hypothalamus, similar volumes were obtained using ellipsoid, histology and
micro-CT methods. However, histology was found to generate significantly larger volume estimates than
micro-CT (Fy, 45 = 8.0786, p = 0.007). The hypothalamus is shaped very much like an idealised ellipsoid.
All three methods were found to generate very similar volume estimates when analysing the cerebellum
(p > 0.05 in all cases). However, micro-CT was found to generate marginally larger volume estimates
than histology (F;, 4¢ = 3.038, p = 0.087). The cerebellum has a tear drop shape; the tail end, known as
the valvula cerebellum, cannot be viewed in surface photographs acquired for use in the ellipsoid method
because it is hidden beneath the optic tectum.

Significant differences were found between all three methods for the telencephalon and dorsal medulla
(p < 0.009 in all cases). For the telencephalon, quantitative assessment using the micro-CT method
resulted in the largest volume followed by the ellipsoid method and finally histology (table 1). The



telencephalon is shaped very much like an ellipsoid. For the dorsal medulla, the idealized ellipsoid yielded
the largest volume, followed by histology and finally micro-CT (fig. 2). The dorsal medulla has a crescent-
like shape that cannot be seen using the ellipsoid method.

Table 1. Multivariate ANOVA method contrast results for five brain lobes

Ellipsoid vs. histology Ellipsoid vs. micro-CT Histology vs. micro-CT
d.f. F value p value d.f. F value p value d.f. F value p value
Telencephalon 36 8.912 <0.0051 (E) 12 9.562 0.0092 (M) 48 16.511 0.0002 (M)
Optic tectum 36 12.284 0.0012 (E) 12 7.641 0.0171 (E) 48 0.078 0.7808 (<)
Hypothalamus 36 2.12 0.154 (-) 12 0.12 0.735 (-) 48 8.08 0.007 (H)
Cerebellum 36 1.216 0.2774 (<) 12 0.245 0.6298 (-) 48 3.039 0.087 (-M)
Dorsal medulla 36 312.88 <0.0001 (E) 12 150.54 <0.0001 (E) 48 15.055 0.0003 (H)

The letter within brackets indicates the method that obtained the largest volume: E = ellipsoid, H = histology, M = micro-CT
and — = no significant differences.

Table 2. Multivariate ANOVA species contrast results for the five brain lobes

Ellipsoid vs. histology Ellipsoid vs. micro-CT Histology vs. micro-CT
d.f. F value p value d.f. F value p value d.f. F value p value
Telencephalon 36 22.692 <0.0001 (R, C) 12 25.251 <0.0001 (R, C) 48 55.162 <0.0001 (R, C)
Optic tectum 36 6.6284 0.0011 (S, H) 12 3.457 0.0513 (S, H) 48 35.237 <0.0001 (S, H)
Hypothalamus 36 1.985 0.134 (-) 12 3.812 0.0395 (-, K) 48 7.36 0.004 (-, H)
Cerebellum 36 16.932 <0.0001 (-, C) 12 4.082 0.0327 (-, C) 48 10.282 <0.0001 (-, C)
Dorsal medulla 36 1.191 0.327 (=) 12 2.174 <0.144 (-) 48 6.047 0.0014 (-, K)

The first letter within brackets indicates the habitat that obtained the largest volume: R = rock pool, S = sandy shore and — = no significant

differences. The second letter in the brackets indicates the species that obtained the largest volume: C = Cocos frillgoby, K = Krefft's frillgoby, E =
eastern longfin goby and H = Hoese’s sandgoby.

Within the optic tectum, no significant differences in relative volumes were observed between the
histology and micro-CT methods (p > 0.05). However, the ellipsoid method was found to generate larger
volume estimates than both histology and micro-CT when analysing the optic tectum (p < 0.01 in both

cases; table 1). The optic tectum has a crescent-like shape that cannot be viewed in surface photographs
acquired for use in ellipsoid method.

All three methods generated clear differences between the four species examined here (table 2). In
particular all methods indicated that the telencephalon was significantly larger for species inhabiting rock
pools (Cocos frillgoby and Krefft's goby) than those inhabiting sandy shores (eastern longfin goby and
Hoese’s goby; p < 0.0001; fig. 3 a). Furthermore, all methods demonstrated that the optic tectum was
significantly larger in sandy shore species (eastern longfin goby and Hoese’s goby) than species
inhabiting rock pools (Cocos frillgoby and Krefft's goby; p < 0.05; fig. 3 b).

Discussion

Brain size and structure have been correlated with spatial complexity within a habitat, dietary
requirements and a range of social behaviours in comparative studies on a range of taxa, including
primates [Barton, 1996; Reader and Laland, 2002], birds [Healy and Guilford, 1990; Clayton, 2001],




ungulates [Shultz and Dunbar, 2006] and more recently fishes [Pollen et al., 2007; Gonzalez-Voyer and
Kolm, 2010; Wilson and McLaughlin, 2010; Costa et al., 2011; Kotrschal et al., 2012a, b; Lecchini et al.,
2014; Wiper et al., 2014]. These correlations were generated by determining brain volumes using the
ellipsoid method and histology, and this study has added a further method for consideration, micro-CT.
Although each of the three methods has its own benefits, this study reveals they each also have clear
drawbacks; thus, there is no best methodology that can be applied to the assessment of brain volumes.
Time, money, accuracy and precision are all important variables to consider when deciding which method
to employ. If budget is of no concern, however, then micro-CT is arguably the most accurate methodology
because it avoids many of the biases that are associated with the histology and ellipsoid methods. Our
results also indicate that it is wise for future studies to use caution when utilising any method to assess
volume individually or in combination with other methods.

A large number of comparative studies have made use of the ellipsoid method to determine brain
volumes in fishes [Van Staaden et al., 1995; Huber et al., 1997; Lisney and Collin, 2006; Pollen et al.,
2007; Burns and Rodd, 2008; Gonzalez-Voyer et al., 2009b; Kolm et al., 2009; Kotrschal et al., 2012a],
largely due to the nature of fish brain lobes to form elliptical shapes. However, the ellipsoid method is less
useful in calculating the brain lobe volume in terrestrial vertebrates as their brain lobes do not conform to
the standard ellipsoid shape required for this method to work accurately. When compared to the
specialised machines required for micro-CT and MRI, or the labour-intensive and time-consuming nature
of histology, the ellipsoid method is not only highly efficient in terms of time investment but also requires
only simple, readily available equipment (table 3). This allows a greater quantity of specimens to be
examined, which is a necessary requirement in experimental protocols that aim to verify correlations
between ecological or social forces and specific brain lobes. The ellipsoid method operates on one main
assumption, which is that all brain lobes resemble an ellipsoid in shape and thus volumes can be
estimated using a simple formula. However, this assumption may cause inaccuracies in the results as the
ellipsoid method does not account for changes in lobe shape such as variation in concavity within a single
structure (i.e. cichlids) [Pollen et al., 2007], foliation or external folding in lobe structure (i.e. sharks)
[Lisney and Collin, 2006], the presence of a sulcus ypsiloniformis splitting the lobe (i.e. barramundi)
[Ullmann et al., 2010] or the crescent-like shape of the optic tectum observed in this study. A method
such as this may also create problems if there were considerable interspecies variations in the shape of
brain lobes. In this study, however, we compared brains of four closely related species where there were
no major changes in lobe shapes. Although the ellipsoid method overestimated the volumes of the whole
brain, optic tectum and dorsal medulla, and underestimated the volume of the cerebellum, we found that it
nevertheless obtained consistent estimates of brain lobe volumes within the gobiid group. The whole
brain was overestimated because it does not form a smooth convex ellipsoid, but it includes quick
changes in curvature between lobe structures and also contains areas that are concave shaped. The
optic tectum was likely overestimated because the method included other midbrain structures (e.g. torus
semicircularis, mesencephalic tegmentum, etc.), while the sectioning method consisted only of the optic
tectum. For brain lobes such as the hypothalamus and cerebellum, which appear to mimic the smooth
convex shape of ellipsoids quite closely, the ellipsoid method is likely to provide relatively accurate
volume estimates. This was validated by the similar volume estimates that were obtained using the
ellipsoid, histology and micro-CT methods (p > 0.05). A study by Ullmann et al. [2010] looking at
barramundi brain volumes found that the olfactory bulbs closely mimic the shape of idealised ellipsoids,
while the shape of the telencephalon and optic tectum deviated from the elliptical shape and thus was
overestimated by the ellipsoid method.

Histology is a long-established method for calculating brain volumes and a considerable number of
studies have utilised varying stereological techniques [Haug, 1986; Rosen and Harry, 1990; White, 2015].
However, histology is labour-intensive, time-consuming and provides only 2D views of brain areas (table



3). The majority of histological studies commonly involve staining, dehydration and clearing of brain
sections, which allows for enhanced contrast and visualisation of larger numbers of neurons [Kotrschal
and Junger, 1988; Kotrschal and Palzenberger, 1992; Kihslinger et al., 2006; Kihslinger and Nevitt, 2006;
Ayari et al.,, 2012]. However, the process of dehydration has been demonstrated to result in tissue
shrinkage of up to 70% and also geometric distortions [Grace and Llinas, 1985; de Crespigny et al., 2008;
Ullmann et al., 2010]. In this study our histology methods did not involve any form of dehydration; in fact,
brains were always submerged in a solution of PBS before, during and after sectioning and imaging to
reduce shrinkage. We found that the histology method predicted volumes that were consistent with micro-
CT-generated volumes for all brain lobes except the telencephalon, which obtained a smaller volume than
both the micro-CT and ellipsoid methods. Previous comparative studies that have used point counting to
generate volumes of MRI virtual sections and untreated physical (histological) sections also observed no
significant differences between the two methods [Garcia-Finana et al., 2003; Jelsing et al., 2005].
However, Ullmann et al. [2010] found that the olfactory bulbs, optic tectum and telencephalon shrink to
varying degrees when using the histological method to generate volume estimates.
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Fig. 3. Quantitative assessment (means = SE) of brain lobe volumes compared using the ellipsoid method,
histology and micro-CT in four goby species with known brain lobe differences, exploring relative investment
in neural tissue in the telencephalon (a) and optic tectum (b). Species denoted with an asterisk are rock pool
residents, those without are sandy shore residents.

High-field small-bore MRI scanners are expensive to purchase and run (equipment costs millions of
dollars to buy and thousands of dollars to run), involve a considerable amount of skill and effort of
specifically trained operators for parameter settings, and require facilities suitable for high magnetic fields
[Ullmann et al., 2010; Hayasaka et al., 2012; Dobrivojevi¢ et al., 2013]. In contrast, micro-CT provides
non-destructive, high-resolution in vivo and ex vivo images of brain structures, with rapid data acquisition
capabilities and spatial resolution and contrast very similar to that of MRI scans [de Crespigny et al.,
2008; Prajapati et al., 2011]. Micro-CT scanners also have the added advantage of being considerably
cheaper and relatively simple to use and maintain compared to MRI. Furthermore, micro-CT scanners do
not have any installation restrictions or requirements for a radiation shield, thus making them more readily
available for use in research laboratories as opposed to MRI scanners [Dobrivojevi¢ et al., 2013] (table 3).
The micro-CT method has most often been employed to image a range of mineralised animal tissues
(reviewed in Neues and Epple [2008]); however, its widespread usage in comparative morphology has
been limited due to the low intrinsic X-ray contrast of non-mineralised tissues. Through the recent
development of techniques using X-ray contrast enhancement stains (reviewed in Metscher [2009a]),



micro-CT imaging of soft tissues in animal samples is now possible. Osmium tetroxide is the most
commonly used contrast stain for micro-CT soft tissue imaging and was used in this study; it has electron-
binding energies that promote strong X-ray absorption, is available to most research laboratories and can
easily bind to cell membranes, nerves and other lipid-rich structures. However, osmium is highly toxic,
has a slow penetration rate, is costly to purchase and dispose of, and has poor staining potential for
samples that have been stored in ethanol [Metscher, 2009a]. It is important to note that other less toxic
and lower priced contrast stains such as inorganic iodine, phosphotungstic acid and phosphomolybdic
acid can also provide good contrast [Johnson et al., 2006; de Crespigny et al., 2008; Metscher, 2009a]
equal to that of osmium tetroxide [Degenhardt et al., 2010]. However, they also have their own
drawbacks; phosphotungstic acid has a slow tissue penetration rate (24 h or more) and inorganic iodine
may overstain some mineralised tissues causing variations in contrast intensity and permanence in
different sample preparations [Metscher, 2009b]. Moreover, when using specialised imaging protocols
and contrast stains, many of the biases generated by ellipsoid and histology methods can be eliminated.
Micro-CT imaging allows the brain to be virtually sectioned on any plane, so internal and external brain
structures can be viewed and accurately quantified, which in turn nullifies any biases resulting from
inaccurate assumptions made about lobe shapes by the ellipsoid method. Furthermore, the use of
contrast stains such as osmium appears to eliminate much of the sample shrinkage that occurs when
using histological methods [Metscher, 2009b]. Much like this study, Ullmann et al. [2010] found that 3D
imaging techniques, in the form of MRI, also avoided many of the problems associated with histology and
the ellipsoid methods, i.e. shrinkage and overestimation.

Table 3. Approximate time and money spent per specimen for each of the three methods

Method Time Cost

Ellinsoid Image capture = 30 min; Olympus SZX16 Microscope purchase price = AUD 12,000 —
P measurements = 10 min 35,000; consumables = AUD 1; labour = AUD 27

Histology Staining = 2 min; embedding in agarose = 12 h; Olympus SZX16 Microscope purchase price =

(as performed
in this study)

vibratome (sectioning) = 40 min;
imaging = 40 min; measurements = 1 h

Cryoprotected in sucrose = 2 h;
embedding in OCT compound = 12 h;

AUD 12,000 — 35,000; consumables = AUD 10;
labour = AUD 100

Histology N S . Olympus SZX16 Microscope purchase price =
: cryostat (sectioning) = 40 min; staining = 4 — 15 min; _ . _ .
8’;‘;“;2?;%' dehydration (70, 70, 100, 100 and 100% ethanol) = 5 h: AUD 12,000 = 35000, consumables = AUD 30;
Y clearing (100% xylene . 3) = 3 h; -
imaging = 40 min; measurements = 1 h
Staining = 2 — 48 h (depending on stain used); Micro-CT scanner purchase price =
Micro-CT scanning = 40 min; reconstruction = 1 h; AUD 70,000 - 350,000;
manual measurements = 1 h scan cost and consumables = AUD 80; labour = AUD 70
MR Staining = 10 min—120 h (depending on stain used); MRI scanner purchase price = AUD 600,000 — 1,500,000;

scanning = 14 h; manual measurements = 1 h 30 min

scan cost and consumables = AUD 300; labour = AUD 80

Times do not include brain extraction or fixation processing as this was of equal duration regardless of the method used (30 min and

48 h respectively). Information on MRI time was acquired from Ullmann et al. [2010] and personal communications with Jeremy F.P.
Ullmann. Micro-CT and MRI scanner purchase prices were obtained from http://offers.blockimaging.com/imaging-equipment-salesprices
and converted to AUD, and Olympus SZX16 Microscope purchase prices were obtained from customer enquiries at http://Amwww.
olympus-lifescience.com/en/microscopes/stereo/. Labour was calculated at AUD 40 per hour.




Despite the clear advantages, micro-CT still possesses a humber of limitations that may have an impact
on its use in the near future. For example, contrast on micro-CT images can be a limiting factor in
comparative neuromorphological studies because any volumes produced via this method depend largely
on the ability of the observer to detect the boundaries of the brain area being measured. Since micro-CT
is still only a recently established technique in small-animal imaging, obtaining the most useful set of
scanner parameters (e.g. scanning time, filters, X-ray energy and wavelength) for different types of
specimens and developing a contrast stain that will highlight the specific tissues needed for investigation
can cause issues for micro-CT users [Bartling et al., 2007; Metscher, 2009a, b; Paterson et al., 2014]. If
system settings and contrast stains are not ideal, then micro-CT images may exhibit poor tissue contrast
(i.e. shading), creating difficulties for observers in distinguishing tissue boundaries and resulting in biased
volumetric calculations. Poor image contrast may account for micro-CT obtaining a lower dorsal medulla
volume estimate than histology and ellipsoid methods in this study. Furthermore, if there is more than one
person examining samples, then there may also be observer-dependent interpretation of images,
resulting in intra-observer bias. However, we reduced these biases in the present study by allowing only
one observer to perform volumetric assessments, and by only measuring brain lobes with clearly defined
boundaries on both micro-CT images and also in published brain atlases.

Despite the differences noted in volume estimates between the three methods, all methods depict
qualitatively similar variation in lobe volumes between the four goby species studied here. All methods
indicated that species inhabiting rock pools (Cocos frillgoby and Krefft's goby) had larger telencephalons,
while species inhabiting sandy shores (eastern longfin goby and Hoese’s goby) had a larger optic tectum.
Thus, all methods provide support for the theory that various fish species trade off neural investment in
specific brain lobes depending on the environment in which they live. These data suggest that rock pool
species require greater spatial learning abilities to navigate in their spatially complex environment, while
sand-dwelling species, on the other hand, likely have reduced need for spatial learning due to their
spatially simple habitat and a greater need for visual acuity (for further detail on brain lobe differences
between species, see [White, 2015]). Therefore, it seems that for the species studied here — regardless of
the method used — there is a guarantee to obtain fairly precise estimates of volume differences between
the species for comparative purposes even if the volume estimates are not entirely accurate. The
similarity in brain lobe structure for each species is probably the key. However, this may not be true in
other fishes or animal families. For example, previous studies have observed that brain shrinkage can
vary between species [Weil, 1928] and also differing stages of development, with the brains of younger
specimens shrinking to a greater extent than those of older specimens [Haug, 1986; Uylings et al., 1986].
While we believe this did not affect the results of this study, as we assessed individuals of a similar size
and age, other studies have been known to analyse a range of species at unknown or varying stages of
development [Kotrschal and Junger, 1988], which may be unintentionally biasing any potential
conclusions they make.

Conclusions

A number of previous studies on other taxa have questioned the accuracy of some of the volume
assessment methods currently in use [Iwaniuk and Nelson, 2002; Healy and Rowe, 2006; LaDage et al.,
2009; Ulimann et al., 2010]. We would also advise that it is wise to use caution when interpreting data
collected on brain volumes (across studies and techniques) until measures of the size of relative brain
lobes become more accurate. Future comparative studies should ensure that (i) methods for volumetric
analysis are chosen for their accuracy (i.e. no shrinkage or overestimentation) rather than efficiency, (ii)
lobe boundaries are defined using established literature, (ii) methods known to cause lower levels of
tissue shrinkage should be utilised if histology is used to process samples and (iv) brain tissues are fresh
or preserved using the same fixative, as fixation has been shown to cause changes in tissue structure



[Purea and Webb, 2006; Kim et al., 2009; Ullmann, 2010] and different fixatives will have different effects
on tissue volumes [Stowell, 1941; Bahr et al., 1957].

Finally, although all three methods of brain volume assessment studied here allowed the same
conclusions to be drawn when comparing different species, it should be noted that micro-CT allowed for
measurements without destruction of the brain, with fast identification and quantification of individual
lobes, and a minimisation of many of the biases resulting from the histology and ellipsoid methods. This
all indicates that micro-CT is a highly effective machine for fast, uncomplicated, non-invasive, and
economical imaging of fish brains for volumetric analyses. Thus, where possible, micro-CT should be
considered for use in comparative volumetric studies.
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