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Abstract

The accurate observation of physiological changes on in vivo samples of important
animal species such as Euphasia superba (Antarctic krill) is an important goal in helping
to understand how environmental changes can affect animal development. Using a
custom made ‘krill trap’, live un-anaesthetized krill were confined for seven hours,
during which three hours of optical imaging were obtained and no subsequent ill effects
observed. The trap enabled two imaging methods to be employed: Optical Coherence
Tomography (OCT) and microscopy. OCT enabled internal structure and tissues to be
imaged to a depth of approximately 2 mm and resolution of approximately 12

um. Microscopy was used to observe heart rate. During our experiments, we imaged a
range of internal structures in live animals including the heart and gastric areas. The
trap design enables a new generation of mixed modality imaging of these animals in vivo.
These techniques will enable detailed studies of the internal physiology of live krill to be
undertaken under a wide range of environmental conditions and have the potential to

highlight important variations in behaviour and animal development.
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INTRODUCTION

It has long been understood that Antarctic krill (Euphausia superba, herein krill) play a
pivotal role in the Southern Ocean ecosystem (Everson 2000). In order to determine
the physiological response of krill to a changing environment, captive populations of
krill have been reared in aquaria and subjected to a range of plausible environmental
conditions such as increased temperature and concentrations of C0z. Determining the
responses of animals to environment is important when estimating spatial distribution
and population changes including total abundance and age structure, all of which can be
used to inform resource management decisions (Flores et al. 2012). Observing any
environmentally induced physiological effect typically requires the sacrifice of
individual animals precluding repeated measures type analysis and requiring large

control and treatment group sizes (e.g. Brown et al., 2013).

Optical Coherence Tomography (OCT) is a non-invasive, high-resolution imaging
technique that allows sub-surface images to be obtained. OCT has been used to image
various biological processes in zebra fish (Danio rerio), e.g. brain growth (Lin et al,,
2013), and eye structure (Divakar Rao et al., 2006). Recently, OCT has been used to
image tissue structure in previously frozen krill samples (Bellini et al., 2014) to a depth
of c. 2 mm, with a resolution of c. 12 pm. Whilst the depth penetration of OCT is
relatively short compared to ultrasound (mm cf. cm), the high resolution OCT image
enables accurate measurement of distances inside a specimen, hence allowing
morphology to be measured and area and volumes of organs to be calculated. Indeed
Bellini et al, (2014) showed that the technique could be used to provide estimates of

carapace thickness and heart volume.

The ecological importance of krill, coupled with the potential adverse affects of a
changing ocean on the species, led to the establishment of an aquarium research facility
at the Australian Antarctic Division (AAD). The aquarium facility supports a population
of krill that are used in a raft of experiments, including assessing the affects of changes
in water temperature and CO; concentration e.g. Kawaguchi et al. (2013), behavioural

studies Kawaguchi et al. (2010), and observation technique validation Letessier et al.,



(2013). Current experimental procedures typically necessitate krill being sacrificed to

determine any effect of environmental change on krill anatomy (e.g. Brown et al,, 2013).

Other facets of krill behaviour and physiology in the laboratory setting also
typically require the use of invasive methods. For example, heart rate measurements
required individuals to be tethered (Ritz et al., 2003). Examination of reproductive
performance, again typically requires individual animals to be sacrificed (e.g. Nicol et al.,
1995). Determining krill gut content and size is not straightforward (e.g. Perissinotto, &

Pakhomov, 1996).

The ultimate aim of a series of OCT krill imaging experiments is to establish a
non-invasive sampling technique that supports repeated measurements of individual
krill used in controlled aquarium settings. The goal of developing repeated measures
observation on krill is important as this will enable the progress of an individual animal
to be monitored through time and will eventually lead to either experiments with fewer
subjects or more treatment levels. The imaging of live krill, reported here, is an
important milestone in this development and extends the post mortem imaging of

preciously frozen krill reported in Bellini et al. (2014).

The key to this live animal imaging development is the use of a ‘krill trap’ that
holds an individual krill still to allow high quality OCT imaging without any apparent ill
effect for up to seven hours. Whilst confined in the ‘krill trap’, high-resolution, mixed
modality imaging using OCT and microscopy can be successfully carried out on the
heart and gastric areas of individual krill. This report details the experimental set-up
and demonstrates the successful imaging of live krill by providing example images

obtained using both OCT and more conventional microscopic techniques.



Material and methods

Live krill trap

Individual adult krill were held in a transparent acrylic trap that was placed inside an
acrylic water bath (Fig. 1a). Upstream of the trap, water was pumped through two
openings at a constant combined flow rate of 0.24 1/min. Downstream of the trap, water
exited the krill bath via a sluice to ensure a constant flow of exit water to keep the water
depth in the bath constant. The ambient air temperature in the laboratory was 15 °C.
The temperature of water entering the tank was 0.5 °C and exiting 0.6 °C. Krill were
held within the water bath in a trap specially designed to minimised horizontal and
vertical movement (Fig. 1b.). The top of the trap had a lengthways-opening slit of width
2.9 mm to enable imaging directly of the water surface and krill, rather than having to
image through acrylic. Water depth above a captive krill was maintained at less than 1
mm by placing acrylic shims under the trap. Figurelc shows a captive krill within the
system. The local xyz coordinate system used throughout this work is also illustrated.
The complete water bath and krill trap was then mounted on top of a micropositioning
stage which allowed precise adjustment of sample position in all three axes. Figures 2
and 3 provide the dimensions and water flow direction for the ‘krill trap’ and water

bath respectively.

OCT system and data description

The OCT system was developed at the University of St Andrews and is described in
detail in Krstajic et al. (2012). It uses a superluminescent light emitting diode (SLED)
operating around 850 nm with a power of ~ 2ZmW at the sample. The system has
previously been applied to imaging defrosted post-mortem krill by Bellini et al. (2014).
One of the strengths of the OCT system is the spatial referencing of images that can be
collected in two operating modes. For a stationary sample, the OCT system images
single line scans that generate a cross section view where the x-dimension is the
horizontal lateral position, and the y-dimension is the vertical dimension into the
sample. This geometry produced single images in the xy-plane transverse scans with
respect to the specimen.) Operating in this mode, the system currently generates a
single line scan at approximately 0.7 Hz. A series of images for a stationary sample can
be used to create a 2D time series of anatomical features of interest. The krill sample

could also be rotated around the x axis with respect to the OCT line scan allowing



images of the yz-plane (longitudinal scans with respect to the specimen) to be obtained.
Whilst images were normally taken from the top of the specimen across the midline, in
some cases the krill sample itself was rotated allowing images to be taken from the side

of the specimen.

The second mode of OCT operation uses an external computer-controlled linear
translation stage to move the krill specimen relative to the OCT objective. In this mode,
a series of images spatially referenced in the z-dimension for transverse scans or the y
direction for longitudinal scans facilitates the construction of a 3D image during post-

processing.

OCT data post-processing

System calibration, to account for variable refractive index, was accomplished using
custom MATLAB code and a derived refractive index of 1.45 for the krill body tissue.
The refractive index of krill body tissue was estimated using the technique and custom
MATLAB code described in (Bellini et al., 2014, Supplementary information file S1).
Once calibrated, lengths and areas could be measured from calibrated images when

operating in stationary sampling mode.

To construct 3D images, the series of images generated when scanning along the
z-dimension whilst operating in mode two were combined using the freely available US
National Institutes of Health’s Image] package (imagej.net). Within Image], the series of
images are combined in a stack and rendered into a 3D array of intensity data that can

then be interrogated in 2D planes that cuts the 3D array in any direction.

Optical microscope

In addition to OCT observations, the krill trap also enables optical microscopy to be
carried out using a Leica M205C dissecting stereo-microscope with a Leica DFC 450
camera and Leica LAS V4.0 software to collect high-resolution video data from which

heart rate was observed.



Results

We began our investigations by studying fresh euthanized krill samples. Using these
samples meant that images could be obtained before the characteristic cloudiness that
affects post mortem samples due to protein denaturisation became a major issue.
Figure 4(a) shows a single slice image through the cardiac area of the sample under
study in the xy plane. Figure 4(b) shows a composite image of the heart in the yz plane
built up using the reslicing capabilities within imagej from multiple horizontal scans
spaced by 15 um. Figure 4(c) shows a re-sliced image of the fore section of a sample at a
depth of approximately 1 mm below the surface and clearly shows the heart, digestive
tract and gills. To produce this image, the sample was rotated so that the side of the
animal was uppermost. The sample was then scanned in the manner described above

allowing the composite image to be formed.

To carry out live animal imaging, it was important to investigate the effect of
water over the sample on image quality. Figure 5 shows a single slice image of a freshly
euthanized sample with water depth coverings of 0 - 4 mm. The presence of sea water
over the region of interest obviously degrades image quality and should be minimized
when imaging in vivo samples whilst maintaining conditions to keep the sample healthy.
In practice water depth was maintained to < 1 mm throughout live animal imaging

experiments.

Following initial trials, we found that live krill specimens could be kept in the
krill trap for up to 7 hours with no apparent ill effects whilst OCT imaging was
conducted for up to 4 hours also without apparent ill effect. Although animal movement
has some effects on imaging we found that if vertical movement could be kept below

~1mm it was still possible to obtain good quality images.

In Figures. 6 a.-c., we show examples of single slice images taken of living krill. Figure 6
a. shows an xy slice taken above the stomach of the krill. In this image the structure of
the upper stomach is plainly visible along with a blood vessel between the stomach and

the carapace. Figure 6b shows an xy slice through the cardiac region with the heart



structure visible below the carapace. The sample was the rotated and images were
taken along the z direction allowing the yz slice image along the stomach and gut region

shown in Fig. 6¢ to be obtained.

Following OCT imaging, the trapped animal was transferred to the optical
microscope with the trap placed under the microscope, on the stage within the water
bath. The heart and the stomach could be readily observed through the transparent
carapace and its movements were video recorded for about 15 minutes. Figure 7a.-c.
show example images of the heart and gastric regions. The heart can clearly be seen

beating (Video 1) and using video heart rate was estimated at 120 beats/min.

After release from the trap, the krill was kept in isolation within the aquarium for
48 hours. No ill effects were noted and the animal appeared healthy, fed normally and

was subsequently returned to the aquarium population.

Discussion

The ‘krill trap’ enabled the successful multimodal imaging of live krill. Complimentary
imaging techniques of OCT and optical microscopy offer great potential to study the
development and behaviour of krill. OCT enables measurements of subsurface
structures, including volumes, whereas the optical microscopy is higher resolution and
currently has a higher sampling rate than OCT so is likely to have observed the true
heart rate rather than a subset of heart beats. Sampling a subset of a regular signal, in
this case heart rate, is known as aliasing and in this instance, could give the observer the

impression of a slower heart rate.

Aliasing may have occurred when imaging the heart ata 0.7 Hz OCT scan rate, a
sampling rate much lower than optical microscopy. Ritz et al. (2002) reported a krill
heart rate of 98-106 beats/min for an animal under a reduced level of stress, so it is
likely that currently time series of OCT heart images is under-sampling heart beats so
cannot be used to estimate heart rate. Nevertheless, we can use the technique as it
stands to obtain images of heart function including the maximum and minimum areas of
the heart imaged within our slice. We believe the technique is also suitable for imaging

processes that take place over a longer time scale such as digestion and shell



movements in its current configuration. Studies of digestion would be improved by
real-time determination of stomach volumes and movement that would contribute to
the understanding of the mechanics of krill feeding behaviour under various situations
such as overwintering (e.g. Atkinson et al., 2002), the response of krill in the face of food
scarcity (e.g. Meyer, 2012), or feeding response under future climate condition (Saba et
al,, 2012). Imaging of food digestion and clearance rate in the stomach and gut will
further help improve understanding and estimation of gut evacuation and turnover rate
which are important parameters to estimate carbon and nutrients recycling and
transport in the marine system (Kawaguchi and Nicol 2014). Imaging shell movement,
particularly in response to varying water flow rates through the water bath and krill
trap could aid understanding of krill hydrodynamics, and energy budgets (Murphy et al.,
2013).

[t was not expected that OCT would have a deleterious effect on krill specimens
since its optical intensity is well below the intensity that will damage tissue (Drexler et
al., 2008). This experiment confirmed that the combination of enclosure in the krill trap
and exposure to OCT had no effect on an individual after release. Potentially, the
imaging of live krill will enable controlled experiments to follow an individual through
its life cycle stages, including the moult cycle and ovary development without sacrificing
the individual. Investigations into the influence of ocean acidification have highlighted
the need to improve the resolution of the CO; concentration to effect relationship
Kawaguchi et al. (2011). A repeated measures approach may improve statistical power
so reducing the number of individuals required to assess a given treatment level,
thereby releasing individuals to be used at different treatment levels Brown & Prescott

(1999).

The importance of using experimental investigations of krill was considered by
Nicol (2000 & 2003) who suggested physiological experiments would help understand
the true role of krill in marine ecosystems. Indeed it is important to recognise that
whilst the aquaria and optical equipment documented here was tested using Antarctic
krill, there is no doubt that the equipment and experimental procedures will contribute

to our understanding of other krill species that have been successfully kept in aquaria



such as Northern krill (Meganyctiphanes norvegica) (for review see Spicer & Saborowski,

2010),

By combining the modalities of OCT and optical imaging, we believe that it is
possible to further enhance three dimensional imaging of living specimens providing
high quality data from both the surface and from deeper within samples than may be
possible using optical techniques alone. In particular the ability of OCT to produce “slice”
images enables a form of virtual dissection and allows observation bath to be
undertaken on living samples to complement the views that may be obtained by other

techniques.

Conclusions and future directions

The work presented here has demonstrated that imaging both using conventional
techniques and OCT is possible in suitably restrained live animals. The trap design
successfully enabled imaging whilst at the same time keeping samples healthy over
extended periods. This could be further improved, however, by providing more accurate
and repeatable movements of the trapped sample within the water bath and by
providing simple adjustments for the weir at the end of the water bath to allow a
constant water level to be maintained. Modifications to the anterior of the trap may be
required to ensure that the thoracic feeding apparatus can function unimpeded in
studies involving them or where feeding is necessary for digestive observations. Higher
quality images might also be possible and air/water scattering artefacts could be

eliminated through the use of water dipping objective lenses in the imaging systems.

It is clear from our studies that refinement is required within the OCT system to
enable the full potential of these images to be realised. In particular we believe that the
speed of the OCT imaging must be increased to enable accurate recording of parameters
such as the heartbeat to be obtained. Other research has shown that this should be
possible through the use of the full field (e.g. Dubois et al., 2002) or high frame rate (e.g.
Leitgeb et al., 2004) systems although care must be taken to ensure that the techniques
are compatible with the requirement for samples to be immersed in cold flowing
seawater. It would also be useful to further extend the depth range over which the OCT

imaging takes place within the krill to enable resolution of more detailed studies of the

10



digestive and reproductive systems. Similarly, one possible application of OCT is in
imaging embryo and larval development. This will allow in-depth observation of
potential climate change impacts on early life stages, the critical period for successful
recruitment of the population (Kawaguchi et al,, 2011). Further investigations of the

applicability of the technique to small samples at high resolution must be undertaken.
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Figures

Figure 1 - krill bath and trap arrangement

15



13.75 Stock
Py W £
O 1 2iso

1

2.4
[ 53

S
®5.60 U

Figure 2 -KTrill trap diagram

Figure 3 - Diagram of water bath

Drill 2 holes @5 Thru

240
140
4
22.50 1
T
5.80
— 5.80
i !
: : - 36
g ﬁ_L S U I | R
S a4k

16




Figure 4 - OCT images of fresh post-mortem krill specimens.

17



Figure 7 - Optical microscope image of the gastric region

Figure Captions

Figure 1. (a.) Water bath. Water flows in through the two openings (A, B). Water level
is maintained by a weir (C). Waste-water passes down a spill way to disposal. The
balance of flow through A and B is adjusted such that sufficient oxygenation of the
animal can be established whilst minimizing any surface ripples that have a major effect
on image quality. (b.) Krill containment trap. The top of the box is milled away to enable
imaging to take place without light passing through any acrylic. (c.) Photograph of live
krill within the trap system. The x,y,z local coordinate system used throughout this

work is also shown.

Figure 2 Diagram of the ‘krill trap’ showing flow direction. Lengths in mm. The diagram

is not to scale.

Figure 3 Diagram of the water bath showing flow direction. Lengths in mm. The
diagram is not to scale.
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Figure 4 OCT images of fresh post-mortem krill specimens. (a.) Single OCT image slice in
the yz plane of an example region of the krill cardiac area. (b.) Reprocessed image, made
using imagej, from multiple z-slices of the krill heart in the xz plane. The full extent of
the heart is clearly visible along with ligament structures for attachment. (c.)
Reprocessed image of the left hand side of the fore section of a krill in the xz plane
showing tissue structure from approximately 1 mm depth. In all images a 1 mm scale

bar is shown

Figure 5. Examples of OCT images of the same xy slice of krill abdomen taken as the
water depth over the sample is progressively increased. (a.) 0 mm depth (b.) 1 mm
depth (c.) 2 mm depth (d.) 4 mm depth. The decrease in image quality is apparent and
may be related to the increased dispersion present in the sample as well as enhanced

scattering losses from the air/water interface and signal absorption in the water.

Figure 6. OCT images of living krill. (a.) xy slice across stomach region. (b.) xy slice
through cardiac region. An animated sequence of cardiac images showing cardiac
motion is available in the supplementary information (S1.) (c.) yz slice along stomach
and digestive system. The bright white line on the left hand side of the image is an

artifact from a layer of water above part of the sample

Figure 7. Optical microscope image of the gastric region (a.) and of the heart (b.) ofa
trapped living krill showing that high quality optical images may also be obtained using

the trap geometry described.
Video Caption

Video 1. Optical microscopy video of krill observed using a Leica M205C dissecting

stereo-microscope with a Leica DFC 450 camera and Leica LAS V4.0 software.
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