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Abstract: In this study, a spectral-domain optical coherence tomography
(SD-OCT) system was used for noninvasive imaging of the adult zebrafish
brain. Based on a 1325 nm light source and two high-speed galvo mirrors,
our SD-OCT system can offer a large field of view of brain morphology
with high resolution (12 pum axial and 13 pm lateral) at video rate (27
frame/s). In vivo imaging of both the control and injured brain was
performed using adult zebrafish model. The recovered results revealed that
olfactory bulb, optic commissure, telencephalon, tectum opticum,
cerebellum, medulla, preglomerular complex and posterior tuberculum
could be clearly identified in the cross-sectional SD-OCT images of the
adult zebrafish brain. The reconstructed results also suggested that SD-OCT
can be used for diagnosis and monitoring of traumatic brain injury. In
particular, we found the reconstructed volumetric SD-OCT images enable a
comprehensive three-dimensional characterization of the control or injured
brain in the intact zebrafish.

©2015 Optical Society of America
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1. Introduction

The brain is the most complex organ which acts as the center of the nervous system. The
brain is very vulnerable to central nervous system diseases including Alzheimer's disease,
Parkinson's disease and multiple sclerosis [1]. The use of animal models in the field of basic
neuroscience is able to significantly expand our knowledge in neurodegenerative diseases. In
the last two decades, zebrafish has attracted much attention in the investigation of brain as a
model organism of vertebrate biology [2—5]. This is largely due to the fact that the embryonic
development of zebrafish is pretty rapid and the robust and transparent embryos has the
capability to develop outside their mother.

As the gold standard, histological sectioning and staining are the most commonly used
methods to investigate the internal structures of the zebrafish brain. However, these
techniques need sacrifice the animals, which will bring significant challenges in studying the
biological procedures in vivo and in dynamic processes. On the other hand, several optical
imaging techniques including confocal and tow-photon microscopy have shown their
advantages in imaging the zebrafish brain at embryonic stages [6—11]. The small volume and
optical transparency for zebrafish brain at embryonic stages makes these optical imaging
methods a perfect option to capture the brain structure and function in vivo [12, 13].
However, the widely used zebrafish strains will lose their transparency after their first two-
week development. As a result, the most available optical imaging methods will not be able to
effectively detect the zebrafish brain at juvenile or adult stages. Importantly, the change of
brain structure and function as well as vertebrate neurogenesis appears not only during
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embryonic stages, but also during juvenile or adult stages. For example, in the early zebrafish
telencephalon, expression patterns of lim homeobox genes have shown that basal ganglia
organization resembles that of mammals in the sense that pallidal primordium and striatal
primordium are developed [14]. In contrast, in the adult teleost telencephalon, pallidal and
striatal elements are found to be intermingled in the dorsal subpallium, in which separate
pallidal or striatal components cannot be effectively characterized [15]. As such, it is crucial
to develop and use new optical imaging techniques that are able to achieve a high-resolution
characterization of the adult zebrafish brain in the large field of view in terms of good
penetration depth, fast imaging speed and high imaging sensitivity.

Among all the available optical imaging methods, optical coherence tomography (OCT) is
a well-developed technology that utilizes reflecting light to reconstruct the three-dimensional
(3D) images of biological tissues with micrometer resolution. The latest generation OCT is
SD-OCT, whose imaging speed is significantly improved by using spectrally separated
detectors. In SD-OCT, the depth scan can be immediately implemented by Fourier-transform
of the acquired spectra without the movement of the reference arm, which is able to result in
fast imaging speed. Meanwhile the reduced losses during a single scan are capable of
improving the signal to noise proportional to the number of detection elements. So far, SD-
OCT has been widely used in the biological and biomedical imaging field [16-20].
Interestingly, OCT has been utilized to image the brain structures of zebrafish. However,
most of the work was performed by using early-stage zebrafish [21]. More recently, two cases
were reported that could capture part of the features of adult zebrafish brain based on OCT
[22, 23]. However, due to the slow imaging speed and limited penetration depth, a
comprehensive in vivo 3D characterization of the whole adult zebrafish brain has never been
accomplished.

In this study, we employed a SD-OCT system for in vivo 3D imaging of the whole adult
zebrafish brain, which can achieve noninvasive and fast neuroimaging at video rate without
specific labeling. SD-OCT imaging was also implemented to show if it could reliably detect
traumatic brain injury based on the zebrafish model. Interestingly it is observed from the
imaging results that SD-OCT shows their promises for diagnosing traumatic brain injury and
monitoring its progression. To the best of our knowledge, the complete brain structures from
the adult zebrafish brain were depicted for the first time by using our SD-OCT systems.

2. Methods and materials
2.1 Experimental SD-OCT system

For our high performance SD-OCT system (TELESTO-II-1325LR, Thorlabs Inc., USA), the
light source is a single superluminescent diode with 1325 nm central wavelength and over
100 nm spectral bandwidth. The SD-OCT system in Fig. 1 is able to achieve high resolution
imaging (12 pum axial and 13 um lateral resolution) at a longer imaging depth compared to
previous OCT systems. The imaging depth of this system is ranged from ~6 mm in the agar
phantom to ~2 mm in the tissues (chicken breast) as shown in Online Fig. 1 in the
supplemental material [24]. Using two high-speed galvo mirrors, the SD-OCT enables rapid
volume acquisitions at high imaging speed up to 76 kHz A-Scan per second, which can
provide real-time, depth-resolved, cross sectional and 3D imaging. In this study, the
resolution of a sagittal B-Scan is 1024 x 568 and we adopt 28 KHz scanning speed to obtain
high quality SD-OCT images at video rate (27 frame/s). The maximum viewing field of this
SD-OCT system can reach 16 X 16 mm. Data acquisition and imaging processing were
simultaneity implemented with a high-performance computer.
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Fig. 1. Schematic of our SD-OCT system for imaging the adult zebrafish brain.
2.2 Experimental protocol

Wild type zebrafish of strain AB (n = 4, male, older than 90 days) were used in the present
study. Zebrafish were maintained in our flow-through aquaria at temperature 28 + 0.5 °C with
the photo period of 14 hours light and 10 hours dark. All procedures were performed in
compliance with the guidelines on animal research stipulated by the Animal Care and Use
Committee at University of Macau. For imaging, the fish were first anaesthetized with 0.01%
MS-222 in system water until they became unresponsive to touch [25]. Then the fish were
moved to a petri dish containing two plexiglass panels that could keep the fish’s body upright.
Subsequently, the fish were placed in the field of view under the scan objective lens. After
adjusting the focal plane to the suitable position upon the head of fish, we conducted both the
cross-sectional and 3D imaging of adult zebrafish brain at video-rate imaging speed. Finally
the data was processed to generate several sets of high-resolution 3D brain images.

For the investigation of surgery-induced brain injury, two wild type zebrafishes of strain
AB (male, older than 90 days) were first anaesthetized and imaged before brain injury. Then a
surgery was performed to use a sterile 25-gauge needle to cause a stab wound in the adult
zebrafish brain. After half an hour, the zebrafishes were anaesthetized again and subsequently
the injured brain was imaged by our SD-OCT system. Noted immediately after each of the
experiments, these animals were put back into the fresh water.

3. Results and discussion
3.1 Cross-sectional SD-OCT imaging of the adult zebrafish brain

It is very important to conduct histological analysis of the adult zebrafish brain, which enable
us to reveal its brain structures such as olfactory bulb, optic commissure, telencephalon,
tectum opticum, cerebellum, medulla, preglomerular complex and posterior tuberculum [26].
Figure 2(a) was the schematic of the lateral view of adult zebrafish brain [27]. Based on the
1325 nm SD-OCT system, our findings showed that the morphology of the whole adult
zebrafish brain and associated functional brain structures could be clearly identified in vivo in
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the intact zebrafish. We firstly examined the brain images in Fig. 2(b) recovered by using the
cross-sectional mode. It was observed from the sagittal SD-OCT images in Fig. 2(b) that we
could effectively distinguish among the different functional structures of the adult zebrafish
brain. Due to the difference of optical refractive index, the imaging intensity among the
different structures recovered were also different. Interestingly it is noted from the imaging
results in Fig. 2 that based on a 1325 nm low coherence light, the SD-OCT system was able to
clearly identify the location of optic commissure, which is an important functional structure
located at the very bottom of the adult zebrafish brain.

Fig. 2. (a) Schematic of the lateral view of adult zebrafish brain (the top row) [27]. (b) A
representative sagittal SD-OCT image of the adult zebrafish brain (bottom left) along the red
profile as shown in the photograph (bottom right): OB, olfactory bulb; OC, optic commissure;
Te, telencephalon; TeO, tectum opticum; Ce, cerebellum; Me, medulla; PG, preglomerular
complex; PT, posterior tuberculum; Sk, skull. The scale bar is 500 pm.

To demonstrate the morphology of the adult zebrafish brain in detail, coronal SD-OCT
images were also reconstructed along four different profiles as plotted in Fig. 3. By accurately
positioning the location of imaging profiles (Ref. 28), more specific information about the
structures of the zebrafish brain were extracted from these images. We could see from these
coronal SD-OCT images in Figs. 3(a)-3(d) that the whole zebrafish brain was reconstructed
with a symmetric structure. For example, Fig. 3(a) plotted the coronal-section images of
telencephalon, which has the shape of heart surrounded by bone. Figure 3(b) demonstrated
that posterior tuberculum is the brain structure with relative low optical refractive index
located between tectum opticum and optic commissure. In addition, it was observed from Fig.
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3(c) that cerebellum is closely connected with preglomerular complex. Medulla and
cerebellum are also identified by the coronal SD-OCT imaging, as displayed in Fig. 3(d).

Fig. 3. Four different coronal SD-OCT images [(a) to (d)] at four different labeled positions on
the head of the same adult zebrafish (see arrow locations and direction): OC, optic
commissure; Te, telencephalon; TeO, tectum opticum; Ce, cerebellum; Me, medulla; PG,
preglomerular complex; PT, posterior tuberculum. The scale bar is 500 pm.

3.2 3D SD-OCT imaging of the adult zebrafish brain

To show the whole 3D brain morphology, we performed the large field of view imaging of
the adult zebrafish brain using our SD-OCT system, in which data was acquired at video-rate
imaging speed. The region of interest (ROI, 5 x 2 mm) for imaging was located within the
rectangle area as shown in Fig. 4(a), which could generate 263 sagittal SD-OCT images and
could cover the whole head of the adult zebrafish. The imaging depth along the Z axis was set
to 3 mm. Altogether 20 sagittal SD-OCT images of the adult zebrafish brain were generated
and provided in Fig. 4(b). It was observed from the group of SD-OCT images that the brain
morphology could be characterized and identified in detail. For example, the eye and other
organs close to the zebrafish brain could be recovered with high resolution. The sliced SD-
OCT images were then combined to form a 3D image, which could be displayed in the cross-
sectional or volumetric form from a 3D view as shown in Fig. 5, Visualization 1 and
Visualization 2.
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Fig. 4. (a) Region of interest (ROI) was labeled with a red rectangle in the photograph that
could cover the whole brain. (b) Sequence of sagittal SD-OCT images of the adult zebrafish
brain. The scale bar is 250 pm and is same for all the images.

Fig. 5. 3D view of the reconstructed adult zebrafish brain in the cross-sectional form (a,
Visualization 1) and volumetric form (b, Visualization 2).

3.3 Characterization of the adult zebrafish brain based-on the recovered 3D SD-OCT images

The best way to image the adult zebrafish brain by using SD-OCT is to keep zebrafish sample
upright and then exam the brain from the top. Besides showing the brain structures from the
sagittal view (X-Z) or coronal view (Y-Z) based on cross-sectional scanning, seven horizontal
cross-sections at different depth were also extracted from the 3D SD-OCT images. With
increased depths from 0.8 mm to 2.6 mm, we can see from Fig. 6 that the brain structures
were clearly presented with high contrast and high resolution. The brain structures at each
horizontal cross-section showed to have different imaging intensity, which is considered to be
related to the optical refractive index of brain tissue. In addition, we also compared the
reconstruction results from the horizontal section when z = 1.8 mm (Fig. 6) to those from the
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coronal (Fig. 3(b)) and sagittal SD-OCT images (Fig. 2(b)). We found from the recovered
images in Fig. 3 that the posterior tuberculum has relative low optical refractive index. These
functional findings are crucial for functional brain imaging, which will be investigated in
future. To the best of our knowledge, this is the first time to show that 3D SD-OCT enable a
comprehensive characterization of the whole adult zebrafish brain from the horizontal view.

& Z=1.8 mm
//,-v@ ROI Top
& -X=5 mm
I 0.8 mm
N
(I'I)
3
? 2.6 mm

Z=1.4 mm Z=2.6 mm

Fig. 6. Characterization of the adult zebrafish brain from the horizontal view based on the
reconstructed 3D SD-OCT image of the same region of interest (ROI) as shown in Fig. 4 (a)
with different imaging depths along Z axis with z = 0.8 mm, 1.2 mm, 1.4 mm, 1.8 mm, 2.0
mm, 2.4 mm and 2.6 mm, respectively.

3.4 Characterization of the injured adult zebrafish brain based-on the recovered 3D SD-OCT
images

Additional tests were also implemented to see if SD-OCT can be used for diagnosis and
monitoring of traumatic brain injury. Figure 7 showed the reconstructed results of the adult
zebrafish in 3D brain before and after brain injury. Compared to the imaging results before
brain injury, the injured areas on the skull labeled with blue dash lines and lesions inside the
brain labeled with red dash lines were clearly identified. The 3D SD-OCT imaging enable a
depth measurement of the lesion areas inside the brain tissues (~1.2 mm) as well as a diameter
measurement of the wound along the skull (~0.3 mm). The horizontal images in Fig. 7 also
revealed the position of the lesion was located in the center of the brain. Based on the
recovered results from 3D SD-OCT imaging, we could see that the tectum opticum and
posterior tuberculum were severely damaged after brain injury.
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Fig. 7. Characterization of the adult zebrafish brain before (the first row) and after (the second
row) brain injury. Columns one to three separately showed the coronal, sagittal and horizontal
section of the 3D SD-OCT images.

4. Conclusion

In this study, the brain and associated functional structures of the adult zebrafish were in vivo
characterized and identified by using our 1325 nm SD-OCT imaging system. The
morphology and functional structures of the adult zebrafish brain could be clearly revealed
from both the cross-sectional and 3D SD-OCT images. To the best of our knowledge, this the
first time that the control and injured brain of the adult zebrafish were in vivo characterized
and evaluated with a 3D SD-OCT imaging system. Importantly, our findings also suggested
that SD-OCT shows its promise for zebrafish-based brain research in evolution, development
and neuroscience.
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