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Abstract

Toll-like receptor 2 (TLR2) belongs to the TLR protein family that plays an important
role in the immune and inflammation response system. While TLR2 is predominantly
expressed in immune cells, its expression has also been detected in the brain, specifi-
cally in microglia and astrocytes. Recent studies indicate that genomic deletion of TLR2
can result in impaired neurobehavioural function. It is currently not clear if the genomic
deletion of TLR2 leads to any alterations in the microstructural features of the brain. In
the current study, we noninvasively assess microstructural changes in the brain of
TLR2-deficient (tlr2 ~/~) zebrafish using state-of-the art magnetic resonance imaging
(MRI) methods at ultrahigh magnetic field strength (17.6 T). A significant increase in
cortical thickness and an overall trend towards increased brain volumes were observed
in young tlr2 ~/~ zebrafish. An elevated T, relaxation time and significantly reduced
apparent diffusion coefficient (ADC) unveil brain-wide microstructural alterations,
potentially indicative of cytotoxic oedema and astrogliosis in the tIr2 ~/~ zebrafish.
Multicomponent analysis of the ADC diffusivity signal by the phasor approach shows
an increase in the slow ADC component associated with restricted diffusion. Diffusion
tensor imaging and diffusion kurtosis imaging analysis revealed diminished diffusivity
and enhanced kurtosis in various white matter tracks in tir2 ~/~ compared with control
zebrafish, identifying the microstructural underpinnings associated with compromised
white matter integrity and axonal degeneration. Taken together, our findings demon-
strate that the genomic deletion of TLR2 results in severe alterations to the microstruc-
tural features of the zebrafish brain. This study also highlights the potential of ultrahigh

field diffusion MRI techniques in discerning exceptionally fine microstructural details

Abbreviations: ADC, apparent diffusion coefficient; Cans, ansulate commissure; CB, cerebellum; CCeg, granular layer of the cerebellar corpus; CCem, molecular layer of the cerebellar corpus;
Cgus, commissure of the secondary gustatory nuclei; CPMG, Carr-Purcell-Meiboom-Gill; Cpost, posterior commissure; CSD, constraint spherical deconvolution; CSF, cerebrospinal fluid; Cven,
ventral rhombencephalic commissure; D, axial diffusivity; D, radial diffusivity; DAMP, danger-associated molecular pattern; DC, diencephalon; DEC, directional encoded colour; DIL, diffuse
nucleus of the inferior lobe; DKI, diffusion kurtosis imaging; DM, medial zone of the dorsal telencephalon; dMRI, diffusion-based magnetic resonance imaging; DTI, diffusion tensor imaging; DWI,
diffusion-weighted imaging; EPI, echo-planar imaging; FA, fractional anisotropy; fODFs, fibre orientation distribution functions; FOV, field of view; GM, grey matter; K, axial kurtosis; K, radial
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within the small zebrafish brain, offering potential for investigating microstructural

changes in zebrafish models of various brain diseases.

KEYWORDS
diffusion kurtosis imaging, diffusion MRI, diffusion tensor imaging, Toll-like receptor 2,
tractography, ultrahigh field MRI, zebrafish model

1 | INTRODUCTION

Pattern recognition receptors (PRRs), encoded in the germline DNA, play a crucial role in the animal immune defence as part of the innate
immune system.? Unlike T cells and B cells, expressing antigen recognition receptors with a high specificity, PRRs initiate immune response by
recognising a diverse array of pathogen-associated molecular patterns (PAMPs) found on various microorganisms. PRRs also recognise danger-
associated molecular patterns (DAMPs), produced as a consequence of damaged tissue. Among the eight PRR groups,? Toll-like receptors (TLRs)
stand out as vital components of the innate immune system. Structurally, TLRs consist of three distinct parts®: (i) an N-terminal ectodomain on the
membrane outside, responsible for recognising and binding to specific PAMPs or DAMPs; (i) a transmembrane domain spanning the lipid bilayer of
the cell membrane, to anchor the receptor in its place; and (iii) a C-terminal to initiate downstream signalling on the intracellular side of the mem-
brane. Within the TLR family, specific TLRs play crucial roles in distinguishing uniqgue PAMPs and DAMPs. Interestingly, the number of TLRs
expressed in various vertebrate species varies. For example, humans possess 10 TLRs encoded in their genome, whereas mice and zebrafish have
genomes encoding for at least 12 and 20 functional TLRs, respectively.*° Toll-like receptor 2 (TLR2), one such member of the TLR family, plays a par-
ticularly important role in the immune and inflammatory response system and has orthologs in humans, mice and zebrafish. TLR2 is expressed on the
cell surface of endothelial, epithelial and immune cells, including macrophages, dendritic cells and monocytes,® and forms heterodimers with TLR1 or
TLR6.2 The broad recognition spectrum of TLR2 encompasses a wide range of PAMPs and DAMPs ligands.? In addition to its crucial role in the
immune and inflammatory response system, TLR2 has become a focal point of interest due to its dual function in the infection processes. While
TLR2-mediated inflammatory responses are important for effective bacterial clearance, excessive or inappropriate TLR2 signalling can lead to
unintended tissue damage, inflammatory disorders or delayed healing.”® In the brain, excessive TLR2 signalling has emerged as potential player in
the pathogenesis of neuroinflammatory and neurodegenerative disorders, including in the pathogenesis of Alzheimer's disease, Parkinson's disease,
amyotrophic lateral sclerosis and ischaemic strokes.” There are rather conflicting reports on the role of TLR2 deficiency in the brain. Some reports
suggest that a deficiency of TLR2 may improve neurobehavioural functions and protect against neurodegenerative diseases.'® On the other hand,
other reports have shown that a deficiency of TLR2 itself could induce cognitive disabilities, decreased locomotor activity and increased anxiety and
depression.**? In a TLR2-deficient mouse model, aggravated white matter (WM) damage and deteriorated neurobehavioural functions have been
observed in the absence of an infection or neurodegenerative-inducing mutations.*? Thus, the exact role of TLR2 in regulating normal neurological
functions and inducing neuroinflammatory processes remains to be established.

In a recent study, we utilised zebrafish (Danio rerio) larvae as an in vivo model to investigate the metabolic control functions of TLR2 through
transcriptomic and metabolomic approaches.? We showed that the deficiency of TLR2 in zebrafish larvae leads to many metabolic changes
compared with controls and proposed that, in addition to its function in immunity and inflammatory processes, TLR2 has a function in controlling
metabolism in the absence of infection. However, the impact of TLR deficiency on brain structure and function and neuroinflammation in the
absence of infection is not clear. A comprehensive, noninvasive system-level study would be necessary to clarify this. Magnetic resonance imaging
(MRI) is a well-established, noninvasive technique. MRI provides distinct advantages compared with other microscopic techniques, even those
potentially reaching higher resolutions. This includes its capability for whole-organ imaging, including full 3D analysis, while eliminating the neces-
sity for sectioning or chemical staining. Moreover, recent advancements in MRI gradient systems and ultrahigh magnetic field strength provide
the ability to achieve very high spatial resolutions.® In our earlier studies we developed MRI methods for (in vivo) imaging of zebrafish,**°> which
we applied to study various models including cystic leukoencephalopathy,® Lowe syndrome,*” in vivo analysis of tumours*® and microstructural
changes in the muscle tissue of leptin-deficient zebrafish.'? In vivo MRI also enabled longitudinal studies of live adult zebrafish brain, as reported

by Hamilton et al.2°

However, gaining access to microstructural details in the tiny zebrafish brain is challenging. MRI at ultrahigh field in conjunc-
tion with mathematical modelling can probe microstructural changes in the tiny zebrafish brain. In addition, diffusion-based MRI (dMRI) offers a
remarkable sensitivity to water movement, encompassing techniques including diffusion-weighted imaging (DWI), diffusion tensor imaging (DTI)
and diffusion kurtosis imaging (DKI). These techniques provide unique ways for exploring microstructural alterations in the brain and offer
noninvasive opportunities to monitor the progression of neurodegenerative disorders.?%?2 Furthermore, dMRI tractography enables the
visualisation of WM structures within the zebrafish brain, thereby enabling the precise examination of these anatomical structures.?®

To elucidate the precise involvement of TLR2 in regulating normal neurological functions and neuroinflammatory processes, we employed TLR2

knockout (KO) (tlr2 ~/~) zebrafish as a model organism. By utilising state-of-the-art MRI methods at ultrahigh magnetic field (17.6 T), we explored the
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impact of TLR2 deficiency on the microarchitecture of the brain. Ultrahigh field micro-MRI with strong field gradients provides the necessary resolu-

tion and signal-to-noise ratio (SNR) required to study the microstructural changes in the tiny zebrafish brain. Furthermore, diffusion-weighted MRI
provided superior anatomical and substructural details of the zebrafish brain compared with traditional anatomical imaging. DTI tractography by
short-track track-density imaging (stTDI) enabled us to see changes in specific WM structures in TLR2 KO (tlr2 ~/~) zebrafish compared with controls.
Our results show that TLR2 deficiency leads to microstructural changes associated with compromised WM integrity and axonal degeneration.

2 | METHODS
2.1 | Zebrafish husbandry

In this study, the wild-type AB/TL strain and tIr29*%42% zebrafish line, obtained from the Sanger Institute Zebrafish Mutation Resource
(Hinxton, Cambridge, UK), were utilised. The homozygote carriers of the TLR2 mutation, along with their wild-type control, were subjected to
more than five rounds of outcrossing, resulting in the tir2 ~/~ (mutant) and tIr2 /" (control) siblings used for the experiments described in this
work. Screening and raising of tIr2 = and control zebrafish were performed as previously described,?*?> complying with university animal
welfare committee guidelines (license numbers: AVD1060020171767 and AVD10600202216175), following EU Animal Protection Directive
international guidelines (2010/63/EU) and according to standard protocols (www.zfin.org). For imaging, five male pairs of 3-month-old
(84 days) tIr2 ~/~ and control zebrafish were euthanised through immobilisation by submersion in ice water (0-4°C) for approximately 10 min,
followed by cessation of opercular movement. Specimens were then fixed in 4% buffered paraformaldehyde (Zinc Formal-Fixx,
ThermoShandon, UK) for 4 days.

2.2 | Magnetic resonance imaging

MRI experiments were conducted using a Bruker vertical bore system (Bruker Biospin GmbH, Germany) operating at 17.6 T (750 MHz). The sys-
tem was equipped with a water-cooled MICRO5 gradient system, offering a gradient strength of up to 3 T/m. Additionally, a birdcage transmit
and receive radiofrequency (RF) coil with a 5-mm inner diameter and a GREAT60 gradient power supply were employed. Data acquisition and
processing were performed with a Linux workstation, running ParaVision 360 v3.3 imaging software (Bruker BioSpin GmbH, Germany). For all
experiments, zebrafish were transferred to 5-mm NMR tubes and embedded in perfluoropolyether (Fomblin Y, Solvay Solexis S.P.A.) to remove
background signals, while having a susceptibility close to tissue.2® Maximum signal intensity and magnetic field homogeneity were achieved by
aligning the zebrafish brain to the centre of the RF coil and automatic shimming up to the second order. Prior to each experiment, the frequency
calibration was fine-tuned, and the reference power and receiver gain were optimised.

For the estimation of T,, we utilised a multislice multiecho (MSME) pulse sequence, based on the Carr-Purcell-Meiboom-Gill (CPMG)
sequence.?’” MSME measurements were performed with 60 echoes per excitation, with a CPMG refocusing pulse interval of T = 6.0 ms, a
repetition time (TR) of 3000 ms and taking ns = 4 as the number of scans for data averaging. The field of view (FOV) was 6 x 6 mm, with a matrix
size of 128 x 128, resulting in an in-plane resolution of 47 x 47 um, at a slice thickness of 500 um and a total scan time of ~25 min.

In a dMRI experiment, a 90° excitation RF pulse is succeeded by a 180° refocusing RF pulse. Manifestation of diffusion dependency is
achieved through the application of gradient pulses both before and after the refocusing RF pulse, as originally developed by Stejskal and
Tanner.2® The strength (G), gradient pulse interval (A) and gradient pulse length (6) of these gradient pulses are summarised in the b-value
according to b:;/széz (A—%), where y is the gyromagnetic ratio. DWI experiments were performed with a diffusion-weighted spin-echo
sequence, applying an echo time (TE) of 13.0ms, TR=1000ms, ns=4, §=1ms, A =7 ms and an effective b-value range of 50, 500, 1000, 1500,
2000, 2500 or 3000 s/mm?. The FOV was 6 x 6 mm, with a matrix size of 128 x 128, resulting in an in-plane resolution of 47 x 47 pum, at a slice
thickness of 200 um and a total scan time of ~48min. DTI utilising echo-planar imaging (EPI) was employed for anatomical imaging of the
zebrafish brain. Additionally, this technique enabled the estimation of various diffusion metrics, including axial diffusivity (DH), radial diffusivity
(D.), mean diffusivity (MD) and fractional anisotropy (FA), as well as axial kurtosis (K|), radial kurtosis (K.), mean kurtosis tensor (MK) and kurtosis
fractional anisotropy (KFA). In addition, DTI-facilitated tractography was used to explore the connectivity of neural pathways within the zebrafish
brain. 2D DTI experiments were performed with TE=12.4ms, TR=2000ms, ns=32 and an EPI factor of 8. Multishell DTI experiments were
performed with 6 = 1.5ms, A = 6 ms and an effective b-value range of 4, 1000, 3500 or 6000 s/mm?, with 8, 12, 24 or 36 directions, respectively.
The FOV was 5 x 5mm, with a matrix size of 200 x 200, resulting in an in-plane resolution of 25 x 25 um, at a slice thickness of 200 um and a
total scan time of 11 h 22min. 3D DTI experiments were performed with TE=9.1ms, TR=2000ms, ns=4 and an EPI factor of 8. Multishell
diffusion experiments were performed with §=1.5ms, A=4ms and an effective b-value range of 100, 1000 or 2500s/mm?, with 4, 12 or
24 directions, respectively. The FOV was 2.52 x 4.97 x 1.82 mm, with a matrix size of 72 x 142 x 52, resulting in an isotropic resolution of 35 um
and a total scan time of 36 h 58 min.
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2.3 | Data processing
2.3.1 | Brain structure identification

Identification of brain regions and WM structures was based on various available zebrafish brain atlases and similar sources.?’ 3! The cortical
thickness of the longitudinal torus (TL), the molecular layer of the cerebellar corpus (CCem) and the optic tectum (TeO) were estimated using the
distance-measuring tools in Paravision software (Bruker BioSpin GmbH, Germany). The estimation was based on the central sagittal or coronal
slice at a b-value of 2500 s/mm? from 3D DTI measurements obtained at 17.6 T. The volume of the main brain regions, including the total brain
volume, was estimated using MATLAB R2021b (mathworks.com). Raw DTI data were imported into MATLAB using a modified version of
read_2dseq.3? The mean intensity of the largest acquired b-value was calculated, as it provided the optimal contrast for segmenting the brain into
its main regions. The segmentation of brain regions was performed in the Volume Segmenter tool of MATLAB, after which their volumes were
calculated based on the applied resolution.

2.3.2 | Estimation of T,

The estimation of T, was performed using MSME data. Uneven echoes were excluded from the data fitting to compensate for imperfect
refocusing pulses,®® and the first 12 remaining echoes (12-144 ms) were used for fitting. After 144 ms, the SNR fell below the threshold value for
a Gaussian distribution of the T, signal (see Figure S1) required for reliable line-fitting. T, was estimated with a nonlinear least square algorithm

for the exponential fit function according to

lg=A+1lo-exp (~t/T»), (1

where I, is the signal intensity at time t, A is the absolute bias, Iy is the signal intensity at time to and t is the echo time (ms).

2.3.3 | Estimation of the apparent diffusion coefficient

The estimation of the apparent diffusion coefficient (ADC) was performed from DWI data, with a nonlinear least square algorithm for the

exponential fit function:

lb=A+Ilo - exp (~b-ADC). 2)

Here, I, is the signal intensity at b, A is the absolute bias and Iy is the signal intensity at time bo.

234 | ADC multicomponent analysis by the phasor approach

Monocomponent and multicomponent ADC analysis by the phasor approach was performed using MATLAB. Raw DWI data were imported into
MATLAB. DWI data are transformed to phasor plot coordinates by selecting the region of interest (ROI) using the volume segmenter tool. Next,
for each individual ADC decay curve in the ROI, a stepwise approach was followed: (i) an absolute bias systematic error correction was performed,
based on a Rayleigh probability distribution fit of the background signal (see Figure S2), then (ii) the data were filtered by an arithmetic mean filter
with filter size 2, followed by (iii) normalization to the [0, 1] range, (iv) fast-Fourier transformation, (v) selection of the first harmonics, and, finally
(vi) plotting the real versus the imaginary part. The semicircle of the phasor plot, representing the phasor coordinates of monocomponent ADC, is
added for ADC between 0 and 0.001 mm?/s based on Equation (2). Monocomponent analysis of DWI is performed by projecting the phasor plot
coordinates of the ROIs onto the semicircle using the MATLAB dsearchn() function. In addition, a bi-component analysis was performed, based on

the bi-exponential fit function:

Ipb=a-exp (—b-ADCgow) +C- €xp (—b-ADCrast ). (3)

Here, I,, is the signal intensity at b, and a and ¢ are the areas of component ADCo, and ADCq,s; (s/mm?), respectively. For this, ADCy 0., Was
taken between 0 and 4-10~* mm?/s, ADCy.; between 4.1-10~ and 1.10~2 mm?/s, with a step-size of 1-10~° mm?/s, for step-sizes of 1% for

a and c. Obtained values were verified by determining the fit (R?) using the curve fitting tool in MATLAB.
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2.3.5 | Processing of DTI data

DTI data processing, including diffusion metrics estimation and WM connectivity analysis by tractography, was conducted using MRtrix3
software®* and MATLAB. Brain masks were generated using the Volume Segmenter tool in MATLAB. Raw DTI data were denoised based on the
random matrix theory and potential Gibbs ringing artifacts were removed based on the method of local subvoxel shifts,®> implemented through
MRtrix3 functionality.3® The estimations of the (apparent) diffusion tensors (D) and (apparent) diffusion kurtosis tensors (W) were also executed
through functionalities available within MRtrix3. D and W were derived from logarithmically transformed and preprocessed DTI data through a
two-stage procedure. First, the fitting process employed a weighted least-squares methodology, which was based on empirical signal intensities.
Second, an iterated weighted least-squares approach was used, utilising the signal predictions from the preceding iteration to inform subsequent
iterations. In total, two iterations are performed. Due to their full symmetry, D and W have 6 and 15 degrees of freedom, respectively.
Construction of W requires a minimum of 22 diffusion-weighted images taken at three distinct b-values towards 15 unique directions.®” Full
descriptions of the methodology are provided by Basser et al. for D, and by Veraart et al. for W.3837 Diffusion tensor metrics (Dy, D1, MD and FA)
were estimated from D, according to

Dj=n 4)
Ma+43

D, =27 5)

MD:M,and 6)

. |p—mp-12)| \/3(,11—MD)2+(/12—MD)2+(/13—MD)2
) _ . )

DIl B+25+13

The A4, A> and A5 are the eigenvalues of D, arranged such that A 2 A, 2 A3, 1@ is the fully symmetric rank 2 isotropic tensor, and []...]| denote
the application of the Frobenius norm. For the estimation of the diffusion kurtosis tensor metrics, W was utilised.***! Estimation of MK was based

on the equation for rapid MK estimation, as defined by Hansen and Jespersen,*?
MK =YTr(W) (8.1)

MK =Y5(W1111 + Wa22p +Wasszs + 2W1122 + 2Wi133 + 2Wop33), (8.2)

where Wy, are the diffusion kurtosis tensor elements. Estimation of K|, was based on

(A1 +A2+13)
== = "W 9
I 972 111, 9)
Estimation of K, was based on
K1 =G1Wa22 +G1W3333 +GoWaoss, (10)
with
2 2
Gy = M thetha) (2/1 %4 3/1213)and (11)
18/12(/12 +13) \//12/‘[3
(A1 + A2 +43)? (/12 +13 >
Gy = -2). 12
3(2—13)% \Vi2as 12)
The estimation of KFA was based on
waMKJ(“)H
KFA="—ux— 13
W (13
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I is the fully symmetric rank 4 isotropic tensor and W was formed by permutating its 15 unique elements, which were acquired from

where
MRtrix3 software.

2.3.6 | White matter structure identification by DTI tractography

To identify WM structures in the zebrafish brain, tractography was employed using super-resolution (5 um) stTDI by multishell multitissue
constraint spherical deconvolution (stTDlI msmt CSD), conducted using the MRtrix3 software.®* Estimation of the msmt CSD response
functions was performed by the Dhollander algorithm,*® selecting the top 10.0%, 2.0% and 10.0% of refined WM, grey matter (GM) and
cerebrospinal fluid (CSF) voxels, respectively. Crude segmentation of WM from GM and CSF was performed at FA 0.15. Fibre orientation
distribution functions (FODFs) were estimated using the msmt-CSD algorithm.** Whole-brain short-track tractography was performed with the
iFOD1 algorithm,** generating 10 million tracks, with a length of between two and 10 voxels. The generated tracks were converted to super
resolution TDI,*¢ obtaining connectivity images at an approximate 5-pm resolution, in which the orientation of tracks is indicated by directional
encoded colour (DEC).

2.3.7 | Statistical analysis

All statistical analysis of data was performed using MATLAB and GraphPad Prism version 9.0.0 for Windows (Graphpad Software, San Diego, CA,
USA; www.graphpad.com). Test of significance was performed using the unpaired t-test, assuming Gaussian distribution, with a p value of less
than 0.05 considered as a significant difference between the two groups. Possible outliers were identified and removed based on three scaled

median absolute deviations from the median value.

3 | RESULTS AND DISCUSSION

In this study, we probed the effect of genomic deletion of TLR2 on microstructural changes observed in the brain of tIr2 ~~ adult zebrafish

noninvasively, utilising state-of-the-art MRI at an ultrahigh magnetic field strength of 17.6 T.

3.1 | Changes in brain morphology observed in tir2~/~ zebrafish brain

Figure 1 presents high-resolution images of control and tIr2 =~ male zebrafish, acquired using 3D DTI at a b-value of 2500 s/mm?2. DTI offered
enhanced contrast compared with conventional anatomical imaging techniques, enabling clear separation of tiny zebrafish brain structures.
Differences in the cortical thickness of brain structures were observed in the cerebellum (CB) and the mesencephalon (MC) (Figure 1A). In the CB,
the thickness of the CCem was found to be significantly enlarged by approximately 38% in tIr2 =/~ zebrafish compared with the control group
(Figure 1C). Similar observations were made in the MC, where the volumes of the TL and TeO were significantly increased by approximately 29%
and 27%, respectively. To expand upon pathologically derived differences in brain structure observed in tIr2 /= zebrafish, brain volumes were
estimated utilising 3D DTI data. The zebrafish brain was divided into its main regions2”°: the olfactory bulb (OB), pallium (Pa), diencephalon (DC),
MC, CB and rhombencephalon (RC) (Figure 1B). In tir2 ~/~ zebrafish, a significant increase in the volume of the CB and RC was observed
(p < 0.05, n = 3) compared with the control group. Our results demonstrate an increase in the cortical thickness and a trend towards increased
brain volume of the tIr2 ~/~ zebrafish compared with the control group, while the differences in body length and weight between 3-month-old
tir2 =/~ and control zebrafish were negligible (data not shown). Previously, a significant reduction in the cortex thickness, in combination with
WM damage and neuronal loss, was reported for TLR2-deficient mice.X? In addition, tIr2 ~/~ was associated with significantly reduced levels of
insulin-like growth factor 1 (IGF-1), which has neuroprotective properties and plays an important role in neuronal viability and the prevention
of apoptosis.*” While neurodegenerative disorders are typically linked to cortical thinning and reduced brain volumes in their advanced stages, it
has been observed that cortical thickening and volumetric increase occur in the initial phases as a reaction to underlying pathological
processes.*®*? The observed increase in cortical thickness could be an early indicator of neurodegenerative processes associated with TLR2
deficiency. Furthermore, increased brain volume may be associated with swelling of the brain due to cerebral oedema, that is, the abnormal
swelling of brain cells by accumulation of fluid. Previous studies in tIr2—/— mice have shown hypoperfusion in the brain that could indirectly
signify cytotoxic oedema.’® A longitudinal study, outside the scope of the current work, would be required to provide more insight into the

development of changes in cortical thickness and brain volume of tlIr2 ~/~ zebrafish.
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FIGURE 1  Comparison of brain structure and volume in tIr2~/~ and control adult zebrafish. (A) Representative sagittal and coronal slices of
DTI of control and tIr2~/~adult zebrafish obtained at 17.6 T. (B) 2D and 3D representation of the zebrafish brain, divided into its main regions,
providing a comprehensive view of its anatomical organisation. (C) Comparison of the cortical thickness of the TL, the CCem and TeO shows a
significant increase in tIr2 =/~ zebrafish compared with controls. Furthermore, significant increases in the volume of the CB and RC were
observed. In all other brain regions, as for the total brain volume, a similar trend is observed, albeit nonsignificantly (p > 0.05). Acquisition details:
TR 2000 ms, TE 9 ms, 4 averages, isotropic resolution 35 um, effective b-value range of 100, 1000 or 2500 s/mm?, with 4, 12 and 24 directions,
respectively. Statistical analysis was performed using the unpaired t-test, assuming Gaussian distribution, with p less than 0.05 considered to
imply significant differences between the control and the tIr2 ~/~ group. CB, cerebellum; CCem, molecular layer of the cerebellar corpus; DC,
diencephalon; DTI, diffusion tensor imaging; MC, mesencephalon; OB, olfactory bulb; Pa, pallium; RC, rhombencephalon; TeO, optic tectum; TL,
longitudinal torus.

3.2 | T,elevation and reduced ADC underpinning cytotoxic oedema and astrogliosis in the tir2=/~
zebrafish brain

To zoom into microstructural changes in the zebrafish brain, we utilised T, and ADC measurements. Previously, quantitative T, and ADC measure-
ments were used for evaluation of normal and affected brain tissue, including regular ageing, strokes, tumours and neurodegenerative
diseases.>1>8 In this study, prior to conducting T, measurements, we examined the potential influence of magnetic field disturbances on esti-
mated T, by investigating the impact of the CPMG refocusing pulse interval, as described previously.>? The influence of pulse intervals between
6 to 18 ms on brain T, was negligible (see Figure S3), suggesting an insignificant impact of magnetic field disturbances on estimated T,. In addi-
tion, the differences in T, times between single-slice MSME and multi-slice MSME were negligible (see Figure S3), indicating a minimal influence
of magnetization transfer-related bias of the water signal.”” Figure 2 shows T, and ADC changes in six areas in control and tlr2 =/~ zebrafish brain.
ROIs were selected in various brain regions: the granular layer of the cerebellar corpus (CCeg), the CCem, the TL, the medial longitudinal fascicle
(MLF), the diffusive nucleus of the inferior lobe (DIL) and the medial zone of the dorsal telencephalon (DM). An overall increase in the T, relaxa-
tion time was observed in all selected brain regions of the tIr2 ~~ zebrafish brain (Figure 2B), ranging from 17% in the DM to 28% in the CGeg.
Complementary ADC analysis showed a significant reduction of the diffusivity in the CCeg, CCem and DM by 42%, 39% and 23%, respectively.
Other ROIs showed a similar trend towards reduced diffusivity. The elevation in T,, coupled with the reduction in ADC, could be an indication of

60,61

elevated astrogliosis and astroglia scarring, as documented in earlier studies for tir2 ~/~ mice.? Moreover, in contrast to vasogenic oedema,
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FIGURE 2 T, relaxation time and ADC measurement in various brain regions of control and tIr2 mutant (tlr2~"~) zebrafish. (A) Anatomical
DWI (b-value 1000 s/mm?), sagittal slice, showing ROls used for T, and ADC estimation. (B) Estimated T, relaxation times in selected ROls of
control and tIr2~/~ zebrafish. (C) Estimated ADC in selected ROls of control and tir2~/~ zebrafish. Acquisition details for MSME: TR 3000,

6.0 ms, 4 averages, resolution 47 x 47 pm and a slice thickness of 500 um; and for DWI: TR 1000 ms, TE 13 ms, 4 averages, resolution

47 x 47 um, slice thickness 200 um and effective b-value range 50, 500, 1000, 1500, 2000, 2500 or 3000 s/mm?. Statistical analysis was
performed using the unpaired t-test, assuming Gaussian distribution, with p less than 0.05 considered to imply significant differences between
the control and the tIr2 =/~ group. *p < 0.05, **p < 0.01, ****p < 0.001. ADC, apparent diffusion coefficient; CCeg, granular layer of the cerebellar
corpus; CCem, molecular layer of the cerebellar corpus; DIL, diffuse nucleus of the inferior lobe; DM, medial zone of the dorsal telencephalon;
DWI, diffusion-weighted imaging; MLF, medial longitudinal fascicle; MSME, multislice multiecho; ROI, region of interest; TL, longitudinal torus.
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which exhibits significant increases in diffusivity, cytotoxic oedema results in restricted diffusion and reduced ADC,%%*

most profoundly
occurring in astrocytes.®® An increase in potential biomarkers of oedema such as aquaporin 4 (AQP4), which regulate brain water and CSF water
movement, have been detected in models of neurodegeneration disease.?! It is intriguing that an increase in cortical thickness in asymptomatic
mutation carriers was reported along with a substantial reduction in the mean diffusivity, almost a decade prior to the predicted clinical onset,*® a
finding that parallels the alterations in cerebral volume and reduced diffusivity in the current study. In the present work, zebrafish were subjected
to formalin fixation to mitigate degradation processes during analysis. In this context, it is noteworthy to acknowledge that formalin fixation
affects relaxation times and diffusion characteristics compared with the in vivo situation.?®¢® As formalin fixation shortens T; relaxation times, we
used relatively shorter repetition times compared with those required for in vivo studies. However, this poses a challenge when translating our
methods for in vivo measurements, as longer repetition times would be required, consequently extending the total scan times further. Neverthe-
less, in the current study, to make a relevant comparison between fixed control and tlIr2 =/~ fish, we strictly followed the same fixation protocol

for both groups.

3.3 | Phasor-based multicomponent analysis reveals restricted diffusivity in the tIr2~/~ zebrafish brain

To obtain further insight into the nature of the observed reduced diffusivity, multicomponent analysis of exponential ADC decay curves was
performed by the phasor approach.®” ADC is influenced by the mobility of water molecules in different tissue compartments, with each
compartment exhibiting distinct ADC components. Several studies have shown biexponential diffusion decay in the brain, characterised by slow
and fast diffusion compartments.®®~7° In this context, the slow diffusion component represents compartments within the brain that exhibit
hindered diffusion, while the fast diffusion component represents compartments with relatively unrestricted diffusion. Although it has been
suggested that these compartments represent intracellular and extracellular populations, there is evidence indicating that both compartments
partly originate from the intracellular space.”® The current work refers to these compartments as slow and fast diffusion components rather
than intracellular and extracellular diffusivity. Here, we chose the CCem structure as our prime example for conducting a multicomponent AD
analysis due to its notable alterations in T, and ADC analysis. In this context, our emphasis was on exploring the multicomponent characteristics
of the ADC signal within affected brain tissue in tIr2 =/~ zebrafish. Multicomponent analysis of the ADC decay curve was conducted employing
the phasor approach (Figure 3). Phasor data from the CCem of the tIr2 /= and control zebrafish brain demonstrated nearly complete separation
(Figure 3A), indicating significant differences in the ADC of both groups. Figure 3B displays the monocomponent analysis of ADC value changes
in the CCem of tIr2 ~/~ showing that the ADC of tIr2 /~ was significantly reduced compared with the control group, which is well in line with
the results of fitting by the nonlinear least square algorithm discussed in Figure 2. The shape of the phasor data, fully separated from the
semicircle, indicates a bi-component system with a slow (0 < ADCgow < 4-10™* mm?/s) and a fast (4-10~% < ADCast < 1-1072 mm?/s) ADC
component. The phasor plot coordinates of the CCem were fitted to bi-component ADC systems, based on the bi-exponential fit function
(Equation 3). Mean ADCqjow and ADCr,e: found for the CCem of the tIr2 ~/~ and control zebrafish by the phasor approach, as well as their area
(%), are summarised in Figure 3C-E. The bi-component analysis showed a significant reduction in the absolute value of ADC:,, and a
substantial increase in the area of ADCqq,. These findings imply that diffusivity in the CCem of tIr2 ~/~ zebrafish is primarily influenced by slow
diffusion compartments to a greater extent than observed in the control group. In addition, they point to microstructural changes occurring
within the fast diffusivity compartments. Various biological processes could lead to restricted diffusion. Among these, astrogliosis, cytotoxic
oedema and inflammatory processes have been previously reported for tir2 ~~ models, although conflicting reports are available for pro-
inflammatory processes in TLR2 deficiency.”2”2 In the current work, we applied very short diffusion-encoding times that facilitated exploration
of water diffusion over very short distances (micrometre regime), reducing the influence of potential interactions occurring during the
application of longer diffusion times.”® The spatial regime achieved in our work may not be currently feasible with clinical systems due to the

lack of strong field gradients.

34 | DTl and DKI analysis reveal diminished diffusivity and enhanced kurtosis in the tIr2~/~ zebrafish brain

To further evaluate potential alterations in the microstructure in the tlr2 '~ zebrafish brain, DTI was utilised. DTI expands upon traditional dMRI.
It enhances the understanding of structural characteristics by utilising the effects of anisotropic diffusion, accessed by measuring the diffusion-
weighted MR signal in at least six different diffusion directions. These diffusion-weighted MR signals are translated into a diffusion tensor, repre-
sented as an ellipsoid model, of which the eigenvectors (g4, €5, €3) and eigenvalues (A1, Ay, A3) represent the principal axis frame of the diffusion
tensor and the diffusivity, respectively. Here, the eigenvectors are arranged such that A\; 2 A, 2 A3. In WM structures, the diffusivity along the
axons is the least restricted and represented by the largest principal eigenvalue, the axial diffusivity (D, ;). The diffusivity perpendicular to
the axons is represented by the average of the eigenvalues A, and A3, the radial diffusivity (D,). The mean diffusivity is estimated as the average

intensity of the three eigenvectors (MD). Finally, FA is used to estimate the extent of the directional preference of the diffusivity, where an FA of
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FIGURE 3 Phasor analysis of the experimental ADC curves. (A) Phasor plot of the CCem of tIr2~/~ and control, relative to the phasor plot
semicircle (red). On the semicircle, 0 mm?/s is located at [0,0], with steps of 1.10~* mm?/s indicated as red dots on the semicircle.

(B) Monocomponent analysis shows that the ADC in tlr2~/ is significantly reduced, while (C-E) Multicomponent analysis of the ADC decay curve
in the CCem shows a significant increase in the area of the slow diffusion component in tIr2~/~, associated with restricted diffusion. Acquisition
details for the DWI used for phasor plot analysis: TR 1000 ms, TE 13 ms, 4 averages, resolution 47 x 47 um, slice thickness 200 um and effective
b-value range 50, 500, 1000, 1500, 2000, 2500 or 3000 s/mm?. Statistical analysis was performed using the unpaired t-test, assuming Gaussian
distribution, with p less than 0.05 considered to imply significant differences between the control and the tIr2 =/~ group. * p < 0.05. ADC,
apparent diffusion coefficient; CCem, molecular layer of the cerebellar corpus; DWI, diffusion-weighted imaging.

0 indicated full isotropic diffusivity and an FA of 1 indicated full anisotropic diffusivity. In the current study, DTI data were used to generate Dy,
D, MD and FA maps (Figure 4A) and to estimate the mean D), D,, MD and FA of major brain regions (Figure 4C).

Differences in Dy, D, and MD in the major brain region were found to be negligible, although a robust and consistent trend towards
decreased D, D, and MD was observed, aligning closely with the reduced ADC found by DWI and previous reports.2® Notably, FA exhibited a sig-
nificant reduction in the Pa and MC, in line with earlier observations for tIr2 ~'~ mice.** In other brain regions, a similar tendency towards reduced

FA was consistently observed in tlIr2 =/~ zebrafish relative to the control group, albeit nonsignificant.
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FIGURE 4 Comparison of DTI results in the main brain regions of tIr2~/~ and control adult zebrafish. Representative central slice of DTI
measurements of control and tIr2 ~/~ adult zebrafish. (A) From these slices, the diffusion tensor metrics were estimated: Dy, D., MD and FA, as
well as (B) the diffusion kurtosis metrics: Ky, K1, MK and KFA. (C) DTI and DKl results of tIr2~/~ adult zebrafish compared with controls reveal a
noteworthy trend towards decreased D, D, and MD, reduced FA, as well as increased K|, K, and MK. Additionally, a significant decrease in KFA is
observed in the tIr2~/~ group. Acquisition details: TR 2000 ms, TE 12.4 ms, 32 averages, resolution 25 x 25 x 200 pm, effective b-value range

4, 1000, 3500 or 6000 s/mm?, with 8, 12, 24 or 36 directions, respectively. Statistical analysis was performed using the unpaired t-test, assuming
Gaussian distribution, with p less than 0.05 considered to imply significant differences between the control and the tIr2 =/~ group. *p < 0.05,

***p < 0.005. CB, cerebellum; D, axial diffusivity; D, radial diffusivity; DC, diencephalon; DKI, diffusion kurtosis imaging; DTI, diffusion tensor
imaging; FA, fractional anisotropy; K|, axial kurtosis; K, radial kurtosis; KFA, kurtosis fractional anisotropy; MC, mesencephalon; MD, mean
diffusivity; MK, mean kurtosis; OB, olfactory bulb; Pa, pallium; RC, rhombencephalon.

Further insight was obtained by employing DKI. DWI and DTl rely on the assumption that diffusivity (in the brain) follows a Gaussian distribu-
tion, thus simplifying the true complexity of diffusivity in the brain.”* Considering these limitations, DKl is an extended dMRI technique for the
characterisation of non-Gaussian diffusion, describing the kurtosis of the diffusion distribution. To quantify kurtosis, application of higher b-values
is required, as the diffusion signal is mostly influenced by Gaussian diffusion at lower b-values.”® In our findings, we observe the emergence of
kurtosis effects at b-values exceeding 2000 s/mm?, and it is increasing at larger b-values (see Figure S4). DKI data were used to generate Ky, K1,
MK and KFA maps (Figure 4B) and to estimate the mean K|, K;, MK and KFA of major brain regions (Figure 4C). We observed a significant increase
in K, in the RC and CB, and a significant increase in the MK of the RC of tIr2 ~/~ zebrafish compared with the control group. Elevated diffusion
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kurtosis signifies a greater departure from the Gaussian distribution of water molecule diffusion, suggesting an elevated degree of
diffusion restriction. These findings are in full agreement with our monocomponent and multicomponent analysis of the ADC signal, indicating
strongly restricted diffusion.

In general, the diffusion metrics D and D, are indicative of myelin integrity and axonal damage, MD is associated with oedema and
proliferation of cells in neoplastic growth, and FA serves as a highly sensitive biomarker for assessing the integrity of WM. In this context,
diminished FA was related to the loss of neurons, myelin swellings and severe cytotoxic oedema, and reduced MD was related to glial cell
death and loss.”® Regarding kurtosis metrics, Kj is particularly responsive to intracellular structures, whereas K, is influenced by alterations in
cellular membranes and myelin layers. MK, on the other hand, is more broadly linked to the microstructural complexity of the brain. An
increase in MK may be associated with denser cell packing or greater cellular complexity, while a decrease in MK may be attributed to a loss
of cellular structure.”* Moreover, diffusion kurtosis metrics provide some advantages over diffusion tensor metrics for their increased sensitiv-
ity for isotropic GM.””

Based on our findings in 3-month-old tIr2 ~/~ zebrafish, when compared with a control group, we observed several changes in brain
metrics. These include an increase in brain volume, strong T, signals, reduced ADC, restricted diffusivity and alterations in various diffusion ten-
sor and diffusion kurtosis metrics, such as diminished Dy, D,, MD and FA, coupled with an increase in K, K, and MK. Demyelination is typically
associated with increased D,, unadjusted D), reduced FA and decreased K, and MK.78-80 Reactive astrogliosis was previously found to lead to
decreased D), stable D,, reduced MD, increased FA and increased MK2%82 Our findings suggest axonal degeneration or cytotoxic oedema
within the analysed brain regions. For axonal degeneration, reduced D, D, and FA were reported, with an apparent increase of kurtosis.”?83-8>
A decrease in diffusivity (D, D,, MD), decrease in FA and increase in kurtosis (K|, K., MK) was previously observed in early hypoxic-ischaemic
brain oedema.®¢

We conducted an examination to assess the impact of b-value dependency on the reliability of estimated diffusion tensor and diffusion
kurtosis metrics. Our study extends previous research conducted in single- and double-shell DTI and DKI measurements,®” whereas we employed
triple-shell DTI and DKI at ultrahigh magnetic field strengths (see Figure S5). Upon analysis, we observed that the majority of diffusion tensor and
diffusion kurtosis metrics did not exhibit a significant shift in response to significant changes in the b-value range. This suggests that the majority
of diffusion tensor and diffusion kurtosis metrics, obtained at ultrahigh magnetic fields and with four distinct b-values (b included), are robust and
relatively unaffected by variations in the b-value range. Based on these findings, we conclude that future studies with somewhat similar b-value

ranges may therefore find our data a valuable reference point.

3.5 | Genomic deletion of TLR2 signifies compromised integrity in white matter tracks

Subsequently, we investigated the effect of genomic deletion of TLR2 on WM integrity in adult zebrafish by DTI. Seven WM structures were
identified and localised in the zebrafish brain using dMRI tractography by stTDI CSD (Figure 5A): the posterior commissure (Cpost), the commis-
sure of the secondary gustatory nuclei (Cgus), the ansulate commissure (Cans), the ventral rhombencephalic commissure (Cven), the MLF, the
optic tract (OT) and the lateral longitudinal fascicle (LLF). The integrity of these WM structures was monitored by comparing DTI and DKI metrics.
Significantly lower D, MD and FA were observed in the Cven of tir2 ~/~ zebrafish, along with increased K|, K, MK and FKA. In the Cgus, we
observed a significantly lower FA and increased K. In addition, the Cpost showed reduced D and MD, with increased K,; the MLF showed
increased K_; and for the LLF, reduced D), D, and MD, in combination with increased K, and MK. Overall, DTl and DKI data of WM structures in
tir2 ~/~ zebrafish show a consistent trend of reduced diffusivity (D”, D, and MD) and FA across most WM structures. Moreover, we observed a
trend indicating increased kurtosis (K|, K, and MK) and KFA when compared with the control group. Previously, increased kurtosis, in combination
with decreased diffusivity levels and reduced FA, have been attributed to microstructural changes in the brain. APP/PS1 Alzheimer's disease
mouse models show a significant increase in kurtosis in the hippocampus, cortex and thalamus, linked to a significant increase in amyloid beta (Ap)
plaque loads.®® A longitudinal report of the same pathological model showed similar observations, including significant drops in FA in various brain
regions.?? It has been suggested that TLR2 plays a significant role in clearing toxic Ap, as shown in an APP Alzheimer's disease mouse model.”®
Another observation made in tIr2 ~~ mouse models was increased astrogliosis and demyelination in WM structures.®?> On the other hand,
cuprizone-induced demyelination and inflammation reduced K, K, and MK in the cortex and corpus callosum,®° contrary to the observations in
the current study. Increased mean kurtosis was reported as a potential biomarker of reactive astrogliosis, although the same report did not see
any significant alterations in FA or MD.82

Our analysis has revealed compelling evidence of a compromise in the integrity of various WM structures within the brain of tir2 =/~
zebrafish. The alterations of the neural architecture suggest a potential link to neurobehavioural changes observed in other tIr2 '~ models. Here,
we found evidence for microstructural changes in the Cven, a bundle of nerves carrying signals between the two halves of the hind brain. These
signals originate from different parts of the brain, including the sensory area for touch and balance, as well as groups of cells related to sensing
and moving.”* Lampreys (Lampetra fluviatilis), with a transected Cven exhibited compromised spontaneous locomotion and altered movements,”*

illustrating the role played by the Cven in orchestrating and regulating these motor behaviours. These observations are consistent with the
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FIGURE 5 Comparison of DTI results of white matter structures of tir2~’~ and control adult zebrafish. (A) Sagittal and coronal slices of the
DEC stTDI msmt-CSD map, used for the identification of white matter structures in the zebrafish brain. Acquisition details: TR 2000 ms, TE 9 ms,
4 averages, isotropic resolution 35 um, effective b-value range 100, 1000 or 2500 s/mm?, with 4, 12 and 24 directions, respectively. (B) Diffusion
metrics estimated by DTl results show reduced D), D, and MD, reduced FA, increased K, K, and MK and KFA in white matter structures in the
tir2~/~ zebrafish brain. Acquisition details: TR 2000 ms, TE 12.4 ms, 32 averages, resolution 25 x 25 x 200 um, effective b-value range 4, 1000,
3500 or 6000 s/mm?, with 8, 12, 24 or 36 directions, respectively. Statistical analysis was performed using the unpaired t-test, assuming
Gaussian distribution, with p less than 0.05 considered to imply significant differences between the control and the tir2 ~/~ group. *p < 0.05,
***p < 0.005, ****p < 0.001. Cans, ansulate commissure; Cgus, commissure of the secondary gustatory nuclei; Cpost, posterior commissure; CSD,
constraint spherical deconvolution; Cven, ventral rhombencephalic commissure; Dy, axial diffusivity; D, radial diffusivity; DEC, directional
encoded colour; DTI, diffusion tensor imaging; FA, fractional anisotropy; K|, axial kurtosis; K, radial kurtosis; KFA, kurtosis fractional anisotropy;
LLF, lateral longitudinal fascicle; MD, mean diffusivity; MK, mean kurtosis; MLF, medial longitudinal fascicle; msmt, multishell multitissue; OT,
optic tract; stTDI, short-track track-density imaging.

diminished spontaneous activity observed in tIr2 ~~ mice.}* Our insight into microstructural alterations in the Cven of tIr2 /= zebrafish sheds
light on this phenomenon. Parallel to the Cven, the Cgus was found to be affected in tIr2 ~/~ zebrafish. The Cgus is the neural pathway connecting
the secondary gustatory nuclei present on both sides of the zebrafish brain, which are involved in processing taste-related information as part of
the gustatory system.”? Our observations in microstructural changes in the Cgus could contribute to explaining previous observations in tIr2 ~/~
mice showing diminished food consumption,”® as disrupted communication with the secondary gustatory nuclei might lead to difficulties in
processing and perceiving taste sensation. The Cpost is a diencephalic nerve bundle that is involved in facilitating communication with the
pretectal nuclei,*® and is involved in visual processing, circadian rhythms and motor control.”* Previous studies showed disrupted circadian

rhythms in tlr2 =/~ mice,”® to which our observations might provide further insights.
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4 | CONCLUSION AND FUTURE OUTLOOK

In summary, our study unveils the impact of genomic TLR2 deletion in zebrafish, leading to microstructural alterations within diverse brain tissues.
Applying dMRI at ultrahigh magnetic fields provided the necessary SNR and contrast that has enabled us to discriminate and characterise major
brain regions as well as specific WM structures, thereby unravelling the microstructural changes associated with tlr2 ~/~ zebrafish. Distinct dMRI
techniques provided a diverse array of diffusion metrics, each offering a unique perspective into the architectural framework and transformations
occurring in the pathological model. Notably, our study showed significant changes in the diffusivity and kurtosis profiles of multiple WM struc-
tures, which mirror neurobehavioural shifts observed in tIr2 ~/~ models. These findings contribute an additional layer of insight to improve our
understanding of the origin of these behavioural changes.

In future, to extrapolate our results to a broader context, research should prioritise replicating these findings with a larger sample size,
encompassing both male and female zebrafish across various age groups, including older fish. This approach will facilitate more robust statistical
analyses and a thorough exploration of potential variables and interactions. Furthermore, techniques such as histological staining and spectro-
scopic methods, including localised spectroscopy and high-resolution magic angle spinning, could offer further insight towards an increased under-
standing of the precise microstructural and metabolic changes in the brain of tIr2 ~/~ models.

In essence, our research provides insight into the relationship between TLR2 and the microstructural architecture of the brain. Especially, our
utilisation of diffusion MRI at ultrahigh magnetic fields signifies a substantial advancement, finally providing the required foundation for investi-

gating these relationships in the tiny zebrafish brain.
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