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Human African Trypanosomiasis (HAT) is a disease caused by the extracellular parasite Trypanosoma brucei that affects the central nervous system (CNS) during the chronic stage of the infection, inducing neuroinflammation, coma, and death if left untreated. However, little is known about the structural change happening in the brain as result of the infection. So far, infection-induced neuroinflammation has been observed with conventional methods, such as immunohistochemistry, electron microscopy, and 2-photon microscopy only in small portions of the brain, which may not be representative of the disease. In this paper, we have used a newly-developed light-sheet illuminator to image the level of neuroinflammation in chronically infected mice and compared it to naïve controls. This system was developed for imaging in combination with the Mesolens objective lens, providing fast sub-cellular resolution for tens of mm3-large imaging volumes. The mouse brain specimens were cleared using CUBIC+, followed by antibody staining to locate Glial Fibrillary Acid Protein (GFAP) expressing cells, primarily astrocytes and ependymocytes, used here as a proxy for cell reactivity and gliosis. The large capture volume allowed us to detect GFAP+ cells and spatially resolve the response to T. brucei infection. Based on morphometric analyses and spatial distribution of GFAP+ cells, our data demonstrates a significant increase in cell dendrite branching around the lateral ventricle, as well as dorsal and ventral third ventricles, that are negatively correlated with the branch extension in distal sites from the circumventricular spaces. To our knowledge, this is the first report highlighting the potential of light-sheet mesoscopy to characterise the inflammatory responses of the mouse brain to parasitic infection at the cellular level in intact cleared organs, opening new avenues for the development of new mesoscale imaging techniques for the study of host-pathogen interactions.
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Introduction

Chronic infections of the central nervous system (CNS), such as those caused by the protozoan parasite Trypanosoma brucei, causative agent of sleeping sickness, are typically associated with reactivity of glial cells (microgliosis and astrogliosis) and neuroinflammation (Lundkvist et al., 2004; Kristensson et al., 2010; Laperchia et al., 2016; Bentivoglio et al., 2018; Tesoriero et al., 2018; Rodgers et al., 2019). However, there is limited information regarding the ultrastructural changes that take place in the CNS during sleeping sickness. During CNS colonisation, T. brucei is thought to exploit several routes, including the blood-brain barrier and the circumventricular organs to colonise the CNS (Kristensson et al., 2010), although the inflammatory responses in the brain parenchyma are poorly understood. Most of the studies to date employ methods such as conventional immunohistochemistry, electron microscopy, and more recently 2-photon microscopy, to observe infection-induced neuroinflammation (Laperchia et al., 2016; Laperchia et al., 2018; Rodgers et al., 2019). However, these methods can only image small volumes of brain and thus little is known about the changes to whole brain architecture in response to infection.

Volumetric optical mesoscopic imaging, which bridges the gap between microscopy and macrophotography, offers a possible solution to overcome these technical limitations. There exist several mesoscale imaging technologies (Munck et al., 2022), but for studying whole mouse brain architecture with high spatial resolution in three dimensions the Mesolens is the ideal objective lens as it provides high lateral and axial resolution over a very large field of view (FOV) without the need of post-processing methods such as stitching and tiling. It is a giant multi-element lens with high numerical aperture (0.47) and low magnification (4x) and achieves three-dimensional imaging with 700 nm lateral resolution and 4 µm axial resolution in a volume of capture exceeding 100 mm3 (McConnell et al., 2016). The acquisition of images with the Mesolens is already possible with brightfield illumination (Shaw et al., 2021), confocal laser scanning (McConnell et al., 2016) and widefield epifluorescence and HiLo modalities (Schniete et al., 2018). However, although the Mesolens confocal laser scanning modality has been successfully demonstrated with a variety of biological samples (McConnell and Amos, 2018; Francis et al., 2020; Rooney et al., 2020) acquiring a full resolution imaging volume is time consuming. The minimum acquisition time for a single image is 200 s (0.5 µs pixel dwell time for 20000 x 20000 pixels required for Nyquist sampling) resulting in a full volume acquisition time from a minimum of 55 hours to several weeks (McConnell et al., 2016). Light-Sheet Fluorescence Microscopy (LSFM) is now a routine tool in bioscience research and enables more rapid three-dimensional imaging than confocal laser scanning. The popularity of this technique is certainly due to the numerous configurations (Huisken et al., 2004; Tokunaga et al., 2008; Gao et al., 2012; Chen et al., 2014; Hoyer et al., 2016) that can be implemented to allow the investigation of a wide variety of specimens of many different sizes (Planchon et al., 2011; Tomer et al., 2012; Glaser et al., 2019; Voigt et al., 2019).

One of the many applications of LSFM is to explore the tissue architecture of complex organs, such as the CNS, in health and disease. For example, similar approaches have been employed to resolve structural features of neuronal synapsis to reconstruct activity patterns and connectivity maps (Niedworok et al., 2012; Bèchet et al., 2020; Blutke et al., 2020; Perens et al., 2021; Zhang et al., 2021). LSFM has previously been implemented to study infectious diseases affecting the CNS at the mesoscale, but, thus far, imaging of these large tissue volumes is of low spatial resolution (Matsuo-Dapaah et al., 2021; Schneider et al., 2019; Song et al., 2021). As such, it has not been possible to resolve small cellular structures such as dendrites. The recent development of a light-sheet illuminator for use in combination with the Mesolens has greatly increased the speed with which large volumetric imaging at the mesoscale could be obtained while preserving sub-cellular resolution (Battistella et al., 2022). However, this is not trivial from an optical engineering perspective. It requires either a long and thin static light-sheet through which the specimen is moved, or an accurate synchronisation between the camera detector and a swept light-sheet waist across the field of view. The swept light-sheet method is not possible with the Mesolens because of detection requirements (Battistella et al., 2022). We have developed and built two light-sheet illuminators for use with the Mesolens (Figure 1). The first uses a simple Gaussian beam light-sheet and is suitable for faster, low-resolution scans. The second is an Airy beam light-sheet, for higher spatial resolution imaging. For example, the full imaging volume showed in this work can be acquired with Gaussian illumination in approximately 3 hours with a 30 µm axial resolution or in approximately 8 hours with a 8 µm axial resolution using the Airy beam illuminator.




Figure 1 | Schematic diagram showing the light-sheet illuminators. (A) Schematic diagram showing the Gaussian light-sheet illuminator. The light-sheet is shaped using a cylindrical lens (CL, f = 300 mm) and directed to the sample plane. The sample is placed in a quartz cuvette to be imaged by the Mesolens. (B) Schematic diagram showing the Airy light-sheet illuminator. The light-sheet is shaped using a combination of aspherical lenses, aspheric lens (AL, f = 20 mm), a Powell lens (PL, fan angle = 10°), aspheric lens (AL, f = 20 mm), two identical cylindrical lenses (CL, f = 75 mm). The Powell lens was moved out of the optical axis to create the Airy light-sheet, as indicated by the blue arrow in the schematic.



Here we have applied these light-sheets for rapid high-resolution mesoscale imaging and quantification of neuroinflammation during T. brucei infection using an experimental murine model of infection that faithfully recapitulates the severe neuroinflammatory state observed in patients infected with T. b. rhodesiense (Rodgers et al., 2015; Lamour et al., 2017; Rodgers et al., 2019). We observed a significant increase in the labelling intensity of the protein glia fibrillary acidic protein (GFAP) (Yang and Wang, 2015), used here as a proxy for astrocyte reactivity and inflammation, around the circumventricular organs (CVOs), coinciding with the proposed sites of entry of the parasites into the CNS (Bentivoglio et al., 2018). Concomitantly, GFAP positive cells (typically astrocytes and ependymocytes) located in the vicinity of the ventricular structures display a greater number of cytoplasmatic processes when compared to either parenchymal astrocytes in the infected brain, or those found in naïve controls. These data not only suggest a potential spatially resolved response to parasitic infections, driven by GFAP+ cells in the proximity to the CVOs, but also demonstrate the impact of light-sheet mesoscopy to resolve cellular responses to infection in intact organs.



Materials and methods


Trypanosoma brucei brucei Strain

The T. b. brucei AnTat 1.1E clone is a pleomorphic strain that induce a chronic infection in mice. This strain was derived from a strain originally isolated from a bushbuck in Uganda in 1966 (Le Ray et al., 1977) and kept as pleomorphic lines for in vivo studies.



Experimental Infections With T. b. brucei and Brain Clearing

All animal experiments were approved by the University of Glasgow Ethical Review Committee and performed in accordance with the home office guidelines, UK Animals (Scientific Procedures) Act, 1986 and EU directive 2010/63/EU. All experiments were conducted under SAPO regulations and project licence number: 200120043.

We used an experimental chronic infection system using the tolerant C57BL/6 mouse strain inoculated with T. brucei brucei Antat 1.1E, which is a well-characterised model in which parasite start colonising the CNS around 21 days post-infection (Lundkvist et al., 2004; Laperchia et al., 2016; Rijo-Ferreira et al., 2018). Eight-week-old female C57Black/6J mice (Jackson labs, UK) were inoculated by intra-peritoneal injection with 104 T. b. brucei Antat 1.1E. Parasitaemia was monitored every two days from the superficial tail vein, examined using phase microscopy, and scored using the rapid “matching” method (Herbert and Lumsden, 1976). Uninfected mice of the same strain, sex and age served as uninfected controls. Following the parasite infection, we noted two main peaks of parasitaemia around day 4 and day 14 post-infection (Figure 2A). At 21 days post-infection, mice were culled by cervical dislocation under terminal anaesthesia with isofluorane and decapitated to remove intact brain. Using absorption staining and brightfield microscopy we could readily detect parasites in the brain parenchyma at this point of infection and compare it with the naïve control (Figures 2B–E), which is consistent with previous results at the microscopic scale (Laperchia et al., 2016).




Figure 2 | Presence of parasite in the brain parenchyma. (A) Level of parasitaemia in the infected mouse averaged over three biological replicates in a time course of 25 days. The dotted line represents the detection limit of the instrument (105.4 trypanosomes/ml). (B) Histological brightfield images highlight the presence of parasites in the brain parenchyma in the naïve and (C) infected specimens. Scale bar = 100 µm The boxed region in (B, C) are magnified in (D) e (E). Scale bar = 25 µm.



After an overnight fixation in 10% neutral buffered formalin, samples were cleared using CUBIC (TCI Chemicals) (Tainaka et al., 2018). Briefly, samples were first delipidated using CUBIC-L for a period of ~6-7 days at 37°C. After clearing was completed, samples were washed three times in 1X PBS (including an overnight wash at 4°C), blocked for 2 hours at room temperature with 1X PBS supplemented with 5% Fetal Calf Serum (Invitrogen) and 0.25% Tween-20 (Invitrogen), and stained with anti-GFAP mouse monoclonal antibody coupled to Alexa Fluor 488 (Clone GA5, 1/100, Thermo) for 3 days at 37°C and gentle agitation. We chose this protein, mainly expressed by astrocytes and to a lesser extent by ependymocytes (Roessmann et al., 1980), as a target for imaging experiments because the expression level of this protein is traditionally used as a proxy to examine astrogliosis, including those induced during sleeping sickness (Yang and Wang, 2015). Samples were then washed three times with 1X PBS to remove excess antibody and incubated in CUBIC-R+ (TCI chemicals) for 3 days for refractive index matching.



Histological and Immunohistochemistry Evaluation of Coronal Brain Sections

Paraformaldehyde-fixed coronal brain sections were trimmed and processed into paraffin blocks. 3 μm thick sections were processed for immunohistochemical staining using a polyclonal rabbit antibody raised against the T. brucei Heat Shock Protein 70 (TbHSP70) (Kind gift from Professor Keith Matthews, Edinburgh, UK) using a Dako Autostainer Link 48 (Dako, Denmark) and were subsequently counterstained with Gill’s haematoxylin.



Development of Light-Sheet Illuminators for Mesoscale Imaging

We developed two different light-sheets for use with the Mesolens. The first was a simple and long but relatively thick light-sheet using Gaussian optics. The second was a propagation-invariant light-sheet using an Airy beam, which covers the same area as the Gaussian light-sheet but is a fraction of the thickness for improved optical sectioning. A Coherent Sapphire 488-10 CDRH laser emitting light at 488 nm with a maximum of 10 mW average power at the sample plane was used as light source used for both light-sheet illuminators. The Gaussian light-sheet was formed by directing the 8 mm expanded beam through a cylindrical lens (f = 300 mm. LJ1558RM-A, Thorlabs). The Airy light-sheet was shaped with the following optical elements: two aspherical lens (AL, f = 20 mm. AL2520-A, Thorlabs), a Powell lens (PL, fan angle = 10°, Laserline optics Canada), two cylindrical lenses (CL, f = 75 mm. LJ1703RM-A, Thorlabs). The schematic of both setups is shown in Figure 1. A more detailed description of the optical arrangement and characterisation of the light-sheet imaging performance is available (Battistella et al., 2022).



Imaging of Mouse Coronal Brain Sections

The cleared brain specimens were mounted in CUBIC+ mounting media in a quartz cuvette (CV10Q3500F, Thorlabs). The open end of the cuvette was closed with a 3D-printed stopper and sealed with clear nail varnish. A 60 mm diameter borosilicate coverslip (0107999098, Marienfeld) was placed on top of the cuvette to support oil immersion with type LDF immersion oil (16241, Cargille). The Mesolens objective is equipped with correction collars to minimise spherical aberrations and in this work the collars were set for to match the refractive indices of CUBIC+ and the LDF oil. The specimen was oriented so that an optical section corresponded to a coronal section, with the retrosplenial area being the first part of the specimen illuminated by the light-sheet. The region considered in the first instance was visibly identified by the ventral part of the retrosplenial area and by the part of the corpus callosum. The specimen was then translated along the y direction to image both the thalamus and hypothalamus in the infected brain specimen. The axial displacement z = 1.5 μm for the Airy light-sheet illumination was chosen to satisfy the Nyquist sampling criterion (Shannon, 1949), while z = 3.0 μm was used for the Gaussian light-sheet illumination.

The image datasets were acquired using the custom ‘MesoCam’ software, which controlled a sensor-shifting camera and acquired images of 12-bit depth in the TIFF format (Schniete et al., 2018). Nyquist sampling in the lateral dimension for the Mesolens FOV in widefield (and therefore light-sheet) modality corresponds to a 224 nm pixel size, for a total of 260 MP. There are no commercially available cameras with said resolution, but the Mesolens camera detector (VNP-29MC, Vieworks) is equipped with a chip-shifting mechanism that by shifting the image by 1/3 of a pixel in a 3x3 square allows Nyquist sampling, as described in a previous publication (Schniete et al., 2018). All images were acquired with 1000 ms exposure time for each of the 9 sensor positions and with a gain setting equal to 50. The acquisition of a single optical section took 9 seconds; however, the overall acquisition speed was limited by the time employed by the MesoCam software to transfer and save the acquired image from the camera to the PC. The acquisition volume for both naïve and infected specimens in the Airy light-sheet modality was composed of 933 slices, at the full 3.0 mm x 4.4 mm FOV. The entire volume was acquired in approximately 8 hours.



Image Post-Processing and Visualisation

The images were visualised in two-dimensions and processed with Fiji (Schindelin et al., 2012) using virtual stacks. The outliers due to camera noise were removed using the batch processor for virtual stacks with the ‘RemoveOutliers’ function with a radius equal to 3.

A maximum intensity projection for each dataset was computed to allow for a qualitative evaluation of the datasets through two-dimensional visualisation. This was achieved with the ‘Z Project’ function of Fiji. The three-dimensional data handling and visualisation was possible thanks to a Python script using the Dask library (Dask Development Team, 2016) and the visualisation framework napari (Napari contributors, 2019). Imaris (Oxford Instruments) was used for the three-dimensional visualisation, rendering, and the fluorescence intensity calculations. We measured the fluorescence intensity to quantify the presence or the absence of GFAP-reactive cells in each specimen, as the astrocytes reactivity and inflammation can indicate the sites of entry of the parasites into the CNS (Bentivoglio et al., 2018). To calculate the fluorescence intensity in both the naïve and in the infected specimens, the total fluorescence intensity level was measured from each volume using the Data Intensity variables of Imaris.

As Airy light-sheet illumination is not a widely used modality it was essential to evaluate whether the use of deconvolution algorithm is a valid method to improve the datasets resolution and contrast without introducing artefacts. Deconvolution was achieved using the Huygens software (Scientific Volume Imaging). The deconvolution was performed on a sub-volume composed of 100 optical slices, which corresponds to a total depth of 150 µm and an approximately 50 GB file size. This particular sub-volume file size was chosen since our computational power was limited by the available server RAM. The process was time consuming, exceeding 12 hours computational time per dataset. For the Airy light-sheet deconvolution parameters were chosen to approximate a Gaussian light-sheet with a 12 µm diameter beam waist, directed from the bottom of the image, and with no focus offset. The other parameters were set to describe the excitation and peak emission wavelengths of green fluorescent protein (488 nm and 520 nm), the sampling intervals (x and y: 224.4 nm, z: 1500 nm), and the optical parameters (numerical aperture 0.46, LDF oil immersion refractive index: 1.515).

Image post-processing was performed subsequently to the image acquisition and therefore did not affect the acquisition time. The removal of outliers took approximately 3 hours, and the maximum intensity projection was performed in a few minutes. Deconvolution of the selected sub-volumes were performed overnight.



Dendrite Length Measurement

The volume comprising the right ventricle was sampled with 35 cubic sub-volumes of 200 µm side, positioned at the same sample depth (approximately midway in the acquisition volume). The sub-volumes were chosen to be at a fixed distance from the separation of the ventricles (200 µm, 400 µm, 600 µm, 800 µm, 1000 µm, 1400 µm, 1800 µm) and distributed along 5 lines, separated by a distance of 200 µm. The dimension of the sub-volumes was chosen to guarantee the presence of at least 10 astrocytes. For each sub-volume the dendrite of 10 astrocytes were manually tracked using the AutoPath method for Filaments in Imaris. When a sub-volume contained more than the previously defined number of astrocytes, 10 astrocytes were randomly selected. The mean dendrite length, its standard deviation and the dendrites count for the tracked astrocytes was evaluated for each sub-volume using “Dendrite Length” information in the Imaris Detailed Statistics tab. The standard deviation and mean for same-distance sub-volumes were then combined to form a single group. The same method was used for the left ventricle.




Results


Airy Light-Sheet Imaging Offers Improvement in Resolution Over Gaussian Light-Sheet Mesoscopy

Gaussian illumination is a standard in light-sheet microscopy therefore a comparison with our newly developed Airy illuminator was essential to evaluate the optical sectioning capability and the imaging performances of the two light-sheet modalities. The same infected mouse brain specimen was imaged at the same volume depth by rotating the cuvette by 90° so that the Gaussian light-sheet travels through the same clear side of the cuvette as for the Airy light-sheet illumination. The high collection efficiency of the Mesolens allows re-imaging of specimens without noticeable loss of fluorescence signal (McConnell et al., 2016). A comparison between two single optical sections, acquired with the two different light-sheet modalities is shown in Figures 3A, B. The digitally zoomed regions of interest shown in Figures 3C, D confirms the sub-cellular resolution detail possible with the Airy light-sheet, where dendrites and filaments are observed, compared with the Gaussian illuminator, which only just resolves the dendrites. Moreover, the comparatively thick Gaussian light-sheet reveals autofluorescence from cell bodies, potentially originating from poor delipidation in the observed area. This cellular autofluorescence is not present in the Airy light-sheet images, thus facilitating a more straightforward quantitative analysis of image datasets. Notably, these images also included vertical stripes which are characteristic light-sheet artefacts that are generated by the sample scattering and absorption (Stainier and Huisken, 2007). We also noted that the stripe artefacts in the images acquired with the Gaussian beam light-sheet are approximately 4-times brighter than those compared to those obtained using the Airy light-sheet illuminator. Figure 3E shows the relative percentage comparison of the fluorescence intensity region with stripe artefacts in Figures 3A, B. This 4-fold increase may be a consequence of the increased light-sheet thickness for the Gaussian beam.




Figure 3 | Comparison between Gaussian light-sheet and Airy light-sheet images. (A) Single optical section of the same infected mouse brain, acquired with the Gaussian light-sheet and (B) the Airy light-sheet setup. The boxed region in (A, B) are magnified in (C) e (D) to highlight the increase in subcellular details obtained with the Airy light-sheet. The look-up table for (A–D) is mpl-inferno. The scale bar is respectively (A, B) 500 µm and (C, D) 100 µm. The images were converted to 8-bit values (0-255). (E) Comparison between the relative variation of the stripes artefact intensity in the central region of the specimen indicated by the green line in panels (A, B).





Deconvolution Further Improves Airy Light-Sheet Imaging of Inflammation

We have shown how the use of the Airy light-sheet illuminator improves the imaging resolution. Deconvolution is known to improve the resolution of imaging systems but to our knowledge there is no report on how the proprietary deconvolution software Huygens (Scientific Volume Imaging) performs on imaging data obtained with non-Gaussian light-sheet illumination. We tested its performance on a sub-volume of the dataset shown in Figure 3A with the intent of exploring the potential of the software with this specific specimen type and imaging system. As the software does not provide an option for static Airy light-sheet illuminators, we aimed to understand whether processing our dataset using deconvolution methods would result in artefacts being created in the image caused by the presence of subsidiary peaks. Therefore, a 150 μm-thick sub-dataset was processed with the Huygens deconvolution software and the MIP is shown in Figure 4A. As expected, a consequence of the deconvolution process was an increase in image contrast, while the out-of-focus noise and background blur were reduced. By a visual analysis we could not detect any artefacts emerging from the deconvolution process. This would, in principle, facilitate the use of a segmentation algorithm if necessary for quantitative analysis. The presence of the astrocytes and ependymal cells is highlighted in different regions across the specimen (Figures 4B–D).




Figure 4 | Maximum intensity projection of the sub-volume shown in Figure 3B after deconvolution. The full FOV is shown in (A). (B, C) highlight sub-regions in which both astrocytes and ependymal cells are resolved. (D) focuses on a sub-region in which the sole presence of GFAP reactive astrocytes is detected. The look-up table is mpl-inferno. The scale bar is respectively (A) 1000 µm and (B–D) 100 µm. The images were converted to 8-bit values (0-255). A comparison between deconvolved and non-deconvolved data is available in Supplementary Figure 1.





Airy Light-Sheet Imaging of the Chronically Infected Mouse Brain Shows GFAP Reactivity in the Vicinity of the Circumventricular Organs

We globally assessed the fluorescence intensity in different brain regions acquired with the Airy light-sheet setup from both naïve and the infected specimens. Overall, we observed an increased GFAP reactivity in all the areas evaluated, including the cingulate cortex (Figures 5A, B), corpus callosum and external capsule (Figures 5C, D), and hypothalamic area, close to the fornix and the median forebrain bundle (Figures 5E, F). Interestingly, these brain regions are typically associated with sites of parasite accumulation such as CVOs and leptomeninges. The relative difference in reactive GFAP cells in both the naïve and infected specimens was quantified by comparing the sum of the fluorescence intensity signal in both the whole field of view, as well as in selected sub-regions. A three-dimensional rendering of the regions in Figures 5A, B are shown in Animations 1 and 2. The reported values are the sum of the pixel intensity for the full volumes of interest, knowing that each pixel in the acquired volume can display a value between 0 and 4095 (the camera pixel depth is 12-bit). We observed a total of 2.2 ˙ 1013 fluorescent counts in the naïve specimen compared to 3.0 ˙ 1013 fluorescent counts in the infected specimen when assessing the cingulate cortex area indicating an increase of 38% in GFAP reactivity upon infection. Subsequent region-specific measurements suggest a localised increased GFAP reactivity of 52% in the corpus callosum and external capsule area and 103% in the hypothalamic area. The values are summarised in Table 1. The comparison between the naïve and the infected specimens in Figure 5 shows that the fluorescence signal of the naïve specimen can be attributed mostly to background signal possibly constituted by poor delipidation, non-specific staining, and basal expression of GFAP in astrocytes and ependymal cells (Roessmann et al., 1980). Therefore, the fluorescence increase measured for each naïve-infected pair is attributed to fluorescence from GFAP+ cells, likely to be reactive astrocytes (Roessmann et al., 1980).




Figure 5 | Light-sheet Mesolens images of comparable volumes in the naïve and infected specimens. We imaged and processed images from three main brain regions: cingulate cortex in the (A) naïve and (B) infected specimens, corpus callosum and external capsule in the (C) naïve and (D) infected specimens, and hypothalamic area, including the fornix and the forebrain bundle in the (E) naïve and (F) infected specimens. The look-up table is mpl-inferno. Scale bar: 1000 µm. The images were converted to 8-bit values (0-255).




Table 1 | Fluorescence intensity values for the region of the specimen shown in Figure 5.





Dendrite Length Evaluation Reveals Spatially Resolved Response to Neuroinflammation

Having established a pipeline for acquiring and deconvolving the samples obtained from the light-sheet Mesolens, we performed a morphometric analysis of the different GFAP+ cell types detected in the specimens including in this study. More specifically, we measured dendrite length as a proxy for the typical morphological changes, including filopodia projections, observed in reactive astrocytes (Bailey and Shipley, 1993; Hochstim et al., 2008; Schiweck et al., 2018; Hyvärinen et al., 2019). Given the previous regional diversity of GFAP reactivity surrounding structures in proximity to the CVOs, we measured the average dendrite length at different distances, starting from the ventricular spaces (higher GFAP reactivity). The average dendrite length in the left ventricle showed a decreasing trend, starting from 26.1 µm ± 13.1 µm at 200 µm distance down to 17.4 µm ± 10.8 µm at 1000 µm distance and then increasing again to 21.3 µm ± 13.3 µm, 1800 µm away from the ventricular space and the circumventricular organs (CVOs). A diagram of this region is shown in Figure 6A, while Figures 6B, C shows a sub-region in which astrocytes were manually tracked. The dendrites in the right ventricle followed a similar and significant trend, showing a decrease from 26.0 µm ± 13.6 µm at 200 µm distance down to 18.6 µm ± 11.1 µm at 800 µm distance and then increasing again to 20.7 µm ± 12.4 µm, at 1400 µm to decrease again to 20.1 µm ± 10.8 µm, 1800 µm away from the ventricle separation. These measurements are summarised in Figure 7. Of note, the same results were observed in both ventricles, suggesting that the inflammatory responses are bilateral in the brain.




Figure 6 | Schematic of the areas in which the astrocytes were tracked. (A) Area of the right ventricle of the infected specimen in which the astrocytes were manually tracked. Each box was divided in 5 sub-boxes of 200 µm3 for ease of tracking. Example of the sub-region in which 10 astrocytes were manually tracked (B) with and (C) without the Imaris filament object. The scale bar is respectively (A) 300 µm and (B, C) 30 µm.






Figure 7 | Dendrite length at increasing distances from the CVOs. Average dendrite length in the right and left ventricles measured at increasing distances from the circumventricular organs (CVOs), respectively in light blue and dark red colour. The p-value for each sub-volume pair is colour-coded according the respective ventricle and presented with *p < 0.05, ***p < 0.001, ****p < 0.0001.



Taken together, these morphometric analyses reinforced our previous observations demonstrating a localised astrocytic response, with increased astrocyte hypertrophy in regions in close proximity to the CVOs.




Discussion

Chronic CNS infection with African trypanosomes leads to a myriad of neuropsychiatric disorders which are far from being fully understood. Here, we set out to develop and implement novel imaging methods, combining light-sheet and optical mesoscopy, to study the innate responses to infections with T. brucei in the intact mouse brain. One key observation is the spatially resolved inflammatory response in proximity to the circumventricular organs (CVOs), including the cingulate cortex and the corpus callosum, as measured by the levels of GFAP reactivity and astrocyte hypertrophy. In the cingulate cortex, the infected brain displays an increase in the fluorescence signal of 38% which directly relates to the presence of GFAP reactive astrocytes. An increased GFAP reactivity of 52% was measured also in the corpus callosum and external capsule area and of 103% in the hypothalamic area. Although especially in the hypothalamic area the light-sheet quality deteriorates due to the long optical path travelled inside the specimens and it is no longer possible to observe the single astrocytes, it was possible to estimate the increased fluorescence signal.

In addition to the overall GFAP fluorescence intensity, we also report a change in the average dendrite length at different distances from the ventricle separation. This gave us an estimate of the neuroinflammatory response following T. brucei infection. The tracked cells displayed a decreasing trend in the dendrite length, which followed the distance from the ventricles division. We observed a similar trend for both ventricles, indicating a symmetrical response to the infection. As the astrocytes were manually tracked, only a total sub-volume of 0.28 mm3 and 350 cells were considered in both the left and the right ventricles. However, with automatic three-dimensional segmentation a more extensive evaluation can be performed, including a larger number of cells.

We have shown the advantage of using an Airy light-sheet in combination with the Mesolens. Although the thicker Gaussian light-sheet is useful for imaging larger structures such as blood vessels, capillaries, and cell nuclei, the comparison of the Gaussian and the Airy light-sheet setups demonstrated that the thinner Airy light-sheet was essential to reveal the presence of GFAP reactive astrocytes. However, the Gaussian light-sheet illuminator is a good alternative capable of a faster acquisition when a high-resolution image is not required. Depending on the structures of interest, either Gaussian or Airy light-sheet modes can provide the user with volumetric information. In both cases the acquisition speed is mainly limited by the camera and software data handling, as discussed in detail in previous work regarding Mesolens widefield acquisition (Schniete et al., 2018; Battistella et al., 2022). Nevertheless, light-sheet acquisition with the Mesolens in both Gaussian and Airy modalities is significantly faster than for Mesolens confocal laser scanning as the same imaging volume would require several hundred hours for completion.

We have evaluated that, if deconvolution is required, the use of proprietary deconvolution software gives good results when using standard Gaussian parameters in first approximation. The deconvolution settings do not consider the Airy nature of the light-sheet, but we did not detect any imaging artefacts in the deconvolved images. Instead, the use of the deconvolution increased the image contrast and details resolution compared to the non-deconvolved data. This can allow, in combination with three-dimensional segmentation methods, a more accurate analysis of the astrocyte number and location. However, although the Airy light-sheet theoretically has the properties of being non-diffractive and self-healing, the quality of the illumination slightly deteriorates with the specimen penetration. As such, it is essential to have well-cleared specimens for deep brain imaging. We also note that the stripe artefacts present in our image datasets did not have an appreciable effect on our analysis.

In future work, the acquisition volume can be increased by approximately 1 mm by customising a cuvette enclose with an open top, sealed only by a glass coverslip. This will be advantageous for imaging a variety of larger specimens, noting also that this light-sheet can be compatible with different clearing and staining methods. We have shown here single-colour imaging with our light-sheet illuminator, but we recognise that multi-colour imaging is often desirable, such as defining tissue landmarks including presence of parasites. Our illuminator uses a Powell lens: this is a wavelength-specific optical element and performance deteriorates when used with an alternative wavelength of light. In our case, this results in a thicker or shorter light-sheet, depending on the choice of wavelength. In addition, we also have not used achromatic lenses in our setup. We therefore have optimised the performance of our single-colour light-sheet as proof-of-principle of this technology. It would be possible to build a separate light-sheet illuminator for an alternative laser wavelength that would enter the specimen for illumination in the opposite direction to our current 488 nm illuminator, and we will explore this and other geometries for multi-colour mesoscopy.

Although we have applied our technique to spatially resolving GFAP cells in response to T. brucei infection, we recognise that there exist considerable further applications in studying alternative host-pathogen interactions. As described above, by expanding our technology to support multi-colour imaging, it will be possible to directly image both the host and trypanosome in infection models. We have focused here on trypanosomes, but the sub-cellular 3D resolution of the light-sheet mesoscope will also support imaging of bacteria and fungal pathogens. Our technology cannot resolve individual viruses, but where a structural change of the host tissue architecture at the level of the cellular organelle results in response to viral infection this can be resolved and studied. While our light-sheet mesoscope method is capable of much faster imaging than confocal mesoscopy with the Mesolens, the time taken to acquire individual optical section images is still too slow to capture cell signalling events. We are rate-limited by the need to shift the sensor position of our chip-shifting camera and for data transfer. With a drive from the consumer market for an ever-greater number of pixels in camera technology we anticipate that, in time, sensitive cameras with the high pixel number and fast acquisition speeds will become available as scientific research instruments and we will further reduce our imaging time from hours to minutes. We therefore expect that it will soon be possible to study not only tissue structure but also to resolve cell signalling processes in host-pathogen interactions in 3D simultaneously at the level of both the whole organ and the individual pathogen.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://doi.org/10.15129/4c1c6de5-3e1c-483d-a95b-e957dfad4e9f, University of Strathclyde KnowledgeBase.



Ethics Statement

The animal study was reviewed and approved by University of Glasgow Ethical Review Committee.



Author Contributions

Light-sheet development, imaging, image processing, data analysis EB; infection, clearing, histology JFQ; experiments design and manuscript writing EB, JFQ, GM. All authors contributed to the article and approved the submitted version.



Funding

EB is supported by a Student Excellence Award from the University of Strathclyde. JFQ is supported by a Sir Henry Wellcome postdoctoral fellowship (221640/Z/20/Z). GM is supported by the Medical Research Council [MR/K015583/1] and Biotechnology & Biological Sciences Research Council [BB/P02565X/1, BB/T011602/1].



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.903957/full#supplementary-material



References

 Bailey, M. S., and Shipley, M. T. (1993). Astrocyte Subtypes in the Rat Olfactory Bulb: Morphological Heterogeneity and Differential Laminar Distribution. J. Comp. Neurol. 328, 501–526. doi: 10.1002/CNE.903280405

 Battistella, E., Schniete, J., Wesencraft, K., Quintana, J., and McConnell, G. (2022). Light-Sheet Mesoscopy With the Mesolens Provides Fast Sub-Cellular Resolution Imaging Throughout Large Tissue Volumes. bioRxiv. doi: 10.1101/2022.03.22.485275

 Bèchet, N. B., Kylkilahti, T. M., Mattsson, B., Petrasova, M., Shanbhag, N. C., and Lundgaard, I. (2020). Light Sheet Fluorescence Microscopy of Optically Cleared Brains for Studying the Glymphatic System. J. Cereb. Blood Flow Metab. 40, 1975–1986. doi: 10.1177/0271678X20924954

 Bentivoglio, M., Kristensson, K., and Rottenberg, M. E. (2018). Circumventricular Organs and Parasite Neurotropism: Neglected Gates to the Brain? Front. Immunol. 9. doi: 10.3389/fimmu.2018.02877

 Blutke, A., Sun, N., Xu, Z., Buck, A., Harrison, L., Schriever, S. C., et al. (2020). Light Sheet Fluorescence Microscopy Guided MALDI-Imaging Mass Spectrometry of Cleared Tissue Samples. Sci. Rep. 10, 1–13. doi: 10.1038/s41598-020-71465-1

 Chen, B. C., Legant, W. R., Wang, K., Shao, L., Milkie, D. E., Davidson, M. W., et al. (2014). Lattice Light-Sheet Microscopy: Imaging Molecules to Embryos at High Spatiotemporal Resolution. Science 80 (346), 1257998. doi: 10.1126/science.1257998

 Dask Development Team (2016). Dask: Library for Dynamic Task Scheduling.

 Francis, R. J., Robb, G., McCann, L., Khatri, B., Keeble, J., Dagg, B., et al. (2020). Three-Dimensional in Situ Morphometrics of Mycobacterium Tuberculosis Infection Within Lesions by Optical Mesoscopy and Novel Acid-Fast Staining. Sci. Rep. 10, 1–11. doi: 10.1038/s41598-020-78640-4

 Gao, L., Shao, L., Higgins, C. D., Poulton, J. S., Peifer, M., Davidson, M. W., et al. (2012). Noninvasive Imaging Beyond the Diffraction Limit of 3D Dynamics in Thickly Fluorescent Specimens. Cell 151, 1370–1385. doi: 10.1016/j.cell.2012.10.008

 Glaser, A. K., Reder, N. P., Chen, Y., Yin, C., Wei, L., Kang, S., et al. (2019). Multi-Immersion Open-Top Light-Sheet Microscope for High-Throughput Imaging of Cleared Tissues. Nat. Commun. 10, 1–8. doi: 10.1038/s41467-019-10534-0

 Herbert, W. J., and Lumsden, W. H. R. (1976). Trypanosoma Brucei: A Rapid “Matching” Method for Estimating the Host’s Parasitemia. Exp. Parasitol. 40, 427–431. doi: 10.1016/0014-4894(76)90110-7

 Hochstim, C., Deneen, B., Lukaszewicz, A., Zhou, Q., and Anderson, D. J. (2008). Identification of Positionally Distinct Astrocyte Subtypes Whose Identities are Specified by a Homeodomain Code. Cell 133, 510–522. doi: 10.1016/J.CELL.2008.02.046

 Hoyer, P., De Medeiros, G., Balázs, B., Norlin, N., Besir, C., Hanne, J., et al. (2016). Breaking the Diffraction Limit of Light-Sheet Fluorescence Microscopy by RESOLFT. Proc. Natl. Acad. Sci. U. S. A. 113, 3442–3446. doi: 10.1073/pnas.1522292113

 Huisken, J., Swoger, J., Del Bene, F., Wittbrodt, J., and Stelzer, E. H. K. (2004). Optical Sectioning Deep Inside Live Embryos by Selective Plane Illumination Microscopy. Science 305, 1007–1009. doi: 10.1126/science.1100035

 Hyvärinen, T., Hagman, S., Ristola, M., Sukki, L., Veijula, K., Kreutzer, J., et al. (2019). Co-Stimulation With IL-1β and TNF-α Induces an Inflammatory Reactive Astrocyte Phenotype With Neurosupportive Characteristics in a Human Pluripotent Stem Cell Model System. Sci. Rep. 9, 1–15. doi: 10.1038/s41598-019-53414-9

 Kristensson, K., Nygård, M., Bertini, G., and Bentivoglio, M. (2010). African Trypanosome Infections of the Nervous System: Parasite Entry and Effects on Sleep and Synaptic Functions. Prog. Neurobiol. 91, 152–171. doi: 10.1016/J.PNEUROBIO.2009.12.001

 Lamour, S. D., Alibu, V. P., Holmes, E., and Sternberg, J. M. (2017). Metabolic Profiling of Central Nervous System Disease in Trypanosoma Brucei Rhodesiense Infection. J. Infect. Dis. 216, 1273–1280. doi: 10.1093/INFDIS/JIX466

 Laperchia, C., Palomba, M., Seke Etet, P. F., Rodgers, J., Bradley, B., Montague, P., et al. (2016). Trypanosoma Brucei Invasion and T-Cell Infiltration of the Brain Parenchyma in Experimental Sleeping Sickness: Timing and Correlation With Functional Changes. PloS Negl. Trop. Dis. 10, 1–19. doi: 10.1371/journal.pntd.0005242

 Laperchia, C., Xu, Y. Z., Mumba Ngoyi, D., Cotrufo, T., and Bentivoglio, M. (2018). Neural Damage in Experimental Trypanosoma Brucei Gambiense Infection: Hypothalamic Peptidergic Sleep and Wake-Regulatory Neurons. Front. Neuroanat. 12. doi: 10.3389/fnana.2018.00013

 Le Ray, D., Barry, J. D., Easton, C., and Vickerman, K. (1977). First tsetse fly transmission ofthe “AnTat” serodeme of Trypanosoma brucei. Ann Soc Belg Med Trop 57 (4-5), 369–81. 

 Lundkvist, G. B., Kristensson, K., and Bentivoglio, M. (2004). Why Trypanosomes Cause Sleeping Sickness. Physiology 19, 198–206. doi: 10.1152/physiol.00006.2004

 Matsuo-Dapaah, J., Sue, M., Lee, J., Ishii, K. J., Tainaka, K., and Coban, C. (2021) Using a New Three-Dimensional CUBIC Tissue-Clearing Method to Examine the Brain During Experimental Cerebral Malaria. doi: 10.1093/intimm/dxab060

 McConnell, G., and Amos, W. B. (2018). Application of the Mesolens for Subcellular Resolution Imaging of Intact Larval and Whole Adult Drosophila. J. Microsc. 270, 252–258. doi: 10.1111/jmi.12693

 McConnell, G., Trägårdh, J., Amor, R., Dempster, J., Reid, E., and Amos, W. B. (2016). A Novel Optical Microscope for Imaging Large Embryos and Tissue Volumes With Sub-Cellular Resolution Throughout. Elife 5, e18659. doi: 10.7554/eLife.18659

 Munck, S., Cawthorne, C., Escamilla‐Ayala, A., Kerstens, A., Gabarre, S., Wesencraft, K., et al. (2022). Challenges and Advances in Optical 3D Mesoscale Imaging. J. Microsc. 286 (3), 201–219. doi: 10.1111/jmi.13109

 Napari contributors (2019). Napari: A Multi-Dimensional Image Viewer for Python. doi: 10.5281/zenodo.3555620

 Niedworok, C. J., Schwarz, I., Ledderose, J., Giese, G., Conzelmann, K. K., and Schwarz, M. K. (2012). Charting Monosynaptic Connectivity Maps by Two-Color Light-Sheet Fluorescence Microscopy. Cell Rep. 2, 1375–1386. doi: 10.1016/J.CELREP.2012.10.008

 Perens, J., Salinas, C. G., Skytte, J. L., Roostalu, U., Dahl, A. B., Dyrby, T. B., et al. (2021). An Optimized Mouse Brain Atlas for Automated Mapping and Quantification of Neuronal Activity Using iDISCO+ and Light Sheet Fluorescence Microscopy. Neuroinformatics 19, 433–446. doi: 10.1007/S12021-020-09490-8/FIGURES/5

 Planchon, T. A., Gao, L., Milkie, D. E., Davidson, M. W., Galbraith, J. A., Galbraith, C. G., et al. (2011). Rapid Three-Dimensional Isotropic Imaging of Living Cells Using Bessel Beam Plane Illumination. Nat. Methods 8, 417–423. doi: 10.1038/nmeth.1586

 Rijo-Ferreira, F., Carvalho, T., Afonso, C., Sanches-Vaz, M., Costa, R. M., Figueiredo, L. M., et al. (2018). Sleeping Sickness Is a Circadian Disorder. Nat. Commun. 9, 62. doi: 10.1038/s41467-017-02484-2

 Rodgers, J., Bradley, B., Kennedy, P. G. E., and Sternberg, J. M. (2015). Central Nervous System Parasitosis and Neuroinflammation Ameliorated by Systemic IL-10 Administration in Trypanosoma Brucei-Infected Mice. PloS Negl. Trop. Dis. 9, e0004201. doi: 10.1371/JOURNAL.PNTD.0004201

 Rodgers, J., Steiner, I., and Kennedy, P. G. E. (2019). Generation of Neuroinflammation in Human African Trypanosomiasis. Neurol. - Neuroimmunol. Neuroinflamm. 6, 610. doi: 10.1212/NXI.0000000000000610

 Roessmann, U., Velasco, M. E., Sindely, S. D., and Gambetti, P. (1980). Glial Fibrillary Acidic Protein (GFAP) in Ependymal Cells During Development. An Immunocytochemical Study. Brain Res. 200, 13–21. doi: 10.1016/0006-8993(80)91090-2

 Rooney, L. M., Amos, W. B., Hoskisson, P. A., and McConnell, G. (2020). Intra-Colony Channels in E. Coli Function as a Nutrient Uptake System. ISME J. 1–13, 2461–2473. doi: 10.1038/s41396-020-0700-9

 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

 Schiweck, J., Eickholt, B. J., and Murk, K. (2018). Important Shapeshifter: Mechanisms Allowing Astrocytes to Respond to the Changing Nervous System During Development, Injury and Disease. Front. Cell. Neurosci. 12. doi: 10.3389/FNCEL.2018.00261

 Schneider, C. A., Figueroa Velez, D. X., Azevedo, R., Hoover, E. M., Tran, C. J., Lo, C., et al. (2019). Imaging the Dynamic Recruitment of Monocytes to the Blood-Brain Barrier and Specific Brain Regions During Toxoplasma Gondii Infection. doi: 10.1073/pnas.1915778116

 Schniete, J., Franssen, A., Dempster, J., Bushell, T. J., Amos, W. B., and McConnell, G. (2018). Fast Optical Sectioning for Widefield Fluorescence Mesoscopy With the Mesolens Based on HiLo Microscopy. Sci. Rep. 8, 16259. doi: 10.1038/s41598-018-34516-2

 Shannon, C. E. (1949). Communication in the Presence of Noise. Proc. IRE 37, 10–21. doi: 10.1109/JRPROC.1949.232969

 Shaw, M., Claveau, R., Manescu, P., Elmi, M., Brown, B. J., Scrimgeour, R., et al. (2021). Optical Mesoscopy, Machine Learning, and Computational Microscopy Enable High Information Content Diagnostic Imaging of Blood Films. J. Pathol. 255, 62–71. doi: 10.1002/PATH.5738

 Song, E., Zhang, C., Israelow, B., Lu-Culligan, A., Prado, A. V., Skriabine, S., et al. (2021). Neuroinvasion of SARS-CoV-2 in Human and Mouse Brain. J. Exp. Med. 218 (3), e20202135. doi: 10.1084/JEM.20202135

 Stainier, D. Y. R., and Huisken, J. (2007). Even Fluorescence Excitation by Multidirectional Selective Plane Illumination Microscopy (mSPIM). Opt. Lett. Vol. 32 Issue 17 pp. 2608-2610 32, 2608–2610. doi: 10.1364/OL.32.002608

 Tainaka, K., Murakami, T. C., Susaki, E. A., Shimizu, C., Saito, R., Takahashi, K., et al. (2018). Chemical Landscape for Tissue Clearing Based on Hydrophilic Reagents. Cell Rep. 24, 2196–2210.e9. doi: 10.1016/J.CELREP.2018.07.056

 Tesoriero, C., Xu, Y. Z., Mumba Ngoyi, D., and Bentivoglio, M. (2018). Neural Damage in Experimental Trypanosoma Brucei Gambiense Infection: The Suprachiasmatic Nucleus. Front. Neuroanat. 12. doi: 10.3389/fnana.2018.00006

 Tokunaga, M., Imamoto, N., and Sakata-Sogawa, K. (2008). Highly Inclined Thin Illumination Enables Clear Single-Molecule Imaging in Cells. Nat. Methods 5, 159–161. doi: 10.1038/NMETH.1171

 Tomer, R., Khairy, K., Amat, F., and Keller, P. J. (2012). Quantitative High-Speed Imaging of Entire Developing Embryos With Simultaneous Multiview Light-Sheet Microscopy. Nat. Methods 9, 755–763. doi: 10.1038/nmeth.2062

 Voigt, F. F., Kirschenbaum, D., Platonova, E., Pagès, S., Campbell, R. A. A., Kastli, R., et al. (2019). The mesoSPIM Initiative: Open-Source Light-Sheet Microscopes for Imaging Cleared Tissue. Nat. Methods 16, 1105–1108. doi: 10.1038/s41592-019-0554-0

 Yang, Z., and Wang, K. K. W. (2015). Glial Fibrillary Acidic Protein: From Intermediate Filament Assembly and Gliosis to Neurobiomarker. Trends Neurosci. 38, 364–374. doi: 10.1016/J.TINS.2015.04.003

 Zhang, Z., Yao, X., Yin, X., Ding, Z., Huang, T., Huo, Y., et al. (2021). Multi-Scale Light-Sheet Fluorescence Microscopy for Fast Whole Brain Imaging. Front. Neuroanat. 15. doi: 10.3389/FNANA.2021.732464




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Battistella, Quintana and McConnell. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2022.903957_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Application of Light-Sheet
Mesoscopy to Image Host-Pathogen
Interactions in Intact Organs





OEBPS/Images/fcimb-12-903957-g004.jpg





OEBPS/Images/fcimb-12-903957-g007.jpg
Dendrite length (um)

KOKKKL KKK
| P & S & 3 3 3
KKKk kokokk
: KKKK KKKk !

I T D
XXXKX X

KK kKK KkXK
1

—}— right ventricle
—— left ventricle

0 250 500 750 1000 1250 1500 1750 2000
Distance from the CVOs (um)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Application of Light-Sheet Mesoscopy to Image Host-Pathogen Interactions in Intact Organs

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Trypanosoma brucei brucei Strain

          



          		

            Experimental Infections With T. b. brucei and Brain Clearing

          



          		

            Histological and Immunohistochemistry Evaluation of Coronal Brain Sections

          



          		

            Development of Light-Sheet Illuminators for Mesoscale Imaging

          



          		

            Imaging of Mouse Coronal Brain Sections

          



          		

            Image Post-Processing and Visualisation

          



          		

            Dendrite Length Measurement

          



        



        



        		

          Results

        

          		

            Airy Light-Sheet Imaging Offers Improvement in Resolution Over Gaussian Light-Sheet Mesoscopy

          



          		

            Deconvolution Further Improves Airy Light-Sheet Imaging of Inflammation

          



          		

            Airy Light-Sheet Imaging of the Chronically Infected Mouse Brain Shows GFAP Reactivity in the Vicinity of the Circumventricular Organs

          



          		

            Dendrite Length Evaluation Reveals Spatially Resolved Response to Neuroinflammation

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-12-903957-g001.jpg
CL

=300

mm

CL
f=75 mm

|

CL
f=75 mm

MESOLENS

OBJECTIVE
LENS
SAMPLE
HOLDER
MESOLENS
OBJECTIVE
LENS
SAMPLE
HOLDER





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-903957-g003.jpg
Relative variation (a.u.)

o
'S

o
w

o
(N

L=}
[

o
o

A
v
25

L0s

75 100
Distance (um)

- (Gaussian






OEBPS/Images/fcimb-12-903957-g005.jpg





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-903957-g006.jpg





OEBPS/Images/fcimb-12-903957-g002.jpg
Trypanosomes/ml

Parasitemia

®
o
L

~
(6]
1

o
o
1

o
n
1

o
o
L

T T T T T T T
6 8 1012 14 16 18
Days post-infection





OEBPS/Images/table1.jpg
Cingulate cortex (Figures 5A, B)
Corpus callosum and external
capsule

(Figures 5C, D)

Hypothalamic area

(Figures 5E, F)

Naive specimen Intensity
(counts)

2.19-10"®
1.03-10"®

0.60-10"

Infected specimen Intensity
(counts)

3.02:10%
1.57-10"

1.22.10"®

Fluorescence intensity increase [(infected-naive)/
naive]

38%
52%

103%





