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Abstract

:

The primary cilium has recently become the focus of intensive investigations into understanding the physical structure and processes of eukaryotic cells. This paper describes two tilt-series image datasets, acquired by transmission electron microscopy, of in situ chick-embryo sternal-cartilage primary cilia. These data have been released under an open-access licence, and are well suited to tomographic reconstruction and modelling of the cilium.



Dataset: doi:10.5281/zenodo.4592614.



Dataset License: CC BY-SA 4.0.
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1. Introduction


First identified in 1894 by Zimmermann [1], the primary cilium is a non-motile singular cytoplasmic organelle found in virtually all vertebrate cells. It has recently become the focus of intensive investigations into the physical structure and processes of eukaryotic cells [2,3,4,5,6]. The cilium is central to various pathways and modalities for signalling, allowing centrosomal processing and regulation of cellular and organelle function [7,8,9]. The enigmatic process of their nanoscale ciliogenesis and sensory function at present remain poorly understood [10]. Dysfunction of cilia or component proteins correlates with a wide spectrum of diseases, or ciliopathies, which express as developmental disorders and pathologies [11,12,13,14]. Whilst motile cilia have been intensively characterised [15,16], connective tissue primary cilia [4] and node cilia [17] have been comparatively less-well studied.



The first detailed nanometer-scale study of the three-dimensional anatomy of a chondrocyte primary cilium was carried out in 1978 [18] by exhaustive serial TEM imaging of ultrathin sections. Since then, electron tomography, or imaging biological structures using transmission electron microscopy (TEM) for 3D reconstruction, is widely used [3,19]. This allows for a greater detailed nanometer-scale spatial characterisation and modelling of structures with no loss of information due to sectioning [2,4,20,21]. These techniques involve imaging a sample through a series of tilt-angles in order to acquire data for later reconstruction into 3D volumes [22]. Some example TEM tilt-series images taken at different angles from the dataset described here are shown in Figure 1.



Previous 3D Reconstructions of Primary Cilia


Electron tomography from tilt-series data of portions of in situ chondrocyte primary cilia were first described in 2004 [3]. Full tomographic 3D reconstruction of an entire cilium, from tilt-series data, was first published in 2012 [4,20]. Then in 2015, Shinohara et al. [17] published beautiful 3D reconstructions of the microtubules of murine node cilia. More recently with cryo-electron microscopy in vivo, Sun et al. [2] presented axoneme-architecture in IMCD3 cells, and Kiesel et al. [21] investigated the fine structures of cilia in MDCK-II cells. At the time of writing, no other TEM tilt-series datasets of in situ primary cilia are available in the public domain. This paper presents the TEM tilt-series dataset used for the original 3D reconstruction [4,20] of primary cilia. The data, as presented, are in a form that can easily be reconstructed in 3D using tools, such as IMOD [22].





2. Materials and Methods


Domestic chicken (Gallus domesticus) embryonic sternal cartilage was chosen as a model tissue for chondrocyte cilia [6] for a number of reasons. The three cartilage vanes of the chick embryo sterna are easy to dissect, prepare, fix and embed for electron microscopy. The presence of low cell-numbers and a developing matrix allowed for smooth sectioning, providing excellent contrast and little obstruction for viewing between the extracellular matrix and the chondrocyte. Chondrocyte cilia appeared to be shorter and less deflected in their projections than those of other connective tissues, making chick embryonic sternal cartilage an ideal tissue model to investigate the relationships among the extracellular matrix, the primary cilium, the cytoskeleton and the Golgi apparatus [23].



2.1. Sample Preparation


Embryonic sternal cartilage was harvested after 15 days incubation at 39 °C, and cut into 1 mm   3   pieces for embedding (producing tri-lateral segments). Samples were fixed in 2.5% glutaraldehyde with 1600 ppm ruthenium hexaamine tri-chloride (RHT) in 0.1 M sodium cacodylate buffer (pH 7.3) for 16 h at 37 °C, and then post-fixed in 1% osmium tetroxide (OsO   4  ) with 1600 ppm RHT at 4 °C for 4 h, followed by dehydration through a progressive series of graded ethanol concentrations (en bloc 4% uranyl acetate for 2 h in 50% ethanol). After transfer to propylene oxide, samples were embedded in EMBed-812 (ProSciTech, Kirwan, QLD, Australia) resin, oriented and left to polymerise in small rubber molds at 60 °C for 24 h, as previously described by Poole et al. [6,24]. The RHT was added during the fixation process in order to retain extracellular matrix components [4,6,23,24,25,26].



2.1.1. Sectioning


Using optical microscopy resin-embedded specimens were selected for fixation quality, and then aligned with the block face parallel to the plane of the chondrocyte columns (see Figure 2). This was done as cilia preferentially align in this direction [27]. Resin blocks were sectioned into semithick (300–550 nm) sections with a Diatome™ diamond-knife on a Reichert Ultra-Microtome E (Reichert, Vienna, Austria). Serial sections were held together with formvar solution [28] before placement upon formvar-coated parallel-slot copper electron microscope grids. Investigative microscopy for candidate cilia was carried out (100 kV on a Philips 410 electron microscope with a LaB   6   filament) at low beam currents to prevent aging and damage to the resin. Candidate cilia contained within the section and with good staining quality were selected as suitable for electron tomography. Some candidate cilia are shown in section Figure 2.




2.1.2. Fiducial Marking


Grids containing suitable candidate sections for tomography were labelled with 15 nm gold fiducial markers (British Bio-Cell, Cardiff, UK). Fiducials were applied to the top (resin section) and bottom (formvar) sides of the electron microscope grid, achieving a uniform distribution of 10–15 fiducials per square micron per side.




2.1.3. Tilt-Series Acquisition


The two samples were analysed using a FEI Tecnai G   2   F-30 transmission electron microscope (FEI Company, Hillsboro, OR, USA, with a LaB   6   filament electron source) at a 300 keV accelerating voltage. For both datasets, images were collected with a Tietz camera (2048 by 2048 pixels, 12-bit). The single-axis tilt-series was acquired using a tilt-holder at 85 different angles between   − 64.5  ° and   + 64.5  ° with increments of   1.5  °. Full parameters for the single-axis dataset are shown in Table 1. The double axis tilt-series was acquired using a double tilt holder (GATAN Inc., Pleasanton, CA, USA). Each axis series was imaged over 121 angles between   − 60  ° and   + 60  ° with 1° increments. Full parameters for the double-axis dataset are shown in Table 2. Preview images from each dataset are shown in Figure 3.






3. Tilt-Series Dataset Description


This dataset consists of a TEMTomo_Dataset.7z archive containing two tilt-series folders: Single_Axis, a single axis tilt-series dataset and Dual_Axis, a dual axis tilt-series dataset (.mrc and .st) and their support .rawtlt and .txt files. Files consist of raw microscopy output data which are suitable for reconstruction in a number of software packages, such as IMOD [22]. The folder layout of the dataset is show in Figure 4.




4. Technical Validation


Both datasets were successfully 3D reconstructed using IMOD version 4.11.4. The reconstructed data are morphologically consistent with them describing primary cilia. The microtubule-doublet-based anatomy of the ciliary axoneme is shown in the reconstructed organelles projecting from the basal body (see Figure 5). This is consistent with the published morphology of connective tissue chondrocyte primary cilia [2,3,18]. The reconstructed axonemal lengths were 1.4 and 1.5 microns, respectively; and axoneme diameters decreased distally from 0.25 micron at the basal body, again consistent with published figures of Wilsman et al. [29] and Dummer et al. [30].



Data Records


This dataset is available under the Creative Commons Attribution 4.0 International Public Licence at https://doi.org/10.5281/zenodo.4592614 (accessed on 14 November 2021), and consists of an archive, TEMTomo_Dataset.7z, which contains two tilt-series TEM imaging datsets of primary cilia. The first dataset, in the folder Single_Axis, is a single axis tilt-series dataset, a preview of which is shown in Figure 5a. The second dataset, in the folder Dual_Axis, is a dual axis tilt-series dataset (see Figure 5b). Each folder contains raw unprocessed TEM output data files and associated support files containing tilt angles, and other parameters necessary for reconstruction. The folder layout of the dataset is shown in Figure 4.





5. Usage Notes


The tilt-series image datasets presented here can be reconstructed into tomograms by a number of software packages: UCSF [31], TomoJ [32], TOM [33] and IMOD [22]. We outline below the reconstruction procedure in IMOD. This closely follows the tutorial for the Etomo tool distributed as part of the IMOD package [34].



The reconstruction involves the following steps:




	
Scanning headers and reading files.



	
Coarse alignment of microscope tilt-series image data.



	
Generate seed model.



	
Aligning the stack.



	
Fine alignment.



	
Tomogram generation using back-projection.








Many of the required parameters are automatically loaded from headers by IMOD (e.g., image rotation and pixel size). The default values provided can be used for the majority of other parameters; however, those that differ from defaults are shown in Table 3. The resulting reconstruction is included in the dataset as the file cilia_1.rec.




6. Discussion and Conclusions


This paper presents two TEM tilt-series datasets of in situ primary cilia that were used for the original tomographic 3D reconstruction [4,20] of primary cilia. Notable in this dataset is the preservation of interconnected extracellular matrix granules, which interact directly with the axoneme and the ciliary membrane [3,6,23]. The data are suited for 3D reconstruction using tools such as IMOD [22]. By way of background for this work, the data were gathered to enable understanding of the three dimensional structure and function of the primary cilium. By releasing raw tilt-series data into the public domain, it is hoped that with potential improvements in reconstruction technology, the data may be useful for researchers investigating the structure and morphology of the primary cilium.
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Figure 1. Data Acquisition: Raw single-axis TEM images from a tilt-series of a chick sternal chondrocyte primary cilium. The images shown were taken at angles of   − 64.50  °, 0° and   + 64.5  °, respectively. 
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Figure 2. Chick embryo cartilage: A semithick section of chick embryo sternal cartilage detailing the extracellular matrix, chondrocytes and their primary cilia (arrowheads). Scale-bar 5 microns. Adapted from [4] with permission. 
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Figure 3. Preview images of the primary cilia examples from this dataset. Single-axis data are shown in (a) and dual-axis data in (b). Each primary cilium was contained within a 300 nm “semithick” section, from which tilt-series datasets were obtained. 






Figure 3. Preview images of the primary cilia examples from this dataset. Single-axis data are shown in (a) and dual-axis data in (b). Each primary cilium was contained within a 300 nm “semithick” section, from which tilt-series datasets were obtained.



[image: Data 06 00118 g003]







[image: Data 06 00118 g004 550] 





Figure 4. Directory structure of the tilt-series dataset archive. 
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Figure 5. Longitudinal sections of reconstructed organelle ultrastructure showing the microtubule-doublet morphology characteristic of primary cilia. Single-axis Cilium1 is shown in (a) and dual-axis Cilium2 is shown in (b). Scale bars 250 nm. 
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Table 1. Tilt-series acquisition parameters from the single-axis dataset.






Table 1. Tilt-series acquisition parameters from the single-axis dataset.










	Parameter
	Unit
	Value





	Max negative tilt
	°
	−64.50



	Max positive tilt
	°
	64.50



	Start tilt (skipping angles)
	°
	0.00



	Relaxation Time
	s
	2.000



	Tile scheme
	
	Linear



	Low tilt step
	°
	1.50



	High tilt switch
	°
	50.00



	High tilt step
	°
	1.50



	Camera
	
	CCD



	(Initial) Exposure Time
	s
	1.00



	Binning
	
	1



	Image pixel size
	nm
	1.21



	Image area
	
	(0, 0), (2048, 2048)



	Apply Corrections
	
	None



	Holder name
	
	HT70_4



	Optimized Position
	 μ m
	0.44



	Tracking after (on) exposures
	
	Yes



	Tracking before exposures
	
	No



	Reference Image
	
	Floating



	Check Focus
	
	−1



	Periodicity (high tilt range)
	
	1



	Periodicity (low tilt range)
	
	2



	Periodicity switch angle
	
	80.00



	Applied Defocus
	 μ m
	−0.24



	Tecnai Magnification
	
	12,000



	Tilt Axis Angle
	°
	11.18
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Table 2. Tilt-series acquisition parameters from the dual-axis dataset. These data are contained within the .st acquisition files.
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	Parameter
	Unit
	Value





	Max negative tilt
	°
	−60.00



	Max positive tilt
	°
	60.00



	Start tilt (skipping angles)
	°
	0.00



	Tile scheme
	
	Linear



	Tilt step
	°
	1.0



	Binning
	
	1



	Image pixel size
	nm
	1.21



	Image area
	
	(0, 0), (2048, 2048)










[image: Table] 





Table 3. Selected parameters required for 3D reconstruction that differ from the default parameters in the etomo tool.
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	Parameter
	Value





	Fiducial Diameter
	15 nm



	Seed Points to select
	25
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