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Abstract

The structure of biology spans length scales from meters to Angstroms — from whole organisms
to the atomic positions of macromolecules. Cryo-electron microscopy is well-established for
determining the structures of individual macromolecules in isolation, including pathological
aggregates from post-mortem donor Alzheimer’s disease brain. Recent advances integrating
cryo-fluorescence microscopy, sample preparation and cryo-electron tomography are revealing
macromolecular structures in the context of cells and anatomically intact tissues. In this chapter,
we describe experimental workflows for targeting the in-tissue structure of Alzheimer’s disease
pathology. We discuss associated practical considerations and limitations of fluorescence
labelling, vitrification, sample thinning by cryo-ultramicrotomy and cryo-focused ion-beam
scanning electron microscopy (cryoFIB-SEM), cryogenic correlated light and electron
microscopy (cryoCLEM), cryo-electron tomography (cryoET) and in-tissue subtomogram
averaging (STA). These experimental considerations may be useful and applicable to amyloids,
diseases and fundamental structural biology research questions more broadly.
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1. Introduction
1.1 Neurological disease and amyloid

The scale, structure and function of the human central nervous system is highly complex,
composed of ~86 billion neurons and ~460 cell types [1,2] that exert control over most
physiological functions, and are vital to cognition [3]. Neurological disorders present in the clinic
with defining sensory, cognitive and/or motor symptoms but the underlying pathological
mechanisms of most neurological conditions, including dementia, remains unclear [4,5].

Alzheimer’s disease and related dementias are characterised by the abnormal deposition of
amyloids composed of AB, tau, a-synuclein and TDP-43 [6]. Collectively, these neuropathologies
cause the most prevalent neurodegenerative diseases, including AD, cerebral amyloid
angiopathy (CAA), Parkinson’s disease dementia (PDD), dementia with Lewy bodies (DLB), and
frontotemporal dementia (FTD) [5,7-12]. Longitudinal studies of these diseases indicate that
neuropathology precedes cognitive symptoms and spreads by prion-like mechanisms within the
brain [13,14]. Currently, no treatment is available that prevents AD but recent FDA-approved AR
immunotherapeutics (lecanemab and donanemab) delay AD progression by 4-6 months [15,16].

1.2 Structural biology of amyloids from neurodegenerative disease
Early structural studies showed that different proteinaceous deposits characteristic of distinct

neurodegenerative diseases comprise amyloid filaments, defined by a cross-B-sheet structure
[17-20]. X-ray crystallography, solid-state NMR and cryoEM reconstructions of in vitro assembled



amyloids have revealed many different structures [21-24]. More recently, pioneering single-
particle cryoEM studies of amyloids (composed of AB, tau, a-synuclein, or TDP-43) bulk purified
from late-stage post-mortem donor brains indicate these proteins form disease-specific
structures [25]. For example, tau filaments extracted from postmortem donor brain samples with
different neurodegenerative tauopathies exhibit divergent tau folds [26-31]. These structural
studies suggest a limited number of different disease-specific amyloid folds are conserved in
patients with the same disease [25].

Importantly, the structures of amyloids purified from patient donor brain were not predicted from
earlier structures of amyloid prepared in vitro [32,33]. Similarly, amyloid purified from some, but
not all, animal models have a structure that differs from that of amyloid purified from human
donor brain [34-38]. This implies that chemical and/or biological factors, absent from some in
vitro preparations and some models, but present within patient human brain, affect the structure
of pathological amyloids. For therapeutic development, it may therefore be important that animal
or cell models recapitulate the same pathological structures as those found in human patient
brain [32,33]. Amyloid purification from tissues by both detergent extraction or mild tissue
soaking preparations [39] does not recover all the amyloid present within patient donor brain
tissue and itis also possible that not all amyloid structures can withstand the rigour of extraction
and purification. The question therefore remains to what extent disease-specific amyloid folds
solved from purified postmortem brain tissues are characteristic of the population of structures
present within intact postmortem brain tissues.

2. In situ structural biology

It is now possible to address the question of amyloid structure within intact cells and tissues by
in situ cryo-electron tomography (cryoET) [40]. Technological advances in cell and tissue sample
preparation, direct electron detectors, and software developments have underpinned recent
advances in cryoET and herald a new wave in structural biology revealing the in situ structure of
macromolecules [41-44]. In situ structural biology has the potential to go beyond the cryoEM
‘resolution revolution’ [45], imaging and integrating across length-scales - from the structure of
macromolecules to cells, tissues and whole organisms (Fig. 1)[43,44,46-48]. In this context, one
can glean how the constellation of macromolecular complexes, organelles and cells mediate
biological function and pathological mechanisms in disease. This approach necessitates
combining expertise beyond the traditional partnership of structural biologists and biochemists
to include cell biologists, physiologists and clinicians. There is also the opportunity for
experiments to become unified across disciplines by starting with experiments that test function
and activity within living cells, tissues, and animals, and are followed by subsequent direct
correlation to in situ structural information in the same specimen. In the following sections we
will outline some of the practical considerations and limitations in pursuing in situ structural
biology experiments [47-49]. There are several key steps that can be broadly separated into five
categories: live cell/tissue labelling, vitrification, sample thinning and cryo-fluorescence
microscopy, cryoET data collection, and STA.

2.1 Live cell/tissue labelling

Most proteins occupy only a tiny fraction of the total volume of biological specimens and are
often concentrated, for example within specialized subcellular compartments and organelles
[50-52]. Each tomogram also only captures a small subvolume (~0.1 um?) of the specimen (Fig.
1). Therefore, labels capable of pinpointing the precise location of target proteins are usually
essential, otherwise the proportion of tomograms that contain the molecule of interest will either
be very low, or even absent. Imaging fluorescent labels is ideally suited for guiding cryoET data



collection because light microscopy can locate targets at submicron resolution across large cell
and tissue samples [53].

Since cryoET is usually performed with native biological specimens that have not been
chemically fixed or permeabilised, only labelling methods compatible with live-cell imaging,
including genetically encoded fluorescent protein tags [50,51], or small molecular fluorescent
ligands, can be considered (Fig. 3). Ideally, fluorescence labels are validated to gauge the
selectivity and sensitivity of the label by immunofluorescence (Fig. 4). Itis also important that the
label and its mode of delivery to the target is benign, having a minimal effect on specimen viability
and biological function. For example, utilising well-established buffer and perfusion protocols
[54,55] for maintaining the viability of brain tissue slice preparations (Fig. 5).

2.2 Vitrification

Vitrification is a necessary and defining step of all cryoEM and cryoET methods in which biological
samples are suspended in their native aqueous environment, freezing the liquid water within cells
and tissues in an amorphous, liquid state, whilst avoiding crystalline ice formation [56]. This
differs from sample preparation methods used for room-temperature, resin-embedded EM by
avoiding chemical fixation or freeze-substitution into harsh organic solvents and heavy metal
staining that require dehydrating biological samples causing shrinkage and/or protein
denaturation, and the washing away of cellular proteins [57].

For cells cultured on EM grids that are ~5 uym thick, vitrification can be achieved by plunge-
freezing in a liquid ethane cryogen and cryo-protectants [56,58]. However, for tissues which are
much thicker, complete vitrification by plunge-freezing is not possible because the freezing rate
deeperin the specimen is too slow. Instead, the vitrification of tissue biopsies up to 200 um thick
can be achieved using high-pressure freezing (HPF) [59]. During this transition the sample is
rapidly cooled to -196° C within ~20 ms by a jet of liquid nitrogen whilst under ~2100 bar pressure,
after which the sample is returned to atmospheric pressure and kept at below the devitrification
temperature (-150° C) for all subsequent stages of the work (Fig. 6). The theoretical basis of HPF
comes from the observation that water expands during the transition from liquid to crystalline ice
(Fig. 6). Applying high external pressure opposes the volume expansion of water molecules
necessary to form crystalline water during freezing, effectively lowering the rate of ice formation
to achieve complete vitrification of thicker samples.

To prepare tissues, 100-300 um slices are cut with a vibratome, following protocols well
established for in vitro slice electrophysiology [54]. Biopsies (1-2 mm diameter) are then
collected from tissue slices and soaked in cryo-protectants before HPF, which further lowers the
rate of ice formation such that the biopsy is vitrified at liquid nitrogen temperatures before ice
crystals can grow [60]. It is important to consider if the addition of cryo-protectants could have
detrimental effects on the native structure of tissues, for example by exerting osmotic pressure.
High molecular weight dextran in particular has been demonstrated to have little osmotic effect
on tissues [60,61], whilst still facilitating robust tissue vitrification [37,47,60,62]. On the other
hand, not all tissue types vitrify robustly under the same conditions [63]. Though yet to be verified
experimentally, this is probably in part because of the different solute composition of different
cells affecting the rate of crystalline ice formation.

Optimising slice preparation and vitrification conditions is challenging and not currently
amenable to high throughput screening because the extent of sample vitrification can only be
accurately assessed on the electron microscope after labour-intensive sample preparation.
Additionally, devitrification can ruin the sample during steps between HPF and cryoEM data



collection. Crystalline ice in non-vitreous regions of the sample produce Bragg reflections that
can be definitively assessed by imaging in diffraction mode (with a selected area aperture). The
vitrification status of a sample can be more straightforwardly detected in cryoET tilt-series, with
regions of the sample that are non-vitreous/devitrified displaying starkly varying contrast in
micrographs collected at different tilts (Fig. 7). Varying degrees of partial devitrification can also
arise in which some regions of cells are vitreous, adjacent to other regions that are non-vitreous
or devitrified, and that may be hidden in reconstructed tomographic volumes (Fig. 7).
Consequently, quality control of all tilt series collected, to verify complete vitrification is essential
[64], before further structural interpretation and analysis of cryoET datasets is possible.

Overall, sample preparation and vitrification can be a trade-off between maintaining the native
state whilst still enabling robust vitrification. When optimising sample preparation, the effect of
this trade-off on cellular function and viability should also be considered.

2.2 Sample thinning and cryo-fluorescence microscopy

Tissues and most cells are too thick to be directly imaged by current transmission EM
microscopes [65,66]. Consequently, cryo-preserved specimens must be thinned. Cryo-
ultramicrotomy uses a diamond knife to trim a stub of the sample, from which ~50-150 nm thick
serial cryo-sections are cut [67] (McDowall et al., 1983, Al-Amoudi et al., 2004) (Fig. 8). As a cryo-
section is cleaved from the tissue stub, its leading face adheres to the rear edge of the previous
cryo-section, generating a ribbon of serial vitreous tissue cryo-sections that can be manoeuvred
and placed flat on a glow-discharged EM grid with the aid of a gold eyelash controlled by a
micromanipulator [68] (Fig. 9). The tissue ribbon is adhered securely to the carbon support-film
using an electrostatic gun [69]. Manual micromanipulation of tissue ribbons and attachment to
EM grids are the most technically challenging aspects of cryo-ultramicrotomy.

Alternative thinning methods are now established, [70] leveraging cryo-focused ion-beam
scanning electron microscope (cryoFIB-SEM) technology developed in material science [71].
Samples are thinned using a focused beam of ions to ablate targeted areas of the sample, leaving
behind a thinned lamella of the sample [70,72]. To prepare tissue lamellae, a series of trenches
are milled into the sample to expose a tissue chunk (~10 pm thick)[73-76] (Fig. 10). The tissue
chunk is then adhered to a needle by metal re-deposition, detached, and lifted out of the carrier
using a micromanipulator [73,74,76,77]. The tissue chunk is then transferred to an EM grid where
it is adhered at one or more edges of an EM grid. Prior cryo-planing of the HPF sample by cryo-
ultramicrotomy to remove the top 2-10 pm of tissue can improve the success of liftout by
removing ice contamination and providing a cleaner surface for FIB-milling [72](Fig. 11). After
liftout, the EM grid-attached tissue chunk is thinned further until a 100-300 nm lamella is
generated (Fig. 12). The yield of liftout lamellae is relatively low and the major challenges are the
fragility of lamellae during transfer from the cryoFIB-SEM to cryoEM and ice contamination that
accumulates on the surface of lamellae either in the cryoFIB-SEM or during transfer to cryoEM.
The latter can be much reduced by using a low-humidity chamber [78]. Lifting out very large tissue
chunks and milling this into multiple sub-chunks is an elegant approach to increase the yield of
liftout lamellae [79,80].

We estimate cryo-ultramicrotomy currently generates a >100-fold higher yield of thinned sample
compared to cryoFIB-milling lift-out. This throughput is an important consideration for generating
sufficient numbers of cryo-electron tomograms for representative datasets, and sufficient target
particles for high-resolution subtomogram averaging (STA). Importantly, both cryo-
ultramicrotomy and cryoFIB-SEM result in varying degrees of sample damage. In cryo-
ultramicrotomy, the diamond knife can cause deformation of the specimen, including ‘crevices’



in which sub-regions of the vitreous cryo-section are torn [81]. Crevices are relatively rare except
if the diamond knife is blunt or damaged (Fig. 13). Since the HPF specimens are non-crystalline
and behave as a viscous liquid, the mechanical force of sectioning can move or deform the
sample, causing membranes and subcellular compartments to change their shape along the
cutting direction of the knife. This deformation is localised and variable (Fig. 13). Knife damage
has been referred to as ‘compression’ but this term may not be accurate since aqueous solutes
are not compressible by the force applied during ultramicrotomy [82]. Localised deformation of
vitrified liquids in the sample along the cutting direction must be considered when quantifying
the shape of organelles and subcellular compartments. Remarkably, proteins within vitreous
cryo-sections remain intact from which high-resolution in situ structures can be determined, for
example resolving the polypeptide fold of tau filaments [40], and even reaching high resolution
[83,84].

FIB-milling has the advantage of avoiding deformation but instead damages the sample by
amorphization of the top and bottom ~60 nm layer throughout the thinned sample [85-87]. This
is caused by the ion beam that in the process of milling the sample collides with and penetrates
the tissue surface, generating a collision cascade that leads to damage and a loss of high-
resolution structural information in the sample. Additional cryo-protectants, such as sucrose,
may also be necessary before HPF to avoid partial devitrification during cryoFIB-milling
[40,79,88,89].

To locate and guide sample thinning and the collection of in situ cryoET data, fluorescent labels
in vitrified cells and tissues are imaged by cryo-fluorescence microscopy (cryoFM). These
microscopes use a cryo-stage to maintain samples at <150° C and an air objective lens for wide-
field [90-92], confocal [93] or super-resolution [94-96] imaging. CryoFM is initially performed
before thinning with test and control samples to validate the specificity of live cell/tissue labelling
(as outlined in section 2.1), including identifying autofluorescence that can interfere with the
detection of fluorescent labels [97]. Bright field or reflection images may also be collected to
mark fiducial features within the sample and/or the outer rim of the HPF carrier to triangulate
where the targets are within the sample (Fig. 14). Following successful production of vitreous
tissue cryo-sections or lamellae, cryoFM images of the specimen can be collected to validate the
targeting of sample thinning and guide the collection of cryoET datasets. CryoFM has been
integrated into cryo-ultramicrotome and cryoFIB-SEM instruments, albeit these instruments are
currently limited to wide-field fluorescence microscopes [98].

3. CryoCLEM-guided in situ cryoET data collection

CryoET involves selecting regions of the thinned specimen to collect a series of 2D cryoEM
micrographs at varying tilts of the stage, from which a 3D tomographic volume is reconstructed
[41,99,100]. To target the collection of these data by cryogenic correlated light and electron
microscopy (cryoCLEM) [92], cryoFM images of the specimen are aligned to medium
magnification (~50 A pixel size) cryoEM images of the specimen.

3.1 CryoET

CryoET data collection considers several limitations: 1) radiation damage [101-103], resulting in
the first image containing more information than the last, 2) radiation induced motion of the
sample [104-107], and 3) the path length through the specimen, which increases at higher tilts.
Consequently, most cryoET datasets are collected from low to high tilt (0 to +/-60°) [108] in 1-3°
tiltincrements (1-2 e/A2 dose, 1-3 A pixel size) [109], acquired as movie frames [105,106]. Images
are collected under focus to increase image contrast to be able to identify individual



macromolecules [110]. However, delocalisation of high frequency spatial information at high
defocus should be considered [111,112]. Recent advances in microscope hardware and software
have dramatically increased the speed and quality of cryoET data collection [113,114] and
widened the field of view [115,116] . Hybrid cryoET data collection or template matching in single-
particle analysis (SPA) cryoEM datasets is an alternative approach to obtaining high-resolution in
situ structures [117-120].

3.2 Image processing

To reconstruct tomograms, movie frames of each tilt increment are aligned and summed
[121] before the tilt series is next aligned and reconstructed, most commonly by weighted back
projection methods [122-124]. Recent developments in computational processing software
packages have enabled large datasets to be efficiently reconstructed in a more automated
fashion [125-127].

CryoET datasets provide raw 3D molecular resolution maps of the sample revealing a label-free,
native molecular architecture of cells and tissues. Since cells and tissues are highly crowded and
heterogeneous, identifying macromolecular constituents within tomograms is time consuming
and challenging. Larger macromolecular assemblies including the lipid bilayer of the plasma
membrane and some intracellular organelles, ribosomes, proteosomes, and microtubules often
can be directly and unambiguously identified. Topological features can be deduced using prior
knowledge, for example in assigning intra- versus extracellular locations either side of a plasma
membrane in the tomogram based on the distribution of organelles in the tomogram. Manual,
semi-supervised or fully automated 3D segmentations of identifiable constituents within
tomograms provide important contextual information, for example the density and geometric
arrangement of macromolecular assemblies that can provide a structural framework for
understanding complex mechanisms [40,62,128-131]. For large cryoET datasets training
machine learning models can accelerate the detection and segmentation of some constituents,
including membranes [132-134].

Although raw cryoET reconstructions provide direct insights, the 2-4 nm resolution of these maps
[135]is currently insufficient to catalogue all proteins in each tomogram, and furthermore, many
features untargeted by cryoCLEM are scarce. Given the varying quality and confidence in
assigning constituents within cryoET datasets, it is valuable to report summary information for
each tomogram, tabulating the identification and prevalence of constituents, as well as defining
inclusion and exclusion criteria. For example, since there are a myriad of different filamentous
proteins in almost all cells, initially identifying pathological amyloid within raw in situ cryoET data
requires validation by cryoCLEM [37,40]. This is achieved by computational alignment of
tomographic volumes to medium magnification cryoEM and cryoFM images [136-139] to confirm
if and where within the cryoET dataset the target protein was acquired. This targeted approach
supports a definitive identification of in situ constituents of tomograms, which can be achieved
by STA.

4. Subtomogram averaging

Macromolecular structure determination is the primary objective of STA. As for single particle
cryoEM, there are several parameters that influence the attainable resolution, including sample
thickness, particle copy number, tilt series alignment, and image preprocessing [140]. Several
subtomogram averaging packages have been used for high-resolution STA [125,141-145].
Achieving high resolution most efficiently requires accurately modelling and correcting for
sample motion and deformations caused by the electron beam, uncertainties in the tilt-scheme



geometry and electron-optical aberrations [125]. In Warp/M, these parameters are
simultaneously refined using gradient-descent optimisation, which treats each particle within a
cryo-electron tomogram as part of the same deformable system, rather than optimising each
particle parameter independently [126].

4.1 Modelling amyloid filaments

Subtomogram averaging requires first marking the coordinate locations and orientation of a
target macromolecular complex (‘particle’ or ‘subtomogram’) within reconstructed tomograms.
Multiple picking strategies have been implemented to estimate the position and orientation of
each macromolecule, that include manual picking, template matching and machine learning
approaches[122,146-150]. There are also algorithms that use Morse theory to define topological
relationships of varying tomographic density for particle picking [151].

The method used for STA particle picking is informed by the macromolecule of interest. For
example, ribonucleoproteins are efficiently identified and picked using template matching
[152] and machine learning approaches [153]. To model the complex organisations of amyloid
filaments, manual picking is currently most reliable using several GUI-based applications that
have filament tracing functionality [122,146,147,150,154,155]. Amyloid filament paths and
orientations can be initially estimated by placing model coordinates at the start and end of each
filament, ensuring the contour path of each pair of coordinates is accurately alighed to the helical
axis (Fig. 15).

4.2 Considerations for amyloid subtomogram alignhment

Several approaches to subtomogram alignment and averaging have been developed. The first
used angular searching and fast rotational matching alignment procedures to calculate the
rotational and translational shifts required to maximize the cross-correlation (CC) between a
subtomogram and a reference, these transformations are applied to all subtomograms to
generate an averaged map with higher signal-to-noise ratio (SNR) [146,156-158]. The higher SNR
map is then used as an updated reference for subsequent iterations of refinement. In contrast to
CC, maximume-likelihood STA use estimates of the probability of observing each subtomogram
orientation for a given reference and refines this weighting [159,160]. More recently, regularized-
likelihood, an elegant Bayesian framework, has been developed that uses prior information and
the observed data to search for STA alignment with the highest probability of being correct [161].
In depth discussion of the theoretical principles of STA, along with general considerations for
generating initial references, masking, and particle box size are well-described elsewhere
[124,126,161,162], see also filament-specific protocols [163].

For in-tissue structural studies of amyloids, knowledge about the symmetry is useful [164,165].
Amyloid filaments comprise repeating units of identical polypeptide folds (monomers), stacked
perpendicular to the filament axis, each repeating unit is separated by 4.8 A (helicalrise) [20] and
is rotated relative to its neighbouring units (helical twist, between -180° and +180°). Helical twist
and rise are used to describe the helical symmetry of amyloids [26]. Initially, STA in PEET
[158,166] with a box size that encompasses each, whole filament generates an average from
which the helical twist of filaments in situ can be estimated (Fig. 15) and used for subsequent
helical reconstruction methods in RELION [167,168]. To determine the structure of the
underlying repeating unit, the helical axis of each filament is subsampled at intervals, increasing
the copy number of subtomograms from 10-100 to many thousands per tomogram for helical
averaging in RELION [168]. In single particle analysis, amyloid filaments are usually positioned



horizontally within a thin film of ice such that the filament axis is approximately perpendicular to
the projection axis. In cryoET of cells and tissues, filament orientations are unconstrained by a
film of ice [40]. Consequently, itis important to consider the orientation of the helical axis within
the 3D volume to ensure the most accurate estimation of parameters that are needed for helical
reconstruction in RELION [26,167]. These include the tilt, which describes the out-of-plane
orientation of the filament within the sample and is modelled as a mono-modal Gaussian on the
tilt angle. The psi parameter describes the in-plane rotation of the filament and is modelled by a
bi-modal Gaussian on the psi angle. Finally, the in-plane translations perpendicular and parallel
to the helical axis are described for translational searches. Providing an initial estimate of these
angular parameters significantly reduces the search range that needs to be sampled to generate
a de novo reference.

4.3 Identifying amyloid heterogeneity by classification

Heterogeneity may exist in the conformation and constituents of macromolecular assemblies in
situ. Resolving and quantifying macromolecular heterogeneity within cells and tissues is an
exciting frontier of in-situ structural biology and is advancing our understanding of broad
biological mechanisms [40,169-173].

Structural heterogeneity of amyloid can be considered at multiple levels. 1) At the primary
structural level of amino acids, including post-translational modifications [174,175]. 2) The
backbone structure of the monomer subunit in the ordered core of the filament that defines the
amyloid fold (Fitzpatrick et al., 2017). 3) Structural variation of quaternary contacts between pairs
of monomer subunits in filaments composed of multiple protofilaments, which gives rise to
ultrastructural polymorphs [26,176]. For example, AD tau filaments are composed of two
protofilaments with identical C-shaped folds that form two different ultrastructural polymorphs
(paired helical filament (PHF) and straight filament (SF) with distinct quaternary interactions
[26,176]. In-tissue subtomogram averaging to date has resolved the amyloid fold and structural
heterogeneity at the level of ultrastructural polymorphs, and variations in helical twist [40].
Discrete classification methods that group subtomograms into a predefined number of classes
can be used to identify amyloid heterogeneity in tissue (Fig. 15). Using 3D classification in
RELION [168,177], tau threads within AD post-mortem human brain tissue contained both PHF
and SF filaments, resolved to 18 A resolution [40].

4.4 Structure validation

Validation of the accuracy of a model and its fit to the experimental data is an important
consideration [178-182]. STA is capable of producing maps with sufficient resolution (<5 A) in
which the shape of some amino acids in the polypeptide chain can be distinguished and an
atomic model can be unambiguously built, using prior bond distance and angle restraints [183].
In such circumstances, Q-scores, a type of per-atom map-model cross-correlation, provides an
excellent metric for cryoEM map validation [184,185]. In practice, attaining such near-atomic
resolution by STA is often limited by the number of particles [186], resulting in intermediate (5-12
A) resolution structures, in which atomic positions are unresolved but the separation of
secondary structural elements of the polypeptide chain can be observed. Depending on the
resolution of the map, the shape and size of the macromolecule, and if candidate atomic models
are available, it may be possible to confirm the identity of the protein by rigid model-map fitting.
However, real space fitting models into intermediate resolution maps is fraught with risk because
the CC fitting score does not explicitly estimate signal and error in the map. Additionally, since a
CC scoreis notan absolute metric, comparing candidate models is not possible. To address this,



recent model-map fitting tools, em_placement or emplace_local, build on maximum likelihood
scoring, well-established for molecular replacement searches in X-ray crystallography data, to
estimate the signal and error in the map and to what extent the model explains the map [187-
189]. Emplace_local likelihood gain score is an absolute metric of the fit of a model (Fig. 15),
through which competing hypotheses of what model is a better fit can also be assessed, for
example distinguishing between different tau filament ultrastructural polymorphs in situ
[40,189].

4.5 Future directions

Exciting, long-term developments in cryoEM instrumentation are afoot, including laser phase
plates [190-193], ptytography/4D-STEM [194,195], chromatic aberration correctors [196], and
imaging at helium temperatures [197]. With further improvements, raw tomographic volumes
may well be generated that reach intermediate resolution. Many more individual
macromolecular complexes would be identifiable, particularly in thicker in-cell or tissue
specimens, for which an absolute model-map score, such as em_placement, is likely important
[187,188].

Advances in complementary in situ structural methods imaging wider and deeper fields of view
at lower resolution, including volumetric cryoFIB-SEM [198,199] and cryo-soft X-ray tomography
[200-202] can provide additional label free, in situ contextual information [203,204]. Similarly,
compositional spectroscopic imaging by electron energy loss spectroscopy (EELS) and energy
dispersive X-ray spectroscopy (EDX) [205,206], secondary ion mass spectrometry (SIMS)
[207,208] are being explored in vitrified cells and tissues. Integrating in situ cryoCLEM-guided
cryo-ET with complementary methods on the same specimen is challenging and could be
particularly useful for deciphering molecular mechanisms in the context of the complexity and
heterogeneity in the healthy and diseased mammalian brain complexity and heterogeneity.
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Figure 1. Schematic depicting length scales from tissue (cm-mm), to cells (mm-pm), molecular
architecture of subcellular compartments (um-nm), and subnanometer in situ structures. From
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top to bottom, human brain, slice through gyrus showing grey and white matter, cellular

morphology and heterogeneity, tomographic slice, and subtomogram averaged structure,
adapted from [40].

Figure 2. An example segmentation of raw tomographic volume showing in-tissue molecular
architecture of adult mouse brain synapses, adapted from [62].
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Figure 3. Schematic depicting accessibility of fluorescent labels in live imaging experiments
using small, membrane permeable ligands (cyan, e.g. Hoechst), genetically encoded in-frame
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fluorescent protein tags that can labelintracellular targets (red), and non-membrane permeable,
fluorescent binders (e.g. fluorescent antibody, orange).

Figure 4. Example immunofluorescence images showing validation of the fluorescent ligand
methoxy-X04 (MX04) binding to both AB (4G8 APP/AB monoclonal antibody) and tau (AT8
phospho-tau antibody) deposits in PFA-fixed, post-mortem AD brain tissue. Closed cyan and
open orange arrowheads, B-amyloid plaque and tau thread, respectively. Scale bar, 50 pm.

24-well plate
Perfusion ring
Surgical mesh
Brain slice

Figure 5. Tissue slice preparation and bath application of fluorescent labels. Top, 100 pm thick
horizontal, mouse brain acute slices prepared with vibratome. Bottom, 100 pym thick human

brain acute slice resting on a surgical mesh within a perfusion chamber.
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Figure 6. Vitrification by high-pressure freezing. Top, graph showing pressure (red curve, left y-
axis) and temperature (blue, right y-axis) profile of tissue specimen during high-pressure freezing.
Vitrification is accomplished once the sample temperature falls below ~-150°C, which is
typically within ~30 ms. Bottom, schematic showing arrangement of water molecules in
amorphous, liquid water and hexagonal ice and approximate density. Oxygen and hydrogen
atoms depicted as partially transparent red and grey spheres, respectively.
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Figure 7. Assessing non-vitreous/devitrification in cryoET samples. An example of a non-
vitreous/devitrified cryoFIB-SEM liftout lamella of mouse brain is shown. Non-vitreous regions of
thinned specimens are easily identified in cryoET tilt series. These show as variations in contrast
in one tilt increment that are absent or change in other increments of the tilt series (semi-
transparent yellow ellipse). Scale bar, 10 nm.
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Figure 8. CryoCLEM-guided cryo-ultramicrotomy. A Schematic showing cryo-ultramicrotomy
steps to prepare trapezoid stub of tissue for vitreous cryo-section preparation. Top left and right
panels, HPF carrier (gold) containing vitrified tissue (pink) before and after trimming. Bottom left
and right, further trimming either side of a target region of tissue leaves a trapezoid stub and
closeup, respectively. B Example alignment of methoxy-X04 (MX04) cryoFM image of high-
pressure frozen (HPF) carrier with stereoscope image in cryo-ultramicrotome. Top left, HPF
carrier oriented in sample stage of cryo-ultramicrotome. Top right, cryoFM detecting MX04 (cyan)
and autofluorescence (red) with 450/480 nm excitation/emission. Red arrowhead, edge features
of tissue used as fiducial markers for alignment. Scale bar, 500 pm. White rectangle, region
shown as closeup in inset. Scale bar, 25 pm. Orange arrowhead, target MX04-labelled B-amyloid
plaque. Middle left and right, HPF carrier after trimming trapezoid stub of tissue and aligned with
cryoFM image to confirm targeting of MX04-labelled B-amyloid, respectively. Dashed yellow
rectangles, regions shown as closeup in lower left and right panels.
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Figure 9. Preparation of 100 nm thick vitreous tissue cryo-sections by cryo-ultramicrotomy. A
Schematic showing steps of cryo-sectioning. Top left and right, diamond knife cutting first
section from leading face of trapezoid tissue stub and closeup, respectively. Bottom left and
right, showing multiple 100 nm vitreous tissue cryo-sections that adhere to one another forming
a tissue ribbon and attached at distal end to gold eyelash controlled by micromanipulators. B
Left and right, example stereomicroscope image of vitreous tissue cryo-section ribbon attached
to gold eyelash and after electrostatic attachment to EM grid, respectively.
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Figure 10. Summary of steps in cryoFIB-SEM liftout of HPF vitreous tissue chunk. A Left and right,
cryo-focused ion beam images of HPF carrier containing vitrified tissue before and after FIB
milling trenches (sides and undercut) of target tissue chunk, leaving two points of attachment to
surrounding tissue. Scale bar, 50 um. B Left and right, closeup of tissue chunk attached to liftout
needle via copper adaptor before and after chunk is released, respectively. Scale bar, 50 um. C
Cryo-focused ion beam image of tissue chunk lifted out.

N
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Figure 11. Schematic showing cryo-planing the surface of HPF carrier containing vitrified tissue
[72]. Left and right, before and after a shallow ‘Aztec pyramid’/trapezoid patten is cutinto the top
surface of the specimen.

Figure 12. CryoFIB-SEM lamella preparation. Left and right panels, liftout tissue chunk adhered
to EM grid before and after cryoFIB-milling to generate ~100 nm lamellae, respectively. Top and
bottom panels, cryo-scanning EM and cryo-focused ion beam images. Red arrowhead, 100-300
nm cryoFIB-milled lamella. Blue arrowhead, thick regions of tissue chunk left to form a frame and
stabilise lamellae. Scale bar, 30 pm.
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Figure 13. Example medium magnification EM image of vitreous cryo-section prepared by cryo-
ultramicrotomy with old/blunted diamond knife showing localised damage. Diamond knife
imperfections and/or damage cause slight variations in the thickness of the tissue and reveal,
purple arrow, the cutting direction. Red arrowhead, localised tear (‘crevice’) in the vitreous cryo-
section. Tissue onright side of tear has been lifted and/or deformed. Blue arrowhead, edge of 3.5
pm holey carbon foil supporting vitreous tissue cryo-section. White arrowhead, ice crystals
contaminating the surface of the crystalline ice. Green arrowhead, lipid membrane of subcellular
compartment or organelle in tissue. Brown arrowhead, putative myelinated axon. Scale bar, 250
nm.
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Figure 14. Fluorescence-targeted cryoFIB-SEM. A CryoSEM image of cryo-planed high-pressure
frozen brain tissue. Scale bar, 100 um. B Top left and right, cryo-fluorescence microscopy
(cryoFM) image of MX04-labelled amyloid and reflection image of sample surface, respectively.
Scale bar, 100 um. Red arrowheads, fiducial features used for alignment, middle left and right.
Red rectangle, MX04-labelled B-amyloid plague, shown as closeup, bottom left and right, cryoFM
and cryoSEM, respectively. Scale bar, 20 pm.
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Figure 15. A pipeline for in-tissue subtomogram averaging of amyloid. Dose-fractionated tilt-
series are pre-processed in Warp (Motion correction, CTF estimation, bad tilt
removal)[125,126] and alighed in AreTomo [127]. Filament coordinates are picked from
reconstructed tomograms in IMOD [122,209], initially representing the helical axis as a two-point
contour. PEET command “stalklnit” is used to estimate the filament centroid, that can be used
to average whole filaments and determine filament helical twist [157,158] (used later in RELION).
PEET command “addModPts” generates additional model points at user defined intervals along
the filament helical axis that can be used to generate an initial model. PEET refined coordinates
are extracted as subtomograms in Warp and used as input for helical reconstruction in RELION
[168]. Multi-particle refinement in M is used to refine particle poses, accounting for sample
geometry and CTF [126]. Final maps are validated with emplace_local, a log-likelihood gain (LLG)
score greater than 60 indicates a non-random fit of the model in the map [187,188,210].
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