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Abstract 
 
Produced through sustainable, simple and cheap methods, keratin is one of the naturally-derived 

biomaterials frequently used in the biomedical and pharmaceutical industries. Characteristic threadlike 

outgrowths of the outer layer of the skin (epidermis) that form the fur, hair, or wool of a mammal 

contain 95% keratin which develops from the follicle. Keratins are fibrous insoluble proteins belonging 

to the intermediate filament superfamily and based on their molecular weight and acidity, they are 

classified as Type I and Type II keratins. During hair morphogenesis, heterodimers of keratins associate 

to form tetramers which further polymerize to form unit-length filaments (ULFs), which are the 

monomer of keratin intermediate filament (KIFs). These KIFs mature into a fibre through either self-

assembly or extensive cross-linking with associated proteins, neither of which are well understood. 

A combination of TEM methods has contributed immensely to current existing knowledge on keratin 

assembly in hair. Artefacts arising from sample processing including fixation, dehydration, embedding, 

sectioning and staining reduce the resolution power of TEM from atomic scales to nanometres. 

Cryofixation by high-pressure freezing (HPF) followed by freeze substitution (FS) is a preferred method 

to prepare biological specimens for ultrastructural studies. As the first aim of this thesis, the feasibility 

of replacing chemical conventional method with HPF and dehydration with FS for preserving the 

ultrastructure and antigenic epitopes in developing wool fibres was investigated. The ultrastructure of 

keratin and cellular components in a developing wool fibre were observed to be preserved in a close-

to-native state. In addition to sample processing for TEM, the fidelity of the structural studies is 

critically dependent on minimising biological changes that may occur between follicle biopsy and TEM 

processing. Holding solutions play a key role to maintain follicle viability and function. HPF-FS 

enabled to assess the impact of selected holding solution on the wool follicle ultrastructure. 

The second aim of the thesis, enabled by the methods developed in the first part, was to characterize 

the interaction between hair keratins in the cortex of growing hairs. Since the antigenic epitopes were 

also well-preserved with HPF-FS, the distribution and interaction of first keratins of the hair cortex, 

Type I K35, Type II K85 and Type I K31, were investigated. Correlative light and electron microscopy 

in combination with darkfield TEM indicated that the initial keratin filament bundles in the early fibre 

cortex to be mainly composed of heterodimers of K31 and K85. In addition to keratins, increased 

distribution of a keratin-associated protein (KAP16.1) in a mutant variant was also established. Overall, 

HPF-FS was shown to be an excellent alternative to preserve both the ultrastructure and antigenic 

epitopes in wool follicles. Combined with dark field TEM, the organization of different keratins and 

KAPs in a developing fibre can easily be determined. 
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Structure of thesis 
This thesis was written in “thesis by publication” format and includes a review, three published 

research articles, two accepted and three submitted (unpublished) research articles. A general 

discussion and on-going work that could potentially lead to future publications is also included. 

Each chapter was referenced individually. The following table (Table 1) briefly outlines the 

details of the published and unpublished papers. 

Table 1 List of published and unpublished papers 

Chapter Journal  Status 
1.1 Journal of Structural Biology Published 2019 
1.2 Journal of Experimental Dermatology Under Review 2021 
2.1 Journal of Microscopy Published 2020 
2.2 Journal of Dermatology To be submitted 
3.1 Conference Proceeding-Springer Accepted 2020 
3.2 Journal of Histochemistry and Cytochemistry To be submitted 
3.3 Journal of Structural Biology To be submitted 
4.1 mBio Published 2020 
4.1 Conference Proceeding-Springer Accepted 2020 

 

Chapter 1 
This chapter provides an overview of wool follicle structure and the role of keratin intermediate 

filaments (KIFs) in hair fibre formation. It introduces wool follicle ultrastructure and stepwise 

expression of keratin intermediate filaments (KIFs) which self-assemble to form the cornified 

fibre. While transmission electron microscopy (TEM) has greatly advanced our knowledge of 

hair follicle morphogenesis, each processing step such as chemical fixation, dehydration and 

resin embedding distorts the delicate keratin structures and surrounding cells. This chapter also 

includes a review focusing on each stage of the TEM sample preparation process and their 

effects on the structural integrity of follicles.   

Chapter 1.1 

Keratin, belonging to intermediate filament (IF) family, makes up nearly three quarters of the 

entire IF superfamily in mammals. They conjoin to form the bulk of cytoplasmic epithelia and 

epidermal appendages such as hair and wool. Each wool follicle is a miniature organ, with 

several morphological components that act as a unit to produce a cornified hair fibre with cortex 

and cuticle. The cortex cells are filled with fibrous insoluble keratin protein and constitutes 

95% of the hair fibre. Heterodimers of Type I and Type II keratin supercoil and polymerizes 
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to form KIFs. A brief account of how these dimers polymerizes to form KIFs and macrofibril 

are discussed in this chapter. 

Significance 

Keratin is one of the naturally- derived biomaterials frequently used in the biomedical and 

pharmaceutical industries for different applications. The hair follicle, an epidermal appendage 

from sheep is an excellent and cheap source of keratin. Developing inside a follicle, keratins 

and associated structural proteins are expressed across multiple developmentally distinct cell 

layers. Neither fibre maturation progressing through KIF self-assembly nor the extensive cross 

linking with keratin associated proteins are well understood. While there are numerous 

publications  available on the ultrastructure of the hair fibre, relatively little is known about 

what happens on the early stages of KIF and macrofibril assembly.  This literature review 

covers the essential biological background to the problem on which the rest of the thesis 

focuses, namely the details of keratin interactions during both the initial and subsequent stages 

of macro-molecular structure development toward a structurally robust functional material. 

Chapter 1.2 

Transmission electron microscopy is widely used to understand the keratin assembly inside the 

cells. Ultrastructural details revealed from TEM imaging is mostly defined by the sample 

preparation method than by any adjustment possible during or following imaging. Over the 

years, ultrastructural investigation carried out on hair follicles were conventionally processed. 

The effect of inappropriate acquisition, preservation, fixation and post-processing results in 

severe structural disruption. This chapter focuses on the key steps of TEM sample preparation 

and how recent advancements enable to preserve hair follicles better. 

Significance 

Application of TEM-based technologies in hair follicle research is rapidly increasing. 

Processing follicles for TEM depends on the sample availability, application and nature of 

investigation. For instance, embedding follicles in epoxy resins are more suitable for 

ultrastructural studies while acrylic resins are for immunolabelling studies. This review could 

potentially aid in understanding the importance of each step in sample preparation, from 

chemical fixation to dehydration, resin embedding and staining, in preserving  the hair follicle 

ultrastructure. 
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Chapter 2 
The resolving power of high resolution TEM is indispensable to understand the systemic 

biology of hair follicle development. Standard TEM preparation involving chemical fixation, 

dehydration and resin embedding compromises ultrastructure. Parts of the process that occur 

before fixation, such as transportation of the skin biopsies from donor to the laboratory for 

dissection, also have an impact on structural integrity. Preserving the structural integrity of 

follicles in a biologically stable condition is essential to interpret the findings accurately. HPF-

FS has demonstrated to achieve almost native ultrastructural preservation. This chapter 

explores the effect of these variables on the follicle ultrastructure.  

Chapter 2.1 

In recent years, high-pressure freezing and freeze-substitution (HPF-FS) has been reported to 

preserve ultrastructure close-to-native state. Despite HPF-FS being available for more than 2 

decades, hair follicles were mostly subjected to conventional chemical methods for TEM 

analysis. This chapter demonstrates the feasibility of replacing conventional process with HPF 

and graded-solvent dehydration with FS for preserving the ultrastructure of hair follicles. 

Significance 

This is the first study to demonstrate the feasibility of HPF-FS in preserving the ultrastructures 

such as the hair follicle. The pros and cons of preserving the ultrastructural features of wool 

follicles through HPF-FS, compared against chemically preserved follicles, is emphasized. 

Importance of preserving the ultrastructure is further illustrated when the molecular, sub-

cellular and cellular organisation of keratins were visualized at a higher-resolution using 

electron tomography 

Chapter 2.2 

Hair follicle units are exposed to continuous physical and biochemical trauma from the moment 

they were harvested from the skin. It is important to maintain their viability and function, 

especially in case of delays pertaining to preparation for hair transplantations. The purpose of 

this chapter is to provide an overview on the impact of selected holding solutions on hair 

follicle ultrastructure. 

Significance 

The process of preserving hair follicles outside its physiological environment is critical for 

biomedical research and clinical applications. Numerous studies have been carried out to 

determine optimal preservation conditions of hair follicle using various holding solutions. 

However, information about the effect of these solutions on the ultrastructure is very limited. 
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This chapter highlights the effect of the different kinds of holding media on the follicle 

structure. Observation from TEM allowed the understanding of cellular response of various 

cell lines and cellular components within the hair follicle to each holding solution. The pros 

and cons of using different holding solutions are also identified. 

Chapter 3 
Multiple type I and type II trichocyte keratins expressed in the cortex of hair or wool follicle 

self-assemble to form hair fibre. However, specific roles of each keratin in fibre formation are 

unclear. With a combination of electron and fluorescent microscopic techniques, this chapter 

aims to localize trichocyte keratins and keratin-associated proteins (KAPs) at an ultrastructural 

level. 

Chapter 3.1 

The localization of keratins in hair/wool follicles have widely been investigated with 

cryosections at a molecular level using light/fluorescent microscopy. Reports of localization of 

trichocytes at an ultrastructural level is limited. Correlative light and electron microscopy 

(CLEM) and dark field scanning transmission electron microscopy (DF-STEM) are powerful 

tools to characterize protein localization at an ultrastructural level. This chapter exclusively 

focuses on using CLEM and DF-STEM to localize and correlate keratins at a molecular and 

ultrastructural level. 

Significance 

This is the first study to emphasize the benefits of using CLEM and DF-STEM in locating 

keratins at molecular and ultrastructural level. DF-STEM reduces the need for post-preparation 

processing such as uranyl acetate staining and silver enhancement for localizing the 

immunogold labels. In combination with HPF-FS, there is better resolution of the 

ultrastructural details of keratin localization in wool follicle. 

Chapter 3.2 

From the onset of differentiation, keratins first synthesized in the cortex cells associate to form 

heterodimers which further polymerize to form KIFs. The precise relationship between keratin 

distribution and their onset of keratin dimerization is not well understood. This study aims to 

use correlative fluorescent and electron microscopy (CLEM) to localize the distribution of 

keratins synthesized during the initial stages of filament formation. Polyclonal antibodies 

generated with unique sequences to target specific wool keratins were used for the 

immunolabelling analysis. 
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Significance 

The polyclonal antibodies generated using unique sequences to respective targets appear to 

specifically label keratins inside the wool cortex regions CLEM and DF-STEM. This enables 

the visualization of keratin distribution pattern within the fine fibrous structures in the cortex. 

Increased interaction between heterodimers K31/K85 during follicle growth and reduced 

association of K35 with the keratin bundle is in agreement with liquid crystalline hypothesis 

of filament assembly.  

Chapter 3.3 

Mutation in a single dominant autosomal gene results in loss of crimp wool. Wool crimp is an 

important morphological feature. The cortex morphology and KAP appears to be crucial in 

defining the wool curvature. TEM and ET was used to investigate any fine structural 

differences in follicle morphology between wildtype and mutant wool follicle. The distribution 

of an important morphological maker differentiating the crimp from straight wool was also 

investigated. 

Significance 

This is the first study to compare ultrastructural difference between wild-type and mutant 

follicle. The difference in assembly of KIFs in the upper bulb region and the distribution of 

KAP that accompany the change in curvature was remarkable. 

Chapter 4 
Discussion and future directions 

Appendix 
Accepted and published articles 

 

 

 

 

 

 

 

 

 



 

Chapter 1.1  
Keratins and hair follicle ultrastructure 
A hair is a biologically complex structure composed of multiple cell lineages that undergoes 

biological and chemical transformations to produce a cornified fibre. At the main structural 

level, a hair is divided into a permanent upper region and a variable lower region. The lower 

region generated in the follicle sac, buried 4 mm below the epidermis, is the actual factory that 

contains all the raw materials for hair shaft formation [1, 2]. Based on the stage of hair 

development and morphological features associated with it, an actively growing follicle is 

divided into different zones (Figure 1.1.1). Stem cells derived from the base of the follicle, 

called the bulb, mitotically divide a few times and differentiates into a keratinocyte cell line. 

These cells then adhere to the basement membrane and continue to mitotically divide in Zone 

A. In Zone B, the cells begin to differentiate to produce nine different specific cell types. The 

outer root sheath (ORS) is the outermost layer of the follicle and is followed by a single sheath 

of cell called the companion layer. The inner root sheath (IRS) lies adjacent to the companion 

layer and consists of three compartments, namely, the Henle layer, the Huxley layer, and the 

IRS cuticle. Only 20-30% of cell from the matrix form the cortex and cuticle. Expression of 

both Type I and Type II keratin is first seen in early Zone B.  These supercoil to form 

heterodimers which further associates to form a tetramer and a unit-length filament (ULF). The 

ULF further polymerizes to form keratin intermediate filament (KIF) [2-6]. Hardening of the 

Henle’s layer marks the end of Zone B and beginning of Zone C where most cell shapes 

changes get completed. From Zone C to Zone G, most of the biological processes gets replaced 

by chemical process to produce a cornified fibre composed of 95% keratins [7].  

Keratins are fibrous insoluble proteins belonging to the intermediate filaments. Based on their 

molecular weight and acidity, keratins are classified into Type I and Type II which form the 

bulk of cytoplasmic epithelia and epidermal structures of skin hair, wool and nails. Type I 

keratins are generally acidic and have lower molecular weight (40-62.5 kDa) compared to Type 

II proteins (50-70 kDa) which are mostly neutral- basic in nature [8, 9]. To date, 54 conserved 

genes identified in mammalian keratins, are distinguished as hair or epithelial keratins (Table 

1.1.1). Of these, Type I constitutes 28 and Type II has 26 proteins [10]. While the amino acid 

composition between keratin type varies, the amount of cysteine content between hair and 

epidermal keratins are strikingly different. Hair keratins, which make up a major part of the 
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hair or wool fibre, contain more cysteine residues. More than 95% of the cysteine residues 

which cross-link to form disulphide bridges drives the assembly of IF in hair different to 

structural network observed in the developing epithelia or other non-hair keratin cell lines [11, 

12]. 

 

Figure 1.1.1 Schematic representation of hair follicle anatomy. An actively growing hair follicle is divided into different zones 
based on the ultrastructure morphology and stage of development 

 

Table 1.1.1 Nomenclature of mammalian keratins 
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Keratin organization in mammalian hair 
Heterodimers of Type I and Type II keratins are the building blocks for Keratin IF formation 

(Figure 1.1.2). They supercoil to initially produce a α-keratin helix which are held together in 

a rod- like conformation and are flanked by N and C terminals. Units 1A, 1B and 2 are sub-

domains of the central rod and are interrupted by linkers L1, L2 and L12 [13, 14].  All the 

amino acids within the sub-domain are arranged with in a heptad sequence (a-b-c-d-e-f-g).  

Positions a and d are commonly occupied by hydrophobic residues and positions e and g by 

hydrophilic residues. The hydrophobic interactions between amino acids at sites a and d drive 

the assembly of chains into left- handed super coils.  Electrostatic interactions between the 

hydrophilic residues at e and g, stabilize and strengthen the heterodimer [14, 15].  A small 

discontinuity noticed in the phasing of the heptad substructure near rod domain 2 is called a 

stutter. This occurs mostly due to deletion of 3 amino acid residues resulting in a 11 residue 

hendecad motif. It is a highly conserved region and the structural rearrangement might possibly 

play specific roles in the elongation and rotational characteristics of keratins [13, 14, 16, 17].  

The heterodimers further assemble to form a half-staggered tetramer which further laterally 

associate to form unit-length filaments (ULFs) which anneal longitudinally and compact 

radially to form mature IFs in biological materials [3, 11, 13] . In addition to hard keratins, hair 

also contains keratin-associated proteins (KAPs). While the hard keratins are rich in cysteine, 

KAPs are highly rich in cysteine. Extensive disulphide cross-links between highly ordered 

keratin bundles and KAP transforms the IF into a supramolecular structure called macrofibrils. 

Macrofibril 
Macrofibrils are the principal structural component of the hair or wool cortex in which IFs are 

arranged as organized arrays embedded in a matrix composed of keratin-associated proteins 

(KAPs) [3]. Predominantly macrofibrils are classified as either orthocortex or paracortex cells 

(Figure 1.1.3). Separated by inter-macrofibrillar spaces, orthocortical cells are approximately 

cylindrical with IFs arranged in a double-twist arrangement that appears to be wound around 

central axis with a linear increase in helical pitch from the centre to periphery. In contrast, IFs 

in paracortical cells are pseudo-hexagonally packed in a lateral array (parallel to the macrofibril 

axis), and discrimination of individual macrofibrils is difficult because of a high level of fusion 

with neighbouring cells. [18-21]. More differences between ortho- and para- cortical cell types 

are listed below (Table 1.1.2). In poorly crimped wool fibre, another form of macrofibril occur 

and are referred to as mesocortex. These contain more tightly aligned macrofibrils, and 

hexagonally packed IFs compared to paracortex cells. They are typically present at the 
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boundary between the orthocortical and paracortical cells. Like paracortical cells, mesocortical 

cells often have prominent cytoplasmic remnants and usually account for no more than 4% of 

the fibre in fine wool. Coarse wool contain ≥ 30% meso- cortical cells [19]. The relative 

arrangement of orthocortex and paracortex cells also varies between different fibres. For 

instance, the bilateral distribution of ortho and para cortical cells are clearly demarcated in 

merino wool but are less clear in other mammalian hair including human scalp hair and other 

non-merino sheep wool such as mutant felting lustre wool, goat and alpaca hair. Differential 

distribution of ortho and paracortex cells, perhaps due to variation in keratin and KAP 

composition, also affects fibre properties [4, 22].  

 

Figure 1.1.2 Organization of trichocyte keratins in the cortex of mammalian hair (modified from [13]). (A) Type I and Type 
II keratins form heterodimers and are held together in a rod- like conformation and are stabilized by heptad and hendecad 
repeats. (B) Dimers form various tetramer configurations. (C) Tetramers further associate to form Unit-length filaments which 
interact with matrix to produce a mature trichocyte intermediate filament. (D)These IF further polymerize and extensively 
interact with KAPs to form mature macrofibrils. (E) The cortex cells of mature hair/wool fibre are primarily composed of 
macrofibril bundles. 
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Figure 1.1.3  A transverse section showing macrofibrils aligned as 
orthocortex (arrow) and paracortex cells (arrowhead) in Merino wool fibre. 

 

Table 1.1.2 Differences between orthocortex and paracortex cells 

Paracortex Orthocortex 

Non-keratinous material concentrated in prominent 
regions of variable size (nuclear remnants) 

Nuclear remnants are less apparent as non-keratinous 
material is distributed between the macrofibrils 

Macrofibrils not well defined and have fused 
appearance 

Intermacrofibrillar material clearly delineates 
macrofibrils. 

IF are largely random with an occasional hexagonal 
pattern 

IF are poorly resolved and are grouped together in a 
whorl-like pattern 

Higher proportion of matrix, and hence a greater 
proportion of high-sulphur proteins 

Higher proportion of intermediate filaments and are 
therefore richer in the low-sulphur proteins that 
favour α-helix formation 

 

To understand how these differences in cell distribution influence fibre properties, it is 

important to characterize the macrofibril self-assembly in the follicle. Organization of KIFs 

into macrofibrils is poorly resolved. Among various models proposed, the role of lyotropic 

liquid crystal theory is widely recognized [3, 4, 11, 12]. According to this theory, keratin 

synthesized at the early stages of cortex differentiation self-assemble into an oriented liquid 

crystalline (meso)phase. These lyotropic liquid crystals (tatcoids), which appear as elongated 

droplets, are composed of short IFs of polymerized monomer units (ULFs) assembled from 

dimeric and tetrameric keratin precursors.  Keratins, Type I K35 and Type II 85 shortly 

followed by K31, are first expressed in the cortex region in Zone B. According to this 

hypothesis, these ULFs developing in the cytoplasm, transforms into tactoids at a certain 
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concentration. Type I K35 which have a big head group is proposed to act as an initiator in 

filament formation [3, 11].  

 

Figure 1.1.4 Determination of twist direction in double twist macrofibrils of wool and human scalp hair from tomograms. (A) 
Clearly defined macrofibrils from each tomogram were examined. (B) As the slices are viewed as a movie, the apparent 
clockwise or counterclockwise direction indicates a twist direction. (C) Slice from a tomogram showing an example of a well-
defined helical marker (with inset showing details), and a model of DNA (generated with sequence specified in [23]) with data 
from another marker superimposed for scale. Markers were confirmed by the presence of a 57 nm pitch length.  
 

Interaction between the KIFs results in a double-twist architecture with mixed handedness in a 

keratin mesophase structure. Data mining the existing data in chronological order, it was 

revealed that tomograms before 12th October 2004 were left handed and from there after were 

all right handed. While this clearly demonstrates the mixed handedness to artefacts of 

tomography, the correct handedness of the chiral twist is yet unknown. Electron tomographic 

reconstructions of left-handed helical twist direction marker composed of DNA origami 

decorated with gold nanoparticles (GATTAquant GmbH, Braunschweig, Germany) is 

established to easily identify the handedness of biological samples without segmentation or sub 

volume averaging [23]. In order to confirm the correct handedness, tomograms of 10nm DNA 

origami gold nanoparticles of known (left) handedness along with macrofibrils from hair (right 
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handed) and wool (left handed) were recorded over a tilt range of −60° to +60° at 1° intervals 

under the same conditions using Joel 2200FS 200KV TEM (JEOL, Japan). The reconstructions 

analyzed from the new tomograms showed that the left-handed marker and the macrofibrils of 

hair and wool all had a right-handed twist (Figure 1.1.4) and the mixed handedness previously 

observed is a mirroring artefact introduced at the level of the microscope optics, camera, 

sampling regime, or reconstruction process. The double-twist tactoids of same handedness 

further coalesce into a larger structure by merging end-to-end ultimately crosslinking with 

KAPs to form mature macrofibrils [4]. While mesophase-based macrofibril formation theory 

is promising, it is yet to be experimentally tested.  

Organization of keratins and their localization can be evaluated using a combination of TEM, 

electron tomography and immunoelectron microscopy at an ultrastructural level. Since it is 

from zone B from where cortical cells get aligned and organised into bundles to form 

macrofibrils, KIF assembly should be first evaluated at this point. Since the phase where the 

fibres grow actively (anagen) typically lasts for several years in sheep, the morphology of the 

wool remains relatively constant and is an excellent model system to study the self- assembly 

mechanism. A wool follicle is a complex miniature organ with high mobility of keratins and 

processing follicles for TEM likely alters the sample characteristics. The fidelity of the 

structural studies is critically dependent on the reproducibility of well-preserved ultrastructure 

and antigenic epitope’s retention. Thus, a method for preserving the ultrastructure of the wool 

follicle close to its environmental condition must first be determined and optimized. The 

influence of different processing steps in TEM sample preparation is exclusively reviewed in 

the following chapter. 
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Abstract 
Transmission electron microscopy (TEM) has greatly advanced our knowledge of hair growth 

and follicle morphogenesis, but complex preparations such as fixation, dehydration and 

embedding compromise ultrastructure. While recent developments with cryofixation have been 

shown to preserve the ultrastructure of biological materials close to native state, they do have 

limitations. This review will focus on each stage of the TEM sample preparation process and 

their effects on the structural integrity of follicles. 
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Abbreviations: 
° Degree 

° C Degree Celsius 

% Percent 

C Carbon 

CLEM Correlative light and electron microscope 

Cx Cortex 

DDSA Dodecenylsuccinic anhydride  

DF-STEM Dark-field scanning transmission electron microscope 

DP Dermal papilla 

EM Electron microscope 

FS Freeze substitution 

H Hydrogen 

He Henle’s layer 

HH Hardened Henle’s 

HPF High-pressure freezing 

HPF-FS High-pressure freezing and freeze substitution 

Hx Huxley’s layer 

IEM Immunoelectron microscopy 

IRS Inner root sheath 

IRSc Inner root sheath cuticle 

K Keratins 

KAP Keratin-associated protein 

KIF Keratin intermediate filament 

µm micrometre 

M Mitochondria 

mM millimolar 

mm millimetre 

min minutes 

nm nanometre 

N Nitrogen 

O Oxygen 

OsO4 Osmium tetroxide 
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TEM Transmission electron microscope 

UV Ultraviolet 

VEM Volume electron microscope 

 

Introduction 
For decades, transmission electron microscopy (TEM) has been extensively used to investigate 

hair follicle morphogenesis (Figure 1.2.1). The repertoire of electron microscopy-based 

technologies is rapidly growing (e.g., electron tomography, volume microscopy, elemental 

mapping). As these new approaches are incorporated into hair follicle research it is timely to 

remind ourselves that success and data quality from TEM is determined more by the sample 

preparation method than by any adjustment possible during or following imaging. When 

imaging we hope to see morphology frozen in place as in life and to a spatial scale less than a 

nanometre. Yet every step between in vivo and imaging introduces artefacts. Some artefacts 

result from the limitations of chemistry/physics techniques and from the nature of the samples; 

others are introduced deliberately, such as heavy metals to contrast sub-cellular structures (e.g., 

proteins or membranes) that are naturally composed of low atomic weight and largely electron 

lucent elements (e.g., H, C, N, O).  

The morphogenesis of a hair from the follicle bulb to mature shaft is a complicated process and 

the anagen phase follicle that actively grows hair is a challenging structure for TEM[1-3]; more 

challenging than the TEM of above-skin hair fibres, which can be cleaned, dehydrated and 

embedded into a resin [4-7]. For convenience, we focus on a discussion of TEM sample 

preparation techniques for assessing the anagen VI stage follicle, but most points apply to any 

stage in the follicle cycle. 

Follicles contain multiple cell types, each with their own variable phenotype. Most of the 

epithelial cell types undergo programmed cell death and transform into cornified material 

without turgor, but with high density and innate chemical crosslinks. The epithelial cells 

making up the proximal follicle bulb region are alive and undergo continuous cell division, 

with daughter cells differentiating as they migrate distally. Developing cells of the hair shaft 

and inner root-sheath (IRS) gradually fill with structural keratins as they migrate distally 

toward the skin surface, resulting in a density gradient that acts as a barrier for fixative 

diffusion, making it challenging to achieve uniform fixation. Alongside keratin accumulation, 

degradation of the cytoplasm is a natural part of the maturation of the shaft and IRS, but this 

natural process can be difficult to discriminate from poor sample processing. Subsequent 
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fixative crosslinking and shrinkage resulting from dehydration can alter elements of follicle 

morphology. Furthermore, artefacts from embedding, sectioning and staining reduce the 

resolution power of TEM from atomic to nanometres scale [8]. This review covers 

developments in sample preparation methods (Figure 1.2.2), starting with follicle collection 

and up to imaging, examining the factors leading to high resolution TEM of the mammalian 

hair follicle. 

 

 
Figure 1.2.1 A timeline of selected events highlighting the importance of TEM in hair follicle research. 
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Figure 1.2.2 Different steps involved in processing follicles to be viewed under TEM. The processing step 

from fixation to resin embedding is dependent on the application and TEM technique to be used.  

Sampling 
The morphology of hair follicles from a wide range of mammals has been studied including 

human, sheep, goat, hare, guinea pig, pig, horse, mouse and rat. TEM studies on follicles from 

these sources have been carried out in different contexts: human hair is extensively studied in 

the context of dermatological, forensic and cosmeceutical endpoints, and wool in a textile 

industry context [9]. Rodent hair is widely used as a model for human hair in medical and 

cosmetic research [10]. Here, we will refer to all mammalian follicles as a hair follicle. Prior 

to TEM processing, hair follicles were either isolated from surrounding skin by mechanical 

plucking or are microdissected from a biopsy or excised skin [11]. 

Plucking  
Plucking is used in medical research and for obtaining a surrogate tissue in drug development 

[12]. The analysis of plucks is also important in forensic science [13]. The advantages of 

plucking are that collection is fast, can be done at clinical scale, is less invasive than biopsies 

and yields tissue from a single hair follicle without any surrounding tissues. Unfortunately, 

plucks rarely include intact follicles and damage is typically inflicted to the sample [12, 14]. 

Upon plucking, anagen phase follicles of scalp and beard hairs break from the skin laterally 
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and across the bulb. Lateral breakage is normally along the companion layer, although various 

amounts of outer root sheath may be included [15, 16]. The majority of transverse breaks occur 

near Auber’s critical level and plucks include only epithelial cell types. The break is often 

along, or close to the thickened basement membrane of the distal dermal papilla. While 

inconsistent plucking may account for variability in break pattern, it should be remembered 

that the proliferative activity of the hair does not remain constant throughout the anagen phase. 

Variation in cell biology within the germinative cell matrix might contribute to variation and 

fragility near bulb region [17]. 

Apart from the morphology, plucked wool follicles are proteomically distinct from dissected 

follicles [18]. Plucks have fewer cell types than intact follicles, but TEM observation of pluck 

bulb cytoplasm suggest wide-spread extraction of material which may also contribute to 

morphological disruption [19]. Despite these limitations, plucked follicles do provide sufficient 

cellular information to permit detailed scientific investigations using TEM to investigate 

regions distal of the dermal papilla.  

Biopsy 
Visualization of intact hair follicles and their supporting and surrounding structures with high 

spatial resolution is only possible from a skin biopsy. Biopsies are primarily collected by punch 

or excision. The size and nature of the hair material required dictates the technique 

implemented. A punch biopsy is a rapid and reproducible method to obtain uniform shaped 

skin samples containing intact follicles [12, 20, 21]. In this technique, skin is extracted using a 

disposable or sterilizable punch. Care must be taken to ensure the biopsy contains both the 

subcutaneous fat and the entire follicle unit within. While skin biopsies range between 2 mm – 

1 cm, 4 mm punches are widely used in hair follicle studies [20, 22-25]. In addition to bleeding, 

swelling and tenderness, a major limitation to punch biopsy is the risk of infection to the host 

at the punch site. The quantity of follicles dissected is at times inadequate for multiple studies 

[20, 21]. Excisional biopsies are preferred when more follicles are required from a single 

biopsy site, such as for simultaneous culturing, histopathology and immunofluorescence. The 

skin is mostly excised from dead or euthanized subjects, or plastic surgery waste [11, 26-32]. 

Biopsy procedures require professionally trained accredited personnel [21, 33].  

While follicles obtained through plucking can be placed directly into chemical or cryogenic 

fixation processes, follicles in biopsies need to be microdissected to reduce their volume and 

isolate individual follicles [34, 35]. Dissection time is an important factor to be considered. 

Extrinsic contextual and positional cues from surrounding epithelial matrix affect follicle 



 
 

21 

biology [36]. Superficial perfusion of fixatives into a biopsy immediately following collection 

may reduce the risks of autolytic degradation and enhance fixation [25, 32, 37]. Alternatively, 

the excised skin may be submerged in cell culture media for dissection; preserving viability, 

and allowing the follicles maintain their morphogenic integrity for few days [11, 35, 38-40].  

Fixation 
Cryogenic 
Cryofixation is currently regarded as the best method to preserve the ultrastructure of biological 

samples. Bypassing the reactive chemistry of conventional fixation and instantaneously 

arresting cellular processes, cryofixation provides the temporal control needed to capture short-

lived biological events in a dynamic process [41, 42]. Plunge-freezing is a standard 

cryofixation technique for proteins and viruses that has also been used to preserve keratin 

intermediate filaments (KIFs) isolated from rat vibrissae and human hair follicles [43]. 

Examination of KIFs using cryo-TEM revealed KIFs decorated with associated proteins and 

exhibiting helical repeat with a 9.3 nm pitch length to have a low-density core. In addition, 

differences between in vitro and in vivo filament assembly was clearly illustrated [43]. 

Cryofixation by plunge freezing is limited to thin samples of no more than a few micrometres 

across due to the high rate of heat transfer required to vitrify hydrated biological material [44]. 

The relatively recent technology of high-pressure freezing (HPF) allows for samples of ~200 

µm thick by about 1000 µm to be readily vitrified when subjected to high pressure (~ 2000 bar) 

and  rapidly frozen. At such high pressure, ice crystal nucleation and growth are slowed 

enabling large cells or tissues under 200 µm to be readily frozen for high-resolution TEM. 

While the efficacy of heat extraction from cylindrical samples, which encompasses a small 

follicle bulb [25], is higher and expected to provide better freezing of biological samples, not 

all hair samples are <200 µm. They range from 60 µm in humans to 400 µm in giraffes and 

elephants [45]. Samples larger than 200 µm cannot be frozen without visible ice-crystal 

damage. While preservation of samples with intrinsic cryoprotects are anticipated to vitrify 

part of thicker tissues, specimen carrier loaded with too much material will not close 

completely and when forced might cause the sample to squash prior to freezing [44, 46, 47]. 

In cryo-TEM the low signal-to-noise ratio remains the greatest challenge due to low-electron 

dose and poor contrast. The requirement that samples remain vitreous prevents the application 

of contrast enhancers or probes [48, 49].   
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Chemical 
Chemical fixation followed by embedding and sectioning is the most used TEM processing 

approach to investigate hair biology. Osmium tetroxide (OsO4) was historically the most 

widely used primary fixative for biological specimens, largely by reaction with unsaturated 

carbon–carbon bonds. As a heavy metal, deposited osmium is also an electron-dense stain that 

increases the contrast of cysteine-rich proteins and lipids, but can damage the cytoplasmic 

matrix, microtubules, actin and the continuity of membrane systems [50-52]. Sulfur chemistry 

plays an important role in hair growth; trichocyte keratins and KAPs have extremely high levels 

of cysteine [53]. OsO4 is an oxidizing agent and is rapidly reduced by the free sulfhydryl group 

of cysteine. Oxidation of cysteine to cysteic acid by OsO4 has a measured half time of 10 

minutes in actin filaments. Oxidative modifications to keratins and KAPs not only affect 

structure in mature hair shafts [54], but also cause widespread peptide backbone cleavage and 

affect the secondary structure of both the soluble and membrane proteins[55]. Moreover, 

additives such as potassium dichromate that mitigate OsO4’s slow penetration rate and protein 

extraction, also yield lower contrast, resulting in osmium dioxide deposits during dehydration 

[52] and detrimentally affects sectioning [56, 57]. Thus, OsO4 alone is not ideal as a primary 

fixative for hair follicles. 

Following an extensive study by Sabatini, Bensch [58], aldehydes have been routinely used as 

primary fixatives [52, 58, 59]. Formaldehyde rapidly penetrates membranes and tissues, but 

having a single reactive group makes it a relatively weak fixative. Although poor fixation 

results in reduced ultrastructure preservation, antigenicity is better preserved. For this reason, 

formaldehyde alone is often used for immunohistochemical analyses [60]. While most of the 

of keratins and KAPs in human hair follicles may be resolved using antibody probes at an 

ultrastructural level [15], in some cases certain keratins (K32 and K82) and KAP (KAP1) 

cannot be labelled [61, 62]. The cause of labelling resistance is unresolved but it may be due 

to reshaping of epitopes due to keratinization or due to formaldehyde-mediated masking of 

epitopes through the formation of irreversible methylene crosslinks that can block antigenic 

activity [63]. Impurities in diluted formaldehyde also interfere with immunological methods 

and impair fixation for TEM [64].  

Glutaraldehyde’s two aldehyde groups make it a stronger cross-linker of proteins, especially 

of cysteine residues. While it rapidly reacts with proteins, glutaraldehyde diffuses into tissue 

more slowly than formaldehyde. Because of the heterogenous density of follicles, this issue 

may be important to consider, and, in addition, at least one study has suggested that keratin 

molecules may be chemically modified following glutaraldehyde fixation. In that study, 
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epidermal keratins of new-born rats were observed to be degraded on post fixation with OsO4 

over 2 hours[30]. Increasing glutaraldehyde concentration (>2%), might cause more alterations 

to protein conformation, with the formation of structure-disrupting intramolecular bonds [52, 

59, 65, 66]. It is also not well-suited for immunohistochemical studies because it causes 

autofluorescence, masks antigens and any remaining free aldehyde groups cause non-specific 

binding of antibodies [64]. Abrogation of antigenic epitope masking by glutaraldehyde in 

tissues post-osmium fixation may be achieved using sodium metaperiodate[65], but we did not 

find any study using this approach on hair follicles.  

Karnovsky’s fixative [67], a combination of glutaraldehyde and formaldehyde, has become the 

standard fixative for follicles because it rapidly preserves a wide range of fine ultrastructural 

details of cellular organelles, association of gap junctions with cytoplasmic vesicles and 

variations in plasma membrane measurements in different cell types in hair follicles [24, 25, 

34, 35, 38, 68, 69]. However, Karnovsky’s fixative has a high osmolality and osmotic action 

of the ions on the tissue and can cause shrinkage [70, 71]. Often a secondary fixation step with 

OsO4 followed by uranyl acetate is applied to improve the quality of preservation [52]. 

However, care must be taken because OsO4 rapidly reacts with unreacted glutaraldehyde 

leading to non-specific osmium staining and depleting the fixative available to tissues. 

Removal of excess aldehyde through washing and low temperature (e.g., 4°C) secondary 

fixation helps avoid these issues.  

Cryo-chemical approach 
A hybrid fixation approach, in which follicles are cryogenically fixed using a high-pressure 

freezer and then prepared for ambient temperature microscopy through freeze-substitution can 

be used for ultrastructural and immunohistochemical TEM [25, 72]. Sample preparation for 

different imaging endpoints is achieved by varying the freeze substitution protocol. For 

ultrastructural studies a cold (-90°C) cocktail of acetone, glutaraldehyde and OsO4 is used. This 

results in keratins and cellular organelles such as mitochondria and desmosomes preserved in 

a close-to-native state. Pre-fixation of complex biological samples with aldehydes prior to high 

pressure freezing benefitted the preservation of some highly labile and delicate structures [73, 

74] in non-follicle samples, but in follicles, resulted in tissue deterioration and damage from 

ice-crystal formation [25]. Since the antigenicity of high-pressure frozen tissue remains largely 

unaltered, this method works well for immunogold electron microscopy (IEM) of follicles, but 

requires a different freeze-substitution cocktail (e.g., uranyl acetate and methanol) [72]. 
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Choice of buffers 
Buffers are used as a vehicle for fixative and washes, and play a vital role in balancing the pH 

of the system. The KIFs and keratin-associated proteins (KAPs) in a hair follicle cover a range 

of isoelectric points (4.5-5.5 for Type I, between 5.0-8.0 for Type II and ~9 for some KAPs) 

[75, 76]. While the effect of buffers on each KIFs and KAP with a variable pI is unknown, the 

keratin extractability from the hair fibre increases at pH < 5.0 [77]. Structural changes including 

the binding affinity and the number of available binding sites have also been reported[78]. 

Hence, it is important to consider the effects of pH on hair keratin while choosing a buffer. 

Univalent veronal acetate buffer is suited for use at low pH (4.2-5.2) but has not been widely 

adopted because historically hair follicles were buffered with osmium between pH 7.2 and 7.5 

and veronal acetate is inoperative at this pH [26, 50, 65, 79-82]. 

Cacodylate is the most popular vehicle for follicle fixation, especially for Karnovsky’s fixative, 

and has the advantage of having a slightly increased buffering capacity at lower pH. 

Disadvantages are that cacodylate contains arsenic and is therefore hazardous, and in unfixed 

samples, it can alter cell permeability resulting in redistribution of material along osmotic 

gradients, affecting chemical reactivity [52, 82, 83].  

The use of phosphate buffers has largely been limited to immunogold electron microscopy [61, 

62, 84, 85]. Phosphate buffers have not been widely used in ultrastructural investigations 

because of their incompatibility with uranyl acetate and a difficulty in controlling their ionic 

strength [82]. S-collidine has also been used as a buffer for follicle fixation[30] but, although 

its buffering capacity is within the biological range (6.0-8.0), sub-cellular components are 

excessively extracted in comparison with other buffers [82, 83, 86]. 

Dehydration and freeze-substitution 
The limited application of cryo-TEM for follicles means that most studies use samples 

embedded in resin. Resin incompatibility with water means that follicles must be dehydrated 

before they are infiltrated with resin. It is during this dehydration process, effectively a solvent 

exchange, where the hierarchical structure of the hair follicle can be a potential problem. Along 

the axis of hair growth there are natural changes in local density within the shaft and 

surrounding sheaths associated with keratinization via oxidation and cross-linking of the 

keratin and cornification resulting in turgor loss [87, 88]. Even before keratinization, 

polymerisation of keratins from dimers to unit-length filaments (the monomer of a KIF) is 

thought to release water molecules [89]. Because water and its flow is important to hair growth, 

dehydration-induced morphological degradation [90] is of particular concern for follicles. 



 
 

25 

Graded series of ethanol and acetone are commonly used for solvent-exchange dehydration. 

Ethanol dehydration causes significant shrinkage and morphological changes via extraction 

and osmotic effects [91-93]. In addition, loss of bound water molecules may contribute to 

irreversible alteration of epitopes and inhibit immunolabelling detection [94].  

An approach that combines acetone and hexylene glycol has been effective for dehydrating 

wool follicles [25, 68]. Hexylene glycol is a class of alcohol that acts as an emulsifier. Since it 

is miscible with both water and lipid molecules, it can solubilize sebaceous and adipocyte lipids 

that potentially act as a barrier to dehydration [95-99].  

Interactions of solvents with fixatives is another potential source of artefacts. For instance, 

interaction between acetone and  uranyl acetate results in uranium salt precipitation [25, 92, 

100]. One advantage of freeze-substitution is that solvent-fixative or fixative-fixative 

interactions do not occur at low temperatures [44, 101]. Acetone and methanol are widely 

preferred as solvents for freeze-substitution. Swelling and shrinkage associated with liquid 

water and solvent moving through structures was greatly reduced in wool follicles following 

freeze-substitution [25, 72].  

Tissue embedding 
Most early TEM tissue studies used methacrylate monomers for embedding hair follicles [50, 

79, 80, 102, 103], but heterogeneous polymerization, shrinkage, support issues, and resin 

degradation under electron bombardment contaminated the samples [104, 105]. Hence, this 

embedding technique was superseded by the use of epoxy and by other acrylic resins. 

When examining older protocols, aromatic araldite epoxy resin was commonly mixed with 

dodecenylsuccinic anhydride (DDSA). Prolonged embedding processes resulted from DDSA’s 

high viscosity and its limited compatibility with ethanol [79, 102, 103]. Substitution of DDSA 

and an amine accelerator (e.g., benzyldimethylamine) with modern aliphatic epoxy resins (e.g., 

Embed 812) resulted in better infiltration, reduced curing temperatures, less shrinkage, less 

section compression, less electron beam-induced section damage and better imaging contrast 

than Araldite resin [6, 24, 81, 105-107]. Varying the anhydride and accelerator has resulted in 

several low viscosity embedding media. Most notably Spurr’s low viscosity resin, which has 

been used in studies involving epithelial-mesenchyme interactions in hair follicles[36, 108, 

109]. Although it has excellent infiltration and stability, the contrast of Spurr’s embedded 

samples is lower than in Araldite or Epon sections, and its reputation as a carcinogen has 

limited its use [110, 111]. 
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Hair follicles have also been embedded in acrylic resin—transparent, colourless polymers 

formed from substituted derivatives of acrylic acid. Unlike epoxy, which polymerizes at 60°C, 

these low viscosity resins infiltrate and polymerize at lower temperatures, either by heat or UV 

irradiation [112]. There are reports of wool follicles embedded in LR white polymerized at 

55°C and of human hair follicles in Lowicryl resin and UV polymerized below 4°C [61, 113, 

114]. Because acrylic resin is harder than typical epoxy, it has a rougher surface and increased 

antigenic epitope accessibility making them more suitable for immunolabelling 

experiments[115]. Lowicryl resin, in particular, does not co-polymerize with the biological 

sample, helping to preserve antigenicity and results in higher labelling efficacy with trichocyte 

keratin antibodies in follicles [61, 116]. 

Sectioning 
Orientation of follicles to create sections within which precise locations associated with hair 

development stages can be identified is critical, and yet the challenges of this processing step 

are largely underappreciated. Longitudinal sections of follicles are used to assess changes at 

dermo-epidermal junctions and morphological criteria during follicle growth and cycle [117]. 

For histological and TEM investigation of anagen follicles, it is important to identify at least 

three landmarks that allow interpretation of hair growth stages: Auber’s critical level marking 

the distal extent of the germinative matrix; Orwin’s threshold marking the top of the bulb [118]; 

and Adamson’s fringe marking hair shaft and IRS terminal cornification [3]. However, when 

a follicle is curved in three-dimensional space, creating an optimal longitudinal section is 

highly challenging. In follicles growing curved hairs, the follicle axis is no longer in plane with 

the dermal papilla. Thus, when sectioning through the mid-dermal papilla, most of the region 

above the keratogenous zone might be out of the section [119]. Obtaining a complete 

longitudinal section to assess the morphology of hair follicle is very tricky. Sheep and cattle 

follicles (which produce relatively straight hairs) can have high levels of curvature in the 

follicle bulb [40]. While human scalp follicles that grow straight hairs are often symmetrical 

around the long axis of the hair follicle, they do also have curved follicles, even within the 

same biopsy [119, 120]. Although the straight follicles are easier to orient, the hair follicle 

needs to be adjusted according to mid-dermal papilla axis (Figure 1.2.3). Hence, care must be 

taken even with straight follicles, especially if the amount of follicles for diagnosis of hair 

related medical disorders or forensic investigations is very limited [117, 120]. 
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Figure 1.2.3 Challenges with longitudinal sectioning. When the follicle is angled along the fibre axis (1 

& 2), the mid-dermal papilla axis is not in plane. However, when angle was aligned to mid-dermal papilla (3 & 

4), the germinative matrix and cells differentiating in the IRS and cortex are clearly distinguishable with TEM. 

Transverse cross-sections complement longitudinal sectioning in the evaluation of hair related 

phenotypic changes or disorders. Often such assessments are of changes in follicle architecture 

at histological scale including the relative size of the follicles, proportion of follicles reduced 

in diameter and variation in diameter [117, 121-123]. For TEM, serial sectioning is required to 

plot the precise location (stage of hair growth) of the section within an anagen follicle. This 

approach is very time-resource intensive but has been used to precisely measure cell-

morphological changes within the elongation zone and also fine details of cuticle development 

in wool follicles [124, 125]. The selection of an optimal sectioning method and the ability to 

clearly locate pertinent landmarks is critical to generate reasonable data for analysing hair 

follicles, especially on differentiation, pigmentation or cell death abnormalities.  

Post-staining  
Prior to the 1960s, grids were not subjected to post staining for TEM. The interaction between 

the cysteine-rich trichocytes with OsO4, used as primary fixative, provided sufficient contrast 

for TEM [6, 50, 81, 102, 103, 126]. However, the additional level of ultrastructural detail 

acquired following post-staining with uranyl acetate and lead citrate was remarkable [25, 34, 

68, 127]. For immunoelectron microscopy, follicular sections were first labelled with primary 

and secondary antibodies [62, 113, 128]. If silver enhancement was required, grids were post-

stained immediately following this procedure [61]. Recently, it has been established that dark-
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field scanning TEM (DF-STEM) produces sufficient contrast to detect ultra-small gold labels, 

about 5 nm gold, in an unstained section without requiring silver-enhancement procedures [72]. 

Table 1.1.1 TEM techniques used in ultrastructural analysis- their advantages and pitfalls. 

Technique Particulars Pitfalls Relevance References 

Bright-field 
transmission 
electron 
microscopy 
(TEM)  

Routinely used to identify 
sub-cellular structures. 
Similarities or variations 
between structures 
distinguished. 

2D projections not 
sufficient to understand 3D 
structure-function 
relationships. 

Cellular changes inside hair 
follicle during cell division, 
differentiation and 
cornification first 
established. 

[25, 34, 98, 
103] 

Cryo-TEM Instantaneously arrests 
cellular processes; 
captures short-lived 
biological events in a 
dynamic process. Isolated 
cells or protein and 
tissues preserved "close-
to-native" state. 

Low electron dose usage 
reduces resolution. 
Not feasible to incorporate 
contrast enhancers or 
probes. 
Size of sample to be 
vitrified only few 
micrometres depth. 

Suited for isolated sub-
cellular structure, e.g., used 
to show low-density core of 
KIFs. Contrast not enough 
to resolve the fine details of 
KIFs. 

[43, 48, 49, 
129] 

Electron 
tomography  

3D reconstruction of 
chemically or cryo-
chemical fixed samples 
using a tilt series. 

Missing wedge (due to 
restricted tilt angle range) 
and section thickness-
resolution trade off. 
Limited field view (volume 
thickness 150-300 nm). 
Long complex process to 
create tomogram. 

The direction of helical 
twist in orthocortex cells 
revealed to be left-handed 
KIFs interaction in HPF-FS 
hair follicle resolved to sub-
nanometer resolution. 

[25, 130] 

Cryo-
electron 
tomography 

Enables 3D 
reconstruction of cellular 
and sub-cellular 
structures by tilt series. 
Hydrated vitreous frozen 
sample retains native 
structure of samples. 

Low contrast due to low 
electron dose used. Regular 
ultrathin sections decrease 
precision in image 
alignment. 

3D reconstruction of KIFs 
from vitreous section but 
resolution not high enough 
to resolve fine details of IFs. 

[48, 129] 

Volume 
electron 
microscopy 
(VEM) 

Enables 3D visualization 
of large volumes of data. 
Automation of sectioning 
and imaging.  
Focussed ion-beam SEM 
(FIB-SEM) can be used for 
imaging fully hydrated 
frozen specimen. 
Contrast enhancement 
followed by HPF-FS 
possible for better 
ultrastructural 
preservation.  

Sample destroyed during 
imaging.  
Samples en-bloc processing 
similar to conventional TEM 
for both serial blockface 
and FIB-SEM. Not possible 
to apply “section staining”. 
Vitreous samples imaged 
with FIB-SEM presents with 
sample charging and 
contrast issues. 

An emerging area. VEM on 
hair or hair follicles yet to 
be reported.  
Valuable tool in 
understanding hair biology. 

[131, 132] 

Correlative 
light and 
electron 
microscopy 
(CLEM)  

Specific proteins localized 
at an ultrastructure level 
using nano gold markers. 
With a fluorescent tag 
both histological and 
ultralocation of proteins 
detected. 
Apart from 
immunolabelling, TEM 
could be correlated with 
AFM and other 
techniques. 

Post-staining and silver 
enhancement potentially 
introduced new artefacts 
with immunogold electron 
microscopy (IEM) but could 
be overcome using dark-
field TEM. Gold labelling is 
expensive. 

Molecular and 
ultralocalization of keratins 
identified. 
With dark field TEM, gold 
markers as small as 5 nm 
could be visualized.  
E.g., Changes in KIF 
architecture (x-ray 
scattering) linked to local 
mechanical behaviour 
(AFM). 

[61, 62, 72, 
87]  
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Overview of TEM techniques and conclusion 
Hair follicles may be examined using various TEM imaging methods including basic 

conventional TEM, cryo-TEM, electron tomography, volume electron microscopy and 

correlative light electron microscopy (CLEM). Each technique has its own pros and cons 

(Table 1.2.1) and it is important to consider the data required before deciding for a particular 

technique. For instance, TEM has routinely been used to identify a few ultrastructural 

variations between follicles of same or different species [133]. At times, 2D projections were 

insufficient to understand their functionality. For instance, while the association between 

desmosomes and keratins is well-established, their network organization is largely unknown. 

The development of electron tomography and volume microscopy has aided in the 3D 

visualization of the precise geometry of complex macromolecular, subcellular or cellular 

structures including interaction of keratins and desmosomes [25, 131, 134, 135]. CLEM of 

high-pressure frozen and freeze-substituted samples, rather than a conventionally processed 

sample, can be ideal for simultaneously preserving the ultrastructural and antigenic epitopes; 

and dark-field scanning transmission electron microscopy (DF-STEM) then enables 

visualization of immuno-gold markers at high-resolution without the need for any post-staining 

or silver enhancement procedures [71].  

While advancements in electron tomography have enabled the 3D visualization of 

macromolecular process, a limited sampling volume limits the investigation of features that 

span more than a few micrometres. This could be overcome with emerging volume electron 

microscopic techniques (VEM) such as SEM block face-based volume microscopy and 

correlative microscopy. Since VEM could provide a snapshot on the shape and organization of 

keratin and multiple subcellular structures in different cell types at the same time, it permits 

the correlation of structure-function information regarding KIF formation over whole-tissue 

distances within an ultrastructural reference space. While processing hair follicles for VEM is 

very challenging and yet to be reported, accurate reconstruction of hair follicles is likely in the 

foreseeable future. The data from TEM has contributed to our current knowledge of hair follicle 

ultrastructure. Continued improvements to sample preservation, embedding and sectioning 

techniques have drastically improved the resolution revolution afforded by new and emerging 

electron microscopy technologies. 
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Chapter 1.3  
 

Objective 
The overall aim of the project  

1. Optimize best approach for preserving the follicles closer to physiological state. 

• Examine the effect of follicle of HPF and FS with conventionally fixed and 

prefixed HPF-FS follicles 

• Effect of different types of storage medium of follicle ultrastructure preserved 

beyond 48 hours  

2. Investigate HPF-FS in preserving the ultrastructure and antigenic efficacy of wool 

follicle.  

• Employ CLEM and DF-STEM in localizing keratins labelled with nanogold 

secondary antibodies 

• Characterize the localization of early keratins (K35, K85 and K31) within 

developing wool follicle at an ultrastructural level 

• Examine the key ultrastructural changes occurring in the cortical cell of a 

mutant wool follicle and compare them with wild-type 
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Abstract 
Cryofixation by high pressure freezing (HPF) followed by freeze substitution (FS) is a 

preferred method to prepare biological specimens for ultrastructural studies. It has been shown 

to achieve uniform vitrification and ultrastructure preservation of complex structures in 

different cell types. One limitation of HPF is the small sample volume of < 200 µm thickness 

and about 2000 µm across. A wool follicle is a rare intact organ in a single sample about 200 

µm thick. Within each follicle, specialized cells derived from multiple cell lineages assemble, 

mature and cornify to make a wool fibre, which contains 95% keratin and associated proteins. 

In addition to their complex structure, large density changes during wool fibre development, 

limited water movement and accessibility of fixatives are some other issues negatively 

affecting the preservation of the follicle ultrastructure via conventional chemical processing. 

Here we show for the first time that HPF-FS of wool follicle could yield high quality tissue 

preservation for ultrastructural studies of wool follicles using transmission electron 

microscopy. 

Keywords: Freeze-substitution, high-pressure freezing, keratin, ultrastructure, wool follicle.  

 

Abbreviations 

° Degree 

° C Degree Celsius 

% Percent 

CMC Cell membrane complex 

Cx Cortex 

Ds Desmosomes 

DMEM Dulbecco’s modified Eagle medium 

DP Dermal papilla 

EM Electron microscope 

ER Endoplasmic reticulum 

Fc Fibre cuticle 

FS Freeze substitution 

G Golgi bodies 

h hour 

H2O2 Hydrogen peroxide 

He Henle’s layer 
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HH Hardened Henle’s 

HPF High-pressure freezing 

HPF-FS High-pressure freezing and freeze substitution 

Hx Huxley’s layer 

IRS Inner root sheath 

IRSc Inner root sheath cuticle 

K Keratins 

KCl Potassium chloride 

KIF Keratin intermediate filament 

µm micrometre 

M Mitochondria 

mM millimolar 

mm millimetre 

min minutes 

MgCl2 Magnesium chloride 

nm nanometre 

NaCH3COO  Sodium acetate 

NaH2PO4 Sodium dihydrogen phosphate  

Na2SO4  Sodium sulfate 

TG Trichohyalin granules 

UO2(CH3COO)2  Uranyl Acetate Dihydrate 

 

Introduction 
Conventional chemical fixation followed by dehydration has been a mainstay of electron 

microscopy (EM) for decades. Numerous studies have documented that chemical fixation, 

especially aldehyde fixatives, followed by the replacement of water by resin via gradual change 

in an intermediate solvent can explicitly preserve ultrastructure at subcellular and tissue level. 

However, conventional fixation introduces undesirable artefacts because it relies on chemical 

processes that must, by definition affect biological material at a molecular level.  

Most chemical fixatives react with proteins and bond to peptides potentially causing structural 

rearrangement and enzymatic reactions within the sample and create significant morphological 

artefacts [1, 2]. Supplementing fixatives with additional reagents to minimise specific effects 

(e.g., adjusting osmolarity, or putting H2O2 in the fixative to provide oxygen during fixation) 
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or stabilize specific structures from extraction (e.g., use of potassium ferrocyanide, secondary 

fixatives etc.) further scale up to produce deleterious effect on some cellular details [3-7]. 

Fixation also depends on the extent and rate of infiltration of aldehyde fixatives, a process that 

takes from seconds to minutes to complete. Cellular preservation of fine structural details of 

under-fixed or delayed fixed tissue are shown to suffer from significant variability in cell 

structure [1, 8].  

Cryofixation bypasses the reactive chemistry mechanism of conventional fixation and has 

shown to potentially preserve ultrastructure close to its native state. Unwanted artefacts from 

cryofixation are largely due to morphologically disruptive ice crystal formation when cooling 

rates are not rapid enough to convert liquid water into vitreous ice [9-11]. However, when 

freezing at high pressure of about ~2000 bar, water expansion is prevented on freezing and on 

subsequent rapid cooling, enhancing vitrification before the possible formation of ice-crystals 

[12, 13]. High-pressure freezing (HPF) has increasingly become the method of choice for EM 

studies of small samples between 50-200 µm thickness [14-16]. An additional advantage of 

HPF over conventional chemical processing is that it provides the temporal control needed to 

capture short-lived biological events in a dynamic process as it instantaneously arrests the 

cellular processes [15, 17]. Furthermore, HPF allows samples to be investigated using a variety 

of techniques including cryo-microscopy and infiltration of resin for conventional EM at 

ambient temperatures. 

In conventional resin infiltration, following fixation, the samples are sequenced through a 

graded series of dehydrating agents to make them miscible with embedding media. Ethanol 

and acetone are the commonly used dehydrating agents. If the embedding media is completely 

water immiscible, an intermediate solvent, such as propylene oxide are exchanged with the 

dehydrating agent, which is then exchanged for resin. Irrespective of the use of intermediate 

solvent, dehydration causes significant shrinkage and morphological changes as a consequence 

of extraction and osmotic effects [18-20]. While the use of secondary fixative has widely been 

recommended to reduce shrinkage, chemical crosslinking from these steps introduce new 

sources of artefacts [19]. Freeze substitution is an alternative approach that has produced 

excellent ultrastructure preservation by substituting vitrified ice with organic solvent at 

temperatures of -90 °C [11, 19, 21]. Chemical fixatives and metal contrast agents such as 

glutaraldehyde, osmium tetroxide and uranyl acetate can be similarly freeze substituted. At 

such low temperatures, these fixatives are not very reactive and uniformly diffuse through the 

immobilized subcellular structure to be homogeneously distributed. Since the ultrastructure of 

the biological samples are maintained during solvent exchange, swelling and shrinkage 
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associated with liquid water and solvent moving through structure is greatly reduced [16, 19, 

21]. 

Here we applied HPF and freeze substitution (FS) to wool hair follicles from sheep and 

compared the results with the well-refined conventional process. Wool follicles are a 

challenging subject for microscopy because they are miniature organs containing many distinct 

cell lineages and extra-cellular structures, having wide-ranging material density and contain 

specific structures that limit chemical diffusion. Buried deep under the epidermis, active 

follicles are elongated cylindrical-like structures that are approximately 200 µm in diameter 

and 3-4 mm long with a bulb-like protuberance at their proximal end. They are surrounded by 

a thick network of collagen fibrils within which are embedded blood vessels, fibroblasts, 

neurons and adipocytes [22, 23]. Follicles contain both mesenchymal and epithelial 

compartments. Hair growth and cornification occur within the proximal 1-2 mm, a process 

extensively described in previous studies [24-27]. Briefly, cells from a proximately located and 

rapidly dividing transient amplifying population migrate distally, then (Auber’s line) stop 

dividing and differentiate into seven phenotypically distinct lineages of keratinocyte, arranged 

in cylindrical layers, which form the hair shaft and the inner-root sheath (IRS) that supports 

the developing hair (Figure 2.1.1). Keratin and associated structural proteins rapidly fill the 

fibre and sheath cells and each layer undergoes extensive cell reshaping before the point at the 

top of the bulb (Orwin’s threshold), at which point one IRS layer (Henle’s) rapidly cornifies 

into a tube surrounding the fibre and remaining sheath cells. Physical density increases 

gradually with increased keratin expression in the bulb, and then rapidly increases after 

Orwin’s threshold; the result is an increase in the stiffness of the hair shaft by three orders of 

magnitude over the course of 1 mm [28]. The final stages of hair development involve 

extensive covalent bond formation (much of it disulfide bonds) and this occurs in an 

increasingly hostile cytoplasmic environment during which much of the organelles undergo 

programmed degradation [29, 30]. Therefore, there is a need to preserve both the delicate 

intermediate filament-based structures forming early in the process as well as the natural 

degradation processes later in the development. Since they both were under very different local 

physiochemical conditions, we had to look beyond the conventional chemical-based fixative 

and dehydration processes. For example, we are concerned that diffusion of both 

paraformaldehyde and glutaraldehyde (and additional reagents such as osmium, tannic acid 

and wash buffers) into follicles, and diffusion of water and dehydrating solvents out of follicles 
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may be uneven and result in distortions to the fine follicle structure and might be inadequate 

for ultrastructural analysis. HPF in combination with FS (HPF-FS) has shown to be very 

effective in preserving the ultrastructure of cochlea, a large and structurally complex 

tissues[31]. Here we investigate the feasibility of replacing chemical conventional method with 

HPF and dehydration with FS for preserving the ultrastructure of developing wool fibres. In 

addition, we also investigate the effects of prefixation on follicles. Prefixation of tissues with 

aldehydes prior to HPF has shown to benefit the preservation of some highly liable and delicate 

structures, such as stereocilia and actin fibres [12, 31-33]. The formation of keratin in follicles 

Figure 2.1.1 Schematic representation of different zones and cell types expressed in the wool follicle. Tissue 
cracks and section folds are few common artefacts observed in longitudinal wool follicle section. Follicle was 
conventionally processed. 
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occurs as various fine networks and aggregates of IFs that differ in their internal arrangements, 

making prefixation a potentially useful step.  

Methods 
Follicle collection 

Two 4 mm punch biopsies were obtained from each of four Romney composite sheep. 

Collection procedures complied fully with New Zealand law (Permit 14431, AgResearch 

Invermay Animal Ethics Committee). At collection, one biopsy was suspended in Dulbecco’s 

Modified Eagle Medium (DMEM), the other was perfused superficially by syringe with 

Karnovsky’s fixative (2.5% glutaraldehyde, 2% formaldehyde, 0.05 M sodium cacodylate 

buffer with 0.001 M calcium chloride). Biopsies were transported (1 h) directly to the 

laboratory where individual follicles were dissected (1 h). Conventionally fixed isolated 

follicles were collected and kept in fresh fixative (15 min – 1 h) before being washed in 0.1 M 

cacodylate buffer with 7.5% sucrose. Follicles in DMEM were processed over a similar 

timeframe.  

High-pressure freezing 

DMEM follicles and fixed follicles were cut to length (~2 mm) and loaded into 200 μm deep 

gold coated copper membrane carriers (Engineering Office M. Wohlwend GmBH, 

Switzerland), precoated with hexadecane (Catalog # D685276553; Lab Supply) and filled with 

Ficoll reagent (10% in 0.1M sodium cacodylate buffer; Catalog # 17-0310-20; GE Healthcare, 

Sweden). The membrane carriers were sealed and high-pressure frozen between 2100 and 2150 

bar pressure (EMPACT2, Leica, Vienna, Austria), and then stored under liquid nitrogen. 

Freeze substitution 

Gold coated copper membrane carriers with frozen samples were transferred under liquid 

nitrogen into pre-cooled moulds in a Leica AFS2 device (Leica Microsystems, Vienna, 

Austria). Freeze substitution occurred over 48 h in 2% osmium tetroxide, 1% anhydrous 

glutaraldehyde and 10% ultrapure water in acetone (pre-cooled in the AFS to -90 ºC). The 

temperature was then increased (10 ºC/h over 7 h) to -20 ºC and held 12 hours before the 

temperature was increased to 0 ºC (10 ºC/h over 2 h). After substitution, samples were replaced 

in 100% acetone at ambient temperature and infiltrated with a mix of 3:1; followed by 2:1 

acetone/epoxy resin solution (Prepared according to manufacturer’s instructions; Catalog# 

EMS14120) for 45 minutes each at room temperature. Samples were further infiltrated with 

1:1, 1:2 and 1:3 acetone/epoxy resin solution for an hour each at room temperature. After 
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placing the samples in 100% epoxy resin solution for over 21 hours, the samples were replaced 

with fresh resin and polymerized at 60 °C for 48 hours. The percentage of water in the freeze 

substitution media was modified from Limpens, van der Schaar [34] (Personal communication 

August 11, 2016). 

Conventional processing 

Dissected follicles were stored in cacodylate buffer, and processed like in  Plowman, Harland 

[35] and Jones, Harland [29]. Follicles were washed in buffer (0.05 M NaH2PO4, 0.05 M KCl, 

5 mM MgCl2) with 7% sucrose (pH 6), secondary fixed in 8 mM (0.2%) OsO4 in buffer at 6 

°C for 1 h, washed in buffer with 7% sucrose, stained with 1% monomeric tannic acid in buffer 

(0.05 M NaH2PO4) for 1 h, washed in 1% Na2SO4 in buffer, washed in buffer (0.1 M 

NaCH3COO, pH 5.2), incubated in buffered 2% UO2(CH3COO)2 in the dark for 1 h. 

Dehydration was carried out using a hexylene glycol graded series of (40, 40, 60, 80, 90 and 

100%) then EM-grade dry acetone (100%) and embedded in Procure 812/Araldite 502 resin. 

Ultramicrotomy 

Sections were made at either 90 nm or 250 nm (Leica UC6 and UCT ultramicrotomes, Leica 

Microsystems, Vienna, Austria) equipped with a 45° diamond knife (Diatome, Switzerland). 

Sections were collected on formvar coated copper grids and stained briefly with 2% uranyl 

acetate then 0.02% lead citrate either manually or automated EMStain11 (Leica Microsystems, 

Austria).  

Transmission electron microscopy 

 Ultrathin sections of at least 3 follicles per sample (n=4) were examined using either a Philips 

CM100 (operated at 100 kV) or a Morgagni (FEI Products, ThermoFisher Scientific, Hudson, 

NH, U.S.A.) (operated at 80 kV). For electron tomography a JEOL 2200 FS 200 kV (JEOL 

Ltd, Tokyo, Japan) fitted with TVIPS F416 CMOS camera (TVIPS, Gauting, Germany) was 

used to collect tilt series (-60º to +60º with 2º increments) which were reconstructed and 

analysed using the IMOD software suite[36]. 

Results 
In this study we compared the quality of preservation between wool follicles processed by 

HPF-FS and chemical methods.  The level of fine structural details from different zones of 

previously established fibre development were inspected [37]. We also assessed HPF-FS 

samples for freezing artefacts such as holes or tissue distortions.   
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Figure 2.1.2. Preservation of follicle during active cell division. Conventionally fixed (A) dermal papilla 
region from the wool follicle is compared against and HPF-FS with (B) or without prefixation (C). In 
contrast to unfixed HPF-FS samples, chemical fixation shows tissue distortions such as holes, as 
indicated with white arrows. Scale bar (A-C) 2 µm. Images D-F are high magnification images from 
inset in A-C, respectively. While the ultrastructure of the nucleus (N) and cytoplasmic components such 
as the mitochondria (M) and Golgi bodies (G), appear smooth in unfixed HPF-FS follicles (C & F), the 
conventionally fixed (A & D) and prefixed HPF-FS follicles (B & E) appear shrunken and have a 
granular surface. Scale bar (D-F) 500 nm.   

 

Dermal papilla and germinative cell matrix (Zone A) 

The dermal papillae and adjacent epidermal keratinocytes of unfixed HPF-FS follicles were 

compared to chemically fixed follicles with/without HPF-FS (Figure 2.1.2A-C). In the 

cytoplasm, the mitochondria and Golgi bodies were clearly distinguishable in both chemically 

processed and HPF-FS follicles (Figure 2.1.2D-F). However, both the cytosol and nuclei 

appeared granulated with chemical fixation. The number of holes in chemically fixed samples 

were relatively more compared to unfixed HPF-FS samples. Although, the nuclei and nuclear 

membrane in unfixed HPF-FS follicles were smooth, segregation of nuclear material was 

observed in most of the cells in dermal papilla (Figure 2.1.2F). Otherwise, cellular components 

were observed to be well-preserved in unfixed HPF-FS follicles. 
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Figure 2.1.3 Comparison of conventionally fixed follicles to HPF-FS wool follicles during cell 
differentiation (Zone B). Overview of ultrastructure in Zone B, covering the cortex (Cx), fibre 
cuticle (Fc) and IRS compartments including the inner root sheath cuticle (IRSc), Huxley’s (Hx) 
and Henle’s layer (He), of conventionally processed follicle (A) is compared against prefixed HPF-
FS (B) and unfixed HPF-FS (C) follicle. Scale bar (A-C) 5µm. The trichohyalin granules (TG) are 
stained as electron dense bodies in chemically fixed (D) and prefixed HPF-FS (E) follicles. In 
contrast, the staining of the TG are light and fine fibrous projections entering and exiting the TG are 
clearly visible in unfixed HPF-FS follicles (F). Desmosomes (Ds) indicated with white arrow, 
keratins (K) and mitochondria (M) are clearly evident in both conventionally fixed and unfixed HPF-
FS follicles. Scale bar (D-F) 500 nm. Ultrapreservation of the cortical cells in early Zone B of 
chemically fixed, prefixed HPF-FS an unfixed HPF-FS follicle were also compared (G-I). The insets 
show the depth of preservation achieved in desmosomes (indicated by white arrows) from different 
preservation techniques. Scale bar (G-I) 500 nm. 
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Figure 2.1.4 Interaction between keratins and desmosomes visualized through electron 
tomography. (A)Electron tomogram of 11.42 nm cortical cell in mid-zone B.  Keratins interacting 
with the neighbouring cells through the desmosome (Ds) junctions (white arrows) are clearly 
displayed. Keratin (K) filaments aggregation and initial self-assembling process is also observed. 
The mitochondria (M) with loosened cristae were observed along with ribosomes (R) on 
endoplasmic reticulum (ER). Scale bar 100 nm. (B). Tomographic reconstruction of a 250 nm 
thick section of a prefixed wool follicle. Large field view from reconstruction displays the 
ultrastructure of a desmosome from cortical cells of a chemically processed follicle. Scale bar 
presents 500 nm. 

Zone of keratinocyte differentiation (Zone B) 

 Distal of the germinative matrix, differentiation of the seven lines of keratinocytes began 

(Figure 2.1.3A-C). Similar to the germinative matrix and dermal papilla, unfixed HPF-FS 

follicles had minimal artefacts. Interestingly, we observed the density of staining of prefixed 

HPF-FS samples were more similar to conventionally processed samples. Plasma membranes 

were high contrast in conventional samples but were less visible except at high magnification 

in either of the HPF-FS sample types.  Trichohyalin granules (TG) are an important part of the 

keratin filament assembly process in the inner root sheath (IRS) cell types. Fine details of 

keratin-TG interaction (filaments entering and exiting TG) were better defined in unfixed HPF-

FS (Figure 2.1.3F) samples than in conventional (Figure 2.1.3D) or prefixed HPF-FS samples 

(Figure 2.1.3E). Stain contrast of TG in both conventional and prefixed HPF-FS follicles was 

high, with many TG being electron opaque. The ice-crystal damage noticed in prefixed HPF-

FS follicles, was not evident in any of the processing over large surface area in unfixed HPF-

FS. These observations imply the effect the fixatives have on bringing distortion to cellular 

structures.   

Higher magnification images of cortical cells in chemically fixed tissues with/without HPF-FS 

showed typical artefacts associated with chemical fixation (Figure 2.1.3G&H). Granular 

cytoplasm, mitochondria and nuclei were observed with uneven electron density. In contrast, 
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the mitochondria with its cristae and ribosomes were clearly differentiable in unfixed HPF-FS 

follicles. The cytoplasm contained few vesicles and endoplasmic reticulum (ER). The fine 

keratin assemblies were clearly distinguishable from the cytoplasmic background in both 

conventionally processed and unfixed HPF-FS follicles. The interactions of keratins with the 

neighbouring cells through desmosomes (Ds) junctions were only observed in unfixed HPF-

FS follicles. Although the structure of desmosomes is not very clear in unfixed follicles, they 

are remarkably well-preserved with chemical fixation. In prefixed HPF-FS follicles, neither 

the staining of the keratin fibres was indistinct from the granular background nor the structural 

features of desmosomes were clear. 

In order to assess the quality of fine details of early stages of keratin filament assembly we 

used electron tomography of the unfixed HPF-FS follicles (Figure 2.1.4A). Keratin filaments 

in the cortical cells were observed to twist and coil together to form fibrous assemblies (likely 

tactoids/precursors of macrofibrils). Intermediate filaments interacting with desmosome 

junctions were also observed. However, desmosome structure was less clear in unfixed HPF-

FS samples compared to fixed tissues (Figure 2.1.4B).  
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Figure 2.1.5. Preservation of follicles during first follicle hardening (end of Zone B). Overview 
of conventionally processed follicles (A), containing the cortex (Cx), fibre cuticle (Fc), inner 
root sheath cuticle (IRSc), Huxley’s (Hx) and Henle’s layer (He), is compared against prefixed 
HPF-FS (B) and unfixed HPF-FS (C). Scale bar (A-C) 5 µm. At high magnifications, the 
trichohyalin granules (TG) are stained as electron dense bodies in chemically fixed (D) and 
prefixed HPF-FS (E) follicles. In contrast, the staining of the TG are light in unfixed HPF-FS 
follicles. Fine keratin (K) fibrous projections entering and exiting the TG and their interactions 
with desmosomes (Ds, indicated white arrows) are clearly visible in unfixed HPF-FS follicles 
(F). Scale bar (D-F) 500 nm. Images G, H and I shows ultra-preservation of the cortical cells in 
early Zone B of chemically fixed, prefixed HPF-FS and unfixed HPF-FS follicles, respectively. 
Scale bar (G-I) 500 nm.  
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Figure 2.1.6 Comparison of conventionally fixed follicles to HPF-FS wool follicles post Henle’s layer 
hardening (Zone C). The differences in cellular preservation of hardened Henle’s layer (HH) of a 
conventionally processed follicle (A) is compared against prefixed HPF-FS (B) and unfixed HPF-FS 
(C) follicle. Scale bar (A-C) 5µm. The structure of conventionally fixed Huxley’s cell (Hx) layer (D) 
containing the trichohyalin granules (TG) and keratins (K), which is another compartment within the 
IRS and adjacent to Henle’s layer (He), is compared against HPF-FS follicles with (E)/without(F) 
fixation. Scale bar (D-F) 500 nm. The differences between conventionally fixed follicle (G) in cortex 
(Cx) during Henle’s layer hardening is also compared against prefixed (H) and unfixed (I) HPF-FS. 
While the keratins (K) in this region appear homogenous in both conventionally processed and pre-
fixed samples, they are very heterogeneous and have a plait-like appearance in unfixed HPF-FS 
follicles. Scale bar (G-I) 500 nm.  

Near Orwin’s threshold 

At the distal end of the bulb (Zone B-C border) Henle’s layer (He) of the IRS rapidly cornifies 

(Orwin’s threshold), thereby encasing the follicle inside a tubular structure (Figure 2.1.5A-C). 

Henle’s layer cornification was most clear in unfixed HPF-FS samples. keratin intermediate 

filaments (KIF) in Henle’s layer show good contrast and interactions with desmosomes during 
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the transformation of Henle’s layer to Hardened Henle’s (HH) is much clearer in unfixed HPF-

FS (Figure 2.1.5F), it was not evident in chemically processed (Figure 2.1.5D) and prefixed 

HPF-FS samples (Figure 2.1.5E). Similar to more proximal regions of the IRS, TG in 

conventional and prefixed HPF-FS samples was very electron dense obscuring interactions 

with KIFs. In the cortex cells, cytoplasm of conventional (Figure 2.1.5G) and prefixed HPF-

FS (Figure 2.1.5H) samples contained numerous holes and appeared highly granular. 

Moreover, the aggregated KIF bundles (macrofibrils) had dense and uneven staining. 

Contrarily, the unfixed HPF-FS samples had a much better contrast profile between structures, 

allowing clear observation of mitochondria, ribosomes and vesicles. 

Keratogenous region 

The process of cell reshaping that begins at Zone B gets completed by the proximal end of this 

region (Zone C). A noticeable increase in cortex density, compared to Zone B, is clearly evident 

(Figure 2.1.6A-C). The TG have a good contrast staining with chemical fixation with/without 

HPF-FS and conceals the visibility of interactions of KIF with TG (Figure 2.1.6D&E). 

However, in the unfixed HPF-FS follicles, KIF-TG interactions were more clearly visible in 

both the Henle’s and Huxley’s layer (Figure 2.1.6F). Also, a fine network of KIFs within 

Huxley’s layer cells running in parallel to the Hardened Henle’s cell membrane was more 

visible in unfixed HPF-FS samples than the other samples. Mitochondria gradually degrade in 

this region of the follicle, but their details are often difficult to resolve in conventional samples. 

We observed mitochondrial structure well resolved in unfixed HPF-FS samples (Figure 

2.1.6F). We observed artefacts in the form of cellular distortion in conventional and prefixed 

HPF-FS samples. Cortex cells in conventional samples had a condensed cytoplasm and 

macrofibrils were relatively homogeneous in appearance and little internal structure was 

apparent (Figure 2.1.6G). Within prefixed HPF-FS samples, macrofibrils were similarly devoid 

of features, but the cytoplasm was more heterogeneous (Figure 2.1.6H). In unfixed HPF-FS 

samples both cytoplasm and macrofibril structure were heterogeneous (Figure 2.1.6I). 

Organelles, degrading as part of cortex cell maturation were clearly visible. The filament 

structure of KIFs, which had a plait-like appearance was distinguishable within macrofibrils 

(Figure 2.1.6I). 

Discussion 
An unusually large sample 

 HPF-FS has become a routine technique for preserving sample ultrastructure for high-

resolution electron microscopy analysis. Here we show that HPF-FS can be used to preserve 
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the ultrastructure of intact hair follicles. Follicles make an unusual challenge for HPF because, 

at approximately 200 µm diameter, they are close to the maximum dimensions possible with 

HPF. Although HPF is known to achieve tissue preservation to a greater depth than other rapid-

freeze fixation methods and instrument manufacturers sometimes claim that 200 µm thick 

samples can be routinely processed, the success of the method is sample dependent and 50 µm 

preservation of thick samples is a more realistic expectation [16, 31, 38]. However, follicles 

are likely to have two advantages over similarly thick blocks of tissue. First, follicles are 

cylindrical and therefore the heat transfer medium can surround the sample, allowing a more 

uniform heat transfer process. Second, the density of follicles is variable with the highest 

density occurring in the centre, and this high density of biomolecules may have an innate cryo-

protection effect. This same density gradient and the cornification of Henle’s layer is expected 

to restrict conventional chemical diffusion, resulting in poor conventional fixation of 

cytoplasmic features.  

Shrinkage  

While considerable shrinkage was noticed in conventionally processed samples, HPF-FS 

showed minimum shrinkage. We know that HPF reduces water expansion through vitrification, 

that FS slowly replaces the vitrified water with organic solvents at very low temperature and 

that most water would be extracted from the sample. Thus, the dehydration artefacts are 

minimal compared to conventionally processed samples [12, 33].  

Prefixation of samples prior to HPF is a technique used for preserving delicate tissues, 

especially for samples requiring long extraction and fine dissection, and was shown to reduce 

artefacts from dissection and tissue deterioration.  For example, prefixation has successfully 

produced high-quality and consistent preservation of stereocilia actin bundles in cochlea [31]. 

Contrarily, in the present study, prefixing the follicles did not yield any benefits in terms of 

ultrastructure preservation, and, at times, the preservation was of very poor quality.  Although, 

the exact reason for poor quality of fixation is not known, based on Bullen et al. (2014), it 

would be speculated that the dissolved solutes in fixatives in prefixed follicles could interact 

with FS media during tissue warming becoming eutectic. This could possibly conduct to ice 

crystal growth. Slow cooling of hydrated biological samples with ice-crystals has shown to 

extract water from surrounding environment and cause dehydration artefacts [10, 31, 39].  

Wool fibres contain heterogeneous regions of hydrophobicity. While the exterior wool fibre is 

hydrophobic, the KIFs contain a hydrophobic core surrounded by hydrophobic matrix, and at 
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a tissue level, the fibre cortex is hydrophilic [39]. Therefore, the shrinkage observed in prefixed 

HPF-FS follicles could partially be due to this difference in hydrophobicity. 

Unlike the cochlea, developing hair shafts and the IRS that scaffolds the process undergo large 

changes in ultrastructure, density and transforms from isotropic living cells into an anisotropic 

bio-based material. During fixation, cells get exposed to an increasing gradient of fixative as it 

diffuses through and potentially alters the chemical kinetics of fixative-tissue interaction. At 

the same time, metabolic pathways will be cut-off at different times, exerting various effects 

on organelles. All these reactions might acts as a barrier to subsequent inward diffusion of 

fixatives, thereby resulting in improper fixation and tissue distortion [40]. Moreover, the 

addition of the fixative increases the concentration of solutes, it lowers the freezing point of 

the solution, changes the mobility of water molecules and affects the pH of the cell fluids [41]. 

This could lead to insufficient freezing which could cause growth of small ice crystals within 

the tissue. The ice crystals formed during freezing cause dehydration in the surrounding 

cytoplasm and the shrinkage observed in the prefixed HPF-FS samples could also potentially 

be due to ice crystal damage resulting from insufficient freezing caused by an increase in solute 

concentration.  

Preservation of key aspects of follicle biology 

HPF-FS showed superior ultrastructure preservation in comparison to conventional fixation. 

The morphological changes during hardening of Henle’s layer, interaction of keratins with the 

trichohyalin granules or with adjacent cells through the desmosomes were clear in unfixed 

HPF-FS follicles. Table 2.1.1 summarizes all the observations based on HPF-FS of unfixed 

wool follicle. Ice-crystallization damage and holes were also observed to be reduced to a 

greater extent with HPF-FS. Despite all these advantages, it is not without any limitations. The 

nuclear material in the dermal papilla had signs of occasional ice-crystal formation. This is not 

surprising, as dermal papilla which is buried deep inside the bulb, is the thickest part of the 

follicle [28].  Since the density of the follicle is lowest near the bulb region, ice-crystal 

formation inside the nucleus is imminent. The biological membranes such as the Golgi bodies 

and structures like the desmosomes were poorly visible in unfixed HPF-FS samples. However, 

lack of Golgi bodies should not be confused as a lack of contrast with HPF and FS as the total 

number of Golgi bodies in this region is estimated to be approximately one per cell [42-44]. 

Lack of cell membrane visibility was proclaimed either due to extraction of lipids or to the 

failure of the bilayer membrane to bind electron-dense fixatives or stains. Addition of water to 

the substitution medium was shown to considerably improve membrane visibility [34, 45]. The 
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FS media used in this study contained more water and although were shown to clearly preserve 

the Golgi bodies, it is not clear why the cell membrane complexes are not visible in the follicles. 

Inability to uptake the fixatives was shown to be overcome by the addition of tannic acid and 

potassium permanganate with post-embedding stains [43]. This may be a future avenue for 

investigation.  

 

Table 2.1.1 Ultrastructural differences observed in HPF-FS wool follicles, in comparison to 
chemically fixed samples. 

Zones Effects of HPF-FS 

A 
Cell shrinkage and holes are reduced in DP cells 

CMC and Golgi bodies not visible 

B 

Interaction between desmosomes and keratins (epithelial and hard) 

is clearly visible 

Delineate morphological differences post He layer hardening 

TG staining contrast is poor in He and Hx cells 

C 

Cell membranes clearly demarcates the He, Hx, IRSC, Cx  

Fibrous keratin projections through TG still evident 

Less holes compared to chemically fixed samples 

Small vesicles observed in the cytoplasm 

Keratin filaments are observed to bundle up in a “plait-like” pattern 

to form macrofibrils   

 

HPF-FS allowed us to investigate the ultrastructure at high resolution using electron 

tomography. Fine keratin filaments twining to finally form a macrofibril was well-defined 

distinct with the tomograms. Another noticeable observation was to ascertain the role of 

desmosomes in aiding keratins to communicate with neighbouring cells. 

Conclusion 
The overall findings from this study shows that HPF-FS could be able to preserve the 

ultrastructure of the follicle, in a close-to-native state. Tissue distortion and shrinkage are 

reduced to a greater extent with this method. Electron tomography reveals fine morphological 

changes in ultrastructure during follicle hardening. The aggregation of keratin filaments to 

form the macrofibril is a “plait-like” fashion is very distinct. Despite addition of water to the 

FS and ability of see Golgi bodies, invisibility of cell membrane is perplexing.  The overall 
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result is a good basis for studies investigating the complex developmental processes by which 

mammalian hairs form. 
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Abstract 32 

Viable hair follicles have huge application in the biomedical and cosmetic industries, especially 33 

for hair transplants. Hair follicles have been reported to remain viable after more than 24 hours 34 

in various types of intracellular and extracellular-like solutions under different storage 35 

conditions. However, not much data are available on how these solutions affect follicle 36 

ultrastructure. This study examined the effects of these holding solutions on ovine model 37 

anagen follicle ultrastructure following incubation greater than 48 hours. Transmission electron 38 

microscopy and electron tomography revealed that wool follicles held in an intercellular-like 39 

HypoThermosol® at 4°C preserved the ultrastructure much better compared to follicles stored 40 

in extracellular-like Williams E media, either immersed completely or in a wet gauze soaked 41 

with the media, at ambient temperature or snap frozen follicles. 42 

Keywords: Holding solution, viability, ultrastructure, wool follicle, preservation  43 

 44 

Abbreviations 45 

° Degree 

° C Degree Celsius 

% Percent 

ATP Adenosine triphosphate 

Ca2+ Calcium ion 

Cu Cuticle 

Cx Cortex 

Ds Desmosomes 

DP Dermal papilla 

EM Electron microscope 

ER Endoplasmic reticulum 

FS Freeze substitution 

FT Frozen-thawed 

FUE Follicle unit extractions 

He Henle’s layer 

HH Hardened Henle’s 

HT HypoThermosol 

HPF High-pressure freezing 

HPF-FS High-pressure freezing and freeze substitution 
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Hx Huxley’s layer 

IRS Inner root sheath 

IRSc Inner root sheath cuticle 

K Keratins 

K+ Potassium ion 

µm micrometre 

M Mitochondria 

mm millimetre 

min minutes 

MgCl2 Magnesium chloride 

nm nanometre 

Na+ Sodium ion 

TG Trichohyalin granules 

WE William’s E media 

WEG Sterile gauze soaked in William’s E media 

  

Introduction 46 

Hair follicles are harvested from human, sheep, rat, mouse, guinea pig and pig are subjected to 47 

a wide range of research and clinical applications. While the mature hair shaft is a cornified 48 

and non-living material, the base of the hair follicle and supporting sheath and accessory 49 

structures contain living cells. Human scalp grafts and narrow biopsies (less than 1 mm 50 

diameter) called follicle unit extractions (FUEs) harvested for hair transplantation are usually 51 

stored in a holding solution until implantation. Successful transplantation relies predominantly 52 

on the ability of follicles to recover once implanted, but to get to this stage they must remain 53 

viable during transit. Once harvested from the skin, resulting hypoxia ceases ATP production. 54 

Hair follicles utilize aerobic glycolysis and require large amount of ATP to maintain membrane 55 

pumps/channels including Na+, K+ and Ca2+. Thus, for the FUEs to be viable, the critical 56 

function of a perfect holding solution is to maintain the ionic balance and energy requirements 57 

of the follicle and surrounding structures [1-5]. 58 

Holding solutions are categorized as either mimicking an intracellular or an extracellular 59 

chemical environment. The ionic balance saline, ringer-lactate and cell culture media are 60 

characterized as similar to extracellular fluids. Being osmotically isotonic and having high 61 

concentration of Na+ and relatively low K+, they mimic native environments and are  frequently 62 
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used to maintain follicle viability during an ex vivo period organ culture [1]. Although various 63 

cell culture media representing extra-cellular environment are commercially available, 64 

Williams E media are reported to support optimum follicle growth when compared to other 65 

cell culture media [6-10]. Addition of glucose and pyruvate for cellular energy production and 66 

glutathione as a free radical scavenger makes Williams E a good choice for maintaining follicle 67 

viability under extracellular conditions at close to physiological temperatures. The use of 68 

Williams E to store follicles at room temperature was limited to 24 hours before proteomic 69 

differences indicative of significant biological changes occurs [11, 12]. However, lowering the 70 

temperature shuts down the Na+ and K+ pumps leading to osmotic imbalance, organelle 71 

instability and free radical generation [1, 3, 13, 14]. 72 

The use of intracellular-like fluids (under refrigerated condition) has long been considered in 73 

biomedical research and regenerative medicine. In these solutions, increased concentration of 74 

K+ and reduced concentration of Na+ inhibits passive influx of water at lower temperatures, 75 

reducing swelling and preserving native osmotic pressure of cells. Among the various 76 

intracellular storage solutions, protein-free HypoThermosol® is widely used for preserving 77 

hair FUEs. HypoThermosol® contains adenosine, which aids in regenerating ATP, and 78 

glutathione, which acts as a radical scavenger protects the cell from hypoxia-induced oxygen 79 

radical production. This greatly enhances the survival of FUEs in HypoThermosol® compared 80 

to chilled saline [3, 14]. The primary issue with hypothermic holding solutions is fluctuation 81 

in temperature (by transferring hair follicle from physiological temperature into ice-cold 82 

holding solution and re-warming them again for culture or transplantation) could potentially 83 

induce stress to the hair cells [1-3, 9, 14]. 84 

No matter how optimal a holding solution is, the duration through which normal biology of a 85 

follicle is preserved is limited. For example, graft survival rate in cold saline drops dramatically 86 

between 48 and 72 hours in comparison with HypoThermosol®, which experienced significant 87 

survival rate drops after 72 hours of storage [15]. Another approach is cryogenic storage. 88 

Freezing hair follicles results in a significantly higher mortality rate than storing in transport 89 

solutions, but the duration of storage is much greater than possible with any holding solutions. 90 

Frozen follicles have been shown to have a 50% survival rate after 8 months in cryogenic 91 

storage [1].  92 

Previous studies have largely focused on follicle post-transplantation survival and behaviour. 93 

Little is known about the immediate effects of these holding and transport techniques on follicle 94 

biology and the normal processes of hair growth. Here we examine the ultrastructure of cell 95 

layers and fibre development stages within anagen stage IV follicles that have been collected 96 
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as 4 mm diameter skin biopsies and then transported in two different holding solutions and 97 

cryogenically. We used high-pressure freezing and freeze-substitution (HPF-FS) to process 98 

follicle dissected from the biopsies to allow fine cytoplasmic details and ultrastructure to be 99 

assessed in a close-to-native state using transmission electron microscopy and electron 100 

tomography [16]. To standardise inter-follicle size and process intact follicles we used an ovine 101 

model. 102 

Methods 103 

Biopsy collection 104 

The follicles were derived from 4 mm punch biopsies (Kai 4 mm sterile disposable biopsy 105 

punch, EBOS Group Ltd, New Zealand) taken under local anaesthetic (3% lignocaine) from 106 

the mid-sides of Romney composite sheep (Ovis aries) at AgResearch’s research farms at 107 

Lincoln, New Zealand. Collection procedures complied fully with New Zealand animal ethics 108 

law (permit 14431, AgResearch Invermay Animal Ethics Committee). While a portion of 109 

biopsies were immediately submerged in either ice-cold HypoThermosol®® (Biolife 110 

Solutions, USA) or in William’s E medium GlutaMAXTM supplement(Gibco/Thermo Fisher, 111 

USA) at room temperature, few were collected on sterile gauze pads that had been soaked in 112 

William’s E. The rest were immediately snap-frozen in liquid nitrogen cooled 113 

isopentane/methyl-2-butane (Fisher, analytical grade) and transferred to liquid nitrogen for 114 

storage before being shipped on dry ice. Biopsies were transported from farm to the nearby 115 

AgResearch Laboratory in Lincoln and shipped by courier to University of Otago, Dunedin 116 

overnight. All the biopsy specimens were maintained at specified temperature until the 117 

individual follicles were dissected at room temperature. The snap-frozen biopsies were allowed 118 

to slowly thaw to room temperature by placing them on ice and then dissected. For 119 

convenience, the follicles isolated from slowly thawed frozen biopsy henceforth will be 120 

referred as FT. Follicles isolated from biopsies submerged in HypoThermosol® or William’s 121 

E with GlutaMAX will be denoted as HT or WE, respectively; and skin biopsy wrapped in a 122 

sterile gauze soaked in William’s E with GlutaMAX as WEG.  All the follicles were subject to 123 

high-pressure freezing (HPF) shortly following their individual dissection. Time between 124 

follicle collection and HPF was greater than 24 hours but less than 72 hours.  125 

High-pressure freezing and freeze-substitution 126 

Dissected follicles, trimmed to the proximal 2 mm including the bulb, were loaded onto a 200 127 

µm deep gold-coated copper carrier membranes (Engineering Office M. Wohlwend GmBH, 128 

Switzerland), precoated with hexadecane (cat# D685276553; Lab Supply) and filled with 10% 129 
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Ficoll reagent (cat# 17-0310-20; GE Healthcare, Sweden) in sodium cacodylate buffer. The 130 

carrier was sealed and high-pressure frozen between 2000-2200 bar pressure (EMPACT2, Leica 131 

Microsystems, Austria), and stored in liquid nitrogen. The carriers in liquid nitrogen were 132 

transferred into precooled mould in a Leica AFS2 device (Leica Microsystems, Austria) and 133 

freeze substituted. After substitution, samples were replaced with 100% acetone at ambient 134 

temperature and infiltrated with epoxy resin (Cat# EMS14120). The detailed description for 135 

freeze-substitution and epoxy infiltration has been published in Velamoor, Richena [16]. 136 

Ultramicrotomy 137 

Ultrathin longitudinal sections cut either at 90 or 250 nm thickness using a ultramicrotome 138 

(Leica UC6, Leica Microsystems, Austria) equipped with a 45° diamond knife (Diatome, 139 

Switzerland) were collected on a formvar-coated copper grids and stained briefly with 2% 140 

uranyl acetate and 0.02% lead citrate using an automated EMStain11 (Leica Microsystems).  141 

Imaging 142 

Ultrathin sections (90 nm) of at least three follicles per sample were examined using a Philips 143 

CM100 (operated at 100 kV). For electron tomography, a JEOL 2200 FS 200 kV (JEOL Ltd., 144 

Tokyo, Japan) fitted with a TVIPS F416 CMOS camera (TVIPS, Gauting, Germany) was used 145 

to collect a tilt series (recorded  from +60° to -60° with 2° increments) in 250 nm thick sections. 146 

The IMOD software suite was used for reconstructing the tomograms [17].  147 

Imaging locations were chosen to include a range of different regions of biological activity 148 

(Figure 2.2.1), and different levels of fibre development (effectively different distances from 149 

the proximal end of the bulb).  150 
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 151 

Figure 2.2.1 Schematic representation of micrograph location in subsequent figures 152 

  153 

1) The proximal follicle bulb contains a central dermal papilla composed of living, non-154 

dividing cells that play an important role in controlling cell layer differentiation during 155 

anagen [18, 19]. 156 

2) Between Auber’s critical level and Orwin’s threshold the cortex and surrounding cell layers 157 

undergo reshaping, elongation and the first structural proteins (keratins and trichohyalin) 158 

are expressed. The cortex was examined at this point. 159 

3) At Orwin’s threshold, marking the top of the bulb, Henle’s layer of the IRS cornifies and 160 

significant changes in hair development occur [20]. The IRS and cortex were examined at 161 

this point. 162 

Auber’s level

Orwin’s threshold

Figure 2

Figure 3

Figure 4

Figure 5,7

Figure 6,7
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Results 163 

Effect of storage media on the follicle bulb 164 

In HT, the nucleus inside the dermal papilla is well-defined with an inner and outer nuclear 165 

membrane. Chromatin appears granular and scattered around the nucleus. The cytoplasmic 166 

components, the mitochondria and endoplasmic reticulum (ER), were also readily identified 167 

(Figure 2.2.2A). Although the nuclear membrane is clearly distinguishable in follicles from 168 

WE (Figure 2.2.2B) and WEG (Figure 2.2.2C), the chromatin appears to be condensed and 169 

marginate towards the inner nuclear membrane. Organelles in the cytoplasm such as the 170 

mitochondria were observed to be elongated (Figure 1C) or have condensed matrix (Figure 171 

1D). Extreme nuclear and cytoplasmic distortion consistent with ice crystal damage was 172 

observed in FT follicles. While contrast was poor, margination of chromatin in nucleus and 173 

mitochondria was evident (Figure 2.2.2D). 174 

 175 

Figure 2.2.2 Effect of different holding solutions on dermal papilla. (A) Dermal papilla (DP) of follicle stored in 176 

HT. Inset at shows ultrastructural preservation of nuclear (N) and cytoplasmic components including 177 

mitochondria (M) and endoplasmic reticulum (ER) with HT. (B) Dermal papilla of a wool follicle preserved using 178 
WE. Condensed chromatin inside the nucleus and elongated mitochondria are clearly evident at a higher 179 

magnification. (C) Preservation of dermal papilla components using WEG. Condensation of chromatin and 180 

mitochondria is clearly evident at a higher magnification. (D)Ultrastructure of FT follicles. While contrast was 181 

poor, margination of chromatin in nucleus and mitochondria was evident from the inset. Scale bar presents 5 µm 182 

and 1µm for inset. 183 

 184 
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Structural changes to the inner root sheath 187 

The ultrastructure of IRS layers preserved using different techniques were examined above 188 

Auber’s critical level (Figure 2.2.3). All three layers of the IRS (Henle’s layer, Huxley’s layer 189 

and the inner root sheath cuticle) were clearly distinguished at low magnification irrespective 190 

of the holding solution used. Electron-dense trichohyalin granules, exclusively confined to all 191 

the IRS cell layers, were readily identified in HT stored follicles (Figure 2.2.3A). Keratin 192 

protruding from these granules streamed parallel to the follicle axis. This was less apparent in 193 

follicles preserved with WE (Figure 2.2.3B) or WEG (Figure 2.2.3C). Appearance of 194 

osmophilic granules in the cytoplasmic space of Huxley’s and IRSc layer was interesting to 195 

note. The mitochondria were observed to filled with osmophilic granules In FT follicles, the 196 

Henle’s, Huxley’s and IRSc layers were noticeable, but neither trichohyalin granules nor 197 

keratin fibres were evident (Figure 2.2.3D). Desmosome was evident in all the IRS layers, 198 

regardless of the storage conditions. At a higher magnification, they are found to interact with 199 

keratin fibres.  200 

 201 

Figure 2.2.3 Preservation of inner root sheath (IRS) layers above Auber's level. (A) Ultrastructure of all the IRS 202 
layers (Henle’s (He), Huxley’s (Hx) and IRS cuticle (IRSc)) are distinct with HT preservation. From inset, 203 

electron dense trichohyalin granules (TG) and fibrous keratin projections from TG were evident. (B) Micrograph 204 

displaying IRS of wool follicle stored in WE. While all the IRS layers are obvious, TG and keratin fibres 205 

projecting from them are less evident even at high magnification (from inset). (C) IRS of wool follicle preserved 206 

in WEG. From the inset, TG and keratin were observed to display low electron contrast (inset). (D)IRS layers of 207 

wool follicle from FT. While He, Hx and IRSc are clearly distinguishable, at high magnification (inset) both 208 

nucleus and cytoplasm appear to be extremely distorted. Regardless of the preservation technique used, 209 

desmosomes (Ds) appear to be well-preserved in all the IRS layers. Scale bar presents 2000 nm (inset 500 nm). 210 
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The cornified Henle’s layer cells were examined at Orwin’s threshold (Figure 2.2.4). 212 

Transformation of Henle’s layer into a hardened material and by passing of keratin filaments 213 

through desmosomes into the hardened Henle’s is clearly evident with HT preservation (Figure 214 

2.2.4A). While this transformation was not clear with WE (Figure 2.2.4B), it was better 215 

preserved in follicles stored in WEG. As noticed above Auber’s level, cytoplasmic organelles 216 

were noticed to be filled with electron dense osmophilic granules (Figure 2.2.4C). The contrast 217 

of trichohyalin granules and cytoplasmic components were lower in both WE and WEG. 218 

Although the electron contrast was poor, hardening of Henle’s layer was evident in FT follicles. 219 

Except for the desmosomes, cytoplasmic organelles including mitochondria and trichohyalin 220 

granules were not apparent (Figure 2.2.4D).  221 

 222 

 223 

Figure 2.2.4 Micrographs displaying IRS layers at Orwin's threshold. (A) The Henle’s (He), Huxley’s (Hx) and 224 

IRS cuticle (IRSc) and projection of keratins into hardened He (HH) are distinct with HT preservation. From inset, 225 

hardening of He were evident. (B) Transformation of He into HH is less evident in wool follicle stored in WE. 226 

Projection of keratins into HH through desmosomes (Ds) is not clearly visible even at higher magnification (inset). 227 

(C) IRS of wool follicle preserved in WEG. From the inset, Ds mediating keratin transition into HH is clearly 228 

visible with WEG preservation. (D) Different IRS layers are distinguishable at low magnification. Keratins 229 

emerging into HH through Ds is visible. Scale bar presents 2000 nm (inset 500 nm). 230 

Structural changes to cortex 231 

Cortex of wool follicles, above Auber’s critical level, preserved in different holding solution 232 

were first examined (Figure 2.2.5A). With HT, margination of condensed chromatin toward 233 

inner nuclear membranes was clearly visible. Structure organelles including mitochondria, 234 

ribosomes and ER were also well-preserved (Figure 2.2.5A). In electron tomograms keratins 235 
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were clearly differentiated as fibrous bundles and observed to network with neighbouring cells 236 

through desmosomes (Figure 2.2.5B).  237 

 238 

Figure 2.2.5 Ultrastructural changes in cortex above Auber's level. (A) Micrograph of cortex cell preserved in HT. 239 

Inset shows fine keratin fibres (K) and mitochondria (M) in the cortex at high magnification. (B) A slice of ~10 240 

nm tomogram shows nucleus (N) with an intact nuclear envelope. Keratins were observed to network with 241 

adjacent cells through desmosome junctions (Ds). (C) Preservation of cortex with WE. Enlarged view from inset 242 
shows keratin scattered in the cytoplasm. Osmophilic granules confined to few cytoplasmic organelles were 243 

observed. (D) A slice of electron tomogram (~10 nm) displaying fine fibrous keratin and condensed mitochondria 244 

in the cytoplasm. (E) Ultrastructure of cortex preserved in WEG. High magnification of inset shows preservation 245 

similar to WE. (F)Electron tomogram (~10 nm) displaying keratin and mitochondria in the cortex. Scale bar 246 

represents 1000 nm (A,C&E), 500 nm (for corresponding inset) and 500 nm (B,D &F). 247 

The preservation of keratin ultrastructure in follicles stored in either WE (Figure 2.2.5C & D) 248 

or WEG (Figure2.2.53E & F) were similar to that of HT, except the staining contrast. The 249 
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structure of plasma membranes and desmosomes in WE or WEG were not as well resolved 250 

compared to HT. As observed in the IRS, a few cytoplasmic components were covered with 251 

osmophilic granules. The tomography revealed that these granules in both WE (Figure 2.2.5D) 252 

and WEG (Figure 2.2.5F) were mostly localized to mitochondria and were ~10 nm in diameter.  253 

 254 

The cortex of wool follicle following Henle’s layer hardening (Orwin’s threshold) was 255 

examined using TEM and ET (Figure 2.2.6). The contrast of aggregated fibrous keratin bundle 256 

was dense with HT preservation. Mitochondria with disorganized cristae was evident in the 257 

cytoplasm (Figure 2.2.6A). Electron tomography showed that few keratin filaments twisted in 258 

a plait-like fashion around numerous rectangular structure (Figure 2.2.6B). These rectangular 259 

structures had a dark contrast and varied in dimensions. As the keratins aggregated further up 260 

in the follicle, the quantity of these rectangular structures also observed to increase. The 261 

ultrastructural changes in follicles preserved in WE or WEG was similar to HT, (Figure 2.2.6C- 262 

F).  Although the contrast was lower compared to HT, the coiling if keratin fibres in between 263 

the rectangular blocks was clearly evident in both WE and WEG preservation with 264 

tomography. The electron opaque osmophilic granules observed in the cytoplasm were 265 

revealed to be confined to the mitochondria (Figure 2.2.6D & F). In the cortex the relative level 266 

of preservation of all structures observed near Orwin’s threshold in each of the transport 267 

conditions was similar through the keratogenous region. While the keratins in frozen-thawed 268 

follicles were identified both above Auber’s level and Orwin’s threshold, the contrast was very 269 

poor.  Most of the nuclear and cytoplasmic organelles were also extensively damaged (Figure 270 

2.2.7A&B). Hence, they were not subjected to electron tomography 271 

 272 
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 273 

Figure 2.2.6 Ultrastructural changes in cortex around Orwin’s threshold. (A) Micrograph of cortex cell preserved 274 

in HT. Inset shows keratin bundles (K) and degraded mitochondria (M) in the cortex at high magnification. (B) A 275 

slice of ~10 nm tomogram shows fibres twisting in a plait-like fashion to form the bundles. Electron dense 276 

rectangular inclusions were observed in-between the keratin bundles (are indicated with a star). (C) Preservation 277 

of the wool follicle with WE. Enlarged view from inset shows osmophilic granules (indicated with arrows) 278 

confined to few cytoplasmic organelles were observed. (D) A slice of electron tomogram (~10 nm) shows that the 279 

osmophilic granules are localized in the mitochondria. (E) Ultrastructure of cortex preserved in WEG. High 280 

magnification of inset shows preservation similar to WE. (F) Tomography of electron dense granules appear as 281 

hollow spheres with WEG preservation (indicated with arrowheads). Scale bar represents 1000 nm (A, C&E), 500 282 

nm (for corresponding inset) and 500 nm (B,D &F). 283 
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 287 

Figure 2.2.7 Micrographs of FT follicle above Auber’s level and Orwin’s threshold. (A). Micrograph of cortex 288 

cell above Auber’s level. Inset shows extensively damaged nucleus and cytoplasmic organelles at a higher 289 

magnification (B) Micrograph of cortex cell around Orwin’s threshold. High magnification from inset shows 290 

keratin bundles but the contrast is very poor. Scale bar represents 1000 nm (A&B), 500 nm (for corresponding 291 

inset). 292 

 293 

Discussion 294 

Various intracellular and extracellular holding solutions, in combination with various 295 

supplements, have been used to maintain the viability of hair follicle units in an ex-vivo 296 

environment. Of the intracellular-like holding solutions, HypoThermosol®, is popular for 297 

chilled holding and previous studies show that follicle grafts can survive in it for more than 96 298 

hours. William’s medium E is currently used for follicle culture (providing not just a suitable 299 

ionic environment, but also nutrition), and as an extracellular-like holding solution. However, 300 

for follicles held in WE at ambient temperature (~20°C), trichocyte keratin expression patterns 301 

change after 24 hours and in chilled extracellular-like saline the viability of follicle grafts 302 

drastically declined after 48 hours [15]. The ultrastructural studies from this study concur with 303 

the pattern of these earlier findings. 304 

Examination of dermal papilla, which plays a critical role in characterizing the hair size and 305 

morphology, showed displayed margination of chromatin and degenerative changes in 306 

mitochondria in follicles stored in WE and WEG. These features which signify irreversible 307 

injury leading to cell death [21] is expected as significant biological changes to follicle 308 

proteomics occurs in follicles stored in WE for 24 hours [12]. Although they are not directly 309 

involved in hair morphogenesis, failure to maintain the dermal papilla numbers has resulted in 310 

reduction in size of hair follicle along with progressive hair thinning and loss [22-24]. Since 311 

dermal papilla cells isolated from hair follicle biopsies have successfully shown to induce hair 312 

growth, they are also widely investigated as an alternative for hair regenerative therapy [22, 313 

24-26].  314 
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The structure of frozen follicle (at -20°C) was previously investigated with light microscope 315 

but were demonstrated to be unreliable to evaluate survival. This is the first study to examine 316 

the ultrastructure of a frozen follicle. Follicle units frozen in liquid nitrogen and thawed after a 317 

month showed extensive degradation of nucleus and cytoplasmic organelles in the dermal 318 

papilla. The use of cryoprotectant potentially enabled survival of 50% transplanted grafts 319 

stored frozen in liquid nitrogen for a month in nude mice. Without cryoprotectant, formation 320 

and reformation of ice-crystal potentially destroyed the dermal papilla cells [1]. Follicles 321 

transported in HT better preserved the dermal papilla structure. Following differentiation of 322 

cells above Auber’s critical level, chromatin in the IRS and cortical layers condensed and 323 

marginated towards the inner nuclear membrane, regardless of the preservation technique used. 324 

A gradual degradation of the nuclei and mitochondria of IRS and hair shaft cells along the 325 

follicle axis is consistent with normal anagen follicle biology [21, 27, 28].  326 

Mitochondria are a good target to test the ability of the holding solutions to preserve an 327 

organelle, but also to preserve the natural state of degradation that develops as the hair grows. 328 

We observed a gradual degradation of mitochondria in all IRS and shaft cell types distally 329 

along the follicle axis. Holding solution made a difference. In HT samples the mitochondrial 330 

matrix was lucent and the cristae disorganised. In follicles held in WE, and more prominently 331 

in WEG, mitochondria contained electron dense granules, first observed sparsely proximal of 332 

Orwin’s threshold and then more prominently distal of that point. We wonder if this could be 333 

of biological significance. In normal living tissue a similar phenomenon is encountered when 334 

quantities of water and ions are transported through tissues. Studies on isolated dense granules 335 

from bone and cartilage cells indicated the presence of mostly calcium and inorganic 336 

phosphorous; and were osmophilic in nature [29]. Electron cryo-tomography considered these 337 

solid granules to be equivalent to molar concentrations of dissolved ions. Since the presence of 338 

calcium in mitochondria is essential for cell metabolism, these repositories have been 339 

demonstrated to act as a major ion reservoir which can be mobilized for bioenergetics and 340 

signalling [30] and regulate physiological energy demands [31]. However, the mitochondria in 341 

cell types of hair follicle, approaching and distal of Orwin’s threshold, are not in normal tissue 342 

and it has been demonstrated that by the top of the bulb cortical mitochondria have lost their 343 

membrane potential [28].  The increase in size of granules from 10 nm to 70 nm observed may 344 

be a symptom of this change in mitochondrial permeability, possibly calcium accumulation. In 345 

rat hepatocytes subjected to anoxia/reoxygenation, accumulation of mitochondrial calcium has 346 

been linked to the onset of a mitochondrial permeability transition and subsequent cell death 347 
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[31, 32]. However, more investigations are required to exclude the possibility that these 348 

deposits are artifacts from the cryo-chemical preservation. 349 

The three-dimensional organisation of keratinous structures observed by electron tomography 350 

in the cortex proximal to Orwin’s threshold was similar to what we have observed previously 351 

[16, 33]. However, at and above Orwin’s threshold, cylindrical electron-dense granules were 352 

observed within some keratin filament bundles, around which the keratin filaments were 353 

observed to coil. These granules were elongated and aligned to the filament bundle axis, and 354 

their dimensions (approximately 130 nm × 30 nm) and frequency increased distally. The size, 355 

shape, location inside filament bundles and that the filaments do not appear to intersect the 356 

granules is reminiscent of small “inclusions” observed using electron tomography of the cortex 357 

of human scalp hair [34] and also of material released by lysis of isolated presumptive cortical 358 

cells of human hair follicle bulbs [35].  359 

In conclusion, ultrastructure of follicles was better preserved when transported in 360 

Hypothermosol™ under hypothermic conditions than in WE/WEG under ambient conditions 361 

and the ultrastructure was comparable to that of follicles isolated and high-pressure frozen 362 

within 6 hours of harvesting [16]. Storing frozen follicles without cryoprotectants extensively 363 

damaged the follicle ultrastructure. Keratin structures (bundles of filaments in the cortex) were 364 

similarly preserved in all treatments and the only difference was a lower contrast in WE/WEG. 365 

Coiling of keratins around cylindrical granules and dense granules accumulating within 366 

mitochondria, particularly in follicles stored is WEG, beg further investigation. 367 
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Chapter 2.3 
 

Challenges with follicle preservation 
This chapter primarily discusses the challenges encountered in using HPF-FS to preserve the 

follicle structure and measures undertaken to overcome them. 

HPF-FS study 

This is the first study to investigate the effect of HPF-FS in wool follicle. Although widely 

used to preserve the structural integrity close to native state, they were not without limitations. 

A wool follicle is a complex dense organ and the possibility of generating artefacts associated 

with freezing is very large. Hence, insect (HA) cells infected with viruses (Oryctes Nudivirus) 

at different timepoints were simultaneously processed (Appendix) to exclude any potential 

artefacts from HPF-FS, TEM processing and imaging. The observations analyzed from these 

studies were published recently [1] .  

Storage study 

The skin biopsy from mutant and wild-type wool were collected from sheep in AgResearch 

farm at Lincoln. The follicles were thus stored in a holding solution to preserve viability and 

shipped overnight to University of Otago, Dunedin. Technical assistance for dissecting the 

follicle was limited (to maximum 2 people). Therefore, there was a variation in HPF the 

follicles stored under conditions. However, all the follicles were HPF within a 60-hour period.   
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Abstract 
Trichocyte keratin heterodimers in the cortex of hair occur as intermediate filaments (IF) within 

geometrically organised bundles (macrofibrils). To understand how heterodimerisation of 

various keratin species contributes to IF and macrofibril formation it is important to track the 

sub-cellular relationship between different keratin types in hair follicles. Distribution and 

localization of keratins, at an ultrastructural level, can be determined through immuno-

ultrastructural studies. However, the conventional fixative-tissue interaction, dehydration and 

plastic embedding process, along with heavy metal staining potentially obscures the antigenic 

epitopes accessibility. Here we demonstrate a sample preparation method for confocal 

fluorescent and electron microscopy of high-pressure frozen and freeze-substituted wool 

follicles that provides clear ultrastructural preservation and keratin labelling while minimizing 

common artefacts associated with conventional fixation. The contrast obtained using dark-field 

scanning transmission electron microscopy (DF-STEM) is sufficient to obtain high-resolution 

images without any further post-staining or silver enhancement.  

 

Keywords: Keratin, CLEM, ultrastructure, wool 

 

Abbreviations: 

° Degree 

° C Degree Celsius 

% Percent 

Cu Cuticle 

Cx Cortex 

CLEM Correlative light and electron microscopy 

DF-STEM Dark-field scanning transmission electron microscope 

Ds Desmosomes 

DP Dermal papilla 

EM Electron microscope 

FS Freeze substitution 

He Henle’s layer 

HH Hardened Henle’s 

HPF High-pressure freezing 

HPF-FS High-pressure freezing and freeze substitution 
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Hx Huxley’s layer 

IRS Inner root sheath 

IRSc Inner root sheath cuticle 

KAP Keratin-associated protein 

K85 Keratin 85 

µm micrometre 

M Molar 

mm millimetre 

nm nanometre 

ORS Outer root sheath 

PBS Phosphate buffer saline 

ULF Unit-length filament 

 

Introduction 
The hair follicle is a complex miniature cylindrical organ consisting of different cell lineages 

arranged in laterally concentric layers, and within which a hair develops though a series of 

steps in an axial direction. Firstly, cells at the base of the follicle undergo continuous division 

and then differentiate to produce six (or seven in medullated fibres) cell types that develop into 

tightly coordinated cylindrical layers. Each cell line has a distinct pattern of maturation during 

hair growth including gene expression, morphological shaping and cell-cell junction 

development [1]. Trichocyte keratins are of two types, Type I and Type II, which form 

promiscuous heterodimers. These heterodimers are localized to the cytoplasm of cortical cells 

and, in combination with keratin-associated proteins (KAPs) self-organize to produce 

macrofibrils that fill the cortex of the hair shaft (it’s primary structural component). 

Localization of keratins is prerequisite for identifying interactions of keratins with other 

keratins, KAPs and other cellular components such as cell junctions that contribute to structure 

assembly. Numerous studies using antibody markers have aided in characterizing and 

localizing keratins in hair follicles [2-8]. Most immunolabelling studies have been restricted to 

fresh tissues because accessing antigenic epitopes in fixed samples was challenging. In recent 

years, immunogold labelling techniques have been carried out on Lowicryl embedded sections 

to determine the sub-cellular locations of keratins in the human hair follicle [4, 7]. However, 

these and earlier studies used chemical fixation and dehydration. Recently we reported [9] a 

method for ultrastructural preservation of intact wool follicles using high-pressure freezing, 
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freeze substitution (HPF-FS) in epoxy resin. In this study we extend that method to 

immunohistochemistry. Correlative fluorescent and electron microscopy was used to localize 

keratin K85 in follicles subjected to high pressure freezing and freeze substitution (HPF-FS). 

Since high temperature polymerization and strong cross-linking properties in epoxy might 

reduce the antigenicity of the biological sample, the samples were embedded in Lowicryl resin 

[10, 11]. While fluorescence microscopy enabled patterns of keratins to be observed across a 

large space, electron microscopy then enabled ultrastructural (sub-cellular) location of keratins 

in a small part of the same section.  

Methods 
High-pressure freezing and freeze-substitution 

Skin biopsies (~4 mm diameter) were collected and individual follicles were dissected and high 

pressure frozen as described in Velamoor, Richena [9]. For freeze-substitution (FS), the frozen 

carriers were transferred into precooled moulds in a Leica AFS2 device (Leica Microsystems, 

Germany) containing the FS media (0.5% uranyl acetate (UA) dissolved in methanol and 5% 

water) for 56 hours at -90 °C. The temperature was then gradually raised (at a rate of 5 °C per 

hour over 9 hours) to -45 °C. The FS media was removed and the follicles were washed and 

rinsed in 4× methanol for about 2 hours. The samples were then infiltrated for about 2 hours 

each with 10%, 25%, 50%, 70%, 90% and 100% Lowicryl resin, prepared as per 

manufacturer’s instructions (Electron Microscopy Sciences, Cat# 14340). The temperature was 

slowly raised from -45 °C to -25 °C for 8 hours during these infiltration steps. The samples 

were then replaced with fresh 100% Lowicryl resin at regular intervals over 36 hours at -25 

°C. The samples were then UV polymerized with fresh resin for about 48 hours at -25 °C. Then, 

the temperature was slowly raised to 20 °C (at 1.8 °C per hour over 24 hours) and maintained 

for another 48 hours. After removing the carriers, the samples were sectioned (100 nm) using 

an ultramicrotome (Leica UC6 and UCT ultramicrotomes, Leica Microsystems), collected on 

formvar-coated nickel grids and processed for immunolabelling experiments. 

Immunolabelling 

The sections were incubated with 0.1 M glycine and blocking solution (1% bovine serum 

albumin and 0.2% cold fish skin gelatin in 1×phosphate buffer saline (PBS)) for 30 mins each 

to remove any residual aldehydes and to block non-specific binding of antibodies, respectively. 

After thorough washing with 1×PBS, the sections were incubated with primary keratin 

polyclonal antibodies (raised in rabbit against K85 tail domain: 466-485; 

IASGPVATGGSITVLAP) for overnight at 4 °C. Then, the samples were incubated in Alexa 
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FluorÒ 488 goat a rabbit conjugated to 5 nm gold (1:15 dilution; Life technologies, cat # 

A31565) for 2 hours at room temperature.  

Imaging 

Fluorescent imaging  was carried out using an Olympus BX61 Montaging light microscope. 

Philips CM100 (operated at 100 kV) fitted with a TVIPS F416 CMOS camera (TVIPS, 

Gauting, Germany) were used for electron microscopy. Dark field imaging was carried out 

using a annular scanning image device (ASID) with upper dark field detector and SightX 

software. 

Results 
Ultrastructure of the follicle 

The preservation of ultrastructural details along the axis of the follicle through zones associated 

with stages of hair growth [12, 13] with HPF-FS followed by Lowicryl embedding was 

assessed at two points (Figure 3.1.1A): lower bulb (below Auber’s level), top of the bulb (above 

Auber’s level and Orwin’s threshold)). At the base of the follicle, cells from the germinative 

matrix, adjacent to the dermal papilla (DP), differentiating into the Henle’s, Huxley’s and inner 

root sheath cuticle (IRSc) layers were clearly visible (Figure 3.1.1B&C). Trichohyalin granules 

were evident only in the Henle’s layer. The cuticle cells appeared cuboidal in shape and had 

clearly defined cell membranes and intact nuclei. In contrast, cortical cell membranes were not 

well defined (Figure 3.1.1B). However, the nucleus and fine keratin fibres were well-defined 

(Figure 3.1.1B &C). The difference in staining contrast clearly distinguished the dermal papilla 

from the cortex (Figure 3.1.1B).  
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Figure 3.1.1 Uranyl acetate mediated Lowicryl embedded wool follicle. (A) Schematic representation of wool 
follicle. (B) Low magnification micrographs below Auber’s level. (C) Inset from B showing the different 
compartments in the IRS, and the hair shaft’s Cu and Cx. Trichohyalin granules (TG) were identified only in the 
He at this level in the follicle. (D) Micrograph of follicle above Auber’s level. (E) Inset from D showing keratin 
(K) fibres inside the cortex. (F) Micrograph of the follicle post Orwin’s threshold. (G) High magnification image 
from inset F post He layer’s cornification, showing accumulation of keratin fibres. Scale bar presents 10 µm (B, 
D & F) and 5 µm (C, E & G).  

 At the distal end of the follicle bulb Henle’s layer hardens (Orwin’s threshold). Distal of this 

point trichohyalin granules were observed only in the Huxley’s layer (Figure 3.1.1D). The 

intensity of keratin increased tremendously. At high magnification, the fine fibres were 

aggregated into bundles, forming developing macrofibrils (Figure 3.1.1E). Further up from the 

Orwin’s threshold (keratogenous zone), the IRS contained cornified Henle’s, Huxley’s and IRS 
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cells, and the hair shaft cuticle and cortical cells were clearly distinguishable (Figure 3.1.1F 

&G). Keratin filament structures were clearly defined and had increased contrast compared 

with more proximal parts of the cortex. The natural degradation of cytoplasmic features in 

cortical cells that forms part of the hair maturation process was well preserved (e.g., 

condensation of nuclear material).  

Keratin localization during fibre growth 

Wool follicles were immunolabelled with an antibody against keratin, K85 and tagged with a 

fluorophore conjugated to 5 nm gold. The fluorescent labelling shows the localization of K85 

(Figure 3.1.2A) matching up to the densely stained fibrous keratin bundles, amongst the 

ultrastructural features of the follicle (Figure 3.1.2B). The lack of fluorescent labelling in 

germinative matrix and IRS shows that the K85 labelling is localized only in the cortex and 

possibly diffusely in the fibre cuticle cells at this mid bulb location (elongation zone) along the 

follicle axis (figure 3.1.2C).  

 
Figure 3.1.2. Correlative K85 antibody-labelled fluorescent and electron microscopy of a wool follicle. (A) 
Fluorescent labelled mid-bulb (elongation) region. (B) Electron micrograph corresponding to A. (C) 
Correlated fluorescent and electron micrographs from inset B. Scale bar: 5 µm in A-C. (D) Electron 
micrograph of follicle in the elongation zone. (E) Inset from D, showing keratin K85 immuno-labelled with 
5 nm gold. (F) Keratin K85 immunogold labelling obtained using DF-STEM in comparison to E. Scale bar: 
1 µm in D and 500 nm in E and F. 
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To localize K85 that had been detected by antibodies conjugated to 5 nm gold at an 

ultrastructural level (Figure 3.1.2D-F), both regular and DF-STEM methods were effective. 

Although the 5 nm gold labels were detectable as electron dense dots using regular TEM 

(Figure 3.1.2E), the gold labels were better contrasted from the background using dark-field 

(DF) STEM (Figure 3.1.2F). A few nanogold particles were clearly located in the cytosol 

(Figure 3.1.2D), but most were localized within the fibrous bundles.  

Keratin localization distal of Henle’s hardening 

The localization of K85 was observed at Orwin’s threshold (where Henle’s layer hardens) and 

more distally in the keratogenous zone (Figure 3.1.3A-C). The correlative fluorescent and 

electron microscopy show K85 labelling localized to long filamentous structures inside the 

cortex and to a less extent in the cuticle cells. No evident labelling was observed in the IRS. 

Lack of gold markers in the IRS and localization of the gold with keratin fibres from high-

resolution images from DF-STEM emphasizes the specificity of the K85 antibody (Figure 

3.1.3D &E).  

 
Figure 3.1.3 Immunolabelling of wool follicle with K85 distal of Orwin’s threshold. (A) Fluorescent labelling of 
wool follicle in the distal keratogenous zone. (B) Electron micrograph corresponding to A. (C) Correlated 
fluorescent and electron micrographs at high magnification from inset B. Scale bar: 10 µm in A & B and 2 µm in 
C. (D) Inset from E showing K85 immuno-labelled with 5 nm gold in the cortex and cuticle using ADF-STEM. 
(E) Micrograph of the follicle in keratogenous zone at lower magnification. (F) Inset from E showing keratin K85 
localization in upper keratogenous zone. Scale bar: 10 µm in E; 200 nm in D and F. 
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Discussion 
Ultrastructure with Lowicryl embedding 

 This is the first study to embed HPF-FS follicles in Lowicryl resin for ultrastructural 

immunolabelling. The structure of different cell types and cytosolic components such as the 

nucleus, mitochondria, keratin and trichohyalin granules were easily distinguished within the 

follicle. Fine details of interactions between keratin intermediate filaments (IFs) and cell 

junctions were also clear at higher magnification (image not shown). However, preservation of 

fine subcellular details such as the desmosomes and interaction between IFs and trichohyalin 

granules were less clear compared to samples previously published from epoxy embedded 

sections [9].  

Primary antibody labelling 

The labelling of keratin, K85, in the ultrastructure was exclusively in the cortex and cuticle 

cells. These findings from the current study are in agreement with previously published studies 

[4, 6, 7]. Lack of staining in the dermal papilla, germinative matrix and IRS cells shows the 

specificity of the antibody. An increase in labelling intensity in the keratogenous zone is also 

noticed in the present study. K81 and K86 sequentially switch upon differentiation, especially 

above Auber’s level and keratogenous zone. Thus, the increase in labelling intensity is 

suggested to be an effect of epitope masking resulting in identifying a closely related K86 

keratin, along with K85 [4, 6, 14, 15]. Follicles in this study were subjected to HPF-FS. The 

preservation of structural integrity following HPF-FS has been published recently [9]. While 

HPF preserves the follicle structural integrity close to native state, freeze-substitution replaces 

vitrified ice with organic solvents at -90 °C. At such low temperatures, these fixatives remain 

unreactive and homogeneously diffuse through these immobilized structures. Therefore 

masking of epitopes due to fixative interaction is minimal. Increased accumulation and 

aggregation of keratin IFs following cellular degradation could be a potential reason for the 

increase in K85 intensity.  

TEM processing 

Apart from fixative effects, post staining of sections with uranyl acetate followed by lead citrate 

staining is a common source of artifacts. While insufficient staining results in loss of structural 

context, over staining could obscure the signal originating from the secondary antibody 

conjugated to gold nanoparticles. In addition, the size of the gold nanoparticles are often 

increased using a silver enhancement procedure. Although, silver is a noble metal it is not 
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completely inert to chemical reactions. For instance, aldehydes frequently used as fixatives, 

are known to reduce silver [16]. In recent years, DF-STEM has become a powerful tool to 

characterize nanogold particles labelling specific proteins. In this study, we have shown that 

the nanogold particles conjugated to the secondary antibody could be visualized clearly without 

any further staining or silver enhancement technique. In conclusion, DF-STEM reduces the 

need for post-preparation processing such as double staining and silver enhancement for 

localizing the immunolabelling. In combination with HPF-FS, it better resolves the 

ultrastructural details of keratin localization in wool follicles. 
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Abstract 29 

Heterodimers of trichocyte keratins are the building blocks for keratin intermediate filament 30 

(KIF) formation. The first keratins to be expressed, K35 and K85, are observed in the cortex 31 

region adjacent to the dermal papilla. K31, which follows shortly afterwards, is hypothesized 32 

to interact with pre-existing K35 or K85 to form precursors of KIFs and supramolecular 33 

aggregations of KIFs called macrofibrils. While the distribution of these keratins at a 34 

histological level is well-established through numerous in-situ hybridization and 35 

immunofluorescence studies, their location at an ultrastructural level within the cytoplasm of 36 

developing hair shaft cells is limited. This is the first study to examine the distribution of K35, 37 

K85 and K31 at both a tissue and subcellular level using correlative light and electron 38 

microscopy (CLEM). Colocalization of K31/K85 and detection of K35 in the cytoplasm further 39 

up in the follicle reinforces mesophase theory of macrofibril formation.  40 

 41 

Keywords: Keratin, CLEM, ultrastructure, wool 42 

 43 

Abbreviations: 44 

° Degree 

° C Degree Celsius 

% Percent 

Cu Cuticle 

Cx Cortex 

CLEM Correlative light and electron microscopy 

DF-STEM Dark-field scanning transmission electron microscope 

Ds Desmosomes 

DP Dermal papilla 

EM Electron microscope 

FS Freeze substitution 

He Henle’s layer 

HH Hardened Henle’s 

HPF High-pressure freezing 

HPF-FS High-pressure freezing and freeze substitution 

Hx Huxley’s layer 

IRS Inner root sheath 
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IRSc Inner root sheath cuticle 

K Keratins 

K31 Keratin 31 

K35 Keratin 35 

K85 Keratin 85 

KIF Keratin intermediate filament 

µm micrometre 

mm millimetre 

nm nanometre 

ORS Outer root sheath 

ULF Unit-length filament 

 45 

Introduction 46 

Trichocyte keratins are fibrous insoluble proteins belonging to the intermediate filament 47 

protein family. Based on their acidity and molecular weight, trichocyte keratins are categorized 48 

as Type I and Type II keratins [1].  Heterodimers of Type I and Type II keratin are the building 49 

blocks of keratin intermediate filament (KIFs). They associate first in an antiparallel fashion to 50 

form tetramers and then into an eight-tetramer unit-length filament (ULF). These ULFs are 51 

monomers that polymerize lengthwise to form KIFs which coalesce with keratin-associated 52 

proteins (KAPs) to assemble a supramolecular structure called a macrofibril, the principal 53 

component of the hair or wool fibre [2, 3].  54 

Hair growth occurs within hair follicles during the lengthy anagen phase of their rest-active 55 

cycle. Anagen hair follicles are complex miniature organs in which multiple layers of 56 

epidermally derived hair shaft and support cell layers are organised as a cylinder surrounded 57 

by a dermal sheath of mesenchymal origin [4]. All cells in the growing hair derive from a 58 

germinative matrix at the proximal end of the follicle bulb. New cells, initially undifferentiated, 59 

migrate distally, cease division (Auber’s critical level), and differentiate into cell types of the 60 

hair shaft or surrounding inner-root sheath and the companion layer. The fate of individual 61 

cells (and thus the layers) is influenced by signals from a mesenchymal ingrowth to the base 62 

of the follicle bulb called the dermal papilla [2, 5]. Anagen hair formation is a complex and 63 

highly regulated progression of biological events that sets the stage for subsequent biophysical 64 

and chemical transformations of lipids, peptides and proteins into the mature shaft that become 65 
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more prominent during the later stages of the process [2-4, 6]. Here we investigate the role of 66 

the earliest expressing trichokeratins in this process.  67 

Trichokeratin structures are first observed in the cytoplasm of hair shaft cortical cells above 68 

Auber’s level, appearing in transmission electron micrographs as ropes, and isolated 69 

intermediate filament bundles that are precursors of macrofibrils [3, 5]. In-situ hybridisation 70 

and immunohistochemical studies have established that the keratins Type I K35 and Type II 71 

K85 are the first to be expressed in the cortex and are shortly followed by Type I K31 [3, 7, 8]. 72 

While the expression of K35 ceases near the distal end of the bulb (approx. Orwin’s threshold), 73 

K31 expression continues. As cortical cells migrate distally out of the bulb (Orwin’s threshold), 74 

other keratins K33a, K33b, K36, K81, K83, and K86, K34 and K39, and keratin-associated 75 

proteins (KAPs) express [3, 9, 10]. However, during the initial formation of cortical keratin 76 

structures the only available keratins for the formation of dimers are K31, K35 and K85, and 77 

K85 is the only Type II keratin available for heterodimers. The role of the three early expressing 78 

keratins in the initiation, growth and interaction with desmosomes and early expressing KAPs 79 

(e.g., K11.1) is not precisely resolved. The suggestion that macrofibril nucleation may cease at 80 

some point [11], makes this small set of early-expressing keratins and KAPs more interesting. 81 

It has been hypothesized that heterodimers of K35 and K85 act as an initiator in filament 82 

formation when a sufficient concentration of K31/K85 heterodimers is reached, and until this 83 

event, K31 concentrates in the cytoplasm in non-fibrillar form [3, 5]. It has been proposed that 84 

KIF polymerization from ULFs and KIF association into macrofibrils is simultaneous [12].To 85 

experimentally test this hypothesis, we use a recently developed cryopreservation and 86 

immunohistochemical approach and correlative fluorescent and electron microscopy (CLEM) 87 

to investigate the relative locations of K31, K35 and K85 during the early stages of macrofibril. 88 

Methods 89 

Follicle collection and preservation 90 

Wool follicles from the mid-sides of Romney composite sheep (Ovis aries) were obtained 91 

under local anaesthetic (3% lignocaine) using a 4 mm punch biopsy (Kai 4 mm sterile 92 

disposable biopsy punch, EBOS Group Ltd, New Zealand) at AgResearch’s research farms, 93 

Lincoln, New Zealand. The biopsies were immediately submerged in to ice-cold 94 

Hypothermosol® (Biolife Solutions, USA) and shipped by courier to University of Otago, 95 

Dunedin overnight. Collection procedures complied fully with New Zealand animal ethics law 96 

(permit 14431, AgResearch Invermay Animal Ethics Committee). The biopsy specimens were 97 
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maintained at specified temperature until the individual follicles were dissected at room 98 

temperature and high-pressure frozen as described in Velamoor, Richena [13]. 99 

Freeze-substitution and resin embedding 100 

Following HPF, the carriers stored in liquid nitrogen were transferred into precooled moulds 101 

in a Leica AFS2 device (Leica Microsystems, Germany) containing the FS media (0.5% uranyl 102 

acetate (UA) dissolved in methanol and 5% water) at -90 °C. The temperature was then 103 

gradually raised (at a rate of 5 °C per hour over 9 hours) to -45 °C for over 56 hours. The FS 104 

media was removed, and the follicles were washed and rinsed in 4× methanol for about 2 hours. 105 

The samples were then infiltrated for about 2 hours each with 10%, 25%, 50%, 70%, 90% and 106 

100% Lowicryl resin, prepared as per manufacturer’s instructions (Electron Microscopy 107 

Sciences, Cat# 14340). The temperature was slowly raised from -45 °C to -25 °C for 8 hours 108 

during these infiltration steps. The samples were then replaced with fresh 100% Lowicryl resin 109 

at regular intervals over 36 hours at -25 °C. The samples were then UV polymerized with fresh 110 

resin for about 48 hours at -25 °C. Then, the temperature was slowly raised to 20 °C (at 1.8 °C 111 

per hour over 24 hours) and maintained for another 48 hours. The samples were then removed 112 

from the AFS device and left at room temperature for at least 72 hours for curing.  113 

Ultra-sectioning 114 

After removing the carriers, the embedded follicles were sectioned (100- 250nm) using an 115 

ultramicrotome (Leica UC6 and UCT ultramicrotomes, Leica Microsystems equipped with a 116 

45° diamond knife (Diatome, Switzerland). The sections collected either on a glass slide or on 117 

a formvar-coated nickel grids were air-dried and processed for immunohistochemical studies.  118 

Antibody probes 119 

Three polyclonal primary antibodies- K35, K85 and K31-were used as probes in this study. 120 

Details of peptide sequences used for antibody probing are presented below (Table 1). These 121 

sequences are unique to each keratin and hence less likely to cross react with other keratins.  122 

Rabbit polyclonal K35 and K85 manufactured at Monash Antibodies Technologies Facility 123 

(MATF), Monash University, Melbourne was supplied as lyophilized powder. They were 124 

reconstituted with ultrapure water and used at 1:200 dilution for antibody probing. Mouse 125 

polyclonal antisera for K31 were produced at The Walter and Eliza Hall Institute of Medical 126 

Research (WEHI), La Trobe R & D Park, Parkville. The dilution used for antibody labelling 127 

was 1:200. 128 
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Table 3.2.1 Details of primary keratins peptide sequences used in detecting keratin localization 129 

Peptide 

generated 

Keratin 

domain 

Region of 

sheep 

keratin 

Sequence 
Antibody 

raised in 

Dilution 

used 

K31 Tail 380-393 TITPCISSPCAPAA Mouse 1:200 

K35 Head 4-16 CLKASFSSGSLKV  Rabbit 1:200 

K85 Tail 466-477 IASGPVATGGSIT Rabbit 1:200 

 130 

For immunofluorescence studies, the primary keratin antibodies were tagged with either goat 131 

a rabbit Alexa Fluor 488 (Life Technologies; catalog# All008) or goat a mouse Alexa Fluor 132 

488 (Life Technologies; Catalog# A11001). Goat a mouse 488 was replaced with donkey a 133 

mouse Alexa Fluor 594 (Life Technologies; Catalog# A32744) for double-labelling 134 

experiments. The secondary antibodies were diluted to 1:400 in blocking solution . 135 

Goat a rabbit IgG conjugated to 10 nm gold (BBI international; Catalog# EM.GAR10) and 136 

goat a mouse IgG conjugated to 10 nm gold (Electron Microscopy Sciences; Catalog# 25129) 137 

were used for immunoelectron microscopy. The gold conjugated secondaries were used at 1:20 138 

dilution.  139 

For CLEM, Alexa FluorÒ 488 goat a rabbit conjugated to 5 nm gold (Life technologies, cat # 140 

A31565) were used for tagging K35 and K85 antibodies. For mouse primary K31, Alexa Fluor 141 

donkey a mouse 594 (1:400) was combined with goat a mouse IgG conjugated to 10 nm gold 142 

(1:20) for CLEM analysis.  143 

Immunohistochemical analysis 144 

The ultrathin sections on a glass slide or a nickel grid were incubated with 0.1 M glycine and 145 

the blocking solution (1% bovine serum albumin and 0.2% cold fish skin gelatin in 1× 146 

phosphate buffer saline (PBS)) for 30 minutes each to remove any residual aldehydes and block 147 

any non-specific staining. Primary polyclonal keratin antibodies diluted with blocking solution 148 

were added to the sections and incubated overnight at 4 °C. For control sections, the primary 149 

antibodies were omitted from the blocking solution. After washing with 1× PBS, the sections 150 

were incubated with secondary antibodies diluted in blocking solution for 2 hours at room 151 

temperature. While the sections on the glass slides were washed with 1× PBS and sealed in a 152 

coverslip using Prolong Gold, the sections on the nickel grid were rinsed in ultrapure water and 153 

air-dried.  154 

 155 

 156 
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Imaging 157 

Fluorescent imaging was carried out using an Olympus BX61 Montaging light microscope. A 158 

Philips CM100 (operated at 100 kV) and a JEOL (2200FS, 200 kV) fitted with a TVIPS F416 159 

CMOS camera (TVIPS, Gauting, Germany) were used for transmission electron microscopy 160 

(TEM). Dark-field imaging was carried out on the JEOL 2200FS using a scanning image 161 

device (ASID) with an upper dark field detector and SightX software. 162 

Results 163 

Keratin expression in the cortex in the lower portion of the follicle bulb involves only three 164 

trichocytes-K35, K85 and K31. Ultrathin sections of wool follicles labelled with polyclonal 165 

keratin antibodies, specific to wool follicles, were examined in the regions specified below 166 

(figure 3.2.1) under fluorescent and TEM.  167 

 168 

Figure 3.2.1 Schematic representation of micrograph location in subsequent figures  169 

 170 

Auber’s level

Orwin’s threshold

Figure 2 (A-C)
Figure 7

Figure 4 (D-F)
4,5,6 (G-L)

Figure 3 (A-C)
4,5,6 (A-F)

Figure 8

Figure 3 (D-F) 
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Localizing keratins using immunofluorescence  171 

The distribution pattern of three polyclonal keratins, K35, K85 and K31, were investigated 172 

using immunofluorescence using antibody probes across the wool follicle (Figure 3.2.2). The 173 

polyclonal rabbit K35 antibody elicited a marked immunostaining in the cytoplasm of cortex. 174 

cells above the Auber’s level. A few cells lining the dermal papilla transiting into cortex and 175 

the ORS also appear to be immunostained with K35 (Figure 3.2.2A). As the follicle developed, 176 

the intensity of K35 staining gradually decreased and was confined to the cells at the cortex-177 

cuticle interface. No histological structures inside the dermal papilla cells were stained positive 178 

for K35.  179 

The immunolabelling of polyclonal K85 (raised in rabbit) was evenly spread across the entire 180 

cortex (Figure 3.2.2B). The staining was localized to the cytoplasm. Fluorescent labelling was 181 

neither observed on dermal papilla nor the sheath (IRS and ORS) cells.  182 

In contrast to K35, the intensity of K31 staining which was lower at the early stages of 183 

differentiation gradually increased as the follicle developed (Figure 3.2.2C). The K31 probe 184 

also resulted in bright staining of some ORS cells and some features of the IRS layer, but this 185 

varied from section to section suggesting non-specifically. 186 

 187 

 188 

Figure 3.2.2 Distribution of first trichocyte keratins in wool follicle. (A) The cortex of wool follicle 189 
immunolabeled with rabbit polyclonal K35 (rK35). (B) The distribution of rabbit polyclonal K85 (rK85). The 190 
rabbit polyclonal antibodies were conjugated with goat a rabbit Alexa-Fluor 488. (C) The immunolabelling of 191 
mouse polyclonal K31 tagged with anti-mouse 488.  Scale bar represents 5 µm. 192 
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Localizing keratins using immunoelectron microscopy 194 

To examine the distribution of keratins at an ultrastructural level, longitudinal wool sections 195 

immunogold labelled with polyclonal keratin antibodies were examined (Figure 3.2.3). Above 196 

Auber’s level, the labelling of rabbit K35 (Figure 3.2.3A), rabbit K85 (Figure 3.2.3B) and 197 

mouse K31(Figure 3.2.3C) were all localized to the keratin bundles in the differentiating cortex 198 

cells. Except for K85, immunogold labelling was also observed in the cytoplasm of the cortex 199 

cells.  200 

At Orwin’s threshold, the labelling of K35 was sparse and mostly localized in the cytoplasm 201 

of cortex and cuticle cells peripheral to the follicle axis (Figure 3.2.3D). Majority of the K85 202 

immunolabels were primarily associated with the keratin bundles and was evenly spread 203 

throughout the cortex (Figure 3.2.3E). With K31, the intensity of immunogold labelling in the 204 

keratin bundles was more prominent than in the cytoplasm (Figure 3.2.3F). The control sections 205 

with no primary antibodies produced no labelling in the cortex region. 206 

Interaction between Type I keratins 207 

Relative locations of Type I keratins were analysed by double-labelling the wool follicles with 208 

K35/K31 (Figure 3.2.4). Above Auber’s level, the K35 and K31 immunolabelled the cortex 209 

cells (Figure 3.2.4A&B). K31 also labelled cells outside the cortex (Figure 3.2.4C). Overlaying 210 

the TEM micrographs (Figure 3.2.4D) with the fluorescent labels (Figure 3.2.4E), showed K31 211 

to non-specifically stain the Henle’s layer and the ORS cells. High magnification inset of the 212 

cortex cell subjected to DF-STEM shows K35 and K31 distributed within the same keratin 213 

bundle (Figure 3.2.4F). Towards Orwin’s threshold, the intensity of K35 is greatly reduced 214 

while that of K31is increased (Figure 3.2.4G-I). Combining the TEM and fluorescent images, 215 

weak punctate K35 labelling localized to cortex and cuticle cells is visualized (Figure 216 

3.2.4G&I). Immunogold labelling of K35 was minimal and mostly restricted in the cytoplasm. 217 

While most of K31 associated with keratin fibres, few labels were also noticed in the cytoplasm 218 

(Figure 3.2.4H). The K35 antibody did not colocalize with mouse K31 at any stage during 219 

cortex differentiation (Figure 3.2.4I-L). 220 
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 221 
Figure 3.2.3 Distribution of keratins above Auber level and at Orwin’s threshold. (A-C) Low magnification of wool follicle above Auber’s 222 
level immunogold labelled with rK35, rK85 and mK31, respectively. High magnification of the respective inset show goat a rabbit IgG 223 
conjugated with 10 nm gold conjugated to rK35 or K85 and goat a mouse IgG 10nm gold conjugated mK31. Morphological features such 224 
as the differentiating cortex (Cx), cuticle (Cu) and the inner root sheath (IRS) layers-Henle’s (He), Huxley’s (Hx) and IRS cuticle (IRSc) 225 
are clearly visible. (D-F) Immunogold labelling of wool follicles with rK35, r K85 and mK31, respectively at Orwin’s threshold. Inset 226 
displays 10 nm gold conjugated to secondary antibodies labelling their respective primary antibodies. Scale bar represents 5µm (A-F) and 227 
2 µm (inset at high magnification). 228 
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 231 

Figure 3.2.4 Interaction of K35 and K31 homodimers above Auber’s level and Orwin’s threshold. (A-C) Cortex 232 
cell in wool follicle above Auber’s level histologically stained with K35 (B) and (C) K31 antibodies. (D) 233 
Correlation of electron micrographs with fluorescent labels (E) at an ultrastructural level. (F) DF-STEM 234 
displaying the distribution of K35 (5 nm gold; arrow) and K31(10 nm gold; arrowhead) on keratins fibres. (G-I) 235 
Wool follicles immunolabelled with K35 (G) and K31(H) at Orwin’s threshold and their overlay (I). CLEM shows 236 
K31 localization on keratin fibres (K-L). High magnification from inset (M). Scale bar (A-E & G-K) represents 237 
20 µm and (F & L) 100 nm. 238 
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Interaction between Type I and Type II keratins 239 

The interaction between Type I K31 and Type II K85 was also investigated using CLEM. 240 

Above Auber’s level, the distribution of K31 and K85 colocalized on the keratin fibres (Figure 241 

3.2.5A-C). While K85 distribution was limited to fibrous structures, K31 was noticed to label 242 

non-fibrous components inside the cytoplasm. From the CLEM and DF-STEM micrographs, 243 

the specificity of K85 antibody to keratin fibres within the cortex is illustrated (Figure 3.2.5D-244 

F). At Orwin’s threshold, While the increase in intensity of K31 is evident (Figure 3.2.5H), no 245 

major change in intensity is noticed in K85 (Figure 3.2.5G). Overlay of TEM and fluorescent 246 

shows K31/K85 colocalization at selected keratin fibres (Figure 3.2.5H-K). DF-STEM from 247 

the inset shows increased distribution of K31 on keratin fibres (Figure 3.2.5L).  248 

Discussion 249 

The cortex in hair/wool follicle is composed of trichocyte keratins which coalesce with KAPs 250 

to form macrofibrils. The expression and distribution of these trichocyte keratins in a hair or 251 

wool follicle are elucidated through in situ hybridization and immunofluorescent studies [14, 252 

15]. In this study we aimed to simultaneously analyze keratin distribution at a molecular and 253 

ultrastructural level using CLEM and have summarized the findings below (Table 3.2.2).  254 

 255 

Table 3.2.2 Fluorescent and immunoelectron localization of keratins in developing wool follicle 256 

Zone Above Auber’s level  Near Orwin’s threshold 

K35 

Localized in keratin bundle and cytoplasm of 
differentiating cortex 
Staining of the cuticle was weak 
Did not colocalize with K31 
Non-specific staining of ORS 

Decrease in labelling intensity  
Mostly distributed in cytoplasm of cortex and 
cuticle cells 
Labelling observed in ORS 

K85 

Majorly localized only on keratin filaments 
Associated with desmosomes 
Colocalized with K31 at selected keratin 
filaments  

Increase localization with K31 

K31 

Distributed on keratin filaments and cytoplasm 
Staining observed in the ORS and some IRS 
layers 

Increase in distribution throughout the cortex 
Cuticle cells also labels with K31 
ORS cells stained 

 257 
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 258 

Figure 3.2.5 Interaction of K31 and K85 heterodimers above Auber’s level and Orwin’s threshold. (A-C) Cortex 259 
cell in wool follicle above Auber’s level histologically stained with K85 (A) and (B) K31 and their overlay (C). 260 
Correlation of electron micrographs (D) with fluorescent labels (E) showing colocalization of K31 and 85. (F) 261 
DF-STEM displays distribution of K85 (5 nm gold; arrow) and K31(10 nm gold; arrowhead) on keratins fibres. 262 
(G-L) Wool follicles immunolabelled with K85 (G) and K31(H) at Orwin’s threshold. Merge of K31/K85 showing 263 
colocalization on keratin fibres (I). CLEM (J & K) and DF-STEM (L) of wool follicles immunogold stained K85. 264 
Scale bar (A-E & G-K) represents 20 µm and (F & L) 100 nm. 265 
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Antibody specificity 266 

Comparing our immunohistochemical studies with previously published data, it is clear that 267 

the polyclonal antibody, designed from unique sequences with their respective targets, 268 

recognized epitopes shared by the keratin inside the cortex region [9, 16]. Additionally, 269 

correlative fluorescent and TEM confirms the presence of these antigenic epitopes on keratin 270 

and cytoplasmic structure inside the wool cortex. This illustrates that the antigenic epitopes are 271 

better preserved in HPF-FS and subsequent embedding in Lowicryl resin [17, 18]. Despite 272 

using unique sequences, K31 and K35 non-specifically labelled ORS and few IRS cells. 273 

Reducing the concentration of primary antibody resulted in sparse labelling of both K35 and 274 

K31 inside the cortex.  Inclusion of Triton X 100 or Tween with wash buffer did not improve 275 

the quality of staining any further. This is not unexpected as human hair follicles 276 

immunolabelled in resin sections has been reported to stain IRS and ORS cells non-specifically 277 

(Figure 3.2.6). All the layers in the hair follicle including the hair keratins arise from K5/K14 278 

positive ORS cells which are reported to co-express with K35 and K31 in a malignant follicles 279 

[7, 19]. Alteration of K5/K14 epitopes during transition could possibly have resulted in false-280 

positive staining of the ORS cells. 281 

Interaction between keratin homo and heterodimers 282 

The CLEM analysis from this study clearly indicates all the three different keratins, Type I 283 

K35, Type II K85 and Type I K31 are localized to keratin intermediate filaments in the 284 

developing cortex of the wool follicle. Despite the presence of K35 on the same keratin bundle, 285 

Type K35 and K31 labels were never observed in close proximity. In contrast, Type I K31 and 286 

Type II K85 showed colocalization even at early stage of cortex differentiation which 287 

continued to increase with the follicle growth. It appears that K35 is uncommon in developing 288 

macrofibrils.  289 

 290 
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 291 

Figure 3.2.6 Wool follicle immunolabelled at lower concentration of K35 (A) and K31. (B) Wash buffer 292 
included Triton X100 (0.2%). Scale bar presents 5 µm. 293 

 294 

This rarity of K35 in macrofibrils may lend support to a role for a mesophase model of at least 295 

the early stages of macrofibril development [3].  In the mesophase model it is hypothesized 296 

that K31 and K85 readily dimerise and that the dimers associate as anti-parallel tetramers which 297 

in turn associate laterally as eight-tetramer ULFs. However, in the model, K31/K85 ULFs do 298 

not polymerise into KIFs until activated by a small conformational change instigated by at least 299 

one of the dimers containing a K35. Activated ULFs can then form KIFs and act as a template 300 

for K31/K85 only ULFs to add to the KIF end. Finally, the model suggests that these untethered 301 

KIFs will be most stable when laterally aggregated to other growing KIFs in a separate phase 302 

(a lyotropic liquid crystalline phase) which appears as an elongated droplet (or tactoid). As 303 

they grow by further filament growth, these tactoids also coalesce with neighbours and 304 

internally cross-link with KAPs to form mature macrofibrils [20-22]. Localization of K35 in 305 
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the cytoplasm, especially near Auber’s level and higher up in the follicle supports this theory 306 

because K35 would not be expected to form a major component of macrofibrils. However, 307 

wool follicles must simultaneously be labelled with K35/K85 and K35/K85/K31 to validate 308 

this theory further.  It had been hypothesised that K35 may be associated more with 309 

desmosomes [3]. However, our immunoelectron microscopy revealed no association between 310 

K35 (or K31) and desmosomes. K85 was observed to be closely associated with bundles 311 

interacting with desmosomes (Figure 3.2.7). The association of K85 with desmosomes in 312 

filament assembly also needs to investigate further by double labelling K85 with antibodies 313 

specific to desmosomes. 314 

 315 

Figure 3.2.7 Wool follicle immunogold labelled with K85 seen is close association with desmosomes (Ds). 316 
Scale bar presents 500 nm. 317 

In conclusion, the polyclonal antibodies generated using unique sequences to respective targets 318 

appear to specifically label keratins inside the wool cortex region. CLEM and DF-STEM has 319 

enabled to localize keratins at an ultrastructural level and at a higher resolution. While KIF 320 

formation via liquid crystalline approach is promising, interaction of K85 with K35 and 321 

desmosomes needs further investigation. 322 
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Abstract 
Keratins and keratin-associated proteins which make 90% of the hair fibre have a critical role 

in determining the fibre curvature. Loss of curvature is one of the key differences between the 

wild-type and mutant wool fibre. The keratin and KAP proteome affected by mutation is 

already established. This study aims to localize few keratins (K35, K85 andK31) and KAP 

(KAP16.1) affected in mutation at an ultrastructural level. Ultrastructural analysis and 

immunolabelling studies carried out using a combination of TEM techniques were helpful in 

identifying important differences between the wild-type and mutant wool morphology. 

 

Keywords: mutant wool, KAP16.1, CLEM, ultrastructure 

 

Abbreviations: 

° Degree 

° C Degree Celsius 

% Percent 

Cu Cuticle 

Cx Cortex 

CLEM Correlative light and electron microscopy 

DF-STEM Dark-field scanning transmission electron microscope 

DP Dermal papilla 

He Henle’s layer 

HGT High glycine tyrosine 

HH Hardened Henle’s 

HSP High sulphur protein 

Hx Huxley’s layer 

IRS Inner root sheath 

IRSc Inner root sheath cuticle 

K Keratins 

K31 Keratin 31 

K35 Keratin 35 

K85 Keratin 85 

KIF Keratin intermediate filament 

KAP Keratin-associated protein 
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µm micrometre 

mm millimetre 

nm nanometre 

ORS Outer root sheath 

TEM Transmission electron microscope 

UHS Ultra-high sulphur 

ULF Unit-length filament 

 

Introduction 
A wool fibre, an epidermal appendage from sheep skin, widely used in the textile industry is 

comprised of 95% protein. Growing wool fibres develop within follicles in the skin and are 

mostly curved. During fibre growth, trichokeratins expressed, aggregate and polymerize into 

keratin intermediate filaments (KIFs) which form as bundles. Following interaction with 

keratin-associated proteins (KAPs) these KIFs coalescence with other bundles to form 

macrofibrils which fill the cell remnants that become the fibre cortex. In typical curly wool 

fibres there are two types of macrofibrils which are clustered into regions of the fibre that are 

normally bilaterally distributed, with orthocortex on one side of the fibre and paracortex on the 

side that corresponds to the concave side of the fibre curvature[1]. 

Similar to trichokeratins, KAPs are a large family of proteins and based on their amino acid 

composition are broadly classified as the high sulphur (HS), the ultra-high sulphur (UHS) and 

high glycine tyrosine  (HGT) groups [2]. In the mature hair cortex, KAPs are thought to make 

up much of the matrix between KIFs in macrofibrils. The expression and distribution of KAPs 

is different in cells that turn into ortho and paracortex. For instance, while the HGT KAPs 

(KAP6.1, KAP7 and KAP8) are upregulated, HS (KAP2.12) and UHS (KAP4.2) KAPs are 

downregulated in the orthocortex of curly wool fibres [3]. Conversely, the paracortex cells 

have low level of HGT KAPs and high HS and UHS KAPs [3, 4]. Despite all these data, the 

exact role of KAPs and their chemistry in defining the physical attributes of ortho and 

paracortex is unclear. 
Wool crimp (hair waviness), related to single hair shape (curl), is an important morphological 

feature. While the KAPs and cortical morphological appears to be crucial in defining the wool 

curvature, the relationship is not entirely understood. One issue in the past has been a lack of 

model systems within which the many potential influences on the curvature (genetics, diet, and 

other elements of single fibre phenotype such as diameter) are controlled. 
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Recently a sheep mutant model based on fraternal twins in which one has a mutation in a single 

dominant autosomal gene resulting in loss of crimp in wool was reported [5] The straight hair 

mutant sheep wool fibres lack the bilateral pattern of orthocortex and paracortex. Instead there 

was an annular arrangement of a thin layer of orthocortex adjacent to the cuticle and sometimes 

a small patch at the centre of the cortex, and the majority of cortex being paracortex. These 

straight hairs had a reduced abundance of the HSP, KAP11.1 and several HGTPs, KAP6.1, 

KAP6.3, KAP7.1, KAP8.1 and KAP8.2) and an upregulation of the HGTP KAP16 family of 

proteins [4].  

TEM would enable to elucidate difference in morphological features between the wild-type 

and mutant sheep. In this study, we aim to investigate any difference in follicle morphology 

between wildtype and mutant wool follicle at an ultrastructural level. The distribution of HGT 

KAP16.1, an important morphological marker differentiating the crimp from straight wool, 

along with its spatial relationship with early expressing keratins will be investigated. 

Materials and methods 
Follicle collection 

Wool follicles from the mid-sides of wild-type and mutant Romney composite sheep (Ovis 

aries) were obtained under local anaesthetic (3% lignocaine) using a 4 mm punch biopsy (Kai 

4 mm sterile disposable biopsy punch, EBOS Group Ltd, New Zealand) at AgResearch’s 

research farms, Lincoln, New Zealand. The biopsies were immediately submerged in to ice-

cold Hypothermosol® (Biolife Solutions, USA) and shipped by courier to University of Otago, 

Dunedin overnight. Collection procedures complied fully with New Zealand animal ethics law 

(permit 14431, AgResearch Invermay Animal Ethics Committee). The biopsy specimens were 

maintained at specified temperature until the individual follicles were dissected at room 

temperature and high-pressure frozen as described in Velamoor, Richena [6]. 

Freeze-substitution and resin embedding 

The high-pressure frozen follicles stored in liquid nitrogen were processed for both 

ultrastructural and immunolabelling studies. For ultrastructural studies, the follicles were 

freeze-substituted with osmium tetroxide and glutaraldehyde with ice-cold acetone and 

embedded into epoxy resin. Follicles freeze-substituted with uranyl acetate and methanol and 

embedded in Lowicryl resin were used for immunolabelling studies as described earlier [6, 7]. 

 

 



 

 

110 

Ultra-sectioning 

After removing the carriers, the embedded follicles were sectioned (100- 250nm) using an 

ultramicrotome (Leica UC6 and UCT ultramicrotomes, Leica Microsystems equipped with a 

45° diamond knife (Diatome, Switzerland). For ultrastructural studies, the sections were 

collected on a copper slot or 200 mesh copper grids.  Sections collected glass slide or on a 

formvar-coated nickel grids were used for immunohistochemical studies.  

Antibody probes 

The details of the antibody probes used in this study are listed below (Table 3.3.1). These 

sequences are unique to each keratin and KAP hence are less likely to cross react with other 

keratins. Rabbit polyclonal K35, K85 and KAP16.1 manufactured at Monash Antibodies 

Technologies Facility (MATF), Monash University, Melbourne was supplied as lyophilized 

powder. They were reconstituted with ultrapure water and used at 1:200 dilution for antibody 

probing. Mouse polyclonal antisera for K31 were produced at The Walter and Eliza Hall 

Institute of Medical Research (WEHI), La Trobe R & D Park, Parkville. The dilution used for 

antibody labelling was 1:200. 

 

Table 3.3.1 Details of primary keratins peptide sequences used in detecting keratin localization 

Peptide 

generated 

Keratin 

domain 

Region of 

sheep keratin 
Sequence 

Antibody 

raised in 

Dilution 

used 

K31 Tail 380-393 TITPCISSPCAPAA Mouse 1:200 

K35 Head 4-16 CLKASFSSGSLKV Rabbit 1:200 

K85 Tail 466-477 IASGPVATGGSIT Rabbit 1:200 

KAP16.1 Central 42-56 FRPSFYGRYLSSGFY Rabbit 1:200 

 

For immunofluorescence studies, the primary keratin antibodies were tagged with either goat 

a rabbit Alexa Fluor 488 (Life Technologies; catalog# All008) or goat a mouse Alexa Fluor 

488 (Life Technologies; Catalog# A11001). Goat a mouse 488 was replaced with donkey a 

mouse Alexa Fluor 594 (Life Technologies; Catalog# A32744) for double-labelling 

experiments. The secondary antibodies were diluted to 1:400 in blocking solution . 

For CLEM, Alexa FluorÒ 488 goat a rabbit conjugated to 5 nm gold (Life technologies, cat # 

A31565) were used for tagging KAP16.1. Mouse K31 was tagged with  donkey a mouse Alexa 

Fluor 594 (Life Technologies; Catalog# A32744) and  goat a mouse IgG conjugated to 10 nm 

gold (1:20; Electron Microscopy Sciences; Catalog# 25129).  
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Immunohistochemical analysis 

The ultrathin sections on a glass slide or a nickel grid were incubated with 0.1 M glycine and 

the blocking solution (1% bovine serum albumin and 0.2% cold fish skin gelatin in 1× 

phosphate buffer saline (PBS)) for 30 minutes each to remove any residual aldehydes and block 

any non-specific staining. Primary polyclonal keratin antibodies diluted with blocking solution 

were added to the sections and incubated overnight at 4 °C. For control sections, the primary 

antibodies were omitted from the blocking solution. After washing with 1× PBS, the sections 

were incubated with secondary antibodies diluted in blocking solution for 2 hours at room 

temperature. While the sections on the glass slides were washed with 1× PBS and sealed in a 

coverslip using Prolong Gold, the sections on the nickel grid were rinsed in ultrapure water and 

air-dried.  

Imaging 

Fluorescent imaging was carried out using an Olympus BX61 Montaging light microscope. A 

Philips CM100 (operated at 100 kV) and a JEOL (JEOL 2200FS cryo-TEM, 200 kV, Japan) 

fitted with a TVIPS F416 CMOS camera (TVIPS, Gauting, Germany) were used for 

transmission electron microscopy (TEM). Dark-field imaging was carried out on the JEOL 

2200FS using a scanning image device (ASID) with an upper dark field detector and SightX 

software. 

Results 
Ultrathin sections of wool follicles labelled with polyclonal keratin antibodies, specific to wool 

follicles, were examined in the regions specified below (figure 3.3.1) under fluorescent and 

TEM.  
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Figure 3.3.1 Schematic presentation of micrographs in subsequent figures 

 

Ultrastructural changes in mutants 

The TEM micrographs and electron tomogram of mutant wool follicles were compared to those 

of the wild-type for examining any significant changes to the ultrastructure during follicle 

development (Figure 3.3.2). During early stages of differentiation (Zone B) where first keratin 

filaments are synthesized, there was no significant ultrastructural changes between the wild-

type and mutant wool follicle. However, electron tomography of cortex keratins near Orwin’s 

threshold  (distal margin of the bulb where Henle’s layer cornifies [8] showed inclusion of  

rectangular protein blocks within macrofibrils of the wild-type wool cortex (Figure 3.3.2A&B). 

As the hair shaft further developed, the size and electron density of these rectangular inclusions 

increased in the wild-type sheep follicles (Figure 3.3.2E&F). While mutant lustrous wool 

appear to lack these rectangular electron dense inclusion in early Zone C (Figure 3.3.2C&D), 

they are eventually observed to build further up in the follicle (Figure 3.3.2G&H).Gradual 
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degradation of nuclear and cytoplasmic structures including mitochondria was consistent 

between wild-type and mutant samples.  

 

Figure 3.3.2 Ultrastructural analysis of keratin filament assembly in wool follicles from wild-type and mutant 
fraternal twins. (A) Overview of wild-type wool follicle near Orwin’s threshold. (B) A slice of 10nm thick electron 
tomograph from inset A displayed keratins with electron dense inclusions (indicated with arrows). (C) Low 
magnification image of mutant wool near Zone C. (D) Electron tomogram of a 10 nm thick section from inset B 
shows no rectangular blocks inside the keratin bundles. (E) Low magnification image wild-type wool follicle in 
mid-Zone C. (F) Inset from E is a slice of an electron tomogram (10 nm thick) showing increase in size and 
frequency of these rectangular electron dense block within keratin bundles (indicated with arrows). (G) Overview 
of mutant follicle in mid-zone C. (H) Thin rectangular electron dense blocks are being observed to build up within 
the keratin bundles (as indicated with arrows). Scale bar is 5 µm (A, C, E & G) and 200 nm (D, B, F & H). 

Distribution of keratins and KAP 

Upregulation of HGTP KAP16.1 is a key proteomic feature of crimp-mutant wool fibres. The 

ultrathin sections obtained from wool follicles embedded in Lowicryl resin were 

immunolabelled with KAP16.1 polyclonal antibody raised in rabbit. The immunostaining 

observed in wild-type and mutant were compared (Figure 3.3.3). The distribution of KAP16.1 

in both wild-type follicle (curly wool) and mutant follicle (straight wool) was observed mostly 

inside the cortex above Zone C (distal of Orwin’s threshold). While the immunostaining 

appears to be weak and inconsistent in wild-type wool follicle (Figure 3.3.3A), the labelling of 

KAP in crimp mutant wool follicle was uniformly spread across the hair shaft cortex (Figure 

3.3.3B). The intensity of KAP staining beginning in lower Zone C increased distally along the 

axis of hair shaft development. Some ORS near the base of the follicle was also observed to be 

labelled with KAP16.1 in both wild-type and mutants. 
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Figure 3.3.3 Distribution of KAP16.1 in wild-type and mutant wool follicle. (A) A wild-type wool follicle 
immunostained with KAP16.1 and the high magnification of the inset shows weaker and inconsistent staining in 
the cortex above Orwin’s threshold. (B) Overview of KAP16.1 staining in mutant wool. Inset shows uniform 
distribution of KAP16.1 in keratin fibres inside the cortex region. The intensity of KAP was noted to increase 
distally along the axis of hair shaft development. Scale bar presents 5 µm and 2 µm (for inset at high 
magnification). 

The distribution of preliminary keratins, K35, K85 and K31 were investigated in mutant wool 

follicle. While immunostaining of K35 and K85 (Figure 3.3.4A&B) was lower compared to 

their intensity in wild-type (Chapter 3.2), there was no noticeable difference in K31 intensity 

(Figure 3.3.4C). Thus, the distribution and interaction of KAP16.1 and K31 was investigated 

further using CLEM (Figure 3.3.5). Since the KAP16.1 expression is noticed at Orwin’s 

threshold, colocalization analysis was investigated in the region. Rabbit KAP16.1(Figure 

3.3.5A) and mouse K31 (Figure 3.3.5B) polyclonal antibody did not appear to colocalize but 

the two labels appeared to lie adjacent to each other on the same keratin bundle. Overlaying 

the TEM micrographs with fluorescent labelling clearly shows this (Figure 3.3.5C-E). 

Nanogold particles tagged to KAP 16.1 (5 nm) were located mostly inside the keratin bundle 

while K31 (tagged with 10 nm nanogold) was found around the exterior of the bundle (Figure 

3.3.5F). 
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Figure 3.3.4 Immunolabelling of keratins in mutant wool follicle. Ultrathin section of a wool follicle 
immunostained with polyclonal K35 (A), K85 (B) and K31 (C) antibodies. Scale bar presents 5 µm. 

Discussion 
The primary objective of this study was to determine crucial differences in keratin and KAP 

distribution in mutant and wild-type wool follicle. The loss of curvature in mutant was evident 

from the follicles dissected from the punch biopsy. From an ultrastructural perspective, no 

distinctive differences were observed in the cortex region during hair cell differentiation (in 

Zone B). Following termination of differentiation (Zone C), keratin filaments were noticed to 

convolute around electron dense rectangular blocks in wild-type Romney follicle. During hair 

development, the intensity and distribution of these blocks increased along the follicle. This 

architecture was minimal in mutant wool and was observed from mid-Zone C. The influence 

of these rectangular inclusions in wool curvature requires further investigations.  
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Figure 3.3.5 Interaction of KAP16.1 and K31 above Orwin’s threshold. Mutant wool follicle histologically stained 
with KAP16.1(A) and K31(B) above Orwin’s threshold. Overlay of KAP16.1 with K31 shows no colocalization 
(C). Correlation of electron micrographs (D) with fluorescent labels (E) at an ultrastructural level. DF-STEM 
displaying the distribution of KAP16.1 (5 nm gold; arrow) and K31(10 nm gold; arrowhead) on keratins fibres. 
Scale bar (B-F & H-L) represents 20 µm and (G & M) 200 nm. 

 

Distribution of keratin and KAP in wool crimp was examined for the first time. One of the 

most obvious variation between the mutant and the wild-type was the upregulation of 

KAP16.1, while several HGT and HSP proteins downregulated [4]. The increase in distribution 

of KAP 16.1 above Orwin’s threshold in the cortex of mutant wool corroborates these findings. 

Upregulation of HGT KAP 16 is anticipated to have effect on the morphology of the mutant 

wool.  Except for K31, the distribution K85 and K35 were greatly reduced compared to wild-

type wool follicle. These observations were in agreement with keratin proteome analysis 

protein profiling data obtained by comparing different fleece types  [4, 9]. Asymmetrical 

expression of K31 was found in some mammalian follicles in straight fibres [3, 10]. Hence, 

CLEM was used to investigate any relationship between K31 on KAP 16.1 in the mutant wool 

follicle. While no colocalization was observed, it was interesting to note that K31 and KAP16.1 

lie in the same keratin bundle at an ultrastructural level. While this illustrates certain interaction 

between K31 and KAP16.1, further proteomic analysis is required to confirm this. 

In conclusion, ultrastructural analysis and immunolabelling studies carried out using TEM 

techniques were helpful in identifying important differences between the wild-type and mutant 
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wool morphology. The appearance of rectangular inclusion between the keratins only in the 

wild-type and KAP16.1 only in mutant immediately above Orwin’s threshold was perplexing. 

More proteomic and ultrastructural investigations are required to understand the significance 

of these observations. 
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Chapter 3.4 
 

Challenges with immunostaining technique 
This chapter primarily discusses the challenges encountered with immunostaining the ultrathin 

wool follicles 

Issues with mouse K35 antibody 

To examine the interaction of keratin, K35 with Type II K85, mouse polyclonal antisera for 

K35 (Head domain: 4-23; CLKASFSSGSLKVPGGAGGG) were produced at The Walter and 

Eliza Hall Institute of Medical Research (WEHI), La Trobe R & D Park, Parkville. After 

incubating the sections with 0.1 M glycine and blocking solution (1% bovine serum albumin 

and 0.2% cold fish skin gelatin in 1×phosphate buffer saline (PBS)) for 30 mins each, wool 

follicles ultrathin sections were  incubated overnight at 4°C with the following dilutions- 1:100, 

1:200, 1:500 and 1:1000 for optimization purpose. After washing the excess primary, the 

sections were then tagged with goat a mouse Alexa Fluor 488 (Life Technologies; Catalog# 

A11001) for 2 hours at room temperature.  However, the antibody was found to non-

specifically label most of the follicle including the dermal papilla (DP), inner root sheath (IRS) 

and outer root sheath (ORS) cells (Figure 3.4.1). Hence, they were not further used for double-

labelling studies.  

Desmosomes distribution 

From the immunoelectron microscopy studies we have observed a close association between 

K85 and desmosomes at early stages of macrofibril formation. To further validate this, wool 

follicles were immunolabelled with desmosomes antibodies. The antibodies probed against 

desmosomes are listed below (Table 3.4.1). 

Ultrathin sections immunolabelled, after incubating with glycine and blocking solution (1% 

bovine serum albumin and 0.2% cold fish skin gelatin in 1×phosphate buffer saline (PBS)) for 

30 mins each,  were probed with antibodies at 1:100 (recommended) dilutions overnight at 4°C 

and were tagged with goat a mouse Alexa Fluor 488 (Life Technologies; Catalog# A11001) 

for 2 hours at room temperature. This did not produce any significant labelling in any of the 

antibodies. Hence, the dilutions were reduced to 1:50 and 1:10. Except for anti-desmoglein, at 

1:10 dilution intensity of fluorescent signal was negligible. Even the labelling of anti-
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desmoglein was very weak and found mostly localized between Auber’s level and Orwin’s 

threshold (Figure 3.4.2A).  

 
Table 3.4.1 List of antibodies used for labelling desmosomes. 

Antibody Source Catalog# Target 
Species 

raised in 
Dilution 

Desmoglein Cymbus Biotechnology Ltd, 

Southampton, UK 

CBL174 Human Mouse 1:100, 1:50, 1:10 

Desmoplakin Cymbus Biotechnology Ltd, 

Southampton, UK 

CBL173 Human Mouse 1:100, 1:50, 1:10 

Plakophilin Oxford biotechnology Ltd. 

Monoclonal antibody 

CBL262 Bovine Mouse 1:100, 1:50, 1:10 

 

 
Figure 3.4.1 Immunolabelling wool follicle sections with mouse K35 antibody at different 
dilutions. (A) Mouse K35 labelling evident in the cortex (Cx) and other cell types (IRS, ORS 
and DP). (B) At a lower dilution, K35 was observed to label the DP and entire cortex region in 
the follicle. Scale bar presents 5 µm. 
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To localize the antibody location at an ultrastructural level, the desmoglein antibodies probed 

with goat a mouse IgG conjugated to 10 nm gold (1:20; Electron Microscopy Sciences; 

Catalog# 25129) were used for immunoelectron microscopy.  

 

 
Figure 3.4.2 Immunolabelling of wool follicles with desmoglein antibody. (A) Immunohistochemical labelling of 
anti-desmogelin with goat a mouse Alexa 488. (B) Low magnification of wool follicle immunogold labelled with 
desmoglein and goat a mouse 10 nm IgG. (C)High magnification of inset from cortex shows lack of desmoglein 
labelling in desmosomes. (D)High magnification inset of Henle’s region showing desmoglein localized to 
desmosomes region. Scale bar presents 5 µm (A, B) and 200 nm (C, D). 

 

The micrographs show no localization of desmogelin antibodies in the cortex or cuticle (Figure 

3.4.2B&C). A few gold particles found in the cortex were randomly found scattered in the 

cytoplasm. Interestingly, the desmoglein was found to specifically localize to the desmosomes 

in the Henle’s layer. Since none of antibodies tested have labelled desmosomes in the wool 

follicle cortex, their association with keratins could not be further tested.   
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Chapter 4.1 
 

Discussion and conclusion 
Keratins are proteins that form ordered arrays of intermediate filaments. These arrays are 

interconnected by various inter-filament mechanisms to form the bulk of cytoplasmic epithelial 

and epidermal appendages such as hair and wool. While the secondary structure between the 

epithelial and hair keratins are similar, the high content of cysteine residues in the non-helical 

domains of hair keratins enables the formation of tougher and more durable structures via 

intermolecular disulfide bond formation. In addition to being a cheap and renewable natural 

resource, due to their intrinsic biological properties and excellent biocompatibility, wool or 

hair in recent years are also largely exploited for applications besides conventional textile and 

fibre products. Nowadays, applications of keratins extracted from these epidermal appendages 

for various biomedical applications such as tissue engineering, wound healing and drug 

delivery have become a topic of interest. However, constructs made of keratisn, such as the 

scaffolds which is widely used in bone tissue enginnering, lack mechanical strength and are 

mixed with other natural or synthetic materials to enhance their mechanical strength [1].  

The key to developing revolutionary keratin based biomaterials is to biomimetically harness 

the self-assembly capacity of the different structural components existent in hair. Despite being 

a linear developmental system, the self-assembly of the keratins to form a keratinised hair shaft 

is poorly understood. The techniques necessary to understand this assembly process can be 

achieved using high-resolution transmission electron microscopy and tomography. All the 

existing ultrastructural studies on follicles rely exclusively on chemically processed samples. 

Chemically processing procedures may distort the delicate keratin structures and surrounding 

cells (Chapter 1.2). The work presented in this thesis is the first to show that a different 

approach – high-pressure freezing and freeze-substitution (HPF-FS) – preserves the subcellular 

structures close to the native state. Shrinkage and holes often associated with chemical 

processing in tissues were greatly reduced with HPF-FS. Following differentiation, the 

interaction of keratins with adjacent cells was evident through desmosome junctions  only 

when using HPF-FS prepared follicles. As the keratins accumulated, they were found to bundle 

together in a “plait—like” fashion. However, HPF-FS are not without limitations. For instance, 

visibility of biological membranes such as the Golgi bodies and desmosomes are slightly 

compromised with HPF-FS [2]. Whilst prefixation followed by HPF-FS has shown to 
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successfully produce high-quality and consistent preservation of membranous and fine 

structures such as the stereocilia actin bundles in complex structures such as the cochlea [3], 

this process did not yield any benefits in terms of ultrastructural preservation. At times, the 

preservation was of very poor quality. But wool follicles are complex mini-organ which 

undergo a dramatic change in the ultrastructure and density to be transformed from an isotropic 

living cell to an anisotropic biomaterial. An increase in dissolved solutes with increasing 

diffusion gradient is speculated to interact with freeze-substitution resulting in ice-crystal 

growth [2]. 

Biopsies of  wool follicles, unlike most specimens, are collected on a farm and are often 

transported to a laboratory where single follicles are isolated and processed. Being highly 

metabolic mini-organs, follicles require a large amount of energy to maintain biological 

processes, such as the membrane potential required pumps/channels [4]. Transport from biopsy 

collection to the laboratory can be considered part of sample processing and it is during this 

phase that significant artifacts can be introduced. For this reason, the biopsies are usually 

transported in a holding solution. For instance, human scalp grafts and narrow biopsies 

harvested for hair transplantation are stored in holding solution until implantation. An 

intracellular-like media, such as hypothermosol and culture media Willams E are most 

commonly used for this purpose [5, 6]. Reports on the effect of these holding solution on the 

ultrastructure is very limited [7, 8]. The micrographs and electron tomography revealed that 

the ultrastructure of follicles to be better preserved in biopsies transported in Hypothermosol™ 

under hypothermic conditions than in Williams E under ambient conditions (Chapter 2.2). 

These findings could also be extrapolated to human scalp grafts and narrow biopsies harvested 

for hair transplantation are stored in holding solution until implantation.  

In addition to the ultrastructure, HPF-FS has shown to conserve the antigenic epitopes in the 

developing wool fibre. Immunoelectron microscopy enabled the evaluation of the likely 

interactions between keratins at an ultrastructural level. However, higher up in the follicle (near 

Orwin’s threshold), densely stained keratin bundles greatly obscured the visibility of nanogold 

particles. Although the visibility of nanogold particles can be increased using a silver 

enhancement procedure, aldehydes used as fixatives are known to reduce silver [9, 10]. 

Moreover, variation in the size of enhanced gold makes the double-labelling studies 

impractical. In recent years, dark-field scanning transmission electron microscopy (DF-STEM) 

has been increasingly used to visualize specific proteins labelled  by nanogold particles. The 

ability to visualize keratin interactions through immuno-double studies at a high resolution has 
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established DF-STEM as a powerful tool to characterize keratin organization without the need 

for any post-staining and silver enhancement procedures [11]. 

Similar to keratins, keratin-associated proteins (KAPs) are a large family of proteins. Classified 

based on their aminoacid composition, their expression and distribution, different KAPs vary 

even within the same sheep breeds. For instance, a variation of Romney sheep with a low 

curvature (lustre mutant wool) hair is associated with an upregulation of the high glycine 

tyrosine protein, KAP16.1 [12]. Increased distribution of KAP16.1 was observed with CLEM 

and DF-STEM only in HPF-FS mutant follicles corroborating these findings [12, 13]. 

Ultrastructural comparison between straight and curled fibres revealed a striking difference in 

macrofibril assembly higher up in the wool follicle. 

In conclusion, HPF-FS was shown to be an excellent alternative to preserve both the 

ultrastructure and antigenic epitopes in wool follicles. Combined with DF-STEM, the 

organization of different keratins and KAPs in a developing fibre can easily be determined. 

Whilst the findings from this study provide some insight into the organization of keratins in 

protomacrofibrils, further investigations are required to understand this mechanism. For 

instance, in addition to keratin assembly, tomographic reconstructions allowed us to visualize 

progressive degradation of nuclear and mitochondrial morphology during fibre growth. The 

significance of cellular degradation during keratin self-assembly is not completely understood. 

Volume electron microscopy (VEM) provides a snapshot of structural information on the shape 

and organization of multiple subcellular structures [14, 15]. With further investigation using 

VEM, we should be able to link these changes with keratin accumulation, intermediate filament 

and macrofibril formation during fibre development. 
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Chapter 4.2  
 

On-going research 
During hair growth, the nucleus and other cytoplasmic organelles of the fibre cortex 

undergo major structural changes following cortex differentiation. This chapter aims to provide 

structural insights into some of these changes and their influence on hair development. The 

findings presented here are expected to be further investigated and published shortly. 

Structure and function of mitochondria in cortical cells during hair growth 

Following the synthesis of keratins in the cytoplasm of the hair cortex, nuclear and cytoplasmic 

organelles degrade and make way for keratin accumulation and cross-linking to form a mature 

fibre. Despite complete degradation of nuclei either via a classical or a non-classical pathway, 

mitochondria are retained further up in the follicle [16]. We know that mitochondria are 

essential for the maintenance of hair follicle proliferation and reducing oxidative stress-induced 

damage [17, 18]. In addition, they have different functions at different points during the hair 

growth process. However, the role that mitochondria plays in hair follicle mechanobiology is 

largely unknown [16, 18-20]. Understanding their morphological changes associated with 

mitochondrial during fibre growth would be a good point to start. Although mitochondrial 

ultrastructural morphology and function have been compared between different growth phases 

in a follicle cycle, ultrastructural changes in mitochondria along the follicle axis within a 

growing hair is limited [17]. Thus, the primary aim of this study would be to follow structural 

changes in mitochondria using a combination of microscopic techniques. While electron 

tomography of high-pressure frozen and freeze-substituted wool follicle is demonstrated to be 

an excellent choice for preserving the 3D architecture of the wool follicle [2], the tomography 

approach has limitations. For instance, electron tomograms contain some regions/features that 

reconstruct poorly as a result of missing view angles (due to restricted tilt angle range) and 

section thickness-resolution trade-offs that restrict the ability to visualize structural changes of 

entire cell components.  

Volume electron microscopy (VEM) is a method capable to image hundreds of sections at a 

very high Z-resolution of few nanometers. This allows us to follow and reconstruct a complete 

organelle structure [15]. VEM can be performed either using serial sectioning TEM or using 

scanning electron microscopy (SEM). Since a follicle is a large sample, serial block-face  SEM 
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(SBF-SEM) would be preferred for this investigation as it enables analysis of large surface area 

[15]. Tissue processing for SBF-SEM is similar to TEM. However, most of the biological 

samples processed for SBF-SEM were chemically fixed and dehydrated before being 

embedded into a harder Epon resin. HPF-FS has improved ultrastructure preservation 

compared to conventional fixation. A novel approach was used for processing wool follicles 

for SBF-SEM investigation. 

Additionally, quantitative analysis of morphological changes in mitochondria can be assessed 

using Atomic Force Microscopy (AFM). AFM is an excellent tool to investigate mitochondrial 

degradation by correlation of topography with mechanical property data [21, 22] and has 

previously been used to investigate the mechanical properties of keratin structures in the human 

hair follicle [23].  

Methods 

Electron tomography 

The HPF-FS wool follicles were processed as described earlier in Chapter 2.1[2]. Images were 

recorded over a tilt of +60° to -60° with 2° increments using Serial EM software (University 

of Boulder) in JEOL 2200 FS cryo-transmission electron microscope (JEOL, Japan) fitted with 

a TVIPS F416 camera (Tietz Video and Image Processing Systems). The images were 

reconstructed using IMOD[24]. 

Serial-block face SEM 

Following HPF-FS of wool follicles [2], the samples were treated with various contrast-

enhancing agents, as follows: after the acetone washes and removing the samples from the AFS 

machine, they were treated with 1% thiocarbohydrazine in acetone at 40°C (Acros Organics, 

207530050) for 30 min, acetone washes at room temperature, and 2% OsO4 in acetone at 40°C 

for 30 and 60 min, respectively. After further acetone washes at room temperature, the samples 

were incubated with 2% uranyl acetate (in acetone) at 4°C overnight. The sample was then 

washed twice with acetone and methanol at room temperature, followed by 2% lead acetate in 

methanol (Sigma-Aldrich, 215902) for 60 min at 40°C. This final contrasting step was followed 

by methanol washes, methanol-acetone washes, and then acetone washes at room temperature. 

The samples were then gradually infiltrated with increasing concentrations of epoxy resin in 

acetone and finally embedded in Epoxy EmBed 812 resin according to the manufacturer’s 

instructions [14]. HA cells infected with Oryctes Nudivirus were used as a control to assess the 

stain penetration into the dense organ. 
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Milling for focussed ion beam SEM (Helios 650; FEI Company, Eindhoven, The Netherlands) 

was done with a gallium ion beam at 30 kV and 2.4 nA. The imaging was done at 1.5 keV, 

800 pA, and a 6,144 × 4,096 frame size, with a 71.4-Å pixel size and a 100-Å section thickness. 

The images were aligned with IMOD using cross-correlation. For SBF-SEM (ThermoFisher 

Scientific VolumeScope), 30 nm thick sections (# 500 slices) were imaged at an accelerating 

voltage of 2 kV. The area, voxel size and volume acquired are 43 μm × 27 μm, 7 nm × 7 nm, 

30 nm z and 43 μm × 27 μm × 15 μm, respectively. 

Atomic force microscopy 

Hair follicles fixed with 4% formaldehyde were embedded into mounting medium (OCT; 

TissueTek) and frozen in liquid nitrogen. Thin slices (10 µm) of follicles, sectioned using a 

cryostat (Thermo Fisher Microm HM525 Research Crysostat), were gently collected on a glass 

slide, air-dried and frozen at -20°C. After washing excess OCT with PBS, a 10 μm × 10 µm 

(512 × 512 pixels at 0.5 kHz) scans were made using contact mode (using DNP-10 non-

conductive Silicon Nitride, tip B (spring constant 0.12 N/m; tip radius 20 nm). The height 

sensor, peak-force error, quadrature and phase-in were recorded during the x-y scan. 

Results and discussion 

Electron tomography reveals possible mitochondrial herniation 

Tomographic tilt series of ultrathin (~250 nm thick) sections, recorded over a tilt range of −65° 

to +65° at 1° interval (Figure 4.2.1A), showed numerous mitochondria with intact 

mitochondrial membrane and cristae in the dermal papilla and germinative matrix where the 

cells actively divide (Figure 4.2.1B). Following cessation of cell division above Auber’s 

critical level (Zone B), the cristae within the mitochondria began to disorganize. Nuclear 

degradation initiated through classical or nonclassical apoptotic pathway release pro-apoptotic 

markers [16]. Optic atrophy 1 (OPA1)-complex, a GTPase located in the mitochondrial inner 

membrane (MIM) which holds the cristae together potentially gets disrupted by the release of 

these pro-apoptotic markers [16]. As the differentiation progressed, progressive degradation of 

mitochondria and nucleus in the cortex cells was evident. While the mitochondria were still 

visible, the nucleus appears to be degraded further up in the follicle (Zone C). These findings 

corroborated with previous publications [16-18].  
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Figure 4.2.1 Cellular changes in the cortex of a wool follicle following differentiation evidenced by electron 
tomography. (A) Montage of the wool follicle displaying the morphology and key locations subjected to 
tomography. (B) Multi-Z images from tomograms, each 12.5 nm apart, from different zones in a follicle. In Zone 
A (1), the mitochondria were found with intact cristae with a large number of ribosomes. Keratin filaments 
appearance were first observed in Zone B (2) which coalesce and self-assemble to form proto-macrofibrils. As 
the differentiation progressed nuclear and cytoplasmic begins to disintegrate (3). As the differentiation terminated,  
both nucleus and mitochondria appear degraded.   

Careful examination of mitochondria above Zone B, when the cristae begin to disorganize 

showed expulsion of few components from the mitochondrial matrix into the cytoplasm (Figure 

4.2.2). This was an interesting feature to note as it resembled mitochondria herniation. Multiple 

studies have found evidence that during apoptosis, mitochondria get damaged and release their 

DNA (mtDNA) along with other matrix components. Until recently, the mechanism by which 

mtDNA is released into the cytoplasm was unclear. Using a combination of techniques 

including light sheet, fluorescent and electron microscopy,  pro-apoptotic proteins, BAK and 

BAX, were visualized to form large macropores in the mitochondrial outer membrane. This 

results in the escape of the mitochondrial matrix, including mtDNA, into the cytoplasm, and 

this process is referred to as herniation [25]. Herniation was shown to trigger the innate immune 

cGAS/STING pathway, resulting in type I interferon production [25, 26] which indirectly 

increases the reactive oxygen species (ROS). Early deactivation of mitochondria may play a 
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key role in preventing full-on apoptosis. The controlled degradation of mitochondria and 

mitochondrial ROS production has been hypothesised to play a role in the later stages of wool 

fibre morphogenesis [16, 18]. Also, loss in integrity of cristae structure during standard 

apoptosis observed in our tomograms (Figure 4.2.1), indicate that the components released 

from the mitochondria might be herniation of mtDNA. However, further studies are required 

to validate this hypothesis. Lattice light-sheet microscopy in combination with correlative light 

and electron microscopy (used by McArthur et al. 2019) could help verify the release of 

mtDNA.  

 
Figure 4.2.2 Multi-Z stack of a cortical cell displaying mitochondrial herniation  

 
Potential for VEM to study structural changes in an entire cell 

This is the first time the wool follicles were processed for VEM. In order to assess the quality 

of preservation, the wool follicles processed for VEM were initially examined under SEM 

(Zeiss Sigma variable-pressure scanning electron microscope; Carl Zeiss Inc, Oberkocken, 

Germany) fitted with an HKL INCA Premium Synergy Integrated ED/EBSD system (Oxford 

Instruments, Oxfordshire, UK) clearly revealed that all key structures within the anagen follicle 

were clearly visible. These included the dermal papilla, differentiated cell types and cortex 

cells in Zone B. Morphological landmarks including hardening of the Henle’s layer, separation 

of cuticle and cortex from the IRS and keratin fibres replacing the cytoplasmic organelles in 

the cortex were clearly visible under the SEM (Figure 4.2.3). Due to the Covid 19 restriction 

and the complexity of the wool follicle, the samples could not be processed further with SBF-

SEM. Instead, HA cells infected with Oryctes Nudivirus, which were simultaneously processed 

with wool follicle as control cells, were sent to an overseas facility and subjected to two 

different forms of VEM: SBF-SEM and focussed ion beam SEM (FIB-SEM). The variation in 

mitochondrial structure was clearly evident between different cells with SBF-SEM (Figure 

4.2.4). Subtle changes occurring inside the cellular organelles following virion infection 

observed with FIB-SEM [14], and which we recently published, indicates that the FS and post-
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staining used should be sufficient to process the follicle under SBF-SEM. Visualizing the 

changes to mitochondrial structures during follicle growth using SSBF-SEM is expected to 

produce another publication. 

 
Figure 4.2.3 Micrograph of a wool follicle processed for SBF-SEM. (A) Different zones in developing hair are 
clearly distinguishable at low magnification. A giant crack noticed in the middle of the section is a sectioning 
artefact. (B) High magnification of the inset displaying cortex (Cx), cuticle (Cu), and inner root sheath (IRS) cell 
layers (Henle’s (He), Huxley’s (Hx) and IRSc (IRS cuticle)) differentiating above dermal papilla (DP) (Zone B).   
High magnification of inset from A showing cornification of Henle’s layer which marks the beginning of Zone 
C. (D) Micrograph of the follicle from upper cortex showing cuticle and cortex cleaving from IRS layers. Inset 
from D shows bundling of keratins higher up in the follicle. Absence of nucleus and cytoplasmic organelles 
evident. 
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Figure 4.2.4 Example of SBF-SEM data processed by HPF-FS. The samples are cells infected with Oryctes 
Nudivirus and were processed along with the hair follicles as a control. The variation in mitochondrial morphology 
between different cells is clearly visible (indicated with arrows).  

Surface roughness as a measure of mechanical property 

AFM was used to quantify the structural changes in mitochondria in a developing wool follicle. 

Topographic images obtained from the cortex above the dermal papilla are presented here 

(Figure 4.2.5).  The region imaged under AFM correlated with SEM micrographs (Zeiss Sigma 

variable-pressure scanning electron microscope; Carl Zeiss Inc, Oberkocken, Germany). The 

fibrous structure noticed could potentially be keratins. While the light microscopy indicates the 

region of the area scanned, it is tentative (Figure 4.2.4A). An effort was made to correlate SEM 

with AFM to exactly pinpoint the area scanned under AFM. The overall structure of the follicle 

and cell layers were evident from SEM. However, owing to the precipitation of phosphate salt 

(white cubes) on the samples, it was very challenging to image certain regions within the 

follicle at a higher resolution (Figure 4.2.4B&C).  
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The height profile, which measures the vertical dimension (Z- direction) of a sample, enables 

to evaluate the surface roughness of the nucleus and mitochondria clearly (Figure 4.2.5D&E). 

Roughness, as a measure of root mean square (RMS), has previously been described to be an 

excellent tool to evaluate ultrastructural differences in biological surfaces in a non-invasive 

way [22]. RMS was estimated using the Gwyddion software [27], version 2.57, by masking 

the mitochondria showed remarkable variation within the region presented. Further 

experiments are required to interpret the cause for this variation. The imaging parameters also 

have to be optimized before proceeding to analyze the biomechanical property. 

 
Figure 4.2.5 Biomechanical property of mitochondria in a developing follicle analyzed with AFM. (A) Light 
microscope of follicle section as observed under the AFM. (B) SEM of wool follicle section observed under AFM. 
(C) Inset of SEM from B at higher magnification displaying the cortex region analyzed under AFM. The cuboid 
crystals, probably from buffer salts, are artefacts. (D) AFM topographic images were taken from the cortex along 
the follicle axis, above the Auber’s level. (E) Measuring surface roughness of mitochondria as an indicator of its 
health status.   

In conclusion, apart from keratin assembling, high-resolution TEM imaging enabled me to 

identify key morphological changes in mitochondria in the developing follicle. It was 

interesting to note possibly at the beginning of cortex differentiation. While their importance 

in maintaining follicle differentiation and maintenance of cell metabolism is well established, 

the exact role in ROS pathway and hair shaft formation is not known. Structural analysis from 
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SBF-SEM and AFM along with antibody probing the follicle with pro-apoptotic markers such 

as BAX and ROS should collectively provide some insight into these processes and can 

potentially lead to a future publication.  
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A B S T R A C T

Macrofibrils, the main structural features within the cortical cells of mammalian hair shafts, are long composite
bundles of keratin intermediate filaments (KIFs) embedded in a matrix of keratin-associated proteins. The KIFs
can be helically arranged around the macrofibril central axis, making a cylinder within which KIF helical angle
relative to macrofibril axis increases approximately linearly from macrofibril centre to edge. Mesophase-based
self-assembly has been implicated in the early formation of macrofibrils, which first appear as liquid-crystal
tactoids in the bulb of hair follicles. Formation appears to be driven initially by interactions between pre-ker-
atinized KIFs. Di!erences in the nature of these KIF-KIF interactions could result in all macrofibrils being in-
ternally twisted in a single handedness, or a 50:50 mixture of handedness within each cortical cell. We data-
mined 41 electron tomograms containing three-dimensional macrofibril data from previously published studies
of hair and wool. In all 644 macrofibrils examined we found that within each tomogram all macrofibrils had the
same handedness. We concluded that earlier reports of left- and right-handed macrofibrils were due to artefacts
of imaging or data processing. A handedness marker was used to confirm (using re-imaged sections from earlier
studies) that, in both human and sheep, all macrofibrils are left-handed around the macrofibril axis. We conclude
that this state is universal within mammalian hair. This also supports the conclusion that the origin of macro-
fibril twist is the expression of chiral twisting forces between adjacent KIFs, rather than mesophase splay and
bending forces relaxing to twisting forces acting within a confined space.

1. Introduction

1.1. Structural variation in hard keratin supra-molecular structures
(macrofibrils)

The cells of the cortex of animal hairs are often classified as para-,
ortho-, or meso-cortical, with each type being filled with macrofibrils
composed of axially aligned arrays of intermediate filaments (IFs) em-
bedded in an amorphous matrix. Ever since George Rogers first pro-
posed the three-dimensional architecture of macrofibrils based on the
two-dimensional transmission electron microscopy projections (Rogers,
1959) variation in macrofibril morphology has been considered im-
portant for understanding macroscopic structure and function in wool
and hair fibres (Munro and Carnaby, 1999). Almost all of the macro-
fibrils in orthocortical cells have an architecture in which IFs are heli-
cally arranged around the macrofibril axis with an approximately linear
increase in helical angle with respect to macrofibril axis from the centre

to periphery (Caldwell et al., 2005). Such macrofibrils can be described
precisely using the term double-twist cylinder (McKinnon and Harland,
2011), borrowed from liquid crystal science (Crooker, 2001). Here we
have reanalysed existing data and re-imaged existing samples along
with a handedness marker to conclude that helical twist in macrofibrils
is always left-handed with respect to the macrofibril (and approximate
fibre) axis.

In contrast, most paracortical cells contain macrofibrils in which
individual IFs are packed in a lateral array (nematic, in liquid crystal
parlance), but with some short-range disorder along the axial direction,
resulting in local lateral packing not being strictly hexagonal.
Paracortex cells may also contain double-twist macrofibrils (Harland
et al., 2011; Plowman et al., 2019). Mesocortical cells can contain
double-twist or nematic macrofibrils, with both types having regions of
hexagonal packing of IFs that is highly ordered (Orwin et al., 1984).
Increasingly we appreciate mesocortex, not as a cell type, but as a local
packing mode overlaid onto orthocortical or paracortical cells
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(Plowman et al., 2018; Plowman et al., 2019; Thomas et al., 2012).
In merino wool, the relationship between cell type and macrofibril

type is clearly demarked (Whiteley and Kaplin, 1977). The relationship
is less clear in other mammalian hairs. In human scalp hair, cortical
cells can contain multiple macrofibril types (Bryson et al., 2009), and
double-twist macrofibrils vary in their twist intensity, ranging from the
high intensity double-twist, similar to those found in the orthocortex
cells of merino fibres (3.2°/filament (helicoidal filament) angle along
macrofibril radial axis), down to low intensities that are e!ectively
nematic (Harland et al., 2014).

1.2. Macrofibril mesophase origins

The beginnings of macrofibril formation, within follicles of the skin,
appears to be largely a process of interactions between keratins, and
this has been the subject of models to try and understand the formation
of IFs from individual keratin molecules and macrofibrils from IFs
(Fraser and Parry, 2003; Fraser et al., 2003). We have proposed that
macrofibril formation relies on short length IFs to act as mesogens
which self-assemble into an oriented liquid crystalline phase, first ap-
pearing as elongated droplets (tactoids). We have previously suggested
that these tactoids are, lyotropic liquid crystals, composed of short IFs,
which form during the process of IF polymerization from their
monomer species (a unit length filament, or ULF) (Harland et al., 2018;
McKinnon et al., 2016; McKinnon and Harland, 2011). Later in the
process, tactoids coalesce and ultimately become internally cross-linked
(introducing distortion) to form mature macrofibrils.

1.3. Alterative theories of twist origin predict di!erent population twist
profiles

We hypothesise that phase separation within the cytoplasm in cells
fated to contain macrofibrils with high-intensity double twist (i.e., or-
thocortical cells) occurs later than in cells fated to have nematic mac-
rofibrils (e.g., paracortical cells). In the former case, there is a higher
concentration of ULFs built up in the cytoplasm before polymerization
is triggered (because of a relative lack of polymerization initiators) and
the resulting anisotropic phase consists of mesogens with a shorter
average length than in the latter case. Shorter mesogens are able to
pack more closely, which allows the expression of chiral twisting forces
between mesogens, leading to a double-twist architecture. Given the
biological origin of the mesogens, we expect all double twist macro-
fibrils to twist in the same direction.

An alternative explanation of twist may apply if all the tactoids
exhibit very weak chiral twisting forces, with chirality being induced
within tactoids by the relaxation of splay and possibly bending de-
formations into twisting deformations (Prinsen and Schoot, 2004;
Williams, 1986), coupled with possible e!ects of spatial confinement
within the cell (Jeong et al., 2015), the latter being a plausible scenario
in the wool follicle upper bulb, where cortex cells are rapidly narrowing
(Orwin and Woods, 1982). Although typically associated with ther-
motropic mesophases, a splay/bend mechanism is possible in lyotropic
mesophases (Lavrentovich and Kleman, 2001), and has been demon-
strated experimentally in a lyotropic chromonic liquid crystal in-
corporating spatial confinement (Tortora and Lavrentovich, 2011). If
any of these mechanisms is at play, with no energetic preference for one
enantiomer over the other, we would expect the twist in double-twist
macrofibrils formed in each cell to be 50:50 left- and right-handed.

It is also possible, and likely, that a slight energetic preference for a
chiral twist direction acts in conjunction with the splay/bend relaxation
mechanism to produce an amplified uni-directional chiral twist, but we
expect this would also result in a single-handed outcome.

1.4. Earlier reports of macrofibril twist direction

Previous studies from our laboratory have reported both left handed

and right handed double twist macrofibrils (Bryson et al., 2000; Bryson
et al., 2009; Caldwell et al., 2005; Harland et al., 2011; Harland et al.,
2014). However, the focus of those studies was not specifically to de-
termine the twist direction, but instead to observe and measure the
three-dimensional arrangement of IFs and their variation with cell type.
Consequently, all previous reports have been from one macrofibril
(rarely two) from each tomogram, and from which IFs were carefully
traced through the structure to measure IF-tilt angles. Handedness, in
earlier work, was described with respect to the long axis of the mac-
rofibril (as for a helix). In contrast, we have, in past publications, often
illustrated the tilt of filaments within a macrofibril by drawing a single
line of filaments (a helicoid) that traverses the structure, and the axis
that connects them is the radial axis (perpendicular to the long axis).
Here we use the long (macrofibril) axis as reference for handedness.

2. Methods

2.1. Data mined from existing tomogram

Tomograms of human hair and wool fibres were retrieved from
multiple studies carried out at the Lincoln campus (originally WRONZ
Inc, then Canesis Network Ltd, now AgResearch Ltd). Previously re-
constructed files saved in MRC format were viewed using 3DMOD from
the IMOD suite (v4.5.9) (https://bio3d.colorado.edu/imod/).
Handedness of double-twist macrofibrils can be determined from elec-
tron tomograms of cortex cells without tracing filaments, but by
watching the tomogram as a slice-by-slice movie along the macrofibril
axis and recording the apparent motion pattern generated (Fig. 1a, b).

2.2. Validation of handedness

In order to confirm which handedness macrofibrils are, we used the
same instrument (JEM-2200FS Cryo-TEM, JEOL, Japan, with a TVIPS-
TemCam F416, TVIPS-GmbH, Germany), same imaging conditions
(200 kV,"25,000 Magnification) and same capture and reconstruction
software (Serial EM 3.4 and eTomo 4.9.9, both from University of
Colorado, USA) to image samples previously examined in earlier studies
of merino wool and human hair, and also a left-handed helical twist
direction marker (Briegel et al., 2013) composed of DNA origami de-
corated with gold nanoparticles (GATTAquant GmbH, Braunschweig,
Germany). Details of preparation of the merino wool and human hair
samples can be found in our earlier work (Harland et al., 2011; Harland
et al., 2014). The handedness marker was prepared in the same way as
described by Briegel et al. (2013).

3. Results

3.1. Data mining indicated that all macrofibrils twist in the same direction

We reviewed 644 double-twist macrofibrils in each of 41 tomo-
grams taken from 1999 to 2011 in both wool and human hair across our
published studies. We found that, in every cell, in every tomogram, all
macrofibrils had the same handedness as all other macrofibrils in the
same tomogram. 12 tomograms had cells containing only left handed
macrofibrils the remaining 29 tomograms had cells containing only
right handed macrofibrils. When the tomograms were ordered by date
we found that macrofibrils from all samples before the 12th of October
2004 were left handed and that all macrofibrils from after that date
were right-handed (Fig. 1c).

3.2. Comparison of handedness marker with archival samples

Two archived 150 nm thick sections from earlier studies were ex-
amined. One sample of merino wool had previous tomograms that
contained only left-handed macrofibrils (imaged 7th July 2004), while
the other sample was of straight brown human hair and its previous
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tomogram contained only right-handed macrofibrils (imaged 15th June
2009). Handedness was defined for the left-handed marker with re-
ference to the direction of the helically arranged gold particles dec-
orating the DNA crystals (Fig. 1d), and in macrofibrils with reference to
the macrofibril axis. In the new tomograms, the left-handed marker had
a right-handed twist and both wool and hair macrofibrils also had a
right-handed twist with respect to the macrofibril axis.

4. Discussion

4.1. Implications for keratinised macrofibrils

Earlier results from models in which IFs were traced from single
macrofibrils had suggested mixed left and right-handed twist. Here we
examined all macrofibrils in each tomogram (including the tomograms
from which the earlier modelled macrofibrils came). Clearly the date-
specific change in handedness in the historic data suggests an artefact
by which some data sets are mirror images of reality. We may never

Fig. 1. Determination of twist direction in double-twist macrofibrils of wool and human scalp hair from tomograms. A. Clearly defined macrofibrils from each
tomogram were examined. B. As the slices are viewed as a movie, the apparent clockwise or counter clockwise direction indicates a twist direction. C. Bar chart of
macrofibrils by year, with number of double-twist macrofibrils that were left or right handed. D. Slice from a tomogram showing an example of a well-defined helical
marker (with inset showing details), and a model of DNA with data from another marker superimposed for scale. Markers were confirmed by the presence of a 57 nm
pitch length. E. Left-handed double-twist architecture. F. Schematic of macrofibril showing IFs arranged with a 2.4° increment per shell (macrofibril intensity) along
radial axis. IFs are 7.6 nm diameter, 11 nm spacing and composed of eight protofilaments with a right-handed axial twist 47 nm length (modelled after data in Fraser
and Parry (2018b)).
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establish the cause, and this does not matter. Within the tomography
work flow, a mirroring artefact can be introduced at the level of the
microscope optics, camera, sampling regime, or reconstruction process.

The results from the helical marker confirms that the more modern
(post October 2004) reconstructions are all mirror-reflected, and that in
nature double-twist macrofibrils in mature fibres are left handed with
respect to the macrofibril axis (and, therefore, right handed with re-
spect to the radial axis; Fig. 1e). Our conclusion does not a!ect any
property other than handedness from earlier studies.

4.2. Implications for macrofibril formation

Although we found both left and right-handed macrofibrils, our
findings that each individual tomogram contained macrofibrils of only
one handedness does not support the splay/bend mechanism, which
predicts a racemic mixture. However, the chiral twist force hypothesis
predicts the same handedness in every tomogram. The splay/bend re-
laxation mechanism, acting alone, is thus eliminated. This suggests that
keratin mesophase structures are similar to twisted collagen structures,
which are all left-handed (Giraud-Guille, 1996). The important im-
plications for this same handedness come when double-twist tactoids
coalesce into larger structures because double twist-structures of the
same handedness can merge end-to-end, but not laterally. This has
important implications for both the understanding of how keratin fibres
self-assemble, and of keratin structures.

4.3. Macrofibrils carry on a pattern of handedness-inversion

Our findings also speak to the pattern of handedness inversion that
is observed across increasing scales of molecular organisation within
the wider biological context of di!erent kinds of IFs (Herrmann and
Aebi, 2004) which including keratins (Aebi et al., 1983) and vimentin
(Goldie et al., 2007). The keratin proteins contain #-helical rod regions
(right-handed helices). The rod region of keratin dimers forms a coiled
coil based on a heptad repeat that is left handed (Fraser and Parry,
2018a). Dimers form antiparallel tetramers which have no twist, but
these tetramers, in combination, form protofibrils which are arranged
as a right-handed spiral to form an IF that on keratinization generates a
right-handed twist (Fraser and Parry, 2018). The macrofibril, being the
next level of structure up which may have a twist, is left handed
(Fig. 1f).

5. Conclusions

1. The double-twisted macrofibrils of the cortical cells of mammalian
hair are left handed.
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Abstract

Transmission electron microscopy (TEM) has greatly advanced our knowledge of hair 

growth and follicle morphogenesis, but complex preparations such as fixation, dehydration and 

embedding compromise ultrastructure. While recent developments with cryofixation have been 

shown to preserve the ultrastructure of biological materials close to native state, they do have A
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limitations. This review will focus on each stage of the TEM sample preparation process and their 

effects on the structural integrity of follicles.

Keywords: TEM, ultrastructure, hair follicle, fixation

Introduction

For decades, transmission electron microscopy (TEM) has been extensively used to 

investigate hair follicle morphogenesis (Figure 1). The repertoire of electron microscopy-based 

technologies is rapidly growing (e.g., electron tomography, volume microscopy, elemental 

mapping). As these new approaches are incorporated into hair follicle research it is timely to 

remind ourselves that success and data quality from TEM is determined more by the sample 

preparation method than by any adjustment possible during or following imaging. When imaging 

we hope to see morphology frozen in place as in life and to a spatial scale less than a nanometre. 

Yet every step between in vivo and imaging introduces artefacts. Some artefacts result from the 

limitations of chemistry/physics techniques and from the nature of the samples; others are 

introduced deliberately, such as heavy metals to contrast sub-cellular structures (e.g., proteins or 

membranes) that are naturally composed of low atomic weight and largely electron lucent 

elements (e.g., H, C, N, O). 

The morphogenesis of a hair from the follicle bulb to mature shaft is a complicated process 

and the anagen phase follicle that actively grows hair is a challenging structure for TEM1-3; more 

challenging than the TEM of above-skin hair fibres, which can be cleaned, dehydrated and 

embedded into a resin4-7. For convenience, we focus on a discussion of TEM sample preparation 

techniques for assessing the anagen VI stage follicle, but most points apply to any stage in the 

follicle cycle.

Follicles contain multiple cell types, each with their own variable phenotype. Most of the 

epithelial cell types undergo programmed cell death and transform into cornified material without 

turgor, but with high density and innate chemical crosslinks. The epithelial cells making up the 

proximal follicle bulb region are alive and undergo continuous cell division, with daughter cells 

differentiating as they migrate distally. Developing cells of the hair shaft and inner root-sheath 

(IRS) gradually fill with structural keratins as they migrate distally toward the skin surface, 

resulting in a density gradient that acts as a barrier for fixative diffusion, making it challenging to A
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achieve uniform fixation. Alongside keratin accumulation, degradation of the cytoplasm is a 

natural part of the maturation of the shaft and IRS, but this natural process can be difficult to 

discriminate from poor sample processing. Subsequent fixative crosslinking and shrinkage 

resulting from dehydration can alter elements of follicle morphology. Furthermore, artefacts from 

embedding, sectioning and staining reduce the resolution power of TEM from atomic to 

nanometres scale8. This review covers developments in sample preparation methods (Figure 2), 

starting with follicle collection and up to imaging, examining the factors leading to high resolution 

TEM of the mammalian hair follicle.

Sampling

The morphology of hair follicles from a wide range of mammals has been studied 

including human, sheep, goat, hare, guinea pig, pig, horse, mouse and rat. TEM studies on follicles 

from these sources have been carried out in different contexts: human hair is extensively studied in 

the context of dermatological, forensic and cosmeceutical endpoints, and wool in a textile industry 

context9. Rodent hair is widely used as a model for human hair in medical and cosmetic 

research10. Here, we will refer to all mammalian follicles as a hair follicle. Prior to TEM 

processing, hair follicles were either isolated from surrounding skin by mechanical plucking or are 

microdissected from a biopsy or excised skin11. 

Plucking 

Plucking is used in medical research and for obtaining a surrogate tissue in drug 

development12. The analysis of plucks is also important in forensic science13. The advantages of 

plucking are that collection is fast, can be done at clinical scale, is less invasive than biopsies and 

yields tissue from a single hair follicle without any surrounding tissues. Unfortunately, plucks 

rarely include intact follicles and damage is typically inflicted to the sample12,14. Upon plucking, 

anagen phase follicles of scalp and beard hairs break from the skin laterally and across the bulb. 

Lateral breakage is normally along the companion layer, although various amounts of outer root 

sheath may be included15,16. The majority of transverse breaks occur near Auber’s critical level 

and plucks include only epithelial cell types. The break is often along, or close to the thickened 

basement membrane of the distal dermal papilla. While inconsistent plucking may account for 

variability in break pattern, it should be remembered that the proliferative activity of the hair does 
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not remain constant throughout the anagen phase. Variation in cell biology within the germinative 

cell matrix might contribute to variation and fragility near bulb region17.

Apart from the morphology, plucked wool follicles are proteomically distinct from 

dissected follicles18. Plucks have fewer cell types than intact follicles, but TEM observation of 

pluck bulb cytoplasm suggest wide-spread extraction of material which may also contribute to 

morphological disruption19. Despite these limitations, plucked follicles do provide sufficient 

cellular information to permit detailed scientific investigations using TEM to investigate regions 

distal of the dermal papilla. 

Biopsy

Visualization of intact hair follicles and their supporting and surrounding structures with 

high spatial resolution is only possible from a skin biopsy. Biopsies are primarily collected by 

punch or excision. The size and nature of the hair material required dictates the technique 

implemented. A punch biopsy is a rapid and reproducible method to obtain uniform shaped skin 

samples containing intact follicles12,20,21. In this technique, skin is extracted using a disposable or 

sterilizable punch. Care must be taken to ensure the biopsy contains both the subcutaneous fat and 

the entire follicle unit within. While skin biopsies range between 2 mm – 1 cm, 4 mm punches are 

widely used in hair follicle studies20,22-25. In addition to bleeding, swelling and tenderness, a major 

limitation to punch biopsy is the risk of infection to the host at the punch site. The quantity of 

follicles dissected is at times inadequate for multiple studies20,21. Excisional biopsies are preferred 

when more follicles are required from a single biopsy site, such as for simultaneous culturing, 

histopathology and immunofluorescence. The skin is mostly excised from dead or euthanized 

subjects, or plastic surgery waste11,26-32. Biopsy procedures require professionally trained 

accredited personnel21,33. 

While follicles obtained through plucking can be placed directly into chemical or 

cryogenic fixation processes, follicles in biopsies need to be microdissected to reduce their volume 

and isolate individual follicles34,35. Dissection time is an important factor to be considered. 

Extrinsic contextual and positional cues from surrounding epithelial matrix affect follicle 

biology36. Superficial perfusion of fixatives into a biopsy immediately following collection may 

reduce the risks of autolytic degradation and enhance fixation25,32,37. Alternatively, the excised 

skin may be submerged in cell culture media for dissection; preserving viability, and allowing the 

follicles maintain their morphogenic integrity for few days11,35,38-40. A
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Fixation

Cryogenic

Cryofixation is currently regarded as the best method to preserve the ultrastructure of 

biological samples. Bypassing the reactive chemistry of conventional fixation and instantaneously 

arresting cellular processes, cryofixation provides the temporal control needed to capture short-

lived biological events in a dynamic process41,42. Plunge-freezing is a standard cryofixation 

technique for proteins and viruses that has also been used to preserve keratin intermediate 

filaments (KIFs) isolated from rat vibrissae and human hair follicles43. Examination of KIFs using 

cryo-TEM revealed KIFs decorated with associated proteins and exhibiting helical repeat with a 

9.3 nm pitch length to have a low-density core. In addition, differences between in vitro and in 

vivo filament assembly was clearly illustrated43. Cryofixation by plunge freezing is limited to thin 

samples of no more than a few micrometres across due to the high rate of heat transfer required to 

vitrify hydrated biological material44. The relatively recent technology of high-pressure freezing 

(HPF) allows for samples of ~200 µm thick by about 1000 µm to be readily vitrified when 

subjected to high pressure (~ 2000 bar) and  rapidly frozen. At such high pressure, ice crystal 

nucleation and growth are slowed enabling large cells or tissues under 200 µm to be readily frozen 

for high-resolution TEM. While the efficacy of heat extraction from cylindrical samples, which 

encompasses a small follicle bulb25, is higher and expected to provide better freezing of biological 

samples, not all hair samples are <200 µm. They range from 60 µm in humans to 400 µm in 

giraffes and elephants45. Samples larger than 200 µm cannot be frozen without visible ice-crystal 

damage. While preservation of samples with intrinsic cryoprotects are anticipated to vitrify part of 

thicker tissues, specimen carrier loaded with too much material will not close completely and 

when forced might cause the sample to squash prior to freezing44,46,47. In cryo-TEM the low 

signal-to-noise ratio remains the greatest challenge due to low-electron dose and poor contrast. 

The requirement that samples remain vitreous prevents the application of contrast enhancers or 

probes48,49. 

Chemical

Chemical fixation followed by embedding and sectioning is the most used TEM processing 

approach to investigate hair biology. Osmium tetroxide (OsO4) was historically the most widely 

used primary fixative for biological specimens, largely by reaction with unsaturated carbon–A
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carbon bonds. As a heavy metal, deposited osmium is also an electron-dense stain that increases 

the contrast of cysteine-rich proteins and lipids, but can damage the cytoplasmic matrix, 

microtubules, actin and the continuity of membrane systems50-52. Sulfur chemistry plays an 

important role in hair growth; trichocyte keratins and keratin associated proteins (KAPs) can have 

extremely high levels of cysteine53. OsO4 is an oxidizing agent and is rapidly reduced by the free 

sulfhydryl group of cysteine. Oxidation of cysteine to cysteic acid by OsO4 has a measured half 

time of 10 minutes in actin filaments. Oxidative modifications to keratins and KAPs not only 

affect structure in mature hair shafts54, but also cause widespread peptide backbone cleavage and 

affect the secondary structure of both the soluble and membrane proteins55. Moreover, additives 

such as potassium dichromate that mitigate OsO4’s slow penetration rate and protein extraction, 

also yield lower contrast, resulting in osmium dioxide deposits during dehydration52 and 

detrimentally affects sectioning56,57. Thus, OsO4 alone is not ideal as a primary fixative for hair 

follicles.

Following an extensive study by Sabatini, Bensch, Barrnett 58, aldehydes have been 

routinely used as primary fixatives52,58,59. Formaldehyde rapidly penetrates membranes and 

tissues, but having a single reactive group makes it a relatively weak fixative. Although poor 

fixation results in reduced ultrastructure preservation, antigenicity is better preserved. For this 

reason, formaldehyde alone is often used for immunohistochemical analyses60. While most of the 

of keratins and KAPs in human hair follicles may be resolved using antibody probes at an 

ultrastructural level15, in some cases certain keratins (e.g., K32 and K82) and KAPs (e.g., KAP1) 

cannot be labelled61,62. The cause of labelling resistance is unresolved but may be due to reshaping 

of epitopes due to keratinization or due to formaldehyde-mediated masking of epitopes through 

the formation of irreversible methylene crosslinks that can block antigenic activity63. Impurities in 

diluted formaldehyde also interfere with immunological methods and impair fixation for TEM64. 

Glutaraldehyde’s two aldehyde groups make it a stronger cross-linker of proteins, 

especially of cysteine residues. While it rapidly reacts with proteins, glutaraldehyde diffuses into 

tissue more slowly than formaldehyde. Because of the heterogenous density of follicles, this issue 

may be important to consider, and, in addition, at least one study has suggested that keratin 

molecules may be chemically modified following glutaraldehyde fixation. In that study, epidermal 

keratins of new-born rats were observed to be degraded on post fixation with OsO4 over 2 hours30. 

Increasing glutaraldehyde concentration (>2%), might cause more alterations to protein 

conformation, with the formation of structure-disrupting intramolecular bonds52,59,65,66. It is also A
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not well-suited for immunohistochemical studies because it causes autofluorescence, masks 

antigens and any remaining free aldehyde groups cause non-specific binding of antibodies64. 

Abrogation of antigenic epitope masking by glutaraldehyde in tissues post-osmium fixation may 

be achieved using sodium metaperiodate65, but we did not find any study using this approach on 

hair follicles. 

Karnovsky’s fixative67, a combination of glutaraldehyde and formaldehyde, has become 

the standard fixative for follicles because it rapidly preserves a wide range of fine ultrastructural 

details of cellular organelles, association of gap junctions with cytoplasmic vesicles and variations 

in plasma membrane measurements in different cell types in hair follicles24,25,34,35,38,68,69. However, 

Karnovsky’s fixative has a high osmolality and osmotic action of the ions on the tissue can cause 

shrinkage70,71. Often a secondary fixation step with OsO4 followed by uranyl acetate is applied to 

improve the quality of preservation52. However, care must be taken because OsO4 rapidly reacts 

with unreacted glutaraldehyde leading to non-specific osmium staining and depleting the fixative 

available to tissues. Removal of excess aldehyde through washing and low temperature (e.g., 4°C) 

secondary fixation helps avoid these issues. 

Cryo-chemical approach

A hybrid fixation approach, in which follicles are cryogenically fixed using a high-pressure 

freezer and then prepared for ambient temperature microscopy through freeze-substitution can be 

used for ultrastructural and immunohistochemical TEM25,72. Sample preparation for different 

imaging endpoints is achieved by varying the freeze substitution protocol. For ultrastructural 

studies a cold (-90°C) cocktail of acetone, glutaraldehyde and OsO4 is used. This results in 

keratins and cellular organelles such as mitochondria and desmosomes preserved in a close-to-

native state. Pre-fixation of complex biological samples with aldehydes prior to high pressure 

freezing benefitted the preservation of some highly labile and delicate structures73,74 in non-follicle 

samples, but in follicles resulted in tissue deterioration and damage from ice-crystal formation25. 

Since the antigenicity of high-pressure frozen tissue remains largely unaltered, this method 

works well for immunogold electron microscopy (IEM) of follicles, but requires a different freeze-

substitution cocktail (e.g., uranyl acetate and methanol)72.
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Choice of buffers

Buffers are used as a vehicle for fixative and washes, and play a vital role in balancing the 

pH of the system. The KIFs and keratin-associated proteins (KAPs) in a hair follicle cover a range 

of isoelectric points (4.5-5.5 for Type I, between 5.0-8.0 for Type II and ~9 for some KAPs)75,76. 

While the effect of buffers on each KIFs and KAP with a variable pI is unknown, the keratin 

extractability from the hair fibre increases at pH < 5.077. Structural changes including the binding 

affinity and the number of available binding sites have also been reported78. Hence, it is important 

to consider the effects of pH on hair keratin while choosing a buffer. Univalent veronal acetate 

buffer is suited for use at low pH (4.2-5.2) but has not been widely adopted because historically 

hair follicles were buffered with osmium between pH 7.2 and 7.5 and veronal acetate is 

inoperative at this pH26,50,65,79-82.

Cacodylate is the most popular vehicle for follicle fixation, especially for Karnovsky’s 

fixative, and has the advantage that its buffering capacity increases slightly at lower pH. 

Disadvantages are that cacodylate contains arsenic and is therefore hazardous, and in unfixed 

samples, it can alter cell permeability resulting in redistribution of material along osmotic 

gradients, affecting chemical reactivity52,82,83. 

The use of phosphate buffers has largely been limited to immunogold electron 

microscopy61,62,84,85. Phosphate buffers have not been widely used in ultrastructural investigations 

because of their incompatibility with uranyl acetate and a difficulty in controlling their ionic 

strength82. S-collidine has also been used as a buffer for follicle fixation30 but, although its 

buffering capacity is within the biological range (6.0-8.0), sub-cellular components are 

excessively extracted in comparison with other buffers82,83,86.

Dehydration and freeze-substitution

The limited application of cryo-TEM for follicles means that most studies use samples 

embedded in resin. Resin incompatibility with water means that follicles must be dehydrated 

before they are infiltrated with resin. It is during this dehydration process, effectively a solvent 

exchange, where the hierarchical structure of the hair follicle can be a potential problem. Along 

the axis of hair growth there are natural changes in local density within the shaft and surrounding 

sheaths associated with keratinization via oxidation and cross-linking of the keratin and 

cornification resulting in turgor loss87,88. Even before keratinization, polymerisation of keratins A
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from dimers to unit-length filaments (the monomer of a KIF) is thought to release water 

molecules89. Because water and its flow is important to hair growth, dehydration-induced 

morphological degradation90 is of particular concern for follicles.

Graded series of ethanol and acetone are commonly used for solvent-exchange 

dehydration. Ethanol dehydration causes significant shrinkage and morphological changes via 

extraction and osmotic effects91-93. In addition, loss of bound water molecules may contribute to 

irreversible alteration of epitopes and inhibit immunolabelling detection94. 

An approach that combines acetone and hexylene glycol has been effective for dehydrating 

wool follicles25,68. Hexylene glycol is a class of alcohol that acts as an emulsifier. Since it is 

miscible with both water and lipid molecules, it can solubilize sebaceous and adipocyte lipids that 

potentially act as a barrier to dehydration95-99. 

Interactions of solvents with fixatives is another potential source of artefacts. For instance, 

interaction between acetone and  uranyl acetate results in uranium salt precipitation25,92,100. One 

advantage of freeze-substitution is that solvent-fixative or fixative-fixative interactions do not 

occur at low temperatures44,101. Acetone and methanol are widely preferred as solvents for freeze-

substitution. Swelling and shrinkage associated with liquid water and solvent moving through 

structures was greatly reduced in wool follicles following freeze-substitution25,72. 

Tissue embedding

Most early TEM tissue studies used methacrylate monomers for embedding hair 

follicles50,79,80,102,103, but heterogeneous polymerization, shrinkage, support issues, and resin 

degradation under electron bombardment contaminated the samples104,105. Hence, this embedding 

technique was superseded by the use of epoxy and by other acrylic resins.

When examining older protocols, aromatic araldite epoxy resin was commonly mixed with 

dodecenylsuccinic anhydride (DDSA). Prolonged embedding processes resulted from DDSA’s 

high viscosity and its limited compatibility with ethanol79,102,103. Substitution of DDSA and an 

amine accelerator (e.g., benzyldimethylamine) with modern aliphatic epoxy resins (e.g., Embed 

812) resulted in better infiltration, reduced curing temperatures, less shrinkage, less section 

compression, less electron beam-induced section damage and better imaging contrast than Araldite 

resin6,24,81,105-107. Varying the anhydride and accelerator has resulted in several low viscosity 

embedding media. Most notably Spurr’s low viscosity resin, which has been used in studies 

involving epithelial-mesenchyme interactions in hair follicles36,108,109. Although it has excellent A
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infiltration and stability, the contrast of Spurr’s embedded samples is lower than in Araldite or 

Epon sections, and its reputation as a carcinogen has limited its use110,111.

Hair follicles have also been embedded in acrylic resin—transparent, colourless polymers 

formed from substituted derivatives of acrylic acid. Unlike epoxy, which polymerizes at 60°C, 

these low viscosity resins infiltrate and polymerize at lower temperatures, either by heat or UV 

irradiation112. There are reports of wool follicles embedded in LR white polymerized at 55°C and 

of human hair follicles in Lowicryl resin and UV polymerized below 4°C61,113,114. Because acrylic 

resin is harder than typical epoxy, it has a rougher surface and increased antigenic epitope 

accessibility making them more suitable for immunolabelling experiments115. Lowicryl resin, in 

particular, does not co-polymerize with the biological sample, helping to preserve antigenicity and 

results in higher labelling efficacy with trichocyte keratin antibodies in follicles61,116.

Sectioning

Orientation of follicles to create sections within which precise locations associated with 

hair development stages can be identified is critical, and yet the challenges of this processing step 

are largely underappreciated. Longitudinal sections of follicles are used to assess changes at 

dermo-epidermal junctions and morphological criteria during follicle growth and cycle117. For 

histological and TEM investigation of anagen follicles, it is important to identify at least three 

landmarks that allow interpretation of hair growth stages: Auber’s critical level marking the distal 

extent of the germinative matrix; Orwin’s threshold marking the top of the bulb118; and 

Adamson’s fringe marking hair shaft and IRS terminal cornification3. However, when a follicle is 

curved in three-dimensional space, creating an optimal longitudinal section is highly challenging. 

In follicles growing curved hairs, the follicle axis is no longer in plane with the dermal papilla. 

Thus, when sectioning through the mid-dermal papilla, most of the region above the keratogenous 

zone might be out of the section119. Obtaining a complete longitudinal section to assess the 

morphology of hair follicle is very tricky. Sheep and cattle follicles (even those producing 

relatively straight hairs) can have high levels of curvature in the follicle bulb40. While human scalp 

follicles that grow straight hairs are often symmetrical around the long axis of the hair follicle, 

they do also have curved follicles, even within the same biopsy119,120. Although the straight 

follicles are easier to orient, the hair follicle needs to be adjusted according to mid-dermal papilla 

axis (Figure 3). Hence, care must be taken even with straight follicles, especially if the amount of A
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follicles for diagnosis of hair related medical disorders or forensic investigations is very 

limited117,120.

Transverse cross-sections complement longitudinal sectioning in the evaluation of hair 

related phenotypic changes or disorders. Often such assessments are of changes in follicle 

architecture at histological scale including the relative size of the follicles, proportion of follicles 

reduced in diameter and variation in diameter117,121-123. For TEM, serial sectioning is required to 

plot the precise location (stage of hair growth) of the section within an anagen follicle. This 

approach is very time-resource intensive but has been used to precisely measure cell-

morphological changes within the elongation zone and also fine details of cuticle development in 

wool follicles124,125. The selection of an optimal sectioning method and the ability to clearly locate 

pertinent landmarks is critical to generate reasonable data for analysing hair follicles, especially on 

differentiation, pigmentation or cell death abnormalities. 

Post-staining 

Prior to the 1960s, grids were not subjected to post staining for TEM. The interaction 

between the cysteine-rich trichocytes with OsO4, used as primary fixative, provided sufficient 

contrast for TEM6,50,81,102,103,126. However, the additional level of ultrastructural detail acquired 

following post-staining with uranyl acetate and lead citrate was remarkable25,34,68,127. For 

immunoelectron microscopy, follicular sections were first labelled with primary and secondary 

antibodies62,113,128. If silver enhancement was required, grids were post-stained immediately 

following this procedure61. Recently, it has been established that dark-field scanning TEM (DF-

STEM) produces sufficient contrast to detect ultra-small gold labels, about 5 nm gold, in an 

unstained section without requiring silver-enhancement procedures72.

Overview of TEM techniques and conclusion

Hair follicles may be examined using various TEM imaging methods including basic 

conventional TEM, cryo-TEM, electron tomography, volume electron microscopy and correlative 

light electron microscopy (CLEM). Each technique has its own pros and cons (Table 1) and it is 

important to consider the data required before deciding for a particular technique. For instance, 

TEM has routinely been used to identify a few ultrastructural variations between follicles of same 

or different species129. At times, 2D projections were insufficient to understand their functionality. 

For instance, while the association between desmosomes and keratins is well-established, their A
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network organization is largely unknown. The development of electron tomography and volume 

microscopy has aided in the 3D visualization of the precise geometry of complex macromolecular, 

subcellular or cellular structures including interaction of keratins and desmosomes25,130-132. CLEM 

of high-pressure frozen and freeze-substituted samples, rather than a conventionally processed 

sample, can be ideal for simultaneously preserving the ultrastructural and antigenic epitopes; and 

dark-field scanning transmission electron microscopy (DF-STEM) then enables visualization of 

immuno-gold markers at high-resolution without the need for any post-staining or silver 

enhancement procedures71. 

While advancements in electron tomography have enabled the 3D visualization of 

macromolecular process, a limited sampling volume limits the investigation of features that span 

more than a few micrometres. This could be overcome with emerging volume electron 

microscopic techniques (VEM) such as SEM blockface-based volume microscopy and correlative 

microscopy. Since VEM could provide a snapshot on the shape and organization of keratin and 

multiple subcellular structures in different cell types at the same time, it permits the correlation of 

structure-function information regarding KIF formation over whole-tissue distances within an 

ultrastructural reference space. While processing hair follicles for VEM is very challenging and 

yet to be reported, accurate reconstruction of hair follicles is likely in the foreseeable future. The 

data from TEM has contributed to our current knowledge of hair follicle ultrastructure. Continued 

improvements to sample preservation, embedding and sectioning techniques have drastically 

improved the resolution revolution afforded by new and emerging electron microscopy 

technologies.
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Table 1 TEM techniques used in ultrastructural analysis–their advantages and pitfalls
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Bright-field 

transmission 

electron 

microscopy 

(TEM) 

Routinely used to identify 

sub-cellular structures. 

Similarities or variations 

between structures 

distinguished.

2D projections not sufficient to 

understand 3D structure-

function relationships.

Cellular changes inside hair 

follicle during cell division, 

differentiation and 

cornification first 

established.

25,34,98,103

Cryo-TEM Instantaneously arrests 

cellular processes; captures 

short-lived biological events 

in a dynamic process. 

Isolated cells or protein and 

tissues preserved "close-to-

native" state.

Low electron dose usage 

reduces resolution.

Not feasible to incorporate 

contrast enhancers or probes.

Size of sample to be vitrified 

only few micrometres depth.

Suited for isolated sub-

cellular structure, e.g., used 

to show low-density core of 

KIFs. Contrast not enough 

to resolve the fine details of 

KIFs.

43,48,49,133

Electron 

tomography 

3D reconstruction of 

chemically or cryo-chemical 

fixed samples using a tilt 

series.

Missing wedge (due to 

restricted tilt angle range) and 

section thickness-resolution 

trade off. Limited field view 

(volume thickness 150-300 

nm). Long complex process to 

create tomogram.

The direction of helical 

twist in orthocortex cells 

revealed to be left-handed

KIFs interaction in HPF-FS 

hair follicle resolved to sub-

nanometer resolution.

25,134

Cryo-

electron 

tomography

Enables 3D reconstruction 

of cellular and sub-cellular 

structures by tilt series. 

Hydrated vitreous frozen 

sample retains native 

structure of samples.

Low contrast due to low 

electron dose used. Regular 

ultrathin sections decrease 

precision in image alignment.

3D reconstruction of KIFs 

from vitreous section but 

resolution not high enough 

to resolve fine details of IFs.

48,133

Volume 

electron 

microscopy 

(VEM)

Enables 3D visualization of 

large volumes of data. 

Automation of sectioning 

and imaging. 

Focussed ion-beam SEM 

(FIB-SEM) can be used for 

imaging fully hydrated 

frozen specimen.

Contrast enhancement 

followed by HPF-FS possible 

for better ultrastructural 

preservation. 

Sample destroyed during 

imaging. 

Samples en-bloc processing 

similar to conventional TEM 

for both serial blockface and 

FIB-SEM. Not possible to apply 

“section staining”.

Vitreous samples imaged with 

FIB-SEM presents with sample 

charging and contrast issues.

An emerging area. VEM on 

hair or hair follicles yet to 

be reported. 

Valuable tool in 

understanding hair biology.

130,135

Correlative 

light and 

Specific proteins localized at 

an ultrastructure level using 

Post-staining and silver 

enhancement potentially 

Molecular and 

ultralocalization of keratins 

61,62,72,87
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electron 

microscopy 

(CLEM) 

nano gold markers.

With a fluorescent tag both 

histological and 

ultralocation of proteins 

detected.

Apart from 

immunolabelling, TEM could 

be correlated with AFM and 

other techniques.

introduced new artefacts with 

immunogold electron 

microscopy (IEM) but could be 

overcome using dark-field 

TEM. Gold labelling is 

expensive.

identified.

With dark field TEM, gold 

markers as small as 5 nm 

could be visualized. 

E.g., Changes in KIF 

architecture (x-ray 

scattering) linked to local 

mechanical behaviour 

(AFM).

Figure legends

Figure 1. A timeline of selected events highlighting the importance of TEM in hair follicle 

research.

Figure 2. Different steps involved in processing follicles to be viewed under TEM. The 

processing step from fixation to resin embedding is dependent on the application and TEM 

technique to be used. Abbreviations- TEM-transmission electron microscope; ET-electron 

tomography; IEM-immunogold electron microscopy; CLEM-correlative light and electron 

microscope; VEM-volume electron microscope; DF-STEM- dark field TEM. 

Figure 3. Challenges with longitudinal sectioning. When the follicle is angled along the fibre 

axis (1 & 2), the mid-dermal papilla axis is not in plane. However, when angle was aligned to 

mid-dermal papilla (3 & 4), the germinative matrix and cells differentiating in the IRS and 

cortex are clearly distinguishable with TEM. 
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High-pressure freezing followed by freeze substitution of a complex
and variable density miniorgan: the wool follicle
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Summary

Cryofixation by high-pressure freezing (HPF) followed by freeze
substitution (FS) is a preferred method to prepare biological
specimens for ultrastructural studies. It has been shown to
achieve uniform vitrification and ultrastructure preservation
of complex structures in different cell types. One limitation of
HPF is the small sample volume of <200 !m thickness and
about 2000 !m across. A wool follicle is a rare intact organ
in a single sample about 200 !m thick. Within each follicle,
specialized cells derived from multiple cell lineages assemble,
mature and cornify to make a wool fibre, which contains 95%
keratin and associated proteins. In addition to their complex
structure, large density changes occur during wool fibre devel-
opment. Limited water movement and accessibility of fixatives
are some issues that negatively affect the preservation of the
follicle ultrastructure via conventional chemical processing.
Here, we show that HPF-FS of wool follicles can yield high-
quality tissue preservation for ultrastructural studies using
transmission electron microscopy.

Introduction

Conventional chemical fixation followed by dehydration has
been a mainstay of electron microscopy (EM) for decades.
Numerous studies have documented that chemical fixation,
especially aldehyde fixatives, followed by the replacement of
water by resin via gradual change in an intermediate sol-
vent can explicitly preserve ultrastructure at subcellular and
tissue level. However, conventional fixation introduces unde-
sirable artefacts because it relies on chemical processes that
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must, by definition, affect biological material at a molecular
level.

Most chemical fixatives react with proteins and bond to pep-
tides potentially causing structural rearrangement and enzy-
matic reactions within the sample, creating significant mor-
phological artefacts (Echlin, 1992; Glauert & Lewis, 1998).
Supplementing fixatives with additional reagents to minimize
specific effects (e.g. adjusting osmolarity, or putting H2O2 in
the fixative to provide oxygen during fixation) or stabilize spe-
cific structures from extraction (e.g. use of potassium ferro-
cyanide, secondary fixatives, etc.) can introduce additional
deleterious effect on some cellular details (Chang, 1972; Schiff
& Gennaro, 1979; Goldfischer et al., 1981; Dykstra & Reuss,
2003a, b). Fixation also depends on the extent and rate of infil-
tration of aldehyde fixatives, a process that takes from seconds
to minutes to complete. Cellular preservation of fine structural
details of under-fixed or delayed fixed tissue is shown to suf-
fer from significant variability in structure (Glauert & Lewis,
1998; Li et al., 2017).

Cryofixation bypasses the reactive chemistry mechanism
of conventional fixation and has been shown to potentially
preserve ultrastructure close to its native state. Unwanted
artefacts from cryofixation are largely due to morphologically
disruptive ice crystal formation when cooling rates are not
rapid enough to convert liquid water into vitreous ice (Franks,
1977; Kang, 2010; Aston et al., 2016). However, when freez-
ing at high pressure of about !2000 bar, water expansion is
prevented on freezing and on subsequent rapid cooling, en-
hancing vitrification before the possible formation of ice crys-
tals (Shimoni & Müller, 1998, Sosinsky et al., 2008). High-
pressure freezing (HPF) has increasingly become the method
of choice for EM studies of small samples between 50 and 200
!m thickness (Studer et al., 1995, 2008; Tsang et al., 2018).
An additional advantage of HPF over conventional chemical
processing is that it provides the temporal control needed to
capture short-lived biological events in a dynamic process as
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it instantaneously arrests the cellular processes (Hess et al.,
2018; Tsang et al., 2018). Furthermore, HPF allows samples
to be investigated using a variety of techniques, including
cryo-microscopy and infiltration of resin for conventional EM
at ambient temperatures.

In conventional resin infiltration, following fixation, the
samples are sequenced through a graded series of dehydrating
agents to make them miscible with embedding media. Ethanol
and acetone are the commonly used dehydrating agents. If the
embedding media is completely water immiscible, an interme-
diate solvent, such as propylene oxide, is exchanged with the
dehydrating agent, which is then exchanged for resin. Irre-
spective of the use of intermediate solvent, dehydration causes
significant shrinkage and morphological changes as a conse-
quence of extraction and osmotic effects (Brunk et al., 1981;
Glauert & Lewis, 1998; Zhang et al., 2017). Although the use
of secondary fixative has widely been recommended to reduce
shrinkage, chemical crosslinking from these steps introduces
new sources of artefacts (Glauert & Lewis, 1998). Freeze sub-
stitution (FS) is an alternative approach that has produced
excellent ultrastructure preservation by substituting vitrified
ice with organic solvent at temperatures of –90°C (Glauert &
Lewis, 1998; Buser & Walther, 2008; Kang, 2010). Chem-
ical fixatives and metal contrast agents, such as glutaralde-
hyde, osmium tetroxide and uranyl acetate, can be similarly
freeze substituted. At such low temperatures, these fixatives
are not very reactive and uniformly diffuse through the immo-
bilized subcellular structure to be homogeneously distributed.
Since the ultrastructure of the biological samples is maintained
during solvent exchange, swelling and shrinkage associated
with liquid water and solvent moving through structures are
greatly reduced (Glauert & Lewis, 1998; Buser & Walther,
2008; Studer et al., 2008).

Here, we applied HPF and FS to wool hair follicles from
sheep and compared the results with the well-refined con-
ventional process. Wool follicles are a challenging subject for
microscopy because they are miniature organs containing
many distinct cell lineages and extra-cellular structures,
have wide-ranging material density and contain specific
structures that limit chemical diffusion. Buried deep under the
epidermis, active follicles are elongated cylindrical structures
that are approximately 200 !m in diameter and 3–4 mm long
with a bulb-like protuberance at their proximal end. They
are surrounded by a thick network of collagen fibrils within
which are embedded blood vessels, fibroblasts, neurons
and adipocytes (Harland, 2018a; Harland & Plowman,
2018). Follicles contain both mesenchymal and epithelial
compartments. Hair growth and cornification occurs within
the proximal 1–2 mm, a process extensively described in
previous studies (Rogers, 2006; Harland, 2018b; Harland &
Plowman, 2018; Harland et al., 2019). Briefly, cells from a
proximally located and rapidly dividing transient amplifying
population migrate distally, then (Auber’s line) stop dividing
and differentiate into seven phenotypically distinct lineages

of keratinocyte, arranged in cylindrical layers, which form
the hair shaft and the inner root sheath (IRS) that supports
the developing hair (Fig. 1). Keratin and associated structural
proteins rapidly fill the fibre and sheath cells, and each layer
undergoes extensive cell reshaping before the point at the
top of the bulb (Orwin’s threshold), at which point one IRS
layer (Henle’s) rapidly cornifies into a tube surrounding the
fibre and remaining sheath cells. Physical density increases
gradually with increased keratin expression in the bulb, and
then rapidly increases after Orwin’s threshold; the result is
an increase in the stiffness of the hair shaft by three orders
of magnitude over the course of 1 mm (Bornschlögl et al.,
2016). The final stages of hair development involve extensive
covalent bond formation (much of it disulfide bonds) and this
occurs in an increasingly hostile cytoplasmic environment
during which much of the organelles undergo programmed
degradation (Jones et al., 2018; Lim et al., 2019). Therefore,
there is a need to preserve both the delicate intermediate
filament-based structures forming early in the process and
the natural degradation processes later in the development.
Since they are both under very different local physiochemical
conditions, we had to look beyond the conventional chemical-
based fixative and dehydration processes. For example, we
are concerned that diffusion of both paraformaldehyde and
glutaraldehyde (and additional reagents such as osmium,
tannic acid and wash buffers) into follicles, and diffusion of
water and dehydrating solvents out of follicles may be uneven,
resulting in distortions to the fine follicle structure making it
inadequate for ultrastructural analysis. HPF in combination
with FS (HPF-FS) has shown to be very effective in preserving
the ultrastructure of cochlea, a large and structurally complex
tissue (Bullen et al., 2014). Here we investigated the feasibility
of replacing chemical conventional methods with HPF and
dehydration with FS for preserving the ultrastructure of devel-
oping wool fibres. In addition, we also investigated the effects
of prefixation on follicles. Prefixation of tissues with aldehydes
prior to HPF has been shown to benefit the preservation of
some highly labile and delicate structures, such as stereocilia
and actin fibres (Meissner & Schwarz, 1990; Sosinsky et al.,
2005, 2008; Bullen et al., 2014). The formation of keratin in
follicles occurs as various fine networks and aggregates of ker-
atin intermediate filaments (KIFs) that differ in their internal
arrangements, making prefixation a potentially useful step.

Methods

Follicle collection

Two 4 mm punch biopsies were obtained from each of four
Romney composite sheep. Collection procedures complied
fully with New Zealand law (Permit 14431, AgResearch Inver-
may Animal Ethics Committee). At collection, one biopsy was
suspended in Dulbecco’s modified Eagle medium (DMEM), the
other was perfused superficially by syringe with Karnovsky’s
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Fig. 1. Schematic representation of different zones and cell types of the anagen phase wool follicle. Tissue cracks and section folds are a few common
artefacts observed in longitudinal wool follicle sections. Follicle was conventionally processed.

fixative (2.5% glutaraldehyde, 2% formaldehyde, 0.05 M
sodium cacodylate buffer with 0.001 M calcium chloride).
Biopsies were transported (1 h) directly to the laboratory,
where individual follicles were dissected (1 h). Conventionally
fixed isolated follicles were collected and kept in fresh fixative
(15 min–1 h) before being washed in 0.1 M cacodylate buffer
with 7.5% sucrose. Follicles in DMEM were processed over a
similar timeframe.

High-pressure freezing

DMEM follicles and fixed follicles were cut to length (!2 mm)
and loaded into 200 !m deep gold-coated copper membrane
carriers (Engineering Office M. Wohlwend GmBH, Switzer-
land), precoated with hexadecane (Catalog # D685276553;
Lab Supply) and filled with Ficoll reagent (10% in 0.1M
sodium cacodylate buffer; Catalog # 17-0310-20; GE Health-

care, Sweden). The membrane carriers were sealed and
high-pressure frozen between 2100 and 2150 bar pressure
(EMPACT2, Leica, Vienna), and then stored under liquid
nitrogen.

Freeze substitution

Gold-coated copper membrane carriers with frozen samples
were transferred under liquid nitrogen into precooled moulds
in a Leica AFS2 device (Leica Microsystems, Germany). FS
occurred over 48 h in 2% osmium tetroxide, 1% anhydrous
glutaraldehyde and 10% ultrapure water in acetone (pre-
cooled in the AFS to –90°C). The temperature was then
increased (10°C/h over 7 h) to –20°C and held 12 h before the
temperature was increased to 0°C (10°C/h over 2 h). After
substitution, samples were replaced in 100% acetone at am-
bient temperature and infiltrated with a mix of 3:1; followed
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by 2:1 acetone/epoxy resin solution (Prepared according
to manufacturer’s instructions; Catalog# EMS14120) for
45 min each at room temperature. Samples were further
infiltrated with 1:1, 1:2 and 1:3 acetone/epoxy resin solution
for 1 h each at room temperature. After placing the samples
in 100% epoxy resin solution for over 21 h, the samples were
replaced with fresh resin and polymerized at 60°C for 48 h.
The percentage of water in the FS media was modified from
Limpens et al. (2011) (Personal communication, August 11,
2016).

Conventional processing

Dissected follicles were stored in cacodylate buffer, and pro-
cessed like in Plowman et al. (2015) and Jones et al. (2018).
Follicles were processed with the following steps. (1) Washed
in buffer (0.05 M NaH2PO4, 0.05 M KCl, 5 mM MgCl2) with 7%
sucrose (pH 6). (2) Secondary fixation in 8 mM (0.2%) OsO4

in buffer at 6°C for 1 h. (3) Washed in buffer with 7% sucrose.
(4) Incubated in 1% monomeric tannic acid in buffer (0.05
M NaH2PO4) for 1 h. (5) Washed in 1% Na2SO4 in buffer. (6)
Washed in buffer (0.1 M NaCH3COO, pH 5.2). (7) Incubated in
buffered 2% UO2(CH3COO)2 in the dark for 1 h. Dehydration
was carried out using a hexylene glycol graded series of 40%,
40%, 60%, 80%, 90% and 100%, then EM-grade dry acetone
(100%) and embedded in Procure 812/Araldite 502 resin.

Ultramicrotomy

Sections were made at either 90 or 250 nm (Leica UC6 and UCT
ultramicrotomes, Leica Microsystems) equipped with a 45°
diamond knife (Diatome, Switzerland). Sections were collected
on formvar-coated copper grids and stained briefly with 2%
uranyl acetate, then 0.02% lead citrate either manually or
automated EMStain11 (Leica Microsystems).

Transmission electron microscopy

Ultrathin sections of at least three follicles per sample (n =
4) were examined using either a Philips CM100 (operated at
100 kV) or a Morgagni (FEI Products, ThermoFisher Scien-
tific, Hudson, NH, U.S.A.) (operated at 80 kV). For electron
tomography, a JEOL 2200 FS 200 kV (JEOL Ltd, Tokyo, Japan)
fitted with a TVIPS F416 CMOS camera (TVIPS, Gauting, Ger-
many) was used to collect tilt series (–60° to +60° with 2°
increments), which were reconstructed and analysed using
the IMOD software suite (Kremer et al., 1996).

Results

In this study, we compared the quality of preservation
between wool follicles processed by HPF-FS and chemical
methods. The level of fine structural details from different
zones of previously established fibre development was in-

spected (Harland, 2018b). We also assessed HPF-FS samples
for freezing artefacts, such as holes and tissue distortion.

Dermal papilla and germinative cell matrix (Zone A)

The dermal papillae and adjacent epidermal keratinocytes of
unfixed HPF-FS follicles were compared to chemically fixed fol-
licles with/without HPF-FS (Figs. 2A–C). In the cytoplasm, the
mitochondria and Golgi bodies were clearly distinguishable
in both chemically processed and HPF-FS follicles (Figs. 2D–
F). However, both the cytosol and nuclei appeared granu-
lated by chemical fixation. The number of holes in chem-
ically fixed samples was relatively greater than in unfixed
HPF-FS samples. Although the nuclei and nuclear mem-
branes in unfixed HPF-FS follicles were smooth, segrega-
tion of nuclear material was observed in most of the cells
in the dermal papilla (Fig. 2F). Otherwise, cellular compo-
nents were observed to be well preserved in unfixed HPF-FS
follicles.

Zone of keratinocyte differentiation (Zone B)

Distal of the germinative matrix, differentiation of the seven
lines of keratinocytes began (Figs. 3A–C). Similar to the ger-
minative matrix and dermal papilla, unfixed HPF-FS follicles
had minimal artefacts. Interestingly, we observed that the
density of staining of prefixed HPF-FS samples was more sim-
ilar to conventionally processed samples. Plasma membranes
were highly contrasted in conventional samples, but were less
visible except at high magnification in either of the HPF-FS
sample types. Trichohyalin granules (TGs) are an important
part of the keratin filament assembly process in the IRS cell
types. Fine details of keratin–TG interaction (filaments enter-
ing and exiting TGs) were better defined in unfixed HPF-FS
(Fig. 3F) samples than in conventional (Fig. 3D) or prefixed
HPF-FS samples (Fig. 3E). Stain density of TGs in both con-
ventional and prefixed HPF-FS follicles was high, with many
TGs being electron opaque. Ice crystal damage was observed
in prefixed HPF-FS follicles but was not evident in any of
the unfixed HPF-FS follicles in Zone B. These observations
imply n effect of aldehyde fixatives on distortion of cellular
structures.

Higher magnification images of cortical cells in chem-
ically fixed tissues with/without HPF-FS showed typical
artefacts associated with chemical fixation (Figs. 3G & H).
Granular cytoplasm, mitochondria and nuclei were observed
with uneven electron density. In contrast, mitochondrial
cristae and ribosomes were clearly differentiated in unfixed
HPF-FS follicles. The cytoplasm contained few vesicles and
endoplasmic reticula. The fine keratin assemblies were
clearly distinguishable from the cytoplasmic background in
both conventionally processed and unfixed HPF-FS follicles.
Interactions of KIFs with desmosome (Ds) junctions were only
observed in unfixed HPF-FS follicles. Although the structure
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(A) (B) (C)

(D) (E) (F)

Fig. 2. Preservation of follicle during active cell division. Conventionally fixed (A) dermal papilla region from the wool follicle is compared to HPF-FS with
(B) or without prefixation (C). In contrast to unfixed HPF-FS samples, chemical fixation shows tissue distortions, such as holes, as indicated with white
arrows. Scale bar (A–C) 2 !m. Images D–F are high magnification images from inset in A–C, respectively. Although the ultrastructure of the nucleus (N)
and cytoplasmic components, such as the mitochondria (M) and Golgi bodies (G) appears smooth in unfixed HPF-FS follicles (C & F), the conventionally
fixed (A & D) and prefixed HPF-FS follicles (B & E) appear shrunken and have a granular surface. Scale bar (D–F) 500 nm.

of desmosomes was not very clear in unfixed follicles, they are
remarkably well preserved with chemical fixation. In prefixed
HPF-FS follicles, the staining of the KIFs was indistinct from
the granular background and the structural features of
desmosomes were unclear.

To assess the quality of fine details of the early stages of
KIF assembly, we used electron tomography of the unfixed
HPF-FS (Fig. 4) and conventionally fixed follicles. Keratin
intermediate filaments in the cortical cells were observed
to twist and coil together to form fibrous assemblies (likely
tactoids/precursors of macrofibrils). Keratin intermediate
filaments interacting with desmosome junctions were also
observed. However, desmosome structure was less clear in
unfixed HPF-FS samples tomograms compared to fixed tissues
(Fig. S1).

Near Orwin’s threshold

At the distal end of the bulb (Zones B and C border),
Henle’s layer (He) of the IRS rapidly cornifies (Orwin’s thresh-
old), thereby encasing the follicle inside a tubular structure
(Figs. 5A–C). Henle’s layer cornification was most clear in
unfixed HPF-FS samples. Keratin intermediate filaments in

Henle’s layer showed good contrast, and interaction with
desmosomes during the transformation of Henle’s layer to
hardened Henle’s (HH) was observed in unfixed HPF-FS sam-
ples (Fig. 5F), but it was not evident in chemically processed
(Fig. 5D) and prefixed HPF-FS samples (Fig. 5E). Similar to
more proximal regions of the IRS, TGs in conventional and
prefixed HPF-FS samples were very electron dense obscuring
interactions with KIFs. In the cortex cells, the cytoplasm of
conventional (Fig. 5G) and prefixed HPF-FS (Fig. 5H) sam-
ples contained numerous holes and appeared highly gran-
ular. Moreover, the aggregated KIF bundles (macrofibrils)
had dense and uneven staining. The unfixed HPF-FS sam-
ples had a much better contrast profile between structures, al-
lowing the clear observation of mitochondria, ribosomes and
vesicles.

Keratogenous region

The process of cell reshaping that begins at Zone B gets
completed by the proximal end of this region (Zone C). A
noticeable increase in cortex density, compared to Zone B, is
clearly evident (Figs. 6A–C). Trichohyalin had dense staining
with chemical fixation with/without HPF-FS, concealing the
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(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

Fig. 3. Conventionally fixed follicles and HPF-FS wool follicles during cell differentiation (Zone B). Overview of ultrastructure in Zone B, covering the
cortex (Cx), fibre cuticle (Fc) and IRS compartments, including the inner root sheath cuticle (IRSc), Huxley’s (Hx) and Henle’s layer (He), of conventionally
processed follicle (A) is compared against prefixed HPF-FS (B) and unfixed HPF-FS (C) follicles. Scale bar (A–C) 5 !m. The trichohyalin granules (TGs)
are stained as electron dense bodies in chemically fixed (D) and prefixed HPF-FS (E) follicles. In contrast, the staining of the TG is light and fine fibrous
projections entering and exiting the TG are clearly visible in unfixed HPF-FS follicles (F). Desmosomes (Ds), indicated with white arrow, keratins (K) and
mitochondria (M) are clearly evident in both conventionally fixed and unfixed HPF-FS follicles. Scale bar (D–F) 500 nm. Ultrapreservation of the cortical
cells in early Zone B of chemically fixed, prefixed HPF-FS and unfixed HPF-FS follicles was also compared (G–I). The inset shows the depth of preservation
achieved in desmosomes (indicated by white arrows) from different preservation techniques. Scale bar (G–I) 500 nm.

visibility of interactions of KIFs with TGs (Figs. 6D & E). How-
ever, in the unfixed HPF-FS follicles, KIF–TG interactions were
more clearly visible in both the Henle’s and Huxley’s layers
(Fig. 6F). Also, a fine network of KIFs within Huxley’s layer cells
running in parallel to the HH’s cell membrane was more visible
in unfixed HPF-FS samples than the other samples. Mitochon-
dria are known to gradually degrade in this region of the folli-
cle, but their details are often difficult to resolve in conventional
samples. We observed mitochondrial structure well resolved in
unfixed HPF-FS samples (Fig. 6F). We observed artefacts in the
form of cellular distortion in conventional and prefixed HPF-FS

samples. Cortex cells in conventional samples had a condensed
cytoplasm, and macrofibrils were relatively homogeneous in
appearance, with little internal structure apparent (Fig. 6G).
Within prefixed HPF-FS samples, macrofibrils were similarly
devoid of features, but the cytoplasm was more heteroge-
neous (Fig. 6H). In unfixed HPF-FS samples, both cytoplasm
and macrofibril structure were heterogeneous (Fig. 6I).
Organelles, degrading as part of cortex cell maturation, were
clearly visible. The filament structure of KIFs, which had a
plait-like appearance, was distinguishable within macrofibrils
(Fig. 6I).
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Fig. 4. Electron tomogram of a cortical cell in mid-zone B showing ker-
atin interactions with the neighbouring cells through the desmosome
(Ds) junctions (white arrows). Keratin (K) filaments aggregation and ini-
tial self-assembling process is also observed. The mitochondria (M) with
loosened cristae were observed along with ribosomes (R) on endoplasmic
reticulum (ER). Scale bar 100 nm.

Discussion

An unusually large sample

HPF-FS has become a routine technique for preserving sample
ultrastructure for high-resolution EM analysis. Here we show
that HPF-FS can be used to preserve the ultrastructure of in-
tact hair follicles. Follicles make an unusual challenge for HPF
because, at approximately 200 !m diameter, they are close
to the maximum dimensions possible with HPF. Although
HPF is known to achieve tissue preservation to greater depths
than other rapid-freeze fixation methods, and instrument
manufacturers sometimes claim that 200 !m thick samples
can be routinely processed, the success of the method is sample
dependent and 50 !m preservation of thick samples is a more
realistic expectation (Studer et al., 2001; Studer et al., 2008;
Bullen et al., 2014). However, follicles are likely to have two
advantages over similarly thick blocks of tissue. First, follicles
are cylindrical and therefore the heat transfer medium can
surround the sample, allowing a more uniform heat transfer
process. Second, the density of follicles is variable with the
highest density occurring distally in the centre, and this high
density of biomolecules may have an innate cryo-protection ef-
fect. This same density gradient and the cornification of Henle’s
layer are expected to restrict conventional chemical diffu-
sion, resulting in poor conventional fixation of cytoplasmic
features.

Shrinkage

Although considerable shrinkage was noticed in convention-
ally processed samples, HPF-FS showed minimum shrinkage.
We know that HPF reduces water expansion through vitri-
fication, that FS slowly replaces the vitrified water with or-
ganic solvents at very low temperature and that most wa-
ter would be extracted from the sample. Thus, the dehydra-
tion artefacts are minimal compared to conventionally pro-
cessed samples (Meissner & Schwarz, 1990; Sosinsky et al.,
2008).

Prefixation of samples prior to HPF is a technique used for
preserving delicate tissues, especially for samples requiring
long extraction and fine dissection, and was shown to reduce
artefacts from dissection and tissue deterioration. For example,
prefixation has successfully produced high-quality and consis-
tent preservation of stereocilia actin bundles in cochlea (Bullen
et al., 2014). Contrarily, in the present study, prefixing the folli-
cles did not yield any benefits in terms of ultrastructure preser-
vation, and, at times, the preservation was of very poor quality.
Although the exact reason for poor quality of fixation is not
known, based on Bullen et al. (2014) studies, it would be spec-
ulated that the dissolved solutes in fixatives in prefixed follicles
could interact with FS media during tissue warming becoming
eutectic. This could influence ice crystal growth. Slow cooling
of hydrated biological samples with ice crystals has shown to
extract water from surrounding environment and cause de-
hydration artefacts (Bullen et al., 2014; Aston et al., 2016).
Wool fibres contain heterogeneous regions of hydrophobicity.
Although the exterior wool fibre is hydrophobic, the KIFs con-
tain a hydrophobic core surrounded by hydrophobic matrix,
and at a tissue level, the fibre cortex is hydrophilic (Greenberg
& Fudge, 2013). Therefore, the shrinkage observed in pre-
fixed HPF-FS follicles could partially be due to this difference in
hydrophobicity.

Unlike the cochlea, developing hair shafts and the IRS
that scaffolds the process implies large changes in ultra-
structure and density as they transform from isotropic liv-
ing cells into an anisotropic bio-based material. During fix-
ation, cells get exposed to an increasing gradient of fixative,
which, as it diffuses through, potentially alters the chemi-
cal kinetics of fixative–tissue interaction. At the same time,
metabolic pathways will be cut-off at different times, exert-
ing various effects on organelles. All these reactions might
act as a barrier to subsequent inward diffusion of fixatives,
thereby resulting in improper fixation and tissue distortion
(Srinivasan et al., 2002). Moreover, the addition of the fixa-
tive increases the concentration of solutes, lowers the freez-
ing point of the solution, changes the mobility of water
molecules and affects the pH of the cell fluids (Echlin, 1992).
This could lead to insufficient freezing, which could cause
growth of small ice crystals within the tissue. The ice crys-
tals formed during freezing can cause dehydration in the sur-
rounding cytoplasm. The shrinkage observed in the prefixed
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(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

Fig. 5. Preservation of follicles during first follicle hardening (end of Zone B). Overview of conventionally processed follicles (A), containing the cortex
(Cx), fibre cuticle (Fc), inner root sheath cuticle (IRSc), Huxley’s (Hx) and Henle’s layer (He), is compared against prefixed HPF-FS (B) and unfixed HPF-FS
(C). Scale bar (A–C) 5!m. At high magnifications, the trichohyalin granules (TGs) are stained as electron dense bodies in chemically fixed (D) and prefixed
HPF-FS (E) follicles. In contrast, the staining of the TG is light in unfixed HPF-FS follicles. Fine keratin (K) fibrous projections entering and exiting the TG
and their interactions with desmosomes (Ds, indicated white arrows) are clearly visible in unfixed HPF-FS follicles (F). Scale bar (D–F) 500 nm. Images
G–I show ultrapreservation of the cortical cells in early Zone B of chemically fixed, prefixed HPF-FS and unfixed HPF-FS follicles, respectively. Scale bar
(G–I) 500 nm.

HPF-FS samples could be due to ice crystal damage result-
ing from insufficient freezing caused by an increase in solute
concentration.

Preservation of key aspects of follicle biology

HPF-FS showed superior ultrastructure preservation in com-
parison to conventional fixation. The morphological changes
during hardening of Henle’s layer, interaction of keratins with
TGs or adjacent cells through the desmosomes were clear in
unfixed HPF-FS follicles. Table 1 summarizes our observa-
tions based on HPF-FS of unfixed wool follicles. Ice crystal-

lization damage and holes were also observed to be reduced
to a greater extent with HPF-FS. Despite all these advantages,
it is not without any limitations. The nuclear material in the
dermal papilla had signs of occasional ice crystal formation.
This is not surprising, as the dermal papilla, which is buried
deep inside the bulb, is the thickest part of the follicle (Born-
schlögl et al., 2016). Since the density of the follicle is lowest
near the bulb region, ice crystal formation inside the nucleus
is imminent. The biological membranes, such as the Golgi
bodies, and structures like the desmosomes, were poorly vis-
ible in unfixed HPF-FS samples. However, the lack of Golgi
bodies should not be confused as a lack of contrast with HPF
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(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

Fig. 6. Comparison of conventionally fixed follicles to HPF-FS wool follicles post Henle’s layer hardening (Zone C). The differences in cellular preservation
of hardened Henle’s layer (HH) of a conventionally processed follicle (A) are compared against prefixed HPF-FS (B) and unfixed HPF-FS (C) follicles. Scale
bar (A–C) 5 !m. The structure of conventionally fixed Huxley’s cell (Hx) layer (D) containing the trichohyalin granules (TG) and keratins (K), which
is another compartment within the IRS and adjacent to Henle’s layer (He), is compared against HPF-FS follicles with (E)/without(F) fixation. Scale bar
(D–F) 500 nm. The differences between conventionally fixed follicles (G) in cortex (Cx) during Henle’s layer hardening are also compared against prefixed
(H) and unfixed (I) HPF-FS. Although the keratins (K) in this region appear homogenous in both conventionally processed and prefixed samples, they are
very heterogeneous and have a plait-like appearance in unfixed HPF-FS follicles. Scale bar (G–I) 500 nm.

and FS as the total number of Golgi bodies in this region is
estimated to be approximately one per cell (Orwin & Thom-
son, 1972; Walther & Ziegler, 2002; Giddings, 2003). Lack
of cell membrane visibility was proclaimed either due to ex-
traction of lipids or to the failure of the bilayer membrane
to bind electron-dense fixatives or stains. Addition of water
to the substitution medium was shown to considerably im-
prove membrane visibility (Limpens et al., 2011; Melia et al.,
2018). The FS media used in this study contained more wa-
ter and although was shown to clearly preserve the Golgi
bodies, it is not clear why the cell membrane complexes

are not visible in the follicles. Inability to uptake the fixa-
tives was shown to be overcome by the addition of tannic
acid and potassium permanganate with postembedding stains
(Giddings, 2003). This may be a future avenue for investiga-
tion.

HPF-FS allowed us to investigate the ultrastructure at high
resolution using electron tomography. Fine KIFs aggregat-
ing to form macrofibrils were well defined within tomograms.
Another noticeable observation was to ascertain the role of
desmosomes in aiding keratins to communicate with neigh-
bouring cells.
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Table 1. Ultrastructural differences observed in HPF-FS wool follicles, in
comparison to chemically fixed samples.

Zones Effects of HPF-FS

A Cell shrinkage and holes are reduced in DP cells
CMC not visible

B Interaction between desmosomes and keratins (epithelial and
hard) is clearly visible

Delineate morphological differences post He layer hardening
TG staining contrast is poor in He and Hx cells

C Cell membranes clearly demarcate the He, Hx, IRSC and Cx
Fibrous keratin projections through TG still evident
Less holes compared to chemically fixed samples
Small vesicles observed in the cytoplasm
Keratin filaments are observed to bundle up in a ‘plait-like’

pattern to form macrofibrils

Conclusion

The overall findings from this study show that HPF-FS can pre-
serve the ultrastructure of the follicle, in a close-to-native state.
Tissue distortion and shrinkage are reduced to a greater extent
with this method. Electron tomography reveals fine morpho-
logical changes in ultrastructure during follicle hardening.
The aggregation of keratin filaments to form the macrofib-
ril in a ‘plait-like’ fashion is very distinct. Despite the ad-
dition of water to FS and the ability to see Golgi bodies,
the invisibility of cell membrane is perplexing. The over-
all result is a good basis for studies investigating the com-
plex developmental processes by which mammalian hairs
form.
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cells of a chemically processed follicle. Scale bar presents
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Supplement Figure 1 Tomographic reconstruction of a 250nm thick wool follicle . Large field view from 11.42 nm 3 
thick slice displays the ultrastructure of a desmosome from cortical cells of a chemically processed follicle. Scale 4 
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1 Introduction

The hair follicle is a complex miniature cylindrical organ consisting of different cell
lineages arranged in laterally concentric layers, and within which a hair develops
though a series of steps in an axial direction. Firstly, cells at the base of the follicle
undergo continuous division and then differentiate to produce six (or seven in
medullated !bres) cell types that develop into tightly coordinated cylindrical layers.
Each cell line has a distinct pattern of maturation during hair growth including gene
expression, morphological shaping and cell–cell junction development [1].
Trichocyte keratins are of two types, Type I and Type II, which form promiscuous
heterodimers. These heterodimers are localized to the cytoplasm of cortical cells
and, in combination with keratin-associated proteins (KAPs) self-organize to pro-
duce macro!brils that !ll the cortex of the hair shaft (it is primary structural
component). Localization of keratins is prerequisite for identifying interactions of
keratins with other keratins, KAPs and other cellular components such as cell
junctions that contribute to structure assembly. Numerous studies using antibody
markers have aided in characterizing and localizing keratins in hair follicles [2–8].
Most immunolabelling studies have been restricted to fresh tissues because
accessing antigenic epitopes in !xed samples was challenging. In recent years,
immunogold labelling techniques have been carried out on Lowicryl embedded
sections to determine the sub-cellular locations of keratins in the human hair follicle
[4, 7]. However, these and earlier studies used chemical !xation and dehydration.
Recently, we reported [9] a method for ultrastructural preservation of intact wool
follicles using high-pressure freezing, freeze substitution (HPF-FS) in epoxy resin.
In this study, we extend that method to immunohistochemistry. Correlative
fluorescent and electron microscopy were used to localize keratin K85 in follicles
subjected to high-pressure freezing and freeze substitution (HPF-FS). Since
high-temperature polymerization and strong cross-linking properties in epoxy might
reduce the antigenicity of the biological sample, the samples were embedded in
Lowicryl resin [10, 11]. While fluorescence microscopy enabled patterns of keratins
to be observed across a large space, electron microscopy then enabled ultrastruc-
tural (sub-cellular) location of keratins in a small part of the same section.

2 Methods

High-pressure freezing and freeze substitution. Skin biopsies (*4 mm diameter)
were collected and individual follicles were dissected and high-pressure frozen as
described in Velamoor et al. [9]. For freeze substitution (FS), the frozen carriers
were transferred into precooled moulds in a Leica AFS2 device (Leica
Microsystems, Germany) containing the FS media (0.5% uranyl acetate (UA)
dissolved in methanol and 5% water) for 56 h at !90 °C. The temperature was then
gradually raised (at a rate of 5 °C per hour over 9 h) to !45 °C. The FS media was
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removed and the follicles were washed and rinsed in 4" methanol for about 2 h.
The samples were then in!ltrated for about 2 h each with 10, 25, 50, 70, 90 and
100% Lowicryl resin, prepared as per manufacturer’s instructions (Electron
Microscopy Sciences, Cat# 14,340). The temperature was slowly raised from !45
to !25 °C for 8 h during these in!ltration steps. The samples were then replaced
with fresh 100% Lowicryl resin at regular intervals over 36 h at !25 °C. The
samples were then UV polymerized with fresh resin for about 48 h at !25 °C.
Then, the temperature was slowly raised to 20 °C (at 1.8 °C per hour over 24 h)
and maintained for another 48 h. After removing the carriers, the samples were
sectioned (100 nm) using an ultramicrotome (Leica UC6 and UCT ultramicro-
tomes, Leica Microsystems), collected on formvar-coated nickel grids and
processed for immunolabelling experiments.

Immunolabelling. The sections were incubated with 0.1 M glycine and blocking
solution (1% bovine serum albumin and 0.2% cold !sh skin gelatin in 1" phos-
phate buffer saline (PBS)) for 30 min each to remove any residual aldehydes and to
block non-speci!c binding of antibodies, respectively. After thorough washing with
1" PBS, the sections were incubated with primary keratin polyclonal antibodies
(raised in rabbit against K85 tail domain: 466–485; IASGPVATGGSITVLAP) at
1:200 dilution, overnight at 4 °C. Then, the samples were incubated in Alexa
Fluor® 488 goat a rabbit conjugated to 5 nm gold (1:15 dilution; Life technologies,
cat # A31565) for 2 h at room temperature.

Imaging. Fluorescence imaging was carried out using an Olympus BX61
Montaging light microscope. Philips CM100 (operated at 100 kV) and JEOL
2200FS 200 kV TEM !tted with a TVIPS F416 CMOS camera (TVIPS, Gauting,
Germany) were used for electron microscopy. Dark-!eld imaging was carried out
using scanning image device (ASID) with upper dark-!eld detector and SightX
software.

3 Results

Ultrastructure of the follicle. The preservation of ultrastructural details along the
axis of the follicle through zones associated with stages of hair growth [12, 13] with
HPF-FS followed by Lowicryl embedding was assessed at two points (Fig. 1a):
lower bulb (below Auber’s level), top of the bulb (above Auber’s level and Orwin’s
threshold). At the base of the follicle, cells from the germinative matrix, adjacent to
the dermal papilla (DP), differentiating into the Henle’s, Huxley’s and inner root
sheath cuticle (IRSc) layers were clearly visible (Fig. 1b, c). Trichohyalin granules
were evident only in the Henle’s layer. The cuticle cells appeared cuboidal in shape
and had clearly de!ned cell membranes and intact nuclei. In contrast, cortical cell
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membranes were not well de!ned (Fig. 1b). However, the nucleus and !ne keratin
!bres were well de!ned (Fig. 1b, c). The difference in staining contrast clearly
distinguished the dermal papilla from the cortex (Fig. 1b).

At the distal end of the follicle bulb Henle’s layer hardens (Orwin’s threshold).
Distal of this point trichohyalin granules were observed only in the Huxley’s layer
(Fig. 1d). The intensity of keratin increased tremendously. At high magni!cation,

Fig. 1 Uranyl acetate mediated Lowicryl embedded wool follicle. a Schematic representation of
wool follicle. b Low magni!cation micrographs below Auber’s level. c Inset from (b) showing the
different compartments in the IRS, and the hair shaft’s Cu and Cx. Trichohyalin granules
(TG) were identi!ed only in the He at this level in the follicle. d Micrograph of follicle above
Auber’s level. e Inset from (d) showing keratin (K) !bres inside the cortex. e Micrograph of the
follicle post-Orwin’s threshold. g High magni!cation image from inset (f) post-He layer’s
corni!cation, showing accumulation of keratin !bres. Scale bar presents 10 µm (b, d and f) and
5 µm (c, e and g)
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the !ne !bres were aggregated into bundles, forming developing macro!brils
(Fig. 1e). Further up from the Orwin’s threshold (keratogenous zone), the IRS
contained corni!ed Henle’s, Huxley’s and IRS cells, and the hair shaft cuticle and
cortical cells were clearly distinguishable (Fig. 1f, g). Keratin !lament structures
were clearly de!ned and had increased contrast compared with more proximal parts
of the cortex. The natural degradation of cytoplasmic features in cortical cells that
forms part of the hair maturation process was well preserved (e.g. condensation of
nuclear material).

Keratin localization during !bre growth. Wool follicles were immunolabelled
with an antibody against keratin, K85, tagged with a fluorophore conjugated to
5 nm gold. The fluorescent labelling shows the localization of K85 (Fig. 2a)
matches up to the densely stained !brous keratin bundles, amongst the ultrastruc-
tural features of the follicle (Fig. 2b). The lack of fluorescent labelling in the
germinative matrix and IRS shows that the K85 is localized primarily in the cortex
and possibly diffusely in the !bre cuticle cells at this mid-bulb location (elongation
zone) along the follicle axis (Fig. 2c).

Fig. 2 Correlative K85 antibody-labelled fluorescent and electron microscopy of a wool follicle.
a Fluorescent labelled mid-bulb (elongation) region. b Electron micrograph corresponding to (a).
c Correlated fluorescent and electron micrographs from inset (b). Scale bar: 5 µm in (a–c).
d Electron micrograph of follicle in the elongation zone. e Inset from (d), showing keratin K85
immuno-labelled with 5 nm gold. f Keratin K85 immunogold labelling obtained using DF-STEM
in comparison with (e). Scale bar: 1 µm in (d) and 500 nm in (e, f)
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To localize K85 that had been detected by antibodies conjugated to 5 nm gold at
an ultrastructural level (Fig. 2d–f), both regular and DF-STEM methods were
effective. Although the 5 nm gold labels were detectable as electron dense dots
using regular TEM (Fig. 2e), the gold labels were better visualized from the
background using dark-!eld (DF) STEM (Fig. 2f). A few nanogold particles were
clearly located in the cytosol (Fig. 2d), but most were localized within the !brous
bundles.

Keratin localization distal of Henle’s hardening. The localization of K85 was
observed at Orwin’s threshold (where Henle’s layer hardens) and more distally in
the keratogenous zone (Fig. 3a–c). The correlative fluorescent and electron
microscopy show K85 labelling localized to long !lamentous structures inside the
cortex and to a less extent in the cuticle cells. No evident labelling was observed in
the IRS. Lack of gold markers in the IRS and localization of the gold with keratin
!bres from high-resolution images from DF-STEM emphasizes the speci!city of
the K85 antibody (Fig. 3d, e).

Fig. 3 Immunolabelling of wool follicle with K85 distal of Orwin’s threshold. a Fluorescent
labelling of wool follicle in the distal keratogenous zone. b Electron micrograph corresponding to
(a). c Correlated fluorescent and electron micrographs at high magni!cation from inset (b). Scale
bar: 10 µm in (a, b) and 5 µm in (c, d). d Inset from (e) showing K85 immuno-labelled with 5 nm
gold in the cortex and cuticle using ADF-STEM. eMicrograph of the follicle in keratogenous zone
at lower magni!cation. f Inset from (e) showing keratin K85 localization in upper keratogenous
zone. Scale bar: 10 µm in (e); 200 nm in (d, f)
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4 Discussion

Ultrastructure with Lowicryl embedding. This is the !rst study to embed
HPF-FS follicles in Lowicryl resin for ultrastructural immunolabelling. The struc-
ture of different cell types and cytosolic components such as the nucleus, mito-
chondria, keratin and trichohyalin granules were easily distinguished within the
follicle. Fine details of interactions between keratin intermediate !laments (IFs) and
cell junctions were also clear at higher magni!cation (image not shown). However,
the preservation of !ne sub-cellular details such as the desmosomes and interaction
between IFs and trichohyalin granules were less clear compared to samples
previously published from epoxy embedded sections [9].

Primary antibody labelling. The labelling of keratin, K85, in the ultrastructure
was exclusively in the cortex and cuticle cells. These !ndings are in agreement with
previously published studies [4, 6, 7]. Lack of staining in the dermal papilla,
germinative matrix and IRS cells shows the speci!city of the antibody. An increase
in labelling intensity in the keratogenous zone was also observed in the present
study. K81 and K86 sequentially switch upon differentiation, especially above
Auber’s level and keratogenous zone. Thus, the increase in labelling intensity is
suggested to be an effect of epitope masking resulting in identifying a closely
related K86 keratin, along with K85 [4, 6, 14, 15]. Follicles in this study were
subjected to HPF-FS. The preservation of structural integrity following HPF-FS has
been published recently [9]. While HPF preserves the follicle structural integrity
close to native state, freeze substitution replaces vitri!ed ice with organic solvents
at !90 °C. At such low temperatures, these !xatives remain unreactive and
homogeneously diffuse through these immobilized structures. Therefore, masking
of epitopes due to !xative interaction is minimal. Increased accumulation and
aggregation of keratin IFs following cellular degradation could be a potential reason
for the increase in K85 intensity.

TEM processing. Apart from !xative effects, post-staining of sections with uranyl
acetate followed by lead citrate staining is a common source of artefacts. While
insuf!cient staining results in loss of structural context, over staining could obscure
the signal originating from the secondary antibody conjugated to gold nanoparti-
cles. In addition, the size of the gold nanoparticles is often increased using a silver
enhancement procedure. Although silver is a noble metal, it is not completely inert
to chemical reactions. For instance, aldehydes frequently used as !xatives are
known to reduce silver [16]. In recent years, DF-STEM has become a powerful tool
to characterize nanogold particles labelling speci!c proteins. In this study, we have
shown that the nanogold particles conjugated to the secondary antibody could be
visualized clearly without any further staining or silver enhancement technique. In
conclusion, DF-STEM reduces the need for post-preparation processing such as
double staining and silver enhancement for localizing the immunolabelling. In
combination with HPF-FS, it better resolves the ultrastructural details of keratin
localization in wool follicles.
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Fig S1. Volume electron microscopy displaying long tubules scattered around the
entire volume of the nucleus at 72 hpi. A) Micrographs displays tubules,
approximately 2-3 µm long, near the nuclear membrane (A & B) and at the center of
the nucleus (C). Insets are 36 nm thick tomographic slices at higher magnification.
Only part of the tubule is seen in image B, while the inset shows a full length of tubule,
as the volume in the inset is rotated (by 3.6 ° and 0.1 °) along x and z axis. Scale bar of
images A, B & C (and their insets) represents 1000 nm. D) Segmentation of the
volume, tilted at 45 °, displays tubules scattered around the nucleus. Scale bar
represents 2000 nm.
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Fig S2. Invagination of the cytoplasm into the nucleus. (A) Cross-section of a cell
showing cytoplasmic components invaginating into the nucleus. (B) Cytoplasmic
organelles, such as ribosomes, can be clearly seen inside these invaginations at a
higher magnification in the inset. Due to level of section cut, these invaginations (*)
from cytoplasm (Cy), sometime encapsulating the virions (indicated by arrows),
appear as double membrane vesicles. Numerous microvesicles noticed inside the
nucleus are indicated arrowheads. Scale bar presents 1000 nm.
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Fig S3. Distribution of virions in interchromatin space and cytoplasm. Micrograph
of a cell showing virions dispersed in the nucleus and cytoplasm. The inset at higher
magnification clearly shows that cytoplasmic organelles are not affected during virions
replication and assembly. Virions appear scattered throughout the nucleus (N) and
cytoplasm (Cy) either alone (arrowhead) or inside vesicles (arrows). Scale bar presents
1000 nm.
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Fig S4. Exvagination of virions into the cytoplasm. (A) An electron micrograph
displaying virions expelled into the cytoplasmic region (indicated by arrow).
Association of outer nuclear membrane (ONM) with the multi membrane vesicles
(MMV) is indicated with an arrowhead. (B) A 30 nm tomographic slice shows that
every single virion, inside the nuclear envelope (NE), is enclosed within a vesicle,
exvaginating into a MMVs. Scale bar presents 500 nm.
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Fig S5. Cell lysis following 72 hpi with OrNV. (A) An electron micrograph of an
OrNV infected cell undergoing lysis. (B) High magnification of the inset showing
individual free-floating virions in the distorted nucleus (N) is indicated with an
arrow. The cellular membrane is also ruptured, however, MMVs with few virions
are still present. Scale bar presents 1000 nm.
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Movie 1. Volume electron microscopy of OrNV infected cells to uninfected cells.
Enveloped virions replicating inside the nucleus are engulfed by the INM, transported
into the NE before being transported into the cytoplasm. Inside the cytoplasm, virions
either appear alone or inside multi-membrane vesicles. Eventually, they all escape into
the extracellular environment. Scale bar presents 2000 nm.



Movie 2. Budding of virions from Tubules. A tomogram of OrNV
infected cell releasing virions (indicated by arrows) from long
tubules inside the nucleus (N). Scale bar presents 500 nm.



Volume Microscopy of Nudivirus
Infected Cells

Bruno M. Humbel, Sailakshmi Velamoor, Allan Mitchell,
and Mihnea Bostina

Abstract Volume microscopy is an ideal method to investigate microbial infec-
tions. In this study, we used Oryctes rhinoceros nudivirus (OrNV) as a model to
illustrate the power of this technology in deciphering morphological changes
associated with viral replication. Nudiviruses are large dsDNA rod-shaped envel-
oped viruses infecting a wide range of hosts. The best characterized member of the
family, OrNV, infects rhinoceros beetle, a devastating pest damaging coconut and
oil palm trees in Southeast Asia and the Paci!c islands. Although previous electron
microscopy studies have described the cellular changes associated with OrNV
infection, little is known regarding the mechanism of viral assembly and egress.
Here we used focussed ion beam and scanning electron microscopy to characterize
the cellular remodelling associated with OrNV infection.

Keywords Volume microscopy ! FIB-SEM ! Virus assembly ! Virus egress !
Nudiviruses

1 Introduction

Volume electron microscopy enables three-dimensional visualization of biological
specimens with unprecedented details [1, 2]. Ultrathin sections are only accidentally
capable to capture special events such as membrane fusion sites [3]; therefore, we
merely can speculate if, e.g. a vesicle has any connection to an outside organelle.
Using volume microscopy we can image hundreds of sections, at a very high
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Z-resolution of few nanometers that allows to follow and reconstruct completely an
organelle structure. By providing us reliable information in the third dimension no
such events could escape our observation. Volume microscopy can be performed
using serial sectioning TEM or using an SEM with its different applications of array
tomography [4–6], serial block-face tomography [7] or focussed ion beam
(FIB) tomography [8]. Although each technique has its own pros and cons [9],
FIB-SEM tomography currently offers the highest voxel resolution of serial
imaging modalities at *5 nm3 [10]. This study demonstrates the power of
FIB-SEM in obtaining detailed structural information of the mechanism of viral
replication using OrNV as a model.

The Nudivirdae family comprises a series of diverse members of large dsDNA
rod-shaped enveloped viruses reported to infect a wide range of invertebrate hosts
belonging to the Coleoptera, Lepidoptera, Orthoptera, Diptera, Siphonaptera,
Hymenoptera, Thysanura, Trichoptera, Neuroptera, Homoptera, Acarina, Araneina,
and Crustacea. They were previously described as “nonoccluded baculoviruses”.
Similar to baculoviruses, nudiviruses have a circular dsDNA genome and replicate
in the nuclei of host cells [11].

The best characterized member of the Nudiviridae family is Oryctes Nudivirus
(OrNV), !rst observed in the nuclei of fat body cells of infected Oryctes rhinoceros
beetle [12, 13]. Rhinoceros beetle is a devastating pest damaging coconut and oil
palm trees in Southeast Asia and the Paci!c islands. Being pathogenic to inverte-
brates, when orally transmitted, OrNV !rst infects the midgut epithelial cells and
further spreads to other tissues. Since OrNV is capable of killing both adults and
larvae, it is widely used as a biocontrol agent against this beetle [12]. Currently,
DSIR-HA-1179 cell line, isolated from Heteronychus arator (HA), is the only cell
line susceptible and permissive to OrNV infection [14–17]. Electron microscopy
studies have established the basic steps of virus entry and exit [18]. While electron
tomography is crucial for understanding the nuclear and cytoplasmic changes
associated with viral replication and assembly, the limited tilt angle reduces the
quality of 3D information. Here, we used FIB volume electron microscopy to
characterize the membranous and cellular changes incurred during virus assembly,
nucleocytoplasmic transport and viral egress following OrNV infection.

2 Methods

Cell line and virus. DSIR-HA-1179 cells were maintained at 27 °C as attached
cultures in 25 cm2 tissue culture flasks in TC-100 insect cell medium (Sigma)
supplemented with 10% foetal bovine serum (FBS) (Life technologies, NZ). For
long-term storage, 1 " 107 DSIR-HA-1179 cells were resuspended in freezing
medium (TC-100, 10% FBS, 10% DMSO), allowed to freeze gradually using a “Mr.
Frosty” freezing container (Nalgene) and later transferred to liquid nitrogen.
Confluent monolayers of attached DSIR-HA-1179 cells at day ten of culture were
treated with TrypLE™ Express as previously described [16] to dissociate the cell
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monolayer into a single cell suspension. The number of cells in suspension was
counted on a haemocytometer. Approximately 2 " 105 viable cells were transferred
per well in a six-well plate (Day 0) in a culture volume of 2 mL and incubated for
!ve days. At day !ve, the cells in one well were dissociated with TrypLE™ Express
and counted. Medium was replaced, and cells were inoculated with OrNV virus
(strain X2B) at a multiplicity of infection (MOI) of 2000 virus particles per cell and
incubated at 27 °C. After 72 h, the insect cells were detached, briefly centrifuged,
resuspended in approximately 20 µl growth medium and further prepared for
microscopy. Uninfected control cells were processed in the same manner.

Oryctes nudivirus strain X2B was propagated in DSIR-HA-1179 cells. Briefly,
DSIR-HA-1179 cells grown to confluency in a T75 flask were inoculated with OrNV
virus stock and monitored for cytopathic effect. When the majority of cells presented
cytopathic effect, the flask with cells and medium was frozen (!80 °C) and thawed at
room temperature (RT) to release the virus from cells. The lysate was centrifuged for
5 min at 2500" g. Clari!ed lysate was quanti!ed for OrNV infectious particles
using the end-point dilution method, aliquoted, and stored at !20 °C.

High-pressure freezing. Approximately 0.5 µl of concentrated cells were loaded
into a 200 lm deep copper membrane carriers (Engineering Of!ce M Wohlwend
GmbH, Switzerland), precoated with hexadecane (Sigma-Aldrich). The membrane
carriers with the sample were then transferred into the Leica EMPACT 2 Bayonet
pod. Filler solution (10% Ficoll in 0.1 M cacodylate buffer, pH 7.4) was added, and
the transfer pod was torqued down and sealed. The samples were frozen using the
EMPACT2 high-pressure freezing machine (Leica Microsystems, Vienna, Austria).
The membrane carriers with frozen samples were removed from the transfer pod
under liquid nitrogen and processed for freeze substitution.

Freeze substitution. For volume electron microscopy, samples were treated with
various contrast enhancing agents as follows: after the acetone washes and
removing the samples from the AFS machine, they were treated with 1% thiocar-
bohydrazine in acetone at 40 °C (Acros Organics 207,530,050) for 30 min, fol-
lowed by acetone washes at room temperature and 2% OsO4 in acetone at 40 °C for
30 and 60 min, respectively. Following further acetone washes at room tempera-
ture, the samples were then incubated with 2% uranyl acetate (in acetone) at 4 °C
overnight. The sample was than washed twice with acetone and twice with
methanol at room temperature followed by 2% lead acetate in methanol
(Sigma-Aldrich 215,902) for an hour at 40 °C. This last contrasting step was fol-
lowed by methanol washes, methanol/acetone and then acetone washes at room
temperature. The samples were then gradually in!ltrated with increasing concen-
trations of epoxy resin in acetone and !nally embedded in Epoxy embed 812 resin
(EMS EmBed 812), following manufacturer’s instructions. The protocol following
regular freeze substitution was based on previously described methods [19].

Imaging and analysis. Volume microscopy was done with a focussed ion beam
scanning electron microscope (Helios 650, FEI Company, Eindhoven, The
Netherlands). Milling was done with a gallium ion beam at 30 kV and 2.4 nA.
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The imaging was done at 1.5 keV, 800 pA, 6144 " 4096 frame size, with 71.4 Å
pixel size and 100 Å section thickness. Sequential images were aligned with IMOD
using cross-correlation [20]. Manually traced segmentation of the features was
carried out using “drawing” and “interpolation” in IMOD and was further re!ned
with UCSF Chimera [21].

3 Results

High-pressure freezing and freeze substitution (HPF-FS) followed by volume
microscopy enabled us to study the !ne ultrastructural changes happening during
several stages of OrNV life cycle (Fig. 1). Segmentation of the membranous and
cellular structures allowed us to track changes that occurred during virus assembly,
the transition via the nuclear lumen, and virion shedding to extracellular space.

Changes in nucleoplasm. Similar to baculoviruses, nudiviruses replicate and
assemble inside the nucleus [18]. Our volume microscopy data show a signi!cant
remodelling of the nucleus during OrNV infection (Fig. 2a–c). Chromatin con-
denses while a large part of the nucleus is dedicated to viral replication and
assembly, and it displays a less dense appearance. The nucleus becomes populated
with numerous membrane structures associated either with the process of virion
assembly or with the traf!c across the nuclear envelope.

Numerous long tubules (Fig. 1) with dimension and structure compatible with
that of the mature virions are clearly visible (Fig. 2d), and their dense interior
suggests the insertion of dsDNA similar to that of full virions. Enveloped virions are
present inside the nucleus either free or enclosed inside vesicles connected to the
inner nuclear membrane (INM). Their origin is suggested by prominent INM
invaginations that penetrate inside the nucleus and engulf virions. From this posi-
tion, they can be further transported to the nuclear envelope lumen (NE).

Nucleocytoplasmic transport. Virions inside the NE were mostly observed inside
convoluted vesicles (Fig. 2e, f). Notably, no non-enveloped capsids were observed
inside the NE which indicates that during this nucleocytoplasmic traf!c the virions
are always presented with their original membrane derived from the nuclear
tubules. Despite the numerous structural changes observed, the integrity of the
nuclear envelope is maintained overall.

Cytoplasmic changes. Cytoplasm of the OrNV infected cells undergoes dramatic
changes. We can observe large multi-membrane vesicles (MMVs) that contain
enveloped virions (Fig. 2g–i) in single or convoluted membranes (Fig. 2h).
Additionally, single virions are observed in the cytoplasm. The morphology of
Golgi bodies looks distorted (Figs. 2i and 3e), while herniation of mitochondria
(Fig. 3a, b) and releasing of small vesicles from ER (Fig. 3b, d) are also clearly
visible at this resolution.
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Viral egress. The virions egress into the extracellular space seems to occur in an
exosome-like fashion (Fig. 3a–c). Most of the observed viruses are encapsulated
either in single membrane vesicles or in multi-membrane vesicles. Their fusion with
the plasma membrane will allow the shedding of virions either as single mature
particles or as enclosed in a cellular derived membrane (Fig. 3c, f).

Fig. 1 Volume microscopy of an OrNV infected cell. The thickness of the segmented section is
*420 nm. Virions assemble from long tubules clustered around macrovesicles are packaged into
the nuclear lumen, and further egress into the cytoplasm. Cytoplasmic space contains numerous
organelles such the mitochondria, Golgi and ER, along with numerous MMVs containing virions.
Few virions, enclosed in vesicles, are seen shedding from the plasma membrane. Scale bar, 1 µm
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4 Discussion

This study establishes volume microscopy as an ideal method to follow the process
of microbial infections using OrNV infected cells as a model. Despite the structural,
genetic and biological similarities shared with baculoviruses, the mechanisms of
nudivirus assembly and egress poses some speci!c problems. The absence of
occlusion bodies implies the need of supplemental membrane material to envelope
individual viral capsids. By using volume microscopy, we have characterized a

Fig. 2 Changes in the nucleus and cytoplasm during OrNV infection. a–c Sequential sections
through the reconstructed volume at the centre of the nucleus (N) and below, *1 µm apart. Scale
bar presents 2 µm. d Region displaying virions (white arrows) shedding from long tubules
(Tu) inside the nucleus. e Virions, packaged into vesicles, fuse with the INM. f Vesicles enclosing
virions are present inside nucleus. g Free-floating virions and virions enclosed in MMVs (white
arrows) are observed in the cytoplasm. h Virions encapsulated in MMVs. i Despite considerable
remodelling, the nuclear membrane remains intact and cytoplasmic components such as
mitochondria (M) and Golgi (G) are clearly distinguishable. Enlarged views from inset (d–i) are
50 nm thick. Scale bar (d–i), 2 µm
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dramatic remodelling of the nuclear landscape which brings large quantities of
membrane material inside the nucleus close to viral replication sites. It also allowed
to follow the trajectory of virions from the assembly site to the extracellular space.
Differently from other cases of viruses replicating inside the nucleus, OrNV appears
to assemble into a mature particle inside the nuclear compartment and to cross the
nuclear envelope using a series of membrane vesicles, to transit through the
cytoplasm inside some vesicular bodies, before being released into the extracellular
space either as single virions or a as virions contained inside vesicles. The presence
of long tubular membranous structures or the existence of thin connections between
double membrane vesicles and the inner nuclear membrane raises challenges which
volume microscopy is uniquely quali!ed to solve. Our sample preparation protocol
and imaging parameters resulted in high-quality spatial information which per-
mitted to describe unambiguously the nature of these structures in a way which
neither EM of serial sections nor electron tomography would be capable. In con-
clusion, volume microscopy delivers simultaneously the high resolution needed to
precisely describe subtle changes occurring inside cellular organelles and the large
volumetric information necessary to obtain an adequate morphological context.

Fig. 3 Changes in the cytoplasmic organelles following viral entry and viral exit from cytoplasm
(a–c). Scale bar 2 µm. d Enlarged view from inset (a) shows macrovesicles released from ER.
e Herniation of mitochondria and association of Golgi with vesicles are evident. f Single viruses
enclosed inside vesicles are observed in the extracellular matrix. Enlarged images from inset
(d–i) are 50 nm thick. Scale bar (d–f), 1 µm
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