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ABSTRACT 

Biogenesis of Hagfish Slime: Timing and Process of Slime Gland Refilling in Hagfishes 

(Eptatretus stoutii and Myxine glutinosa) 
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Advisors: 

Dr. D. S. Fudge 

Dr. T. E. Gillis

Mucus and slime production is widely represented throughout the animal kingdom. Many 

animals produce mucus for locomotion, to prevent desiccation, in mating, or to physically or 

chemically ward off predators and pathogens. However, the crown for volume of defensive slime 

formation goes to the hagfishes, who release components producing 0.9 litres of a gill-clogging 

slime within 100 milliseconds of an attack by a predator. Their slime is unique in that it contains 

protein fibres that have one of the highest tensile strengths of any biomaterial.  

Hagfishes produce slime components in specialized slime glands, which are found in pairs 

along the whole length of their body. These slime glands contain two main cell types, gland thread 

cells and gland mucous cells, which produce, respectively, the thread and mucous components of 

the defensive slime. Each gland thread cell produces a single, coiled, proteinaceous thread 

formation known as a thread skein, while each gland mucous cell produces thousands of tiny mucin 

vesicles. While much is known about the biochemistry of the gland thread cells and gland mucous 

cells, little was known about where these cells were produced within the slime gland, or how these 

cells were replenished after a sliming event. The objective of this thesis was to examine in detail 

the process of slime gland emptying and refilling.  

Using a number of cell manipulation, imaging and bioinformatics techniques, I reveal: (1) 

how long it takes for depleted slime glands to refill, (2) how the slime exudate composition changes 



 

during emptying and refilling of the gland, (3) the cellular mechanisms of refilling, (4) the 

site of slime cell proliferation, (5) the possible function of a third, previously undescribed cell type 

within the slime gland, and finally (6) the differential gene expression of slime glands during early 

refilling compared to full glands. Together, these findings provide a comprehensive analysis of the 

process of slime gland refilling in hagfish. Understanding more about how the slime glands refill 

and produce their cells may provide new insights into how the gland thread cells and gland mucous 

cells produce their respective components, which are useful biomimetic models for producing 

renewable, protein-based textiles and hydrogels.  
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1.0 General Introduction 

Hagfishes secrete 0.9 litres of slime within 100 milliseconds of an attack by a predator via 

holocrine secretion of two main cell types, the gland thread cells and gland mucous cells. The 

gland thread cells and gland mucous cells, respectively, produce the thread and mucous 

components of the defensive slime. These slime cells are in turn created within the many slime 

glands that run the length of the body of the hagfish. They are connected to the epidermal surface 

via a gland pore. Here, we provide a comprehensive literature review of similar types of 

epidermally-derived glands, other defensive secretions of animals, the mucus and slime of animals, 

and an in-depth look at the hagfish slime itself.  

1.1 Epidermal exocrine glands and holocrine secretion 

Exocrine glands are glands that release substances, such as mucous or saliva, onto an epidermal 

surface via a duct connecting the gland to the external environment. Examples of exocrine glands 

of animals include sweat, sebaceous, mammary, and mucous glands, (Ellis, 1965; Dawes and 

Wood, 1973; Brandtzaeg, 1983; Schneider and Paus, 2010). Exocrine glands typically release their 

contents onto the external surface of the body (sweat, mammary, mucous, sebaceous) but some 

also create substances for the internal body surfaces (mucous glands, salivary glands, liver, 

pancreas) (Shackleford and Wilborn, 1968; Kasai et al., 1993; Goldfine et al., 1997; Humphrey 

and Williamson, 2001).  

Exocrine glands can secrete their contents through a variety of methods, including apocrine 

secretion (budding off secretions through membrane-bound vesicles), merocrine secretion 

(secretion via exocytosis from secretory cells), and holocrine secretion (secretions produced in 

cells’ cytoplasm and released by rupture of plasma membranes) (Hibbs, 1962; Aumüller et al., 
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1999; Groos et al., 1999). Holocrine secretion is one of the rarer modes of secretion, likely because 

it involves releasing whole cell contents rather than just cell products (Hibbs, 1962; Munger, 

1964). Holocrine secretion is represented across most animal phyla. Some holocrine secretions 

play a defensive role against microbial, viral, parasite, or predator threats (Quay, 1954; Maderson, 

1972; Taylor et al., 1975; Menon et al., 1981).  

A prime example of a holocrine gland is the sebaceous gland, which secretes an oily 

product known as sebum to lubricate and waterproof the hair and skin of mammals (Thody and 

Shuster, 1989; Downie et al., 2004). The major cell type of sebaceous glands, the sebocytes, are 

terminally differentiated epithelial cells that produce large quantities of lipids and release their 

contents via disruption of the cell membrane (Thody and Shuster, 1989; Downie et al., 2004). 

Refilling of the sebaceous glands is a continuous process. New sebocytes are produced from a line 

of mitotically active cells in the basal layer of the gland (Lindner et al., 1997; Schneider and Paus, 

2010). Sebocytes undergo growth and maturation as they are displaced towards the center of the 

gland by the production of new cells below them (Schneider and Paus, 2010). Sebocyte renewal 

in humans is estimated to take 21-25 days (Plewig and Christophers, 1974; Downing and Strauss, 

1982). The production and replacement of whole cells, instead of merely cellular contents, is 

possibly what contributes to the long refilling time of sebaceous glands and potentially other 

holocrine glands.     

1.2 Defensive secretions of animals 

Defensive secretions of animals can be chemically or physically deterring in nature or can act to 

distract from or conceal an animal’s escape from a predator. Chemical defensive secretions include 

poisons, caustic chemicals, and chemical repellants. Animals such as the Poison Dart Frogs 
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(Dendrobatidae) that secrete poisons onto the surface of their bodies often have bright colouration 

as a warning to predators (Pessier et al., 1999; Maan and Cummings, 2011). Blister Beetles 

(Hycleus lugens) and Pacific Islands Cockroaches (Diploptera punctata) secrete caustic agents 

including cantharidin and benzoquinones, respectively, which can burn or poison a potential 

attacker (Baldwin et al., 1990; Dean et al., 1990).  

Physical defensive secretions include inks, slimes and even squirting blood. Physical 

defensive secretions often act to block the vision of a predator or to envelope and protect an animal; 

some are shot at an attacking predator. Inks, created by Cephalopods and some sea slugs, block 

the vision of attacking predators, allowing for time for the pursued animal to escape (Derby, 2007; 

Nusnbaum et al., 2012; Derby el al., 2013; Love-Chezem et al., 2013). The Texas Horned Lizard 

(Phrynosoma cornutum) can squirt blood from their eyes to deter would-be predators (Middendorf 

III and Sherbrooke, 1992; Sherbrooke and Mason, 2005). Velvet Worms (Onychophora) use a 

sticky slime secretion, which is ejected from a pair of modified limbs known as slime papillae, for 

defense against predators and to capture prey (Read and Hughes, 1987; Baer and Mayer, 2012). 

Some Sea Cucumbers (Aspidochirotida) can eject modified tubules (known as Cuvierian tubules) 

from their anus at an attacking predator (Flammang, 1996; VandenSpiegel et al., 2000). The 

ejected tubules lengthen and become sticky when they react with seawater, and act to immobilize 

most organisms with which they come into contact (VandenSpiegel and Jangoux, 1987; 

VandenSpiegel et al., 2000). Finally, slimes and other mucous secretions can act to envelop and 

protect an animal like a shield, or they can be shot at a predator to deter an attack (Byrne, 1970; 

Videler et al., 1999; Caruana et al., 2016; Zintzen et al., 2011). Mucus and slimes are by far one 

of the most diverse protectants against a variety of threats.      
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1.3 Mucus and slimes of animals 

Mucus is widely represented throughout the animal kingdom. It can be produced both internally 

and externally. Mucus is typically produced by specialized goblet cells or in mucus glands found 

in the columnar epithelium lining both the internal and external surfaces of animals (Bansil and 

Turner, 2006). Mucus is a complex, slippery, aqueous secretion composed primarily of water 

(~95%), but it also contains salts, lipids (such as phospholipids, fatty acids and cholesterol), and 

proteins such as lysozymes, immunoglobulin, and defensins that serve a defensive purpose (Allen 

et al., 1984). Internally, mucus is generally used to protect tissues against pathogens or desiccation 

(Bansil and Turner, 2006). For example, in humans and most mammals, mucus is found within the 

respiratory, gastrointestinal, reproductive, and oculo-rhino-otolaryngeal tracts (Lippmann, 1970; 

Neutra and Forstner, 1987; Toribara et al., 1993). In those locations, mucus typically serves 

multiple functions including lubrication, maintenance of hydration, and acting as a protection 

against pathogens. Epidermal mucus of teleost fishes has been shown to be an excellent defense 

against pathogens. It contains antimicrobial, antifungal and cytotoxic components (Pickering, 

1974; Hellio et al., 2002; Subramanian et al., 2007). 

 Many animals also produce external mucus for locomotion, preventing desiccation, 

mating/copulation, and both physically/chemically warding off predators and pathogens. 

Terrestrial slugs are a great example of a group that uses mucus for a wide variety of functions, 

including aiding in locomotion via their muscular foot, coating their bodies to prevent desiccation, 

and for their intricate mating behaviours (Denny and Gosline, 1980; Deyrup-Olsen et al., 1983; 

Reise, 2007). An extraordinary example of a slug’s use of mucus in mating is given by the Great 

Grey Slug (Limax maximus). A pair of Great Grey Slugs will climb to the top of a tree or wall 
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overhang and suspend themselves together, head down, from a 10-25 cm long strand of mucus 

before copulating in mid-air (Karlin and Bacon, 1961; Barker and McGhie, 1984).  

Aside from mucus serving as protection against microbial, viral or parasite threats, mucus 

can also act to deter predators through both physical and chemical means. The Queen Parrotfish 

(Scarus vetula) secretes mucus as a means of physically protecting itself against predators while 

undergoing estivation (Byrne, 1970; Videler et al., 1999). Prior to estivation, the Queen Parrotfish 

extrudes mucus from its mouth, enveloping itself in a mucus cocoon, which presumably acts to 

hide the chemical signature of the parrotfish from potential predators (Byrne, 1970; Videler et al., 

1999). Among the invertebrates, the Southern Bottletail Squid (Sepiadarium austrinum) secretes 

a large volume of slime from glands along the underside of its body (ventral mantle) when stressed 

or under threat from a predator (Caruana et al., 2016). Their slime contains proteins that are 

homologous to toxins such as cystine-rich peptides, however laboratory experiments have yet to 

confirm the toxicity of the slime (Caruana et al., 2016). The Cushion Star (Pteraster tesselatus) 

also releases defensive slime when threatened by other predatory sea stars. Cushion Stars release 

a copious discharge of mucus (6-7 cm thick) from their aboral surface when provoked. Their mucus 

effectively repels the intruder by preventing the tube feet of the intruder sea star from adhering to 

the supradorsal membrane of P. tesselatus (Nance and Braithwaite, 1979). However, the most 

impressive defensive slime likely belongs to the hagfish, which produce 0.9 litres of slime within 

100 milliseconds of an attack and whose slime contains fibrous elements with tensile strength that 

almost rivals that of spider dragline silk (Downing et al., 1981a.b; Koch et al., 1991; Fudge et al., 

2003; Fudge et al., 2005).  
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1.4 Natural history of hagfishes 

Hagfishes are marine bottom-dwellers. They are often described as eel-like in appearance because 

their body is scaleless and they do not possess paired fins (Hardisty, 1979). Hagfishes 

(Myxiniformes), along with their close relatives the lampreys (Petromyzontiformes), are the sole 

survivors and modern representatives of the jawless (Agnathan) fishes (Potter and Gill, 2003). 

There are 78 species and seven genera of hagfish currently recognized (Fernholm et al., 2013). 

Variations in the teeth and gill structures, number of slime glands along the body, and differences 

in morphological and colour characteristics, have been the basis of the taxonomy of the hagfish 

family (Myxinidae) (Fernholm, 1998) (Fig. 1.1). Fossils provide evidence that hagfishes have been 

in existence for at least 330 million years, and that their body plans have not changed much in their 

evolutionary history (Bardack, 1991).  

 Hagfishes play various ecological roles, such as being involved in substrate turnover and 

recycling of organic matter, because of their burrowing behaviour and feeding activities (Martini, 

1998). Hagfishes also facilitate the turnover of the whale-fall community, and are often one of the 

first scavengers to arrive at a whale carcass (Knapp et al., 2011). They are commonly considered 

to be exclusively scavengers in their feeding behaviours, as they typically are observed feeding on 

carrion falls, discards from fisheries, and exploiting the prey captured by other organisms (Martini 

et al., 1997). However, recent observations have documented predatory behaviour by a Slender 

Hagfish (Neomyxine sp.) on a Red Bandfish (Cepola haastii) (Zintzen et al., 2011). 
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Figure 1.1. External morphology of the New Zealand hagfish (Eptatretus cirrhatus). A) 

Arrows show the first five pre-branchial and last five caudal slime gland pores (sp). The first, 

second and third pairs of barbels (fpb; spb, tpb), which hagfishes use to find food, are visible on 

the rostral end of the hagfish near the mouth (mo) and eyes (ey). Hagfishes uptake oxygen from 

the water using their gill pouches or gill aperture (ga), which terminates with a pharyngocutaneous 

duct (pcd); B) Hagfishes do not have jaws, but possess a protractible dental plate covered in two 

rows of teeth (te) which they use to scrape chunks of flesh off their food source. The anterior (art) 

and posterior (prt) rows of teeth are visible on the everted dental plate above. (Modified from 

Zintzen et al., 2011). 
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1.5 Evolution of hagfish slime glands  

All extant hagfishes possess slime glands, however, it is not clear when or why this trait evolved, 

as there is currently only one record of hagfish in the fossil record (Bardack, 1991). That fossil, 

which dates to around 330 million years ago, showed no signs of having slime glands or slime 

gland pores along its body. It is possible that slime glands evolved in response to increased 

predation pressures by gnathostomes (jawed fishes) later in their evolutionary history. Currently, 

there are two competing hypotheses for how slime glands may have evolved (Fudge et al., 2015). 

One hypothesis is that slime glands arose via invagination and specialization of the epidermis, 

since both the skin and slime glands possess mucous-containing and proteinaceous-thread 

containing cells. The epidermis possesses large mucous cells and epidermal thread cells, which 

superficially resemble the gland mucous cells and gland thread cells of the slime glands (Leppi, 

1968). Both large mucous cells and gland mucous cells produce membrane-bound mucous 

vesicles, while epidermal thread cells and gland thread cells both produce a coiled, proteinaceous 

thread (Downing et al., 1984; Luchtel et al., 1991; Leppi, 1968). This is further supported by the 

fact that lamprey also have similar thread-producing cells in their skin, known as club cells, which 

contain a loosely wrapped proteinaceous thread (Lane and Whitear, 1980). 

The other hypothesis for slime gland evolution involves modifications to cloacal glands, 

which also produce mucous and protein threads, although these products are used for reproduction 

rather than defense (Tsuneki et al., 1985). It is possible that cloacal glands conferred some 

protection to hagfish during an attack on the tail, and that these glands were subsequently co-opted 

as defense along the rest of the body. However, until more hagfish fossils are discovered, or more 
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work is conducted studying the embryology of this group, it will not be possible to shed light on 

the evolutionary mechanisms that gave rise to these unique structures.  

1.6 Hagfish slime and slime gland organization 

Hagfishes possess a unique defensive strategy; they have a large series of 60 to 200 paired slime 

glands and associated slime pores running along the sides of their body, which when the animal is 

provoked or stressed, secrete large volumes of slime (Fudge et al., 2005) (Fig. 1.2A). Hagfishes 

can produce 0.9 L of slime within 100 milliseconds of an attack by a predator (Fudge et al., 2005). 

This slime is thought to have evolved as a defence mechanism against gill-breathing predators 

(Lim et al., 2006). Video footage clearly demonstrates the rapid and effective defensive 

mechanism of hagfish slime, where the mouth and gill chamber of predators are quickly filled 

causing the attacker to swim away to clear their gills or potentially risk suffocation (Zintzen et al., 

2011) (Fig. 1.3). The slime gets caught on the gill rakers in a gill-breathing predators’ mouth, 

decreasing or depleting the surface area of the gill available for respiration and putting the attacker 

at risk of suffocation if it cannot clear the slime from its gills (Fudge et al., 2005; Lim et al., 2006). 

The slime exudate is released locally, only from the slime glands directly in contact with the 

stimulus, rather than a whole-body response (Fudge et al., 2005). This local release of slime likely 

helps to conserve a hagfish’s slime stores so they are never completely without slime defense. 

Hagfishes secrete two types of mucus including epidermal mucus, which serves as a 

physical and biological protective barrier, and the defensive slime, which is released when the 

hagfish is stressed or provoked (Subramanian et al., 2008). The epidermal mucus layer serves as a 

defense against microbes, which hagfish are continually confronted with in their environment and  
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Figure 1.2. Anatomy of slime glands and ejection of slime cells. A) Hagfishes have paired slime 

glands that run the length of their body to the tip of their tail, and the number of slime glands 

present differs between species; B) The main two cell types within the slime gland are the gland 

thread cells and gland mucous cells. The slime gland itself is connected to the epidermal surface 

via a narrow gland pore, and is surrounded by a layer of striated muscle known as the musculus 

decussatus (pink); C) The gland thread cells each produce a single, coiled proteinaceous thread 

formation known as a thread skein, while the gland mucous cells each produce thousands of tiny 

mucin vesicles. When the musculature around the slime gland contracts, it forces the slime cells 

out through the gland pore, shearing off their membranes in the process. This allows the exudate, 

composed of the thread skeins and mucin vesicles, to react with the surrounding seawater to form 

the defensive slime. (Modified from Herr et al., 2014). 
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Figure 1.3. Hagfish slime as a defense against gill-breathing predators. A seal shark (Dalatias 

licha) (a-c) and a wreckfish (Polyprion americanus) (d-f) attempting to consume Eptatretus 

species of hagfishes (a-f). Predators attempt to bite (a-c) or swallow (d-f) hagfishes, but are quickly 

overcome by the formation of the defensive slime, which clogs the mouth and gills of the attacking 

predator. The predators must then release the hagfishes and swim away to clear their gills or risk 

suffocation. (Modified from Zintzen et al., 2011). 
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as a result of their feeding habits (Ellis, 2001). The many slime glands that produce the defensive 

slime run ventro-laterally along the sides of the hagfish and are connected to the skin surface by a 

short duct, with the gland pore readily visible on the epidermal surface (Downing et al., 1981b). 

The slime gland is surrounded by a thin collagenous capsule as well as a striated muscle layer (the 

musculus decussatus) which aids in ejection of the slime from the gland.  

Hagfish slime glands are innervated by a special type of neuron, the supramedullary cells, 

which are located on the dorsal surface of the spinal cord and also appear to be responsible for the 

innervation of mucous glands of several teleost species (Mola and Coughi 2004; Funakoshi et al. 

1998; Zaccone et al., 2015). When the musculature around the slime gland contracts, it forces the 

two main slime cell types, the gland thread cells and gland mucous cells, out through the narrow 

gland pore via holocrine secretion (Downing et al., 1981a, b) (Fig. 1.2B, 1.2C). The plasma 

membranes of the gland thread cells and gland mucous cells are sheared off as they pass through 

the narrow gland pore, which allows their cellular contents to react with the surrounding seawater 

to form the slime (Downing et al., 1981a, b; Downing et al., 1984). In gland thread cells, most of 

the cytoplasm is filled with a long, coiled, proteinaceous thread formation known as a skein, while 

gland mucous cells are filled with thousands of tiny mucus-containing vesicles (Downing et al., 

1981b). The thread skeins unravel when they come into contact with seawater, while the mucin 

vesicles swell and form the gel component of the slime (Winegard and Fudge, 2010; Herr et al., 

2010) (Fig. 1.4). The thread and mucous components interact in seawater to form an ultra-dilute 

slime, with the final slime product composed primarily of seawater (> 99%) and the two slime cell 

components making up less that 1% of the slime (0.0015% mucin, 0.002% threads) (Fudge et al.,  
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Figure 1.4. Thread skeins and mucin vesicles of hagfish slime exudate. (Left) A small 

amount of slime exudate, illustrating the tiny mucin vesicles (arrowheads) and coiled thread 

skeins (arrows) which interact to form the defensive form (Modified from Herr et al., 2010); 

(Right) Differential interference contrast (DIC) image of a thread skein beginning to unravel in 

seawater. The thread skeins are held coiled together by a protein glue, which is dissolved by 

seawater (Modified from Winegard and Fudge, 2010). 
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2005). Hagfish slime glands can represent up to 3-4% of a hagfish’s body mass, illustrating the 

importance of this defense mechanism (Fudge et al., 2005).  

1.7 Gland mucous cells 

A mature gland mucous cell is roughly 150 µm in diameter, and contains thousands of tiny, disc-

shaped mucin vesicles that are approximately 7 µm in diameter along the major axis (Luchtel et 

al., 1991). The mucin vesicles are composed of glycoproteins that are similar to mucins, which 

typically have a high carbohydrate content (up to 80% of the vesicle weight) (Thornton and 

Sheehan, 2004). Upon interacting with seawater, the mucin vesicles swell and burst to form the 

mucus gel component of the slime (Luchtel et al., 1991; Herr et al., 2010). The exact mechanisms 

of hagfish mucin vesicle deployment are not completely understood; however, it is apparent that 

the binding of calcium (Ca2+) to transporters in the mucin vesicle membranes causes an influx of 

ions from seawater, which in turn draws water into the mucin vesicles causing them to swell (Herr 

et al., 2010; Herr et al., 2014) (Fig. 1.5). 

 Influx of ions and water into the vesicles is likely mediated by Ca2+-activated ion channels 

in the vesicle membranes, however, these appear to be present in only 60% of mucin vesicles 

investigated (Herr et al., 2010; Herr et al., 2014). Recent work on hagfish mucin vesicles also 

found that when vesicles were treated with mercuric chloride (HgCl2), the swelling rate of the 

vesicles decreased significantly (Herr et al., 2014). Hg2+ inhibits the water channels known as 

aquaporins, and these results suggest that aquaporins accelerate the swelling rate of mucin vesicles 

in seawater (Herr et al., 2014). Molecular evidence confirmed the presence of aquaporin genes in 

the Pacific hagfish (Eptatretus stoutii) slime glands, and that these genes shared homology with  
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Figure 1.5. Swelling mechanisms of calcium (Ca2+) dependent mucin vesicles.  A subset of the 

mucin vesicles in the hagfish slime exudate are known as Ca2+-dependent mucin vesicles. Ca2+-

dependent swelling occurs when Ca2+ from seawater opens transporters in the mucin vesicles 

membranes, which allows the passage of a variety of ions (triangles) into the vesicle. This influx 

of ions shifts the osmotic balance to favour the influx of water molecules via aquaporins, causing 

swelling of the mucins and the vesicle itself. Mucin condensation is achieved through the presence 

of putative positive counter-ions within the mucin vesicles themselves (plus symbols). (Modified 

from Herr et al., 2014). 
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the aquaporins sequenced from the Inshore hagfish (Eptatretus burgeri) and Cope’s gray tree frog 

(Hyla chrysoscelis).  

1.8 Gland thread cells 

A mature gland thread cell is roughly ellipsoidal in shape (~150 µm in length from tip-to-tip), and 

contains a single, unique, bi-directionally tapered thread known as a skein (Downing et al., 1981a). 

Each thread (~15 cm long and ~3 µm wide) forms a series of loops which is repeated hundreds of 

times within the cell (Spitzer et al., 1988; Fudge et al., 2005). Upon interacting with seawater after 

being discharged, the protein glue holding the thread skein tightly coiled is dissolved, which allows 

the long, fibrous thread to uncoil and become embedded in the mucus, acting to increase the overall 

viscosity of the extruded slime (Downing et al., 1981a; Bernards et al., 2014). As differentiation 

of the gland thread cell proceeds, three distinct zones begin to form within the cell, known as (a) 

the nuclear zone, (b) the mitochondrial-rich zone, and (c) the zone of thread formation (Downing 

et al., 1984). In the zone of thread formation, loops of thread are generated as the gland thread cell 

matures, forming a continuous coiling of the thread into what are known as conical loop 

arrangements (Fernholm, 1981). The slime thread itself begins development as a small bundle of 

intermediate filaments, and increases in girth via the addition of microtubules. The intermediate 

filaments begin compaction, and further compaction is accompanied by the appearance of a fluffy 

rind. In fully mature slime threads, the fluffy rind disappears and the microtubules are lost 

(Winegard et al., 2014) (Fig. 1.6). 

A recent study by Winegard et al. (2014) demonstrated that the continuous coiling of the 

thread results in a skein that is comprised of about 15-20 conical layers of thread loops. As the 

gland thread cell develops and adds new layers of thread loops, the loops appear to take on the  
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Figure 1.6. Developmental series of thread ultrastructure. A) Transmission electron 

microscopy (TEM) images of slime thread from very immature (1) to fully mature (5) gland thread 

cells. The slime thread begins development as a small bundle of intermediate filaments (IF), and 

increases in girth via the addition of microtubules (MT) (2). Intermediate filaments begin 

compaction (3), and further compaction is accompanied by the appearance of a fluffy rind 

(arrowheads) (4). In fully mature slime threads, the fluffy rind disappears, and the microtubules 

are lost (5); B) Schematic representation of slime thread development, highlighting the wrapping 

12-nm filament around the early developing slime thread (arrow). (Modified from Winegard et al., 

2014). 
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shape of the nucleus. The nucleus initially occupies most of the space within the gland thread cell, 

but by the end of a gland thread cell’s development, the nucleus is just a tiny disk at the basal end 

of the cell (Winegard et al., 2014) (Fig. 1.7). While the dynamics and time scale of thread 

lengthening are still not fully understood, structural evidence suggests that the thread is produced 

at an area near the apical tip of the nucleus, and that the loops of thread may be formed via rotation 

of the nucleus (Winegard et al., 2014; Fudge et al., 2015; Fudge and Schorno, 2016). Even though 

nuclear rotation is not a common phenomenon, there have been other instances where researchers 

have observed the rotation of cell nuclei (Ji et al., 2007; Gerashchenko et al., 2009; Szikora et al., 

2013; Levy and Holzbaur, 2008).  

1.9 Cell biology of slime gland refilling 

While much is known about the biochemistry of the gland thread cells and gland mucous cells, 

their origin within the gland is still unknown. It has been postulated that the slime cells arise from 

a line of undifferentiated ‘small cells’ within the epithelial lining of the slime gland, however, this 

has never been conclusively demonstrated (Newby, 1946; Downing et al., 1981a, b). 

Replenishment of the slime cells after emptying of the gland, and refilling of the slime gland has 

been minimally studied. Newby (1946) provided one of the first descriptions of the morphological 

differences between full and recently slimed glands, stating that the gland itself is smaller when it 

has been recently slimed, the gland capsule is thicker, the muscle fibers are closer together and the 

gland is almost devoid of slime cells. Spitzer and colleagues also examined the cellular contents 

of a slime gland which had been recently slimed (16 days post sliming), and noted that recently 

slimed glands had a higher percentage of small gland thread cells compared to the distribution of  
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Figure 1.7. Coiling of thread skein loops during gland thread cell development. The nucleus 

undergoes dramatic changes in size, shape, and percent area of the gland thread cell occupied 

during gland thread cell development (left). The loops of thread are precisely coiled within the 

cell, and successive loops produced take on the shape of the nucleus (right). Initially, the nucleus 

is round, ovoid, and occupies most of the space within the gland thread cell, but as the cell 

develops, the nucleus becomes more spindle-shaped, which is reflected in the shape of the loops 

of thread. Eventually, most of the space within the gland thread cells is occupied by the thread 

skein, and the nucleus (now a small disk) lies at the basal end of the cell. Scale bar is 10 µm. 

(Modified from Winegard et al., 2014). 
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gland thread cell sizes in full slime glands (Spitzer et al., 1988). The question of how quickly slime 

glands can recover after being depleted of slime was also previously raised by Lametschwandtner 

and colleagues (1986), who pondered whether Pacific hagfish (Eptatretus stoutii) slime glands 

would recover faster than Atlantic hagfish (Myxine glutinosa) slime glands after a sliming event 

due to increased availability of nutrients from an increased blood supply (Lametschwandtner et 

al., 1986). The Pacific hagfish slime glands were found to have capillary loops that both surround 

and extend into the slime gland, while the Atlantic hagfish only have capillary loops surrounding 

the slime gland (Lametschwandtner et al., 1986) (Fig. 1.8). An increased presence of 

vascularization may indeed increase the rate of refilling of the slime glands, however, no further 

work was conducted studying the refilling of hagfish slime glands.  

1.10 Thesis objectives  

The overall aim of this thesis was to examine the timing and process of slime gland refilling in 

detail, from exudate composition, to cellular organization of the slime glands, to gene expression 

during refilling. This thesis is comprised of four data chapters, which have been written in 

manuscript format in preparation for publication. Chapter 2 (“Emptying and refilling of slime 

glands in Atlantic (Myxine glutinosa) and Pacific (Eptatretus stoutii) hagfishes”) focuses on 

measuring the time needed to refill depleted slime glands in hagfishes, determining how the 

composition of the slime exudate changed during refilling, and providing a quantitative 

histological comparison of exhausted versus full slime glands. This chapter has been published in 

the Journal of Experimental Biology and the article has been included with permission from the 

journal.  
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Figure 1.8. Vascularization of Atlantic (Myxine glutinosa; left) and Pacific (Eptatretus stoutii; 

right) hagfish slime glands. Vascular corrosion casts illustrate the differences in vascular patterns 

for the Atlantic and Pacific hagfish slime glands. The capillaries of the Atlantic hagfish slime gland 

surround the entirety of the gland, but do not extend into the slime gland. Conversely, the Pacific 

hagfish slime gland has capillaries both surrounding the slime gland and extending into the center 

of the slime gland. This has raised questions about whether a more extensive vasculature network 

in the Pacific hagfish slime gland would aid in recovering their slime stores faster compared to the 

Atlantic hagfish, due to a potentially higher availability of nutrients within the slime gland. 

(Modified from Lametschwandtner et al., 1986). 
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Chapter 3 (“Cellular mechanisms of slime gland refilling in Pacific hagfish (Eptatretus 

stoutii)”) aims to expand on the work of Chapter 2 by examining how slime glands refill using  

histological cross-sections of slime glands at various points in the refilling cycle. This study 

combines both conventional histology and immunofluorescence techniques to answer some 

fundamental questions about refilling including: (1) How does slime gland refilling occur? (2) 

Where do gland thread cells and gland mucous cells originate from within the gland? (3) What is 

the limiting factor in slime gland refilling? and (4) How does the muscle layer change during 

refilling? This chapter proposes a model for how the slime glands refill, including where 

proliferation of new slime cells is occurring within the slime glands. This chapter has been 

accepted for publication at the Journal of Experimental Biology (Manuscript ID#: 

JEXBIO/2018/183806). 

Chapter 4 (“Discovery of a third abundant cell type in the hagfish slime gland – gland 

interstitial cells”) aims to formally describe a new, third cell type within the slime gland, the gland 

interstitial cell, which lies in the interstitial spaces between the gland thread cells and gland mucous 

cells. Chapter 4 is the combined efforts of myself; a past Fudge Lab graduate student (Timothy 

Winegard); as well as a past undergraduate student researcher (Evan McKenzie) whose project I 

helped oversee during his time in our lab. Using a variety of imaging techniques, including 

conventional histology, immunofluorescence imaging, confocal microscopy and transmission 

electron microscopy (TEM), we sought to determine the structure and potential function of these 

cells within the slime glands.  

Finally, Chapter 5 (“Differential gene expression in refilling Pacific hagfish (Eptatretus 

stoutii) slime glands” provides a transcriptomics analysis of slime gland refilling in hagfishes. In 



 

 

24 

 

collaboration with David Plachetzki at the University of New Hampshire, we set out to provide a 

first look at differential gene expression of slime glands in the early stages of refilling.  This works 

provides a preliminary look at the upregulation of genes involved in refilling. Supplemental 

material for this chapter, including PCR primer tags and R scripts for differential gene analysis, 

are included in Appendix 1.0.  
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4.1 ABSTRACT 

Hagfishes use specialized slime glands to produce defensive slime. Previously, slime glands were 

thought to be comprised mainly of two cell types, the gland thread cells and gland mucous cells, 

however, our work here provides evidence that there is a third, undescribed cell type within the 

gland, found in the interstitial spaces between the gland thread cells and gland mucous cells, which 

we suggest should be named “gland interstitial cells”. Using a combination of conventional 

histology, immunofluorescence, three-dimensional confocal microscopy and transmission electron 

microscopy, we describe the intracellular structure of the gland interstitial cells and evaluate 

possible functions for these cells. The cells are readily identified by their tiny, elongate nuclei, and 

are found closely associated with the two primary secretory cells - gland mucous cells and gland 

thread cells, both within the gland and in the exudate. Their role is currently not completely 

understood; however, we suggest that they may be acting as nurse cells within the slime gland, 

providing metabolic and potentially also structural support to the developing gland mucous cells 

and gland thread cells.  
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4.2 INTRODUCTION 

Hagfishes are scaleless, marine bottom-dwellers, and possess a unique defensive strategy; they 

have a series of 60 to 200 paired slime glands and associated slime pores running along the sides 

of their body, which when the animal is provoked or stressed, secrete large volumes of slime 

(Fudge et al., 2005). This slime is thought to have evolved as a defence mechanism against gill-

breathing predators (Lim et al., 2006; Zintzen et al., 2011). The many slime glands, which run 

ventro-laterally along the sides of the hagfish, are connected to the skin surface by a short duct, 

with the gland pore readily visible on the epidermal surface (Downing et al., 1981b). Refilling of 

the slime glands is a lengthy process, taking three to four weeks for complete refilling of the glands 

in Atlantic (Myxine glutinosa) and Pacific (Eptatretus stoutii) hagfishes (Schorno et al., 2018a 

[Chapter 2]). 

There are two main cell types found in the slime glands, the gland thread cells and gland 

mucus cells (Fig. 4.1). Each gland thread cell is filled with a long, coiled, proteinaceous thread 

formation known as a skein, while the gland mucous cell is filled with hundreds to thousands of 

tiny mucus-containing vesicles (Downing et al., 1981b). The gland itself is encapsulated by a 

vascularized connective tissue layer, and surrounded by a striated muscle layer (the musculus 

decussatus) and embedded in the body musculature (the musculus obliquus) (Newby, 1946; 

Downing et al., 1981 a,b). Atlantic hagfish (Myxine glutinosa) slime glands are surrounded by a 

network of capillaries, however, Pacific hagfish (Eptatretus stoutii) slime glands have an extensive 

capillary network that both surrounds and extends into the slime gland (Lamestschwandtner et al, 

1986). Vasculature networks traditionally carry nutrients (such as glucose or amino acids) to 

tissues and wastes (such as ammonia or carbon dioxide) away from them (Sherwood, 2015). 
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Figure 4.1 Cross-section through a hematoxylin and eosin (H and E) stained Pacific hagfish 

slime gland. The hagfish slime gland is connected to the epidermis (ep) and dermis (der) via the 

gland pore (*). The musculus decussatus (m.d.) and gland capsule (arrow) surround the slime 

gland, which is itself embedded in the body musculature (musculus obliquus; m.o.). The thread 

and mucin components of the slime are created by the gland thread cells and gland mucous cells, 

respectively. Large, mature gland thread cells are found near the center of the gland while small, 

immature thread cells are usually found close to the gland epithelium. A population of 

undifferentiated cells among the epithelial cells in the lining of the slime gland are thought to give 

rise to the gland thread cells and gland mucous cells. Newby (1946) described a reticular 

connective tissue network that extends between the gland thread cells and gland mucous cells, 

however, the composition and function of this network was never further investigated.  
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When the muscle around the slime gland contracts, it forces both cell types out through the 

narrow gland pore, shearing off their membranes in the process (Downing et al., 1984; Spitzer et 

al., 1984). New gland thread cells and gland mucous cells seem to originate from a population of 

proliferative cells in the gland epithelium (Newby, 1946; Schorno et al., 2018b [Chapter 3]). As 

the glands refill, newly differentiated thread and mucous cells appear to split the epithelium as 

they grow (Schorno et al., 2018b [Chapter 3]). Gland thread cells and gland mucous cells undergo 

most of their growth at the edge of the slime gland, and growing slime cells are pushed to the 

center of the slime gland as new cells are produced below them. Mature slime cells are found 

mostly in the center of the gland, while immature slime cells are found predominantly near the 

edge of the gland (Schorno et al., 2018b [Chapter 3]).  

Newby (1946) also described a connective tissue reticulum within the Pacific hagfish slime 

gland. It extends into the spaces that lie between the gland mucous cells and gland thread cells, but 

Newby (1946) provided no evidence describing how they characterized this network. Newby 

(1946) noted that this network extended farther into the slime gland if the gland was more devoid 

of slime compared to the distance it extended into full slime glands. However, no function was 

proposed for this network, and no further work has been conducted studying this network since. 

Here, we show that the connective tissue reticulum is in fact a third cell type within the slime 

glands, found within the interstices between developing gland thread cells and gland mucus cells. 

Using conventional histology and immunofluorescence imaging, we show that these cells are 

present in the slime glands of both Atlantic and Pacific hagfishes. We also examined elements of 

the intracellular and three-dimensional (3D) structure of these cells to suggest a possible function 
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for these cells. We provide evidence that these cells are not fibroblasts or reticular cells and are 

likely a novel cell type. We propose these cells be called the “gland interstitial cells”. 

4.3 MATERIALS AND METHODS 

4.3.1 Experimental animals 

Pacific hagfish (Eptatretus stoutii) were collected from Bamfield Marine Station in Bamfield, BC, 

Canada, and Atlantic hagfish (Myxine glutinosa) were collected from Passomoquody Bay, New 

Brunswick, Canada. The sex and age of individuals used in this study were not recorded. Both 

species were housed together in a 2000 litre tank filled with chilled artificial seawater (34%, 10°C) 

at the Hagen Aqualab at the University of Guelph, Guelph, ON, Canada. Hagfishes were fed squid 

to satiety once per month. All housing and feeding conditions were approved by the University of 

Guelph Animal Care Committee (Animal Utilization Protocol #2519). 

4.3.2 Hagfish anesthesia and slime collection 

Hagfish were anesthetized by placing them in 3 L of artificial saltwater (Coralife, Energy Savers 

Unlimited, Inc., Carson, CA, USA) with 3 mL of clove oil (Sigma-Aldrich, Oakville, ON, Canada) 

anesthetic solution (1:9 clove oil to 95% ethanol) until they ceased to respond to touch. Hagfish 

were then removed from the anesthetic bucket and placed on a dissection tray where they were 

prepared for slime collection by patting them dry using Kim Wipes (Kimberly-Clark Corporation, 

Irving, TX, USA). Individual hagfish slime glands were encouraged to secrete slime via mild 

electrostimulation (60 Hz, 18 V) using a Grass SD9 electric stimulator (Grass Instruments, Quincy, 

MA, USA) with a customized electrode wand created in the University of Guelph Physics 

Workshop. Hagfish slime glands were individually stimulated by placing each prong of the 

electrode wand on either side of the gland pore and stimulating for no more than a few seconds. 
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The slime was collected from the specimen’s body using a scoopula and collected into a 

stabilization buffer (0.9 M sodium citrate, Fisher Scientific, Ottawa, ON, Canada; 0.1 M PIPES 

[piperazine-N,N’-bis(ethanesulfonic acid]). 

4.3.3 Gland tissue collection 

Whole glands were harvested from hagfish for histological analysis. Hagfish were anesthetized 

using the protocol above, then euthanized by severing the notochord and dorsal nerve cord directly 

using a large pair of scissors. Hagfish were dissected according to the protocol developed by 

Winegard (2012) where whole glands are removed from the body musculature, still attached to the 

skin, by pulling it away from the body with rat-toothed forceps. For some experiments, glands that 

had been recently slimed were harvested to compare to full glands. This analysis allowed for some 

investigations of the possible changing distribution and function of gland interstitial cells within 

the glands during refilling. 

4.3.4 Fixatives  

Harvested whole gland tissue was fixed in either 10% buffered formalin or 4% paraformaldehyde 

solutions in preparation for paraffin embedding. Paraformaldehyde containing fixatives were 

prepared in stabilization buffer to reduce swelling of the mucin vesicles within the gland. Tissues 

were fixed overnight (20-24 hours) before being transferred to 70% ethanol solution. For 

transmission electron microscopy a fixative solution of 3% paraformaldehyde and 3% 

glutaraldehyde was prepared in 0.1M sodium cacodylate. 
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4.3.5 Paraffin embedding and histological staining 

Fixed tissues were processed for paraffin embedding in the Ontario Veterinary College Veterinary 

Histology Unit using a routine overnight protocol. Hagfish tissues were trimmed and sectioned to 

5 μm sections using a rotary microtome and placed on glass microscope slides (Fisher Scientific, 

Ottawa, ON, Canada) for histological staining. Whole glands were stained with either hematoxylin 

and eosin (HandE), or Masson’s Trichrome. Slides were covered with cover glass (22x50 mm; 

Fisher Scientific, Ottawa, ON, Canada) and sealed with Cytoseal XYL (Richard Allen Scientific, 

San Diego, USA), which was left to dry overnight before visualization. Tissues for immunological 

staining were placed on glass slides and dewaxed using standard protocols before antibody staining 

occurred. 

4.3.6 Cryosection 

Excised gland tissue was placed in cryomatrix (Fisher Scientific, Ottawa, ON, Canada) and flash 

frozen in petri dishes with 95% ethanol on dry ice. Embedded tissues were then sectioned in a 

Leica CM3050 S cryostat (Leica, Nussloch, Germany). Twelve micrometer thick sections were 

cut for conventional fluorescence microscopy and 50-70 µm sections were cut for confocal 

microscopy. 

4.3.7 Primary antibodies 

Immunological labelling of various cellular components was conducted using a wide variety of 

stains and antibodies. Fluorescent labelling of intermediate filaments (IFs) and microtubules 

(MTs), was performed on cross-sections of glands using the following primary antibodies: (1) 

mouse anti-human pan-Cytokeratin (IFs; 1:400 dilution, mouse monoclonal IgG1 mAbs at 200 

ug/mL, Santa Cruz Biotechnology cat. no. sc-81703) (Broekaert et al., 1990; Silén et al., 1994); 
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(2) anti-bovine α-tubulin antibody (MTs; 1:500 dilution, mouse monoclonal IgG1 at 50 ug/mL; 

Invitrogen cat. no. 236-10501) (Hasegawa et al., 2003; Hirano et al., 2013); and (3) a custom 

hagfish slime thread antibody created by the Smit lab at the University of British Columbia (IFs; 

1:400 dilution, rabbit anti-hagfish slime thread polyclonal antibody). Isolated thread skein samples 

were sent to the Smit lab at the University of British Columbia, which were then separated into its 

individual subunits (α-thread subunit, γ-thread subunit; Koch et al., 1995) using SPS-PAGE. The 

polyclonal antibody was then raised in rabbits.  

Due to the process by which the two IF primary antibodies were made, only the hagfish 

slime thread antibody could be used in combination with the anti-bovine α-tubulin antibody to 

meet the secondary antibody binding requirements. Their comparable performance (see Results) 

further supported the use of the hagfish slime thread antibody in the fluorescent labeling 

experiments. Sections were blocked with either 1% bovine serum albumin (BSA) prepared in 

phosphate buffered saline (PBS) or normal goat serum. All primary antibodies were left on sections 

to incubate overnight at room temperature (~21°C). 

4.3.8 Fluorescent conjugated secondary antibodies and stains 

The secondary antibodies Alexa Fluor 488 goat anti-mouse IgG (1:400 dilution, IgM (H+L), 2 

mg/mL, Invitrogen, cat no. A10680) (Ryskamp et al., 2016; Lalit et al., 2017) and Alexa Fluor 568 

goat anti-rabbit (1:400 dilution, IgG (H+L), 2 mg/mL, Invitrogen, cat no. A11011) (Beigi et al., 

2017; Tagal et al., 2017) were used to fluorescently label pan-Cytokeratin/anti-α-tubulin and the 

hagfish slime thread antibody, respectively. Secondary antibodies were left on sections in complete 

darkness for a minimum of four hours at 4°C. In some experiments, the plasma membranes of cells 

were fluorescently labelled using a lipophilic styryl membrane dye (FM™ 1-43FX; 25 µg/mL, 
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molecular formula = C29H49N4Cl3, ThermoFisher Scientific cat. no. F35355) (Renger et al., 2001; 

Santos et al., 2008). On all histological sections, the nuclei of cells were counterstained using 4’,6-

diamidino-2-phenylindole dilactate (DAPI; 1:500, molecular formula = C16H17Cl2N5, Invitrogen 

cat. no. D21490). The lipophilic membrane stain and DAPI were imaged immediately after the 

dyes’ application. Fluorescently stained sections had Fluoromount™ aqueous mounting medium 

(cat. no F4680; Sigma-Aldrich, Oakville, ON, Canada) applied to them before a cover-slip was 

added. 

4.3.9 Epifluorescent and brightfield imaging  

Fluorescently labeled and histologically stained hagfish tissue slides were analyzed using a Nikon 

Eclipse 90i Epi-fluorescent microscope. Brightfield differential interference contrast (DIC) images 

and fluorescent images were taken using a cooled monochrome digital camera (Q-Imaging Retiga 

1300) driven by NIS Elements AR software. Fluorescent monochrome images were captured using 

DAPI, FITC and TRITC filter cubes to image the DAPI, AlexaFluor 488/FM™ 1-43FX, and 

AlexaFluor 568, respectively. The monochrome images were then assigned color channels in 

ImageJ software based on the emission wavelengths of the secondary antibodies and fluorescent 

stains used, when applicable. Double and triple immunofluorescent images were then assembled 

into multichannel images using ImageJ software (Abràmoff et al., 2004). Gland interstitial cell 

cross-sectional size (length, diameter) and abundance within the gland were measured in 

fluorescently stained cross-sections using NIS elements software. Additionally, differences in 

fluorescent staining patterns were compared between recently slimed glands and full glands via 

the lipophilic membrane stain to elucidate the three-dimensional structure of these cells and 

identify a possible role for these cells within the hagfish slime gland. 
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4.3.10 Confocal microscopy 

Confocal imaging was performed at the University of Guelph Molecular and Cellular Imaging 

Facility. A Diskovery spinning disk type confocal microscope (Leica DMi8 microscope connected 

to a Quorum Diskovery Spinning Disk system) was utilized along with image deconvolution and 

three-dimensional rendering in Volocity software (Improvision, Lexington, MA). A Radius laser 

(405 nm), argon laser (488 nm; 50 mW) and HeNe laser (543 nm) were used to excite the DAPI, 

Alexa fluor 488/ FM™ 1-43FX, and Alexa fluor 568, respectively. Confocal microscopy allowed 

for the three-dimensional (3D) visualization of gland image stacks. 

4.3.11 Transmission electron microscopy (TEM) 

Transmission electron microscopy was conducted at the University of Guelph Molecular and 

Cellular Imaging Facility. TEM sections were cut between 20 and 60 nm using a Porter-Blum MT-

1 ultramicrotome, then stained with uranyl acetate (2%) and lead citrate (1%) in preparation for 

imaging. TEM was performed using a Philips CM10 (tungsten filament 80 kV) and images were 

captured by a top mount SIS/Olympus Morada 11 MP CCD camera. 

4.4 RESULTS 

4.4.1 General morphology and abundance in the slime gland 

The presence of gland interstitial cells within hagfish slime glands was first revealed via 

fluorescent staining that highlighted their nuclei in paraffin embedded hagfish slime gland sections 

(Fig. 4.2). These cell nuclei are elongate in cross-sections, and they often have intermediate 

filament or microtubule-rich bifurcating processes that form connections with neighboring cells 

and the epithelial lining of the slime gland (Fig. 4.2A, 4.2D). They have likely been overlooked 

until now due to their small size, with their prominent nuclei being about 10.4 ± 0.3 µm in length 
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and 3.8 ± 0.3 µm in width. Gland interstitial cells are found within the interstitial spaces of the 

slime gland between developing gland thread cells and gland mucous cells (Fig. 4.2B, 4.2C). They 

appeared to outnumber gland thread cells and gland mucous cells in abundance within the gland, 

as there were often one to five or more gland interstitial cells associated with a single gland thread 

cell or gland mucous cell within the gland. Gland thread cells or gland mucous cells closest to the 

gland epithelium appeared to have more gland interstitial cells associated with them compared to 

those closer to the center of the slime gland (Fig. 4.2B).  

4.4.2 Intracellular organization and association with other cell types 

Fluorescent staining with DAPI revealed the large, centrally located nucleus which occupies most 

of the cytoplasmic space within a gland interstitial cell. Immunofluorescence with the pan-

Cytokeratin/hagfish slime thread antibody and anti-α-tubulin antibody also highlighted the 

intermediate filament network and extensive cytoplasmic microtubule network within these cells, 

respectively (Fig. 4.2B, 4.2D).  

Gland interstitial cells were also seen in the cellular contents of torn open glands (Fig. 4.3). 

Slime glands were torn open to better visualize the three-dimensional structure of individual gland 

interstitial cells. The fluorescent lipophilic membrane stain also allowed for visualization of the 

gland interstitial cells by highlighting their cell membranes. The thin, flexible sheet-like shape of  

the gland interstitial cells became apparent when imaging gland interstitial cells that were floating 

free from other cells within the slime gland cellular contents. 
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Figure 4.2 Epifluorescent images of gland interstitial cells within the Atlantic hagfish slime 

gland. The gland capsule (CAP), epithelium (EL) and interior of the gland (INT) are denoted. 

Hagfish slime thread antibodies (red, panels B, C and D) and pan-cytokeratin (green, panel A) 

were utilized to highlight intermediate filaments (IFs) within sections, while anti-alpha tubulin 

(green, panels B, C, and D) were used to stain microtubules (MTs).  DAPI (blue) was used as a 

counterstain to highlight cell nuclei in all sections. (A) Gland interstitial cells’ nuclei (arrows) are 

visible in gland cross-sections and appear to have projections (arrow head) that connect the gland 

interior to the epithelial lining; (B) A number of gland interstitial cell nuclei (arrows) are often 

seen associated with a single gland mucous cell (gland mucous cell nucleus denoted with 

arrowhead); (C) Mature gland thread cell with adjacent gland interstitial cell (arrow) at its surface; 

(D) Bifurcation (chevron) of the gland interstitial cell (arrow) situated between two gland mucous 

cells (gland mucous cell nuclei denoted with arrowhead) (Figure generated by T. Winegard). 
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Figure 4.3 Gland interstitial cells seen in the cellular contents of torn open Pacific hagfish 

slime glands. (A) Gland interstitial cell nuclei (arrows) and membranes were visible in the cellular 

contents of torn open slime glands. Gland interstitial cells were often seen floating around on their 

own, and their wrapping membranes could be better visualized; (B) The membranes of gland 

interstitial cells floating around sometimes appeared to be folded around their nucleus (arrows) 

(Figure generated by E. McKenzie). 
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TEM revealed the close juxtaposition of gland interstitial cells and gland thread cells/gland 

mucus cells (Fig. 4.4A, 4.4D). It also revealed that these cells contain a large nucleus, as well as 

many vesicles and mitochondria (Fig. 4.4B, 4.4C). Mitochondria were seen within the cytoplasmic 

processes. Ultrastructural analysis also showed no evidence of an extracellular matrix, such as 

collagens, secreted by the gland interstitial cells. 

Confocal imaging revealed further detail about the morphology of gland interstitial cells 

and their associations with other cell types within the glands (Fig. 4.5). Z-axis image stacks 

allowed for observation of a gland interstitial cell (via lipophilic membrane stain) in 3D association 

with gland thread cells and gland mucus cells (Fig. 4.5A). Confocal imaging further illustrated the 

tight association between the surface of gland interstitial cells and the gland thread cells and gland 

mucus cells, with their thin surface taking on a concave shape to conform to neighbouring cells 

(Fig. 4.5B).  

4.4.3 Production and origin of gland interstitial cells 

Histologically stained sections of slime glands revealed further insights into the production of new 

slime cells within the gland (Fig. 4.6). A newly produced gland mucous cell was seen growing out 

from the epithelial lining of the slime gland, surrounded by bands of epithelium and what appeared 

to be gland interstitial cell nuclei based on their morphology. Although sections were viewed in 

2D, it is likely that the gland interstitial cells and epithelium were completely wrapping around the 

developing gland mucous cell. 
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Figure 4.4 Transmission electron microscopy images of gland interstitial cell internal 

structure and association with other slime cells in Atlantic hagfish slime glands. (A) Large 

gland thread cell with closely associated gland interstitial cell (arrow); (B) gland interstitial cell 

(arrow) with cellular processes extending between two developing gland thread cells; (C) Higher 

power image of 3B illustrating the large gland interstitial cell nucleus (arrowhead) and cellular 

processes extending between neighbouring cells; (D) Higher power image of paranuclear region, 

where mitochondria (arrowheads) and clusters of intermediate filaments (chevron) are visible; (E) 

Cellular process seen extending between two gland thread cells with intermediate filaments 

(arrowheads) visible; (F) Gland interstitial cell showing the large nucleus (arrowhead) and fusion 

of a vesicle with an adjacent gland mucous cell (chevron) (Figure generated by T. Winegard). 
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Figure 4.5 Structure and association of gland interstitial cells with neighbouring gland 

thread cells and gland mucous cells in Pacific hagfish slime glands. A) 3D confocal stack of 

gland interstitial cells (arrows) in slime glands, highlighted by DAPI (blue) and a lipophilic 

membrane stain (green), illustrating their close association with a gland thread cell (star); B) Gland 

interstitial cells (nuclei; arrows) shown surrounding and extending between gland thread cells 

(star), with processes containing tiny vesicles (chevron) extending between neighbouring slime 

cells (Figure generated by E. McKenzie). 
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Figure 4.6 Production and origin of gland interstitial cells in Atlantic hagfish slime glands. 

Hematoxylin and eosin section through an Atlantic hagfish slime gland at two weeks (14 days) 

into the refilling cycle. A newly produced gland mucous cell (star) is seen next to the gland capsule 

(CAP), growing within the epithelial lining (EL), with an epithelium wrapping around the gland 

mucous cell containing what appear to be small, elongate nuclei belonging to gland interstitial 

cells (arrowheads). As the gland mucous cell grows and more cells are produced below it, the 

gland mucous cell is pushed further into the gland interior (INT) (Figure generated by T. 

Winegard). 
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4.4.4 Gland interstitial cells in slime exudate  

Gland interstitial cells were found to be expelled from slime glands along with gland thread cells 

and gland mucus cells in the exudate (Fig. 4.7). As in the gland cross-sections, gland interstitial 

cells were found to be closely associated with thread skeins within the exudate (Fig. 4.7A). Gland 

interstitial cells in the exudate were identified by their elongate nuclei and their membranes via 

DAPI and lipophilic membrane staining, respectively. Large numbers of vesicles and fragments of 

cell membranes were also discovered in the exudate; however, it was not possible to determine 

which cell type(s) they originated from (Fig. 4.7C). 

4.4.5 Fusion of vesicles with neighbouring slime cells 

Vesicles were observed within the gland interstitial cells as well as the spaces between the gland 

mucous cells/gland thread cells and the gland interstitial cells. TEM revealed instances of vesicles 

fusing with neighboring gland thread cells and gland mucus cells, however it was not possible to 

determine whether gland interstitial cells were the recipients or donors of vesicles (Fig. 4.4E, 4.4F). 

These vesicles were on average less than 0.25 µm in diameter, which is typical for vesicles 

involved in intracellular traffic (Hirokawa et al., 2009). Vesicles were also found within the 

expelled exudate, and a size comparison of the vesicles indicated that they were too small to be 

mucin vesicles (vesicles were < 0.25 µm in diameter, while mucin vesicles are 3-5 µm in diameter) 

(Fig. 4.7B).  
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Figure 4.7 Gland interstitial cells expelled in Pacific hagfish slime exudate. (A) Gland 

interstitial cell nuclei, identified by their elongate shape, can be seen clustered in the exudate 

(arrows) with a thread skein (star) nearby; (B) Large amounts of vesicles (arrowhead) are revealed 

by the lipophilic membrane stain, and may have once belonged to gland interstitial cells within the 

gland (C) Membrane stain revealing gland interstitial cell membrane containing a nucleus. Gland 

interstitial cell nuclei were often seen clinging to membrane fragments in the exudate, but it was 

not always possible to identify which cell type the fragment originated from, as gland thread 

cells/gland mucous cells also have their membranes sheared off as they pass through the narrow 

gland pore (Figure generated by E. McKenzie). 
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4.4.6 Differences in lipophilic staining patterns with refilling 

Glands that had two days to recover (2 days post sliming) had brightly staining bands of gland 

interstitial cells and vesicles concentrated closer to the edges of the gland (Fig. 4.8A). In full, 

unstimulated slime glands, staining was more evenly distributed throughout the gland (Fig. 4.8B).   

4.5 DISCUSSION 

4.5.1 Structure of gland interstitial cells and association with the other slime cells 

Gland interstitial cells occupy the thin, interstitial spaces between the gland thread cells and gland 

mucous cells. They are readily identifiable by their prominent, elongate nuclei, which are 

highlighted via fluorescence staining. They have long, bifurcating processes that extend between 

the gland mucous cells and gland thread cells. Within these processes, an extensive cytoskeletal 

network (comprised of intermediate filaments and microtubules) is present.  Using confocal 

microscopy, their three-dimensional association with the other slime cells is evident, illustrating 

the tight association between the surface of gland interstitial cells and the gland thread cells and 

gland mucus cells, with their surface wrapping around the neighbouring cells. Gland interstitial 

cells outnumber gland thread cells and gland mucous cells five to one, however, this number may 

be even higher as the gland interstitial cells wrap around gland mucous cells and their abundance 

in three-dimensions was not examined. 

4.5.2 Production of slime cell imparts shape to the gland interstitial cells 

Histological analysis of hematoxylin and eosin stained refilling slime gland sections revealed that 

newly produced gland mucous cells and gland thread cells surrounded by bands of epithelium and 

what appeared to be gland interstitial cell nuclei. The model of refilling we previously proposed 

suggests that gland thread cells and gland mucus cells originate from proliferative cells among the  
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Figure 4.8 Differences in fluorescent staining patterns in 12 µm thick cryosections of recently 

slimed (A) and full (B) Pacific hagfish slime glands. (a) In recently slimed (2 days post sliming) 

glands, staining is concentrated towards the periphery of the gland (inset), with broad, brightly 

staining regions of vesicles (arrowheads) seen around developing gland thread cells/gland mucous 

cells (stars) (b) In full glands, staining is more evenly distributed throughout the gland, with thin, 

brightly staining regions concentrated around developing slime cells (inset). Individual gland 

interstitial cell membranes (arrows) were seen around developing gland mucous cells (stars) 

(Figure generated by E. McKenzie). 
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epithelial cells in the inside lining of the slime gland, and as they grow they split the epithelial 

lining, bringing a thin layer of epithelial cells along with them (Schorno et al., 2018b [Chapter 3]). 

The epithelial cells that are dragged closer to the gland lumen by the proliferation of new gland 

thread cells or gland mucous cells may differentiate into the gland interstitial cells, and those left 

basal to the new slime cell close to the epithelial lining remain epithelial cells. This dragging of a 

thin layer of cells into the slime gland may help impart the distinctive wrapping shape to the gland 

interstitial cells and allows the gland interstitial cells to remain connected to the epithelial lining 

of the slime gland, which is in close association to the capillary network in the gland capsule. 

Hematoxylin and eosin stained sections of refilling slime glands presented in this study are 

consistent with our proposed process of slime cell production (Fig. 4.6).  

4.5.2 Production of slime cell imparts shape to the gland interstitial cells 

Histological analysis of hematoxylin and eosin stained refilling slime gland sections revealed that 

newly produced gland mucous cells and gland thread cells surrounded by bands of epithelium and 

what appeared to be gland interstitial cell nuclei. The model of refilling we previously proposed 

suggests that gland thread cells and gland mucus cells originate from proliferative cells among the 

epithelial cells in the inside lining of the slime gland, and as they grow they split the epithelial 

lining, bringing a thin layer of epithelial cells along with them (Schorno et al., 2018b [Chapter 3]). 

The epithelial cells that are dragged closer to the gland lumen by the proliferation of new gland 

thread cells or gland mucous cells may differentiate into the gland interstitial cells, and those left 

basal to the new slime cell close to the epithelial lining remain epithelial cells. This dragging of a 

thin layer of cells into the slime gland may help impart the distinctive wrapping shape to the gland 

interstitial cells and allows the gland interstitial cells to remain connected to the epithelial lining 
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of the slime gland, which is in close association to the capillary network in the gland capsule. 

Hematoxylin and eosin stained sections of refilling slime glands presented in this study are 

consistent with our proposed process of slime cell production (Fig. 4.6).  

4.5.3 Newby’s trabeculae and reticular network 

Examination of H&E stained sections under high magnification for the presence of blood cells, 

and fluorescence staining with the lipophilic membrane stain to highlight potential endothelial 

cells revealed no evidence of capillary loops extending into the gland lumen in either of the species 

(E. stoutii, M. glutinosa) we studied. This is partly in contrast to the results of Newby (1946) and 

Lametschwandtner et al. (1986), as both studies describe capillary loops extending into the gland 

lumen of the Pacific hagfish, using histology (Newby, 1946) and vascular corrosion casts 

(Lametschwandtner et al., 1986). The absence of capillary loops in the gland lumen of Atlantic 

hagfish glands corroborates the results of Lametschwandtner et al., (1986), who found that the 

capillary loops in Atlantic hagfish slime glands encircle the gland capsule but do not extend into 

the gland lumen.  

 The results of this study also suggest that the reticular connective tissue network described 

by Newby (1946) was in fact a network of these gland interstitial cells between developing slime 

cells. The bands that Newby (1946) first saw within the slime glands have now been shown via 

fluorescence microscopy to be made up of many gland interstitial cells. These bands are also 

visible in hematoxylin and eosin stained histological sections, appearing as ‘folds’ of tissue within 

the slime gland sections, although conventional histology staining does not highlight the gland 

interstitial cells as well as fluorescent staining. The gland interstitial cells appear to help connect 
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the slime cells in the gland lumen with the epithelial lining of the slime gland, however, it is not 

clear if they are forming a syncytium within the gland.  

TEM and immunofluorescence observations of the gland interstitial cells ruled out the 

possibility of these cells are fibroblasts, as they do not appear to secrete an extracellular matrix, 

and they had a positive reaction for the pan-Cytokeratin antibody, which binds type I and type II 

IF proteins. Fibroblasts typically utilize type III IFs, such as vimentin, for their various functions, 

and as such do not express the keratin proteins probed for with the pan-Cytokeratin dye (Lamb et 

al., 1989; Eckes et al., 2000; Ivaska et al., 2007). But, the possibility exists that the gland interstitial 

cells are reticular cells, which create a reticular fibre network made up of intracellular collagen 

type-III bundles (Ushiki, 2002). Conventional histological staining (H&E and Masson’s 

Trichrome) can both stain various types of collagen (H&E = variable collagen types; Masson’s 

Trichrome = type-I collagen) but cannot stain type-II collagen specifically (Calvi et al., 2012). 

However, the extensive intermediate filament and microtubule networks and abundance of 

membrane-bound vesicles within the gland interstitial cell cytoplasm suggest that these cells may 

not be reticular or endothelial type cells. Future staining of the slime gland tissues should utilize a 

silver stain to reveal whether the gland interstitial cells are indeed reticular fibres, as the silver 

impregnation method stains black the networks of fine type-III collagen fibrils (Ushiki, 2002).   

4.5.4 Possible function of gland interstitial cells 

Intracellular organization, as well as what appears to be interactions with neighboring gland thread 

cells and gland mucous cells, may also shed light on a possible function for gland interstitial cells 

within the slime gland. Fluorescent staining revealed the elongate nuclei of gland interstitial cells, 

extensive intermediate filament and microtubule networks, and an abundance of membrane-bound 
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vesicles within the gland interstitial cell cytoplasm. A microtubule cytoskeleton is a requirement 

for intracellular trafficking, and this phenomenon was observed via TEM and fluorescence 

microscopy, with vesicles seen fusing between the membranes of gland interstitial cells and gland 

thread cells and gland mucus cells. These pieces of evidence suggest that cells are ‘feeding’ or 

‘nursing’ developing gland thread cells and gland mucous cells, but the content of the membrane-

bound vesicles is currently unknown.  

Gland interstitial cells may be acting to provide both metabolic and structural support to 

developing gland mucous cells and gland thread cells, similar to how the Sertoli cells of the 

mammalian testis both nourish the developing sperm and act to create the blood-testis barrier via 

occluding junctions to structurally support the testis (Gilula et al., 1976; Griswold, 1998). 

Structurally, gland interstitial cells form close associations with neighboring gland thread cells and 

gland mucus cells and appear to completely occupy the spaces between them. They may even form 

a type of syncytium that extends from the epithelial lining of the gland into the gland lumen, 

connecting the innermost part of the slime gland with the peripheral epithelium and vasculature 

network. Creating a network from the edge of the slime gland (where vasculature is most 

prominent) and the inner portion of the slime gland would likely aid in creating a highway for 

nutrients and waste to be brought into and out of the slime gland, respectively. The distance to the 

centre of the average sized slime gland is too great for the slime cells to rely on diffusion alone for 

the delivery nutrients and the removal of waste. We propose that a network of gland interstitial 

cells act as nurse cells, supplying developing gland thread cells and gland mucous cells with the 

nutrients and protein-building blocks they need to produce their slime components, while also 
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acting to rid the slime cells of metabolic wastes, such as carbon dioxide or ammonia, to prevent 

them building up within the slime gland.  

4.5.5 Conclusions 

This study provides a description of a new cell type within the slime glands of Atlantic and Pacific 

hagfishes. We demonstrate that Newby’s (1946) reticular connective tissue network is in fact a 

third cell type within the slime gland, which we propose should be named “gland interstitial cells.” 

These cells are extremely thin, are found within the interstices between the gland mucous cells and 

gland thread cells and are likely the most abundant cell within the slime gland. Examination of 

refilling and full slime glands revealed differences in the distribution of these cells within the slime 

gland, with refilling slime glands having higher concentrations of gland interstitial cells around 

the gland periphery, likely supporting the production of new cells and development of retained 

cells. Their role is currently not completely understood; however, we suggest that they may be 

acting as nurse cells, providing structural and metabolic support to the developing gland mucous 

cells and gland thread cells.  

4.6 ACKNOWLEDGMENTS 

We would like to thank Dr. Michaela Strüder-Kypke and Bob Harris from the Molecular and 

Cellular Imaging Facility for help with the transmission electron microscopy and confocal 

microscopy. Thanks to Helen Coates and Jodi Morrison in the Ontario Veterinary College 

Histoprep Lab for their guidance in preparing the histological sections. We would also like to thank 

Matt Cornish and Mike Davies at the Hagen Aqualab, as well as our undergraduate volunteers for 

the care of the hagfish used for this study. 



 

 

81 

 

4.6 REFERENCES 

Beigi, F., Patel, M., Morales‐Garza, M.A., Winebrenner, C., Gobin, A.S., Chau, E., Sampaio, 

L.C. and Taylor, D.A. (2017). Optimized method for isolating highly purified and 

functional porcine aortic endothelial and smooth muscle cells. Journal of Cellular 

Physiology. 232, 3139-3145. 

Broekaert, D., Goeman, L., Ramaekers, F.C.S., Van Muijen, G.N.P., Eto, H., Lane, E.B., 

Leigh, I.M., De Bersaques, J. and Coucke, P. (1990). An investigation of cytokeratin 

expression in skin epithelial cysts and some uncommon types of cystic tumours using 

chain-specific antibodies. Archives of Dermatological Research. 282, 383-391. 

Calvi, E.N.D.C., Nahas, F.X., Barbosa, M.V., Calil, J.A., Ihara, S.S.M., Silva, M.D.S., Franco, 

M.F.D. and Ferreira, L.M. (2012). An experimental model for the study of collagen fibers 

in skeletal muscle. Acta Cirurgica Brasileira. 27(10), 681-686. 

Downing, S.W., Spitzer, R.H., Salo, W.L., Downing, J.S., Saidel, L.J. and Koch, E.A. (1981a). 

Threads in the hagfish slime gland thread cells: organization, biochemical features, and 

length. Science. 212, 326-328. 

Downing, S.W., Salo, W.L., Spitzer, R.H. and Koch E.A. (1981b). The hagfish slime gland – A 

model for studying the biology of mucus. Science. 214, 1143-1145. 

Downing, S.W., Spitzer, R.H., Koch, E.A. and Salo, W.L. (1984). The hagfish slime gland 

thread cell. I. A unique cellular system for the study of intermediate filaments and 

intermediate filament-microtubule interactions. Journal of Cell Biology. 98(2), 653-669. 

Eckes, B., Kessler, D., Aumailley, M. and Krieg, T. (2000) Interactions of fibroblasts with the 

extracellular matrix: implications for the understanding of fibrosis. In Springer seminars 

in immunopathology. Springer-Verlag. 21(4), 415-429.  

Fudge, D.S., Levy, N., Chiu, S. and Gosline, J.M. (2005). Composition, morphology and 

mechanics of hagfish slime. Journal of Experimental Biology. 208, 4613-4625. 

Gilula, N.B., Fawcett, D.W. and Aoki, A. (1976). The Sertoli cell occluding junctions and gap 

junctions in mature and developing mammalian testis. Developmental Biology. 50(1), 142-

168. 

Griswold, M.D. (1998). The central role of Sertoli cells in spermatogenesis. In Seminars in cell 

& developmental biology. Academic Press. 9(4), 411-416. 



 

 

82 

 

Hasegawa, H., Zinsser, S., Rhee, Y., Vik-Mo, E.O., Davanger, S. and Hay, J.C. (2003). 

Mammalian ykt6 is a neuronal SNARE targeted to a specialized compartment by its 

profilin-like amino terminal domain. Molecular Biology of the Cell. 14, 698-720.  

Hirano, T., Takagi, K., Hoshino, Y. and Abe, T. (2013). DNA damage response in male gametes 

of Cyrtanthus mackenii during pollen tube growth. AoB Plants. 5.  

Hirokawa, N., Noda, Y., Tanaka, Y. and Niwa, S. (2009). Kinesin superfamily motor proteins 

and intracellular transport. Nature Reviews Molecular Cell Biology. 10(10), 682. 

Ivaska, J., Pallari, H.M., Nevo, J. and Eriksson, J.E. (2007). Novel functions of vimentin in 

cell adhesion, migration, and signaling. Experimental Cell Research. 313(10), 2050-2062. 

Koch, E.A., Spitzer, R.H., Pithawalla, R.B., Castillos III, F.A. and Parry, D.A. (1995). Hagfish 

biopolymer: a type I/type II homologue of epidermal keratin intermediate filaments. 

International Journal of Biological Macromolecules. 17, 283-292. 

Lamb, N.J., Fernandez, A., Feramisco, J.R. and Welch, W.J. (1989). Modulation of vimentin 

containing intermediate filament distribution and phosphorylation in living fibroblasts by 

the cAMP-dependent protein kinase. The Journal of Cell Biology. 108(6), 2409-2422. 

Lalit, P.A., Rodriguez, A.M., Downs, K.M. and Kamp, T.J. (2017). Generation of multipotent 

induced cardiac progenitor cells from mouse fibroblasts and potency testing in ex vivo 

mouse embryos. Nature Protocols. 12, 1029. 

Lametschwandtner, A., Lametschwandtner, U. and Patzner, R.A. (1986). The Different 

Vascular Patterns of Slime Glands in the Hagfishes, Myxine glutinosa Linnaeus and 

Eptatretus stouti Lockington: A Scanning Electron Microscope Study of Vascular 

Corrosion Casts. Acta Zoologica. 67, 243-248.  

Newby, W.W. (1946). The slime glands and thread cells of hagfish, Polistrotrema stoutii. Journal 

of Morphology. 78, 397-409. 

Renger, J.J., Egles, C. and Liu, G. (2001). A developmental switch in neurotransmitter flux 

enhances synaptic efficacy by affecting AMPA receptor activation. Neuron. 29, 469-484.  

Ryskamp, D.A., Frye, A.M., Phuong, T.T., Yarishkin, O., Jo, A.O., Xu, Y., Lakk, M., Iuso, 

A., Redmon, S.N., Ambati, B. and Hageman, G. (2016). TRPV4 regulates calcium 

homeostasis, cytoskeletal remodeling, conventional outflow and intraocular pressure in the 

mammalian eye. Scientific Reports. 6, 30583. 



 

 

83 

 

Santos, A.F., Zaltsman, A.B., Martin, R.C., Kuzmin, A., Alexandrov, Y., Roquemore, E.P., 

Jessop, R.A., Erck, M.G.M.V. and Verheijen, J.H. (2008). Angiogenesis: an improved 

in vitro biological system and automated image-based workflow to aid identification and 

characterization of angiogenesis and angiogenic modulators. Assay and Drug Development 

Technologies. 6, 693-710.  

Schorno, S., Gillis, T.E. and Fudge, D.S. (2018a). Emptying and refilling of slime glands in 

Atlantic (Myxine glutinosa) and Pacific (Eptatretus stoutii) hagfishes. Journal of 

Experimental Biology, jeb-172254. 

Schorno, S., Gillis, T.E. and Fudge, D.S. (2018b). Cellular mechanisms of slime gland refilling 

in Pacific hagfish (Eptatretus stoutii). Journal of Experimental Biology, jeb-183806. 

Sherwood, L. (2015). Human physiology: from cells to systems. Cengage learning. 

Silén, Å., Wiklund, B., Norlén, B.J. and Nilsson, S. (1994). Evaluation of a new tumor marker 

for cytokeratin 8 and 18 fragments in healthy individuals and prostate cancer patients. The 

Prostate. 24, 326-332. 

Spitzer, R.H., Downing, S.W., Koch, E.A., Salo, W.L. and Saidel, L.J. (1984). Hagfish slime 

gland thread cells. II. Isolation and characterization of intermediate filament components 

associated with the thread. Journal of Cell Biology. 98, 670-677. 

Tagal, V., Wei, S., Zhang, W., Brekken, R.A., Posner, B.A., Peyton, M., Girard, L., Hwang, 

T., Wheeler, D.A., Minna, J.D. and White, M.A. (2017). SMARCA4-inactivating 

mutations increase sensitivity to Aurora kinase A inhibitor VX-680 in non-small cell lung 

cancers. Nature Communications. 8, 14098. 

Ushiki, T. (2002). Collagen fibers, reticular fibers and elastic fibers. A comprehensive  

understanding from a morphological viewpoint. Archives of Histology and Cytology. 65(2), 

109-126. 

Zintzen, V., Roberts, C.D., Anderson, M.J., Stewart, A.L., Struthers, C.D. and Harvey, E.S.  

(2011). Hagfish predatory behaviour and slime defence mechanism. Scientific 

Reports. 1,131. 

 

 

 



 

 

84 

 

5.0 DIFFERENTIAL GENE EXPRESSION 

IN REFILLING PACIFIC HAGFISH 

(EPTATRETUS STOUTII) SLIME GLANDS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

85 

 

5.0 Differential gene expression in refilling Pacific hagfish 

(Eptatretus stoutii) slime glands 
 

Sarah Schorno1, David C. Plachetzki2, Todd E. Gillis1 and Douglas S. Fudge1,3 
 

1Department of Integrative Biology, University of Guelph, Guelph, ON, N1G 2W1, Canada 
2Department of Molecular, Cellular, and Biomedical Sciences, University of New Hampshire, 

Durham, NH, USA 
3Schmid College of Science and Technology, Chapman University, Orange CA 92866, USA 

Corresponding author: Douglas S. Fudge (fudge@chapman.edu) 

Key words: Gland thread cells, Gland mucous cells, Transcriptome, Gene ontology 

5.1 ABSTRACT 

Hagfishes can produce 0.9 litres of defensive slime within 100 milliseconds of an attack by a 

predator. The slime is comprised of mucus and threads, which are produced in specialized slime 

glands by the gland mucous cells and gland thread cells, respectively. These slime cells are 

supported within the slime gland by a third cell type, known as gland interstitial cells, which are 

found in the interstitial spaces within the slime gland. Refilling of the slime glands is a lengthy 

process, and significant changes to the composition of the exudate occurs during refilling. 

However, the molecular mechanisms involved in the refilling process have not yet been 

investigated. In this study we conducted differential gene expression analysis of the Pacific hagfish 

slime gland transcriptome to determine which genes are differentially expressed between refilling 

(2 days post sliming) and full slime glands. Previous transcriptomes for hagfishes were created 

using a mix of tissues, however, a pure hagfish slime gland transcriptome had not been previously 

constructed. This study provides the first look at the molecular machinery that may be regulating 

slime gland refilling, as well as confirming the presence of some genes that may be involved in 

the production of gland thread cells and function of gland interstitial cells. We also provided 
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evidence that hagfish slime contains toxin- and venom-like compounds, a similarity it shares with 

other slime-producing species. Future hagfish slime gland transcriptomics studies could even 

compare the phylogenetic relationships between different hagfish species’ slime glands, hagfishes’ 

skin, lamprey skin and other species to elucidate how these specialized structures evolved. 

5.2 INTRODUCTION 

Many animals produce mucous and slimes as a form of defense against predators or pathogens 

(Byrne, 1970; Nance and Braithwaite, 1979; Videler et al., 1999; Subramanian et al., 2007; 

Caruana et al., 2016). Hagfishes are well-known slime-producing animals, as they can produce 0.9 

litres of slime within 100 milliseconds of being attacked by a predator (Fudge et al., 2005; Zintzen 

et al., 2011). Their slime defends against gill-breathing predators by getting caught on the gill 

rakers, putting the attacker at risk of suffocation (Lim et al., 2006; Zintzen et al., 2011). The 

defensive slime of hagfishes is created in specialized slime glands that are found along the sides 

of the animal and are connected to the skin via narrow gland pores (Newby, 1946; Downing et al., 

1981a, b; Koch et al., 1991). The glandular exudate itself is composed of mucin vesicles and 

protein-rich coiled thread skeins, which are produced within the gland by the gland mucous cells 

and gland thread cells, respectively (Salo et al., 1983; Downing et al., 1984; Spitzer et al., 1984; 

Luchtel et al., 1991). When the slime gland is stimulated, through an attack by a predator or via 

electrostimulation in a lab setting, the gland musculature (musculus decussatus) contracts and 

forces the glandular exudate out through the narrow gland pore (Newby, 1946). Tiny quantities of 

exudate combine with seawater to generate the defensive slime, with the mucin and thread 

components comprising less than 1% of the whole slime (Fudge et al., 2005).  
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Refilling of the slime glands is a lengthy process, with complete refilling taking three to 

four weeks in Pacific (Eptatretus stoutii) and Atlantic (Myxine glutinosa) hagfish slime glands 

(Schorno et al., 2018a [Chapter 2]). Although the slime glands of Pacific and Atlantic hagfishes 

take approximately the same amount of time to refill, Pacific hagfish slime glands are larger and 

therefore have a faster absolute rate of refilling (Schorno et al., 2018a [Chapter 2]). Differences in 

refilling rates between the two species may be due to differences in vascularization of the slime 

glands (Lammetschwandtner et al., 1986). The exudate composition also differs during refilling of 

Pacific slime glands, with the size of the thread skeins released and ratio of mucin vesicles to 

thread skeins in the exudate changing significantly during refilling (Schorno et al., 2018). These 

changes in the exudate corresponded to changes in the size of slime cells present within the glands 

during refilling, with production and growth of gland thread cells appearing to be the limiting 

factor in slime gland refilling (Schorno et al., 2018a [Chapter 2]; Schorno et al., 2018b [Chapter 

3]). 

We also proposed a model of cellular mechanisms of slime gland refilling for Pacific 

hagfish (Schorno et al., 2018b [Chapter 3]). It was proposed that gland mucous cells and gland 

thread cells originate from a line of undifferentiated cells in the epithelial lining of the slime gland, 

and that as these cells are produced, they grow and split the epithelial lining. Most of their growth 

occurs close to the epithelial lining, and a third cell type, gland interstitial cells, are produced from 

the cells wrapping around the developing slime cells (Schorno et al., in prep [Chapter 4]). The 

gland interstitial cells are thought to act as nurse cells, delivering nutrients to and supporting 

developing slime cells (Winegard, 2012; Fudge et al., 2015; Schorno et al., in prep [Chapter 4]). 

As growth and maturation of the slime cells proceeds, slime cells are pushed to the centre of the 
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slime gland by production of subsequent cells below them, where they await ejection from the 

gland.  

The cellular processes of slime gland refilling have been proposed, however, the molecular 

mechanisms regulating refilling has yet to be investigated. While previous molecular work on 

hagfish gland thread cells and glands mucous cells has studied the biochemical make-up and 

molecular mechanisms involved in deployment of these slime cells, there is currently no published 

hagfish genome which could be used to highlight which genes may be involved in the slime gland 

refilling process (Spitzer et al., 1984; Koch et al., 1991; Schaffield and Schultess, 2006; Bernards 

et al., 2014; Herr et al., 2014). Here, we created a new transcriptome for Pacific hagfish slime 

glands, and conducted differential gene expression analysis to examine the expression levels of 

certain transcripts which may be regulating slime gland refilling. Transcriptome studies allow for 

an examination of differences in transcript expression levels that vary with external environmental 

conditions, in this case the electro-stimulation of the slime glands. In the absence of a published 

hagfish genome, transcriptomic sequence data are a valuable source of information about the 

molecular machinery that may be regulating slime gland refilling. 

5.3 MATERIALS AND METHODS 

A broad overview of sample processing for cDNA library construction, sequence assembly of 

transcriptomes and differential gene expression analysis of samples is shown in Fig. 5.1. Full 

details of each stage are described in the following sections.  

5.3.1 Experimental animals 

Pacific hagfish (Eptatretus stoutii) were collected from Bamfield Marine Station in Bamfield, BC, 

Canada. All hagfishes utilized in this study were adults, but the age and sex of the hagfishes was  
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Figure 5.1 Overview of samples collection and processing for transcriptome level analysis. 

The Pacific (Eptatretus stoutii) hagfish slime gland transcriptome was constructed using refilling 

and full slime gland tissues. RNA was extracted from frozen slime gland tissue and tagged with 

specific primers to construct the cDNA library. cDNA libraries were sequenced, filtered for low 

quality reads, then assembled. Differential gene expression analysis and gene ontology term 

classification was conducted on the transcriptome data.  
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unknown. Hagfish were housed in a 2000-litre Environmentally Controlled Aquatic Recirculating 

System filled with chilled artificial seawater (34 ppm, 10°C) at the Hagen Aqualab at the 

University of Guelph, Guelph, ON, Canada. Hagfish were isolated for at least 30 days prior to their 

use in this study to ensure their slime glands were full. Hagfish were fed squid to satiety once per 

month. All housing and feeding conditions at the Hagen Aqualab were approved by the University 

of Guelph Animal Care Committee (Animal Utilization Protocol #2519). 

5.3.2 Hagfish anesthesia and slime gland stimulation 

One Pacific hagfish (n=1) was anesthetized using 3 ml of a clove oil solution (1:9 clove oil to 95% 

ethanol) in 3 litres of artificial saltwater. Only one individual was used for this study due to the 

cost constraints associated with NextGen Illumina sequencing. The hagfish was left until it ceased 

to respond to touch. Once fully anesthetized, the hagfish was removed from the anesthetic, patted 

dry using Kim Wipes, and placed on a dissection tray. The slime glands of the hagfish were 

encouraged to secrete slime via mild electrostimulation (60 Hz, 18 V) using a Grass SD9 electric 

stimulator (Grass Instruments, Quincy, MA, USA). Slime glands on the right side of the animal 

were left unstimulated (‘full’), while those on the left side of the animal were stimulated until 

exhaustion (no visible exudate being expressed). The hagfish was moved into fresh artificial 

saltwater until it recovered from the clove oil anesthetic, then returned to a floating isolation bin 

in the tank, where it was allowed to recover for two days. The animal was then sacrificed as 

previously described, and refilling slime glands were harvested after two days to capture the 

transcriptional response during the early stages of slime gland refilling. Two days was chosen as 

the refilling timepoint due to the long slime gland refilling time (roughly 28 days) and low 

metabolic rate of the Pacific hagfish (Munz and Morris, 1965). 
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5.3.3 Gland tissue collection and preparation 

The hagfish was anesthetized using the above protocol, then euthanized by severing the notochord 

and dorsal nerve cord directly using a large pair of scissors. Surgical tools and tray were autoclaved 

and sprayed with 70% ethanol for sterilization. The hagfish was dissected according to the protocol 

developed by Winegard (2012), where whole slime gland removal was achieved by removing the 

skin from the body musculature, which allows the slime glands, still attached to the skin at the 

gland pore, to be cleanly removed from other tissues. The skin was then removed from the rest of 

the body by grasping the dorsal muscle with rat-toothed forceps and pulling the skin using 

haemostats. Three unstimulated glands (full) and three refilling (2 days post sliming) glands were 

removed from the hagfish, and all tissues were wrapped in aluminum foil and immediately frozen 

in liquid nitrogen for later RNA extractions. 

5.3.4 RNA extractions and cDNA library construction 

Total RNA was extracted from three glands each of refilling (2 days post sliming) and unstimulated 

(full) slime glands from both species of hagfishes using a TRIzol® Plus RNA Purification Kit 

(Ambien; Life Technologies; 12183-555). Individual glands (~50-100 mg each) were manually 

homogenized using disposable homogenizing pestles in Eppendorf tubes containing 1 ml of 

TRIzol™ reagent. RNA extractions followed a standard protocol provided with the purification 

kit. RNA quality and concentration were assayed using gel electrophoresis and spectrophotometry. 

cDNA libraries were prepared using the NEBNext® with Poly(A) mRNA magnetic isolation 

module (New England BioLabs® Inc.; E7490L). Only one index primer was added to each sample 

per PCR reaction (Supp. Material 5.1). Library quality was assessed on a Bioanalyzer® (Agilent 

high sensitivity chip). 
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5.3.5 NextGen Illumina sequencing and sequence assembly 

Sequencing was conducted on two lanes of paired end 150 sequencing using an Illumina 

HiSeq2500. Eight sequencing libraries were sequenced per lane. Sequencing and de-multiplexing 

was conducted at the Hubbard Center for Genome Studies at the University of New Hampshire. 

Following sequencing, raw datasets were error corrected using BFC (Li, 2015), filtered for low 

quality data and adaptor sequences using Trimmomatic (Bolger et al., 2014), and assembled using 

Trinity (Grabherr et al., 2011). For the Trinity assembly, only the two sequencing libraries from 

each refilling stage that had the largest amount of data (number of reads) were assembled. 

Following Trinity assembly, individual reads from each dataset were mapped back onto the 

assembly using Salmon (Patro et al., 2017) and imported into R using tximport (Soneson et al., 

2015). 

5.3.6 Analysis of differential gene expression (DGE) 

The R package edgeR (Robinson et al, 2010; McCarthy et al, 2012) was used to assess differential 

gene expression (DGE), where genes with over 10 counts per million (CPM) at a significance level 

(p-value) of 0.05 were retained for further analysis (Supp. Material 5.2). The Bioconductor 

package edgeR uses a negative binomial model to determine the relative abundance of a gene in 

an experimental group to which a sample belongs, based on a minimum number of counts (CPM) 

at a pre-determined significance level (p-value). A gene was determined to be differentially 

expressed if the observed difference in CPM between the unstimulated and refilling samples was 

statistically significant (p-value < 0.05). A list of Trinity genes with corresponding log fold change 

(logFC), logCPM, p-value and functional divergence ratio (FDR) values was created in an output, 

along with the following plots: DGE exact test, multidimensional scaling (MDS) plots for count 
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data, biological coefficient of variation (BCV) plot, and mean-variance plot. Samples with any 

identified contamination were excluded from analyses. 

5.3.7 Conversion of differentially expressed genes into nucleotide and protein coding sequences 

Trinity gene names were sorted according to positive and negative logFC values in a Linux 

operating system using the command sort -n -k2 file.name > file.name.sort. Positive logFC values 

were DE genes in full slime gland samples and negative logFC values were DE genes for refilling 

slime gland samples, as determined by the MDS plots created using edgeR.  The sorted file was 

then transferred to a text editor software (Microsoft® NotePad) and divided into separate positive 

and negative logFC value files. Trinity gene names were isolated from the rest of the data (logFC, 

logCPM, p-value, FDR) using the command cut -d” “ -f1 < file.name > file.name.cut. Nucleotide 

sequences were extracted from the list of Trinity gene names using the selectSeqs.pl script in 

Linux, where the DGE list of Trinity names were compared against a Trinity.fasta file of all known 

sequences/genes in order to pair Trinity names with nucleotide sequences.  

The positive and negative logFC lists of nucleotide sequences were then used to extract a 

list of protein sequences using the TransDecoder (http://transdecoder.github.io/) package in Linux, 

which identifies candidate protein coding sequences from the assembled nucleotide sequences 

(Supp. Material 5.3). TransDecoder identifies candidate coding regions within the nucleotide 

sequences based on a minimum length open reading frame (ORF). 

5.3.8 InterProScans of protein signature databases 

The presence of conserved domains in the lists of protein coding sequences was identified and 

annotated using InterProScan (Zdobnov and Apweiler, 2001) (Supp. Material 5.4). InterProScan 

is a tool that scans given protein sequences against the protein signatures of the InterPro member 
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databases. This tool scans the InterPro databases to find out as much information as possible about 

the input protein sequences’ relationships with other sequences, in addition to characterizing the 

physiochemical properties of the protein sequences. Lists of functional annotations of genes 

generated by InterProScan were used to create word clouds based on how many times terms 

showed up in the list (created using http://wordcram.org/). This allowed for a general overview of 

the genes most highly expressed between the unstimulated and refilling samples. 

5.3.9 BLAST analysis for specific slime cell markers 

Target sequences (gland thread cell rotation markers) were acquired by searching the NCBI 

(National Center for Biotechnology Information) website (https://www.ncbi.nlm.nih.gov/). Lists 

of target sequences were compared against the Pacific hagfish transcriptome using BLAST (Basic 

Local Alignment Search Tool) (Supp. Material 5.5). Output files produced a list of sequences 

within the Pacific hagfish transcriptome which shared homology with the list of target sequences.   

5.3.10 Extracting gene ontology (GO) terms from protein sequences 

Gene ontology (GO) terms were extracted from the positive and negative output files of the 

InterProScan tool, as well as from the whole transcriptome, using a cut script in Linux (cat 

infile.tsv |cut -f14 | perl -p -e 's/\|/\n/g' | sort | uniq > outfile.txt). Gene ontology terms organize 

gene products into three major domains based on their properties: cellular component (CC), 

molecular function (MF) and biological process (BP). Cellular component terms are grouped 

together based on the parts of a cell where the genes are expressed. Primary activities of gene 

products at the molecular level (such as catalysis or binding) are grouped together into molecular 

functions terms. Finally, biological process terms refer to the operations of genes essential to the 

functioning of integrated living units (e.g. cells, tissues, organs). 
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5.3.11 Annotating, summarizing and visualizing GO term with REVIGO 

GO terms were annotated, summarized and visualized using the reduce and visualize gene 

ontology (REVIGO) website (http://revigo.irb.hr/) (Supek et al., 2011). Treemap plots for GO 

terms relating to BP, CC and MF were constructed for the negative and positive DGE lists. A list 

of GO terms from the whole Pacific hagfish transcriptome assembly were generated using the 

REVIGO website, and used in an R GO plot script to create GO bar plots comparing the proportion 

of genes represented by certain GO categories between the positive and negative DE genes. 

5.4 RESULTS 

5.4.1 Sequencing and assembly of Pacific hagfish samples 

The total assembled length of the Pacific hagfish slime gland transcriptome sequence was 

25,759,636 bp, which generated 54,406 total sequences (Table 5.1). The guanine-cytosine (GC) 

content, which is associated with genome size and holocentric chromosomal structure, was 

11,598,242 bp (45.02%). Sample “DP12” was excluded from further analyses due to 

contamination identified in these samples, likely due to primer contamination.  

5.4.2 Differential gene expression (DGE) analysis of Pacific hagfish samples 

Differential gene expression analysis for Pacific hagfish samples produced a list of 612 

differentially expressed genes between refilling (2 days post sliming) and unstimulated (full) 

samples. Based on the log fold change (logFC) values, 242 genes showed increased expression 

and 370 genes showed decreased expression in refilling samples (Fig. 5.2). Average logFC, CPM, 

p-value and FDR values for Pacific hagfish samples are summarized in Supplemental material 5.6.  
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Table 5.1 Summary of Pacific hagfish transcriptome data. The total sequence length, number 

of sequences, N stats (N25 is calculated by adding the lengths of the biggest sequences until 25 % 

of the total sequence length is reached; N50 is the mean of sequence lengths; N75 is calculated by 

adding the lengths of the biggest sequences until 75 % of the total sequence length is reached) as 

well as guanine-cysteine content (GC %; percentage of nitrogenous bases in the total sequence that 

are either guanine or cytosine).  

 Pacific hagfish 

Total length of 

sequence 

25,759,636 bp 

Total number of 

sequences 

54,406 

N25 stats 25% of total sequence length is contained in the 3,646 sequences ≥ 1,145 

bp 

N50 stats 50% of total sequence length is contained in the 11,938 sequences ≥ 558 

bp 

N75 stats 75% of total sequence length is contained in the 27,940 sequences ≥ 306 

bp 

Total GC count 11,598,242 bp 

GC % 45.02% 
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Figure 5.2 Differential gene expression (DGE) results for Pacific hagfish slime gland refilling 

samples. A) DGE exact test plot illustrates the log fold change (log FC) of gene expression for a 

gene of a given count per million (CPM) read length. Here, the red dots represent genes that are 

differentially expressed in refilling and unstimulated (full) slime glands; B) Multidimensional 

scaling (MDS) plot for count data illustrates the clustering of samples based on logFC of 

expression. Leading logFC dimension 1 separates the refilling (DP7, DP8, DP9) from the 

unstimulated samples (DP10, DP11, DP12), while leading LogFC dimension 2 corresponds to 

slime gland sample number. DP12 was excluded from analysis due to contamination identified in 

this sample, likely due to primer contamination. The refilling samples appear to be more 

heterogeneous, while the unstimulated samples appear to be more homogenous.  

 

 

 

 

 



 

 

98 

 

5.4.3 Abundance of expressed genes in unstimulated and refilling Pacific hagfish slime glands 

Lists of InterProScan functional annotations of genes in unstimulated and refilling slime gland 

samples were summarized using word clouds (Fig. 5.3). Words that appear larger in the word 

clouds are those that were the most highly abundant in the long list of annotated genes produced 

by the InterProScan program databases. In refilling samples, genes coding for keratin-type 

proteins, actin family proteins, as well as EF-hand domain proteins (calcium-binding proteins) 

were just a few of the most abundant genes (Fig. 5.3A). In unstimulated samples, tubulin proteins, 

zinc finger LIM-type proteins, nebulin repeat domains, and antiproliferative proteins were among 

the most abundant genes (Fig. 5.3B). 

5.4.4 Gene ontology analysis of Pacific hagfish samples 

A total of 169 gene ontology (GO) terms were assigned to 242 contigs for the refilling (2 days post 

sliming) samples. Different protein isoforms identified using InterProScan were often able to code 

for the same gene/protein GO term. In refilling samples, the molecular function (MF) category 

was most prevalent (87, 51.48%), followed by the biological process (BP) category (56, 33.13%) 

and the cellular component (CC) category (26, 15.38%) (Table 5.2). Within the BP category, 

contigs involved in metabolism (GO:0008152), DNA integration (GO:0006355) and vesicle-

mediated transport (GO:00016192) were highly represented (Fig. 5.4). In the CC category, contigs 

involved in membrane (GO:0016020) and the nucleus (GO:0005634) were the most represented 

subcategories. Binding (GO:0005488), NADP binding (GO:0003676), catalytic activity 

(GO:0003824) and translation elongation factor activity (GO:0003677) were the dominant groups 

in the MF category. 
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Figure 5.3 Functional gene annotations for proteins from InterProScan output of Pacific 

hagfishes. Lists of InterProScan functional annotations of genes in unstimulated and refilling 

slime gland samples were summarized using word clouds, where words which appeared larger 

were those which were the most repeated. A) In refilling samples, genes coding for keratin-type 

proteins, actin family proteins, as well as EF-hand domain proteins were just a few of the most 

abundant genes; B) In full samples, tubulin proteins, zinc finger LIM-type proteins, nebulin repeat 

domains, and antiproliferative proteins were among the most abundant genes. 
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Table 5.2 Gene ontology (GO) analysis of differentially expressed genes in refilling (2 days post sliming) Pacific hagfish slime 

glands. REVIGO prioritizes GO terms by the frequency (relative percent frequency in a reference database) and uniqueness (score 

based on the negative of average similarity of a term to all other terms).   

GO 

Domain 

GO Representative GO Term ID Frequency 

(%) 

Uniqueness Description 

Biological 

Process 

(BP) 

Carbohydrate metabolism GO:0005975 5.26% 0.904 carbohydrate metabolic process 

DNA integration 

GO:0006355 9.92% 0.636 regulation of transcription, DNA-

templated 

GO:0006412 5.69% 0.685 translation 

GO:0006508 5.22% 0.814 proteolysis 

GO:0006468 4.14% 0.718 protein phosphorylation 

GO:0006366 1.43% 0.775 transcription from RNA polymerase II 

promoter 

Fructose 6-phosphate 

metabolism 

GO:0009117 4.17% 0.661 nucleotide metabolic process 

Metabolism GO:0008152 75.39% 0.991 metabolic process 

Microtubule-based process GO:0055114 15.06% 0.835 oxidation-reduction process 

Response to heat GO:0035556 4.00% 0.732 intracellular signal transduction 

Vesicle-mediated transport 

GO:0006810 17.62% 0.821 transport 

GO:0055085 8.92% 0.829 transmembrane transport 

GO:0006811 5.34% 0.836 ion transport 

GO:0006886 1.20% 0.821 intracellular protein transport 

GO:0016192 1.09% 0.855 vesicle-mediated transport 

Cellular 

Component 

(CC) 

Integral component of 

membrane 

GO:0016021 55.87% 0.917 integral component of membrane 

Membrane GO:0016020 61.59% 0.97 membrane 

Mitochondrial inner 

membrane 

GO:0005622 41.18% 0.79 intracellular 

GO:0005737 26.02% 0.692 cytoplasm 

GO:0005634 8.97% 0.603 nucleus 

GO:0005856 1.54% 0.585 cytoskeleton 
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Postsynaptic membrane GO:0005886 10.51% 0.685 plasma membrane 

Molecular 

Function 

(MF) 

Binding GO:0005488 55.66% 0.99 binding 

Catalytic activity GO:0003824 65.83% 0.992 catalytic activity 

Eukaryotic initiation factor 

4E binding 

GO:0046983 1.16% 0.859 protein dimerization activity 

Glucose-6-phosphatase 

activity 

GO:0008237 1.21% 0.822 metallopeptidase activity 

GO:0003924 1.14% 0.881 GTPase activity 

Glycine N-

methyltransferase activity 

GO:0004672 3.39% 0.847 protein kinase activity 

NADP binding 

GO:0003676 21.23% 0.902 nucleic acid binding 

GO:0000166 20.19% 0.871 nucleotide binding 

GO:0005525 1.78% 0.876 GTP binding 

GO:0030170 1.16% 0.869 pyridoxal phosphate binding 

Oxidoreductase activity GO:0016491 12.78% 0.951 oxidoreductase activity 

Potassium ion binding 

 

GO:0046872 15.43% 0.876 metal ion binding 

GO:0008270 4.51% 0.888 zinc ion binding 

GO:0000287 1.79% 0.897 magnesium ion binding 

Protein binding GO:0005515 4.41% 0.936 protein binding 

Receptor activity GO:0004872 2.69% 0.909 receptor activity 

Structural constituent of 

ribosome 

GO:0003735 2.68% 0.963 structural constituent of ribosome 

Structural molecule activity GO:0005198 3.27% 0.978 structural molecule activity 

Transcription factor activity, 

sequence-specific DNA 

binding 

GO:0003700 4.22% 0.978 transcription factor activity, sequence-

specific DNA binding 

Translation elongation 

factor activity 

GO:0003677 12.55% 0.891 DNA binding 

GO:0003723 5.28% 0.9 RNA binding 

GO:0043565 2.22% 0.907 sequence-specific DNA binding 

Transporter activity GO:0005215 8.49% 0.979 transporter activity 
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Figure 5.4 REVIGO gene ontology (GO) term treemap for differentially expressed genes in 

refilling slime gland samples. Gene ontology terms are organized according to the cellular 

component (CC), molecular function (MF) and biological process (BP) of a gene. GO terms which 

produce larger boxes in the REVIGO treemaps are the most represented terms in each category. In 

refilling (2 days post sliming) samples the molecular function (MF) category was most prevalent, 

followed by the biological process (BP) category and the cellular component (CC) category. 
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5.4.5 Gland thread cell nuclear rotation markers 

For gland thread cells, we wanted to investigate whether some genes potentially involved in 

production of the thread via rotation of the cell nucleus were differentially expressed. Fudge and 

Schorno (2016) postulated that the coiled nature of the intermediate filament-rich thread in gland 

thread cells was produced via action of the nucleus rotating, similar to how wool is spun into a 

cohesive thread on a wool-spinning wheel. Fudge and Schorno (2016) proposed that proteins such 

as dynein, KASH (Klarsicht-ANC-1-SYNE homology) proteins, formins and SUN proteins may 

be involved in rotating the nucleus of the gland thread cell. BLAST analysis produced a list of 

sequences in the Pacific hagfish transcriptome that shared homology with target sequences we 

hypothesized could be involved in gland thread cell nuclear rotation. Nuclear rotation markers that 

shared homology with sequences in the Pacific hagfish transcriptome included KASH domain 

proteins, SUN domain-containing protein 1, UNC-84, dyneins, formins, and nesprins (Table 5.3). 

The expression of these genes was upregulated in refilling (2 days post sliming) slime gland 

samples relative to the full slime gland samples. 

5.4.7 Potential toxins identified in slime 

In the list of gene annotations from the InterProScan databases, some of the genes expressed were 

of the cysteine-rich secretory protein and toxin-like protein families. For example, allergen 

V5/Tpx-1 proteins (IPR001283), venom allergen 5 proteins (IPR002413) and cystine-rich 

secretory proteins (IPR014044) were all expressed within the slime gland tissues. A search of these 

sequences within the UniProtKB/Swiss-Prot Tox-Prot database confirmed that these proteins are 

among known animal toxins (http://www.uniprot.org/program/Toxins). These proteins are related 

to the mammalian testis-specific protein family (Tpx-1), the venom 5 allergen proteins (major  
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Table 5.3 Genes potentially involved in rotation of the nucleus of the gland thread cells in 

Pacific hagfish slime glands. 

Gene of interest  GenBank ID/NCBI ID Originating species Number of 

homologous 

sequences 

KASH domain 

protein 

NP_502556.1 Caenorhabditis 

elegans 

4 

SUN domain-

containing protein 1 

NP_506281.1 Caenorhabditis 

elegans 

2 

Nuclear rotation and 

anchoring protein  

(UNC-84) 

Q20745.2 Caenorhabditis 

elegans 

5 

Dynein heavy chain I NP_001261432.1 Drosophila 

melanogaster 

5 

Formin 2-like protein AAF72885.1 Homo sapiens 5 

Formin binding 

protein 21 

AAI08311.1 Homo sapiens 5 

Nesprin-1 isoform 4 NP_001334631.1 Homo sapiens 5 
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allergen of vespid wasp venom), the venom 2 allergen proteins (major allergen of fire ants) and 

the plant pathogenesis proteins (PR-1 family).  

5.5 DISCUSSION 

5.5.1 Advantages of transcriptome level studies 

We constructed a hagfish slime gland transcriptome using a mix of unstimulated (full) and refilling 

(2 days post sliming) slime glands. Hagfish are a non-model organism, and in the absence of a 

published hagfish genome, transcriptomic sequence data are a valuable source of information 

about the molecular machinery that may be present in hagfish slime glands. Transcriptome studies 

allow for de novo assembly of a transcription map without having to align to a reference genome 

(Wang et al., 2009). These transcription maps can contain information on both the transcriptional 

structure and level of expression for each gene in the tissue or species of interest. Transcriptomics 

studies also allow for an examination of differential expression at the transcription level that varies 

with external environmental conditions. In this case, we examined how gene expression changed 

in response to the electro-stimulation and subsequent refilling of the slime glands.  

5.5.2 Upregulation of metabolism in early refilling of Pacific hagfish slime glands 

Gene ontology terms associated with metabolism, glycolysis and cellular respiration were highly 

expressed in the refilling (2 days post sliming) slime gland samples. For example, fructose 6-

phosphate metabolism, mitochondrial inner membrane, glucose-6-phosphatase activity, catalytic 

activity and NADP binding are all GO terms that are related to glycolysis and cellular respiration 

of the slime cells (Table 5.2). Upregulation of genes involved in transcription factor activity are 

also likely contributing to production of new slime cells within the gland. Increased expression of 

molecular mechanisms related to metabolism is likely related to the increase in energy 
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requirements needed for production of new slime cells and refilling of the slime glands. Slime 

production is an important defensive mechanism for hagfishes, so upregulating genes in the slime 

glands associated with increasing energy production and metabolism of the glands as early as two 

days into the refilling cycle is likely advantageous. 

 In addition to increases in metabolism, GO terms associated with vesicle-mediated 

transport, increased transcription/translation of proteins and RNA/DNA binding could all indicate 

that production of protein building blocks for the slime cells is upregulated during early refilling. 

Increased transcription/translation of proteins, and RNA/DNA binding are likely upregulated as a 

means of increasing the production of intermediate filaments and microtubules for the protein-rich 

threads of glands thread cells, and production of glycoproteins and mucins for the membrane-

bound mucin vesicles of gland mucous cells (Salo et al., 1983; Downing et al., 1984; Koch et al., 

1991; Luchtel et al., 1991).  

5.5.3 Regulation of slime gland refilling 

In a previous study, we proposed that slime cell production is initiated after exudate is ejected, 

with production, growth and maturation of slime cells continuing until the gland is full (Schorno 

et al., 2018). Full slime glands contain small gland thread cells near the gland epithelium, however, 

these slime cells are not released during emptying of the gland (Newby, 1946; Downing et al., 

1981 a; Downing et al., 1984; Schorno et al., 2018a [Chapter 2]). We suggested that growth and 

development of these small slime cells is arrested when the gland is full.  

Molecular machinery involved in arresting cell production and development were 

differentially expressed in the unstimulated (full) slime gland samples, but not the refilling (2 days 

post sliming) gland samples. These include anti-proliferative protein (IPR002087), cyclin-
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dependent kinase inhibitor 1 (IPR003175) and BTG1 protein family (IPR033330). Anti-

proliferative protein and the BTG1 protein family both act to regulate cell cycle progression in a 

variety cell types and prevent proliferation of new cells (Rouault et al., 1992; Winkler, 2010). For 

example, BTG1 can interact with PRMT1 (protein arginine N-methyltransferase 1) to inhibit cell 

growth in renal cell carcinoma (Liu et al., 2015). Cyclin-dependent kinase inhibitor 1 also plays a 

crucial role in regulating cell growth and mitigating a cell’s response to DNA damage (Boulaire 

et al., 2000).  The expression of these cell cycle-regulating proteins in full slime glands indicates 

that refilling of slime glands is likely not a continuous process, but instead ceases once a gland is 

full. It is probable that the small slime cells present in full slime glands are arrested in their 

development and resume growing after exudate is ejected (Schorno et al., 2018a [Chapter 2]).  

5.5.4 Gland thread cell nuclear rotation markers 

Previous studies on the production of the intermediate filament-rich thread of gland thread cells 

have hypothesized that thread formation is driven by nuclear rotation (Winegard, 2012; Winegard 

et al., 2014; Fudge and Schorno, 2016). The nuclear rotation hypothesis postulates that the gland 

thread cell nucleus rotates and acts as a spinning wheel that twists newly produced intermediate 

filaments into a single thread. It has been suggested that rotation of the nucleus is driven by the 

microtubule motor protein dynein, which walks along tracks of microtubules and connects to the 

outer nuclear membrane via KASH domain proteins (e.g. nesprin) (Fudge and Schorno, 2016). 

Further tethering with the inner nuclear membrane is achieved via interactions with SUN domain 

proteins, and tethering of the microtubule tracks to the gland thread cell plasma membrane is 

achieved via interactions with formin proteins (Fudge and Schorno, 2016).  
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Homologous sequences for the above proteins implicated in rotation of the gland thread 

cell nucleus were expressed in the Pacific hagfish transcriptome and were upregulated in the 

refilling (2 days post sliming) slime gland samples relative to the full slime glands (Table 5.3). 

Their upregulation in refilling slime glands compared to full slime glands may be correlated to an 

increase in growth and production of new cells in refilling glands or the arrested development and 

production of cells in full glands. While the presence of these proteins has now been confirmed in 

Pacific hagfish slime glands, due to the nature of this study, we cannot conclusively state that these 

proteins are being expressed within the gland thread cells specifically, as it is possible that these 

genes are expressed in more than one cell type within the slime gland. These proteins have been 

implicated in the positioning of the nucleus in multiple cell types, so their presence alone does not 

confirm their potential role in rotating the nucleus of the gland thread cell (Reinsch and Gönzy, 

1998; Starr and Han, 2002; Haque et al., 2006; Starr, 2009; Shekhar et al., 2012). Whole slime 

gland tissue was used to construct the transcriptomes in this study, but future work isolating the 

individual slime cells types for transcriptomic analysis could elucidate the presence of these 

proteins in gland thread cell specifically. These data could also be useful for choosing antibodies 

to be used in live cell immunofluorescence imaging of the slime glands, to elucidate whether the 

gland thread cells’ nuclei are indeed rotating to form the coiled thread skein structure.  

5.5.5 Venom and allergen-like proteins expressed in slime gland transcriptome 

To be an effective defense response, slimes need to be either toxic, foul-smelling, cause irritation 

and/or act as a physical defense against predators. Hagfish slime has been shown to act as a 

physical defense against gill-breathing predators, such as teleost fishes and elasmobranchs, by 

clogging and slowing the flow of water over the predators’ gills (Fudge et al., 2005; Lim et al., 



 

 

109 

 

2006; Zintzen et al., 2011). However, the potential toxicity and chemical defense of the slime has 

never been studied. Several proteins identified in the slime glands are implicated as being toxin- 

or venom-like proteins (e.g. venom allergen 5 protein) and share homology with venoms from 

vespid wasps and fire ants.  

The defensive slime of the Bottletail Squid (Sepiadarium austrinum) has also been shown 

to contain similar toxin-like proteins, including cystine-rich secretory proteins, allergen V5-Tpx-

2 related proteins, and phospholipases, just to name a few (Caruana et al., 2016). Caruana et al. 

(2016) tested the hypothesis that bottletail squid slime acts as a chemical defense by exposing brine 

shrimp (Artemia salina) to small quantities of the slime for 48 hours but found no significant effect 

of the slime on mortality of the shrimp. The authors suggested that although not lethally toxic, the 

toxin-like compounds found in the slime may contribute to a foul-taste or cause irritation within a 

predator’s mouth (Caruana et al., 2016). These compounds may also be acting the same way in 

hagfish slime. Although hagfish slime is ultra-dilute and is comprised of over 99% seawater, it is 

possible that in addition to acting as a physical defense, it also has a foul-taste associated with it 

to deter future attacks by the same predator. Proteomics work on the whole slime itself would be 

useful in determining if these proteins are present in the extruded slime and are not just expressed 

within the gland itself.  

5.5.6 Conclusions 

This study provides a preliminary investigation of the molecular mechanisms involved in early 

hagfish slime gland refilling, as well as confirming the presence of specific markers implicated in 

the rotation of gland thread cells’ nuclei. This study is also the first to create a pure hagfish slime 

gland transcriptome, as previous transcriptomes for hagfishes were studied using Inshore hagfish 
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(Eptatretus burgeri) leukocytes and another using a combination of Pacific hagfish (Eptatretus 

stoutii) slime gland/gill tissues (Suzuki et al., 2004; Herr et al., 2014). We also provide further 

evidence that refilling of the slime glands is likely a batch process, and that 

production/development of the slime cells is likely arrested in full slime glands. Future hagfish 

slime gland transcriptomics studies could aid in elucidating how these specialized structures 

evolved, and what other structures they share homology with. Future hagfish slime gland 

transcriptomics studies could even compare expression between different hagfish species’ slime 

glands, hagfishes’ skin, lamprey skin and other species to elucidate how these specialized 

structures evolved. 
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6.0 General Discussion 

This thesis has provided novel insight into the timing and process of hagfish slime gland refilling 

by characterizing the exudate composition, cellular mechanisms, and differential expression of the 

genes involved in this phenomenon. This work fills a gap in our knowledge pertaining to where in 

the slime gland the two main cell types, the gland thread cells and gland mucous cells, arise and 

how these slime cells are replenished after a sliming event. It also expands our understanding of a 

third, undescribed cell type, the gland interstitial cells, and suggests a possible functional role for 

these cells. In the following sections, I will discuss the major findings of each chapter of this thesis, 

and bring all this information together into a comprehensive review of what is now known about 

hagfish slime gland emptying and refilling. Finally, I will evaluate the methodologies used in my 

studies, and propose some directions for future work.    

6.1 Major findings 

Chapter 2 (“Emptying and refilling of slime glands in Atlantic (Myxine glutinosa) and Pacific 

(Eptatretus stoutii) hagfishes”) illustrates that slime gland refilling in both Atlantic and Pacific 

hagfishes takes approximately 3-4 weeks for complete refilling. Full Pacific hagfish slime glands 

require about 7-8 electro-stimulations to exhaust them, and about 50% of the slime gland volume 

is released during the first two stimulations of the gland. This chapter also provides a quantitative 

analysis of how the composition of the slime exudate changes during emptying and refilling of the 

Pacific hagfish slime gland, demonstrating that thread skein size does not change with each 

stimulation of a full slime gland, but refilling slime glands release increased numbers of smaller 

sized thread skeins during early refilling (7-14 days post sliming). Finally, histological cross-
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sections of exhausted and full slime glands demonstrate that a small percentage of slime cells are 

always retained in the gland even after the gland has been exhausted via electro-stimulation. 

 Chapter 3 (“Cellular mechanisms of slime gland refilling in Pacific hagfish (Eptatretus 

stoutii)”) expands on our knowledge of slime gland refilling by examining histological cross-

sections of refilling slime glands, and proposes a model for how the slime glands replenish their 

slime cells. This chapter also demonstrates that proliferative cells are found among the epithelial 

cells in the epithelial lining inside of the slime gland. These proliferative cells likely represent a 

population of undifferentiated cells that give rise to the gland thread cells and gland mucous cells 

within the slime gland. An analysis of gland thread cell size and distribution within the gland 

during refilling revealed that smaller gland thread cells tend to be found near the edge of the slime 

gland, while larger gland thread cells tend to be found closer to the center of the slime gland. Gland 

thread cells also appear to undergo most of their growth near the edge of the slime gland, but are 

pushed towards the center of the gland by the production of new cells beneath them. 

 Chapter 4 (“Discovery of a third abundant cell type in the hagfish slime gland – gland 

interstitial cells”) combines the work of myself and two past students in the lab to describe a 

relatively unknown cell type in the gland, which we named “gland interstitial cells”. Gland 

interstitial cells are thin, sheet-like cells that wrap around gland thread cells and gland mucous 

cells and are found in the interstitial spaces between the developing slime cells. These tiny cells 

outnumber the gland thread cells and gland mucous cells within the slime gland. The intracellular 

structure of gland interstitial cells includes: (1) a large, prominent nucleus, (2) an extensive 

microtubule network and (3) a high number of membrane-bound vesicles. Transmission electron 

microscopy (TEM) images of these cells revealed the fusion of vesicles between the gland 
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interstitial cells and other slime cells in the gland. Their close association with the other slime 

cells, as well as their intracellular structure, lead us to propose that gland interstitial cells function 

as nurse cells within the slime gland, metabolically supporting the development of the gland thread 

cells and gland mucous cells. 

 Finally, Chapter 5 (“Differential gene expression in refilling Pacific hagfish (Eptatretus 

stoutii) slime glands”) provides new information on the differential expression of genes in slime 

glands early in the refilling cycle (2 days post sliming). This study is the first to assemble a 

transcriptome using purely hagfish slime gland tissue, as previous studies have assembled 

transcriptomes using a mix of tissues (e.g. slime gland and gill combined). This chapter provides 

evidence that genes involved in cellular respiration, glycolysis, and metabolism are upregulated 

early in refilling, which is likely related to the production of new slime cells. Genes involved in 

preventing or arresting cell development were also expressed in full slime glands, indicating that 

slime gland refilling is likely not a continuous process. However, the insights in this chapter are 

limited, as the data is from a single individual, and the expression of genes has not been confirmed 

with either qPCR or additional proteomics work.                    

6.2 Emptying of hagfish slime glands 

When the slime gland is stimulated, either by an attack from a predator or by electro-stimulation 

in the lab, the striated muscle layer around the slime gland (the musculus decussatus) contracts 

and forces the gland thread cells and gland mucous cells out of the slime gland through the narrow 

gland pore (Downing et al., 1981a, b). The gland thread cells each release a single, coiled 

proteinaceous thread skein, while each gland mucous cell releases thousands of tiny mucin vesicles 

(Downing et al., 1981a, b). The slime exudate, composed of the thread and mucin components, 
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interacts with the surrounding seawater to form an ultra-dilute defensive slime which clogs the 

gills of an attacking predator (Fudge et al., 2005; Lim et al., 2006).  The exudate is released only 

from the glands that are stimulated, which likely aids in conserving their defensive slime and 

reduces the risk that they will be vulnerable to subsequent attacks (Lim et al., 2006; Zintzen et al., 

2011). 

 A full Pacific hagfish slime gland releases ~50% of its total exudate volume in the first two 

electro-stimulations of the gland (Schorno et al., 2018a [Chapter 2]). With each successive 

stimulation of the slime gland, the amount of exudate released decreases, and the mucin vesicle to 

thread skein ratio also decreases. Full Pacific hagfish slime glands have been shown to consistently 

release large thread skeins (~50x103 µm3) in their exudate (Schorno et al., 2018a [Chapter 2]), 

which raises the questions of how smaller slime cells are retained in the gland during emptying, 

and from where in the slime gland the larger slime cells are released. Slime glands have been 

shown to retain a small percentage of slime cells, potentially as a means of kick-starting the 

refilling cycle, whereby the cells that are retained continue to grow while waiting for new slime 

cells to be produced. Exhausted slime glands, and those early in the refilling cycle, also are 

sometimes devoid of gland thread cells in the centre of the slime gland, with the centre occupied 

by only gland mucous cells (Schorno et al., 2018b [Chapter 3]). This suggests that the larger skeins 

may be released from gland thread cells found closest to the centre of the slime gland.  

It has previously been hypothesized that the gland interstitial cells may be aiding in the 

mechanical restraint of under-developed slime cells in the gland (Schorno et al., in prep [Chapter 

4]). I propose that the gland interstitial cells are acting as nurse cells for the gland thread cells and 

gland mucous cells within the slime gland, providing metabolic support for the slime cells. It is 
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possible that the adhesion between the gland interstitial cells and the other slime cells decreases as 

the slime cells are pushed closer to the centre of the slime gland, to the point where their association 

with the slime cells becomes so weakened that they are no longer able to restrain their neighbouring 

slime cells during emptying of the slime gland (Schorno et al., in prep [Chapter 4]). Another 

possible mechanism for slime cell retention may involve limitations in contraction of the muscle 

layer, and release of certain cells into the exudate is just a consequence of where they are located 

within the gland in relation to the slime gland pore. More work needs to be conducted studying the 

contractile ability of the musculus decussatus and the possible function of the gland interstitial 

cells. 

The extent to which the surrounding body musculature (the musculus obliquus) is involved 

with ejection of the slime exudate is currently unknown. My examination of histological cross-

sections of exhausted and full slime glands suggests that to achieve the dramatic change in size of 

the slime gland during exhaustion, the musculus decussatus would have to contract more than 10% 

of its total length (~40%), which is unusual for striated muscle (Rassier et al., 2003; Peterson et 

al., 2004; Herzog et al., 2008). The involvement of the musculus obliquus in ejection of the slime 

exudate is also consistent with my personal observations in the lab, where upon application of an 

electro-stimulation to the slime gland, contraction of the body musculature is noticeable. Physical 

stimulation versus electro-stimulation of the slime gland may also play a role in how much slime 

exudate is forced out of the gland. Physical stimulation of the slime glands with a shark-tooth 

guillotine (Boggett et al., 2017) has been shown to squeeze exudate out of the slime glands of a 

euthanized hagfish (Sarah Boggett, personal communication, 2017), thus a predator’s bite may 



 

 

122 

 

force larger quantities of the exudate out of the slime gland compared to electro-stimulation of the 

musculature alone.  

It is unlikely that a hagfish in the wild would ever be completely without a slime defense 

to protect them from predators. Hagfishes appear to have a few mechanisms for conserving their 

defensive slime stores, including only locally releasing their slime, and often living in burrows or 

rocky crevices in the deep ocean where the risk of predation is lower (Martini, 1998; Lim et al., 

2006; Zintzen et al., 2011). The slime glands can release multiple boluses of slime exudate via 

electro-stimulation in the lab (requiring up to 8 stimulations in quick succession to exhaust them), 

but it is not clear whether physical stimulation of the glands (via action of a predator’s tooth) would 

deplete the slime glands with fewer stimulations. However, it is important to keep in mind that 

sliming is not a whole-body response (Lim et al., 2006; Zintzen et al., 2011), meaning that unless 

a hagfish was attacked over their entire body in quick succession, it is unlikely they will ever be 

completely devoid of slime. Multiple attacks from a predator in quick succession is generally not 

the case, as predators usually swim off with a mouthful of slime to clear their gills after the first 

attack (Zintzen et al., 2011). A hagfish would likely need to be attacked up to eight times in quick 

succession to be completely emptied of its slime stores, but personal observations have shown that 

even 24-hours later, the slime glands can release a tiny bolus of exudate. However, to release 

maximal amounts of slime exudate, the slime glands would need to remain unstimulated for up to 

24 days (Schorno et al., 2018a [Chapter 2]).  

In Chapter 2, I showed that Atlantic and Pacific hagfish slime glands were both refilled by 

24-28 days post sliming. While Atlantic hagfish have a larger number of slime glands (97 pairs) 

compared to Pacific hagfish (79 pairs), their slime glands are generally smaller on average as is 



 

 

123 

 

evident by the total volume of exudate they can release (Fernholm, 1998; Schorno et al., 2018a 

[Chapter 2]). Thus, the Pacific hagfish slime glands were refilling a larger volume of slime exudate 

compared to the Atlantic hagfishes in the same amount of time (Schorno et al., 2018a [Chapter 2]). 

Predation pressures may have contributed to differences in the number and size of the slime glands 

among species (Fernholm, 1998). Atlantic hagfishes generally live in burrows in the ocean floor, 

whereas Pacific hagfish typically live in rock crevices (Martini, 1998), and so Pacific hagfish are 

potentially preyed upon more frequently than Atlantic hagfish. The larger slime glands of Pacific 

hagfish appear to be refilling at a faster rate than the smaller Atlantic slime glands, and likely 

produce more defensive slime in a single stimulation, thus maximizing the potential to ward off a 

predator.            

6.3 Refilling of hagfish slime glands 

While mucous production generally has low metabolic costs for species (negligible - 4% of total 

energy budget) (Branch, 1981; Wright and Hartnoll, 1981), the production of protein-rich products 

(especially the complicated, coiled structures of gland thread cells) is expected to be metabolically 

taxing. The gland thread cells were shown to be the slower growing of the two main slime cells, 

and appeared to be the limiting factor in refilling of the slime gland (Schorno et al., 2018b [Chapter 

3]). Refilling of the slime gland is also likely a batch process, where rather than continuously 

producing new slime cells and apoptosing old slime cells, the slime gland arrests production, 

growth and maturation of its slime cells once the gland is full. Refilling of the slime gland may be 

triggered by the stimulation of the supramedullary cells innervating the slime gland (Mola and 

Coughi 2004; Funakoshi et al., 1998; Zaccone et al., 2015), which causes contraction of the 

musculus decussatus in conjunction with the release of slime cells.   
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    Upon emptying of the slime gland, genes involved with metabolism, glycolysis and 

cellular respiration (e.g. fructose 6-phosphate metabolism, mitochondrial inner membrane, 

glucose-6-phosphatase activity, and NADP binding) are upregulated to increase the energy 

production and metabolism of the slime glands (Schorno et al., in prep [Chapter 5]). Genes 

associated with vesicle-mediated transport, transcription/translation of proteins, and RNA/DNA 

binding are also upregulated, potentially as a means of increasing the production and shuttling of 

protein-rich building-blocks for production of intermediate filaments, microtubules and 

glycoproteins within the slime gland (Schorno et al., in prep [Chapter 5]). Increased metabolic 

activity and shuttling of protein-rich building blocks are likely required to produce new slime cells, 

and to restart the growth and development of intermediately developed slime cells in the gland.  

 New slime cells (gland thread cells and gland mucous cells) are produced from a population 

of proliferative cells within the epithelial lining of the slime gland (Schorno et al., 2018b [Chapter 

3]). By 7 days post sliming, these new cells are seen within histological cross-sections of the slime 

gland near the epithelial lining. Slime cells appear to undergo most of their growth at the edge of 

the slime gland, splitting the epithelial lining as they grow, dragging a thin layer of epithelial cells 

with them. I propose that the epithelial cells that end up on the luminal side of the growing slime 

cells differentiate into gland interstitial cells, while the cells on the basal side remain part of the 

epithelial lining (Schorno et al., in prep [Chapter 4]). These gland interstitial cells are found within 

the interstitial spaces between the gland thread cells and gland mucous cells, wrapping around 

neighbouring slime cells. Anywhere from one to five or more gland interstitial cells can be 

associated with a single gland thread cell or gland mucous cell. The gland interstitial cells appear 

to be acting as nurse cells for the gland thread cells and gland mucous cells within the slime gland, 
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supplying the developing slime cells with nutrients they access from the vasculature in the gland 

capsule and shuttling wastes away from the slime cells out of the slime gland (Schorno et al., in 

prep [Chapter 4]).  

 Slime cells are pushed towards the gland lumen by the production of new cells below them 

and continue their growth and development as they pass through the gland towards its centre. Slime 

cells that were retained in the slime gland after it was exhausted continue their growth after the 

slime gland is stimulated and are pushed towards the “release zone” of the slime gland in this same 

manner. The composition of the slime exudate likely changes depending on the size of the slime 

cells present in the “release zone” at the time of ejection (Schorno et al., 2018a [Chapter 2]). While 

a gland thread cell releases only one thread skein regardless of its size, the size of a gland mucous 

cell likely determines how many mucin vesicles can be released.  

 Refilling of the slime glands proceeds for three to four weeks (Schorno et al., 2018a 

[Chapter 2]). Once a slime gland senses it is full, possibly in response to the stretching of the 

musculus decussatus or an increase in pressure within the gland, it appears to inhibit the production 

of new cells and arrests the growth and development of the slime cells currently in the gland. Genes 

involved in arresting cell production and development are expressed (anti-proliferative protein, 

cyclin-dependent kinase inhibitor 1 and BTG1 protein family) in the full slime glands likely as a 

means of regulating the cell cycle progression and preventing proliferation of new slime cells 

(Schorno et al., in prep [Chapter 5]). Slime cells remain frozen in various stages of their 

development within the full slime gland, which is why smaller sized slime cells can be seen in 

cross-sections through full slime glands (Schorno et al., 2018a [Chapter 2]; Schorno et al., 2018b 

[Chapter 3]). 
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6.4 Statement of significance 

Understanding more about how the slime glands refill and produce new cells may provide new 

insights into how the slime cells produce their respective components. Gland thread cells provide 

a unique model for studying the production of protein-based fibres, while gland mucous cells may 

offer insights into the production of novel hydrogels that effectively entrap water. There has 

already been a lot of interest in using hagfish slime as a biomimetic model for producing 

renewable, protein-based textiles and hydrogels (Fudge et al., 2003; Fudge et al., 2010; Böcker et 

al., 2015; Böni et al., 2016), and as our society begins to move away from petroleum-based textiles 

and hydrogels into renewable, protein-based versions of products, this research field will only 

become more relevant.  

Future transcriptomics studies of these species could shed light on how and when the slime 

glands themselves evolved, and whether other epidermal structures (e.g. epidermal thread cells) 

were co-opted to create these unique structures. The phylogenetic relationship between the hagfish 

gland thread cells, and other species’ epidermally derived filament-producing cells, such as the 

lamprey club cells (Pfeiffer and Pletcher, 1964; Downing and Novales, 1971; Lane and Whitear, 

1979), could also be elucidated by comparing the genetic similarities and differences of these cell 

types.  

6.5 Evaluation of methodologies 

The use of mild electro-stimulation (18 V or less) to stimulate holocrine secretion of the hagfish 

slime gland has been widely used to collect slime exudate for compositional, biochemical and 

functional studies of the defensive slime (Ferry, 1941; Downing et al., 1981a, b; Fudge et al., 

2003). Electro-stimulation of the slime glands allows for individual glands to be stimulated, 
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allowing for studies on refilling and individual variation among the slime glands. However, there 

are several potential limitations to this technique. First, repeated electro-stimulation of the slime 

gland may cause damage to, or artificially exhaust, the gland musculature (the musculus 

decussatus), impairing future contractility of the muscle layer and emptying of the slime gland. 

Repeated electro-stimulation of striated muscle has been shown to cause changes to the muscle at 

the molecular level, such as a decrease in Ca2+-dependent ATPase and of Ca2+ transport (Heilmann 

and Pette, 1979; Pette and Vrbová, 1992). Additionally, electro-stimulation of the slime gland does 

not represent a natural mode of stimulation, as they are only physically stimulated by the bite of a 

predator in nature. As mentioned previously, physical stimulation of the slime gland (such as by 

the bite of a predator) may force out more slime than electro-stimulation of the slime gland. Future 

studies may want to consider physically stimulating (such as by pinching with tweezers) the slime 

glands of a non-anaesthetized hagfish until the glands are exhausted and seeing how physical 

stimulation of the slime gland affects how they refill. 

  Removal of the slime glands from the body musculature (the musculus obliquus) allowed 

for measurements of the slime gland diameter, which in turn were used to accurately section to the 

center of each slime gland for histological examination of the gland contents. However, removal 

of the delicate slime glands from the body musculature may have altered the shape of the glands. 

The slime gland tissue is easily torn, and the slime cells within the glands may be easily disturbed. 

Removing the slime glands from the musculus obliquus may have shifted the distribution of slime 

cells within the glands, contributing to variability in where certain sized slime cells are found 

within refilling slime glands. Additionally, removal from the body musculature does not allow us 

to make inferences about the role of the musculus obliquus in ejection of exudate from the gland. 
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Histological analysis of refilling slime glands, still embedded in the body musculature, could help 

answer some of our questions about the role of the musculus decussatus and the musculus obliquus 

in ejection of the slime exudate.  

 The use of proliferating cell nuclear antigen (PCNA) to highlight the area of proliferation 

within the slime gland successfully showed that proliferative cells are found within the epithelial 

lining of the slime gland, but not near the slime gland pore or within the slime gland interior. While 

the use of PCNA can highlight the location of proliferative cells, it cannot confirm or track the 

production of slime cells from the population of proliferative cells in the epithelial lining of the 

slime gland. PCNA only marks cells in S-phase (DNA synthesis phase) of the cell cycle (Mathews 

et al., 1984; Prelich et al., 1987) and does not allow for tracking cell development or transit time 

within the gland.  

 Finally, while our differential gene expression analyses provide evidence for gene level 

changes in expression between refilling (2 days post sliming) and full (unstimulated) slime glands, 

this may not translate into protein level changes within the slime glands. Additionally, without a 

sequenced hagfish genome, it is difficult to draw concrete conclusions about the potential structure 

or function of the genes that are differentially expressed in the refilling (2 days post sliming) and 

full (unstimulated) slime glands. Although many genes have conserved functions or structure 

among vertebrates, with no genome to map onto it is difficult to conclude whether the hagfish 

sequences function the same way as those from other organisms to which they were compared in 

online databases. 
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6.6 Future directions 

This thesis focused on how the composition of the exudate, distribution of slime cells, and 

differential gene expressions of slime glands changed during refilling, but leaves many questions 

open for future studies. In Chapter 2, I alluded to whether the composition of the exudate has 

implications for the functionality of the defensive slime. I proposed that early in refilling, hagfishes 

release increased numbers of small-sized thread skeins as a means of conserving functionality of 

the defensive slime (Schorno et al., 2018a [Chapter 2]). To test this hypothesis, removable mass 

experiments or rheological investigations of the slime could be conducted to determine how 

changing the concentrations of the two slime components (thread skeins and mucin vesicles) or 

morphometrics of the thread skeins affects the functionality of the slime (Lim et al., 2006; Ewoldt 

et al., 2011).  

 The contractile ability of the musculus decussatus is also an interesting future direction 

from this research. The analysis of exhausted and full slime glands seems to indicate that the 

musculus decussatus is potentially contracting approximately 30% of its total length, which is very 

unusual for a striated muscle which usually contracts 10% of its total length or less (Rassier et al., 

2003; Peterson et al., 2004; Herzog et al., 2008). Dissecting out the musculus decussatus from the 

slime gland and removing the collagenous capsule could allow for the creation of an isolated 

muscle preparation for mechanical measurements of the striated muscle layer. This type of 

preparation has been previously used for cardiac and skeletal muscle from trout hearts and mouse 

diaphragms and may be useful for measuring the force of contraction of the slime gland 

musculature (Gillis et al., 2007; Gillis and Klaiman, 2011; Gillis et al., 2015). Future studies could 

also conduct histological analysis of refilling slime glands still embedded in the body musculature, 
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to help answer questions about the role of the musculus decussatus and the musculus obliquus in 

ejection of the slime exudate. 

 Transcriptomic analysis of genes expressed in the slime gland also revealed the presence 

of venom-like proteins. A previous study of bottletail squid slime (Sepiadarium austrinum) 

revealed the expression of similar venom-like proteins, but used a combined proteomic and 

transcriptomic approach, as well as a toxicity exposure assay with brine shrimp (Artemia salina), 

to characterize the potential toxicity of slime (Caruana et al., 2016). It was found that while the 

slime expressed venom- and toxin-like genes (such as those in the allergen V5/Tpx-1-related 

protein family), exposure of the brine shrimp to the slime did not cause an increase in mortality 

(Caruana et al., 2016). They suggested that if a predator consumes the squid’s slime, they may 

release it due to the potentially foul-tasting, irritating, or toxic nature of the slime (Caruana et al., 

2016). While only the gill-clogging mechanism of defense has been confirmed for hagfish slime 

(Lim et al., 2006; Zintzen et al., 2011), the expression of these venom-like genes may be an 

indication that hagfish slime may have a combined physical and chemical mechanism of defense. 

Additional proteomics work, and a similar toxicity assay as described above, may be useful in 

elucidating the potential chemical defensiveness of hagfish slime.   

Lastly, analysis of slime cell production and transit time could also be further examined 

using BrdU or EdU proliferation assays, which allow for pulse-chase experiments for tracking of 

cell lines (Coltrera and Gown, 1991; Buck et al., 2008). Pulse-chase experiments would allow for 

an examination of cellular production over time in the refilling slime glands and could track the 

transit time of the slime cell types. These experiments could be conducted in whole animals 

(regularly injecting them with doses of BrdU or EdU) or could utilize isolated whole slime glands 
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kept viable in cell culture medium, such as studies previously done on whole mammary glands or 

sebaceous glands (Ito et al., 1998; Shackleton et al., 2006).  
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APPENDIX 1.0 – CHAPTER 5 SUPPLEMENTAL MATERIAL 

 

Supplemental material 5.1. NEBNext Index Primer Sequences. Primer tag sequences added 

to samples used to uniquely tag them and create cDNA library preparations.  

Sample Name 

(Species/Days post 

sliming (dps) sample) 

Product Index Primer Sequence Expected Index 

Primer 

Sequence Read 

DP7 

[Pacific hagfish]  

(2 dps Sample 1) 

NEBNext Index 7 

Primer for Illumina 

5´-CAAGCAGAAGACGGCATACGA 

GATGATCTGGTGACTGGAGTTCA 

GACGTGTGCTCTTCCGATC-s-T-3´ 

CAGATC 

DP8  

[Pacific hagfish]  

(2 dps Sample 2) 

NEBNext Index 8 

Primer for Illumina 

5´-CAAGCAGAAGACGGCATACGA 

GATTCAAGTGTGACTGGAGTTCA 

GACGTGTGCTCTTCCGATC-s-T-3´ 

ACTTGA 

DP9 

[Pacific hagfish]  

(2 dps Sample 3) 

NEBNext Index 9 

Primer for Illumina 

5´-CAAGCAGAAGACGGCATACGA 

GATCTGATCGTGACTGGAGTTCA 

GACGTGTGCTCTTCCGATC-s-T-3´ 

GATCAG 

DP10 

[Pacific hagfish]  

(Full Sample 1) 

NEBNext Index 10 

Primer for Illumina 

5´-CAAGCAGAAGACGGCATACGA 

GATAAGCTAGTGACTGGAGTTCA 

GACGTGTGCTCTTCCGATC-s-T-3´ 

TAGCTT 

DP11 

[Pacific hagfish]  

(Full Sample 2) 

NEBNext Index 11 

Primer for Illumina 

5´-CAAGCAGAAGACGGCATACGA 

GATGTAGCCGTGACTGGAGTTCA 

GACGTGTGCTCTTCCGATC-s-T-3´ 

GGCTAC 

DP12 

[Pacific hagfish]  

(Full Sample 3) 

NEBNext Index 12 

Primer for Illumina 

5´-CAAGCAGAAGACGGCATACGA 

GATTACAAGGTGACTGGAGTTCA 

GACGTGTGCTCTTCCGATC-s-T-3´ 

CTTGTA 
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Supplemental material 5.2. “edgeR” R script for analysis of differential gene expression in 

refilling and full Pacific hagfish Trinity assemblies. 

#setwd("~/Dropbox/hagfish/")   

#source("https://bioconductor.org/biocLite.R") 

#biocLite("tximport") 

library(tximport) 

install.packages("readr") 

 

library(readr) 

biocLite("edgeR") 

library(edgeR) 

 

dir <- getwd() 

list.files() 

 

pacsamp<-c("DP7", "DP8", "DP9", "DP10", "DP11", "DP12")  

 

file.path(dir, "mapping",pacsamp, "quant.sf") 

pfiles <- file.path(dir, "mapping",pacsamp, "quant.sf") 

 

names(pfiles) <-pacsamp 

 

##  read in files with tximport*** 

#txi.salmon <- tximport(files, type = "salmon", tx2gene = tx2gene, read = read_tsv) 

 

runEdgeR<-function(salmonquantfiles, groups){ 

  txi.salmon<- tximport(salmonquantfiles, type = "salmon", txOut=T) 

  cts <- txi.salmon$counts 

  print(colSums(cts)) 

    

  keep <- rowSums(cpm(cts)>10.0) >= length(groups) 

  cts<- cts[keep,] 

  dim(cts) 
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  print(colSums(cts)) 

  group <- groups 

  y <- DGEList(counts=cts ,group=group) 

  y <- calcNormFactors(y) 

 

  y<-estimateCommonDisp(y) 

  # TagwiseDisp n-value should be close to: 50/(#samples - #groups) = 50/(6-2) = 50/4 =12.5 

  y <- estimateTagwiseDisp(y, prior.n=12)    

  et<-exactTest(y, pair=c("1","2")) 

  tab<-summary(de <- decideTestsDGE(et, p=0.05, adjust="BH")) 

  n<-tab[1]+tab[3] 

  detags <- rownames(y)[as.logical(de)]    

  plotSmear(et, de.tags=detags, main="DGE Exact Test") 

  abline(h = c(-2, 2), col = "blue") 

  abline(h = c(-4, 4), col = "blue") 

  plotMDS.DGEList(y , main = "MDS Plot for Count Data", labels = colnames(y)) 

plotBCV(y, main="BCV plot") 

meanVarPlot <- plotMeanVar(estimateCommonDisp(y) , show.raw.vars=TRUE, 

                              show.tagwise.vars=TRUE, 

                              show.binned.common.disp.vars=FALSE, 

                              show.ave.raw.vars=FALSE , NBline=TRUE, 

                              nbins=100, 

                              pch=16, 

                              xlab="Mean Expresion (Log10)", 

                              ylab="Variance (Log10)", 

                              main="Mean-Variance Plot") 

#PACIFIC 

par(mfrow=c(2,2)) 

pacDGE<-runEdgeR(pfiles[1:5], c(1,1,1,2,2)) 

nrow(pacDGE) 

pacDGE 
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Supplemental material 5.3. “TransDecoder” Linux script for identifying coding regions 

within nucleotide sequences based on a minimum length open reading frame (ORF) and 

extracting a list of protein sequences. 

mkdir trans_peps 

/opt/TransDecoder-2.0.1/TransDecoder.LongOrfs -t ./10_0.05_files/pos_sel_fas.txt 

cp ./pos_sel.fas.transdecoder_dir/longest_orfs.pep 10_0.05_pos_pep_fas.txt 

mv ./pos_sel.fas.transdecoder_dir/10_0.05_pos_pep_fas.txt trans_peps 

/opt/TransDecoder-2.0.1/TransDecoder.LongOrfs -t ./10_0.05_files/neg_sel_fas.txt 

cp ./neg_sel.fas.transdecoder_dir/longest_orfs.pep 10_0.05_neg_pep_fas.txt 

mv ./pos_sel.fas.transdecoder_dir/10_0.05_neg_pep_fas.txt trans_peps 

 

Supplemental material 5.4. “InterProScan” Linux script scanning protein sequences 

against protein signatures of the InterPro member databases. 

./interproscan.sh -i /hydra/hagfish/161014/Sarah/trans_peps/10_0.05_neg_pep_fas.txt -d ./hagfish2_GO/ -goterms -f 

TSV 

./interproscan.sh -i /hydra/hagfish/161014/Sarah/trans_peps/10_0.05_pos_pep_fas.txt -d ./hagfish2_GO/ -goterms -f 

TSV 

 

Supplemental material 5.5. “BLAST” Linux script scanning protein sequences against the 

transcriptome looking for homologous sequence hits.  

#!/bin/bash 

fasta_query=input_file.fas 

blastout=output.txt 

maxseqs=5 

tblastn -query input_file.fas -db transcriptome/ed_Trinity.fasta -out output.txt -outfmt 6 -max_target_seqs 5 
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Supplemental material 5.6. Summary statistics for differentially expressed genes in Pacific 

hagfish refilling and unstimulated slime gland samples. The average log fold change (logFC), 

log counts per million (logCPM), p-value (significance level) and false discovery rate (FDR) were 

all calculated for genes differentially expressed in refilling glands (2 days post sliming) and 

unstimulated glands (full).  

Sample type Average logFC Average logCPM Average p-value Average FDR 

Refilling 

glands 

-1.26±0.02 6.74±0.15 0.0035±0.0002 0.016±0.0009 

Unstimulated 

glands 

1.97±0.07 6.55±0.09 0.0016±0.0002 0.007±0.0006 
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APPENDIX 2.0 – PERMISSIONS 

 

 


