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ABSTRACT 164 

 The bovine slick mutations result from more than one allele variant causing a 165 

slick hair phenotype and improved thermotolerance to elevated ambient temperatures in 166 

cattle. These mutations result in the truncation of the prolactin receptor (PRLR) by 85-167 

120 amino acids. The objective of this project was to test whether genetically modified 168 

mice with a similar truncated PRLR showed improved thermal tolerance and/or a hair 169 

phenotype. Mice were housed in environmental chambers that increased at 3oC 170 

increments every other day from 22oC until 34oC was reached. During this time feed 171 

disappearance (FD), water disappearance (WD), tail temperature (TT), and nest scores 172 

(NS) were recorded daily. Due to the association between water disappearance and feed 173 

disappearance in rodents fed pelleted diets, water disappearance per unit feed 174 

disappearance (W/F) was calculated.  Female mice had a higher FD at 34oC, WD at 31°C 175 

and 34°C, and W/F ratio at 28°C, 31°C, and 34°C (P<0.05), but no differences were 176 

observed at lower temperatures (P>0.05).  Genotype did not affect FD at 28oC or 31oC or 177 

W/F at 28oC, 31oC or 34oC (P>0.05).  For W/F, mice heterozygous for the mutation 178 

(WT/MUT) and homozygous mutant (MUT/MUT) mice had higher ratios than 179 

homozygous wild type (WT/WT) at 22oC and 25oC (P<0.05).  At 34oC there was a 180 

tendency for WT/WT to have a higher ratio than MUT/MUT.  FD shows a similar trend 181 
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with no differences at 28oC or 31oC.  At 34°C WT/WT (2.43 ± 0.03) yielded a 182 

significantly lower FD compared to WT/MUT (2.55 ± 0.03) and MUT/MUT (2.60 ± 183 

0.05) (P<0.05).  At 22°C WT/WT mice (4.41 ± 0.08) consumed a higher FD than 184 

WT/MUT (4.19 ± 0.06) and MUT/MUT (4.13 ± 0.12) (P<0.05).  Males and females 185 

showed different TT (F= 28.84 ± 0.0.05 vs. M= 29.07 ± 0.06; P<0.05).  WT/MUT mice 186 

had warmer TT than MUT/MUT mice (WT/MUT= 29.07 ± 0.04 vs. MUT/MUT= 28.81 187 

± 0.08; P<0.05).  However, WT/MUT versus WT/WT did not differ (P>0.05). No 188 

differences existed among genotypes at each temperature for NS in females (P>0.05). 189 

Male NS did not differ at 34°C based on genotype; however, WT/MUT and MUT/MUT 190 

had higher NS than WT/WT at lower temperatures.  At three weeks of age, a 1.5 cm x 1.5 191 

cm patch was shaved on the back over the hip region on each mouse.  Visual appraisals 192 

of hair regrowth were monitored daily.  No difference due to genotype was observed 193 

(P<0.05); however, sex had a drastic effect on days to hair regrowth with males taking 194 

less time to show regrowth (P<0.05).  In conclusion, the bovine slick mutation did appear 195 

to improve heat stress responses in mice and introduced a novel phenotype during periods 196 

of cold stress; however, since no hair phenotype was observed these effects must be 197 

acting through another mechanism, not simply due to variation in hair.   198 
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CHAPTER 1: 199 

 200 

INTRODUCTION 201 

Heat stress caused by increased ambient temperatures negatively affects many 202 

livestock industries.  The total economic loss has been estimated to be $1.7 billion US 203 

dollars across all livestock industries when heat abatement strategies are utilized.  The 204 

swine industry constitutes $299 million of the total, beef and dairy industries contribute 205 

$1.26 billion, and poultry adds $128 million (St-Pierre et al., 2003).  Due to this, breeds 206 

with superior heat thermotolerance have been the target of recent research to determine 207 

what causes this thermoregulatory advantage (Littlejohn et al., 2014; Porto-Neto et al., 208 

2018).   209 

In Senepol and Limonero cattle, the bovine slick mutations have been repeatedly 210 

shown to improve thermotolerance to heat in animals possessing at least one mutant 211 

allele (Dikmen et al., 2014, 2008; Littlejohn et al., 2014; Porto-Neto et al., 2018). These 212 

mutations cause a premature stop codon to occur and truncate the long form of the PRLR 213 

by 85 to 120 amino acids, thus removing two of the seven tyrosines involved in PRLR 214 

signaling in cattle (Littlejohn et al., 2014; Porto-Neto et al., 2018).  Previously, the 215 

additional thermal benefits were thought to be as a result of the variation in coat length 216 

and thickness in slick cattle; however, due to the wide array of functions that prolactin 217 

possesses (Bole-Feysot et al., 1998), it is reasonable to hypothesize that the result of this 218 

improved thermal tolerance could be a result of something besides hair coat.  219 

 Through recent advances in genome editing technology, it is possible to 220 

introduce similar mutations into other species. Due to their short generation interval, low 221 
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cost, and the option of utilizing inbred strains (Arends et al., 2018), mice are commonly 222 

used in pilot studies before trials in other species or even humans. Additionally, the long 223 

form of the mouse PRLR has been shown to be present in the outer root sheath in mouse 224 

hair follicles. When the PRLR is knocked out in mice, the days to new hair growth 225 

significantly decreased for both males and females (Craven et al., 2001), suggesting 226 

PRLR plays a role in hair growth of mice just as it does in cattle.   227 

Therefore, by heat stressing and analyzing hair regrowth in mice with a mutation 228 

that mimics the bovine slick mutation, we can begin to determine if this mutation can 229 

provide additional thermal benefits to other species and if a hair phenotype is present, as 230 

seen in slick cattle. This would ultimately allow us to conclude if the region associated 231 

with the slick mutation in cattle impacts mice in a similar fashion and provide a stepping 232 

point to incorporate this mutation into other species plagued by heat stress.     233 
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CHAPTER 2 234 

 235 

LITERATURE REVIEW 236 

 237 

INTRODUCTION: 238 

Heat stress caused by increased ambient temperatures negatively affects many 239 

livestock industries.  The total economic loss is estimated to be $1.7 billion across all 240 

animal species when heat abatement strategies are utilized.  The swine industry 241 

constitutes $299 million of the total, beef and dairy industries contribute $1.26 billion, 242 

and poultry adds $128 million (St-Pierre et al., 2003).  Further tactics are required to 243 

continue to lessen the burden associated with heat stress.   244 

It is well documented that the bovine slick mutations provide superior 245 

thermotolerance to those animals with the mutation compared to their wild type (WT) 246 

counterparts.  It is unclear whether the same mutation could bestow similar effects on 247 

other species.  This chapter reviews the present literature on the use of mice as a model 248 

for livestock species, prolactin (PRL) signaling, the bovine slick mutation, and mouse 249 

thermoregulation.  250 

 251 

MICE AS A MODEL SPECIES: 252 

 When designing research trials, cost is generally of concern.  Due to this, rodent 253 

models are common for the initial trials of both human and livestock research.  Mice are 254 

easier to handle, require less space, have a short generation interval, and are overall less 255 
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costly to maintain than livestock herds.  These factors alone make mouse models valuable 256 

tools for the progression of knowledge.  257 

Whole genome sequences are available for many species including cattle, swine, 258 

and sheep (Zerbino et al., 2017). This information allows researchers to understand the 259 

function of individual genes and/or gene interactions and for breed improvement through 260 

single gene selection or genomic selection.  One of the most well characterized genomes 261 

is the mouse.  Mice share anywhere between 92% and 95% of protein coding genes with 262 

cattle (Elsik et al., 2009), pigs (Humphray et al., 2007), and sheep (Iannuzzi et al., 1999).  263 

This is of importance when considering translational research such as the introgression of 264 

mutations naturally occurring in one species to another.  265 

Another advantage to using mice is the option of using inbred strains to limit genetic 266 

variation.  Classical inbred strains, such as the C57BL/6, were produced after 20 or more 267 

consecutive brother-sister matings (Green et al., 1963).  Therefore, inbred lines reduce 268 

the genome to one allele variant per locus (Arends et al., 2018), eliminating genetic 269 

variation within the line.  When investigating the effects of a genetic modification, 270 

minimal genetic diversity is desirable.  For example, if an edited animal displays a 271 

phenotype not that of the wildtype, the variation can most likely be attributed to the edit 272 

considering the remaining genome should be identical.  Lastly, by minimizing variation 273 

within a group of animals, the number of animals necessary for a given experiment will 274 

be reduced when compared to those with varying genetics, which is often the case in 275 

livestock species. 276 

With this being said, there is no true way to know how a genetic modification, 277 

environmental stressor, or other experimental challenge will impact a livestock species 278 
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unless tested on that species specifically.  When comparing livestock and mice there are 279 

varying anatomical, endocrine, and physiological differences that should be considered.  280 

These differences can impact behavior, fertility and productivity (Arends et al., 2018).  281 

Despite these downsides, mice remain a suitable subject for pilot studies prior to 282 

progressing to trials in larger species and/or humans.  283 

 284 

PROLACTIN RECEPTOR: 285 

Prolactin Receptor: 286 

 The prolactin receptor (PRLR) belongs to the class 1 cytokine superfamily of 287 

receptors (Kelly et al., 1991) and consists of three main domains: extracellular, 288 

transmembrane and intracellular.  The extracellular domain is fairly conserved across 289 

species and across different cytokine receptors.  This domain consists of approximately 290 

200 amino acids and is often called the cytokine receptor homology region (Wells and de 291 

Vos, 1996).  This region is further divided into two areas: D1 and D2 (Kelly et al., 1991).  292 

These regions help to drive ligand interactions as they are fibronectin type III modules 293 

(Wells and de Vos, 1996).  Fibronectin is a cell adhesion molecule, and the type III 294 

domain in this receptor is thought to aid in ligand interaction (Kelly et al., 1991).  295 

Furthermore, there are two highly conserved structures in the ECD: two separate pairs of 296 

disulfide linked cysteines in the N-terminal region of D1 and a pentapeptide referred to as 297 

the WS motif.  The WS motif is located in the membrane proximal region of the C-298 

terminal region of D2 (Bole-Feysot et al., 1998).  It is thought that the WS motif is 299 

necessary for correct folding and cellular trafficking (Goffin and Kelly, 1997).  300 

The next segment of the receptor is the transmembrane domain. This domain is a 24 301 
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amino acid, single pass transmembrane chain. How this region is incorporated in 302 

signaling or receptor activity remains unknown (Bole-Feysot et al., 1998).  Lastly, the 303 

intracellular domain has two quite conserved regions referred to as box 1 and box 2.  Box 304 

1 is in the membrane proximal region of the intracellular domain and is made of eight 305 

enriched proline residues.  Current research suggests that this region has a folding 306 

sequence that is recognized by signal transducers.  Box 2 consists of hydrophobic amino 307 

acids followed by negatively charged regions, then positively charged residues (Kelly et 308 

al., 1991).  309 

Prolactin Receptor Isoforms: 310 

 The PRLR is capable of being produced in varying isoforms that differ in the 311 

length and sequence of their cytoplasmic tail.  This is accomplished through alternative 312 

splicing of the primary transcript producing short, intermediate, or long forms of the 313 

receptor depending on the species.  In all PRLR types, the extracellular domain is 314 

identical and the transmembrane domain remains similar (Goffin and Kelly, 1997).  The 315 

main differences derive from the intracellular portion where box 2 is not present in the 316 

short isoforms of the receptor (Kelly et al., 1991). 317 

In mice, one long and three short isoforms of the receptor have been identified 318 

(Clarke and Linzer, 1993; Davis and Linzer, 1989).  Davis and Linzer discovered that in 319 

the mouse liver, there are three definitive murine PRLR which are now known as the 320 

short forms of the receptor.  These receptors are indistinguishable when comparing their 321 

extracellular, transmembrane, membrane proximal cytoplasmic domains, and a 27 amino 322 

acid sequence in the cytoplasmic domain.  The variation derives from unique sequences 323 

of 23 (PRLRS1), 12 (PRLRS2), or 30 (PRLRS3) amino acids in the carboxy-terminal 324 
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region (Davis and Linzer, 1989).  Shortly after this finding, the only known long form of 325 

the PRLR in mice was discovered in the ovary (PRLRL) (Clarke and Linzer, 1993).  326 

In cattle, there are also two forms of the PRLR: one long form (lPRLR) and one 327 

short form (sPRLR) (Schuler et al., 1997).  Both long and short ovine PRLR cDNAs have 328 

been identified, which aided in the discovery of bovine PRLR due to their similar 329 

sequences.  The short form is formed through alternative splicing when a 39 base insert at 330 

the beginning of the cytoplasmic domain causes two inframe stop codons (Bignon et al., 331 

1997).  There are a few known mutations that will impact the lPRLR in cattle. The major 332 

mutations being the slick mutations which cause truncations of the cytoplasmic domain 333 

(Littlejohn et al., 2014; Porto-Neto et al., 2018).   334 

The main difference between the species is that in bovine sPRLR and mouse 335 

PRLRS1, there is only one tyrosine residue in the cytoplasmic domain.  Whereas murine 336 

PRLRS2 and PRLRS3 have three tyrosine residues (Schuler et al., 1997).  Moreover, the 337 

number of tyrosines in the long forms of their receptors vary: bovine contain seven 338 

tyrosine sites (Schuler et al., 1997) and mice are known to have eight (Clarke and Linzer, 339 

1993).  Despite these differences, all long and short forms of the bovine and murine 340 

PRLR maintain the box 1 region, which has been identified as imperative for JAK2 341 

activation, although the function of the short form has not entirely been elucidated in 342 

cattle (Schuler et al., 1997).  343 

Prolactin Signaling:  344 

 The first step in the signaling cascade triggered by PRL is ligand induced 345 

activation occurring through homodimerization of the receptor.  When PRL is bound to 346 

only one receptor binding site in the extracellular domain of the PRLR, the complex is 347 
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inactive.  However, when PRL binds a second PRLR at site two, the homodimerization 348 

allows for signal transduction to initiate (Goffin and Kelly, 1997).  349 

The next step in eliciting an effect from PRL involves the Janus Kinase (JAK) 350 

family.  The cytoplasmic region of the PRLR cytoplasmic tail lacks intrinsic enzymatic 351 

activity; however, it is known that ligand binding to the PRLR results in tyrosine 352 

phosphorylation of JAK2.  JAK2 is one of the four known members of the JAK family: 353 

JAK1, JAK2, JAK3, and Tyk2.  JAK2 is constitutively associated to the PRLR.  JAK2 354 

associates in the membrane-proximal-cytoplasmic region, specifically box 1, allowing for 355 

the short isoform of the receptor to still generate physiological effects, though few are 356 

known (Goffin and Kelly, 1997).  Box 1 contains a Src homology 3 (SH3) domain that is 357 

believed to aid in the association of the PRLR and JAK2, through an undefined 358 

mechanism (Bole-Feysot et al., 1998).  SH3 domains are known to control protein 359 

interactions in regions where proline rich motifs are present, such as box 1 (Ren et al., 360 

1993).  361 

Although not yet elucidated, the current hypothesis behind the phosphorylation of 362 

both JAK2 kinases relies on ligand-induced homodimerization bringing the two kinases 363 

in closer proximity to one another.  This would provide for the opportunity for cross-364 

phosphorylation of the tyrosine residues on each kinase (Finidori and Kelly, 1995).  Once 365 

the JAK is phosphorylated it allows for phosphorylation of tyrosine residues on the 366 

receptor itself. Unlike the long and intermediate forms of the PRLR, the short PRLR does 367 

not undergo tyrosine phosphorylation, although it contains tyrosine residues in the 368 

cytoplasmic domain (Bole-Feysot et al., 1998). 369 

Signal Transducer and Activator of Transcription (Stat) proteins are imperative for 370 
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the PRL signaling cascade.  Stat proteins contain five conserved domains: DNA binding 371 

domain, SH2 (SRC homology) domain, SH3-like domain, ubiquitous tyrosine, and C-372 

terminal transactivating domain.  Different forms of the Stat protein family are tied to 373 

PRLR signaling: Stat1, Stat3, and Stat5.  Stat5 is the most commonly associated with 374 

PRL signaling due to its signaling role in mammary glands (Hennighausen et al., 1997).  375 

When unphosphorylated, Stats remain in the cytosol; however, when a receptor is 376 

activated by ligand binding, the phosphorylated sites on the JAK molecules become sites 377 

for Stat SH2 domain binding.  This causes Stat phosphorylation and shortly after, Stat 378 

dissociation from JAK2.  In order to enter the nucleus, Stat proteins must homodimerize 379 

or heterodimerize though the SH2 domain of one Stat interacting with the 380 

phosphotyrosine of the other Stat.  From this point, the dimerized Stat proteins travel to 381 

the nucleus where they activate regions in promotors (Goffin and Kelly, 1997).  382 

Prolactin’s Role in Hair Growth: 383 

Prolactin in many species has been shown to have some degree of effect on hair 384 

growth, especially species with seasonal cycles of pelage replacement in hair, such as 385 

sheep and goats (Celi et al., 2003; Nixon et al., 2002).  Hair follicles are unique structures 386 

in the body regarding their continuous cycle of growth and regression.  As with any 387 

cyclic process there are various stages of hair growth and development.  The active 388 

growth portion of the hair cycle is referred to as anagen.  Anagen is defined by hair shaft 389 

elongation, melanogenesis, and by keratinocyte proliferation.  Catagen, the stage of 390 

follicular regression, is where apoptosis and terminal differentiation occur.  This stage 391 

ultimately places the hair and follicle in a resting state known as telogen.  The final stage 392 

is the shedding of the hair shaft and is referred to as exogen (Foitzik et al., 2003).  393 
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Previous research in a variety of species has indicated the PRL levels impact seasonal 394 

hair cycles by inducing both catagen and proanagen (Nixon et al., 2002; Pearson et al., 395 

1996).  396 

Prolactin affects seasonally dependent hair growth and pelage replacement.  397 

Seasonal changes in photoperiod, which impact circulating PRL levels, regulate the 398 

secondary fiber shedding of young cashmere bearing goats.  In cashmere goats, molting 399 

generally occurs shortly after the winter solstice when photoperiod begins to increase.  400 

Prolactin levels also alter fiber growth and the beginning of fiber shedding in these goats.  401 

In a trial to clarify the link between PRL and hair growth in cashmere goats, circulating 402 

PRL was low from November to February and higher in March and April. The molt score 403 

recorded for this trial was positively associated with PRL levels, suggesting its role in the 404 

molting process (Celi et al., 2003).  405 

Seasonal variation in PRL levels is well characterized in regard to its role in 406 

seasonal hair growth, but information on the PRLR’s role in the process is less robust. In 407 

sheep, short day lengths suppress circulating PRL levels and long days trigger a severe 408 

rise in serum prolactin levels (Nixon et al., 2002; Pearson et al., 1996).  During the wool 409 

follicle cycle, PRL appears to alter expression of the PRLR gene. When inducing wool 410 

growth, there was a decrease in PRLR mRNA with the rise in PRL suggesting receptor 411 

down regulation as a result of increasing PRL, thus reducing the signaling capabilities. 412 

During telogen and proanagen, PRLR mRNA levels were markedly higher, potentially 413 

causing germ cells of the hair to proliferate and form the inner root sheath and the hair 414 

fiber itself.  Anagen was characterized as having low PRLR expression potentially due to  415 

the wool follicle already having been established at this time (Nixon et al., 2002).   416 
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In mice, synchronized waves of hair replacement, called molting, are not seasonal in 417 

contrast to the goats and sheep discussed previously.  Molts initiate at the belly and then 418 

spread over the back as they progress towards the tail.  The first molt begins at 22-28 419 

days of age, and this allows for production of the next generation of hair (Craven et al., 420 

2001).   421 

The next study will discuss trials performed using null PRLR knockout (KO) 422 

129SV mice. The KO targeted exon 5, in the extracellular domain.  This exon, along with 423 

exon 4, contains a cytosine residue which is imperative for ligand binding and receptor 424 

activation (Ormandy et al., 1997).  Using RT-PCR it was discovered that skin samples 425 

holding anagen hair follicles, contain transcripts for PRLRS2, PRLRS3, and PRLRL.  426 

PRLRL was the most predominately expressed receptor in the samples.  PRLRL was most 427 

expressed in the outer root sheath but was also found to be present in the sebaceous 428 

glands and the epidermis.  In neonates, PRLRL was present, although at lower levels.  429 

Both short forms found in the adult were barely detectable in the neonates.  PRLR-/- mice 430 

appear to have phenotypically identical coats however, when evaluated more closely 431 

variations existed in hair cycling.  Overall, hair cycling was advanced in mice lacking 432 

functional PRLR.  Females began to produce fibers at 33.0 days of age (DOA) in    433 

PRLR-/-, and PRLR+/+ produced new follicles at 61.9 DOA.  Heterozygous animals had an 434 

intermediate phenotype with new follicles appearing at 50.1 DOA.  In males, the time of 435 

growth was also significantly different but less dramatically than females, with PRLR-/- 436 

showing growth at 31.0 DOA and PRLR +/+ producing new follicles at 34.9 DOA.  The 437 

molting pattern remained unchanged regardless of genotype, but dramatic differences 438 

were observed due to gender (Craven et al., 2001). 439 
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Prolactin’s Impact on Heat Perception: 440 

 Tall fescue toxicosis is caused by the consumption of tall fescue grass that has 441 

been infected with endophyte fungus.  This fungus produces ergot alkaloids 442 

(predominantly ergovaline) that, although advantageous to plant performance, are 443 

damaging to livestock performance.  The initial phenotypic symptoms of tall fescue 444 

toxicosis include heat stress, poor growth, rough hair coat (retention of winter hair coat 445 

into summer months), and poor reproductive performance.  Upon deeper analysis, it was 446 

discovered that cattle grazing infected fescue also have significantly lower circulating 447 

PRL levels than those who consume uninfected fescue (Porter and Thompson, 1992). 448 

Ergot alkaloids are structurally similar to both dopamine and norepinephrine due to 449 

their ergoline ring (Berde, 1980).  Dopamine receptors can be bound by ergot alkaloids, 450 

eliciting an antagonistic effect on PRL and causing lower serum PRL levels (Floss et al., 451 

1973).  Additionally, ergot alkaloids are similar in structure to norepinephrine, which 452 

causes vasoconstriction.  Sheep fed ergovaline positive fescue had no difference in 453 

circulating plasma norepinephrine levels (Elsasser and Bolt, 1987; Harmon et al., 1991). 454 

This suggests that because the norepinephrine levels have remained unchanged and 455 

vasoconstriction is occurring, that ergot alkaloids are also capable of binding to these 456 

receptors and provoking a physiological effect by triggering the same cascade as 457 

norepinephrine.  458 

Dopamine antagonists have been proposed as a means of rescuing PRL levels.  459 

Metoclopramide (MC), a dopamine antagonist, has been fed to steers grazing endophyte 460 

infected tall fescue and improved performance in multiple scopes.  As was expected 461 

when feeding a dopamine antagonist, serum PRL levels were rescued to levels seen prior 462 
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to feeding infected fescue.  Additional improvements included supplemented steers 463 

grazed 22.4% of the time between 12:00-16:00 compared to 6.2% in untreated groups, 464 

and the average daily gain (ADG) of steers in the MC group surpassed that of the 465 

untreated group (Lipham et al., 1992). 466 

In cattle exposed to ergot alkaloids, their ability to dissipate body heat is hindered 467 

due to an inability to conduct peripheral heat loss.  The cause of this could be 468 

vasoconstriction of peripheral blood flow, retention of winter coats, or a combination of 469 

the two.  In many studies cattle that stuffer from tall fescue toxicosis retain their rough 470 

winter hair coats into the summer (Hoveland et al., 1983; Schmidt and Osborn, 1993; 471 

Thompson and Stuedemann, 1993).  Although the current literature does not illustrate a 472 

clear link between PRL and the retention of winter hair, mutations such as the ‘hairy’ 473 

mutation are caused by a mutation in the PRL hormone that prevents the formation of one 474 

of the three disulfide bonds, thus changing the structure of the hormone.  As a result, 475 

these cattle have longer coats and more severe heat stress related symptoms including 476 

higher respiration rates, increased wallowing behavior, and increased rectal temperatures 477 

(Littlejohn et al., 2014).  Additionally, a mutation in the PRLR has been shown to cause a 478 

“slick” hair phenotype (Littlejohn et al., 2014), and cattle of this genetic background 479 

appear to be less affected by the negative side effects of tall fescue toxicosis (Browning, 480 

2004, 2002).  481 

 482 

BOVINE SLICK MUTATION: 483 

Origin: 484 

At the beginning of the 20th century, the Senepol breed (Bos Taurus) was developed 485 
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on the island of St. Croix in the US Virgin Islands.  Initially, the objective behind the 486 

development of the breed was to construct a polled animal with the meat producing 487 

ability of European breeds (Red Poll) while incorporating the tropical heat adaptations 488 

found in African cattle breeds.  Recent genomic ancestry evaluations have shown that 489 

current Senepols are on average 10.4% Zebu, 0.6% West African taurine breeds, and 490 

89% European breeds.  The heat tolerance is believed to derive from either Zebu or West 491 

African influence or possibly both (Flori et al., 2012).  Senepol cattle are distinct from 492 

typical, temperate adapted Bos Taurus breeds due to their exceptional thermotolerance 493 

when exposed to elevated ambient temperatures (Littlejohn et al., 2014).  In recent years, 494 

slick-haired Senepols have been admired for their sleek and short hair coat with lower 495 

follicular density (Porto-Neto et al., 2018), making them phenotypically different from 496 

other Bos Taurus breeds.  Their short coats appear to correlate with superior 497 

thermotolerance to elevated temperatures (Olson et al., 2003) and breeding other breeds 498 

such as Holstein and Angus, to Senepol/ Senepol crosses can provide improved heat 499 

tolerance to a level similar to Brahman cattle (Bos Indicus) (Mariasegaram et al., 2007).  500 

Mutation: 501 

The bovine slick mutation is caused by a single, dominant mutation (Olson et al., 502 

2003) on chromosome 20, which contains the slick locus encompassing the prolactin 503 

receptor (Mariasegaram et al., 2007).  The slick phenotype is caused by a premature stop 504 

codon (p.Leu462*).  In exon 10, a single base deletion leads to a frameshift mutation 505 

causing the aforementioned stop codon.  By introducing a stop codon, 120 C-terminal 506 

amino acids are lost from the cytoplasmic domain of the long isoform of the PRLR 507 

(Littlejohn et al., 2014).  Since its discovery, another breed, Limonero, also has been 508 
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found to exhibit a slick phenotype.  In this breed, three nonsense variants cause a 509 

premature stop codon to develop within the 11th exon of PRLR (Porto-Neto et al., 2018) 510 

which functions similarly to the p.Leu462* mutation described by Littlejohn and 511 

colleagues (2014).  The premature stop codons occur only after the conserved N434 of 512 

bovine PRLR, meaning that each truncated sequence only contains five of the possible 513 

seven tyrosine residues after the transmembrane domain.  All of the mutations also cause 514 

truncation to occur prior to the conserved Y512 of the PRLR (Porto-Neto et al., 2018).  515 

In the lPRLR for cattle, there are two known clusters of alpha-helices and beta-516 

stands in the extracellular domain that are able to contact the intracellular domain through 517 

the transmembrane domain.  When the lPRLR is compared to the truncated lPRLR, one 518 

cluster of beta strands is absent for the slick lPRLR.  It is unknown whether the missing 519 

beta-strands could influence dimerization of the PRLR when PRL is present and if this 520 

could be the reason for phenotypic differences observed between slick and WT cattle 521 

(Porto-Neto et al., 2018).  Additionally, as started previously, two tyrosine residues are 522 

removed when the slick mutations are present as well. This alone, or combined with the 523 

missing beta-sheet cluster, could explain the phenotypes as well (Littlejohn et al., 2014; 524 

Porto-Neto et al., 2018).  The short form of the PRLR appears to be unaffected by the 525 

mutations (Davis et al., 2017). 526 

Evidence of Improved Heat Tolerance: 527 

Hair weight per unit surface and coat thickness are central elements in heat 528 

dissipation for cattle (Bennett, 1964).  Due to this, it is evident that slick animals are 529 

better suited to regulate body temperature than WT animals during heat stress conditions 530 

(Dikmen et al., 2008; Olson et al., 2003).  To quantify the phenotypic difference in coat 531 
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density, Olson et al. took clipped hair weights from 25% Senepol calves.  The calves 532 

were classified by hair length (HCT) ranging from 1 being slick and short hair to 4 533 

indicating a dense, thick coat.  Calves with an HCT 1 had significantly lower clipped hair 534 

weights than the weights of HCT 2, HCT 3, and HCT 4 calves.  As a result, it was 535 

postulated that Senepols/ percentage Senepols were heat tolerant because the lack of hair 536 

would provide for easier evaporative heat loss and less heat would remain trapped on the 537 

skin, below the hair (Olson et al., 2003).   538 

To assess if the mutation had impacts beyond coat density, Dikmen and 539 

colleagues crossed Holstein cows to 25% Senepol 75% Holstein bulls that were 540 

heterozygous for slick.  The offspring from these matings and their subsequent offspring 541 

were used in a variety of heat stress related trials.  When lactating slick Holstein cows 542 

were subjected to heat stress conditions, respiration rates increased less drastically, rectal 543 

temperatures (RT) underwent a less severe increase (Dikmen et al., 2014), and vaginal 544 

temperatures remained lower (Dikmen et al., 2014, 2008) than wild-type cows.  In 545 

percentage Senepol calves, similar results ensued.  Lower RT and breaths per minute 546 

(BPM) were found in calves with the slick allele when compared to WT haired calves.  547 

Additionally, calves of identical breed composition but that vary in their coat scores 548 

(slick or hairy) showed variation in weight gain.  The slick calves gained significantly 549 

more weight (13 kg) over a six-month period (Olson et al., 2003).  Prior to the 550 

identification of the slick mutation, a study was done with Hereford, Senepol and 551 

Hereford x Senepol crossbred cattle.  The results showed that Senepol cattle grazed 552 

longer, especially during warmer times of the day, and maintained a lower rectal 553 
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temperature during these elevated temperatures (Hammond and Olson, 1994), providing 554 

an explanation for the superior weight gain in slick animals.  555 

These advantages appear to be limited to those animals with coat scores of one, 556 

due the mutation being dominant.  For example, Angus sired 25% Senepol calves with 557 

coat scores of two or greater did not differ from purebred Angus calves when comparing 558 

RT in summer months.  Even when breed composition was identical, normal haired 559 

offspring consistently had higher RT than slick calves (Olson et al., 2003).  Furthermore, 560 

when WT cattle coats were clipped to similar hair length as slick cattle, their RT were 561 

lower than the unshaved animals, yet still above the that of the slick cattle (Hammond 562 

and Olson, 1994).  This finding alludes to an underlying physiological mechanism 563 

beyond differences in coat density could be involved in increasing thermotolerance of 564 

slick cattle.  565 

Sweating rate differences have been a source of inconsistency when comparing 566 

studies pertaining to slick cattle.  Sweating rate tended to be higher when measured at the 567 

shoulder in slick animals providing for increased evaporative heat loss (Dikmen et al., 568 

2008).  This innate ability to sweat more readily is of benefit when taking into account 569 

that 85% of heat loss in dairy cattle is evaporative (Maia et al., 2005).  However, this 570 

advantage was dissipated when hair was clipped as slick cows’ sweating rates were not 571 

different from WT cows’ rates in clipped areas.  As a result, it was hypothesized that this 572 

higher sweating rate with short hair was due to the less humid air being caught at the 573 

skin’s surface because removing the hair would eliminate this advantage, thus yielding 574 

equal perspiration rates (Dikmen et al., 2008).  Dikmen and others 2014 study contradicts 575 

the previous hypothesis because sweating rate remained higher at the neck, loin, rump, 576 
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and hind leg in slick cattle compared to WT even when shaved.  Ergo, it was postulated 577 

that the increased sweating was due to a greater sweat gland density in slick cattle or that 578 

slick sweat glands more readily produced sweat.  579 

 580 

MOUSE THERMOREGULATION: 581 

 Maintaining a stable core body temperature when exposed to environmental 582 

temperatures outside of the thermoneutral (TN) zone is a critical task homeotherms must 583 

accomplish to maintain homeostasis (Gordon and Jong, 1984).  During heat stress 584 

specifically, heat exchange between the body and environment must increase while 585 

bodily heat production must decrease to avoid hyperthermia (Terrien et al., 2011).  586 

Depending upon the strain, mice preferred ambient temperature is 26° to 30°C (Gaskill et 587 

al., 2011, 2009; Gordon et al., 1998).  The maintenance of this temperature is generally 588 

accomplished by both autonomic and behavioral effectors that are sensitive to changes in 589 

ambient temperature (Gordon and Jong, 1984). 590 

Autonomic:  591 

The most common forms of autonomic thermolysis behaviors are sweating, panting, 592 

and vasodilation (Terrien et al., 2011); however, mice do not sweat or pant, therefore 593 

vasodilation will be the focus of this section. Changes in peripheral vasomotor tone 594 

(PVMT) are known to aid abatement of dry heat through conductive and convective 595 

mechanisms. This involves shunting warm blood from the core into the peripheral tissues 596 

that generally lack insulation and fur. The heat loss is facilitated through the autonomic 597 

control of smooth muscle tone in arteriovenous anastomoses (AVAs) and arteriolar 598 

precapillary sphincters that cause vasodilation.  In the rodent the main location that 599 
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PVMT controls heat loss is in the tail (Gordon, 1993).  600 

The majority of tail thermoregulatory work has been done in rats with little mouse 601 

work having been done in this field, though researchers tend to accept that a similar 602 

pattern should uphold in the mouse.  In both mice and rats, the tails are relatively hairless 603 

when compared to the rest of the body and have a high density of AVAs (Gemmell and 604 

Hales, 1977).  This provides for an ideal place to accelerate blood flow to during heat 605 

stress situation, and with the high surface area to volume ratio, heat dissipation is 606 

efficient.  Past research has shown that if the tail is amputated, when given thermogenic 607 

drugs, higher body temperatures result along with a lower heat tolerance (Spiers et al., 608 

1981).  In rats, at room temperatures ranging between 20-25°C (TN), blood flow to the 609 

tail is extremely low, nearing zero.  When the temperature rises outside of TN, blood 610 

flow to the tail increased by approximately 10 times (Rand et al., 1965).  Additionally, if 611 

ambient temperatures exceed tail skin temperature, increased blood flow actually adds 612 

heat to the body as it accepts heat from the external air. Rats appear to have a threshold of 613 

roughly 35°C where tail blood flow increases until this temperature and then steadily 614 

decreases when external temperatures exceed this point (Raman et al., 1983).  The only 615 

direct research in this field with tail blood flow in mice was done by Gordon.  His finding 616 

suggesting that when exposed to radio frequency radiation, tail blood flow markedly 617 

increases due to the increasing heat (Gordon, 1983). 618 

Behavioral:  619 

 When given a gradient of temperatures to reside in, most mammals have a set 620 

range of temperatures they tend to stay within.  The act of the organism moving to their 621 

preferred temperature is a foundation of behavioral thermoregulation.  The temperature 622 
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range the animals prefer to stay in is referred to as their “thermal preferendum” 623 

(Reynolds and Casterlin, 1979).  The central nervous system is capable of integrating the 624 

core temperature data and trigger various responses to aid in thermoregulation (Van 625 

Someren et al., 2002).  Mammals tend to use behavioral effectors to reach their desired 626 

temperature rather than autonomic effectors because most often, they require less energy 627 

to accomplish.  The most common method of behavioral thermoregulation in C57Bl/6 628 

mice is thermotaxis (moving to a more suitable temperature) (Gaskill et al., 2012).  629 

However, in laboratory rodent housing conditions stable temperatures are maintained, 630 

and if exposed to heat or cold stress, other behavioral effectors will need to be triggered. 631 

In states of heat stress, decreasing locomotive energy expenditure and heat 632 

production is imperative in many species.  A common mechanism of heat dissipation 633 

seen in rodents involves the animals assuming a prone position and extending their 634 

extremities as far as possible.  This helps to maximize the surface area to body mass ratio 635 

and thus increases heat loss (Terrien et al., 2011). 636 

Energy intake also correlates to body heat production.  High ambient temperatures 637 

reduce the need for energetic body heat production, thus reducing caloric needs. It has 638 

been shown in humans, rats, and piglets that decreasing feed intake is a common 639 

mechanism to control body heat production (Brobeck, 1948; Collin et al., 2001; 640 

Westerterp-Plantenga, 1999).  On the contrary, mice subjected to cold stress need to 641 

consume more feed to maintain their body temperatures.  In order to maintain their body 642 

temperature, mice start to use more energy for thermogenesis and consequently eat 643 

approximately 2 grams more per mouse at 20°C  as they would at 30°C (Cannon and 644 

Nedergaard, 2009). 645 
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One of the simplest ways to asses behavioral thermoregulation in mice is through 646 

nest structure.  Christopher Gordon’s lab has done extensive work looking at the effect 647 

ambient temperature has on nest structure. The group placed mice into cages with two 648 

nestlets.  Well-built and structured nests were observed at temperatures between 22°C 649 

and 30°C. At 22°C mice were hidden under the nestlet material, presumably because this 650 

is below their TN temperature.  At TN (30°C), the mice remained in their nest but 651 

uncovered.  By increasing the temperature to 32°C, mice began to breakdown their nests 652 

but remained in contact with the nesting material.  At 34°C the nests were entirely 653 

unorganized, suggesting the mice were experiencing heat stress (Gordon, 2017).  Gaskill 654 

and colleagues performed a similar experiment with C57Bl/6 mice where nest score was 655 

recorded on a 1-5 scale with 1 being poor and disorganized and 5 being highly structured. 656 

Nest scores decreased in a linear fashion as room temperature increased from 20°C to 657 

25°C and then to 30°C. Interestingly, there was an effect of gender in this process with 658 

males and females having similarly scored nests at 20°C. While at 25°C and 30°C, 659 

females had significantly higher nest scores (Gaskill et al., 2011). 660 

Gender: 661 

 Finding differences in thermoregulation due to gender is thought to derive from 662 

how the hypothalamic preoptic area is sexually dimorphic, but this area is also vital in 663 

temperature homeostasis (Sanchez-Alavez et al., 2011).  In humans, on multiple 664 

occasions, males and females have been shown to vary in thermoregulatory capability 665 

with females producing less sweat when exposed to elevated ambient temperatures 666 

(Kaciuba-Uscilko and Grucza, 2001) and not initiating thermoregulatory responses until a 667 

higher core body temperature was obtained (Lopez et al., 1994). 668 
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In C57Bl/6 mice specifically, at 25°C differences in core body temperature are 669 

apparent. In young mice (defined as 3 months of age), the females had a varying pattern 670 

of both core temperature and locomotor activity when in estrus. When compared to 671 

males, females had a core temperature 0.2-0.5°C higher and had 30% more locomotor 672 

activity in the dark phase. In the aged group, resting core temperature was significantly 673 

higher in the females (0.6°C), but this difference was eliminated during the active period 674 

(Sanchez-Alavez et al., 2011).  It has also been postulated that the sexual dimorphism 675 

seen in C57Bl/6 mice, with females being generally lighter than males, could alter their 676 

thermal preference. Females that are lighter would have a higher surface area to volume 677 

ratio which would increase their ability to lose heat to the environment (Gaskill et al., 678 

2009; Gordon, 1993). 679 

Age: 680 

 Increasing age tends to hinder thermoregulatory abilities during hypothermia and 681 

hyperthermia in many species, the most well documented instances being in humans (Rey 682 

et al., 2007; Tanaka and Tokudome, 1991).  In humans, dehydration risks increase when 683 

undergoing heat stress (Van Someren et al., 2002) due to evaporative cooling 684 

inefficiencies that seem to derive from increasing age (Collins and Exton-Smith, 1983). 685 

In C57Bl/6 males and females, age is associated with variation in 686 

thermoregulatory ability when compared to younger animals.  At 24 months of age, 687 

females do not undergo the same circadian profile of temperature variation caused by the 688 

estrous cycle that the 3-month-old females experience.  Also, when mice enter the dark 689 

stage (active stage), their core temperature increases.  In aged males and females, it took 690 

three to four times as long to reach their dark stage core temperature as it did for the 691 
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younger group.  However, final temperature obtained was not different when comparing 692 

young to aged within each sex.  Differences during the light phase were not present 693 

(Sanchez-Alavez et al., 2011). 694 

Dynamic Temperature Regulation:  695 

Most mammals are considered to be homeothermic, meaning they are capable of 696 

maintaining a stable core body temperature over a wide range of ambient temperatures 697 

(Gordon and Jong, 1984).  Recent improvements in thermoregulatory technology, such as 698 

implantable data loggers, provided insight that shows mice do not necessarily fit the 699 

general homeothermic pattern when looked at in short term segments (1-60 minutes), 700 

although over multiple hours they average to approximately 36°C temperature (Gordon, 701 

2009). 702 

In a 2009 study, Gordon implanted mice with radiotelemetry devices located in 703 

their peritoneal cavities that recorded body temperatures every minute over a 24-hour 704 

period.  The study demonstrated that C57Bl/6 mice’s body temperatures can vary by      705 

2-4°C (Gordon, 2009).  Whereas studies with rats (Schmidt and Osborn, 1993), elephants 706 

(Kinahan et al., 2007), and humans (McKenzie and Osgood, 2004) all showed no more 707 

than a 2°C  range from the highest to lowest recorded body temperatures. Therefore, 708 

although the average core body temperatures across these species are relatively similar, 709 

all within approximately 3°C of each other (Gordon, 2012), the range of core temperature 710 

they withstand before sparking significant central nervous system responses varies 711 

greatly and alludes to differences in thermoregulatory responses.  Additionally, rats have 712 

been shown to be better thermoregulators in terms of maintaining a more consistent core 713 

temperature with temperature differentials (changes in temperature from one time point 714 
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to the next) of smaller magnitude compared to mice, presumably due to the difference in 715 

body size between the species (Gordon, 2009). Once again attesting to the idea that larger 716 

species require more thermal inertia to increase their body temperature, thus their core 717 

temperature is much less variable than that of a small rodent (Gordon, 2012).   718 

 719 

CONCLUSIONS: 720 

The goal of this review was to describe the importance of mice as a model 721 

species, the process of PRLR signaling, the bovine slick mutation, and thermoregulation 722 

in the mouse.  The bovine slick mutation has been shown to provide added 723 

thermotolerance to those that carry at least one mutant allele for the gene.  Although 724 

typically it is believed to provide benefits due to the less dense hair coats these cattle 725 

possess, additional underlying physiological mechanisms may also be changed.  726 

Additional research to understand if a similar truncation would yield similar improved 727 

thermotolerance during elevated temperatures in other species would potentially be of 728 

great benefit to other industries that are plagued by heat stress related problems.  729 
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CHAPTER 3 730 

 731 

RESPONSE OF MICE WITH THE BOVINE SLICK MUTATUION TO 732 

THERMAL STRESS 733 

 734 

INTRODUCTION: 735 

The bovine slick mutation has been repeatedly shown to improve thermotolerance 736 

to heat in cattle possessing at least one mutant allele (Dikmen et al., 2014, 2008; 737 

Littlejohn et al., 2014).  Many livestock species experience the detrimental impacts that 738 

heat stress has on productivity, and it costs livestock industries millions of dollars yearly 739 

even when heat abatement strategies are implemented (St-Pierre et al., 2003). Through 740 

advances in genome editing technology, it is possible to create similar mutations in other 741 

species.  Due to their short generation interval, low cost, and the option of utilizing inbred 742 

strains (Arends et al., 2018), mice are commonly used in pilot studies prior to trials in 743 

other animal species or humans.  Therefore, by heat stressing mice with a mutation that 744 

mimics the bovine slick mutation, we can begin to determine if this mutation might 745 

confer additional thermal benefits to other species as we consider incorporating this 746 

mutation into other species to confer heat tolerance.  747 

 748 

MATERIALS AND METHODS: 749 

Animals and Facilities: 750 

All animal procedures were approved and reviewed by the University of Missouri 751 

Animal Care and Use Committee (Protocol #9552).  C57Bl/6 wild type (WT/WT) mice 752 



 

 26 

were obtained from Jackson Laboratories (Bar Harbor, ME).  Genetically modified 753 

C57Bl/6 founder males were obtained from the Animal Modeling Core at the University 754 

of Missouri.  These mice had a mutation that mimicked the mutations found in slick 755 

cattle. Founder males were mated to WT/WT C57Bl/6 females to produce heterozygous 756 

(WT/MUT) offspring.  These offspring were then mated to produce homozygous mutant 757 

(MUT/MUT) pups.  Mice were housed in transparent acrylic cages with ground corn cob 758 

bedding and a single nestlet (Ancare, Bellmore, NY) per cage.  Males were housed 759 

individually, and breeding females were group housed with a maximum of four mice per 760 

cage.  At three weeks of age, pups were weaned, ear notched for identification, and tail 761 

snips (less than 5 mm) were collected for genotyping.  From three to six weeks of age 762 

littermates of the same sex were group housed with a maximum of four mice per cage.  763 

Mice were housed at 23 ± 1°C and were on a 12:12 L:D photoperiod.  Feed (5001 Rodent 764 

Diet; Lab Diet®, Brentwood, MO) and water were provided ad libitum.  765 

Experimental Design: 766 

 When mice reached six weeks of age, they were moved to the environmental 767 

chambers in Unit B of the Animal Science Research Center (University of Missouri, 768 

Columbia, MO).  Ambient temperature and humidity data were recorded every 15 769 

minutes using Pro V2 Hobologgers ® (Onset Computer Corporation, Bourne, MA, 770 

USA).  Mice were individually housed in transparent acrylic cages with ground corn cob 771 

bedding material and a single nestlet per cage.  Feed (5001 Rodent Diet; Lab Diet, 772 

Brentwood, MO) and water were provided ad libitum. 773 

Prior to entering the environmental chambers, body weights were recorded, and 774 

genotypes were determined using the protocol described below.  Body weights were 775 
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recorded once more when exiting the chamber after 10 days.  Mice underwent a series of 776 

3°C ambient temperature increases every other day starting at 22°C and concluding at 777 

34°C (10d) (Figure 3.1).  Temperatures were increased at 12:00 ± 1 hour or 20:00 ± 1 778 

hour.  Daily measurements included food disappearance (FD), water disappearance using 779 

25-mL serological pipette waterers (Haag et al., 2018), tail temperature (TT) and nest 780 

score (NS) (Hess et al., 2008).  TT was recorded with an infrared temperature gun 781 

(Raytek, Evertt, WA, USA) at the base of the tail.  Nesting behaviors were appraised 782 

visually each day as a behavioral indicator of thermal stress.  Additionally, for the 783 

temperature increase from 28°C to 31°C nest scores were recorded once hourly, for three 784 

hours, to assess to progression of nest destruction.  785 

Genotyping: 786 

After tail snips were obtained, they were cut into smaller pieces, added to 100 µL 787 

of embryo lysis buffer (40mM Tris, pH 8.9; 0.9% Triton X-100; 0.9% Nonidet P-40), and 788 

one µL of proteinase K.  Then, they were incubated at 65°C for 60 minutes to disrupt 789 

cells and raised to 95°C for 15 minutes to inactivate proteinase K.  One µL of tail lysate 790 

was used as template in a 25 µL PCR volume with the following parameters: 94°C initial 791 

denaturation for 30 s, followed by 30 cycles of a 15 s denaturation at 94°C, 30 s 792 

annealing at 60°C, and  1 min extension at 68°C, with a 68°C final extension for 5 min.  793 

The PCR consisted of 5 µL of one taq buffer, 0.5 µL of DNTPs, 0.25 µL of one taq hot 794 

start, 16.25 µL of water, and 1 µL of each the forward 795 

(5’CATCCCTGAGATCACTGAGAAGCC 3’) and reverse 796 

(5’TGGCATACTCCTTACTGGTTTCAGG 3’) primers. 797 
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Lastly, a digestion consisting of 5 µL of PCR product, 1 µL of AflII, 1 µL of 798 

Cutsmart buffer, and 13 µL of water was mixed.  This incubated at 37°C overnight.  The 799 

reaction product was then run on a 2% agarose gel using TBE buffer.  The ladder 800 

comprised 0.5 µL pBR322 DNA MspI, 1 µL purple gel loading dye, 1 µL Cutsmart 801 

buffer, and 7.5 µL water.  Following the digestion three band patterns could be observed: 802 

a WT/WT mouse has a single 491 bp band, a MUT/MUT mouse has two bands (not 803 

distinguishable from one another on a gel) at 242 bp and 249 bp indicating a cut, mutant 804 

allele, or a WT/MUT mouse has one 491 bp WT band and a 242 bp and 249 bp band 805 

(Figure 3.2).  806 

Topo cloning was performed using the Topo 2.1 cloning vector and protocol from 807 

Invitrogen (Carlsbad, CA).  The PCR product from the protocol above was included as 808 

the template DNA.  Samples were sent to the DNA Core following the completion of 809 

Topo 2.1 protocol.  To determine which of the initial mouse pups potentially possessed 810 

the desired mutation, samples were sent to the DNA Core at the University of Missouri to 811 

perform Sanger DNA sequencing.   812 

Line Selection:  813 

 The Animal Modeling Core produced eight founder males potentially containing 814 

mutations similar to the bovine slick mutation.  Considering the bovine slick mutations 815 

cause a premature stop codon in a 36 amino acid region of the PRLR cytoplasmic 816 

domain, lines with mutations in the corresponding region the mouse genome (Figure 817 

3.3a) not involving this stop codon or mutations outside this region were not pursued nor 818 

discussed in this paper.  The two lines with the desired stop codon were line 003 and 259 819 

(Table 3.1). However, due to an unforeseen circumstance, mouse 259 had to be 820 
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euthanized due to a tumor developing and his offspring died shortly after weaning, thus 821 

eliminating this line as a viable option.  Therefore, the remainder of this paper will focus 822 

on the descendants of line 003.  The amino acid sequence for line 003 was compared 823 

back to the mouse WT/WT sequence (Figure 3.3b) and the bovine amino acid sequence 824 

(Figure 3.3c) to confirm the mutation was in the slick, target region.  825 

Statistical Analysis: 826 

Data collected throughout the heat stress trials were analyzed using the 827 

generalized linear mixed model procedure of SAS (PROC GLIMMIX).  Data was 828 

collected once daily and included the following variables: FD, WD, TT and NS.  Due to 829 

the relationship between feed and water consumption in laboratory rodents fed pelleted 830 

diets (Kraly, 1984), water disappearance per unit of feed disappearance (W/F) was 831 

calculated. Due to substantial skewedness in these data, the log function in SAS was 832 

taken to make the outputs more symmetrical for WD and W/F.   833 

The model included the main effects of sex, genotype, and room temperature. All 834 

interactions were also evaluated.  Weight was included in the model and corrected for in 835 

each response variable.  Data are presented as least squares means ± standard error of the 836 

least squares mean.  Means were considered significant at P<0.05 and considered to have 837 

a tendency toward significance if 0.05 ≤ P ≤ 0.10.  838 

Data collected during the temperature increase from 28°C to 31°C were analyzed 839 

using the general linear model procedure in SAS (PROC GLM).  For each mouse, one 840 

nest score was recorded per hour for three hours following the initiation of the 841 

temperature increase.  The main effects of genotype, sex and time of temperature increase 842 

(AM or PM) were included in the model.  All interactions were also included.  Data are 843 
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presented as least squares means ± standard error of the least square mean.  Means were 844 

considered significant at P<0.05 and considered to have a tendency toward significance if 845 

0.05 ≤ P ≤ 0.10.  846 

 847 

RESULTS:  848 

Feed Disappearance:  849 

All two-way interactions (sex by genotype, sex by temperature, and genotype by 850 

temperature) significantly impacted FD (P<0.05) (Table 3.2). In the sex by genotype 851 

interaction, significant differences are observed (P=0.0041): female MUT/MUT (3.49 ± 852 

0.08) vs. male MUT/MUT (3.21 ± 0.09), female WT/WT (3.36 ± 0.05) vs. male WT/WT 853 

(3.55 ± 0.06), male WT/WT vs. male WT/MUT (3.38 ± 0.04), and male WT/WT vs. 854 

male MUT/MUT (3.21 ± 0.09) (Figure 3.4a).  The sex by temperature interaction model 855 

was also significant (P<0.0001).  In this interaction, males and females at the same 856 

temperature for 22°C, 25°C, 28°C and 31°C did not differ (P>0.05) except at 34°C 857 

females had a significantly higher FD than males (Figure 3.4b).  858 

 Lastly, the genotype by temperature interaction shows that MUT/MUT (4.13 ± 859 

0.12) and WT/MUT (4.19 ± 0.06) had substantially lower FD at 22°C than WT/WT (4.41 860 

± 0.08) (P<0.05).  At 25°C MUT/MUT mice (3.78 ± 0.10) had a lower FD than WT/WT 861 

(4.06 ± 0.06) (P<0.05) but did not differ from WT/MUT (3.90 ± 0.05) (P>0.05). 862 

Additionally, WT/MUT no longer differed from WT/WT mice at 25°C (P>0.05).  At both 863 

28°C and 31°C no differences were observed among the genotypes (P>0.05).  At the 864 

highest temperature, WT/MUT (2.55 ± 0.03) and MUT/MUT (2.60 ± 0.05) had higher 865 

FD than WT/WT mice (2.43 ± 0.03) (P<0.05) (Figure 3.4c).  866 
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Water Disappearance:  867 

The sex by temperature interaction significantly impacted WD (P<0.05) (Table 868 

3.2). In this interaction, males and females do not differ at 22°C, 25°C, and 28°C 869 

(P>0.05) but diverge thereafter with females having a significantly higher water 870 

disappearance than males at both 31°C and 34°C (P<0.05) (Figure 3.5). 871 

Water Disappearance per unit of Feed Disappearance: 872 

The two-way interactions for  sex by temperature and genotype by temperature 873 

significantly impacted W/F (P<0.05) (Table 3.2). In the sex by temperature interaction, 874 

no differences between the sexes were observed at 22°C or 25°C (P>0.05). As the 875 

temperature continued to increase, the females had a significantly higher W/F ratio 876 

compared to males at 28°C, 31°C, and 34°C (P<0.05) (Figure 3.6a). When evaluating the 877 

genotype by temperature interaction, the opposite occurs with no differences occurring 878 

among genotypes at 28°C, 31°C, and 34°C (P>0.05). However, at 22°C both the 879 

WT/MUT and MUT/MUT had a higher W/F ratio than WT/WT (P<0.05). At 25°C, 880 

MUT/MUT and WT/WT remain different (P<0.05) with WT/MUT having an 881 

intermediate ratio (Figure 3.6b).  882 

Tail Temperature: 883 

 The main effects of sex, genotype, and temperature were significant for TT 884 

(P<0.05) (Table 3.2).  Males and females showed different TT during the trial (F= 28.84 885 

± 0.0.05 vs. M= 29.07 ± 0.06; P<0.05).  When analyzing the differences due to genotype, 886 

WT/MUT mice had warmer TT than MUT/MUT mice (WT/MUT= 29.07 ± 0.04 vs. 887 

MUT/MUT= 28.81 ± 0.08; P<0.05) and WT/WT mice had an intermediate, statistically 888 

indifferent TT in respect to WT/MUT and MUT/MUT.  Lastly, room temperature had a 889 
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drastic impact on TT with all room temperatures being significantly different from each 890 

other (P<0.0001) (Table 3.3).   891 

Nest Score: 892 

 The three-way interaction among sex, genotype and temperature was significant 893 

for NS (P<0.05) (Table 3.2).  At 22°C, male WT/WT had significantly a lower NS than 894 

male MUT/MUT (WT/WT M= 4.31 ± 0.12 vs. MUT/MUT M= 4.78 ± 0.15; P<0.05).  895 

Additional differences were found between WT/MUT males and MUT/MUT females 896 

(WT/MUT M= 4.58 ± 0.10 vs. MUT/MUT F= 4.15 ± 0.14; P<0.05) and MUT/MUT 897 

females compared to MUT/MUT males (MUT/MUT F= 4.15 ± 0.14 vs. MUT/MUT M= 898 

4.78 ± 0.15; P<0.05).  At 25°C the only significant differences were between WT/WT 899 

males (3.72 ± 0.15) and both WT/MUT males (4.11 ± 0.12) and MUT/MUT males (4.22 900 

± 0.19), in which WT/WT mice build significantly poorer nests than their counterparts 901 

(P<0.05).    902 

 Male WT/WT built significantly poorer nests than WT/MUT males, WT/MUT 903 

females, and MUT/MUT females at 28°C (WT/WT M= 3.07 ± 0.16 vs. WT/MUT 904 

M=3.86 ± 0.13,  WT/MUT F=3.60 ± 0.15, and MUT/MUT F= 3.56 ± 0.18; P<0.05). 905 

Additionally, at 28°C, WT/MUT males differed with WT/WT females and MUT/MUT 906 

males, in which WT/MUT males had more well-constructed nests (WT/MUT M= 3.86 ± 907 

0.13 vs. WT/WT F= 3.38 ± 0.14 and MUT/MUT M= 3.32 ± 0.20; P<0.05).  908 

 There were still differences between genders at 31°C for male WT/WT versus all 909 

three female genotypes (P<0.05).  The only difference within the same gender male 910 

WT/WT versus male MUT/MUT in which MUT/MUTs had significantly higher NS at 911 

31°C than WT/WT (WT/WT M= 1.07 ± 0.13 vs. MUT/MUT M= 1.53 ± 0.16; P<0.05).  912 
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Lastly, at 34°C no differences were observed among any of the genotype, sex 913 

combinations (P>0.05) (Figures 3.7 A and B).  914 

Time at the 28°C to 31°C Temperature Increase’s Effect on Nest Score: 915 

 For hour 0, the beginning of temperature increase, the effects of sex, genotype, 916 

time of temperature increase, and all interactions were insignificant (P>0.05).  For the 917 

hour 1, hour 2, and hour 3 sex and genotype continued to have no effect on NS (P>0.05); 918 

however, time of temperature increase strongly affected nest score (P<0.0001).  Similar 919 

to hour 0, all interactions were nonsignificant for hour 1, hour 2, and hour 3 (Figure 3.8).  920 

 921 

DISCUSSION: 922 

Feed and Water Disappearance: 923 

Heat stress commonly results in decreased feed intake and increased water intake 924 

in many species (Brobeck, 1948; Collin et al., 2001; Dale and Fuller, 1980; Rhoads et al., 925 

2009; Westerterp-Plantenga, 1999).  W/F should also be considered in this analysis 926 

because of the relationship between feed and water in rodents (Kraly, 1984).  927 

In both FD and W/F, no differences among genotypes were observed at 28°C or 928 

31°C suggesting that at temperatures near or slightly exceeding TN that the genotypes 929 

behave similarly.  This is consistent with what is observed in slick and WT cattle, with 930 

differences only being viewed at heat stressed temperatures. At 34°C, feed disappearance 931 

is significantly higher in those animals with at least one copy of the mutant allele, 932 

indicating that they are less bothered by the higher ambient temperatures due to their 933 

ability to consume more feed than WT/WT mice. Additionally, there is a tendency for the 934 

MUT/MUT to have a lower W/F ratio at 34°C versus WT/WT . The combination of the 935 
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FD and W/F data allude to improved thermal tolerance as MUT/MUT animals are 936 

consuming the most feed while maintaining the lowest W/F ratio at 34°C showing they 937 

are not consuming excessive water to aid in heat abatement.  938 

Interestingly, there are also stark differences among the genotypes at the lowest 939 

temperatures (22°C and 25°C), designed to be below their TN temperature zone. The 940 

current literature for cattle with the bovine slick mutation only focuses on heat stress, not 941 

cold stress. However, the data presented today shows that those mice with the slick 942 

mutation are also behaving in a different manner than WT mice are at low temperatures. 943 

WT/WT mice have the highest FD at both 22°C and 25°C and MUT/MUT have the 944 

lowest. This could mean a few things or a combination of the two. Mice whom are cold 945 

stressed are known to eat approximately 2 grams more than they do at TN (Cannon and 946 

Nedergaard, 2009) in order to maintain their body temperature. It appears that the 947 

WT/WT mice are bothered by the low temperature due to their increased FD.  For the 948 

W/F ratios during this time, MUT/MUT consumed significantly higher ratio than 949 

WT/WT and WT/MUT remained the intermediate phenotype. Although water 950 

disappearance at temperatures below TN is not well described in mice, one could assume 951 

that the mice with higher W/F ratios had this effect because they were more active 952 

outside of their nests rather than spending time in their nests attempting to warm 953 

themselves thus resulting in higher water consumption.  Overall, this mutation appears to 954 

be involved in thermal perception and/or thermoregulation at temperature extremes, but 955 

does not impact the mice at TN.  956 

Differences in in the sex by temperature interaction were present in the models for 957 

FD, WD, and W/F.  At the 34°C, females had higher a FD than males suggesting that 958 
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they are more heat tolerant due to their ability to consume more feed at higher ambient 959 

temperature. This is consistent with recent research that alludes to female mice being 960 

more heat tolerant than males.  In a study by Garcia and colleagues regarding exertional 961 

heat stroke, when exercise initiates, female mice better maintained their core temperature, 962 

ran for longer prior to stroke, and obtained a higher maximum speed.  Part of this is 963 

thought to be as a result of the variation in body mass to surface area ratio between males 964 

and females, with the advantage aligning with the females in terms of heat abatement 965 

(Garcia et al., 2018).  Another study confirms the theory in which female mice have a 966 

higher heat dissipation rate due to their higher body surface area to body mass ratio 967 

(Kaikaew et al., 2017). This should allow them to consume more food at the higher 968 

temperatures due to their bodies allowing for more passive heat loss than males.  969 

The variation between genders at 34°C in FD could partially cause the difference 970 

found in WD at 34°C because the additional FD compared to males would require more 971 

water to rehydrate. However, at 31°C females also had statistically more water 972 

disappearance without a difference in FD. Additionally, this increase in water 973 

consumption directly contradicts the suggestion that females are more heat tolerant than 974 

males. The W/F data further opposes the conclusion that females are less bothered by 975 

elevated temperature as their W/F ratios are statically higher than males at 28°C, 31°C 976 

and 34°C.  Although initially this information lends to females being less heat tolerant, it 977 

could suggest that females are using this water as a heat abatement strategy and therefore 978 

allowing them to be more heat tolerant.  Mice have higher evaporative heat loss in 979 

elevated ambient temperatures.  At these high temperatures, their grooming pattern 980 

changes with most of their grooming time being focused on their heads rather than their 981 
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bodies, in direct contrast to what is observed at thermoneutral temperatures.  Although 982 

overall grooming decreased at elevated temperatures, it was hypothesized that while 983 

grooming more saliva was being secreted hence the increased evaporative water loss 984 

(Roberts et al., 1974).  Contrary to mice, rats do produce excess saliva solely to wet the 985 

fur on their bodies more thoroughly to increase heat dissipation through evaporative 986 

cooling; however, this same behavior is not observed in mice (Yanase et al., 1991), 987 

simply a change in grooming pattern is noted.  Mice generally opt for assuming an 988 

extended body position, to facilitate heat loss (Gordon, 1993) and have also been 989 

described displaying “escape behavior” from their cages when temperatures exceed 37°C, 990 

presumably looking for a cooler environment (Harikai et al., 2004). Overall due to the 991 

ample research indicating that female mice are more adaptable to warmer temperatures 992 

(Gaskill et al., 2011, 2009; Kaikaew et al., 2017), it is reasonable to conclude that the 993 

females in this study are more heat tolerant and use water to aid in coping with the 994 

elevated ambient temperatures thus increasing WD and W/F.  995 

Tail Temperature: 996 

 When considering the use of infrared tail measurements as indicators of body 997 

temperature, it is important to remember that this only truly provides data on the tail 998 

vasculature not the entire the body.  The tail in rodents is also known to be an area of 999 

thermoregulation where blood is shunted to help cool the animal during heat stress 1000 

(Gordon, 1983; Rand et al., 1965).  In this study, there was an overall effect of 1001 

temperature in which each successive ambient temperature caused TT to increase as well.  1002 

This is to be expected as mice use their tails to cool themselves and would be shunting 1003 
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more blood to their tails at the higher temperature (Gordon, 1993), thus increasing their 1004 

TT.  1005 

Females had a lower average TT over the course of the trial.  Although the exact 1006 

physiology behind why this might occur is unclear, a few potential explanations stem 1007 

back to the general trend that females tend to take longer prior to triggering a response 1008 

due to heat stress, and the difference in thermoneutral temperature when compared to 1009 

males.  Due to females generally being able to maintain their core temperature longer 1010 

than males in elevated temperatures, this might indicate that females would be shunting 1011 

less blood to their tail for heat loss (Garcia et al., 2018; Gordon, 1993; Lopez et al., 1012 

1994).  Furthermore, recent studies have shown that female mice prefer warmer ambient 1013 

temperature than males (Gaskill et al., 2011, 2009; Kaikaew et al., 2017), which would 1014 

also suggest that at temperatures such as 31°C, presumably females are not as stressed 1015 

and thus do not need to use their tails to facilitate heat transfer and maintain their core 1016 

temperatures.  Lastly, as noted previously, female C57Bl/6 mice are generally lighter 1017 

than males causing them to have a higher surface area to body mass ratio (Gaskill et al., 1018 

2009; Gordon, 1993) which would increase their ability to lose heat to the environment 1019 

and not cause their TT to increase as severely.  1020 

The interaction between genotypes is the most perplexing considering that 1021 

WT/WT animals are intermediate to WT/MUT and MUT/MUT allowing for the only 1022 

significant difference to be between WT/MUT and MUT/MUT.  The TT results indicate 1023 

that having both copies of the allele is necessary to alter thermotolerance.  The results 1024 

show that MUT/MUT animals have a lower overall TT, potentially indicating that at 1025 

higher temperatures MUT/MUT are better suited to tolerate the thermal stress and are not 1026 



 

 38 

using their tails to eliminate as much heat as the other genotypes.  This is also in contrast 1027 

to what is observed in cattle because animals with only one copy of the allele show 1028 

improved thermotolerance (Dikmen et al., 2008). Arguably, implantable core temperature 1029 

loggers would have provided a sounder measure of whether mice with the introduced 1030 

mutation were better able to maintain a lower core temperature over the course of the 1031 

heat stress trial with only one copy of the mutant allele.  1032 

Nest Score:  1033 

When evaluating the three-way interaction between sex, genotype and 1034 

temperature, it becomes clear that there are no differences among females when 1035 

comparing the genotypes at any of the temperatures.  Males have genotypic differences at 1036 

all temperatures besides at 34°C where all nest scores are nearing 1, which is indicative 1037 

of heat stress due to the unorganized nest design.  At the remainder of the temperatures, 1038 

WT/WT male mice have consistently poorer nest scores than WT/MUT and MUT/MUT 1039 

males.  At 22°C and 25°C MUT/MUT have the highest nest scores though at 28°C and 1040 

31°C this switches to WT/MUT.  The general trend suggests that at all temperatures prior 1041 

to 34°C how males of different genotypes are perceiving the ambient temperatures varies.  1042 

Mouse strain is known to have an effect on mean nest score suggesting that varying 1043 

genetics in mice can impact how they perceive heat or simply their nesting behaviors 1044 

(Gaskill et al., 2013).  Considering that besides the mutation, these males are genetically 1045 

identical, how they perceive temperature due to the mutation appears to be the cause of 1046 

this variation.  Furthermore, PRL has been shown in humans, and arguably cattle through 1047 

PRLR signaling (Dikmen et al., 2014, 2008; Hammond and Olson, 1994; Olson et al., 1048 

2003), to impact how heat is perceived.  In a 2006 study, it was found that in humans, 1049 
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placed in a sauna maintained at 58°C, when face cooling was provided every five 1050 

minutes, PRL levels showed no difference between the beginning of the trial and after 60 1051 

minutes of exposure.  On the other hand, if no face cooling was received, PRL levels 1052 

increased by 102%.  Additionally, there was a difference at 60 minutes in the level of 1053 

thermal discomfort described by the participants with face cooled participants having 1054 

significantly lower thermal discomfort (Mündel et al., 2006).  The manner that WT/MUT 1055 

and MUT/MUT PRLR signaling is being transduced is presumably different than that of 1056 

the WT/WT due to the truncation and the removal of two tyrosines, thus potentially 1057 

changing PRL levels due to PRLR signaling in these mice and causing thermal 1058 

perception to vary.  This however does not explain why there were no differences 1059 

between genotypes in females for NS. There is not clear physiological explanation for 1060 

why males would produce a phenotype for nests but females would not and further 1061 

research should be done to elucidate a potential mechanism.  Prolactin has over 300 1062 

known functions (Bole-Feysot et al., 1998) and as this list continues to expand, it is 1063 

possible that a down-stream target in females may not be affected in the same way it is in 1064 

males causing the difference in the trends observed between genders. 1065 

Time at the 28°C to 31°C Temperature Increase’s Effect on Nest Score: 1066 

Mice have been documented displaying destructive nest behavior due to heat 1067 

stress by multiple researchers (Gaskill et al., 2012; Gordon, 1993). Their thermoneutral 1068 

temperature generally resides between 28-30°C depending on the strain and the time of 1069 

day (Gordon, 2012, 1993).  This explains the stark drop in NS in the previous section at 1070 

the temperature increase between 28-31°C as the mice are apparently transitioning from a 1071 

thermoneutral to a mildly heat stressed state. Previous studies have also indicated that the 1072 
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majority of a mouse’s time during the light phase is spent being inactive, mostly sleeping 1073 

(Gaskill et al., 2011).  It appears in this study that when the ambient temperature is 1074 

increased above thermoneutral, in the dark phase, mice will more quickly destroy their 1075 

nests potentially due to their increased activity during this phase of the day, whereas in 1076 

the light phase, this process appears to be delayed.   1077 
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Table 3.1: Sanger DNA sequences from founder male x WT/WT female crosses obtained from the DNA modeling core at the 1078 
University of Missouri.  1079 
 1080 
Strain Sanger DNA Sequences Protein 

WT 

  1 CATCCCTGAGATCACTGAGAAGCCAGAGAATCCTGAGGCAAATATTCCTCCCACCCCAAA   1 IPEITEKPENPEANIPPTPNPQNNTPNCHTDTSKSTTWPLPPGQHTRRSPYHSIA 

 61 TCCCCAAAATAACACCCCCAATTGTCATACAGATACATCCAAATCTACAACATGGCCTTT  56 DVCKLAGSPGDTLDSFLDKAEENVLKLSEDAGEEEVAVQEGAKSFPSDKQNTSWP 

121 ACCACCTGGCCAACACACGCGCAGATCTCCTTACCACAGCATTGCCGATGTGTGCAAGCT 111 PLQEKGPIVYAKPPDYVEIHKVNKDGVLSLLPKQRENHQTENPGVPETSKEYA 

181 AGCTGGAAGTCCTGGAGATACACTGGACTCTTTCTTGGACAAAGCAGAGGAAAATGTTCT  

241 AAAGTTGTCTGAAGATGCTGGAGAGGAAGAAGTGGCTGTGCAAGAAGGGGCCAAAAGCTT 
 

301 CCCTTCTGACAAACAAAACACATCTTGGCCACCACTCCAGGAGAAAGGCCCCATTGTCTA 
 

361 TGCTAAACCCCCAGATTACGTGGAGATTCACAAAGTCAACAAAGACGGAGTGCTATCATT 
 

421 ACTCCCCAAGCAGAGAGAAAACCACCAGACAGAAAACCCTGGGGTTCCTGAAACCAGTAA 
 

481 GGAGTATGCCA   

Line 
003 

  1 CATCCCTGAGATCACTGAGAAGCCAGAGAATCCTGAGGCAAATATTCCTCCCACCCCAAA   1 IPEITEKPENPEANIPPTPNPQNNTPNCHTDTSKSTAWPLPPGQHTRRSPYYSIA 

 61 TCCCCAAAATAACACCCCCAATTGTCATACAGATACATCCAAATCTACAGCATGGCCTTT  56 DVCKLAGSPGDTLDSFLDKAEENVLKLS* 

121 ACCACCTGGCCAACACACGCGCAGATCTCCTTACTACAGCATTGCCGATGTGTGCAAGCT  

181 AGCTGGAAGTCCTGGAGATACACTGGACTCTTTCTTGGACAAAGCAGAGGAAAATGTTCT 
 

241 AAAGTTGTCTTAAGATGCTGGAGAGGAAGAAGTGGCTGTGCAAGAAGGGGCCAAAAGCTT 
 

301 CCCTTCTGACAAACAGAACACATCTTGGCCACCACTCCAGGAGAAAGGCCCCATTGTCTA 
 

361 TGCTAAACCCCCAGATTACGTGGAGATTCACAAAGTCAACAAAGACGGAGTGCTATCATT 
 

421 ACTCCCCAAGCAGAGGGAAAACCACCAGACAGAAAACCCTGGGGTTCCTGAAACCAGTAA 
 

481 GGAGTATGCCA   

Line 
259 

  1 CATCCCTGAGATCACTGAGAAGCCAGAGAATCCTGAGGCAAATATTCCTCCCACCCCAAA   1 IPEITEKPENPEANIPPTPNPQNNTPNCHTDTSKSTTWPLPPGQHTRRTPYHSIA 

 61 TCCCCAAAATAACACCCCCAATTGTCATACAGATACATCCAAATCTACAACATGGCCTTT  56 DVCKLAGSPGDTLDSFLDKAEENVLKLS* 

121 ACCACCTGGCCAACACACGCGCAGAACTCCTTACCACAGCATTGCCGATGTGTGCAAGCT  

181 AGCTGGAAGTCCTGGAGATACACTGGACTCTTTCTTGGACAAAGCAGAGGAAAATGTTCT  

241 AAAGTTGTCTTAAGATGCTGGAGAGGAAGAAGTGGCTGTGCAAGAAGGGGCCAAAAGCTT 
 

301 CCCTTCTGACAAACAAAACACATCTTGGCCACCACTCCAGGAGAAAGGCCCCATTGTCTA 
 

361 TGCTAAACCCCCAGATTACGTGGAGATTCACAAAGTCAACAAAGACGGAGTGCTATCATT 
 

421 ACTCCCCAAGCAGAGAGAAAACCACCAGACAGAAAACCCTGGGGTTCCTGAAACCAGTAA 
 

481 GGAGTATGCCA 
 

1081 
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 FD WD W/F TT NS 
Item  F Value P-Value  F Value P-Value  F Value P-Value  F Value P-Value  F Value P-Value  

Sex 0.46 0.5011 12.52 0.0006 13.67 0.0003 6.32 0.0133 0.04 0.8514 
Genotype 1.41 0.2481 1.25 0.2894 1.32 0.2709 4.22 0.0169 4.98 0.0094 
Temperature 463.90 <0.0001 59.37 <0.0001 79.64 <0.0001 3264.14 <0.0001 839.94 <0.0001 
Sex by Genotype 5.76 0.0041 2.61 0.0776 0.85 0.4305 0.20 0.8182 3.67 0.0301 
Sex by Temperature 8.52 <0.0001 16.91 <0.0001 5.26 0.0006 0.52 0.7052 8.43 <0.0001 
Genotype by Temperature 4.22 0.0002 1.61 0.1283 2.61 0.0114 0.64 0.7407 2.08 0.0482 
Sex by Genotype by Temperature 1.07 0.3899 0.37 0.5770 0.99 0.4491 0.67 0.7131 2.98 0.0060 
 1082 
Table 3.2: Main effects and interactions for all thermal response variables.   1083 
Underlined values show significance (P<0.05).  1084 

42 

 



 

 43 

Table 3.3: Main effects of sex, genotype, and room temperature on tail temperature.  1085 

Item  n 
Tail Temperature (°C) 

LSMEANS ± SE 
P-Value 

Sex   0.0133 

F 61 28.84 ± 0.05 a  

M 65 29.07 ± 0.06 b  

Genotype   0.0169 

WT/WT 45    28.98 ± 0.05 a, b  

WT/MUT 63 29.07 ± 0.04 a  

MUT/MUT 18 28.81 ± 0.08 b  

Room Temperature    <0.0001 

22°C 126 24.14 ± 0.06 a  

25°C 126 26.11 ± 0.07 b  

28°C 126 29.39 ± 0.05 c  

31°C 126 31.84 ± 0.06 d   

34°C 126 33.30 ± 0.13 e  

Values without a common letter differ (P<0.05).   1086 
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 1087 
Figure 3.1: Ambient temperature during heat stress trial in Unit B Environmental 1088 
Chamber. Environmental chambers were programmed to increase 3°C every other day 1089 
for 10 days.  Temperature data was recorded every 15 minutes using Pro V2 Hobologgers 1090 
® for the duration of the trial.   1091 
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 1092 
 1093 
Figure 3.2: PCR verification of truncated PRLR mouse tail snips.  1094 
Confirmation of mutation’s presence in PCR samples. Lane one contains the pBR322 1095 
DNA-MspI ladder. Lane two contains a WT/WT band running at approximately 491 bp. 1096 
Lane three shows a WT/MUT with one WT, 491 bp, band and a doublet containing a 242 1097 
bp band and a 249 bp band indicating a cut, mutant allele. Lastly, lane four contains a 1098 
MUT/MUT only showing the doublet containing a 242 bp band and a 249 bp band.   1099 
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 1100 
 1101 

 1102 
 1103 

 1104 
Figure 3.3: Confirmation that line 003’s mutation is located within the slick region. 1105 
(A) Upper amino acid sequence is WT/WT C57Bl/6 mouse PRLR. Lower amino acid 1106 
sequence is WT bovine PRLR with the underlined region being  the region where the 1107 
slick mutations occur. The corresponding segment directly above this region on the 1108 
mouse sequence was targeted for editing. (B) Upper amino acid sequence is WT/WT 1109 
C57Bl/6 mouse with the underlined region representing the corresponding region in cattle 1110 
being the slick region. Lower amino acid sequence shows line 003 with a premature stop 1111 
codon in the desired slick region. (C) Upper amino acid sequence shows line 003 with a 1112 
premature stop codon in the slick region.  Lower amino acid sequence is WT bovine 1113 
PRLR sequence. This confirms that line 003 contains a premature stop codon mutation in 1114 
the underlined, slick region.   1115 
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 1116 

 1117 

 1118 
Figure 3.4: Significant interactions for feed disappearance (FD). (A) Sex by genotype 1119 
interaction. (B) Sex by temperature interaction. (C) Genotype by temperature interaction. 1120 
 a, b Columns a common letter differ (P<0.05).  1121 
c, d Points within temperature without a common letter differ (P<0.05).   1122 
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 1123 

 1124 
 1125 

Figure 3.5: Significant sex by temperature interaction for water disappearance 1126 
(WD).  1127 
a, b Points within temperature without a common letter differ (P<0.05).   1128 
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  1129 

   1130 
 1131 

Figure 3.6: Significant interactions for water disappearance per unit feed 1132 
disappearance (W/F). (A) Sex by temperature. (B) Genotype by temperature interaction.  1133 
a, b Points within temperature without a common letter differ (P<0.05).  1134 
Note: Data are presented in their original form not the log function form although when 1135 
processed in SAS, the log function was used when determining significance.  1136 
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     1137 

 1138 
Figure 3.7: Sex by genotype by temperature interaction for nest score. (A) Male 1139 
genotypes compared at each temperature. (B) Female genotypes compared at each 1140 
temperature. 1141 
a, b Points within temperature without a common letter differ (P<0.05). 1142 
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 1143 
Figure 3.8: Nest scores by hour during the transition from 28°C to 31°C compared 1144 
based on time of temperature increase. 1145 
a, b Bars without a common letter within the same hour differ (P<0.05) 1146 
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CHAPTER 4 1147 

 1148 

EFFECTS OF THE BOVINE SLICK MUTATION ON HAIR REGROWTH IN 1149 

MICE SHAVED AT 3 WEEKS OF AGE 1150 

 1151 

INTRODUCTION: 1152 

 In cattle possessing the slick mutation, one of the most apparent phenotypic 1153 

distinctions between slick cattle and WT cattle is the shorter, sleeker coat in those 1154 

possessing at least one of the slick alleles (Littlejohn et al., 2014).  This mutation causes a 1155 

premature stop codon to occur and truncates the long form of the prolactin receptor by 85 1156 

to 120 amino acids removing two of the seven tyrosines involved in PRLR signaling 1157 

(Littlejohn et al., 2014; Porto-Neto et al., 2018).  Some of the additional benefits of the 1158 

mutation, including increased thermotolerance, have been hypothesized to be as a result 1159 

of the varying hair coat.   1160 

 The long form of the mouse PRLR has been shown to be present in the inner root 1161 

sheath and outer root sheath in mouse hair follicles.  Additionally, the abundance of the 1162 

receptor varies with the stage of the hair growth cycle (Foitzik et al., 2003).  In mice, 1163 

when the PRLR is knocked out, the days to new hair growth significantly decreased for 1164 

both males and females (Craven et al., 2001), suggesting PRLR plays a role in hair 1165 

growth in mice just as it does in cattle.  By measuring hair regrowth, it can be determined 1166 

if hair cycling is impacted by the truncation if there are phenotypic differences between 1167 

mice possessing the truncation and WT mice. This would ultimately allow us to conclude 1168 
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if the region associated with the slick mutation in cattle impacts hair growth in mice as 1169 

well.   1170 

 1171 

MATERIALS AND METHODS: 1172 

Animals and Facilities:  1173 

All animal procedures were approved and reviewed by the University of Missouri 1174 

Animal Care and Use Committee (Protocol #9552).  The animals used in this study were 1175 

C57Bl/6 strain from Jackson Laboratories (Bar Harbor, ME), FVB females from Envigo 1176 

(Indianapolis, IN), and genetically modified C57Bl/6 founder males from the Animal 1177 

Modeling Core at the University of Missouri.  Founder males were mated to wild type 1178 

(WT/WT) C57Bl/6 females to produce heterozygous (WT/MUT) offspring.  These 1179 

offspring were then mated to produce homozygous (MUT/MUT) pups.  FVB females 1180 

were mated to founder and WT males to produce pups used for hair regrowth trials.  Mice 1181 

were housed in transparent acrylic cages with ground corn cob bedding and a single 1182 

nestlet (Ancare, Bellmore, NY) per cage.  Breeding males were housed individually, and 1183 

breeding females were group housed with a maximum of four mice per cage.  At three 1184 

weeks of age, pups were weaned, ear notched for identification, and tail snips (less than 1185 

5mm) were taken for genotyping.  Following weaning, littermates of the same sex were 1186 

group housed with a maximum of four mice per cage.  Mice were housed at a Ta of 1187 

23±1°C and were on a 12:12 L:D photoperiod.  Feed (5001 Rodent Diet; Lab Diet®, 1188 

Brentwood, MO) and water were provided ad libitum.  1189 

 At 22 DOA, pups from the matings described above were shaved using and Andis 1190 

ProClip® Ion Cordless Trimmer (Sturtevant, WI).  A 1.5 cm x 1.5 cm patch was shaved 1191 
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on the back over the hip region.  Daily visual appraisal of hair regrowth was recorded at 1192 

0900 ± 1 hour until hair the beginning of the hair shaft was visible across the entire 1193 

shaved patch. 1194 

Genotyping: 1195 

Genotyping procedures are as described in Chapter 3. 1196 

Statistical Analysis: 1197 

 Data were analyzed using the general linear models procedure of SAS (PROC 1198 

GLM).  Data included one measurement per mouse per day based on the degree of hair 1199 

growth.  The models included the main effects of genotype (WT/WT, WT/MUT, or 1200 

MUT/MUT), sex, and the genotype by sex interaction.  Data for FVB mothered pups and 1201 

C57Bl/6 mothered pups were analyzed separately.  Data are presented as least squares 1202 

means ± standard error of the least square mean.  Means were considered significant at 1203 

P<0.05 and considered to have a tendency toward significance if 0.05 ≤ P ≤ 0.10.  1204 

 1205 

RESULTS: 1206 

 In both the trials, genotype and the sex by genotype interactions did not 1207 

significantly impact the days to hair regrowth after shaving (P>0.05).  However, sex did 1208 

have a highly significant effect on days to hair regrowth in both the FVB x C57Bl/6 and 1209 

the C57Bl/6 mice (P=0.0028 and P<0.0001, respectively).  In the FVB x C57Bl/6 mice, 1210 

after shaving, it took 12.5 ± 0.38 days for females to show regrowth, whereas males took 1211 

10.86 ± 0.31 days.  In C57Bl/6 mice, females again took longer to show regrowth (13 ± 1212 

0.1 days) when compared to males (9.61 ± 0.11 days) (Figure 4.1).  1213 

 1214 
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DISCUSSION: 1215 

The difference due to sex was anticipated as it has previously been described that 1216 

male and female mice are sexually dimorphic for hair regrowth and time between molts 1217 

(Craven et al., 2001).  When assessed qualitatively, there were also no phenotypic 1218 

distinctions between any of the genotypes relative to overall coat appearance, including 1219 

length and thickness.  However, the indifference between genotypes was entirely 1220 

unexpected because of the stark phenotypic differences in hair coat for in cattle 1221 

possessing at least one slick allele (Dikmen et al., 2014, 2008).  Additionally, in a prior 1222 

study with PRLR KO mice, both sexually dimorphic hair regrowth and a genotypic effect 1223 

can be observed.  When PRLR is knocked out in female mice, the onset of the second 1224 

hair follicle growth is at 33 DOA and for WT female mice it occurs at 63 DOA.  In 1225 

males, KO mice begin to have new follicles at 31 DOA as compared to WT who show 1226 

regrowth at 35 DOA.  This KO essentially eliminated the sexual dimorphism seen in WT 1227 

mice, suggesting that PRLR and PRL have a role in the sexual dimorphism of molting in 1228 

mice (Craven et al., 2001). In addition to this, the conclusion that PRLR and PRL do 1229 

influence hair growth can be concluded which draws into question why a phenotype was 1230 

not observed in the WT/MUT or MUT/MUT mice in the present study.  This proposes 1231 

that although the receptor was truncated, the region influencing hair growth in mice is 1232 

upstream of the mutation and the region that appears to influence hair growth in cattle is 1233 

not located in the same position in mice.    1234 



 

 56 

 1235 
Figure 4.1: Days to hair regrowth compared between sexes in C57Bl/6 and FVB 1236 
mothered mice.  1237 
a, b Bars without a common letter within the same genetic background differ (P<0.05).  1238 
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CHAPTER  5 1239 

 1240 

CONCLUSIONS AND FUTURE RESEARCH 1241 

 1242 

CONCLUSIONS 1243 

 The bovine slick mutation provides clear improvement during heat stress through 1244 

a variety of fashions and produces a blatant phenotypic difference in hair coat when 1245 

compared to WT cattle.  When this mutation is introduced to mice, the benefits are not as 1246 

well defined, nor is there a hair phenotype.  Mice possessing at least one mutant allele 1247 

showed responses that are indicative of improved thermal tolerance for FD and W/F 1248 

when analyzing the genotype by temperature interactions.  MUT/MUT had the highest 1249 

FD and tended to have the lowest W/F suggesting they are less bothered at the elevated 1250 

temperatures due to their ability to consume a higher proportion of their baseline feed 1251 

intake in concurrence with consuming less water per unit of feed than the other mice, 1252 

indicating they are not using as much water to cool themselves.  WT/WT had the 1253 

opposite results, consuming the lowest FD while producing the largest W/F at 34°C 1254 

showing that these mice were more bothered as a result of a more severe decrease in feed 1255 

intake while consuming more water, presumably to aid in heat dissipation.  Additionally, 1256 

a phenotype, not previously described in cattle, was observed in cold stress conditions 1257 

(22°C and 25°C) with MUT/MUT also appearing to be less bothered by these 1258 

temperatures due to their lower FD when compared to WT/WT who may be consuming 1259 

more feed to maintain their core temperature.  1260 
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 This intermediate phenotype was not present when analyzing the TT data.  In this 1261 

data set, MUT/MUT again appeared to have the advantage with a lower average tail 1262 

temperature; however, WT/MUT and WT/WT tail temperatures were not different from 1263 

each other and significantly higher than those of the MUT/MUT.  Based on TT it appears 1264 

both copies of the allele are necessary to improve heat tolerance.  Nest score also shows 1265 

less clear results as there were no effects of genotype in the female mice at any 1266 

temperatures. Males only do not vary at 34°C in which all have nest scores near 1 1267 

indicating heat stress. Prior to this WT/MUT and MUT/MUT always have numerically 1268 

higher nest scores than the WT/WT mice.  This could allude to a difference in thermal 1269 

preference, a behavioral modification, or due to the subjectivity of the measure, variation 1270 

could be found.  1271 

 Hair phenotypes previously described in cattle were not observed in mice.  Their 1272 

hair coats did not appear to be “slick,” and therefore hair regrowth measures were 1273 

recorded.  Genotype was not found to change days to hair regrowth. Sex was found to 1274 

elicit an effect, but this result was anticipated based on previous research.  This suggests 1275 

that in cattle, the improvement is not solely due to hair coat density and underlying 1276 

physiological mechanisms associated the PRLR are the cause.  Therefore, although more 1277 

thermal tolerant, the mutation does not behave the same in both species.  1278 

In conclusion, mice possessing the bovine slick mutation do show improved 1279 

thermal tolerance for those measures generally associated with heat stress studies; 1280 

however more work needs to be done to determine if core temperature, instead of tail 1281 

temperature, or other behavioral effectors are altered in the mouse as a result of this 1282 

mutation.  This mutation also appears to be involved in cold stress indicating that this 1283 
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mutation may be involved in thermoregulation at both extremes of the temperature 1284 

spectrum, not exclusively heat stress.  Furthermore, the slick mutation does not appear to 1285 

produce a hair coat phenotype in mice although a glaring phenotype is observed in cattle. 1286 

 1287 

FUTURE RESEARCH  1288 

 In this trial, it was demonstrated that the slick mutation, when introduced into 1289 

mice, showed improved thermal tolerance in terms of FD and W/F, although no hair 1290 

phenotype was observed.  Moving forward, there is value in determining the magnitude 1291 

of the effect hair coat has when heat stressing both shaved slick and shaved WT cattle on 1292 

various measures pertaining to heat stress such as feed disappearance, water 1293 

disappearance, core temperature, and skin temperature.  Due to the novel cold stress 1294 

phenotype seen in the MUT/MUT mice in this study, there is value in completing trials 1295 

with slick versus WT cattle in colder environments to account for variation in production 1296 

that may be seen in winter months.  Additionally, the degree of sequence similarity in the 1297 

slick region for cattle versus mice is very low compared to what is observed when 1298 

paralleling cattle and pigs.  Translating this research to a livestock species that commonly 1299 

suffers from summer heat stress, then conducting heat stress trials in that species, could 1300 

allow for production of an animal that is more resistant to the elevated temperatures 1301 

typically observed in the summer months.   1302 
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