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Abstract 12 

Sheep, cows, cats, and rabbits are kept by humans for agricultural purposes and as 13 

companion animals. Much of the mammary research in these species has focussed on 14 

mastitis in the case of ruminants and rabbits, and mammary tumourigenesis in cats 15 

and rabbits. However, similarities with the human breast suggest that these species 16 

may be currently underutilised as valuable comparative models of breast development 17 

and disease. The mammary gland undergoes cyclical postnatal development that will 18 

be considered here in the context of these non-traditional model species, with a focus 19 

on the mammary microenvironment at different postnatal developmental stages. The 20 

second part of this review will consider mammary tumour development. Ruminants 21 

are thought to be relatively ‘resistant’ to mammary tumourigenesis, likely due to 22 

multiple factors including functional properties of ruminant mammary 23 

stem/progenitor cells, diet, and/or the fact that production animals undergo a first 24 

parity soon after puberty. By contrast, unneutered female cats and rabbits have a 25 

propensity to develop mammary neoplasms, and subsets of these may constitute 26 

valuable comparative models of breast cancer. 27 
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1. Introduction 31 

Sheep, cows, cats and rabbits represent a spectrum of species that are kept by humans 32 

for agricultural purposes and as companion animals. Much of the mammary research 33 

in these species has focussed on mastitis in the case of ruminants and rabbits, and 34 

mammary tumourigenesis in cats and rabbits. However, similarities with the human 35 

breast suggest that these species may be valuable comparative models of breast 36 

development and disease.  37 

 38 

The mammary gland has a particularly fascinating cycle of postnatal development that 39 

will be considered here in the context of the sheep, cow, cat and rabbit, with an 40 

emphasis on the mammary microenvironment at different postnatal developmental 41 

stages. The second part of this review will focus on mammary tumour development in 42 

these species. In particular, the apparent ‘resistance’ of ruminants to mammary 43 

tumourigenesis will be explored and contrasted with the propensity of unneutered 44 

female cats and rabbits to develop mammary neoplasia. The value of mammary 45 

carcinomas arising in cats and rabbits as comparative models of breast cancer will be 46 

evaluated. 47 

 48 

2. Sheep 49 

The ovine mammary gland has two mammae each with one galactophore and ductal 50 

system [1]. Supernumerary teats may be present, and larger supernumerary teats tend 51 

to exhibit anatomical complexity including a teat canal and/or teat cistern in which 52 

milk may accumulate, potentially predisposing to mastitis [2]. The mammary 53 

parenchyma is characterised by the presence of terminal duct lobular units (TDLUs) 54 

supported by collagenous intra- and interlobular stroma [1]. The collagenous stroma 55 



of the ovine mammary gland is strikingly similar to the human breast and is in 56 

contrast to the adipocyte-rich stroma of the mouse [3] (Fig. 1). 57 

 58 

Sheep are polyoestrous seasonal breeders, with a cycle length of 14-20 days and the 59 

occurrence of oestrus cycling controlled by decreasing photoperiod. Ovulation occurs 60 

towards the end of oestrus. Gestation length is approximately 150 days [4]. 61 

 62 

2.1. Ovine pre- and peri-pubertal mammary development 63 

A striking 20% of ovine mammary growth, based on dried fat-free tissue weights, 64 

occurs between birth and the beginning of pregnancy [5]. Sheep reach puberty at 6 to 65 

8 months old. Growth through the pre-pubertal period is not linear and is punctuated 66 

by a phase of allometric mammary development, when the rate of growth of the 67 

mammary gland exceeds that of the body as a whole. Delineation of the timing of the 68 

period of allometric growth is likely affected by study design, including method of 69 

determining growth rate, sheep breed [6], and body condition. One study suggests that 70 

ovine mammary allometric growth occurs between 3 and 4 months of age [5].  71 

 72 

Using DNA content of the mammary gland as a surrogate read-out for mammary 73 

growth, other authors have demonstrated that the magnitude of mammary allometric 74 

growth is perhaps counter-intuitively increased in lambs receiving rations designed to 75 

give a low rate of weight gain compared to those receiving a higher plane of nutrition. 76 

These data suggest that rations designed to produce high weight gain can result in a 77 

decrease the rate of mammary allometric growth of pre-pubertal lambs [7].  78 

 79 



During the pre-gestational phase of ovine mammary development, expression of 80 

insulin-like growth factor-I mRNA, a likely mammary paracrine mitogen, 81 

approximately mirrors the period of allometric growth [8]. Experiments in 82 

ovariectomised lambs have demonstrated that the pre-pubertal period of allometric 83 

growth is not dependent on ovarian hormones [9] and expression of insulin-like 84 

growth factor-I mRNA is unaffected by ovariectomy [8]. However, when exogenous 85 

oestrogen is administered to ovariectomised ewes, expression of insulin-like growth 86 

factor-I mRNA in the mammary fat pad adjacent to the parenchyma is increased [8] 87 

suggesting some degree of hormonal regulation. There is differential regulation of 88 

expression of insulin-like growth factor-I and II. Expression of insulin-like growth 89 

factor-II is again higher during the first period of postnatal growth, up to 23 weeks of 90 

age, but parenchymal mRNA expression increases following ovariectomy and 91 

expression in both the parenchyma and mammary fat pad adjacent to the parenchyma 92 

is suppressed by administration of exogenous oestrogen [8]. 93 

 94 

Expression of another mammary mitogen, keratinocyte growth factor, has also been 95 

assessed in ovine mammary tissue. The mammary stroma expresses two transcripts of 96 

keratinocyte growth factor mRNA, whereas only one transcript is identifiable in the 97 

mammary parenchyma, hinting at a possible paracrine mode of action for this factor 98 

in ovine mammary development, and underlining the importance of the mammary fat 99 

pad in participating in cross-talk with the epithelial compartment [1, 10]. Expression 100 

of the neurotrophin growth factors, nerve growth factor and brain derived 101 

neurotrophic factor, is higher in pre-pubertal mammary gland compared to later 102 

developmental time points and may also contribute to local regulation of mammary 103 

development [11]. 104 



 105 

2.2. Ovine mammary development during gestation and lactation 106 

The udder volume of a pregnant ewe may increase exponentially over the last month 107 

before lambing [12]. Based on assessment of dried fat-free tissue weights, 80% of 108 

ovine mammary growth is associated with pregnancy, and mammary growth is 109 

essentially complete by parturition [5]. As would be anticipated, this phase of growth 110 

during pregnancy is accompanied by Ki67 expression in mammary epithelial cells, 111 

with a Ki67 proliferation index of approximately 8% recorded in late gestation. 112 

Interestingly, in ewes approximately 10 days prior to lambing, increased Ki-67 113 

expression is observed in smaller diameter “immature” alveoli than in alveoli with a 114 

large lumen and a correspondingly attenuated epithelium, suggesting that smaller 115 

alveoli may contribute to a final pulse of mammary growth prior to parturition [13].  116 

 117 

During this late gestational phase of rapid epithelial proliferation, the mammary 118 

parenchymal area increases dramatically but the proportion of mammary gland area 119 

occupied by parenchyma does not alter, allowing inference that the mammary fat pad 120 

volume increases in parallel. In ewes with cleared contralateral fat pads, this increase 121 

in fat pad volume is not observed in the contralateral cleared fat pad, again 122 

highlighting interplay between the mammary epithelial compartment and the fat pad 123 

[14]. 124 

 125 

Milk yield in sheep is proportional to number of offspring, and the placenta is thus 126 

considered to be pivotal in the control of this dramatic phase of gestational mammary 127 

development [1, 15]. Placental lactogen has been implicated in this regulation, with 128 



concentration of placental lactogen correlating with udder size pre-partum and post-129 

partum milk yield [16].  130 

 131 

Leptin is a hormone, classically associated with synthesis by adipocytes, that 132 

influences energy balance and food intake. It is also expressed by the mammary gland 133 

and may modulate cellular proliferation and differentiation, although many of the 134 

studies demonstrating such activities have utilised in vitro systems, or 135 

supraphysiological doses of leptin [17]. In the ovine mammary gland, leptin mRNA 136 

levels are high at the beginning and end of gestation and are lower during mid-137 

pregnancy and lactation [18]. Whilst the role of leptin in the mammary gland is yet to 138 

be fully elucidated, it seems likely to be involved in regulating mammary growth and 139 

function during phases of development necessitating metabolic adaptation, such as 140 

late pregnancy and early lactation [17]. 141 

 142 

A more recent study has focussed on the transcriptional changes occurring during late 143 

gestation compared to early lactation using RNA-seq. In late pregnancy, key 144 

biological processes include cell proliferation, beta-oxidation of fatty acids, and 145 

translation, translation elongation, and translation initiation [19]. STAT5 genes 146 

(STAT5A and STAT5B) are expressed more highly during late pregnancy than in 147 

lactation [19]. This may reflect the role of STAT5 in mammary lobuloalveolar 148 

development and upregulation of milk protein gene expression [20]. It may also point 149 

to a relatively less important role of STAT5 in regulating milk protein gene 150 

expression in sheep, similar to that suggested in cows [19, 21]. However, this finding 151 

and associated implications must be interpreted with caution as STAT5 may be 152 

regulated predominantly through protein activation rather than by transcription [22]. 153 



Of historical note, one of the original papers describing STAT5, then termed milk 154 

protein binding factor, discovered it to be highly expressed in the mammary glands of 155 

sheep [23]. 156 

 157 

RNA seq also identifies changes in the expression of epigenetic regulators, 158 

particularly chromatin remodellers, between pregnancy and lactation. This suggests 159 

that epigenetic regulation may contribute to coordination of the considerable 160 

transcriptional changes required when the mammary gland undergoes transition from 161 

a pregnancy ‘growth and development’ phase to a lactational ‘synthesis and secretion’ 162 

phenotype [19]. 163 

  164 

2.3. Ovine post-lactational mammary gland involution 165 

As in other species, ovine post-lactational mammary gland involution may be 166 

initiated, in both experimental and natural settings, by either abrupt or gradual 167 

cessation of lactation [24]. Ultrasonography allows visualisation of a transient 168 

increase in gland cistern volume following abrupt weaning. At approximately one 169 

week of involution, milk clots are appreciable within the gland cistern, and these 170 

accumulations are likely gradually resorbed, leading to a reduction in gland cistern 171 

volume as involution progresses [25]. 172 

 173 

In rodent models involution is a bipartite process comprising waves of epithelial cell 174 

death, and subsequent removal of these dead cells, coupled with stromal remodeling 175 

[26]. During ovine involution, there is evidence of apoptosis [13, 27]. Although 176 

apoptosis has long been appreciated as one cell death mechanism occurring during 177 

mammary involution [28], more recent studies in mice have revealed that murine 178 



involution can proceed in the absence of executioner caspases 3 and 6, and that Stat3-179 

regulated lysosomal-mediated cell death is a critical cell death pathway [29-31]. The 180 

contribution of lysosomal-mediated cell death to ovine post-lactational mammary 181 

regression is yet to be established. 182 

 183 

Efferocytosis, the removal of dead, damaged, or superfluous cells by neighbouring 184 

cells or professional phagocytes [32], is an important facet of involution. During 185 

murine mammary involution, epithelial cells contribute to efferocytosis [33] and we 186 

and others have documented the importance of immune cells, particularly 187 

macrophages, in the murine mammary microenvironment [34-40]. Similarly, 188 

mammary epithelial cells and macrophages are effectors of efferocytosis during ovine 189 

mammary involution [41-44]. 190 

 191 

During involution, ovine basal mammary epithelial cells, or myoepithelial cells, 192 

appear to undergo morphological changes similar to those observed in the mouse, 193 

with shrinkage and re-direction of the cellular processes [38, 42]. There is also 194 

ultrasonographic evidence of stromal remodeling in the involuting ovine mammary 195 

gland [25].  196 

 197 

In an agricultural context, ovine mammary involution may be initiated as an abrupt or 198 

gradual process, according to the production system. It is important to note that when 199 

lambs being raised for meat production are removed synchronously from dams at the 200 

production stage termed ‘weaning’, a variable degree of natural weaning will have 201 

already occurred. As a result, ovine mammary tissue sampled at the production stage 202 

termed ‘weaning’ frequently exhibits variable, but often profound, levels of 203 



regression (author’s unpublished results) (Fig. 1). In experimental mice, cell death 204 

also occurs during involution induced by natural weaning although there is a slower 205 

onset of this process compared to during involution induced by forced synchronous 206 

litter removal [45]. 207 

 208 

3. Cattle 209 

The bovine mammary gland has four inguinal mammae each with one galactophore 210 

and ductal system [26]. The arrangement of TDLUs and the mammary stroma is 211 

broadly similar to the sheep and thus also to the human breast [1, 3]. In the bovine 212 

mammary gland some authors favour the term terminal ductal units to the descriptor 213 

TDLUs [46].  214 

 215 

Cattle are polyoestrous and have an oestrous cycle of 18-24 days. Ovulation occurs 216 

approximately 10-12 hours after the end of oestrus. Gestation length varies according 217 

to breed but is frequently in the region of 279-290 days [4]. 218 

 219 

3.1. Bovine pre- and peri-pubertal mammary development 220 

Pre-gestational mammary development in heifers partially shapes future lactation 221 

potential. The reader is directed to a recent review examining the importance of this 222 

developmental phase in the context of future productivity [47]. This section will focus 223 

firstly on comparison to ovine pre-gestational development and secondly on recent 224 

observations regarding the mammary microenvironment during this phase. 225 

 226 

In contrast to the lamb, ovariectomy in the heifer perturbs mammary growth [48]. In 227 

dairy heifers undergoing ovariectomy, mammary epithelial progesterone receptor 228 



expression is considerably reduced and the intensity of oestrogen receptor expression 229 

is decreased. There is reduced Ki67 expression in both the mammary epithelial cells 230 

and the stroma [49]. 231 

 232 

There is clear recognition of the importance of immune cells in coordinating 233 

mammary development in mice [37, 38, 50-55]. Compared to laboratory rodents, 234 

there is very little known about immune cell regulation of mammary development in 235 

the cow. However, localization of immune cells in female calves up to 42 days old 236 

hints at a similarly important role in this species, with significantly more 237 

macrophages, mast cells, and eosinophils present in ‘near stroma’ within 100-150 238 

microns of mammary epithelium, than in the more distant ‘far stroma’ [56].  239 

 240 

In addition to immune cells, myoepithelial cells are also attracting increasing attention 241 

as cellular players that may impact development of the pre-pubertal bovine mammary 242 

gland [47]. In 100 day old calves, more numerous myoepithelial cells are detectable in 243 

individuals that have been ovariectomised than in intact heifers. In the former it is 244 

suggested that oestrogen may negatively regulate myoepithelial differentiation and 245 

that, in the absence of oestrogen, more abundant myoepithelial cells may constrain 246 

luminal epithelial proliferation [57]. However, in calves receiving tamoxifen, in 247 

which there is an ensuing 50% reduction in mammary growth, fewer myoepithelial 248 

cells are noted [58]. It seems likely that the role of myoepithelial cells in the 249 

developing mammary gland is currently under-appreciated and this is likely to be a 250 

focus of future research efforts [47].  251 

 252 

3.2. Bovine mammary development during gestation and lactation 253 



The majority of mammary growth is achieved during the final trimester of pregnancy. 254 

As in the sheep, placental lactogen (see also Section 2.2) is considered likely to be 255 

important in regulating this growth [59]. To a lesser degree, prolactin is also likely 256 

important [1]. When quantification of mammary DNA is used as a surrogate read-out 257 

of udder size, it correlates poorly with milk yield in lactating dairy cows [59]. 258 

 259 

Historically it has been noted that in early lactation in the murine mammary gland 260 

cells active in DNA synthesis do not undergo mitosis. Thus it was postulated that 261 

there is an amplification of genomic DNA in order to increase the number of gene 262 

copies to support the high rate of RNA and protein synthesis in lactating epithelial 263 

cells [60-62]. A more recent study has revealed that approximately 40% of the 264 

luminal alveolar epithelial cells in the bovine mammary gland during late gestation 265 

are binucleated. It has been suggested that these may increase milk production 266 

capacity [63] or represent a downstream sequel to the DNA synthesis required to 267 

sustain lactation  [62] (Fig. 2). 268 

 269 

During lactation, there is concomitant epithelial cell death and the proportion of 270 

epithelial cells is therefore highest at 90 days lactation and then declines [64]. 271 

Interestingly, when once daily milking is carried out unilaterally in dairy cows, with 272 

the other half of the udder milked twice a day, epithelial proliferation decreases and 273 

cell death increases in the half that is milked once a day. These observations, together 274 

with related transcriptional changes, suggest that local factors and milk build-up 275 

regulate the decrease in milk yield associated with once daily milking [65]. Such 276 

experiments echo those in mice, where unilateral teat sealing has been utilised to 277 



study the first stage of post-lactational regression and has demonstrated that cell death 278 

is induced by local factors, presumably associated with accumulation of milk [66].  279 

 280 

3.3. Bovine post-lactational mammary gland involution 281 

Although some of the comments relating to ovine post-lactational mammary 282 

regression (Section 2.3) are applicable to cows, there are specific features of bovine 283 

involution that are noteworthy. Several different methods of reducing milking and 284 

modulating nutritional intake may be employed to induce involution [67]. Many cows 285 

are already in late pregnancy at the point of involution or ‘drying off’, and these 286 

animals therefore exhibit what we have previously termed a ‘parallel pregnancy’ 287 

involution signature [26]. In mice undergoing forced involution, the degree of cell 288 

death is reduced when there is concurrent pregnancy [68]. However, there is earlier 289 

onset of cell death in mice that undergo natural weaning whilst pregnant [45]. Overall, 290 

the process of involution in mice that are concurrently pregnant differs notably from 291 

the progression of involution in non-pregnant mice in terms of tissue histo-292 

morphology, cell death dynamics, and gene expression patterns [45]. Similarly one of 293 

the key features of the bovine mammary microenvironment in cows with a ‘parallel 294 

pregnancy’ involution signature is that there is dual evidence of cell death and cell 295 

renewal, and the importance of the latter is underlined by the suggestion that dairy 296 

cows undergo ‘regenerative involution’ [46, 69, 70]. 297 

 298 

Through use of murine models, post-lactational regression has been demonstrated to 299 

be a two-stage process. The first stage is reversible and even though there is extensive 300 

cell death, suckling of pups can successfully recommence if the offspring are returned 301 

during this phase. The second stage, from approximately 48 hours onwards, is 302 



irreversible and comprises further cell death and tissue remodelling [20]. 303 

Interestingly, experiments in cows subject to an abrupt discontinuation of milking at 304 

mid lactation, demonstrate that after seven days of non-milking, milking can be 305 

reinitiated with almost comparable milk yield and composition to that observed prior 306 

to induction of involution [71]. Involution appears to be partially reversible following 307 

11 days of involution [72] suggesting that this time point may be approaching the 308 

transition to irreversibility. 309 

 310 

As already described (Section 2.3) Stat3 activation is fundamental to the progression 311 

of murine mammary involution [29-31] and the available evidence supports a similar 312 

role in bovine involution. As in other species, the pattern of bovine involution is 313 

somewhat heterogeneous, and phosphorylated STAT3 (pSTAT3) is detectable in the 314 

bovine mammary gland within 36 hours of abrupt cessation of milking at mid 315 

lactation in samples with low level of milk protein expression [73]. Robust expression 316 

of pSTAT3 is detectable by 72 hours of involution [74].  317 

 318 

4. Domestic cats 319 

Cats generally have four pairs of mammae, each with multiple ductal trees [75]. The 320 

feline mammary gland can be considered to have terminal duct lobular units [76]. 321 

 322 

Cats are seasonally polyoestrous long day seasonal breeders, with a cycle length of 323 

14-21 days. Cats are induced ovulators, with ovulation occurring 24-48 hours after 324 

breeding or equivalent stimulus. Gestation length is approximately 65 days [4]. 325 

 326 

4.1. Feline pre- and peri-pubertal mammary development 327 



Compared to farm animals, there has been less focus on pre- and peri-pubertal 328 

mammary development in cats. At puberty, oestrogen stimulates mammary epithelial 329 

proliferation [75]. Progesterone, increasing in levels during dioestrus and later 330 

pregnancy, likely elicits mammary production of growth hormone, and concomitant 331 

synthesis of insulin-like growth factors, that have also been implicated in the process 332 

of feline mammogenesis [75, 77, 78]. Correspondingly, feline mammary tissue 333 

exhibits progesterone receptor and oestrogen receptor expression [79] [80-82]. 334 

Histological changes associated with the oestrus cycle have been described in the 335 

mammary gland of dogs and are likely to also occur in the mammary gland of cats 336 

although it should be noted that, unlike dogs, cats are induced ovulators [75, 83, 84]. 337 

 338 

4.2. Feline mammary development during gestation and lactation 339 

To the author’s knowledge, there is very little species-specific information regarding 340 

the development of the mammary gland during pregnancy and lactation in the cat. 341 

Interestingly, the whey protein beta-lactoglobulin that is found in the milk of many 342 

species except humans, rodents, and lagomorphs, exists in three forms in the cat and 343 

the cat possesses at least two distinct beta-lactoglobulin genes, compared to the cow 344 

that has one [85] [86]. 345 

 346 

4.3. Feline post-lactational mammary gland involution 347 

There is a relative paucity of information regarding the specific features of post-348 

lactational mammary regression in the cat. However, patterns of canine mammary 349 

involution have been described, and potentially similar morphological changes may 350 

arise in the cat. Historically post-lactational alveolar regression has been suggested to 351 

commence from ten days post partum, with complete regression achieved by 40 days 352 



post partum [87] but more recently authors have described morphological evidence of 353 

canine involution from day 56 of lactation, with almost complete involution achieved 354 

by the end of the third month of lactation. In the latter study, the authors suggested a 355 

likelihood for involution to start slightly earlier in cranial mammae that are less 356 

preferred for sucking by pups [88].  357 

 358 

5. Rabbits 359 

The rabbit usually has four pairs of mammae, with one thoracic pair, two abdominal 360 

pairs and one inguinal pair [26]. There are six or seven ductal systems per mamma 361 

[89]. The rabbit mammary gland has a terminal duct lobular unit structure [90]. 362 

 363 

Wild rabbits are seasonally polyoestrous long day seasonal breeders, with a suggested 364 

cycle length of 16-18 days. However, the oestrus cycle is less well-defined in some 365 

domestic rabbits. Rabbits are induced ovulators, with ovulation occurring 10-13 hours 366 

after breeding or equivalent stimulus. Gestation length is approximately 31-32 days 367 

[91]. 368 

 369 

5.1. Leporine pre- and peri-pubertal mammary development 370 

Consistent with use of rabbits as a laboratory model, much of the work concerning 371 

pre- and peri-pubertal mammary development in rabbits has focussed on the impact of 372 

diet. Consumption of an obesogenic diet between 8-13 weeks of age significantly 373 

alters the composition of the mammary gland, when assessed at gestation day 8 of a 374 

subsequent pregnancy. There is increased deposition of adipose tissue, and a relative 375 

reduction in the percentage of the gland composed of connective tissue and 376 

epithelium. Interestingly, there is also less epithelial proliferative activity, as 377 



measured by Ki67 immunofluorescence [92]. By contrast, when an obesogenic diet is 378 

administered from prior to puberty to mid-pregnancy, the proportion of epithelium is 379 

significantly higher at mid pregnancy than in control animals [93]. Extending the 380 

period of abnormal diet by raising newborn rabbits on lactating dams fed an 381 

obesogenic diet and then maintaining such a diet for the offspring from the onset of 382 

puberty and throughout early pregnancy also results in abnormal mammary tissue 383 

when sampled at day 8 of pregnancy. Rabbits maintained on this regimen exhibit 384 

ectatic mammary ducts containing proteinaceous material and disorganisation of 385 

mammary alveolar structures [94]. 386 

 387 

5.2. Leporine mammary development during gestation and lactation 388 

In contrast to the sheep, where the majority of mammary growth occurs during 389 

gestation, and growth is essentially completed by parturition, historical analyses of 390 

mammary gland DNA content in New Zealand white rabbits indicate that 67% of 391 

growth occurs during gestation and 33% in lactation [95]. Gestation length in the 392 

rabbit is 31-32 days, and the majority of pregnancy-associated mammary gland 393 

growth occurs between gestation days 16 and 26 [95]. Growth dynamics are likely 394 

influenced by breed and the experimental methodologies employed. By measuring 395 

mammary gland weight as a percentage of body weight in Dutch Belted rabbits, other 396 

authors have suggested that approximately 30-40% of total mammary gland growth is 397 

attained during pregnancy with the remaining 60-70% occurring in lactation [96]. 398 

Thus, a notable degree of mammary growth occurs during both pregnancy and 399 

lactation in the rabbit although the projected relative contributions of each 400 

developmental stage may vary between studies. Corroborating this assertion, we have 401 

demonstrated multifocally abundant Ki67 expression in luminal mammary epithelial 402 



cells during both pregnancy and lactation in the rabbit [89]. This is in contrast to the 403 

mouse in which the majority of epithelial proliferation occurs in association with 404 

pregnancy rather than lactation [97, 98]. 405 

 406 

In contrast to the sheep where leptin expression is higher in early and late pregnancy 407 

than in lactation [18] (see Section 2.2), in the rabbit mammary gland, leptin exhibits 408 

low levels of mRNA expression during pregnancy, but increases significantly 409 

between days 3 and 16 of lactation in luminal epithelial cells. It has been suggested to 410 

have autocrine or paracrine regulatory functions [99]. 411 

 412 

The presence and potential significance of binucleated mammary epithelial cells in 413 

the udder of the cow has already been discussed (see Section 3.2). Similarly, we have 414 

observed binucleated luminal epithelial cells in both mammary alveoli and sinus-like 415 

dilatations of the mammary milk ducts during lactation in the rabbit [89].  416 

 417 

Limited studies have examined the mammary microenvironment in rabbits during 418 

pregnancy and lactation. We have identified a population of CD3-positive T 419 

lymphocytes that are present both in stromal clusters and also in intraepithelial foci, 420 

suggesting exocytosis into the milk, and implying a contribution to the mucosal 421 

immune system of the gland in this species [89]. We have also observed macrophages 422 

in the rabbit mammary gland, particularly in association with impaired mammary 423 

development tentatively linked with abdominal ectopic pregnancy [100]. Rabbits are 424 

notable for being a species in which ectopic pregnancy is relatively frequently 425 

reported [101] and we and others have observed cases of retarded mammary 426 



development in rabbits that have a concurrent abdominal ectopic pregnancy [100, 427 

102]. 428 

 429 

5.3. Leporine post-lactational mammary gland involution 430 

By involution day 14 in the rabbit, mammary gland weight expressed as a percentage 431 

of body weight is 0.5% and is similar to that recorded in the virgin animal. 432 

Unfortunately the timing of induction of involution, if forced involution was initiated, 433 

is unclear from these experiments [96].  In rabbits in which synchronous involution is 434 

initiated by removal of the young at day 14 of lactation (day 0 involution), prolactin 435 

receptor numbers decrease from 10 days of involution [103].  436 

 437 

In other systems, rabbit mammary gland involution may proceed by means of natural 438 

weaning (see Section 2.3). In this scenario, milk yield reduces from the fourth week 439 

although does may continue to lactate for a further 2-4 weeks. It is noteworthy that 440 

does may have a ‘parallel pregnancy and lactation signature’ at this time. Milk yield 441 

peaks more rapidly and then drops more precipitously in female rabbits that are bred 442 

soon after parturition than those in which breeding is delayed until 35-56 days after 443 

parturition [91]. 444 

 445 

6. Comparative mammary tumourigenesis in the sheep, cow, cat, and rabbit 446 

There are striking species differences in susceptibility to development of mammary 447 

tumours. Mammary tumours are the third most common tumour type in cats [104, 448 

105] (Fig. 3). In a recent survey 11% of neoplasms detected in European shorthaired 449 

cats were of mammary origin, and of these, 97.3% were malignant [106]. This is in 450 

concordance with a previous study suggesting that these tumours carry a poor 451 



prognosis, with a malignant:benign ratio of 9:1 [107]. Classification of feline 452 

mammary tumours [75, 108] and prognostic markers [109, 110] are considered 453 

elsewhere and will not be described further here. Not dissimilar to cats, a recent 454 

investigation in rabbits found mammary adenocarcinoma to be the second most 455 

frequently diagnosed neoplasm [111].  456 

 457 

By contrast, mammary tumours in sheep and cows are rare, even in populations of 458 

animals attaining advanced age [112, 113]. Quantification of contemporary incidence 459 

of mammary neoplasia in ruminants is challenging due to the scarcity of cases, 460 

frequently limited to single case reports [113-117]. However, a large study of autopsy 461 

and biopsy specimens from goats revealed interesting data. This survey of 1146 462 

caprine specimens revealed that 100 goats that were presented with neoplasia 463 

(totalling 102 neoplasms), and of these, 7 submissions (approximately 0.6% of all 464 

submissions), comprised mammary neoplasia [118].  465 

 466 

The purpose of this section is illuminate interesting facets of mammary 467 

tumourigenesis in the species in question. The following sections will examine 468 

potential reasons why mammary tumours are rare in sheep and cows (Section 6.1), 469 

and the utility of feline and leporine mammary tumours as models of human breast 470 

cancer (Sections 6.2 and 6.3.1 respectively). 471 

 472 

6.1. Mammary tumourigenesis in sheep and cows: a rare event 473 

As already stated (Section 6), mammary tumours in sheep and cows are rare. 474 

Interestingly, reports in sheep document the occurrence of benign mammary 475 

adenomas [115] and fibroadenomas [117], and low grade carcinomas known to have 476 



been present for some time, suggesting slow clinical progression [113]. By contrast, 477 

in cows mammary carcinomas metastatic to draining lymph nodes have been recorded 478 

[114, 116] and historically reviewed [119] and in some cases, more distant metastatic 479 

spread has also been noted [116, 119]. Primary mammary epithelial neoplasms in the 480 

sheep and cow therefore cannot be assumed to have the same clinical behaviour and a 481 

more malignant phenotype is tentatively suggested for a subset of bovine mammary 482 

neoplasms. 483 

 484 

The rarity of mammary neoplasms in ruminants raises the interesting broader question 485 

regarding the reasons for variable susceptibility to cancer development in different 486 

mammals. Peto’s Paradox encompasses the notion that large and long-lived species 487 

do not develop more neoplasms although dogma suggests that these mammals would 488 

accrue a greater number of somatic mutational ‘hits’ and thus develop more tumours 489 

[120]. Whilst mechanisms such as the evolution of multiple copies of the TP53 gene 490 

in the elephant [121] partially account for this paradox, it remains poorly understood.  491 

 492 

On possible explanation for the differential susceptibility of the mammary gland to 493 

neoplastic transformation in different species is that the properties of mammary 494 

stem/progenitor cells (MaS/PCs) vary in different species. Differences in MaS/PCs 495 

between species may impact tumourigenesis because long-lived, self-renewing 496 

MaS/PCs are considered to be a potential cell of origin for mammary neoplasia [122].  497 

 498 

Bovine MaS/PCs have been historically described as “morphologically distinct pale-499 

staining cells” [123, 124]. When bromodeoxyuridine was administered to prepubertal 500 

heifers, these cells accounted for approximately 40% of the bromodeoxyuridine 501 



positive population in spite of comprising only 10% of the epithelial population [123]. 502 

Subsequently, a number of groups have used various techniques to attempt 503 

identification and isolation of bovine MaS/PCs (reviewed in [125, 126]). More 504 

recently, investigators have propagated non-adherent cells derived from bovine 505 

primary mammary epithelial cell cultures as mammospheres and after 11 days of 506 

selection have cultured cells derived from the mammospheres, a fraction anticipated 507 

to be enriched in MaS/PCs [127]. At present the functional properties of ruminant 508 

MaS/PCs that may confer reduced tumourigenic potential to the ruminant mammary 509 

gland remain undetermined. There may also be other factors also contributing to the 510 

apparent reduced tumour incidence in these species. 511 

 512 

For women under 20 years old, having a full term pregnancy is associated with a 513 

relative ‘protective’ effect against breast cancer equivalent to an approximately 50% 514 

risk reduction [128]. It may be postulated that production animals undergoing a first 515 

parity soon after puberty, and having multiple lactation cycles, may be subject to a 516 

similar decrease in mammary tumour risk associated with the effect of a full term 517 

pregnancy. This risk reduction may, for example, be the result of changes to the 518 

MaS/PCs that occur in association with late pregnancy or parturition. However, other 519 

authors have noted that the low incidence of mammary neoplasia appears to extend to 520 

ruminants maintained in zoos and other environments where they are not used for 521 

breeding, which would argue against this hypothesis [113]. 522 

 523 

A further consideration may be dietary: ruminants eat a high fibre, low fat diet 524 

whereas small domestic carnivores like cats have a diet more similar in composition 525 

to that of humans. Thus small domestic carnivores consume a diet that is not only 526 



higher in fat but may also lead to accumulation of more dietary carcinogens through 527 

the process of biomagnification [113, 129]. 528 

 529 

At present, the reasons for the rarity of mammary tumours in ruminants remain poorly 530 

understood. It is possible that this phenomenon may be multifactorial and that all the 531 

considerations described above are contributory factors. 532 

 533 

6.2. Feline mammary tumours as models for human breast cancer 534 

There has been longstanding recognition of the potential benefits of using feline 535 

mammary tumours as models for particular breast cancer subtypes [130] and several 536 

recent studies have further underlined this concept. Importantly, surrogate definitions 537 

of the intrinsic subtypes of human breast cancer can be generated by 538 

immunohistochemical measurements of oestrogen receptor, progesterone receptor, 539 

Ki-67 and HER2 [131]. When this St. Gallen International Expert Consensus Panel 540 

immunohistochemical classification of breast cancer subtypes was applied to feline 541 

mammary carcinomas, the most common feline subtype was the luminal B-542 

like/HER2-negative subtype (almost 30% of cases). The second most common feline 543 

subtype was the luminal B-like/HER2-positive group (approximately 20% of cases). 544 

Subtypes were associated with differing clinical and histological features, and 545 

survival times, and these associations frequently appeared to parallel those of human 546 

breast cancer. For example, the longest survival time was recorded with the luminal A 547 

subtype [132].  548 

 549 

The breast cancer intrinsic basal-like subtype and its triple-negative surrogate 550 

definition are not exact synonyms and show approximately 80% overlap [131]. Thus, 551 



some triple-negative breast cancers are not basal-like and are in fact one of the other 552 

intrinsic subtypes [133]. Similarly, in one study only 57% of feline triple-negative 553 

carcinomas were basal-like [132]. However, it is likely that the genuinely basal-like 554 

subgroup of the triple-negative feline mammary carcinomas may be a useful model 555 

for triple-negative breast cancers in women [134]. Interestingly, a recent study has 556 

demonstrated that the presence of large numbers of regulatory T cells, identified on 557 

the basis of FoxP3 expression, is a negative prognostic indicator in feline triple-558 

negative mammary carcinomas [135]. The authors therefore suggested that these 559 

tumours may be a useful model for the basal-like immune-suppressed subset of the 560 

triple-negative basal-like breast cancer group. This will require further molecular 561 

subtyping using a marker panel reflecting the accepted immunohistochemical profile 562 

of the basal-like immune-suppressed subset [136]. 563 

 564 

Any consideration of a potential tumour model requires a balanced assessment of the 565 

advantages and limitations. The cat is an attractive model, in part because cats 566 

frequently share the same environment as their owners [137], in some cases exhibit 567 

similar co-morbidities such as those associated with advanced age or obesity, and 568 

develop mammary tumours spontaneously. However, many pet cats undergo 569 

ovariohysterectomy at a young age, and this important difference needs to be 570 

considered in any evaluation of feline mammary tumours as a comparative model 571 

[109]. In addition, in contrast to the case in women, cats may frequently be presented 572 

with multiple mammary tumours and this causes difficulty in interpretation of results 573 

and comparison with breast cancer [132]. 574 

 575 

6.3. Rabbit mammary tumours  576 



Mammary tumours are regularly diagnosed in pet rabbits, particularly older non-577 

neutered females [138]. In one study examining rabbit surgical biopsy submissions to 578 

a German veterinary diagnostic laboratory, mammary tumours comprised 579 

approximately 20% of the submitted specimens [139]. The majority of these 580 

neoplasms are carcinomas, with smaller numbers of benign neoplasms reported [90, 581 

138, 139]. Recently, the presence of tumour infiltrating lymphocytes has been 582 

described in pet rabbit mammary carcinomas, with higher numbers of stromal 583 

lymphocytes present in central foci in neoplasms with a lower mitotic count and lower 584 

histological grade [140]. 585 

 586 

There are several facets of mammary tumourigenesis in rabbits that merit special 587 

mention. Several authors have presented evidence of the potential, in some but not all 588 

cases, for a continuum of tumour development from benign lesions, through in situ 589 

carcinomas, to overt carcinomas. Such evidence includes historic descriptions of a 590 

progression of tumour development from a benign neoplasm to an invasive carcinoma 591 

[141], the observation that benign neoplasms tend to be smaller and observed in 592 

younger animals [139], and the description of non-neoplastic entrapped myoepithelial 593 

cells within rabbit mammary carcinomas [142]. 594 

 595 

Interestingly, several morphological features of mammary carcinomas appear to be 596 

potentially more common in rabbits than in cats. Some tumours exhibit a notable 597 

degree of squamous differentiation leading them to be classified as adenosquamous, 598 

and squamous differentiation is also prominent in some ductal carcinomas [90, 139]. 599 

A vacuolated lipid rich mammary carcinoma variant is also described, and is 600 

postulated to reflect the high lipid content of rabbit milk [90, 139, 143, 144]. 601 



 602 

Rabbit mammary dysplasia or neoplasia may be influenced by hormones, particularly 603 

prolactin and oestrogen [138]. Prolactin-secreting pituitary adenomas have been 604 

reported in association with cystic mammary dysplasia in nine New Zealand white 605 

rabbit does [145] and, in a separate report, with mammary hyperplasia, dysplasia, and 606 

a cystic mammary adenocarcinoma [146]. Oestrogen receptor alpha and progesterone 607 

receptor expression have been documented in some benign rabbit mammary lesions, 608 

but it has been suggested that the majority of carcinomas do not exhibit expression of 609 

these steroid hormone receptors [143]. However, this data could be consistent with a 610 

role for steroid hormones acting as growth promoters, impacting early stages of rabbit 611 

mammary tumourigenesis. Mammary tumours may also be diagnosed in rabbits that 612 

are presented with uterine hyperplasia or adenocarcinoma, the latter a common 613 

tumour in this species [138, 144]. 614 

 615 

6.3.1. Rabbit mammary tumours as a model for human breast cancer 616 

We have documented the presence of sinus-like dilatations in the milk ducts of rabbits 617 

subjacent to the teat. Given the similarities to the human breast, including the 618 

presence of multiple galactophores per mamma, we have previously suggested that 619 

the rabbit mammary gland may represent a useful alternative model for the breast 620 

[89]. In parallel, other investigators have asserted that the rabbit may represent a 621 

model for administration of mammary intraductal treatments [147] and that rabbit 622 

mammary tumours may constitute a useful model for particular breast cancer subtypes 623 

[144]. There is therefore a compelling need for further research into the biology of the 624 

rabbit mammary gland, and particularly into the molecular characterization of rabbit 625 

mammary tumours [144]. The use of spontaneously occurring mammary tumours 626 



arising in pet rabbits as an additional breast cancer model is a potentially attractive 627 

prospect that should not be overlooked. In this regard the case of mammary tumours 628 

arising in house rabbits is particularly notable as these pets share a similar 629 

environment to their owners. 630 

 631 

7. Conclusions and future perspectives 632 

Studying mammary gland biology in species such as the sheep, cow, cat and rabbit is 633 

of dual interest. Firstly, mammary pathology arising in these species may severely 634 

compromise animal welfare or constitute a cause for euthanasia. Concomitantly, in 635 

farm animals mastitis may markedly affect productivity, with ensuing economic 636 

implications. There are therefore compelling reasons to focus on mammary pathology 637 

in these species. A further example of these species intrinsic drivers for research into 638 

mammary gland biology would be the recognition that mammary involution or the 639 

‘dry period’ in dairy cows constitutes a period of milk accumulation within the udder 640 

and thus a phase of increased risk of development of intramammary infections. One 641 

focus of current research is whether acceleration of involution might be beneficial in 642 

this species, balancing the need to reduce mastitis risk with the importance of the non-643 

milking period as a time of cellular renewal [148]. 644 

 645 

Beyond these species intrinsic drivers for mammary research, comparative mammary 646 

biology promotes a wider awareness of similarities and differences between species in 647 

terms of mammary development, microenvironment, and tumourigenesis. Such an 648 

appreciation underpins the One Health narrative in which the study of non-traditional 649 

model species increases our understanding of mammary development and disease in 650 

humans and animals. As has been noted elsewhere, laboratory rodents provide 651 



extremely tractable models, but there are important species differences between the 652 

rodent mammary gland and the human breast [1, 3, 26]. The study of non-traditional 653 

model species, particularly in the context of mammary development and 654 

spontaneously occurring natural disease, may provide new insights that are 655 

translatable to the human breast and are of benefit to both humans and animals. 656 

 657 

Acknowledgements 658 

The author gratefully acknowledges the excellent technical expertise of Debbie Sabin 659 

in the preparation of histology sections and unstained tissue sections for 660 

immunofluorescence. Confocal microscopy images were acquired using equipment at 661 

the Cambridge Advanced Imaging Centre (CAIC) and the author thanks members of 662 

the CAIC for their advice and support. The author thanks the Ethics and Welfare 663 

Committee of the Department of Veterinary Medicine, University of Cambridge for 664 

their review of the study plan relating to the use of ruminant tissue collected 665 

following post mortem examination for the study of mammary gland biology 666 

(reference: CR223). The author apologises to all investigators whose work 667 

unfortunately could not be cited due to constraints of space. 668 

 669 

Funding 670 

This work was supported by the Pathological Society of Great Britain and Ireland 671 

[grant number ICA 1019 02]; and the British Veterinary Association Animal Welfare 672 

Foundation Norman Hayward Fund [grant number NHF_2016_03_KH].  673 

 674 

  675 



References 676 

[1] A.R. Rowson, K.M. Daniels, S.E. Ellis, R.C. Hovey, Growth and development of 677 

the mammary glands of livestock: a veritable barnyard of opportunities, Semin Cell 678 

Dev Biol 23(5) (2012) 557-66. 679 

[2] L.J.A. Hardwick, C.J. Phythian, A.L. Fowden, K. Hughes, Size of supernumerary 680 

teats in sheep correlates with complexity of the anatomy and microenvironment, J 681 

Anat 236(5) (2020) 954-962. 682 

[3] R.C. Hovey, T.B. McFadden, R.M. Akers, Regulation of mammary gland growth 683 

and morphogenesis by the mammary fat pad: a species comparison, J Mammary 684 

Gland Biol Neoplasia 4(1) (1999) 53-68. 685 

[4] H.W. Momont, Overview of the reproductive system, MSD Veterinary Manual, 686 

Merck Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc., Kenilworth, NJ, 687 

USA., 2013. 688 

[5] R.R. Anderson, Mammary gland growth in sheep, J Anim Sci 41(1) (1975) 118-689 

23. 690 

[6] A. Hassan, I.A. Hamouda, Growth and biochemical changes in mammary glands 691 

of ewes from 1 to 18 months of age, J Dairy Sci 68(7) (1985) 1647-51. 692 

[7] I.D. Johnsson, I.C. Hart, Pre-pubertal mammogenesis in the sheep 1. The effects 693 

of level of nutrition on growth and mammary development in female lambs, Animal 694 

Science 41(3) (1985) 323-332. 695 

[8] R.C. Hovey, H.W. Davey, D.D. Mackenzie, T.B. McFadden, Ontogeny and 696 

epithelial-stromal interactions regulate IGF expression in the ovine mammary gland, 697 

Mol Cell Endocrinol 136(2) (1998) 139-44. 698 

[9] S. Ellis, T.B. McFadden, R.M. Akers, Prepuberal ovine mammary development is 699 

unaffected by ovariectomy, Domest Anim Endocrinol 15(4) (1998) 217-25. 700 



[10] R.C. Hovey, H.W. Davey, B.K. Vonderhaar, D.D. Mackenzie, T.B. McFadden, 701 

Paracrine action of keratinocyte growth factor (KGF) during ruminant 702 

mammogenesis, Mol Cell Endocrinol 181(1-2) (2001) 47-56. 703 

[11] M. Colitti, Expression of NGF, BDNF and their high-affinity receptors in ovine 704 

mammary glands during development and lactation, Histochem Cell Biol 144(6) 705 

(2015) 559-70. 706 

[12] T.W. Knight, R. Bencini, Evaluation of two indirect predictors of current dairy 707 

milk yield in Dorset ewes, New Zealand Journal of Agricultural Research 36(2) 708 

(1993) 223-229. 709 

[13] M. Colitti, M. Farinacci, Cell turnover and gene activities in sheep mammary 710 

glands prior to lambing to involution, Tissue Cell 41(5) (2009) 326-33. 711 

[14] R.C. Hovey, D.E. Auldist, D.D. Mackenzie, T.B. McFadden, Preparation of an 712 

epithelium-free mammary fat pad and subsequent mammogenesis in ewes, J Anim Sci 713 

78(8) (2000) 2177-85. 714 

[15] J.R. Lerias, L.E. Hernandez-Castellano, A. Suarez-Trujillo, N. Castro, A. Pourlis, 715 

A.M. Almeida, The mammary gland in small ruminants: major morphological and 716 

functional events underlying milk production--a review, J Dairy Res 81(3) (2014) 717 

304-18. 718 

[16] I.A. Forsyth, Variation among species in the endocrine control of mammary 719 

growth and function: the roles of prolactin, growth hormone, and placental lactogen, J 720 

Dairy Sci 69(3) (1986) 886-903. 721 

[17] M.F. Palin, C. Farmer, C.R.A. Duarte, TRIENNIAL LACTATION 722 

SYMPOSIUM/BOLFA: Adipokines affect mammary growth and function in farm 723 

animals, J Anim Sci 95(12) (2017) 5689-5700. 724 



[18] M. Bonnet, I. Gourdou, C. Leroux, Y. Chilliard, J. Djiane, Leptin expression in 725 

the ovine mammary gland: putative sequential involvement of adipose, epithelial, and 726 

myoepithelial cells during pregnancy and lactation, J Anim Sci 80(3) (2002) 723-8. 727 

[19] A.M. Paten, E.J. Duncan, S.J. Pain, S.W. Peterson, P.R. Kenyon, H.T. Blair, P.K. 728 

Dearden, Functional development of the adult ovine mammary gland--insights from 729 

gene expression profiling, BMC Genomics 16 (2015) 748. 730 

[20] K. Hughes, C.J. Watson, The spectrum of STAT functions in mammary gland 731 

development, JAKSTAT 1(3) (2012) 151-8. 732 

[21] T.T. Wheeler, M.K. Broadhurst, H.B. Sadowski, V.C. Farr, C.G. Prosser, Stat5 733 

phosphorylation status and DNA-binding activity in the bovine and murine mammary 734 

glands, Mol Cell Endocrinol 176(1-2) (2001) 39-48. 735 

[22] H.Y. Shin, L. Hennighausen, K.H. Yoo, STAT5-Driven Enhancers Tightly 736 

Control Temporal Expression of Mammary-Specific Genes, J Mammary Gland Biol 737 

Neoplasia 24(1) (2019) 61-71. 738 

[23] C.J. Watson, K.E. Gordon, M. Robertson, A.J. Clark, Interaction of DNA-739 

binding proteins with a milk protein gene promoter in vitro: identification of a 740 

mammary gland-specific factor, Nucleic Acids Res 19(23) (1991) 6603-10. 741 

[24] I.G. Petridis, G.C. Fthenakis, Mammary involution and relevant udder health 742 

management in sheep, Small Ruminant Research 181 (2019) 66-75. 743 

[25] I.G. Petridis, P.G. Gouletsou, M.S. Barbagianni, G.S. Amiridis, C. Brozos, I. 744 

Valasi, G.C. Fthenakis, Ultrasonographic findings in the ovine udder during 745 

involution, J Dairy Res 81(3) (2014) 288-96. 746 

[26] K. Hughes, C.J. Watson, The Mammary Microenvironment in Mastitis in 747 

Humans, Dairy Ruminants, Rabbits and Rodents: A One Health Focus, J Mammary 748 

Gland Biol Neoplasia 23(1-2) (2018) 27-41. 749 



[27] M. Colitti, B. Stefanon, C.J. Wilde, Apoptotic cell death, bax and bcl-2 750 

expression during sheep mammary gland involution, Anat Histol Embryol 28(4) 751 

(1999) 257-64. 752 

[28] N.I. Walker, R.E. Bennett, J.F. Kerr, Cell death by apoptosis during involution of 753 

the lactating breast in mice and rats, Am J Anat 185(1) (1989) 19-32. 754 

[29] P.A. Kreuzaler, A.D. Staniszewska, W. Li, N. Omidvar, B. Kedjouar, J. Turkson, 755 

V. Poli, R.A. Flavell, R.W. Clarkson, C.J. Watson, Stat3 controls lysosomal-mediated 756 

cell death in vivo, Nat Cell Biol 13(3) (2011) 303-9. 757 

[30] T.J. Sargeant, B. Lloyd-Lewis, H.K. Resemann, A. Ramos-Montoya, J. Skepper, 758 

C.J. Watson, Stat3 controls cell death during mammary gland involution by regulating 759 

uptake of milk fat globules and lysosomal membrane permeabilization, Nat Cell Biol 760 

16(11) (2014) 1057-68. 761 

[31] B. Lloyd-Lewis, C.C. Krueger, T.J. Sargeant, M.E. D'Angelo, M.J. Deery, R. 762 

Feret, J.A. Howard, K.S. Lilley, C.J. Watson, Stat3-mediated alterations in lysosomal 763 

membrane protein composition, J Biol Chem 293(12) (2018) 4244-4261. 764 

[32] P.M. Henson, Cell Removal: Efferocytosis, Annu Rev Cell Dev Biol 33 (2017) 765 

127-144. 766 

[33] M. Sandahl, D.M. Hunter, K.E. Strunk, H.S. Earp, R.S. Cook, Epithelial cell-767 

directed efferocytosis in the post-partum mammary gland is necessary for tissue 768 

homeostasis and future lactation, BMC Dev Biol 10 (2010) 122. 769 

[34] J. O'Brien, T. Lyons, J. Monks, M.S. Lucia, R.S. Wilson, L. Hines, Y.G. Man, V. 770 

Borges, P. Schedin, Alternatively activated macrophages and collagen remodeling 771 

characterize the postpartum involuting mammary gland across species, Am J Pathol 772 

176(3) (2010) 1241-55. 773 



[35] J. O'Brien, H. Martinson, C. Durand-Rougely, P. Schedin, Macrophages are 774 

crucial for epithelial cell death and adipocyte repopulation during mammary gland 775 

involution, Development 139(2) (2012) 269-75. 776 

[36] K. Hughes, J.A. Wickenden, J.E. Allen, C.J. Watson, Conditional deletion of 777 

Stat3 in mammary epithelium impairs the acute phase response and modulates 778 

immune cell numbers during post-lactational regression, J Pathol 227(1) (2012) 106-779 

17. 780 

[37] T.A. Stewart, K. Hughes, D.A. Hume, F.M. Davis, Developmental Stage-781 

Specific Distribution of Macrophages in Mouse Mammary Gland, Front Cell Dev 782 

Biol 7 (2019) 250. 783 

[38] J.R. Hitchcock, K. Hughes, O.B. Harris, C.J. Watson, Dynamic architectural 784 

interplay between leucocytes and mammary epithelial cells, FEBS J 287(2) (2020) 785 

250-266. 786 

[39] C.A. Dawson, B. Pal, F. Vaillant, L.C. Gandolfo, Z. Liu, C. Bleriot, F. Ginhoux, 787 

G.K. Smyth, G.J. Lindeman, S.N. Mueller, A.C. Rios, J.E. Visvader, Tissue-resident 788 

ductal macrophages survey the mammary epithelium and facilitate tissue remodelling, 789 

Nat Cell Biol 22(5) (2020) 546-558. 790 

[40] A.M. Elder, A.R. Stoller, S.A. Black, T.R. Lyons, Macphatics and PoEMs in 791 

Postpartum Mammary Development and Tumor Progression, J Mammary Gland Biol 792 

Neoplasia  25 (2020) 103-113. 793 

[41] C.S. Lee, G.H. McDowell, A.K. Lascelles, The importance of macrophages in 794 

the removal of fat from the involuting mammary gland, Res Vet Sci 10(1) (1969) 34-795 

8. 796 

[42] L. Tatarczuch, C. Philip, C.S. Lee, Involution of the sheep mammary gland, J 797 

Anat 190 ( Pt 3) (1997) 405-16. 798 



[43] L. Tatarczuch, C. Philip, R. Bischof, C.S. Lee, Leucocyte phenotypes in 799 

involuting and fully involuted mammary glandular tissues and secretions of sheep, J 800 

Anat 196 ( Pt 3) (2000) 313-26. 801 

[44] L. Tatarczuch, R.J. Bischof, C.J. Philip, C.S. Lee, Phagocytic capacity of 802 

leucocytes in sheep mammary secretions following weaning, J Anat 201(5) (2002) 803 

351-61. 804 

[45] L.H. Quarrie, C.V. Addey, C.J. Wilde, Programmed cell death during mammary 805 

tissue involution induced by weaning, litter removal, and milk stasis, J Cell Physiol 806 

168(3) (1996) 559-69. 807 

[46] A.V. Capuco, S.E. Ellis, Comparative aspects of mammary gland development 808 

and homeostasis, Annu Rev Anim Biosci 1 (2013) 179-202. 809 

[47] A.J. Geiger, Review: The pre-pubertal bovine mammary gland: unlocking the 810 

potential of the future herd, Animal 13(S1) (2019) s4-s10. 811 

[48] B.T. Velayudhan, B.P. Huderson, M.L. McGilliard, H. Jiang, S.E. Ellis, R.M. 812 

Akers, Effect of staged ovariectomy on measures of mammary growth and 813 

development in prepubertal dairy heifers, Animal 6(6) (2012) 941-51. 814 

[49] B.T. Velayudhan, B.P. Huderson, S.E. Ellis, C.L. Parsons, R.C. Hovey, A.R. 815 

Rowson, R.M. Akers, Ovariectomy in young prepubertal dairy heifers causes 816 

complete suppression of mammary progesterone receptors, Domest Anim Endocrinol 817 

51 (2015) 8-18. 818 

[50] V. Gouon-Evans, M.E. Rothenberg, J.W. Pollard, Postnatal mammary gland 819 

development requires macrophages and eosinophils, Development 127(11) (2000) 820 

2269-82. 821 



[51] V. Gouon-Evans, E.Y. Lin, J.W. Pollard, Requirement of macrophages and 822 

eosinophils and their cytokines/chemokines for mammary gland development, Breast 823 

Cancer Res 4(4) (2002) 155-64. 824 

[52] J.N. Lilla, Z. Werb, Mast cells contribute to the stromal microenvironment in 825 

mammary gland branching morphogenesis, Dev Biol 337(1) (2010) 124-33. 826 

[53] A.C. Chua, L.J. Hodson, L.M. Moldenhauer, S.A. Robertson, W.V. Ingman, 827 

Dual roles for macrophages in ovarian cycle-associated development and remodelling 828 

of the mammary gland epithelium, Development 137(24) (2010) 4229-38. 829 

[54] N.J. Brady, M.A. Farrar, K.L. Schwertfeger, STAT5 deletion in macrophages 830 

alters ductal elongation and branching during mammary gland development, Dev Biol 831 

428(1) (2017) 232-244. 832 

[55] Y. Wang, T.S. Chaffee, R.S. LaRue, D.N. Huggins, P.M. Witschen, A.M. 833 

Ibrahim, A.C. Nelson, H.L. Machado, K.L. Schwertfeger, Tissue-resident 834 

macrophages promote extracellular matrix homeostasis in the mammary gland stroma 835 

of nulliparous mice, Elife 9 (2020). 836 

[56] K.L. Beaudry, C.L. Parsons, S.E. Ellis, R.M. Akers, Localization and 837 

quantitation of macrophages, mast cells, and eosinophils in the developing bovine 838 

mammary gland, J Dairy Sci 99(1) (2016) 796-804. 839 

[57] K. Ballagh, N. Korn, L. Riggs, S.L. Pratt, F. Dessauge, R.M. Akers, S. Ellis, Hot 840 

topic: Prepubertal ovariectomy alters the development of myoepithelial cells in the 841 

bovine mammary gland, J Dairy Sci 91(8) (2008) 2992-5. 842 

[58] H.L.M. Tucker, K.L. Beaudry, C.L.M. Parsons, S.E. Ellis, R.M. Akers, Impaired 843 

mammary development in tamoxifen-treated prepubertal heifers is associated with 844 

altered development and morphology of myoepithelial cells, J Dairy Sci 99(12) 845 

(2016) 10093-10101. 846 



[59] S.R. Davis, TRIENNIAL LACTATION SYMPOSIUM/BOLFA: Mammary 847 

growth during pregnancy and lactation and its relationship with milk yield, J Anim 848 

Sci 95(12) (2017) 5675-5688. 849 

[60] M.R. Banerjee, J.E. Wagner, D.L. Kinder, DNA synthesis in the absence of cell 850 

reproduction during functional differentiation of mouse mammary gland, Life Sci II 851 

10(15) (1971) 867-77. 852 

[61] M.R. Banerjee, J.E. Wagner, Gene amplification in mammary gland at 853 

differentiation, Biochem Biophys Res Commun 49(2) (1972) 480-7. 854 

[62] G.H. Smith, Binuclear Cells in the Lactating Mammary Gland: New Insights on 855 

an Old Concept?, J Mammary Gland Biol Neoplasia 21(1-2) (2016) 21-3. 856 

[63] A.C. Rios, N.Y. Fu, P.R. Jamieson, B. Pal, L. Whitehead, K.R. Nicholas, G.J. 857 

Lindeman, J.E. Visvader, Essential role for a novel population of binucleated 858 

mammary epithelial cells in lactation, Nat Commun 7 (2016) 11400. 859 

[64] A.V. Capuco, D.L. Wood, R. Baldwin, K. McLeod, M.J. Paape, Mammary cell 860 

number, proliferation, and apoptosis during a bovine lactation: relation to milk 861 

production and effect of bST, J Dairy Sci 84(10) (2001) 2177-87. 862 

[65] M. Boutinaud, L. Galio, V. Lollivier, L. Finot, S. Wiart, D. Esquerre, E. 863 

Devinoy, Unilateral once daily milking locally induces differential gene expression in 864 

both mammary tissue and milk epithelial cells revealing mammary remodeling, 865 

Physiol Genomics 45(20) (2013) 973-85. 866 

[66] M. Li, X. Liu, G. Robinson, U. Bar-Peled, K.U. Wagner, W.S. Young, L. 867 

Hennighausen, P.A. Furth, Mammary-derived signals activate programmed cell death 868 

during the first stage of mammary gland involution, Proc Natl Acad Sci U S A 94(7) 869 

(1997) 3425-30. 870 



[67] M.J. Vilar, P.J. Rajala-Schultz, Dry-off and dairy cow udder health and welfare: 871 

Effects of different milk cessation methods, Vet J 262 (2020) 105503. 872 

[68] A.V. Capuco, M. Li, E. Long, S. Ren, K.S. Hruska, K. Schorr, P.A. Furth, 873 

Concurrent pregnancy retards mammary involution: effects on apoptosis and 874 

proliferation of the mammary epithelium after forced weaning of mice, Biol Reprod 875 

66(5) (2002) 1471-6. 876 

[69] A.V. Capuco, R.M. Akers, J.J. Smith, Mammary growth in Holstein cows during 877 

the dry period: quantification of nucleic acids and histology, J Dairy Sci 80(3) (1997) 878 

477-87. 879 

[70] A.V. Capuco, R.M. Akers, Mammary involution in dairy animals, J Mammary 880 

Gland Biol Neoplasia 4(2) (1999) 137-44. 881 

[71] K. Singh, K.M. Swanson, H.V. Henderson, R.A. Erdman, K. Stelwagen, The 882 

effect of milking reinitiation following extended nonmilking periods on lactation in 883 

primiparous dairy cows, J Dairy Sci 98(11) (2015) 7666-74. 884 

[72] M.S. Noble, W.L. Hurley, Effects of secretion removal on bovine mammary 885 

gland function following an extended milk stasis, J Dairy Sci 82(8) (1999) 1723-30. 886 

[73] K. Singh, C.V.C. Phyn, M. Reinsch, J.M. Dobson, K. Oden, S.R. Davis, K. 887 

Stelwagen, H.V. Henderson, A.J. Molenaar, Temporal and spatial heterogeneity in 888 

milk and immune-related gene expression during mammary gland involution in dairy 889 

cows, J Dairy Sci 100(9) (2017) 7669-7685. 890 

[74] K. Singh, I. Vetharaniam, J.M. Dobson, M. Prewitz, K. Oden, R. Murney, K.M. 891 

Swanson, R. McDonald, H.V. Henderson, K. Stelwagen, Cell survival signaling in the 892 

bovine mammary gland during the transition from lactation to involution, J Dairy Sci 893 

99(9) (2016) 7523-7543. 894 



[75] M.H. Goldschmidt, L. Peña, V. Zappulli, Tumors of the mammary gland, in: D.J. 895 

Meuten (Ed.), Tumors in domestic animals, Wiley Blackwell, Ames, Iowa, 2017, pp. 896 

723-765. 897 

[76] G.P. Burrai, S.I. Mohammed, M.A. Miller, V. Marras, S. Pirino, M.F. Addis, S. 898 

Uzzau, E. Antuofermo, Spontaneous feline mammary intraepithelial lesions as a 899 

model for human estrogen receptor- and progesterone receptor-negative breast 900 

lesions, BMC Cancer 10 (2010) 156. 901 

[77] J.A. Mol, E. van Garderen, G.R. Rutteman, A. Rijnberk, New insights in the 902 

molecular mechanism of progestin-induced proliferation of mammary epithelium: 903 

induction of the local biosynthesis of growth hormone (GH) in the mammary glands 904 

of dogs, cats and humans, J Steroid Biochem Mol Biol 57(1-2) (1996) 67-71. 905 

[78] J.A. Mol, P.J. Selman, E.P. Sprang, J.W. van Neck, M.A. Oosterlaken-906 

Dijksterhuis, The role of progestins, insulin-like growth factor (IGF) and IGF-binding 907 

proteins in the normal and neoplastic mammary gland of the bitch: a review, J Reprod 908 

Fertil Suppl 51 (1997) 339-44. 909 

[79] J. Martin de las Mulas, M. Van Niel, Y. Millan, J. Ordas, M.A. Blankenstein, F. 910 

Van Mil, W. Misdorp, Progesterone receptors in normal, dysplastic and tumourous 911 

feline mammary glands. Comparison with oestrogen receptors status, Res Vet Sci 912 

72(2) (2002) 153-61. 913 

[80] B. Cardazzo, V. Zappulli, F. Frassineti, T. Patarnello, M. Castagnaro, L. 914 

Bargelloni, Full-length sequence and expression analysis of estrogen receptor alpha 915 

mRNA in feline mammary tumors, J Steroid Biochem Mol Biol 96(2) (2005) 109-18. 916 

[81] F. Millanta, M. Calandrella, G. Bari, M. Niccolini, I. Vannozzi, A. Poli, 917 

Comparison of steroid receptor expression in normal, dysplastic, and neoplastic 918 

canine and feline mammary tissues, Res Vet Sci 79(3) (2005) 225-32. 919 



[82] F. Millanta, M. Calandrella, I. Vannozzi, A. Poli, Steroid hormone receptors in 920 

normal, dysplastic and neoplastic feline mammary tissues and their prognostic 921 

significance, The Veterinary record 158(24) (2006) 821-4. 922 

[83] M. Santos, R. Marcos, A.M. Faustino, Histological study of canine mammary 923 

gland during the oestrous cycle, Reprod Domest Anim 45(5) (2010) e146-54. 924 

[84] K.U. Sorenmo, R. Rasotto, V. Zappulli, M.H. Goldschmidt, Development, 925 

anatomy, histology, lymphatic drainage, clinical features, and cell differentiation 926 

markers of canine mammary gland neoplasms, Vet Pathol 48(1) (2011) 85-97. 927 

[85] R.N. Pena, A. Sanchez, A. Coll, J.M. Folch, Isolation, sequencing and relative 928 

quantitation by fluorescent-ratio PCR of feline beta-lactoglobulin I, II, and III 929 

cDNAs, Mamm Genome 10(6) (1999) 560-4. 930 

[86] G. Kontopidis, C. Holt, L. Sawyer, Invited review: beta-lactoglobulin: binding 931 

properties, structure, and function, J Dairy Sci 87(4) (2004) 785-96. 932 

[87] I.A. Silver, The anatomy of the mammary gland of the dog and cat, J Small 933 

Anim Pract 7(11) (1966) 689-96. 934 

[88] D.C. Orfanou, A. Pourlis, H.N. Ververidis, V.S. Mavrogianni, I.A. Taitzoglou, 935 

C.M. Boscos, G.C. Fthenakis, Histological features in the mammary glands of female 936 

dogs throughout lactation, Anat Histol Embryol 39(5) (2010) 473-8. 937 

[89] K. Hughes, C.J. Watson, Sinus-like dilatations of the mammary milk ducts, Ki67 938 

expression, and CD3-positive T lymphocyte infiltration, in the mammary gland of 939 

wild European rabbits during pregnancy and lactation, J Anat 233(2) (2018) 266-273. 940 

[90] S. Schöniger, L.C. Horn, H.A. Schoon, Tumors and tumor-like lesions in the 941 

mammary gland of 24 pet rabbits: a histomorphological and immunohistochemical 942 

characterization, Vet Pathol 51(3) (2014) 569-80. 943 



[91] N.M. Patton, Colony husbandry, in: P.J. Manning, D.H. Ringler, C.E. Newcomer 944 

(Eds.), The Biology of the Laboratory Rabbit, Academic Press, Inc. San Diego, 945 

California., New York, NY, 1994, pp. 23-47. 946 

[92] C. Hue-Beauvais, J. Laubier, N. Brun, I. Houtia, F. Jaffrezic, C. Bevilacqua, F. 947 

Le Provost, M. Charlier, Puberty is a critical window for the impact of diet on 948 

mammary gland development in the rabbit, Dev Dyn 248(10) (2019) 948-960. 949 

[93] C. Hue-Beauvais, P. Chavatte-Palmer, E. Aujean, M. Dahirel, P. Laigre, C. 950 

Pechoux, S. Bouet, E. Devinoy, M. Charlier, An obesogenic diet started before 951 

puberty leads to abnormal mammary gland development during pregnancy in the 952 

rabbit, Dev Dyn 240(2) (2011) 347-56. 953 

[94] C. Hue-Beauvais, E. Koch, P. Chavatte-Palmer, L. Galio, S. Chat, M. Letheule, 954 

D. Rousseau-Ralliard, F. Jaffrezic, D. Laloe, E. Aujean, F. Revillion, V. Lhotellier, A. 955 

Gertler, E. Devinoy, M. Charlier, Milk from dams fed an obesogenic diet combined 956 

with a high-fat/high-sugar diet induces long-term abnormal mammary gland 957 

development in the rabbit, J Anim Sci 93(4) (2015) 1641-55. 958 

[95] M.H. Lu, R.R. Anderson, Growth of the mammary gland during pregnancy and 959 

lactation in the rabbit, Biol Reprod 9(5) (1973) 538-43. 960 

[96] M. Caffrey, J.E. Kinsella, Growth and acyltransferase activity of rabbit 961 

mammary gland during pregnancy and lactation, J Lipid Res 18(1) (1977) 44-52. 962 

[97] M.M. Richert, K.L. Schwertfeger, J.W. Ryder, S.M. Anderson, An atlas of 963 

mouse mammary gland development, J Mammary Gland Biol Neoplasia 5(2) (2000) 964 

227-41. 965 

[98] C.R. Davies, J.S. Morris, M.R. Griffiths, M.J. Page, A. Pitt, T. Stein, B.A. 966 

Gusterson, Proteomic analysis of the mouse mammary gland is a powerful tool to 967 



identify novel proteins that are differentially expressed during mammary 968 

development, Proteomics 6(21) (2006) 5694-704. 969 

[99] E. Koch, C. Hue-Beauvais, L. Galio, G. Solomon, A. Gertler, F. Revillon, V. 970 

Lhotellier, E. Aujean, E. Devinoy, M. Charlier, Leptin gene in rabbit: cloning and 971 

expression in mammary epithelial cells during pregnancy and lactation, Physiol 972 

Genomics 45(15) (2013) 645-52. 973 

[100] K. Hughes, Abdominal Ectopic Pregnancy and Impaired Postnatal Mammary 974 

Gland Development, Consistent With Physiologic Agalactia, in a Wild European 975 

Rabbit, Oryctolagus cuniculus, Front Vet Sci 6 (2019) 254. 976 

[101] J.M. Corpa, Ectopic pregnancy in animals and humans, Reproduction 131(4) 977 

(2006) 631-40. 978 

[102] E. Tena-Betancourt, C.A. Tena-Betancourt, A.M. Zuniga-Munoz, B. 979 

Hernandez-Godinez, A. Ibanez-Contreras, V. Graullera-Rivera, Multiple extrauterine 980 

pregnancy with early and near full-term mummified fetuses in a New Zealand white 981 

rabbit (Oryctolagus cuniculus), J Am Assoc Lab Anim Sci 53(2) (2014) 204-7. 982 

[103] C.S. Jones, D.S. Parker, Prolactin receptors in the lactating rabbit mammary 983 

gland during initiated involution, Int J Biochem 15(11) (1983) 1389-91. 984 

[104] C.R. Dorn, D.O. Taylor, F.L. Frye, H.H. Hibbard, Survey of animal neoplasms 985 

in Alameda and Contra Costa Counties, California. I. Methodology and description of 986 

cases, J Natl Cancer Inst 40(2) (1968) 295-305. 987 

[105] C.R. Dorn, D.O. Taylor, R. Schneider, H.H. Hibbard, M.R. Klauber, Survey of 988 

animal neoplasms in Alameda and Contra Costa Counties, California. II. Cancer 989 

morbidity in dogs and cats from Alameda County, J Natl Cancer Inst 40(2) (1968) 990 

307-18. 991 



[106] E. Manuali, C. Forte, G. Vichi, D.A. Genovese, D. Mancini, A.A.P. De Leo, L. 992 

Cavicchioli, P. Pierucci, V. Zappulli, Tumours in European Shorthair cats: a 993 

retrospective study of 680 cases, J Feline Med Surg  (2020) 1098612X20905035. 994 

[107] H.M. Hayes, Jr., K.L. Milne, C.P. Mandell, Epidemiological features of feline 995 

mammary carcinoma, The Veterinary record 108(22) (1981) 476-9. 996 

[108] V. Zappulli, L. Peña, R. Rasotto, M.H. Goldschmidt, A. Gama, J.L. Scruggs, M. 997 

Kiupel, Volume 2: Mammary Tumors, Davis-Thompson DVM Foundation, Illinois, 998 

USA, 2020. 999 

[109] K. Hughes, J.M. Dobson, Prognostic histopathological and molecular markers 1000 

in feline mammary neoplasia, Vet J 194(1) (2012) 19-26. 1001 

[110] V. Zappulli, R. Rasotto, D. Caliari, M. Mainenti, L. Pena, M.H. Goldschmidt, 1002 

M. Kiupel, Prognostic evaluation of feline mammary carcinomas: a review of the 1003 

literature, Vet Pathol 52(1) (2015) 46-60. 1004 

[111] J. Espinosa, M.C. Ferreras, J. Benavides, N. Cuesta, C. Perez, M.J. Garcia 1005 

Iglesias, J.F. Garcia Marin, V. Perez, Causes of Mortality and Disease in Rabbits and 1006 

Hares: A Retrospective Study, Animals (Basel) 10(1) (2020). 1007 

[112] W. Misdorp, Tumours in large domestic animals in the Netherlands, J Comp 1008 

Pathol 77(2) (1967) 211-6. 1009 

[113] M.C. McElroy, H.F. Bassett, Mammary carcinoma in a ewe, J Vet Diagn Invest 1010 

22(6) (2010) 1006-7. 1011 

[114] P.D. Beamer, J. Simon, Mammary carcinoma in a cow, Vet Pathol 20(4) (1983) 1012 

509-10. 1013 

[115] O.A. Ali, An ovine mammary adenoma, Vet Pathol 23(2) (1986) 217-8. 1014 

[116] M.B. Petrites-Murphy, Mammary carcinoma with peritoneal metastasis in a 1015 

cow, Vet Pathol 29(6) (1992) 552-3. 1016 



[117] M.Y. Gulbahar, T. Guvenc, M. Yarim, Y.B. Kabak, Y. Sozgen, Mammary 1017 

fibroadenoma in a lamb, J Vet Sci 8(4) (2007) 423-5. 1018 

[118] C.V. Löhr, One hundred two tumors in 100 goats (1987-2011), Vet Pathol 50(4) 1019 

(2013) 668-75. 1020 

[119] R.C. Povey, A.D. Osborne, Mammary gland neoplasia in the cow. A review of 1021 

the literature and report of a fibrosarcoma, Pathol Vet 6(6) (1969) 502-12. 1022 

[120] L. Nunney, Lineage selection and the evolution of multistage carcinogenesis, 1023 

Proc Biol Sci 266(1418) (1999) 493-8. 1024 

[121] C.V. Kitsoulis, A.D. Baxevanis, T.J. Abatzopoulos, The occurrence of cancer in 1025 

vertebrates: a mini review, J Biol Res (Thessalon) 27 (2020) 9. 1026 

[122] B. Lloyd-Lewis, O.B. Harris, C.J. Watson, F.M. Davis, Mammary Stem Cells: 1027 

Premise, Properties, and Perspectives, Trends Cell Biol 27(8) (2017) 556-567. 1028 

[123] S. Ellis, A.V. Capuco, Cell proliferation in bovine mammary epithelium: 1029 

identification of the primary proliferative cell population, Tissue Cell 34(3) (2002) 1030 

155-63. 1031 

[124] A.V. Capuco, S. Ellis, Bovine mammary progenitor cells: current concepts and 1032 

future directions, J Mammary Gland Biol Neoplasia 10(1) (2005) 5-15. 1033 

[125] B.M. Borena, L. Bussche, C. Burvenich, L. Duchateau, G.R. Van de Walle, 1034 

Mammary stem cell research in veterinary science: an update, Stem Cells Dev 22(12) 1035 

(2013) 1743-51. 1036 

[126] G. Rauner, M.M. Ledet, G.R. Van de Walle, Conserved and variable: 1037 

Understanding mammary stem cells across species, Cytometry A 93(1) (2018) 125-1038 

136. 1039 

[127] M.M. Ledet, A.K. Vasquez, G. Rauner, A.A. Bichoupan, P. Moroni, D.V. 1040 

Nydam, G.R. Van de Walle, The secretome from bovine mammosphere-derived cells 1041 



(MDC) promotes angiogenesis, epithelial cell migration, and contains factors 1042 

associated with defense and immunity, Sci Rep 8(1) (2018) 5378. 1043 

[128] R. Subramani, R. Lakshmanaswamy, Pregnancy and Breast Cancer, Prog Mol 1044 

Biol Transl Sci 151 (2017) 81-111. 1045 

[129] L. Munson, A. Moresco, Comparative pathology of mammary gland cancers in 1046 

domestic and wild animals, Breast Dis 28 (2007) 7-21. 1047 

[130] V. Zappulli, G. De Zan, B. Cardazzo, L. Bargelloni, M. Castagnaro, Feline 1048 

mammary tumours in comparative oncology, J Dairy Res 72 Spec No (2005) 98-106. 1049 

[131] A. Goldhirsch, E.P. Winer, A.S. Coates, R.D. Gelber, M. Piccart-Gebhart, B. 1050 

Thurlimann, H.J. Senn, m. Panel, Personalizing the treatment of women with early 1051 

breast cancer: highlights of the St Gallen International Expert Consensus on the 1052 

Primary Therapy of Early Breast Cancer 2013, Ann Oncol 24(9) (2013) 2206-23. 1053 

[132] M. Soares, S. Madeira, J. Correia, M. Peleteiro, F. Cardoso, F. Ferreira, 1054 

Molecular based subtyping of feline mammary carcinomas and clinicopathological 1055 

characterization, Breast 27 (2016) 44-51. 1056 

[133] C.M. Perou, Molecular stratification of triple-negative breast cancers, 1057 

Oncologist 16 Suppl 1 (2011) 61-70. 1058 

[134] D. Caliari, V. Zappulli, R. Rasotto, B. Cardazzo, F. Frassineti, M.H. 1059 

Goldschmidt, M. Castagnaro, Triple-negative vimentin-positive heterogeneous feline 1060 

mammary carcinomas as a potential comparative model for breast cancer, BMC Vet 1061 

Res 10 (2014) 185. 1062 

[135] E. Dagher, L. Simbault, J. Abadie, D. Loussouarn, M. Campone, F. Nguyen, 1063 

Identification of an immune-suppressed subtype of feline triple-negative basal-like 1064 

invasive mammary carcinomas, spontaneous models of breast cancer, Tumour Biol 1065 

42(1) (2020) 1010428319901052. 1066 



[136] S. Zhao, D. Ma, Y. Xiao, X.M. Li, J.L. Ma, H. Zhang, X.L. Xu, H. Lv, W.H. 1067 

Jiang, W.T. Yang, Y.Z. Jiang, Q.Y. Zhang, Z.M. Shao, Molecular Subtyping of 1068 

Triple-Negative Breast Cancers by Immunohistochemistry: Molecular Basis and 1069 

Clinical Relevance, Oncologist  (2020). 1070 

[137] H. Vilhena, A.C. Figueira, F. Schmitt, A. Canadas, R. Chaves, A. Gama, P. 1071 

Dias-Pereira, Canine and feline spontaneous mammary tumours as models of human 1072 

breast cancer, in: M. Ramiro Pastorinho, A.C.A. Sousa (Eds.), Pets as sentinels, 1073 

forecasters and promoters of human health, Springer 2020. 1074 

[138] Y. van Zeeland, Rabbit Oncology: Diseases, Diagnostics, and Therapeutics, Vet 1075 

Clin North Am Exot Anim Pract 20(1) (2017) 135-182. 1076 

[139] B. Baum, M. Hewicker-Trautwein, Classification and Epidemiology of 1077 

Mammary Tumours in Pet Rabbits (Oryctolagus cuniculus), J Comp Pathol 152(4) 1078 

(2015) 291-8. 1079 

[140] S. Schöniger, S. Degner, Q. Zhang, C. Schandelmaier, H. Aupperle-Lellbach, 1080 

B. Jasani, H.A. Schoon, Tumor Infiltrating Lymphocytes in Pet Rabbit Mammary 1081 

Carcinomas: A Study with Relevance to Comparative Pathology, Animals (Basel) 1082 

10(8) (2020). 1083 

[141] H.S. Greene, Familial Mammary Tumors in the Rabbit : I. Clinical History, J 1084 

Exp Med 70(2) (1939) 147-58. 1085 

[142] S. Degner, H.A. Schoon, S. Degner, M. Baudis, C. Schandelmaier, H. 1086 

Aupperle-Lellbach, S. Schoniger, Expression of Myoepithelial Markers in Mammary 1087 

Carcinomas of 119 Pet Rabbits, Animals (Basel) 9(10) (2019). 1088 

[143] S. Degner, H.A. Schoon, C. Laik-Schandelmaier, H. Aupperle-Lellbach, S. 1089 

Schoniger, Estrogen Receptor-alpha and Progesterone Receptor Expression in 1090 



Mammary Proliferative Lesions of Female Pet Rabbits, Vet Pathol 55(6) (2018) 838-1091 

848. 1092 

[144] S. Schöniger, S. Degner, B. Jasani, H.A. Schoon, A Review on Mammary 1093 

Tumors in Rabbits: Translation of Pathology into Medical Care, Animals (Basel) 1094 

9(10) (2019). 1095 

[145] N.S. Lipman, Z.B. Zhao, K.A. Andrutis, R.J. Hurley, J.G. Fox, H.J. White, 1096 

Prolactin-secreting pituitary adenomas with mammary dysplasia in New Zealand 1097 

white rabbits, Lab Anim Sci 44(2) (1994) 114-20. 1098 

[146] P. Sikoski, J. Trybus, J.M. Cline, F.S. Muhammad, A. Eckhoff, J. Tan, M. 1099 

Lockard, T. Jolley, S. Britt, N.D. Kock, Cystic mammary adenocarcinoma associated 1100 

with a prolactin-secreting pituitary adenoma in a New Zealand white rabbit 1101 

(Oryctolagus cuniculus), Comp Med 58(3) (2008) 297-300. 1102 

[147] A. Clark, N.K. Bird, A. Brock, Intraductal Delivery to the Rabbit Mammary 1103 

Gland, J Vis Exp (121) (2017). 1104 

[148] X. Zhao, B. Ponchon, S. Lanctot, P. Lacasse, Invited review: Accelerating 1105 

mammary gland involution after drying-off in dairy cattle, J Dairy Sci 102(8) (2019) 1106 

6701-6717. 1107 

 1108 

Figure legends 1109 

Figure 1. The ovine mammary postnatal developmental cycle. Histological 1110 

sections of mammary gland from a neonatal lamb (A), ewe in early lactation (B), ewe 1111 

at point of lamb removal following a degree of natural weaning (C), and ewe 4 weeks 1112 

post lamb removal (D). Note the clear demarcation between intra- and interlobular 1113 

stroma in the neonatal lamb (arrowheads). A notable degree of post-lactational 1114 

regression has occurred at the point of weaning, reflecting natural weaning in an 1115 



agricultural system. Mineralised concretions (corpora amylacea) (asterisks) are a 1116 

common feature of the ruminant mammary gland. Haematoxylin and eosin stain. 1117 

Scale bar indicates 200 microns. 1118 

 1119 

Figure 2. Binucleated cells are present in the bovine mammary gland in late 1120 

gestation. Immunofluorescence staining for E-cadherin (magenta), α-smooth muscle 1121 

actin (α-SMA; cyan), and DNA (DAPI; gold) in a bovine mammary gland at 250 days 1122 

gestation (bovine gestation length is approximately 283 days). A likely binucleated 1123 

luminal epithelial cell is indicated (arrow). Scale bar indicates 50 microns. 1124 

 1125 

Figure 3. Feline tubulopapillary carcinoma. Immunofluorescence staining for E-1126 

cadherin (magenta), IBA1 (macrophages; cyan) (arrows), and DNA (DAPI; gold) in a 1127 

feline tubulopapillary carcinoma. Arrowhead indicates papillary projections of 1128 

neoplastic cells. Scale bar indicates 50 microns. 1129 
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