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The Pathology of Aging 129S6/SvEvTac Mice

E. Radaelli1,2, V. Castiglioni3, C. Recordati3, A. Gobbi4,5,
M. Capillo4,5, A. Invernizzi6, E. Scanziani3,7, and F. Marchesi8

Abstract
The 129 mouse strain is commonly used for the generation of genetically engineered mice. Genetic drift or accidental
contamination during outcrossing has resulted in several 129 substrains. Comprehensive data on spontaneous age-related
pathology exist for the 129S4/SvJae substrain, whereas only limited information is available for other 129 substrains. This long-
itudinal aging study describes the life span and spontaneous lesions of 44 male and 18 female mice of the 129S6/SvEvTac substrain.
Median survival time was 778 and 770 days for males and females, respectively. Tumors of lung and Harderian gland were the most
common neoplasms in both sexes. Hepatocellular tumors occurred mainly in males. Hematopoietic tumors were observed at low
frequency. Suppurative and ulcerative blepharoconjunctivitis was the most common nonneoplastic condition in both sexes.
Corynebacteria (primarily Corynebacterium urealyticum and C. pseudodiphtheriticum) were isolated from animals with blephar-
oconjunctivitis and in some cases from unaffected mice, although a clear causal association between corynebacterial infections and
blepharoconjunctivitis could not be inferred. Polyarteritis occurred only in males and was identified as the most common
nonneoplastic contributory cause of death. Eosinophilic crystalline pneumonia occurred in both sexes and was a relevant cause
of death or comorbidity. Epithelial hyalinosis at extrapulmonary sites was noted at higher frequency in females. This study
contributes important data on the spontaneous age-related pathology of the 129S6/SvEvTac mouse substrain and is a valuable
reference for evaluation of the phenotype in genetically engineered mice obtained with this 129 substrain.

Keywords
129 mouse, aging, blepharoconjunctivitis, Harderian gland, hyalinosis, phenotyping

Each inbred laboratory mouse strain exhibits a unique spectrum

of naturally occurring lesions that develop progressively with

age. Crosses of different strains usually result in variations of

the original strain-specific phenotype, which include vanish-

ing, attenuation, or exacerbation of expected lesions or even

development of completely new conditions.20,72 In this con-

text, an accurate definition of strain-specific pathology in

those inbred mice that are most frequently used in biomedical

research (especially for the generation of genetically engi-

neered mice) is crucial to understand whether a phenotype

results from the experimental intervention or rather reflects

a naturally occurring entity.3,54,62 In addition, longitudinal

survival studies determining the aging phenotype of inbred

strains are particularly important, as they provide a useful

reference that enables the selection of the most appropriate

genetic background for specific experiments and facilitates

the interpretation of clinicopathologic changes that develop

in long-term studies.3,45,72

Thorough and comprehensive pathologic analysis of inbred

strains is important not only for interpreting lesions in the set-

ting of hypothesis-driven research but also for large-scale for-

ward genetic screens that identify novel phenotype-genotype

correlations that can be biologically relevant to model-specific

aspects of human diseases.44 This concept holds particularly true

for the analysis of aging populations where inbred mice provide

a unique experimental tool because of their genetic homoge-

neity, short life span, and the availability of advanced technol-

ogies and comprehensive databases for studying mouse

genome and phenome.62 In this context, there are already sev-

eral examples where the identification of genetic traits
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underlying specific age-related disorders in inbred mice has

been successfully translated into the clinic, proving that sim-

ilar conditions in humans and mice share common pathomo-

lecular landscapes.44,52,62,75

Targeted mutagenesis in mice represents one of the most

powerful tools to investigate the genetic basis of diseases. This

strategy has made extensive use of the 129 mouse strain as a

reference source of embryonic stem cells.3,53,54,72 Although

several mouse lines are grouped under the 129 umbrella, there

is a high degree of genetic variability among these substrains as

a result of either genetic drift or accidental genetic contamina-

tion during outcrossing.3,53,59,66,67,72 The conundrum associ-

ated with this heterogeneous genetic makeup prompted a

thorough reclassification of the 129 mouse based on substrain

identification and definition in terms of microsatellite mar-

kers.13,59 However, the description of specific phenotypic traits

associated with each substrain is far from being completed. In

this context, studies that systematically address the aging phe-

notype (including the full characterization of the pathology of

aging) are restricted to few investigations conducted on 129S4/

SvJae mice.3,22,72 From these studies, eosinophilic crystalline

pneumonia (ECP) and nephropathy clearly emerged as common

nonneoplastic disorders and important causes of death/contribu-

tory causes of death (CODs/CCODs).3,22,72 Pulmonary, hepatic,

and Harderian gland tumors were also identified as frequent neo-

plastic conditions and important CODs/CCODs as well.3,72

As comprehensive observations are limited to the 129S4/

SvJae mouse, it is currently unclear to what extent the genetic

variability existing among the diverse 129 mouse substrains

affects the spectrum, latency, frequency, and severity of age-

related pathology. While a number of spontaneous disorders

may be equally represented over several sublines, major pheno-

typic differences are expected. Further supporting this notion,

distinctive causes of morbidity and/or mortality appear to be

more frequently (or exclusively) described in specific 129 sub-

strains while exceedingly rare (or nonexistent) in the 129S4/

SvJae mouse. The 129P3/J (129/J) line appears to have an

increased proclivity for the development of chronic progressive

blepharoconjunctivitis.60,63 A variety of opportunistic bacteria

(eg, Corynebacterium spp and Pasteurella pneumotropica)

have been also associated with this condition, although their

actual pathogenetic role is still matter of controversy.63 In a

recent study, bilateral obstructive hydronephrosis resulting

from cystinuria and subsequent urolithiasis has been identified

as the major cause of death in the 129S2/SvPasCrl mouse. It

was then demonstrated that this substrain carries a single patho-

genic mutation in the Slc3a1 gene, which encodes for a subunit

of the amino acid transporter present along the brush border of

the proximal renal tubules. The resulting loss of function of the

transporter is pathogenetically linked to the high frequency of

kidney/urinary bladder stones observed in this mouse line.

Interestingly, mutation of the ortholog gene is responsible for

the same autosomal recessive disorder in humans.29

In this work, we report the results of a longitudinal survival

study conducted on 44 male and 18 female mice of the 129S6/

SvEvTac substrain (http://www.taconic.com/129sve). The

investigation aimed to determine several important biological

features of this inbred mouse strain, including major clinical

manifestations, longevity (life span), spectrum of spontaneous

lesions, and contributory causes of morbidity and/or mortality.

Materials and Methods

Animals and Husbandry

A total of 18 female and 44 male 129S6/SvEvTac mice housed

in a conventional facility were considered in this study. Ani-

mals were individually identified by means of ear tags (Small

Animal Ear Tag; National Band & Tag Co, Newport, KY,

USA) and multiply housed (up to 5 mice) in open polycarbo-

nate cages (model 1144B; Tecniplast, Buguggiate, Italy) on

dust-free wood litter (Lignocel 3?4; Rettenmaier & Sohne, Ell-

wangen-Holzmühle, Germany). Standard not-autoclaved

rodent diet (Teklad 2018 Global 18% Protein Rodent Diet; Har-

lan Teklad Diets, Madison, WI, USA) and tap water were pro-

vided ad libitum. Environmental conditions were controlled

with a temperature of 22�C + 2�C and a 55% + 10% relative

humidity. A 12/12-hour light/dark cycle was applied with the

light phase from 7 AM to 7 PM. Mice were included in a

health-monitoring program developed in accordance with

guidelines of the Federation of European Laboratory Animal

Science Associations. The colony tested positive for Pasteur-

ella pneumotropica, Helicobacter hepaticus, H. bilis, H. roden-

tium, Entamoeba sp, Tritrichomonas sp, Aspiculuris tetraptera,

Syphacia obvelata, and Myobia musculi. The colony tested

negative for all the other viral and bacterial pathogens listed

in the federation’s health-monitoring guidelines. Procedures

involving animals were performed in accordance with the Ita-

lian laws (D.L.vo 116/92 and following additions), which

enforced EU 86/609 directive (Council Directive 86/609/EEC

of November 24, 1986, on the approximation of laws, regula-

tions, and administrative provisions of the member states

regarding the protection of animals used for experimental and

other scientific purposes).

Clinical and Pathologic Examination

In this longitudinal survival study, mice were allowed to live

for their natural life span, until they showed signs of advanced

disease or terminal conditions and were sacrificed with carbon

dioxide asphyxiation and submitted for pathologic examination.

Complete pathologic examination was also performed on the few

mice that died spontaneously. Two levels of clinical examination

were routinely conducted on the animals considered in this

study: (1) daily visual inspection performed by animal caretakers

with the purpose of identifying major behavioral and/or clinical

abnormalities; (2) thorough clinical examination performed

monthly and before euthanasia by a certified laboratory animal

veterinarian, which included a careful observation of mice in

their home cage, followed by hands-on physical examination.

Animals euthanized or dying spontaneously were submitted

to the Department of Veterinary Sciences and Public Health of
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the University of Milan (Milan, Italy) for complete end-of-life

pathologic assessment, including necropsy with dissection and

histologic examination of the following organs and tissues:

brain, heart, kidneys, liver, lung, pancreas, small and large

intestine, stomach, spleen, skeletal muscle (quadriceps

femoris), skin of the dorsum and from the inguinal region

(including mammary gland), a portion of the vertebral column

(including spinal cord), sternum, testes with epididymis

(males), ovaries and uterine horns (females), trachea, esopha-

gus, and any additional organ/tissue showing macroscopically

detectable changes. Both eyes were excised in toto, including

Harderian glands, eyelids, and conjunctiva and collected for

fixation in Davidson’s fluid as previously described.27 All the

other samples were immersion fixed in 10% neutral buffered

formalin, routinely processed for paraffin embedding, sec-

tioned at 5 mm, and stained with hematoxylin and eosin for

histopathologic examination. Serial sections obtained from

representative lesions were also immunostained as detailed in

Supplemental Table 1, and Giemsa and Gram stains were per-

formed on selected cases. Sternum and vertebral column were

decalcified in a 14% solution of tetrasodium EDTA for 10 days

before processing and paraffin embedding.

Upon review and critical consideration of the overall gross

and microscopic pathologic findings, the pathologists deter-

mined the most likely COD/CCOD for all animals according

to criteria outlined in the published literature.3,26

Statistical Analysis

Statistical analyses were performed with Graph Pad Prism (ver-

sion 5.0; GraphPad Software, San Diego, CA, USA). Survival

estimates were calculated with Kaplan-Meier survival curves

analysis. The Mantel-Cox log-rank test was then used to test for

statistically significant differences between sexes. The fre-

quency of neoplastic and nonneoplastic lesions between males

and females was compared with Fisher’s exact test. Chi-square

test and Fisher’s exact test were also applied to study the rela-

tionship between Harderian gland tumors and the development

of blepharoconjunctivitis. P < .05 was considered statistically

significant.

Results

Longevity (Life Span)

Age range for the entire mouse population considered in this

study was 212 to 1160 days, with females ranging between

212 and 932 days and males ranging between 292 and 1160

days. Estimated median survival time was 770 days for the entire

mouse population, 770 days for females alone, and 778 days for

males alone with no significant sex differences (Fig. 1).

Clinical Findings and End-of-Life Assessment

Daily visual monitoring proved to be an essential measure to

prevent early censoring for nonfatal but readily observable

lesions (e.g., external masses or lesions affecting eyes, skin,

and perineal/genital region) and to prevent loss of pathology

data due to unexpected death and postmortem degeneration

(autolysis).

Table 1 reports frequencies of the major categories of

clinical signs/abnormalities as recorded during the last phy-

sical examination before euthanasia or, in a few cases, sponta-

neous death. The most relevant clinicopathologic correlations

encountered in aging 129S6/SvEvTac mice are listed in Sup-

plemental Table 2. Ocular lesions consistent with blepharitis/

blepharoconjunctivitis emerged as the most prevalent clinical

findings in both sexes (33 of 44 males, 75%; 12 of 18 females,

67%), and abdominal distension was found at the same preva-

lence in females (12 of 18, 67%). These 2 entities—as well as

other categories of nonfatal lesions (including external masses

Figure 1. Longitudinal survival study conducted on 129S6/SvEvTac
mice. Kaplan-Meier survival curves obtained from 44 males and 18
females.

Table 1. Prevalence of Clinical Abnormalities in Aging Male and
Female 129S6/SvEvTac Mice, n (%).a

Main Categories of Clinical Abnormalities
Males

(n ¼ 44)
Females
(n ¼ 18)

Ocularb 33 (75) 12 (67)
Perineal/genital regionc 17 (39) 9 (50)
Skind 18 (41) 9 (50)
Abdominal distension/enlargement 15 (34) 12 (67)
Locomotor impairmente 7 (16) 1 (6)
Hyporesponsiveness to stimuli 26 (59) 11 (61)
Slow or labored respiration 16 (36) 9 (50)
Poor body condition/emaciation 23 (52) 10 (56)
Hunched posture 17 (39) 6 (33)
External mass/massesf 5 (11) 5 (28)

aThe data show the number of affected mice per the total number of examined
mice (%), based on the last physical examination before death.
bIncludes eye discharge, eye opacity, crusting, and/or ulceration of the eyelids
or exophthalmos.
cIncludes discharge form orifices, enlargement/swelling or mass, prolapses, or
crusting and/or ulceration of the area.
dIncludes alopecia, scaling, crusting, ulceration, or matted fur.
eIncludes generalized tremors/convulsions, paraparesis, or vestibular
syndrome.
fIncludes all externally visible masses not affecting the ocular or perineal/genital
region.
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or abnormalities of skin and perineal/genital region)—were

always associated with �1 of the following clinical signs

suggestive of imminent death: severe locomotor impairment,

hyporesponsiveness to stimuli, slow or labored respiration,

poor body condition/emaciation, and hunched posture.

Spectrum of Neoplastic Lesions

The spectrum and frequency of neoplastic lesions are summar-

ized in Table 2. Supplemental Table 3 shows ages at death in

the context of the most relevant neoplastic lesions encountered

in aging 129S6/SvEvTac mice.

Epithelial neoplasms of the Harderian gland emerged as the

predominant tumor type within the study population (30 of 62,

48%), being the most frequent and second-most frequent neo-

plastic lesion affecting males (24 of 44, 54%) and females (6

of 18, 33%), respectively. Multicentric tumor development

with bilateral involvement of both glands was observed in 8

of 30 (27%) cases. Females showed a relatively higher preva-

lence of malignant tumors (4 of 6, 67%) when compared with

males (8 of 24, 33%). Adenocarcinomas were characterized by

local invasion of the soft orbital tissues with occasional exten-

sion to the skull, brain, and metastatic dissemination to the

lungs (Figs. 2–4). Multifocal areas suggestive of myoepithelial

differentiation were occasionally observed in both adenomas

and adenocarcinomas. However, frequency of this latter obser-

vation has not been consistently recorded, and immunohisto-

chemical investigations to confirm and characterize these

features were not performed.

Pulmonary epithelial neoplasms (Figs. 5, 6) represented the

second-most common tumor type within the study population

(29 of 62, 47%), being the most frequent and the second-

most frequent neoplastic lesion affecting females (11 of 18,

61%) and males (18 of 44, 41%), respectively. Malignant

lesions accounted for about 1 of 3 of the total cases in both

sexes. Adenocarcinomas were usually characterized by their

large size, invasive nature, intratumoral necrosis, and features

of cytoarchitectural atypia (Fig. 6). Multiple lesions were com-

monly observed, although the frequency of this finding was not

consistently recorded.

Hepatocellular tumors also exhibited a relatively high pre-

valence within the study population (18 of 62, 29%), with

males more affected than females (respectively, 15 of 44,

34%; 3 of 18, 17%). In addition, malignant lesions (Fig. 7)

accounted for more than one-third of the total cases of hepato-

cellular tumors in males, whereas only benign lesions were

observed in females.

Uterus (together with the Harderian gland) represented the

second-most common site of tumor development in females,

with 6 of 18 (33%) affected animals. Tumor spectrum in this

organ included 3 sarcomas arising from the endometrial stroma

(Suppl. Fig. 1) and single cases of endometrial adenocarci-

noma, hemangioma, and leiomyoma.

Prevalence of hematopoietic malignancies within the study

population was relatively low (8 of 62, 13%). By the time of

necropsy, all the hematopoietic tumors had reached an

advanced stage of development, showing multiple lesions

and/or dissemination to multiple organs and tissues. Five lym-

phomas were observed (4 in males and 1 in females). Immuno-

histochemical characterization of the lymphoid neoplasm

affecting the female mouse indicated a histiocyte-associated

B-cell lymphoma. Two histiocytic sarcomas were observed.

One in a male mouse was characterized by a mass at the level

of the epididymis, with extensive dissemination to lungs,

spleen, liver, kidneys, lymph nodes, and bone marrow (Suppl.

Figs. 2–4). The other, in a female, arose in the uterus with local

spread to the mesovarium and was characterized by massive

necrosis of the affected tissues. Immunohistochemistry for

F4/80 and IBA1 confirmed the histiocytic origin of these neo-

plasms (Suppl.Figs. 3, 4). A single case of mast cell sarcoma

Table 2. Prevalence of Tumors in Aging Male and Female 129S6/
SvEvTac Mice, n (%).a

Neoplasms
Males

(n ¼ 44)
Females
(n ¼ 18)

Brain: ependymoma, malignant 3 (7) 0 (0)
Digestive tract

Gastric adenocarcinoma 1 (2) 0 (0)
Duodenal adenoma 1 (2) 0 (0)

Endocrine
Adrenal cortical adenoma 1 (2) 0 (0)
Pituitary adenoma, pars distalis 0 (0) 1 (6)

Harderian gland
Adenoma, unilateral 11 (25) 1 (6)
Adenoma, bilateral 5 (11) 1 (6)
Adenocarcinoma, unilateral 6 (14) 4 (22)
Adenocarcinoma, bilateral 2 (5) 0 (0)

Hematopoietic systemb

Lymphoma 4 (9) 1 (6)
Histiocytic sarcoma 1 (2) 1 (6)
Mast cell sarcoma 1 (2) 0 (0)

Liver
Adenoma, hepatocellular 9 (21) 3 (17)
Carcinoma, hepatocellular 6 (14) 0 (0)

Lung
Adenoma 12 (27) 8 (44)
Adenocarcinoma 6 (14) 3 (17)

Reproductive tract
Endometrial sarcoma n/a 3 (17)
Endometrial adenocarcinoma n/a 1 (6)
Uterine hemangioma n/a 1 (6)
Uterine leiomyoma n/a 1 (6)
Testicular malignant neoplasm 1 (2) n/a

Skin
Mammary adenoma n/a 1 (6)
Hemangiosarcoma 0 (0) 1 (6)
Squamous cell carcinoma 0 (0) 1 (6)
Total tumors 77 33
Total benign tumors 44 18
Total malignant tumors 33 15
Total metastatic/systemic tumorsb 7 3

Abbreviation: n/a, not applicable.
aResults are reported as number of affected mice per total number of examined
mice (%).
bThese include hematopoietic tumors with multisystemic involvement.
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Figures 2–7. Major neoplastic lesions affecting 129S6/SvEvTac mice. Figure 2. Unilateral Harderian gland adenocarcinoma, female mouse. The
tumor has aggressive growth with local invasion of orbital and periorbital craniofacial structures. Figure 3. Unilateral Harderian gland adenocar-
cinoma, female mouse. The tumor is arranged in solid densely cellular lobules separated by a delicate stroma and accompanied by extensive necrotic
areas (asterisk). The neoplastic epithelial cells are cohesive and polygonal with finely vacuolated cytoplasm (inset). Note the residual orbital struc-
tures, including Harderian gland (arrow), optic nerve (arrowhead), and extraocular muscles (double asterisk). Hematoxylin and eosin (HE).
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was recognized in a male. The tumor displayed a very agg-

ressive nature with a large subcutaneous mass (most likely rep-

resenting the primary site of development) and massive

involvement of lungs, spleen, liver, kidneys, lymph nodes,

bone marrow, and skin. Giemsa stain of representative lesions

in different organs and tissues demonstrated a prominent gran-

ular metachromasia in the cytoplasm of neoplastic cells, con-

firming the mast cell nature of the tumor (Suppl.Fig. 5).

Other tumors occurred with a low frequency in both sexes.

Notably, 3 cases of brain ependymoma were described in

males. All tumors showed a clear periventricular distribution

and focal continuity with the ependymal lining at the level of

the interventricular foramina /third ventricle. Microscopically,

neoplastic cells were arranged in pseudorosettes around a pro-

minent vascular network. All ependymomas displayed features

of malignancy, including intratumoral necrohemorragic foci

and invasion of the surrounding neuroparenchyma. Immuno-

histochemically, tumors appeared invariably negative for glial

fibrillary acidic protein but exhibited diffuse vimentin positiv-

ity and wide-spectrum cytokeratin expression in about 20% of

tumor cells.

Spectrum of Nonneoplastic Lesions

The spectrum and frequency of nonneoplastic lesions are sum-

marized in Table 3. Supplemental Table 4 shows ages at death

in the context of the most relevant nonneoplastic lesions

encountered in aging 129S6/SvEvTac mice.

Blepharitis/blepharoconjunctivitis emerged as the most pre-

valent nonneoplastic condition in males (38 of 42, 90%) and

females (15 of 16, 94%). Most affected mice (31 males and

15 females) exhibited bilateral eye involvement. Histologi-

cally, lesions were of varying severity. Mild cases showed epi-

dermal acanthosis and hyperkeratosis of the eyelids with

crusting of the mucocutaneous junction and minimal infiltrates

of inflammatory cells in the subjacent dermis/lamina propria.

In more severe cases, eyelids and conjunctival mucosa had sup-

purative inflammation often accompanied by mucocutaneous

erosion/ulceration (Figs. 8, 9). A large proportion of cases

(19 males and 11 females) had Gram-positive bacteria in the

form of short and occasionally curved rods, frequently in

association with the keratin debris accumulating along the

eyelid rim (Fig. 9). Clinicopathologic and microbiological

investigations were conducted to define the nature and role

of Gram-positive rods often described in association with ble-

pharitis/blepharoconjunctivitis (Suppl. Results and Suppl.

Table 5). Aging 129S6/SvEvTac mice displayed a high preva-

lence of blepharitis/blepharoconjunctivitis and Harderian

gland tumors, and the occurrence of these lesions was signif-

icantly associated (P ¼ .002; Suppl. Table 6b). In particular,

the presence of Harderian gland tumor proved to be significantly

associated with severe blepharoconjunctivitis (P¼ .0009; Suppl.

Table 6c).

Accumulation of eosinophilic crystals in the lumen of

bronchi/bronchioles and alveoli was the second-most common

nonneoplastic lesion in males (30 of 44, 68%) and females

(13 of 18, 72%). ECP, formerly known as acidophilic macro-

phage pneumonia, was also identified as highly frequent nonneo-

plastic lesion affecting up to 60% of mice in both sexes (Fig. 10).

Pulmonary accumulation of eosinophilic crystals and ECP

were often accompanied by hyalinosis of bronchial/bronchiolar

epithelium. Other organs and tissues exhibiting epithelial hya-

linosis were, in order of frequency, glandular mucosa of the

stomach (4 of 44 males, 9%; 4 of 18 females, 22%), gall blad-

der and bile ducts (4 of 44 males, 9%; 4 of 18 females, 22%),

transitional epithelium of renal pelvis (2 of 18 females, 11%),

and pancreatic ducts (1 of 44 males, 2%; Suppl. Figs. 6–8).

Based on these findings, the frequency of epithelial hyalinosis

affecting extrapulmonary sites was significantly higher in

129S6/SvEvTac females than males. Last, regardless of the sex

of affected animals or type of tissue involved, hyalinosis was

consistently accompanied by different degrees of epithelial

hyperplasia and inflammatory cell infiltrates with a prominent

granulocytic component (Suppl. Figs. 6–8).

Nonneoplastic lesions affecting the cardiovascular system

were also highly represented in the aging mouse cohort in this

study. Progressive cardiomyopathy was observed in 33 of 62

(53%) mice with a slightly higher frequency in males compared

with females. Early myocardial lesions consisted of individual

cardiomyocyte degeneration and necrosis. In more severe and

chronic cases, this lesion was accompanied by interstitial fibro-

sis and infiltration of mononuclear inflammatory cells (Suppl.

Fig. 9). These changes are consistent with the reported features

of murine cardiomyopathy.12 Polyarteritis was also relatively

frequent in males (15 of 44, 34%), whereas females were unaf-

fected. The condition was characterized by a combination of

necrotizing and/or proliferative inflammatory changes segmen-

tally affecting the tunica media of small to midsized arteries in

several tissues, including heart, pancreas, spleen, kidneys, and

gastrointestinal and reproductive tracts (Fig. 11).

The female genital tract represented another major site of

nonneoplastic lesion development. In most females (12 of 17,

71%), the uterus presented degenerative and proliferative

changes consistent with cystic endometrial hyperplasia (Fig.

12). Angiectasis and thrombosis of myometrial/endometrial

blood vessels and suppurative metritis/pyometra were also

Figure 4. Harderian gland carcinoma, pulmonary metastases, female mouse. The pulmonary parenchyma contains disseminated metastatic lesions
with the same cytoarchitectural features as the primary tumor (inset). HE. Figure 5. Solitary pulmonary carcinoma, female mouse. The tumor
forms a well-demarcated whitish solid mass. Figure 6. Solitary pulmonary carcinoma, female mouse. The tumor forms a papillary pattern with
invasion of the surrounding pulmonary parenchyma (arrow). Note the neoplastic papillae (asterisk) invading and partially replacing a bronchiolar
structure characterized by prominent epithelial hyalinosis (arrowhead). HE. Figure 7. Hepatocellular carcinoma, male mouse. The tumor has a
solid (double asterisk) to trabecular (asterisk) pattern of growth. Dilated sinusoids filled with pale eosinophilic plasma and erythrocytes are visible
(arrowheads). HE.
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Table 3. Prevalence of Nonneoplastic Lesions in Aging 129S6/SvEvTac Mice, n (%).a

Organ/Tissue and Lesion Males Females

Bones and joints 43 17
Fibro-osseous lesion*** 1 (2) 8 (47)
Intervertebral disk degeneration 9 (21) 5 (29)
Intervertebral disk herniation 3 (7) 0 (0)

Bone marrow 44 17
Hemosiderosis 4 (9) 1 (6)
Hyperplasia, erythroid/megakaryocytic 1 (2) 0 (0)
Hyperplasia, myeloid/granulocytic* 3 (7) 6 (35)

Blood vessels (multiple tissues): polyarteritis** 15 (34) 0 (0)
Brain 44 18

Encephalitis, thromboembolic with bacteria 1 (2) 0 (0)
Gliosis, not otherwise specified 0 (0) 1 (6)
Inflammatory cell infiltrates/foci, perivascular 0 (0) 1 (6)
Melanosis, meninges 0 (0) 1 (6)
Mineralization, thalamus 4 (9) 2 (11)

Epididymis 39 18
Fibrosis 1 (3) n/a
Inflammatory cell infiltrates/foci, interstitial 5 (13) n/a
Pigment accumulation, lipofuscin 2 (5) n/a
Sperm granuloma 1 (3) n/a
Sperm stasis 8 (21) n/a

Esophagus: megaesophagus 7 of 44 (16) 4 of 18 (22)
Eyes and eyelids 42 16

Blepharitis/blepharoconjunctivitisb,c 38 (91) 15 (94)
Keratitisd 2 (5) 0 (0)
Lens degeneration/cataract 0 (0) 1 (6)
Retinal detachment 1 (2) 1 (6)

Forestomach 44 18
Erosion/ulceration, mucosal 2 (5) 0 (0)
Hyperkeratosis/hyperplasia, mucosal 7 (16) 1 (6)
Inflammatory cell infiltrates/foci, lamina propria/submucosa 1 (2) 0 (0)

Gallbladder: hyperplasia with hyalinosis, epithelium 1 of 30 (3) 1 of 12 (8)
Glandular stomach 44 18

Erosion/ulceration, mucosal 4 (9) 3 (17)
Hyperplasia polypoid, mucosal 1 (2) 0 (0)
Hyperplasia with hyalinosis, mucosal 4 (9) 4 (22)
Hyperplasia with intestinal metaplasia, mucosal 6 (14) 5 (28)
Inflammatory cell infiltrates/foci, lamina propria/submucosa 3 (7) 0 (0)
Yeast 1 (2) 0 (0)

Harderian gland 42 16
Hyperplasia 5 (12) 3 (19)
Inflammatory cell infiltrates/foci, interstitial 7 (17) 3 (19)

Heart 44 18
Cardiomyopathy 25 (57) 8 (44)
Endocarditis, valvular with bacteria 2 (5) 0 (0)
Fibrosis, pericardial 0 (0) 1 (6)
Inflammatory cell infiltrates/foci, myocardial/epicardial 2 (5) 2 (11)
Melanosis, subendocardial 0 (0) 1 (6)
Mineralization, myocardial 3 (7) 0 (0)
Necrosis, myocardial 1 (2) 2 (11)
Pancarditis, suppurative with bacteria 2 (5) 2 (11)

Kidneys 43 18
Atrophy, tubular 3 (7) 0 (0)
Chronic nephropathy 3 (7) 0 (0)
Cysts, tubular 3 (7) 0 (0)
Degeneration/necrosis, tubular 6 (14) 0 (0)
Dilation/eosinophilic casts, tubular 13 (30) 3 (17)
Glomerulonephritis 3 (7) 0 (0)
Glomerulosclerosis 2 (5) 0 (0)

(continued)
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Table 3. (continued)

Organ/Tissue and Lesion Males Females

Hyaline droplets, tubular 1 (2) 0 (0)
Hydronephrosise 8 (19) 6 (33)
Hyperplasia with hyalinosis, pelvic transitional epithelium 0 (0) 2 (11)
Infarcts, cortical 3 (7) 0 (0)
Inflammatory cell infiltrates/foci, interstitial/perivascular 22 (51) 13 (72)
Nephritis, suppurative with bacteria/bacterial emboli 5 (12) 2 (11)
Pyelitis 0 (0) 2 (11)

Large intestine 44 18
Inflammatory cell infiltrates/foci, lamina propria/submucosa 1 (2) 0 (0)
Pinworm nematodes 5 (11) 5 (28)

Liver 44 18
Angiectasis 3 (7) 2 (11)
Degeneration, hepatocellular 11 (25) 2 (11)
Extramedullary hematopoiesis*** 4 (9) 12 (67)
Fibrosis 0 (0) 1 (6)
Focus of cellular alteration, hepatocellular 1 (2) 0 (0)
Hyperplasia with hyalinosis, bile duct 3 (7) 3 (17)
Hyperplasia, sinusoidal lining cells 1 (2) 0 (0)
Inflammatory cell infiltrates/foci, portal/intralobular/centrilobular 19 (43) 7 (39)
Karyocytomegaly, hepatocellular 6 (14) 0 (0)
Lobe torsion with infarction 1 (2) 0 (0)
Necrosis, hepatocellular 2 (5) 3 (17)
Regenerative hyperplasia, hepatocellular 3 (7) 2 (11)
Thrombosis/hemorrhage 2 (5) 0 (0)

Lungs 44 18
Eosinophilic crystalline pneumonia 26 (59) 11 (61)
Eosinophilic crystals, bronchial/alveolar 30 (68) 13 (72)
Hemorrhage 1 (2) 0 (0)
Inflammation, suppurative 1 (2) 1 (6)
Inflammatory cell infiltrates/foci, perivascular/peribronchial 5 (11) 3 (17)
Thrombosis/necrosis 0 (0) 1 (6)

Lymph nodes 32 13
Depletion, lymphoid 8 (25) 3 (23)
Extramedullary hematopoiesis, increased 0 (0) 2 (15)
Hemosiderosis 8 (25) 0 (0)
Hyperplasia, lymphoid 9 (28) 3 (23)
Lymphadenitis 3 (9) 2 (15)
Plasmacytosis* 6 (19) 8 (62)
Sinus dilation 3 (9) 0 (0)
Sinus histiocytosis 12 (38) 4 (31)

Mammary gland 15
Galactocele n/a 3 (20)
Inflammatory cell infiltrates/foci, perivascular/periductal n/a 1 (7)

Ovary 8
Atrophy n/a 4 (50)
Cyst n/a 5 (63)
Hematocyst n/a 3 (38)
Hyperplasia, tubulostromal n/a 1 (13)
Inflammatory cell infiltrates/foci, stroma/mesovarium n/a 5 (63)

Pancreas 44 18
Atrophy, exocrine compartment 1 (2) 0 (0)
Cyst, ductal 0 (0) 2 (11)
Fibrosis 0 (0) 1 (6)
Hyperplasia with hyalinosis, ductal 1 (2) 0 (0)
Inflammatory cell infiltrates/foci, interstitial 2 (5) 1 (6)

Preputial gland: adenitis, suppurativef 10 (23) n/a
Prostate 7

Dilation, acinar 3 (43) n/a
Inflammation, suppurative 1 (14) n/a

(continued)
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frequent uterine lesions being observed in about half of the

females (Fig. 12). In addition, peritonitis was identified

as a lethal complication of suppurative metritis/pyometra in

4 females.

Fibro-osseous lesion (FOL) was another relatively frequent

nonneoplastic change that was almost exclusively observed in

females (8 of 17 females but only 1 of 44 males). Early lesions

were identified in few cases, mainly affecting epiphyseal/

Table 3. (continued)

Organ/Tissue and Lesion Males Females

Skeletal muscle 43 18
Degeneration, myofiber 1 (2) 0 (0)
Fibrosis 1 (2) 0 (0)
Inflammation, suppurative (abscess) 2 (5) 0 (0)

Small intestine 44 18
Amyloidosis 1 (2) 0 (0)
Enteritis, suppurative and/or ulcerative 2 (5) 0 (0)
Inflammatory cell infiltrates/foci, lamina propria/submucosa 3 (7) 1 (6)

Spinal cord: spinal cord, hemorrhage 0 (0) 1 (6)
Spleen 43 18

Depletion, lymphoid 9 (21) 8 (44)
Extramedullary hematopoiesis, increased*** 2 (5) 8 (44)
Hemosiderosis 5 (12) 3 (17)
Hyperplasia, lymphoid 0 (0) 1 (6)
Plasmacytosis 2 (5) 3 (17)

Seminal vesicles 14
Dilation 11 (79) n/a
Inflammation, suppurativeg 7 (50) n/a
Torsion/hemorrhage 1 (7) n/a

Skin 35 15
Abscess, subcutis/fascia 1 (3) 0 (0)
Atrophy, adnexal 1 (3) 3 (20)
Dermatitis chronic with acanthosis and hyperkeratosish 9 (26) 6 (40)
Dermatophytosis 1 (3) 0 (0)
Hematoma, subcutis 1 (3) 0 (0)
Inflammatory cell infiltrates/foci, dermis 4 (11) 3 (20)
Mites 8 (23) 5 (33)
Panniculitis 1 (3) 0 (0)
Squamous epithelial cyst 1 (3) 0 (0)
Ulceration 0 (0) 1 (7)

Testes 39
Atrophy, seminiferous tubules 4 (10) n/a
Necrosis, seminiferous tubules 1 (3) n/a
Pigment accumulation, lipofuscin 1 (3) n/a

Urinary bladder 8 4
Cystitis, lymphofollicular* 0 (0) 3 (75)
Cystitis, necrosuppurative with bacteria 0 (0) 1 (25)
Proteinaceous plug 2 (25) 0 (0)

Uterus 17
Adenomyosis n/a 2 (12)
Angiectasis/thrombosis n/a 9 (53)
Hyperplasia endometrial cystic n/a 12 (71)
Metritis/pyometrai n/a 8 (47)

Abbreviation: n/a, not applicable.
aData are reported as number of affected mice per total number of examined mice (%).
bIn 19 males and 11 females, Gram-positive rods were observed in association with this lesion.
cLesion occurred bilaterally in 31 males and 15 females.
dLesion occurred bilaterally in 1 male.
eLesion occurred bilaterally in 1 male and 1 female.
fIntralesional bacteria were observed in 5 cases; the lesion was complicated by cellulitis in 4 cases.
gIntralesional bacteria were observed in 4 cases; the lesion was complicated by peritonitis in 1 case.
hPustular lesions with intralesional bacteria were observed in 3 cases.
iIntralesional bacteria were observed in 4 cases; the lesion was complicated by peritonitis in 4 cases.
*P < .05. **P < .01. ***P < .001. Difference between males and females.
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Figures 8–12. Major nonneoplastic lesions affecting 129S6/SvEvTac mice. Figure 8. Suppurative and ulcerative blepharoconjunctivitis, male
mouse. The eye has suppurative discharge with ulceration of the lower eyelid (arrow). Figure 9. Suppurative and ulcerative blepharoconjunc-
tivitis, male mouse. The mucocutaneous junction of the eyelid is ulcerated with chronic suppurative inflammation and extensive serocellular
crusting (arrows). Hematoxylin and eosin (HE). Inset: Clusters of curved rod-shaped bacteria populate the serocellular crusts. Gram stain.
Figure 10. Eosinophilic crystalline pneumonia, male mouse. The lesion consists of parenchymal infiltrates of Chi3l3/Ym1-positive macrophages,
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metaphyseal extremities of long bones and characterized by

irregular proliferations of dense fibrovascular tissue with

extensive effacement of bone marrow and osteoclastic trabecu-

lar bone resorption. In most instances, advanced lesions with

clear osteosclerotic progression were noted, showing bone

marrow spaces almost completely obscured by thick bony tra-

beculae (Suppl. Fig. 10).

Other minor changes reported with a significantly higher

frequency in females included foci of extramedullary hemato-

poiesis in the liver, increased extramedullary hematopoiesis in

the splenic red pulp, lymphoid depletion affecting the splenic

white pulp, reactive myeloid hyperplasia of the bone marrow,

and plasmacytosis in the lymph nodes.

Minimal to mild infiltrates or foci of inflammatory cells

were detected in a wide range of tissues, with the most frequent

nonneoplastic changes being observed in the liver of males (19

of 44, 43%) and the kidneys of both sexes (22 of 43 for males,

51%; 13 of 18 for females, 72%).

Ovaries and lower urogenital tract, including urinary blad-

der and most of male accessory sex glands, were not consis-

tently analyzed histologically or were sometimes included in

the evaluation only when affected by grossly detectable

changes. Thus, the prevalence of lesions in these organs cannot

be inferred with accuracy.

Causes of Death/Contributory Causes of Death

Major CCODs are summarized in Table 4. Hematopoietic

tumors were the most common neoplastic conditions noted as

single major COD in males, followed by hepatocellular and

gastrointestinal tumors. One male succumbed to an anaplastic

metastatic tumor apparently arising from a testicle. Immuno-

histochemistry failed to support a definitive classification of

this neoplasm. Tumors identified as single major COD in

females included an adenocarcinoma of the Harderian gland

characterized by invasion of the skull and brain and metastatic

dissemination to the lungs, a hemangiosarcoma arising in the

skin of the tail with pulmonary and hepatic metastases, an ade-

noma of the pituitary pars distalis, and a lymphoma with multi-

systemic dissemination.

Nonneoplastic CCODs included polyarteritis, ECP, urologic

syndrome, peritonitis resulting from suppurative and necrotiz-

ing seminal vesiculitis, suppurative metritis/pyometra (in most

cases with associated peritonitis), sepsis (Suppl. Fig. 11), and

megaesophagus. In several instances, multiple disease condi-

tions were identified as concurrent CCODs (Table 4). In this

context, polyarteritis, cardiomyopathy, and preputial gland

suppurative adenitis/abscessation were noted as relevant

comorbidities in males (Suppl. Fig. 12). Megaesophagus was

noted as significant comorbidity in 4 males and 1 female. ECP

was identified as comorbidity along with pulmonary adenocar-

cinoma and other nonneoplastic conditions in 4 males. ECP

was also noted as a CCOD in 2 females, in both cases in asso-

ciation with uterine angiectasis/thrombosis. Presence of a uter-

ine tumor (hemangioma) and development of sepsis were also

considered significant comorbidities in these 2 mice. Ependy-

momas noted in the brain of 3 males were considered a CCOD

but in all cases as comorbidities associated with concurrent

nonneoplastic lesions.

Discussion

We report a longitudinal aging study of 129S6/SvEvTac mice

describing the spectrum of spontaneous age-related disorders

Figure 10. (continued) and elongated extracellular Chi3l3/Ym1-positive crystals are scattered in the lumen of bronchioles and alveoli
(arrows). Immunohistochemistry for Chi3l3/Ym1 protein. Inset: The macrophages have intracytoplasmic accumulation of eosinophilic crystalline
material. HE. Figure 11. Polyarteritis, pancreas, male mouse. Medium-sized arteries have prominent hypertrophy and fibrinoid necrosis of the
tunica media (arrowheads) associated with fibrosis and inflammatory cell infiltrates expanding the adventitial layer (asterisks). HE. Figure 12.
Urogenital tract lesions, female mouse. There is angiectasis and thrombosis of a myometrial/endometrial vein (asterisk). Changes consistent
with cystic endometrial hyperplasia are present in an adjacent segment of the uterus (double asterisk). The urinary bladder has dense lympho-
follicular infiltrates expanding the submucosa (arrow). HE.

Table 4. Major CCOD in Aging Male and Female 129S6/SvEvTac
Mice, n (%).a

CCOD
Males

(n¼ 44)
Females
(n ¼ 18)

Neoplastic CCOD
Hematopoietic 5 (11) 1 (6)
Harderian gland 0 (0) 1 (6)
Gastrointestinal 2 (5) 0 (0)
Liver 2 (5) 0 (0)
Vascular 0 (0) 1 (6)
Pituitary 0 (0) 1 (6)
Other malignant metastatic tumor 1 (2) 0 (0)
Total 10 (23) 4 (22)

Nonneoplastic CCOD
Polyarteritis 5 (11) 0 (0)
Eosinophilic crystalline pneumonia 4 (9) 2 (11)
Megaesophagus 1 (2) 0 (0)
Sepsis 2 (5) 2 (11)
Suppurative metritis/pyometra/peritonitis n/a 4 (22)
Uterine angiectasis/thrombosis n/a 1 (6)
Urologic syndrome 2 (5) 0 (0)
Necrosuppurative cystitis and hydronephrosis 0 (0) 1 (6)
Seminal vesicle suppurative adenitis 1 (2) n/a
Total 15 (34) 10 (56)

Multiple causes or comorbidities
Multiple concurrent nonneoplastic causes 10 (23) 1 (6)
Concurrent neoplastic and nonneoplastic
causes

7 (16) 3 (17)

Total 17 (39) 4 (22)
Undetermined CCOD 2 (5) 0 (0)

Abbreviations: CCOD, contributory cause of death; n/a, not applicable.
aResults are presented as number of affected mice per total number of
examined mice (%).
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occurring in 44 males and 18 females. While our study was

mainly focused on defining the nature and frequency of age-

related lesions at the pathologic level, other relevant end points

have been investigated, including major contributory causes of

morbidity and death, clinical manifestations, and longevity

(life span).

Epithelial tumors of the Harderian gland and lung were the

most common neoplastic lesions encountered in both sexes, as

previously described in aging 129S4/SvJae mice.72 Murine

Harderian gland and bronchioloalveolar compartment are pre-

ferential targets of oncogenic K-ras and H-ras activity. The

correlation between activating K-ras mutations and concurrent

development of epithelial tumors from both locations has been

widely documented in carcinogenicity studies.23,57,58 A role for

H-ras oncogene during pulmonary and/or Harderian gland

tumorigenesis has been demonstrated in spontaneously occur-

ring cases as well as in transgenic mice overexpressing the

human c-Ha-ras oncogene.5,18,39 Interestingly, proclivity for

the development of spontaneous pulmonary tumors in the

129X1/SvJ mouse appears to be directly linked with a specific

pulmonary adenoma susceptibility 1 (Pas1) haplotype that

leads to constitutive overexpression of K-ras in the lung.7,68

Thus, a similar molecular mechanism might be responsible for

the high incidence of lung and Harderian gland tumors

observed in other 129 substrains.

Similar to what is reported for the 129S4/SvJae substrain,

hematopoietic tumors rarely occurred in 129S6/SvEvTac

mice.72 Despite their low frequency, hematopoietic malignan-

cies represented an important COD because of their dissemi-

nated nature with extensive involvement of multiple organ

and tissues. Notably, we identified an unusual but distinctive

case of disseminated mast cell sarcoma. A large multinodular

mass in the dermis/subcutis was tentatively identified as the

primary lesion. However, because of the extensive involvement

of most of the examined organs/tissues, the actual site of tumor

origin could not be ascertained, and a possible multicentric ori-

gin of the lesion was considered. The mast cell disorder

reported in the 129S6/SvEvTac mouse recapitulates some of

the most representative pathobiologic features of systemic

mastocytosis in humans, including concurrent cutaneous invol-

vement and dissemination to visceral organs and bone mar-

row.34 Although a series of proliferative mast cell disorders

have been documented in chemically induced or genetically

engineered mouse models,17,34,41,65 naturally occurring lesions

remain exceedingly rare.15 Description of spontaneous mast

cell tumors is limited to sporadic cases in diverse mouse

strains, including CD-1, BALB/c, B6C3F1, CFLP, C57BL/6,

and 4-way cross mice.6,14,15,28,30 Similarly to what has been

observed in our study, the majority of these spontaneous

lesions exhibited an aggressive behavior with systemic disse-

mination at the level of skin, bone marrow, and visceral organs.

Ependymoma, another unique neoplasm here diagnosed in 3

males, is considered an exceedingly rare spontaneous lesion in

the mouse.1,25 A recent retrospective database analysis identi-

fied 3 cases of ependymoma on >100 000 mice surveyed.1 In

view of these data, the prevalence of ependymomas observed

in our cohort is unexpectedly high. Analysis of a larger number

of aging animals may clarify whether a real predisposition for

ependymal neoplasms exists in the 129S6/SvEvTac substrain.

Microscopically, all 3 showed typical diagnostic features of a

rodent ependymoma, including periventricular distribution,

prominent vascular network (microvascular proliferation), and

perivascular pseudorosettes without evidence of luminal

rosettes. All 3 ependymomas were designed as malignant based

on intratumoral necrosis and/or invasion of the surrounding

neuroparenchyma.1,25 Immunohistochemical examination con-

firmed lack of glial fibrillary acidic protein expression and dif-

fuse vimentin positivity, features characteristic for rodent

ependymoma.1 In addition, individual tumor cells displayed

unequivocal cytoplasmic wide-spectrum cytokeratin immunor-

eactivity, as seen in ependymal tumors of humans, cats, and

dogs.35,55,69,74

In our study, an accurate comparison of tumor frequencies

between sexes is limited by the smaller female cohort. Never-

theless, major sex-related variations could be identified for

some of the most frequent neoplastic categories. Despite an

overall higher prevalence of Harderian gland tumors in males,

malignant lesions were more commonly reported in females

where they showed a particularly aggressive behavior, with

local invasion of the skull and brain and metastatic spread to

the lungs observed in one case. The same higher male prevalence

of Harderian gland tumors was described also in 129S4/SvJae

mice, but malignant lesions occurred only sporadically in this

substrain without clear differences between sexes.3,72

Primary pulmonary tumors were more frequent in 129S6/

SvEvTac females than males. This apparent female predisposi-

tion is in contrast with other data reported for aging 129S4/

SvJae mice.3,72

For hepatocellular tumors, 129S6/SvEvTac males were

more frequently affected than females. Furthermore, malignant

lesions (hepatocellular carcinomas) occurred only in males

where they represented an important COD/CCOD. Increased

male susceptibility to spontaneous hepatocellular tumors is

obvious in most inbred mouse strains, including the 129S4/

SvJae substrain, as in other species, including humans.3,48,72

Male predisposition is seen not only in the context of sponta-

neous hepatic tumorigenesis but also in diverse experimental

settings, including the induction of liver tumors by a wide vari-

ety of carcinogens or infectious agents.4,47 Endocrine ablation

studies have demonstrated that sexual differences in suscept-

ibility results from the opposing effects of male and female sex

hormones, with testosterone enhancing and ovarian hormones

and prolactin inhibiting hepatocellular tumor development.4,21

Blepharitis/blepharoconjunctivitis represented by far the

most prevalent nonneoplastic age-related disorder affecting

both male and female 129S6/SvEvTac mice, but it has been

only occasionally reported in laboratory mice.60 Ulcerative ble-

pharoconjunctivitis is an age-related disorder that appears to be

more common in BALB/c, C57BL/6, and 129P3/J than other

inbred lines of mice.43 A variety of opportunistic bacteria

(eg, Corynebacterium spp, Staphylococcus aureus, Staphylo-

coccus xylosus, Pasteurella pneumotropica) have been
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identified during episodes of blepharoconjunctivitis, although

their role in pathogenesis is still matter of controversy.63 Cor-

ynebacteria in particular have been identified in outbreaks

involving aging mice.43,60,63 In one study of spontaneous ble-

pharoconjunctivitis in a colony of 129P3/J mice, the prevalence

in both sexes increased progressively to approximately 50% at

�30 weeks of age.63 An uncharacterized corynebacterial spe-

cies was consistently isolated from the affected eyes.63 An epi-

zootic of ulcerative conjunctivitis and keratitis associated with

an unidentifiable Corynebacterium spp was also reported in a

colony of male C57BL/6 mice. Ocular lesions were first

detected at 18 months of age, and their incidence and severity

increased dramatically to involve >90% of 21- to 30-month-old

mice.33

In our study, diverse corynebacterial species were com-

monly isolated from ocular lesions. However, data from

follow-up clinicopathologic and microbiological investigations

do not support an unequivocal causal association between bac-

teria and blepharitis/blepharoconjunctivitis. All the identified

corynebacterial species have been described as common inha-

bitants of mouse skin without a specific pathogenic role in

immunocompetent hirsute mice.10,11,16,40,49,51 The reason for

their frequent recovery from the conjunctiva and their role in

the development and progression of ocular lesions are currently

undetermined. We hypothesize that age-related structural and/

or functional changes in the eyelids and lacrimal system may

have impaired the integrity of the mucocutaneous epithelial

barrier, thus promoting chronic inflammation and facilitating

the colonization of the palpebral conjunctiva by commensal

bacteria normally residing on the skin.33,43,45 Further support-

ing this view, anterior migration of the palpebral mucocuta-

neous junction represents a well-documented age-related

condition in mice where it is mainly associated with eyelid lax-

ity and meibomian gland atrophy and dysfunction.42,61 Further-

more, our data suggest that concurrent Harderian gland tumors

contribute significantly to the exacerbation, rather than to the

onset, of blepharoconjunctivitis.

ECP, formerly known as acidophilic macrophage pneumo-

nia, has been described as a major cause of disease and death

in C57BL/6 mutant mice deficient in SHP-1 protein-tyrosine

phosphatase (‘‘motheaten’’ and ‘‘viable motheaten’’).56,71 ECP

has been reported with variable incidence in different mouse

strains38; it has also been characterized as a frequent pulmonary

lesion and significant cause of morbidity and mortality in

129S4/SvJae mice.22,72,73 Cytoplasmic hyaline change, com-

monly referred to as ‘‘hyalinosis,’’ affecting the epithelium of

the nasal respiratory and olfactory mucosa, the trachea and

bronchi (with or without concurrent ECP), glandular stomach,

bile duct, and pancreatic duct, has been reported in mice of the

129S4/SvJae substrain and in the B6;129 mouse line.72,73 The

intrahistiocytic and extracellular eosinophilic crystals in ECP

and epithelial hyalinosis consist of mammalian chitinase-like

lectin proteins of the Ym family.19,73

In our study, pulmonary accumulation of eosinophilic crys-

tals and ECP were frequent in males and females, often occur-

ring together. ECP was a major COD/CCOD in both sexes.

Epithelial hyalinosis in extrapulmonary sites was more preva-

lent in 129S6/SvEvTac females, similar to that reported in the

129S4/SvJae subline.72,73 In our study, hyaline change was

recorded in the epithelium of glandular stomach, bile ducts,

gall bladder, and pancreatic duct. Hyalinosis and hyperplasia

of the transitional epithelium of the renal pelvis were noted

in 2 females in association with inflammation or hydronephro-

sis. Other studies have described a similar lesion. Upregulated

expression and accumulation of Chi3l3/Ym1 proteins have

been reported in a polypoid adenoma of the transitional epithe-

lium of the renal pelvis in a PML/RARa knock-in mouse with

acute myeloid leukemia31 and in the hyperplastic transitional

epithelium in F2 progeny of C57BL/6 and DBA/2 mice with

ureteritis and hydronephrosis.24 Immunohistochemistry con-

firmed accumulation of Chi3l3/Ym1 within macrophages and

in extracellular crystals within bronchial/alveolar lumens in

ECP and in epithelial cells affected by hyalinosis in the

above-mentioned tissues.

Major nonneoplastic conditions with an obvious sex predis-

position included FOL and polyarteritis. While FOL repre-

sented a frequent disorder in 129S6/SvEvTac females (8 of

17 affected females), only 1 case was confirmed in males, as

previously described.2,50,70 The pathogenesis of this condition

appears to be driven by age-related imbalances of female repro-

ductive hormones. Some mouse lines (including the 129S4/

SvJae substrain) are reportedly more susceptible than others,

indicating that specific genetic backgrounds may further

enhance the hormonal impact.2,70,72 Experimental evidence

supporting these mechanisms were provided by the observa-

tion that synthetic compounds with hormonal activity like

diethylstilbestrol and misoprostol also induce a high inci-

dence of FOL in female mice, while males are only margin-

ally affected.32 A causal association has been proposed

between other age-related lesions of female reproductive tract

(eg, ovarian atrophy, ovarian cysts, cystic endometrial hyper-

plasia) and development FOL.2,9,70 A similar correlation

could not be confirmed in our study, since all the examined

females were ultimately affected by multiple and often con-

current uterine and ovarian lesions.

A distinctive proclivity for the development of polyarteritis

was observed in 129S6/SvEvTac males, but the same condition

was never reported in females. For their severity (especially

when affecting vital organs) and multisystemic nature, vascular

lesions were often considered a significant CCOD. An obvious

male predisposition for arteritis has also been documented in

the 129S4/SvJae substrain, while an opposite trend was noted

in B6;129 mice.3,20,72 Immune-mediated mechanisms have

been proposed in the pathogenesis of spontaneous polyarteritis

in aging mice.43,45 In this context, lifelong expression of pro-

teins encoded by endogenous retroviruses/retroelements has

been considered as the event potentially responsible for most

of the immune-mediated disorders in aging mice, including

glomerulonephritis and polyarteritis.36,43,64 However, hyper-

tension may also have a primary role in the development of

murine polyarteritis.37 Interestingly, in a study of 11 com-

monly used inbred mouse strains, male 129S1/SvImJ mice
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exhibited the highest systolic blood pressure.8 Given the

assumption that the same male-predominant high blood pres-

sure phenotype is equally represented among different 129

substrains, hypertension in aging 129S6/SvEvTac males

might be involved in the pathogenesis of polyarteritis.

As frequently observed in other mouse strains, including

129S4/SvJae and B6;129 mice,20,72 chronic progressive cardio-

myopathy emerged as an age-related disorder in 129S6/SvEvTac

mice with overall comparable incidence in male and females.

Different degrees of myocardial involvement were recognized,

with more severe lesions considered a CCOD in males.

In both sex groups of 129S6/SvEvTac mice, suppurative

inflammation of the urogenital tract and accessory sex glands

(with or without evidence of bacterial infection) was a frequent

lesion and an important COD/CCOD. The condition in females

was mainly characterized by pyometra or suppurative metritis,

often evolving to peritonitis as a lethal complication. Abscessa-

tion of the preputial gland was the most common manifestation

in males, whereas necrosuppurative inflammation of the semi-

nal vesicles or prostate occurred at lower frequency. Cellulitis/

fasciitis of the inguinopubic region and peritonitis represented

clinically relevant and perhaps lethal complications of lesions

affecting preputial glands and seminal vesicles, respectively.

A variety of opportunistic bacteria, including Pasteurella pneu-

motropica, Klebsiella oxytoca, and staphylococci, are normally

responsible for the development suppurative lesions affecting

the urogenital tract and accessory sex glands.43,46 Unfortu-

nately, the cases reported in our study were not investigated

microbiologically.

In conclusion, this study identifies the major neoplastic and

nonneoplastic conditions affecting aging 129S6/SvEvTac

mice; their distribution and frequency are similar to those pre-

viously reported for other 129 substrains.3,63,72 In addition,

our data confirm that the 129 background is actually ‘‘resis-

tant’’ to a series of classical age-related disorders (including

hematopoietic and mammary tumors, amyloidosis, rectal pro-

lapse, and dermatitis) commonly encountered in other strains

of mice, including backcrossed 129 lines.3,20,43,45,72 Overall,

these findings reinforce the idea that, while a high degree of

genetic variability exists within the 129 strain, major age-

related phenotypic traits are equally represented over several

substrains. This work defines the spontaneous or ‘‘back-

ground’’ pathology of a 129 substrain that has been widely

used for the generation of targeted mutant mouse lines and

should therefore be of value for the interpretation of sponta-

neous aging lesions in inbred 129S6/SvEvTac mice and

incompletely backcrossed strains where targeted mutation has

been originally generated in 129S6/SvEvTac mice embryonic

stem cells.
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