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Mucopolysaccharidosis type IIIB, also called Sanfilippo syn-
drome type B, is a metabolic disorder with devastating clinical 
characteristics in humans. The onset of the disease is usually be-
tween 2 and 4 y of age; clinical symptoms, including hyperac-
tivity, aggressive behavior, hearing and vision defects, mental 
retardation, and mild somatic changes progress rapidly and are 
followed by premature death, generally in the second decade 
of life.3,24 The pathogenesis of MPS IIIB can be described as a 
lysosomal storage disorder resulting from failure to degrade the 
lysosomal glycosaminoglycan heparan sulfate due to absence of 
the enzyme α-N-acetylglucosaminidase (Naglu). This inherited 
disorder is elicited by mutations in the Naglu gene, which is lo-
cated on chromosome 17q21.3 More than 85 mutations have been 
identified so far.

The B6.129S6- Naglutm1Efn/J mouse strain was developed 
through targeted mutation by disruption of exon 6 of the Naglu 
gene.20 These mice are invaluable to continued investigations of 
pathogenesis of MPS IIIB, possible clinical interventions, and an 
eventual cure for this devastating disease. However, in addition 

to a number of desirable characteristics, B6.129S6- Naglutm1Efn/J 
mice exhibit several objectionable phenotypic features.12 One such 
adverse feature is urinary retention, leading to a grossly enlarged 
urinary bladder, potential hydronephrosis, and uremia. This spe-
cific abnormality of the genetically engineered mice not only is 
atypical of human MPS IIIB but due to its effect on animal welfare 
may lead to early termination of experiments.

Urinary retention leading to overdistension of the urinary blad-
der is a consequence of altered micturition due to urinary inconti-
nence, dysuria, or a combination of both. Micturition is normally 
a conscious, voluntary act, whereas urinary incontinence is dis-
tinguished by the loss of the voluntary management of urina-
tion. Dysuria, however, relates to difficult and painful voiding 
of urine.19 Both disorders of micturition can cause moderate to 
severe distension of the bladder either as an acute or chronic con-
dition. Dysuria may be elicited by any obstructive uropathy, and 
urinary incontinence can be classified as neurogenic or nonneu-
rogenic.1

Bladder distension in multiple strains of mice has been de-
scribed as a sequela of the toxicity of various substances,17,25,32 in 
studies of urinary tract malformations,26 after infection,6 and a 
characteristic of various transgenic mouse strains with various 
pathogenic pathways, such as mice with a mutated preprotachy-
kinin gene, hypersensitive serotonin 3A receptor mutant mice, 
and mice lacking the muscarinic receptors M2 and M3.4,16,23 In 
addition, urinary retention with bladder enlargement comprises a 
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fluorescence of 4-methylumbelliferone released was measured 
after adding 1.0 mL glycine buffer (pH 10.5). One unit of activ-
ity corresponded to the hydrolysis of 1 nmol substrate per hour. 
Enzyme activity was determined fluorometrically using a mi-
croplate reader (Bio-Tech Instruments) by using 365 µm filters for 
excitation and 450 µm for emission.

Necropsy. At the time of euthanasia, all mice were deeply 
anesthetized with 80 mg/kg pentobarbital intraperitoneally. The 
thorax was opened and blood collected by cardiocentesis. Final 
exsanguinations were performed with transcardial perfusion, 
first with PBS followed by 10% paraformaldehyde.

Urine was collected through cystocentesis and the amount 
measured. Bladder volume was classified as normal (0.0 to 0.25 
mL), slightly increased (0.26 to 0.45 mL), moderately increased 
(0.46 to 0.80 mL), and severely increased (greater than 0.8 mL).

All 28 mice were inspected for gross abnormalities. The uri-
nary tract was dissected intact (Figure 1). After removal, the blad-
der was distended by injection with 10% formalin solution. The 
amount of formalin administered into the urinary bladder was 
dependent on the amount of urine collected and therefore the 
size of the bladder. Care was taken to avoid further distension 
of the bladder while instilling sufficient formalin to avoid flac-
cidity of the organ. The intact urinary tract was transferred to 
10% formalin. After fixation, the tissues were cut uniformly. The 
kidneys were cut midsagittally so that the cortex, medulla, and 
pelvis could easily be distinguished. Transverse sections of the 
ureter, each proximal close to the kidney and distal just before 
the ureter enters the bladder at the trigone, were collected. The 
bladder was bisected at the midline and both halves embedded, 
with open edges down. In addition, the urethra also transversely 
sectioned in proximal, middle, and distal parts.

Hematology and serum chemistry. Blood was collected from 
10 wildtype and 5 homozygous mice for hematology and blood 
chemistry. The blood samples were evaluated at a commercial 
laboratory specialized in handling veterinary specimens (An-
tech Diagnostics, Tampa, FL). A full hematology evaluation in-
cluding hemoglobin, packed cell volume, red blood cell count, 
white blood cell count, and a white blood cell differential were 
performed. The serum chemistry parameters blood urea nitrogen 
and creatinine were measured. The serum was separated by cen-
trifugation after clotting within 30 min of blood collection.

Urinalysis. Urinalysis was performed in 8 wildtype and 9 mu-
tant mice. Urine was collected and stored at 4 °C for no longer 
than 2 h before urinalysis was performed. Color, transparency, 
and odor were assessed. Nitrate, pH, protein, glucose, urobilino-
gen, bilirubin, and ketones were evaluated by using a urine test 
strip (Chemstrip with SG, Roche Diagnostics, Florence, SC). The 
remaining urine was centrifuged for 5 min, the supernatant dis-
carded, and the resuspended unstained sediment examined mi-
croscopically at ×100 and ×400 for bacteria, crystals, red blood 
cells, white blood cells, epithelial cells, and any abnormal mate-
rial. Urine volume was measured in all 12 wildtype and 16 mu-
tant mice.

Histopathology. Necropsy was performed on all 12 wildtype 
and 16 mutant mice and tissues collected were stored in 10% 
formalin, but 12 control and 10 mutant mice were evaluated mi-
croscopically. Paraffin blocks, 5-µm tissue sections, and staining 
with hematoxylin and eosin, Alcian blue at pH 1.0 and 2.5, and 
periodic acid Schiff with and without diastase were produced in 
a commercial laboratory. In addition, immunoperoxidase reac-

part of the mouse urologic syndrome, which develops spontane-
ously in aged mice15,28 and has only been reported to occur in male 
mice. The pathogenesis of mouse urologic syndrome is unclear.

In our study colony of B6.129S6- Naglutm1Efn/J mice, most exhib-
ited moderate to severe enlargement of the urinary bladder in a 
sex-independent fashion, whereas control (wildtype) mice had 
a normal or, in a few cases only, slightly enlarged bladder.12 As 
mentioned previously, bladder enlargement was the most com-
mon cause of euthanasia for animal-welfare reasons, thereby de-
creasing the data collection time.

The aim of the present study was to investigate the clinical and 
pathologic correlations underlying anomalous bladder enlarge-
ment in a mouse model of MPS IIIB. In addition, we attempted 
to determine whether the observed urinary retention was depen-
dent on the genetic mutation or background strain used, to facili-
tate interpretation of results from treatment development studies, 
interpretation which might otherwise be difficult or impossible.

Materials and Methods
All described procedures were approved by the Institutional 

Animal Care and Use Committee and conducted in compliance 
with the Guide for the Care and Use of Laboratory Animals14 in an 
AAALAC-accredited facility.

All animals were group-housed in shoebox-style cages with 
static microisolation tops under climate-controlled conditions 
on a 12:12-h light:dark cycle, fed a commercial diet (Harlan Te-
klad Global Diet 2018, Harlan Laboratories, Indianapolis, IN), 
and provided tap water ad libitum. The animal facility maintains 
a SPF status based on a sentinel system including colony repre-
sentatives and quarantine of animals received from nonapproved 
vendors or other institutions, respectively. Sentinel mice, housed 
in the same rooms as the study animals, were evaluated for ec-
toparasites, endoparasites, Sendai virus, mouse hepatitis virus, 
Mycoplasma pulmonis, pneumonia virus of mice, minute virus of 
mice, mouse parvovirus, Theiler disease virus, reovirus 3, lym-
phocytic choriomeningitis virus, mouse adenovirus types 1 and 
2, Ectromelia virus, mouse rotavirus, and polyoma virus. The test 
results verified a negative status throughout the study period.

All 28 animals used in the study were obtained from our es-
tablished colony of Naglu mice developed from 3 heterozygous 
breeding pairs of the JAX GEMM strain B6.129S6-Naglutm1Efn (The 
Jackson Laboratory, Bar Harbor, ME). Phenotyping of animals 
was performed by enzyme assay (see next section) by using tail 
biopsy (10 mg tissue) at 10 to 15 d of age and based on character-
istic levels of Naglu enzyme activity.20 Homozygous mutant mice 
had no Naglu activity. Heterozygous mice demonstrated half the 
normal enzyme activity but were not used in this study. Wildtype 
mice were used as controls. All mice were evaluated at 9 mo of 
age because of an experienced high morbidity and mortality at 
subsequent ages in the authors’ laboratory and welfare-related 
restrictions in previous studies involving this strain. The animals 
underwent gross necropsy examination, hematology and blood 
chemistry evaluation, urine volume assessment, urinalysis, and 
histopathology.

Enzyme assay. Naglu enzyme activity was assayed by using 
fluorogenic substrate as described previously.20 Briefly, mouse 
tissue cell homogenates (25 µL) were incubated for 1 h at 37 °C 
with an equal volume of 0.2 mM 4-methylumbelliferyl α-N-
acetylglucosaminide (Calbiochem) in 0.1 M sodium acetate buf-
fer (pH 4.3) containing 0.5 mg/mL bovine serum albumin. The 
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1 shows those data considered to be blood biomarkers for any 
obstructive uropathy.

Urine volume. All wildtype mice had normal urine volumes 
and therefore normal bladder sizes. Wildtype and mutant mouse 
populations differed significantly, as did male and female mutant 
mice (Figure 2). Whereas all 6 male mutant mice had severely 
increased bladder volumes (greater than 0.8 mL urine), only 3 of 
the 10 mutant female mice showed severely increased bladder 
volumes; in addition, 6 had moderately (0.46 to 0.8 mL) and 1 
slightly (0.26 to 0.45 mL) increased bladder volumes. However, all 
mutant mice showed significantly distended bladders. Bladders 
of male mutant mice contained 1.508 ± 1.203 mL urine compared 
with 0.225 ± 33.5 mL in wildtype male mice. Female mutant mice 
had 0.820 ± 108.9 mL urine stored in the bladder compared with 
0.015 ± 3.33 mL in wildtype female mice. The range of urine vol-
ume at necropsy in mutant mice was 1.15 to 1.9 mL in male mice 
and 0.45 to 1.3 mL in female mice. Urine volume differed signifi-
cantly between male (P = 0.002) and female (P = 0.0007) wildtype 
and mutant mice, as did that between mutant male and mutant 
female mice (P = 0.0057).

Urinalysis. Urine transparency and odor were normal in all mu-
tant and wildtype animals. The urine color was light yellow in 
wildtype mice, whereas the urine in mutants was often dark yel-
low to brown, probably due to prolonged presence in the bladder. 
The mean pH was 5.0 in mutant mice and 6.0 in wildtype mice. 
The evaluations of the protein content of the urine were either 
zero or trace, both considered normal in mice; no genotype or 
sex bias in urine protein content was discernable. Test strip read-
ings of nitrite, glucose, urobilinogen, and bilirubin were negative 
for all evaluated animals. Microscopic examination of the urine 
sediment did not reveal anything unusual; no crystals and only 
infrequent casts, epithelial cells, and bacteria were present in the 
urine. The numbers of red blood cells and leukocytes exceeded 5 
per high-power field in 1 mutant female mouse each; in all other 
examined mice, these values were within normal limits (Table 2).

Histopathology. The most striking histologic finding was that of 
a mononuclear cell infiltrate in the lower urinary tract of mutant 
mice. The infiltrate preferentially involved female mice but was 
apparent in both sexes. The cells were found as single or clus-
ter of cells in the lamina propria of the lower urinary tract and 
sometimes were within renal glomerular epithelium and tubules 
(Figure 3).

Mild focal chronic interstitial renal inflammation was seen in 
some animals in each group independent of sex and genotype. 
One female wildtype mouse had a few dilated simple renal cysts. 
All male mice had moderate to major cytoplasmic vacuolization 
of tubular cells, without difference between wildtype and mutant 
animals. In contrast female mice showed very minor vacuoliza-
tion that was present in 2 of 7 homozygotes but not in any wild-
type mice. Cells with vacuolated and granular cytoplasm within 
glomerular epithelium and sometimes tubules were seen in some 
mutant mice of both sexes. However, these were single cells rather 
than a compact cell infiltrate, as seen in other tissues.

In most mice, the ureters were free of abnormalities. Some of 
the mutant mice had an isolated infiltrate, mostly single cells. In 
3 (2 of which were mutants) of the 12 male mice evaluated, mild 
to moderate lymphoid cuffing of the ureter was revealed; a single 
female mutant mouse exhibited the same abnormality.

The bladder was the most affected organ, insofar that it exhibit-
ed the most obvious anomalies in mutant mice. One female wild-

tion for S100 protein and immunohistochemistry with murine 
antibody CD68 were performed. The slides were evaluated by 
light microscopy, during which the tissues were screened for any 
abnormalities, especially inflammatory changes throughout the 
entire urinary tract, vacuolization of the renal tubules, and attenu-
ation of the urinary bladder wall. In addition, specific areas of the 
specimen were assessed by using electron microscopy.

Statistics. Data are represented as mean ± SEM. Groups were 
compared by using the Mann–Whitney test (Instat, version 3.0, 
GraphPad, San Diego, CA).

Results
Necropsy. During necropsy of B6.129S6- Naglutm1Efn/J mutant 

and wildtype mice, all gross abnormalities were noted. A recur-
rent observation was moderate splenomegaly in 8 mutant (3 
male, 5 female) mice. The penile body was missing in 1 mouse but 
no other abnormalities of the urinary tract were detected in this 
animal; the urinary bladder exhibited a normal size. One female 
mutant mouse revealed rectal prolapse combined with dilatation 
of the distal urethra and moderate splenomegaly. A few renal 
retention cysts were present in both kidneys of a female wild-
type mouse. Three different mutant (1 male, 2 female) mice had 
mucosal hyperemia of the bladder wall with vasodilatation and 
eventual hemorrhage. The bladders of all 3 of these mice were 
moderately to severely distended, and 1 of the female mice had 
grossly visible blood in the urine. Two female mutant mice exhib-
ited dilated uterine horns.

In general, the urinary bladders of all mutant mice were mod-
erate to severely enlarged, and bladder walls appeared stretched 
and flaccid. In contrast, the bladders of wildtype mice were nor-
mal in size and wall thickness.

Hematology and serum chemistry. All evaluated blood samples 
of 5 mutant and 10 wildtype mice showed unremarkable results 
in evaluated hematology and serum chemistry parameters. Table 

Figure 1. Dissected intact urinary tract of a male B6.129S6- Naglutm1Efn/J 
mutant mouse. Note the distension of the urinary bladder.
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In 2 female mutant mice the uterus was enlarged. Genital tissue 
was collected for histopathology, which revealed the same mono-
nuclear cell infiltrate in the uterine and fallopian tube walls and 
ovaries as was present in the urinary tract.

Multiple stains, immunohistochemistry, and electron microsco-
py were performed to differentiate the infiltrate further. Staining 
with Alcian blue at pH 1.0 and 2.5 and murine antibody CD68 and 
the immunoperoxidase reaction for S100 protein yielded negative 
results. In addition, the cells did not stain for periodic acid Schiff 
either with or without diastase.

Electron microscopy revealed aggregates of electron-lucent 
vacuoles of varying size in numerous cells. These aggregates 
typically replaced much of the cytoplasm, such as in fibroblasts. 
In other cells, the aggregates are smaller and restricted to focal 
areas (for example, in endothelial and smooth muscle cells). Most 
of these vacuoles were delimited from the cytoplasm by mem-
branes, but no separation between coalescing vacuoles was noted 
(Figure 7). The enlarged lysosomes with curved lamellar lipid 
leaflets or fluffy material that are typical of Sanfilippo inclusions 
were not evident.

Discussion
Urinary retention eventually leading to a cascade of events such 

as hydronephrosis, chronic renal failure, and uremia is a serious 
limitation of the murine model of MPS IIIB and often necessitates 
early termination of experiments.12 Furthermore, urinary reten-
tion is not a feature of the disease in humans, making the mouse 
strain B6.129S6- Naglutm1Efn a less than ideal model. The present 
study therefore was designed to elucidate the cause for the reten-
tion of urine and subsequent distention of the urinary bladder in 
these mutant mice. This clarification is important not only in re-
gard to expectations when using the model but also to the animal 
welfare aspect of establishing humane endpoints. Our experience 
of high morbidity and mortality among mice older than 9 mo has 
been substantiated by others.5,20 One of these studies5 reported 
that Naglu mice usually died at 7 to 10 mo of age with a distended 
bladder among other pathologies.

The normal daily amount of urine produced by a mouse is 0.5 
to 1 mL, with only 1 to 2 drops excreted at a time.13 A recent study9 
reported that the void urine volume of C57Bl/6 mice was 143 
± 28.0 µL in female mice and 140 ± 23.0 µL in male mice. In the 
present study, urine volume at necropsy in mutant mice was 1.15 
to 1.9 mL in male mice and 0.45 to 1.3 mL in female mice. Even 
allowing for residual volumes, the bladder capacity was signifi-
cantly greater in mutant mice, suggesting urine retention.

Urine retention is caused by either bladder dysfunction, which 
can be neurogenic or myogenic, or inappropriate outlet resistance 
due to physical or functional obstruction.18 To investigate, we 
evaluated several diagnostic parameters for obstructive uropathy 
including packed cell volume, peripheral blood neutrophil count, 
blood urea nitrogen, serum creatinine, hematuria, pyruria, bacte-
ruria, crystalluria, and increased urinary protein.2 These measures 
were either within normal limits or if a value was beyond the 
reference range, was not sufficiently abnormal to account for the 
urine retention in the Naglu mice.7,22,30

Histopathologic assessment comprised the entire urinary tract 
including accessory sex glands of both sexes in wildtype and mu-
tant mice. Although all animals showed mild focal chronic inter-
stitial inflammation independent of group, sex, and genotype, 
the typical mononuclear cell infiltrate was present only in both 

type mouse presented with focal submucosal fibrosis. Otherwise 
the urinary bladder was mainly normal in wildtype mice of both 
sexes, whereas it was attenuated in all mutant mice, more severe-
ly in male mice but also moderately in female animals. Changes 
in the bladder wall included submucosal edema and congestion, 
mild inflammation, expansion and thinning of the lamina propria 
by edema, and infiltration of single cells (Figure 4). The mononu-
clear cell infiltrate was less prominent in the trigone area than in 
other areas of the bladder.

No abnormalities were discovered in the urethral tissues of 
wildtype mice. In contrast, mutant mice had moderate to severe 
mononuclear cell infiltrates in the urethra. In both sexes, the in-
filtrate appeared denser in more proximal areas of the urethra. In 
female mice, submucosal mononuclear infiltrate was abundant 
in the stroma surrounding the urethra (Figure 5), which led to 
distension of the glands of the endocervix due to compression of 
the ducts by the foamy cells. In male mice, the mononuclear cell 
infiltrate was largely in the lamina propria of the lower urinary 
tract, prostate, and seminal vesicles (Figure 6).

Table 1. Blood parameters relevant to obstructive uropathy

Animal Sex Genotype PCV WBC BUN Creatinine

228 M +/+ 44.2 2.4 17 0.1
229 M +/+ 42.0 3.0 22 0.1
230 M +/+ 39.8 12.0 21 0.1
231 M +/+ 38.2 3.6 27 0.1
232 M +/+ 46.1a 2.5 28 0.1
233 M +/+ 35.6 2.4 24 0.1
236 F −/− 33.8 2.2 26 0.1
238 F +/+ 42.0 1.5 25 0.1
239 F +/+ 44.7 1.7 33 0.3
240 F +/+ 45.3a 1.1 19 0.1
241 F +/+ 42.6 2.0 28 0.1
244 M −/− 42.2 1.3 26 0.1
245 M −/− 40.2 3.9 28 0.1
250 F −/− 43.4 2.6 29 0.1
252 F −/− 39.4 2.8 26 0.1
aValue that is increased beyond reference range [packed cell volume 
(PCV), 38.5% to 45.%; white blood cell count (WBC), 3.0 to 14.2 × 103 
cells/μL; blood urea nitrogen (BUN), 19 to 34 mg/dL; creatinine, 0.5 to 
0.8 mg/dL].31

Figure 2. Comparison of urine volume at 9 mo of age between wildtype 
and B6.129S6- Naglutm1Efn/J mutant mice. All mutant mice had significant 
increases in urine volume, and male mice were affected even more than 
female mice (male, P = 0.002; female, P = 0.0007)
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were unable to confirm this result by electron microscopy or spe-
cific staining techniques such as Alcian blue and CD68 antibody, a 
macrophage marker. Alcian blue is a specific staining technique to 
demonstrate sulfated mucosubstances8,29 and commonly is used 
to stain heparan sulfate, the substance accumulated in MPS IIIB. 
In addition, tubular and glomerular cells of the kidney are the 
first epithelial cells to show vacuolation and fine granular depos-

sexes of mutant mice. To our knowledge, no detailed descriptions 
of this type of infiltrate or this pattern of distribution throughout 
the genitourinary tract of mice of both sexes are available. One 
study20 described the phenotype of this strain of mice and report-
ed vacuolation in many cells including macrophages, epithelial 
cells, and neurons, in which the vacuoles contained fine granular 
material characteristic of glycosaminoglycan accumulation. We 

Table 2. Urinalysis results according to commercial urine test strips and microscopy of urinary sediment

Animal Sex Genotype pH  Protein  Hemoglobin/red blood cells White blood cells casts cells

229 M +/+ 6.0 0 0/0–1 0–3 1–5 fgc 0
230 M +/+ 6.0 trace ++/0–1 0–1 0–2 hc 

0–3 fgc
0

231 M +/+ 6.0 trace trace/0–1 0–1 0–1 fgc 0
232 M +/+ 6.0 trace 0/0–1 0–1 >3 fgc 0

233 M +/+ 6.0 trace +/0 — — —
236 F −/− 5.0 trace +++/0 — — —
239 F +/+ 6.0 trace +/0–1 0–1 0–1 hc 

0–3 fgc
0–3 ec

244 M −/− 5.0 trace 0/0 0–2 0–1 fgc 0
245 M −/− 5.0 trace 0/0–2 0–2 0–2 fgc 0
250 F −/− 5.0 trace +++/>5 0–3 0–2 fgc 0–3 squ 

>5 rc
252 F −/− 5.0 0 0/0–5 0–5 0–2 fgc 0–1squ 

0–3 rc
253 F −/− 5.0 0 0/0 0 0 0–1 ec
254 F −/− 5.0 trace 0/0 >5 0 0–3 ec

255 F −/− 5.0 trace 0/0 0–1 0–1 fgc 0
257 M −/− 5.0 trace 0/0–4 0–1 0–2 fgc 0
259 M +/+ 6.0 trace 0/0 0 0 0
261 M +/+ 6.0 trace 0/0 0 0–1 fgc 0

—, not evaluated; ec, epithelial cast; fgc, fine granular cast; hc, hyaline cast; rc, renal cell; squ, squamous cell

Figure 3. Photomicrograph of kidney sections of female mice. (A) Wild-type mouse. (B) B6.129S6- Naglutm1Efn/J mutant mouse. Note the large, distended 
glomerulus (1) with increased mesangium as well as the cells containing vacuolar or granular cytoplasm within the glomerular epithelium and adja-
cent renal tubules (2) in (B) compared with the normal-appearing renal tissue of the wildtype mouse (A). Hematoxylin and eosin staining; scale bar, 
50 μm.
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scribed as incidental finding in female mice.10 However, PAS and 
S100 stains, which were both negative in the present study, failed 
to confirm this finding. In particular, S100 protein is a stable anti-
gen that can be localized in the cells of granular cell tumors,27 and 
PAS is commonly used to demonstrate polysaccharides.8

We noted bladder distension in both male and female mutant 
mice, and distension was more severe in male than in female mice. 
During tissue sampling, we paid particular attention to avoid in-
adequate distension or over inflation of the bladder, which can 
lead to artifacts and misinterpretation as edema, emphysema, 

its in the vacuole.20 In the present study, however, kidney tissue 
was less severely affected than were tissues of the lower urinary 
tract. The moderate to severe cytoplasmic vacuolation of tubular 
cells seen in both wildtype and mutant male mice is more consis-
tent with reports of tubular vacuolation that were more numerous 
and larger in male mice21 or noted only in male mice.28 This find-
ing is considered a feature unique to the renal histology of mice 
rather than an abnormality. The histiomorphology of the infiltrate 
appears comparable to a benign neoplasm, a granular cell tumor. 
This neoplasm is fairly common in humans33 and has been de-

Figure 4. Urinary bladder at the trigone area of female mice. (A) Wild-type mouse. (B) B6.129S6- Naglutm1Efn/J mutant mouse. 1, Mucosa; 2, lamina pro-
pria; 3, muscularis (detrusor muscle). Note the mononuclear infiltrate composed of single foamy granular cells (arrows), the loss of normal architecture 
of the bladder wall, submucosal edema, and denuded mucosa in (B) compared with the normal morphology of the urinary bladder of the wildtype 
mouse (A). Hematoxylin and eosin staining; scale bar, 100 μm.

Figure 5. Proximal urethral–vaginal submucosa. (A) Wildtype mouse. (B) B6.129S6- Naglutm1Efn/J mutant mouse. 1, Squamous epithelium of the vagina; 
2, submucosa. Note the abundant amount of submucosal mononuclear infiltrate composed of large foamy granular cells which attenuate the squamous 
mucosa in (B) compared with the normal histology in (A). Hematoxylin and eosin staining; scale bar, 100 μm.
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besides deposition of single cells of infiltrate mild inflamma-
tion, submucosal edema and congestion leading to expansion 
and thinning of the lamina propria. This finding, however, indi-
cates a secondary condition, whereas the primary problem was a 
mononuclear cell infiltrate that was present throughout the entire 
urinary tract but most pronounced in the lower part. Clusters 
of foamy cells collected particularly in the lamina propria of the 
lower urinary tract, that is, the soft tissue surrounding the urethra 
including adjacent structures such as prostate in male mice and 
glands of the endocervix in female mice. This effect might con-
tribute to compression and extramural mechanical obstruction of 
the urethra, although hematologic, serum, and urine markers of 
obstructive uropathy were unspecific, and the few changes pres-
ent were independent of genotype. One possible explanation is 
that the criteria we chose for interpreting urinary tract disease in 
mice were extrapolated from veterinary textbooks22 that pertain 
to larger mammalian species, because reference values for mice 
are sparse or unavailable. This lack complicates interpretation 
of mouse diagnostic samples. Another possible mechanism of 
urinary retention is that the mononuclear cell infiltrate may in-
terfere with the neuromuscular function of the bladder sphincter, 
although foamy cells were not detected within either the smooth 
muscle layer of the bladder or in the ganglion cells. The results 
suggest that urinary retention does not relate to the background 
C57BL/6 strain, because bladder volume and histopathology 
were normal in wildtype mice.12 The mononuclear cell infiltrate 
was found only in mutant mice.

Histopathologic examinations of urinary tract specimens yield-
ed an interesting finding in mutant mice of the strain B6.129S6- 
Naglutm1Efn/J. Both male and female mutant mice demonstrated 
mononuclear cell infiltrates comprising large rounded or polygo-
nal cells with generous variably vacuolated, granular eosinophilic 
cytoplasm and small round vesicular nuclei. These cells were 
present throughout the interstitium of the lower urinary tract. 
This space-occupying lesion results in either extrinsic compres-

and cysts in the bladder wall.11 These artifacts were especially 
important to exclude because attenuated bladder walls included, 

Figure 6. Urogenital tract structures in prostatic region of a B6.129S6- Naglutm1Efn/J mutant mouse. (A) Subtle mononuclear cell infiltrate (arrows) in the 
lamina propria of an intraprostatic duct. (B) Subepithelial accumulation of mononuclear cell infiltrate (arrows), which elevates the epithelium toward 
the lumen of the ductus deferens (boxed area). Note that the infiltrate within the lamina propria is less prominent than that in the urogenital structures 
of female mutant mice (Figure 5). Male mice had only single granular cells or small clusters of granular cells compared with the abundant infiltrate in 
female mice. Scale bar, 25 µm.

Figure 7. Electron microscopy of vaginal tissue of a B6.129S6- Naglutm1Efn/J 
mutant mouse. Note the fibroblast-like cell filled with electron-lucent 
vacuoles in the center of the picture. Scale bar, 2 µm.
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sion of the lumen of the urethra, eventually leading to obstructive 
uropathy, bladder hyperdistension, and urinary retention or may 
interfere with the neurogenic component of micturition. Further 
investigation is warranted. Although this study was unable to 
confirm a causative relationship between the infiltrate and the uri-
nary retention, the novel discovery of a mononuclear cell infiltrate 
in this knockout mouse strain remains an important finding.
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