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The lack of an appropriate animal model with multi-
organ pathology characteristic of the human form of
cystic fibrosis has hampered our understanding of
the pathobiology of the disease. We evaluated multi-
ple organs of congenic C57BL/6J cystic fibrosis trans-
membrane regulator (Gftr)™’~ and Cfir*’* mice
maintained from weaning on a liquid diet then sacri-
ficed between 1 and 24 months of age. The lungs of
the Gftr~/~ animals showed patchy alveolar overdis-
tention, interstitial thickening, and fibrosis, with
progression up to 6 months of age. The proximal and
distal airway surface was encased with mucus-like
material but lacked overt evidence of chronic bacte-
rial infections or inflammation. All Gft»~’~ animals
showed progressive liver disease, with hepatosteato-
sis, focal cholangitis, inspissated secretions, and bile
duct proliferation; after 1 year of age there was pro-
gression to focal biliary cirrhosis. The intercalated,
intralobular and interlobular ducts and acinar lumina
of the exocrine pancreas, the parotid and submaxil-
lary glands of the Gftr /= animals were dilated and
filled with inspissated material, as well as mild in-
flammation and acinar cell drop out. Quantitative
measurements of the pancreas showed significant aci-
nar atrophy and increased acinar volume in compar-
ison with age-matched Cftr*’* littermates. The ileal
lumen and crypts were filled with adherent fibrillar
material. After 3 months of age the vas deferens of the
Cfir~/~ animals could not be identified. None of the
aforementioned pathological changes were observed
in the Gftr*’/* littermates fed the same liquid diet. We
show, for the first time, that long-lived C578L/6J
Cfir~’~ mice develop manifestations of cystic fibro-

sis-like disease in all pathologically affected organs in
the human form of cystic fibrosis. (4m J Pathol
2004, 164:1481-1493)

Cystic fibrosis (CF) is an autosomal recessive condition
that is caused by mutations in the cystic fibrosis trans-
membrane regulator gene (CFTR)." Although other ge-
netic and environmental factors almost certainly contrib-
ute to disease pathobiology, CF disease arises from
impaired ion conductance on epithelial cell surfaces
which increases the concentration and alters the viscos-
ity of intraluminal contents.? Multiple organs are affected
but the phenotype is extremely heterogeneous.®* CF
may present in the neonate with bowel obstruction be-
cause of meconium ileus, whereas older patients may be
plagued by intermittent chronic recurrent ileo-cecal ob-
struction from adherent mucofeculent material. In the
airways, mucus clearance is impaired by the inability of
the surface liquid to serve as a medium for ciliary boating
of the mucigel. Obstruction of the airways results in
chronic bacterial infection and rampant inflammation
leads to end-stage lung disease and death. In its sever-
est form, exocrine pancreatic disease begins in utero.>®
Intraluminal obstruction by inspissated material within the
acinar lumina and small ducts leads to progressive aci-
nar atrophy” and replacement by fat and fibrous tissue.>
Similar alterations occur in the small ducts of the parotid
gland, but the pathological effects are less severe.®° The
biliary canaliculi and small bile ducts are obstructed with
inspissated material.®> '~ Cholangitis develops and the
biliary ductules proliferate; with progression most pa-
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tients develop focal biliary cirrhosis and in some cases
extensive multilobular cirrhosis ensues. Some patients
develop focal or diffuse hepatic steatosis.'™ Approxi-
mately 20 percent of patients present with bowel obstruc-
tion because of meconium ileus.” Almost all affected
men are infertile because of obstructive azoospermia.
The sweat duct, which lacks intraluminal macromole-
cules, is the only CFTR-expressing ductular system that
is not affected by obstructive pathological changes.

The first murine model of CF was established by gene
targeting of embryonic stem cells to disrupt the murine
cftr gene.'® Other murine models have been developed
to model human mutations, including the most common
CFTR gene mutation AF508 (confers loss of phenylala-
nine) and models carrying common missense mutations
(G551D, R117H).7672° Most of these animals develop a
range of intestinal pathology that may cause fatal com-
plications after bowel obstruction at birth or when
weaned to solid chow. However, pathological changes in
other CF-affected organs, including the lungs, pancreas,
and liver, were reported to be either mild or absent.
Rozmahel and colleagues,®’ used an exon-1 knockout
CF mouse model (CrM™SC/CfrM™MSC) to demonstrate
that the severity of intestinal disease was influenced by
the genetic background, and that modifier genes, could,
in part, compensate for the lack of functional intestinal
CFTR. Subsequently, Kent and colleagues® demon-
strated that Cfir/~mice bred into a congenic C57BL/6J
consistently developed spontaneous lung disease. Fea-
tures of the lung disease included defective mucociliary
transport, alveolar distention, and interstitial thickening
with fibrosis and inflammation.

In this report, we demonstrate that, with further aging,
a CF-knockout murine model bred into a congenic
C57BL/6J background consistently develops progres-
sive pathology in multiple organs that are strikingly similar
to the human manifestations of CF disease.

Materials and Methods

Breeding and Maintenance of Animals

All experimental protocols were conducted after review
and approval by the institutional Animal Care Committee.
Congenic C57BL/6J heterozygous breeding pairs were
maintained on regular mouse chow and continuously
bred. To maintain congenic status and prevent genetic
drift, each new generation of mice was bred to wild-type
C57BL/6J mice, obtained from the Jackson Laboratories
(Bar Harbor, ME). This created the production stock from
which experimental animals were obtained. Male and
female wild-type animals were used in alternate breed-
ings. Offspring were genotyped at 14 days of age using
polymerase chain reaction analysis of tail clip DNA. To
minimize bowel obstruction and optimize long-term via-
bility, 20- to 23-day-old Cftr~’~ mice and their Cftr™/'*
littermates were weaned to a liquid diet (Liquidet F3107;
Bioserve, Frenchtown, NJ) using glass liquid mouse
feeders, prepared in sterile water according to the man-
ufacturer’s instructions.?® Fresh diet and feeders, steril-

ized by autoclave, were replaced daily. Mice and their
offspring were housed in a nonsterile conventional hous-
ing unit in microisolators cages, with corncob bedding
changed daily, and provided with sterile water in addition
to the liquid diet. The colony was maintained at a patho-
gen-free status by serological screening at a commercial
laboratory. Mice were kept in a 12-hour light-dark cycle.

Tissue Collection

Groups of Cfir '~ animals and their wild-type littermates
were sacrificed at varying ages [1 to 2 months (Cftr /"~
n = 6; Cfir’*, n = 6), 3to 5 months (Cftr /=, n = 13;
Cftr™'*, n = 8), 9 to 12 months (Cftr /=, n = 8; Cftr™/™,
n = 3), and 15 to 24 months (Cfir /=, n = 5; Cftr*/* , n =
5)]. Mice were anesthetized by intraperitoneal injection of
sodium pentobarbital (30 mg/kg) and the abdominal cav-
ity was opened. The inferior vena cava was cut and 1%
glutaraldehyde and 4% paraformaldehyde in 0.1 mol/L
phosphate buffer (pH 7.4) was perfused through the left
ventricle. The airways were perfused through the larynx
with the same fixative and the tissues were maintained at
a constant pressure. The trachea, lungs, liver, pancreas,
ileum parotid, and submaxillary and sublingual glands
were harvested and immersed in the same fixative. Tis-
sue from the reproductive tract of males older than 3
months of age, including the intact testis, epididymis, and
vas deferens, was collected and fixed in formalin.

Tissue Preparation and Analysis
Transmission Electron Microscopy (TEM)

Portions of the harvested organs were minced into
1-mm? pieces, fixed for an additional 4 hours in the same
fixative and then postfixed for 1 hour in phosphate-buff-
ered 2% osmium tetroxide. Samples were then dehy-
drated before infiltration, in ascending concentrations of
ethanol, embedded in Epon Araldite (JEOL, Peabody,
MA), and polymerized at 60°C overnight. Areas of interest
were selected by light microscopic examination of 0.5-
pum-thick sections, cut by ultra-microtome and stained
with toluidine blue. Ultrathin sections exhibiting a pale
gold interference color from selected blocks were cut,
mounted on grids, and stained with ethanol uranyl ace-
tate and lead citrate before TEM examination.

Scanning Electron Microscopy (SEM)

Portions of the trachea, bronchi, bronchioles, and
lungs were prepared for SEM. Median longitudinal sec-
tions of lung as well as segments of the airways were
postfixed with osmium tetroxide, dehydrated in ethanol,
critical point-dried, mounted on stubs, and rendered con-
ductive with a thin layer of sputter-coated gold palladium
and then examined under SEM.

Light Microscopy

All remaining tissues were fixed in formalin and pre-
pared for routine histology. Slides were stained with he-



matoxylin and eosin (H&E), and either Masson’s
trichrome, diastase-digested periodic acid-Schiff reagent
(PASD), or reticulin stain.

Care was taken to orient the entire male reproductive
tract, before embedding and cutting, to ensure correct
alignment of all section. As a result, midline sections of
the testes and cross sections of epididymis were consis-
tently observed in all animals. Sections were evaluated
for the presence or absence of the vas deferens; and if
present for evidence of pathological changes in the vas
deferens. We also assessed the epididymis and its lumi-
nal content, and staging of the seminiferous tubules.

Morphometric Assessment of Lung Interstitium

Random digital images of the lung alveolar wall from all
animals were acquired at X10,000 magnification with a
digital charge-coupled device camera in the TEM (AMT
Corp., Danvers, MA). A minimum of 50 fields was col-
lected from each animal and the thickness of the intersti-
tium was measured from five points within each image.
Linear measures were expressed as mean and SE and
significance was determined by multivariate analysis of
variance analysis.

Volumetric Determination of Exocrine Pancreas

Quantitative morphometry was performed on images
captured by a digital charge-coupled device camera
(Cool Snaps; Roper Scientific) attached to a light micro-
scope. Images were all captured at a nominal magnifi-
cation (X250) on at least four different slides of toluidine
blue-stained pancreas using three different blocks from
each animal. Pancreatic acinar volume (mm?®), volume
density (vol of acini/vol of exocrine pancreas), and nu-
merical density (number of acini/mm?®) were measured
according to Weible’s principles of stereology.?* An im-
age analysis program (Image Pro Plus; lowa) used the
following three formulae:

1. Acinar volume
V=4/3 71
where V is the average volume of an acinus and r is the
average acinar radius.
2. Acinar numerical density

Na

NA = (@/m) - d) +1=2h

where NA is the number of acini per unit volume of tissue
(number/mm?®), Na is the number of acini per area, d is
the average diameter measured, t is the section thick-
ness (0.5 um), and h is the smallest recognizable acinar
diameter (15 um).

3. Acinar volume density percent

_NA

VA v

100

where VA is the total volume of the acini in a unit volume
of tissue (mm3/mm?3), NA is the acinar numerical density,
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and V is the average volume of a single pancreatic aci-
nar.

Data from each animal group was expressed as a
mean and SE and significance was calculated using
multivariate analysis of variance analysis.

Results

Lung
Light Microscopy

As previously reported in younger animals,?? sections of
lung demonstrated widespread pathology. In comparison
with age-matched wild-type littermates, alveolar architec-
ture of the Cftr /~ mice was compromised (Figure 1, A and
B). Patchy areas of acinar dilation, typical of obstructive
lung disease, were observed in all Cfir /= animals at all
ages. Interstitial disease, which was detected as early as 1
month of age, showed progression up to 6 months of age.
Sections stained with either Masson’s trichrome or reticular
stain demonstrated focal areas of intense interstitial staining
indicative of an increase in collagen (Figure 1, A and B).
After 6 months of age, there was little progression of lung
pathology, although many of the alveoli showed greater
variation in size. Inflammatory cells were frequently seen in
the interstitium in animals less than 6 months of age, as
were alveolar macrophages. When compared to wild-type
animals of the same age, interstitial connective tissue was
markedly increased.

Immunoperoxidase staining for vimentin of some sec-
tions demonstrated an increase in the number of intersti-
tial fibroblasts in the Cftr /= animals up to 5 months of
age. In older animals a marked decrease in the number
of these cells was observed. Surprisingly, the number of
inflammatory cells and macrophages in both the proximal
and distal airways of the affected animals appeared to
decrease with age. All of the affected animals showed
positive PASD staining for acidic mucosubstances
throughout the surface of the bronchioles and some al-
veoli also showed increased intensity and distribution.

Electron Microscopy

As previously demonstrated in young Cftr/~ mice,?>
the entire proximal and distal airways were diffusely en-
crusted in a thick coating of mucus-like material at all
ages, which completely enveloped the ciliated surface.
From 1 month of age, SEM of the surface of the bronchiolar
epithelial cells of affected animals demonstrated that the
cilia were embedded in this material, as were the alveolar
walls (Figure 1; A to D). Morphometric determination of
alveolar interstitial thickness demonstrated a significant
age-related increase in the affected animals (Figure 2) up to
5 months of age. After this age no further changes occurred
in the interstitium except for the lack of fibroblasts. After 3 to
5 months of age, alveolar interstitial thickening of the Cftr /~
animals was significantly greater than their age-matched
wild-type littermates (Figure 2B). Type Il pneumocytes were
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Figure 1. A: SEM of the surface of the respiratory epithelium from a terminal bronchiole in an 11-month-old wild-type animal. Note the numerous ciliated and
nonciliated cells. B: Terminal bronchiole from a /7™~ littermate. Respiratory epithelium is encrusted in mucus-like material. C: Alveoli from the wild-type
animal. D: Alveoli from the affected animal. Distal airways were caked with mucus-like material. Original magnifications: X1000 (A, B); X650 (C, D).

flatter than their wild-type counterparts and many lacked
normal looking lamellar bodies.

Liver
Light Microscopy

All affected animals showed focal and progressive
hepatobiliary disease (Figures 3A to 7D). Varying de-
grees of progressive bile duct proliferation, typical of
obstruction, was observed in all Cftr '~ animals but not in
their wild-type littermates. Focal portal tracts, in animals
as young as 1 month of age, showed acute and chronic
cholangitis. By 2 months of age polymorphonuclear leu-
kocytes and chronic inflammatory cells were seen both
within and surrounding focal biliary canaliculi and bile
ducts. By 3 months of age there were varying degrees of
periportal and bridging fibrosis, which progressed with
age (Figure 3, B and C). Most animals sacrificed at 12 to
24 months of age developed focal biliary cirrhosis and
some animals showed areas of advanced lobular cirrho-
sis (Figure 3D). Hepatic steatosis, which was common in
the Cftr~/~ animals, increased in severity with age. These
changes could not be attributed to the liquid diet be-

cause steatosis was not evident in the wild-type litter-
mates fed the same diet. Surprisingly little inspissating
material was detectable in the common bile duct, the
interlobular bile ducts, or biliary canaliculi when evalu-
ated by light microscopy using H&E or PAS staining.

Electron Microscopy

Many of the affected portal tracts contained inflamma-
tory cells. These were found surrounding and within the
bile duct lumina (Figure 4, B and C). Some of the bile
ducts contained fibrillar material (Figure 4B). By 2 months
of age, the majority of hepatocytes in the Cftr /~ animals
contained lipid droplets consistent with steatosis (Figure
4C). Most biliary canaliculi of animals older than 9 months
contained the same material and there was evidence of
severe periportal fibrosis (Figure 4D).

Pancreas

Light Microscopy

As young as 2 months of age the intercalated, intralob-
ular, and interlobular pancreatic ducts of the Cftr '~ an-
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Figure 2. A: TEM of alveoli from a lung of a 5-month-old ¢fr™'~ animal.
Note the numerous lipid-containing fibroblasts (arrows) and abundant col-
lagen (arrowheads) in the interstitium. B: Summary histogram comparing

the interstitial thickness between wild-type and Cfi7/~ animals as well as

between age groups. Note the marked increase in interstitial thickness in the
3- to 5-month-old and older groups in the G/t~ animals. Scale bar, 2 pm.
Original magnification, X12,500.

imals were increased in diameter in comparison with their
wild-type littermates. Intraluminal obstruction with inspis-
sated material that progressed with age was observed in
the Cftr/~ animals but not in the wild-type littermates
(Figure 5, A and C). After 6 months, foci of inflammatory
cells and macrophages were evident in the exocrine
pancreas of the Cftr~/~ mice (Figure 6A). Affected ani-
mals older than 12 months of age showed subjective
evidence of acinar atrophy. Pathological changes were
not observed in the islets of Langerhans of the affected
mice or in the wild-type animals. Furthermore none of the
affected animals showed clinical evidence of diabetes
mellitus.

The results of the morphometric studies of the pan-
creas are summarized in (Figure 6; B, C, and D). Acinar
volume of the wild-type animals, which reflects intralumi-
nal volume, showed no significant alteration with aging.
However, there was a modest age-related increase in
mean acinar volume in the 3- to 6-month-old Cftr/~
animals and by 15 to 24 months of age, the acinar volume
was significantly greater than that determined in the 1-to
2-month-old Cftr/~ animals (Figure 6B). Percentage of
acinar volume expressed per unit pancreatic tissue vol-
ume showed no age-related changes in the Cftr*/* mice.
Also at 1to 2 and 3 to 5 months of age the percentage of
acinar to tissue volume of the exocrine pancreas in the
Cftr~/~ mice did not differ significantly from measure-
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ments in the wild-type, age-matched littermates. In con-
trast, the percentage of acinar volume to tissue volume in
the Cftr /= mice demonstrated a progressive decrease
from 9 to 12 months of age, which became statistically
significant at 15 to 24 months of age(Figure 6C). These
morphometric results reflect intraluminal distention.

The number of acini, expressed per unit volume of
pancreatic tissue, was also determined. Although the
wild-type animals showed no age-related change in aci-
nar number, the Cftr/~ animals showed an age-depen-
dent decrease that was statistically significant from 3to 5
months of age in comparison with the 1- to 2-month-old
Cftr~/~ mice (Figure 6D). The number of pancreatic acini
of the Cfir~/~ animals was also significantly lower than
that determined in the 9- to 12-month-old and 15- to
24-month-old wild-type littermates. These data provide
objective evidence of progressive age-related acinar cell
drop out in the Cftr /= mice.

Electron Microscopy

Acinar lumina of the affected animals were filled with
fibrillar material as young as 1 month of age and the
zymogen granules were not as numerous or dense in
comparison with acini from the wild-type littermates. The
majority of the acinar lumina in the Cftr~/~ animals were
dilated and plugged with inhomogenous material (Figure
5D). Unlike, the wild-type animals the intralobular and
interlobular ducts of the Cftr~/~ animals were plugged
with inspissated material (Figure 5, B and E) and the
epithelial cells were flattened (Figure 4E).

Parotid, Submaxillary, and Sublingual Glands
Light Microscopy

The parotid and submaxillary glands of the Cftr—/~
animals showed histological abnormalities, whereas the
sublingual glands were normal in appearance. The
pathological features of the parotid and submaxillary
glands were similar to those observed in the exocrine
pancreas (Figure 6A and Figure 7). Unlike the exocrine
pancreas of the Cfir '~ mice, the light microscopic ap-
pearance of the serous-type acini and ducts showed
obvious inspissation with fibrillar material and greatly di-
lated lumina. This was particularly evident with toluidine
blue-stained sections (Figure 7A). In the 9 to 12 month
and older Cftr~/~ animals, foci of acute and chronic in-
flammatory cells were present surrounding the ducts and
progressive acinar loss was observed. Mineralized
sludge was seen in several of the ducts from the parotids
of the 15 to 24 month Cftr/~ animals.

Electron Microscopy

Lumina of the acini and ducts of the parotid and sub-
maxillary glands were filled with material that was more
amorphous and electron opaque than the typical secre-
tions found in other pathologically affected organs (Fig-
ure 7B). As was observed with electron microscopy im-
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Figure 4. A: TEM of a portal tract from a 22-month-old wild-type animal containing a bile duct. The lumen (asterisk) appears void of any material. B: TEM of
a portal tract from a 12-month-old ¢f¥/~ animal that has developed severe cholangitis showing macrophages and polymorphs both within the lumen of one
of the ducts (asterisks) and in the periportal spaces. One of the ducts is filled with inspissated material. C: TEM of several hepatocytes from a 3-month-old ¢fir/~
animal filled with lipid droplets, which is consistent with steatosis. D: Periportal fibrosis and duct proliferation. Bundles of collagen fibrils (arrowheads) and
several bile ducts are seen in the field (asterisks). Original magnifications: X2500 (A, B, D); X5000 (C).

ages of the plugged exocrine pancreatic ducts of the
Cftr~/~ mice, the affected ductal epithelial cells were
flattened in comparison to their wild-type littermates.

lleum
Histology

Consistent with reports in other murine CF strains,
features of chronic intestinal obstruction were observed
even in the youngest Cftr '~ mice. Typically the lumen of
the ileum was filled with PASD-positive material, a feature
not observed in any of the wild-type littermates (Figure 8,

A and B). PASD staining of older animals demonstrated
excessive amounts of acidic mucosubstances in the crypts.
There was a clear increase in the number of goblet cells per
villus in the affected animals. Three Cfir /= animals devel-
oped abdominal distention between 9 to 12 months of age
and were sacrificed because of a suspicion of intestinal
obstruction. At necropsy the ileum was found to be totally
obstructed with adherent mucofeculent material, which
could not be removed from the intestinal epithelium with a
scalpel blade. Intraluminal blockage in the ileo-cecal region
of the intestine closely resembled distal intestinal obstruc-
tion syndrome, a unique late intestinal complication ob-

Figure 3. A: H&E from an 11-month-old wild-type animal maintained on the liquid diet showing no pathological abnormalities. Portal tracts are evident in the
field of view (asterisks). B: Cfir /™ littermate shows portal tract inflammation, ductular cell proliferation, and some portal-to-portal bridging (arrowheads).
Parenchymal and sinusoidal cells that surround the central vein (CV) appear normal. C: Higher power of B. Portal-to-portal bridging is evident. Arrowheads
indicate ductular and inflammatory cells. D: Low power of liver from a 22-month-old ¢fi7~/~ animal that has developed foci of advanced lobular cirrhosis. Original

magnifications: X250 (A, B); X400 (C); X200 (D).
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served in the human form of CF. The proximal small intestine
and stomach were filled with the liquid feed and were swol-
len several times their normal size.

Electron Microscopy

The most obvious electron microscopic feature ob-
served in all of the Cftr~/~ animals was the presence of
excessive fibrillar mucus-like material in the lumina of the
ileum (Figure). Most of the crypts were distended and
filled with this material (Figure 8C).

Male Reproductive Tract
Histology

Several unsuccessful attempts were made at breeding
the Cftr /= males with wild-type females. This suggested
that the affected males were functionally infertile. The vas
deferens of six wild-type mice, ranging in age from 3 to
15 months, could be readily seen and the architecture
was normal. However, in 8 of 10 Cftr /= males (3 to 15
months of age) no vas deferens could be identified. In
fact, the vas deferens could only be identified in two of
the youngest Cftr '~ males 3 to 5 months of age. In these
animals the lumen diameter was smaller than the age-
matched wild-type littermates and the surrounding
smooth muscle layer was thicker (Figure 9, A and B). The
epididymus of the Cftr~/~ males contained fewer sper-
matids and the majority were immature. Many had failed
to develop an acrosome. Most of the vacant ducts of the
epididymus were filled with extracellular material. In the
affected males, very few of the seminiferous tubules con-
tained late spermatids and the majority of the tubules
were stage 3 or stage 4 of development.®®

Discussion

We demonstrate, for the first time, that long-lived con-
genic C57BL/6J Cftr/~ mice develop the hallmarks of
CF-like disease in all organs pathologically affected by
the human form of cystic fibrosis. This is in striking con-
trast to previous observations of other murine models of
CF bred in a mixed genetic background,'®=2° which
showed severe intestinal disease, but mild or no patho-
logical changes in other organs affected by CF disease in
humans. However, in most published studies the CF mice
were sacrificed for evaluation at an early age. In the
present report, progressive age-related changes in CF-
like pathology became evident after 3 months of age,
especially in the liver, exocrine pancreas, and parotid
and submaxillary glands. In addition, the reproductive
tract of the males showed clear histological evidence of
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severe obstructive azoospermia. The loss of identifiable
vas deferens after 3 months of age closely resembles the
human form of CF disease in males.

Because organ systems in mouse and man differ
somewhat, both in anatomical and physiological terms, it
is not surprising that the nature and course of the patho-
logical changes are not identical to each other. For ex-
ample, CFTR expression in the human bronchus is high-
est in submucosal glands.®® Therefore, the lack of
tracheal and bronchial submucosal glands in the murine
airway may account for the milder pathological changes
in the murine airways.?”?® Nevertheless, as previously
described,?® development of pathological changes in the
lung of this congenic murine model of CF is unique and
shares several characteristics in common with the early
form of CF bronchopulmonary disease in human. This
includes acinar and alveolar hyperinflation, presumably
because of obstructive small airways disease, and exten-
sive thickening with focal areas of fibrosis.®#93° Lung
hyperinflation, which has also been observed in the early
stages of evolving lung disease in human with CF, has
been attributed to small airway obstruction.?® Presum-
ably, defective mucociliary clearance results in ball valve
blockage of the distal airways because of intraluminal
accumulation of acid mucopolysaccharide substanc-
es.3" While the thickness of the interstitium increased up
to 6 months of age we were unable to detect any further
progression with age. There was excessive mucus pro-
duction within the bronchi and bronchioles and as has
been previously demonstrated in younger animals,??
SEM demonstrated which was diffusely distributed over
the distal and proximal airway surfaces. This caked viscid
material, which completely obliterated the surface cilia
(Figure 1, E and F), has previously been shown to contain
PAS-positive acid polysaccharide material.??

Environmental factors may also contribute to differ-
ences in pulmonary disease between the murine form of
the disease and human CF. For example, although these
animals were not housed in sterile conditions, they were
in filter top cages and protected from many environmen-
tal pathogens. Nonetheless, the Cftr/~ mice failed to
show histological evidence of spontaneous chronic bac-
terial infections at any age. Even the 2-year-old Cftr '~
mice showed no evidence of inflammation of the airways,
which in the human form of CF is presumed to result from
chronic bronchopulmonary infection. Several studies of
other murine CF models derived from a mixed genetic
background, exposed to the known CF pathogen
Pseudomonas aeruginosa have significantly impaired
clearance of bacteria, a more severe inflammatory reac-
tion, and develop severe, pathogen-specific lung pathol-
ogy when compared with age-matched wild-type litter-
mates.®?3* Similarly, when exposed to common CF

Figure 5. A: Toluidine blue-stained epoxy section of pancreas from a wild-type 9-month-old animal. Note the uniform size of all of the acini and the near absence
of any material in any of the ducts (arrows). B: TEM of an interlobular duct from the same animal in Figure 3A. Note the absence of any material in the lumen
of the duct (asterisk). An islet (IS) is seen at the bottom right. C: Toluidine blue-stained section of pancreas from a Gftr™'~ littermate of the animal seen in Figure
3, A and B. Note the inspissated material found in the interlobular duct (asterisk) and intralobular ducts (arrows). Many of the lumina of the acini appear dilated
(arrowheads). D: TEM of dilated acinar lumen (asterisk) from pancreas of animal in Figure 3C. Note the fibrillar material in the lumen. E: TEM of interlobular
duct in Figure 3C. Lumen (asterisk) is filled with inspissated material. Note the flattened appearance of the ductular cells. Original magnifications: X450 (A);

X3500 (B); X825 (C); X5000 (D); X3200 (E).
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pathogens such as Burkholderia cepacia, murine models
of CF develop significant airway inflammation and suc-
cumb to pulmonary disease at a faster rate than other
CFTR knockout strains.®® Thus, the difference in manifes-
tations of airway disease in this knockout CF mouse
model in comparison with the human form of CF disease
may, in part, be because of a lower susceptibility to
spontaneous acquisition of chronic bronchopulmonary
infections.

Hepatobiliary changes in this congenic Cftr '~ murine
model showed remarkably similar pathology to the char-
acteristics of human CF®197'2 and there was consider-
able progression in the severity of the disease with aging.
Focal periportal obstructive disease with bile duct prolif-
eration and cholangitis was consistently apparent by 3 to
5 months of age and by 12 months of age many animals
had developed patchy areas of biliary cirrhosis. By 2
years of age, these findings were universal. Another com-
mon observation in the human form of CF liver disease,
hepatocyte vacuolization with evidence of microdroplet
and macrodroplet steatosis, was seen in all of the Cftr='=

animals.'® Because these changes were not observed in

a~ 0.25 4 the wild-type littermates, a treatment effect of the liquid
H diet is unlikely.

= 0.2 1 In its severest form, humans with CF develop progres-

5 015 - sive pancreatic damage, beginning in utero,® and this

E leads to signs and symptoms of maldigestion because of

E 0.1 4 pancreatic insufficiency at birth or in infancy.®” Typically,

g - postmortem examination of older patients with end-stage

: pancreatic disease reveals complete loss of exocrine

0 pancreatic tissue, identifiable with islets of Langerhans

1-2 35 912 15-24 embedded in fibrous tissue and fatty stroma.® However,
postmortem studies of CF infants dying within the first 4
months of life show strikingly similar changes to those
100 - OWT mCE observed in this murine model of CF.° There is a lack of

w
7
:

g development of pancreatic acinar tissue. The duct lumi-
§ - nal volume, expressed as a proportion of total pancreatic
g | volume, exceeds that found in age-matched non-CF pa-
@ tients and the ratio of acinar to connective tissue dimin-
E 50 | ishes with age. In particular, premature infants dying from
E CF show duct dilatation with secretory material obstruct-
K ing the small pancreatic ducts.® This early obstructive
£ 25 1 feature of pancreatic disease in CF almost certainly leads
<\§ to progressive atrophy of acinar tissue. Our morphologi-
° 0 cal measurements of these CF mice show that they de-
12 3.5 9-12 15-24 velop a form of pancreatic disease, which is consistent
C — with chronic and progressive obstruction of small ducts
and acini. There is progressive ductal and acinar dilata-
40 OWT ®CF tion with progressive loss of acinar tissue with aging.
a5 4 Thus, pancreatic disease in this murine CF model only
a0 J_ l differs from the human form of CF in terms of age of onset
T l rate of progression and severity. Whether or not complete
E 25
5 20 -
<L
S 15
S Figure 6. A: Toluidine blue-stained section of pancreas from a 12-month-old
Z 10 4 ¢ftr~’~ animal showing periacinar and periductal (asterisk) inflammation
(arrowheads) and acinar loss and atrophy. B: Histogram of acinar volume.
E Acinar volume increased with age in the Cfi7/~ age groups. C: Histogram of
0 percentage of acinar volume to tissue volume. Unlike the acinar volumethere
T T T

was a progressive decrease. D: Histogram of acinar numerical density. Den-
12 3-5 9-12 15-24 sity also decreased, which is suggestive of acinar cell drop-out in the older
D Months Cftr/~ animals. Original magnification, X400.
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Figure 7. A: Toluidine blue-stained section from a 12-month-old ¢fi~/~ submaxillary gland. Note the periductal inflimmation (arrowheads). The duct is filled
with inspissated material (asterisk). B: TEM of material found in the lumen of a parotid duct from a 5-month-old Cfi7/~ animal. In all of the affected animals
many of the acinar and ductular lumina were filled with this material. Original magnifications: X800 (A); X 10,000 (B).

exocrine pancreatic atrophy develops with further aging
remains to be determined.

Similar CF-like characteristics were observed in the
salivary glands,®®®° but we were surprised to note that
only the parotid and the serous component of the sub-
maxillary glands were affected. Typically, the acini and
ducts in these glands were distended and obstructed,
changes that were not apparent in their wild-type litter-

mates. Foci of periacinar and acinar loss were evident,
and in the older animals periductal inflammation was
present. Why were the pathological changes limited to
serous secreting glands? Serous glands seem to be
more susceptible to the consequences of intraluminal
desiccation by reduced fluid secretion, which in turn
increases the concentration of protein and mucus and
induces ductal plugging and obstruction. Sublingual

Figure 8. A: Periodic acid-Schiff (PAS) staining of a cross-section of ileum from a 3-month-old wild-type animal. Note the intense staining of the goblet cells on
the villi and in the crypts (arrows). Some of the crypts were filled with PAS-stained material (arrowheads). B: ¢fir /™ littermate showing crypts filled and
distended with PAS-positive material (arrows) and an increase of PAS-positive material within the lumen (asterisk). C: TEM of crypt filled with inspissated

material (asterisk). Original magnifications: X300 (A, B); X2500 (C).
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Figure 9. A: H&E-stained section of a median section through the testes (T), epididymis (E), and vas deferens from a 3-month-old wild-type mouse. Arrow
indicates the lumen of the vas deferens and an arrowhead indicates the surrounding smooth muscle layer. B: Similar section from an age-matched affected
animal. Although the vas deferens was not detected in any of the animals older than 3 months, two animals in the 3-month group had a visible vas deferens. In
comparison with the wild-type littermates the vas deferens had a reduction in luminal diameter (arrows) and thickening of the smooth muscle layer. The lumen

also contained accumulation of viscous material. Original magnifications, X100.

glands are mucus secreting and produce more viscous
secretions that may make them more susceptible to the
pathological consequences of absent CFTR-related ion
and fluid flow. Little is known about the extent and distri-
bution of CFTR expression within specific epithelial cells
of the salivary glands. Ultrastructural examination of im-
munogold-labeling density shows a threefold greater ex-
pression of CFTR in the human parotid duct in compari-
son to the human sublingual duct (C.A. Ackerley,
unpublished observation). Alternatively, differential ex-
pression of other chloride channels or ion channels that
may increase flow, such as the chloride-bicarbonate ex-
changer of the nonserous glands, may account for the
presence or absence of CF pathology in the ducts of
specific glands.

It is worthwhile speculating that all serous-secreting
glands are more vulnerable to pathological sequelae of
impaired function of CFTR than other glands affected by CF
disease. In this regard, the submucosal glands of the tra-
chea and intrapulmonary bronchi of the human respiratory
tree, the laryngeal glands of the mouse, and the exocrine
pancreas of both the human and the mouse are serous
glands and, in functional terms, appear to be highly depen-
dent on CFTR-mediated secretion of ion and fluid for main-

taining intraluminal macromolecules in solution. Thus, in
keeping with disease pathology in humans this knockout CF
mouse model exhibits defective serous gland function as a
primary manifestation of pathological disease.

Varying degrees of severe obstructive intestinal disease,
which have been observed in all murine CF knockout mod-
els, show identical characteristics to meconium ileus, an
intestinal complication observed in 15 to 25% of humans
born with CF.™ CF mice are susceptible to intestinal dis-
ease at all ages.?' A large percentage of affected pups die
in utero or at birth from complications of meconium ileus.
Impacted mucofeculent material within the ileum and ce-
cum usually causes death from peritonitis after intestinal
perforation. This C57B2/6 congenic strain is particularly
susceptible to obstructive intestinal disease at weaning,
and if the animals are fed solid chow, they succumb after
complications of intestinal obstruction within days.®' Al-
though introduction of a liquid diet at weaning ameliorates
the intestinal complications, some animals still die of intes-
tinal obstruction.?® At postmortem all of the affected animals
showed varying degrees of intestinal disease with patchy
areas of villus atrophy and mucosal hypertrophy. The goblet
cells of the villi and crypts and intestinal lumina are filled with
PASD-positive material. Some of the older animals devel-



oped distal intestinal obstruction requiring euthanasia. Ob-
structed tenacious, adherent viscous mucofeculent secre-
tions within the ileum and cecum were typical of distal
intestinal obstruction syndrome, a unique form of intermit-
tent intestinal disease observed during adolescence and
adulthood in humans with CF.3¢

To conclude, this congenic, knockout murine model of
CF has most of the hallmarks of human CF disease mak-
ing it a valuable model for the study of CF pathobiology
and as a test bed for targeted therapies. Nevertheless, to
allow significant pathological changes to occur in CF-
affected organs, it is necessary to breed the animals to a
much older age than had been previously appreciated.
To maintain viability, intestinal obstruction can be ame-
liorated by nourishing the animals on a liquid diet. Alter-
natively, intestinal complications can be prevented by
breeding murine models expressing intestinal tract hu-
man CFTR cDNA under the control of the rat intestinal
fatty-acid binding protein gene promoter.®”
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