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Abstract Bardet-Biedl syndrome (BBS) is a rare oli-
gogenic disorder exhibiting both clinical and genetic
heterogeneity. Although the BBS phenotype is vari-
able both between and within families, the syndrome is
characterized by the hallmarks of developmental and
learning difficulties, post-axial polydactylia, obesity,
hypogenitalism, renal abnormalities, retinal dystro-
phy, and several less frequently observed features.
Eleven genes mutated in BBS patients have been iden-
tified, and more are expected to exist, since about
20-30% of all families cannot be explained by the known
loci. To investigate the etiopathogenesis of BBS, we
created a mouse null for one of the murine homo-
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logues, Bbs4, to assess the contribution of one gene to
the pleiotropic murine Bbs phenotype. Bbs4 null mice,
although initially runted compared to their littermates,
ultimately become obese in a gender-dependent man-
ner, females earlier and with more severity than males.
Blood chemistry tests indicated abnormal lipid profiles,
signs of liver dysfunction, and elevated insulin and lep-
tin levels reminiscent of metabolic syndrome. As in
patients with BBS, we found age-dependent retinal
dystrophy. Behavioral assessment revealed that mutant
mice displayed more anxiety-related responses and
reduced social dominance. We noted the rare occur-
rence of birth defects, including neural tube defects
and hydrometrocolpos, in the null mice. Evaluations of
these null mice have uncovered phenotypic features
with age-dependent penetrance and variable expressiv-
ity, partially recapitulating the human BBS phenotype.
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Introduction

Bardet-Biedl syndrome (BBS) is a pleiotropic disor-
der, whose primary manifestations include progressive
pigmentary retinopathy, learning difficulties, post-axial
polydactyly, obesity, hypogenitalism, and renal abnor-
malities, although secondary features, such as speech
pathology, diabetes mellitus, urogenital malformations,
and congenital heart disease, also occur (Beales et al.
1999; Green et al. 1989). BBS is a model oligogenic dis-
order; mutations in eleven genes have been associated
with the disorder thus far (Ansley et al. 2003; Badano
et al. 2003a; Chiang et al. 2006; Chiang et al. 2004; Fan
et al. 2004; Katsanis et al. 2001; Katsanis et al. 2000;
Katsanis et al. 2002; Li et al. 2004; Mykytyn et al. 2001;
Mykytyn et al. 2002; Nishimura et al. 2001; Nishimura
et al. 2005; Slavotinek et al. 2000; Stoetzel et al. 2006).
In most families, inheritance of the disorder seems to
follow a traditional Mendelian autosomal recessive
pattern; however, in some families, three mutations in
two genes are required for disease manifestation (Bad-
ano et al. 2003b; Beales et al. 2003; Eichers et al. 2004,
Katsanis et al. 2001; Katsanis et al. 2002) or the third
mutant allele can apparently modify the severity of the
trait (Badano et al. 2003b; Badano et al. 2006).

Animal models are useful to explore the basis of
human disorders (Craigen 2001). To this end, several
knockout mouse models of BBS have been engineered,
including Bbs4 (Kulaga etal. 2004; Mykytyn et al.
2004), Bbs2 (Nishimura et al. 2004), Bbsl (Kulaga
et al. 2004), and Mkks/Bbs6 (Fath et al. 2005; Ross
et al. 2005). These null mice exhibit some aspects of the
BBS phenotype. In vitro studies with BBS4 showed
that the protein localizes to the centriolar satellites of
centrosomes and basal bodies of primary cilia (Kim
et al. 2004). Combining this knowledge with observa-
tions of animal models led to the identification of anos-
mia in Bbs4 null mice; subsequently this previously
unrecognized trait has been found in human subjects
with BBS (Kulaga et al. 2004). More recent studies of
both mouse and zebrafish models have revealed a
novel relationship between BBS proteins and the pla-
nar cell polarity (PCP) pathway (Ross et al. 2005).

Here we dissect the consequences of Bbs4 loss of
function in the mouse using a broad range of pheno-
typic analyses in a large cohort of animals. Previous
published reports of Bbs4 null mice have demon-
strated that the mice exhibit skewed Mendelian ratios,
obesity, photoreceptor degeneration, anosmia, neural
tube defects, and some behavioral anomalies (Kulaga
et al. 2004; Mykytyn et al. 2004; Nishimura et al.
2004; Ross et al. 2005). We describe here novel pheno-
types of the Bbs4 null mice, including evidence for a
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gender-specific difference in obesity as well as quanti-
tative data regarding the body composition of the mice,
characteristics reminiscent of metabolic syndrome and
mild liver dysfunction, definition of the retinal pheno-
type as a cone-rod dystrophy, and elevated anxiety-
related responses.

During the expansion of the Bbs4 mouse colony, we
found fewer than expected null pups relative to hetero-
zygous and wild-type mice and attributed this finding
to decreased perinatal survival rather than embryonic
lethality. We found that the null Bbs4 mice, although
initially runted compared to their littermates, later
become obese in a progressive and gender-dependent
manner. The obesity, combined with abnormal serum
lipid profiles and elevated plasma insulin and leptin
levels, suggest that the null animals manifest pheno-
types consistent with metabolic syndrome. Blood
chemistry tests also indicated the null mice have abnor-
mal liver enzymes and blood urea nitrogen (BUN) lev-
els, among others. Age-dependent pigmentary retinal
dystrophy was detected in the null mice by ophthal-
moscopy and confirmed by histologic and electrophysi-
ologic studies, the latter detecting changes earlier than
the other methods. A battery of behavioral tests dem-
onstrated that the null mice display increased anxiety-
related responses and less social dominance than their
littermates. The rare occurrence of major birth defects
including neural tube defects, which stimulated further
evaluation of the PCP pathway (Ross et al. 2005), and
hydrometrocolpos was noted in the Bbs4 null mice.
Hydrometrocolpos, or fluid accumulation in the uterus,
is reminiscent of human patients with the McKusick—
Kaufman syndrome (MKKS), the majority of whom
harbor mutations in MKKS/BBS6. Polydactylia was
never observed.

Absence of the Bbs4 gene alone is insufficient to
recapitulate the full spectrum of the BBS phenotype,
but many features of the human phenotype are found
in the animal model; although none are fully penetrant.
These findings are consistent with the variability seen
both within and between BBS patients and families,
the complex inheritance patterns in this syndrome,
including modifier genes (Badano et al. 2003b; Badano
et al. 2000), and the possible influence of genetic back-
ground.

Materials and methods

Generation of the Bbs4 mouse model

To make the mouse model, embryonic stem cells (of
129/SvEv origin) carrying a gene trap insertional
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mutation in the first intron of Bbs4 were obtained from
Lexicon Genetics Incorporated (Kulaga et al. 2004).
Blastocyst injections and transfer to C57BL/6J-Tyr%/J
pseudopregnant mothers were completed at the Darwin
Transgenic Mouse Core Facility, Baylor College of
Medicine. Heterozygous mice of the N2 generation
were intercrossed to yield wild-type, heterozygous, and
null mice for these studies. Both reverse transcriptase
PCR and real-time PCR were performed on total RNA
isolated from mouse liver with Bbs4-specific primers to
confirm the absence of Bbs4 transcript in the null ani-
mals (Supplementary Fig. 1a, b). Mice were genotyped
by Southern blotting or PCR analysis of mouse geno-
mic DNA isolated from tail clips (Kulaga et al. 2004).

Viability

Mating cages were monitored daily for birth of pups.
Pups that did not survive were removed from the cages
for DNA isolation and genotyping. For embryo analy-
sis, we arranged additional timed matings and females
were checked daily for vaginal plugs. At 18.5 days of
gestation, pregnant females were euthanized with an
overdose of 5% avertin solution (0.032 ml/g body
weight). Embryos were dissected from the uterus and
weighed; subsequently the embryo tails were clipped
for DNA extraction and genotyping. Following screen-
ing for gross morphological defects, we removed the
chest walls of embryos, and fixed the whole embryos in
10% neutral buffered formalin. After fixation, embryos
were transferred to 70% ethanol and examined for
gross heart defects.

Obesity

A minimum of ten mice of each gender and each geno-
type were weighed weekly, beginning at age 2 weeks.
Weights were averaged by postnatal ages and error
bars represent the standard error of the mean (SEM).
An individual mouse was determined to be obese if its
weight was greater than the mean weight+2 SDs of its
age- and gender-matched wild-type littermates.

Adult mice at least seven months of age were ana-
lyzed with a Bruker minispec NMR Live Mice Ana-
lyzer (Bruker Optics Inc., Billerica, MA, USA) to
determine fat mass, lean mass, and fluid mass (N>18).
The mean of each mass was calculated, and the error
bars indicate the SEM. Additionally, the percentages
of fat mass, lean mass, and fluid mass of the total body
mass (at the time of the experiment) of the mice were
calculated. Error bars represent the SEM.

Abdominal fat pads and whole livers were dissected
at the time of necropsy and weighed. Livers were

fixed in 10% neutral buffered formalin for 24 h then
transferred to 70% ethanol. The tissue was dehy-
drated with a series of ethanol washes and embedded
in paraffin for sectioning; 4 um sections were pre-
pared. Hematoxylin and eosin stained slides were
photographed under light microscopy at a final mag-
nification of 200x.

Serum and plasma analyses

Blood samples were collected via cardiac puncture
from fasted mice 4-6 months of age immediately fol-
lowing CO,-induced unconsciousness (N>8 of each
gender and genotype). Serum was separated from the
whole blood with Serum-Gel clotting activator micro
tubes (Sarstedt, Newton, NC, USA). Serum samples
were analyzed at the Comparative Pathology Labora-
tory, Baylor College of Medicine with the COBAS
INTEGRA® 400 plus analyzer (Roche, Almeda, CA,
USA). Plasma was prepared from whole blood by add-
ing EDTA to a final concentration of 0.5% and centri-
fuging at 1,000g for 5 min at 4°C. Plasma insulin levels
from ten null and eight wild-type mice were measured
with a Rat Insulin ELISA Kit (Crystal Chem Inc., IL,
USA). Plasma leptin levels from 11 null and nine wild-
type mice were measured with the Mouse Leptin
Quantikine ELISA Kit (R&D Systems, MN, USA).
Two-way ANOVA tests were performed to establish
significance and test for interaction between genders
and genotypes.

Retinal analysis

A single examiner (RAL) performed all retinal exam-
inations in a masked fashion with a conventional indi-
rect ophthalmoscope and a 78 diopter hand-held
condensing lens following dilation of each eye with one
drop of 1% tropicamide (Falcon Pharmaceuticals, Ltd.,
Fort Worth, TX, USA). For this experiment, 26 null, 16
heterozygous, and 25 wild-type mice were studied.
Fundus photographs were obtained with a Genesis
Small Lab Animal Fundus Camera (Kowa, Torrance,
CA, USA).

For histological analysis, mouse eyes were enucle-
ated and fixed for 24 h in Fekete’s fixative. The eyes
were dehydrated in sequential ethanol washes and
embedded in paraffin; 4 um sections were prepared.
Slides were stained with hematoxylin and eosin and
photographed under light microscopy at a final magni-
fication of 200x.

Electroretinography was performed on overnight
dark-adapted mice at the ages of four (N=10 null),
eight (N=4 null), and 14 weeks (N=8 null) as described
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(Pennesi et al. 2003). Data from wild-type mice of the
three ages were pooled (N=7). To analyze rod function,
a saturating light estimated to produce approximately
2.92 log scot cd s m%, or an estimated 800,000 photoiso-
merizations/rod, for normal outer segment length was
used to measure a,,,. To analyze the scotopic (dark-
adapted) b-wave, which is an extracellular field poten-
tial thought to be primarily from ON-rod bipolar cells
(Hood and Birch 1996), increasing stimulus intensities
and b-wave amplitude was fit to a hyperbolic saturation
function (Naka-Rushton) (Bramblett et al. 2004). This
model yields two parameters, b, .., the b-wave
amplitude, and [ 5, the intensity of light at which half of
the photoreceptors are saturated. Cone-driven
responses were recorded with the paired flash tech-
nique (Pepperberg etal. 1997). The first flash drove
both the rods and cones temporarily into saturation.
The second flash, delivered 2.5 s later, was sufficiently
delayed to allow the cones, but not the rods, to recover.

Behavioral assessment

Behavioral testing of female and male two month old
wild-type and null mice (N>10 for each group)
included locomotor activity in an open field, explora-
tion of the light—dark box, acoustic startle response and
prepulse inhibition of the acoustic startle response, and
Pavlovian conditioned fear. These tests were per-
formed and statistical analyses done as described
(Walz et al. 2004). We also performed an assessment of
balance with an accelerating rotarod that increased
from 4-40 rpm over a 5 min trial period. Eight trials
were performed per mouse. Additionally, we con-
ducted a social dominance tube test in which one wild-
type mouse and one null mouse were placed at oppo-
site ends of a tube. The first mouse to back out of the
tube was deemed to have lost the test, and the mouse
remaining in the tube was given the win (Spencer et al.
2005). Each mouse was used only one time in this
experiment and was paired with an opponent with
whom it had not been housed. Statistical analysis for
the tube test was performed with the chi-squared test
as described (Spencer et al. 2005).

Results

Evidence for perinatal lethality of Bbs4 null animals
During mouse colony expansion, the distribution of
genotypes among offspring of N2 heterozygous mating

pairs appeared to deviate from expected Mendelian
ratios (25% wild-type : 50% heterozygous : 25% null).

@ Springer

After genotyping 504 pups from 10 different mating
pairs, we determined that 129 (26%) were wild-type,
288 (57%) were heterozygous, and 87 (17%) were
homozygous null (P<0.001). We also noted that, of
those pups born, not all survived the neonatal period.
We found that among the 50 decedent pups, seven
were wild-type, 19 were heterozygous, and 24 were
null. The neonatal survival rate of the null pups was
statistically less than that of their unaffected littermates
(P<0.001) when we compared our ratios to those
expected if each genotype had an equal chance of sur-
vival. No gross external abnormalities were observed
in the dead pups. To establish if the skewed Mendelian
ratios could be attributed to embryonic lethality, we
collected E18.5 embryos from heterozygous mating
pairs. Of the 111 developed embryos, 29 were wild-
type (26%), 52 were heterozygous (47 %) and 30 (27%)
were null. These ratios are not significantly different
from the expected Mendelian ratios (P=0.79). During
embryo collection, we also observed ten absorbed
embryos. The lack of skewed ratios at E18.5, and a dis-
proportionate number of null pups dead perinatally,
suggests that perinatal death is the likely cause of the
deviant Mendelian ratios.

We examined null embryos at E18.5 for gross heart
defects to discern if such abnormalities could be con-
tributing to the perinatal demise of the null pups. None
of the 12 null embryos which we examined had any
obvious evidence of gross heart abnormalities, poten-
tially lethal postnatally. During their collection, we
weighed the embryos to determine if the null pups
were runted compared to their littermates. We found
no significant difference in the weight of E18.5 embryos
between genotypes (P=0.59, data not shown), even
though the null pups were statistically smaller at two
weeks postnatally.

Earlier onset and more severe obesity in Bbs4 females

Obesity, typically by the end of the first year of life, is a
primary diagnostic feature of BBS. To evaluate the
Bbs4 mice for this phenotype, mice were weighed
weekly, beginning at 2 weeks postnatally (N>10 for
each group at each time). At 2 weeks of age, all null
mice were runted compared to their littermates
(Fig. 1a). Female null mice remained significantly
underweight compared to their heterozygous and wild-
type littermates until 10 weeks of age (P<0.05; Fig. 1c),
whereas male null mice were smaller until 12 weeks old
(P<0.05; Fig. 1d). With time, both male and female
populations of null mice become obese (Fig. 1b); how-
ever, not every null mouse became obese. Female null
mice were significantly overweight by week 13 (P<0.05;
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Fig. 1c), whereas male mice were not overweight statis-
tically until week 24 (P<0.05; Fig. 1d). Up to 92% of
the female and 40% of the male null mice were deter-
mined to be obese (as defined by >2 SDs above the
average weight of gender- and age-matched wild-type
mice). Among females, the difference in weights
between null mice and their littermates was greater
than in the male population. Thus, the obesity is more
severe and has earlier onset in females than males.

To characterize the increased body weight of the
mice, we applied nuclear magnetic resonance (NMR)
to quantify lean, fat, and fluid mass in adult null mice
and their littermates (N>18 for each genotype and
gender). Among both male and female mice, the null
animals have significantly greater fat and fluid masses
but not lean mass (P<0.001; Fig. le, h). Additionally,
computing the portion of each measurement of total
body mass, the null mice have significantly greater fat
and fluid mass fractions, and a significantly less lean
mass fraction (P<0.001; Fig. 1f, i). The null mice in this
experiment were obese compared to their heterozy-
gous and wild-type counterparts (P<0.001 for females
and P=0.001 for males; Fig. 1g, j).

At necropsy, organs and abdominal fat were dis-
sected out from the mice and weighed. The null ani-
mals had a significantly larger quantity of abdominal
fat (P<0.01 for both male and female; N>10 for each
group; Fig. 2a), consistent with the NMR analysis in
suggesting that the increase in body weight is attribut-
able to fat accumulation. Additionally, males had a sig-
nificantly larger liver (P<0.01; N>10 for each group;
Fig. 2b), presumably due to the increase in fat deposits
noted during histological examination (Fig. 2c, d).

Metabolic disturbances and evidence for mild liver
dysfunction

We tested serum or plasma to identify major abnor-
malities in kidney or liver function and to monitor
other metabolic anomalies. Significant results (P<0.05)
of these analyses are summarized as Table 1. Except
where noted, serum was the reagent examined and
gender did not influence the results. Analyses of the
lipid panel results demonstrated that the null mice had
significantly elevated levels of total cholesterol, high-
density lipoprotein (HDL)-cholesterol, low-density
lipoprotein (LDL)-cholesterol, very low-density lipo-
protein (VLDL)-cholesterol, and triglycerides. Addi-
tionally, the null mice had a significant increase in the
ratio of total cholesterol to HDL-cholesterol. A posi-
tive correlation was seen between body weight and
HDL-cholesterol levels in the null animals (data not
shown). Plasma insulin and leptin levels were also ele-

vated in the null mice. The increase in cholesterol, tri-
glyceride, insulin, and leptin levels, combined with the
obesity, is reminiscent of metabolic syndrome. Ele-
vated blood glucose levels were also found in the mice.

Several results suggest abnormal liver function in
the null mice compared to unaffected littermates. Null
mice had elevated amounts of alanine aminotransfer-
ase (ALT) and aspartate aminotransferase (AST), but
only females had increased alkaline phosphatase
(ALP) levels. The null mice also manifested signifi-
cantly higher levels of lactate dehydrogenase (LDH).
In the male Bbs4 null mice, we found elevated total
and insoluble bilirubin, indicating that the liver may
not be solubilizing indirect bilirubin to direct bilirubin
properly. These abnormal results may be associated
with fat deposit accumulation in the livers of the obese
animals (Fig. 2c, d).

The null mice have elevated blood magnesium,
sodium, and BUN levels. A decreased ratio of albumin
to globulin and a significant increase in globulin levels
were also detected in the null animals. The null mice
have elevated levels of creatine kinase (CK). The
explanation for these differential responses is not
apparent.

No significant differences between genotypes were
observed in levels of albumin, total protein, direct bili-
rubin, creatinine, osmolarity, potassium, calcium, or
phosphorus (data not shown).

Age-dependent retinopathy with cone dysfunction
more prominent than rod dysfunction

To analyze the retinal phenotype, we took a three-tier
approach. First, a single observer (RAL) performed
indirect ophthalmoscopy in a masked fashion at vari-
ous stages of postnatal development. The retinal
appearance was scored on a progressive scale of 1-4,
with “normal” being no detectable abnormalities. A
score of “1” represented a granular fundus appearance,
“2” denoted addition of vascular attenuation, “3” optic
nerve atrophy, and “4” gross pigmentary retinopathy.
Mice of each genotype were followed for a period of
11 months (Fig. 3a—c). By the end of the observation
period, the wild-type and heterozygous mice main-
tained a “normal” score, whereas 20% of the null mice
were considered “normal.” Only null mice progressed
to a score of “3” or “4” during the course of the obser-
vations, with 80% of the null mice reaching these states
by 11 months of age. To document the fundus pheno-
type, fundus photographs show three female litter-
mates at 10 months of age (Fig. 3d-f); only the null
mouse exhibits an abnormal retinal phenotype. To
document the progression of the retinopathy, we took
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Fig.1 Weight and body composition analysis of Bbs4 mice.
a Null mice are runted when they are young; the null mouse is on
the left and a wild-type littermate is on the right. Over time, the
null mice become obese; b shows two female littermates at
24 weeks; the wild-type mouse on the left weight 28.7 g whereas
the null mouse weighs 50.0 g. Weight curves of Bbs4 mice over
time for both females (¢) and males (d), indicating the mice pro-
gress from significantly underweight to significantly overweight.
Average fat, fluid, and lean masses of adult Bbs4 female (e) and
male (h) mice of each genotype (N>18). For both genders, the fat

photographs at 4 months and again at 10 months of
age; examples from one wild-type and two null mice
are shown as Fig. 3g-1. The retinas appear normal at
4 months of age (Fig.3g—i) but at 10 months the null
mice have a distinct, abnormal fundus appearance
including vessel attenuation, confluent pigment migra-
tion, large atrophic lacunae, and optic nerve pallor and
atrophy (Fig. 3j-1).

Second, we examined the structure of the cells in the
eye via histological analysis. As anticipated, retinal anom-

Abdominal Fat
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Fig.2 Abdominal fat and liver necropsy data. a Weight of abdom-
inal fat pads dissected out of wild-type and null males (M) and fe-
males (F) (N>10 of each). The average abdominal fat from wild-
type females was 0.86 g and of null females was 2.30 g (P<0.01). For
wild-type males the abdominal fat measurement was 0.77 g in the
wild-type and 2.13 g in the null animals (P<0.001). b Weight of total
liver upon dissection from wild-type and null males and females

and fluid masses, but not lean mass, are significantly elevated in
the null mice as compared to their counterparts. Averages of the
percentages of total body weight attributable to fat, fluid and lean
masses are shown for females (f) and males (i). Null mice have
significantly increased percentages of their body weight attribut-
able to fat and fluid masses, and significantly less of a percentage
due to lean mass. The average weight of the animals used for this
experiment is shown for females in (g) and males in (j). Error bars
represent SEM. Each significant data point is denoted with an
asterisk

alies were detectable at an earlier age histologically than
by ophthalmoscopic observation. At age two weeks,
stained eye sections of wild-type and null mice did not
differ (Supplementary Fig. 2). However, as the null mice
aged, the photoreceptor layer became progressively thin-
ner with a loss of nuclei and shortening of the inner and
outer segments, until the photoreceptors appeared as a
single, sparse layer of nuclei at 28 weeks (Supplementary
Fig. 2). No thinning of the photoreceptor layer was
detected in the aged-matched wild-type mice.

Liver Weights
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Weight (g)
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OWild-type F BNull F OWild-type M B Null M

(N>10 of each). There was no significant difference in the liver
weights of wild-type and null females (1.03 g and 1.12 g, respec-
tively; P=0.35). Null males had a significantly larger liver than their
wild-type counterparts (1.85 g and 1.32 g, respectively; P<0.01).
Hematoxylin and eosin staining of liver sections from wild-type (c)
and null (d) male mice demonstrate excess fat accumulation specifi-
cally in the obese null mouse
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Table 1 Blood chemistry results

+/+ —/— P value
Mean+SEM Mean+SEM
Total cholesterol (mg/dl) 84.19+4.61  131.18+8.89 0.000
HDL-cholesterol (mg/dl) 71.63+4.00  107.61+6.72 0.000
LDL-cholesterol (mg/dl)  12.224+0.60  16.40+1.47  0.005
VLDL-cholesterol (mg/dl) 21.59+1.39  31.354+2.79  0.001
cholesterol/HDL- 1.18+0.01 1.22+40.02 0.046
cholesterol ratio
Triglycerides (mg/dl) 107.96+6.97 156.68+13.97 0.001

Glucose (mg/dl) 253.30£10.15 301.23+16.66 0.021

Insulin (ng/ml)? 1.16+0.16 2.41+0.40 0.015
Leptin (ng/ml)? 9.95+0.44 40.61+£9.88  0.018
ALT (UN) 23.19+£1.82  50.00+9.05  0.004
ALP (U/) 72.004£3.94  95.1848.04  0.001°
AST (U/) 60.48+£3.96  99.91+12.00 0.001
LDH (U/) 185.78+13.85 404.91+£59.15 0.000
Bilirubin total (mg/dl) 0.24+0.02 0.73+£0.13 0.000°
Indirect bilirubin (mg/dl)  0.26+0.03 0.74£0.15 0.001°¢
Globulin (g/dl) 1.734+0.06 1.96+0.07 0.001
Albumin/globulin ratio 2.01+0.07 1.75+0.07 0.000
BUN (mg/dl) 21.26+0.87  26.11+1.27  0.002
Magnesium (mg/dl) 2.36+0.06 2.6740.08 0.003
Sodium (mmol/l) 152.224+1.40 147.41£1.07 0.015
CK (U/) 19.894+2.63  75+18.96 0.006

?Plasma level
® Significant in females only
¢ Significant in males only

Our third and most sensitive method to document
the progression of the retinal phenotype was electro-
retinography. Electroretinograms can provide informa-
tion regarding photoreceptor function (a-wave) and
the condition of the inner layers of the retina (b-wave).
As early as four weeks postnatally, Bbs4 null mice
showed severe deterioration of both rod and cone
responses. Photoreceptor function as evidenced by a-
wave analysis showed that, at four weeks of age, Bbs4
null animals had a significantly smaller a,,, compared
to wild type (26% of wild-type value, P<0.001; Fig. 4a,
b). By 8 weeks, a,,,, had decreased to 22% (P<0.001;
Fig. 4c) of wild-type and at 14 weeks the null a,,,, was
at 17% of the wild-type level (P<0.001; Fig.4d;
Table 2).

At 4 weeks, voltage responses of the scotopic b-
wave indicated the null mice had a b, o level of
58% of the wild-type (P<0.01; Fig. 4e, f). By 8 weeks,
the null animals average a by, (.o Of 42% of the wild-
type responses (P<0.01; Fig. 4g), and at 14 weeks this
value was 22% of the wild-type response (P<0.001;
Fig. 4h). Applying the Naka-Rushton fit to the scotopic
b-wave data, a statistically insignificant increase in the
half-saturating intensity /,5 was observed, potentially
signifying a decrease in the sensitivity of the post-pho-
toreceptor pathway.
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Specifically focusing on the cone function, by
4 weeks of age the null mice had 12% of wild-type cone
b-wave function (P<0.001; Fig. 4i, j) and by 8 weeks
only 7% of the activity of the wild-type mice (P<0.001;
Fig. 4k). At 14 weeks, the cone function remained
almost completely deteriorated (7.7% of wild-type
value, P<0.001; Fig. 41).

Bbs4 mice are anxious and exhibit reduced social
dominance

To determine if there are any behavioral phenotypes
associated with the loss of Bbs4 we carried out a battery
of quantifiable behavioral tests (Crawley and Paylor
1997; Mcllwain et al. 2001; Paylor et al. 2006). The open-
field test evaluates exploratory activity and anxiety-
related responses when mice are placed in an unfamiliar
environment. We measured various parameters in this
procedure, including total distance traveled, movement
time, movement speed, rearing activity, and the center
to total distance ratio. No significant differences between
wild-type and null mice were observed for total distance
traveled (P=0.26; Fig. Sa), movement time (P=0.26), and
movement speed (P=0.08) (data not shown). However,
the null mice have significantly less rearing activity
(P=0.03; Fig. 5b) and have a smaller center to total dis-
tance ratio (P=0.01; Fig. 5¢). The latter finding, demon-
strating the null mice are avoiding the center of the open
field, indicates the null mice have higher levels of anxi-
ety-related responses than their littermates in the open
field. Differences in rearing behavior can be associated
with differences in basal exploration, altered motor
coordination, or anxiety-related responses. Based on the
data from the open-field and other motor tests, we sug-
gest that the rearing differences are most consistent with
an increase in anxiety-related responses. Statistical anal-
yses did not indicate differences between genders.

We also used a light—dark box test to assess anxiety-
related responses. We measured latency to enter the
dark side of the box, total time spent in the dark, and
the number of transitions between the dark and light
sides of the box. The latency time to enter the dark was
the same between wild-type and null mice (P=0.74;
Fig. 5d). However, the null mice made fewer transi-
tions between the dark and light sides of the box
(P<0.01; Fig. S5e) and spent more total time in the dark
(P=0.02; Fig.5f). The increase in dark time and
decrease in number of transitions indicates that the
Bbs4-deficient mice have increased anxiety-related
responses in the light-dark box test, which is consistent
with the observations in the open-field test. Similar to
the open-field test there was no interaction between
genders and genotypes.
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Fig. 3 Fundus observations and photography. Bbs4 mice of all
genotypes were subjected to direct fundus observation over a pe-
riod of 11 months. For each time point, we calculated the percent-
age of mice with a normal fundus appearance, or with a score
correlating to severity (on a scale of 1-4, with “4” being the most
severe). Results for wild-type mice are seen in (a), heterozygous
mice in (b), and null mice in (¢). Fundus photographs document-
ing the pigmentary retinopathy specifically in the Bbs4 null mice

As it has been previously reported in another Bbs4
mouse model that the null animals exhibited a defect in
social dominance (Nishimura et al. 2004), we wanted to
evaluate our own mouse model for this phenotype. In 18
trials of the social dominance tube test, the wild-type mice
won 15 trials and null mice won three. These results are
statistically significant (P<0.005; Fig. 5g) compared to a
random probability, indicating that our null mice are also
less socially aggressive than their wild-type littermates.

We observed no significant difference between wild-
type and null mice in the rotarod (motor coordination

are seen in (d-f); these photos are from 10-month-old female lit-
termates. The progression of the retinal phenotype is docu-
mented in (g-1). The top panels (g-i) show fundus photographs
taken when the mice were 4 months of age; g is from a wild-type
mouse and h, j are from null mice. The bottom panel photographs
(j-1) were acquired from the same mice at 10 months of age; j is
wild-type and (k) and (I) are null. By 10 months, the gross pig-
mentary retinopathy was apparent in the null mice

and skill learning), Pavlovian conditioned fear (learn-
ing and memory), acoustic startle response and pre-
pulse inhibition of the acoustic startle response
(assessing sensorimotor gating) experiments (Supple-
mentary Fig. 3a—d).

Birth defects in null animals link Bbs4 with PCP
and MKKS

During our experiments, we observed two types of
birth defects in our mice. In one female null mouse (of

@ Springer
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Fig. 4 Electroretinography. Representative ERGs from wild-
type and null Bbs4 mice at four, eight and 14 weeks of age. ERG
response to an intense flash (a—d). Measurement of the scotopic

Table 2 ERG results

Bbs4+ Bbs4 -
aoo] € 8 weeks go] d  14weeks
600 600
400 400]

200 200
-200] 200
-400] -400]
-600] 600
00 01 02 03 00 01 02 03
800
g
600!
4004
2001
0.
00 01 02 03 00 01 02 03
40
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b-wave (e-h). Each trace represents the average of at least five
flashes. Cone isolated ERGs using the double flash method (i-1).
Only the response to the second white flash is displayed

GI'Ollp Amax (HV) bmax,scot (“V) 10.5 ((]5/I‘Od) Cone b-wave (“V)
Bbs4** (n=7; pooled ages) 578454 626472 439+1.5 311430

Bbs4™" (n=10; 4 weeks) 1524132 363+31° 9.92+4 36452

Bbs4”" (n=4; 8 weeks) 1294332 263+£52° 4.4441.4 23492

Bbs4™" (n=8; 14 weeks) 9849° 1394112 5.96+2.4 24472

(P<0.001)

b (P<0.01)

N=22), we observed hydrometrocolpos (Fig. 6a, b), a
feature uncommon in BBS but characteristic of the
similar allelic disorder, MKKS. Additionally, we found
neural tube defects in 14% of null embryos (N=50),
1.4% of heterozygous embryos (N=138) and 0% of
wild-type embryos (N=65) leading to midbrain exen-
cephaly, one of several phenotypes shared between
Bbs mice and mouse models with mutations in known
PCP genes (Ross etal. 2005). The Mouse Genome
Informatics database at The Jackson Laboratory
(http://www.informatics.jax.org) indicates that neither
of these phenotypes has been reported in the inbred
129/Sv or C57BL/6 strains.
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Discussion

Animal models lacking expression of genes implicated
in human disorders enables evaluation of the contribu-
tion of one gene to a particular complex phenotype as
well as to deduce and analyze mechanisms of patho-
genesis. For pleiotropic, oligogenic disorders such as
BBS, the influence of each gene on specific aspects of
the complex phenotype can be explored. For example,
the Bbs4, Bbs6, and Bbs2 mice share phenotypic fea-
tures common to human BBS, such as obesity and reti-
nal dystrophy; however, each gene causes the
individual features to express uniquely. In this study,
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Fig. 5 Behavioral testing indicates Bbs4 null mice are more anx-
ious and less socially dominant than their littermates. Results
from the open-field test indicate that although the overall dis-
tance traveled does not vary between the wild-type and null mice
(a P=0.26), the null mice have significantly less rearing activity
than the wild-type mice (b P=0.03) and have a smaller center to
total distance ratio (¢ P=0.01). In the light-dark box test there was

Fig. 6 Female mouse with hydrometrocolpos. One female Bbs4
null mouse was found to have hydrometrocolpos, accumulation
of fluid in the uterus. a shows the mouse prior to dissection and
b is a photograph after dissection and isolation of the uterus

analysis of the Bbs4 phenotype uncovered age-depen-
dent penetrance and variable expressivity of the phe-

no significant difference in the latency to enter the dark between
the genotypes of mice (d P=0.74), but the null mice transitioned
between the light and dark fewer times (e P<0.01) and spent more
total time in the dark (f P=0.02). In the social dominance tube
test, the wild-type mice won significantly more trials than the null
mice, indicating the null mice exhibit reduced social dominance
(g; P<0.005)

notypic characteristics. Although the population of
null mice may be characterized by a specific phenotypic
attribute, not every null mouse may exhibit that fea-
ture (obesity, for example). Some features, such as
hydrometrocolpos and neural tube defects, are infre-
quent and do not characterize the population. Interest-
ingly, no Bbs mouse model exhibits polydactyly, a
cardinal finding described in 69-95% of BBS patients
(Beales et al. 1999). Situs inversus is found at an ele-
vated frequency in BBS patients as compared to the
general population, but still identified only rarely in
individuals diagnosed with BBS. No instances of this
condition have been observed in Bbs mice. Because
our mice are a mix of two strains (129/SvEv and

Table 3 Penetrance levels of mouse Bbs4 phenotypes

Phenotype Penetrance (%) N of null mice
Obesity 92% Female, N>10 for
40% Male each gender
and time point

Retinal dystrophy 80 26
Polydactyly 0 20
Birth defects

Hydrometrocolpos 4.5 22

Neural tube defects 14 50
Situs inversus 0 20
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C57BL/6J-Tyr*%/J), it is possible that some of the vari-
ability seen can be attributed to the mixed background.
However, given the large number of mice studied in
direct comparison to littermate controls, and given that
some of the phenotypes observed and studied have
never been reported in either inbred background
strains, the contribution of genetic background was
controlled to the extent possible. Table 3 provides a
summary of the penetrance levels of phenotypes
observed in our Bbs4 mouse model.

We observed that null mice were not different in
weight compared to their littermates at E18.5, but that
after birth a significant portion of the null mice died
and those that survived were noticeably and signifi-
cantly smaller than their littermates. Direct observa-
tions did not indicate gross heart defects as a cause of
perinatal lethality in the null animals. Because null
mice have been determined to have anosmia, the fail-
ure to thrive is potentially a consequence of the inabil-
ity of the pups to respond to olfactory cues from their
mother, especially in litters from heterozygous mating
pairs where competition is more intense for the null
pups, as only 25% of the pups are expected to be of this
genotype (Cooper and Cowley 1976; Hongo et al. 2000;
Teicher et al. 1978). The null pups likely have more
difficulty nipple-searching and suckling, as daily weight
gain is a reliable indicator of successful suckling (Cop-
pola et al. 1994). Consistent with this hypothesis, in the
offspring of null x heterozygous matings, the ratio of
heterozygous to null offspring does not deviate from
the expected Mendelian ratio of 50% heterozygous to
50% null (N=46, P=0.77). The increased survival of
null pups in these litters may be attributable to less
competition from non-null littermates; however, the
presence of the heterozygous littermates is important
in stimulating lactation in the mother (Cooper and
Cowley 1976). We have also observed that in two lit-
ters born to a null x null mating pair, no pups survived
past two days of age. The reason these pups did not
survive is probably a consequence of anosmia-related
reduced suckling, which in turn leads to a decrease or
even termination of maternal lactation (Cooper and
Cowley 1976).

In the mouse models for BBS, obesity is attributable
to a substantial increase in fat mass. A pilot experiment
suggests obesity in some null mice may result from
increased food consumption. The obesity is more
severe and is observed earlier in female null mice as
compared to males which suggests the possibility of a
gender-dependent genetic modifier of this phenotype.
The livers of the null mice are also enlarged, most
likely due to the increase in fat deposits apparent upon
histological examination of the liver (Fig.2c, d).
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Accordingly the serum profiles (liver function tests)
are consistent with a fatty liver picture but to what
extent this progresses to chronic liver disease remains
to be determined. In human patients, there have been
several case reports of hepatic involvement in BBS but
rather than fatty infiltration as in these mice, generally
the histological picture showed portal fibrosis and, in
one case, included narrow bands of fibrous tissue
bridging portal tracts producing a micronodular non-
obstructive cirrhosis but with minimal hepatic dysfunc-
tion (Pagon et al. 1982; Ross et al. 1956). Two other
cases had dilatation of the intrahepatic ducts associated
with the dilatation of the common bile duct (Caroli
syndrome) (Meeker and Nighbert 1971; Tsuchiya et al.
1977). Five other cases with hepatic pathology accom-
panied by polydactyly, blindness, mental retardation,
and renal dysfunction have been reported and in hind-
sight may constitute a diagnosis of BBS (Dekaban
1969; Delaney et al. 1978; Proesmans et al. 1975).

Although the BUN levels are abnormal in the mice,
the creatinine levels were generally normal, an indica-
tion of functioning kidneys. However, in null mice of at
least 6 months of age, we have observed cystic struc-
tural changes involving predominantly the tubules and
occasionally the glomeruli (data not shown). These
observations are not dissimilar to the human syndrome
in which there is a great deal of intrafamilial variability
in the development of renal abnormalities and it is not
possible to predict the onset of organ dysfunction.

The obesity is also correlated with an increase in
cholesterol, triglyceride, and insulin levels, features of
the metabolic syndrome; however, additional informa-
tion regarding hypertension and clotting ability in the
mice is needed to complete such a diagnosis. Null mice
exhibited elevated leptin levels, which have also been
associated with the components of metabolic syndrome
(Franks et al. 2005; Zimmet et al. 1999). In humans,
elevated lipid levels indicate a higher risk for athero-
sclerosis; however, such a risk is difficult to establish, as
mouse lipid profiles indicate most cholesterol is carried
on HDL (in humans, most cholesterol is associated
with LDL), and many strains are resistant to athero-
sclerosis (Jawien et al. 2004). Nevertheless, in humans
with BBS hypertension, dyslipidemia, insulin resis-
tance, obesity and even dysfibrinogenemia are com-
mon associations constituting true metabolic syndrome
and as such Bbs-deficient rodents may provide useful
model systems in which to investigate the metabolic
syndrome (Iannello et al. 2002). More extensive inves-
tigation is needed to determine the particular role of
Bbs4 in lipid and cholesterol metabolism.

Retinopathy is the best characterized aspect of BBS.
In our mice, we analyzed the onset of retinopathy via
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observational, histological, and electrophysiological
analysis. Each method suggests progression of this phe-
notype with age. Based on our fundus observations,
this phenotype also is variable in its age of onset, with
20% of null animals yet to manifest a detectable phe-
notype by 11 months. Such variability is also apparent
in patients and early age of onset is associated in some
instances with the addition of a third mutant allele
(Badano etal. 2003b). Age-dependent abnormal
ERGs have been reported in patients (Héon et al.
2005; Jacobson et al. 1990; Lavy et al. 1995; Riise et al.
1996a; Riise et al. 1996b; Rizzo et al. 1986; Shawkat
et al. 1996). However, the literature is not definitive as
to whether the rods or cone are affected first (Jacobson
et al. 1990; Riise et al. 1996a). We examined the course
of the retinal phenotype with serial ERGs to segregate
effects on rod and cone functions. The null mice have
both rod and cone dysfunction; the cone dysfunction is
earlier in onset and greater in severity. These data sup-
port the cone-rod dystrophy described in human
patients (Berson et al. 1968; Rizzo et al. 1986). Addi-
tionally, the statistically insignificant increase in the
half-saturating intensity /,s; may signify a decrease in
the sensitivity of the post-photoreceptor pathway.
However, the increase in I, 5 may be a result of attenu-
ation of the maximum signal transduction seen by the
decrease in the by, (.- More in-depth experimenta-
tion to understand the mechanism of this retinopathy is
warranted, including studies of ciliary structure dys-
function.

Although limited information is available regarding
the behavioral abnormalities in patients, anecdotal
observations of disinhibited, indifferent behavior and
measured heightened levels of anxiety have been pub-
lished (Barnett et al. 2002; Beales et al. 1999; Green
et al. 1989). Using objective and quantitative behav-
ioral tests we obtained substantial evidence for an
increase in anxiety-related responses in both the open-
field and light-dark box test, and reduced social
dominance in our Bbs4 null mice. However, to explore
correlations further, more extensive data must be col-
lected from both patients and animal models. These
animal models may offer opportunities to study the
effects of anxiolytic therapies for later human investi-
gations.

Although the retinal degeneration could contribute
to some of the behavioral phenotypes in the Bbs4 null
mice, we suggest that the pattern of behavioral
responses is different from other inbred strains of mice
with rd/rd mutations (e.g. FVB/N). In this current
study the null mice had similar levels of activity in the
open-field, however FVB/NJ mice have significantly
higher levels of activity in the open-field relative to

many other strains (Bouwknecht and Paylor 2002).
Bbs4 null mice also displayed decreased center to total
distance ratio in the open-field, and more time in the
dark and fewer light-dark transitions in the light—dark
box test relative to wild-type littermates. In contrast,
FVB/NJ mice spend less time in the dark and have
more transitions compared to many inbred strains
(Bouwknecht and Paylor 2002). Finally, FVB/NJ mice
have significantly impaired contextual fear condition-
ing relative to other inbred strains, but fear condition-
ing is normal in the Bbs4 null mice. Therefore, we
propose that the Bbs4 null behavioral abnormalities
are not necessarily the result of retinal degeneration,
although additional studies may be needed to test this
hypothesis.

We reported previously that our Bbs4 mouse strain
is anosmic (Kulaga et al. 2004). There have been differ-
ing reports regarding the influence of anosmia on
behavior. Male mice that had their olfactory bulbs
removed, thus becoming anosmic, have been reported
to be less aggressive than control mice (Liebenauer
and Slotnick 1996). In contrast to the bulbectomized
male mice, it has been demonstrated that male mice
with anosmia peripherally induced by intranasal appli-
cation of zinc sulfate continued to display aggressive
behavior they had exhibited prior to treatment
(Edwards et al. 1972). This difference in behavior
between bulbectomized mice and those with peripher-
ally induced anosmia may be due to the fact that cen-
tral nervous system tissue damage has been associated
with postsurgical anosmia in bulbectomized mice
(Edwards etal. 1972). Although the experimental
setup and cause of anosmia in these two reports differs
from our own, we cannot eliminate the possibility that
the anosmia in our mice contributed to the lack of
social dominance displayed in our own testing. Devel-
opmental delay is a primary feature of BBS patients,
but we did not find any evidence of Bbs4 involvement
in learning and memory ability. This discrepancy sug-
gests that other BBS genes or modifier genes contrib-
ute to this phenotype in patients; further testing of all
Bbs animal models can help elucidate the molecular
basis of the learning difficulties associated with BBS.

Hydrometrocolpos is a common manifestation in
MKKS (McKusick etal. 1964), a disease phenotypi-
cally similar to BBS and also found to be associated
with mutations in the MKKS/BBS6 gene (Schaap et al.
1998; Stone et al. 2000). However, hydrometrocolpos
has been reported infrequently in BBS patients, possi-
bly because of definitional criteria and partially
because of age-dependent phenotypic onset of pigmen-
tary retinopathy later in the course of MKKS (David
etal. 1999; Mehrotra et al. 1997; Stoler et al. 1995).
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Neither hydrometrocolpos nor neural tube defects
have been reported in Bbs mouse models previously.
Additionally, neural tube defects are not a published
feature of the human Bardet-Biedl phenotype.

This extensive characterization of the penetrance
and variable expressivity of the Bbs4 mouse model
challenges for more extensive molecular analyses of
the particular features observed. Additionally, knock-
out mice for the different Bbs genes offer options to
study the oligogenic nature of BBS, including the abil-
ity of other Bbs alleles to potentially modify the pene-
trance and expression of several features of this
disorder.
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