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Abstract

Bardet-Biedl syndrome (BBS) is a hereditary genetic disorder that results in numerous clinical 

manifestations including olfactory dysfunction. Of at least 21 BBS-related genes that can carry 

multiple mutations, a pathogenic mutation, BBS1M390R, is the single most common mutation 

of clinically diagnosed BBS outcomes. While the deletion of BBS related genes in mice can 

cause variable penetrance in different organ systems, the impact of the Bbs1M390R mutation 

in the olfactory system remains unclear. Using a clinically relevant knock-in mouse model 

homozygous for Bbs1M390R, we investigated the impact of the mutation on the olfactory system 

and tested the potential of viral-mediated, wildtype gene replacement therapy to rescue smell 

loss. The cilia of olfactory sensory neurons (OSNs) in Bbs1M390R/M390R mice were significantly 

shorter and fewer than those of wild-type mice. Also, both peripheral cellular odor detection 

and synaptic-dependent activity in the olfactory bulb were significantly decreased in the mutant 

mice. Furthermore, to gain insight into the degree to which perceptual features are impaired in 

the mutant mice, we used whole-body plethysmography to quantitatively measure odor-evoked 

sniffing. The Bbs1M390R/M390R mice showed significantly higher odor detection thresholds 

(reduced odor sensitivity) compared to wild-type mice, however, their odor discrimination acuity 

was still well maintained. Importantly, adenoviral expression of Bbs1 in OSNs restored cilia length 

and re-established both peripheral odorant detection and odor perception. Together, our findings 
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further expand our understanding for the development of gene therapeutic treatment for congenital 

ciliopathies in the olfactory system.
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Introduction

Olfaction is an important way for humans to communicate with the external environment 

(1) and defects in olfaction markedly decreases quality of life (2, 3). Population-based 

studies of olfactory dysfunction indicate that its prevalence varies between 2.7% and 24.5% 

and increases at older ages (4, 5). Still, olfactory dysfunction is often under-recognized, 

and the underlying mechanisms are not well understood. Recently, reports of the loss of 

sense of smell induced by COVID-19 have drawn more attention to the importance of 

olfaction (6–8) and added to the growing list of causes of olfactory loss. Another cause of 

olfactory dysfunction is a class of genetic disorders with defects in cilia, termed ciliopathies 

(9–11). Bardet-Biedl syndrome (BBS) is a ciliopathy characterized by numerous clinical 

manifestations in multiple ciliated organ systems including in the olfactory system (11, 

12). Mutations in any of at least 21 BBSome related genes (13–22), encoding a protein 

complex consisting of eight BBS core proteins (BBS1, 2, 4, 5, 7, 8, 9, 18) (23, 24), can 

induce BBS. The BBSome is involved in the assembly and stabilization of the intraflagellar 

transport (IFT) complex and mainly functions as a cargo adaptor for IFT that regulates cilia 

biogenesis and ciliary protein trafficking (25, 26). The BBSome has varying functions in 

different types of cilia (27–30), explaining why genetic mutation or deletion of BBSome 

related genes in mice can cause variable penetrance in different organ systems (27, 28, 31, 

32). Even within the olfactory system, the loss of specific BBSome core components shows 

differential impact on IFT trafficking (28), highlighting the need to understand the role of 

individual BBS proteins in the olfactory system, as well as in other ciliated organ systems.

As one of the most important BBSome subunits, BBS1 is directly involved in ciliary 

cargo protein recognition, binding, and trafficking (33–36). It has been discovered that 

a single point mutation, M390R, in BBS1 dissociates BBS4 from the BBSome core 

complex, thus impeding proper BBSome function (37). More importantly, BBS1 is the 

single most common gene responsible for clinically diagnosed BBS outcomes (31, 38, 

39). The BBS1M390R mutation accounts for approximately 80% of BBS1 mutations 

(40). Individuals with the BBS1M390R mutation were reported to be anosmic (loss of 

sense of smell), as assessed with a smell identification test (12). A clinically relevant 

Bbs1M390R/M390R knock-in mouse model recapitulated the hallmark symptoms experienced 

by BBS patients, including retinal degeneration, male infertility, brain abnormalities, and 

obesity (31, 41). The mutant mice were suggested to have olfactory dysfunction utilizing the 

buried food-seeking test (31), however the potential for cognitive or movement impairment 

complicates interpretation of the results (42). It is therefore important to investigate the 
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consequence of the Bbs1M390R mutation on the olfactory system at the cellular, tissue, and 

perceptual level.

Despite the large unmet medical need in olfaction, there are no curative therapeutic 

options for patients (43). Gene therapy offers a promising corrective treatment for olfactory 

dysfunction caused by ciliopathies. Our previous studies in ciliopathy mouse models 

provided proof of concept that olfactory impairment could be remedied by intranasal 

viral gene delivery of the wildtype gene (28, 43, 44). However, all these studies in 

BBS were conducted in genetic knockout (a complete and/or significant loss of protein) 

mouse models rather than a mouse model with a mutated gene, such as Bbs1M390R/M390R. 

Gene therapeutic restoration in a mouse model expressing a mutant protein could pose 

challenges, as the mutated protein may inhibit or compete with virally expressed wildtype 

protein (45). This is especially important because the genetic cause of BBS patients is 

predominantly through mutations in BBS related genes rather than gene deletions (40, 

46, 47), therefore, adding cause to explore gene therapy in the mutant Bbs1M390R/M390R 

mice. Furthermore, previous investigation of olfactory dysfunction in ciliopathy mouse 

models did not assess the degree to which perceptual features, including odor detection 

threshold and odor discrimination ability, were impaired. For the development of curative 

treatments, it is critical to understand whether defects in perception could be restored 

by single gene replacement therapy. Importantly, in other ciliated systems, the potential 

of genetic restoration in the Bbs1M390R/M390R mouse model through genetic breeding 

demonstrated tissues specific effects (48). Specifically, the ectopic expression of human 

BBS1 was only able to rescue male infertility but not retinal degeneration (48). Therefore, 

in the context of the Bbs1M390R mutation it is unclear if all tissues are amenable to 

rescue with ectopic expression of wildtype Bbs1 gene. Together, this elucidates the need 

to assess if viral mediated delivery of gene therapy in Bbs1M390R/M390R mice can rescue 

olfactory dysfunction. In the present study, we characterized the olfactory phenotype from 

the cellular to perceptual level in the Bbs1M390R/M390R mouse model (31). Importantly, 

we demonstrated that wildtype gene replacement could restore olfactory sensory input to 

the mutant mice. This work highlights the potential for gene therapy in the treatment of 

congenital ciliopathies and provides a proof-of-concept for the restoration of cilia in other 

organ systems in a clinically relevant mouse model.

Materials and Methods

Mice.

Bbs1M390R/M390R mice (31) of both sexes (3–4 months of age) were bred and maintained in 

groups of five animals per cage under a 12-h light/dark cycle at the University of Florida. 

Bbs1M390R/M390R mice were of a 129/SvEv background. The breeding scheme involved 

crossing heterozygous mice (Bbs1M390R/+) and utilizing WT littermates as controls and 

homozygous mice as mutant mice for experimentation. All animal procedures were ethically 

reviewed and approved by the University Committee for the Use and Care of Animals at the 

University of Florida. The experiments were performed in accordance with the US National 

research Council’s Guide for the Care and Use of Laboratory Animals, the US Public 

Health Service’s Policy on Human Care and Use of Laboratory Animals, and Guide for the 
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care and Use of Laboratory Animals. Genotyping was performed according to previously 

published work (31). The genotyping primers used were as following from 5’ to 3’, Wild 

Type Forward: GAA CCT TGA TTT GGG CTC TCC; Mutant Forward: GCT ACC CGT 

GAT ATT GCT GAA; Common Reverse: AGA TTT GAT CTC CCG ATC TGC.

cDNA constructs and adenovirus production.

Adenovirus MP-GFP, MP-mCherry, mCherry-M71, mCherry-Centrin-2, and BBS1-mCherry 

were described previously (25, 28, 43). Following the manufacturer’s protocols, all target 

protein expression cDNAs with fluorescent proteins expression cDNA were inserted into 

the pAd/CMV/V5-DEST expression vector (Gateway technology, Invitrogen, Waltham, 

MA, USA). Adenovirus was produced in HEK293 cells following the ViraPower protocol 

(Invitrogen, Waltham, MA, USA), isolated with the Virapur Adenovirus mini purification 

Virakit, dialyzed in 2.5% glycerol, 25 mM NaCl, and 20 mM Tris-HCl (pH 8.0) with 

a Slide-A-Lyzer dialysis cassette (Thermo Fisher Scientific, Waltham, MA, USA) at 4°C 

overnight and stored at −80 °C.

Intranasal viral administration.

Mice at 3–4 months of age were lightly anesthetized with isoflurane and received 20 μl of 

virus on 3 consecutive days. The viral infection was performed by a pulled 1-mL syringe 

(~0.5-mm tip) placed at the nostrils and administered during each inhalation. Then the mice 

were used for examination, 10 days after the third treatment to allow for adequate protein 

expression.

Live en face confocal imaging.

Virally transduced animals were euthanized with CO2, rapidly decapitated, and bisected 

along the cranial midline, and then the olfactory turbinates were exposed by removing the 

septal tissue. The tissue was placed with the turbinate surface facing down in a bath of 

freshly oxygenated artificial cerebrospinal fluid (ACSF) and used for confocal imaging.

Immunohistochemistry.

Mice were anesthetized with isoflurane and perfused with 4% paraformaldehyde (PFA) in 

1x PBS. After decapitation, the mouse heads were post-fixed in 4% PFA overnight at 4 

°C and then decalcified in 0.5 M EDTA/1x PBS for 3 days at 4 °C. Following, snouts 

were cryoprotected in 10%, 20% and 30% sucrose in 1x PBS for 2 h, 2 h and overnight, 

respectively, at 4 °C. Following, the tissue was frozen in optimal cutting temperature (OCT) 

compound and cut into sections (10–12 μm) on a Leica cryostat (Leica Biosystems, Buffalo 

Grove, IL, USA). The following primary antibodies and concentrations were used: goat anti-

OMP (1:1000; 544–10001, Wako, Richmond, VA, USA); mouse anti-acetylated α-tubulin 

(1:1000; clone 6–11 B-1, T6793, Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-tyrosine 

hydroxylase (1:500, AB152, Millipore, Burlington, MA, USA). Standard immunostaining 

was performed as previously described (28).
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Electro-olfactogram.

EOG responses to odor delivery were recorded from multiple turbinates using a MultiClamp 

700A amplifier controlled by pClamp software (Molecular Devices, San Jose, CA). After 

euthanizing with CO2, the olfactory turbinates of the mice were exposed for EOG recording. 

All odorants were diluted in DMSO and mixed to the final dilution in ultrapure water. Then 

odorants, amyl acetate (AA), hexanal, 1-octanol, and eugenol, were delivered in vapor-phase 

along with the humidified airflow to the surface of the tissue. Tissues were allowed 1 min 

between subsequent odorant deliveries to reduce the adaptation of the EOG response to 

the previous odorant. Electrodes (1–3 MΩ) were made from borosilicate glass capillaries 

and filled with 0.5% SeaPlaque agarose in PBS. The data were analyzed with Clampfit 

(Molecular Devices, San Jose, CA).

Whole-body plethysmography.

Odor-induced sniffing responses were recorded from a whole-body plethysmograph 

chamber and controlled by pClamp (Molecular Devices, San Jose, CA) software. All 

odorants were diluted in mineral oil in log series and delivered in the vapor phase 

with constant air delivery (1L/min) into the chamber. Animals were habituated to the 

experimental setting for three days prior the experiments so they could adapt to the 

background odor, plethysmograph chamber, and possible pressure changes which may 

be associated with odor delivery. The animals were placed in the plethysmograph for 

20min/day with 10 times mineral oil (Sigma-Aldrich, St. Louis, MO, USA) vapor delivery. 

The recording was done in 4 subsequent days, each consisting of 10 trials of mineral oil 

followed by the presentation of an odorant at 10−8, 10−7, 10−6, 10−5, 10−4, 10−3, 10−2 and 

10−1 Torr (1 Torr = 133.32 Pa). The odor detection threshold data was collected from the 

response of each mouse to 4 different odorants. Sniffing frequency ratios (sniffing rate 5 

seconds pre vs 5 seconds after odor delivery) were calculated with Clampfit (Molecular 

Devices, San Jose, CA) and compared.

Odor discrimination.

The experiment was performed using a whole-body plethysmograph experimental setting. 

Mice were subjected to this test the day after the completion of three days mineral oil 

habituation (20min/day, 10times mineral oil vapor delivery). To ensure all mice could detect 

the odor, odorants were diluted in mineral oil to 10−3 Torr (1 Torr = 133.32 Pa) vapor 

pressure. Following 10 trials of mineral oil delivery, 10−3 Torr of odorant was delivered 10 

times, then followed by an additional odorant in the same manner. Sniffing frequency ratios 

were calculated with Clampfit (Molecular Devices, San Jose, CA) and compared.

Statistical analysis.

Results are presented as mean ± SEM of at least three independent experiments. GraphPad 

Prism 6 software (GraphPad, San Diego, CA, USA) was used for statistical tests. Student’s 

t-test was used for comparison of the results between two groups and one-way ANOVA 

was used to calculate the statistical significance among multiple groups. *, **, *** and 

**** indicates p <0.05, p <0.01, p <0.001, and p <0.0001 statistical differences compared 
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to control or untreated groups, respectively. Images were processed using Adobe Photoshop 

CS6 (Adobe, San Jose, CA, USA).

Results

Bbs1M390R mutation reduces olfactory cilia length and number.

In mammals, olfactory sensory neurons (OSNs) are bipolar neurons that extend their 

multiple non-motile sensory cilia to the apical surface of the olfactory epithelium (OE) 

forming a meshwork that allows for efficient odorant detection. In order to understand the 

penetrance and pathogenic mechanism of the Bbs1M390R mutation within the olfactory 

system, we characterized the olfactory phenotype of Bbs1M390R/M390R mice at several 

levels. First, coronal sections of the OE were immunostained for olfactory marker protein 

(OMP) to label mature OSNs and the olfactory cilia were immuno-labeled with anti-

acetylated α-tubulin (Acet. Tubulin), a post-translational modification of tubulin that is 

highly concentrated in cilia (43). In the wildtype (WT) control group, acetylated α-tubulin 

displayed robust staining of the cilia layer, shown at the apical surface along the turbinates 

(Fig. 1A). However, in the Bbs1M390R/M390R mice there was a noticeable reduction in 

acetylated α-tubulin signal, suggesting an overall loss of olfactory ciliation (Fig. 1B). 

Interestingly, the Bbs1M390R/M390R mice did not show a reduction in acetylated α-tubulin 

on the apical surface of the adjacent respiratory epithelium (Fig. 1B), which like the OE 

possess cells with multiple cilia. This is consistent with other BBS deletion mouse models, 

where previous work showed lack of impact on respiratory ciliation (28, 43). Next, to better 

resolve cilia from individual OSNs and allow for quantification of cilia length and number, 

we used intranasal inoculation of adenovirus 5 encoding a fluorescently tagged cilia marker 

protein, myristoylated-palmitoylated (MP)-mCherry combined with live en face imaging of 

the surface of the OE (25) (Fig. 1C). The olfactory cilia in Bbs1M390R/M390R mice were 

significantly shorter and fewer than those of WT mice (Fig. 1D–F).

To further confirm the reduction of cilia number and understand the impact of the 

Bbs1M390R mutation on the basal body, which are modified centrioles located at the 

base of cilia that are necessary for cilia formation, we measured the number of basal 

bodies in the dendritic knobs of WT and Bbs1M390R/M390R mice by en face imaging. 

Basal bodies were identified by ectopically expressed mCherry-Centrin-2, and their analysis 

within the dendritic knob revealed a reduced number in Bbs1M390R/M390R OSNs compared 

with WT controls (Fig. 1G&H). Our results demonstrated that OSNs with Bbs1M390R 

mutation retain the capacity to assemble basal bodies but fail to maintain normal basal body 

number, which is consistent with the result that Bbs1M390R/M390R mice have fewer cilia than 

WT mice (Fig. 1F). Together, these observations show that Bbs1M390R mutation affects 

olfactory cilia maintenance.

Bbs1M390R/M390R OSNs have impaired odor detection.

To test if olfactory cilia loss results in functional impairment, electro-olfactogram (EOG) 

recordings were performed as a measurement of peripheral odor detection. EOG records 

the change in electrical potentials of a population of OSNs in response to vaporized odor 

delivery. Compared with WT controls, Bbs1M390R/M390R showed a significantly reduced 
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EOG signal amplitude generated from presentation of increasing concentrations of amyl 

acetate (AA) as well as several other odorants (Fig. 2A&B). These data show that the 

Bbs1M390R mutation impairs odor detection at the level of the OE. BBS proteins have 

been implicated in the trafficking of ciliary membrane proteins, including G protein-coupled 

receptors (GPCRs) (46, 47). Therefore, we assessed if olfactory receptors (ORs), which are 

members of the GPCR superfamily and critically important for olfactory signal transduction, 

were localized to the olfactory cilia. Co-expression of ectopically expressed, MP-GFP and 

mCherry-M71 showed that ectopic odorant receptor M71 localized to the residual OSN cilia 

of Bbs1M390R/M390R animals (SFig.1). Even with impaired OSN cilia length and number, 

Bbs1M390R/M390R mutants retain the capacity for trafficking of odorant receptor M71 to the 

cilia of OSNs, which suggests that the reduced EOG response in Bbs1M390R/M390R mice is 

not due to the mislocalization of olfactory signaling components.

After odorants bind to ORs present in cilia, the signal is then transduced within the OSN, 

which forms synaptic connections with second-order neurons in the olfactory bulb (OB), 

specifically in spherical structures called glomeruli (49). We investigated if mutating BBS1 

would impact synaptic activity by immunostaining for tyrosine hydroxylase (TH), a marker 

for synaptic activity, and OMP, to identify glomeruli. Bbs1M390R/M390R mice showed a 

reduction in TH intensity per glomerulus compared to their WT littermate controls, shown 

in the representative image (Fig. 2C) and quantified data (Fig. 2D). Then we investigated if 

the reduction of afferent input would impact the size of glomeruli. As shown in Fig. 2E&F, 

Bbs1M390R/M390R mice had smaller glomerular area compared to that of WT. Together, 

the data show that Bbs1M390R mutation results in a reduction of odor-stimulated synaptic 

activity in the OB.

The Bbs1M390R/M390R mice show a higher odor detection threshold.

It is important to determine whether reduced olfactory cilia length causes olfactory 

function defects at the whole animal level. Standard testing of the olfactory function 

includes assessing the odor detection threshold and conducting an odor discrimination 

test. Traditional operant-based assays to measure odor detection thresholds and odor 

discrimination require odor association training and learning (50, 51). However, cilia 

deficient mice have severely impaired odor detection making it difficult to complete odor 

associated training. Further, global mutation of Bbs1 may affect neuronal cilia function 

(52) which could impact learning(53). Together, these factors would confound results from 

odor-association tasks. An alternative approach that is independent of associative learning 

is the odor habituation/dishabituation test, as it takes advantage of a rodent’s tendency to 

investigate novel smells (54, 55), to assay odor detection sensitivity and odor discrimination 

(56). The cotton tip-based odor habituation/dis-habituation test has been widely used to 

assess olfactory function of olfactory deficient animals, however, large inconsistency and 

variability can be easily introduced by both the observer and the experimental setting. 

Taking advantage of the innate property of mice in which they increase their sniffing 

rate upon detection of a novel odorant, we combined the cross-habituation assay and whole-

body plethysmography (Fig. 3A&B) to directly measure odor-evoked sniffing. This strategy 

largely reduces potential systematic error and provides a robust and sensitive behavioral 

platform to quantify the influence of cilia loss on odor perception (57).
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Animals were habituated to the experimental setting for two days prior to the testing. 

Mineral oil was delivered 10 times to control for variables and then odorants, diluted in 

mineral oil, were delivered at different vapor pressures in constant airflow. The WT control 

mice showed an increased sniffing rate following 10−8 Torr of odor delivery (1 Torr = 

133.32 Pa), indicating the detection of odorant (Fig. 3B). However, the Bbs1M390R/M390R 

mice did not increase their sniffing rate until the delivery of odorants at 10−4 Torr (Fig. 

3B). Compared with control mice, Bbs1M390R/M390R mice showed odor detection thresholds 

that required significantly higher vapor pressure of odorants. Importantly, Bbs1M390R/M390R 

mice showed a similar response as WT mice following 10−3 Torr of odor delivery, which 

suggests that Bbs1M390R/M390R mice can detect the odor with the vapor pressure equal or 

higher than 10−3 Torr. These data show that Bbs1M390R/M390R mice have reduced odor 

detection sensitivity.

The Bbs1M390R/M390R mice have normal odor discrimination acuity.

Humans and other animals can detect and discriminate thousands of structurally different 

odorants including differentiating between enantiomers and even molecules that differ by 

a single carbon (58). To examine the odor discrimination ability of the Bbs1M390R/M390R 

mice, whole-body plethysmography combined with an odor cross-habituation assay was 

performed. For the odor discrimination experiments, odorants were diluted to 10−3 Torr, a 

vapor pressure that Bbs1M390R/M390R mice can detect, as to not confound the discrimination 

assay (Fig. 3B). When an odorant was repeatedly presented to the WT mouse, the sniffing 

response to the odorant attenuated as the mouse habituated (Fig.4A). However, when 

a different odorant was presented, and if it could be discriminated from the previous 

habituated odor, the response then increased. Importantly, after the presentation of three 

structurally different odorants, results showed that Bbs1M390R/M390R mice retain normal 

gross odor discrimination acuity (Fig.4A). We further tested the fine odor discrimination 

ability of Bbs1M390R/M390R mice by using two pairs of odorants with similar structures. 

Specifically, we tested limonene (+) and limonene (−) which represent a pair of enantiomers 

(58) as well as butanol and pentanol, alcohols with only a single carbon difference (59). 

Surprisingly, Bbs1M390R/M390R mice still retained comparable fine odor discrimination 

acuity as WT mice (Fig. 4B). These data indicate that the Bbs1M390R/M390R mice 

have normal odor discrimination acuity despite significant impairment in peripheral odor 

detection.

Ectopically expressed BBS1 rescues the Bbs1M390R/M390R olfactory cilia length, peripheral 
odor detection and odor detection threshold.

To examine the potential of gene replacement therapy to correct BBS olfactory deficits, 

we used intra-nasal adenoviral delivery of wildtype Bbs1-mCherry in Bbs1M390R/M390R 

OSNs. Using live en face confocal imaging, we examined whether ectopic expression of the 

WT Bbs1 gene could restore olfactory cilia of mutant animals. Compared with non-treated 

Bbs1M390R/M390R OSNs, BBS1-mCherry positive olfactory cilia length was significantly 

increased (Fig. 5A&B). Following, EOG was performed to test if the partial restoration of 

cilia length was sufficient to rescue the impaired peripheral odor detection. Compared with 

untreated Bbs1M390R/M390R mice, the mice receiving Bbs1-mCherry showed significantly 

higher odor-evoked responses to high concentrations of AA delivery (Fig.5C). Finally, to 
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further test the effect of gene therapy as a potential treatment in the odor perception in BBS1 
M390R-associated hyposmia, we examined odor detection thresholds in Bbs1-mCherry 
treated mice. Interestingly, 10 days post virus infection, Bbs1M390R/M390R mice with the 

expression of BBS1 showed an increased sniffing rate following 10−8 Torr odor delivery 

(Fig. 5D). Taken together, these data show that wildtype gene replacement in a subset of 

OSNs rescues Bbs1M390R/M390R olfactory cilia length, and in turn restores both peripheral 

odor detection and odor detection threshold.

Discussion

Our work investigated the penetrance of the Bbs1M390R mutation on cellular odor detection 

in OSNs including the concomitant effects of sensory deprivation by cilia loss on olfactory 

perception and the extent of recovery following restoration of cilia to OSNs. Compared 

with WT mice, Bbs1M390R/M390R mice showed significantly shorter and fewer olfactory 

cilia, impaired odorant detection at the periphery, reduced synaptic-dependent activity within 

the OB, and had higher odor detection thresholds. However, the mutant mice retained 

normal odor discrimination acuity. Importantly, using adenoviral gene replacement of the 

WT Bbs1 gene, the olfactory cilia length was partially rescued in terminally differentiated 

neurons, which incredibly was sufficient to re-establish both peripheral odorant detection 

and odor detection thresholds. Notably, although this is not the first report of applying a 

whole-body plethysmograph system to measure olfactory perception in rodents, the current 

study is the first to use this setting to assess olfactory impairments in a clinically relevant 

ciliopathy model and to evaluate the therapeutic effect of gene replacement in odor detection 

sensitivity.

Ciliopathies are highly pleiotropic and typically display a large spectrum of abnormalities 

within different organ systems (28, 60, 61). This variability in penetrance and phenotype 

is true within BBS. For instance, Bbs4−/− mice had cilia with normal distribution and 

abundance in the brain (27) and respiratory system (28), but abnormally long cilia in kidney 

cells (32), and dramatically reduced cilia length and number in olfactory neurons (28). 

These discrepancies appear to persist in the Bbs1M390R/M390R mice that showed relatively 

normal respiratory cilia (12, 62) that was confirmed by our immunostaining (Fig. 1A&B) but 

elongated cilia in ependymal cells that reside in the brain (31). As we report here and similar 

to other BBS models (28, 43, 63), the Bbs1M390R mutation reduced OSN ciliation (Fig. 1). 

Interestingly, the differences in phenotype between tissues is not limited to cilia morphology 

but also may include the cellular function of the BBSome itself. Previous reports in other 

ciliated systems showed that the BBSome is integral for the ciliary localization of receptors 

(27, 64), however in the olfactory system ORs localized properly in olfactory cilia in both 

the Bbs1M390R/M390R (SFig. 1) and Bbs4−/− mouse models (28). Together, these highlight 

unique aspects of olfactory cilia but also the necessity of studying the penetrance of BBS in 

individual ciliated organ systems.

Defects in glomeruli, including structure and synaptic activity, have been reported in 

multiple ciliopathy mouse models (28, 43, 44). Consistent with other BBS mouse models, 

impaired afferent activity indicated by decreased tyrosine hydroxylase (TH) staining and 

a reduction in glomerular size were also observed in Bbs1M390R/M390R mice (Fig. 2C–F). 
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Interestingly, it appears that a larger decrease in glomerular size resulted from the deletion 

of BBS1 in OSNs (Bbs1osnKO) (43), compared to Bbs1M390R/M390R mice. While this would 

require a comparative study to confirm, multiple factors may contribute to any potential 

differences, including genetic backgrounds, age, and the gene mutation rather than deletion. 

The glomerular size discrepancy could be induced by differences in the genetic backgrounds 

of the mouse models(65). The Bbs1M390R/M390R mouse model was of pure 129/SvEv 

genetic background, and Bbs1osnKO was of mixed genetic background with 129/SvEv and 

129P2/OlaHsd. Additionally, there is a difference in the age of mice investigated in these 

two studies whereby juvenile (P21) Bbs1osnKO mice and adult (3m) Bbs1M390R/M390R mice 

were used. It is unknown if the timing of BBS1 loss of function impacts the glomerular size. 

Importantly, Bbs1M390R/M390R mice represent a global mutation model while Bbs1osnKO 

mice a conditional knock-out of BBS1 in mature OSNs. Regardless of any potential 

anatomical difference between BBS1 models, it is clear that loss or mutation in BBS1 

impacts glomeruli in the OB.

Odor detection sensitivity and odor discrimination ability are major perceptual features of 

olfaction. Olfactory function in BBS patients has been tested clinically utilizing common 

smell identification tests such as UPSIT and B-SIT (12, 66), which neither measure odor 

detection threshold nor odor discrimination directly. It is now apparent from patients and 

mouse models that ciliopathies entail loss of cellular odor detection and disruption of gross 

olfactory-mediated behaviors (12, 28, 31, 43, 44, 63, 67–69). Several globally mutated 

ciliopathy mouse models (Bbs2−/−, Bbs4−/−, and Bbs1M390R/M390R) displayed olfactory 

deficits in the buried food seeking behavior assay (31, 68). However the interpretation of 

changes to odor-guided behaviors in these models can be confounded by the disruption of 

ciliation or ciliary function in other cell types. For example, cognitive defects or disruptions 

to mobility (i.e. obesity or motor control) that may occur with ciliopathies can affect 

movement(42) and hence can skew results in an assay dependent on timed movement for 

discovery. In addition, the buried food seeking behavior assay has limitations in examining 

olfactory function because of the variability in motivation for food seeking behavior (70, 

71). Importantly, ciliopathy studies to date have examined gross odor-guided behaviors 

but not olfactory perceptual measures (31, 44). Here, we employed two different olfactory 

assays, both in the context of a whole-body plethysmograph, to quantify odor detection 

thresholds (an ascending staircase paradigm) (Fig. 3) and odor discrimination acuity (odor 

cross-habituation paradigm) (Fig. 4) in Bbs1M390R/M390R mice. These assays take advantage 

of the innate behavior that mice have of spontaneously increasing their sniffing rate to 

investigate novel stimuli. We were able to precisely quantify Bbs1M390R/M390R mice odor 

detection threshold and dissociate odor discrimination from odor detection sensitivity. Our 

data revealed that Bbs1M390R/M390R is a hyposmic model rather than an anosmic model, 

which is consistent with the result that Bbs1M390R OSNs, although shortened still maintain 

residual olfactory cilia. Importantly, our results are also consistent with BBS patients falling 

within the range of hyposmic to anosmic depending on the mutation. This shows that our 

preclinical mouse model recapitulates the symptoms of olfactory dysfunction experienced 

by BBS patients and justifies the use of this mouse model to further understand the 

pathogenesis of BBS. Knowing the odor detection threshold of mice allowed us to measure 

their ability to discriminate odors. By applying odor at a vapor pressure that can be detected 
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by Bbs1M390R/M390R mice, we showed that these animals have normal odor discrimination 

acuity. It is still unclear if BBS patients have defects in odor discrimination. Also, odor 

detection threshold has not been quantitatively evaluated in BBS patients. Therefore, even 

if discrimination assays had been completed on patients, results may be confounded by 

testing odorants at concentrations below their detection threshold. The assessment in mice, 

however, provides novel insights into the mechanism of dysfunction in olfactory perception 

in BBS, which may aid in the rational design of a more accurate diagnostic test. Our 

results that Bbs1M390R/M390R mice had significant loss of olfactory input but retained both 

gross and fine odor discrimination, highlight the tremendous spare capacity of the olfactory 

system which likely helps to maintain the integrity of the neural circuitry necessary for 

odor perception. These observations are encouraging because, unlike other systems that are 

degenerative such as the retina, they highlight the therapeutic advantage of the olfactory 

system.

Previous work has shown that in ciliopathy mouse models, intranasal viral gene replacement 

can rescue ciliation in OSNs and restore their odor detection capacity (28, 43, 44). A 

limitation of these studies is that they only utilized genetic knockout BBS mouse models. 

Here, we used a clinically relevant BBS1 mutant mouse model, where the hypomorphic 

allele still expresses BBS1 protein (31, 72). However, a concern with overexpression of the 

WT Bbs1 gene in Bbs1M390R/M390R OSNs was whether the WT protein can compete with 

the endogenously expressed mutant BBS1 to efficiently incorporate into the BBSome and 

thus allow for proper BBSome assembly and function (37). Fortunately, we were able to 

rescue the olfactory deficits in the Bbs1M390R/M390R mice, suggesting that proper function 

of the BBSome can be restored by ectopic WT Bbs1 expression. Interestingly, analysis of 

the dynamic behavior of the BBSome throughout the primary cilium demonstrated a rapid 

recovery (halftime of 2–6 seconds) in a photobleaching assay, indicating that the BBSome 

complex has a relatively fast turnover rate (73). Said data suggests that the WT BBS1 

protein is assembled de novo into the BBSome rather than replacing the mutant BBS1 

protein in the pre-existing BBSome. However, further mechanistic studies are needed to 

better understand the dynamics of BBSome in OSNs.

While the restoration of odor-evoked peripheral OSN responses is meaningful, true curative 

therapies should also include the return of odor perception. In the context of sensory 

deprivation due to loss of cilia, it is still largely unknown what degree of restoration is 

necessary to recover perceptual features. Here we showed that WT Bbs1 gene replacement 

could rescue sensory input and restore the odor detection threshold to Bbs1M390R/M390R 

mice. Our previous data showed that our non-invasive method induced ectopic gene 

expression in less than 15% of mature OSNs (44). Together, even with a low infection 

rate, the promising restoration of olfactory sensitivity suggests that olfactory dysfunction 

in ciliopathy patients may be rescued by a similar approach. These findings are especially 

intriguing since the ectopic expression of the human BBS1 transgene in Bbs1M390R/M390R 

mice showed a tissue dependent restoration of select BBS phenotypes (48). Specifically, 

the breeding of Bbs1M390R/M390R with a transgenic mouse overexpressing human BBS1 
(under the CAG promotor) remedied infertility but not retinal degeneration. The authors 

acknowledge that differential expression of the BBS1 transgene could account for the tissue 

dependent rescue. Nevertheless, this highlights the need to investigate curative therapies in 
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targeted tissues. Further, these findings underscore the attractiveness of the olfactory system 

as a target for gene therapy, as restoration of cilia to only a subset OSNs is sufficient for 

rescue of olfactory perception.

We acknowledge the limitations inherent in the use of transgenic inbred animals, that 

possess identical genetic backgrounds. The heterogeneity and symptomatic variability in 

BBS patients have been at least partly explained by secondary-variants, which underscores 

the need for consideration of mutational load in BBS (74–76). However, the benefit of 

utilizing mouse models is that it allows for the elucidation of the precise function of the 

target protein and the investigation of how a single genetic defect leads to pathology. Work 

in this preclinical mouse model expands our understanding of the penetrance of olfactory 

dysfunction induced by Bbs1M390R mutation and provides proof of concept that olfactory 

dysfunction could be remedied by intranasal viral gene delivery of the wildtype gene. This 

represents just the beginning of studying the pathogenesis of BBS and developing therapies 

for BBS. Further efforts are needed to explore how this mutation affects olfactory function in 

human patients and therapeutic potential.

Considering all the potential therapeutic advantages of the olfactory system, smell loss 

in BBS represents a strong candidate for gene therapy. For example, in addition to the 

spare capacity for olfactory function described above, the OE is accessible in a noninvasive 

manner for viral vector delivery. Further, OSNs, unlike retinal cells, tolerate overexpression 

of the BBS1 protein (77). Although we used adenovirus in this study as proof of concept, 

our previous work shows that the OE is conducive to infection by adeno-associated viruses 

(AAV) (43). The use of AAV is clinically advantageous as it allows for stable incorporation 

of genetic material, induces only a mild immune response, and is overall considered safe 

(78). Importantly, the first in vivo gene therapy approved by the FDA utilized AAV for the 

treatment of retinal degeneration in Leber congenital amarosis, a ciliopathy (79). Given the 

regenerative capacity of the OE, it is unclear if stable incorporation is necessary. What is 

advantageous is that rather than progressive degeneration that occurs with ciliopathies in 

the retina and other sensory systems, the OE maintains a large therapeutic window due to 

lifelong neurogenesis. Therefore, it is not unrealistic to consider that olfactory function in 

patients could be fully restored by rescuing olfactory input using gene therapy. Our work 

provides a viable path to develop therapeutic options for treating olfactory loss in patients 

and produces a more complete understanding of the mechanisms involved in the restoration 

of function in ciliopathies.
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Nonstandard Abbreviations

BBS Bardet-Biedl syndrome

OSNs olfactory sensory neurons

OE olfactory epithelium

IFT intraflagellar transport

OB olfactory bulb

ACSF artificial cerebrospinal fluid

OMP olfactory marker protein

Acet. Tubulin acetylated α-tubulin

TH tyrosine hydroxylase

AA amyl acetate

GPCR G Protein-Coupled Receptor

EOG electro-olfactogram

MP myristoylated-palmitoylated
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Figure 1. Olfactory cilia loss in Bbs1M390R/M390R mutant mice.
(A&B) Representative confocal images of coronal sections through nasal epithelium of (A) 
WT control and (B) Bbs1M390R/M390R mutant mice, immunostained for acetylated α-tubulin 

(Acet. Tubulin) to reveal ciliary microtubules and olfactory marker protein (OMP) to mark 

mature OSNs. The olfactory epithelium (OE) and respiratory epithelium (RE) line the 

turbinates of the nasal cavity (NC). Bbs1M390R/M390R mutants showed global acetylated 

α-tubulin signal reduction on the OE apical surface. (C) Representative live en face confocal 

images of ectopically expressed MP-mCherry in OSN cilia with Bbs1M390R/M390R OSNs 

possessing fewer and shorter cilia than control group. (D) Cumulative distribution of cilia 

lengths from en face confocal images of (black) WT and (red) Bbs1M390R/M390R OSNs. 

(E&F) Quantification of OSN cilia length (E) and cilia number (F) per OSN. N = 4 mice 

(3months old) for each group. (G) Representative images from (top) control and (bottom) 

Bbs1M390R/M390R OSNs infected with mCherry-Centrin2 depicting loss of basal bodies 

in mutant mice. (H) Quantification of basal body numbers demonstrated a decrease in 

Bbs1M390R/M390R OSNs (n = 53 OSNs) compared to control (n = 45 OSNs). Student’s 

unpaired t- test, ****p < 0.0001. Values represent means ± SEM. Scale bar, 500μm (A, B) 
and 40 μm (insets of A, B), 10 μm (C), 5 μm (G).
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Figure 2. Bbs1M390R/M390R mice OSNs have impaired peripheral odor detection, reduced TH 
and smaller glomeruli.
(A) Representative electro-olfactogram (EOG) recordings from the surface of the olfactory 

epithelium of WT control and mutant mice in response to different concentration of amyl 

acetate (AA). Arrowheads indicate the time of odor delivery. (B) Quantified EOG data 

showing the Bbs1M390R/M390R mice had reduced amyl acetate (AA), hexanal, 1-octanol, 

and eugenol responses compared with WT control group. 10 WT and 11 Bbs1M390R/M390R 

mice (3months old) were used for the experiment. Two way ANOVA, **p <0.01, *** 

p <0.001, and ****p <0.0001. Values represent means ± SEM. (C) Immunolabeling 

coronal sections of the olfactory bulb with TH, a marker for neuronal activity. (D) 
Quantification of normalized TH intensity showing mutant mice (0.579 ± 0.0735) had 

a decrease in normalized TH intensity compared to WT (WT 1.0 ± 0.0735). (E) 4′,6-

diamidino-2-phenylindole (DAPI) stained nuclei indicates the glomerular area (red circles). 

(F) Normalized glomerular area quantification. Bbs1M390R/M390R mice have a smaller 

glomerular area (0.778 ± 0.0617) compared to their WT littermate (1.0 ± 0.0617). N value 

of 4 WT and 4 Bbs1M390R/M390R. Student’s unpaired t-test, ***p <0.001, ****p <0.0001. 

Values represent means ± SEM. Scale bar, 50 μm.
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Figure 3. Bbs1M390R/M390R mice exhibit a higher odor detection threshold.
(A) Representative plethysmograph traces prior to and during delivery of amyl acetate 10−6 

M (arrow). Applicant of odorant (arrow) failed to elicit bouts of high frequency sniffing 

in Bbs1M390R/M390R (bottom) which were readily apparent in the WT mouse (top). (B) 
Detection thresholds of 9 WT, 12 Bbs1M390R/M390R (average of 4 odors / mouse) from 

an ascending staircase paradigm indicating reduced odorant sensitivity (increased detection 

thresholds) in Bbs1M390R/M390R mice. Each mouse was delivered 10 trials of vaporized 

mineral oil followed by presentation of an odorant at 10−8, 10− 7, 10−6, 10−5, 10−4, 10−3, 

10−2, and 10−1 Torr. Sniffing frequency ratios (sniffing Hz pre vs during odor) were 

compared between groups. Student’s unpaired t-test, ****p < 0.0001. ***p < 0.001. **p 

< 0.01.*p < 0.05. Values represent means ± SEM.
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Figure 4. Bbs1M390R/M390R mice have normal gross and fine odor discrimination acuity.
Measuring discrimination acuity of WT and Bbs1M390R/M390R mice by odor cross-

habituation assay using a whole-body plethysmograph chamber. (A) For the normal gross 

odor discrimination assay, the mouse was delivered 10 trials of vaporized mineral oil 

followed by a presentation of amyl acetate (10−3 Torr), 10 times in a row, followed by 

cineole in the same manner, and hexanal. 5 WT and 6 Bbs1M390R/M390R mice. (B) To assess 

fine odor discrimination acuity, the mouse was delivered 10 trials of vaporized mineral oil 

followed by a presentation of limonene (–) (10−3 Torr), 10 times in a row, followed by 

limonene (+) in the same manner, and butanol and pentanol. 6 mice per group. Sniffing 

frequency ratios (sniffing Hz pre vs during odor) were compared between groups. Values 

represent means ± SEM.
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Figure 5. WT BBS1 gene replacement rescues olfactory cilia length, peripheral odor detection 
and odor detection threshold in Bbs1M390R/M390R mice.
(A) Representative live en face confocal images of ectopically expressed BBS1-mCherry 

in Bbs1M390R/M390R OSNs restoring the olfactory cilia length. Scale bar, 10μm (B) 
Quantification of olfactory cilia length per OSN for WT, Bbs1M390R/M390R, and 

Bbs1M390R/M390R rescue. (C) Quantified EOG data showing the BBS1-mCherry treatment 

significantly rescue Bbs1M390R/M390R mice odor detection under high concentration of amyl 

acetate (AA) stimulation condition. (D) Odor detection threshold can be rescued by ectopic 

expression of BBS1-mCherry. The mouse was delivered 10 trials of vaporized mineral oil 

followed by the presentation of an odorant at 10−8, 10− 7, 10−6, 10−5, 10−4, 10−3, 10−2, and 

10−1 Torr (4 different odors/mouse). Sniffing frequency ratios (sniffing Hz pre vs during 

odor) were compared between Bbs1M390R/M390R and Bbs1M390R/M390R rescue groups. 11 

Bbs1M390R/M390R mice were used in the rescue group. One way ANOVA, ****p < 0.0001. 

***p < 0.001. **p < 0.01.*p < 0.05. Values represent means ± SEM.
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