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Abstract
Bardet–Biedl syndrome (BBS) is an autosomal recessive ciliopathy characterized by developmental abnormalities and vision
loss. To date, mutations in 21 genes have been linked to BBS. The products of eight of these BBS genes form a stable octameric
complex termed the BBSome. Mutations in BBS8, a component of the BBSome, cause early vision loss, but the role of BBS8 in
supporting vision is not known. To understand the mechanisms by which BBS8 supports rod and cone photoreceptor function,
we generated animal models lacking BBS8. The loss of BBS8 protein led to concomitant decrease in the levels of BBSome
subunits, BBS2 and BBS5 and increase in the levels of the BBS1 and BBS4 subunits. BBS8 ablation was associated with severe
reduction of rod and cone photoreceptor function and progressive degeneration of each photoreceptor subtype. We observed
disorganized and shortened photoreceptor outer segments (OS) at post-natal day 10 as the OS elaborates. Interestingly, loss of
BBS8 led to changes in the distribution of photoreceptor axonemal proteins and hyper-acetylation of ciliary microtubules. In
contrast to properly localized phototransduction machinery, we observed OS accumulation of syntaxin3, a protein normally
found in the cytoplasm and the synaptic termini. In conclusion, our studies demonstrate the requirement for BBS8 in early
development and elaboration of ciliated photoreceptor OS, explaining the need for BBS8 in normal vision. The findings from
our study also imply that early targeting of both rods and cones in BBS8 patients is crucial for successful restoration of vision.

Introduction

Bardet–Biedl syndrome (BBS) is a pleiotropic ciliopathy often
accompained by vision loss (1–6). A subset of gene products
linked to BBS (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, BBIP1

or BBS18) interact to form an octameric complex termed the
BBSome (7,8). In neurons, the BBSome promotes the trafficking
of GPCRs to ciliary membranes (7,9). The proposed trafficking
of GPCRs by the BBSome is supported by animal models
that show mis-localization of Stomatin-like protein 3 (SLP3)
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in olfactory sensory neurons in the absence of BBS8 and
melanin-concentrating hormone receptor 1 (MCHR1) in neurons
lacking BBS2 and BBS4 (10,11).

The function of the BBSome in photoreceptor neurons is
poorly understood despite multiple mutations in BBS subunits
associated with blinding diseases. In highly polarized photore-
ceptor cells, the major GPCR rhodopsin is present in the outer
segment (OS). The outer segment is an elaborated stack of cili-
ary membranes that house proteins involved in the phototrans-
duction cascade. The outer segment is attached to the
photoreceptor cytoplasm (inner segment) by the connecting cil-
ium, a narrow conduit through which proteins synthesized in
the cytoplasm move to the OS (12,13). The entire photoreceptor
OS is renewed every 10 days as new disks are formed at the
base of the OS, while apical disk membranes are phagocytized
by the retinal pigment epithelium (RPE) (14). The constant re-
newal of the OS requires a robust and tightly regulated protein
trafficking system and is crucial for the proper function of pho-
toreceptors. By analogy to its role in trafficking GPCRs in neu-
rons, it was thought that rhodopsin, a GPCR, is also transported
to the outer segment by a mechanism involving the BBSome.
However, the evidence for the involvement of BBSome in traf-
ficking rhodopsin is weak (13). Recent work has suggested an al-
ternative role for the BBSome in photoreceptors, where it acts
either as a ciliary gatekeeper or in retrograde protein movement
to keep cytoplasmic proteins out of the photoreceptor OS (15).

Bardet–Biedl syndrome protein 8 (BBS8), also known as TTC8,
a tetratricopeptide repeat (TPR) protein and a component of the
octameric BBSome complex (1,7,8). Bardet–Biedl syndrome pa-
tients with mutations in BBS8 were first reported in families of
Saudi Arabian and Pakistani lineage. These patients displayed
obesity, excess digits, developmental delay and onset of retinitis
pigmentosa as early as one year of age (1). Interestingly, two mu-
tations in BBS8, IVS1–2A>G and c.1347G>C (p.Gln449His) cause
non-syndromic Retinitis pigmentosa (RP) (16,17). The phenotype
of IVS1–2A>G mutation is confined to photoreceptor cells
through cell type specific alternative splicing, which causes BBS8
protein ablation specifically in photoreceptors (18). The mecha-
nism of the non-syndromic RP phenotype of c.1347G>C
(p.Gln449His) has not been investigated, but possible scenarios
include a splicing mechanism similar to the IVS1–2A>G muta-
tion, or a unique role for BBS8 in photoreceptors (16). In this
study, we sought to gain insight into the role of BBS8 in photore-
ceptor neurons. Our studies show an early and crucial role for
BBS8 in elaboration of the photoreceptor outer segments, their
function and subsequent survival. Interestingly, loss of BBS8 led
to changes in the composition of cognate BBS partner subunits
that form the octameric BBSome complex, and altered distribu-
tion of ciliary markers demonstrating a critical role for BBS8 in de-
velopment of photoreceptor cilium.

Results
Generation of complete and retina-specific BBS8
knockout animals

To study the role of BBS8 in photoreceptor cells, we recovered a
BBS8 global knockout (BBS8-null) mouse model from sperm ob-
tained from UC Davis KOMP repository. This line contains a stop
cassette that knocks in a b-galactosidase reporter after exon 2 and
terminates the Bbs8 gene transcription (Fig. 1A). While we obtained
sufficient number of complete knockout animals for our experi-
ments, the number of knockout pups from heterozygous crosses
was always below Mendelian ratios. Additionally, the knockout

males were infertile and females were obese (data not shown).
To avoid these confounding issues, we generated a retina specific
BBS8 knockout (Ret-Bbs8) using a Cre recombinase under Six3
promoter (Fig. 1A). Retinal extracts of BBS8-null and the pan-retina-
specific BBS8 knockout (Ret-Bbs8) animals showed no detectable
BBS8 protein (Fig. 1B). To demonstrate the specificity of the
antibody, we overexpressed BBS8 in Neuro 2a (N2A) cells (N2Aþ,
in Fig. 1) and cell extracts were probed for BBS8 by immunoblot-
ting. In comparison to mock-transfected N2A cells, a robust immu-
noreactivity corresponding to BBS8 was found in Bbs8 transfected
cells, verifying the specificity of the antibody employed in this
study (Fig. 1B).

Early reduction in rod photoresponse in the
absence of BBS8

To assess the photoreceptor function in the absence of BBS8, we
measured scotopic (dark-adapted) and photopic (light-adapted) re-
sponses by electroretinography (ERG) in Ret-Bbs8�/� animals (Fig.
2). The two primary measures of electroretinography are the ampli-
tudes of the ‘a’ and ‘b’ waves, which reflect photoreceptor activity
and inner neuron activity, respectively (19). At P16, an age when
retinal development is largely complete, but photoreceptor outer
segments (OSs) in wild-type retinas have not yet achieved their
full length, scotopic and photopic ERG responses were significantly
reduced (Fig. 2A). Scotopic “a”-wave amplitude was reduced by
half in Ret-Bbs8�/� animals (218 6 5 mV) compared with wild-type
littermate controls (403 6 20 mV, n¼ 6, Student’s t-test, P¼ 0.0002)
(Fig. 2A and C). The scotopic response progressively declined as
animals aged (Fig. 2B). In the absence of BBS8, the scotopic light re-
sponse saturated at lower light intensities (I1=2 ¼ 0.07 6 0.01 cd.s
m�2 in Ret-Bbs8þ/þ vs. 0.03 6 0.01 cd.s m�2 in Ret-Bbs8�/�) (Fig. 2C).
Altogether, our electrophysiology studies show an early reduction
of photoresponse and suggest that BBS8 plays a role in the
development and function of photoreceptors.

Loss of BBS8 leads to progressive photoreceptor
cell death

To determine if the progressive decrease in photoresponse with
age was a result of photoreceptor cell death, we stained retinal
sections of Ret-Bbs8�/� and wild type littermates with propidium
iodide at various ages (Fig. 3). At P10, retinal lamination appeared
normal with no changes in the number of photoreceptor nuclei
in comparison to littermate controls, suggesting normal retinal
development in the absence of BBS8 (Fig. 3A and B; 13–14 nuclear
layers, n¼ 3). At P17, in addition to brightly stained PI nuclei indic-
ative of cell death (arrows), thinning of the photoreceptor outer
nuclear layer (ONL) was observed in Ret-Bbs8�/� mice compared
with wild type controls (Fig. 3A). By four months of age, retina
lacking BBS8 lost the majority of their photoreceptor nuclei
(Fig. 3A and B; 12–14 nuclei in littermate vs. 3–4 nuclei, n¼ 3,
P¼ 0.0001). Quantification of photoreceptor nuclei at various re-
gions in the retina showed uniform thinning in the retina lacking
Bbs8 (Fig. 3B). Our results show that the BBS8 is not needed for
the early commitment of photoreceptor cells, but is required for
the survival of photoreceptors in the mature retina.

Loss of BBS8 leads to altered levels of BBS partner
subunits

BBS8 is part of a core octameric BBSome complex (7,8)
(Supplementary Material, Fig. S1). Therefore, we were interested in
examining if the loss of BBS8 alters the levels of other BBSome
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subunit proteins (Fig. 4). We measured the protein levels of the
seven BBS proteins that make up the core BBSome complex in
BBS8-null and wild type littermate animals at P10 and P18 (Fig. 4A
and B). BBS5 and BBS2 were reduced by 67% (P< 0.0001) and 20%
(P< 0.05) respectively in the absence of BBS8 at P10 (Fig. 4A and C).
In contrast, BBS1 expression increased by 75% in BBS8 null animals
compared with wild type controls at P10 (Fig. 4A and C; P< 0.0001).
In addition, BBS4, a TPR repeat protein similar to BBS8, increased
by 86% in BBS8 deficient animals compared with littermate

controls (Fig. 4A and C; P< 0.0001) (1,20,21). We observed no signifi-
cant changes in BBS7 and BBS9 levels. Unfortunately, due to
the lack of suitable antibodies to detect BBS18 protein in murine
tissues, we were unable to ascertain if BBS18 levels are affected in
the absence of BBS8. The change in BBS levels in response
to the loss of BBS8 was at the post-transcriptional level; we
found no significant alterations in mRNA levels via RT-qPCR
(data not shown). Overall, our results show that absence of BBS8

Figure 1. Validation of animal models used in this study. (A) Schematic of the KOMP Bbs8 null allele and the generation of floxed and conditional Bbs8 alleles. In the

KOMP knock-in, exons 3, 4 and 5 of the Bbs8 gene are floxed. In addition, a lacZ reporter and Neomycin resistance cassettes are knocked-in between exons 2 and 3. The

reporter cassettes contain poly-adenylation sites that terminate the transcription of the Bbs8 gene. Flp recombination deletes the two cassettes, restores BBS8 protein

expression and creates a floxed Bbs8 allele. Subsequent Cre expression from cell or tissue specific promoter excises exons 3, 4 and 5 and creates a conditional knockout

allele. (B) Western blot validation of the animal models and the specificity of the BBS8 antibody. Equal amount of retinal extracts (100 mg) from postnatal day 10 (P10)

BBS8 null (�/�) and littermate controls (þ/þ, wild-type and þ/�, heterozygous animals) were loaded on SDS-PAGE followed by immunoblotting with an antibody

against the C-termini of BBS8 (Left Panel). On the right, retinal extracts from P15 Ret-Bbs8 animals (þ/þ, Six3-Cre: Bbs8 fl/fl), þ/�, [Six3-Cre: Bbs8 fl/þ were loaded.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)] serves as a loading control. Extracts from cultured N2A cells transfected with plasmid over-expressing Bbs8 (þ)

or vector control (-) were used to test the specificity of the BBS8 antibody used.

Figure 2. Reduced photoresponse as measured by electroretinography. (A) Scotopic ERG response from Ret-Bbs8 þ/þ (Black) and Ret-Bbs8 �/� (Grey) animals measured at

P16 (left panel). Representative trace of a scotopic ERG response measured at -0.8 cd.s�1m2. Photopic ERG response measured under light-adapted conditions at 0.69 log

cd.s�1m2 at P16 (right panel). (B) Decline in rod photoreceptor response measured by “a” wave response plotted against the age of the animal at which ERG was re-

corded. Data are represented as mean 6 SEM (n¼6, unpaired two-tailed t-test; *P< 0.05, **P< 0.0009). (C) Stimulus intensity curve of scotopic “a”-wave at P16 of Ret-

Bbs8 �/� and littermate controls (n¼6). The data were fitted with a hyperbolic function with a half-saturating intensity of 0.07 6 0.01 cd.s m �2 (Littermate control, n¼6)

and 0.03 6 0.01 cd.s m�2 (Ret-Bbs8�/�, n¼6), and maximum amplitudes of 403 6 20 mV (Littermate control, n¼6) and 219 6 6 mV (Ret-Bbs8�/�, n¼6). Data are represented

as mean 6 SEM (n¼6, unpaired two-tailed t-test; * P�0.01, **P�0.0009).
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leads to changes in cognate subunits that form the BBSome
(Supplementary Material, Fig. S1).

Mislocalization of syntaxin 3 in photoreceptors
lacking BBS8

Based on the role of the BBSome in trafficking GPCRs in neurons,
one proposed role for this protein complex in photoreceptors
was the anterograde trafficking of rhodopsin, the major GPCR in
photoreceptor neurons (12). To evaluate the role for BBS8 in pro-
tein trafficking to the outer segment, we investigated the locali-
zation of rhodopsin in retinal cryosections obtained from retina
lacking BBS8 and compared them to their wild-type littermate
controls (Fig. 5A and B). At P10, prior to signs of photoreceptor
degeneration, the majority of rhodopsin was in the OS in Ret-
Bbs8�/� animals, similar to littermate controls (Fig. 5A). We also

performed similar staining at P17, where photoreceptor degen-
eration is pervasive (Fig. 5B). Here, we observed mislocalization
of rhodopsin in the inner segments (Fig. 5B). Additionally, we
examined localization and expression of other OS-resident pro-
teins in the absence of BBS8. At P17, the OS structural protein
peripherin-2/rds (PRPH2) and the effector enzyme of the photo-
transduction cascade, phosphodiesterase-6 (PDE6) were local-
ized to the OS (Supplementary Material, Fig. S2A). However, in
our immunohistochemistry analysis, we noticed shortened OS
in the absence of BBS8. Therefore, we verified the levels of
PRPH2 and PDE6 by immunoblotting. Indeed, we observe a 63%
decrease of PRPH2 in Ret-Bbs8�/� compared with littermate con-
trols (Supplementary Material, Fig. S2B and C; P¼ 0.0008).
Similarly, we observed a 47% reduction PDE6b in Ret-Bbs8�/� at
P12 (Supplementary Material, Fig. S2B and C; P¼ 0.0002).
Alternatively, a recent study showed mislocalization of syn-
taxin 3 (STX3) and other cytoplasmic proteins in the outer
segments of retina lacking BBS17 and in the BBS1 M390R animal
model (15). Since syntaxin is normally present in the inner seg-
ments and synaptic termini of photoreceptor neurons (Fig. 5,
Green), this finding suggests a gatekeeper role for the BBSome
that prevents cytoplasmic proteins from entering the outer
segment (15). Interestingly, we observed robust accumulation of
syntaxin 3 in the OS in the absence of BBS8 at both ages tested
(P10 and P17) (Fig. 5).

Figure 3. Progressive loss of photoreceptors in the retina lacking BBS8.

(A) Retinal sections from animals stained with propidium iodide (PI) at indi-

cated age. At P17, brightly stained nuclei indicative of chromatin condensa-

tion and cell death are observed (Arrows). PI staining from littermate controls

is shown at the left for each age examined. (B) Quantification of the ONL

thickness (number of cell nuclei) at different locations within the retina

from the inferior to superior regions between Ret-Bbs8þ/þ and Ret-Bbs8�/�

animals at P10 and P120; Data are represented as mean 6 SEM (n¼3, unpaired

two-tailed t-test; **P�0.01, ***P� 0.001).: Outer nuclear layer, INL: Inner nuclear

layer.

Figure 4. Alteration of BBSome proteins in the absence of BBS8. (A) Immunoblot

showing levels of indicated BBS proteins in retinal extracts from Bbs8 null

animals (�/�) prior to photoreceptor degeneration at P10. Littermate

controls, both heterozygous and wild-type are shown for comparison.

GAPDH serves as a loading control. (B) Similar to Panel A, immunoblot

showing the levels of indicated BBS proteins in retinal extracts from P18 ani-

mals lacking BBS8. (C) Quantitation of BBS proteins shown in panel A (n¼3)

normalized to GAPDH levels at P10. *P< 0.05; *** P< 0.0001 as determined by

t-test.
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Lack of BBS8 causes aberrant rod outer segment
ultrastructure

The reduction in photoresponse coupled with a decrease in
peripherin-2/rds and OS-resident protein levels suggests that
OS development and/or elaboration may be impaired in the
absence of BBS8. Light microscopy of toluidine blue-stained
semi-thin sections revealed pyknotic nuclei (Supplementary
Material, Fig. S3B, arrow) and shortened inner and outer seg-
ments at P18 in Bbs8-null animals. We next examined the pho-
toreceptor ultrastructure both at P10 and at P18 by transmission
electron microscopy (TEM). The TEM analysis revealed dysmor-
phic photoreceptor OS with disoriented disks in animals lacking
BBS8 at all ages tested, in comparison to littermate controls
(Fig. 6 and Supplementary Material, Fig. S3C–F). Interestingly,
we frequently observed extracellular vesicles (EVs) at both P10
and P18 (Fig. 6A and Supplementary Material, Fig. S3G). At P10
the median diameter for EV observed was145 nm (n¼ 142,
pooled from 2 animals), in the absence of BBS8 (Fig. 6B). These
vesicles were present at the proximal inner segment at P10 and
in greater abundance and broader distribution at P18 (Fig. 6B
and Supplementary Material, Fig. S3G and H). These data dem-
onstrate that BBS8 is critical for the morphogenesis of the outer
segment.

Ciliary defects in retina lacking BBS8

BBS proteins are localized to cilia and are associated with cilio-
genesis and ciliary protein trafficking in a variety of cell types (9).

Given this relationship, we decided to examine the structure of
the photoreceptor cilia in retina lacking BBS8. The photoreceptor
cilia extending from the basal body can be separated into two dis-
tinct compartments, connecting cilium (transition zone) and axo-
neme. The connecting cilium can be labeled with an antibody to
X-linked retinitis pigmentosa GTPase regulator (RPGR) (22,23).
The axoneme is marked by Retinitis Pigmentosa protein 1 (RP1)
and Male germ cell-associated kinase (MAK) (24–26). Acetylated
tubulin stains the connecting cilium and proximal part of the
photoreceptor axoneme (26,27). We used these markers to
determine if there are any changes in photoreceptor cilia size and
organization in retina lacking Bbs8 (Fig. 7). In the absence of
BBS8 at P10, we observed an increase in acetylated tubulin label-
ing (Fig. 7A and Supplementary Material, Fig. S4C; 1.145lm 6 0.02
in wild type, n¼ 288; 2.301 lm 6 0.04 in Ret-Bbs8�/�, n¼ 278;
P< 0.0001). Marginal, but statistically significant increase of
RGPR stained zones was also observed along the connecting
cilium (Fig. 7B and C and Supplementary Material, Fig. S4D;
0.9428 lm 6 0.01, n¼ 336 in littermate controls, 1.011lm 6 0.01,
n¼ 350 in Ret-Bbs8�/�; P< 0.0001). In contrast, we observed re-
duced immnunoreactivity for both axonemal markers RP1 and
MAK, suggesting reduced axoneme length. RP1 staining was re-
duced in Ret-Bbs8�/� animals compared with littermate controls
(2.32 lm 6 0.05 in wild type, n¼ 215; 1.53 6 0.04 in Ret-Bbs8�/�,
n¼ 190; P< 0.0001) (Fig. 7A and C and Supplementary Material,
Fig. S4A). Similarly, MAK staining was reduced in retina lacking
BBS8 (1.21 lm 6 0.02, n¼ 317 in littermate controls, 0.81 lm 6 0.01,
n¼ 310 in Ret-Bbs8�/�; P< 0.0001) (Fig. 7B and C and
Supplementary Material, Fig. S4B). The total protein levels of RP1
and MAK in the retina were not significantly altered
(Supplementary Material, Fig. S4E and F); however, a trend for
increased acetylated tubulin protein levels was observed by
immunoblotting (Supplementary Material, Fig. S4E and F).
Overall, these data show altered distribution of ciliary markers
in the absence of BBS8, which likely reflects changes in the
organization of the photoreceptor cilia.

BBS8 is crucial for cone photoreceptor viability

We found that the removal of BBS8 in the retina leads to reduc-
tion in both rod and cone photoresponses (Fig. 2). This decrease
in cone function could be due to a “by-stander” effect (secondary
to the loss of rod photoreceptor cells), or it may be due to a direct
role of BBS8 in cone photoreceptors. Therefore, to determine if
the reduction of cone photoresponse is a cell autonomous effect,
we ablated Bbs8 in developing cone photoreceptors using a
mouse line that expresses Cre recombinase under the human
red-green pigment promoter (HRGP-cre) (Supplementary
Material, Fig. S5) (28). We evaluated the specificity of the Cre ex-
pression in cone photoreceptors by staining retinal cross-sections
from cone-Bbs8�/� and littermate controls against Cre and the
cone marker peanut agglutinin (PNA), which stains the cone
outer sheath. As expected, Cre expression was specifically found
in PNAþ cells (Supplementary Material, Fig. S5B). In this Cre driver
line, robust expression of Cre recombinase starts at P10, and re-
combination as judged by cre reporter expression, is complete by
P30 (28). Therefore, we performed photopic ERGs to examine cone
function at P30 and observed no significant differences in ERG re-
sponses between Cone-Bbs8�/� and their wild type littermate
controls (Fig. 8A). Although the cone ERGs were similar at P30,
there is a progressive reduction in cone response with age
(Supplementary Material, Fig. S6A), and by 4 months this re-
sponse was completely ablated (Fig. 8A). To investigate if loss of

Figure 5. Immunolocalization of rhodopsin and syntaxin 3 in retina lacking

BBS8. (A) Retinal cross-sections from Ret-Bbs8þ/þ littermate control and from

Ret-Bbs8�/� stained against rhodopsin (Rho-red), syntaxin 3 (STX3-green) and

DAPI (blue) at post natal day 10 (P10) and (B) P17. Scale bar: 20lm. ONL: outer nu-

clear layer.
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cone response is due to the death of cone photoreceptor cells, we
performed immunocytochemistry using various cone markers at
P120. GRK1, the kinase expressed in rods and cones (green) in
littermate controls was specifically absent in cones from cone-
Bbs8�/� animals (Fig. 8B). The loss of cones was confirmed by
the reduced staining for PNA, cone arrestin, and cone phosphodi-
esterase 6 (Supplementary Material, Fig. S7). In addition, we
observed uniform reduction in cone density by flat-mount in
various regions of the retina (data not shown). We also performed
scotopic ERGs at this age and saw no significant changes between
experimental and wild-type animals, further corroborating
the specificity of the cone-Bbs8 animal model (Supplementary
Material, Fig. S6B). Additionally, similar to our Ret-Bbs8 ani-
mal model, we observed mislocalization of syntaxin 3 to cone
OS at P30 (Fig. 9B). At this stage, the localization of M-opsin was
unaltered and was found in the cone OS (Fig. 9A). Altogether,
our results show that BBS8 presence in cone photoreceptors is
essential for their viability (Fig. 8B and Supplementary Material,
Fig. S7).

BBS8 is critical for maintaining cone photoreceptor OS
structure

We observed defects in rod OS development in our Ret-Bbs8�/�

animals, and immunocytochemistry hinted at potential defects
in cone OS in the Cone-Bbs8�/� animals. Therefore, we exam-
ined the structure of the cone outer segment by TEM in
perfusion-fixed Cone-Bbs8�/� animals and wild-type controls at
P30. We chose this age because photopic responses were com-
parable between Cone-Bbs8�/� and wild-type controls.
Ultrastructural analysis revealed less tightly packed, elongated,
and mis-oriented OS disk membranes of Cone-Bbs8�/� animals
(Fig. 10). In conclusion, despite no significant changes in cone
photoresponse at this age, absence of BBS8 leads to aberrant
cone OS morphology.

Discussion
Mutations in BBS8 cause ciliopathies affecting multiple organs
and invariably lead to loss of vision in early childhood (1). The

Figure 6. Aberrant photoreceptor ultrastructure in Bbs8-null mice. (A) Left: TEM images of photoreceptor OSs in P10 retinas of wild-type (left; scale bar, 500 nm) and

Bbs8-null (center panel; scale bar, 500 nm) mice. In contrast to the well-ordered disc stack seen in wild-type controls, knockout animals possessed shortened and dys-

morphic OSs, with highly disorganized disc membranes. Retinas from knockout animals also displayed 100-300 nm extracellular vesicles (arrowheads), commonly ob-

served adjacent to the proximal ISs (right panel; scale bar, 500 nm); extracellular vesicles were never observed in the wild-type controls. (B) Distribution of Feret

diameter measurements (nm) of extracellular vesicles found in Bbs8�/� animals at P10 (N ¼ 142 from two animals).
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importance of BBS8 in photoreceptor function is further exem-
plified by mutations in BBS8 that lead to non-syndromic retini-
tis pigmentosa, yet the role for BBS8 in photoreceptors is not
known (16–18). In this study, we sought to investigate the role of
BBS8 in the development and function of photoreceptor cells.
Our studies using multiple murine models, including a com-
plete knockout, retina and cone- specific removal of BBS8 lead
to the following novel findings. We show that BBS8 is required
for the development and maintenance of the photoreceptor
cilia and outer segments in both rods and cones. Although

mutations in BBS proteins are known to affect rod cells, this
is the first study to demonstrate that BBSome function is also
essential for cone photoreceptor structure, function, and
viability. We observed dynamic changes in BBSome subunits
that included increased levels of BBS1 and BBS4 in the
absence of BBS8. Our studies indicate that altered photoreceptor
OS development in the absence of BBS8 is likely due to defec-
tive ciliary structure indicated by sizable changes in acety-
lated tubulin staining zones or as a result of altered ciliary
trafficking.

Figure 7. Increased acetylated tubulin stained ciliary zones in the absence of BBS8 at P10. (A) Immunofluorescence images showing RP1 (Retinitis Pigmentosa-1)

and acetylated a-tubulin staining the photoreceptor axoneme and connecting cilia in Ret-Bbs8 þ/þ and Ret-Bbs8�/� animals, respectively. Scale bar: 20 and 10 lm.

(B) Retinal cryosections stained against MAK (male germ cell-associated kinase), Rootletin and RPGR (X-linked retinitis pigmentosa GTPase regulator) in Ret-Bbs8�/�

and littermate controls. Scale bar: 10 lm. (C) Violin plots depicting overall distribution of length measurements for RP1, acetylated a-tubulin, MAK and RPGR stained

zones in Ret-Bbs8�/� and littermate controls (n¼200–300 cilia pooled from 3 animals). All retinal tissues are derived from P10 animals with littermates used as

controls.
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Alterations in cognate BBS subunits

Our study sought to understand the effects of BBS8 on the lev-
els of cognate partner subunits that are part of the core octa-
meric BBSome complex. The core of the BBSome is formed by
BBS2/7/9 proteins, followed by the addition of BBS1/5/8, and
the final incorporation of BBS4 (8). In BBS8 animal models, the
expression of the core BBSome proteins is preserved in the
retina with a minor reduction in BBS2 levels. BBS4, a tetratri-
copeptide repeat (TPR) protein similar to BBS8, was highly
upregulated in the absence of BBS8 prior to any significant
photoreceptor degeneration (1,20,21). Interestingly BBS1, a
protein that interacts with the small GTPase ARL6 (BBS3), an
interaction necessary for the targeting of the BBSome to the
membrane, was also up-regulated in the absence of BBS8 (20).
Lastly, BBS5, a protein that is present in the photoreceptor ax-
oneme and is absent in the connecting cilia was severely
down-regulated. BBS5 interacts with arrestin and is hypothe-
sized to alter its light-dependent translocation (29).
Interestingly, previous reports indicate absence of BBS4 leads
to impaired light-dependent translocation of transducin and
arrestin in photoreceptor neurons (30). In BBS8 knockouts, we

did not find any changes in arrestin or transducin transloca-
tion in response to light stimulus (data not shown). This could
be due to the increased expression of BBS4 in BBS8 models,
leading to proper arrestin and transducin translocation, or
that arrestin and transducin can be transported by an alterna-
tive mechanism. All changes observed in BBS levels in the ab-
sence of BBS8 were post-transcriptional, as message levels
were unaltered (data not shown). It is not clear if the observed
phenotype is exclusively due to loss of BBS8 or the effect of al-
tered BBSome subunits but further experiments are needed to
address the mechanism behind the loss of OS development.
One interesting question stemming from these results is if
the changes in BBSome subunits after Bbs8 depletion reflect a
dynamic nature of this protein complex, which may exist in
different states depending on subunit availability, presence of
interacting molecules, or external signals.

Normal rhodopsin trafficking in the absence of BBS8

Studies from multiple murine models lacking individual BBS
subunits suggest a role for the BBSome in rhodopsin trafficking
to the outer segments (30,31). This is in agreement with results
from primary cilia showing the need for the BBSome in GPCR
trafficking (10). Alternatively, the BBSome is thought to be in-
volved in retrograde trafficking of cargo from the OS to the IS
and/or a role as a ciliary ‘gatekeeper’, as evidenced by mislocali-
zation of non-OS proteins in the OS in BBS17 (Lztfl1) mutant
mice (15). In our BBS8 models, we did not observe significant de-
fects in anterograde trafficking of OS-resident cargoes, including

Figure 8. Degeneration of cone photoreceptors missing BBS8. (A) Representative

trace of photopic ERG responses measured under light adapted conditions at

0.69 cd.s�1m2 in Cone-Bbs8�/� and littermate controls at P30 and P130. (B)

Retinal cryosections stained against G-protein-coupled Receptor Kinase 1 (GRK1;

green) and Peanut agglutinin (PNA) in Ret-Bbs8�/� and wild type littermate con-

trols at P130. GRK1 stains both rods and cones while PNA marks the extracellular

matrix surrounding the cones. Scale bar: 20 lm.

Figure 9. Mislocalization of Syntaxin 3 in cone photoreceptors lacking BBS8. (A)

Immunolocalization of M-opsin and peanut agglutinin (PNA) in retinal cross-

sections of Cone-Bbs8�/� animals compared with littermate controls at P30.

Scale bar: 20lm. (B) Retinal cross-sections showing mislocalized synatxin 3

(white arrows; STX3 in green), co-stained with peanut agglutinin (PNA, red), in

cones lacking BBS8 (Cone-Bbs8�/�) compared with wild –type littermate controls

at P30. Scale bar: 10lm.
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rhodopsin. The vast majority of rhodopsin at P10, prior to pho-
toreceptor degeneration, was present in the OS, similar to the
littermate controls. However, we observed slight mislocaliza-
tion at P17, which we believe is likely due to the indirect effect
of dysmorphic outer segments in BBS8 knockouts
(Supplementary Material, Figs S2 and S3). Our studies indicate
that BBS8 is not needed for rhodopsin trafficking but we cannot
rule out the possibility that rhodopsin is able to reach the OS
through a partially formed BBSome which may be compensat-
ing for the lack of BBS8 in our animal models. Our assays to in-
vestigate the formation of the BBSome complex failed because
of the early morphological defects observed and the low levels
of BBSome subunits in retina at P10. Importantly, animal mod-
els lacking BBS8 in rods or cones showed mislocalization of syn-
taxin in the OS, which agrees with current thinking that the
BBSome is either involved in retrograde trafficking of proteins
or acts as a ciliary gate in photoreceptors (15). However, further
studies in photoreceptors are needed to confirm either of these
hypotheses.

BBS8 is crucial for OS morphogenesis

BBS8 animal models generated in this study show the need for
BBS8 in the initial elaboration of the photoreceptor outer seg-
ments. The changes in photoreceptor ultrastructure correlated
with reduced rod response in complete and retina-specific
knockouts where BBS8 was conditionally removed in the devel-
oping embryonic retina.

Although mutations in BBS are linked to retinitis pigmen-
tosa, which implies a primary impact on rod cells, a recent re-
port documented predominant cone dysfunction in BBS
patients (32). We investigated the potential importance of BBS8
for murine cones using a conditional knockout model, which
ablates BBS8 from cones between P8 and 10. While we did not
detect any abnormalities in cone function at P30 (by ERG), cone

outer segments were dysmorphic and showed abnormal ultra-
structure, with discs stacked vertically rather than horizontally.
Unlike rod photoreceptors, where significant number of func-
tioning cells survived at four months in the absence of BBS8,
cone degeneration was far more profound, and function was
lost in parallel. The reason for cone degeneration is likely linked
to the morphological changes in cone OS. Overall, the findings
from our studies show a critical need for BBS8 in cone survival
and function.

We also observed an accumulation of electron dense extra-
cellular vesicles (EVs), in the extracellular space adjacent to the
photoreceptor inner segments in BBS8 null retina. The accumu-
lation of ectosomes, a class of extra cellular vesicles that are de-
rived from ciliary plasma membranes, were also observed in the
absence of BBS and IFT proteins in primary cilium in cultured
kidney cells and mouse embryonic fibroblasts (33). Intriguingly,
mutation of another ciliopathy protein, IFT88, has also been
shown to generate EVs of similar appearance and distribution
(34). That study documented the presence of rhodopsin in the
EVs, and noted that numerous other mouse models defective
for OS assembly also accumulate EVs. A more recent investiga-
tion identified subretinal EVs in the retinal degeneration slow (rds)
null mouse as ectosomes (35). Because that study observed that
ectosome shedding was stimulated by peripherin-2/rds loss,
and we detected a major reduction (65%) in peripherin-2/rds
levels in the absence of BBS8 at P10, it is conceivable that
peripherin-2/rds loss in the BBS8 knockout likewise stimulates
EV accumulation. It is also possible that a more general disrup-
tion of OS disk membrane morphogenesis contributed to this
phenotype.

Hyper-acetylation of ciliary microtubules in
the absence of BBS8

Our ultrastructural analyses in BBS8 knockout animals show
connecting cilium that are of comparable length to the litter-
mate controls (Supplementary Material, Fig. S3). This is in
agreement with RPGR staining, a maker for the connecting cil-
ium (22,23). However, the acetylated tubulin staining on photo-
receptor cilia was longer in photoreceptors lacking BBS8 (Fig. 7).
In photoreceptors, acetylated tubulin marks connecting cilium
and the proximal part of the axoneme (27). RP1 exclusively
stains the entire axoneme (24,25). In the absence of BBS8, it ap-
pears that the increase in acetylated tubulin staining comes at
the loss in axonemal staining by RP1 (Supplementary Material,
Fig. S4A and C). A corresponding reduction in MAK, another ax-
onemal marker confirms this finding (26). The observed changes
in MAK or RP1 staining of the axoneme could also be due to al-
tered ciliary trafficking. Acetylation of tubulin marks long-lived
tubulin molecules and recent studies show the importance of
this tubulin post-translational modification in increased me-
chanical stabilization and protection against breakage (36,37).
The observed increase in acetylated tubulin staining could
be due to the established interaction between BBS proteins and
a-Tubulin N-acetyltransferase-1 (aTAT1), the major a-tubulin
acetyl transferase that acetylates tubulin in the cilium or alter-
ations in the BBSome subunit, BBS18, a known regulator of
tubulin acetylation (9,38). Interestingly, hyperacetylation of tu-
bulin in the absence of BBS8 was accompanied by an increase in
tubulin glutamylation, a C-terminal post-translational modifi-
cation that marks stable microtubules (Supplementary Material,
Fig. S8). Hyperglutamylation is a known cause of photoreceptor
neuronal degeneration in pcd (Purkinje cell degeneration) and in
TTLL3 (Tubulin Tyrosine ligase-like) mouse models. In these

Figure 10. Defective cone OS ultrastructure in Cone-Bbs8�/� retinas. (A) Two rep-

resentative images of cone OS each from wild-type and Cone-Bbs8�/� animals

are shown. The vast majority of cones in knockout animals possessed abnormal

OSs; disc stacks were less dense, of larger diameters, and were misaligned. In

contrast, cones in the wild-type control possessed tightly stacked, properly

aligned, and normal diameter discs. Scale bars: 500 nm.
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models, increased glutamylation leads to a compensatory de-
crease in tubulin glycation (39–41). Currently, it is unclear how
these changes in photoreceptor cilia relate to defects in outer
segment formation and photoreceptor cell death. Further stud-
ies are underway to investigate the mechanism behind the al-
tered tubulin posttranslational modifications and impaired
outer segment formation.

Materials and Methods
Animals, genotyping and maintenance

BBS8 knockout mouse line (Ttc8 tm1a(KOMP)Wtsi) was recovered
using sperm obtained from KOMP (https://www.komp.org/gen
einfo.php? geneid¼85321) (Project id: CSD28015, Knock out first).
Along with LoxP sites flanking exon 4 to 6 of the BBS8 gene, the
KOMP targeting construct knocks-in a cassette containing a
splice acceptor with LacZ reporter, polyadenylation signal and
neomycin selection at Bbs8 locus between exons 3 and 4 that
terminates the transcript. The LacZ/neomycin cassette is
flanked by FRT sites and can be excised with FLP recombinase
to restore the expression of the BBS8 gene. The animals were
backcrossed with C57BL/6J (Jackson laboratory) to eliminate the
rd8 allele (42). Heterozygous mice were intercrossed, and the
progeny were genotyped using genomic DNA prepared from ear
punches by PCR. The following primers [5’ GGA TCA CAG TCA
AGA GTA GAG TC 3’ and (5’ CAC ACG TGT TTC TCC TTA GAG GC
3’] were used to verify the presence of the Neomycin gene. (5’
ATC ACG ACG CGC TGT ATC 3’ and 5’ ACA TCG GGC AAA TAA
TAT CG 3’) primers were used to assess the presence of the LacZ
reporter gene.

To produce the conditional knockouts, we first removed the
termination cassette (LacZ/neomycin) by crossing BBS8 animals
heterozygous for KOMP cassette with transgenic mice express-
ing FLP recombinase (Jax stock #012930). This cross resulted in a
floxed Bbs8 allele (Bbs8þ/fl). The homozygous floxed animals
were subsequently crossed with animals expressing Cre recom-
binase under the retina and forebrain specific Six3 promoter
and bred to produce Six3-Cre: Bbs8 fl/fl animals (43). A similar
strategy was used to produce cone specific knockouts using Cre
recombinase expressed under human red green pigment (HRGP)
promoter (28). Oligonucleotides used in PCR to detect Cre recom-
binase were 5’ CCT GGA AAA TGC TTC TGT CCG 3’ and 5’ CAG
GGT GTT ATA AGC AAT CCC 3’. Primers used to detect floxed al-
leles were 5’ GGT GAC CAG AAG CAA GCA CAT A 3’ and 5’ GGC
TGC TGT CTG GTT GAG TAA T 3’. Institutional Animal Care and
Use Committee of the West Virginia University approved all ex-
perimental procedures involving animals conducted in this
study.

Electroretinography

Electroretinographies (ERGs) were carried out on the UTAS
Visual Diagnostic System with Big-Shot Ganzfeld with UBA-
4200 amplifier and interface, and EMWIN 9.0.0 software (LKC
Technologies, Gaithersburg, MD, USA). Prior to testing, mice
were dark-adapted for 24 h. Animals were anesthetized [2.0%
isoflurane with 2.5 l/min oxygen flow rate] for 10 min and eyes
were topically dilated with a 1: 1 mixture of tropicamide:
phenylephrine hydrochloride. For ERG testing, mice were posi-
tioned on a heated platform with continuous flow of isoflurane
through a nose cone [1.5% isoflurane with 2.5 l/pm) oxygen
flow rate]. A reference electrode was inserted subcutaneously
in the scalp. ERG responses were recorded from both eyes with

silver wire electrodes placed on top of each cornea, with con-
tact being made with hypromellose solution (2% hypromellose
in PBS) (Gonioscopic Prism Solution, Wilson Ophthalmic,
Mustang, OK, USA). Scotopic (Rod-dominant) responses were
obtained in the dark with flashes of LED white light at increas-
ing flash intensities. For photopic response, animals were
light adapted with rod-saturating white background light (30
cd � m–2) for 10 min and cone responses were subsequently
recorded.

Antibodies

The antibodies used in this study are described in
Supplementary Material, Table S1.

Western blot

Mice were euthanized by CO2 inhalation followed by cervical
dislocation and eyes were enucleated. For immunoblots, flash-
frozen retinae dissected from enucleated eyes were sonicated
in phosphate buffered saline [PBS: 137 mM NaCl, 2.7 mM KCl,
4.3 mM Na2HPO4�7H2O, 1.4 mM KH2PO4, with protease inhibitor
cocktail (Roche)]. Protein concentrations were measured using
a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.).
Equal amounts of samples (100 lg total protein per well)
were separated in a polyacrylamide SDS–PAGE gel and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes
(Immunobilon-FL, Millipore, Billerica). The membranes were
then blocked with blocking buffer (Rockland Inc.) for 30 min at
room temperature and further incubated with primary antibod-
ies overnight at 4 �C. Following incubation, membranes were
washed in PBST (PBS with 0.1% Tween-20) three times for 5 min
each at room temperature and incubated in secondary anti-
body, goat anti-rabbit Alexa 680 (or 800), rabbit anti-goat Alexa
680 or goat anti-mouse Alexa 680 (Invitrogen) for 45 min at
room temperature. After washes with PBST, membranes were
scanned using the Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE, USA).

Immunocytochemistry

For immunofluorescence, enucleated eyes were submerged in
4% paraformaldehyde fixative for 5 min prior to removal of the
cornea and lens. Eyecups were fixed for an additional h, then
washed in PBS three times for 5 min each, and incubated in 20%
sucrose in PBS overnight at 4 �C. Eyes were then incubated in
1: 1 mixture of 20% sucrose in PBS: OCT (Cryo Optimal Cutting
Temperature Compound, Sakura) for 1 h and flash-frozen in
OCT. The cryosectioning was performed using Leica CM1850
Cryostat, and retinal sections of 16 lm and/or 10 lm (for ciliary
staining) thickness were mounted on Superfrost Plus slides
(Fisher Scientific). Retinal sections were mounted on slides,
washed with PBST and incubated for 1 h in blocking buffer at
room temperature (PBS with 5% Goat Sera, 0.5% TritonX-100,
0.05% Sodium Azide). After blocking, retinal sections were incu-
bated with primary antibodies at the dilutions described in
Supplementary Material, Table S1 at 4 �C overnight. Afterwards,
retinal sections were washed two times for 10 min with PBST
and once for 5 min with PBS before incubation with secondary
antibody at a 1: 1000 dilution [DAPI nuclear stain 405, anti-
Rabbit 488 (or 568), anti-mouse 488 (or 568)] for 1 h. For ciliary
staining, enucleated eyes were fixed in 4% paraformaldehyde in
PBS for 30 s and flash-frozen in OCT. Sectioning and staining
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were performed as stated above. Slides were mounted with
ProLong Gold (Life Technologies) and cover slipped. Confocal
imaging was performed at the WVU Microscope Imaging
Facility with a Zeiss LSM 510 laser scanning confocal on a LSM
Axioimager upright microscope using excitation wavelengths of
405, 488, 543 and 647 nm.

Ultrastructural analysis

Enucleated eyes were fixed (2% paraformaldehyde, 2.5% glutar-
aldehyde, 0.1 M cacodylate buffer, pH 7.5) for 30 min prior to dis-
section and removal of the cornea and lens, followed by 48 h
fixation at room temperature. Dissection, embedding and trans-
mission electron microscopy was done according to previously
established methods (44–46). For analyses of cone outer seg-
ment morphology, prior to fixation of enucleated eyes, mice
underwent transcardial fixation perfusion with 2% paraformal-
dehyde, 2.5% glutaraldehyde, 0.1 M cacodylate buffer, pH 7.5.

Statistics

All data are presented as mean 6 standard error margin. ERG
data were analysed by unpaired, two-tailed t test. For cilia mea-
surements, 80–100 cilia were measured for each animal (n¼ 3)
and data were visualized with the ggplot2 package in R version
3.3.2. Image and densitometry analysis were performed using
ImageJ 1.50i along with the Bio-Formats plugin (NIH).

Supplementary Material
Supplementary Material is available at HMG online.
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