
OR I G INA L ART I C L E

Disruption of polycystin-L causes hippocampal and
thalamocortical hyperexcitability
Gang Yao1, Chong Luo1,3, Michael Harvey2, MaoqingWu1, Taylor H. Schreiber1,
Yanjun Du1,4, Nuria Basora1, Xuefeng Su1, Diego Contreras2 and Jing Zhou1,*
1Renal Division, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School, Room 522,
4 Blackfan Circle, Boston, MA 02115, USA, 2Department of Neuroscience, University of Pennsylvania School of
Medicine, Philadelphia, PA 19104, USA, 3Kidney Disease Center, The First Affiliated Hospital, School of Medicine,
Zhejiang University, Hangzhou 310003, P.R. China and 4Department of Acupuncture and Moxibustion, Hubei
University of Chinese Medicine, Hubei, P.R., China

*To whom correspondence should be addressed. Tel: +1 6175255860; Fax: +1 6175255830; Email: zhou@rics.bwh.harvard.edu

Abstract
Epilepsy or seizure disorder is among the least understood chronicmedical conditions affecting over 65million peopleworldwide.
Here,we show that disruption of the polycystic kidney disease 2-like 1 (Pkd2l1or Pkdl), encoding polycystin-L (PCL), a non-selective
cation channel, increases neuronal excitability and the susceptibility to pentylenetetrazol-induced seizure inmice. PCL interacts
with β2-adrenergic receptor (β2AR) and co-localizes with β2ARon the primary cilia of neurons in the brain. Pkdl deficiency leads to
the loss of β2ARonneuronal cilia,which is accompaniedwitha remarkable reduction in cAMP levels in the central nervous system
(CNS). The reduction of cAMP levels is associatedwitha reduction in the activationof cAMP response element-binding protein, but
not the activation of Ca2+/calmodulin-dependent protein kinase II, Akt or mitogen-activated protein kinases. Our data, thus,
indicate for the first time that a ciliary protein complex is required for the control of neuronal excitability in the CNS.

Introduction
Epilepsy is a common and diverse set of chronic neurological
disorders characterized by recurrent seizures (1), affecting ∼65mil-
lion people worldwide (2). Epilepsy is characterized by an abnor-
mal, excessive and hypersynchronous neuronal activity in the
brain (3). Impairment of calciumsignalingorother transmembrane
balance of ion currents is a frequent cause of neuronal hyperexcit-
ability in the central nervous system (CNS), and is responsible for a
variety of epileptic syndromes in humans (4–8). In addition, the
second-messenger cyclic adenosine monophosphate (cAMP) sig-
naling pathway plays a crucial role in maintaining the excitability
of CNS (9). Pentylenetetrazol (PTZ) is a chemoconvulsant common-
ly used in mice for discovering novel anti-epileptic compounds.
Animals pre-treated with cAMP-lowering agents (reserpine, pro-
pranolol or aminophylline) exhibit an enhanced sensitivity to
PTZ-induced seizures (10). Conversely, pre-treatment of forskolin,

an adenylyl cyclase (AC) activator, protectsmice fromPTZ-induced
seizures by elevating the cAMP levels in the brains (11).

Polycystin-L (PCL), encoded by polycystic kidney disease
2-like 1 (Pkd2l1 or Pkdl), is a Ca2+-activated non-selective cation
channel that is permeable to Ca2+, K+ and Na+ (12), and is
expressed in the brain (13–16). In the kidney, PCL is detected on
the primary cilium of epithelial cells (17), similar to other mem-
bers of the polycystin family (18,19).

The primary cilium is a polarized organelle projecting from a
majority of vertebrate cells (20). It is a microtubule-based struc-
ture covered by a specified ciliary membrane with protein con-
tent distinct from that of the plasma membrane. The current
consensus of the function of the primary cilium is that it acts
as a signaling center regulating many crucial signaling pathways
and through many sensory functions including mechanosensa-
tion, photosensation, osmosensation and hormone sensation
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(18,21–25). The neuronal primary cilium has been recently iden-
tified and appears to be required for normal energy homeostasis,
while its defects lead to obesity (26) and abnormal migration of
neurons during CNS development (27).

In this study, we found that PCL localizes to neuronal cilia in
the brain. To investigate the function of PCL, we generated a Pkdl-
deficient mouse model, which manifests an increased suscepti-
bility to PTZ-induced seizures. We show that PCL interacts and
co-localizes with β2-adrenergic receptor (β2AR), a G-protein-
coupled receptor (GPCR) functioning in cAMP production, on
the primary cilia of neuronal cells in the brain. Pkdl deficiency
leads to the loss of β2AR on neuronal primary cilia, and a remark-
able reduction of cAMP levels in the brain. Taken together, these
data suggest, for the first time, that a novel ciliary protein com-
plex regulates neuronal excitability.

Results
PCL localizes to the primary ciliumof neurons in the brain

Weand others have previously reported high levels of PkdlmRNA
expression in brain tissues (13–15). By immunofluorescence ana-
lysis, we observed somatic cytoplasmic labeling of PCL in neu-
rons of the cerebral cortex (Layers II–VI), hippocampus and the
thalamus of adult wild-type (WT) mouse brain (Fig. 1A and Sup-
plementary Material, Fig. S1A), this labeling was significantly re-
duced in Pkdl knockout (KO)mouse brain tissues (Supplementary
Material, Fig. S1B). Interestingly, we found PCL on the primary
cilia of the primary cultured mouse hippocampal neurons
(Fig. 1B), by co-staining with AC3, a primary cilium maker for
neuronal cells (28).

AC8 has a high-expression level in the CNS (29), and has been
reported to localize to the primary cilia of cholangiocytes (30). By
co-staining with AC3, we observed intense AC8 signals on most
AC3-positive cilia in the mouse brain, such as the hippocampus
and the cortex. However, PCL is not required for AC8 ciliary local-
ization in the mouse brain (Supplementary Material, Fig. S2).
Since the AC8 antibody recognizes the neuronal primary cilium
with much lower cytoplasmic signals compared with AC3, we
used AC8 as an additional neuronal ciliary marker in this study.
By co-staining PCL with AC8, we further confirmed PCL ciliary
localization in brain tissues (Fig. 1C).

Pkdl−/− mice are sensitive to PTZ-induced seizure

To investigate the function of PCL in vivo, we generated a mouse
line deficient for PCL by deletion of Exons 3 and 4 (Fig. 2A and B,
‘Materials and Methods’ section). The Pkdl-deficient mice gener-
ated by homologous recombination in embryonic stem cells were
viable. Reverse transcription polymerase chain reaction (RT-PCR)
analysis showed that there was no normal Pkdl mRNA present in
the brains of adult Pkdl−/− mice, although a mutant Pkdl mRNA
was present (Fig. 2C). Direct DNA sequencing of the PCR products
revealed that the mutant transcript in Pkdl−/− mice contains a
spliced variant from Exon 2 to Exon 5 and a premature stop
codon in Exon 5. No PCL immunoreactivity was detected using
antibodies against PCL in testis extracts from Pkdl−/− mice
(Fig. 2D), indicating that homozygousmutants are deficient of PCL.

Thedistinct neuronal expressionpattern of PCL ledus to exam-
ine the role of PCL in the control of neuronal excitability. γ-Amino-
butyric acid (GABA) is themain inhibitory neurotransmitter in the
mammalian brain. The binding of GABA to its receptor results in
the opening of conductances that lead to hyperpolarization and/
or membrane shunt, thus reducing neuronal excitability. PTZ is

a chemoconvulsant that acts as a GABA-A receptor antagonist
and is widely used to study seizures in rodents to discover novel
anti-epileptic compounds. Under normal breeding conditions,
Pkdl−/− mice are of normal size without discernable appearance
and behavior abnormalities. When challenged with a single injec-
tion (40 μg/g) of PTZ (31), Pkdl−/−mice showeda right shift in the se-
verity of seizures.We found that∼79% Pkdl−/−mice (n = 19) showed
stage-2 tonic-clonic convulsions (∼47%) or stage-3 tonic-clonic sei-
zures (∼32%) frequently associatedwith death,while only∼5%WT
littermates (n = 21) showed similar phenotype with a large major-
ity (∼81%) that had no response (Fig. 2E).

A similar resultwas observed at a higher dosage of PTZ (50 μg/g)
(Supplementary Material, Fig. S3), which also revealed reduced
latency of Pkdl−/− mice (n = 26) to the first myoclonic jerk, the first
observable behavioral response, to 408 s, compared with WT
littermates (n = 37) at 594 s (Fig. 2F).

Pkdl−/− mice lose control of excitability

To further characterize the neuronal electric activity in Pkdl−/−

mice, we recorded local field potentials (LFPs) simultaneously
from neocortex (Cx), hippocampus (Hip) and thalamus (Thal),
and compared them with their WT littermates (Fig. 3A). LFPs re-
present extracellular currents resulting from the combined syn-
aptic activity in thousands of neurons and reflect the state of
excitability of local networks. The most noticeable difference
was the presence of high amplitude, sharp potentials lasting
0.1–0.4 s in the spontaneous LFPs recorded from all three struc-
tures in the Pkdl−/−mice (Fig. 3A, KO, examples indicatedwith as-
terisks, n = 10). The sharp potentials were present in all Pkdl−/−

mice, but never in the WT littermates (Fig. 3A, WT, n = 6). The
background activity under ketamine–xylazine anesthesia was
characterized by the presence of the extensively described slow
oscillation (32), consisting of negative LFP waves during neuronal
depolarization and firing as well as positive LFP waves during
neuronal hyperpolarization and the absence of spike firing.
These sharp potentials appeared almost exclusively during the
negative phases of the slow oscillation, which suggests a poor
control of excitability; since the negative LFP phases of the slow
oscillation reflect strong synaptic activation (33). The sharp po-
tentials were unevenly distributed and tended to be more prom-
inent in the cortex and the hippocampus than in the thalamus.

To compare the slow oscillation between the two genotypes,
an averaged cycle of the slow oscillation was constructed for all
recording leads using as reference the negative peak of spontan-
eous cycles (n = 10) from Cx-1. In the WT mice, the average
showed a smooth negative wave lasting up to 0.6 s and synchro-
nized across all recording leads. In contrast, in the Pkdl−/− mice,
the average revealed the presence of a sharp potential lasting
up to 0.2 s (Fig. 3A, AVG).

In order to test the hypothesis that the spontaneous sharp po-
tentials betray enhanced excitability in baseline conditions, we
compared responses in the cortex to electrical stimulation of
the thalamus between the two types of mice. We used paired-
pulse stimuli (Fig. 3B, arrowheads) with 0.1 s period, which is a
protocol that generates a well-known form of facilitation termed
augmenting that probes the excitability of thalamocortical and
corticocortical circuits (34). Two types of differences were ob-
served (Fig. 3B): (i) the amplitude of the averaged responses to
both stimuli was higher in the Pkdl−/− mice (first response: 0.21 ±
0.05 mV, mean ± SEM.; second response: 0.48 ± 0.11 mV; n = 10;
KO) compared with WT (first: 0.06 ± 0.01 mV; second: 0.12 ± 0.03
mV; n = 6; WT) (first shock: P = 0.0024, Bonferonni corrected: P =
0.0072; second shock: P = 0.015, Bonferonni corrected: P = 0.046,
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Mann–Whitney U-test with a Bonferonni correction for multiple
comparisons) and, (ii) the ratio between the second and first re-
sponse amplitude (measured from the baseline, dotted line), to
the positive peak (double-arrow lines), was higher for the Pkdl−/−

mice (2.46 ± 0.44, n = 10) than that for the WT (1.97 ± 0.32, n = 6;
ratio from second to first, P = 0.0022, Bonferonni corrected,
P = 0.0066). Both differences indicate enhanced excitability in
Pkdl−/− mice in baseline conditions.

The presence of spontaneous sharp potentials in Pkdl−/− mice
as well as the increased amplitude and ratio of the augmenting
responses to thalamic stimulation strongly suggest increased
cortical excitability. Consequently, the Pkdl−/− mice should
exhibit a lower threshold for seizure generation. Indeed, a single
subcutaneous injection (40 μg/g) of PTZ in WT mice (n = 6) gave
rise to the appearance of isolated spikes interspersed with nor-
mal electrographic activity or, in the most severe cases (n = 2),
to the generation of repetitive large spikes with frequencies of

2–5 Hz (Fig. 3C, WT). This mild seizure-like activity occurred on
a background of otherwise normal slow oscillation. Injections
in the Pkdl−/− mice (n = 10) readily gave rise to severe seizures
similar to those described in the electroencephalogram (EEG) of
cats (35) and humans (36). These seizures started with fast runs
of 10–15 Hz and endedwith repeated spikes at slower frequencies
(2–5 Hz). Seizures repeated regularly every 2–8 s and obliterated
the slow oscillation becoming the only activity present in the
LFPs from the three structures. These results further support
the loss of the control of excitability in Pkdl−/− mice.

Reduced cAMP levels in Pkdl−/− mouse brain tissues

The neuronal cAMP homeostasis is crucial in controlling the
excitability of CNS (9). Abnormal cAMP production has been re-
ported in polycystic kidney diseases owning to the deficiency of

Figure 1. PCL localizes to the primary cilia of neuronal cells in the brain. (A) Confocal imaging indicates PCL expression in the neuronal cells in the cerebral cortex,

hippocampus and thalamus. (B) PCL localizes to the primary cilia of hippocampal neurons in a primary culture. (C) PCL localizes to the AC8+ neuronal primary cilia in

the mouse cortex and hippocampus. Insets show the cilia indicated by arrows. PCL was stained by antibody 83430. Neurons were detected by neuronal marker NeuN.

AC3 was used to mark neuronal primary cilia. AC8 is a new neuronal cilium marker identified in this study.
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polycystin-1 (PC1) or -2 (PC2) (37). To determine whether PCL is
required to maintain the level of cAMP in the CNS, we measured
the cAMP levels in mouse forebrain tissues. We found that there
was a ∼27% reduction in cAMP levels in adult (4 months old)
Pkdl−/− mouse brains when compared with the WT littermates
(Fig. 4A), and ∼15% reduction in adolescent (5 weeks old) KO
mice (Supplementary Material, Fig. S4). In agreement with this
observation, the phosphorylation of cAMP response element-
binding protein (CREB) was also significantly reduced in the
corresponding brain tissues (Fig. 4B and C).

Although cAMP is one of the most potent activators of CREB
pathway, the phosphorylation of CREB is also subjected to the
regulation of Ca2+/calmodulin/CaM kinases II (CaMKII), mito-
gen-activated protein kinases (MAPKs) and the Akt/protein

kinase B pathways in response to various signals. However,
we did not observe significant changes in the phosphorylation
of CaMKII, MAPK or Akt, which are indicators of the activation
of respective signaling pathways, in the Pkdl−/− brain tissues
compared with WT mice (Fig. 4D). These results support that
the reduced pCREBSer133 levels are because of the reduced
neuronal cAMP levels.

PCL interacts with β2AR and is required for the ciliary
localization of β2AR in neurons

ARs are a group of GPCRs that are widely distributed throughout
the brain and found in regions implicated in regulating neuronal
excitability, such as the cortex and the hippocampus. Activated

Figure 2. Pkdl−/− mice are sensitive to PTZ. (A) Targeting strategy for Pkdl and restriction map of the Pkdl gene. The solid boxes represent the exons of the Pkdl gene and

the interconnecting lines indicate introns. The probe used for Southern blotting is shown as a bar. (B) Southern blot analysis of mouse tail DNA. The 3.2 and 4.8 kb bands

represent the germ-line and targeted allele, respectively. (C) RT-PCR analysis of total RNA extracted from mouse brains using primers mPcLf605

5′ACACAGCCGAGAACAGGGAGCTT3′ and mPcLr611 5′ GCATACGTGTCTGGCTGTTGCAG3′. No normal Pkdl mRNA was detected in the brains of adult Pkdl−/− mice by

RT-PCR analysis, but a truncated Pkdl mRNAwas present. M, 100 bp DNA marker. (D) Immunoblotting analysis of the PCL protein. Anti-PCL antibody is specific for the

N-terminal portion of the PCL protein. Testis extracts from Pkdl+/+, Pkdl+/− or Pkdl−/− mice were immunoprecipitated with anti-PCL and immunoblotted with the same

antibody. PCL protein was not detected in Pkdl−/− mice. (E) The severity of seizure increases in KO mice when compared with WT mice (PTZ = 40 μg/g). 0: no response;

1: isolated twitches; 2: tonic-clonic convulsions; 3: tonic extensions and/or death. (F) Latency in KO mice is reduced compared with WT littermates (PTZ = 50 μg/g).
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β2AR couples to Gs, which in turn stimulates ACs and increases
cAMP production. Moreover, β2AR agonists have anti-convulsion
effect to PTZ-induced seizure (38).

To investigate whether PCL can modulate the β2AR expression
and localization in the CNS, we immunostained brain sections
with β2AR antibody. In the WT brain, β2AR was primarily found
in the cytoplasm of neurons. Interestingly, β2ARwas also detected
on cilium-like structures in most neurons in the cerebral cortex,
hippocampus and thalamus. Moreover, cilium-like β2AR signals
were remarkably diminished in the Pkdl−/− neuronal cells in the
cerebral cortex and hippocampus (Fig. 5A). Co-staining with AC8
verified that these cilium-like structures were neuronal primary
cilia (Fig. 5B). The specificity of the ciliary signal of the β2AR anti-
bodywasconfirmedbyantigenblocking experiments (Supplemen-
taryMaterial, Fig. S5). The reduction of ciliary β2AR signals was not

likely due to decreased β2AR expression as its protein levels were
similar between Pkdl−/− and WT littermate brains (Fig. 4B).

To investigate how PCL may modulate β2AR ciliary localiza-
tion, we tested whether these two proteins interact with each
other. For this purpose, we established a human embryonic kid-
ney 293T (HEK293T) cell-line stably expressing PCL-Myc in a
tetracycline inducible fashion and transiently transfected Flag-
β2AR into this cell-line. Immunoprecipitation of PCL-Myc was
able to co-immunoprecipitate Flag-β2AR in these cells (Fig. 5C).
Flag-β2AR could also co-immunoprecipitate PCL-Myc. To validate
this interaction in vivo, we co-immunoprecipitated endogenous
PCL and β2AR in mouse hippocampal tissue extracts and ob-
served the same results (Fig. 5D). Consistent with this observed
interaction, PCL co-localizes with β2AR on the neuronal primary
cilia in the brain (Fig. 5E).

Figure 3. LFP recordings suggest a loss of control of excitability in Pkdl−/− mice. (A) Under ketamine–xylazine anesthesia, EEG recording of spontaneous activity from

neocortex (Cx-1, -2 and -3), hippocampus (Hip) and thalamus (Thal) showed the slow oscillation (WT = 0.6 Hz; KO = 0.4 Hz) synchronized among the three structures as

shown in the average (AVG, n = 20 cycles) centered on negative peaks of Cx-1. KO showed high-amplitude spikes. (B) Responses to thalamic stimulation of ventrobasal (VB)

nucleus of the thalamus. (C) Seizure threshold is lower inKOmice. PTZ (40 μg/g) triggeredmild spike–wave seizures inWTmice (n = 6), while KOmice (n = 10) showed severe

tonic-clonic seizures.
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Discussion
In this study we report that PCL, a non-selective calcium perme-
able cation channel, and β2AR are co-localized to the neuronal
cilia in the brain for the first time in any species. This is also
the first report of the localization of an ion channel to neuronal
cilia inmammals and the description of a ciliary protein complex
being responsible for increased neuronal excitability in any
model system.

We found that PCL is specifically expressed inneurons through-
out the cortex, hippocampus and thalamus in the brain. The spe-
cific expression of PCL channel in neurons in the brain led us to
examine the excitability in the CNS in our newly established
Pkdl-deficientmice. As expected, the Pkdl-deficientmice developed
increased susceptibility to PTZ-induced seizure, manifested by re-
duced latency and increased severity of seizures, in comparison
with their WT littermates. EEG analyses revealed features of
increased cortical excitability and a lower threshold for seizure
generation in Pkdl-deficient brains.

The secondary messenger cAMP is known to inhibit neuronal
excitability. Pharmaceutically reducing the production of cAMP
renders mice more vulnerable to PTZ-induced seizures (10),
while increasing cAMP levels protects mice from PTZ-induced
seizures (11). Consistent with the presence of increased suscepti-
bility to PTZ-induced seizures, we found a ∼27% reduction in
cAMP levels in Pkdl-deficient mouse brains when compared to
those of the WT littermates.

Because β2AR couples to Gs whose activity promotes cAMP
production, and β2AR agonists have an anti-convulsion effect
to PTZ-induced seizure (38), we examined the expression and lo-
calization of β2AR inWTand Pkdl-deficientmouse brains. In add-
ition to finding PCL and β2AR co-localization on the neuronal
primary cilium in the brain, by co-immunoprecipitation analysis,
we discovered that PCL and β2AR interact with each other in vitro
and in vivo. Pkdl deficiency does not affect the protein levels of
β2AR in the brain, but causes the loss of ciliary β2AR in neurons,
suggesting that PCL is required for β2AR ciliary localization.

The loss of β2AR ciliary localization in Pkdl-deficient brains is
consistent with a reduction of cAMP levels in Pkdl-deficient
mouse brain tissues, compared with those in their WT litter-
mates. Consistent with our data, a recent study of PC2 in kidney
epithelial cells suggests that the PC2 channel, which shares high
homology with PCL (39), may directly control the cAMP homeo-
stasis in a primary cilium-dependent manner (40). Future ana-
lysis is needed to address the precise regulation of β2AR
trafficking to the primary cilia and the role of ciliary β2AR in con-
trolling the cAMP signaling cascade. In addition, there are many
other GPCRs in the neuronal primary cilium, such as somato-
statin receptor 3 (41), serotonin receptor 6 (42), melanin-concen-
trating hormone receptor 1 (43), dopamine receptor 1 (44) andAC3
(28) and AC8 (this study). More GPCRs and ACsmight be detected
in the neuronal primary cilia in future. Therefore, the possibility
that PCL controls the cAMP signaling cascade through mechan-
isms in addition to β2AR cannot be excluded.

Reduced cAMP levels are associated with a reduction in the
phosphorylation of CREB, a transcription factor. Notably, the ac-
tivation of CaMKII, Akt and MAPK signaling cascades that also
regulate CREB phosphorylation were not affected in our Pkdl-
deficient brains, further supporting the reduction of CREB phos-
phorylation in Pkdl-deficient mouse brains is caused by the
decrease in cAMP levels.

Epileptic seizures have been observed in patients with ciliopa-
thies such as Joubert syndrome, Meckel–Gruber syndrome and
Bardet–Biedle syndrome. Given that most neurons possess pri-
mary cilia (44), this clinical association suggests that primary
ciliamay control neuronal excitability in theCNS.Here,weprovide
the first experimental evidence that PCL-β2AR, a ciliary ion chan-
nel–receptor complex, regulates cAMP signaling and neuronal ex-
citability (Fig. 6). The human PKDL localizes at Chromosome 10q24
(39), which has been considered inherently unstable, harboring
multiple BrdU-inducible fragile sites (45) and containing genes
involved in partial epilepsy. Our findings that PCL is widely
expressed in neurons of various regions in the brain and its

Figure 4. cAMP is reduced in Pkdl−/− mouse brain tissues. (A) The cAMP levels in adult Pkdl−/− mouse brains were reduced by ∼27% compared with the WT littermates.

(B) Consistently, western blot revealed that pCREBS133 was also significantly reduced in the same brain tissues. (C) The pCREBS133 protein levels were normalized to

total CREB protein in each brain tissue. The WT brain tissues were set at 100%, as reference. Error bars represent standard deviation (n = 5). The significance was

calculated by Student’s t-test (P < 0.01). Three independent experiments were performed. (D) There were no obvious changes in phosphorylation of CaMKII, Akt or

MAPK in Pkdl−/− brain tissues compared with WT mice.
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deficiency inmice leads to increased susceptibility to PTZ-induced
seizure suggest that PCL is a novel target for epilepsy.

The axonal tubulin is stable and enriched in acetylated
α-tubulin, a commonly used primary cilium marker in most
cells, which prevents the use of acetylated α-tubulin in neuronal
cells. Here, we show that AC8 is highly enriched in most AC3-
positive neuronal primary cilia, thus identifying AC8 as an
additional neuronal primary cilium maker, which will facilitate
studies of neuronal primary cilium in vivo.

PCL is expressed in the kidney tubular epithelial cells
(13,15,46). However, we did not observe any obvious renal or
other phenotypes in our Pkdl-deficientmice. Two recent conjunct

studies suggested that PCL might be responsible in modulating
hedgehog pathway via regulating the calcium signaling within
the primary cilium (46,47). Our RT-PCR results from four pairs
of WT and littermate Pkdl-deficient mouse brains did not reveal
statistically significant alterations in transcriptional targets of
the hedgehog pathway Ptch1 (P = 0.35, t-test) and Gli1 (P = 0.65,
t-test), which suggest Pkdl deficiency does not affect the hedge-
hog pathway in the CNS.

In summary, we have identified a novel ciliary protein com-
plex consisting of a non-selective cation channel and a GPCR
(PCL-β2AR), which regulates neuronal excitability. Further stud-
ies are required to identify modulators of this PCL complex,

Figure 5. PCL interacts with β2AR and is required for ciliary localization of β2AR in neurons. (A) β2AR expression on cilium-like structures in hippocampuswas remarkably

diminished in the KO neurons. (B) β2AR co-localizes with AC8 on the neuronal primary cilia in the dentate gyrus of hippocampus. Cilia from two neighboring cells are

shown in insets. (C) PCL and β2AR co-immunoprecipitated each other in HEK293T cells stably expressing PCL-Myc in a tetracycline inducible manner and transiently

expressing Flag-β2AR. (D) Reciprocal co-immunoprecipitation of endogenous PCL and β2AR from mouse hippocampal lysates using respective antibodies. (E) PCL co-

localizes with β2AR on the neuronal primary cilia in hippocampus. Insets show a cilium indicated by arrows. (B and E) Confocal images.

454 | Human Molecular Genetics, 2016, Vol. 25, No. 3



which might lead to the identification of novel agents to treat
neuronal hyperexcitability disorders in humans.

Materials and Methods
Cloning and disruption of mouse Pkdl

Degenerative PCR primer derived from a human PKDL or PKD2L1
cDNA sequence, and AP1, 5′CCATCCTAATACG ACTCACTATA
GGGC3′ (Clontech, Palo Alto, CA, USA), was used to carry out
rapid amplification of cDNA ends (RACE) on mouse brain mara-
thon-ready™ cDNA. AdvanTaq™ DNA polymerase (Clontech)
was used to perform touch-down PCR with cycling parameters
as follows: initial denaturation at 94°C for 30 s; 5 cycles of 94°C
for 10 s, 72°C for 4 min; 5 cycles of 94°C for 10 s, 70°C for 4 min;
25 cycles of 94°C for 5 s, 68°C for 4 min and final extension at
68°C for 7 min. PCR products were separated on a 1% agarose
gel, and all resulting DNA fragments were excised and isolated.
The products were purified and sequenced directly. For 5′ RACE
amplification to obtain a full-length cDNA sequence, PCR was
performed with the primer AP1 and mR902, 5′GTGGATTTCCAG
GATTTCCTCCACCA3′. A second amplification was performed
using the 2 μl of the diluted first PCR product (1:100) with the
nested primers AP2, 5′ACTCACTATAGGGCTCGAGCGGC3′ (Clon-
tech), and mR902. For 3′ RACE amplification, primers AP1 and
mF903, 5′CACAAGCTACAGCGGGGGTGGCTACT3′ were used to
perform the first PCR on the mouse brain cDNA. AP2 and
mF902, 5′TACAGCGGGGGTGGCTACTACTTGGA3′, were used to
perform nested PCR for 3′ RACE. 5′ and 3′ RACE products were
cloned and both strands sequenced. The sequences were aligned
to give an overall consensus sequence. A 10 kbNotI fragmentwas
isolated from a mouse genomic library. The 7 kb NotI–NsiI frag-
ment containing intron 2 of the Pkd2l1 gene was used to insert
into a vector containing a neomycin-resistant gene with a PGK
promoter, serving as a long arm of homologous recombination.
A 0.9 kb short arm was created with the PCR method containing
parts of intron 4 and exon 5, and inserted into the upstream of
PGK–Neo cassette. Therefore, in this strategy, exons 3 and 4 were
deleted. The Pkd2l1 targeting vector was linearized with NotI and
used at a concentration of 22mg/ml for electroporation. REK 3 em-
bryonic stem cells were used at a concentration of 1.2 × 107 cells/
ml. Colonies that survived 10 days in G418 (0.3 mg/ml; 66% active;
GIBCO)were screenedbyPCRandSouthernblot. Two recombinant
cell lines were injected into C57BL/6 blastocysts to generate chi-
meric mice, and contributed to the germ-line.

All procedures were approved by the Institutional Animal
Care and Use Committee at the National Institutes of Health
and the Harvard Medical School.

Genotyping of mice

The mice were number-tagged and genotyped by the PCR meth-
od. Primers MPcLF904 5′AAGATCAGCTCCCCTTTGGACCT3′ and
MPcLR905 5′CCCAGCTCATTCTGGGAATGGT3′were used to amp-
lify the WT allele; primers Neo1 5′TGCGAGGCCAGAGGCCACTTG
TGTAGC3′ andZ6 5′CTGTGCGGATCTGCCAGGATG3′were used to
amplify the mutant allele.

Seizure studies

Age-matched (10–14 weeks) WT and mutant littermates weigh-
ing 20–30 g were used. Animals were housed in a roomwith con-
trolled light–dark cycle (12 h light and 12 h dark) and temperature
(23°C). All experiments were performed between 1 pm and 3 pm.
Animals were given a single intraperitoneal injection with PTZ
(Sigma, St Louis, MO, USA) in phosphate-buffered saline (PBS)
(40 μg/g for lower dosage or 50 μg/g for higher dosage) and ob-
served in a transparent cage without prior knowledge of their
genotypes. The severity of seizures was rated by using published
criteria (31).

LFP measurements of polycystin-L deficient mouse

Experiments were conducted in agreement with ethics guide-
lines of the NIH and the University of Pennsylvania. Mice
(20–30 g) were anesthetized with a ketamine–xylazine mixture
(100–20 mg/kg, i.p., respectively). The level of anesthesia was de-
termined by continuously monitoring of the EEG contralateral to
the recording site. Supplemental doses of ketamine–xylazine
(15–3 mg/kg, i.p., respectively) were given to maintain a synchro-
nized EEGpattern. The bone anddura overlying the somatomotor
and parietal cortex was removed. LFP recordings from the cortex,
thalamus and hippocampus were made with bipolar tungsten
electrodes (tip resistances ∼1 MΩ; tip separation: cortex = 0.7 mm
vertically, 0.4 mm in thalamus and 0.5 mm in hippocampus).
Polarity is negative down. Signals were digitized at 250 Hz for
off-line computer analysis. Filtering of the data was performed
digitally. Stimulation of the thalamus was performed using bipo-
lar concentric electrodes (FHC). Analyses were performed offline
with the software packages Igor (WaveMetrics), DataWave and
Matlab (Mathworks).

Western blotting

Brain tissues were homogenized with either T-PER (Pierce) or
radioimmunoprecipitation assay lysis buffer (Millipore) contain-
ing protease inhibitors (Roche). Cell lysates were made using M-
PER (Pierce) with protease inhibitors. Lysates were separated on
either 8, 10 or 12% sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS–PAGE) gels. The proteins were transferred
onto nitrocellulose membranes (Amersham). The membranes
were then blocked with 5% non-fat dry milk or 5% bovine
serum albumin (BSA) in PBST for 60 min at room temperature
and incubated overnight at 4°C with primary antibodies. After
three washes with PBST, the membranes were incubated with
horse reddish peroxidase-conjugated goat anti-mouse or goat
anti-rabbit IgG (1:5000, Amersham) for 1 h at room temperature.
Finally, the blots were developed by the enhanced chemilumin-
escence method.

Co-immunoprecipitation

HEK293 cells were homogenized with M-PER (Pierce) containing
protease inhibitors (Roche) and 1 m dithiothreitol (DTT). For

Figure 6.A schematicmodel of PCL and β2AR localization to the neuronal primary

cilia and their interaction. The PCL–β2AR protein complex regulates the cAMP

levels and neuronal excitability in the CNS.
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the mouse hippocampal tissue extracts, the hippocampus were
isolated from WT mice and homogenized with T-PER (Pierce)
containing protease inhibitors (Roche) and 1 m DTT. For co-im-
munoprecipitation, 2–4 mg of the lysate were incubated with ei-
ther 2–4 μg antibodies, or an equal amount of normal mouse or
rabbit IgG, or anti-Flag M2 Affinity Gel (Sigma-Aldrich) with gen-
tle rocking overnight at 4°C. Protein A Sepharose beads (Invitro-
gen) were added and incubated for another 2 hours at 4°C. The
washed beads were solubilized in an equal volume of 2× SDS
sample buffer.

Note that, the pull-down samples were not heated before load-
ing to the SDS–PAGEgel. Thus, IgGwas kept as a dimer and ran at a
size of 100 kDa. Becausewe used anti-flag antibody directly conju-
gated with beads for immunoprecipitation of Flag-β2AR, the IgG
band is not detectable in western analysis.

Immunostaining and imaging

Animals were anesthetized by Isoflurane (Baxter), sacrificed by
cardiac puncture and perfused with PBS followed by 4% parafor-
maldehyde. The brains were cryoprotected in 30% sucrose, fro-
zen, embedded in optimal cutting temperature compound and
sectioned in a cryostat at a thickness of 10 μm. For immunofluor-
escent experiment, sectionswere permeabilizedwith 0.3%Triton
X-100 in PBS with 10% donkey serum, 5 mg/ml BSA and 0.02% so-
dium azide. All incubations and washes were carried out in PBS
with 2% donkey serum, 1 mg/ml BSA and 0.02% sodium azide.
All primary antibody incubations were carried out for 16–24 h at
4°C, and all secondary antibody incubations were carried out for
1 h at room temperature.

Cultured neurons were briefly washed with pre-warmed PBS
two times, then fixed with 4% paraformaldehyde with 2% su-
crose, permeabilized with 0.3% Triton X-100 in PBS for 10 min,
and followed by blocking in 0.3% Triton X-100 in PBS with 10%
goat serum, 50 mg/ml BSA and 0.02% sodium azide for 1 h at
room temperature. All incubations and washes were carried out
in 0.1% Triton X-100 in PBS with 2% goat serum, 10 mg/ml BSA,
and 0.02% sodium azide. All primary antibody incubations were
carried out for 16–24 h at 4°C, and all secondary antibody incuba-
tions were carried out for 1 h at room temperature.

Primary antibodies used for immunofluorescent staining
were: rabbit anti-adenylyl cyclase III antibody (sc-588; Santa
Cruz Biotechnology), goat anti-adenylyl cyclase VIII antibody
(sc-1967; Santa Cruz Biotechnology), rabbit anti-PCL antibody
(83430; generated by our group), rabbit anti-β2-AR antibody (sc-
570; Santa Cruz Biotechnology) and mouse anti-NeuN antibody
(MAB377, clone A60; Millipore). Secondary antibodies included
Alexa Fluor 405- and 546-conjugated goat anti-mouse IgG (Invi-
trogen), Alexa Fluor 488- and 546-conjugated goat anti-rabbit
IgG (Invitrogen), Alexa Fluor 546-conjugated donkey anti-goat
IgG (Invitrogen) and Alexa Fluor 488-conjugated donkey anti-
rabbit IgG (Invitrogen). Nuclei were visualized by 4′,6-diamidi-
no-2-phenylindole (DAPI) (Invitrogen).

For double labeling with two rabbit primary antibodies, sam-
ples were fixed, permeabilized and incubated with the first pri-
mary antibody and an Alexa Fluor-conjugated goat anti-rabbit
IgG secondary antibody as described above. The samples were
then incubated for 1 h at room temperature in 5% normal rabbit
serum (Jackson ImmunoResearch, West Grove, PA, USA) with
10 mg/ml BSA in PBS, to block any IgG-binding sites remaining
on the first secondary antibody. PBS washes were then followed
by incubation in 100 μg/ml goat anti-rabbit Fab (Jackson Immu-
noResearch) for 1 h at room temperature to further block any
remaining IgG-binding sites on the first primary or secondary

antibodies. PBS washes were then followed by incubation with
the second primary antibody for 16–24 h at 4°C. The second pri-
mary antibodywas then labeledwith a different Alexa Fluor-con-
jugated goat anti-rabbit IgG secondary antibody, as described
above, followed by final PBS washes. Before being mounted
with ProLong antifade media, the cells were incubated with
DAPI for 5 min. A Zeiss Axioskop 2 Plus fluorescence microscope
(Carl Zeiss) and the SPOT camera system were used for image
analysis.

Neuronal cell culture

Hippocampal neurons were prepared as described previously
(48,49). Briefly, hippocampi were dissected from mouse pups on
the day of their birth (P0) and placed in a sterile solution of Leibo-
vitz L-15 medium (Invitrogen, La Jolla, CA, USA) containing
0.375 mg/ml BSA. The meninges were removed and the hippo-
campal tissue was torn into small pieces. The tissue was then
transferred into the 1× Trypsin-ethylenediaminetetraacetic acid
solution (Gibco) and incubated for 15 min at 37°C with 95% O2/
5% CO2 blowing gently over the surface of the solution. After incu-
bation, the tissuewaswashed three timeswith pre-warmed seed-
ingmedium [Dulbecco’smodified Eagle’smedium (DMEM) (Gibco)
containing 10% fetal bovine serum, 10%horse serum (Gibco), 2 m

-glutamate and 1%Ampicillin (Gibco)] and trituratedwith a series
of Pasteurpipettes of decreasing diameters. Hippocampal neurons
were plated onto poly-l-lysine-coated coverslips (BD Biosciences,
Bedford, MA, USA) in 12-well dishes in seeding medium. Cells
from each hippocampus were plated onto two coverslips. After
the first 24 h, the seedingmediumwas changed to the cultureme-
dium [DMEMmedium (Gibco) containing 10%horse serum (Gibco),
2 m -glutamate, 1%N2 (Gibco), 2% B-27 (Gibco) and 1% Ampicil-
lin (Gibco)]. After the first 48–72 h, cells were changed to neuroba-
salmediumwith2%B-27, 2 m-glutamate, 1%Ampicillin (Gibco)
and 1% insulin-transferrin-sodium selenite (Sigma-Aldrich), with
the addition of cytosine arabinofuranoside (ARA-C; Sigma-Al-
drich) to a final concentration of 10 μ to prevent glial cell replica-
tion. Cells were cultured for 9 days with replenishing fresh
medium every other day for differentiation.

cAMP measurements

cAMPweremeasured as described previously withmodifications
(50). Briefly, whole brains (without olfactory bulb and cerebellum)
from C57BL/6 mice were harvested and subsequently homoge-
nized in 0.1  HCl. Total cyclic AMP was measured in the result-
ing lysates using an enzymatic immunoassay (Sigma) according
to the manufacturer’s protocol. The assay is based on competi-
tion between unlabeled cAMP and peroxidase-labeled cAMP for
a limited number of sites on an immobilized cAMP-specific anti-
body. The amount of peroxidase-labeled ligand bound by the
antibody is inversely proportional to the concentration of
unlabeled cAMP. Standard curves were generated for each
experiment.

Data analysis and statistics

All values for a statistical significance represent mean± SEM, and
each data set was verified to be normally distributed before ana-
lysis.We carried out comparisons betweenmeansusing Student’s
t-test. Forall comparisons,we carriedoutpoweranalyses to enable
reliable conclusion, and coefficient variances were <10%. All com-
parisons with negative results had statistical powers of 0.8, and
statistical significance implies P < 0.05.
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