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Abstract

The primary cilium is a non-motile sensory organelle that acts as a transducer of environmental
cues into cellular responses. It comprises an axoneme, which is a core of microtubules (MTs),
coated by a specialized membrane populated by receptors and a high density of ion channels.
Dysfunctional primary cilia generate several diseases known as ciliopathies. However, the nature of
ciliary signaling remains largely unknown. Herein, we determined by the patch-clamp technique,
the electrical activity of cytoplasmic and axonemal MTs from LLC-PK1 renal epithelial cells. We
observed electrical oscillations with fundamental frequencies at ~39 Hz and ~93 Hz in sheets of
cytoplasmic MTs. We also studied isolated and in situ intact and Triton X-permeabilized primary
cilia, observing electrical oscillations with peak frequencies at either 29-49 (non-permeabilized) or
~40-49 Hz (permeabilized) and ~93 Hz (both). The axonemal electrical oscillations changed with
maneuvers that modify ciliary length, including addition of external Ca2+ and Li+. We also applied
Continuous Wavelet Transform (CWT) and cross-correlation analyses in the Time-Frequency
domain to assess the coherence between cytoplasmic and axonemal MT electrical oscillations. The
evidence indicates that the primary cilium is an electrical antenna that produces MT-based electrical
oscillations regulated by ciliary channels and receptors.
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Introduction

The primary cilium is a sensory organelle that protrudes from the center of most eukaryotic cells,
particularly renal epithelial cells [1]. Mobile cilia, also known as flagella, distinguish from primary
cilia because of their ciliary microtubules (MTs) pattern. Mobile cilia and flagella are found in
lower eukaryotes and specialized cell types such as sperm. The axoneme of mobile cilia is
constituted by nine doublets of peripheral MTs surrounding two individual central MTs (9 + 2) [1].
Primary cilia have a 9 + 0 pattern. Changes in shape and the loss of motility facilitated
diversification of ciliary function into sensory properties. Primary cilia such as those found in the
brain or olfactory epithelium are typically rod or whip-shaped. Other specialized cilia, such as those
found in vertebrate rods and cone photoreceptors, have elaborate distal ciliary segments. The
functional plasticity of primary cilia as sensory organelles has developed in both metazoans and
vertebrates to include the transduction of many environmental signals. With few exceptions, such as
lymphocytes and intercalar cells of the distal nephron, all cells express one or more primary cilia at
some point in their cell cycle. Cilia are, therefore, relevant to eukaryotic cell homeostasis and tissue
physiology and development, , and a continuously-expanding number of human disorders classified
as ciliopathies [2, 3, 4, 5, 6]. Primary cilia are surrounded by a continuous plasma membrane, the
ciliary membrane, with a unique endowment of proteins, including ion channels [7, 8] and receptors
[9, 10, 11, 12, 13]. The morphology of the primary cilium extends to the basal body, the base of
axoneme MT doublets, and the centriole in a way that is coordinated with the cell cycle. The basal
body is also anchored to the membrane by specialized MTs called transition fibers [14]. The core of
the primary cilium is its MT-based axoneme, which is conserved in most extant protists and is
present in most vertebrate cell types [15, 16].

MTs are long hollow cylinders assembled from  -tubulin dimer subunits [17, 18, 19]. The MT
surface forms different lattices by lateral apposition of protofilaments, generating two types of
nanopores, at either  interdimer or  intradimer interfaces [20, 21]. Previous studies from our
laboratory showed that different mammalian brain MT structures including 2D-sheets and bundles
generate strong electrical oscillations [22, 23] that resemble those observed in isolated MTs [24].
This electrical behavior of MTs is mechanistically consistent with electrochemical transistors that
support both amplification and self-sustained current- (and voltage-) oscillations [22, 23, 24, 25, 26].
From a structural viewpoint, the distinct electrical activity of the various brain MT structures [22,
23] is linked to the particular ensemble of MT subunits. Non-oscillating MT sheets display
properties of memristive devices, possibly explaining the gating mechanism of the MT conductance
[27]. The assemblies of MTs show remarkable electrical behavior and the capability of evolutionary
computation similar to that observed in nanotube assemblies [28].

To gain insight into the universality of this electrical behavior of MT structures, herein, we explored
the presence of electrical oscillations in MT sheets obtained from a non-excitable tissue, the renal
epithelial cell line LLC-PK1. Isolated MT preparations from these cells readily formed MT sheets
that generated spontaneous electrical oscillations. This electrical activity was also observed in the
primary cilium of the cells, where the axoneme of the primary cilium behaved as an active
oscillatory electrical antenna modulated by the ciliary membrane Ca2+ sensing receptor (CaSR) and
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local ion channels. Our findings indicate that the axoneme generates endogenous electrical
oscillations different from those elicited by the cytoplasmic MTs, indicating that the primary cilium
arranges its axonemal MTs to produce a frame of electrical oscillators that behave as an electrical
antenna.

Results

Electrical signals from cytoplasmic MTs of LLC-PK1 renal epithelial cells. To test whether MTs
from renal epithelial cells generated electrical signals, tubulin was isolated from the MT network
present in confluent monolayers of LLC-PK1 cells (Fig. 1a). MTs were extracted following
Fourest-Lieuvin [29] method, with several modifications (see Materials & Methods). MT sheets
were readily observed under DIC microscopy and further immuno-labeled with anti acetylated α-
tubulin antibody (Fig. 1b, Right). MT sheets were voltage-clamped under "symmetrical" conditions,
in the presence of an intracellular-like, KCl-containing (140 mM) solution in both bath and patch
pipette (Fig. 1c, d).
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Fig. 1: Electrical activity of MT sheets obtained from confluent monolayers of LLC-PK1 cells. a.
Representative image of confluent LLC-PK1 cells showing MT networks (Green, FITC) and
counterstaining with DAPI to label cell nuclei. b. MT sheets of LLC-PK1 cells were isolated and
observed in DIC (40x) and immuno-labeling with anti-α-tubulin antibody (40x). c. Configuration used to
obtain electrical signals from MT sheets as described in [22]. d. MT sheet of LLC-PK1 cells with an
attached patch pipette to get electrical signals. Horizontal bar represents 10 µm. e. Electrical
oscillations of MT sheets follow the magnitude and polarity of the holding potentials, as indicated.

Spontaneous electrical oscillations were generated at different holding potentials except for zero
mV, as expected for the absence of an electrochemical driving force (Fig. 1e & 2a Left). Frequency-
domain analysis of the recordings showed a distinct pattern of discrete frequencies representing the
most prevalent oscillatory modes, with peaks at ~39 Hz and ~93 Hz (Fig. 2a, Right). Most evident
were monoperiodic limit cycles observed in 3D phase space Poincaré portraits at 80 mV and -80
mV, but not at zero mV (Fig. 2b), as expected. The mean current-to-voltage relationship was fitted
with the GHK equation as a linear function of a 19.1 ± 1.1 nS (n = 6, Fig. 2c) conductance in the
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presence of symmetrical KCl, which is consistent with its electrodiffusional movement through the
wall of the MT assembly.

Fig. 2. Electrical oscillations of MT sheets from LLC-PK1 cells. a. Left. Electrical oscillations of MT
sheets follow the magnitude of the holding potential. Recordings are shown at different applied voltages
from the patch pipette. Oscillations are absent at 0 mV under symmetrical KCl. Right. Fourier spectrum
shows fundamental frequencies of 39 Hz and 93 Hz. b. 3D phase space portrait showing limit cycles at
40 mV (Red), 0 mV (Blue), and -40 mV (Black), respectively. Arrow indicates the plot at zero potential. c.
Mean current-to-voltage relationships fitted with the GHK equation in the presence of symmetrical K+
conditions. Mean values representative of n = 6 experiments.

Electrical activity of primary cilia from LLC-PK1 Cells. To evaluate the electrical activity from the
axoneme of primary cilia from LLC-PK1 renal epithelial cells, the organelle was isolated from
confluent monolayers, as previously described [8]. Primary cilia were observed under DIC and
immunolabeled with an anti-acetylated--tubulin antibody to visualize the axoneme (Figs. 3a, b &
e). Primary cilia were then patch-clamped with the loose patch clamp configuration [23], under
symmetrical ionic conditions as described in Materials and Methods (Fig. 3c-e). As previously
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reported, spontaneous single-channel activity was observed in n = 15/25 experiments (Fig. 3f & g)
[8].

Fig. 3: Patch clamping of isolated primary cilia from LLC-PK1 cells. a. Primary cilia obtained as
described in Materials and Methods was observed by microscopy (x40). b. Isolated primary cilium was
observed under DIC and patched clamped under the loose patch configuration (c.), as previously
reported [23]. d. Primary cilia were identified by immunolabeling with anti-acetylated -  - tubulin
exposing the MTs axoneme (40x). e. Schematics of loose patch configuration of the primary cilium. f.
(Left), Representative tracing of electrical activity shows ion channels in the presence of symmetrical
KCl. g. Amplitude histogram of single-channel tracings, frequency domain spectra for tracings in f. All
tracings were obtained in symmetrical KCl.

To gain access to the axoneme, primary cilia were membrane-permeabilized by addition of Triton
X-100 (0.1%, Fig. 4) to the bath solution. Interestingly, the open state noise of the recordings
showed periodic oscillations more clearly defined in the expanded tracings and then confirmed by
frequency domain analysis with Fourier transformation of the time series (Fig. 4). The oscillatory
signals had a dominant frequency at ~39 Hz. The addition of Triton X-100 eliminated the
spontaneous single-channel activity, but the expanded tracings disclosed an oscillatory pattern, with
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the same peak frequency at ~39 Hz. The results suggested that the oscillations were associated with
the ciliary MTs transmitting electrical information to the ciliary membrane. The addition of the MT
stabilizer Paclitaxel (2.5 mM) eliminated the oscillations, which is in agreement with its inhibitory
effect on brain MT 2D-sheets and bundles [22, 23].

Fig. 4: Electrical activity of isolated primary cilia from LLC-PK1 cells. a. Representative single-channel
currents of membrane-attached patches under control (Top), and after subsequent addition of the
detergent Triton X-100 (Middle) and the MT stabilizer Paclitaxel (Bottom) in symmetrical KCl solution.
The recording's open state noise displayed oscillatory behavior (n = 6). b. Fourier spectra of the
tracings in (a.) show a fundamental frequency in 39 Hz (Top and Middle). Paclitaxel inhibited traces,
only show two minor peaks at 50 Hz and 100 Hz from line contamination following frequency domain
analysis.

Electrical activity of in situ primary cilia. To confirm the electrical oscillatory activity of the
axoneme, permeabilized primary cilia were also patched under in situ conditions. For these
experiments, confluent monolayers of LLC-PK1 cells were incubated in an intracellular-type
solution containing high KCl (140 mM, see Materials and Methods), supplemented with both Triton
X-100 (0.1%) to permeabilize the cell membranes, and a complex comprising an anti-acetylated α-
tubulin antibody, and a FITC fluorescent secondary antibody to label the axoneme. We used
combined DIC-immunofluorescent imaging to identify primary cilium-expressing single cells (Fig.
5a), which were then patch clamped under the loose patch configuration [23], (Fig. 5b). Electrical
oscillations were readily observed from the in situ permeabilized primary cilium (Fig. 5c). However,
a frequency domain analysis of the oscillatory tracings indicated that the fundamental frequency
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differed from the cellular MT sheets. Namely, a most prominent ~93 Hz fundamental frequency and
frequencies in the range of ~40-49 Hz were observed. Interestingly, the 93 Hz frequency not
apparent in mammalian brain MT preparations [22, 23] is present in honeybee brain MT
preparations [30].

Electrical activity of permeabilized isolated primary cilia. To better access the ciliary axoneme, the
isolated organelle was incubated for up to 18 hours with Triton X-100 (0.1%) to guarantee complete
membrane permeabilization. In the presence of symmetrical KCl (140 mM), we did not observe
spontaneous single-channel activity; but instead, electrical oscillations were readily present (Fig. 5d
& f). A frequency-domain analysis (Fig. 5e) showed a pattern of oscillations with distinct
frequencies, including a most prominent ~93 Hz signal and a pattern in the range of 29-49 Hz.
However, the amplitude of the oscillations followed a linear response with the magnitude and
polarity of the holding potential in the range of ±180 mV (Fig. 5f), indicating their
electrodiffusional nature.
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Fig. 5: Patch clamping of in situ primary cilia. a. Representative images of LLC-PK1 cells incubated in
an intracellular-type solution containing high KCl and FITC-anti acetylated tubulin antibody complexes
to identify the primary cilium. b. (Top) Configuration used to obtain electrical signals from MT sheets
as described in [22]. (Bottom) Combined DIC-immunofluorescence imaging of an in situ primary cilia
approached by the patch pipette. c. Electrical oscillations of in situ patched permeabilized primary
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cilium. Expanded tracings are shown at Bottom Left. Frequency domain analysis of tracings is shown on
Bottom Right. d. Electrical activity of permeabilized isolated primary cilia. Overnight incubation,
primary cilia were permeabilized in a high KCl solution containing Triton X-100 (0.1%). Top,
Representative tracing showing electrical oscillations obtained under symmetrical 140 mM KCl solution
conditions. Data representative of n = 6. Bottom, the expanded tracing shows the pattern of electrical
oscillations. e. The frequency spectrum shows a prominent peak at ~93 Hz and several minor peaks
between 29 and 49 Hz. Data obtained at 120 mV. f. Representative tracing during staircase holding
potentials between -80 and 80 mV indicates a linear response of the amplitude parameter of the
oscillations (n = 4).

Presence and activation of CaSR in the electrical activity of non-permeabilized primary cilia. To
explore the role the ciliary membrane might have on the electrical properties of the axoneme, non-
permeabilized primary cilia were first labeled for the calcium-sensing receptor (CaSR), which was
recently reported in various cell compartments of LLC-PK1 cells [31]. We recorded the electrical
activity of primary cilia before and after adding Ca2+ and the calcimimetic agonist of the receptor R-
568 (Fig. 6a). Co-immunolabeling of the axoneme and the CaSR were confirmed with anti-
acetylated-α-tubulin and CaSR-specific antibodies, respectively (Fig. 6b). The CaSR is segregated
to the entire length of the primary cilium. The non-permeabilized primary cilia were isolated and
patch-clamped in the presence of either a standard extracellular solution containing high NaCl (135
mM) in both the bath and patch pipette or asymmetric conditions in the presence of a high KCl (140
mM) in the pipette and 135 mM NaCl in the bath. We observed spontaneous single-channel activity
at different holding potentials between ±100 mV (n = 11) (Fig. 6a, Control, 40 mV). Spontaneous
single-channel activity (Ctrl) was then challenged by subsequent additions of external Ca2+ (10 mM)
and the CaSR agonist R-568 (50 μM). Relative mean currents were higher after Ca2+ addition and
further increased after R568, respectively (Fig. 6c). Both additions were statistically different
between and from control (Fig. 6d, p < 0.05). The data confirmed the integrity of the ciliary
membrane and the response to Ca2+ by the CaSR. An expansion of the tracings unmasked the
presence of underlying electrical oscillations (Fig. 6c, left) similar to those observed with
cytoplasmic MT sheets, with a fundamental frequency of ~39 Hz (Fig. 6c, right). Although
increased mean current amplitude was observed after both, Ca2+ and R568 maneuvers, the main
observation was a dramatic shift in the frequency spectrum of the oscillations. Ca2+ addition elicited
a spread in frequencies of ~38, 43, 57, 93, 99, and 144 Hz, while, the R-568 addition changed the
spectrum of frequencies to 7, 29, 38, 42, 57, 90, 101, and 144 Hz (Fig. 6c, right). Thus, CaSR
stimulation and corresponding ion channel activation in the primary cilium regulated the oscillatory
behavior of the ciliary axoneme, as shown in the Poincaré plots of the respective oscillatory regimes
(Fig. 6e).
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Fig. 6. Effect of Ca2+ and the CaSR agonist R-568 on non-permeabilized isolated primary cilia. a.
Representative electrical tracing showing channel activity obtained from an isolated, non-permeabilized
primary cilium in the presence of 140 mM KCl in the pipette and 135 mM NaCl in the bath (n = 8),
before (Ctrl) and after subsequent addition of Ca2+ (10 mM) and R-568 (50 μM) b. Co-immunolabeling
of the primary cilium axoneme and the CaSR, where acetylated- -tubulin labeling is shown in Green
and CaSR in Red (see Materials and Methods for details). c. Top Left, Representative tracings at 80 mV,
indicating Control (Top), after Ca2+ (middle), and R568 (bottom) conditions, respectively. d. The bar
graph shows the changes in the relative mean current before and after Ca2+ and R568, respectively. The
asterisk represents statistical difference between experimental conditions and the control (p < 0.05), and
the triangle reflects statistical difference between experimental groups. e. Poincaré plot for the
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oscillatory regimes under Control (Black), after Ca2+ (Red), and after R568 (Green) conditions,
respectively.

Effect of Li+ on the electrical properties of the primary cilium. Lithium increases ciliary length in
neurons and other cells [32], including LLC-PK1 renal epithelial cells [33], and has a strong
inhibitory effect on the PC2 channel [34], which is present in renal epithelial primary cilia [8, 35].
The effect of Li+ on the electrical oscillations of cytoplasmic MTs was evaluated in MT sheets (Fig.
7a, Top panel). We observed that Li+ addition (280 mM) produced a significant 243% increase in
the amplitude of the oscillations (Mean conductance 7.23 ± 1.21 nS, n = 3, vs. 17.06 ± 4.86 nS, n =
3, p < 0.05), and also produced a novel pattern of oscillatory frequencies that displayed a more
prominent peak at ~93 Hz (Fig 7b). A 3D Poincaré plot evidenced the chaotic behavior in the
presence of Li+ compared to control condition (Fig 7c). We further explored the contribution of ion
transport to the electrical properties of the primary cilia. The isolated organelle was patch clamped
in the presence of added Li+ (20 mM) and Triton-X100 (0.1 %) to permeabilize primary cilia (Fig.
7d). Electrical recordings showed that in the presence of Li+ electrical oscillations were in their
maximal amplitude (see Top Fig 7d). Addition of Paclitaxel (1.25 mM) reduced the amplitude of
the oscillations, and further addition (2.5 mM) eliminated completely the oscillatory behavior (1.94
± 0.62 nS vs 0.11 ± 0.04 nS, n = 3 p < 0.001, Fig. 7e).
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Fig. 7. Effect of Lithium on electrical oscillations of primary cilia. Top panel. a. Representative tracing
in symmetrical KCl (140 mM, Ctrl) and after addition of Li+ (280 mM). Representative of n = 4. b.
Fourier spectra of tracings on the Left show an increase in the 39 Hz and 93 Hz peaks. c. A three-
dimensional phase-space portrait showing limit cycles under control (Black lines) and after the addition
of LiCl (Red lines), respectively. The time delay for the first and second derivatives was 10 ms. d.
Representative oscillations from an isolated permeabilized primary cilium were obtained from LLC-PK1
cells. Tracings were obtained in the presence of KCl 140 mM, LiCl 20 mM, and Triton-X 0.1% (Top, n =
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4) and after the addition of Paclitaxel 1.25 mM and 2.5 mM, as indicated. Paclitaxel eliminated the
oscillatory currents. d. Fourier spectra of tracings on the Left show a wider range of frequency peaks
entirely inhibited by the addition of paclitaxel (2.5 mM).

Time-Frequency domain analysis of the electrical oscillations. The frequency-domain analysis by
Fourier transformation of the electrical recordings showed the oscillatory behavior of the tracings
and disclosed the prevalent frequency peaks in each preparation. However, high precision in the
frequency domain gives no information about the correlation in time. Thus, we applied dual Time-
Frequency algorithms to compare the oscillatory currents of the MT sheets (cytoplasmic MTs) and
primary cilia (axonemal MTs). We applied Continuous Wavelet Transform (CWT) and Cross-
Spectral Density (CSD) analyses to the tracings that provided dual Time-Frequency (TF)
information from the wavelet coefficients after decomposition into elementary waveforms (see
Materials & Methods, [36]). The results disclosed frequency variations through time in the samples.
We compared the CWT spectra of averaged signals (n = 3), from MTs sheets and permeabilized
primary cilia (Fig. 8) (see Materials & Methods). The CWT of the primary ciliary data showed an
87-99 Hz frequency band, while the MTs sheets showed a 35-44 Hz band and only a smoother one
at 87-99 Hz. We further explored the relationship between the signals by cross-spectral density
function (CSDF) as the Fourier spectrum of the mutual coherence function [37] that defined the
correlation between amplitudes of the spectral frequency components. The CSDF of the axoneme
and cytoplasmic MTs showed coherence between their fundamental frequencies. A notable
coherence was observed at ~93 Hz, while coherence between signals at 39 Hz was much lower but
significant. Thus, the different MT assemblies shared frequency peaks but in different proportions,
suggesting a higher degree of coherence or synchrony in the primary cilium, which may correlate
with its function in the cell.
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Fig. 8: Time-Frequency analysis of electrical oscillations from cytoplasmic and axonemal MTs. a. CWT
of electrical oscillations from LLC-PK1 MTs sheets (Left) and permeabilized primary cilia (Right).
Signals at 40 mV were averaged (n = 3 for each sample). White dashed lines draw the cone of influence
showing (Gray) areas in the scalograms potentially affected by boundary effects. b. Fourier Power
Spectra of LLC-PK1 MTs sheets currents (Top Left) and primary cilia currents (Bottom left). CPSD
between both signals is shown (Right). Arrows indicate coherence in predominant frequencies at 39 and
93 Hz.

Discussion

Primary cilia are MT-based transducers of environmental signals that regulate cell proliferation,
differentiation, transcription, migration, polarity, and survival [38]. Dysfunctional primary cilia are
implicated in human diseases known as ciliopathies. However, the connection between ciliary
function and MTs remains ill-defined. Cystin [39] and Polaris, located to the ciliary basal body and
axoneme [40] and the channel/receptor complex proteins polycystins 1 (PC1) and 2 (PC2) that
cause autosomal dominant polycystic kidney disease (ADPKD), are functionally associated with
MTs [39, 40, 41, 42], and various animal models of cystic disease also showed a connection
between primary cilia and MTs [43]. Orpk mice with dysfunctional Polaris have, in addition to
polycystic kidneys, shortened cilia, left-right symmetry defects [41], and a more substantial location
of PC2 in primary cilia [42]. Homozygous cpk/cpk mice with cystic kidney disease moderate its
progression by treatment with the microtubular stabilizer paclitaxel [44]. Morphologically, the
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axoneme-regulated ciliary structure has been linked with maneuvers that either shorten or lengthen
the primary cilium [33, 45]. The present study provides evidence that the axonemal MTs produce
electrical oscillations that serve as a mechanism for transmitting information between the organelle
and the rest of the cell.

Electrical properties of renal epithelial microtubules. We observed that cytoplasmic MTs from
LLC-PK1 renal epithelial cells, produce robust electrical oscillations that resemble the oscillatory
behavior of mammalian brain MTs [22, 23]. Voltage-clamped bundles of brain MTs display
electrical oscillations with a prominent fundamental frequency at ~39 Hz that progress through
various periodic regimes. Membrane-permeabilized neurites of cultured mouse hippocampal
neurons also generate electrical oscillations conducted along their length [23, 25, 26]. Thus, the
electrical activity of MTs remains evolutionarily conserved, despite functional heterogeneity of the
different tubulin genes, encoding isotypes in the various tissues, and diverse posttranslational
modifications of the tubulins [46, 47, 48]. The evolutionary importance of this behavior is further
suggested by the electrical oscillations observed in MTs from insect brains [30], and preliminary
evidence indicating their presence in the bacterial ancestor of MTs, FtsZ [49].

Electrical activity of axonemal microtubules. MTs behave as bio-electrochemical transistors [50, 51]
acting as nonlinear transmission lines capable of transmitting electrical signals at a distance. This
electrical behavior was identified as spontaneous oscillations and bursts of electrical activity similar
to that of action potentials [22, 23]. The electrical oscillations of MTs represent, a highly
synchronized, time-dependent, change in ionic conductance through the wall of the MTs that is
triggered by their gating mechanism as memristive devices [27]. The electrical activity of MTs
provides a robust signaling mechanism based on frequency modulation that may couple to, or
regulate the activity of membrane events. The electrical behavior of the axoneme MTs was similar
to that of cytoplasmic MTs while connected to the ciliary membrane and soon after
permeabilization but shifted their pattern of fundamental frequencies after overnight
permeabilization and incubation in an intracellular-type solution. Thus, the particular arrangement
of axonemal MTs may control their electrical activity based on the ionic composition of the
organelle. A physical connection of this cytoskeleton provides continuity to the basal body,
consisting of nine radially-oriented MT triplets. The base of the primary cilium is positioned close
to the trans-Golgi apparatus and the nucleus, providing immediate access to intracellular signaling
machinery [52]. Electrical information by axonemal MTs link ciliary signals to cell function. This
electrical signaling is modulated by the ionic changes taking place at the ciliary membrane.

Ciliary membrane regulation of axonemal MTs. The primary cilium membrane is endowed with a
unique complement of proteins, including ion channels [7, 8] and receptors [10, 11, 12, 13, 53].
Several ciliary channels, particularly PC2, are implicated in the sensory properties of the organelle
in renal epithelial cells [7]. The PC1/PC2 channel complex involved in Ca2+ entry and cell
activation [54, 55], interacts with Cystin, Polaris, and the kinesin-2 components KIF3A and KIF3B
[56] to contribute to MT organization and the function of this organelle. Bending of the primary
cilium in polarized renal epithelial cells causes an increase in intracellular Ca2+ [54, 57]. However,
the issue as to how the primary cilium transmits environmental signals into the cell, has remained
hitherto largely unknown. It has been speculated that the response would require external Ca2+ and
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ciliary proteins such as PC1, PC2, and TRPV4 [7, 54, 58]. However, more recent observations
posed that no Ca2+ influx is observed in primary cilia in a time frame consistent with
mechanosensitive channel activation [59]. It was suggested that if mechanosensory abilities for cilia
did indeed exist, they could induce mediators but not initiate cell Ca2+ signaling. Other studies
demonstrated that, during deflection, Ca2+ levels increased within the cilium [60, 61]. The present
findings suggest that regardless of whether Ca2+ signals can indeed be observed in the primary
cilium, delivery of the ion into the ciliary compartment may signal events by modulating the
oscillatory frequency of the electrical signals of the axoneme. The converse is also true since the
axoneme machinery regulates ciliary PC2 function [56]. Because PC2 permeates Ca2+, which is a
robust MT depolymerizing agent [62], a likely scenario would include the regulation by PC2 of the
axoneme machinery, which is reflected in the changes in oscillatory behavior elicited by high
external Ca2+ and CaSR agonists. The present study provides evidence for electrical oscillations
observed in addition to ion channel activity in the primary cilium, with amplitude and frequencies
similar to those previously observed in brain MTs in vitro [22, 23]. This finding forwards the
possibility that the primary cilium works strictly as an electrical antenna.

To further test the ability of Ca2+ signals to modulate axonemal MT oscillatory activity, the present
study further identified the presence of the G protein-coupled Ca2+ receptor, CaSR that detects Ca2+

extracellular levels [63, 64, 65] in the primary cilium of the LLC-PK1 renal epithelial cells. High
external Ca2+ and the calcimimetic compound R-568 increased ciliary channel activity and
modulated the axoneme's oscillatory frequencies. Because PC2 in the primary cilium is regulated by
the local production of cAMP induced by activation of a ciliary V2 vasopressin receptor [8, 12],
Ca2+ transport by PC2 regulates ciliary length in a cAMP-dependent manner [33, 45]. This
morphological parameter of the primary cilium also changes in consonance with the expected
properties of an antenna, which may explain a critical aspect of PC2 regulation of cellular function,
which could not by itself explain the increase in cell Ca2+ concentration [7] and activation of cell
signaling, despite external Ca2+ signaling events [31].

The primary cilium is an electrical antenna. There is strong evidence for electrical signaling in the
renal primary cilium. Previous studies obtained direct electrical information of the ciliary
membrane, both isolated [8] and more recently in situ [66, 67, 68]. Several spontaneously active
non-selective cation currents were identified in the ciliary membrane of different cell types [67].
However, how ciliary channel activity translates into cell signaling and activation remains an open
question. Our present findings incorporate the first cytoskeletal structure to contribute to the
electrical activity of the organelle (Fig. 9), and demonstrate that the ciliary axoneme behaves as an
active antenna capable of oscillatory amplification and frequency modulation, shifting the
frequency peaks to provide the basis for a novel electrical intracellular signaling mechanism that
targets the cellular compartment. The process is consistent with the coherent synchronization of
oscillators and random antennas [69, 70, 71].
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Fig. 9: Model of electrical signal propagation by axoneme MTs in the primary cilium of renal epithelial
cells. (Left) The primary cilium is composed of a ciliary membrane with various receptors and ion
channels, which surrounds the ciliary cytoskeleton, the axoneme, with a 9 + 0 complex of MT doublets.
The present study indicates that the axoneme produces spontaneous electrical oscillations. (Right) These
oscillations are regulated by ionic signals generated by receptor-regulated ion channel activity in the
ciliary membrane and PC2-permeable ions such as Li+. The primary cilium is an active electrical
antenna whose signaling to the cell is frequency-modulated.

Conclusions

Despite current interest and extensive literature on the properties and functions of MTs, practically
nothing is yet known about how different MT structures contribute electrically to cell function.
Distinct electrical properties will depend on their specific MT assembly and geometry. Cilia and
flagella have prevailed during evolution beyond their original role as motility organelles; they have
transformed into sensory electrical devices. Each MT is an entirely functional electrical oscillator
[24], such that the geometry of nine doublets observed in the axoneme is richer and more complex.
This geometry would also change as the axoneme reaches the basal body, and again different
assemblies will endow the cytoplasmic MT structures with distinct electrical properties. Electrical
stimulation of the MTs in the axoneme is regulated by receptor-mediated channel activity at the
ciliary membrane that allows electrical amplification and synchronization of the axially transferred
signals. The findings in the present study, suggest that frequency shifts in the electrical oscillations
may represent a novel signaling mechanism.

The present study provides evidence that the axoneme of primary cilia from renal epithelial cells is
an electrical antenna that generates and conducts electrical oscillations that is regulated by
interaction with ciliary ion channels and ciliary receptors, and implicates an essential relationship
between Ca2+ signals, ciliary channels, and ciliary channels cytoskeleton (Fig. 9). As a sophisticated
electrical amplifier, the axoneme is an integral component of an electrodynamic network coupled to
current generators (i.e., MT-regulated ion channels [56]) and MT-coupled intracellular transmission
lines (F-actin) [72, 73]. Electrical amplification and frequency modulation by primary cilium MTs
may generate and conduct electrical information to the intracellular compartment. A general
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mechanism may also be envisioned in which MT-ion channel interactions regulate cell functions
such as synaptic plasticity where spatially oriented intracellular electrical signals connect with actin
filaments also able to transmit electrical information [26]. Electrical amplification by axonemal
MTs may be central to the sensing of environmental signals by the primary cilium. Future studies
will further explore the resonance and chaotic properties of the oscillating frequencies [74] and how
they affect cell function.

In conclusion, we provide evidence for a novel signaling mechanism associated to the sensory
function of primary cilia, which is consistent with a universal connection between ciliary channels,
receptors, and the electrical activity of MTs that may aid in our understanding of ciliopathies as
ADPKD.

Materials and Methods

Cell culture. The present studies on primary cilia from LLC-PK1 renal epithelial cells (ATTC CL-
101) were conducted with previously reported techniques [8, 22, 31]. Briefly, cells were maintained
in DMEM medium supplemented with 3% FBS and grown to confluence in the presence of a humid
atmosphere of 5% CO2 and 37°C, renewing the culture medium once a week.

Tubulin purification from LLC-PK1 cells. As previously reported, Tubulin was obtained from LLC-
PK1 cells [29, 30] with modifications. Briefly, confluent monolayers grown on Petri dishes in
Dulbecco's modified Eagle's medium (DMEM) were rinsed with PBS, trypsinized at 37°C, and
supplemented with 3% fetal bovine serum (FBS). The sample was centrifugated at 320g for 3 min
at 37°C. The pellet obtained was washed with PEM (100 mM PIPES pH 6.7, 1 mM EGTA, 1 mM
MgCl2) at 37°C, and centrifugated at 320g for 3 min. The pellet was resuspended for cell lysis in 40
ml of OPT Buffer at 37°C (80 mM PIPES, pH 6.7, 1 mM EGTA, 1 mM MgCl2, 0.5% Triton-X100,
10% Glycerol, 1 µM pepstatin, 400 µM PMSF). The lysed cells were centrifuged at 320g for 3 min
at 37°C, and the supernatant was carefully discarded. The pellet obtained was resuspended in 2 ml
of OPT at 4°C and incubated for 15 min on ice. At the end of this incubation, it was ultracentrifuged
at 200,000g for 10 min at 4°C. The supernatant, called HOPT extract, was collected. Subsequently,
9 ml of HOPT extracts were supplemented with 5 mM MgCl2 5, 1 mM GTP and 5% DMSO. The
solution was then incubated for 30 min at 35°C to allow polymerization of the MTs. The sample of
polymerized MTs was placed on a PEM cushion, 60% glycerol and 400 µM PMSF at 35°C, and
ultracentrifuged at 200,000g for 20 min at 35°C. The MTs were washed, without resuspension, with
3 ml of PEM50 (35°C) (50 mM PIPES, pH 6.7, 1 mM EGTA, 1 mM MgCl2, 1 μM pepstatin and
400 µM PMSF). Cold PEM50 (600 μl) the pellet was depolymerized in ice for 15 min before
resuspension. Finally, the resulting tubulin suspension was ultracentrifuged at 200,000g for 10 min
at 4°C, and the supernatant was collected. The samples were aliquoted and stored at -20°C until use.

Isolation of primary cilia from LLC-PK1 renal epithelial cells. Wild-type LLC-PK1 renal epithelial
cells were cultured as previously described [8] in DMEM supplemented with 3% FBS without
antibiotics. Cells were seeded onto glass coverslips and grown at 37°C, in a humidified atmosphere
with 5% CO2 to reach full confluence. Confluent cells (2–3 weeks) were used for
immunocytochemical studies. Wherever the use of isolated primary cilia was indicated, Confluent
monolayers were scraped with Ca2+-free phosphate-buffered saline and centrifuged for 5 min at 52g.
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The cell pellet was suspended in a high Ca2+ “deciliation” solution containing 112 mM NaCl, 3.4
mM KCl, 10 mM CaCl2, 2.4 mM NaHCO3, 2 mM HEPES, pH 7.0. Resuspended cells were shaken
in this solution for 10 min at 4°C. Ciliary membranes were separated by centrifugation at 7,700g for
5min. The supernatant was loaded on top of a 45% sucrose solution in a high Ca2+ saline solution
and centrifuged for 1 h at 100,000g. The sucrose-supernatant interface band was collected and
diluted (1:10) and centrifuged again for 1 h at 100,000g. The pellet was resuspended in a normal
saline solution at pH 7.0 and supplemented with 2.0 mM EGTA and 0.5 mM sucrose. Samples were
aliquoted and stored at -80°C until further use.

Immunochemical labeling of MT structures. Isolated primary cilia were labeled with an anti-
acetylated--tubulin antibody (Santa Cruz Biotechnology) to visualize the axoneme. The antibody
raised from rabbit against amino acids 149-448 of human -tubulin was obtained from Santa Cruz
Biotechnology Inc (H-300, sc-5546) and used at 1:500 dilutions as previously reported [22]. The
secondary antibody used for tubulin staining was bovine anti-rabbit IgG-R (sc-2367, Santa Cruz
Biotechnology Inc, CA) used at a 1/1000 dilution. Samples were viewed under an Olympus IX71
inverted microscope connected to a digital CCD camera C4742-80-12AG (Hamamatsu Photonics
KK, Bridgewater, NJ). Images were collected with the IPLab Spectrum (Scanalytics, Viena, VA)
acquisition and analysis software, running on a Dell-NEC personal computer.

Reagents. Unless otherwise stated, chemical reagents were obtained from Sigma-Aldrich (St. Louis,
MO, USA) and diluted to their final concentrations as indicated.

Electrophysiological data acquisition and analysis of ciliary structures. The electronic setup to
obtain electrical recordings from permeabilized primary cilia consisted of an E-patch amplifier
(Elements, Cesena, Italy) directly apposed to the sample via a saline-containing patch pipette, as
previously reported [23, 30]. Experiments were conducted with one of two solutions, namely, either
"intracellular" or "extracellular" solutions. "Intracellular" solution contained, in mM: KCl 140,
NaCl 5, EGTA 1.0, and Hepes 10, adjusted to pH 7.18 with KOH. "Extracellular" solution
contained, in mM: NaCl 135, KCl 5.0, EGTA 1.0, and HEPES 10, adjusted to pH 7.23 with NaOH.
Patch pipettes were made from soda-lime capillary tubes (Biocap, Buenos Aires, Argentina) with a
1.25 mm internal diameter and a tip diameter of ~4 m. Voltage clamp protocols included gap-free
data acquisition at various holding potentials) from zero mV. Electrical signals were acquired,
digitized, and stored in a personal computer. Data were analyzed with the software suite pCLAMP
10.0 (Molecular Devices. Sigmaplot Version 10.0 (Jandel Scientific, Corte Madera, CA) was used
for statistical analysis and graphics.

Loose-patch clamp configuration. The loose-patch-clamp configuration was used to patch the
axoneme of permeabilized cilia as previously reported for MT bundles and hippocampal neurites
[23]. Loose patches have considerably small seal resistances (MΩ range) than tight patches
obtained from intact cilia or MT sheets. Significant currents flow through the seal and affect the
magnitude of the tip potential (Fig. 4e). In our preparations, the command voltage (Vcmd), which is
the holding potential driven by the patch amplifier, is not the one “sensed” by the tip potential on
the surface of the primary cilium. The difference will be inversely proportional to the magnitude of
the seal resistance. A simple model circuit analysis was used to obtain the voltage at the pipette tip
(Vp), which is given by
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Rpip, Rseal, and Vcmd are the pipette resistance, seal resistance, and command voltages. Under such
conditions, where Rseal is of the order of magnitude of Rpip, the voltage at the pipette tip will thus be
reduced from the command voltage by a factor of B (note that when Rseal >> Rpip, then Vpip ≈ Vcmd,
as in the tight-seal case).

Other current analyses. Unless otherwise stated, electrical tracings shown throughout the study
were unfiltered data. Average currents at various holding potentials were obtained by integrating
one-second tracings and expressed as mean ± SEM values, where (n) represented the number of
experiments analyzed for a given condition. Power spectra of unfiltered data were obtained by
Fourier transform with a subroutine from Clampfit 10.0. Limit cycles were constructed using the
unfiltered tracings' time delay (τ) approach. The lag time τ was chosen arbitrarily at 2f, where f was
the sampling frequency of data acquisition. Three-dimensional phase space diagrams were
constructed in Sigmaplot 10.0.

Spectral analysis. Fourier Power Spectrum and signal filtration was performed using Clampfit 10.0
(Molecular Devices). SigmaPlot 10.0 Software (Systat Software Inc., San Jose, CA) was used as a
graphing tool.

Continuous Wavelet Transform (CWT) analysis of the data. To compare the electrical behavior of
LLC-PK1 MT structures from different cell domains, namely the cytoplasm (MT sheets) and the
primary cilium (axoneme), we used the CWT [75], which maps the original time series as a function
of one variable, time, into two variables, time and frequency.

The mother function ψ behaves like a wave with a decaying property, which contrary to the Fourier
transform, decomposes the signal in terms of sines and cosines. This property provides an effective
localization in both time and frequency. Starting with a mother wavelet ψ, a family ψτ,s of “wavelet
daughters” can be obtained by scaling and translating ψ, such that:

 ,
1 , , , 0,s

tt s R s
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where s is a scaling factor that controls the width of the wavelet and τ is a translation parameter
controlling the wavelet's location. Given a time series x(t) ϵ L2 (R), its continuous wavelet transform
(CWT) concerning the wavelet is a function of two variables, Wx,ψ(τ,s):
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1, * .x

tW s x t dt
ss


 





   
  (2)

The (local) wavelet power spectrum or scalogram (periodogram) is defined as

      2
, , .xx

WPS s W s  (3)
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To describe the time-frequency localization properties of the CWT, we have to assume that both the
wavelet ψ(t) and its Fourier transform Ψ(ω) are well-localized functions.

Strictly speaking, the CWT provides us a time-scale representation of the function being analyzed
and not a time-frequency model.

Matlab software (v 2019a) was used for these analyses and implemented its "cwt” function.

Cross-Spectral Density (CSD) analysis. The coherence of the electrical oscillations in cytoplasmic
and axonemal MTs was also assessed for the presence of tandem oscillations or, more precisely, the
phase relationship between the signals. The coherence between signals defines the degree of
confidence by which one can predict the amplitude and phase of a wave at a point [37]. An
analytical fluctuating signal V(r,t), where r is a position vector at a t time, has a mutual coherence at
two points (r1 and r2) as:

 1 2 1 2,  , * ), ,( ) (r r V r t V r t    (4)

The mutual coherence function is the Fourier inversion and further integration with respect to t,
which retrieves a Dirac δ function, such that:

1 2 1 2*( , ) ( , ') ( ') ( , , )r r W r r         (5)

where 2
1 2 1 2( , , ) ( , , ) iW r r r r e d   





  (6)

W(r1, r2, τ) is the cross-spectral density function (CSDF), or cross-power spectrum (CPS), at the
points P1 (r1) and P2 (r2) [76]. The mutual coherence function (4) describes the correlation in the
space-time domain, while CSDF also characterizes a measure of the correlations in the space-
frequency domain [76]. Briefly, CSDF is the Fourier Transform of the autocorrelation and cross-
correlation function, the cross-correlation function that defines the relationship between two random
signals [77].

The above analyses were carried out with the Matlab function “cpsd" without windowing, which
uses Welch's averaged, modified periodogram method of spectral estimation.
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