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The voltage-gated potassium channel Kv1.2 belongs to
the shaker-related family and has recently been impli-
cated in the control of sleep profile on the basis of
clinical and experimental evidence in rodents. To fur-
ther investigate whether increasing Kv1.2 activity would
promote sleep occurrence in rats, we developed an
adeno-associated viral vector that induces overexpres-
sion of rat Kv1.2 protein. The viral vector was first
evaluated in vitro for its ability to overexpress rat Kv1.2
protein and to produce functional currents in infected
U20S cells. Next, the adeno-associated Kv1.2 vector was
injected stereotaxically into the central medial thalamic
area of rats and overexpression of Kv1.2 was showed
by in situ hybridization, ex vivo electrophysiology and
immunohistochemistry. Finally, the functional effect of
Kv1.2 overexpression on sleep facilitation was investi-
gated using telemetry system under normal conditions
and following administration of the arousing agent caf-
feine, during the light phase. While no differences in
sleep profile were observed between the control and the
treated animals under normal conditions, a decrease in
the pro-arousal effect of caffeine was seen only in the
animals injected with the adeno-associated virus-Kv1.2
vector. Overall, our data further support a role of the
Kv1.2 channel in the control of sleep profile, particularly
under conditions of sleep disturbance.
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The family of human Kv channels is characterized by 40
genes and is divided into 12 subfamilies (Kv1-Kv12) (Gutman
et al. 2003). Within the family, the Kv1 subfamily presents
highest homology with the Drosophila melanogaster voltage-
gated shaker channel and is characterized by eight members
(Kv1.1-Kv1.8). They play a central role in the physiology of
excitable cells and are generally homo- or heterotetramers
of a subunits associated with auxiliary 8 subunits (81 and/or
B2) (Trimmer & Rhodes 2004).

Among Kv1.x channels, Kv1.2 is the most highly expressed
in the mammalian brain, with homogenous expression in
the thalamocortical area, the reticular thalamic nuclei and
the hippocampus (Trimmer & Rhodes 2004). As the rat
thalamocortical system is important for the control of sleep
rhythms (Steriade 2006) and Kv1.2 channel is involved in
the reduction of membrane excitability, a role for Kv1.2
in regulating mammalian sleep can be hypothesized. The
first experimental evidence supporting this hypothesis came
from genetic studies in Drosophila melanogaster by Cirelli
etal. (2005). Three different phenotypes related to the
Shaker gene and showing strong sleep abnormalities were
identified by mutagenesis screenings in Drosophila (Bushey
et al. 2007; Cirelli etal. 2005; Koh etal. 2008; Wu et al.
2010). A functional role in sleep occurrence was further
investigated through generation of Kv1.2 knock-out mice
(Douglas et al. 2007). These animals showed an abnormal
sleep pattern, with significant reduction of non-rapid eye
movement (NREM) sleep duration while maintaining normal
sleep homeostasis. Moreover, injection of a specific Kv1.2
antibody in adult rat cortex blocked electroencephalographic
(EEG) signs of NREM sleep, and antibody microinfusion in
the central medial thalamic area (CMT) temporarily restored
consciousness in sevoflurane/desflurane-anesthetized rats
(Alkire et al. 2009; Douglas et al. 2006). This experimental
evidence suggests that the blockage of Kv1.2 currents
induces a long-lasting depolarization of thalamocortical cells
not allowing the occurrence of NREM sleep. On the
other hand, activation of Kv1.2 in the thalamocortical area
could promote occurrence of NREM sleep and therefore
allowed sleep in conditions of sleep disturbance. This
hypothesis suggests Kv1.2 as a potential therapeutic target
for sleep disorders (Cirelli 2009; Waulff et al. 2009). This
is also supported clinically by the central role played by
the auto-antibody against Kv channels (Kv1.1, Kv1.2 and
Kv1.6) in producing the severe insomnia observed in the

Genes, Brain and Behavior © 2011 Blackwell Publishing Ltd and International Behavioural and Neural Genetics Society



Cazzin et al.

patients suffering from Morvan’'s syndrome (Kleopa et al.
2006; Liguori et al. 2001). Unfortunately, no specific positive
modulators for this class of ion channels are available at
present. Therefore, we developed an adeno-associated viral
vector (AAV) encoding the rat Kv1.2 channel to elucidate
the effect of Kv1.2 overexpression on sleep profile. The
AAV2/9-Kv1.2 vector was injected into the CMT and the
behavioural profile was assessed with particular focus on
sleep profile in normal and disturbed conditions. Caffeine
treatment was chosen to produce disturbed sleep in rats
because, as reported in the literature, it produces similar
symptoms of insomnia in both rats and humans (Paterson
et al. 2009).

Materials and methods

Viral vector production and purification

An AAV vector plasmid was designed to express both enhanced
green fluorescent protein (eGFP) and the rat Kv1.2 cDNA from
the cytomegalovirus (CMV) immediate early (IE) promoter. The rat
Kv1.2 coding sequence (NM_012970 from base 582 to 2081) was
amplified from rat hippocampal cDNA and ligated into the ‘Gateway'-
compatible plasmid pENTR1A-eGFP-2A-Clal. This placed the Kv1.2
coding sequences downstream and in-frame with plasmid sequences
encoding an eGFP-2A-fusion peptide to form a single open reading
frame encoding an eGFP-2A-Kv1.2 peptide. The eGFP-2A-Kv1.2
cassette was then shuttled into a modified version of the plasmid
pAAVCMVpoly that acts as a Gateway destination vector, called
pAAVCMVpoly_rfaGW_positive. Analysis of the resulting construct
was carried out by double-stranded sequencing and by digestion with
Pvull and Smal [to confirm integrity of the adeno-associated virus
inverted terminal repeats (AAV ITRs)].

Production of AAV2/9-based vectors was performed by ReGenX
(ReGenX Biosciences, Washington DC, USA) using the method
described by Gao et al. (2002). Viral vectors were purified by cesium
chloride density-gradient centrifugation and suspended in phosphate-
buffered saline (PBS)/3% (w/v) sucrose, and the final viral titer was
determined by TagMan analysis.

The control virus AAV2/9-CMV-eGFP was kindly provided by the
Vector Core at the University of Pennsylvania, USA.

Viral vector infections of cell culture in vitro

U20S cells were grown in Dulbecco’s modified Eagle's minimal
essential medium (DMEM)/F-12 medium (Gibco, Invitrogen, Milan,
Italy) with heat-inactivated 10% foetal bovine serum (Gibco) and
plated at 5 x 10% cells/well in six-well plates on poly-p-lysine-treated
coverslips with diameter 12 mm (BD BioCoat, Franklin Lakes, NJ
USA) for immunocytochemistry and for electrophysiology study.
Cells were incubated at 5% CO, at 37°C overnight.

The day after cell plating, U20S cells were infected with the
AAV2/9-CMV-eGFP or AAV2/9-CMV-eGFP-2A-Kv1.2 viruses at a dose
of 10*, 10° or 108 genome copies per cell (gc/cell), and Kv1.2 and
GFP protein expression and Kv1.2 functional current were assessed
4 days post-inoculation by immunocytochemistry and by manual
patch clamp, respectively.

Fluorescence immunocytochemistry

The coverslips were dipped in cold PBS and incubated in 100%
methanol for 6 min at —20°C (Sigma-Aldrich S.r.I., Milan, Italy). After
three washes in PBS, each coverslip was incubated in blocking
solution [6% normal goat serum (Vector Laboratories, Burlingame,
CA, USA) and 0.2% Triton-X-100 in PBS (Sigma-Aldrich S.r.l.)] for
1 h with soft agitation. Then coverslips were incubated with primary
antibodies diluted in blocking solution for 2 h at room temperature
in a humid atmosphere. The primary antibodies used were rabbit
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polyclonal Anti-Kv1.2 1:500 (Alomone Labs, Jerusalem, Israel) and
mouse monoclonal anti-GFP 1:500 (Chemicon, Temecula, CA, USA).

After three washes in PBS, coverslips were incubated with
the secondary antibody (anti-mouse immunoglobulin/Alexa Fluor-488
and anti-rabbit immunoglobulin/Alexa Fluor-594; Molecular Probes,
Eugene, OR, USA) diluted 1:1000 in blocking solution for 1 h. Finally,
each coverslip was mounted on a slide with Vectashield containing
4',6-diamidino-2-phenylindole (DAPI) (Vector Laboratories) and the
slides kept at 4°C until use.

Images were acquired with the Nikon Microphot-Fxa fluorescence
microscope at the 20x magnification with the digital camera system
Leica DC500 (Leica Microsystems GmbH, Mannheim, Germany)
using the software Leica IM50 (Version 1.20 - release 19).

Whole-cell voltage-clamp recording from

Kv1.2-expressing U20S cells

Cells plated on the glass coverslips were positioned in a recording
chamber (0.5 ml), mounted on the stage of an inverted microscope
(Axiovert 135, Carl Zeiss, Milan, lItaly) and superfused with an
extracellular solution at a rate of 2 ml/min. The standard extracellular
solution contained (in mM): 150 NaCl, 5 KCI, 1 MgCl,, 2 CaCly, 5
glucose, 10 HEPES (all reagents from Sigma). The pH was adjusted
to 7.4 using NaOH. Borosilicate-glass patch pipettes (WPI, Sarasota,
FL, USA) were pulled using a Sutter P-97 electrode puller and
filled with an internal solution consisting of (in mM): 70 KCI, 65
KF, 5 NaCl, 1 MgCl,, 10 ethyleneglycoltetraacetic acid (EGTA) and
10 HEPES . The pH was adjusted to 7.3 using KOH. In the first
set of experiments, whole-cell Kv1.2 currents were activated by
depolarizing voltage steps from a holding potential of —90 mV,
applied every 100 milliseconds, increasing each time by 10 mV,
from —80 to +40 mV (A V). In the second set of experiments, Kv1.2
channel-mediated currents were recorded in the whole-cell patch-
clamp configuration during 1-second depolarizing step to +60 mV
from a holding potential of —80 mV. Recordings were carried
out at room temperature using an Axopatch 1D amplifier (Axon
Instruments, Foster City, CA, USA). Voltage command protocols and
data acquisitions were performed by using pClamp 10.0 software and
Digidata 1440A interface (Axon Instruments). Capacitive transients
were neutralized and series resistance was monitored continuously
throughout the experiment and compensated at 80% when indicated.
If it changed by >20%, the cell was discarded. The voltage protocol
encompassed a P/4 leak subtraction protocol. Data were filtered at
5 kHz and sampled at 10 kHz.

Viral vector injection in the CMT area and telemetric

transmitter implantation

Male CD rats (n = 16) 2-2.5 months old (Charles River, Calco, Italy)
were housed in a temperature- (23°C) and light- (12-h light/dark cycle)
controlled environment, with commercial rodent pellets and water
provided ad libitum. They were deeply anesthetized by intramuscular
injection of 0.05 mg/kg medetomidine (Domitor, Pfizer, Milan, Italy),
followed by a mix of 20 mg/kg tiletamine and zolazepam (Zoletil 100,
Virbac, Milan, Italy). After anesthesia, animals received subcutaneous
injection of 5 mg/kg anti-inflammatory carprofen (Rimadyl, Pfizer) and
150 mg/kg antibiotic Amoxicilin (Clamoxyl, Pfizer) and were mounted
onto a stereotaxic device. The viral solution was delivered via 30-
gauge stainless needle attached to a 10 ul Hamilton syringe with
a motorized microinjector (Stoelting Co., Wood Dale, IL, USA).
One microliter of AAV2/9-CMV-eGFP or AAV2/9-CMV-eGFP-2A-Kv1.2
vectors (1 x 10'% gc) was injected around the CMT area (coordinates
of injection: anterioposterior —3.0 mm, lateral +1.7 mm with 13°
tilt, dorsoventral —6.7 mm) at a rate of 0.2 ul/min. [Coordinates of
injection were calculated from the Bregma level according to the
Paxinos and Watson Rat Brain Atlas (IV edition) (Paxinos & Watson
2004)].

In addition, to collect the biopotential signals, a miniature mul-
tichannel telemetric transmitter (TL10M3-F40-EET, Data Sciences
International, St. Paul, MN, USA) was implanted intraperitoneally
into the animals. To allow recording of cortical EEG, two electrodes
were fixed permanently, with dental cement, to the skull. They were
directly in contact with the dura mater through two drilled holes on
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the fronto-parietal region. Two electrodes were fixed to the skeletal
muscles of the neck for recording electromyogram (EMG).

After recovery from surgery, animals were maintained in their
home cage in a temperature-controlled environment (21 £ 1°C) with
access to food and water ad libitum.

After the behavioural investigations, rat were killed, the brain
frozen and then cut into 14 um coronal slices with a cryostat (Leica
Microsystems). The slices were collected on polarized glass slides
(Menzel-Glaser, Braunschweig, Germany) and stored at —80°C for
in situ hybridization and immunofluorescence.

A different batch of male CD rats (n = 8 per group), 1.5—-2 months
old (Charles River, Calco, Italy), were operated as described above
for whole-cell patch-clamp recordings from acute brain slices
(coordinates of injection: anterioposterior —2.6 mm, lateral +1.6 mm
with 13° tilt, dorsoventral —6.5 mm).

All surgical procedures were performed under aseptic conditions
and all procedures involving animals and their care were conducted
in accordance with the local legislation (Legislative Decree No. 116,
27 January 1992), which acknowledged the European Communities
Council Directive of 24 November 1986 86/609/EEC, and following
the GlaxoSmithKline policy on the care and use of laboratory animals
and related codes of practice.

Sleep recording and analysis

Implanted and injected animals showed normal behaviour immedi-
ately after recovery from surgery, but to allow normal sleep patterns
to be re-established and to allow maximal AAV-mediated transgene
expression, animals were evaluated after a three-week period. The
environmental conditions described above were maintained through-
out the sleep studies.

To evaluate the sleep profile of AAV-Kv1.2-transduced rats in
comparison to AAV-GFP-transduced rats, EEG and EMG signals
were recorded continuously using Dataquest® A.R.T. (Data Sciences
International) for 24 h starting at the beginning of light period
(circadian time 0). For the duration of the test period, freely moving
animals remained in their home cages on individual receivers.

The EEG trace, divided into 10-second epochs, was digitally
transformed (fast Fourier transformation) to provide the power
spectra of §, #, « and B bands in order to distinguish three different
activity patterns in the rat (awake, NREM sleep and rapid eye
movement or REM sleep). The markers assigned by the automated
scoring system (Sleep stage®, Data Science International) were
transferred to the EEG digital signal and subsequently confirmed by
visual examination of the EEG and EMG traces by trained operators,
blinded to the drug treatment.

Analysis of sleep parameters included latency to NREM sleep
(time interval to the first six consecutive NREM sleep epochs after
injection), latency to REM sleep (time interval to the first REM sleep
epoch after injection), NREM sleep, REM sleep and time awake
(wake), number of episodes of awake, NREM and REM sleep,
and brief awakening episodes defined as episodes of wake with a
maximum length of 20 seconds.

Assessment of behaviour using the Laboras™ system
General behavioural activities of Kv1.2 and respective control rats
(GFP) were investigated using the Laboras™ system (Laboratory
Animals Behaviour Observation, Registration and Analysis System,
Metris, Hoofddorp, the Netherlands). The Laboras™ system is an
automatized system for the registration of behavioural activities in
rodents (Quinn et al. 2003). To evaluate behaviour under physiological
conditions, rats were acclimatized to LABORAS cages 12 h before
starting registration and then behavioural activities were recorded
for 24 h, starting at light on (0600 h). The following behaviours were
recorded: immobility time, locomotor activity, grooming, climbing,
food and water intake, undefined activities.

Whole-cell patch-clamp recordings from acute brain

slices
For slice preparation, male CD rats were deeply anesthetized
with isoflurane, typically 4-5 weeks after viral injections. The
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brain was quickly removed and immersed in oxygenated (95%
02 - 5% COy) ice-cold artificial cerebrospinal fluid (ACSF) containing
(in mM): 125 NaCl, 25 NaHCOg3, 2.5 KCI, 1.25 NaH,POy4, 1.2 MgCly,
2 CaCly, 25 Glucose, 1.7 L(+)-ascorbic acid. Coronal slices (300 um)
containing the CMT were cut on a vibratome and transferred to a
holding chamber containing ACSF supplemented with myo-inositol
(3 mm) and sodium pyruvate (2 mwm). Slices were kept at 35°C for
30 min and then at room temperature for subsequent incubation.

Virally infected CMT neurons were visually identified using
GFP fluorescence, excited via an OptoLED Lite (Cairn Research,
Faversham, UK), and were typically located within paraventricular and
intermediodorsal thalamic areas. Image acquisition was controlled
via an Andor EM-CCD camera (Axon DU-897) and Andor Solis
imaging software V. 4.16. Recordings were obtained with borosilicate
micropipettes (TW150F-4, WPI) filled with (in mM): 140 KMeSQyq,
10 KCI, 10 HEPES, 0.1 EGTA, 4 Mg-ATP, 0.2 Na-GTP and 10
phosphocreatine (306 mOsm, pH 7.27). Membrane voltages were
not corrected for liquid junction potential (measured value: —8 mV).

Whole-cell current-clamp recordings were performed at room
temperature with a MultiClamp 700B amplifier driven by Clampex
V. 10.2 (Molecular Devices, Wokingham, UK). Data were sampled
at 5 kHz and filtered at 2 kHz. Bridge balance was compensated
electronically. Off-line analysis was performed using Clampfit V. 10.2
(Molecular Devices).

Tonic action potential firing was elicited by square current steps
(60-400 pA) from a membrane potential of —50 mV, whereas
low-threshold bursts were activated at the offset of square
hyperpolarizing current pulses, triggered from membrane potentials
between —70 and —60 mV. Current commands hyperpolarizing the
cell to at least —100 mV were used to trigger full-fledged low-
threshold bursts. Changes in the resting membrane potential (RMP)
during bath application of caffeine (20 mm, Sigma-Aldrich) were
monitored for 10-19 min after the start of caffeine wash-in. The
averaged RMP during 3 min of baseline and during the last 3 min in
caffeine were statistically analyzed. Recovery after caffeine wash-out
was monitored for 10-20 min.

Oligonucleotide radioactive in situ hybridization

An oligonucleotide probe complementary to rat Kv1.2 mRNA (5'-
GGTAGTTGGAACCATGTCTCCATAGCCTACAGTTGTCATGGAG-3")
was designed and synthesized (Sigma-Aldrich). For each injected
animal, two slides, each containing four brain slices, were used. The
slides were incubated following the protocol described in Mugnaini
etal. (2002). Finally, they were exposed to a Fuji imaging plate
together with a '¥C standard for the quantification. The visualization
and quantification of the autoradiogram were performed with the
MCID V. 7.0 image analysis software (InterFocus Imaging, Linton,
IN, USA).

Immunofluorescence staining

Frozen brain slices were processed for double immunofluorescence.
Briefly, sections were fixed with acetone:methanol (50:50 v/v)
solution for 15 min at —20°C and then washed three times in
PBS (all reagents from Sigma). Then slides were incubated in PBS
blocking solution containing 0.1% Triton-X-100, 3% normal goat
serum (Vector Laboratories), 2% bovine serum albumin and 3% milk
for 1 h, followed by overnight incubation in PBS blocking serum plus
primary antibody at 4°C. The antibodies used were polyclonal Kv1.2
antibody 1:500 (see for details Koch et al. 1997) and monoclonal GFP
antibody 1:500 (MAB3580, Chemicon).

Sections were then washed in PBS and incubated in secondary
antibody (anti-mouse immunoglobulin/Alexa Fluor-488 and anti-rabbit
immunoglobulin/Alexa Fluor-594, 1:1000, Molecular Probes) for 1 h,
then mounted in Vectashield (Vector Laboratories) and coverslipped.

Images were acquired with the Nikon Microphot-Fxa fluorescence
microscope at the 10x and 20x magnifications with the digital
camera system Leica DC500 (Leica Microsystems) using the Leica
IM50 (Version 1.20 — release 19) software.
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Caffeine pharmacological treatment

Drug studies were carried out according to a randomized paired
crossover design where, in separate experimental sessions, each
animal received control and drug treatments. Animals were treated
with caffeine or respective vehicle, in a volume of 2 ml/kg, at the
beginning of light period (circadian time 0). Recordings were made
for the subsequent 5-h test period. Caffeine was dissolved in saline
solution (0.9% NaCl) and administered intraperitoneally (i.p.) in doses
of 3 and 10 mg/kg.

Statistics

All data from the various experiments are presented in the graphs
as mean values + standard error of the mean (SEM). For the
in situ hybridization experiment, ex vivo electrophysiology and the
behavioural experiments under basal conditions, data were analyzed
using the unpaired or paired t-test as appropriate. In the hybridization
experiment, the relative Kv1.2 mRNA levels in the injected brains
were calculated for each sample using the MCID V. 7.0 program
(InterFocus Imaging) by expressing the mRNA level as density relative
to ['*C] standards, and the statistical analysis has been conducted
on logged density.

The effect of caffeine in AAV-Kv1.2- and AAV-GFP-injected rats
has been analyzed through a mixed-effect model with treatment and
gender (and their interaction) as fixed effects and rat as random
effect, followed by least significant difference (LSD) post hoc tests.

Results

AAV2/9-CMV-eGFP-2A-Kv1.2 vector is able

to express functional Kv1.2 protein in vitro

To show the ability of AAV2/9-CMV-eGFP-2A-Kv1.2 vector
(hereafter referred to as AAV-Kv1.2) to express Kv1.2 protein,
U20S cells (a human osteosarcoma cell line) were infected
with the viral vector expressing Kv1.2 or the GFP-expressing
control vector AAV2/9-CMV-eGFP (hereafter referred to as
AAV-GFP) at doses of 10%, 10° or 10° gc/cell. High GFP
expression was observed with 108 gc/cell of each vector,
while very low or no GFP expression was observed with the
10* gc/cell dose (data not shown). The double fluorescent
immunocytochemistry (ICC) analysis for GFP and Kv1.2
protein was performed in the U20S infected with 108
gc/cell of AAV-GFP or AAV-Kv1.2. A clear Kv1.2 staining
was detected in the AAV-Kv1.2-infected U20S cells, while as
expected, no specific staining was observed in the uninfected
cells and in AAV-GFP-infected cells (Fig. 1a,b).

Infected U20S cells at a dose of 108 gc/cell and control
cells were analyzed by manual patch clamp to detect
voltage-gated K* current in the Kv1.2-expressing cells,
compatible with the expression of functional recombinant
rat Kv1.2 channel. Two types of analyses were performed
to characterize the current profile. Initially, the voltage-
dependent activation of the K current was investigated
in the infected U20S cells through whole-cell recordings
by inducing depolarizing voltage steps. The extrapolation of
the activation voltage of the K* current from the //V plot
showed that the activation voltage measured in the AAV-
Kv1.2-infected cells (around —25 mV) is compatible with the
Kv1.2 current profile reported in the literature for recombinant
systems (Bahring et al. 2004, Papp et al. 2009; Zhu et al.
2009) (Fig. 1c,d).

Secondly, Kv1.2 channel-mediated currents were recorded
in the whole-cell patch-clamp configuration to characterize
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the conductance profile of the K* current in the AAV-Kv1.2-
infected cells. This analysis showed that the K™ current
recorded is characterized by a long activation time and a
slow inactivation typical of the channel (Fig. 1e).

This further analysis confirms the presence of a voltage-
gated K* current with the conductance profile of Kv1.2
current only in the AAV-Kv1.2-infected U20S cells and not
in the control cells. Other Kv1 channels exhibit similar
current profiles; however, endogenous Kv1 channels are
not expected to be expressed in this cell line.

Functional Kv1.2 protein is overexpressed in CMT
after viral vector injection

A total of 10'° gc of AAV-Kv1.2 or the control AAV-GFP virus
was injected stereotaxically in the rat CMT area. Two months
after viral vector injection, rats were killed and the brain
processed in order to detect the levels of Kv1.2 mRNA and
protein. Kv1.2 mRNA expression was clearly increased in the
central thalamic area of AAV-Kv1.2-injected rats (Fig. 2a,b),
whereas Kv1.2 mRNA levels in the CMT of AAV-GFP-injected
rats were comparable with the uninjected control animals
(data not shown). The AAV-Kv1.2-injected rats showed a
42-fold increase in Kv1.2 mRNA expression compared to
AAV-GFP-injected rats (tj5 = —24.6, P < 0.0001; Fig. 2¢).
Indeed, Kv1.2 mRNA overexpression was clearly limited
to the area of viral vector diffusion and around the needle
track, thus confirming the ability of the viral vector to encode
Kv1.2 mRNA. Viral vector diffusion was detected in the
CMT area and in the surrounding thalamic regions such as
part of the mediodorsal thalamic nuclei, the intermediodorsal
thalamic area and in certain animals, the posterior part of the
paraventricular thalamic nucleus.

Double immunofluorescence was performed in the
injected slices to visualize rat Kv1.2 protein expression in
CMT. Kv1.2 staining was clearly measured specifically in the
AAV-Kv1.2-injected cells, with very low specific staining in
the control-virus-injected brains (Fig. 2d—g).

To test for functional Kv1.2 overexpression in infected tha-
lamic cells, we performed whole-cell patch-clamp recordings
in acute slices prepared from animals injected with either
AAV-GFP or AAV-Kv1.2 viral vectors. Strong GFP fluores-
cence in the injected areas led to unequivocal identification
of neuron-like structures, in particular a large multipolar cell
body and several thick dendritic processes (Fig. 2h). Patched
cells showed RMPs of —67.0 £ 1.4 mV (n = 14) and —70.0 +
1.4 mV (n=13) for AAV-GFP and AAV-Kv1.2 expressions,
respectively (P > 0.05), and overshooting action potentials
upon depolarizing current injections (Fig. 2h). Moreover, cells
from both groups showed action potential discharge super-
imposed on a triangular-shaped depolarizing wave at the
offset of a hyperpolarizing current injection (Fig. 2i). This
low-threshold burst capacity is a well-known property of
excitatory thalamocortical cells.

Kv1.2 channel overexpression was assessed through mon-
itoring tonic action potential discharge, induced through step
depolarizing current injections (50-400 pA, 400 millisec-
onds). In GFP-expressing cells, stronger current injections
typically led to gradually increasing action potential dis-
charge. Saturating numbers of action potentials were, on
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Figure 1: Functional Kv1.2 pro-
tein expression in U20S.
(a) Representative images show-
ing Kv1.2 in U20S cells infected
with 108 gc/cell of AAV-eGFP
or (b) AAV-Kv1.2 viruses detected
by immunocytochemistry analy-
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average, reached around 250 pA (Fig. 2j). Limited discharge
at these higher current injections resulted, at least in a
considerable number of cells, from cumulative inactivation
of action potentials. In Kv1.2-expressing cells, however, the
steepness of this relation was markedly attenuated, with cur-
rent injections remaining largely subthreshold up to ~200 pA,
and weaker discharge at larger injections. The time—course
of the action potentials was largely preserved in the two
groups, including action potential threshold, peak and post-
spike after hyperpolarization (Table S1), while the half-width
of the spikes was shortened in the Kv1.2-overexpressing
cells. These functional data substantiate the immunohisto-
chemical demonstration of Kv1.2 overexpression by showing
that this KT current principally antagonizes cell excitability by
attenuating tonic discharge.

Normal behaviour and basal sleep profile are not
altered after Kv1.2 overexpression in the CMT area
To evaluate circadian rhythms of Kv1.2-overexpressing rats
in comparison with the GFP control group, behaviour and
sleep profile were investigated in a familiar environment.
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Behavioural activities were measured for 24 h using the
Laboras™ system. Kv1.2 overexpression in the CMT area
did not produce statistically significant variations in normal
spontaneous behaviours in rats in either the dark phase or
light phase (Table S2).

In addition, the basal sleep profile of Kv1.2 rats was
investigated over 24 h. Kv1.2-overexpressing rats showed
a normal sleep profile, without any statistically significant
difference with respect to GFP control rats, in each of
the sleep parameters measured during both the light
phase (t17 = —0.96, P = 0.35 for NREM sleep; t;7 = 0.22,
P = 0.82 for REM sleep; t17 = 0.52, P = 0.61 for awake) and
during dark phase (t;7 = —0.37, P =0.71 for NREM sleep;
t;7 =0.94, P =0.36 for REM sleep; t;7 = —0.25, P =0.80
for awake) (Fig. S1).

Viral vector-mediated rKv1.2 protein overexpression
in rat CMT attenuates pro-arousal effect of caffeine

To analyze the effect of Kv1.2 overexpression during pharma-
cologically induced arousal, we studied the consequences of
caffeine on sleep architecture and on ex vivo CMT neuron
function. Animals were treated with 3 and 10 mg/kg caffeine
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Figure 2: Kv1.2 channel expression in injected brains. (a) Kv1.2 mRNA expression in the brain of rats injected with 1 pl (1 x 10'° go)
of AAV-Kv1.2 virus or (b) AAV-eGFP virus detected by oligonucleotide in situ hybridization. Scale bar: 2 mm. (c) Quantification of Kv1.2
mRNA relative levels (expressed as nCi/g) in the AAV-eGFP- or AAV-Kv1.2-injected area (**P < 0.01). (d and f) Immunohistochemical
analysis in the CMT of rats injected with 1 ul (1 x 10'° gc) of AAV-eGFP or (e and g) AAV-Kv1.2 viruses; red = Kv1.2, green = GFP,
blue = DAPI, yellow = GFP-Kv1.2-co-expressing cells. Scale bar: 100 um in d,e and 50 um in f,g. (h) Tonic firing elicited in an AAV-GFP
(GFP, top traces) and an AAV-Kv1.2 (bottom traces) CMT neuron (Kv1.2). Fluorescent images of the cell bodies are presented on the
left (scale bars, 10 um). Protocol schematically represented at the bottom, holding potential was —50 mV. Trains of action potentials
were triggered in the GFP cell and displayed inactivation upon large depolarization. Fewer action potentials were elicited by large
current injections in the Kv1.2-overexpressing cell. (i) Left, representative examples of low-threshold Ca?* spikes elicited (protocol at
the bottom, holding potential —60 mV). Right, summary plot of the average number of Na™ spikes crowning the low-threshold burst
shows no significant difference between the two groups (GFP, n = 15; Kv1.2, n = 14; P > 0.05). (j) Mean relation between number of
tonic action potentials and current injection. Note the larger number of action potentials generated in the GFP control cells compared
to Kv1.2-overexpressing cells. Differences were significant for current steps between 50 and 250 pA (GFP, n=18; Kv1.2, n=17;
*P < 0.05).
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(doses selected on the basis of previous in-house studies and
literature data; Paterson et al. 2007). The analysis of EEG and
EMG traces over 5 h of observation indicated that caffeine,
administered at the beginning of light phase, induced a
dose-related increase of time spent awake (Fig. 3a). Analysis
of variance showed a statistically significant treatment effect
as well as treatment-group interaction effect (for treatment:
F224 =88.98, P < 0.0001; for treatment-group interaction:
F224 = 3.51, P =0.046). In particular, at the dose of 3 mg/kg,
caffeine induced an increase in time spent awake reaching
statistical significance in the GFP group (P = 0.038) and only
marginally significant in the Kv1.2 group (P = 0.08). At the
dose of 10 mg/kg, caffeine induced a robust increase in
time spent awake both in GFP group and in Kv1.2 group
(P < 0.0001). The comparison of Kv1.2 and GFP group
showed that the pro-arousal effect induced by 10 mg/kg
caffeine was significantly attenuated in Kv1.2 rats compared
to GFP rats. In fact, while both Kv1.2 and GFP rats registered
a significant increase in the total time spent awake over 5 h
at the dose of 10 mg/kg compared to their controls, such
an increase was approximately 30 min lower in Kv1.2 rats
(for GFP rats, the difference between the 10 mg/kg caffeine
group and vehicle is around 109 min, while for Kv1.2 rats it

@
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is estimated to be 75 min; the P value of the comparison is
0.023) (Fig. 3a).

The statistical analysis showed that 3 mg/kg caffeine
induced a significant decrease of time spent in the REM
phase compared to the vehicles, for both groups (P = 0.04
for GFP, P =0.05 for Kv1.2 group) but not of the NREM
phase (P = 0.07 for GFP, P = 0.14 for Kv1.2 group), while
10 mg/kg caffeine induced a robust decrease of time spent
in REM and NREM phases in both groups (P< 0.0001)
(Fig. 3c—f). Comparison between the Kv1.2 and the GFP
groups confirmed the attenuated effect of caffeine in the
Kv1.2 group with respect to GFP rats both in NREM
and REM sleep at the dose of 10 mg/kg, but it reached
statistical significance only in the NREM phase (mean
in minutes + SEM, GFP = 107.4 +£9.9; Kv1.2 =134.6 + 11,
P =0.018).

Analysis of the time—course of the various sleep
parameters provided evidence for a statistically significant
effect of treatment, time and treatment by time interaction
(for awake: Fieatm 2,36 = 61.67, P < 0.0001; Fime 4,144 =
57.46, P < 0.0007; Fireatmstime 8,144 = 10.40, P < 0.0001;
for NREM: Fireatm 2,36 = 71.14, P < 0.0001; Fime 4,144 =
52.44, P < 0.0007; Fireatmstime 8,144 = 10.36, P < 0.0001;
for REM Ftreatm 2,36 = 5.49, P =0.008; Ftime 4,144 = 26.21,
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P < 0.0007; Fireatmstime 8,144 = 2.38, P =0.019), while no
other factors were statistically significant. In particular, awake
and NREM duration in the 10 mg/kg caffeine-treated groups
showed that the effect of caffeine (compared to vehicle) is
statistically significant within the first 3 h of the experiment
for both Kv1.2 and GFP groups; while in the REM sleep the
differences to the controls are statistically significant on the
second and third hour for the GFP group, and only on the
third hour for the Kv1.2 group (Fig. 3b,d,f). In addition, on
the fourth hour, a statistically significant difference in NREM
sleep was registered between the Kv1.2 and GFP groups
(Fig. 3d).

The analysis of sleep latency indicated that caffeine
induced an increase in latency both for NREM (Fieatm 2,24 =
48.87, P <0.0001) and REM sleep (Fieatm 2,24 = 38.74,
P < 0.0001), statistically significant both in GFP and Kv1.2
rats at 3 (P=0.03 for GFP, P=0.006 for Kv1.2) and
10 mg/kg for NREM (P < 0.0001 for GFP and Kv1.2) sleep
and at 10 mg/kg for REM sleep (P < 0.0001 for GFP and
Kv1.2). No differences were observed between GFP and
Kv1.2 (Fig. 4). Statistical analysis of the number of wake,
NREM and REM episodes and of the brief awakenings
(episodes of wake minor of 20 seconds) has been performed
over the 5-h observation period. Even if small differences
have been observed between Kv1.2 and GFP groups with
caffeine at 3 mg/kg, it was not possible to make conclusive
assumptions on alteration on sleep architecture because of
the limited observation period (Table S3).

We finally tested effects of acute caffeine exposure at
the cellular level. In slice preparations, bath application of
caffeine (20 mm), a concentration within the range applied
previously for in vitro studies (Budde et al. 2000; Parri &
Crunelli 2003; Richter et al. 2005), induced a pronounced
depolarization (A V) from RMP that was comparable between
the two cell groups and reversible upon wash out (Fig. 3g).
Therefore, Kv1.2-expressing neurons retained full sensitivity
to this arousal-promoting drug in terms of the instantaneous
electrical response.

Discussion

As previously described, several preclinical and clinical pieces
of evidence suggest a role of the Kv1.2 channel in the
regulation of sleep and arousal profile. Nonetheless, no
previous investigations of the effect of Kv1.2 activation on
sleep profile in rodents have been reported. To overcome the

(a) (b)

lack of pharmacological agents, we employed viral vector-
mediated Kv1.2 channel overexpression in the rat CMT.
Using this approach, we showed that Kv1.2 overexpression
significantly decreased caffeine-induced effects on arousal
and NREM sleep, without affecting sleep parameters under
normal physiological conditions.

Our data show that viral vector-mediated Kv1.2 overexpres-
sion induced a significant reduction of neuronal excitability
in the infected CMT excitatory neurons. This effect was
particularly pronounced for tonic action potential discharge
of infected neurons, which is typically shaped by delayed
rectifier K™ currents of the Kv1 type and thus consistent
with an overexpression of Kv1.2 channels. In contrast, the
burst mode of discharge seemed unaltered, consistent with
a minor role of Kv1-type K* currents in this type of electri-
cal excitability. In spite of these pronounced modifications
at the cellular level, we did not observe changes in normal
spontaneous behaviour and sleep profile in the basal con-
dition between Kv1.2-overexpressing and AAV-GFP-injected
control animals, as measured by Laboras™ and polysomnog-
raphy studies. Further studies will be required to understand
in more detail the discharge patterns in CMT neurons, and
possibly associated Kv1.2 activation, which correlate with
different states of vigilance.

To investigate the role played by Kv1.2 overexpression
in a condition of sleep disturbance and increased arousal,
caffeine treatment was employed to produce a translational
model of insomnia in rats, because of the similar effects
produced on sleep profile in humans and rodents (Paterson
et al. 2007). In particular, as shown in our study, caffeine
treatment increases wakefulness and decreases total sleep
time in treated rats. Adeno-associated-viral-vector-injected
animals were treated with two different doses of caffeine,
3 and 10 mg/kg or with the vehicle; 3 mg/kg of caffeine
induced a significant but very small effect only on certain
sleep parameters while 10 mg/kg caffeine induced a strong
and significant increase in the time spent awake and
decrease in the duration of NREM and REM in both AAV-
injected groups. Therefore, in order to analyze if Kv1.2
overexpression protects against caffeine-induced sleep
disturbance in rats, 10 mg/kg was the preferred dose; in
fact this caffeine amount is also reported in the literature
as a preferred dose to study the efficacy of sleep-promoting
medications in rodents. In the literature, 10 mg/kg caffeine
is reported to produce in rat many of the signs of insomnia
observed in humans and these symptoms improved after
treatment of the animals with zolpidem and trazodone,
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two of its most successful current medications (Paterson
et al. 2009).

In our studies, we showed that animals injected with
the targeting vector AAV-Kv1.2 in the CMT area spent
significantly less time awake after 10 mg/kg caffeine
treatment (34 min less) and significantly more time in NREM
phase (roughly 30 min more) compared with the control-
virus-injected animals. No statistically significant difference
was observed in the REM phase, even if there was a trend
for REM increase in the Kv1.2 group. It is interesting to
note that our results are in line with the alterations on
sleep profile observed in Kv1.2 KO mice in basal conditions,
even if we cannot directly compare our model with the
KO mice (Douglas etal. 2007). Kv1.2 KO mice showed
a significant increase in time spent awake and reduction
in the duration of NREM phase compared with the wild-
type animals, while no statistically significant difference was
reported in the REM period. This sleep profile in basal
condition suggests an increased level of arousal in mice
in which Kv1.2 channel is completely absent. In fact, the
constitutive genetic disruption of Kv1.2 is likely to strongly
reduce functional Kv1 heterotetrameric channels with a
significant increase in the basal level of neuronal excitability.
In agreement, we showed that Kv1.2 overexpression in
the CMT protects from NREM disruption and increased
arousal after caffeine treatment in rats. These results seem
to indicate a potential role of Kv1.2 in acting as a filter in
the control of arousal level and in contrasting excessive
activation of arousal pathways. In agreement with these
results, analysis of the time—course of awake and NREM
duration in the 10 mg/kg caffeine-treated groups suggests
that Kv1.2 overexpression facilitates restoration of a normal
sleep profile compared with the GFP control group. The
question remained whether these differences arose from
altered caffeine sensitivity in the Kv1.2-overexpressing cells.
Contrary to this idea, we found that caffeine treatment
(20 mMm) induced a comparable depolarization in both
control and Kv1.2-overexpressing cells, indicating that basic
caffeine effects at RMPs were preserved. However, as
discussed above, Kv1.2-overexpressing neurons showed
decreased excitability in response to somatic current
injections. Therefore, an attenuated synaptically mediated
recruitment of CMT cells during sleep—wake transition
could explain the observed decrease in wake duration with
caffeine.

The effect of caffeine on sleep is thought to be mediated
largely by the central antagonism of the adenosine sleep-
promoting action, mainly through A2A receptors, which result
in the activation at several levels of the ascending arousal
system (Huang et al. 2005; Paterson et al. 2009). Adenosine
is believed to control sleep homeostasis through inhibition of
the histaminergic arousal system and through modulation of
the release of several neurotransmitters such as glutamate
and serotonin (Nehlig et al. 1992). Kv1.2 is a voltage-gated
potassium channel with a subthreshold voltage range which,
through mediating membrane hyperpolarization, reduces
neuronal excitation (Guan et al. 2006). This activity could
therefore contrast the neuronal hyperexcitation induced
by pro-arousal substances such as caffeine and facilitate
the restoration of normal arousal level (Radulovacki 1985).
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Moreover, because of their peculiar kinetic and conductance
profile, neuronal Kv1.x currents could also contribute by
regulating the depolarized holding potentials in awake
behaving animals (Steriade et al. 2001). In mammal brains,
high Kv1.2 expression is reported in the thalamocortical area
which plays an important role in the control of sleep rhythms
(Kues & Wunder 1992). We showed that localized Kv1.2
overexpression in a limited area of CMT was sufficient to
induce a significant protecting effect against caffeine-induced
activation of arousal pathways. This result supports the
hypothesis that the CMT plays an important role in regulating
sleep profile. The CMT area connects with brainstem areas,
mediating arousal, and projects to wide cortical region and
basal ganglia areas (Lydic & Baghdoyan 2005; Miller et al.
1989). Therefore, CMT interacts with both ascending (from
brainstem) and descending (from cortex) arousal pathways
(Alkire et al. 2009). On the basis of this fact, Kv1.2 channels
located in the CMT region may have an important role in
mediating transmission of information to the cortex, in order
to control the level of activation of the arousal pathways. It is
noted that AAV-mediated Kv1.2 mRNA overexpression was
detected also in the surrounding thalamic area that could
also have contributed at contrasting the effect of caffeine-
mediated arousal.

In conclusion, viral vector-mediated Kv1.2 overexpression
in the CMT area significantly attenuated the effect of
10 mg/kg caffeine on sleep profile, in particular the increase
in time spent awake and the reduced time in NREM. As
no effects were observed in basal conditions, we can
conclude that the results reported are not due to non-
specific effects on general behaviours. Our studies support
previous reports, suggesting the role of Kv1.2 channels in
contributing to sleep physiology (Alkire et al. 2009; Douglas
et al. 2007) and show the ability of Kv1.2 to control the
level of arousal in conditions of sleep disturbance. Our data
may therefore suggest a potential therapeutic role of Kv1.2
activators in promoting sleep induction and maintenance
in the condition of pathological sleep disturbance such as
insomnia. Kv1.2 channel activation may in fact represent a
protective mechanism against neuronal hyperexcitability and
increased arousal levels associated with certain insomnia
states. This hypothesis needs to be further investigated
through the development and validation of Kv1.2-specific
activators. Moreover, because of the possible contribution of
other Kv1.x channels in producing the final functional Kv1.2
channel in the brain, ideal positive activator compounds
would require to be specific for centrally expressed
Kv1.x channels.
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Additional Supporting Information may be found in the online
version of this article:

Figure S1: Sleep profile of Kv1.2 (N=9) and GFP rats
(N = 10). Data are expressed as mean + SEM of time spent
awake (a,b), NREM sleep (c,d), REM sleep (e,f). Graphics a,
¢ and e represent total time spent in sleep phase during light
and dark phases; graphics b, d and f represent time—course
of sleep profile during 24 h of observation.

Table S1: Action potential characteristics and post-spike
after hyperpolarization (AHP) of cells during tonic discharge
(GFP, n=18; Kv1.2, n=17; *P < 0.05).

Genes, Brain and Behavior (2011)



Table S2: Behavioural profile of Kv1.2 (N = 10) and GFP
rats (N = 10). Data are expressed as mean (min) = SEM of
time in each behaviour over 12 h of light period (LD) and 12 h
of dark period (DP).

Table S3: Effects of caffeine administered at 3 and
10 mg/kg i.p.in GFP and Kv1.2 rats during light phase
(starting time CTO0). Values are expressed as mean of N
of episodes + SEM (n=8). *P < 0.05, *P < 0.01 for each
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rKv1.2 overexpression in the central medial thalamic area

dose vs. corresponding vehicle; ##P < 0.01 for Kv1.2 gender

vs. GFP.
As a service to our authors and readers, this journal

provides supporting information supplied by the authors.
Such materials are peer-reviewed and may be re-organized
for online delivery, but are not copy-edited or typeset.
Technical support issues arising from supporting information
(other than missing files) should be addressed to the authors.
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