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Study Objectives: Sleep spindles play an important functional role in sleep-dependent memory consolidation. They are a hallmark of non-rapid
eye movement (NREM) sleep and are grouped by the sleep slow oscillation. Spindles are not a unitary phenomenon but are differentiated by
oscillatory frequency and topography. Yet, it is still a matter of debate whether these differences relate to different generating mechanisms. As
corticothalamic networks are known to be involved in the generation of spindles and the slow oscillation, with Ca?* and Na* conductances playing
crucial roles, we employed the actions of carbamazepine and flunarizine to reduce the efficacy of Na* and Ca? channels, respectively, for probing
in healthy human subjects mechanisms of corticothalamocortical excitability.

Design: For each pharmacologic substance a within-design study was conducted on 2 experimental nights in young, healthy adults.
Measurements and Results: Results indicate differential effects for slow frontocortical (approximately 10 Hz) and fast centroparietal (approxi-
mately 14 Hz) spindles. Carbamazepine enhanced slow frontal spindle activity conjointly with an increment in slow oscillation power (approximately
0.75 Hz) during deep NREM sleep. In contrast, fast centroparietal spindle activity (approximately 14 Hz) was decreased by carbamazepine. Flu-
narizine also decreased fast-spindle electroencephalogram power, but affected neither slow frontal spindle nor slow oscillation frequency bands.
Conclusions: Our findings indicate a differential pharmacologic response of the two types of sleep spindles and underscore a close linkage of the
generating mechanisms underlying the sleep slow oscillation and the slow frontal sleep spindles for the signal transmission processes manipulated
in the current study.

Keywords: EEG, ion channels, sleep spindles, slow oscillations, theta

Citation: Ayoub A; Aumann D; Horschelmann A; Kouchekmanesch A; Paul P; Born J; Marshall L. Differential effects on fast and slow spindle activ-
ity, and the sleep slow oscillation in humans with carbamazepine and flunarizine to antagonize voltage-dependent Na* and Ca* channel activity.

SLEEP 2013;36(6):905-911.

INTRODUCTION

The sleep spindle oscillations of non-rapid eye movement
(NREM) sleep have been closely associated with synaptic plas-
ticity and at the systems level with a wide range of cognitive
functions.'* The presence of at least two types of sleep spindles
differing distinctly in oscillatory frequency, topography, and
time-evolution during nocturnal sleep has been revealed not
only in humans>'® but also in animals.''? Electroencephalo-
gram (EEG) slow spindles (9-12 Hz) are expressed strongest
over frontal cortical areas whereas the fast spindles (12-15 Hz)
reveal a widespread centroparietal distribution. In humans, cen-
troparietal spindles show the typical waxing and waning dy-
namics mainly during NREM Stage 2 sleep, but fast-spindle
power remains elevated during slow wave sleep (SWS). Frontal
spindle power reaches maximum levels during SWS, together
with slow oscillation power (0.5-1 Hz).!®!3 Sleep spindles arise
within the corticothalamic network,'!'S whereby functional
magnetic resonance imaging and EEG analyses in humans have
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suggested for the fast and slow spindles not only different un-
derlying neocortical regions but also in part different thalamic
regions and contributions.*'*'® The cortex is relevant for syn-
chronizing spindle generation, contributing to thalamocortical
spindle initiation and termination."” Yet, investigations of spin-
dle-generating mechanisms have largely ignored possible dif-
ferences between fast and slow types of spindles.?

The sleep slow oscillation (< 1 Hz) is another distinguishing
rhythm of NREM sleep. Generated primarily within neocortical
networks, the sleep slow oscillation synchronizes neuronal ac-
tivity into generalized up-and-down states not only in the neo-
cortex but also in other brain structures.'>*' Thus, by providing
a global temporal frame for coordinating electrophysiologic
events between brain structures, including thalamocortical
spindles and hippocampal ripples, slow oscillations facilitate
processes of memory consolidation.

Interestingly, the synchrony with the slow oscillation cycle
differs in phase for fast and slow spindles,'® suggesting that
the underlying neocortical regulation of excitability affects the
two types of spindles in different ways. In the current study, we
compared in humans changes in the expression of the dominant
NREM sleep rhythms after preferentially reducing the effica-
cy of voltage-dependent Na* channels (by carbamazepine) and
Ca?* channels (by flunarizine), i.e., channels implicated in both
the regulation of cortical excitability and the generation of spin-
dles and slow oscillations.”>** We find differential effects for
slow and fast spindles, especially after carbamazepine, thereby
arguing toward the existence of separate generator mechanisms
for these spindle types.
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METHODS

Study Participants

Participants were healthy nonsmoking young adults with
regular sleep/wake rhythms. They were to refrain from nap-
ping and caffeine and alcohol consumption 24 hours prior to
recording. Participants with increased liver enzyme values were
excluded from the carbamazepine study (gamma-glutamyl-
transferase > 18 U/L, aspartate aminotransferase > 50 U/L, and
alanine aminotransferase > 50 U/L). Participants were habitu-
ated to sleep in the laboratory under experimental conditions
by an adaptation night prior to the experiments proper. Both
studies were approved by the local ethics committee and all
participants signed an informed consent prior to participation.

Design and Procedures

Two experiments were performed, each according to a pla-
cebo-controlled double-blind crossover design, in which car-
bamazepine (200 mg, Tegretol, Novartis Pharma, Germany)
versus placebo, and flunarizine (10 mg Sibelium, Janssen-Cilag,
Germany) versus placebo were tested after oral administration
before sleep in 13 participants (carbamazepine study: 10 men, 3
women, age 25.18 £ 0.25 years) and 15 participants (flunarizine
study: 8 men, 7 women, age 25.93 = 1.18 years), respectively.

Carbamazepine is primarily an antagonist of voltage-depen-
dent Na' channels, which exhibits stronger inhibitory effects
at more depolarized membrane potential levels, and preferen-
tially inhibits high-frequency firing.?** Of pharmacologically
employed T-type Ca?*-current antagonists, flunarizine was
shown to reveal the strongest efficiency.’® However, flunarizine
also reveals a broad-spectrum profile of effects, and is more
efficacious at increased extracellular potassium concentrations
resulting from heightened spontaneous activity.*'** Carbamaze-
pine (and placebo) capsules were administered at 21:00 on the
experimental night and 24 hours before (2 x 200 mg), to mini-
mize side effects. Flunarizine (and placebo) was administered
as a single dose at 21:00 before sleep. At the respective doses
peak plasma concentrations can be obtained approximately
2-4 hours after administration, which for flunarizine is closely
comparable to those obtained at steady-state,**-** and within this
time period prominent effects within the central nervous system
have been measured.**” Lights were turned off at 22:30 to al-
low for sleep until 06:00. The two sessions (verum or placebo)
were separated by at least 10 days for each individual.

Recordings and Analyses

During the nights the EEG was recorded from midline elec-
trode locations (Fz, Cz, Pz, referenced to a mastoid electrode,
with the ground electrode on the forehead). Additional record-
ings from lateral sites (F3, F4, C3, C4, P3, P4) did not add
essential information and will not be reported here. Also, the
vertical and horizontal electrooculogram (EOG) and submental
electromyogram (EMG) were recorded. Signals were amplified
by a Toennies DC/AC amplifier (Jacger, Germany, EEG, EOG:
0-35 Hz; EMG: 1-80 Hz, amplification 500 pV/V), and digi-
tized with 16-bit precision at 250 Hz using a CED 1401 Plus
(Cambridge Electronics Design, UK); channel offsets were
subsequently set to zero (finite impulse response [FIR] filter,
time constant = 1 sec; f=0.159 Hz).
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Analyses concentrated on the first 180 min of the sleep period
because this contains most of SWS, which was the focus of this
study. (In addition, study participants were in a restrained posi-
tion in order to reduce movement artifacts for a measurement
not reported here). Recordings were first analyzed according to
standard polysomnographic criteria.*® Periods with movement
time, movement arousals, and visually detected artifacts were
excluded from further analysis. EEG power spectra were then
computed separately for NREM Stage 2 sleep and SWS using
the fast Fourier transform on nonoverlapping blocks of artifact-
free EEG with a resolution of 4,096 data points (approximately
16.38 sec, frequency resolution of 0.061 Hz). On each data
block a Hanning window was applied to taper start and end
of the block. Spike 2 software (Cambridge Electronics Design,
UK) was used for EEG data analysis. EEG power was calcu-
lated in the following bands: slow oscillation 0.5-1.0 Hz, delta
1.0-4.0 Hz, theta 5.0-9.0 Hz, slow spindle 8.0-12.0 Hz, fast
spindle 12.0-16.0 Hz, and beta 16.0-25.0 Hz. Frequency bands
were further subdivided to specify the exact frequency focus of
effects. Discrete spindles within Stage 2 sleep and SWS were
detected using an automatic algorithm'** implemented in Mat-
lab R2008a (MathWorks, Natick, MA, USA). A band-pass FIR
filter was applied to identify fast spindles (12.0-15.0 Hz) at Cz
and the slow spindles (8.0-12.0 Hz) at Fz. Subsequently, the
averaged root mean square of the signal was computed with a
moving window of 0.2 sec. A fixed threshold was chosen per
subject (carbamazepine study, slow spindles: 8.7 = 1.2 1V, fast
spindles: 4.1 = 0.3 pV and flunarizine study, slow spindles:
8.9 £ 1.1 nV; fast spindles: 5.1 + 0.4 pV) such that the average
number of spindles detected per 30 sec approximated two in
the placebo condition. A spindle was identified when the root
mean square signal exceeded the threshold for a time period of
0.5-3.0 sec. Spindle density, number of detected spindles per
30 sec, spindle length, and amplitude were determined.

To further characterize the observed strong effects of carba-
mazepine on the slow oscillation frequency band, supplemen-
tary analyses were conducted to investigate the morphology of
the slow oscillation. For this purpose, slow oscillations were
detected automatically from Fz during SWS using a custom-
made algorithm.* In brief, data were first low-pass filtered us-
ing a FIR filter of 2 Hz, and zero crossings spaced 0.8-2.0 sec
apart were detected. Amplitude thresholds for slow oscillation
selection were set per subject such that the individual half-wave
amplitudes were greater than two thirds of the mean half-wave
amplitude in the placebo condition, which resulted in average
thresholds of -45.3 + 2.91 pV and 39.96 + 2.53 uV, for the
negative and positive half-waves, respectively. The pairs of
negative and succeeding positive slow oscillation half-waves
were subjected to amplitude and slope analysis. Besides half-
wave amplitudes, slopes of the half-waves were computed. The
times between the zero-to-zero crossings were used to assess
the duration of the half-waves.

Data from two subjects in the carbamazepine study were
excluded from analyses due to technical difficulties during re-
cordings or loss of EEG data. Statistical analyses were based
on analyses of variance (ANOVA) performed separately for
both experiments, with the repeated measures factors Treat-
ment (verum versus placebo) and Topography (Fz, Cz, Pz). In
the case that in the ANOVA sphericity was violated, degrees
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Table 1—Sleep architecture?

Carbamazepine Placebo
Sleep Stages (%) Mean SEM Mean SEM
Wake 3.18 1.20 0.91 1.41
S1 6.29 1.08 2.85 1.28
S2 47.80 2.64 46.77 3.17
SWS 19.42 4.31 28.51 4.81
REM 10.25 2.33 9.27 249
MT 427 0.94 417 1.03
Sleep Latency (min) 11.50 2.21 14.90 8.95
SWS Latency (min) 16.10 1.87 19.60 1.76
REM Latency (min) 97.50 13.42 109.10 14.54

aSleep architecture after the Na* channel blocker carbamazepine (left) and the Ca?* channel blocker flunarizine (right) versus placebo. Mean (+ SEM) of
wake, Stages 1 (S1) and 2 (S2) of sleep, slow wave sleep (SWS), rapid eye movement sleep (REM) and movement time (MT) are indicated in percentage of
total 180-min sleep interval for verum and placebo. Bottom three rows indicate sleep latency, SWS latency, and REM latency in min. P gives the significance
level for the paired t-test (two-sided) between placebo and verum. NS, not significant; SEM, standard error of the mean.

Flunarizine Placebo
P Mean SEM Mean SEM P
0.089 0.80 0.32 0.67 0.33 NS
0.014 437 1.04 497 1.19 NS
NS 49.87 3.30 52.53 2.70 NS
0.068 36.33 3.35 31.84 4.28 NS
NS 7.96 1.53 9.05 1.57 NS
NS 0.67 0.15 0.95 0.20 NS
NS 4.47 1.08 4.30 1.36 NS
0.031 10.30 1.57 26.23 11.50 NS
NS 99.20 12.35 117.03 12.41 NS

of freedom were adjusted using the Greenhouse-Geisser cor-
rection. For post hoc comparisons Wilcoxon signed-rank tests
were used because not all data were normally distributed (ac-
cording to Kolmogorov-Smirnov tests).

RESULTS

Table 1 reveals the amount of time spent in the different
sleep stages as well as latencies for sleep onset, SWS, and rapid
eye movement sleep. Following the Na* channel antagonist
carbamazepine, SWS latency was significantly reduced while
total time spent in Stage 1 sleep across the 180-min sleep pe-
riod was increased (P < 0.05). A mean reduction in time spent
in SWS following carbamazepine as well as a slight increment
in wakefulness failed to reach significance. Sleep architecture
was not consistently altered after the Ca?* channel antagonist
flunarizine. In the group receiving flunarizine the data of one
subject were excluded from SWS analyses because this stage
was greatly reduced.

Analyses of EEG frequency bands in both experiments re-
vealed the characteristic topographical distribution of power in
the fast- and slow-spindle bands as well as in the slow oscillation
band during Stage 2 sleep and SWS. Fast-spindle power domi-
nated centroparietally (P < 0.01 for Topography main effect),
whereas slow-spindle power showed a maximum at Fz with this
effect restricted to SWS (P < 0.05, for Topography x Stage).
Slow oscillation and delta power were greater during SWS than
in Stage 2 sleep (P < 0.05) and decreased from anterior to poste-
rior locations independent from sleep stage (P < 0.01).

Reduction in Na* channels efficacy by carbamazepine sup-
pressed fast-spindle activity at Cz and Pz during Stage 2 sleep
(F(2,20) =7.75, P <0.01 for Topography main effect, P < 0.05
for pairwise comparisons at each electrode site, Figure 1A).
This suppression in fast-spindle power during Stage 2 sleep
accompanied a decrease in count, density, and amplitude of
fast spindles at Cz (count: 263 + 18 versus 336 + 17, P < 0.05;
density: 1.6 + 0.1/sec versus 2.0 + 0.0/sec, P < 0.01; ampli-
tude: 19.5 = 1.4 puV versus 20.0 £ 1.4 pV, P < 0.05; respec-
tively). Importantly, opposite to the effect on fast spindles, the
Na* channel antagonist enhanced slow-spindle power at Fz
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during SWS (F(2,20) = 7.66, P < 0.05, for Topography main
effect, P < 0.05 for pairwise comparison at Fz), which also
coincided with an increase in slow-spindle count during SWS
(226 + 38 versus 118 £ 23, P <0.05). Concurrently, carbamaze-
pine distinctly increased slow oscillation power during SWS
(F(1,10)=15.17, P < 0.01, for Treatment main effect) with this
effect being significant at all three midline sites (P < 0.05). As
revealed in supplementary analyses, the positive (depolarizing)
half-wave amplitude was significantly increased by carbamaze-
pine (80.01 +4.73 uV versus 77.1 £ 4.5 nV, P <0.05), and car-
bamazepine increased the steepness of the positive-half-wave
downward slope (300.4 + 20.6 nV/s versus 286.9 + 20.9 uV/s
Figure 2), P < 0.005).

Flunarizine administration revealed a response in the EEG
frequency bands that differed from that after carbamazepine
and overall appeared to be somewhat weaker (Figure 1B). Com-
pared with placebo, the Ca** channel antagonist affected neither
slow oscillation nor slow-spindle activity but modulated instead
fast-spindle activity. Like carbamazepine, the Ca** channel an-
tagonist decreased fast-spindle power, in particular during SWS
at Cz (P <0.05, F(2,26)=13.41, P <0.01, for Topography), and
this effect was paralleled by a decrease in average amplitude
(23.9 +£2.0 pV versus 24.7 £ 2.2 uV, P <0.05) and a tendency
to reduce length (0.74 £ 0.02 s versus 0.77 £ 0.02 s, P=0.09) of
fast spindles at Cz during SWS. Interestingly, flunarizine also
increased power of slow EEG frequencies below 9 Hz in Cz
during Stage 2 sleep (P < 0.05, for pairwise comparisons with
the slow oscillation, delta, and theta bands).

DISCUSSION

In humans a distinction is readily made between two types
of sleep spindles primarily based on their frequency and top-
ographic distribution. However, the differential underlying
mechanisms are rarely discussed. The data presented here en-
able a pharmacologic distinction between the fast centro-pari-
etal sleep spindles most pronounced in Stage 2 sleep and slow
frontal sleep spindles most evident during SWS, and point
to contrasting generating mechanism contributing to the two
kinds of spindles.
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Figure 1—Mean (+ standard error of the mean) power spectra for Stage 2 sleep (S2) and slow wave sleep (SWS) after the Na* channel blocker
carbamazepine, Na* blocker CBZ (A) and the Ca?* channel blocker flunarizine, Ca?* blocker FLU (B). Frontal, central, and parietal correspond to the midline
electroencephalographic recording sites Fz, Cz, and Pz. Gray areas indicate frequency bands revealing differences between verum and placebo in paired
t-tests. Inserted bar charts give power on linear scale for significantly different frequency bands (*P < 0.05, **P < 0.01).

Comodulation of Slow Spindles and Slow Oscillatory Activity
But Not of Fast Spindles

The increase in slow frontal spindle EEG power and slow
spindle count conjointly with an increase in slow oscillation
power during SWS following the Na" channel antagonist car-
bamazepine is most intriguing in light of recent findings that
slow frontal spindle activity is associated in time with the
downward negative phase of the slow oscillation.'® Typically,
the more distinguishable centroparietal fast spindles are inves-
tigated in temporal relation to the slow oscillation, revealing a
grouping effect around the up-state of the slow oscillation.!®!5%
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Here, however, fast-spindle power during lighter Stage 2 sleep
even decreased after carbamazepine. These opposite effects of
reduced Na* channel efficacy by carbamazepine on slow- and
fast-spindle activity during SWS are reflected not only in EEG
power, but also in the spindle count. An inverse dependence of
slow and fast spindles on changes in membrane excitability is
already indicated by the occurrence of the two spindle types at
opposing phases of the slow oscillation. '

The transition into the slow oscillation up-state relies on the
voltage-dependent persistent sodium current, which becomes
activated through depolarization by miniature excitatory post-
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synaptic potentials (EPSPs) during the hyperpolarized slow os-
cillation phase. For the maintenance of cortical network activity
during the depolarizing up-state, Na" action potentials and also
activation of the persistent Na* channel are relevant.* Carbamaz-
epine reduces cortical neuronal excitability primarily by a volt-
age-dependent inhibition of the persistent Na* current, and also
slows the recovery rate from inactivation of the fast transient so-
dium current.””?%#! Thus, at a first glance, the observed enhance-
ment in slow oscillatory EEG power appears to be contrary to
the expected effect of the Na* channel antagonist. However, the
effects could well be a consequence of a stronger pronunciation
of the (hyperpolarizing) down state after carbamazepine. Our
finding that the positive half-wave downward slope is stronger
(steeper) after carbamazepine than placebo could be taken to sup-
port this notion, and also to suggest that mainly cortical activity
reflected in the downward hyperpolarizing slow oscillation phase
contributed to the enhanced EEG power in the slow oscillation
band. The failure of the negative half- wave increment per se to
reach significance in this context may reflect that network hy-
perpolarization reached saturation. Further corroboration for the
concept that carbamazepine leads to a more pronounced up-to-
down state component of the slow oscillation comes from the
increased expression of slow spindles, which appear mostly on
the downward phase of the slow oscillation.!” The increments
in both slope and amplitude of the slow oscillation may result
from a secondary inhibitory action of carbamzepine on activity-
dependent potassium currents.*** Reduction in efficacy of Na*
channels by carbamazepine has been linked, e.g., via Na* depen-
dent potassium currents, to reduced potassium outflow that has
been revealed to enhance both the recruitment of activity in a
local network leading to a steeper down-to-up state slope as well
as increments of the hyperpolarizing downward slope.*#* At the
low dosage a strong effect of carbamzepine on gamma-aminobu-
tyric acid release is rather unlikely, although not to be completely
excluded. Whether the pharmacologically induced steeper slopes
of the slow oscillation and the conjoint increment in slow-spindle
activity are associated with any increment in neuronal plasticity
remains to be investigated.**

The decremental effect of carbamazepine on fast-spindle
power and density in Stage 2 sleep could reflect a direct ef-
fect on thalamic neurons, which uphold a voltage-dependent
Na* conductance. Pharmacologic antagonism of the Na* cur-
rent that supports the postinhibitory depolarization leads in
thalamocortical cells to a sustained hyperpolarization and to a
loss of the rhythmic rebound effect in the spindle frequency
range.”’%>? The reduction in fast-spindle activity after carba-
mazepine may, however, also be a consequence of a decrease in
cortical excitability and subsequently reduced corticothalamic
input in thalamic spindle generator mechanisms. Computation-
al models and in vivo data have shown that spindle initiation
and termination, as well as spatially coherent thalamic spindle
activity, are dependent on corticothalamic input; even the mid-
phase of a spindle can become enhanced by corticothalamic
feedback.!3* Thus, if corticothalamic input decreases spindle
initiation and maintenance likely decrease, as was found here
for the fast centroparietal spindles.

The decrease in power and amplitude of fast spindles fits well
with the ability of flunarizine to reduce the efficacy of voltage-
dependent Ca?* channels. Calcium conductances, in particular
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Figure 2—Mean (+ standard error of the mean) time course of selected
successive slow oscillation negative half-waves and positive half-
waves time locked to the zero-crossing between negative and positive
half-waves. The peak of the positive half-wave and the positive-half-
wave downward slope are indicated. Black dots along the line at 0 pV
demarcate beginning and end of the selected successive half-waves.
Dashed lines represent the means of all previous and subsequent
electroencephalographic activity.

the T-type Ca** channel, play an essential role in thalamic spin-
dle generation and maintenance.”>>>” The slow frontal spindles
remained, however, unaffected by flunarizine. This differential
effect on the two spindle types suggests again a distinctive dif-
ference in the generating networks of the fast and slow spindles.

A reduction in spindle power in Ca 3.1 (alphalG) and Ca,3.3
knockout mice with no reported effect on EEG slow oscillatory
power is also seemingly in line with the suppression of thala-
mocortical fast- spindle power yet no apparent change in delta
or slow oscillatory power, as found in the current study dur-
ing SWS after flunarizine administration.’®** Correspondence
between the different spindle subtypes in humans and rodents
have, however, not been systematically investigated. In contrast
to the absence of changes in power of slower EEG rhythms
by flunarizine in SWS Stage 2 sleep revealed an increment in
slow wave activity. This may reflect the typical reciprocal re-
lationship between fast- spindle power and slow wave activity
attributed essentially to rhythmogenesis within the thalamocor-
tical system and that can even become increasingly pronounced
by pharmacologic intervention.!* The increment in theta power
in parallel to that of slow wave activity is, however, an unex-
pected finding. The modulation of Ca?* channel efficiency by
flunarizine may be linked to the recently reported relevance of
T channels within the thalamocortical circuit in the genesis of
alpha and theta rhythms**% and/or to the ability of flunarizine
to also modulate neurotransmitter activity.*!¢".¢2

In summary, although the precise contribution(s) of mem-
brane conductances to the oscillatory EEG networks during the
brain states investigated here cannot be made, several impor-
tant overall conclusions can yet be drawn: first, that sleep slow
oscillatory and frontal slow spindles were pharmacologically
comodulated. A comodulation was not found between the slow
oscillatory and fast centroparietal EEG power. Second, the ef-
fects of flunarizine on EEG theta activity during Stage 2 sleep
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may be mediated by a third mode of thalamocortical firing. A
refinement of these findings using more selective drugs also in
animal models is suggested.
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