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Slow Wave Sleep Induced by GABA Agonist Tiagabine Fails to Benefit Memory
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Study Objectives: Slow wave sleep (SWS) plays a pivotal role in consolidating memories. Tiagabine has been shown to increase SWS in
favor of REM sleep without impacting subjective sleep. However, it is unknown whether this effect is paralleled by an improved sleep-dependent
consolidation of memory.

Design: This double-blind within-subject crossover study tested sensitivity of overnight retention of declarative neutral and emotional materials
(word pairs, pictures) as well as a procedural memory task (sequence finger tapping) to oral administration of placebo or 10 mg tiagabine (at 22:30).
Participants: Fourteen healthy young men aged 21.9 years (range 18-28 years).

Measurements and Results: Tiagabine significantly increased the time spent in SWS and decreased REM sleep compared to placebo. Tiagabine
also enhanced slow wave activity (0.5-4.0 Hz) and density of < 1 Hz slow oscillations during NREM sleep. Fast (12-15 Hz) and slow (9-12 Hz)
spindle activity, in particular that occurring phase-locked to the slow oscillation cycle, was decreased following tiagabine. Despite signs of deeper
and more SWS, overnight retention of memory tested after sleep the next evening (19:30) was generally not improved after tiagabine, but on
average even lower than after placebo, with this impairing effect reaching significance for procedural sequence finger tapping.

Conclusions: Our data show that increasing slow wave sleep with tiagabine does not improve memory consolidation. Possibly this is due to

functional differences from normal slow wave sleep, i.e., the concurrent suppressive influence of tiagabine on phase-locked spindle activity.
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INTRODUCTION

There exists ample evidence that memory traces acquired
during wakefulness rely on strengthening during sleep.'
This consolidation process is essentially supported by slow
wave sleep (SWS). SWS enhances declarative memory (for
episodes and facts)*? as well as procedural skill memories.* The
enhancing effect on memory consolidation appears to be medi-
ated in particular by the neocortical < 1 Hz slow oscillation
that is the hallmark of the EEG during SWS; it synchronizes
the neuronal reactivation of newly acquired memory repre-
sentations occurring during SWS in distributed networks to
the excitable depolarizing up-state of these slow oscillations.’
This allows the redistribution of the reactivated memory repre-
sentations and their stabilization for the longer term.' Recent
evidence suggests that procedural memory can also benefit from
reactivation during NREM sleep and that this effect is related
to sleep spindles.® The memory-consolidating effect of the slow
oscillations appears to additionally result from the fact that—
in parallel with reactivations—they also synchronize thalamo-
cortical spindles (12-15 Hz) to the depolarizing slow oscillation
up-state.”® Post-learning spindle activity has been consistently
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found to be associated with the retention of declarative and
procedural memories, especially when occurring during the
depolarizing phase of the slow oscillation.'? Enwrapping reac-
tivated memory information, spindles might provoke processes,
like enhancing cellular calcium influx, in neocortical networks
that prime plastic processes underlying the longer-term storage
of the reactivated information in these networks."

GABAergic mechanisms in the preoptic region of the hypo-
thalamus contribute to the generation of NREM sleep and
SWS." Time spent in sleep is proportional to the activity of
GABA-producing neurons in the ventrolateral preoptic region
of the hypothalamus.”” GABA, agonists generally enhance
SWS and also slow wave activity (0.5-4.0 Hz, including < 1 Hz
slow oscillations) during NREM sleep, although this enhance-
ment can be accompanied by a reduction in spindle activity.'s
Notably, these effects are opposite to those of benzodiazepines
(and zolpidem) that are considered positive modulators of the
GABA, receptor and increase spindle activity but reduce SWS
or slow wave activity.'® While these discrepant effects are
difficult to reconcile, they speak in favor of the use of agents
nonspecifically increasing extracellular GABA for investi-
gating the role of GABAergic tone in the regulation of sleep and
memory, rather than specific GABA receptor agonists. Given
this background, we tested the effect of the GABA reuptake
inhibitor tiagabine on sleep and associated memory consolida-
tion in healthy young volunteers. Tiagabine acts by selectively
blocking the GABA-transporter GAT 1'"'%; it has been shown to
improve sleep efficacy in healthy elderly, as it strongly increased
SWS without affecting other sleep stages or subjective sleep
parameters.'”” With higher doses, it also decreases time in REM
sleep.?® We expected that SWS-promoting effects of tiagabine
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would be associated with an enhanced overnight consolida-
tion of memory, particularly declarative materials, which have
proved to be highly sensitive to SWS in previous studies.*' We
expected no benefits from tiagabine for overnight consolida-
tion of procedural skills, which in previous studies have proved
more sensitive to spindles than slow wave activity.'"*** As
a control, we examined effects on the retention of emotional
materials, which is known to profit from REM sleep.?**

METHODS

Participants

Fourteen healthy young men aged 21.9 years (range 18-28
years) completed the study. Participants were nonsmoking and
native German speakers. Only males were included to reduce
variance, as cycling estradiol and progesterone levels in women
can influence plasticity and GABA, receptors.”’” They under-
went a routine health examination prior to participation to
exclude any mental or physical disease, did not take any medi-
cation at the time of the experiments, and reported a normal
sleep-wake cycle. One additionally recruited participant did not
complete the study due to adverse side effects. The participants
were instructed to get up at 07:00 on experimental days, and
during these days not to take any naps, not to ingest alcohol,
and not to ingest caffeine-containing drinks (after 13:00).
Before the experiment proper, participants took part in an adap-
tion night under conditions of the experiment (including the
placement of electrodes for polysomnographic recordings).
The experiments were approved by the ethics committee of the
University of Luebeck. Written informed consent was obtained
from all participants prior to participation.

Design and Procedure

The study followed a randomized, double-blind, placebo-
controlled within-subject crossover design. Participants took
part in 2 experimental sessions scheduled > 14 days apart.
Both sessions were identical but for the oral administration of
placebo or tiagabine (Gabitril 10 mg, Teva GmbH, Germany
[plasma half-life 7-9 h, plasma maximum: 1-2.5 h after intake]).

On experimental nights, participants arrived at the labora-
tory at 19:30. Following preparation for EEG and polysomno-
graphic recordings, the participants learned (between 21:00 and
22:30, always in the same order) neutral and emotional pictures,
a declarative word-pair association task, and a procedural
sequence finger-tapping task, with a 10-min break between
each of the tasks. Although this protocol introduces potential
order effects, this approach was chosen to increase standard-
ization. Also, consolidation of declarative and procedural tasks
can influence each other if performed back to back. However,
this retroactive interference does not eliminate the beneficial
effect of sleep on declarative or procedural memory?; to further
minimize such effects, we introduced longer breaks between
the tasks. After the learning phase and 30 min before lights
were turned off (at 23:00) to enable sleep, the participants were
orally administered a capsule containing either tiagabine or
placebo. They were woken at 07:00 and left the lab. During
the following day, participants engaged in their usual activities.
They were instructed to refrain from any stressful mental or
physical activities, and to keep a record of their activities during
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this day. In the evening they returned at 19:30, and retrieval
of the memory tasks was tested—in reverse order of learning.
At learning and recall tests of vigilance, mood and subjective
sleepiness were performed to control these effects.

Polysomnography, Sleep Analysis, and EEG Power Analysis

The EEG was recorded continuously from electrodes
(Ag-AgCl) placed according to the 10-20 System, referenced
to 2 coupled electrodes attached to the mastoids. EEG signals
were filtered between 0.16 and 35 Hz and sampled at a rate of
200 Hz using a BrainAmp DC (BrainProducts GmbH, Munich,
Germany). Additionally, horizontal and vertical eye movements
(HEOG, VEOG) and the electromyogram (chin) were recorded
for standard polysomnography. Sleep architecture was deter-
mined according to standard polysomnographic criteria using
EEG recordings from C3 and C4.% Scoring was carried out
independently by 2 experienced technicians who were blind
to the assigned treatment. Differences in scoring between the
scorers were resolved by consulting a third experienced techni-
cian. For each night, total sleep time (TST), and time spent in
the different sleep stages (wake; sleep stages 1, 2, 3, 4; SWS,
i.e., sum of sleep stage 3 and 4; REM sleep) was calculated in
minutes; the percentage of TST spent in these sleep stages was
also calculated.

Average power spectra were calculated in Fz and Cz for all
NREM sleep epochs of the whole night. Power spectra were
calculated by Fast Fourier Transformations with a Hanning
window on subsequent blocks of 2,048 data points (~10.24 sec,
3 blocks per 30-sec epoch). Spectra were filtered by a 5-point
moving average. In the averaged spectra, mean power was
determined for the frequency bands of interest, i.e., the 0.5-1
Hz slow oscillation band, 1-4 Hz delta, 4-8 Hz theta, 9-12 Hz
slow spindle and 12-15 Hz fast spindle frequency bands.

Spindles

Semiautomatic spindle detection was performed on an
in-house program running in Matlab 2011a, which detects spin-
dles by applying a standard algorithm,*® and calculates abso-
lute spindle count and spindle density. In brief, first the peak
frequency of fast spindle activity was assessed for each partici-
pant individually in the power spectra of sleep stage 2 (during
placebo nights) as the frequency of the power maximum
between 12-15 Hz. The signal was then band pass filtered +
1.5 Hz around this peak frequency. A spindle was detected if
the root mean square (RMS) of the filtered EEG signal was
above the absolute spindle threshold for 0.5-3 sec. The absolute
threshold for spindle detection was set for each participant indi-
vidually at 1.5 standard deviations of the filtered RMS signal
determined for sleep stage 2 of the placebo night, and was on
average: 5.65 + 0.44 pV.

Slow Oscillations

Detection of slow oscillations in NREM sleep was based
on a standard algorithm described elsewhere in detail,*® and
was performed for Fz and Cz. In a first step, the EEG was
low-pass filtered at 30 Hz and down-sampled to 100 Hz. For
the identification of large slow oscillations, a low-pass filter
of 3.5 Hz was applied, and time points of positive to negative
zero crossings were computed in the resulting signal. Then,
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the lowest and highest value between these time points were
detected (i.e., one negative and one positive peak) for all inter-
vals of positive to negative zero crossings with a length of 0.9
to 2 sec. The means of these values were calculated across
the participant’s 2 experimental nights, and those intervals
were marked as slow oscillation epochs whose negative peak
amplitude was lower than 1.25 times the mean negative peak
and whose amplitude difference (positive peak minus negative
peak) was larger than 1.25 times the mean amplitude differ-
ence. Averages of original EEG potentials were calculated for
a+ 1.3-sec window around the peak of the negative half-wave
of all detected slow oscillations. To analyze spindle activity
that was phase-locked to slow oscillations, the average RMS
activity in the slow (9-12 Hz) and fast (12-15 Hz) spindle
bands was also calculated for the + 1.3-sec windows around
the negative slow oscillation peak.

Memory Tasks

The declarative verbal paired association task required
learning a list of 40 pairs of semantically related words (e.g.,
clock-church). Different word lists were used on the partici-
pant’s 2 experimental nights. During the learning phase, the
word pairs were presented sequentially on a computer screen,
each for 4 sec, separated by inter-stimulus intervals of 1 sec.
After presentation of the entire list, performance was tested
using a cued recall procedure, i.e., the first word (cue) of each
pair was presented and the participant had to name the associ-
ated second word (response). The correct response word was
then displayed for 2 sec, regardless of whether the response was
correct, to allow re-encoding of the correct word pair. The cued-
recall procedure was repeated until the participant reached a
criterion of 60% correct responses. Retrieval at the end of the
experimental session was tested using the same cued recall
procedure as during the learning phase, except that no feed-
back of the correct response word was given. Absolute differ-
ences between word pairs recalled at retrieval testing and on
the criterion trial during learning served as a measure of over-
night retention. Several studies have shown that consolidation
of word pairs profits particularly from SWS.2!!

One hundred emotional and neutral pictures (taken from the
International Affective Picture System)* were used to measure
emotional memory consolidation. 50 pictures of high arousal
and negative valence were chosen for the emotional category,
and 50 pictures of low arousal and medium valence were
chosen for the neutral category. Sufficiently distinct pictures
were chosen to enable unambiguous free recall. Twenty-five
pictures of each category were presented to the participants on
a computer screen for 4 sec each with an inter-stimulus interval
of 1 sec. During recall, participants were asked to recall the
pictures they had seen as accurately as possible and to record
this in a written description that permitted assigning a single
picture and to indicate each individual description with a
number. These descriptions were then compared to the pictures
and correct answers were used as score for emotional memory
performance. Free recall was used as a dependent measure, as
it appears to be more sensitive to the memory effects of sleep
than recognition.*-

The finger sequence tapping task was adopted from earlier
studies, indicating very robust sleep-dependent improvements
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in this task.* It requires the participant to press repeatedly one
of two 5-element sequences (e.g., 4-1-3-2-4 or 4-2-3-1-4) with
the fingers of the non-dominant hand on a keyboard as fast and
as accurately as possible for 30-sec epochs interrupted by 30-sec
breaks. The numeric sequence was displayed on the screen at
all times to keep working memory demands at a minimum. A
key press resulted in a white asterisk appearing underneath
the current element of the sequence. Each 30-sec trial was
scored for speed (number of correctly completed sequences)
and errors. After each 30-sec trial, feedback was given about
the number of correctly completed sequences and error rate.
At learning, participants trained on twelve 30-sec trials. The
average score for the last 3 of these trials was used to indicate
learning performance. At retrieval after sleep, participants were
tested on another 3 trials. Overnight changes in performance
were calculated as absolute differences in speed and error rate
between the 3 trials at retrieval and the last 3 trials at learning.
Effects unspecific to the actually learned sequence (e.g., general
increases in reaction time) were measured by assessing perfor-
mance on 3 blocks of a new sequence after recall of the trained
sequence.

Reaction Times, Mood, and Sleepiness

Mean reaction times were assessed as a measure of vigilance
in a 5-min version of the psychomotor vigilance task (PVT)?*’
that required pressing a button as fast as possible whenever a
bright millisecond clock presented on a dark computer screen
started counting upward. After the button press, this clock
displayed the reaction time. Mood was measured using the
10 positive and 10 negative items of the positive and negative
affective schedule (PANAS): participants responded to items
(e.g., “Do you momentarily feel scared?””) on a 5-point Likert
scale ranging from 1 = “not at all” to 5 = “very much.” Subjec-
tive sleepiness was assessed with the 1-item Stanford Sleepi-
ness Scale (SSS) ranging from 1 = “Feeling active, vital, alert,
or wide awake” to 8 = “Asleep.” At the end of the experiment,
participants were asked if they believed they had received an
active agent or placebo.

Data Reduction and Statistical Analysis

Data from one participant were discarded because of poor
sleep during the placebo night. For the finger-tapping task,
data from one further participant were discarded because of
low performance (< 2 SD from the mean) during the placebo
session (including these data increased the reported effect).
Sleep data from one participant could not be evaluated due to
data loss in the tiagabine night (recorder malfunction). In one
participant, spindles and slow oscillations could not be reliably
evaluated due to EEG artifacts. Statistical analyses generally
relied on analyses of variance (ANOVA; SPSS version 20.0.0
for Windows) including a repeated measures factor “Treat-
ment” (tiagabine vs placebo), and for analysis of pictures an
additional “Emotionality” factor, representing recall of neutral
vs emotional pictures. Analyses of EEG measures included
additional factors for “Topography” (representing the recording
sites) and “Sleep stage” (stage 2 sleep, SWS). Significant
ANOVA interactions were specified by post hoc t-tests. Degrees
of freedom were corrected according to Greenhouse-Geisser
where appropriate. The level of significance was set to P <0.05.
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Figure 1—Mean (+ SEM) of overnight retention of memories (A) for word pair associates, (B) for neutral and emotional pictures, and (C) for sequence finger tapping
skills in the tiagabine (empty bars) and placebo condition (black bars). Retention of word pairs is indicated by the difference in the number of word pairs recalled
at retrieval testing after sleep minus recall performance on the criterion trial at learning before sleep. Recall of pictures is indicated by the total number of pictures
recalled during retrieval testing after sleep. Overnight gains in sequence finger tapping (C, left panel) are indicated by the difference in performance (number of
correctly tapped sequences per 30-sec trial) at retrieval testing after sleep minus average performance on the last trials during training before sleep. Right panel
indicates performance after sleep on a control sequence not trained before sleep. *P < 0.05, for pairwise comparisons between the effects of the treatments (n = 12).
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RESULTS

Memory

For the word-pair association task, retention of word pairs as
indicated by the difference in recall at the retrieval phase minus
immediate recall performance after the learning phase did not
differ between the tiagabine and placebo condition (mean differ-
ence of recalled word pairs [+ SEM] tiagabine: -2.17 [1.18],
placebo: -1.58 [1.01], F < 0.14, P> 0.72, for respective effects
of Treatment; Figure 1A). Also, numbers of recalled word pairs
at retrieval testing did not differ between the treatment condi-
tions (¢,, = -0.30, P = 0.77). There were also no hints at any
difference between the conditions during the learning phase
(number of trials to criterion tiagabine: 1.92 [0.26], placebo:
2.33[0.43], t,, = -1.33, P = 0.21, number of recalled words at
criterion trials tiagabine: 27.50 [1.03], placebo: 27.50 [1.11],
t,=0.00,P=1).

Memory for emotional and neutral pictures was also
not significantly affected by tiagabine (number of recalled
emotional pictures tiagabine: 9.33 [1.15], placebo: 9.25 [1.12]
and neutral pictures tiagabine: 5.17 [0.78], placebo: 6.17 [0.74],
F <0.53, P> 0.48 for respective main and interaction effects of
Treatment, Figure 1B). Emotional pictures were remembered
better than neutral pictures in both conditions (F,, = 42.76,
P <0.001).

For the sequence finger tapping task, the overnight gain
expressed by the difference of correctly tapped sequences at
recall minus performance at learning was significantly reduced
by tiagabine (tiagabine: 2.50 [0.5] Placebo: 5.03 [1.17],
F,, =558, P<0.05, Figure 1C). At learning, the number of
correctly tapped sequences did not differ significantly between
the treatment conditions (tiagabine: 18.19 [1.56], placebo:
16.83 [1.13], t,, =-1.54, P = 0.15). Also, tapping on the control
sequence did not reveal any difference between the tiagabine
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and placebo conditions (¢, = 0.47 and P = 0.65). Error rates
were variable, and there was a trend toward error rates reducing
more across sleep in the placebo condition, i.e., participants
made fewer errors in the placebo condition (mean reduction
in error rate tiagabine: -1.01% [1.25], placebo: -4.47% [3.25],
t, =1.91,P=0.08).

Sleep

Descriptive data for all sleep stages is provided in Table 1.
During the tiagabine condition, participants spent distinctly
more time in SWS (¢,,=3.10, P < 0.01) but less time in stage |
sleep (¢,, = 3.46, P <0.01) than in the placebo condition. REM
sleep was also reduced in the tiagabine condition (¢,, = -2.54,
P <0.05).

A more fine-grained analysis of EEG power during NREM
sleep stage 2 and SWS indicated a significantly increased
mean power density in the slow oscillation (0.5-1 Hz), delta
(1-4 Hz), and theta (4-8 Hz) frequency bands during tiagabine
than placebo (Figure 2A). All effects were apparent at Fz (slow
oscillation: £, = 3.01, P <0.05, delta: z, = 11.64, P < 0.01, theta:
t,=2.35 and P <0.05, Figure 2B left) and Cz (slow oscillation:
t,=5.22,P <0.001, delta: £, = 4.58, P < 0.001, theta: t, = 3.76
and P<0.01, Figure 2B right). There were no significant differ-
ences between the treatment conditions for fast (12-15 Hz) and
slow (9-12 Hz) spindle power (¢, < 1.69, P> 0.13).

Analysis of discrete fast spindles, with power maxima between
13-14 Hz in this sample, showed that overall fast spindle density
(spindles per 30-sec epoch) during NREM sleep was reduced
in the tiagabine condition (¢, = -3.24, P < 0.01; Figure 3). When
differentiating sleep stage 2 and SWS, this effect was more
consistent for stage 2 sleep (post hoc pairwise comparisons for
stage 2 sleep: £, =-2.71, P <0.05) than SWS (¢,=-0.74,P=0.47,
F,=12.20,P<0.01, for Treatment x Sleep stage interaction). A
reducing effect of tiagabine was similarly apparent for absolute
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spindle counts (F,, = 12.64, P < 0.01, for Sleep stage x
Treatment, #,=-2.00, P=0.08, and z, = 1.45, P=0.18, for
pairwise comparisons between the treatments for stage 2
sleep and SWS, respectively).

In order to further characterize the effect of tiagabine
on NREM sleep, the morphology of slow oscillations as
well as spindle activity occurring phase-locked during
the slow oscillation cycle were analyzed. Compared with
placebo, the density of slow oscillations (slow oscilla-
tions per 30-sec epoch) detected during NREM sleep
under tiagabine was increased in Fz and Cz (¢, = 2.91,
P <0.05 and ¢, = 9.24, P < 0.001, Figure 3B). The slow
oscillation waveform detected at Cz did not differ signif-
icantly between placebo and tiagabine. At Fz, there
were marginal differences occurring mainly during
the increasing and decreasing flanks of the oscillation
(Figure 4A for waveforms and P-values). However,
peak to peak amplitude, negative half-wave ampli-
tude, and slope of the slow oscillation did not differ
between the treatment conditions (z, < 1.41, P > 0.19).
Under tiagabine, fast spindle activity (RMS) was signifi-
cantly reduced during the slow oscillation up-state, i.e.,
200-600 ms following the negative half-wave peak of the
slow oscillation, and this effect was more pronounced
at Cz than Fz (Figure 4B for data and P-values). Slow
spindle activity was also reduced under tiagabine during
the negative half-wave at Fz (Figure 4C).

Reaction Times, Mood, and Subjective Sleepiness

There were no significant differences in reaction
times, mood, or subjective sleepiness between tiagabine
and placebo at learning or retrieval (all ¢, < 1.54,
P > 0.15, Table 1 for mean and SEM). There was a
trend toward participants being able to tell if they had
received tiagabine or placebo, i.e., ~50% of the sample
correctly identified the active treatment and placebo in
the respective conditions (x?,, = 3.50, P = 0.06).

DISCUSSION
A consistent finding in sleep and memory research is

Table 1—Sleep parameters and control measures
Minutes
Measure Placebo Tiagabine
Wakefulness 20.41 (4.98) 14.90 (2.53) ns
Stage 1 37.50 (4.86) 19.31 (5.41) **
Stage 2 240.05(11.44) 236.68(16.89) ns
SWS 63.68 (5.91) 98.95(11.91) **
REM 77.55 (4.44) 55.86 (9.62) *
Movement time 4.18 (0.84) 3.27 (0.54) ns
Total sleep time 44345 (12.57) 429.00 (26.50) ns
Sleep latency 2491 (12.46)  24.09 (4.94) ns
SWS latency 23.82 (4.27) 16.68 (2.34) T
REM sleep latency 115.50 (10.23)  136.27 (35.33) ns
Percent
Wakefulness 4.58 (1.09) 3.48 (0.53) ns
Stage 1 8.44 (1.08) 4.23 (1.16) *
Stage 2 53.94 (1.62) 54.84 (1.66) ns
SWS 14.52 (1.42) 24.30 (3.34) **
REM sleep 17.51(0.89) 12.37 (2.14) *
Score
Sleepiness (SSS) at learning 2.92(0.34) 3.25(0.35) ns
Sleepiness (SSS) at retrieval 3.00 (0.37) 2.33(0.28) ns
Positive affect (PANAS) at learning 26.00 (1.12) 25.75 (1.47) ns
Negative affect (PANAS) at earning 11.92 (0.47) 12.00 (0.46) ns
Positive affect (PANAS) at retrieval 25.83 (1.83) 26.25 (1.29) ns
Negative affect (PANAS) at retrieval ~ 11.50 (0.44) 11.25 (0.55) ns
Milliseconds
Vigilance (PVT) at learning 29425 (15.74)  284.58 (5.01) ns
Vigilance(PVT) at retrieval 271.25(14.86) 282.33 (8.22) ns
Percent of learning®
Correct word pairs (PAL) 94.34 (4.28) 91.34 (4.46) ns
Correct sequences (FTT) 13144 (718)  114.28 (2.68) *
Mean (+ SEM) values are given for the tiagabine and placebo condition (n = 12).
*P <0.05, *P <0.01, 1P <0.10, and ns P > 0.15. 2Overnight retention of word pairs
and gains in finger sequence tapping skill are here provided additionally in percent
values, with performance at the end of learning before sleep set to 100%

that memory consolidation during sleep essentially relies
on SWS, especially on the synchronizing feature of the
<1 Hz slow oscillations during this sleep stage.' The aim of this
study was, through stimulating GABAergic neurotransmission,
to enhance SWS in order to improve the consolidating effect on
memory. The present data show that the administration of the
GABA re-uptake inhibitor tiagabine (10 mg) has indeed the same
effect on SWS in young adults as it had in previous studies in
elderly,'*? as it promoted SWS in favor of REM sleep. Although
the sample size of our study was relatively small, the more detailed
analyses of the EEG signal during SWS that relied on the artifact-
free datasets indicated that tiagabine increases power in the lower
frequency bands between 0.5-8 Hz and increased the density of
slow oscillations. However, spindle activity was simultaneously
reduced following tiagabine administration. Unexpectedly, anal-
ysis of the memory tasks show that the increase in SWS did not
reflect in an enhancement of beneficial effect of sleep on declara-
tive memories, which in previous studies proved to be most
consistently benefited by SWS.*® There also was no influence of
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tiagabine on overnight retention of emotional memories. Proce-
dural motor memory consolidation in terms of correctly tapped
finger sequences was even significantly impaired by the GABA
agonist, which corresponds to findings in cats of impaired sleep-
dependent ocular dominance plasticity after administration of the
GABA, agonist zolpidem.*

The failure of tiagabine to improve overnight retention of
declarative memory cannot be attributed to confounding effects
of the substance on vigilance and sleepiness at the time of
retrieval testing. Testing took place almost 24 hours after oral
administration of tiagabine or placebo, i.e., a time when most
of the substance had cleared the system (plasma half-life 7-9 h).
Also, measures of vigilance (PVT), mood (PANAS), and self-
reported tiredness, as well as performance on a control finger
tapping sequence were comparable in both treatment conditions
at retrieval testing. There were also no differences between condi-
tions in learning performance before substance administration.
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(black thin line). Bottom panels indicate significance between the effects of tiagabine and placebo. (B) Average power for frequency bands of interest: 0.5-1
Hz slow oscillation, 1-4 Hz delta, 4-8 Hz theta, 9-12 Hz slow spindle, and 12-15 Hz fast spindle bands. ***P < 0.001, **P < 0.01 and *P < 0.05, for pairwise
comparisons between the effects of the treatment (n = 10).
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Figure 5—Schematic overview over the phase relationships between the
slow oscillation and slow and fast sleep spindles; x-axis in milliseconds
is relative to the (surface) negative slow oscillation peak. Fast spindle
activity (12-15 Hz) increases during the down-to-up transition, is most
pronounced during the up state of the slow oscillation and coincides
with memory reactivations in the hippocampus and neocortex.2% Slow
spindle activity (9-12 Hz), on the other hand, has its maximum during the
up-to-down state transition.® The surface EEG negative half-wave of the
slow oscillation (down state), which is related to reduced neuronal firing,
corresponds to a positive field potential wave in deeper cortical layers,
while the surface EEG positive half-wave (up state), which is related to
increased neuronal firing, corresponds to a depth negative wave. %%

increase during the depolarizing up-phase of the slow oscilla-
tion, reflecting a driving influence slow oscillations exert on
the thalamic generation of these spindles.*> By contrast, slow
(9-12 Hz) frontal spindle activity, which is a separate kind of
spindle activity whose function is less well understood, was
synchronized to the up-to-down transition of the slow oscilla-
tion.® Tiagabine profoundly suppressed both types of synchro-
nized spindle activity during the slow oscillation cycle. In
particular the classical fast spindle activity has been consis-
tently found to be associated with overnight retention of both
declarative and procedural memories.>!'*!"'** Recent studies
suggest that the synchronization of fast spindle activity to
the depolarizing slow oscillation up-state is critical to the
consolidation effect.'>* Specifically it has been proposed that
the fast spindles represent a mechanism involved in the redis-
tribution of memory representations that become reactivated
during SWS to neocortical and striatal sites of long-term
storage.”*5 Against this background, although density of
slow oscillations was increased after tiagabine, the reduced
efficacy of these slow oscillations to drive and synchronize
fast spindle activity to the depolarizing upstate of these oscil-
lations could well explain the failure of tiagabine to produce
any improvement in declarative memory consolidation. An
alternative explanation may be that SWS is already maxi-
mally beneficial in its unmedicated quantity. However, this is
not supported by data that show increasing slow oscillations
and spindles above normal physiological levels by another
method, i.e., through transcranial direct current stimulation
did increase declarative memory consolidation in young
healthy student participants.® Also, it could be speculated that
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tiagabine failed to enhance SWS-dependent memory consoli-
dation because such enhancement was counteracted by imme-
diate (retrograde) amnestic effects of the GABA agonist on
hippocampal memory traces.** Moreover, in studies of fear
memory in mice, hippocampal microinjection of the GABA
receptor agonist muscimol impaired consolidation of fear
context when given 4 or 6 hours following training, but not
when given 1 hour after training.*” Indeed, further research
seems necessary to explore immediate GABAergic effects on
consolidation in hippocampal networks.

Considering the particular robust association that has
been revealed for overnight gains in procedural skills and
spindle activity during retention sleep, the suppressing effect
of tiagabine can also account for the significantly diminished
sleep-associated increases in sequence finger-tapping speed in
this condition. Alternatively, the diminished gains in sequence
finger tapping could be a consequence of tiagabine reducing
REM sleep, as REM sleep has been assumed to contribute to
motor memory consolidation,*” and reducing cholinergic tone
during REM sleep can impair motor memory consolidation.*
However, another study showed that benefits in performance
on the same sequence motor task as used in the present study
can occur in conditions of strongly suppressed REM sleep
after administration of antidepressants,” (see ref. 50 for related
results in rats). While REM sleep was suppressed, overnight
gains in finger tapping were closely associated with fast spindle
activity during retention sleep, which is well in line with motor
memory consolidation relying on sleep spindles rather than on
REM sleep for consolidation. '

Based on the present findings and the available literature,
we can only speculate about the neurophysiological mecha-
nisms mediating the effects of tiagabine, particularly those that
enhance slow wave activity and simultaneously reduce fast
spindle activity. The generation of slow oscillations comprises
a complex interplay of intrinsic voltage-dependent membrane
currents, with miniature EPSPs and low threshold Ca*" poten-
tial mediated bursts considered as initializing events within
neocortical and thalamic networks, respectively.’'? Its rela-
tively stereotypical waveform remaining largely unaffected
by tiagabine argues against an immediate effect of the GABA
agonist on the slow oscillation. Rather, the general increase in
slow oscillation density and power in lower EEG frequencies
might originate from indirect GABAergic effects in brainstem
and hypothalamic areas reducing cholinergic and histamin-
ergic tone in the cortico-thalamic system, thereby reducing
inhibition of the nucleus reticularis and depolarization of
thalamocortical and cortical neurons.”* Decreased brainstem
cholinergic tone is a major factor shifting the thalamo-cortical
system toward increased slow wave activity.*” However, with
regard to the suppression of spindle activity, a direct effect
of tiagabine on the generating thalamic mechanisms cannot
be excluded. Fast spindles (12-15 Hz) are locally generated
in the thalamic reticular nucleus, which is composed entirely
of GABAergic cells.* Importantly, the thalamic GABAergic
effects show a specific temporal dynamic, as tonic activation of
GABA, receptors reduces the occurrence of spindles, whereas
the action of agonistic modulators, which amplify the phasic
response of the GABA, receptor, increases spindle occur-
rence.'s Thus, the present data provide evidence that, although
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enhancing phenotypic SWS, tiagabine severely disturbs fast
spindle activity during NREM sleep, possibly due to its action
as a reuptake inhibitor, which increases GABAergic tone rather
than increasing phasic GABAergic signaling.’

In conclusion, this study demonstrates that stimulating
GABAergic activity by administration of the GABA reuptake
inhibitor tiagabine strongly drives slow frequencies in the sleep
EEG, thus producing an increase in phenotypic SWS. However,
this increase is not functionally effective, as concurrently fast
spindle activity, especially that occurring phase-locked to the
slow oscillation up-states, is suppressed. Consequently, despite
increasing phenotypic SWS, tiagabine fails to improve declara-
tive memory consolidation during sleep and even impairs indi-
cators of procedural memory consolidation.

ABBREVIATIONS
ANOVA, analysis of variance
PANAS, positive and negative affective schedule
PVT, psychomotor vigilance task
RMS, root mean square
SSS, Stanford Sleepiness Scale
SWS, slow wave sleep
TST, total sleep time
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