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Mice Lacking GABAA Receptor δ
Subunit Have Altered Pharmaco-EEG
Responses to Multiple Drugs
Milo Grotell 1*, Shamsiiat Abdurakhmanova2, Lauri V. Elsilä1 and Esa R. Korpi1

1Department of Pharmacology, Faculty of Medicine, University of Helsinki, Helsinki, Finland, 2Department of Anatomy, Faculty of
Medicine, University of Helsinki, Helsinki, Finland

In the brain, extrasynaptically expressed ionotropic, δ subunit-containing γ-aminobutyric
acid A-type receptors (δ-GABAARs) have been implicated in drug effects at both neuronal
and behavioral levels. These alterations are supposed to be caused via drug-induced
modulation of receptor ionophores affecting chloride ion-mediated inhibitory tonic
currents. Often, a transgenic mouse model genetically lacking the δ-GABAARs (δ-KO)
has been used to study the roles of δ-GABAARs in brain functions, because a specific
antagonist of the δ-GABAARs is still lacking. We have previously observed with these δ-KO
mice that activation of δ-GABAARs is needed for morphine-induced conditioning of place
preference, and others have suggested that δ-GABAARs act as targets selectively for low
doses of ethanol. Furthermore, activation of these receptors via drug-mediated agonism
induces a robust increase in the slow-wave frequency bands of electroencephalography
(EEG). Here, we tested δ-KO mice (compared to littermate wild-type controls) for the
pharmaco-EEG responses of a broad spectrum of pharmacologically different drug
classes, including alcohol, opioids, stimulants, and psychedelics. Gaboxadol (THIP), a
known superagonist of δ-GABAARs, was included as the positive control, and as
expected, δ-KO mice produced a blunted pharmaco-EEG response to 6 mg/kg THIP.
Pharmaco-EEGs showed notable differences between treatments but also differences
between δ-KO mice and their wild-type littermates. Interestingly mephedrone (4-MMC,
5mg/kg), an amphetamine-like stimulant, had reduced effects in the δ-KO mice. The
responses to ethanol (1 g/kg), LSD (0.2 mg/kg), and morphine (20 mg/kg) were similar in
δ-KO and wild-type mice. Since stimulants are not known to act on δ-GABAARs, our
findings on pharmaco-EEG effects of 4-MMC suggest that δ-GABAARs are involved in the
secondary indirect regulation of the brain rhythms after 4-MMC.
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INTRODUCTION

Pharmaco-electroencephalography (pharmaco-EEG) has been used as a method for distinguishing
compounds between different drug classes in early drug development by observing changes in neural
oscillations (Dimpfel et al., 1986; Dimpfel, 2003; Drinkenburg et al., 2015). The method is based on
the principle that modulation of various neurotransmitter systems affects extracellular field
potentials differently (Buzsáki et al., 2012). For example, opioid-like drugs generate a wide
suppression of low-frequency bands in pharmaco-EEG, most likely indirectly via dopaminergic
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activation (Dimpfel et al., 1989; Ferger and Kuschinsky, 1995).
This effect might be produced by disinhibitory mechanism, as
opioids are known to presynaptically inhibit the release of the
main inhibitory transmitter γ-aminobutyric acid (GABA)
(Depaulis et al., 1987; Bajo et al., 2011). GABA appears as an
essential regulator of neuronal excitability, especially via its fast-
acting ionotropic A-type receptors (GABAARs) (Olsen and
Sieghart, 2009).

The GABAARs mainly mediate inhibition of neuronal activity
by increasing the influx of chloride ions through the receptor
ionophore leading to hyperpolarization (Korpi et al., 2002a; Olsen
and Sieghart, 2009). GABAARs are located in synapses,
perisynaptically and extrasynaptically, depending on the subunit
combinations of the pentameric assemblies. Synaptic GABAARs
often contain a γ2-subunit and are sensitive to benzodiazepines,
while those located extrasynaptically often include a δ-subunit and
are benzodiazepine-insensitive (Brickley and Mody, 2012). Both of
those receptor types are abundant, e.g., in the cortex and thalamus
(Wisden et al., 1992). In pharmaco-EEG, the activation of synaptic
GABAARs by benzodiazepines increases beta frequency power,
whereas the activation of extrasynaptic δ-subunit-containing
GABAARs (δ-GABAARs) with a superagonist gaboxadol [THIP;
4,5,6,7-tetrahydroisoxazolol(4,5-c)pyridine-3-ol] causes a robust
delta power increment (van Lier et al., 2004; Winsky-Sommerer
et al., 2007). Thus, pharmaco-EEG can be used to distinguish
between ligands acting on different types of GABAA receptors.
Notably, the δ-subunit-containing receptors have a higher
sensitivity to GABA-site agonists, and therefore, those receptors
can respond to changes in extracellular ambient GABA levels
(around 0.5 μM) that can be a small fraction of the synaptically
released GABA of approximately 1 mM (Mody et al., 1994;
Zheleznova et al., 2009; Benkherouf et al., 2019). Sensitivity of
δ-GABAARs is further modulated by the other subunits in the
pentameric assembly and, for example, α4/6βδ receptors are more
sensitive than α1βδ (Zheleznova et al., 2009). These properties
mightmake the extrasynaptic δ-GABAARs sensitive to the effects of
a number of drugs, which could be monitored by pharmaco-EEG.

The δ-GABAARs have been associated with postpartum
depression, a state where endogenous neurosteroid levels are
reduced (Ragguett et al., 2019). Accordingly, exogenous
neurosteroid analogs that preferentially activate δ-GABAARs
(Mihalek et al., 1999) have shown efficacy in treatment of
postpartum depression (Ragguett et al., 2019; Azhar and Din,
2021). More generally, a single nucleotide polymorphism in the
GABRD gene (a gene encoding δ-GABAAR subunit) has been
observed to affect responses to antidepressant drugs (Pu et al.,
2013), and emerging evidence suggests that δ-GABAARs are
involved in other mental and neurological disorders as well as in
induction of drug dependencies (Arslan, 2021). These associations
with δ-GABAARs and neuropsychiatric disorders make it important
to studywhether δ-GABAARs affect various drug-induced responses.

Here we have used cortical pharmaco-EEG to compare wild-
type littermate mice (δ-WT) with the δ-GABAAR knockout mice
(δ-KO) in their responses to multiple drug classes including
alcohol, opioids, stimulants, and psychedelics, by monitoring
the acute effects (0–2 h after administration) and prolonged or
aftereffects (2–5 h) after a single dose. With this approach, the

differential effect of THIP has been detected as a robust slow-
wave pharmaco-EEG activation in the δ-WT mice, which was
lacking in δ-KO mice (Winsky-Sommerer et al., 2007). More
recently, we tested the hypothesis of concurrent GABA release
from histaminergic neurons leading to an increase in ambient
GABA level after the blockade of histamine H3 autoreceptors (Yu
et al., 2015; Scammell et al., 2019) and found that the δ-KO mice
were more sensitive to wake-promoting effects of H3 antagonists
than the δ-WT mice (Abdurakhmanova et al., 2020), indicating
that δ-GABAARs are involved in restricting the excessive brain
excitation induced by the histaminergic system.

First, we tested here the effect of a low dose of ethanol (EtOH)
on pharmaco-EEG, as it has been proposed to selectively target
the δ-GABAARs (Wallner et al., 2003), although not consistently
(Baur et al., 2009). Furthermore, EtOH has been shown to alter
the concentration of extrasynaptic GABA (Jia et al., 2008; Carton
et al., 2019). Next, we tested the pharmaco-EEG effects of
morphine (MO) since we have recently found that the δ-KO
mice are less sensitive to opioid-induced place preference
conditioning than the δ-WT mice (Siivonen et al., 2018). We
also used a psychoactive, amphetamine-like substituted
cathinone mephedrone (4-MMC) (Winstock et al., 2011;
Papaseit et al., 2020), which induces similar place preference
conditioning in both mouse lines (Siivonen et al., 2018). Finally,
we tested the prototype monoamine psychedelic lysergic acid
diethylamide (LSD), a known 5-HT2A agonist (González-Maeso
et al., 2007), as 5-HT2A agonism is believed to control, at least
partially, extrasynaptic GABA concentrations (Abi-Saab et al.,
1999). We finished the set of experiments by confirming the
robust effect of THIP on pharmaco-EEG in δ-WT mice and the
lack of the effect in δ-KO mice.

MATERIALS AND METHODS

Animals
Male δ-KO mice (Mihalek et al., 1999), genotyped and bred in-
house, were compared with their wild-type littermates (n � 8 and
9, respectively). Only male mice were used to reduce the
possibility of producing confounding factors, as the ovarian
cycle in female mice regulates the endogenous levels of
neurosteroids and the expression of δ-GABAARs (Bäckström
et al., 2003; Maguire et al., 2005). The mice were 13–20 weeks
old at the beginning of the experiments. The handling of the
animals and the experiments were performed according to
national and international guidelines. All experimental
procedures were approved by the Animal Experiment
Committee of the State Provincial Office of Southern Finland.
The mice were housed in single open-air cages with wood chip
bedding. Access to food and water was assured ad libitum. The
health condition of each mouse was evaluated on a daily basis.
The EEG recording chambers were in a 12 h:12 h light-dark-cycle
(lights on from 06:00 am to 6:00 pm).

Experimental Drugs
Ethanol (EtOH; 99.99%) and lysergic acid diethylamide (LSD)
were acquired from Sigma-Aldrich (St. Louis, MO,
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United States); morphine (MO) from the University Pharmacy of
Helsinki (Helsinki, Finland), and gaboxadol [4,5,6,7-
tetrahydroisoxazolo(5,4-c)pyridin-3-ol hydrochloride, THIP]
from H. Lundbeck A/S. Mephedrone (4-methyl
methcathinone, 4-MMC) was synthesized in-house as
described previously (Siivonen et al., 2018). Other compounds,
if not otherwise specified, were acquired from Sigma-Aldrich. All
drugs were dissolved in physiological saline (0.9% NaCl) and
administered intraperitoneally. Solutions were prepared one day
prior to the injections.

Dose Selection
A low-moderate EtOH dose of 1 g/kg was chosen, as it has been
shown to produce blood EtOH concentration of about 0.05–0.1%
(by vol, 0.05–0.1 g/dl, 11–22 mmol/L), a range suggested to be
relevant for selective activation of δ-GABAARs (Wallner et al.,
2006; Olsen et al., 2007). In addition, the selected dose has been
shown to increase brain GABA concentrations, in contrast to
higher doses (Carton et al., 2019). A MO dose of 20 mg/kg was
chosen because we have previously shown that it produces
conditioned place preference (CPP) in WT mice, but not in
δ-KO mice, although having enhanced analgetic effects in the
δ-KO mice (Siivonen et al., 2018). A 5 mg/kg dose for 4-MMC
was chosen as this dose is considered low (Ciudad-Roberts et al.,
2015), but still high enough to produce CPP in mice (Siivonen
et al., 2018). The dose for the psychedelic LSD was 0.2 mg/kg,
which consistently induces robust head-twitch responses as a
surrogate to psychedelic drug action (Halberstadt and Geyer,
2013; Halberstadt et al., 2020). A THIP dose of 6 mg/kg was
chosen since it has been used to demonstrate that δ-GABAARs
mediate its effects on pharmaco-EEG responses in δ-WT mice
but not in δ-KO mice (Winsky-Sommerer et al., 2007). This dose
is also active in producing conditioned place aversion in mice
(Vashchinkina et al., 2012). The treatments were given in the
following order with three-day washout periods: EtOH, Saline
(SAL), MO, 4-MMC, LSD, and THIP. The three-day washouts
were determined to be long enough as the half-lives of used
molecules are maximally a couple of hours. However, as there is
evidence that some used compounds like THIP produce long-
lasting effects in some brain regions (e.g., the ventral tegmental

area) (Vashchinkina et al., 2012), pretreatment baselines used for
normalization were analyzed, but no statistical significant
differences were detected (χ2, n � 93 df � 5, p: δ: 5.7E−01, θ:
5.2E−01, α: 3.6E−01, σ: 2.2E−01, β: 2.1E−01, c1: 8.5E−01, c2: 3.1E−01).
Thus, while we cannot entirely exclude persistent drug-induced
alterations in the pharmaco-EEGs with our recording schedule,
we could not find any support for this idea by examining the
repeated pre-treatment baselines. The experimental design is
shown as a flowchart in Figure 1.

Surgery
EEGs were acquired using intracranial electrodes, which were
surgically implanted (Rozov et al., 2016). All surgical procedures
were done under isoflurane anesthesia (5% for induction and
1.5–2.5% for maintenance; Attane, Piramal Healthcare,
Bethlehem, PA, United States). A dose of an antinociceptive
drug (carprofen 5 mg/kg; Rimadyl, Pfizer, United States) was
injected 10 min prior to the surgery. First, fur was shaved from
the incision location, lidocaine (2%, Orion Pharma, Helsinki,
Finland) was injected under the skin, and a midline skin cut was
performed on the skull. After incision, calvaria was exposed and
disinfected using 0.3% hydrogen peroxide. Holes were drilled into
the skull bone, and two epidural electrodes were implanted with
one electrode placed in the frontal cortex (1.8 mm anterior and
1.3 mm lateral to bregma; l. dx.) and the other in the contralateral
parietal cortex (1.0 mm anterior and 1.8 mm lateral to lambda; l.
sin.) for EEG. Two-wire electrodes were implanted into the neck
musculature bilaterally for electromyography (EMG). To
enhance the adhesion of the dental cement to calvaria, the
skull bone was coated with superglue, and the electrodes and
screws were secured to the skull with dental cement (Candulor,
Wangen, Germany). Postoperative nociception was relieved
using buprenorphine (0.1 mg/kg; Temgesic, Reckitt Benckiser,
Slough, United Kingdom), injected intraperitoneally.

EEG Acquisition
After a one-week postoperative period, full-day (24 h) EEG/EMG
recordings were acquired using a preamplifier (10,000X gain for
EEG) and sampled at 1,000 Hz with counterbalanced cables
attached to the previously implanted electrodes. The

FIGURE 1 | The experimental design is shown as a flowchart.
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acquisition of full-day EEG started between 8:00 and 10:00 am.
After the full-day baseline recordings, drug treatments were given
with three-day washouts. Treatment recordings consisted of 1-h
pretreatment EEG and 5-h post-treatment pharmaco-EEG. The
acquisition of pretreatment EEGs started between 9:00 and 10:00
am (Zeitgeber time 3–4 h). That time point for pretreatment
EEGs was chosen as it has been previously observed that slow-
wave NREM has dissipated considerably from the start of the
light period (Huber et al., 2000; Wimmer et al., 2013) and that
δ-KO and littermate controls have similar patterns of vigilance
states (Winsky-Sommerer et al., 2007), making it possible to
detect both increases and decreases in slow-wave EEG. For the
injections, each animal was individually taken out from its home
cage for the injection, and after a quick i.p. drug administration,
the animal was placed back into its cage. The same recording
settings were used as in the full-day baseline recordings.

EEG Analysis
EEGs and EMGs were converted into MATLAB file format and
exported with Spike2 software (version 8.07, Cambridge
Electronic Devices, Cambridge, United Kingdom). The
exported files were then imported into MATLAB (MATLAB,
2019) and down-sampled to 200 Hz. The down-sampled files
were then manually scored for artifacts using AccuSleep (version
November 08, 2020) (Barger et al., 2019). During the manual
artifact scoring, the EMGs were utilized alongside the EEGs to
determine whether an epoch was affected by an artifact or not.

Signal power analyses were done using the same pipeline
structure used in our previous publication (Abdurakhmanova
et al., 2020). However, the MATLAB scripts were reimplemented
using Python (Van Rossum and Drake, 2009). In short, the scored
files were imported into Python using NumPy (Harris et al.,
2020). These files were then bandpass-filtered using SciPy Fir-
filters (Virtanen et al., 2021). The filters’ windows were
constructed as follows: low cutoffs from 1 to 97.6 Hz with 1.4-
Hz intervals and high cutoff frequencies from 2.6 to 99.2 Hz with
1.4-Hz intervals. The filtered data were then Hilbert transformed
to extract frequency and power information from EEG signal, and
median power values were calculated for each 4-s epochs using
Pandas (Reback et al., 2020). At this step, the 4-s epochs which
contained artifacts were removed.

For the baseline recordings, different frequency bands were
averaged over the following frequencies 1–4 Hz for delta (δ),
4–8Hz for theta (θ), 8–12Hz for alpha (α), 10–15Hz for sigma
(σ), 12–30 Hz for beta (β), 30–50Hz for gamma1 (c1) and
50–100 Hz for gamma2 (c2). These frequency bins were then
averaged to 1-h time bins. These averaged time bins were
normalized to the total power over all bands in given 1-h time
bins. The averaging and normalizationwere conducted using Pandas.

For the treatment pharmaco-EEGs, the same band frequencies
were used as with the baseline EEGs, but each band was
normalized to the average power of pretreatment EEG of the
corresponding frequency band.

Statistics
R (R Core Team, 2020) package NparLD’s (Noguchi et al., 2012)
F2.LD.F1 design was used to analyze general effects of the

treatments and F1.LD.F1 design to analyze effects of the
treatments, baselines, or timepoints. Post-hoc analyses were
corrected using Bonferroni correction with Python’s
statsmodels package (Seabold et al., 2017). Statistical
significance was thresholded at p < 0.05. Line plots and
comparison matrixes were constructed using Seaborn
(Waskom et al., 2020).

RESULTS

Baseline EEG Spectral Power Analysis
The power of delta and gamma2 bands was increased in δ-KO
mice, whereas alpha, sigma, and beta bands were suppressed
compared to their littermateWTmice. There were no statistically
significant differences in gamma1 and theta bands between the
genotypes (χ2, n � 17, df � 1, p: δ: 3.1E−03, θ: 2.4E−01, α: 3.3E−03, σ:
3.5E−04, β: 3.2E−03, c1: 5.7E−01, and c2: 4.8E−02). NparLD failed to
produce output for ‘Genotype × Time interaction’ due to a few
missing time points caused by a loose connector. Later analyses
were, however, done and corrected with conservative Bonferroni
correction to minimize the probability for false positives. These
corrected statistics of individual time points showed that the
alterations were most profound during the light-on period for
delta, alpha, and gamma2 bands. Sigma and beta bands were
statistically significantly different during light-on and light-off
periods. The exact statistically significant time bins are shown in
Figure 2.

Pharmaco-EEG Spectral Power Analysis
Generally for all drug treatments, all frequency bands had a
statistically significant ‘treatment effect’ during acute phase of
0–2 h (χ2, n � 93, df � 5, p: δ: 1.5E−37, θ: 1.2E−21, α: 8.6E−34, σ:
8.5E−53, β: 9.1E−37, c1: 2.1E−03, and c2: 1.8E−05, Figure 3).
However, ‘Treatment × Genotype interaction’ was observed
only in delta, theta, and beta bands (χ2, n � 93, df � 5, p: δ:
2.2E−06, θ: 2.7E−03, and β: 2.5E−02). Furthermore ‘Treatment x
Genotype ×Time interaction’was seen in all frequency bands (χ2,
n � 93, df � 55, p: δ: 1.8E−21, θ: 2.9E−18, α: 5.8E−15, σ: 7.6E−25, β:
5.7E−34, c1: 5.3E−112, and c2: 2.0E

−44, Figure 4). These findings
confirm that pharmaco-EEG is able to distinct changes between
different treatments.

SAL injections were associated, in both genotypes, with
pharmaco-EEG power suppression across the delta, theta,
alpha, sigma, and beta frequency bands and with overall
increment in gamma1 and gamma2 bands (Figure 4). The
peak of these alterations was observed in the first 10-min time
bin, with the alterations being gradually normalized to the pre-
injection baseline. This observed effect is most likely caused by
injection and handling stress.

A high dose of EtOH is observed to induce altered behavioral
responses in δ-KO mice (Mihalek et al., 2001) and has been able
to produce changes in cortical field potentials (Abrahao et al.,
2020). However, the ‘Treatment effect’ post-hoc analysis showed
no signal power alterations induced by a low dose (1 g/kg) of
EtOH in δ-WT or δ-KO mice during 0–2 h after administration
when compared to SAL (Figure 3). Further analysis regarding
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‘Genotype × Treatment interaction’ showed no statistically
significant differences between the genotypes. Only one
statistically significant time point was observed in the
‘Genotype × Treatment × Time interaction’ post-hoc analysis
(Figure 4).

‘Treatment effect’ post-hoc analysis showed MO-induced
signal power suppression in delta, alpha, sigma, and beta
frequencies during 0–2 h in δ-WT mice, whereas in δ-KO
mice, the MO-induced suppressions were also detected in
theta band when compared to SAL (Figure 3, ‘SAL vs. MO’;
δ-WT (χ2, n � 15, df � 1, pc: δ: 1.1E−03, θ: 8.0E−02, α: 7.4E−18, σ:
3.1E−16, and β: 3.7E−07; δ-KO: (χ2, n � 14, df � 1, pc: δ: 2.6E−02, θ:
4.2E−05, α: 7.6E−04, σ: 1.4E−12, and β: 3.4E−09). ‘Genotype ×
Treatment interaction’ post-hoc analysis showed no
statistically significant effects between the genotypes. These
findings are in line with previous pharmaco-EEG studies
where MO-induced alterations in field potentials were thought
to be mediated via indirect DA-receptor activation (Dimpfel
et al., 1989; Ferger and Kuschinsky, 1995).

Stimulants have similar locomotor activating, sensitizing, and
rewarding effects in δ-WT or δ-KOmice (Siivonen et al., 2018) and,
therefore, we expected to see no significant differences in pharmaco-
EEG responses after 4-MMC. However, ‘Treatment effect’ post-hoc
analysis showed 4-MMC-induced signal power suppression in all
band frequencies except gamma1 in δ-WT mice during 0–2 h,
whereas 4-MMC-induced suppressions where not observed in
δ-KO when compared to SAL (Figure 3, ‘SAL vs. 4-MMC;
δ-WT: χ2, n � 18, df � 1, pc: δ: 2.9E−06, θ: 2.5E−05, α: 5.0E−05,
σ: 8.6E−06, β: 1.8E−05, c1: 1.0E+00, and c2: 3.5E−02; δ-KO: χ2, n � 14,
df � 1, pc: δ: 1.0E+00, θ: 3.8E−01, α: 5.0E−02, σ: 2.1E−01, β: 8.9E−02, c1:
1.0E+00, and c2: 1.0E

+00). ‘Genotype × Treatment interaction’ post-
hoc analysis showed statistically significant effects between the
genotypes in theta and beta bands (Genotype × Treatment
interaction: χ2, n � 17, df � 1, pc; θ: 2.1E−02, and β: 2.5E−04).
Lastly, ‘Genotype × Treatment × Time interaction’ post-hoc analysis
showed notable differences in sigma and beta bands (Figure 4).

Albeit activation of 5-HT2 receptors have been shown to
alter extrasynaptic GABA levels (Abi-Saab et al., 1999),

FIGURE 2 | 24-h baseline recordings are shown in 1-h time bins. Data are presented as mean ± SEM. Gray underlays show the lights-off period. p-values were
corrected using the Bonferroni correction for each band individually. The horizontal lines depict statistical significance (p < 0.05: gray; p < 0.001: blue; p < 0.0001: red).

FIGURE 3 | Acute effects (0–2 h) of treatments compared to each other. p-values calculated using the Bonferroni correction for each band frequency individually.
* < 0.05; ** < 0.001; *** < 0.0001. SAL, saline; EtOH, ethanol; MO, morphine; 4-MMC, mephedrone; LSD, lysergic acid diethylamide; and THIP, gaboxadol.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 7068945

Grotell et al. Drug-Induced Alterations in Pharmaco-EEG

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


‘Treatment effect’ post-hoc analysis showed no LSD-induced
signal power alterations during 0–2 h in δ-WT or δ-KO mice
when compared to SAL (Figure 3). Not surprisingly,
‘Genotype × Treatment interaction’ post-hoc analysis

showed no statistically significant differences between the
genotypes. One statistically significant time point was
observed in ‘Genotype × Treatment × Time interaction’
post-hoc analysis as shown in Figure 4.

FIGURE 4 | Acute effects of treatments compared between the genotypes during 0–2 h after injection. The gray overlay shows the pretreatment recording period.
Plots show mean ± SEM. All treatments are normalized to pre-injection mean individually for each mouse. p-values were calculated using the Bonferroni correction for
each band frequency. The horizontal lines under the time point show statistical significance between genotypes (p < 0.05: gray; p < 0.001: blue; p < 0.0001: red). SAL,
saline; EtOH, ethanol; MO, morphine; 4-MMC, mephedrone; LSD, lysergic acid diethylamide; and THIP, gaboxadol.
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To confirm that the pharmaco-EEG of the experimental batch
of mice responded as shown previously (Winsky-Sommerer et al.,
2007), we administered THIP at the dose of 6 mg/kg to provoke
substantive increases in the delta band EEG in the wild-type mice
with little effect on that of the δ-KOmice. ‘Treatment effect’ post-
hoc analysis showed THIP-induced signal power increment in
delta and theta frequency bands during 0–2 h in δ-WT mice,
whereas in δ-KO mice, no THIP-induced alterations were
detected compared to SAL (Figure 3, ‘SAL vs. THIP’; δ-WT:
χ2, n � 17, df � 1, pc: δ: 4.0E−22 and θ: 2.7E−05; δ-KO: χ2, N � 15
df � 1, pc: δ: 1.0E+00 and θ: 1.0E+00). Also, ‘Genotype × Treatment
interaction’ post-hoc analysis showed that δ-WT was statistically
different from δ-KO (χ2, n � 15, df � 1, pc: δ: 7.2E−07 and θ:
2.6E−02). Lastly, ‘Genotype × Treatment × Time interaction’ post-
hoc analysis is shown in Figure 4. These results indicate that the
mouse model that we used responded to the δ-GABAAR
superagonist THIP as predicted.

In the following subacute observation period (2–5 h) all
frequency band-wide ‘Treatment effects’ remained (χ2, n � 93,
df � 5, p: δ: 1.8E−04, θ: 1.7E−05, α: 1.2E−09, σ: 2.4E−11, β: 2.1E−12, c1:
6.4E−04 and c2: 4.0E−07). However, only the effect of MO
treatment remained statistically significant from that of SAL in
both genotypes (Figures 5, 6).

DISCUSSION

Here we observed that δ-KO mice have notable differences in
drug-induced pharmaco-EEG responses. These findings were not
limited to the previously shown blunted response to THIP
(Winsky-Sommerer et al., 2007), but the δ-KO mice were also
less sensitive to 4-MMC-induced suppression of pharmaco-EEG
across multiple frequency bands. Furthermore, we observed
similarly altered baseline EEG band powers as in our previous
experiments with the same δ-KO mouse line (Abdurakhmanova
et al., 2020), indicating that cortical EEG is a well reproducible
method to study drug-induced alterations in cortical field
potentials.

Morphine (MO) at the dose of 20 mg/kg induced suppression in
multiple low-frequency bands, a finding that is in line with
previous research. It has been suggested that these alterations
are caused by indirect activation of dopamine (DA) receptors,
but they can also be dramatically attenuated with non-selective
opioid receptor antagonists (Dimpfel et al., 1989; Ferger and
Kuschinsky, 1995). More interestingly, a rebound of mainly
delta band activity was observed similarly in both genotypes at
the end of prolonged MO effects (2–5 h). Previous research has
observed an increase in delta frequency band induced by nitrous
oxide and ketamine, known N-methyl-D-aspartate (NMDA)
receptor antagonists, and this pharmaco-EEG-effect has been
associated with the rapid antidepressant effect of these drugs
(Kohtala et al., 2019). A similar increment in slow-wave EEG is
also observed after electric therapies for depression (Sackeim et al.,
1996). Current knowledge suggests that many unconventional fast-
acting antidepressants, working via NMDA receptor antagonism,
rely on their interactions with the opioid system and that non-
selective antagonism of the opioid receptors abolishes drug-
induced antidepressant effects (Ragguett et al., 2019; Dolatshahi
et al., 2020; Klein et al., 2020; Perez-Caballero et al., 2020). Kohtala
et al. (2019) have, however, suggested that the rapid antidepressant
effects require, in addition to slow-wave EEG increment,
upregulation of TrkB and GSK3β signaling pathways. All this
combined has raised an important question of whether known
opioid system agonists like MO could be used to treat depression.
Indeed, some previous research has shown that subclinically
depressed people have a lower number of μ-opioid receptors
and that opioid agonists reduce depression, although with a cost
of liability to addiction and tolerance, which has strongly limited
their use (Tejedor-Real et al., 1995; Ragguett et al., 2019;
Nummenmaa et al., 2020; Perez-Caballero et al., 2020). In spite
of these problems, an opioid agonist/antagonist combination
(buprenorphine + samidorphan) has been developed to treat
treatment-resistant depression and is currently in clinical trials
(Ragguett et al., 2018; Ragguett et al., 2019). Also, the
antidepressant tianeptine, working at least partly via μ-opioid
receptor agonism, has proven effectiveness in treating

FIGURE 5 | Sub-acute effects (2–5 h) of treatments compared to each other. p-values were calculated using the Bonferroni correction for each band frequency
individually. * < 0.05; ** < 0.001; *** < 0.0001. SAL, saline; EtOH, ethanol; MO, morphine; 4-MMC, mephedrone; LSD, lysergic acid diethylamide; and THIP, gaboxadol.
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depression (Samuels et al., 2017). When taking together with
previous knowledge that δ-KO mice show blunted MO-induced
conditioned place preference (Siivonen et al., 2018), we can
hypothesize that combining opioids with δ-GABAARs
antagonist could provide a novel and a better-tolerated way to

make opioids an alternative way to treat depression. Unfortunately,
at present, there are no known selective δ-GABAAR antagonists.

Alternatively, delta frequency band increment can be induced
via direct δ-GABAARs agonism with THIP, as shown here and
confirming the results (Winsky-Sommerer et al., 2007). Not

FIGURE 6 | Sub-acute effects (2–5 h after injection) of treatments compared between genotypes. Plots are showing mean ± SEM. All treatments are normalized to
pre-injection mean individually for eachmouse. SAL, saline; EtOH, ethanol; MO, morphine; 4-MMC, mephedrone; LSD, lysergic acid diethylamide; and THIP, gaboxadol.
No differences were observed between genotypes due to the lack of the main effect.
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surprisingly, we similarly observed a diminished THIP-induced
signal power increment in delta and theta frequency bands in δ-KO
mice. A study by Maguire and Mody (Maguire and Mody, 2008)
demonstrated that reduced activation of δ-GABAARs has a role in
postpartum depression, observing that δ-KO mice have increased
depression-like behaviors and an implicit failure in normal
maternal behaviors. Brexanolone (allopregnanolone), a
neurosteroid agonist which preferentially activates δ-GABAARs
(Mihalek et al., 1999), has shown efficacy in the treatment of
postpartum depression, a condition where endogenous
neurosteroids are downregulated in humans (Ragguett et al.,
2019; Arslan, 2021; Azhar and Din, 2021). Rising evidence also
suggests that brexanolone could be an effective treatment for other
types of mood disorders as well (Arslan, 2021).

Although it has been shown that δ-KO mice have altered
behavioral responses to high doses of EtOH (Mihalek et al.,
2001), others have suggested δ-GABAARs to be selective targets
for low EtOH doses/concentrations (Wallner et al., 2003; Wallner
et al., 2006; Olsen et al., 2007). It is also known that EEG can detect
EtOH-induced changes in local field potentials (Abrahao et al.,
2020). Therefore, it was, essential to study the actions of low EtOH
doses on the pharmaco-EEG in this model. Unfortunately, both
genotypes showed similar pharmaco-EEG responses to 1 g/kg of
EtOH, which is surprising because a low dose of EtOH has been
shown to alter the concentration of extrasynaptic GABA (Jia et al.,
2008; Carton et al., 2019). However, EtOH treatment did not differ
from saline control treatment either. That suggests that cortical
pharmaco-EEG is not sensitive enough to detect small changes in
GABA concentration induced by EtOH or that EtOH-induced
alterations mostly happen in subcortical brain areas not detectable
by cortical pharmaco-EEG. On the other hand, EtOH effects on
δ-GABAARs have been challenging to reproduce in various models
(Borghese et al., 2006; Korpi et al., 2007), making it less likely that
low alcohol doses would have selective effects on this receptor
subtype. Since it is known in mouse and rat models that sleep is
promoted both by acute moderate to high doses of EtOH or binge
drinking and impaired by EtOH withdrawal (Thakkar et al., 2015),
further studies are needed to assess the effects of low doses of EtOH
on sleep EEG and the role of δ-GABAARs on effects of higher
EtOH doses in our mouse model.

Although stimulants have in the brain other main targets than
GABAARs, such as monoamine transporters (Korpi et al., 2015),
the neuronal circuitries they affect often constitute GABAergic
neurons and pathways like medium spiny neuron populations in
the striatum. Furthermore, e.g., cocaine reward and sensitization
are associated with α2-GABAAR responses (Dixon et al., 2010)
and methamphetamine self-administration is enhanced by
benzodiazepines acting on GABAARs (Spence et al., 2016).
The roles of the δ-GABAARs in stimulant actions have been
little studied before. Here, we also observed that pharmaco-EEG
of δ-WT mice after treatment with 5 mg/kg of 4-MMC was
suppressed at multiple low-frequency bands and gamma2
band, which was not seen in δ-KO mice. Interestingly, the
most notable changes were observed as beta frequency band
suppression, as an increased power of beta band has previously
been associated with the increased synaptic GABAAR activation
by benzodiazepines (van Lier et al., 2004). The lack of observed

suppression in δ-KO mice could thus be due to decreased
sensitivity to changes in extrasynaptic GABA concentrations
compared to their wild-type littermates. Alternatively, an
increased number of c2 subunit-containing synaptic GABAARs
(γ2-GABAARs) due to adaptations to loss of δ-subunit in δ-KO
mice could make δ-KO mice more sensitive to changes in
synaptic GABA levels (Korpi et al., 2002b; Peng et al., 2002).
When considering that MO-induced pharmaco-EEG alterations
are supposed to be mediated via indirect DA effect, we
hypothesized that the 4-MMC-induced alterations are, in
addition to the direct DA effect, affected by GABAergic
inhibitory feedback mechanisms (Dimpfel et al., 1989; Ferger
and Kuschinsky, 1995). On the other hand, δ-KO mice show
normal sensitivity to locomotor activation as well as induction
and expression of conditioned place preference to stimulants
methamphetamine and 4-MMC (Siivonen et al., 2018),
suggesting dissociation of the altered pharmaco-EEG response
from the psychomotor stimulation and rewarding effects.

Even though extrasynaptic GABA concentrations have been
shown to be at least partially controlled by the activation of the 5-
HT2A receptors (Abi-Saab et al., 1999), no pharmaco-EEG
differences between the genotypes were observed when mice
were treated with the prototype serotonergic psychedelic LSD,
a known 5-HT2A agonist, with a head-twitch-inducing dose of
0.2 mg/kg (González-Maeso et al., 2007; Halberstadt and Geyer,
2013). In a study by Abi-Saab et al. (1999), extrasynaptic GABA
concentrations were increased acutely by a dose-dependent
manner with DOI (2,5-dimethoxy-4-iodoamphetamine), a
known 5-HT2A/C agonist, but they normalized very rapidly
during the first hour. This fast normalization of extrasynaptic
GABA might be the reason why no differences were observed in
pharmaco-EEG between genotypes – all possible differences
induced by LSD could have been muddled by the alterations
caused by possible stress effects of i.p. administration, which was
most pronounced during the first hour.

Onemajor limitation of conventional δ-KOmice is the presence
of major developmental adaptations to the lack of the GABAAR
δ-subunit (Korpi et al., 2002b; Peng et al., 2002; Spigelman et al.,
2002). These alterations are not limited to the altered full-day
baseline EEG activity, which is thought to be acquired due to more
hyperpolarized thalamocortical neurons and the previously
assessed increment in the synaptic γ2-GABAARs (Mesbah-Oskui
et al., 2014). These δ-KO mice also show a significantly reduced
response to stress, reduced episodic memory consolidation, and
depression-like behaviors as adaptations (Spigelman et al., 2002;
Maguire and Mody, 2008; Sarkar et al., 2011; Mesbah-Oskui et al.,
2014). δ-KO mice have also reduced expression of α4 subunits that
are often co-expressed in δ-GABAAR assemblies (Korpi et al.,
2002b). This reduced expression of α4 subunits could further
reduce sensitivity to extrasynaptic ambient GABA, but as the
δ-KO mice show also increased level of benzodiazepine-
insensitive α4βc2 receptors, the loss of α4 subunits is at least
partially compensated by its increased receptor incorporation
with available γ2 subunits (Korpi et al., 2002b; Peng et al.,
2002). The main α subunit, the α1, is increased in the striatum
and cerebellum of the δ-KO mice, but unaltered in many other
regions (Tretter et al., 2001; Korpi et al., 2002b; Peng et al., 2002).
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These adaptations could also be behind the altered pharmaco-EEG
responses in δ-KO mice, but unfortunately, there are no selective
antagonists for GABAAR subtypes that could be directly used to
evaluate the pharmacological roles of these receptors (Korpi et al.,
2002a). Therefore, this limitation should be taken into
consideration when interpreting the results.

To sum up, δ-KO mice were less sensitive to THIP-induced
alterations in cortical pharmaco-EEG and had blunted responses
to 4-MMC-induced power suppression. The exact mechanisms of
drug actions on EEG remain uncertain due to the descriptive
nature of pharmaco-EEG, with the exception of THIP, which is
known to be a superagonist of δ-GABAARs (Stórustovu and
Ebert, 2006; Saarelainen et al., 2008). Furthermore, δ-KO mice
had a similar pharmaco-EEG response to EtOH, LSD, and MO as
compared to their wild-type littermates, which suggests that
cortical pharmaco-EEG in mice is not particularly sensitive to
smaller alterations in ambient GABA levels around the
δ-GABAARs. It remains to be studied whether these findings
could help to provide novel ways to treat depression and stress as
well as reduce drug-caused harm.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
Experiment Committee of the State Provincial Office of
Southern Finland.

AUTHOR CONTRIBUTIONS

MG, SA, LE, and EK designed the experiments. MG, SA, and LE
performed the experiments. MG analyzed the data. MG and EK
wrote the manuscript. All authors reviewed and approved the
final manuscript.

FUNDING

The study was partially funded by the Academy of Finland (EK),
the Finnish Foundation for Alcohol Studies (LE and EK), and the
Sigrid Juselius Foundation (EK).

ACKNOWLEDGMENTS

We thank Tarja Stenberg for providing facilities for the
experiments, and Kristina Dahl for genotyping the animals.

REFERENCES

Abdurakhmanova, S., Grotell, M., Kauhanen, J., Linden, A.-M., Korpi, E. R., and
Panula, P. (2020). Increased Sensitivity of Mice Lacking Extrasynaptic
δ-Containing GABAA Receptors to Histamine Receptor 3 Antagonists.
Front. Pharmacol. 11. doi:10.3389/fphar.2020.00594

Abi-Saab, W., Bubser, M., Roth, R. H., and Deutch, A. Y. (1999). 5-HT2 Receptor
Regulation of Extracellular GABA Levels in the Prefrontal Cortex.
Neuropsychopharmacology 20, 92–96. doi:10.1016/S0893-133X(98)00046-3

Abrahao, K. P., Pava,M. J., and Lovinger, D.M. (2020). Dose-dependent Alcohol Effects
on Electroencephalogram: Sedation/anesthesia Is Qualitatively Distinct from Sleep.
Neuropharmacology 164, 107913. doi:10.1016/j.neuropharm.2019.107913

Arslan, A. (2021). Extrasynaptic δ-subunit Containing GABAA Receptors.
J. Integr. Neurosci. 20, 173–184. doi:10.31083/j.jin.2021.01.284

Azhar, Y., and Din, A. U. (2021). “Brexanolone,” in StatPearls (Treasure Island
(FL): StatPearls Publishing). Available at: http://www.ncbi.nlm.nih.gov/books/
NBK541054/(Accessed March 29, 2021).

Bäckström, T., Andersson, A., Andreé, L., Birzniece, V., Bixo, M., Björn, I., et al.
(2003). Pathogenesis in Menstrual Cycle-Linked CNS Disorders. Ann. N.Y
Acad. Sci. 1007, 42–53. doi:10.1196/annals.1286.005

Bajo, M., Roberto, M., Madamba, S. G., and Siggins, G. R. (2011). Neuroadaptation
of GABAergic Transmission in the central Amygdala during ChronicMorphine
Treatment. Addict. Biol. 16, 551–564. doi:10.1111/j.1369-1600.2010.00269.x

Barger, Z., Frye, C. G., Liu, D., Dan, Y., and Bouchard, K. E. (2019). Robust,
Automated Sleep Scoring by a Compact Neural Network with Distributional
Shift Correction. PLOS ONE 14, e0224642. doi:10.1371/journal.pone.0224642

Baur, R., Kaur, K. H., and Sigel, E. (2009). Structure of α6β3δGABAAreceptors and
Their Lack of Ethanol Sensitivity. J. Neurochem. 111, 1172–1181. doi:10.1111/
j.1471-4159.2009.06387.x

Benkherouf, A. Y., Taina, K. R., Meera, P., Aalto, A. J., Li, X. G., Soini, S. L., et al.
(2019). Extrasynaptic δ-GABAAreceptors Are High-affinity Muscimol
Receptors. J. Neurochem. 149, 41–53. doi:10.1111/jnc.14646

Borghese, C. M., Stórustovu, S. í., Ebert, B., Herd, M. B., Belelli, D., Lambert, J. J.,
et al. (2006). The δ Subunit of γ-Aminobutyric Acid Type A Receptors Does

Not Confer Sensitivity to Low Concentrations of Ethanol. J. Pharmacol. Exp.
Ther. 316, 1360–1368. doi:10.1124/jpet.105.092452

Brickley, S. G., and Mody, I. (2012). Extrasynaptic GABAA Receptors: Their
Function in the CNS and Implications for Disease. Neuron 73, 23–34.
doi:10.1016/j.neuron.2011.12.012

Buzsáki, G., Anastassiou, C. A., and Koch, C. (2012). The Origin of Extracellular
fields and Currents - EEG, ECoG, LFP and Spikes. Nat. Rev. Neurosci. 13,
407–420. doi:10.1038/nrn3241

Carton, L., Auger, F., Kyheng, M., Pétrault, M., Durieux, N., Allorge, D., et al.
(2019). Dose-dependent Metabolite Changes after Ethanol Intoxication in Rat
Prefrontal Cortex Using In VivoMagnetic Resonance Spectroscopy. Sci. Rep. 9,
10682. doi:10.1038/s41598-019-47187-4

Ciudad-Roberts, A., Camarasa, J., Ciudad, C. J., Pubill, D., and Escubedo, E. (2015).
Alcohol Enhances the Psychostimulant and Conditioning Effects of
Mephedrone in Adolescent Mice; Postulation of Unique Roles of D3
Receptors and BDNF in Place Preference Acquisition. Br. J. Pharmacol. 172,
4970–4984. doi:10.1111/bph.13266

Depaulis, A., Morgan, M. M., and Liebeskind, J. C. (1987). GABAergic Modulation
of the Analgesic Effects of Morphine Microinjected in the Ventral
Periaqueductal gray Matter of the Rat. Brain Res. 436, 223–228.
doi:10.1016/0006-8993(87)91665-9

Dimpfel, W. (2003). Preclinical Data Base of Pharmaco-specific Rat EEG
Fingerprints (Tele-Stereo-EEG). Eur. J. Med. Res. 8, 199–207.

Dimpfel, W., Spüler, M., and Nickel, B. (1988). Dose- and Time-dependent Action
of Morphine, Tramadol and Flupirtine as Studied by
Radioelectroencephalography in the Freely Behaving Rat.
Neuropsychobiology 20, 164–168. doi:10.1159/000118492

Dimpfel, W., Spüler, M., Nickel, B., and Tibes, U. (1986). ’Fingerprints’ of Central
Stimulatory Drug Effects by Means of Quantitative
Radioelectroencephalography in the Rat (Tele-Stereo-EEG).
Neuropsychobiology 15, 101–108. doi:10.1159/000118250

Dixon, C. I., Morris, H. V., Breen, G., Desrivieres, S., Jugurnauth, S., Steiner, R. C.,
et al. (2010). Cocaine Effects on Mouse Incentive-Learning and Human
Addiction Are Linked to α2 Subunit-Containing GABAA Receptors. Proc.
Natl. Acad. Sci. USA 107, 2289–2294. doi:10.1073/pnas.0910117107

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 70689410

Grotell et al. Drug-Induced Alterations in Pharmaco-EEG

https://doi.org/10.3389/fphar.2020.00594
https://doi.org/10.1016/S0893-133X(98)00046-3
https://doi.org/10.1016/j.neuropharm.2019.107913
https://doi.org/10.31083/j.jin.2021.01.284
http://www.ncbi.nlm.nih.gov/books/NBK541054/
http://www.ncbi.nlm.nih.gov/books/NBK541054/
https://doi.org/10.1196/annals.1286.005
https://doi.org/10.1111/j.1369-1600.2010.00269.x
https://doi.org/10.1371/journal.pone.0224642
https://doi.org/10.1111/j.1471-4159.2009.06387.x
https://doi.org/10.1111/j.1471-4159.2009.06387.x
https://doi.org/10.1111/jnc.14646
https://doi.org/10.1124/jpet.105.092452
https://doi.org/10.1016/j.neuron.2011.12.012
https://doi.org/10.1038/nrn3241
https://doi.org/10.1038/s41598-019-47187-4
https://doi.org/10.1111/bph.13266
https://doi.org/10.1016/0006-8993(87)91665-9
https://doi.org/10.1159/000118492
https://doi.org/10.1159/000118250
https://doi.org/10.1073/pnas.0910117107
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Dolatshahi, M., Davoudi, S., Paridar, Y., Naserzadeh, R., and Ghorbanzadeh, B. (2020).
Pharmacological Evidence for the Involvement of the Opioid System in the
Antidepressant-like Effect of Simvastatin in Mice: Without Tolerance and
Withdrawal Syndrome. Neurosci. Lett. 714, 134578. doi:10.1016/j.neulet.2019.134578

Drinkenburg, W. H. I. M., Ruigt, G. S. F., and Ahnaou, A. (2015). Pharmaco-EEG
Studies in Animals: An Overview of Contemporary Translational Applications.
Neuropsychobiology 72, 151–164. doi:10.1159/000442210

Ferger, B., and Kuschinsky, K. (1995). Effects of Morphine on EEG in Rats and
Their Possible Relations to Hypo- and Hyperkinesia. Psychopharmacology 117,
200–207. doi:10.1007/BF02245188

González-Maeso, J., Weisstaub, N. V., Zhou, M., Chan, P., Ivic, L., Ang, R., et al.
(2007). Hallucinogens Recruit Specific Cortical 5-HT2A Receptor-Mediated
Signaling Pathways to Affect Behavior. Neuron 53, 439–452. doi:10.1016/
j.neuron.2007.01.008

Halberstadt, A. L., Chatha, M., Klein, A. K., Wallach, J., and Brandt, S. D. (2020).
Correlation between the Potency of Hallucinogens in the Mouse Head-Twitch
Response Assay and Their Behavioral and Subjective Effects in Other Species.
Neuropharmacology 167, 107933. doi:10.1016/j.neuropharm.2019.107933

Halberstadt, A. L., and Geyer, M. A. (2013). Characterization of the Head-Twitch
Response Induced by Hallucinogens in Mice. Psychopharmacology 227,
727–739. doi:10.1007/s00213-013-3006-z

Harris, C. R., Millman, K. J., van der Walt, S. J., Gommers, R., Virtanen, P.,
Cournapeau, D., et al. (2020). Array Programming with NumPy. Nature 585,
357–362. doi:10.1038/s41586-020-2649-2

Huber, R., Deboer, T., and Tobler, I. (2000). Effects of Sleep Deprivation on Sleep
and Sleep EEG in Three Mouse Strains: Empirical Data and Simulations. Brain
Res. 857, 8–19. doi:10.1016/s0006-8993(99)02248-9

Jia, F., Chandra, D., Homanics, G. E., and Harrison, N. L. (2008). Ethanol
Modulates Synaptic and Extrasynaptic GABAA Receptors in the Thalamus.
J. Pharmacol. Exp. Ther. 326, 475–482. doi:10.1124/jpet.108.139303

Klein, M. E., Chandra, J., Sheriff, S., and Malinow, R. (2020). Opioid System Is
Necessary but Not Sufficient for Antidepressive Actions of Ketamine in Rodents.
Proc. Natl. Acad. Sci. USA 117, 2656–2662. doi:10.1073/pnas.1916570117

Kohtala, S., Theilmann, W., Rosenholm, M., Penna, L., Karabulut, G., Uusitalo, S.,
et al. (2019). Cortical Excitability and Activation of TrkB Signaling during
Rebound Slow Oscillations Are Critical for Rapid Antidepressant Responses.
Mol. Neurobiol. 56, 4163–4174. doi:10.1007/s12035-018-1364-6

Korpi, E. R., Debus, F., Linden, A.-M., Malécot, C., Leppä, E., Vekovischeva, O.,
et al. (2007). Does Ethanol Act Preferentially via Selected Brain GABAA
Receptor Subtypes? the Current Evidence Is Ambiguous. Alcohol 41,
163–176. doi:10.1016/j.alcohol.2007.03.007

Korpi, E. R., den Hollander, B., Farooq, U., Vashchinkina, E., Rajkumar, R., Nutt,
D. J., et al. (2015). Mechanisms of Action and Persistent Neuroplasticity by
Drugs of Abuse. Pharmacol. Rev. 67, 872–1004. doi:10.1124/pr.115.010967

Korpi, E. R., Gründer, G., and Lüddens, H. (2002a). Drug Interactions at GABAA
Receptors. Prog. Neurobiol. 67, 113–159. doi:10.1016/S0301-0082(02)00013-8

Korpi, E. R., Mihalek, R. M., Sinkkonen, S. T., Hauer, B., Hevers, W., Homanics, G.
E., et al. (2002b). Altered Receptor Subtypes in the Forebrain of GABAA
Receptor δ Subunit-Deficient Mice: Recruitment of c2 Subunits. Neuroscience
109, 733–743. doi:10.1016/s0306-4522(01)00527-9

Maguire, J. L., Stell, B. M., Rafizadeh, M., and Mody, I. (2005). Ovarian Cycle-
Linked Changes in GABAAReceptors Mediating Tonic Inhibition Alter Seizure
Susceptibility and Anxiety. Nat. Neurosci. 8, 797–804. doi:10.1038/nn1469

Maguire, J., andMody, I. (2008). GABAAR Plasticity during Pregnancy: Relevance to
Postpartum Depression. Neuron 59, 207–213. doi:10.1016/j.neuron.2008.06.019

MATLAB (2019). (r2019a). Natick, Massachusetts: The MathWorks Inc.
Mesbah-Oskui, L., Orser, B. A., and Horner, R. L. (2014). Thalamic -Subunit

Containing GABAA Receptors Promote Electrocortical Signatures of Deep
Non-REM Sleep but Do Not Mediate the Effects of Etomidate at the Thalamus
In Vivo. J. Neurosci. 34, 12253–12266. doi:10.1523/JNEUROSCI.0618-14.2014

Mihalek, R. M., Banerjee, P. K., Korpi, E. R., Quinlan, J. J., Firestone, L. L., Mi, Z.-P.,
et al. (1999). Attenuated Sensitivity to Neuroactive Steroids in Gamma
-aminobutyrate Type A Receptor delta Subunit Knockout Mice. Proc. Natl.
Acad. Sci. 96, 12905–12910. doi:10.1073/pnas.96.22.12905

Mihalek, R. M., Bowers, B. J., Wehner, J. M., Kralic, J. E., VanDoren, M. J., Morrow,
A. L., et al. (2001). GABAA-receptor delta Subunit Knockout Mice Have
Multiple Defects in Behavioral Responses to Ethanol. Alcohol. Clin. Exp.
Res. 25, 1708–1718. doi:10.1111/j.1530-0277.2001.tb02179.x

Mody, I., De Koninck, Y., Otis, T. S., and Soltesz, I. (1994). Bridging the Cleft at
GABA Synapses in the Brain. Trends Neurosciences 17, 517–525. doi:10.1016/
0166-2236(94)90155-4

Noguchi, K., Gel, Y. R., Brunner, E., and Konietschke, F. (2012). nparLD: An R
Software Package for the Nonparametric Analysis of Longitudinal Data in
Factorial Experiments. J. Stat. Softw. 50, 1–23. doi:10.18637/jss.v050.i12

Nummenmaa, L., Karjalainen, T., Isojärvi, J., Kantonen, T., Tuisku, J., Kaasinen, V.,
et al. (2020). Lowered Endogenous Mu-Opioid Receptor Availability in
Subclinical Depression and Anxiety. Neuropsychopharmacol. 45, 1953–1959.
doi:10.1038/s41386-020-0725-9

Olsen, R. W., Hanchar, H. J., Meera, P., and Wallner, M. (2007). GABAA Receptor
Subtypes: the “One Glass ofWine” Receptors.Alcohol 41, 201–209. doi:10.1016/
j.alcohol.2007.04.006

Olsen, R. W., and Sieghart, W. (2009). GABAA Receptors: Subtypes Provide
Diversity of Function and Pharmacology. Neuropharmacology 56, 141–148.
doi:10.1016/j.neuropharm.2008.07.045

Papaseit, E., Pérez-Mañá, C., de Sousa Fernandes Perna, E. B., Olesti, E., Mateus, J.,
Kuypers, K. P., et al. (2020). Mephedrone and Alcohol Interactions in Humans.
Front. Pharmacol. 10. doi:10.3389/fphar.2019.01588

Peng, Z., Hauer, B., Mihalek, R. M., Homanics, G. E., Sieghart, W., Olsen, R. W.,
et al. (2002). GABAA Receptor Changes in ? Subunit-Deficient Mice: Altered
Expression of ?4 and ?2 Subunits in the Forebrain. J. Comp. Neurol. 446,
179–197. doi:10.1002/cne.10210

Perez-Caballero, L., Perez, V., and Berrocoso, E. (2020).What Ketamine Can Teach
Us about the Opioid System in Depression?. Expert Opin. Drug Discov. 15,
1369–1372. doi:10.1080/17460441.2020.1781812

Pu, M., Zhang, Z., Xu, Z., Shi, Y., Geng, L., Yuan, Y., et al. (2013). Influence of
Genetic Polymorphisms in the Glutamatergic and GABAergic Systems and
Their Interactions with Environmental Stressors on Antidepressant Response.
Pharmacogenomics 14, 277–288. doi:10.2217/pgs.13.1

R Core Team (2020). R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing. Available at: https://
www.R-project.org/.

Ragguett, R.-M., Rong, C., Rosenblat, J. D., Ho, R. C., and McIntyre, R. S. (2018).
Pharmacodynamic and Pharmacokinetic Evaluation of Buprenorphine +
Samidorphan for the Treatment of Major Depressive Disorder. Expert Opin.
Drug Metab. Toxicol. 14, 475–482. doi:10.1080/17425255.2018.1459564

Ragguett, R.-M., Tamura, J. K., andMcIntyre, R. S. (2019). Keeping up with the Clinical
Advances: Depression. CNS Spectr. 24, 25–37. doi:10.1017/S1092852919001159

Reback, J., McKinney, W., jbrockmendel, Bossche., den, J. V., Augspurger, T.,
Cloud, P., et al. (2020). Pandas-Dev/Pandas: Pandas 1.0.3. Zenodo. doi:10.5281/
zenodo.3715232

Rozov, S. V., Zant, J. C., Gurevicius, K., Porkka-Heiskanen, T., and Panula, P.
(2016). Altered Electroencephalographic Activity Associated with Changes in
the Sleep-Wakefulness Cycle of C57BL/6J Mice in Response to a Photoperiod
Shortening. Front. Behav. Neurosci. 10, 168. doi:10.3389/fnbeh.2016.00168

Saarelainen, K. S., Ranna,M., Rabe, H., Sinkkonen, S. T.,Möykkynen, T., Uusi-Oukari,M.,
et al. (2008). Enhanced Behavioral Sensitivity to the Competitive GABA Agonist,
Gaboxadol, in Transgenic Mice Over-expressing Hippocampal Extrasynaptic α6β
GABAAreceptors. J. Neurochem. 105, 338–350. doi:10.1111/j.1471-4159.2007.05136.x

Sackeim, H. A., Luber, B., Katzman, G. P., Moeller, J. R., Prudic, J., Devanand, D. P.,
et al. (1996). The Effects of Electroconvulsive Therapy on Quantitative
Electroencephalograms. Arch. Gen. Psychiatry 53, 814–824. doi:10.1001/
archpsyc.1996.01830090060009

Samuels, B. A., Nautiyal, K. M., Kruegel, A. C., Levinstein, M. R., Magalong, V. M.,
Gassaway, M. M., et al. (2017). The Behavioral Effects of the Antidepressant
Tianeptine Require the Mu-Opioid Receptor. Neuropsychopharmacol 42,
2052–2063. doi:10.1038/npp.2017.60

Sarkar, J., Wakefield, S., MacKenzie, G., Moss, S. J., and Maguire, J. (2011).
Neurosteroidogenesis Is Required for the Physiological Response to Stress:
Role of Neurosteroid-Sensitive GABAA Receptors. J. Neurosci. 31,
18198–18210. doi:10.1523/JNEUROSCI.2560-11.2011

Scammell, T. E., Jackson, A. C., Franks, N. P., Wisden, W., and Dauvilliers, Y.
(2019). Histamine: Neural Circuits and NewMedications. Sleep 42. doi:10.1093/
sleep/zsy183

Seabold, S., Perktold, J., ChadFulton, Shedden., j-grana6, K., and Arel-Bundock, V.
(2017). Statsmodels/Statsmodels: Version 0.8.0 Release. Zenodo. doi:10.5281/
zenodo.275519

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 70689411

Grotell et al. Drug-Induced Alterations in Pharmaco-EEG

https://doi.org/10.1016/j.neulet.2019.134578
https://doi.org/10.1159/000442210
https://doi.org/10.1007/BF02245188
https://doi.org/10.1016/j.neuron.2007.01.008
https://doi.org/10.1016/j.neuron.2007.01.008
https://doi.org/10.1016/j.neuropharm.2019.107933
https://doi.org/10.1007/s00213-013-3006-z
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1016/s0006-8993(99)02248-9
https://doi.org/10.1124/jpet.108.139303
https://doi.org/10.1073/pnas.1916570117
https://doi.org/10.1007/s12035-018-1364-6
https://doi.org/10.1016/j.alcohol.2007.03.007
https://doi.org/10.1124/pr.115.010967
https://doi.org/10.1016/S0301-0082(02)00013-8
https://doi.org/10.1016/s0306-4522(01)00527-9
https://doi.org/10.1038/nn1469
https://doi.org/10.1016/j.neuron.2008.06.019
https://doi.org/10.1523/JNEUROSCI.0618-14.2014
https://doi.org/10.1073/pnas.96.22.12905
https://doi.org/10.1111/j.1530-0277.2001.tb02179.x
https://doi.org/10.1016/0166-2236(94)90155-4
https://doi.org/10.1016/0166-2236(94)90155-4
https://doi.org/10.18637/jss.v050.i12
https://doi.org/10.1038/s41386-020-0725-9
https://doi.org/10.1016/j.alcohol.2007.04.006
https://doi.org/10.1016/j.alcohol.2007.04.006
https://doi.org/10.1016/j.neuropharm.2008.07.045
https://doi.org/10.3389/fphar.2019.01588
https://doi.org/10.1002/cne.10210
https://doi.org/10.1080/17460441.2020.1781812
https://doi.org/10.2217/pgs.13.1
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1080/17425255.2018.1459564
https://doi.org/10.1017/S1092852919001159
https://doi.org/10.5281/zenodo.3715232
https://doi.org/10.5281/zenodo.3715232
https://doi.org/10.3389/fnbeh.2016.00168
https://doi.org/10.1111/j.1471-4159.2007.05136.x
https://doi.org/10.1001/archpsyc.1996.01830090060009
https://doi.org/10.1001/archpsyc.1996.01830090060009
https://doi.org/10.1038/npp.2017.60
https://doi.org/10.1523/JNEUROSCI.2560-11.2011
https://doi.org/10.1093/sleep/zsy183
https://doi.org/10.1093/sleep/zsy183
https://doi.org/10.5281/zenodo.275519
https://doi.org/10.5281/zenodo.275519
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Siivonen, M. S., de Miguel, E., Aaltio, J., Manner, A. K., Vahermo, M., Yli-
Kauhaluoma, J., et al. (2018). Conditioned Reward of Opioids, but Not
Psychostimulants, Is Impaired in GABA-A Receptor δ Subunit Knockout
Mice. Basic Clin. Pharmacol. Toxicol. 123, 558–566. doi:10.1111/bcpt.13043

Spence, A. L., Guerin, G. F., and Goeders, N. E. (2016). The Differential Effects of
Alprazolam and Oxazepam on Methamphetamine Self-Administration in Rats.
Drug and Alcohol Dependence 166, 209–217. doi:10.1016/j.drugalcdep.2016.07.015

Spigelman, I., Li, Z., Banerjee, P. K., Mihalek, R. M., Homanics, G. E., and Olsen, R.
W. (2002). Behavior and Physiology of Mice Lacking the GABAA-Receptor δ
Subunit. Epilepsia 43 (Suppl. 5), 3–8. doi:10.1046/j.1528-1157.43.s.5.8.x

Stórustovu, S. í., and Ebert, B. (2006). Pharmacological Characterization of
Agonists at δ-Containing GABAA Receptors: Functional Selectivity for
Extrasynaptic Receptors Is Dependent on the Absence of c2. J. Pharmacol.
Exp. Ther. 316, 1351–1359. doi:10.1124/jpet.105.092403

Tejedor-Real, P., Mico, J. A., Maldonado, R., Roques, B. P., and Gibert-Rahola, J.
(1995). Implication of Endogenous Opioid System in the Learned Helplessness
Model of Depression. Pharmacol. Biochem. Behav. 52, 145–152. doi:10.1016/
0091-3057(95)00067-7

Thakkar, M. M., Sharma, R., and Sahota, P. (2015). Alcohol Disrupts Sleep
Homeostasis. Alcohol 49, 299–310. doi:10.1016/j.alcohol.2014.07.019

Tretter, V., Hauer, B., Nusser, Z., Mihalek, R. M., Höger, H., Homanics, G. E., et al.
(2001). Targeted Disruption of the GABAA Receptor δ Subunit Gene Leads to
an Up-Regulation of c2Subunit-containing Receptors in Cerebellar Granule
Cells. J. Biol. Chem. 276, 10532–10538. doi:10.1074/jbc.M011054200

van Lier, H., Drinkenburg, W. H. I. M., van Eeten, Y. J. W., and Coenen, A. M. L.
(2004). Effects of Diazepam and Zolpidem on EEG Beta Frequencies Are
Behavior-specific in Rats. Neuropharmacology 47, 163–174. doi:10.1016/
j.neuropharm.2004.03.017

Van Rossum, G., and Drake, F. L. (2009). Python 3 Reference Manual. Scotts Valley:
CA: CreateSpace. doi:10.1201/9781420049114.ch23

Vashchinkina, E., Panhelainen, A., Vekovischeva, O. Y., Aitta-aho, T., Ebert, B.,
Ator, N. A., et al. (2012). GABA Site Agonist Gaboxadol Induces Addiction-
Predicting Persistent Changes in Ventral Tegmental Area Dopamine Neurons
but Is Not Rewarding in Mice or Baboons. J. Neurosci. 32, 5310–5320.
doi:10.1523/JNEUROSCI.4697-11.2012

Virtanen, P., Gommers, R., Burovski, E., Oliphant, T. E., Weckesser, W.,
Cournapeau, D., et al. (2021). Scipy/Scipy: SciPy 1.6.1. Zenodo Available at:
https://doi.org/10.5281/zenodo.4547611.

Wallner, M., Hanchar, H. J., and Olsen, R.W. (2003). Ethanol Enhances 4 3 and 6 3
-aminobutyric Acid Type A Receptors at Low Concentrations Known to Affect

Humans. Proc. Natl. Acad. Sci. 100, 15218–15223. doi:10.1073/
pnas.2435171100

Wallner, M., Hanchar, H. J., and Olsen, R.W. (2006). Low-dose Alcohol Actions on
4beta3 GABAA Receptors Are Reversed by the Behavioral Alcohol Antagonist
Ro15-4513. Proc. Natl. Acad. Sci. 103, 8540–8545. doi:10.1073/
pnas.0600194103

Waskom, M., Gelbart, M., Botvinnik, O., Ostblom, J., Hobson, P., Lukauskas, S.,
et al. (2020). Mwaskom/Seaborn: v0.11.1. Zenodo. doi:10.5281/zenodo.4379347

Wimmer, M. E., Rising, J., Galante, R. J., Wyner, A., Pack, A. I., and Abel, T. (2013).
Aging in Mice Reduces the Ability to Sustain Sleep/Wake States. PLOS ONE 8,
e81880. doi:10.1371/journal.pone.0081880

Winsky-Sommerer, R., Vyazovskiy, V. V., Homanics, G. E., and Tobler, I. (2007).
The EEG Effects of THIP (Gaboxadol) on Sleep and Waking Are Mediated by
the GABAAδ-Subunit-Containing Receptors. Eur. J. Neurosci. 25, 1893–1899.
doi:10.1111/j.1460-9568.2007.05455.x

Winstock, A. R., Mitcheson, L. R., Deluca, P., Davey, Z., Corazza, O., and Schifano,
F. (2011). Mephedrone, New Kid for the Chop?. Addiction 106, 154–161.
doi:10.1111/j.1360-0443.2010.03130.x

Wisden, W., Laurie, D., Monyer, H., and Seeburg, P. (1992). The Distribution of 13
GABAA Receptor Subunit mRNAs in the Rat Brain. I. Telencephalon,
Diencephalon, Mesencephalon. J. Neurosci. 12, 1040–1062. doi:10.1523/
jneurosci.12-03-01040.1992

Yu, X., Ye, Z., Houston, C. M., Zecharia, A. Y., Ma, Y., Zhang, Z., et al. (2015).
Wakefulness Is Governed by GABA and Histamine Cotransmission. Neuron
87, 164–178. doi:10.1016/j.neuron.2015.06.003

Zheleznova, N. N., Sedelnikova, A., and Weiss, D. S. (2009). Function and
Modulation of δ-containing GABAA Receptors. Psychoneuroendocrinology
34 (Suppl. 1), S67–S73. doi:10.1016/j.psyneuen.2009.08.010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Grotell, Abdurakhmanova, Elsilä and Korpi. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 70689412

Grotell et al. Drug-Induced Alterations in Pharmaco-EEG

https://doi.org/10.1111/bcpt.13043
https://doi.org/10.1016/j.drugalcdep.2016.07.015
https://doi.org/10.1046/j.1528-1157.43.s.5.8.x
https://doi.org/10.1124/jpet.105.092403
https://doi.org/10.1016/0091-3057(95)00067-7
https://doi.org/10.1016/0091-3057(95)00067-7
https://doi.org/10.1016/j.alcohol.2014.07.019
https://doi.org/10.1074/jbc.M011054200
https://doi.org/10.1016/j.neuropharm.2004.03.017
https://doi.org/10.1016/j.neuropharm.2004.03.017
https://doi.org/10.1201/9781420049114.ch23
https://doi.org/10.1523/JNEUROSCI.4697-11.2012
https://doi.org/10.5281/zenodo.4547611
https://doi.org/10.1073/pnas.2435171100
https://doi.org/10.1073/pnas.2435171100
https://doi.org/10.1073/pnas.0600194103
https://doi.org/10.1073/pnas.0600194103
https://doi.org/10.5281/zenodo.4379347
https://doi.org/10.1371/journal.pone.0081880
https://doi.org/10.1111/j.1460-9568.2007.05455.x
https://doi.org/10.1111/j.1360-0443.2010.03130.x
https://doi.org/10.1523/jneurosci.12-03-01040.1992
https://doi.org/10.1523/jneurosci.12-03-01040.1992
https://doi.org/10.1016/j.neuron.2015.06.003
https://doi.org/10.1016/j.psyneuen.2009.08.010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

