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Abstract
Gamma oscillations (30–100 Hz) represent a physiological fast brain rhythm that occurs in many cortex areas in awake mam-
mals, including humans. They associate with sensory perception, voluntary movement, and memory formation and require
precise synaptic transmission between excitatory glutamatergic neurons and inhibitory GABAergic interneurons such as
parvalbumin-positive basket cells. Notably, gamma oscillations are exquisitely sensitive to shortage in glucose and oxygen
supply (metabolic stress), with devastating consequences for higher cognitive functions. Herein, we explored the robustness of
gamma oscillations against changes in the availability of alternative energy substrates and amino acids, which is partially
regulated by glial cells such as astrocytes. We used organotypic slice cultures of the rat hippocampus expressing
acetylcholine-induced persistent gamma oscillations under normoxic recording conditions (20% oxygen fraction). Our main
findings are (1) partial substitution of glucose with pyruvate and the ketone body β-hydroxybutyrate increases the frequency of
gamma oscillations, even at different stages of neuronal tissue development. (2) Supplementation with the astrocytic neurotrans-
mitter precursor glutamine has no effect on the properties of gamma oscillations. (3) Supplementation with glycine increases
power, frequency, and inner coherence of gamma oscillations in a dose-dependent manner. (4) During these treatments switches
to other frequency bands or pathological network states such as neural burst firing or synchronized epileptic activity are absent.
Our study indicates that cholinergic gamma oscillations show general robustness against these changes in nutrient and amino acid
composition of the cerebrospinal fluid; however, modulation of their properties may impact on cortical information processing
under physiological and pathophysiological conditions.
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Introduction

Neuronal network oscillations in the gamma-frequency band
(30–100 Hz) emerge in many cortical areas, usually during
wakefulness in mammals, including humans. Such gamma
oscillations have been associated with higher cognitive func-
tions, such as sensory perception, attentional selection, volun-
tary movement, and memory formation [45, 76]. Gamma os-
cillations significantly rely on rhythmic perisomatic inhibition
of pyramidal cells by GABAergic interneurons, such as

parvalbumin-positive basket cells [29, 45]. Notably, gamma
oscillations are associated with high energy expenditure and
show exquisite sensitivity to metabolic and oxidative stress
[41, 44, 62, 69].

The mammalian brain is an organ with a high metabolic
rate. In humans, the brain uses about 20% of the oxygen and
about 25% of the glucose at rest [8]. Glucose has been con-
sidered the dominant exogenous energy substrate in the adult
brain [19, 66]. Having a role in different biochemical path-
ways, glucose metabolism has important functions related to
bioenergetics, neurotransmission, and oxidation–reduction
(redox) reactions in the brain parenchyma [6, 19, 42].

However, the brain is capable to use energy substrates other
than glucose during postnatal development as well as in ordi-
nary or clinical situations such as exhaustive physical exer-
cise, long-term starvation, and diabetes mellitus [3, 17, 34, 57,
66]. Experimental studies using brain slices also showed that
alternative energy substrates can sustain—or even enhance—

* Oliver Kann
oliver.kann@physiologie.uni-heidelberg.de

1 Institute of Physiology and Pathophysiology, University of
Heidelberg, Im Neuenheimer Feld 326, 69120 Heidelberg, Germany

2 Interdisciplinary Center for Neurosciences (IZN), University of
Heidelberg, 69120 Heidelberg, Germany

Pflügers Archiv - European Journal of Physiology (2018) 470:1377–1389
https://doi.org/10.1007/s00424-018-2156-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s00424-018-2156-6&domain=pdf
http://orcid.org/0000-0003-4365-8067
mailto:oliver.kann@physiologie.uni-heidelberg.de


energy metabolism and thus synaptic neuronal functions un-
der certain experimental conditions [24, 37, 38, 70, 78].
Prominent examples are monocarboxylates, such as lactate
and pyruvate, as well as the ketone body β-hydroxybutyrate,
the levels of which are partially regulated by glial cells, such
as astrocytes [1, 2, 34, 54, 77].

In the present study, we explored the robustness of gamma
oscillations against changes in the composition of available
energy substrates and amino acids, which can occur in phys-
iological and pathophysiological conditions [1, 3, 17, 57, 66].

We used organotypic hippocampal slice cultures of the rat
that were maintained on Biopore™membranes in an interface
recording chamber. This experimental approach permits the
investigation of persistent gamma oscillations in normoxic
recording condition (20% oxygen fraction) as well as efficient
exchange of energy substrates and drugs in the tissue [25, 36,
68]. We focused on the alternative energy substrates pyruvate
and β-hydroxybutyrate as well as the amino acids glutamine
and glycine that have a central role in synaptic neurotransmis-
sion [30, 46, 66].

Materials and methods

Ethical statement

Rats were purchased from Charles-River (Sulzfeld, Germany)
and handled in accordance with the European directive 2010/
63/EU and with consent of the animal welfare officers at the
University of Heidelberg (licenses, T46/14 and T96/15).
Experiments were performed and reported in accordance with
the ARRIVE guidelines.

Slice cultures and recording chamber with 20%
oxygen fraction

Organotypic hippocampal slice cultures were prepared as
described [43, 68]. In brief, hippocampal slices (400 μm)
were cut with a McIlwain tissue chopper (Mickle
Laboratory Engineering Company Ltd., Guildford, UK)
from 10-day-old Wistar rats under sterile conditions.
Slices with intact hippocampal structures were maintained
on Biopore™ membranes (Millicell standing inserts,
Merck Millipore, Darmstadt, Germany) between culture
medium, which consisted of 50% minimal essential medi-
um, 25% Hank’s balanced salt solution (Sigma-Aldrich,
Taufkirchen, Germany), 25% heat-inactivated horse serum
(Life Technologies, Darmstadt, Germany), and 2 mM L-
glutamine (Life Technologies) at pH 7.3 titrated with
Trisbase, and humidified normal atmosphere (5% CO2,
36.5 °C) in an incubator (Heracell, Thermoscientific,
Dreieich, Germany). The calculated glucose concentration
in the culture medium was about 4 mM. Biopore™

membranes provide high viability and excellent transmis-
sibility of gases and substrates. The culture medium (1 ml)
was replaced three times per week. Slice cultures were
used after 11–28 days in vitro (DIV), when the tissue had
recovered from slice preparation and damaged cut surfaces
had been re-organized [42, 68].

For recordings, the intact Biopore™ membrane carrying
slice cultures was inserted into the recording chamber [36].
Slice cultures were maintained at the interface between
recording solution and ambient gas mixture. Intact
Biopore™ membrane inserts ensure efficient supply of ox-
ygen, energy substrates, and drugs through the recording
solution that flows underneath (rate 1.8 ml/min). The in-
terface condition permits constant oxygen supply from the
ambient gas mixture (20% O2 and 5% CO2, rate 1.5 l/min);
in one control experiment, we used a different gas mixture
(95% O2 and 5% CO2). In our standard experimental set-
ting (20% O2 and 5% CO2), the oxygen partial pressure
(pO2) ranges from 140 mmHg (slice surface) to about
20 mmHg (slice core) during cholinergic gamma oscilla-
tions [36], thus being close to conditions in vivo [69]. The
use of Biopore™ membranes in the interface recording
chamber also permits efficient tissue saturation of energy
substrates and drugs, such as the voltage-gated Na+-chan-
nel blocker tetrodotoxin, in about 5 min [25].

Recording solutions and drugs

Slice cultures were constantly supplied with pre-warmed re-
cording solution (artificial cerebrospinal fluid, ACSF). ACSF
contained 129 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4,
1.8 mM MgSO4, 1.6 mM CaCl2, 21 mM NaHCO3, and
10 mM glucose [43, 68]. For experiments on alternative ener-
gy substrates, 10 mM glucose was replaced with 5 mM glu-
cose, 5 mM Na-pyruvate, and 4 mM Na-β-hydroxybutyrate
[37]; for experiments on amino acids, glutamine (1 mM) or
glycine (0.5, 1.5, and 2.5 mM) was added to the ACSF. The
pH was 7.3 when the recording solution was saturated with
gas mixtures containing 5%CO2. Recordings were performed
at 34 ± 1 °C.

Gamma oscillations were induced by continuous bath ap-
plication of the cholinergic receptor agonist acetylcholine
(2μM) and the acetylcholine-esterase inhibitor physostigmine
(400 nM) (cholinergic model) [36, 44]. In a subset of experi-
ments, the glutamatergic receptor agonist kainic acid
(100 nM)was used (glutamatergic model) [68]. Standard salts,
acetylcholine, Na-pyruvate, Na-β-hydroxybutyrate, strych-
nine hydrochloride, and glycine were purchased from
Sigma-Aldrich, physostigmine was from Tocris (R&D
Systems GmbH, Wiesbaden-Nordenstadt, Germany), kainic
acid was fromBiotrend (Köln, Germany), and glutamine from
Life Technologies (Darmstadt, Germany).

1378 Pflugers Arch - Eur J Physiol (2018) 470:1377–1389



Recordings of local field potentials

The local field potential (LFP) was recorded with glass elec-
trodes (resistance of 1–2 MΩ) filled with ACSF, which were
made from GB150F-8P borosilicate filaments (Science
Products GmbH, Hofheim, Germany) using a Zeitz DMZ
Puller (Zeitz-Instruments Vertriebs GmbH; Martinsried,
Germany). The electrode was positioned mainly in stratum
pyramidale of the CA3 region with a mechanical micromanip-
ulator (MM 33, Märzhäuser, Wetzlar, Germany). Local field
potentials were recorded with an EXT 10-2F amplifier in
EPMS-07 housing (npi electronic GmbH, Tamm, Germany),
low-pass filtered at 3 kHz, and digitized at 10 kHz using a CED
1401 interface and Spike2 software (Cambridge Electronic
Design, Cambridge, UK) for offline analysis.

Toluidine blue and parvalbumin staining

For immunohistochemistry of parvalbumin-positive interneu-
rons, slice cultures were fixed overnight with 4% paraformal-
dehyde in phosphate-buffered salt solution (PBS), incubated
for 5 h in 30% sucrose (AppliChem GmbH, Darmstadt,
Germany), and cut in thin sections (25 μm) with a CM1850
cryostat (Leica Microsystems GmbH, Nussloch, Germany).
Unspecific immunoglobulin reactions were blocked with
10% normal horse serum (Gibco) for 1 h. The primary anti-
body was mouse anti-parvalbumin (Sigma-Aldrich) and the
secondary antibody was biotinylated horse anti-mouse
(Vector Laboratories Inc., CA, USA). Sections were incubated
with the primary antibody overnight at 4 °C under light-
protected conditions. Lyophilized bovine serum albumin
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) diluted
to 0.2% in PBS served as blocking solution and as secondary
antibody carrier protein. The secondary antibody was applied
overnight at 4 °C under light-protected conditions. Afterwards,
the sections were incubated for 2 h with 0.5% avidin and bio-
tinylated horseradish peroxidase (Vectastain Elite ABC Kit,
Vector Laboratories). Antibody binding was visualized by
adding 0.05% diaminobenzidine substrate, 0.3% ammonium
nickel sulphate in 0.05 M Trisbase 7–9®, and 0.003% H2O2

for < 5 min. The reaction was stopped by adding PBS (when
the brown color was intense enough). Stained sections were
placed on object plates and dried overnight. Sections were
exposed to an ascending ethanol series and then maintained
in xylol (Sigma-Aldrich) for 10 min prior to embedding with
Entellan®Neu (Merck Millipore, Schwalbach, Germany).

For toluidine blue staining (Sigma-Aldrich), the slices were
mounted on slides, exposed to descending ethanol series,
briefly rinsed in double-distilled water, and then incubated in
0.1% toluidine blue working solution (pH 2.3) for 5–10 min.
Thereafter, the slices were briefly rinsed in double-distilled
water. Ninety-six percent ethanol with traces of glacial acetic
acid was used for color differentiation of the staining. The

sections were then exposed to ascending ethanol series, a 1:1
mixture of 100% ethanol and xylol and finally xylol for
10 min. Afterwards, the slices were embedded with
Entellan®Neu (Merck Millipore, Schwalbach, Germany).

Data analysis and statistics

Offline signal analysis of gamma oscillations was performed
in MATLAB 15a (The MathWorks, Inc., Natick, MA, USA).
Data segments of 3 min were low-pass filtered with a digital
Butterworth algorithm at 200 Hz corner frequency and proc-
essed with Welch’s algorithm with a Hamming window size
of 4096 points for calculation of the power spectral density
(PSD) (bin size = 2.441 Hz).

Gamma oscillations were analyzed for various parameters,
i.e., peak power spectral density (power), peak frequency (fre-
quency), full width at half maximum (FWHM), and decay
constant of the autocorrelation (decay of autocorrelation).
Frequency distributions for 1 s sample traces are shown using
Morlet wavelet transforms. Each recording lasted for about
60 min; the first half (0 to 30 min) served as control (ACSF).
The analysis was performed in 3-min data segments of fully
established, persistent gamma oscillations (27 to 30 min,
ACSF) and after another 18 min in the presence of either al-
ternative energy substrates or amino acids supplemented to the
ACSF (45 to 48 min). Recordings were mainly done in the
presence of acetylcholine and physostigmine [36, 44].

The data derived from (n) slice cultures and (N) prepara-
tions of rats are presented using boxplots: the median is shown
by the horizontal gray line, and the bottom and top edges of
the box indicate the 25th-percentile (q1) and the 75th-
percentile (q2). The whiskers of the boxplot extent to the most
extreme data points not considered as outliers. Outliers are
defined as data points larger than q2 + (q2-q1)*1.5 or less than
q1-(q2-q1)*1.5 and are plotted individually using +-symbols.
Statistical significance (p < 0.05) was determined using
SigmaPlot 12.5 (Systat Software, Inc., San Jose, CA, USA).
Data distribution was tested for normality with Shapiro-Wilk
test. Comparisons between paired data were made with paired
t test andWilcoxon signed rank test or with one-way repeated-
measures ANOVAwith Holm-Sidak post-hoc test as indicat-
ed. Figures were generated using MATLAB 15a (The
MathWorks) and CorelDRAW (Corel Corporation, Ottawa,
Ontario, Canada).

Results

Cholinergic gamma oscillations under normoxic
recording conditions

Organotypic hippocampal slice cultures of the rat showed
well-preserved stratum pyramidale in the CA3 and the CA1
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region and stratum granulare in the dentate gyrus (Fig. 1a, b).
Moreover, immunohistochemistry revealed the complex net-
work of parvalbumin-positive GABAergic interneurons that
contact the perisomatic region of excitatory pyramidal cells in
stratum pyramidale (Fig. 1b). Notably, parvalbumin-positive,
fast-spiking interneurons such as basket cells are crucial for
the generation of gamma oscillations [29, 45].

The use of slice cultures on an intact Biopore™membrane
in the interface recording chamber permitted to study neuronal
network activity, even at normoxic atmosphere (20% oxygen
fraction). Indeed, local field potential recordings in stratum
pyramidale of the intrinsic hippocampal generator CA3 region
revealed that bath application of acetylcholine and physostig-
mine resulted in persistent gamma oscillations, with an

average frequency of around 40 Hz (Fig. 1c–e). The field
potential reversal occurred between stratum pyramidale (py-
ramidal cell layer) and stratum radiatum (apical dendritic lay-
er of pyramidal cells) (Fig. 1d). Calculations of the power
spectral density (Fig. 1f) and the autocorrelation (Fig. 1g)
were used for further analysis of the properties of gamma
oscillations, i.e., power, frequency, FWHM, and decay of au-
tocorrelation. Power, FWHM, and decay of autocorrelation
reflect the number and synchronization of activated
GABAergic synapses as well as the inner coherence of the
oscillation [69, 73].

These data show that slice cultures feature well-
preserved laminated tissue architecture and neuronal mor-
phology and can reliably express cholinergic gamma oscil-
lations at around 40 Hz, similar to acute hippocampal
slices and the hippocampus in vivo [11, 21, 44, 45].
Moreover, the use of slice cultures permits the investiga-
tion of gamma oscillations under normoxic conditions,
close to the physiological range [36, 69].

Application of pyruvate and β-hydroxybutyrate

We explored the effects of alternative energy substrates on
gamma oscillations. For this purpose, glucose was partially
substituted with exogenous pyruvate and the ketone body β-
hydroxybutyrate [1, 28, 37, 47]. We performed these experi-
ments in slice cultures at two different stages of tissue matu-
ration to also address developmental aspects of neuronal

�Fig. 1 Cholinergic gamma oscillations in hippocampal slice cultures of
the rat. a Slice culture (10 DIV) stained with toluidine blue (TB) at low
(left) and higher magnification (right). b Slice culture (10 DIV) with
immunohistochemistry of parvalbumin-positive (PV+) GABAergic inter-
neurons at low (left) and higher magnification (right). Note that
parvalbumin-positive GABAergic interneurons such as basket cells are
crucial for the generation of gamma oscillations. c The scheme indicates
the position of the extracellular local field potential (LFP) electrode in
stratum pyramidale of the CA3 region. d Sample traces of gamma oscil-
lations (200 Hz low-pass filtered) recorded simultaneously in stratum
pyramidale (str. pyr.) and stratum radiatum (str. rad.) in CA3. e The
scheme shows the general experimental protocol. Gamma oscillations
were induced by continuous application of acetylcholine (2 μM) and
physostigmine (400 nM) (ACh + Phy, lower gray bar) with the ACSF
under normoxic recording conditions (20% oxygen fraction). The prop-
erties of gamma oscillations in control condition (Ctl, black line) were
compared to the respective treatment (Tx, red line) with either alternative
energy substrates or amino acids. Note that oscillation properties (f, g)
were determined from data segments of the last 3 min of each condition
(cyan bars at 27–30 and 45–48 min, respectively). f Power spectral den-
sity (PSD) calculated for gamma oscillations. Peak power (power, vertical
cyan line), peak frequency (f, vertical cyan line) and full width at half
maximum (FWHM, horizontal cyan line) were estimated from each pow-
er spectral density calculation. g Autocorrelation (AC, black curve) cal-
culated for gamma oscillations. The peaks of the autocorrelation were
fitted with an exponential decay function (gray curve) to estimate the
decay constant of the autocorrelation (decay). The vertical cyan line
marks the decay constant on the time axis
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energy metabolism in rats [57, 77]. Notably, the state of mat-
uration of organotypic hippocampal slice cultures at 11–14
DIV and at 28 DIV corresponds to the rat hippocampus in
vivo during and after the suckling period, respectively [12,
18, 57, 75].

Gamma oscillations persisted in the presence of pyru-
vate and β-hydroxybutyrate at 11–14 DIV (Fig. 2a, b) as
well as at 28 DIV (Fig. 2c, d). Switches to other frequen-
cy bands or neural bursts were absent. The most promi-
nent effect of these alternative energy substrates was the

increase in the frequency of gamma oscillations by about
4 Hz (Fig. 3b). Power, FWHM, and decay of autocorre-
lation were almost unaffected (Fig. 3a, c, d). In control
experiments, i.e., slice cultures maintained in ACSF with
acetylcholine and physostigmine, we excluded that the
properties of gamma oscillations generally change during
the respective time domain in the interface recording
chamber (Fig. 3i–l, BMaterials and methods^ section).

We observed a similar effect of pyruvate and β-
hydroxybutyrate on gamma oscillation frequency in further

Fig. 2 Gamma oscillations fueled
by different energy substrates.
Gamma oscillations were
recorded in ACSF with 10 mM
glucose (Ctl, black) and,
subsequently, in ACSF with
5 mM glucose, 5 mM pyruvate,
and 4 mM β-hydroxybutyrate
(Pyr + βHb, red). Recordings and
analysis were made as shown in
Fig. 1c–g. a Wavelet transform
and corresponding sample traces
of gamma oscillations in control
(black trace) and Pyr + βHb (red
trace) recorded in slice cultures at
11–14 DIV. b Power spectral
density (PSD) and autocorrelation
(AC) were computed from 3-min
data segments of control (black
curves) and Pyr + βHb (red
curves). c, d Same as (a, b) for
slice cultures at 28 DIV. e, f Same
as (a, b) for slice cultures at 11–14
DIV, but under hyperoxic record-
ing conditions (95% oxygen
fraction)
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control experiments made in the presence of 95% oxygen
fraction (Fig. 2e, f, Fig. 3e–h). Such hyperoxic recording con-
ditions have been commonly used to study neuronal activity
on the cellular and network level [21, 26, 44], but they might
affect energy metabolism, redox state, and synaptic activity
[35, 42, 65].

These data show that partial substitution of glucose with
pyruvate and the ketone body β-hydroxybutyrate increases
the frequency of cholinergic gamma oscillations, independent
of recording conditions and stage of tissue development.

Application of glutamine

We next explored the effects of the non-excitatory amino
acid glutamine on gamma oscillations [4, 59]. Glutamine is
the precursor of the excitatory neurotransmitter glutamate,

and it is provided to neurons from astrocytes [34, 55].
After the induction of persistent gamma oscillations in
ACSF without glutamine (deprivation of exogenous gluta-
mine, BMaterials and methods^ section), we applied gluta-
mine at a concentration of 1 mM [27, 30]. We note that
during such exogenous deprivation, some glutamine and
glycine (see below) might still be present at the synapse
because of release from presynaptic nerve terminals and/or
glial cells [6, 46].

Gamma oscillations persisted in the presence of glutamine.
Power, frequency, FWHM, and decay of autocorrelation of
gamma oscillations were unaffected (Fig. 4). Switches to other
frequency bands or neural bursts were absent.

These data show that supplementation with the astrocytic
precursor glutamine has no effect on the properties of cholin-
ergic gamma oscillations.

Fig. 3 Properties of gamma oscillations fueled by different energy
substrates. Gamma oscillations as shown in Fig. 2 were analyzed for
peak power (power), peak frequency (f), full width at half maximum
(FWHM), and decay constant of the autocorrelation (decay). a–d The
properties are shown for control (black boxplots) and Pyr + βHb (red
boxplots) in slice cultures at 11–14 DIV (n = 15, N = 3) and 28 DIV (n =
10, N = 3) (Fig. 2a–d). e–h The properties are shown for control (Ctl,
black boxplots) and Pyr + βHb (red boxplots) in slice cultures at 11–14

DIV under hyperoxic recording conditions (95% oxygen fraction) (n =
23, N = 3) (Fig. 2e, f). i–l The properties are shown for the time do-
mains of 27 to 30 and 45 to 48 min (black boxplots) for slice cultures
(n = 12, N = 6) that were continuously maintained in ACSF with
10 mM glucose (control condition). Paired t test and Wilcoxon signed
rank test were used for statistical analysis. Statistical significance is
marked by asterisks (p < 0.05)
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Application of glycine

We next explored the effects of the amino acid glycine on
gamma oscillations. In addition to its inhibitory action
through ionotropic glycine receptors, glycine can modulate
glutamatergic neurotransmission, e.g., in the hippocampus
[39, 46, 50, 56]. Here, glycine serves as an essential co-
agonist of glutamate and facilitates NMDA receptor-
mediated currents. After the induction of persistent gamma
oscillations in ACSF without glycine (deprivation of exog-
enous glycine, BMaterials and methods^ section), we ap-
plied exogenous glycine at non-toxic concentrations, i.e.,
0.5 to 2.5 mM [7, 15, 58].

Gamma oscillations persisted in the presence of glycine
(Fig. 5). Overall, power (Fig. 6a), frequency (Fig. 6b), and
decay of autocorrelation (Fig. 6d) increased, whereas
FWHM decreased (Fig. 6c). Notably, power and frequency
of gamma oscillations did not change at the high concentration
of glycine (2.5 mM). Switches to other frequency bands or
neural bursts were absent [58].

In control experiments, we tested the modulation of
gamma oscillations by glycine in the glutamatergic model
of gamma oscillations, i.e., during continuous bath appli-
cation of kainic acid (100 nM) [68]. We found that gly-
cine (1.5 mM) decreased the frequency (26.9 ± 2.0 Hz in
control versus 16.5 ± 3.1 Hz in the presence of glycine, p
< 0.01), whereas subsequent application of strychnine
(1 μM) had no significant effect (18.6 ± 3.0 Hz in the
presence of glycine and strychnine, p = 0.47; n = 8, N =
2; one-way repeated-measures ANOVA with Holm-Sidak
post-hoc test); other parameters were unchanged. Thus,
the modulation of gamma oscillations differs in the gluta-
matergic and the cholinergic model, likely because the
underlying synaptic mechanisms also differ significantly
[45]. Moreover, the involvement of ligand-gated glycine
receptors in the modulation of hippocampal gamma oscil-
lations by glycine is unlikely.

These data show that supplementation with glycine in-
creases power, frequency, and inner coherence of cholinergic
gamma oscillations in a dose-dependent manner.

Fig. 4 Properties of gamma oscillations in the presence of glutamine.
Gamma oscillations were recorded in ACSF (without exogenous
glutamine) and, subsequently, in ACSF supplemented with glutamine.
Recordings and analysis were made as shown in Fig. 1c–g. a Wavelet
transform and corresponding sample traces of gamma oscillations in
control (Ctl, black trace) and in the presence of 1 mM glutamine (red
trace). b Power spectral density (PSD) and autocorrelation (AC) were

computed from 3-min data segments of control (black curves) and gluta-
mine (Gln, red curves). c–f Gamma oscillations were analyzed for peak
power (power), peak frequency (f), full width at half maximum (FWHM),
and decay constant of the autocorrelation (decay). The properties are
shown for control (Ctl, black boxplots) and glutamine (Gln, red boxplots)
in slice cultures (n = 14, N = 2). Paired t test and Wilcoxon signed rank
test were applied for statistical analysis
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Discussion

Gamma oscillations in vivo and in vitro

Cortical gamma oscillations are functionally associated with
neural information processing in vivo; they have a role in
sensory perception, motor activity, memory formation, and
attention [45, 76]. Gamma oscillations rely on precise synaptic
transmission between excitatory principal cells and
GABAergic interneurons, particularly parvalbumin-positive,
fast-spiking basket cells [16, 23, 29]. In the hippocampus,
inhibitory basket cells featuring extensive axon arbors contact
the perisomatic region of pyramidal cells [29, 45, 74]. A

recent study suggested that astrocytes may influence the prop-
erties of cortical gamma oscillations [48].

Persistent gamma oscillations have been reliably induced
in acute hippocampal slices by bath application of cholinergic
receptor agonists such as acetylcholine that mimics choliner-
gic neuronal input from the septum in vivo. Acetylcholine
activates primarily muscarinic receptors in excitatory pyrami-
dal cells and inhibitory GABAergic interneurons that interact
through chemical and electrical synaptic mechanisms.
Cholinergic receptor activation results in subthreshold
membrane-potential fluctuations in neurons and concomitant
network oscillations in local field potential recordings [29, 45,
74]. Gamma oscillations in hippocampal acute slices and slice

Fig. 5 Gamma oscillations in the
presence of glycine. Gamma
oscillations were recorded in
ACSF (without exogenous
glycine) and, subsequently, in
ACSF supplemented with
glycine. Recordings and analysis
were made as shown in Fig. 1c–g.
a Wavelet transform and
corresponding sample traces of
gamma oscillations in control
(Ctl, black trace) and in the
presence of glycine (Gly, red
trace). b Power spectral density
(PSD) and autocorrelation (AC)
were computed from 3-min data
segments of control (black
curves) and 0.5 mM glycine (red
curves). c, d Same as (a, b) for
1.5 mM glycine. e, f Same as (a,
b) for 2.5 mM glycine
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cultures share many properties with hippocampal gamma os-
cillations in vivo, such as prominence in the intrinsic generator
CA3 region, frequencies at around 40 Hz, and reversal of the
field potential between stratum pyramidale and stratum
radiatum [21, 41, 44, 64].

Effects of pyruvate and β-hydroxybutyrate on gamma
oscillations

We show that partial substitution of glucose with pyruvate and
the ketone bodyβ-hydroxybutyrate increases the frequency of
gamma oscillations, independent of recording conditions and
stage of tissue development.

Hippocampal slices prepared from rat pups have been
shown to maturate in vitro [12]. Notably, tissue development
after slice preparation seems to be preprogrammed and largely
independent of environmental factors, such as artificial culture
medium and lack of any input from other brain areas [18].
Therefore, our data originate from slice cultures at two
stages of maturation, roughly corresponding to the postna-
tal hippocampus 3 and 5 weeks after birth when the rat
CA3 region is capable to express gamma oscillations
[75]. In that, our experimental model might also cover
some aspects of the physiological ketosis during the suck-
ling period as well as physiological and pathophysiological
situations after weaning in rats [57].

The physiological switch in energy metabolism after the
suckling period is also reflected in the expression change of
monocarboxylic acid transporters (MCTs). MCTs mediate
fluxes of lactate, pyruvate, and ketone bodies across the
blood-brain barrier as well as cell membranes of astrocytes,
oligodendrocytes, and neurons [71, 77]. Ketone bodies, i.e.,
β-hydroxybutyrate, acetoacetate, and their breakdown

product acetone, are synthesized in liver mitochondria from
the oxidation of fatty acids derived frommilk or adipose tissue
during postnatal development, exhaustive physical exercise,
long-term starvation, feeding a low-carbohydrate, high-fat ke-
togenic diet, or uncontrolled diabetes mellitus [1, 57, 67]. β-
Hydroxybutyrate is formed reversibly from acetoacetate; it is a
stable, water soluble, and nonvolatile compound that can be
released into the blood. However, β-hydroxybutyrate can also
be synthesized in astrocytes by oxidation of fatty acids or
catabolism of amino acids [1, 20].

Previous reports from hippocampal slices showed that al-
ternative energy substrates can sustain—or even enhance—
energy metabolism and thus synaptic neuronal functions un-
der certain experimental conditions [24, 37, 38, 70, 78].
However, in these studies, neuronal activation was induced
by electrical stimulation paradigms of intrinsic hippocampal
fiber pathways, associated with widely undefined neuronal
network activity states. We report that physiologically occur-
ring gamma oscillations show robustness against changes in
the composition of available energy substrates on the qualita-
tive level (gamma-band) as well as modulation on the quanti-
tative level (frequency within the gamma-band). We made
similar observations for the alternative energy substrate lactate
[25]. This indicates that—in contrast to shortage in oxygen
and nutrients [25, 30, 35, 41, 53]—gamma oscillations are
relatively robust against changes in the composition of energy
substrates, with relevance to postnatal development, physical
exercise, starvation, certain diets, and diabetes mellitus.

Glutamine and gamma oscillations

Glutamate released at excitatory synapses must be rapidly
removed from the extracellular space to permit fast and

Fig. 6 Properties of gamma
oscillations in the presence of
glycine. Gamma oscillations as
shown in Fig. 5 were analyzed for
peak power (power), peak
frequency (f), full width at half
maximum (FWHM), and decay
constant of the autocorrelation
(decay). a–d The properties are
shown for control (black
boxplots) and for different
concentrations of glycine (red
boxplots) in slice cultures, i.e.,
0.5 mM (n = 16, N = 3), 1.5 mM
(n = 12, N = 3), or 2.5 mM (n =
12, N = 3). Paired t test and
Wilcoxon signed Rank test were
applied for statistical analysis.
Statistical significance is marked
by asterisks (p < 0.05)
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precise neurotransmission and to prevent excitotoxicity. At
glutamatergic synapses, most glutamate is taken up by adja-
cent astrocytes through excitatory amino acid transporters,
EAAT1 (GLAST) and EAAT2 (GLT-1) [14, 49]. In astrocytes,
glutamate is transformed into glutamine by the astrocyte-
specific enzyme glutamine synthetase [6, 61]. Subsequently,
glutamine is released into the extracellular space, taken up by
neurons, and transformed back to glutamate by the enzyme
phosphate-activated glutaminase (glutamate-glutamine cycle)
[6, 52, 55]. In a similar fashion, the GABA-glutamine cycle
has been proposed for the GABAergic synapse of inhibitory
interneurons. However, supply with astrocytic glutamine
might be functionally less important because inhibitory inter-
neurons appear to feature larger reuptake of GABA [6, 34].
Indeed, cortical parvalbumin-positive basket cells, which are
crucial for the generation of gamma oscillations in hippocam-
pal and neocortical networks, express high levels of glutamic
acid decarboxylase 65 (GAD65) and GAD67 for GABA syn-
thesis as well as GABA membrane transporter 1 (GAT1) for
GABA reuptake [22, 41].

We show that deprivation as well as supplementation with
exogenous glutamine close to the physiological concentration
range [27, 30] had no effect on the properties of gamma os-
cillations. This might indicate that the glutamate/GABA-
glutamine cycle efficiently operates during gamma oscilla-
tions in slice cultures in our experimental model. In addition,
the metabolism of glucose, lactate, and glycogen might sup-
port the synthesis of glutamine in astrocytes [34]. Our data are
in line with observations made for paired-pulse evoked popu-
lation responses in acute hippocampal slices; glutamine sup-
plementation (0.5 mM) did not affect population spike ampli-
tudes, whereas higher glutamine concentrations (2 to 5 mM)
resulted in spreading depression [4]. Similarly, glutamine sup-
plementation (0.9 and 4 mM) for up to 4 h did not change
amplitude and frequency of miniature excitatory postsynaptic
currents in acute hippocampal slices [40].

Effects of glycine on gamma oscillations

Glycine is a neurotransmitter involved in both inhibitory
and excitatory neurotransmission in the CNS. Inhibitory
glycinergic neurons have been found in many brain re-
gions; however, they are most abundant in the brain stem
and the spinal cord [9]. At excitatory synapses expressing
NMDA receptors, glycine serves as an essential co-agonist
of glutamate that increases the frequency of channel open-
ing [39, 50, 56]. Glycine can be released into the synaptic
cleft from glutamatergic axon terminals as well as from
glial cells [31–33, 46]. In the hippocampus, glycine reup-
take is mainly mediated through the electrogenic glycine
transporter type 1 (GlyT1). GlyT1 is expressed in astro-
cytes but also co-localizes with NMDA receptors [5, 72,
79, 80]. Blockade of high-affinity GlyT1 modulates

NMDA receptor-mediated responses and long-term poten-
tiation by elevating extracellular glycine levels [51].

We show that deprivation of exogenous glycine did not
affect the induction of persistent gamma oscillations, whereas
subsequent glycine supplementation increased power, fre-
quency, and inner coherence of cholinergic gamma oscilla-
tions in a dose-dependent manner. These findings might be
explained by an increase in the amplitude of NMDA receptor-
mediated currents in excitatory pyramidal cells and, perhaps,
parvalbumin-positive GABAergic basket cells [41, 51, 58,
63]. The lack of these effects at the high concentration of
glycine (2.5 mM) might reflect saturation of glycine uptake
through GlyT1 and/or increased priming of NMDA receptors
for internalization; the activation of inhibitory glycine recep-
tors is less likely [10, 13, 15, 51, 60, 80].

Conclusion

We report that gamma oscillations show general robustness
against changes in nutrient and amino acid composition of
the extracellular fluid. However, the modulation of the prop-
erties of gamma oscillations may impact on cortical informa-
tion processing under physiological and pathophysiological
conditions.
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