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Abstract.
Background: Circadian rhythm disturbance is commonly observed in Alzheimer’s disease (AD). In mammals, these rhythms
are orchestrated by the superchiasmatic nucleus (SCN). Our previous study in the Tg2576 AD mouse model suggests that
inflammatory responses, most likely manifested by low GABA production, may be one of the underlying perpetrators for
the changes in circadian rhythmicity and sleep disturbance in AD. However, the mechanistic connections between SCN
dysfunction, GABA modulation, and inflammation in AD is not fully understood.
Objective: To reveal influences of amyloid pathology in Tg2576 mouse brain on metabolism in SCN and to identify key
metabolic sensors that couple SCN dysfunction with GABA modulation and inflammation.
Methods: High resolution magic angle spinning (HR-MAS) NMR in conjunction with multivariate analysis was applied for
metabolic profiling in SCN of control and Tg2576 female mice. Immunohistochemical analysis was used to detect neurons,
astrocytes, expression of GABA transporter 1 (GAT1) and Bmal1.
Results: Metabolic profiling revealed significant metabolic deficits in SCN of Tg2576 mice. Reductions in glucose, glutamate,
GABA, and glutamine provide hints toward an impaired GABAergic glucose oxidation and neurotransmitter cycling in SCN of
AD mice. In addition, decreased redox co-factor NADPH and glutathione support a redox disbalance. Immunohistochemical
examinations showed low expression of the core clock protein, Bmal1, especially in activated astrocytes. Moreover, decreased
expression of GAT1 in astrocytes indicates low GABA recycling in this cell type.
Conclusion: Our results suggest that redox disbalance and compromised GABA signaling are important denominators and
connectors between neuroinflammation and clock dysfunction in AD.
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INTRODUCTION

The suprachiasmatic nucleus (SCN), also referred
to as the central or master circadian clock in mam-
mals, is a small part of the brain located in the
hypothalamus above the optic chiasm [1, 2]. The SCN
functions as a central pacemaker which synchronizes
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cellular clocks throughout the body to the light-dark
cycle, leading to the circadian expression of several
genes and proteins and plays an important role in the
complex biology of sleep [3–7].

Alzheimer’s disease (AD) is the most common
form of dementia with an estimated number of 48
million AD patients worldwide in 2015, which is
expected to grow to 131.5 million cases by 2050 [8].
Difficulties getting sleep and poor sleep quality are
generally reported by AD patients [9–12]. Evidence
by immunocytochemistry and morphometry, showed
a decline in both the SCN cell numbers and total vol-
ume in AD patients [13]. While some studies show
that AD causes degeneration of SCN neurons, it has
been hypothesized more recently that, vice versa, the
SCN could play an important role in the development
of AD [4]. Disturbances in sleep can occur 10–15
years prior to the cognitive symptoms associated with
AD [14], and people suffering from insomnia were
shown to have a higher risk of developing AD [15].
Furthermore, the SCN of AD mice was found to be
involved in disruptive circadian amyloid-� (A�) pro-
duction in various brain regions causing increased
formation of A� plaques, one of the two hallmarks of
AD [16]. However, the exact way the SCN is affected
by or prior to AD remains unknown. Tg2576 is a
widely used model of AD characterized by memory
deficits, A� elevation, and amyloid plaque forma-
tion [17]. Although no significant loss of neurons was
observed in various parts of the Tg2576 brain, such as
hippocampus and cortex, significant neurodegenera-
tion in parallel with elevated numbers of astrocytes
has been reported in SCN [17]. Moreover, changes
in the circadian rhythm and sleep abnormalities have
been reported in this mouse model [17].

An in vivo study performed by our group, employ-
ing magnetic resonance relaxation measurements,
showed degeneration of the SCN in the Tg2576
mouse model of AD [17]. The transverse relax-
ation time (T2) was used as a specific attribute
of spins which depend on their surroundings. T2
relaxation time provides specific information about
changes in tissue microstructure such as demyelina-
tion, axonal injury, gliosis, and iron deposition. Based
on multicomponent analysis of T2 and immunohis-
tology, it was proposed that inflammatory responses,
most likely manifested by low �-aminobutyric acid
(GABA) production may be one of the underlying
perpetrators for the changes in circadian rhythmic-
ity and sleep disturbance in AD [17]. GABA is the
most abundant neurotransmitter in SCN (reviewed by
[18]). Among its wide range of functions in the SCN,

including the ability to both synchronize and desta-
bilize circadian oscillations [18], GABA is known
to possess inhibitory effects on pro-inflammatory
processes [19, 20]. The key metabolic sensors that
couple SCN dysfunction with GABA modulation and
inflammation in AD are not fully established.

To understand the mechanistic role of circadian
clock disturbance in AD pathogenesis and to identify
key metabolic sensors that couple SCN dysfunc-
tion with GABA modulation and inflammation, a
systematic study of the metabolism in SCN is neces-
sary. Recently, mass spectrometry was implemented
for a metabolomic study of the SCN in control
mice [21]. In another study a reverse-phase ultra-
high performance liquid chromatography-tandem
mass spectrometry was used to study circadian
metabolism in SCN affected by nutritional challenge
[22]. Although very sensitive, the sample preparation
is labor and time-intensive and involves destructive
extraction procedures. The development of non-
invasive methods for the measurement of metabolites
in intact tissues using 1H NMR has been an active area
of research in the recent years [23, 24]. High resolu-
tion magic angle spinning (HR-MAS) NMR is a form
of NMR spectroscopy with the capability of analyz-
ing intact tissue samples, eliminating several sample
preparation steps required for other metabolomics
approaches [25]. Recently, we applied HR-MAS
NMR to resolve several metabolites including GABA
in intact brain tissues without any extraction, thus
measuring GABA in its native environment in cortex,
hippocampus, and thalamus [26].

In the present study, the application of 1H HR-
MAS NMR to the SCN represents the first non-
invasive metabolomics study of SCN in an AD mouse
model. The NMR observations were further supple-
mented by immunohistology. Based on the data, a
unified model of the mechanism of SCN dysfunc-
tion and its association with GABA modulation and
inflammation in AD is proposed.

MATERIALS AND METHODS

Mouse model

Tg2576 transgenic mice expressing the human
amyloid precursor protein APP695 containing the
Swedish double mutation in C57B6/SJL breeders as
described by Hsiao et al., 1996 [27] were used in
this study. Mice were kept in the animal care facil-
ity, with food and water available ad libitum and
24 h light–dark cycles with 12 h of light (5:00 a.m.
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to 5:00 p.m.) and 12 h of darkness. Light intensity
during “daytime” was 200 lx in the animal room
and 20 to 40 lx inside the closed individually ven-
tilated cages. In a previous in vivo MRI study, we
used both male and female mice and found SCN dys-
function being more pronounced in female mice than
in male mice especially at older age (18 months).
Therefore, in the current paper we extended our
studies using 18 months old female transgenic mice
and age-matched non-transgenic littermates. Animal
experiments performed in this study were approved
by the Landesdirektion Sachsen (license T28/16)
and UDEC commission Leiden University (license
number 14199). All methods were carried out in
accordance with the relevant guidelines and regula-
tions.

Brain preparation

For HR-MAS NMR studies, mice (n = 6 per group)
were sacrificed precisely at 5 h after the start of
light period, by CO2 inhalation. After decapitation,
the brain was quickly dissected and coronal slices
of 250 �m in hypothalamic region containing SCN
were cut with a VT 1000S vibratome (Leica). Subse-
quently, bilateral SCN punches of 500 �m diameter
were extracted from the slices by a sample corer
(19-gauge, Fine Science Tools) [21]). Punches were
rapidly frozen by immersing in liquid nitrogen and
subsequently stored at –80◦C until use. Before HR-
MAS NMR studies, the individual SCN was inserted
into a 4 mm Zirconium Oxide rotor. 10 �L of
deuterated phosphate buffer containing 0.1% (w/v)
3-trimetylsilyl-2, 2, 3, 3-tetradeuteropropionic acid
(TSP) was added as an NMR reference. The rotor was
placed immediately inside the NMR spectrometer.

For histological studies, mice (n = 6 per group)
were sacrificed precisely at 5 h after the start of
light period, by CO2 inhalation and transcardially
perfused with 0.9% NaCl followed by 4% buffered
paraformaldehyde (Zinc Formal-Fixx, ThermoShan-
don, UK) through the left cardiac ventricle. After
perfusion brains were dissected and placed in the
same fixative for 24 h at 4◦C. After cryoprotection
in 30% sucrose in 0.1 M phosphate buffer (PB, pH
7.4) for 3 days, coronal sections (30 �m) were cut on
a sliding microtome and collected in 0.1 M PB.

Immunohistochemistry

For fluorescent immunolabeling, mouse brain
slices were pre-treated with 60% methanol (30 min),

followed by washes in 0.1 M tris-buffered saline
(TBS) and blocked in TBS containing 0.3%
TitonX-100 and 5% goat serum for 30 min. Subse-
quently slices were incubated overnight with 1) a
cocktail of the 3 antibodies mouse anti-NeuN/anti-
HuC/D/PGP9.5 (for labelling of neurons) (1:1,000
each; Millipore, Darmstadt, Germany); 2) goat
anti-GFAP antibody (for labelling of astrocytes)
(1:1,000; Invitrogen [PA5–18598]); 3) mouse anti-
GAT1 antibody (for GABA transporter 1) (1:4,000;
Sigma-Aldrich [AB1570]; and 4) rabbit poly-
clonal anti-Bmal1 (1:2,000; ThermoFisher Scientific
[PA1–46118]). Next day, after washing in TBS three
times, sections were incubated with corresponding
fluorescence secondary antibodies (namely: Cy3-
conjugated donkey anti-rat, Cy2-conjugated donkey
anti-rabbit or donkey anti-goat and Cy5-conjugated
donkey anti-mouse (1:400 each; Dianova) for 60 min
at room temperature. After washing, sections were
mounted onto glass slides and coverslipped.

Confocal laser scanning microscopy (LSM 510,
Zeiss, Oberkochen, Germany) was performed to
reveal co-localization of astrocytes, GAT1, Bmal1,
and neuronal labelling. For Cy2-labelled antigens
(green fluorescence), an argon laser with 488 nm
excitation was used and emission from Cy2 was
recorded at 510 nm applying a low-range band
pass (505–550 nm). For Cy3-labelled antigens (red
fluorescence), a helium–neon laser with 543 nm
excitation was used and emission from Cy3 at
570 nm was detected applying high-range band pass
(560–615 nm). The Cy5-labelled antigens were visu-
alized using excitation at 650 nm and emission at
670 nm. The specificity of primary antibodies was
confirmed by omitting primary antibodies or chang-
ing labels of the secondary antibodies.

1H HR-MAS NMR

1H HR-MAS NMR experiments were carried out
on a Bruker AVIII 600 MHz NMR spectrometer
equipped with a 4 mm HR-MAS dual inverse 1H/13C
probe with a magic angle gradient. All measurements
were performed at a spinning rate of 6 kHz and a tem-
perature of 277 K. Data was acquired and processed
using Bruker TOPSPIN 3.1 software.

The one-dimensional (1D) ¹H HR-MAS NMR
spectra were recorded using a “zgpr” pulse sequence
(from Bruker’s standard pulse program library) with
water suppression. Each 1D spectrum was acquired
applying a spectral width of 12 kHz, domain data
points 4k, number of averages 128 with an acquisition
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time of 170 ms and a relaxation delay of 2 s. Since
NMR measurements were done on intact brain tissue,
the relaxation delay was set to a small value to remove
short T2 components due to presence of lipids. All
spectra were processed by an exponential window
function corresponding to a line broadening of 1 Hz
and zero-filled prior to Fourier transformation. 1H
HR-MAS NMR spectra were phased- and baseline-
corrected using TOPSPIN 3.1. The measurement
time (including optimization of NMR parameters and
data acquisition) of 1H HR-MAS NMR spectroscopy
for each sample was approximately 6 min.

Data processing

Quantification of metabolites
All the HR-MAS NMR spectra were referenced,

baseline-, phase-corrected and analyzed by using
MestReNova v.8.0 (Mestrelab research S.L., Spain).
Quantification of metabolites was performed using
Chenomx NMR Suite 8.3 (Chenomx Inc., Edmon-
ton, Alberta, Canada), which allowed for qualitative
and quantitative analysis of an NMR spectrum by fit-
ting spectral signatures from the Human Metabolome
Database (HMDB) to the spectrum. Metabolite con-
centrations were subsequently calculated as ratio to
total creatine (tCr). Since external references might
give misleading results, Cr resonance is a reliable
internal reference widely used in animal studies.

Statistical analysis was performed using OriginPro
v. 8 (Northampton, USA). Differences in individual
metabolites were evaluated using one-way analysis
of variance (ANOVA) with a Tukey post-hoc correc-
tion for multiple comparisons. A p value of < 0.05
was considered significant. Levene’s test was per-
formed for homogeneity of variance analysis, which
indicated that the population variations are not sig-
nificantly different.

Image analysis of brain sections
For quantitative histological analysis, SCN brain

regions were outlined according to the “Allen Brain
Atlas” with the brain explorer program (http://mouse.
brainmap.org) as the reference atlas. The images were
exported and further analyzed in ImageJ software
(ImageJ, USA). By using the plug-in color decon-
volution, the colors were unmixed, and the stained
area was selected, and subsequently, the number of
particles were calculated by using a plug-in called
Image-based Tool for Counting Nuclei (ITCN). Any
alterations in brightness and contrast were equally
applied to the entire image set. The quantification

of astrocytes, neurons, GAT 1 and Bmal1 was per-
formed, and data were exported to Origin Pro v.
8 software for further analysis. The paired and/or
unpaired Student’s t-test was used to compare mean
values. F-values were calculated and F-values larger
than 2.8 (p < 0.05) were considered significant.

Multivariate analysis

Multivariate analysis of HR-MAS NMR data was
performed using the SIMCA software package (Ver-
sion 14.0, Umetrics, Umeå, Sweden). Bucket tables
were generated from the one-dimensional spectra
of wild-type and Tg2576 mice, after removing the
region between 4.20 ppm and 6.00 ppm to exclude
the larger water signal using MestReNova v.12.0.4.
The one-dimensional spectra were normalized to the
total intensity and subdivided into buckets of 0.04
ppm. To compensate for the differences in the overall
metabolite concentration between individual sam-
ples,the data were mean-centered and scaled using
the Pareto method in the SIMCA software pack-
age. Furthermore, unsupervised principal component
analysis (PCA) was performed on the data using the
SIMCA software as described earlier [24].

RESULTS AND DISCUSSION

In this study, high resolution magic angle spin-
ning (HR-MAS) NMR has been used in combination
with immunohistology to understand the influence
of amyloid pathology on metabolism in SCN and
to identify mechanistic connections between com-
promised GABA signaling, inflammation and clock
dysfunction.

HR-MAS NMR-based metabolic profiling of SCN

Representative one-dimensional 1H HR-MAS
NMR spectra obtained directly from intact SCN tis-
sue from wild-type and Tg2576 mouse are shown in
Fig. 1. Highly resolved spectra were obtained, and
the assignment of the metabolites was reinstated by
comparing the 1H spectra of reference compounds
to existing literature values [28, 29]. The reference
compounds in the Biological Magnetic Resonance
Data Bank were specifically used for the charac-
terization of the metabolites [30]. Prominent singlet
resonances of methyl-protons from total creatine, tCr
(creatine and phosphocreatine) were observed at 3.03
ppm. The creatine peak was relatively stable with

http://mouse.brainmap.org
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Fig. 1. Representative high-resolution magic angle spin (HR-MAS) NMR spectra showing metabolic profile of SCN from (A) wild-type,
and (B) Tg2576 mice. C, D) Multivariate analysis of the HR-MAS NMR spectra (n = 6 per group) using partial least square-discriminant
analysis (PLS-DA) modelling (R2 = 0.907, Q2 = 0.989). C) Scores plots (PLS-DA1 versus PLS-DA2). The score plot explains 55.4% of
total variance of WT SCN clustering in the negative PLSDA1 scores, and Tg2576 SCN in the positive PLSDA1 scores. D) Loading plots
of PLS-DA1 for all buckets containing assigned peaks. Ala, alanine; Asp, aspartate; Chol, cholesterol; FA, fatty acids; GSH, glutathione;
GABA, g-aminobutyric acid; Glu, glutamate; Gln, glutamine; GPC, glycerophosphocholine; Gly, glycine; Lac, lactate; m-Ins, myo-inositol;
PC, phosphocholine; Tau, taurine; tCr, total creatine.

no differences observed in SCN between WT and
Tg2576 mice (Fig. 1A,B). On the other hand, robust
changes in several metabolites including glutamate
(Glu), glutamine (Gln), GABA, N-acetyl aspartate
(NAA), and m-Ins were observed in spectra obtained
from SCN of Tg2576 mice as compared to wild-type
mice (Fig. 1A,B).

The 1H HR-MAS spectra were investigated by
multivariate analysis using partial least square-
discriminant analysis (PLS-DA) modelling to probe
if SCN of wild-type and Tg2576 mice can be dis-
criminated, and to determine the spectral regions,
and corresponding compounds, mainly responsible
for distinction. The PLS-DA scores plot, and load-
ing plot, are presented in Fig. 1C-D. The score plot
explains 68.7% of total variance of WT SCN clus-
tering in the negative PLSDA1 scores, and Tg2576
SCN in the positive PLSDA1 scores (Fig. 1C). To
determine the variables, i.e., metabolites assigned to
the corresponding buckets that are mainly responsi-
ble for the separation of two groups, the load values
of the PLSDA1 were analyzed (Fig. 1D).

Quantitative analysis of metabolites in SCN of WT
and Tg2576 mice is shown in Fig. 2. Statistically
significant changes in several identified metabolites
were observed in SCN from Tg2576 as compared to
WT mice (Fig. 2).

Increased astrogliosis and decreased neuronal
integrity in SCN of Tg2576 mice

As shown in Fig. 2, a dramatic increase in the con-
centration of myo-inositol (m-Ins) was observed in
SCN of Tg2576 mice compared to WT mice. In con-
trast to m-Ins, a reduction in the levels of NAA was
found in SCN of transgenic mice as compared to WT
mice. NAA is found almost exclusively in neurons,
both in the cell body as well as in neurites and axons
[31, 32] and m-Ins is predominantly (though likely
not exclusively) found in the astrocytic cell body and
branches [33] and increased level of m-Ins has been
linked to astrogliosis in wide range of conditions [17,
34–38]. Thus, each metabolite can in principle report
on a specific cell population’s environment. Thus, a
decrease in NAA in SCN of Tg2576 mice suggest
significant loss of neuronal integrity and viability. On
the other hand, a dramatic increase in m-Ins reflects
an increase in the number of reactive astrocytes in
Tg2576 mice. The activation of astrocytes is one of
the fundamental events in neuroinflammation [39].
Immunohistochemical examination revealed a signif-
icant increase in astrocyte activation as assessed by
GFAP immunostaining and a significantly decreased
number of neurons by neuronal staining in SCN of
Tg2576 mice as compared to age-matched wild-type
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Fig. 2. Metabolic profile of intact SCN from wild-type (WT) and Tg2576 (TG) mice measured by HR-MAS NMR. Shown are concentrations
of metabolites relative to total creatine (tCr): A) metabolites including amino acids and neurotransmitters; B) Carbohydrate and energy
metabolites; C) Pyruvate and TCA cycle intermediates. For statistical analysis, one-way analysis of variance (ANOVA) with a Tukey
post-hoc correction for multiple comparisons were performed using OriginPro v. 8 (Northampton, MA, USA). Values are average ± SE
of mean (n = 6). #p < 0.001, ∗∗p < 0.01, and ∗p < 0.05. Glu, glutamate; Gln, glutamine; Gly, glycine; Ala, alanine; Asp, aspartate; GSH,
glutathione; GABA, �-aminobutyric acid; NAA, N-acetyl aspartate; Tau, taurine; m-Ins, myo-inositol; Glc, glucose; Lac, lactate; Ace,
acetate; ATP, adenosine triphosphate; ADP, adenosine diphosphate; NADH/NAD+, reduced/oxidized nicotinamide adenine dinucleotide;
NADPH/NADP+, reduced/oxidized nicotinamide adenine dinucleotide phosphate; Pyr, pyruvate; Cit, citrate; Suc, succinate; Fum, fumarate;
Mal, malate.

mice (Supplementary Figure 1). These results are
consistent with our previous study which showed an
increase in the activated astrocyte to neuron ratio in
SCN of transgenic compared to wild-type mice [17].

In addition, increased lactate (Lac) concentrations
were observed in SCN of Tg2576 mice as com-
pared to WT mice (Fig. 2). Lactate as a marker
of inflammation has been noted clinically across an
array of conditions [34, 37, 40–44]. Inflammation
is a vastly energy-dependent process with an acute
need for sufficient energy supply [45]. Lactate, that
is produced from glucose (Glc) in supporting glial
cells (i.e., astrocytes, oligodendrocytes)—and sup-
plied to neurons via the so-called “astrocyte-neuron
lactate shuttle”—is an important energy source for
mitochondrial respiration in neurons, as well as an
essential biosynthetic substrate [46]. The increase in
Lactate observed in SCN of transgenic mice suggests
an increase in glycolysis to fulfill energy require-
ments to sustain cell functioning, specifically in
response to redox/metabolic deficit occurring in SCN
of Tg2576 mice.

Bmal1 expression inversely correlates with
astrogliosis in SCN of Tg2576 mice

Although astrocyte activation and circadian clock
dysfunction are often co-existing features in neu-
rological diseases including AD [12, 47], their
interaction is unknown. Recent studies have shown

that deletion of core clock gene Bmal1 causes severe,
spontaneous astrogliosis throughout the mouse brain
which is accompanied by increased oxidative stress,
synaptic damage, and inflammation [12]. How-
ever, the cellular and molecular mechanisms linking
Bmal1 to astrocyte activation and function remain
uncertain. Expression of Bmal1 declines in senescent
cells [12, 48] as well as in aged rodent brain tissues
[49]. Blunting of Bmal1 expression in the SCN has
also been reported in two other AD mouse models,
3xTG-AD mice [50] and 5x FAD mice [51].

To get further insights in astrocyte activation mech-
anisms and its association with core clock gene Bmal1
expression in SCN of Tg2576 mice, we analyzed
the expression of Bmal1 protein in SCN of WT and
Tg2576 mice. As shown in Fig. 3, the expression of
Bmal1 was reduced in SCN of Tg2576 mice as com-
pared to WT. Co-localization of GFAP and Bmal1
staining showed that in WT SCN with basal Bmal1
expression, there is little astrocyte activation. On the
other hand, SCN of Tg2576 mice with reduced Bmal1
expression displays very high astrocyte activation.
High resolution immunohistological images showed
very prominent reductions of Bmal1 associated with
astrocytes in SCN of AD mice (Fig. 3). Database of
mammalian circadian gene expression profiles indi-
cates that Bmal1 mRNA is rhythmic in SCN [52].
As our study was conducted at a single time point,
the decrease in Bmal1 expression in Tg2576 mice
due to a shift in the Bmal1 rhythm cannot be ruled
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Fig. 3. Immunohistochemical analyses of Bmal1 and GFAP staining in SCN of Tg2576 (TG) and wild-type (WT) mice. A) Representative
confocal images of Bmal1 and GFAP stained sections through SCN of 18-month-old WT and TG mice. Scale bar, 250 �m (first and third
column); 60 �m (second and fourth column) and 20 �m (in magnifications). B) Quantitative analysis of Bmal1 and GFAP staining in SCN
of 18 months old WT and Tg2576 (TG) mice (n = 6 per group). ∗∗p < 0.01, ∗p < 0.05. GFAP, glial fibrillary acidic protein.

out completely. Future work on studying the Bmal1
rhythm in wild type and Tg2576 mice will help to
resolve this issue. We also performed co-staining of
Bmal1 with NeuN,HuC/D and PGP9.5 (for staining
neurons). No significant difference in Bmal1 expres-
sion was observed in neurons in SCN of Tg2576 as
compared to WT mice (data not shown). These results
suggest that low Bmal1 expression, especially in
astrocytes, may be associated with massive astrocyte
activation and inflammation seen in SCN of Tg2576
mice. These results are in line with earlier studies
of Lananna et al. 2018 [47] which show that Bmal1
regulates astrogliosis in a cell-autonomous manner.
It is, however, currently unknown how reductions in
Bmal1 can cause astrocyte activation. In a previous
study, Barca-Mayo et al., 2016 [53] showed that dele-
tion of astrocyte Bmal1 has an impact on the neuronal
clock through GABA signaling, which lead to severe
cognitive defects in mice.

Changes in GABA transporter 1 (GAT1)
expression in SCN of Tg2576 mice

GABA is the principal neurotransmitter in SCN,
95% of neurons being GABAergic [54]. Remarkably,

astrocytes in SCN express GABA transporters [55].
During AD, a considerable reduction in GABA trans-
porter 1 (GAT1) expression in astrocytes and loss of
GABAergic synaptosomal uptake has been reported
in temporal cortex [56]. It is, however, not known how
the GABA transporters are affected in SCN during
AD. In an astrocytic-Bmal1 knockout mouse, reduced
expression of GABA receptor was observed, suggest-
ing a disruption of GABA signaling due to Bmal1
deletion in astrocytes [53].

To reveal the importance of GABA uptake for
the functioning of SCN and how its expression is
affected in Tg2576 mice, we analyzed the expres-
sion of GAT1 in SCN of WT and Tg2576 mice.
Immunohistological examination show fairly even
GAT1 immunofluorescence throughout the SCN in
WT mice (Fig. 4). High resolution immunofluores-
cent images show GAT1 labelling encircling cell
perikaryal in the SCN. To determine, whether GAT1
is expressed by neurons or glial cells, we used anti-
bodies to NeuN, HuC/D and PGP9.5 for staining
neurons and anti-GFAP for astrocyte labelling. GAT1
staining was not detected in neurons (data not shown).
These results are in line with earlier studies which
show no GAT1 expression in SCN neurons stained by
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Fig. 4. Immunohistochemical analyses of GABA transporter 1 (GAT1) in SCN of Tg2576 (TG) and wild-type (WT) mice. A) Representative
confocal images of GAT1 and overlayed images of GAT1 with GFAP stained sections through SCN of TG and WT mice. Scale bar, 250 �m
(first and third column); 60 �m (second and fourth column) and 20 �m (in magnifications). B) Quantitative analysis of GAT1 staining in
SCN of 18 months old WT and Tg2576 (TG) mice (n = 6 per group). ∗p < 0.05.

variety of neuronal markers [55]. Interestingly, large
processes of GFAP-immunopositive astrocytes were
encompassed by GAT1 staining. The fine processes of
astrocytes are too thin to be visible in these images.
Thus, in merged images occasional co-localization
of GAT1- and GFAP-immunostaining were clearly
seen (Fig. 4A). As the ratio of astroglia to neu-
rons in SCN is 1 to 3, each glial cell enwraps on
average four neuronal somata, suggesting that astro-
cytes expressing GAT1 can efficiently take up GABA
and regulate the extracellular GABA concentration
around neurons [55]. GABA uptake by astrocytes
has been shown to play an important role in inhibit-
ing proinflammatory responses [19, 20]. In astrocytes
as well as in microglia, GABA has been shown to
suppress the reactive responses to the inflammatory
stimulants by inhibiting induction of inflammatory
pathways mediated by NF-κB and P38 MAP kinase,
which in turn causes a reduced release of the inflam-
matory cytokines TNF� and IL-6 and an attenuation
of neurotoxicity [19]. Interestingly, the expression of
GAT1 in SCN of Tg2576 mice was found to be signif-
icantly reduced as compared to WT mice (Fig. 4). The
reduced GAT1 expression reflects reduced GABA
uptake and compromised GABA signaling that may
be associated with astrocytes activation and inflam-
matory responses in SCN in AD.

Low GABA levels might be a driving force for
neuroinflammation

The direct measurement of GABA in intact SCN
tissues has not been attempted so far, as GABA has a

complex resonance peak pattern, which extensively
overlaps with other more intense resonance peaks.
In a recent HR-MAS NMR study we accurately
resolved the peaks of GABA in intact brain tissues
such as prefrontal cortex, parietal cortex, hippocam-
pus, and thalamus regions without any extraction,
thus measuring GABA in its native environment [26].
In this study HR-MAS NMR allowed us to measure
GABA in SCN of WT and Tg2576 mice. Compar-
ison of GABA levels in SCN of WT and Tg2576
mice shows that GABA is significantly reduced in
SCN of Tg2576 mice (Fig. 2). Decrease in GABA in
SCN of Tg2576 mice may be due to reduction of its
synthesis from glutamate (Glu) which is catalyzed
by glutamic acid decarboxylase (GAD) an enzyme
involved in synthesizing GABA from glutamate. A
low expression of GAD has been observed in SCN
of Tg2576 mice as compared to WT in our previ-
ous study [17]. Furthermore, we observed a decrease
in glucose as well as Glu and Gln in SCN of AD
mice (Fig. 2). Such decrease in glucose, Glu, GABA,
and Gln in SCN of Tg2576 mice compared to WT
provide hints toward an impaired glutamatergic and
GABAergic glucose oxidation and neurotransmitter
cycle in SCN of Tg2576 mice [57, 58]. This is further
supported by the observation of a significant decline
in the metabolites directly involved in the TCA cycle.
As can be seen in Fig. 2, TCA cycle metabolites such
as citrate, succinate, fumarate, and malate show sig-
nificant reductions in SCN of Tg2576 as compared to
WT mice. The decrease in GABA in SCN of Tg2576
mice may also be partly linked to the marked reduc-
tion in the number of SCN neurons compared to WT
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Fig. 5. Proposed model of interconnection between redox dysregulation, compromised GABA signaling, neuroinflammation and SCN
dysfunction in AD as evidenced by observed changes in metabolic profile and immunohistology in the present study. A) Observed increases
and decreases in metabolites in SCN of AD mice is shown by arrows (i.e., ↑ and ↓, respectively). B) Summarized view of the interconnection
between reduced Bmal1, redox disbalance, dysregulation of GABA signaling and inflammation that may be at the root of circadian rhythm
disruption leading to sleep disturbance in AD. �KG, �-ketoglutarate; Asp, aspartate; GABAA GABAB, GABA receptors; GAT1 and GAT3/4,
specific GABA transporter; GAD, glutamic acid decarboxylase; Glc, glucose; Gln, glutamine; Glu, glutamate; GS, glutamine synthetase;
GSH, glutathione; Lac, lactate; NAA, N-acetyl aspartate; NMDAR, N-methyl-D-aspartate receptor (Glu receptor): OA, oxaloacetic acid;
PPP, pentose phosphate pathway; SSA, succinate semialdehyde; TCA cycle, tricarboxylic acid cycle.
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mice. Nevertheless, our results suggest that metabolic
dysfunction in SCN and low GABA production may
be a driving force for neuroinflammation.

A redox disbalance in SCN of Tg2576 mice

A significant reduction in a redox co-factor NADH
and NADPH has been observed in SCN of Tg2576
mice as compared to WT mice (Fig. 2). In central
carbon metabolism, the pentose phosphate pathway
(PPP) is the main source of NADPH. Importance
of PPP in regulating circadian oscillations through
NADPH metabolism has been recognized in disparate
organisms ranging from bacteria to human [59]. Our
results suggest that PPP is most likely disturbed in
SCN from Tg2576 mice, which may be accountable
for redox disbalance.

We have also observed a decline in glutathione
(GSH) in SCN of Tg2576 mice. GSH is a major
antioxidant and redox regulator in cells. Deficits in
GSH have been linked to multiple neurodegenerative
and neuropsychiatric disorders [60–64]. Depletion of
GSH in astrocytes and neurons lead to an increase
in H2O2 [58]. Elevated H2O2 is known to stim-
ulate inhibitory pathways such as JNK and IκB
kinase (IKK), which may be involved in inflamma-
tion in SCN. Mitochondria-derived H2O2 is key to
the activation of NFκB [58, 65], which initiates and
amplifies inflammatory responses. Although GABA
dysregulation-induced microglia activation may be a
driving force for neuroinflammation, redox dysregu-
lation may be a common denominator and connector
between clock disturbance and neuroinflammation.

Based on our results of changes in metabo-
lites and immunohistology, a proposed model of
interconnection between redox dysregulation, com-
promised GABA signaling, neuroinflammation and
SCN dysfunction in AD is presented in Fig. 5.
According to this model, in AD, reductions in astro-
cytic Bmal1 compel neuronal redox disbalance and
metabolic deficits which affects GABA synthesis
and neurotransmitter cycling. Reductions in glucose,
glutamate, GABA, and glutamine provide support
for an impaired GABAergic glucose oxidation. In
addition, reduction in redox co-factor NADPH and
glutathione support a redox disbalance. Reduced
expression of GABA transporter 1 in astrocytes indi-
cates low GABA recycling in this cell type. The
compromised GABA signaling, in turn, may be the
driving force for pro-inflammatory responses leading
to neuroinflammation and circadian rhythm distur-
bance (Fig. 5B). In conclusion, our results indicate

that in AD, GABA dysfunction in SCN entails inter-
connected cross-talks of energy metabolism, redox
control, and inflammation, which may be at the root of
SCN dysfunction and circadian rhythm disturbance
in AD. In future studies, circadian profile for each
key metabolite will have to be established in order
to get full understanding of functional aberration in
SCN metabolome and its association with sleep dis-
turbance.
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