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Abstract

Seasonal changes in neurotransmitter systems have been demonstrated in imaging

studies and are especially noticeable in diseased states such as seasonal affective dis-

order (SAD). These modulatory neurotransmitters, such as serotonin, are influencing

glutamatergic and GABAergic neurotransmission. Furthermore, central components

of the circadian pacemaker are regulated by GABA (the suprachiasmatic nucleus) or

glutamate (e.g., the retinohypothalamic tract). Therefore, we explored seasonal differ-

ences in the GABAergic and glutamatergic system in 159 healthy individuals using

magnetic resonance spectroscopy imaging with a GABA-edited 3D-MEGA-LASER

sequence at 3T. We quantified GABA+/tCr, GABA+/Glx, and Glx/tCr ratios (GABA

+, GABA+ macromolecules; Glx, glutamate + glutamine; tCr, total creatine) in five

different subcortical brain regions. Differences between time periods throughout the

year, seasonal patterns, and stationarity were tested using ANCOVA models, curve

fitting approaches, and unit root and stationarity tests, respectively. Finally, Spear-

man correlation analyses between neurotransmitter ratios within each brain region

and cumulated daylight and global radiation were performed. No seasonal or monthly

differences, seasonal patterns, nor significant correlations could be shown in any

region or ratio. Unit root and stationarity tests showed stable patterns of GABA

+/tCr, GABA+/Glx, and Glx/tCr levels throughout the year, except for hippocampal

Glx/tCr. Our results indicate that neurotransmitter levels of glutamate and GABA in

healthy individuals are stable throughout the year. Hence, despite the important cor-

rection for age and gender in the analyses of MRS derived GABA and glutamate, a

correction for seasonality in future studies does not seem necessary. Future investi-

gations in SAD and other psychiatric patients will be of high interest.
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1 | INTRODUCTION

Environmental conditions can change drastically over the course of

the year and thus require an adequate physiological response from

the human body. The brain especially adapts to these variations and

in turn is influenced by seasonality. Furthermore, seasonal changes

are reflected in behavioral and mood shifts (Kasper et al., 1989),

impact on cognitive function (Meyer et al., 2016), and slight variations

in brain volume (Book et al., 2021). Physiological adaptions in terms of

altered neurotransmission were previously described in the dopami-

nergic and serotonergic system when dopamine synthesis was

reported to follow seasonal patterns in health (Eisenberg et al., 2010)

and disease (Kaasinen et al., 2012). Moreover, phenomena like

photoperiod-induced neurotransmitter plasticity (Porcu et al., 2022)

or altered numbers of midbrain dopaminergic neurons in summer

compared to winter were reported (Aumann et al., 2016). Distinct sea-

sonal variations in the serotonergic neurotransmitter system have

often described in pathological conditions such as seasonal affective

disorder (SAD) (Daut & Fonken, 2019). As reviewed by Partonen and

Lonnqvist (1998), SAD is characterized by the occurrence or a signifi-

cant increase of depressive symptoms, mainly in autumn and winter

and is believed to be linked to light exposure (Partonen &

Lonnqvist, 1998). Several seasonal variations in the serotonergic sys-

tem could be shown by our group in serotonin transporter (SERT)

levels (Mc Mahon et al., 2016; Praschak-Rieder et al., 2008), mono-

amine oxidase A (Spies et al., 2018), or the serotonergic receptor 1A

(Spindelegger et al., 2012). In addition, bright light therapy showed

properties to affect concentrations of SERT and monoamine

oxidase A, suggesting modulatory effects of light exposure on the

serotonergic system (Spies et al., 2018; Willeit et al., 2008) and is

therefore considered an effective treatment options (Pjrek

et al., 2020). Moreover, in animal studies a link between the seroto-

nergic and GABAergic system could be provided when hippocampal

concentrations of serotonin and GABA were shown to follow seasonal

rhythms in rats (Li et al., 2020).

Since major depressive disorder (MDD) is associated with

changes in monoamines and other neurotransmitter systems, includ-

ing GABA (Kalueff & Nutt, 2007; Schur et al., 2016) and glutamate

(Sanacora et al., 2012). Therefore, seasonal adaptions within these

systems are of high interest for both clinical reasons as well as meth-

odological aspects. Interestingly, GABA and glutamate are not only

the main inhibitory and excitatory neurotransmitter of the human

brain, respectively, but are also the main neurotransmitters innervat-

ing the key brain structures for seasonal rhythms in humans. The reti-

nohypothalamic tract (RHT) projecting from the retina to the

suprachiasmatic nucleus (SCN), located in the hypothalamus, provides

the anatomical basis for the light-dependent regulation of the circa-

dian rhythm in mammals (Hannibal, 2021; Mendoza, 2017). While the

RHT is under glutamatergic control (Ebling, 1996; Hannibal, 2006),

the SCN is mainly innervated by GABAergic neurons (Albers

et al., 2017; Ono et al., 2021). Glutamate, the primary mediator in the

RHT of light signaling the circadian rhythm is involved in both circa-

dian and seasonal activities across species by inducing light-

dependent phase shifts via NMDA and AMPA receptors in rodents

(Ebling, 1996). Moreover, several studies highlighted the importance

of the GABAergic system for circadian and seasonal processes within

this and related brain regions. To ensure adequate adaptions of brain

function along the day and year, extracellular levels of GABA in SCN

are meticulously controlled by complex interactions of synaptic and

nonsynaptic release mechanisms as well as transport and synthesis

(Albers et al., 2017). On a cellular level GABA-mediated coupling of

circadian clock neurons of the SCN, by modulation of intracellular

chloride concentrations, was reported to encode seasonal time

periods (Myung et al., 2015). Vice versa it was demonstrated that dif-

ferences in light exposure can influence GABAergic neurotransmission

in mice, showing shifts in GABAergic activities from inhibition towards

excitation, when photoperiods were switched to long-day photope-

riods, emphasizing the influence in environmental conditions on neu-

rotransmitter systems (Farajnia et al., 2014). On a larger-scale GABA-

mediated cortical inhibition was shown to follow circadian patterns,

revealing changes in GABA levels beyond the RHT (Lang et al., 2011).

Hence, seasonal rhythms in the human are not only controlled by

GABA and glutamate in key brain regions, but are thought to influence

a variety of other brain regions (Lang et al., 2011). Thus, seasonal vari-

ations in the GABAergic and glutamatergic system, mainly reported in

animal models, need to be investigated across different brain regions

in human research to shed light on disease-linked alterations in neuro-

transmitter systems. We therefore quantified baseline concentrations

of GABA+ (a combination of GABA and macromolecules) and Glx

(glutamate+glutamine) ratios to total creatine (tCr) in five subcortical

brain regions (hippocampus, insula, putamen, pallidum, and thalamus)

of healthy individuals, collected at different dates throughout the year

using magnetic resonance spectroscopy imaging (MRSI). Regions of

interest were either included in these analyses based on their role in

circadian regulation of cerebral function [e.g., the hippocampus (Ruby

et al., 2008; Snider et al., 2018) or thalamus (Alamilla et al., 2015)] or

their role in the pathophysiology of depression, especially SAD [e.-

g., insula (Pastrnak et al., 2021; Schnellbacher et al., 2022), putamen

(Sacchet et al., 2017; Talati et al., 2022) or pallidum (Norgaard

et al., 2017)]. Beside the importance of seasonal differences of the

main inhibitory and excitatory neurotransmitter system in healthy

individuals, a potential need for correction of MRS derived measures

of GABA+ and Glx is of interest.

2 | METHODS

In the course of this analyses, we aimed to investigate seasonal pat-

terns in neurotransmitter ratios of healthy individuals, derived from

MRSI. To this end, baseline measurements of four different studies

(Silberbauer et al., 2020; Spurny et al., 2021; Spurny-Dworak

et al., 2022) using the same MRSI sequence and parameters, were

pooled. All studies were approved by the ethics committee of the

Medical University of Vienna (EK 1739/2012, 1104/2015,

2169/2016, 2170/2016, 1410/2020) and were performed in accor-

dance with the Declaration of Helsinki 1964. Participants gave
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written consent and received financial reimbursement for their

participation.

2.1 | Study cohort

Baseline measurements from a total of 159 healthy participants

(79, female, mean age ± SD = 25.4 ± 5.3 years, ranging from 18 to

50 years) were included into our analyses. All participants were free

from internal, neurological, or psychiatric disorders. Exclusion criteria

included current or former substance abuse, lifetime use of SSRIs or

related psychotropic agents, smoking, first-degree relatives with a his-

tory of psychiatric illness, or any contraindications for MRI. Urine drug

and pregnancy tests (for women) were performed prior to each MRI

session.

2.2 | MRS measurements and data analysis

All MRI measurements were performed on a 3 Tesla MR Magnetom

Prisma system (Siemens Medical, Erlangen, Germany) installed at the

High-field MR Center, Department of Biomedical Imaging and Image-

guided Therapy, Medical University of Vienna, using a 64-channel head

coil. Structural T1-weighted images (TE = 1800 ms, TR = 2.37 ms,

208 slices, 288 � 288 matrix size, voxel size 1.15 � 1.15 � 0.85 mm3)

were acquired prior to each MRSI scan for accurate volume of interest

(VOI) placement and mask extraction for the region-of-interest (ROI)-

based quantification. MRSI measurements were conducted using a 3D

GABA-edited MEGA-LASER MRSI sequence described in (Bogner,

Gagoski, et al., 2014) including real-time correction for rigid body motion

and center frequency changes (Bogner, Hess, et al., 2014) with a TE of

68 ms. MEGA-editing pulses utilizing 60 Hz Gaussian pulses of 14.8 ms

duration were set to 1.9 ppm during EDIT-ON acquisition. The VOI was

placed parallel to the anterior commissure–posterior commissure line to

cover all five regions of interest bilaterally, with a VOI = 80 (l-r) � 90 (a-

p) � 80 (s-i) mm3 and a field of view (FOV) = 160 � 160 � 160 mm3

(see Figure S1, Supporting Information). The acquired matrix size of

10 � 10 � 10 (i.e., �4 cm3 nominal voxel size) was interpolated to a

16 � 16 � 16 matrix (i.e., �1 cm3 nominal voxel size) during spectral

processing steps. Thirty-two acquisition weighted averages and two-

step phase cycling were applied resulting in a scan time of 15:09 min.

Advanced Siemens shimming procedure with manual adjustments was

conducted prior to each MRSI scan.

2.3 | MRSI data analysis

MRSI data was analyzed with a combination of MATLAB (R2013a,

MathWorks, Natick, MA), Bash (4.2.25, Free Software Foundation, Bos-

ton, MA), MINC (2.0, MINC Tools, McConnell Brain Imaging Center,

Montreal, QC, Canada), and LCModel software (6.3-1, S. Provencher,

LCModel, Oakville, ON, Canada). The GAMMA library was used for the

creation of two different basis sets, one for the nonedited spectra

(containing 21 brain metabolites, including tCr) and one for the differ-

ence spectrum (containing GABA+ and Glx among others) (Hnilicova

et al., 2016). Cramér–Rao lower bounds (CRLB) thresholds were set at

30% for the quantification of all spectra within the VOI (see Table S1

for mean CRLB values). An ROI-based quantification (described in

Spurny et al., 2019) was applied for the analysis of GABA+ and Glx

ratios to total creatine (GABA+/tCr and Glx/tCr), as well as GABA

+/Glx ratios in the hippocampus, insula, putamen, pallidum, and thala-

mus. In short, masks of each ROI were derived from the automated

segmentation of structural images using FreeSurfer. Maps of GABA+,

Glx and tCr were interpolated to the resolution of structural images

(288 � 288 � 208) and overlaid with the derived masks. Mean ratios

of GABA+/tCr, Glx/tCr, and GABA+/Glx were calculated for each

voxel. Zeros were filtered from the maps and average concentration

were calculated within each ROI. ROIs with <90% valid voxels, due to

CRLB thresholds, were excluded from subsequent analyses.

2.4 | Meteorological data

Spindelegger et al. reported a potential link between global radiation and

the serotonergic system (Spindelegger et al., 2012). Hence, our analyses

were performed with and without measures for accumulated daylight

and global radiation to investigate their influence on GABA and gluta-

mate levels. Daily meteorological data from the years 2017–2020 were

provided by the Central Institute for Meteorology and Geodynamics in

Vienna, Austria (ZAMG, http://www.zamg.ac.at) for the location of Hohe

Warte in Vienna. Both the duration of daily sunshine (in hours) and global

radiation, defined as the combination of direct solar radiation and diffuse

sky radiation received from a unit of surface (in J/cm2) were included as

covariates into the statistical models. We calculated the accumulated

amount of daily sunshine and global radiation for each participant of the

last 3, 5, 7, 15, 30, and 90 days prior to their MRSI measurement.

2.5 | Statistical analyses

Statistical analyses were conducted using SPSS Statistics (v24.0,

2010, SPSS, Inc., an IBM Company, Chicago, IL) and MATLAB. We

used different approaches to test for differences between seasons,

seasonal patterns in our data set, stationarity (if no seasonal patterns

could be found) and associations between neurotransmitter ratios and

light exposure. All statistical analyses were corrected for multiple test-

ing using the Sidak correction. However, due to the high number of

statistical tests, uncorrected significant p-values <0.01 are presented

for exploratory purposes.

2.5.1 | Investigation of seasonal differences

In a first step we investigated differences in GABA+/tCr, GABA+/Glx,

and Glx/tCr ratios between different time periods using analyses of

covariance (ANCOVAs). We tested for differences between the warm
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and cold period, for seasonal differences, based on meteorological sea-

sons and performed a monthly comparison (see Table S2 for detailed

group sizes). Each analysis was conducted including all ROIs in a com-

bined model and additionally for each ROI independently. Sex and age

were included as covariates in each model. Additionally, ANCOVAs

were run similar to (Spindelegger et al., 2012) with and without accu-

mulated daily sunshine and global radiation of the last 3, 5, 7, 15,

30, and 90 days of Vienna, respectively, as covariate.

2.5.2 | Analyses of seasonal patterns using curve
fitting models

To test for complex seasonal patterns, polynomial functions up to the

4th degree were fitted using the curve fitting toolbox in Matlab.

GABA+/tCr, GABA+/Glx, and Glx/tCr, respectively, of each ROI on

the y-axis and day of the year (DOY) on the x-axis were used as input

parameters. Sum of squared errors (SSE) and adjusted R2 were calcu-

lated to evaluate the quality of each fit.

2.5.3 | Unit root and stationarity tests

In addition, we tested the data for unit roots and stationarity applying

the augmented Dickey-Fuller test, using two lags (Dickey &

Fuller, 1979) in combination with the Kwiatkowski–Phillips–Schmidt–

Shin (KPSS) test (Kwiatkowski et al., 1992). KPSS tests were per-

formed for constant + trend specification using the following formula:

KPSS¼
PN

t¼1S
2
t

N2λ2
,

where S is the squared cumulative residual, λ is the standard error,

and N is the number of observations.

Although both tests are designed for longitudinal data, they allow

insights into seasonal patterns by providing information on cumulative

constant + trend specific residuals in cross-sectional analyses.

2.5.4 | Associations of sun exposure and
neurotransmitter ratios

Finally, to test for potential correlations between sun exposure and neu-

rotransmitter ratios, Spearman correlations between GABA+/tCr, GABA

+/Glx, and Glx/tCr ratios of each ROI, cumulated daylight (in hours) and

global radiation (in J/cm3) of the last 3, 5, 7, 15, 30, and 90 days prior to

each MRSI scan, respectively, were estimated using SPSS.

3 | RESULTS

Data distributions of GABA+/tCr and Glx/tCr within each ROI are

presented in Figure 1.

3.1 | Investigation of seasonal differences

No significant differences were found between warm (April–

September) and cold (October–March) periods or seasons (see Figures 2

and 3) in models combining all ROIs and when ROIs were investigated

independently, with and without covariates, for each region or neuro-

transmitter ratio. In a monthly comparison, again no interaction effects

were be shown in the models including all ROIs. When ROIs were

investigated independently, uncorrected significant differences for

Glx/tCr ratios in the hippocampus including covariates of different

length of accumulated daylight and global radiation (puncorr. ranging

from 0.008 to 0.02) as well as for GABA+/tCr and Glx/tCr ratios in the

pallidum (puncorr. ranging from 0.001 to 0.02) were calculated. However,

these results did not survive correction for multiple testing and there-

fore need to be considered as potential false positives.

3.2 | Analyses of seasonal patterns using curve
fitting models

In the next step we tested derived data for more complex patterns

using curve fitting functions. No polynomial function could be fitted in

the different neurotransmitter data sets of each ROI with an adjusted

R2 > 0.1. Summed squared errors (SSE) varied between 0.1 and 11.19.

3.3 | Unit root and stationarity tests

Since our analyses revealed no significant seasonal patterns, we aimed

to analyze the neurotransmitter distributions for stationarity across the

year utilizing Dickey–Fuller and KPSS statistics. All t-stats derived from

the augmented Dickey–Fuller tests exceeded the critical value leading

to significant results and thereby suggesting no unit root in the

observed data. Moreover, the KPSS test revealed non-significant

results except for hippocampal Glx/tCr ratios (values below both critical

value thresholds of 95% and 99%), suggesting stationarity in the data

sets of all other neurotransmitter ratios within each ROI (see Table 1).

For hippocampal Glx/tCr ratios, no unit root could be found using

the Dickey–Fuller test, while stationarity could not be confirmed by

the KPSS test (KPSS statistics of 0.219 minimally exceeding the criti-

cal value [99%] of 0.216). Moreover, constant + trend cumulative

residuals of the data set may suggest but does not confirm a slight

seasonal trend within Glx/tCr ratios of the hippocampus (see

Figure S2). Although no seasonal effects could be found in our data

distribution, stationarity within this data set could not be ultimately

confirmed and results need to be interpreted with caution.

3.4 | Associations of sun exposure and
neurotransmitter ratios

Finally, in our correlation analyses investigating the coherence of sun

exposure utilizing cumulated daylight and global radiation of different

SPURNY-DWORAK ET AL. 2657



F IGURE 1 Distribution of GABA+/tCr (blue) and Glx/tCr (red) ratios across the year within the hippocampus (a), insula (b), putamen (c),
pallidum (d), and thalamus (e). Gray and white columns represent different months. GABA+, GABA+ macromolecules; Glx, glutamate
+ glutamine; tCr, total creatine
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time periods prior to the measurement day, no significant correlations

could be found.

4 | DISCUSSION

Seasonal adaptions in the dopaminergic and serotonergic neurotrans-

mitter system were frequently shown in previous studies (Eisenberg

et al., 2010; Spies et al., 2018; Spindelegger et al., 2012). Variations in

the serotonergic system have already been linked to seasonal affec-

tive disorders, characterized by depressed mood mainly during

autumn and winter (Spies et al., 2018). However, also changes of neu-

rotransmitter systems beside dopamine and serotonin, including the

GABAergic and glutamatergic system, were shown to attribute to the

pathophysiology of depression (Sanacora et al., 2012). Therefore, we

aimed to investigate seasonal variations within MRSI-derived

measures of GABA+ and Glx in healthy participants. Statistical ana-

lyses revealed no significant differences between not only the warm

and cold period, seasons but also monthly comparisons of GABA

+/tCr, Glx/tCr, and GABA+/Glx levels. Moreover, curve fitting

approaches did not show fits of seasonal patterns with adequate

SSEs. In turn stationarity tests confirmed the absence of seasonal vari-

ations in neurotransmitter ratios in our data sets containing baseline

neurotransmitter levels in five different subcortical brain regions of

healthy individuals. Solely for Glx/tCr ratios of the hippocampus, con-

firmation of stationarity was not possible to estimate. Hence, statio-

narity or potential seasonal patterns of Glx levels in the hippocampus

should be confirmed in an independent data set in future approaches.

Previous research has mainly focused on the role of GABA and

glutamate in seasonal and circadian control within the RHT and SCN,

but has neglected their role for seasonal encoding in other brain areas.

While it was reported that GABA-mediated cortical inhibition follows

F IGURE 2 Seasonal concentrations of GABA+/tCr ratios. Boxplots of mean seasonal GABA+/tCr ratios (spring, green; summer, orange;
autumn, brown; winter, blue) are depicted for each region investigated. GABA+, GABA+ macromolecules; tCr, total creatine

F IGURE 3 Seasonal concentrations of Glx/tCr ratios. Boxplots of mean seasonal Glx/tCr ratios (spring, green; summer, orange; autumn,
brown; winter, blue) are depicted for each region investigated. Glx, glutamate + glutamine; tCr, total creatine
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circadian patterns (Lang et al., 2011), effects on other subcortical

regions are questionable. Within our study, no significant variations

throughout the year of GABA+/tCr, Glx/tCr, or GABA+/Glx mea-

sures of the hippocampus, insula, putamen, pallidum, and thalamus

could be shown. Although seasonal variations in hippocampal GABA

concentrations could be reported in rats (Li et al., 2020), this could not

be translated to our human data set. Thus, it can be speculated that

potential seasonal influences in the GABAergic or glutamatergic sys-

tem are not reflected in changes GABA+/tCr and Glx/tCr ratios in

downstream areas or are too subtle to be measured using an MRSI

approach. Hence, it can be suggested that seasonal effects on

GABAergic and glutamatergic neurotransmission might be attributed

to the receptor side or solely affect glutamate and not Glx and are

therefore not reflected in altered concentrations of total neurotrans-

mitter content (Rohr et al., 2019). Particularly the GABAergic system

in the SCN shows a unique behavior. GABA is able to act both in

inhibitory and excitatory ways in a reciprocal behavior and thereby

increase firing in some neurons, while reducing firing rates in others.

Thus, seasonal influences may not lead to changes in the concentra-

tion of GABA rather than environmental conditions being able to

shape the cellular response to GABA of neurons in the SCN and

downstream areas (DeWoskin et al., 2015). However, the SCN itself

comprises a brain area, too small to be reliably quantified using MRS

techniques, only allowing speculations on neurotransmitter concentra-

tions within this brain region.

Despite variations between different times of the year, the corre-

lation analyses performed in the course of this study did not show any

relationship of GABA+/tCr, Glx/tCr, or GABA+/Glx and accumulated

daylight or radiation of different periods in any ROI investigated.

Other neurotransmitter systems were shown to be involved in light

adaption, for example, dopamine as a main factor in retinal function

linked to circadian rhythmicity (Witkovsky, 2004). Moreover, studies

reported light-dependent variations of the serotonin 1A receptor

(Spindelegger et al., 2012), or patients suffering from SAD, showing

reduced levels of light sensitivity (Hebert et al., 2004). However, no

associations of daylight and levels of GABA+ or Glx could be shown

in our study, suggesting no direct influence of light exposure on total

neurotransmitter concentrations. Nevertheless, it has to be stated

that no data on individual light exposure of participants was available

for our analyses.

Several studies have provided evidence of potential influences on

MRS-derived measures of neurotransmitter concentrations. While a

correction of GABA and Glx ratios for age (Gao et al., 2013; Maes

et al., 2018) and gender (Spurny-Dworak et al., 2022) is highly recom-

mended in unbalanced groups, stationarity in our data sets suggests no

need for correction of the time of the year for GABA+/tCr, Glx/tCr, or

GABA+/Glx ratios of healthy individuals. Since our analyses suggested

neurotransmitter ratios to be unaffected by changing heliophysical con-

ditions regarding daylight and temperature throughout the year in

healthy participants, seasonal effects on GABA and glutamate levels in

patients suffering from SAD, showing changes in light sensitivity

(Hebert et al., 2004) will be of high interest in future approaches.

4.1 | Limitations

While this study benefits from a very large sample size including

baseline measures of 159 individuals, some limitations need to be

TABLE 1 Derived t stats from the augmented Dickey–Fuller test and KPSS statistical values of all neurotransmitter ratios within each
investigated brain region

Augmented Dickey–Fuller statistic
critical value (1%) = �3.96

KPSS statistic critical

value (99%) = 0.216

Hippocampus GABA+/tCr �9.38 0.082

GABA+/Glx �9.67 0.069

Glx/tCr �10.95 0.219*

Insula GABA+/tCr �10.68 0.089

GABA+/Glx �10.86 0.129

Glx/tCr �10.04 0.118

Putamen GABA+/tCr �7.44 0.088

GABA+/Glx �6.24 0.160

Glx/tCr �10.94 0.120

Pallidum GABA+/tCr �9.37 0.050

GABA+/Glx �9.32 0.045

Glx/tCr �11.56 0.167

Thalamus GABA+/tCr �7.75 0.033

GABA+/Glx �7.18 0.064

Glx/tCr �10.35 0.153

*KPSS statistical value.

Abbreviations: GABA+, GABA+ macromolecules; Glx, glutamate + glutamine; tCr, total creatine.
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mentioned. The quantification of GABA+ (GABA+ macromolecules,

mainly containing lipids and methyl and methylene resonances of pro-

teins; Behar & Ogino, 1993; Povazan et al., 2015) and the combined

measure of glutamate and glutamine does not allow analyses of pure

GABA and glutamate levels. Moreover, spill-over effects of adjacent

voxels can potentially influence the derived signal in the investigated

ROIs. Although we received detailed data on total light exposure and

radiation by the ZAMG for each day in the respective time frame, no

data on individual light exposure and lifestyle of study participants

was available for our analyses. Rather big voxel sizes used in MRSI

approaches do not allow quantification of neurotransmitter levels in

small brain regions including the SCN. Finally, stationarity tests should

be interpreted with caution, since they were used on cross-sectional

and not classical time series data, limiting their validity. Nevertheless,

they provide valuable insights into potential seasonal patterns by

reporting cumulative constant plus trend specific residuals among

other output parameters. Hence, future studies should aim to include

longitudinal data of study participants.

5 | CONCLUSION AND OUTLOOK

Here we show stable patterns of GABA+/tCr, Glx/tCr, and GABA

+/Glx levels in five subcortical brain regions, over the course of the

year. Despite the important correction for age (Gao et al., 2013; Maes

et al., 2018) and gender (Spurny-Dworak et al., 2022) for unbalanced

study groups, when analyzing MRS derived measures of GABA and

glutamate, a correction for seasonality does not seem necessary for

the subcortical brain regions quantified in the scope of our study.

Future approaches should aim to investigate seasonal patterns of neu-

rotransmitter concentrations in disease-dependent states, especially

in seasonal affective disorder.
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