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Abstract

The aim of the present study was to establish the developmental profile of metabolic changes of 3D aggregating brain cell
cultures by 'H high-resolution magic angle spinning (HR-MAS) NMR spectroscopy. The histotypic 3D brain aggregate, con-
taining all brain cell types, is an excellent model for mechanistic studies including OMICS analysis; however, their metabolic
profile has not been yet fully investigated. Chemometric analysis revealed a clear separation of samples from the different
maturation time points. Metabolite concentration evolutions could be followed and revealed strong and various metabolic
alterations. The strong metabolite evolution emphasizes the brain modeling complexity during maturation, possibly reflecting
physiological processes of brain tissue development. The small observed intra- and inter-experimental variabilities show the
robustness of the combination of 'H-HR-MAS NMR and 3D brain aggregates, making it useful to investigate mechanisms of
toxicity that will ultimately contribute to improve predictive neurotoxicology.

Keywords High-resolution magic angle spinning - Nuclear magnetic resonance - 3D brain cell cultures - Brain aggregates -
Chemometrics

Introduction

The central nervous system (CNS) is one of the most complex
organ systems in terms of both structure and function; in ad-
dition, the lack of regeneration after severe damage renders
the nervous system unique and particularly vulnerable to toxic
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insult. Neurotoxic effects in human have been shown for dif-
ferent compounds with the largest groups being metals, organ-
ic solvents, and pesticides [1]. In addition, the increasing onset
of neuronal disorders and neurodegenerative diseases, linked
to the aging of the population, represents a clear demand for
CNS active drugs for which safety has to be assessed in the
early phase of development. However, about 4% of the pre-
scription drugs withdrawn from the market were based on
neurotoxic effects [2, 3].

Guidelines on neurotoxicity testing prescribe in vivo ani-
mal tests to determine developmental and adult neurotoxic
effects, both after acute and chronic exposure [4-7]. Since
these tests are expensive, time-consuming, and give rise to
ethical issues, alternatives are needed. Neurotoxicity is the
outcome of complex interactions of xenobiotics at the molec-
ular, cellular, and tissue level of the central and/or peripheral
nervous system triggering an adverse effect. An adverse effect
can be caused by changes of neuronal and/or glial chemistry,
structure, and/or function. Therefore, any in vitro testing strat-
egy for neurotoxicity evaluation has to be based on the com-
bination of relevant in vitro models that possess the necessary
molecular mechanisms and pathways that can be evaluated in
a quantitative manner by sensitive, neuronal, and glia-specific
endpoints [5, 8]. The 3D rat brain aggregate model is
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composed of all brain cell types, neurons, astrocytes, oligo-
dendrocytes, and microglial cells, and presents a very high
level of cell organization, similar to in vivo brain tissue
cyto-architecture and function as indicated by the final ratio
of neurons to glial cells, the formation of an organotypic cyto-
architecture, the correct timing, and extent of developmental
events such as cell proliferation, synaptogenesis, myelination,
and the elaboration of neuronal networks [9]. This model is an
excellent tool for mechanistic studies, including OMICS anal-
ysis [10]. It has been extensively used for neurotoxicological
investigations and was shown to be a highly sensitive and
reliable in vitro model to detect CNS-specific toxicity [11,
12]. The long-term stability makes the 3D model applicable
for investigations of both acute and repeated exposure to
chemicals or drugs. This model has also proven valuable to
probe maturation-dependent neurotoxicity [13]. Furthermore,
the aggregating cells have also potential to investigate neuro-
logical disorders or brain infections including Zika virus-
linked brain infections [14]. Detection of metabolic alterations
as potential biomarkers is well suited to monitor neurotoxicity.
However, as a precondition for neurotoxicological testing, the
developmental metabolic profile of maturating 3D cell cul-
tures, its stability, and reproducibility need to be established.
Furthermore, the determination of developmental metabolic
changes with maturation may help to select the best window
of vulnerability for exposure of the cells to potential neuro-
toxins and may additionally also provide insight into early
brain cell development.

Metabolic changes of the developing brain have been in-
vestigated non-invasively by in vivo MR spectroscopy in an-
imal models and also in humans [15-21]. For ex vivo appli-
cations, nuclear magnetic resonance (NMR) spectroscopy has
been established in recent years, besides mass spectrometry, as
important tool for metabolic profiling in pathology and toxi-
cology [22, 23]. Besides the potential of NMR for biofluids,
High-Resolution Magic Angle Spinning NMR (HR-MAS
NMR) offers the possibility to profile the metabolic pattern
of cells and biopsies, without the need of tissue/cell extraction
or separation steps, and to determine metabolite concentra-
tions close to living conditions, because of minimal interven-
tion into tissue biochemistry. Fast spinning around an axis
inclined at an angle of 54.7° with respect to the axis of the
external magnetic field can average orientation dependent ef-
fects close to zero, thereby significantly reducing the
linewidth and increasing both the spectral resolution and sen-
sitivity [24]. While metabolic profiling of cultured 2D cells
employing HR-MAS NMR has been applied in several studies
[25-27], 3D aggregating cell culture models or 3D tissue slice
cultures have been investigated only rarely by HR-MAS
NMR [28-30]. Close similarities between cells in spheroids
and intact tissue have been emphasized in several NMR stud-
ies performed on 3D cell cultures without spinning [31-34].
3D brain cell culture extracts were recently measured by NMR
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[10] to investigate the metabolite changes after toxin exposure
to drugs. Extracellular metabolic changes of rat brain cell ag-
gregates have been investigated during cell growth; glucose,
lactate, and ammonia were determined as well as amino acids
by HPLC [35].

Metabolite changes during chick embryo brain maturation
from incubation days 10 to 20 and postnatal day 1 have been
investigated by '"H HR-MAS NMR to better understand the
embryonic brain development [36]. However, despite the de-
scribed potential of 3D cell cultures for evaluation of growth
kinetics including cell proliferation and myelination, no study
has investigated metabolic changes during maturation by HR-
MAS or in neurotoxicological investigations.

The overall aim of this study was therefore to metabolically
characterize cellular growth by employing 'H HR-MAS NMR
as minimally interfering analytical method in aggregating 3D
brain cell cultures at different maturation stages. It was
intended to establish a developmental profile of metabolic
changes to set up the basis for subsequent toxicological stud-
ies. The specific aims were to determine the metabolite stabil-
ity and variability between different cell culture batches and to
examine metabolic changes during cell maturation.

Materials and methods
Aggregating brain cell cultures

Ethical approval was obtained (authorization number
VD3128 delivered by the local veterinary office). 3D aggre-
gating brain cell cultures (AGGR) derived from embryonic
(16-day) rat brain were prepared as previously described
[37]. Briefly, the dissected brain tissue was dissociated me-
chanically using nylon sieves of 200- and 115-pum pores. The
dissociated and washed cells were re-suspended in serum-free
modified DMEM. Aliquots of the cell suspension were trans-
ferred to culture flasks and maintained under constant gyrato-
ry agitation at 37 °C in an atmosphere of 10% CO, and 90%
humidified air. Media were replenished by replacing 5 mL of
medium (of a total of 8 mL) with 5 mL of fresh medium at
intervals of 3 days until day 14 of in vitro culture and at
intervals of 2 days thereafter.

Forty-two AGGR samples were collected at five different
time points, at day in vitro (DIV) 7, 14, 21, 28, and 35. The
samples originated from four different brain batches (biolog-
ical replicates) and included up to three technical replicates,
which were created from pooled and redistributed free-
floating aggregates. Nine AGGR samples were harvested at
each time point, with the exception of DIV 35 (six AGGR
samples). Table S1 in the Electronic Supplementary Material
(ESM) summarizes the number of samples measured at each
of the five DIV for the four different brain batches. Samples
were washed two times with ice-cold phosphate-buffered
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saline solution (PBS). The PBS was removed and the samples
immediately transferred to dry ice and stored at — 80 °C until
HR-MAS NMR measurement. Sample replicates for DIV 7,
14, and 21 were obtained from a “whole flask”, i.e., the con-
tent of the flask was not split after the distribution of the
single-cell suspension at culture start. Sample replicates at
DIVs 28 and 35 correspond to the half of a whole flask.
Each replicate culture contained an average of 150-200
aggregates.

Additionally, the supernatants of cell media were collected
from the same batches and DIV's plus additional samples from
DIV 26. Media were collected by pipetting 1.2 mL of medium
twice into an Eppendorf vial after letting the aggregates settle
down. The media were centrifuged at 300xg for 5 min at 4 °C
and 1 mL of each sample was stored at — 80 °C. Overall, 84
supernatants were collected (15 samples at each of DIV 7, 14,
21, and 35; 11 samples at DIV 26; 13 samples at DIV 28).

NMR spectroscopy

Sample preparation Each of the 42 AGGR samples was
thawed at room temperature and transferred with added
15 uL of D,0O-based PBS (pH 7, 50 mM) into a 4-mm zirconia
MAS rotor using a 50-uL insert. The samples were measured
in random order. The preparation time from the beginning of
thawing until start of the NMR experiments (including rotor
filling and NMR optimization with shimming, water suppres-
sion, etc.) was kept short and as good as possible identical for
all samples. The time from taking the sample out of freezer
until start of the NMR acquisition took 24.9 & 3.7 min.

Acquisition '"H HR-MAS NMR experiments were performed
on a Bruker Avance II spectrometer (Bruker BioSpin) operat-
ing at a resonance frequency of 500.13 MHz for 'H, using a 4-
mm HR-MAS dual inverse 'H/"*C probe equipped with a
magic angle gradient.

For the cell aggregates, spectra were acquired at a spinning
speed of 3 kHz. A 1D PROJECT sequence [38] with water
presaturation was measured at an actual temperature of 284 K,
with 512 transients, a spectral width of 6010 Hz, a data size of
32 K points, an acquisition time of 2.73 s, a relaxation delay of
4 s, an echo time (TE) of 400 ms, and a rotor-synchronized
interpulse delay of 1.33 ms. Preliminary measurements with
different TEs showed that signal intensities of small metabo-
lites were still sufficiently strong at a TE of 400 ms due to long
relaxation times (results not shown). The long echo time al-
lows suppressing the lipids and virtually eliminates overlap of
small metabolites with lipid peaks, thus simplifying spectral
analysis. A 1D NOESY sequence (“noesyprid” from the
Bruker pulse program library) was used for investigating pri-
marily lipids, applying 128 transients, a spectral width of
7002.8 Hz, a data size of 32 K points, an acquisition time of
2.34 s, and a relaxation delay of 4 s. The noesy mixing time

was 10 ms. The 90° pulse length and water presaturation were
optimized for each measurement. For selected samples, phase-
sensitive 2D-'"H'H-TOCSY spectra using the DIPSI sequence
(“dipsi2phpr” from the Bruker pulse program library) with water
presaturation were recorded to help spectral assignment.

For the supernatants, only a 1D NOESY sequence with
water presaturation (“noesygpprid”) was applied because
lipids and broad underlying resonances were absent. The mea-
surements were performed at 298 K with 128 transients, a
spectral width of 6009.6 Hz, a data size of 64 K points, an
acquisition time of 5.45 s, and a relaxation delay of 6 s.

Data processing

Bruker Topspin™ software (v. 3.5) was used for processing
the spectra. For all 1D spectra (PROJECT and NOESY spec-
tra), the co-added free induction decays (FIDs) were exponen-
tially weighted with a line broadening factor of 0.5 Hz,
Fourier-transformed, phased, and baseline corrected (linear
order) and the frequency was calibrated to the lactate -CHs-
resonance (doublet) at 1.32 ppm.

Analysis

Bucketing For cell aggregates, 303 spectral regions
(“buckets”) of variable size according to the peak width were
manually selected between 0.8 and 10.0 ppm of the PROJECT
spectra and integrated, leaving out spectral regions comprising
only noise. To account for differences in cell numbers per
sample, the spectra were normalized using probabilistic quo-
tient normalization (PQN) [39]. Unfortunately, an absolute
quantification was not possible because the exact weight of
the cell culture samples needs to be known. Although the
sample weights were measured, varying amounts of accom-
panying PBS rendered this estimation very imprecise. For
supernatants, 244 buckets of variable size depending on the
peak width were selected accordingly between 0.8 and
9.0 ppm.

Signal annotation After assigning the buckets to metabolites
(see “Results and discussion” section), a single value for each
metabolite was determined by merging the different buckets
belonging to the same metabolite, considering in addition the
impact of overlapping peaks (leaving them out when
possible).

Chemometric analysis In order to determine which metabo-
lites and buckets were subject to strongest developmental
changes, chemometric analysis was performed. For chemo-
metric analysis, the buckets were mean centered and scaled
with Pareto scaling. Principal Component Analysis (PCA), a
non-supervised method, and orthogonal Partial Least Squares
(oPLS) analysis using the developmental day as continuous
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observable variable as prior knowledge were performed with
PLS Toolbox (Eigenvector Research, Inc). PCA and oPLS
were performed twice, first employing only the assigned me-
tabolites and secondly employing all buckets (for an unbiased
analysis considering also unassigned and strongly overlapping
peaks). The PLS models were subsequently cross-validated
and subjected to permutation testing (50 iterations).

Individual analysis Additionally, the content evolution over
different developmental stages was analyzed individually for
a number of metabolites. Temporal metabolic changes were
fitted with Matlab (R2014b, The MathWorks Inc.) assuming
zero-, first-, or second-order kinetics.

Analysis of variation In order to investigate the metabolic sta-
bility and estimate repeatability between and within the differ-
ent brain batches, coefficients of variation were calculated for
the cell aggregates. The 303 normalized buckets of the
PROJECT spectra were used for the calculation of the coeffi-
cient of variation within technical replicates (CVw) and
between biological replicates, i.c., between the different brain
batches (CVb) for each of the DIV (see ESM Table S1).
Buckets with intensities below 20% of the mean intensity
were excluded from the analysis, leaving 162 buckets for the
calculation of the CVs.

Lipids Lipid peaks of the NOESY spectra were manually in-
tegrated and normalized using the PQN factors obtained from
the corresponding PROJECT spectra of the same aggregates.
This normalization was selected instead of normalization to
the total intensity or PQN factors of the NOESY spectra them-
selves in order to prevent spurious normalization in case of a
total lipid change during maturation.

Results and discussion
"H HR-MAS NMR spectra of brain aggregates

The spectral assignment of AGGR brain cell cultures is shown
in Fig. 1 on an averaged PROJECT spectrum from samples
collected at DIV 7. The lipids are mostly suppressed due to the
T2 filter. More than 40 metabolites were assigned based on
additionally performed 2D-TOCSY measurements, own ref-
erence spectra, the HMDB database [40], and literature refer-
ences [25]. Still, several peaks remain unassigned and require
further investigations. All assigned resonances are also listed
in Table 1 together with cross-peaks from the 2D-TOCSY
spectra.

Many metabolites that were assigned here in spectra from
rat brain cell aggregates have also been determined in the
rodent and human brain by in vivo NMR spectroscopy
[41-43]. Similarly, an ex vivo high-resolution 'H NMR study
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on rat brain extracts quantified 27 different metabolites (plus
ethanol and methanol as contaminants) [44], most of which
were also detected in the current study in brain aggregates.
However, few metabolites that have been measured by
NMR in the brain could not be unambiguously assigned, in-
cluding ethanolamine, scyllo-inositol, or pyruvate, and vice
versa several metabolites that were detected here in the rat
brain cultures have been described only rarely in in vivo or
ex vivo NMR measurements of brain tissue. Proline (Pro) for
instance was found at high concentrations at a very early de-
velopmental stage, although it has not been reported in vivo
by NMR [41, 42, 45] and is present only at low concentrations
in brain [46]. It has to be noted that the first day of culture
(DIV 1) corresponds to gestational day 17, i.e., roughly 1 week
before birth, and although the cells reach a very high level of
maturation at DIV 35, they mimic more juvenile than adult
brains. Thus, our detection of Pro is not contradictory with its
low levels in brain tissue, since the level of Pro strongly de-
creases with time in culture. Interestingly, hypotaurine
(Hypotau), a precursor of taurine (Tau), was clearly detected
in the AGGR brain cell cultures, as confirmed by cross-peaks
on the 2D-TOCSY spectra, and increased over the time in
culture, while the Tau content decreased after an initial strong
increase. Hypotau is mainly built in astrocytes after conver-
sion of cysteine to cysteine-sulfinic acid followed by a decar-
boxylation and is then converted to taurine in astrocytes and
neurons [47]. Notably, the evolution of Tau concentration,
showing a peak at DIV 15 which corresponds to the first week
after birth, follows the same pattern as in the human brain
where the concentration of Tau is high at the time of birth
and decreases with age [41, 48].

While very low at DIV 7 and strongly overlapping with Pro
resonances, a resonance due to a N-acetyl moiety arises at
2.01 ppm at later developmental stages (see Fig. 2), which
most likely originates from N-acetylaspartate (NAA), the sec-
ond highest amino acid in the brain. However, further confir-
mation of the unambiguous NAA assignment is warranted,
because the corresponding resonances at ~2.7 and ~
4.4 ppm were present, but the expected cross-peaks were hard-
ly detectable in the TOCSY spectra.

Coefficients of variation

The coefficients of variation (CVs) were calculated to inves-
tigate the variability within the same brain batches (i.e., orig-
inating from the same pool of rat embryos) and between brain
batches (i.e., originating from different pools of rat embryos).
This information is essential for planning potential later inves-
tigations after a challenge, e.g., for toxicological studies. The
variances are most likely mainly due to differences in metab-
olite concentrations; however, a small contribution may also
derive from differences in relaxation times due to the relative-
ly long echo time of 400 ms used in the PROJECT sequence.
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Table 1 Signal assignment of protons from AGGR cells

Peak Chemical Shift [ppm] Compound TOCSY [ppm] Group

1 0.929 (t) Isoleucine (Ile) 1.00, 1.24, 1.45,1.97 5-CH;

2 0.95 (d) Leucine (Leu) 1.71,3.74 5-CH;

3 0.98 (d) Valine (Val) 1.03,2.27, 3.62 v-CHj3

4 1.002 (d) Isoleucine (Ile) 0.93, 1.24, 1.45,1.99, 3.67 '-CHs

5 1.034 (d) Valine (Val) 0.98,2.27,3.62 v-CH3

6 1.195 (1) Ethanol (EtOH) 3.66 -CH;

7 1.242 (m) Isoleucine (Ile) 0.93, 1.01, 145, 1.97 v-CH,

8 1.297 (br) Lipid (Lip) (-CH,),

9 1.32 (d) Lactate (Lac) 4.116 [3-CH;

10 1.32 (d) Threonine (Thr) 3.58,4.25 v-CHj

11 1.45 Lysine (Lys) 1.71, 1.88, 3.015 v-CH,

12 1.447 (m) Isoleucine (Ile) 0.93,1.01, 1.24, 1.98 v-CH,

13 1.47 (d) Alanine (Ala) 3.77 3-CHj3

14 1.708 (m) Leucine (Leu) 0.95,3.74 v-CH, B-CH,
15 1.71 (m) Lysine (Lys) 1.45,1.88,3.015 5-CH,

16 1.88 (m) Lysine (Lys) 1.45,1.71,3.015 3-CH,

17 1.892 (m) 4-Aminobutyric acid (GABA) 2.29, 3.00 3-CH,

18 1.966 (m) Isoleucine (Ile) 0.93, 1.00, 1.24, 1.45 B-CH

19 1.99 (m) Proline (Pro) 2.34,3.33,3.41,4.13 v-CH,

20 2.063 (m) Proline (Pro) 2.34,3.33,3.41,4.13 v-CH,

21 2.055 (m) Glutamate (Glu) 2.35,3.76 [3-CH,

22 2.01 (s) N-acetyl-aspartate (NAA) -CH;(Acetyl)
23 2.15 (m) Glutamine (Gln) 2.45,3.79 3-CH,

24 2.157 (m) Glutathione (GSH) 2.55,3.78 [3-CHy(Glu)
25 2.288 (t) 4-Aminobutyric acid (GABA) 1.89, 3.00 «-CH,

26 2.34 (m) Proline (Pro) 1.99,3.33,3.41,4.13 [3-CH,

27 2.35 (m) Glutamate (Glu) 2.06, 3.76 v -CH,

28 2.407 (s) Succinate (Suc) - «-CH,

29 2.45 (m) Glutamine (Gln) 2.15,3.79 v-CH,

30 2.546 (m) Glutathione (GSH) 2.16,3.78 v-CHy(Glu)
31 2.642 (t) Hypotaurine (Hypotau) 3.343 «-CH,

32 2.69 (dd) N-acetyl-aspartate (NAA) 3-CH,

33 2.8 (dd) N-acetyl-aspartate (NAA) 3-CH,

34 2.956 (m) Glutathione (GSH) 4.57,8.58 [3-CH,(Cys)
35 2.998 (t) 4-Aminobutyric acid (GABA) 1.89,2.29 v-CH,

36 3.015 (1) Lysine (Lys) 1.45,1.71, 1.88 e-CH,

37 3.023 Creatine (Cre) -CHj3

38 3.11 (dd) Phenylalanine (Phe) 3.28,3.98 3-CH,

39 3.14 (dd) Histidine (His) 3.23,3.99 [3-CH,

40 3.198 (s) Choline (Cho) N*(CH;)3
41 3215 (s) Phosphocholine (PC) -N*(CHs)3
42 3.217 (t) Phosphoethanolamine (PE) 3.977 -CH,

43 3.226 (s) Glycerophosphocholine (GPC) -N*(CHj)
44 3.23 (dd) Histidine (His) 3.14,3.99 3-CH,

45% 3.24 (dd) Glucose (Glc) 3.40, 3.48, 4.65 -CH

46 327 (t) Myo-inositol (mIno) 3.53,3.61, 4.05 -CH

47 3.255 (1) Taurine (Tau) 3.42 «-CH,

48 3.28 (dd) Phenylalanine (Phe) 3.11,3.98 3-CH,

49 3.33 (m) Proline (Pro) 1.99,2,34,3.41,4.13 -CH,
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Table 1 (continued)

Peak  Chemical Shift [ppm] Compound TOCSY [ppm] Group

50 3.343 (t) Hypotaurine (Hypotau) 2.642 -CH,

51 3.38-3.55 Glucose (Glc) Multiple -CH

52 341 (m) Proline (Pro) 1.99, 2,34, 3.33,4.13 -CH,

53 3417 (t) Taurine (Tau) 3.26 [3-CH,

54 3.53 (dd) Myo-inositol (mIno) 3.27,3.61,4.05 -CH

55 3.52 (m) Choline (Cho) 4.06 -CH,

56 3.552 (s) Glycine (Gly) - «-CH,

57 3.58 (d) Threonine (Thr) 1.32,4.25 «-CH

58 3.595 (m) Phosphocholine (PC) 4.16 -CH,

59 3.61 (t) Myo-inositol (mIno) 3.27,3.53,4.05 -CH

60 3.665 (d) Isoleucine (Ile) 1.01 « -CH

61 3.68 () Lysine (Lys) « -CH

62 3.68 (m) Glycerophosphocholine (GPC) 4.32 -CH,

63% 3.69-3.93 Glucose (Glc) Multiple -CH, -CH,
64 3.727 (m) Leucine (Leu) 0.95,1.71 « -CH

65 3.76 (m) Glutamate (Glu) 2.06, 2.35 «-CH

66 3.79 (m) Glutamine (Gln) 2.15,2.45 «-CH

67 3.77 (@) Alanine (Ala) 1.47 «-CH

68 3.78 (t) Glutathione (GSH) 2.16, 2.55 «-CH(Glu)
69 3.835 (m) Serine (Ser) 3.96 «-CH

70 3.84 (d) Glutathione (GSH) -CH,(Gly)
71 3.926 Creatine (Cre) -CH,

72 3.96 (m) Serine (Ser) 3.84 [3-CH,

73 3.977 (m) Phosphoethanolamine (PE) 3217 -CH,

74 3.98 (dd) Phenylalanine (Phe) 3.11,3.28 « -CH

75 3.99 (dd) Histidine (His) 3.14,3.23 «-CH,

76 3.993 (dd) Glucose-6-phosphate (Glc-6P) 3.51 -CH

77 4.05 (t) Myo-inositol (mIno) 3.27,3.53,3.61 -CH

78 4.06 (m) Choline (Cho) 3.52 -CH,

79 4.116 (q) Lactate (Lac) 1.32 «-CH

80 4.126 (m) Proline (Pro) 1.99, 2,34, 3.33, 3.41 o-CH

81 4.16 (m) Phosphocholine (PC) 3.60 -CH,

82 4.25 (m) Threonine (Thr) 1.32,3.58 [3-CH,

83 4.318 (m) Glycerophosphocholine (GPC) 3.68 -CH,

84 4.40 (m) UDP-Glc, UDP-GlcNac, UDP-GalNac, UDP-GluA 5.966 -CH (Rib)
85 4.38 (m) N-acetyl-aspartate (NAA) «-CH

86 4.57 (m) Glutathione (GSH) 2.96, 8.58 -CH

87 4.646 (d) Glucose (Glc), glucose-6-phosphate (Glc-6P) 3.25,3.38,3.42,3.47,3.51 -CH-1

88 523 (d) Glucose (Glc), glucose-6-phosphate (Glc-6P) 341,3.54,3.71 -CH-1

89 5.31 (br) Lipid -CH=CH
90 5.445 (dd) Glucose-1-phosphate (Glc-1P) -CH-1 (Glc)
91 5.515 (dd) UDP-N-acetyl-glucosamine (UDP-GlcNac) -CH-1 (Glc)
92 5.546 (dd) UDP-N-acetyl-galactosamine (UDP-GalNac) -CH-1 (Gal)
93 5.611 (dd) UDP-glucuronic acid (UDP-GIuA) -CH-1(GlcA)
94 5.602 UDP-Glucose (UDP-Glc) -CH-1 (Gle)
95 5.899 (d) Cytidine 4.21,4.31 -CH

96 5.906 (m) Uridine (Urd) 7.88 -CH

97 5.966 (m) UMP, UDP-Glc, UDP-GlcNac, UDP-GalNac, UDP-GluA  8.113 (UMP), 7.96, 4.40 -CH

98 6.045 (d) Cytidine 7.85 -CH

@ Springer



6740

Diserens G. et al.

Table 1 (continued)

Peak  Chemical Shift [ppm] Compound TOCSY [ppm] Group

99 6.089 (d) Inosine? 444,478 -CH (ribose)
100 6.513 (s) Fumarate - -CH

101 6.88 (d) Tyrosine (Tyr) 7.18 -CH

102 7.15 (s) Histidine (His) -CH (imidazole)
103 7.175 (d) Tyrosine (Tyr) 6.88 -CH

104 7.31 (d) Phenylalanine (Phe) 7.37,7.41 -CH

105 7.366 (m) Phenylalanine (Phe) 7.31,741 -CH

106 7.413 (m) Phenylalanine (Phe) 7.31,7.37 -CH

107 7.848 (d) Cytidine 6.05 -CH

108 7.88 (d) Uridine (Urd) 5.906 -CH

109 7.96 (d) UDP-Glc, UDP-GlcNac, UDP-GalNac, UDP-GluA 5.97

110 8.04 (s) Histidine (His) -CH (imidazole)
111 8.113 (d) UMP 5.966 -CH (uracil)
112 8.187 (d) N-acetyl-aspartate (NAA) -NH

113 8.193 (s) Hypoxanthine - -CH

114 8.214 (s) Hypoxanthine - -CH

115 8.219 (s) Inosine - -CH (hypoxanthine)
116  8222(s) AMP

117 8.348 (s) Inosine - -CH (hypoxanthine)
118 8.453 (s) Formate - -CH

119 8.58 Glutathione (GSH), AMP 2.96, 4.57 -NH (Cys)

Primarily detectable at later developmental stages

DIV (see Table 2). This suggests generally a greater similarity
in samples originating from the same pool of rat embryos,
compared to samples originating from different rat embryos.
Although higher than the CVw, the CVb are also small, with a
mean variability of 10.0% (between 7.8 and 12.2% depending
on the maturation day) and the difference between CVb and
CVw appears to become smaller at later stages. This result
reflects the overall stability of the development of the
AGGR, independently of which pool of rat embryos was used
for their generations.

Metabolic changes over time

Figure 2 shows mean spectra of AGGR brain cell cultures
collected at DIVs 7, 14, 21, 28, and 35, for the spectral regions
between 1.4 and 4 ppm and between 5 and 8.8 ppm. Some
prominent temporal peak modifications are highlighted.
Already the visual inspection reveals that the metabolite con-
tent strongly evolves during cell culture maturation for a num-
ber of different metabolites.

Metabolic changes over time were assessed in two different
ways, first by chemometric methods assessing all resonances
and metabolites simultaneously and secondly by individual
metabolite kinetic analysis.

@ Springer

Chemometric analysis

Chemometric analysis performed on the assigned metabolites
of the brain aggregates revealed a clear separation of the dif-
ferent developmental time points (DIVs 7, 14, 21, 28, 35),
both using unsupervised PCA (Fig. 3a, with a slight overlap
of confidence intervals for DIVs 14 and 21 and DIVs 28 and
35) and supervised oPLS (Fig. 3b). The separation was stron-
gest between days 7 and 14, i.e., main metabolic changes
appeared at an early developmental stage. Similar to the
PCA, the oPLS analysis with the time in culture as continuous
observable variable (y-matrix) leads to a complete and signif-
icant separation of the samples collected at the different de-
velopment stages (Fig. 3b) (0% = 0.98, Permutation test: p <
0.001). A continuous path between the different maturation
stages can be seen, while samples from same developmental
stages cluster closely. The loading plot of the latent variables
LV1 vs. LV2 suggests, e.g., phosphocholine (PC), Hypotau,
taurine (Tau), choline (Cho), and creatine (Cre) as main dis-
criminating, i.e., most strongly changing metabolites (Fig. 3c).
It should be noted however that the stronger impact of these
metabolites is partly due to their higher concentration and that
other metabolites also go through strong relative changes over
time. In order to additionally determine the impact of unas-
signed and strongly overlapping peaks, the PCA and oPLS
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Fig. 2 Plot of mean spectra of 3D brain cell cultures collected at DIV 7, 14, 21, 28, and 35. a Spectral regions between 1.4 and 4 ppm are shown. b
Spectral regions between 5.1 and 8.8 ppm are shown. Some prominent peak modifications are highlighted

Table2 Coefficients of variation within (CVw) and between (CVDb) the
different brain batches obtained at the five different time points (DIV 7,
DIV 14, DIV 21, DIV 28, DIV 35) as well as the mean over the different
time points

DIV7 DIV14 DIV2l DIV28 DIV35 Mean
CVw  82% 5.1% 6.2% 9.0% 9.2% 7.6%
CVb 122% 7.8% 10.0% 10.4% 9.6% 10.0%

analyses were repeated employing all buckets from spectra of
the brain aggregates (Fig. 4). The different developmental
steps were completely separated in both PCA and oPLS
(0% =0.99, Permutation test: p < 0.001). The better separation
compared to the analysis of the assigned metabolites only is
probably due to the higher number of included variables and
the relatively reduced impact of low intensity metabolites.
However, the loading plot (Fig. 4c) revealed the same discrim-
inating metabolites (especially PC, Hypotau, Tau, Cho, Cre).
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Fig. 3 Scores plot of a PCA analysis (a) and an oPLS analysis (b)
employing only assigned metabolites from spectra of 3D brain cell
cultures measured at five different developmental stages (DIV 7, 14, 21,
28, 35). The different maturation stages are separated. In general,

The same chemometric analyses were performed on the
cell media supernatants to determine temporal changes in up-
take of cell media substances and of metabolic release into the
supernatant. Again, the analyses were performed on assigned
metabolites only and on all buckets. The results are shown in
the ESM, Figs. S1 and S2. Also for cell media, a clear sepa-
ration of the developmental steps was determined in PCA and
oPLS, primarily for the early stages, DIV 7 and DIV 14, while
later stages demonstrate partly overlapping confidence inter-
vals (ESM Figs. Sla, b and S2a, b), indicating lesser changes
of metabolite uptake and release after DIV 21. The corre-
sponding loading plots (ESM Figs. Slc and S2c) reveal as
main discriminating metabolites (with strongest absolute
changes) lactate (Lac), which increased over time (indicating
higher release into the medium), glutamine (Gln), which was
low early on and increased soon after (indicating higher re-
lease), glucose (Glc), which decreased over time (indicating
increasing cell uptake), or isoleucine (Ile), leucine (Leu), and

Scores on LV 1 (69.45%)

LV 1 (69.5%)

metabolic changes appear stronger in the earlier phases of the culture.
The ellipsoids correspond to confidence intervals at an 84% level. ¢
PLS loading plot with the main discriminating metabolites labeled

(indicating increasing uptake), followed by a slight increase.
As for the cell aggregates, additional other metabolites of low-
er concentration also show comparable relative changes.

In order to check the metabolite content variability between
the four different measured brain batches, the chemometric
analysis was repeated with the brain batches as discriminant
in a PLS-DA (discriminant analysis) (results not shown). No
separation between the different cell batches was found in this
discriminant analysis. This result together with the tight clus-
tering shown in Fig. 4 suggests that the metabolite profiles are
well reproducible within and between the different brain
batches. Similarly, the calculation of the coefficients of varia-
tion within and between the brain batches corroborated this
result (see above).

Correlation analysis

Correlations between the temporal changes of assigned

valine (Val), which were high early on, then decreased  metabolites were probed in order to investigate potential
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Fig. 4 Scores plot of a PCA analysis (a) and an oPLS analysis (b)
employing all resonances (buckets) from spectra of 3D brain cell
cultures measured at five different developmental stages (DIV 7, 14, 21,
28, 35). The different maturation stages are entirely separated. In general,

@ Springer

Scores on LV 1 (53.33%)

LV 1 (53.3%)

metabolic changes appear stronger in the earlier phases of the culture
maturation. ¢ PLS loading plot with the main discriminating
metabolites labeled



Longitudinal investigation of the metabolome of 3D aggregating brain cell cultures at different maturation...

6743

common biochemical pathways and for physiological in-
terpretation of brain cell aggregate maturation. The me-
tabolite correlation map is shown in Fig. 5, illustrating
correlations on a heat-map. The assigned metabolites are
grouped by similarity. Interestingly, numerous highly pos-
itive and negative correlations were obtained. The amino
acids alanine (Ala), Pro, threonine (Thr), Ile, Val, and Leu
correlate highly positively, while they are rather not or
negatively correlated to glycine (Gly) or serine (Ser).
Glutathione (GSH), PC, and GPC also correlate strongly
and positively with Ala, Pro, Thr, Ile, Val, and Leu and on
the other hand negatively with myo-inositol (mIno), Cho,

Cre, and Glc. The temporal evolution of Tau correlates
solely and negatively with NAA, which corresponds to
the recent finding of developmental replacement of Tau
by NAA [49]. However, besides indicating potential phys-
iological relations between metabolite changes, the corre-
lations may as well be coincidental.

A correlation map with variable reordering was also
calculated for the assigned metabolites of the cell media
supernatants (ESM Fig. S3). Strong positive and negative
correlations were detected as well, e.g., the amino acids
Thr, Lys, Phe, tyrosine (Tyr), arginine (Arg), Ser, histidine
(His), and tryptophan (Trp) all correlate positively with
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each other, but not with Leu, Val, and Ile, which them-
selves correlate positively. Ala does not correlate positive-
ly with any other assigned amino acid.

Evolution of individual metabolites during maturation

The analysis of individual metabolites over the developmental
process revealed specific and variable time courses (Fig. 6).
While some metabolites increased (e.g., GABA, Cho,
Hypotau, mIno) or decreased over time (e.g., PC, Ala, Pro,
GSH, Thr), some others were less affected (e.g., Val). Several
metabolites showed a more complex evolution, such as Tau

which decreased but only after a strong initial increase. For
some metabolites (e.g., Ala, Pro, Tau, GSH, Cre), strong
changes occurred primarily during the early maturation peri-
od. On the other hand, Hypotau increased strongly towards the
end of the development but showed only little change during
the early maturation process. Kinetic fitting was performed for
most metabolites undergoing temporal changes to determine
the most likely kinetic model and potential kinetic parameters.

The observed metabolic changes reflect the ongoing differ-
entiation of the brain aggregates into the various cell pheno-
types, i.e., neurons, astrocytes, oligodendrocytes, and
microglial cells [37], as well as their maturation and are in line
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with our previous observations. The increase in GABA, an
important neurotransmitter, and in choline, precursor of the
neurotransmitter acetylcholine, is perfectly correlated with the
maturation of neurons as observed by the increase in the mRNA
and protein expression levels for neurofilaments, which are part
of the neuronal cytoskeleton, and the increase in the activity of
glutamic acid decarboxylase and acetylcholine esterase, en-
zymes specific for GABAergic and cholinergic neurons, re-
spectively [9]. The observed decrease in glutathione content
with cellular maturation was also confirmed in our model by
spectrophotometric assay [50]. Furthermore, the peak of intra-
cellular Tau concentration observed in this study coincides with
the start of intense myelination in the brain aggregates [50]
which is in line with the recent report on the oligodendrocyte-
differentiation-enhancing activities of Tau [51].

The general direction of change during chick embryo brain
maturation from incubation days 10 to 20 and postnatal day 1
for Tau, PC, Ala (decrease), mIno, GABA, Gly, Cho (increase),
NAA (delayed increase), and GIn (only modest changes) [36]
corresponds to the changes found in brain aggregates; however,
not surprisingly, the kinetic time curves differ and appeared
more complex in the brain aggregates, since the developmental
window covered in our study is broader.

The evolution of individual metabolites in cell media su-
pernatants was briefly described in the chemometric analysis
above and is not presented in detail. Santos et al. [35] de-
scribed reduced uptake of alanine and branched-chain amino
acids from culture medium of rat brain cell aggregates during
development, which does not match our finding indicating

rather increasing uptake until DIV 21 and only thereafter a
decrease. This may be due to the differences in cell culture
media composition used in the two studies, as well as to the
clear differences in the cell composition of the cultures, since
Santos et al. report a higher proportion of astrocytes as com-
pared to neurons than us at late developmental stage [9, 37].

Metabolic changes of the developing brain have also been
investigated non-invasively by in vivo MR spectroscopy in
animal models and also in humans [15-21]. In vivo NMR
measurements commonly report clear NAA and Cre increases
during brain development, which is in line with our findings in
the 3D rat brain cell aggregates. In contrast, most in vivo
NMR studies demonstrated mIno to decrease during matura-
tion in human and animal models [15, 19, 20], which is op-
posite to our finding in cell aggregates where a rather constant
level is observed after an initial increase (Fig. 6). However,
mlIno was found to increase during rat brain development in
another study [21] in accordance with our results. A strong
decrease was noted for taurine in the developing rat brain [16],
in line with our finding of a strong decrease following a very
early rise. Developmental differences between studies were
attributed to differences in animal species or to regional dif-
ferences in the brain [16].

Lipid analysis
Because of short relaxation times, lipids can generally best be

determined from spectra acquired without a T, -filter. The
methyl and especially the methylene resonances at 0.9 and
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Fig. 7 Left: Plot of 1D NOESY spectra at the five different DIVs
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resonances. Right: Plot of T,-filtered PROJECT spectra at the five
different DIVs demonstrating the evolution of the lipid methyl and

I I I I I I I I I I I I I I
19 18 17 16 1514 13 12 1.1 1.0 0.9 0.8 0.7 0.6 ppm

methylene resonances. The insert zooms into the 1.1-1.3-ppm region to
demonstrate the decay of a narrow methylene resonance (probably due to
more mobile lipids), while the broader methyl and methylene resonances
increase during evolution
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1.3 ppm, respectively, that arise from protons of fatty acyl
chains demonstrated visually an increase in the 1D NOESY
spectra (Fig. 7 left). However, different lipid compartments
appear to be visible in the HR-MAS spectra presenting with
different linewidths. While the methylene resonance with a
smaller linewidth increases strongly, a broader component,
which is most likely due to a less mobile lipid compartment,
appears to decrease (Fig. 7 left). Another (third) lipid compart-
ment becomes visible in the PROJECT spectra only at long
echo times (Fig. 7 right). While the (broader) methyl reso-
nance increases during the development, another methylene
resonance with small linewidth clearly decreases during de-
velopment (zoomed in region in Fig. 7 right). This lipid com-
partment probably arises from fatty acids or from lipid drop-
lets, which are relatively mobile and become therefore visible
at long echo times. However, a detailed lipid analysis is be-
yond the scope of this paper. The lipid visibility depends
strongly on measurement parameters like echo time or spin-
ning rate of the HR-MAS measurement [52] and a detailed
analysis would require additional investigations, e.g., chang-
ing the spinning speed and determination of intermolecular
cross-relaxation rates, which would then allow to study mem-
brane binding, organization, localization, and orientation of
membrane-embedded molecules [53-55].

The most prominent resonances of the 1D NOESY spectra
arising from different lipid moieties were investigated for rel-
ative changes during maturation. In Fig. 8, the developmental
changes are shown for the ratio of the alkene protons from
unsaturated lipids (-CH=CH-) at 5.32 ppm over the methyl
and the methylene peaks (Fig. 8 a, b) and for the methylene-
over methyl-ratio (Fig. 8c). The plots demonstrate a stronger
increase of the unsaturated lipid resonance (-CH=CH-) com-
pared to the methylene and methyl moieties and a stronger
increase of the methylene than the methyl resonance. These
results indicate an increasing unsaturation grade of the lipids,

-CH=CH- 008 . “CH=CH-
| @CH, / <(CHy),
0.08
0.07
0.06
0.06
0.04
0.05
0.02
0.04
a
0.00
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Fig.8 Lipid peak intensity ratio as function of the DIV. Squares represent
the averaged ratios of the nine measurements per DIV (respectively six
measurements at DIV 35). Error bars represent standard deviations. a
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as well as an elongation of the lipid chain length during
AGGR maturation, in line with the ability of fetal rat brain
to elongate and desaturate fatty acids [56] and with the in-
crease in chain length and greater unsaturation proportion re-
ported in vivo and in vitro during maturation [57, 58].

Conclusion

Time-dependent changes in intracellular metabolite concen-
tration of aggregating brain cell cultures could be followed
by 'H HR-MAS NMR. This high content OMICS technique
revealed strong and various metabolic alterations during the
brain aggregate development which emphasizes the complex-
ity of this culture system and most likely reflects the physio-
logical processes occurring during brain development. Only
small variations between biological replicates of the same de-
velopment point were observed, but a very clear separation of
the metabolites among the different time points of cell collec-
tion was revealed by PCA, oPLS, and individual metabolite
analyses, proving the robustness of '"H HR-MAS NMR ap-
plied to 3D brain cell cultures.

The obtained metabolic fingerprint of 3D brain cell cultures
at different maturation stages is an important knowledge that
will refine the selection of the best windows of vulnerability
for toxicological investigations, as well as for investigating
neurological disorders and the effects of brain infections, in-
cluding Zika virus infection, on brain cell metabolism. HR-
MAS NMR has the advantage of establishing the metabolome
in intact cells and will most likely contribute to improve pre-
dictive neurotoxicology, in the context of drug safety assess-
ment and for the evaluation of the impact of environmental
chemicals on human health, by providing detailed mechanistic
information of altered cellular processes. We hypothesize that
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metabolic profiling by HR-MAS NMR will yield biomarkers
that are indicative for toxicological processes.
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