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Hippocampal neural stem cells rapidly change
their metabolic profile during neuronal
differentiation in cell culture
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Throughout life neural stem/progenitor cells (NSPCs) produce new neurons in distinct regions
of the mammalian brain, a process called adult neurogenesis. Hippocampal NSPCs undergo
several developmental steps until they reach their final stage of fully differentiated neuronal
progeny. Failing any of those steps can compromise adult neurogenesis, resulting in impaired
function of the mammalian hippocampal circuit. Altered neurogenesis has been associated
with impaired learning and memory as well as number of neuropsychiatric diseases. Previ-
ously it was shown that metabolism changes markedly between NSPCs and their differentiated
progeny. However the dynamics of metabolic adaptations (gradual vs. acute) occurring dur-
ing neuronal differentiation have yet to be identified. To answer this question we here deter-
mined the metabolic profile of mouse hippocampal NSPCs and their neuronally differentiating
progeny in vitro by mass-spectrometry, using an inducible differentiation system, allowing for
high temporal resolution of the differentiation process. The metabolomics data we have gen-
erated show major and rather quick metabolic adaptations occurring during the first days of
neuronal differentiation. Thus, we here observe that NSPCs and their neuronal progeny show
distinct metabolic profiles that can rapidly change depending on their developmental state.

Objective
The objective is to define the metabolic profile of mouse hippocampal NSPCs and their
neuronally differentiating progeny in vitro by mass-spectrometry.

Introduction
In the last fifty years it has been established that the neurogenic capacity of mammalian
brain is not depleted postnatally but in contrary is being preserved throughout adult
life in distinct brain regions, among them the hippocampal dentate gyrus (DG) (Kuhn
1996[1]) (Gage 2000[2]) (Spalding 2013[3]). Adult neurogenesis is dynamically regulated
and altered neurogenesis has been associated with number of neuropsychiatric diseases
such as major depression, aging and epilepsy demonstrating its importance for flawless
adult brain function (Drapeau 2003[4]) (Christian 2014[5]) (Parent 1997[6]) (Santarelli
2003[7]). Recently, it has been shown that metabolism is an important regulator of NSPCs
development: it was found that NSPCs require fatty acid synthase (FASN)-dependent de
novo lipogenesis for proper proliferationwithin the adult DG (Chorna 2013[8]) (Knobloch
2012[9]). Metabolism provides cells with energy and building blocks necessary to pro-
duce more complex molecules therefore having a pivotal role in cell survival and proper
cell function (Lunt 2011[10]) (Folmes 2012[11]) (Ito 2014[12]). In addition, to a spe-
cialized lipid metabolism in NSPCs, for various other somatic stem cells such as long-term
hematopoietic stem cells (LT-HSCs) andmesenchymal stem cells (MSCs) metabolism plays
an important role in maintaining the stem cell pool (active anabolic pathways) or when
differentiated into various tissue specific cell types (active catabolic pathways) (David
2010[13]) (Folmes 2012[11]) (Ito 2012[14]) (Moussaieff 2015[15]).
However, the metabolic changes that occur during distinct developmental steps in the

course of NSPC proliferation towards neuronal differentiation remain poorly described.
Therefore, we here aimed to characterize the exact timing of metabolic adaptations dur-
ing NSPCs development using precise mass spectrometry (MS)-based metabolomics. With
this approach, we observe a rapid metabolic switch from proliferating NSPCs once they
enter programs of neuronal differentiation.
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Figure 1. Metabolic adaptations in the course of NSPC-based neuronal differentiation. (A) In this study we aimed to
address the exact timing of metabolic changes during NSPC-based neuronal differentiation. Specifically, we asked if
metabolism is changed quickly at the beginning of neuronal differentiation or gradually throughout the entire differen-
tiation process. (B) Experimental scheme showing the NeuroD1-induced neuronal differentiation protocol. (C) Prolif-
erating NeuroD1-GFP+ NSPCs (green) co-express the NSPC marker SOX2 (red). (D) The proliferation rate 12h and 24h
(D1) after the differentiation start was analyzed using an EdU (grey) / DAPI (blue) assay. (E) NSPC-derived progeny
were analyzed for co-expression with the neuronal marker MAP2ab marker (red) and the glial marker GFAP (blue).
Scale bars represent 20μm. (F) Metabolomics data analysis showing a clustered heat-map of differentiating NSPCs. A
clear metabolic switch can be seen between proliferating NSPCs (D0) and fully differentiated neurons (D7). Proliferating
NSPCs and early differentiated neurons (D0 – D1) strongly cluster together, as well as differentiating neurons from day
2 (D2) till day 7 (D7). Blue and red indicate z-scores. Red = relatively higher levels, blue = relatively lower levels (for the
same ion over all samples). (G) Principal component analysis (PCA) with two principal components for 10 different time
points during neuronal differentiation. The biggest metabolic differences can be seen between day 1 (D1) and day 2 (D2)
and between day 2 (D2) and day 3 (D3). From D3 to D7 the probes cluster together, showing that metabolic changes here
are rather small. (H)Metabolite enrichment analysis for four selected time points during NSPCs differentiation (D1, D2,
D3, D7) compared to D0. Shown are the top 5 (corresponding to adjusted P-values) metabolic pathways enriched with
differentiation and proliferation, respectively.
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Results & Discussion
Since it has been shown that NSPCs change their metabolism during their development (Knobloch 2012[9]), we an-
alyzed metabolic changes in the course of NSPC-based neuronal differentiation to address the question if cellular
metabolism changes gradually or rather acutely (Fig. 1A). To induce neuronal differentiation of NSPCs isolated from
the adult murine hippocampus we used retroviruses expressing the transcription factor NeuroD1 fused to a tamoxifen
(TAM)-regulable estrogen receptor (ERT2) (Kawakami 1996[16]) (Gao 2009[17]) (Braun 2013[18]). With this approach
functional expression of NeuroD1 can be tightly controlled by the addition of TAMallowing for studying themetabolome
of differentiating neurons with high temporal resolution. In contrast to standard in vitro differentiating conditions (i.e.,
withdrawal of growth factors) that result in mixed populations of only 20-30% neurons and a majority of astroglial cells,
the NeuroD1-based approach chosen here results in higher rates of neuronal cultures (i.e., 60-80% neurons).

To express NeuroD1 transcription factor in NSPCswe used retrovirus- mediated genetic manipulation. We infected
wild type NSPCs isolated from the adult mouse hippocampus with virus containing NeuroD1-ERT2-IRES-GFP (Neu-
roD1-GFP) (Braun 2013[18]) construct and used fluorescence activated cell sorting (FACS) to enrich for NeuroD1-GFP+
cells (Fig. 1B). Neuronal differentiation was induced by growth factor withdrawal and addition of hydroxy-tamoxifen
(OH-TAM) at time point 0, here defined as day 0 (D0). We studied the metabolic profile of neuronal differentiation at
10 different time points until the seventh day (D7) after differentiation induction with OH-TAM (Fig. 1B). We first con-
firmed that NeuroD1-GFP+NSPCsmaintained NSPC properties without TAM treatment. Indeed, NeuroD1-GFP+NSPCs
showed normal proliferative behavior compared to non-transduced cells or NSPCs transduced with control viruses (data
not shown) and expressed the neural stem cell marker SRY (sex determining region Y)-box 2 (SOX2) (Fig. 1C). Next,
we analyzed the rate of cell proliferation for early time points using the thymidine analogue 5-ethynyl-2’-deoxyuridine
(EdU) to label cells in S-phase (Fig. 1D). We found that the proliferation rate dropped from 43 ± 1.2% of EdU-positive
cells to 24.6 ± 1.47% within the first 12 hours after OH-TAM and vanished almost completely at day 1 (D1) to 1.2 ±
0.1% cells labeled with EdU. To monitor neuronal differentiation after OH-TAM we analyzed expression of microtubule-
associated protein 2ab (MAP2ab) as a neuronal marker and glial fibrillary acidic protein (GFAP) for astroglial cells (Fig.
1E). To determine the efficiency of neuronal differentiation with and without NeuroD1 induction we quantified the ratio
of MAP2ab and GFAP positive cells within the differentiating NeuroD1-GFP+ NSPCs population with and without OH-
TAM. As expected, the majority of differentiating NSPCs where NeuroD1 expression was induced expressed MAP2ab
(63.0 ± 3.5%) with only a subset of cells expressing the glial marker GFAP (3.0 ± 1.1%). In contrast, 63.7 ± 3.5% of cells
were GFAP positive in control conditions without OH-TAM and only 35.4 ± 2.5% of cells expressed MAP2ab marker.

After confirming the NeuroD1-based system of neuronal differentiation, we next analyzed the metabolic profile of
proliferating NSPCs and their progeny using MS. Data analyses of metabolomics showed that there is a major metabolic
shift occurring during the initial steps of cell cycle exit of NSPCs and induction of neuronal differentiation (Fig. 1F and
Table S1). Subsequent, principal component analyses (PCA) revealed that the largest metabolic changes occur between
D1 vs. day 2 (D2) and D2 vs. day 3 (D3) (Fig. 1G). After D3 the metabolic profile did not change significantly, suggesting
that the metabolic switch occurs rather quickly during the early stages of neuronal differentiation.

Our observation suggests that metabolism changes quickly with the onset of a neuronal phenotype. Clearly, the
exit from cell cycle that occurs initially with functional NeuroD1 overexpression may also contribute to these changes.
However, our data showing that the vast majority of NSPCs stop proliferating within the first 24h (D1) after the addi-
tion of OH-TAM, suggest that proliferation per se is not the major contributing factor to altered metabolism but that
indeed the induction of neuronal differentiation leads to strong metabolic changes between D1 and D3 upon OH-TAM
addition.

The data described here show that one of the most highly enriched pathways with neuronal differentiation
is related to bile acid synthesis (Fig. 1H and Table S2). This is a surprise even though recent data suggest that the
brain is capable to generate bile acids (Quinn 2013[19]). Supporting this, it was previously found that one of the
alternative bile acid enzyme Cyp27a1 is highly enriched in immature neurons expressing doublecortin compared to
SOX2-expressing NSCs (Bracko 2012[20]) (Ali 2013[21]). Future studies will need to characterize the details and sig-
nificance of metabolic changes during the course of neuronal differentiation of hippocampal NSPCs and compare these
changes to metabolic adaptations described in other somatic cells in the course of cellular differentiation (Pattappa
2011[22]) (Takubo 2013[23]) (Halama 2015[24]) (Daud 2016[25]).

For future experiments it will be helpful to further enhance the neuronal purity of the NeuroD1-based differen-
tiation system in cell culture. The fact that GFAP expressing cells were never observed to be positive for GFP (data not
shown) suggests that our FACS sorted NSPC population was not 100% GFP+. There are several possibilities to improve
the GFP+ NSPCs purity. First one could apply more stringent FACS criteria; second NeuroD1 expression should be
induced as soon as possible after FACS. This approach might prevent the small amount of GFP- cells that remained in
cell culture even after FACS to relatively expand in the cultures. For our experiments this strategy was only partially
possible because the analyses of metabolic changes during several time points requires relatively large amounts of cells.
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Conclusions
In this study we determined the metabolic profile of mouse hippocampal NSPCs and their neuronal progeny in vitro by
mass-spectrometry, using an inducible differentiation system. With this approach we captured the dynamic metabolic
changes occurring during distinct steps of NSPC development. We show that proliferating NSPCs switch their metabolic
profile very quickly within the first days of neuronal differentiation.

Limitations
This is a cell culture based experiment using forced expression of the proneurogenic transcription factor NeuroD1 to
induce neuronal differentiation; results will need to be confirmed in vivo.
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