'," frontiers
in Neuroscience

ORIGINAL RESEARCH
published: 04 August 2017
doi: 10.3389/fnins.2017.00440

OPEN ACCESS

Edited by:
Benjamin Boutrel,
University of Lausanne, Switzerland

Reviewed by:
Anthony Carrard,
Hopital de Cery, Switzerland
Emmanuel N. Pothos,
Tufts University School of Medicine,
United States

*Correspondence:
Mark H. G. Verheijen
mark.verheijen@vu.nl

Specialty section:
This article was submitted to
Neuroenergetics, Nutrition and Brain
Health,
a section of the journal
Frontiers in Neuroscience

Received: 17 March 2017
Accepted: 19 July 2017
Published: 04 August 2017

Citation:

van Deijk A-LF, Broersen LM,

Verkuyl JM, Smit AB and
Verheijen MHG (2017) High Content
Analysis of Hippocampal
Neuron-Astrocyte Co-cultures Shows
a Positive Effect of Fortasyn Connect
on Neuronal Survival and Postsynaptic
Maturation. Front. Neurosci. 11:440.
doi: 10.3389/fnins.2017.00440

Check for
updates

High Content Analysis of
Hippocampal Neuron-Astrocyte
Co-cultures Shows a Positive Effect
of Fortasyn Connect on Neuronal
Survival and Postsynaptic Maturation

Anne-Lieke F. van Deijk *, Laus M. Broersen 2, J. Martin Verkuyl 2, August B. Smit * and
Mark H. G. Verheijen **

1 Department of Molecular and Cellular Neurobiology, Centefor Neurogenomics and Cognitive Research, VU University
Amsterdam, Amsterdam, Netherlands? Advanced Medical Nutrition, Nutricia Research, Utrecht, Btherlands

Neuronal and synaptic membranes are composed of a phosphglid bilayer.
Supplementation with dietary precursors for phospholipicynthesis —docosahexaenoic
acid (DHA), uridine and choline— has been shown to increaseenrite outgrowth and
synaptogenesis bothin vivoand in vitro. A role for multi-nutrient intervention with speci ¢
precursors and cofactors has recently emerged in early Aldimer's disease, which
is characterized by decreased synapse numbers in the hippampus. Moreover, the
medical food Souvenaid, containing the speci ¢ nutrient conbination Fortasyn Connect
(FC), improves memory performance in early Alzheimer's @diase patients, possibly
via maintaining brain connectivity. This suggests an effecof FC on synapses, but
the underlying cellular mechanism is not fully understoodTherefore, we investigated
the effect of FC (consisting of DHA, eicosapentaenoic acidEQA), uridine, choline,
phospholipids, folic acid, vitamins B12, B6, C and E, and sehnium), on synaptogenesis
by supplementing it to primary neuron-astrocyte co-cultues, a cellular model that
mimics metabolic dependencies in the brain. We measured neonal developmental
processes using high content screening in an automated marer, including neuronal
survival, neurite morphology, as well as the formation and aturation of synapses. Here,
we show that FC supplementation resulted in increased numhs of neurons without
affecting astrocyte number. Furthermore, FC increased pdsynaptic PSD95 levels in
both immature and mature synapses. These ndings suggest tht supplementation with
FC to neuron-astrocyte co-cultures increased both neuronksurvival and the maturation
of postsynaptic terminals, which might aid the functionalnterpretation of FC-based
intervention strategies in neurological diseases charaetized by neuronal loss and
impaired synaptic functioning.
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INTRODUCTION MATERIALS AND METHODS

During neuronal development, neurites sprout from the celiiyo Neuron'AStrOCyte CO'CUIture . .

and elongate, followed by the formation of dendrites andrexo Al €xperimental  procedures involving animals ~ were

and the formation of synapses, allowing synaptic transmissio@PProved by the local —animal —research committee
and plasticity Govek et al., 2005; Wurtman et al., 2009b ([_)|erexper|mentencommlss_le _VU _Un|verS|ty) and compl_|ed

Synapses contribute in important ways to learning and memor)W'th the European Council Directive (86/609/EE_C). Cortical

processes. In neurodegenerative diseases, such as AlgheinfStrocytes were collected from P1 wild-type mice (C57/BL6
disease (AD), decreased synapse density correlates Wimmempreeders were obtained from Charles River and were bred
and cognitive impairmentsTerry et al., 1991; Masliah et al.,

in the animal facility of the VU University Amsterdam).
2001: Selkoe, 20pNeuronal and synaptic membranes consisicortices were dissected, cleared of meninges and collested i
of a bilayer of lipids, like all cellular membranes, but wit

pice-cold Hanks Bu ered Salt Solution (HBSS; Sigma-Aldrich)

characteristic high levels of cholesterol and phospholipidV €red with 7mM HEPES (pH 7.4; Invitrogen). The tissue was

especially phosphatidylcholine (PC), and polyunsaturatety fat mechanically fragmented and incubated in HBSS, HEPES and

acids (PUFAs) Takamori et al., 2006; Puchkov and Haucke,0-25% trypsin (Invitrogen) at 3T for 30 min. Trypsinization
2019. Phospholipids are synthesized by the Kennedy pathwa{/@S lquenched' by adding astrocyte culture medium: Dulbscco
which requires the precursors docosahexaenoic acid (DHA; afiodi ed Eagles mediunC GlutaMAX (Gibco) supplemented
omega-3 PUFA), uridine and choline<énnedy and Weiss with MEM non-essential amino acids solution (Sigma), 1%
1956: Wurtman et al., 200ReSeveral studies have shown thatPenicillin-streptomycin  (Invitrogen) and 10% fetal bovine
supplementation with these phospholipid precursors enhanceirum (Gibco). Subsequently, the tissue was centrifuged at
neurite outgrowth and synaptogenesis baih vivo and in 1200rpm for 10 min, the pellet 'resu§pended ano! cells were
vitro. For instance, it was shown that oral administration of gPlated in astrocyte culture medium in Opoly-L-I_ysme-coated
combination of uridine-§monophosphate (UMP; a source of (GiPC0) T75 asks and kept in a 3T/5% CQ incubator. .
uridine) and DHA in rats and gerbils increased hippocampat\fter reaching con uence, cells were dissociated with 1.25%
spine density and synaptic protein levelSakamoto et al., UYPSIn in phosphate bu ered saline (PBS, pH 7.4; Invitrogen)
2007: Cansev et al., 200Burthermore, dietary supplementation o 4 min. Trypsinization was quenched by adding astrocyte
with a combination of uridine, DHA and choline improved culture medium. Cells were spinned down at 800 rpm for 5 min,
spatial learning and memory in healthy gerbil$ic(guin the pellet was resuspended and cells were counted. Astrocytes
et al., 2008 Previously, it has been demonstrated that DHAwere_seeded on a poly-D-lysine/laminin-coated 96-well plage at
supplementation enhanced neurite outgrowth in cultured ratdensity of 10K/well. When con uence was reached, the asteocy
hippocampal neuronsdalderon and Kim, 2004 culture medium was removed, cells were washed two times with
Interestingly, phospholipid precursors and cofactors havéBS and NBMB-27 was added: Neurolgasal medium (Gibco)
successfully been used for intervention in patients withiyear SUPPlemented with 1x B-27 (Gibco), 1.8% HEPES (Invitrogen),

AD. These patients had improved memory performance aftep MM glutamax (Invitrogen) and 0.1% penicillin-streptomycin

consuming Souvenaid, a medical food that contains FortasyhW© days later, primary hippocampal neurons were added to

Connect (FC), which comprises DHA, eicosapentaenoic aciffe astrocyte monolayer. In brief, hippocampi were collected
(EPA), uridine, choline, phospholipids, folic acid, vitamiB&2, from E18 wild-type Wistar rats (Charles River). Hippocampi
B6, C and E, and seleniumB¢heltens et al., 2010, 2012: DEVere incubated in HBSS with HEPES and 0.25% trypsin a 37

Waal et al., 20141t was suggested that FC increased functional®” 30 min. Tissue was washed twice with HBSS and HEPES to
neuronal connectivity in these AD patient®¢ Waal et al., '€MOVe trypsin. Subsequently, cells were dissociated bytezpea
2019, stressing the importance of understanding how FC a ectdTituration through a re-polished Pasteur pipet. Hippocampal
synapse formation and maturation. Astrocytes are importanfl€Urons (SK/well) were plated in 50% fresh NB¥-27 and
contributors to neuronal lipid supply, and contribute to the 0% 2-day astrocyte conditioned NENB-27 medium. Cells
formation, maturation and maintenance of synapses, thereb{/®¢ cultured“and supplemented aCCOf,d'”,Q to a supplementation
metabolically supporting neuronal communicatiorguch et al., Protocol (see “nutritional supplementation”).

2001; Pfrieger, 2003 The aim of the current study was to

determine the e ect of FC on synaptogenesis, by using coNutritional Supplementation

cultures of primary isolated hippocampal neurons and astragyte The following concentrations of FC components were present
which were screened and analyzed using the Opera High Conteint the FC stock solution (1,000x stockgdvelkoul et al., 20))2
Screening system. Using a newly developed data analysi®cosahexaenoic acid (DHA; 14.4 mM), eicosapentaenoic acid
we measured neuronal developmental processes, i.e., néuro(@PA; 10.1 mM), uridine (50 mM), choline chloride (20 mM),
survival and neurite morphology, as well as the formationvitamin B6 (pyroxidine; 10mM), vitamin B12 (10GM),

and maturation of synapses. The combined supplementationitamin B9 (folic acid; 15mM), phosphatidylcholine (PC;
with nutritional phospholipid precursors and cofactors, as25mM), vitamin C (ascorbic acid; 75mM), vitamin E (alpha-
provided by FC, to neuron-astrocyte co-cultures, resulted itocopherol; 20 mM), and selenium (sodium selenite; #B80).
increased neuronal survival and increased synaptic maturat Stock components DHA and EPA were dissolved in absolute
of postsynaptic terminals. ethanol and diluted 5 times in fatty acid free bovine serum
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albumin (FAF-BSA; nal concentration of 0.375mM), PC and both neuronal and astrocyte nuclei. A training algorithm sva
vitamin E were dissolved in absolute ethanol, folic acid M 1 designed to determine a cuto that was used to distinguish
NaOH and vitamin B6 in 1 M HCI, prior to supplementation. All neuronal nuclei from astrocyte nuclei. During the trainipgase,
other stock components were dissolved in demineralized watethe researcher manually categorized cells into either neuioy
The concentration series of the total FC stock combinatiod a astrocytes (at least 20 cells per category). In generalonalr
of solvent mixtures were tested to check for cell viabildgté nuclei are characterized by higher nuclear MAP2 intensity and
not shown). Experiments were continued with dilution of the 1 nuclei are smaller with higher Hoechst intensity compared to
FC stock Gavelkoul et al., 20):20.05x (1:20 of the 1x stock), astrocyte nuclei. Properties of the selected cells (e.deumisize,
0.1x (1:10) and 0.2x (1:5). Results of FC supplementation weneicleus staining intensity and MAP2 staining intensity wittihe
compared to their corresponding solvent condition (contaigi  nucleus) were determined and using a linear classi er, thé bes
the same concentration of ethanol, FAF-BSA, NaOH and HClinear combination of input properties was found vyielding the
present in the FC nutrient mix). Per condition, 8—-12 wells &er best separation of the two classes.
imaged. Nuclei which were not MAP2-positive and which were too
Hippocampal neurons co-cultured with astrocytes were platedmall to belong to astrocytes were de ned as “remaining €ells.
as described above. After 5 days in NBM-B-27, the medium wg®) MAP2-positive neurites were detected using neuronal nucle
removed and cultures were gently washed twice with 0.1 M BBS &is starting point. In this way, erroneous tracing of neuronal
remove remaining medium. Neurobasal medium supplementedeurites in astrocytes, due to MAP2 background staining in
with 1x N2 (Gibco), 1.8% HEPES, 5 mM glutamax and 0.1%strocytes, was eliminated. Furthermore, this made it jptessd
penicillin-streptomycin, referred to as NBM-N2, was then adlde decrease the threshold for neurite detection, leading t@téeb
with or without FC or solvents. At day 12, half of the medium neurite tracing, even of thin and less intense neurites. sThu
was replaced with fresh NBM-N2, with or without FC or solvents.only elds containing neuronal nuclei were included in fugh
After 14 days, cells were prepared for immunohistochemistry. analysis. (3) The neurite tree was resized by shifting theiteeu
border with 1.61%mm (2.5 pixels) in order to detect synapsinl-
Immunohistochemistry positive presynaptic spots laterally located along neurites. (4
After xation with 4% paraformaldehyde (PFA) and 4% sucroseWithin the same resized neurites, PSD95-positive postsynaptic
in 0.1 M PBS for 10 min, cells were washed two times with 0.1 Mpots were detected. (5) Mature synapses were detected and
PBS followed by blocking in blocking solution (3% bovineuser counted. Mature spots were de ned as presynaptic spots when
albumin and 0.2% Triton X-100 in 0.1 M PBS) for 30 min. Cellsappearing in close proximity of postsynaptic spots [within
were incubated with primary antibodies in blocking solution 0.646mm (1 pixel)]. (6) Lastly, the remaining non-opposing pre-
overnight at 4C, subsequently washed four times with 0.1 Mand postsynaptic spots were detected and de ned as immature
PBS and incubated in blocking solution with the appropriatepre- and post-synaptic spots.
secondary antibodies for 1 h at room temperature. Cells were
washed then three times with 0.1 M PBS and one time with watepynapse Morphology
before incubation with Hoechst (1:20,000, Molecular Prpbesl0 analyze spot morphology, 100 images per well were taken
to counterstain DNA for 15min. Lastly, wells were washedvith a 40x objective ata xed focal plane. Pre- and post-synaptic
two times with water and were ready for analysis. Primarypuncta with a relative spot intensity of 0.145 or higher were
antibodies were rabbit anti-synapsin1 (1:1,000, Milliporejuse ~ considered as bona de synaptic spots. The following pararseter
anti-PSD95 (1:250, Thermo Scienti ¢) and chicken anti-MAP2considering the morphology of presynaptic and postsynaptic
(1:5,000, Bio-connect). Secondary antibodies were got anspots, both immature and mature, were analyzed using steps 1-6
rabbit Alexa 568 (14001 Molecular Probes), goat anti-mousas described above: spot size (the total number of plXGlSWVIthI
Alexa 488 (1:400, Molecular Probes) and goat anti-chickema\l SPot border), spot total intensity (the intensity of all pixelihin

647 (1:400, Molecular Probes). the spot border) and spot mean intensity (the average intgmgit
a pixel within a spot: the total intensity divided by the numlmér
High-Content Screening pixels within the spot border).

Confocal images were taken with the Opera High Content Forfrequency distribution graphs, allindividual spot intsty

Screening system (PerkinElmer) and analyzed with th&atawere collected. The spot intensity parameter outcomes we

Columbus software (version 2.5.2.124862, PerkinElmer). divided over four classes; each frequency was determindd an
expressed as a percentage of the corresponding spot number.

Neurite Morphology and Synaptic Spots

To analyze cell survival, neurite morphology and synapticspot Statistical Analysis

images were taken with a 20x objective (40 images per welDutlier Removal

at a xed focal plane. The following parameters were assessddutlier removal was performed when the average of a well

number of astrocyte and neuronal nuclei, neurite lengtigmer  deviated by more than 2 standard deviations from the mean.

of neurites and neurite branch points, and number of synapseSor images taken with a 20x objective: data “per well” (neurona

per well and per neurite length (total number of synapsesurvival) and “per neuron” (neurite outgrowth), were tredte

divided by the total neurite length). The analysis was done aseparately. When one well showed an outlier in a group, data

follows: (1) Hoechst-positive nuclei were detected, incigd of all parameters of that well in the same group were deleted.
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Concerning the spot morphology parameters: once an outlier wadeurite Morphology
detected in one of the spot morphology parameters (spot siz&leurite morphology was analyzed by measuring the number
total or mean intensity) of a spot category (immature or m&ur of neurite extensions from the soma, neurite length, and
pre- or postsynaptic spot), the values of all spot morphologyranches per neuron. No signi cant changes were found in
parameters of that particular spot category were deleted. neurite morphology after FC supplementatiofigure 4), which

was as expected since supplementation started after most
Statistical Analysis neurites had been formed (DIV5). For 0.2x FC supplementation,

Since FC components were dissolved in solvents that could ha{l@t strongly increased neuronal cell number, a trend toward
a positive e ect on neuronal di erentiation and synaptogenesis 1€creased number of neurites per neuron was foufidyre 48

the results of supplementation with FC were always comparedt® P  2.04pD 0.062), although not for the neurite length per
to the results of solvent supplementation. Therefore, dtesis "euron[Figure 4Ait3) D 1.58pD 0.138], nor for the number
comparisons were performed using a two-way ANOVA followed?’ Pranch points per neuronfigure 4G ti3) D 1.34,p D

by a post-hoc Students t-test for each FC dilution and
corresponding solvent condition, or for comparison of di eren

EC or solvent dilutions. Synapse Detection and Quanti cation

Synaptogenesis involves the pre-patterning of both pre- and post-
synaptic terminals, contact stabilization and synapse métma
(Shen and Cowan, 20).0 Here we detected synapsinl-
RESULTS positive presynaptic spots and PDS95-positive postsynaptic spots
) along traced MAP2-positive neuriteBigures 5A-D. Opposed
To evaluate the € ect of FC on synaptogenesis, FC Waﬁ/napsinl/PSD% spots were considered mature synapses,
supplleme.mted to primary neuron-astrocyte co-cultures gfter %vhereas not opposed synapsinl or PSD95 spots were de ned
daysin vitro (DIV5; Figure 1A)_. At that time, most _neurltes as immature presynaptic or immature postsynaptic Spots,
are formed and synaptogenesis starts to occur, which makesrgspectively Figures 5E,5. We found that under basal culture

a suitable time point to study_ synapse formation a”?' maturatio conditions, most of the detected spots were mature spots (71%)
(Pennypacker etal., 1991; Km and Lee,.2012; Harrill et al5)201 and only a small fraction were immature presynaptic (20%) or
AF DIV 14, co-culture_s were imaged with the confocal Operaimmature postsynaptic (9%) spotigure 5G).

ngh_ Content Screening system to a_nalyze neuronal suryvival The e ects of FC supplementation on synaptic spots are
neurite morphology, and synaptic spoigure 1), and synapse depicted in Figure 6. Supplementation with 0.2x FC slightly

morphology Figure 10. increased the relative amount of immature presynaptic spots
[Figure 6D; t(13y D 2.05,p D 0.061], without changing the
small category of immature postsynaptic spot&g(re 6B.

Cell SUW'Va' and _Neu”te M(_)rphology Furthermore, no e ects were found for FC on the relative ambun
To determine cell survival and neurite morphology, we analyze ¢ -+ re spots.

the number of astrocytes and neurons with MAP2-positive
neurites extending from the somaFigure 2. Nuclei were Synapse Maturation

categorized into either astrocyte or neuron nuclei basedhen ] gain more insight into synapse maturation, images taken at

_size a_nd intensity of the Hoechst-po_sitive nuclei as wellnes t o higher magni cation were analyzed for parameters of synapse
intensity of the MAP2 signal surrounding the nucl&igure 20). morphology, e.g., spot area, total spot intensity and the spot

Next, neuronal nuclei were resizefligure 2D) to enhance the yansity corrected for spot size (mean spot intensity). Sinc

tracing accuracy of MAP2-positive neurites that start at the, large number ofn vivo studies have described morphology
nucleus Figure 26). di erences between mature and immature synaps&sspn and
Jones, 1980; Ziv and Garner, 2004; Petralia et al.,)2®&@5 rst
Neuronal Survival aimed to determine possible di erences in spot morphology of
Supplementation with 0.2x FC increased the number of neuronsnmature and mature spots, under our non-supplementad
by 65% compared to the corresponding solvents supplementatiornitro condition (Figure 7A). Indeed, mature presynaptic spots
[Figure 3B t(13) D 2.60,0 D 0.022], whereas no e ect of FC was were larger and twice as intense as immature presynaptic
observed on the number of astrocytésgure 3A). No signi cant  spots Figure 7B t(19y D  6.03,p D 0.000,Figure 7C t(19)
e ects were found for 0.2x FC on total neurite lengffigure 3G D 8.12,pD 0.000]. Moreover, the intensity corrected for the
taz) D 1.45,p D 0.172], the total number of branch points spot size was also strongly increased in mature presynaptic
[Figure 3E t13) D 1.26,p D 0.229] or the total number of spots compared to immature presynaptic spotsighre 7D;
neurites per well ffigure 3D; t(13y D 1.65,p D 0.122]. These t19)D 7.05pD 0.000]. No changes in spot size between
observations indicate that FC increased neuronal survitiaé  immature and mature postsynaptic spots were fouRijire 7E
e ect of FC on the lower number of neurites per neuron mayti;;) D 1.21,ng. However, mature postsynaptic spots were
be explained by its e ect on increased neuronal cell number andhore intense also when corrected for spot siZglire 7F, t(o1)
thereby the increased formation of neuronal connectivithjch D 3.14,p D 0.005,Figure 7G tp1y D 2.30,p D 0.032].
might decrease the need for the formation of extra neurites.  This demonstrates that oun vitro analysis method is able to
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Suppl. in serum-free medium

s Immuno- High through-
Y lealtlon 2 stainings put screening
| 1
12 14 DIV SN
Neuronal survival, Synapse
neurite outgrowth, morphology (C)

synapse number (B)

NucIei| | Number |

| Astrocytes [ Number |

""" | Neurons | Number I
""" I_ Neurites | i | Per well: Neuronal
i | Neurite length survival
L/ i | Number of neurites
Opera 20x objective: i | Number of branch points
e Neuronal survival =
e Neurite outgrowth Per neuron: .
) Synapse number Neurite length Neurite
Number of neurites outgrowth
Number of branch points
d T = Synapse
Immature presynaptic spots | Density | Forriction

Immature postsynaptic spots
Mature synaptic spots

""" Immature presynaptic spots Spot size
Immature postsynaptic spots Spot total intensity Ii“; ,E/I‘)a Stz)n
. Mature synaptic spots Spot mean intensity

Opera 40x objective:
e  Synapse morphology

FIGURE 1 | Experimental design of neuron-astrocyte co-cultures and igh content screening.(A) Time line of culturing and supplementation of FC or solvent®
neuron-astrocyte co-culture. Freshly isolated P1 mouse dsocytes (in orange) were plated and cultured in DMEM. Aftet days (DIV-2), DMEM was replaced by
neurobasal medium with B27 (NBMCB27). Two days later (DIVO), half of the NBUIB27 was replaced by fresh NBMCB27 containing E18 rat hippocampal neurons
(purple). After 5 daysin vitro (DIV5), NBMCB27 was removed, cells were washed and serum free medium (NBRIN2) with or without FC or solvents was added. At
DIV12, half of the medium was replaced by fresh serum-free médm with or without FC or solvents. Cells were xed at DIV14, staed for nuclei, neurites, pre- and
post-synaptic spots followed by Opera High Content Screemig (HCS) to analyze cell survival, neurite morphology andisgpse number (explained in more detail iB)
as well as synapse morphology (explained in more detail i@). (B) Left: overview image showing 40 elds of one well taken by HCS wth 20x objective. Close-up:
example image of one imaged eld. Columbus software was usedd analyze cell number, neurite morphology and number of immare presynaptic spots, immature
postsynaptic spots and mature synaptic spots.(C) Left: overview image showing 100 elds of one well taken by HCSvith 40x objective. Close-up: example image of
one imaged eld. Columbus software was used to analyze spot gie and intensity as a measure of synapse maturation.

determine di erences between mature and immature synapsB 2.03,p D 0.062] of immature postsynaptic spots. Thus,
morphology, as has been describedivo. FC increased PSD95 levels in both mature and immature
Next, the e ect of FC on synapse morphology was determinegostsynaptic terminals, whereas presynaptic spot morphology
(Figure 8. When compared to solvent supplementation, 0.05xemained una ected. However, we observed that solvents
FC supplementation signi cantly increased the total intéysif  also a ected synapse morphology. Supplementation with 0.1x
mature postsynaptic spotéigure 8H; t14y D 2.44,pD 0.029], solvents increased the size of mature presynaptic spots
as well as the mean intensitlfiure 8L, t(14) D 2.62,p0D 0.02].  [Figure 8B t(13yD 2.23,pD 0.044] when compared to 0.1x
Additionally, trends were found for the e ects of 0.05x FCFC. Additionally, 0.1x solvent supplementation increasedlto
on decreasing the sizeFigure 8C t4D 1.83pD 0.088], intensity of mature postsynaptic spotsifure 8H;t(13D  2.48,
increasing the total intensityHigure 8G tp4y D 1.82,p D p D 0.028] when compared to supplementation with 0.1x FC.
0.09] and increasing the mean intensityrigure 8K, t(14y  This suggests that 0.1x solvent supplementation leads togetsan
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FIGURE 2 | Nuclei and neurite detection in primary neuron-astrocyte @-cultures using Columbus software.(A) Input example image of co-culture in serum-free
medium without supplementation. In white: MAP2-postive netites, in purple: Hoechst-positive nuclei(B) Nuclei detection based on Hoechst intensity(C) Nuclei
were categorized into three cell types: neurons (green), &®cytes (red), remaining cells (bluefD) Neuronal nuclei are resized to improve neurite detectiofE) Neurite
detection starting from resized neuronal nuclei. Images wertaken with a 20x objective. Scale bar represents 5ém.

in the size and total intensity of mature pre- and post-synapticsynapses with di erent maturation level84rtol et al., 2015
spot size without a ecting the mean intensity. These resultsve evaluated whether 0.05x FC supplementation caused a shift
imply that under the current conditions there is a narrow in possible synapse populations with certain postsynaptic spot
window for e ects of FC or solvents supplementation on synapsitensity levels. We found that 0.05x FC caused a shift tdwar
morphologyin vitro. increased total and mean intensity of both mature and immatu
Since the intensity of synaptic protein stainings may bepostsynaptic spotd={gure 9), which is in line with the increased
related to maturation or strength of the synaps&(ralia et al., intensity of postsynaptic spots after 0.05x FC supplementadi®n,
2009, and the total population of synapses is likely to includeshown inFigure 8.
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FIGURE 3 | Effects of FC on cell survival and neurite morphology in priany neuron-astrocyte co-cultures. Analysis ofA) number of astrocytes, (B) number of
neurons, (C) total neurite length,(D) number of neurites,(E) number of branch points measured per well for: no supplemertion (0) or supplementation of 0.05x,
0.1x, or 0.2x FC or solvents § D 7-12 wells per condition). Data were normalized to non-suppmented condition (0). Error bars represent standard erraf the mean
(SEM). p < 0.05.
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FIGURE 4 | Effect of FC on neurite morphology in primary neuron-astrgade co-cultures. Analysis of(A) neurite length,(B) number of neurites,(C) number of branch
points per neuron for: no supplementation (0) or supplemeation of 0.05x, 0.1x, or 0.2x FC or solventsif D 7-11 wells per condition). Data were normalized to
non-supplemented condition (0). Error bars represent stashard error of the mean (SEM).

DISCUSSION New Method of Analysis for Neuronal

_Developmental Processes in
In the current study, we used a new method of analysis ti\l C |
examine the eect of nutritional phospholipid precursors euron'AStrOCyte_ O-cultures .
and cofactors, as provided by Fortasyn Connect (FCES'ng the Opera High Content Screening system a_nd
supplementation, on synapse formation and maturation ofc0lumbus analysis, we were able to measure neuronal survival,
primary hippocampal neurons co-cultured with astrocytes. Weeurite. morphology, synapse formation and maturation in

found that FC increased neuronal survival and the maturatp ~ Neuron-astrocyte co-cultures in an automated manner. gsin
postsynaptic terminals. a low magni cation (20x), accurate categorization of neuwab
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FIGURE 5 | Synapse detection in a primary neuron-astrocyte co-cultw using Columbus software.(A) Example image of control condition showing presynaptic spts

(red) and postsynaptic spots (green)(B) Resized neurites(C) Detection of presynaptic spots.(D) Detection of postsynaptic spots.(E) Presynaptic spots are

categorized into either immature spots (red) or mature spst(yellow). Spot is mature when pre- and post-synaptic spotgre in close proximity (2px)(F) Postsynaptic
(Continued)
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FIGURE 5 | Continued
spots are categorized into either immature spots (green) anature spots (yellow).(G) Quanti cation of number of mature spots, immature pre- and pst-synaptic
spots per mm neurite in control condition t D 12 wells per condition). Error bars represent standard erroof the mean (SEM). Images are taken with a 20x objective.
Scale bar represents 50mm.
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FIGURE 6 | Effect of FC on synaptic spots in primary neuron-astrocyte @-cultures. Analysis of number of(A,D) immature presynaptic spots,(B,E) immature
postsynaptic spots, (C,F) mature synaptic spots, per well(A—C) and per neurite length(D—F) for: no supplementation (0) or supplementation of 0.05x, @x, or 0.2x
FC or solvents @ D 6-11 wells per condition). Data were normalized to non-suplemented condition (0). Error bars represent standard erraof the mean (SEM).

and astrocyte nuclei, tracing of even thin and less intenspossible opposed terminals were present in di erent focal planes
MAP2-positive neurites and synapse count was performed in aand therefore remained undetected.

automated fashion. In this way, synapsinl-positive presynapti Interestingly, we were able to detect di erences between
terminals and PSD95-positive postsynaptic terminals werthe morphology of immature versus mature synapses. Mature
detected along the entire neurite tree. Imaging at a highepresynaptic terminals were larger and contained higher
magni cation (40x) enabled us to analyze synapse size arg/napsinl levels than immature presynaptic terminals. Ligewi
intensity, again in an automated fashion. It should be notednature postsynaptic terminals contained higher PSD95 levels
that we mainly focused on proximal synapses since synapsempared to immature postsynaptic terminals. Taken together,
detection was performed along neurites protruding from thethis suggests that mature synapses consist of enlarged presynapt
soma whereas the entire neurite tree was often not capturegrminals with more synapsinl and of postsynaptic terminals
within one single 40x image. We found that under basal ce@tur with more sca olding protein PSD95 than immature terminals.
conditions, the majority (71%) of synapses were mature, i.€This is in line with previousn vitro and in vivostudies showing
consisting of opposing pre- and post-synaptic terminals. Alsahat synaptic maturation is accompanied by an increase in
immature synaptic terminals were detected, consisting opresynaptic terminal size and vesicle number, as well as isedea
either non-opposing presynaptic (20%) or postsynaptic (9%levels of PSD95)yson and Jones, 1980; Fletcher et al., 1991; Ziv
terminals along neurites. It should also be noted that insageand Garner, 2004; Petralia et al., 2DFurthermore, PSD95 can
were taken at a xed focal plane, which could have increased thenhance the synaptic localization of glutamate receptorsriigad
variability in measured terminal size and intensity anduléed  to increased synaptic activitye(-Husseini et al., 2000 The

in overestimation of the number of immature terminals, besau ability to measure the development of pre- and post-synaptic
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FIGURE 7 | Synapse morphology analysis of non-supplemented neuronstrocyte co-cultures by Columbus software.(A) Zoomed-in example images taken with 40x
objective. In red: synapsinl-positive presynapses, in gree PSD95-positive postsynapses. Both are followed by detetion of immature presynapses (red) or mature
synapses (yellow)(B-D) Analysis of presynaptic spots.(E—G) Analysis of postsynaptic spots.(B,E) Spot size. (C,F) Total intensity of all pixels within a spot(D,G)
Intensity corrected for spot size (per spot: total intensilynﬂ2 spot area). Data were normalized to immature spot conditionError bars represent standard error of the
mean (SEM),n D 11 wells per condition, P < 0.05, **p < 0.01, **p < 0.001.

terminals into mature synapses in neuron-astrocyte cotcelk and Lee, 2012; Harrill et al., 20]1%hereby focusing on the

in an automated and high throughput fashion enables assayingect of FC on synapse formation and maturation. Since FC
intra- and extra-cellular factors, such as nutritional goomunds, components were dissolved in fatty acid free bovine serum
a ecting these processes. Our HCS of synapse formation arelbumin (FAF-BSA) and ethanol, these solvents at di erent
maturation using immunostainings may, in the future, bedilutions corresponding to FC dilutions were studied in
complemented with the use of uorescent dyes to visualizeparallel as appropriate control. Supplementation with solvents
synapse activity. Currently available dyes are suitablarfatysis already enhanced mature pre- and post-synaptic terminal size
of synaptic endocytosis and exocytosis; however, requiee liaccompanied by increased levels of synapsinl and PSD95,
imaging next to induced activation of synaptic activity, eliso  most likely because of the presence of FAF-BSA. Previous

far is not compatible with current HCS devices. studies showed that albumin promotes neuronal di erentiatio
by stimulating fatty acid synthesis by astrocyt@siernero

Effect of FC on Neuronal Developmental et al., 2001; Medina and Tabernero, 2Q)0Therefore, the

Processes results of supplementation with FC were primarily compared to

We investigated the e ect of FC on neuronal developmentatheir corresponding solvent condition. Given that solvehesd
processes of primary hippocampal neurons co-cultured withpositive e ects on synaptic terminal morphology in the current
primary astrocytes by supplementing FC at a developmentah vitro assay, the e ect that FC has on synapse formation and
time point in vitro when most neurites had been formed maturationin vivois likely to be underestimated by the present
and synaptogenesis occurreBe(inypacker et al., 1991; Kim ndings.
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FIGURE 8 | Effect of FC and solvent supplementation on spot morphologwf hippocampal neurons co-cultured with astrocytes. Analgis of the effect of
supplementation of 0.05x, 0.1x, 0.2x FC or solvents on the mmphology of presynaptic immature(A,E,l) and mature (B,F,J) spots as well as postsynaptic immature
(C,G,K) and mature (D,H,L) spots. Morphology was determined according to the parametes spot size (A-D), total intensity of the spot(E—H) and intensity corrected
for spot size (I-L). Data were normalized to non-supplemented condition (O). for bars represent standard error of the mean (SEMh D 6-11 wells per condition,
*p < 0.05.

Using our current experimental conditions, FC increasederminals contained more PSD95 protein than immature
neuronal survival in a dose-dependent manner, without aegti postsynaptic terminals under basal culture conditions,
neurite morphology. Indeed, no e ects on neurite outgrowththis implied that FC induced postsynaptic maturation.
were expected in the current set up since FC was supplementdid e ects of FC on presynaptic synapsinl levels were
after most of the neurite outgrowth had taken place. Theobserved, suggesting that the maturation of the presynaptic
nding that FC increased neuronal survival suggests that F@erminal is not aected. Taken together, we showed that
has a neuroprotective e ect, which is in line with previousFC has positive e ects on the maturation of postsynapses
in vivo ndings (Zerbi et al., 201 It should be noted that in our co-culture when supplemented within a specic
the neuroprotective e ect in the current experiment led to arange.
strong increase in the number of neurons per well, and theeefo ~ Given that synapses with increased PSD95 levels contain
in the number of neurites and synapses per well, which maynore glutamate receptors and have enhanced glutamate receptor
have decreased the e ects of FC supplementation on neurite arattivity (Takumi et al.,, 1999; El-Husseini et al., 2500
synapse number. Despite this, a small positive e ect of FC on thihese ndings suggest that FC could increase hippocampal
number of immature presynaptic terminals was found. neurotransmission and plasticity, which may eventuallyles

Interestingly, it was found that FC had a positive e ecta furtherincreased number of synapgesivo, since stronger and
on the maturation of synapses. Low concentrations of F@nore active synapses survive for a longer period of titefghan
signi cantly increased the PSD95 signal intensity in matur et al., 2012; Hong et al., 2018 his adds to previous ndings
terminals and possibly also immature postsynaptic terminalghat chronic supplementation with DHA and UMP to healthy
suggesting that FC actively increased the level of PSD9Biprot rats and gerbils had positive e ects on hippocampal spine density
in postsynaptic terminals. Given that mature postsynaptidSakamoto etal., 2007; Cansev et al., 2009
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FIGURE 9 | Effect of 0.05x FC supplementation on the PSD95-intensity fdmmature and mature postsynaptic spots. Frequency distbiution of the total PSD95
intensity of individual immature postsynaptic spot¢A) and mature postsynaptic spots(B). Frequency distribution of the mean intensity (intensityacrected for spot
size) of individual immature postsynaptic spot¢C) and mature postsynaptic spots(D). Error bars represent standard error of the mean (SEMjy D 8 wells per
condition, *p < 0.05.

Implications for the Roles of FC and performance in patients with early AD, possibly by in uencing

Astrocytes in Neurodevelopmental functional connectivity Echeltens et al., 2010, 2012; De Waal
Disorders et al., 201 Here, it has been shown that FC has a positive e ect
Including astrocytes in cell culture experiments is impottan on sli/na'pse tmaturatlotnihM'algngfsyntgpses jtlronger mltgh;t be a
because of their metabolic role in neuronal functioningmec anism to prevent their dysfunction and lossofg et al.,

. 2019.
(Camargo et al., 2009; Bélanger et al., 0Astrocytes regulate
processes, such as neuronal survival, synapse formation andTaken together, - the present results show that FC

synaptic transmission by secreting gliotransmitters idahg Sﬁﬂglﬁcngin;tlorgn;spr”r.nzlryanréeqr:gg:zg:c?ﬁg eco'fel!;ggis of
glutamate, adenosine, D-serine and ATP, but also lactate a u urviv ! xp !

lipids (reviewed inArague et al., 1999; Allen, 2014n the postsynaptic protein PSD95 in mature and immature synapses.

present study, no e ect of FC on astrocyte number was observeE.hese ndmgs ".“9‘“ haye |mport§nt llmpllcatlonls. for the
Since astrocytes have positive e ects on synapse formation aHﬁlderstandlng of_|nteryent|on strgteg|es n neurologutexleases
function, the e ect of FC might be complementary. In addition, characterized by impaired synaptic functioning.

FC may aect astrocyte activity, without a ecting astrocyte

number, which might (partially) underlie the observed inase AUTHOR CONTRIBUTIONS

in neuronal and synaptic support. Indeed, the FC component ) .
DHA was demonstrated to a ect glial activity under condition AVD: LB, JV, and MV designed research; AvD and MV performed

of neuroin ammation in vivo (Lu et al., 2018 Studying the research; LB and JV contributed new reagents/analytic tAol3;
e ect of FC on developmental processes of neurons co-culture@nd MV analyzed data; and AvD, LB, JV, MV, and AS wrote the

under disease conditions would provide further insight inke ~ P2Per-

role of astrocytes as well as the e ect of FC under pathological

conditions. This high content screening method could becuse FUNDING

to assess the e ect of various pharmacological and nutritiona

treatments, on synaptogenesis of disease state neurons. Thhis work was supported by Nutricia Research.
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