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ARTICLE INFO ABSTRACT

Keywords: Linoleic acid (LA, 18:2n-6) is an essential nutrient for optimal infant growth and brain development. The effects
OXLAMs . of LA in the brain are thought to be mediated by oxygenated metabolites of LA known as oxidized LA metabolites
Neuronal morphogenesis (OXLAMs), but evidence is lacking to directly support this hypothesis. This study investigated whether OXLAMSs

Primary neuronal cultures
Linoleic acid

Oxylipins

Dendritic arborization

modulate key neurodevelopmental processes including axon outgrowth, dendritic arborization, cell viability and
synaptic connectivity. Primary cortical neuron-glia co-cultures from postnatal day 0-1 male and female rats were
exposed for 48h to the following OXLAMs: 1) 13-hydroxyoctadecadienoic acid (13-HODE); 2) 9-hydroxyoctade-
cadienoic acid (9-HODE); 3) 9,10-dihydroxyoctadecenoic acid (9,10-DiHOME); 4) 12(13)-epoxyoctadecenoic
acid (12(13)-EpOME); 5) 9,10,13-trihydroxyoctadecenoic acid (9,10,13-TriHOME); 6) 9-oxo-octadecadienoic
acid (9-OxoODE); and 7) 12,13-dihydroxyoctadecenoic acid (12,13-DiHOME). Axonal outgrowth, evaluated
by Tau-1 immunostaining, was increased by 9-HODE, but decreased by 12,13-DiHOME in male but not female
neurons. Dendrite arborization, evaluated by MAP2B-eGFP expression, was affected by 9-HODE, 9-OxoODE, and
12(13)-EpOME in male neurons and, by 12(13)-EpOME in female neurons. Neither cell viability nor synaptic
connectivity were significantly altered by OXLAMs. Overall, this study shows select OXLAMs modulate neuron
morphology in a sex-dependent manner, with male neurons being more susceptible.

magnetic resonance imaging (MRI) of 1553 mother and child pairs,
higher levels of dietary LA during pregnancy were associated with

1. Introduction reduced infant white matter volume at 9 to 11 years of age (Zou et al.,

2021).

Linoleic acid (LA, 18:2n-6) is an essential polyunsaturated fatty acid lee effects of LA in the brain are thought to be mediated by enzy-
(PUFA) that is required at a minimum 1-2% of daily calories to support matically=generated oxidized LA metabolites known as ‘OXLAMs’. LA
optimal infant development (Hansen et al., 1958). LA levels in the food itself is not abundant in the rat and human brain (<2% of total fatty
supply have increased from 2 to 7% of daily calories over the past acids) (DeMar et al., 2006; Lien et al., 1994; Martinez and Mougan,
century (Blasbalg et al., 2011), resulting in an increase in human breast 2002; Sanders et al., 1984), because it is beta-oxidized, recycled into
milk LA composition and exposure to infants. Milk LA composition has saturated fatty acids and cholesterol, or converted into OXLAMSs upon
increased from 7% to 12% of total fatty acid during the 70s and 80s entering the brain (Cunnane et al., 1994; Green and Yavin, 1993; Has-
(Gibson and Kneebone, 1981; R. G. Jensen et al., 1992; Putnam et al., sam et al., 1975; Taha et al., 2018). Enzymes involved in OXLAM syn-

1982), with most recent findings reporting up to 20% LA of total fatty  thesis from LA include lipoxygenase (LOX), cytochrome P450 (CYP450)
acids (Mendonca et al., 2017). Similarly, LA composition in infant for- and soluble epoxide hydrolase (sSEH) enzymes (Earles et al., 1991; Funk

mulas can vary from 9 to 20% of total fatty acids (Mendonca et al., and Powell, 1983; Laneuville et al., 1995; Reinaud et al., 1989).

2017). . o ) ] OXLAMs may play a critical role in early brain development.
Observational studies in humans have reported an inverse associa- Recently, we reported that OXLAMs constitute 47-52% of oxidized fatty

tion between breast milk LA levels and both cognitive scores and verbal acids (i.e., oxylipins) in whole brain of 0-1-day old male and female rat

IQ, suggesting that exposure to excess LA in early life might impair pups (Hennebelle et al., 2020). This is at least 10 times higher than
normal brain development (Bernard et al., 2015). In another study using
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Abbreviations

12(13)-EpOME 12(13)-epoxyoctadecenoic acid
12,13-DiHOME 12,13-dihydroxyoctadecenoic acid
13-HODE 13-hydroxyoctadecadienoic acid
9,10,13-TriHOME 9,10,13-trihydroxyoctadecenoic acid

COX cyclooxygenase
CYP450 cytochrome P450

DIV Day in vitro
LDH lactate dehydrogenase
LA linoleic acid

LOX lipoxygenase

9,10-DiHOME 9,10-dihydroxyoctadecenoic acid MAP2B  Microtubule-associated protein 2B
9-HODE 9-hydroxyoctadecadienoic acid Min Minutes
9-Ox00ODE 9-oxo-octadecadienoic acid OXLAMs oxidized linoleic acid metabolites
ALA alpha-linolenic acid PB phosphate-buffer
AraC cytosine-arabinoside PUFAs  polyunsaturated fatty acids
AUC area under the curve sEH soluble epoxide hydrolase (sEH)
BSA bovine serum albumin

reported in adult rat brain (5-7% OXLAMs), suggesting a potentially 2. Methods

important need for OXLAMs in the developing rat brain (Hennebelle

et al.,, 2019, 2020; Taha et al., 2018). Additionally, in a prior study, we 2.1. Animals

found that 13-hydroxyoctadecadienoic acid (13-HODE), the most
abundant OXLAM found in the developing brain, significantly increased
axonal outgrowth in male cortical neuron-glia co-cultures at a physio-
logically relevant concentration of 100 nM (Hennebelle et al., 2019).
Here, we expand on our prior study by investigating the effect on
axonal growth and dendritic arborization of 13-HODE as well as six
other OXLAMs (Fig. 1): 9-hydroxyoctadecadienoic acid (9-HODE); 9,10-
dihydroxyoctadecenoic acid (9,10-DiHOME); 12(13)-epoxyoctadece-
noic acid (12(13)-EpOME); 9,10,13-trihydroxyoctadecenoic acid
(9,10,13-TriHOME); 9-oxo-octadecadienoic acid (9-OxoODE); and
12,13-dihydroxyoctadecenoic acid (12,13-DiHOME). Each of the
OXLAMs tested here was previously detected in the brain of male and
female rat pups (Hennebelle et al., 2020). We also explored the effects of
these compounds on synaptic connectivity and cell viability. Axon
outgrowth, dendritic arborization, cell viability and synaptic connec-
tivity were analyzed in sex segregated primary cortical neuron-glia
co-cultures derived from 0-1-day old male and female rat pups (Fig. 2).

Animal procedures were approved by the University of California,
Davis Institutional Animal Care and Use Committee (IACUC Protocol
Number 22319). Timed pregnant Sprague-Dawley rats (RRID:
MGI 5651135) were purchased from Charles River Laboratory (Hollis-
ter, CA, USA). The rats arrived at the vivarium at least 16 d post-
conception (E16) and were individually housed with corncob bedding.
The room was kept at a constant temperature (~22 °C) with a 12-h light-
dark cycle and food and water provided ad libitum. Dams received a
2018 Teklad global 18% protein diet (Envigo RMS. Inc, IN, USA,
Cat#2018) upon arrival. The diet contained 186 g/kg protein, 62 g/kg
fat, 589 g/kg carbohydrates, and 53 g/kg ash. The fatty acid composi-
tion of the diet, as previously measured by gas-chromatography (Hen-
nebelle et al., 2020), was 13.3% palmitic acid (16:0), 3.1% stearic acid
(18:0), 20.4% oleic acid (18:1n-9), 55.6% LA and 6.7% alpha-linolenic
acid. These values were consistent with the manufacturer’s report.

Linolenic acid

13-HODE

COOH <:|
13-HpODE
At

- Lipoxygenase

9,10,13-TriHOME o

9-HpODE
OH i <::| -

IOS SOAal|

oH 9-HODE

COOH
/@\/
HO

!

9-OxoODE

COOH
m/\/
d

Cytochrome p450 9(10)-EpOME

0
Soluble Epoxide

Hydrolase (SEH)
12(13)-EpOME {}

COOH

9,10-DIHOME
HO, H

oL
© £ COOH
: S OOn

Soluble Epoxide
Hydrolase (SEH)

12,13-DiIHOME

HO oM

Fig. 1. Overview of OXLAM structures tested in this study. Main enzymatic pathways that produce OXLAMs are illustrated. Structures of the OXLAMs tested in
this study, specifically, 13-hydroxyoctadecadienoic acid (13-HODE), 9-hydroxyoctadecadienoic acid (9-HODE); 9,10-dihydroxyoctadecenoic acid (9,10-DiHOME);
12(13)epoxyoctadecenoic acid (12(13)-EpOME); 9,10,13-trihydroxyoctadecenoic acid (9,10,13-TriHOME); 9-oxo-octadecadienoic acid (9-OxoODE); and 12,13-dihy-
droxyoctadecenoic acid (12,13-DiHOME) are shown. Structures of intermediary metabolites and their enzymes were intentionally omitted. The structures were

adapted from the supplier’s datasheet of all the standards used in this study.
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Fig. 2. Flowchart of experimental design for primary rat cortical neuron-glia co-cultures. Postnatal day O or 1 pups neocortices were dissected, male and
female tissues separately pooled, and cells enzymatically dissociated and plated at assay-specific densities. Flowchart for each assay designates days in vitro (DIV) of
treatment and collection for endpoint assessment. Four to eight brains were pooled for male vs. female cultures from each of three independent dissections. Synaptic

connectivity was examined in cultures from four independent dissections.

2.2. Primary cortical neuron-glia co-cultures

Male and female-specific primary cortical neuron-glia co-cultures
were prepared from male and female pups on postnatal day (PND) O or
PND 1 with pup sex determined by measuring the anogenital distance as
previously described (Hennebelle et al., 2020; Sethi et al., 2017). At
least three independent dissections were conducted for each assay, and
each independent dissection consisted of 4-6 male and female pups from
the same mother. No exclusion criteria were pre-determined, and no
animals were excluded. The pups were anesthetized with cold and then
euthanized by decapitation and their brains rapidly excised. Neocortices
from male and female pups were independently pooled into male and
female pools. Neocortical tissues were dissected in ice-cold Hanks’
Balanced Salt Solution (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA; Cat #14185-052) supplemented with 1 M HEPES buffer (pH 7.55;
Sigma-Aldrich, St. Louis, MO, USA; Cat #BP310-500) and then incu-
bated at 37 °C for 23 min in Hibernate A (Gibco, Thermo Fisher Scien-
tific; Cat #A1247501) containing 2.3 mg/mL papain (Worthington,
Lakewood, NJ, USA; Cat #LS003119) and 95 pg/mL DNase (Sigma-Al-
drich; Cat #D5025). The papain/DNase solution was removed, and the
cortical tissue rinsed with Neurobasal Plus medium (Thermo Fisher
Scientific; Cat #A3582901) supplemented with 2% B27 (Thermo Fisher
Scientific; Cat #A3582801), 1% GlutaMAX (Thermo Fisher Scientific;
Cat #35050-061), 10% horse serum (Gibco, Thermo Fisher Scientific;
Cat #26050-088) and 1 M HEPES buffer. The tissue was then physically
triturated using bent tips pipettes (Bellco, Vineland, NJ, USA; Cat
#:1273-40004). Cells were counted using a Cellometer Auto T4 Auto-
mated Cell Counter (Nexcelom Bioscience LLC, MA, USA) and plated on
sterile glass coverslips (BellCo; Cat #1943-10012A) precoated with 500
pg/mL poly-L-lysine (Sigma-Aldrich; Cat #P1399). Cells were seeded at
different cell densities for different assays and allowed to settle and
attach at 37 °C under 5% COs. Three to 4 h post-plating, culture medium
was replaced with Neurobasal Plus basal medium supplemented with
2% B27 and 1% GlutaMAX. On day in vitro (DIV) 4, half of the condi-
tioned medium was replaced by fresh Neurobasal Plus basal medium
supplemented with 2% B27 and 1% GlutaMAX and 10 pM
cytosine-arabinoside (AraC) at a final concentration of 5 pM AraC to
inhibit glial proliferation (Lesslich et al., 2022).

2.3. Treatments

13-HODE (Cayman Chemical, Ann Arbor, MI, USA; Cat #38600); 9-
HODE (Cayman Chemical; Cat #38400); 9,10-DiHOME (Cayman
Chemical; Cat #53400); 12(13)-EpOME (Cayman Chemical; Cat
#52450); 9,10,13-TriHOME (Cayman Chemical; Cat # 26768); 9-
OxoODE (Cayman Chemical; Cat #38420); and 12,13-DiHOME
(Cayman Chemical; Cat #10009832) were dissolved as 1 mM stocks in
absolute ethanol. Ultra-high pressure liquid chromatography coupled to
tandem mass spectrometry (UPLC-MS/MS) was used to confirm the
purity of all stock solutions (Supplemental file 1, Fig S1) as previously
described (Hennebelle et al., 2020). From these stocks, each compound
was diluted in Neurobasal Plus basal medium supplemented with 2%
B27 and 1% GlutaMAX to a final concentration of 1, 10, 50, 100, 500, or
1000 nM. The final ethanol concentration was 0.1%. Media containing
each of the OXLAMs was directly added to neuron-glia co-cultures.

Vehicle controls were treated with 0.1% ethanol in Neurobasal Plus
basal medium supplemented with 2% B27 and 1% GlutaMAX. Brefeldin-
A (5 pM), which was used as a positive technical control for the neurite
retraction assay (Jareb and Banker, 1997), was also diluted in Neuro-
basal Plus basal medium supplemented with 2% B27 and 1% GlutaMAX.
Cultures were exposed to Brefeldin-A and ethanol 0.1% as described
above for OXLAMs.

For dendrite growth and cell viability assays, OXLAMs were diluted
in medium at twice the final concentration; one volume of this medium
with 2X OXLAMs was added to each well containing the same volume of
conditioned medium to yield a final OXLAM concentration of 1, 10, 50,
100, 500, or 1000 nM.

2.4. Quantification of axonal growth

Dissociated cortical cells were seeded at a concentration of 26,500
cells/cm? on 24-well plates with glass coverslips pre-coated with poly-L-
lysine, with three wells per treatment. Plating medium was replaced
with Neurobasal Plus basal medium containing 2% B27, 1% GlutaMAX,
and the appropriate concentration of each OXLAM (1-1000 nM) or
controls (vehicle or Brefeldin-A) during the 3-4 h post-plating media
change on DIV 0. The total incubation period with or without OXLAMs
was 48 h. B27 media contains bovine serum albumin, which has been
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shown to bind free oxylipins and minimize their degradation in cell
culture for at least 48 h (Maddipati and Zhou, 2011). After 48 h of
OXLAM exposure, the cultures were fixed with 4% paraformaldehyde
(Sigma-Aldrich; Cat #441244) in phosphate buffer (PB, 3.6 mM
NayHPOy4, 1.4 mM NaHyPOy4, pH 8) for 45 min, rinsed three times with
phosphate-buffered saline (PBS, 3.6 mM NapHPO4, 1.4 mM NaH3POy,
150 mM NaCl; pH 7.2) for 5 min and permeabilized with 0.2% Triton
X-100 (Sigma-Aldrich; Cat #T9284) in PBS for 5 min. Permeabilized
cells were blocked in 5% bovine serum albumin (BSA, Sigma-Aldrich;
Cat #A9647) in PBS for 1 h. To selectively label axons, cells were then
incubated overnight at 4 °C with the primary antibody anti-Taul (Mil-
lipore, Billerica, MA, USA; Cat #MAB3420; RRID: AB_2139842) diluted
1:1000 in 5% BSA in PBS. Cultures were washed three times with PBS
and incubated for 1 h at room temperature with secondary antibody,
fluorescein goat anti-mouse IgG (Invitrogen, Thermo Fisher Scientific;
Cat #A21131; RRID: AB_2535771) diluted 1:1000 in 5% BSA in PBS.
Slides were mounted in Invitrogen Prolong Gold Antifade Reagent with
DAPI (Invitrogen, Thermo Fisher Scientific; Cat #P36935). Images of
immunostained neurons were captured from at least twenty-five fields
per well at 10x magnification, with three wells from three separate
dissections per treatment per sex, using an automated high content
imaging system (ImageXpress; Molecular Devices, Palo Alto, CA, USA).
Automated image analysis of axonal outgrowth was performed using a
cell scoring custom built journal on MetaXpress software (Molecular
Devices; version 5.3.0.5) (Supplemental file 2, Fig S11).

2.5. Quantification of dendrite growth

Dissociated cortical cells were seeded at a concentration of 79,000
cells/cm? on 24-well plates with glass coverslips pre-coated with poly-L-
lysine, with three wells per treatment. The effect of OXLAMs on den-
dritic morphology was analyzed using Sholl analysis. Maximal expan-
sion of the dendritic arborization in these cultures occurs between DIV 5
and 9 (Wayman et al., 2006). Therefore, on DIV 6, cultures were
transfected with a plasmid encoding microtubule-associated protein 2B
fused to enhanced green fluorescent protein (pCAG-MAP2B-EGFP,
generously provided by Dr. Gary Wayman, University of Washington,
Pullman, WA, USA) (Wayman et al., 2006). Cultures were lipofected for
2 h with 0.8 pG of plasmid using Lipofectamine-2000 Transfection Re-
agent (Invitrogen, Thermo Fisher Scientific; Cat # 11668030) following
the manufacturer’s instructions. This protocol results in a low trans-
fection efficiency (1-10% of neurons in the culture), which allows
visualization of the entire dendritic arbor of individual neurons in a high
density culture. On DIV7, cells were treated with OXLAMs or controls for
48 h. At DIV 9, cultures were fixed with 4% paraformaldehyde in PB for
45 min, rinsed three times with PBS for 5 min and mounted to glass
slides using Prolong Gold Antifade Reagent with DAPIL Images of
MAP2B-EGFP-labeled neurons were captured from at least twenty-five
fields per well at 10x magnification, with three wells from three sepa-
rate dissections per treatment per sex, using an automated high content
imaging system (ImageXpress). The dendritic complexity of each indi-
vidual neuron was quantified by Sholl analysis for each well using the
automated unbiased extension of Omnisphero software as described by
Schmuck et al. (2020). (Schmuck et al., 2020).

2.6. Cell viability

Primary cortical neuron-glia co-cultures were prepared as described
above. Neocortical cells were plated at 79,000 cells/ecm? in flat-
bottomed 96-well plates (Corning Inc; Cat #3606) pre-coated with
poly-L-lysine. On DIV 7, cultures were treated with Neurobasal Plus
basal medium supplemented with 2% B27, 1% GlutaMAX and either an
OXLAM (1-1000 nM) or vehicle (0.1% ethanol). On DIV 9, cell viability
was quantified by measuring lactate dehydrogenase (LDH) in the culture
media using the CytoTox-ONE Homogenous Membrane Integrity Assay
(Promega, Madison, WI, USA) following the manufacturer’s

Neurochemistry International 164 (2023) 105506

instructions. Cells treated with 0.2% Triton X-100 served as a technical
control for reduced viability. The DIV 9 cells were co-stained with
calcein-AM (5 pM, ThermoFisher Scientific) and Hoechst-33342 (1 pg/
ml, Sigma-Aldrich) to identify live versus dead cells, respectively. Plates
were imaged and the percent live cells quantified using the Image Ex-
press Micro XL high content imaging system (Molecular Devices; version
5.3.0.5) using a custom built journal in MetaXpress Software (Supple-
mental file 2, Fig S12). At least four fields were imaged per well at 10x
magnification from five wells from three separate dissections per
treatment per sex.

2.7. Quantification of synaptic connectivity

Primary cortical neuron-glia co-cultures were seeded at 52,000 cells/
cm? on glass coverslips pre-coated with poly-L-lysine in 24-well plates.
The culture was maintained until DIV 18 with half of the medium
exchanged for fresh medium every 4 d. On DIV 19, cultures were treated
with Neurobasal Plus basal medium supplemented with 2% B27 and 1%
GlutaMAX supplemented with the relevant concentration of each
treatment (13-HODE; 9-HODE; 9,10-DiHOME; 12(13)-EpOME; 9,10,13-
TriHOME; 9-Ox0oODE; 12,13-DiHOME) or vehicle (0.1% ethanol). After
48 h of exposure, cells were fixed with 4% paraformaldehyde in PBS for
45 min, rinsed three times with PBS for 5 min and permeabilized with
0.5% Triton X-100 in PBS for 5 min. Permeabilized cells were blocked in
5% BSA in PBS for 1 h. Cells were then incubated overnight at 4 °C with
the following primary antibodies: guinea pig anti-MAP2 (Synaptic Sys-
tems, Goettingen, Germany; Cat # 188,004; RRID:AB_2138181) diluted
1:1000, rabbit anti-synaptophysin 1 (Synaptic Systems, Cat #: 101002;
RRID:AB_887905) diluted 1:250 and mouse anti-PSD95 (ABCAM,
Cambridge, UK, Cat #AB192757; RRID:AB_2750929) diluted 1:250. All
dilutions were in 5% BSA in PBS. The following day, cultures were
washed three times with PBS and incubated for 1 h at room temperature
with secondary antibody, fluorescein goat anti-mouse IgG (Invitrogen,
Thermo Fisher Scientific; Cat #A21131; RRID:AB_141618), goat anti-
guinea pig AlexaFluor 568 (Invitrogen, Thermo Fisher Scientific; Cat
#A11075; RRID:AB_141954) and goat anti-mouse IgG2a AlexaFluor 647
(Invitrogen, Thermo Fisher Scientific; Cat #A21241; RRID:AB_141698),
all diluted 1: 1000 in 5% BSA in PBS. Slides were mounted in Invitrogen
Prolong Gold Antifade Reagent with DAPIL Images of immunostained
neurons were captured from at least twenty fields per well at 40x
magnification, with three wells from four independent dissections per
treatment per sex, using an automated high content imaging system
(ImageXpress). Automated image analysis was performed using a cell
scoring custom built journal in MetaXpress software (Molecular Devices;
version 5.3.0.5) (Supplemental file 2, Fig S13).

2.8. Statistical and data analysis

Data are expressed as the mean =+ SD. Sample size for all cultures was
determined based on historical data (Hennebelle et al., 2020). The
automated high content analysis was blinded for both treatment and sex.
For axon outgrowth and Sholl analysis, means were determined based
on a sample size of 8-9 from three independent dissections with cov-
erslips serving as the unit of statistical measure (e.g., each coverslip was
considered one biological replicate). For synaptic connectivity, means
were determined based on a sample size of 10-12 from four independent
dissections, with coverslips serving as the unit of statistical measure. For
calcein AM and LDH release, means were determined based on a sample
size of three, with three independent dissections as biological replicate.
Statistical analysis was performed using GraphPad Prism 8 (La Jolla, CA,
USA). All data were tested for normality using the Shapiro-Wilk test.
One-way analysis of variance (ANOVA) was performed to analyze
overall effects of treatment; male and female cultures were analyzed
independently. Dunnett’s post-hoc test was used to identify specific
treatment groups that differed significantly from vehicle controls. Un-
paired student’s t-test was used to identify differences between technical
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controls and vehicle controls. Sholl profiles were analyzed by calcu-
lating the area under the curve (AUC) using built-in AUC analysis in
GraphPad Prism Software, considering only peaks above the baseline.
Comparison between male and female AUCs for each OXLAM was per-
formed using unpaired Student’s t-test. P values < 0.05 were considered
significant. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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3. Results
3.1. Effect of OXLAMs on axonal morphogenesis
To evaluate the effects of OXLAMSs on axonal morphogenesis, axonal
length was quantified in DIV 2 neurons immunopositive for tau-1, a

cytoskeletal protein localized to the axons of central neurons (Cleveland
et al., 1977; Kanaan and Grabinski, 2021) following a 48 h exposure to
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Fig. 3. Effect of different concentrations of OXLAMS on axonal growth of primary rat cortical neurons. Axonal growth was quantified in DIV 2 cortical
neurons following a 48 h exposure to varying concentrations of 13-HODE, 9-HODE, 9,10-DiHOME, 12(13)-EpOME, 9,10,13-TriHOME, 9-OxoODE or 12,13-DiHOME.
Data shown in each panel represent the mean + SD (n = 8-9 wells per treatment per sex from three independent dissections). *Significantly different from sex-
matched vehicle control at p < 0.05 as determined using one-way ANOVA followed by Dunnett’s multiple comparison post hoc test. #Significantly different

from vehicle control at p < 0.05 as determined using unpaired t-test.
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an OXLAM or vehicle (0.1% ethanol). Relative to sex-matched vehicle
control cultures, exposure to 9-HODE at 100, 500 or 1000 nM signifi-
cantly increased the total axonal length of male, but not female, cortical
neurons (Fig. 3). In contrast, exposure to 12,13-DiHOME at 1, 100 or
1000 nM significantly reduced axonal length in male cortical neurons
but had no effect on axonal length in female cortical neurons. 13-HODE,
9-0x00DE, 9,10-DiHOME, 12(13)-EpOME and 9,10,13-TriHOME did
not significantly alter axonal length in male or female cortical neurons at
any of the concentrations tested (Fig. 3). These effects can be seen in
representative photomicrographs of primary cortical neuron-glia co--
cultures exposed to vehicle, 9-HODE at 1000 nM or 12,13-DiHOME at
1000 nM (Fig. 4).

A Male

Neurochemistry International 164 (2023) 105506
3.2. Effect of OXLAMs on dendritic length and complexity

Sex-dependent significant changes in dendritic arborization were
observed in cultures exposed to 9-HODE, 12(13)-EpOME and 9-OxoODE
(Fig. 5), but not in cortical neurons of either sex exposed to any of the
other OXLAMs that were tested (Supplemental file 1, Fig S2, S3, S4 and
S5). One-way ANOVA followed by Dunnett’s multiple comparison
revealed that relative to vehicle controls, 9-HODE at 100 nM enhanced
total dendritic length, the number of dendritic branches and the number
of total dendritic tips per neuron in male cortical neurons (Fig. 5 A, B, C).
There were no significant effects of 9-HODE on the dendritic arboriza-
tion of female cortical neurons. Sholl plots indicate that 9-HODE
increased dendritic complexity, indicated as an increased AUC, in

Female

Tau-1 dapi

9-HODE Vehicle

11(12)DIHOME

Brefeldin-A

Dapi Tau-1 dapi

Brlghtfleld Overa| Tau-1 dai Br|ghtf|eld Overa|

100 uM

Tau1 Skeletonization Overla

400 pM

Fig. 4. Representative photomicrographs of primary rat cortical neuron-glia co-cultures exposed to vehicle, 9-HODE at 1000 nM or 12,13-DiHOME at
1000 nM. Cultures were immunostained for Tau-1 at DIV 2 to quantify axonal growth. (A) Representative photomicrographs of images obtained at 40x on the
ImageXpress high content imaging system. Scale bar = 100 pm. (B) Representative photomicrographs of a single field showing DAPI staining (blue), Tau-1
immunoreactivity (green) overlaid with DAPI staining, skeletonization mask of Tau-1 immunoreactivity, and overlay of Tau-1 with the skeletonization. Scale

bar = 400 pm.
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Fig. 5. Effect of 9-HODE on the dendritic arborization of primary rat cortical neurons. Dendritic morphology was quantified in DIV 9 cortical neurons following
a 48 h exposure to varying concentratons of 9-HODE. (A) Total dendritic length, (B) number of dendritic branch points, and (C) number of dendritic tips per neuron
are plotted as the mean + SD (n = 8-9 wells per treatment per sex from three independent dissections). (D,E) Sholl plots (left) showing the mean (n = 8-9 wells per
treatment per sex from three independent dissections) number of dendritic intersections with Sholl rings at different distances from the cell body and bar graphs
showing the mean + SD (n = 8-9 wells per treatment per sex from three independent dissections) of the area under the curve (AUC) were determined independently
for male (D) and female (E) cortical neurons. Data from individual neurons (40-80 neurons per well of 2-3 wells per dissection) were averaged within each in-
dependent dissection. *Significantly different from vehicle control at p < 0.05 as determined by one-way ANOVA followed by Dunnett’s multiple comparison post
hoc test. #Significantly different from vehicle control at p < 0.05 as determined using unpaired t-test.

male cortical neurons at all concentrations tested, whereas in female
cortical neurons, 9-HODE increased dendritic complexity only at 10, 100
and 1000 nM (Fig. 5 D, E).

In contrast, 12(13)-EpOME significantly reduced dendritic arbori-
zation in male cortical neurons, as evidenced by significantly decreased
total dendritic length, number of dendritic branches and number of total
dendritic tips per neuron in cultures exposed to 12(13)-EpOME at 100
and 500 nM relative to sex-matched vehicle controls (Fig. 6 A, B, C). In
female cortical neurons, 12(13)-EpOME at 50 nM significantly
decreased the number of dendritic branches and total dendritic tips per
neuron (Fig. 6 A, B, C). All concentrations of 12(13)-EpOME decreased
the AUC of the Sholl plot in male cortical neurons relative to sex-
matched vehicle controls. Female cortical neurons were significantly
less affected by 12(13)-EpOME, with the AUC of the Sholl plot signifi-
cantly decreased relative to sex-matched vehicle controls only in cul-
tures exposed to 12(13)-EpOME at 50 or 500 nM (Fig. 6 D, E).

In male cortical neurons, exposure to 1, 10 or 50 nM of 9-OxoODE
significantly decreased total dendritic length; in contrast, the number
of dendritic branch points and total dendritic tips were decreased only
by exposure to 9-OxoODE at 1 or 5 nM. The AUC of the Sholl plot was
decreased by all concentrations of this OXLAM except 1000 nM (Fig. 7 A,

B, C, D). Female cortical neurons were affected only by 9-OxoODE at 10
and 50 nM, as reflected by decreased AUC of the Sholl plot (Fig. 7 E).

To account for any sex differences in dendritic arborization under
basal conditions, Sholl analysis was conducted on untreated male and
female cortical neurons. No significant difference in dendritic
complexity between the sexes was found (Fig. 8 A, B).

3.3. Effect of OXLAMs on cell viability

To ensure that effects of OXLAMs on neuronal morphogenesis were
not secondary to cytotoxic effects, cell viability was assessed following a
48 h exposure to OXLAMs at the same concentrations tested for effects
on axonal and dendritic growth. Two independent tests of cell viability
were applied: the release of lactate dehydrogenase (LDH) into the cul-
ture medium and uptake of calcein-AM and Hoechst-33342, which label
live and dead cells, respectively. One-way ANOVA followed by Dun-
nett’s multiple comparison revealed that none of the OXLAMs altered
LDH release compared to vehicle in either male or female neuron-glia
co-cultures (Supplemental file 1, Fig S6, S7). Quantification of calcein-
AM and Hoechst-33342 staining indicated that OXLAMs did not signif-
icantly alter the percentage of live cells relative to vehicle controls
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Fig. 6. Effect of 12(13)-EpOME on the dendritic arborization of primary rat cortical neurons. Dendritic morphology was quantified in DIV 9 cortical neurons
following a 48 h exposure to varying concentratons of 12(13)-EpOME. (A) Total dendritic length, (B) number of dendritic branch points, and (C) number of dendritic
tips per neuron are plotted as the mean + SD (n = 8-9 wells per treatment per sex from three independent dissections). (D,E) Sholl plots (left) showing the mean (n =
8-9 wells per treatment per sex from three independent dissections) number of dendritic intersections with Sholl rings at different distances from the cell body and
bar graphs showing the mean + SD (n = 8-9 wells per treatment per sex from three independent dissections) of the area under the curve (AUC) were determined
independently for male (D) and female (E) cortical neurons. Data from individual neurons (40-80 neurons per well of 2-3 wells per dissection) were averaged within
each independent dissection. *Significantly different from vehicle control at p < 0.05 as determined by one-way ANOVA followed by Dunnett’s multiple comparison
post hoc test. #Significantly different from vehicle control at p < 0.05 as determined using unpaired t-test.

(Supplemental file 1, Fig S8, S9).

3.4. Effect of OXLAMs on synaptic connectivity

Synaptic connectivity was assessed by quantifying immunoreactivity
for the presynaptic marker synaptophysin 1 (Wiedenmann and Franke,
1985), the postsynaptic marker PSD95 (Harrill et al., 2011; Koulen et al.,
1998) and the dendrite-selective cytoskeletal protein MAP2B (Harrill
etal., 2011, 2015). There were no significant effects of OXLAMs on these
markers of synaptic connectivity compared to sex-matched vehicle
controls in either male or female cortical cultures (Supplemental file 1,
Fig S10).

4. Discussion

In the developing rat brain, OXLAMs account for approximately 50%
of total oxidized fatty acids, and this is approximately 10 times higher
than the 5-7% OXLAMs reported in adult rats (Hennebelle et al., 2020;
Taha et al., 2018). This study demonstrated that at least some OXLAMs
can modulate the morphogenesis of primary rat cortical neurons by
altering the rate of axonal or dendritic growth. Of the 7 OXLAMs tested,

only 9-HODE altered both dendritic and axonal growth, promoting the
growth of both processes. In contrast, the other OXLAMs observed to
alter neuronal morphogenesis had an inhibitory effect on processes
growth, with 12,13-DiIHOME decreasing axonal growth and 12
(13)-EpOME and 9-0xoODE reducing dendritic arborization. None of
the OXLAMs tested in this study altered expression of synaptic markers,
suggesting that OXLAMs do not influence synaptogenesis. We previously
reported that 13-HODE, an OXLAM abundant in the brain, increased
axonal outgrowth of male primary neuron-glia co-cultures at a con-
centration of 100 nM (Hennebelle et al., 2020). While we did not
reproduce that finding in our present study, we did observe a trend to-
wards increased axonal outgrowth in male and female cortical cultures
exposed to 13-HODE. However, these differences did not reach statis-
tical significance likely because of the normal biological variability be-
tween independent cultures and a lower effect size compared to other
compounds in which significance was achieved (e.g. 9-HODE). This
could also reflect the lower sample size of the present study (3 inde-
pendent dissections) versus our previous study (4 independent
dissections).

The concentration range of OXLAMs tested in vitro (1-1000 nM)
encompasses previously reported brain levels in vivo. For example,
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Fig. 7. Effect of 9-OxoODE on the dendritic arborization of primary rat cortical neurons. Dendritic morphology was quantified in DIV 9 cortical neurons
following a 48 h exposure to varying concentratons of 9-OxoODE. (A) Total dendritic length, (B) number of dendritic branch points, and (C) number of dendritic tips
per neuron are plotted as the mean + SD (n = 8-9 wells per treatment per sex from three independent dissections). (D,E) Sholl plots (left) showing the mean (n = 8-9
wells per treatment per sex from three independent dissections) number of dendritic intersections with Sholl rings at different distances from the cell body and bar
graphs showing the mean + SD (n = 8-9 wells per treatment per sex from three independent dissections) of the area under the curve (AUC) were determined
independently for male (D) and female (E) cortical neurons. Data from individual neurons (40-80 neurons per well of 2-3 wells per dissection) were averaged within
each independent dissection. *Significantly different from vehicle control at p < 0.05 as determined by one-way ANOVA followed by Dunnett’s multiple comparison
post hoc test. #Significantly different from vehicle control at p < 0.05 as determined using unpaired t-test.

considering a rat brain density of 1.04 g/mL (DiResta et al., 1990), we
previously reported concentrations of 18.2 nM of 13-HODE, 13.2 nM of
9-HODE, 10.6 nM of 12(13)-EpOME, and 0.4-3.4 nM of the remaining
OXLAMs in whole brain tissue from male rat pups (Hennebelle et al.,
2020). While OXLAM concentrations within specific cell types within
the brain are not known, they are likely to be greater than whole brain
levels since the latter includes multiple cell types, non-cellular structures
and water. Further complicating comparison of in vitro concentrations to
in vivo levels is the fact that bovine serum albumin, a component of our
tissue culture medium that would not be found in the brain parenchyma,
has been shown to bind free oxylipins (Maddipati and Zhou, 2011),
thereby effectively decreasing the concentrations available to cultured
neurons. Other studies that tested the in vitro effects of OXLAMs have
used concentrations similar to those used here. For instance, a study
which tested 9-HODE-mediated activation of G2A receptors showed
effects at concentrations greater than 300 nM (Obinata et al., 2005).
Another study that looked at PPARy ligand displacement by OXLAMs
used an IC50 of 10 pM for 9-HODE, and above 0.8 pM (800 nM) for 9(10)
EpOME (Lecka-Czernik et al., 2002).

The pharmacodynamic effect of OXLAMs on axonal and dendritic
morphology  exhibited a non-monotonic concentration-effect

relationship as shown in the Sholl plots (Figs. 3-5 - D and E). Non-
monotonic dose-related effects are not uncommon in both in vivo and
in vitro studies (extensively reviewed by Vandenberg et al., 2012; Zoeller
and Vandenberg, 2015). For instance, a similar inverted U-shaped
dose-response was previously described for neuron-glia co-cultures
treated with 13-HODE (Hennebelle et al., 2020) or with polychlorinated
biphenyls (Keil et al., 2018; Yang et al., 2014). Mechanisms underlying
this non-monotonic response to the morphogenic activity of OXLAMs are
yet to be determined; however, the lack of OXLAM toxicity at all con-
centrations tested in the current study suggests that the differential re-
sponses observed at higher vs. lower concentrations are not due to
cytotoxicity at the higher concentrations.

The mechanism(s) underlying the regulation of neuronal morpho-
genesis by OXLAMs remain speculative; however, none of the OXLAMs
altered cell viability, suggesting that OXLAM effects on axonal and
dendritic growth were not simply a non-specific consequence of cyto-
toxicity. While we cannot rule out the possibility that the axon- and
dendrite-promoting activity of 9-HODE occur as a result of general hy-
pertrophic effects of this OXLAM, the observation that other OXLAMs
differentially affected axons vs. dendrites suggests these compounds
influence neuronal morphogenesis via selective modulation of
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Fig. 8. Summary of OXLAM effects on the dendritic arborization of primary rat cortical neurons. (A) Sholl plot comparing dendritic arborization of DIV 9 male
and female cortical neurons cultured in the absence of OXLAMs. Data represent the mean + SD (n = 8-9 wells per treatment per sex from three independent
dissections) number of dendritic intersections with individual Sholl analysis ring spaced at varying distances from the neuronal cell body. Data from individual
neurons (40-80 neurons per well of 2-3 wells per dissection) were averaged within each independent dissection. (B) Mean =+ SD (n = 8-9 wells per treatment per sex
from three independent dissections) area under the curve (AUC) in the Sholl plot. Unpaired t-test was used to compare the AUC for male versus female neurons. (C, D)
Summary of the dendritic arborization data for each OXLAM test agent separated by sex. Up arrows indicate an increase compared to vehicle control; down arrows, a
decrease compared to vehicle control; a hyphen (—) indicates not significantly different from vehicle control.
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molecular processes that uniquely control axonal versus dendritic
growth.

9-HODE is an agonist of PPARy (Nagy et al., 1998; Schild et al.,
2002), which when activated stimulates axonal outgrowth in primary
rat hippocampal neurons and human neuroblastoma cells (Inestrosa
et al., 2005; Miglio et al., 2009). 9-OxoODE, a ketone metabolite of
9-HODE (Kiihn et al., 1990), has the opposite effect on dendritic
morphology. While the reason(s) for these opposing effects are not
known, it is possible that 9-HODE and 9-0xoODE act through different
G-protein coupled receptors in the brain. 9-HODE is known to increase
intracellular calcium signaling through the G2A receptor, although
other receptors are likely involved since binding to G2A is non-specific
(i.e. other oxylipins also bind to the same receptor with similar affin-
ities) (Obinata et al., 2005). To our knowledge, specific-protein re-
ceptors for 9-0xoODE have not been characterized; however, it is not
unusual for lipid mediator analogues to have opposing effects in bio-
logical systems. For example, arachidonic acid-derived prostaglandin E2
is known to promote inflammation in vitro and in vivo (Goulet et al.,
2004), whereas its oxidized metabolite, prostaglandin D2, is thought to
have anti-inflammatory effects (Ajuebor et al., 2000). 12,13-DiHOME
decreased the axonal length of male cortical neurons and has been
shown to induce mitochondrial dysfunction (Moran et al., 2001; Sise-
more et al., 2001), and to cause transient receptor potential vanilloid 1
(TRPV1)-dependent calcium influx in mice dorsal root ganglion neurons
(Zimmer et al., 2018). Whether these mechanisms mediate the axon
inhibitory activity of 12,13-DiHOME remains to be determined.

Findings from this study also suggest that the morphogenic effects of
OXLAMs are sex specific (see summary in Fig. 8 C and D). In support of
this conclusion, we observed that: (1) 9-HODE increased axonal growth
while 12(13)-DiHOME decreased axonal growth in male but not female
cortical neurons; (2) the dendritic effects of 9-HODE and 9-OxoODE
were specific to male cortical neurons; and (3) while 12(13)-EpOME
altered dendritic arborization in both male and female cortical neu-
rons, male cortical neurons appeared to be more sensitive. The third
observation derives from the finding that (1) the total dendritic length,
number of dendritic branch points, number of dendritic tips and AUC
were altered in male cortical neurons, but only AUC was affected in
female cortical neurons; and (2) the AUC was significantly reduced at
lower concentrations of 12(13)-EpOME in male cortical cultures (1 nM)
compared to female cortical cultures (50 nM).

The sex-dependent effects of OXLAMs on neuronal morphogenesis
may reflect sex differences in the rate of neuronal maturation. For
example, it has been reported that the dendritic arborization of hippo-
campal neurons in neuron-glia co-cultures derived from male mouse
pups is significantly greater than that of hippocampal neurons from fe-
male littermates (Keil et al., 2017). However, that same study found that
there were no sex differences in the dendritic arborization of cortical
neurons cultured from these same animals (Keil et al., 2017). Similarly,
we observed in this study that the dendritic arborization of cortical
neurons in neuron-glia co-cultures derived from rat pups did not differ
between males and females. Collectively, these observations suggest that
the sex-specific effects of OXLAMs on neuronal morphogenesis are likely
due to male neurons being more sensitive to modulation by OXLAMs
than females.

Findings from this study raise the possibility that OXLAMs regulate
neuronal morphogenesis in vivo. If true, then elevated infant exposure to
OXLAMs in utero or postnatally (through breast milk) may lead to long-
lasting changes in neuronal connectivity and behavior. In vivo, OXLAMs
have been shown to regulate the brain’s response to ischemic injury and
to peripheral pain sensitization (Hennebelle et al., 2017; Jensen et al.,
2018). While these observations support a bioactive role of OXLAMs in
the adult rat brain, no studies have yet tested whether OXLAMs influ-
ence the brain during early development when OXLAMs have been
shown to constitute the majority (>50%) of oxylipins in the brain
(Hennebelle et al., 2020). However, there are extensive clinical and
experimental animal data demonstrating that altered spatiotemporal
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patterns of axonal and dendritic growth are associated with neuro-
developmental disorders in humans (Copf, 2016; Engle, 2010; Garey,
2010; Penzes et al., 2011; Robichaux and Cowan, 2014; Supekar et al.,
2013) and behavioral phenotypes in animal models (Berger-Sweeney
and Hohmann, 1997; Cremer et al., 1997; Maier et al., 1999). Future
studies are needed to understand the developmental implications of
increased exposure to OXLAMs in early life.

5. Conclusions

Our data demonstrate that OXLAMs modulate the morphogenesis of
cortical neurons derived from the neocortex of neonatal Sprague Dawley
rats in a sex-dependent manner. These novel findings suggest a previ-
ously unknown biological role of OXLAMs in regulating neuro-
developmental processes critical to establishing neural circuits in the
developing brain. Given that altered patterns of neuronal connectivity,
including increased and decreased axonal growth and dendritic arbori-
zation, are thought to be the biological substrate of many neuro-
developmental disorders (Belichenko et al., 2009; Gilmore et al., 2004;
Jiang et al., 2013; Mainen and Sejnowski, 1996), and that a number of
neurodevelopmental disorders differentially affect males versus females
(May et al., 2019), these finding have potential implications for under-
standing the etiology and sex specificity of neurodevelopmental
disorders.
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