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Brain region and sex-dependent heterogeneity of PUFA/oxylipin profile and microglia

Abstract

Lipid dyshomeostasis and neuroinflammation are key hallmarks of neuropsychiatric disorders,
including major depressive disorder and Alzheimer’s disease. In particular, polyunsaturated
fatty acids (PUFAs) and their derivatives called oxylipins gained specific interest in this context,
especially considering their capacity to orchestrate neuroinflammatory responses via direct
modulation of microglia. The hippocampus and hypothalamus are crucial brain regions for
regulating mood and cognition that are implicated in a variety of neuropsychiatric disorders.
There is ample evidence for a sex-bias in risks for the development as well as a sex-bias in the
presentation of such psychiatric diseases and the neuroinflammatory response.

To better understand the local PUFA/oxylipin profiles and microglia responses in

disease, we here assessed their brain region and sex-dependent profiles in homeostatic
brains. In 2-month-old male and female mice, we analyzed PUFA/oxylipin profiles using
liquid chromatography-tandem mass spectrometry and characterized microglia morphology
via immunohistochemistry. The hypothalamus and hippocampus exhibit a different PUFA/
oxylipin profile, independent of sex. For example, linoleic acid, a-linolenic acid, 9- and
13-hydroxyoctadecadienoic acid were more abundantly present in the hypothalamus,
while several N-6 PUFAs and arachidonic acid derivatives (prostaglandin D2 and 5-oxo-
eicosatetraenoic acid) were more abundantly present in the hippocampus. The hippocampus
was characterized by a higher density of complex Iba1* microglial cells than the hypothalamus,
without sex effects. Hypothalamic microglial morphology correlated more strongly with PUFA-
and oxylipin species than hippocampal microglia, correlating with species from both the N-3
and N-6 PUFA metabolization pathways, while hippocampal microglial parameters correlated
only with N-6 PUFA pathway-related species. Our findings provide a basis for future studies
to investigate the relationship between PUFAs, their derivatives and neuroinflammation in the

context of neuropsychiatric diseases.

95

4

|



96

Chapter 4

Introduction

Brain lipid dyshomeostasis and neuroinflammation are emerging hallmarks in neuropsychiat-
ric disorders (including depression and Alzheimer’s disease)(1—4). Polyunsaturated fatty ac-
ids (PUFAs) and their derivatives called oxylipin species have gained attention in this context
(3,5). PUFAs are essential fatty acids that are crucial for membrane structure and fluidity, and
are necessary for normal brain functioning and development (6). In fact, PUFA derivatives,
the highly biologically active oxylipins (7), are important mediators of pro-inflammatory as well
as inflammation-resolution processes (3,8,9). The two most common sub-classes (omega
(N)-3 PUFAs and N-6 PUFAs) and their derivatives are amongst others able to modulate
microglia directly, by modulating their motility, phagocytosis and cytokine release (8,9).

The hippocampus and the hypothalamus are key brain regions for regulating mood
and cognition and their dysregulations has been implicated in neuropsychiatric disease (10).
In addition, there is ample evidence for the sexual dimorphism in risks to develop and pre-
sentations of such neuropsychiatric diseases (11) as well as in the neuroinflammatory system
(12-15). However, in order to deepen our insight into the role of PUFA/oxylipin profile and mi-
croglia in disease, we first need to understand their brain region- and sex-dependent profiles
as well as to explore how they relate to each other in the homeostatic brain. There is initial
evidence suggesting a brain region- and/or sex heterogeneity in abundance of PUFA- and
oxylipin species within the brain. For example, the cerebellum, the hypothalamus, the cortex
and the hippocampus exhibited a brain region-specific eicosanoid profile in 16-week-old male
mice (16). However, in 2-month-old male rats, while PUFA/oxylipin profiles were not different
at baseline in hippocampus, cortex, the cerebellum and the brainstem, specifically the linoleic
acid (LA)-derived PUFA- and oxylipin species were differentially present in these brain regions
following ischemia (17). Concerning sex differences, in 1-day-old rat pup brains, no sex dif-
ferences were found between the PUFA- and oxylipin species (18), while mice at the age of
4-months (19) or 32 weeks (20) exhibited an increased 5-hydroxyeicosatetraenoic acid (HETE)
and 5-hydroxy-eicosapentaenoic acid (HEPE) in the cerebellum (19) and higher levels of 9-,
11- and 15-HETE in a whole hemisphere in males compared to females (20), respectively.

However, i) if and how the PUFA/oxylipin profile might differ specifically between
hippocampus and hypothalamus, ii) between sexes and iii) how such profiles relate to specific
aspects of microglia morphology is currently not known. Addressing these aspects is the focus
of our study and the obtained findings will enhance our understanding of PUFA- and oxylipin
species and their possible relationship with microglia within the homeostatic brain, forming the
foundation for future studies that seek to elucidate the role of PUFA metabolism and neuroin-
flammation in the context of psychiatric diseases.
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Material and Methods

Animals and Breeding

Wildtype C57BL6/J mice were bred in-house to control for the perinatal period. Pregnant
females were single-housed in a cage with standard bedding and nesting material. Every
24 hours, before 10:00 a.m., the birth of pups was monitored. When litters were born before
10:00 a.m., the previous day was assigned postnatal day (P)0. Animals were weaned at P21-
23 and housed in standard housing conditions (sawdust bedding, paper straw cage enrich-
ment, temperature 20—22 °C, humidity 40-60%, standard 12—12h light/dark schedule lights
on at 8:00 a.m. and water and food ad libitum) with 2-4 littermates of the same sex.

Tissue collection

At P59-61, mice were sacrificed via an intraperitoneal Euthasol injection (100 mg/kg, AST
Farma) followed by transcardial saline (0.09% NaCl in MilliQ water) perfusion. After perfusion,
the brains of mice were split in hemispheres. From the left hemisphere, the hippocampus
and hypothalamus were dissected and used for targeted high-pressure liquid chromatogra-
phy-tandem mass spectrometry (HPLC-MS/MS)-based lipidomics and kept at -80 °C. The
right hemisphere was dropped in 4% paraformaldehyde (PFA), post-fixed for 24 hours and
then kept at 4 °C in 0.01 M phosphate buffer (PB) (pH 7.4) containing 0.01% sodium azide
until further processing. The PFA-fixed hemisphere was first put in a solution of 15% sucrose
followed by one of 30% sucrose in 0.1 M PB for cryopreservation. Then, the hemisphere was
sliced into 40 um thick sections in 6 parallel series on a freezing microtome and kept in anti-
freeze solution (30% ethylene glycol + 20% glycerol + and 50% 0.05 M phosphate-buffered
saline (PBS)) and kept at -20 °C until further use. For an overview of the processing of all
samples, see Fig. 1A.

Targeted LC-MSMS for the detection of PUFA- and oxylipin species
Sample processing

Sample preparation (Male hippocampus: n=6, female hippocampus: n=7, male hypothala-
mus: n=4, female hypothalamus = 6) and measurement was in accordance with a previous-
ly described method (21), with the adaption that 2-propanol was used for homogenization.
Hypothalamic and hippocampal tissues were weighed and homogenized in 2-propanol (10
mg/mL for hypothalami, 40 mg/mL for hippocampi) using a bullet blender and metal beads.
100 pL of hypothalamic homogenates were extracted and combined with 500 L ice-cold
methanol (MeOH, Sigma, Saint Louis, MO, USA), 200 uL ultra-grade water (Sigma Aldrich,
Schnelldorf, Germany), and 4 pL internal standard solution (deuterated lipid mediators: leu-
kotriene (LT) B4-d4 (50 ng/mL), () 15-HETE-d8 (50 ng/mL), prostaglandin (PG)E2-d4 (50
ng/mL), 8-iso PGF2a-d4 (100 ng/mL), docosahexaenoic acid (DHA)-d5 (500 ng/mL), and
14(15)-epoxy-eicosatrienoic acid-d11 (50 ng/mL) (Cayman Chemical, Ann Arbor, MI, USA)).
For hippocampal homogenates, 150 yL was extracted with 750 pL ice-cold MeOH, 300 L
ultra-grade water, and 4 pL internal standard solution. Samples were incubated for 20 min-
utes at -20 °C, then centrifuged at 16100 x g at 4 °C. Supernatants were transferred to 15
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mL tubes, diluted with 7.5 mL H,O, and acidified to pH 3.5 with 10% formic acid (84865.180,
VWR). Solid-phase extraction with C-18 cartridges (Sep-Pak, Vac3 3cc (200 mg), Waters,
MA, USA) was used to extract lipids. Samples were cleaned with H,0O and n-hexane (VWR),
eluted with methylformate (259705, Honeywell-Riedel de Haén), and dried at 40°C under
nitrogen. Dried samples were reconstituted in 80 uL MeOH and 120 uL H,O, then trans-
ferred to deactivated glass inserts. 40 uL of the solution was injected into an HPLC system.

The HPLC system (Shimadzu) used a C18 column with a C8 precolumn. Column
temperature was maintained at 50 °C. Lipids were separated by a linear gradient between
solvent A (H,0 with 0.01% acetic acid) and solvent B (MeOH with 0.01% acetic acid) at 0.4
mL/min. A Sciex Qtrap 6500 tandem mass spectrometer in negative electrospray ionization
mode was used to detect individual PUFA and oxylipins, as listed in Supplementary Table 2.
Peak identification was performed using Sciex Analyst® Software. Absolute concentrations
were determined for 27 lipid species using external calibration curves; relative abundance
was defined relative to the internal standard (area ratio) for other lipids.

Data pre-processing

Subsequently, components were only taken along for further analysis if present in at least
80% samples within one group (22). Based on this rule, we excluded one component, ending
with 21 components in total. Finally, remaining missing values were imputed using a Gibbs
sampler based left-censored imputation method described by Wei et al. (23). Area ratio values
were normalized to the sample amount.

Immunohistochemistry

Free-floating sections (Male hippocampus: n=8, female hippocampus: n=8, male hypothal-
amus: n=8, female hypothalamus= 8) were washed (3 x 5 minutes) in 0.05 M tris-buffered
saline (TBS) (pH 7.6), followed incubation in 0.3% H,O, in TBS for 15 minutes. This was
followed by washing in TBS (3 x 5 minutes). Then the sections were transferred in a blocking
solution (1% bovine albumin serum (BSA) + 0.3% triton in TBS) for 30 minutes. The slices
were incubated with primary antibody (Rabbit anti-lonized calcium binding adaptor molecule
1 (Iba1) 1:1000, WAKO, 019-19741) at room temperature (RT) in blocking solution, followed
by an overnight incubation at 4 °C. The day after, samples were washed in 0.05 M TBS + 0.3%
triton (3 x 5 minutes). Then, sections were incubated with a secondary antibody (Biotinylated,
goat anti-rabbit, 1:500, Vector Laboratories, BA-1000-1.5) for 2 hours at RT. Sections were
washed in 0.05 M TBS (3 x 5 minutes) and incubated in avidin-biotin complex in 0.05 M TBS
for 90 minutes afterwards (Vectastain Elite ABC Elite kit, 1:800 for each component, Vector
Laboratories, PK-6100) After washing 5 times (4 x 5 minutes with 0.05 TBS followed by 5 min-
utes in 0.05 M tris buffer (TB)), sections were incubated with 0.5 mg/mL 3,3’-diaminobenzidine
(Sigma-Aldrich, D12384) in 0.05 M TB (pH = 7.6) with 0.1% H,0O, in 0.5 M TB. Sections were
fast washed three times in TB, followed by washes in TB (2 x 5 min). Sections were mounted,
dehydrated and covered with Entellan (Sigma-Aldrich, 1.07960).
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Image analysis

Using the AxioScanZ1, the microscope slides were scanned with a 40x objective. Images
were converted to 8-bit images, followed by different steps taken for the hippocampus and
hypothalamus for the processing of images for coverage and cell density analysis.

Hippocampus

To ensure representative analyses of the hippocampus, we took six dorso-ventral sections lo-
cated between bregma points -1.22 to -3.64. The cornu ammonis (CA) and the dentate gyrus
(DG) were traced using ImageJ and saved as regions of interest (ROIs) for further processing.

Hypothalamus
The hypothalamus is a heterogeneous structure, with unclearly demarcated regions. For this
reason, atlas-based analysis (ABA) (24) was used to draw ROls in the hypothalamus.

Atlas-based estimation of ROIs

The Warp Image plugin was used to increase overlay accuracy between imaged sections and
the atlas diagrams. Diagrams from the atlas containing either of the following five hypothalam-
ic ROIs: Arcuate nucleus (ARC), Paraventricular nucleus (PVN), Dorsomedial hypothalamus
(DM), Lateral hypothalamus (LH), Ventromedial hypothalamus (VMH) were used. Landmarks
(such as ventricles and commissural fibers) were used as orientation points, used to alter the
atlas image (moving image) to align more accurately with the section image (fixed image). The
atlas was transformed based on homography transformation using the semi-automated ABA
(24). After overlaying the matched atlas onto the section sample on the microscopic image,
each of the regions was outlined in ImageJ for each image (4 per animal) and saved as an
ROI.

Quantification of Iba1 coverage and cell density

Quantification of Iba1 staining was done by an experimenter blinded for sex. A fixed threshold
was determined for all hypothalamic and hippocampal images to determine the percentage
of immunoreactive stained area (coverage) in the respective regions. The total thresholded
signal of each image was added up and was divided by the total area of ROls, producing a
single coverage datapoint per animal. Data are presented as percentage coverage.

For cell density analysis, within the same ROlIs used for the coverage analysis, Iba1*
cells were manually counted by an experimenter blind for animal sex. The amount of Iba1*
cells in each ROl was added up and divided by the area of those ROIls. Data are presented
as Iba1* cells per surface area.

Morphometric analysis

1920 representative single Iba1* cells were selected from whole slide scans by an experi-
menter blind for animal sex. For the hippocampus, we extracted 25 cells per region (CA and
DG) per animal, derived from both dorsal and ventral sections representing the full hippo-
campus. For the hypothalamus we extracted cells based on the size of the region (ARC and
PVN: 5 cells/animal; DM, VMH, LH = 20 cells/animal), derived from both dorsal and ven-
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tral slices of that region representing the full dorso-ventral axis of the hypothalamus.

The single-cell images were processed to cell silhouette images by local threshold-
ing and subsequently morphometric parameters were extracted as described before (25).
With the use of these parameters, a hierarchical clustering on principal components (HCPC)
was conducted on all cells to identify 6 Iba1* morphotypes and to observe how they compared
between different males and females in different brain regions.

Statistical analysis

PUFA- and oxylipin species measurements

Group differences were tested using the unpaired Wilcoxon rank-sum test (a = 0.05) with a
false discovery rate (FDR) correction, we report both adjusted and non-adjusted p-values.
Plots and statistics were generated in R (R Foundation for Statistical Computing, Version
2023.12.0) using rstatix, pheatmap, and ggplot2. Multivariate analysis was conducted with
mixOmics, with data centered and unit-variance scaled.

Microglial parameters

Data were analyzed using R (version 4.2.1) and bar graphs were graphed in Graphpad Prism
10. Data are expressed as mean * standard deviation (SD). a was set at 0.05, and data were
considered statistically significant when p < 0.05. Data points that were outside the 1.5 inter-
quartile range were excluded from analysis as outliers. Assumptions of parametric analysis
were tested using the Shapiro-Wilk normality test and Levene’s test for homogeneity of vari-
ance. When taking brain region and sex as independent factors, e.g. for the data of Iba1* cell
density, Iba1 coverage, and cell complexity, we conducted a Two-way ANOVA. Multiple cells
from one animal were used, so we averaged all datapoints from Iba1* cells deriving from the
same animal, producing a single data point per animal.

Correlation between microglial parameters and PUFA- and oxylipin species
The morphometric parameters that were obtained for microglial morphotyping, were correlat-
ed with PUFA- and oxylipin species. Correlations were calculated based on complete pairwise
cases. As it is an explorative study, data presented here are not FDR-corrected. Correlation
coefficients were tested against critical values on a two-tailed distribution (a = 0.05)(Hippo-
campus: Supplementary table 1; Hypothalamus: Supplementary table 2).

Results

The hippocampus and the hypothalamus display a differential PUFA/
oxylipin profile independent of sex

To assess potential brain region- and sex-dependence of local PUFA/oxylipin profiles, PUFA-
and oxylipin species were detected using their relative retention times and thereafter, we
performed a Euclidean clustering visualized by a heatmap Fig. 1B. In general, hippocampal
tissue seems to express more PUFAs and oxylipin species, compared to hypothalamic tissue
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and their PUFA/oxylipin profiles were separated independent of sex, which was also con-
firmed by a signed rank Wilcoxon test (See also Supplementary table 3). In the following
steps, therefore, samples from both sexes were pooled. When performing a principal compo-
nent analysis (PCA), a clear separation was seen between hippocampus and hypothalamus
(Fig. 1C). The strongest contributors in dimension 1 were arachidonic acid (AA), 11-HETE,
15-HETE, and LA in dimension 2 (Supplementary fig. 1A). A partial least squares discrim-
inant analysis (PLS-DA) was subsequently performed for a targeted discrimination of the
brain areas based on PUFA/oxylipin profile (Supplementary fig. 1B). Nine PUFA- and ox-
ylipin species, with a variable importance projection (VIP) score higher than 1, contributed to
this separation (i.e. LA, 9- and 13-hydroxyoctadecadienoic acid (HoDE), PGD2, AA, Adrenic
acid (AdA), N-6 docosapentaenoic acid (DPA N-6), 5-oxo-eicosatetraenoic acid (5-KETE) and
5-HETE (Supplementary fig. 1C). These results were in line with those obtained based on
the PCA, indicating that in both a supervised and an unsupervised manner, we were able to
separate the hypothalamus and the hippocampus based on their PUFA/oxylipin profile. After
FDR correction, a-linolenic acid (ALA), 9-, 13-HoDE and LA were more abundantly present
in the hypothalamus compared to the hippocampus (Fig. 1D). In the hippocampus, PUFAs
such as DPA N-6, AA and other LA derivatives such as AdA, PGD2 and 5-KETE were more
abundantly present (Fig. 1D, see Supplementary table 4 for detailed statistical analyses).
In order to show the detected PUFA- and oxylipins, and to illustrate the altered PUFA- and
oxylipin species in their respective N-3 and N-6 pathways, the findings are summarized in Fig.
1E. In general, we detected more N-6 PUFA pathway-derived lipid species compared to N-3
PUFA pathway-derived ones. These were also the ones mostly being different in abundance
depending on brain region, with those being upregulated in the hippocampus being more
downstream compared to those upregulated in the hypothalamus.

Figure 1 (right) — PUFA- and oxylipin profile in the hippocampus and the hypothalamus. A) Workflow of the experiment. Males and
females (P60) were sacrificed by saline perfusion and one hemisphere was selected for PUFA- and oxylipin profiling while the other was
used for immunohistochemical staining of Iba1. B) Heatmap with hierarchical cluster analysis (Euclidean distance) showing the separation of
animals (x-axis) by brain region but not sex for the various lipid mediators. C) Principal Component Analysis (PCA) plot of PUFA- and oxylipin
species of hypothalamic and hippocampal samples. D) Volcano plots showing the log2 fold change of PUFA- and oxylipin species between
hippocampal- and hypothalamic tissue. The level of significance is indicated on the y-axis as —log10(FDR p-value). E) Figure representing all
PUFA- and oxylipin species in their respective N-3 or N-6 pathways. Symbols and colors are indicative of the effect. Square is not detected;
Circle is detected; Red circle means detected in higher abundance in the hippocampus compared to the hypothalamus; Blue circle means
detected in lower abundance in the hippocampus compared to the hypothalamus and a white circle represents a similar abundance in the
hippocampus and the hypothalamus.
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Hippocampus and hypothalamus exhibit differential microglial density
and morphology, with subtle sex effects

To assess potential differences in microglia in the hippocampus and the hypothalamus in
males and females, we next performed a microglial cell density and complexity analysis (i.e.
unsupervised clustering of 27 microglial morphological parameters, Sholl- and fractal analy-
ses) .

Iba1* Cell density

We observed a higher Iba1* microglial cell density within the hippocampus compared to the hy-
pothalamus, without sex differences (Fig. 2A, Two-way ANOVA: Brain region F(1,25)=38,910,
p<0.05; Sex: F(1,28)=1.596 p=0.217). Iba1 coverage did not differ between brain regions or
sex (Linear mixed model: Brain region t(14) =1.20, p=0.238; Sex: t(14) =-0.08, p=0.936). To
assess potential subregional differences, we next measured Iba1* cell density in the most
representative areas of these brain regions (CA and DG for the hippocampus and ARC, PVN,
DM, LA and VMH for the hypothalamus). We observed no significant differences in Iba1* cell
density nor coverage between males and females in the DG or the CA (Density: Supplemen-
tary fig. 2 A-B, coverage data not shown). Interestingly, there appeared to be a trend for a
lower Iba1* cell density in females compared to males in the ARC (p=0.057) (Supplementary
fig. 3A). However, we observed no differences in Iba1* cell density and coverage between
males and females in the PVN, DM, LH and VMH (Density: Supplementary fig. 3B-E, cover-
age data not shown).

Microglial complexity

Next, we extracted 1920 single-cellimages of Iba1* cells. The single cell images were convert-
ed to cell silhouette images and subjected to automated skeletonization and subsequent Sholl
analysis, fractal analyses and extraction of 27 morphometric features, as described before
(25). Then, a Sholl analysis was performed on these single-cell images (representative plots
are shown in Fig. 2B). The sum of intersections in these plots was higher in the hippocampus
compared to hypothalamus and there was a trend towards a lower sum of intersections in
females (Fig. 2C Two-way ANOVA: brain region F(1,28)=24.578, p<0.01; Sex F(1,28)=3.631,
p=0.067). In addition, the amount of primary branches (Fig. 2D) was higher in the hippo-
campus compared to the hypothalamus (Two-way ANOVA: brain region F(1,28)=332.572,
p<0.01; Sex F(1,28)=0.850, P=0.365). Unsupervised clustering revealed that Iba1* cells from
the hypothalamus cluster together and Iba1* cells from hippocampus cluster together, without
apparent sex effects (Fig. 2E). HCPC resulted in 6 Iba1* cell clusters (Fig. 2F-G). Consider-
ing this clustering, Iba1* cells in cluster 1-4 present a more complex morphology, thus likely
surveilling or homeostatic (26), while Iba1* cells in cluster 5-6 are less complex and might thus
represent a more pro-inflammatory phagocytic state (27), which is why we quantified clusters
5 and 6 added together in further analysis. In the hypothalamus, there were relatively more
microglia in the less complex state (cluster 5-6) compared to the hippocampus. Sex did not in-
fluence the proportion of these clusters (Fig. 2H, Brain region: F(1,28)=111.338, p<0.05; Sex:
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F(1,28)= 2.517, p=0.124). To asses potential subregional effects within the hippocampus, we
performed a subregional complexity analysis of the DG and the CA (Supplementary fig. 2C-
J). In the DG, the sum of intersections of female microglia was significantly lower than of male
microglia (Supplementary fig. 2D Wilcoxon signed rank test: W=11, p<0.05). There were no
sex differences regarding primary branching (Supplementary fig. 2E). Within the hypothala-
mus, we analyzed specifically the ARC, PVN, DM, LH and DMH and detected no sex effects
in any of the hypothalamic subregions (Supplementary fig. 3F-Y). Together these findings
indicate that less Iba1* cells are present in the hypothalamus compared to the hippocampus,
and the cells present seem to exhibit a more pro-inflammatory activity state.
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Figure 2 - Density and morphology analysis of male and female hippocampal and hypothalamic Iba1* cells . A) The hippocampus
(HC) presented with a higher Iba1 * cell density compared to the hypothalamus (HT), no sex effects. B) Sholl line plots representing complex-
ity of cells in the hippocampus and the hypothalamus of male (M) and female (F) mice. C) Hippocampal microglia Sholl plots had a higher
sum of intersections compared to hypothalamic microglia Sholl plots, no sex effects. D) Hippocampal microglia had more primary branches
compared to the hypothalamus, no sex effects. E) PCA plot representing all cell coordinates (shown as dots) on the first two dimensional
planes PC1/PC2. The percentage of variability retained in the respective PCs is stated between brackets on the x- and y-axes. Colors indi-
cate experimental groups. F) PCA plot representing all cell coordinates (shown as dots) on the first two dimensional planes PC1/PC2. The
percentage of variability retained in the respective PCs is stated between brackets on the x- and y-axes. Colors indicate clusters 1 to 6. G)
Representative silhouette images of microglia in clusters 1 to 6, categorized per morphotype. Colors represent clusters. H) Cluster 5 and 6
were more numerous in the hypothalamus compared to the hippocampus. N=7-8/group. Data are presented as mean * SD; % brain region
effect; p < 0.05
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PUFA and oxylipin species predominantly correlate with microglial
morphological parameters in the hypothalamus

To determine how the abundance of local PUFA- and oxylipin species could be linked to mi-
croglial morphology, we next assessed potential correlations between the measured PUFA/
oxylipins and the microglial morphological parameters on which the cluster distributions are
based (Fig. 3A, B). To ease interpretation, the parameters were subdivided in three groups:
related to soma-, branching- and cell properties. In general, in the hippocampus (Figure 3A)
Iba1* parameters correlated less with PUFA- and oxylipin species compared to the hypotha-
lamic Iba1* parameters (Figure 3B). Interestingly, hippocampal Iba1* cell parameters cor-
related only to PUFA- and oxylipin species deriving from the N-6 PUFA pathway while in the
hypothalamus there were correlations between Iba1* cell parameters and PUFA- and oxylipin
species belonging to both N-3 and N-6 PUFA pathways. In both the hippocampus and the
hypothalamus, branching properties and cell shape properties correlated with PUFAs and
oxylipin species, while no correlations were found with somal parameters. Interestingly, in the
hypothalamus, most of the detected PUFAs (ALA/GLA, eicosapentaenoic acid, DHA, LA and
AA) correlated with either cell shape or branching properties and a few oxylipins correlated
with these properties. AA-derived oxylipins 8- and 15-HETE negatively correlated with param-
eters associated with complexity. Regarding the differentially expressed PUFA and oxylipins,
AA (more abundant in the hippocampus) negatively correlated with branch area and cell area.
In the hypothalamus, LA and ALA were upregulated and negatively correlated with branching
properties and branch- and cell perimeter, respectively. Other differentially expressed compo-
nents such as PGD2 5-KETE, DPA N-6, AdA (Hippocampus > Hypothalamus) did not correlate
with any of the microglial parameters. Thus, hypothalamic microglial morphology correlated
more strongly with PUFA- and oxylipin species than hippocampal microglia, and hippocampal
microglial parameters correlated only with N-6 PUFA pathway-related species as opposed to
hypothalamic microglial parameters correlating with both N-3 and N-6 PUFA pathways.

Figure 3 (right) — Correlation of PUFA- and oxylipin profile with microglial morphology parameters A) Hippocampal PUFA- and ox-
ylipin profile separated for N-3 PUFA and N-6 PUFAs correlated with hippocampal microglial parameters separated in soma, branching and
cell shape characteristics. B) Hypothalamic PUFA- and oxylipin profile separated for N-3 PUFA and N-6 PUFAs correlated with hypothalamic
microglial parameters separated in soma, branching and cellshape characteristics. Red indicates a positive correlation, blue indicates a
negative correlation, no color indicates no correlation. Correlation matrix was made without FDR-correction.
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Discussion

In this study, we investigated the potential brain region and sex differences in PUFA- and
oxylipin species, microglial morphology and how these two dimensions could possibly relate
to one another. We observed clear brain region differences, in particular, PGD2, AA, DPAN-6,
AdA, 5-KETE were more abundantly present in the hippocampus, while ALA-GLA, 9- and 13-
HoDE and LA were more abundantly present in the hypothalamus, without a clear sex effect.
Regarding microglia, Iba1* cell density was higher in the hippocampus compared to the hypo-
thalamus, and these cells exhibited a higher complexity. There were subtle sex-differences in
our subregional analyses: microglia derived from the DG, but not the CA of the female hippo-
campus were less complex compared to males. In addition, in the ARC, we observed a trend
towards a higher Iba1* cell density in males compared to females. Concerning the association
between PUFA- and oxylipin species and microglia morphology, microglial parameters relat-
ed to the soma did not correlate with any of the measured PUFAs and oxylipin species while
branching and cell shape parameters did so across both brain regions. Microglial parameters
only correlated with PUFA- and oxylipin species from the N-6 PUFA pathway in the hippocam-
pus while in the hypothalamus, such correlations were more profound with PUFA- and oxylipin
species from both pathways.

The hippocampus and hypothalamus exhibit differences in PUFA/ox-
ylipin profiles, without sex effects

Here, we detected differences in abundance of PUFA- and oxylipin species between the hippo-
campus and the hypothalamus. Little is known about PUFA- and oxylipin species within these
brain regions, but previous findings support a brain regional heterogeneity in the abundance of
lipid species. One study, comparing regions including the hypothalamus and the hippocampus
of adult mice, reported a region-specific eicosanoid abundance, with a higher abundance of
12-HETE in the hippocampus compared to the hypothalamus (16). This is partly in line with our
findings, as we also detected different profiles between these brain regions. We did not find dif-
ferences in this specific oxylipin, and this discrepancy might be due to the fact that in the afore-
mentioned study, the authors pooled samples from different mice while we did not. Interesting-
ly, in a study in 2-month-old rats, the PUFA/oxylipin profile response to an ischemic brain injury
depended on the brain region assessed (different for cerebellum, the hypothalamus, the cortex
and the hippocampus), indicating the potential relevance of brain-region specificity (17).
Differences in membrane-bound PUFAs in brain regions, which could be a re-
sult of different amount or cell type make-up, might indirectly affect the free PUFA- and
oxylipins as esterified PUFAs are metabolized from the membrane after e.g. envi-
ronmental stimuli (such as inflammatory mediators)(28,29). In the current study, the
levels of free LA and ALA were lower in the hippocampus compared to the hypothala-
mus. This could be an effect of increased metabolization of LA-derivative (AA) and down-
stream AA-derivatives in the hippocampus or a higher demand or lower conversion
rate for LA and ALA within the hypothalamus. Notably, the hypothalamus is highly vas-
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cularized (30) and since the circulation is the main supply of LA and ALA to the brain (3),
this could contribute to the observed brain regional differences.

Compared to the hypothalamus, the abundance of oxylipins directly deriving from
LA, such as 9- and 13-HoDE, appeared to be lower in the hippocampus. Whether this differen-
tial profile is caused by a differential expression of the biosynthesizing enzymes responsible
for these conversions (e.g. cyclooxygenase 1,2 and 15-lipoxygenase-1) (31,32) will need to
be addressed in future studies. 9- and 13-HoDE can also be non-enzymatically oxidized by
reactive oxygen species (ROS) and a lower abundance of them in the hippocampus could
therefore be indicative of decreased amount of ROS compared to the hypothalamus (32),
potentially in line with the more homeostatic state of the microglia that we observed in the hip-
pocampus. Though the PUFA- and oxylipin species that are increased in the hippocampus are
N-6 PUFA derivatives, which are mostly associated with pro-inflammatory processes (33-36),
we provide no evidence on the morphological level that hippocampal microglia might be in a
more “pro-inflammatory” state as a result of the increased N-6 PUFA derivatives compared to
the hypothalamus. Additionally, PGD2 has also been shown to be involved in homeostatic func-
tions regulated by the hypothalamus, such as body temperature and hormone release (37),
which could explain why its abundance in the hypothalamus is more tightly regulated (by faster
metabolization or less release) compared to in the hippocampus. We did detect brain region
differences in microglia density and morphology, but if and how these might be affected by the
local PUFA/oxylipin profile remains to be determined. In the current study, we analyzed PUFA-
and oxylipin species in homeostatic conditions, but we have shown before that PUFA- and ox-
ylipin species levels are altered in response to early-life stress, diet and an inflammatory stim-
ulus in the hypothalamus (38), indicating that these measures are sensitive and dynamically
adapt to such external stimuli. Given the current baseline differences between the two regions,
it is plausible that the PUFA/oxylipin profile might also differentially respond to stimuli.

We did not detect any sex differences in PUFA- and oxylipin species in either of the
brain regions. In line with our findings, the PUFA/oxylipin profiles of male and female 1-day
old rat pups were similar (18). In contrast, the cerebellum of 4-month-old mice exhibited sex
differences, with 5-HETE and 5-HEPE being higher in males than in females (19) and simi-
larly, 32-week-old mice males exhibited higher levels of 9-HETE, 11-HETE, and 15-HETE in
a whole hemisphere compared to females (20) and there is evidence that in a mouse model
for accelerated aging, the cortex contained higher levels of LA and AA-derived oxylipins (39),
possibly contributing to increased neuroinflammation associated with aging (40,41). Discrep-
ancies between these findings and our observations might be due to the specific brain regions
addressed in our study versus those reported earlier, or might be age-dependent, as sex
differences have not been described until 4 months of age. While most of these measures are
under homeostatic conditions, potential sex differences in PUFA/oxylipin profile might become
more apparent in neuroinflammatory conditions. Indeed, there is evidence that male and fe-
male patients with multiple sclerosis, a disease with a strong neuroinflammatory component
and a sex-specific vulnerability (42), exhibit a sex-specific PUFA/oxylipin profile in the cere-
brospinal fluid (43). The origin of such sex-specific effects on PUFA- and oxylipin species at
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different ages remains to be understood, but it could be due to a different PUFA- and oxylipin
metabolism in the periphery. For example, there is evidence from humans that plasma and
blood cell concentrations of PUFAs (44) are sex- and age-dependent.

Microglial parameters in the hippocampus and hypothalamus reveal
regional differences and sex-dependent differences specifically in the
hippocampal DG and hypothalamic ARC

We observed that the hippocampus was more densely populated by microglia, and additional-
ly exhibited a higher microglial complexity compared to the hypothalamus. Few studies have
investigated glial cell density in the hypothalamus (systematically reviewed in (45)). A higher
glial cell density was found in the hippocampus compared to the hypothalamus (46,47), but
no distinctions are made between microglia and astrocytes, so a direct comparison is not pos-
sible. Though a higher Iba1* density is mostly associated with a pro-inflammatory state in e.g.
neurodegenerative disorders (48), the effect of a brain-region difference in cell density in the
homeostatic brain is unknown. The findings regarding complexity suggest that hypothalamic
and hippocampal microglia might be in a different activity state during homeostasis, partly
due to their localization in the brain. In fact, the hypothalamus, due to its ventral positioning,
is highly vascularized and might thus be more abundantly exposed to circulating cues and
metabolites (30), potentially influencing their activity state with a less complex morphology. In
addition, there is evidence that microglia in the midbrain (including the hypothalamus) express
lower levels of homeostatic microglial proteins (49,50) such as triggering receptor expressed
on myeloid cells-2 and purinergic receptor P2RY12, compared to the hippocampus (49).

Subtle microglial sex differences were uncovered after subregional analyses. Most
studies focusing on sex differences in the hypothalamus are in the context of feeding behav-
ior and obesity. One study investigated microglia in the context of a high-fat high-sugar diet
and found no sex differences in their complexity in control animals, in line with our findings
(51). However, comparative studies on hippocampal microglia in males and females indicate
age-dependent sex-specific differences (15). In adulthood, females exhibit more “pro-inflam-
matory” microglia compared to males (52), contrasting with findings during development (12).
Transcriptomic analyses revealed divergent developmental trajectories, with male microglial
development plateauing earlier than females (52,53), leading to sex-differences in complexity,
and Iba1 density in adulthood (14,52). Taken together, these studies suggest a sex-related
heterogeneity in microglia. Notably, most earlier studies rely on a cruder analysis of microglial
complexity. Two more recent studies, including several brain regions but not the hypothala-
mus reported no sex differences in any of these properties using the same unbiased semi-au-
tomated and more detailed morphological analyses (13,25) as used here. We cannot exclude
that more prominent sex differences appear in areas of the hypothalamus that we did not
currently sample, such as in the preoptic area where sex-differences have been described in
rats (54) or appear upon stimuli. Regarding the hippocampus, using the same method as in
the current study, it has been proposed before that there were no sex differences in microglial
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morphology and density in the DG and the CA (25), which partly is in line with our findings,
except that we showed a decreased microglial complexity in the DG in females. Compared to
our study, it is noteworthy that in this study (25), more brain regions were compared, possibly
affecting the outcome. This suggest that the method used to sample (single-cell silhouettes
thresholding vs full image thresholding) and to analyze microglia morphology (based on visual
inspection vs unbiased), as well as the precision in subregional analyses are key to capture
more subtle brain region- and sex-dependent microglial heterogeneity. Finally, as discussed
for the PUFA- and oxylipin profile, larger sex differences might become apparent in less ho-
meostatic systems. For instance, after stress (16-20 weeks of age), microglia were shown to
be less complex in adult female, but not male mice (55).

PUFA and oxylipin species predominantly correlate with microglial pa-
rameters in the hypothalamus

Regarding the potential relationship between the differences in Iba1* morphological parame-
ters and the abundance of PUFA- and oxylipin species in the microenvironment of the brain
regions, we observed that hypothalamic Iba1* cell parameters correlated more strongly to
PUFA- and oxylipin species than hippocampal ones, with hypothalamic microglial parameters
correlating with PUFA- and oxylipin species from both the N-3 and N-6 PUFA pathways, while
these correlations only occurred with PUFA and oxylipins in the N-6 PUFA pathway in the hip-
pocampus. These observations suggest that hypothalamic microglia might be more sensitive
to the local PUFA/oxylipin profile compared to hippocampal microglia. The inverse correlation
of microglial parameters associated with high complexity (such as branching area) with the
pathway that converts AA into PGE2 could be of specific interest, as the other AA metaboliza-
tion pathways that are upregulated (e.g. AdA and 5-KETE) in the hippocampus do not cor-
relate with any parameters. The relationship between microglia activity state/morphology and
PUFA- and oxylipin species abundance remains complex. Microglia are responsive to PUFA-
and oxylipins, but might also play a role in their abundance via lipid biosynthesis for auto- or
paracrine signaling (56-58). This study lacks cell-specific resolution for the PUFA- and oxylip-
in profiling, so the observed effects might derive from other cells within the assessed brain
regions (such as neurons, or astrocytes). To address this, studies investigating the release
of PUFA- and oxylipin species and the expression of enzymes responsible for metabolizing
PUFAs to oxylipins on a cell-specific level will be of interest for further research. In addition,
it would be interesting to build further on this work and study the effect of the relationship be-
tween PUFAs or oxylipin milieu on microglial phenotype and function.

Conclusion

We observed a brain region-dependent PUFA/oxylipin profile and microglia heterogeneity as
well as a distinct association between PUFA- and oxylipin species and microglia morphology,
particularly in the hypothalamus. Our study contributes to the understanding of PUFA- and
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oxylipin species and their relationship with neuroinflammatory processes in the homeostatic
brain, providing new avenues for studying the role of PUFA- and oxylipin species, microglia
and their interaction in the context of neuropsychiatric disorders.
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Supplementary figure 1 — Supporting figures for PUFA- and oxylipin species profiling. A) Correlation plot elucidating the influence of
individual lipid mediators on the variance exploration and highlights their contributions to the observed variance in the first 4 dimensions.
Lipid mediators with higher cos2 values are shown with larger circumference and stronger color according to the scale. B) PLS-DA was
performed to optimize the separation of our brain regions using their PUFA- and oxylipin species. C) The PUFA- and oxylipin species with the
most contributory properties to this separation, those with a VIP score > 1 are considered important to the separation in the model created
using the PLS-DA
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Supplementary figure 2 — Density and morphology of male and female microglia derived from subregions of the hippocampus.
A-B) No sex difference in microglial cell density in the DG (A) and CA (B) C) Sholl plots of male and female DG microglia. D) The sum of
intersection is higher in males compared to females in the DG. E-F) No sex difference in microglial primary branches (E) or morphotype dis-
tribution (F) in the DG. G) Sholl plots of male and female CA microglia. H-J) No sex difference number of intersections (H), primary branches
(I) morphotype distribution (J) in the CA. n=7-8 animals /group. Data are presented as mean + SD; $ sex effect; p < 0.05.
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Supplementary figure 3 — Density and morphology of male and female microglia derived from subregions of the hypothalamus. A-E)
No sex difference in microglial cell density in the ARC (A), PVN (B), DM (C), the LH (D) and the VMH (E). F) Sholl plots of male and female
ARC microglia. G-I ) No sex difference in number of intersections (G) and primary branches (H) in microglial Sholl plots, and the morphotype
distribution (1) in the ARC. J) Sholl plots of male and female PVN microglia. K-M) No sex difference in number of intersections (K) or primary
branches (L) in microglial Sholl plots, and morphotype distribution (M) in the PVN. N) Sholl plots of male and female DM microglia. O-Q) No
sex difference in number of intersections (O) or primary branches (P) in microglial Sholl plots, and morphotype distribution (Q) in the DM.
N) Sholl plots of male and female LH microglia. S-U) No sex difference in number of intersections (S) or primary branches (T) in microglial
Sholl plots, and morphotype distribution (U) in the DM.. V) Sholl plots of male and female VMH microglia. W-Y) No sex difference in number
of intersections (W) or primary branches (X) in microglial Sholl plots, and morphotype distribution in the VMH (Y). n=7-8 animals /group. Data
are presented as mean + SD; $ sex effect; p < 0.05.
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Supplementary table 1 and 2 were too large to be contained in this thesis, but can be made available on reasonable request.

Brain region Oxylipin groupl group2 nl n2 statistic P p.adj p.adj.signif
Hippocampus ALA-GLA F M 7 7 31 0.456 0.684 ns
Hippocampus EPA M 7 7 13 0.165 0.67025 ns
Hippocampus DPAN-3 F M 7 7 12 0.128 0.67025 ns
Hippocampus DHA F ™M 7 7 17 0.383 0.67025 ns
Hippocampus LA F M 7 7 16 0.318 0.67025 ns
Hippocampus DPANn-6 F ™M 7 7 21 0.71 0.828333333 ns
Hippocampus 13-HoDE F M 7 7 25 1 1 ns
Hippocampus 9-HoDE F M 7 7 27 0.805 0.889736842 ns
Hippocampus AA F M 7 7 15 0.259 0.67025 ns
Hippocampus PGD2 F M 7 7 15 0.259 0.67025 ns
Hippocampus PGE2 F ™M 7 7 20 0.62 0.765882353 ns
Hippocampus PGF2a F ™M 7 7 17 0.383 0.67025 ns
Hippocampus TxB2 F M 7 7 13 0.165 0.67025 ns
Hippocampus 11-HETE F M 7 7 19 0.535 0.7415625 ns
Hippocampus 12-HETE F M 7 7 31 0456 0.684 ns
Hippocampus 15-HETE F M 7 7 10,5 0.0842 0.67025 ns
Hippocampus 15-KETE F M 7 7 33 0318 0.67025 ns
Hippocampus 5-HETE F M 7 7 34 0.259 0.67025 ns
Hippocampus 5-KETE F M 7 7 32 0.383 0.67025 ns
Hippocampus 8-HETE F M 7 7 29,5 0.565 0.7415625 ns
Hippocampus AdA F M 7 7 24 1 1 ns
Hypothalamus ALA-GLA F M 7 4 20 0.315 0.756 ns
Hypothalamus EPA F M 7 4 10 0527 0.756 ns
Hypothalamus DPAn-3 F M 7 4 19 0412 0.756 ns
Hypothalamus DHA F M 7 4 17 0.648 0.756 ns
Hypothalamus LA F M 7 4 21 0.23 0.756 ns
Hypothalamus DPAn-6 F M 7 4 16,5 0.705 0.779210526 ns
Hypothalamus 13-HoDE F M 7 4 17 0.648 0.756 ns
Hypothalamus 9-HoDE F M 7 4 18 0.527 0.756 ns
Hypothalamus AA F M 7 4 11 0.648 0.756 ns
Hypothalamus PGD2 F M 7 4 10 0527 0.756 ns
Hypothalamus PGE2 F M 7 4 17 0.648 0.756 ns
Hypothalamus PGF2a F M 7 4 11 0.648 0.756 ns
Hypothalamus TxB2 F M 7 4 10 0.527 0.756 ns
Hypothalamus 11-HETE F M 7 4 13 0.927 0927 ns
Hypothalamus 12-HETE F M 7 4 19 0.412 0.756 ns
Hypothalamus 15-HETE F M 7 4 17 0.648 0.756 ns
Hypothalamus 15-KETE F M 7 4 21 0.23 0.756 ns
Hypothalamus S-HETE F M 7 4 17 0.648 0.756 ns
Hypothalamus 5-KETE F M 7 4 16 0.788 0.8274 ns
Hypothalamus 8-HETE F M 7 4 11 0.648 0.756 ns
Hypothalamus AdA F M 7 4 19 0412 0.756 ns
Pooled ALA-GLA F M 14 11 95 0.344 0.7833 ns
Pooled EPA F ™M 14 11 42 0.058 0.6405 ns
Pooled DPAn-3 F M 14 11 68 0.647 0.799235294 ns
Pooled DHA F M 14 11 67 0.609 0.799235294 ns
Pooled LA F M 14 11 86 0.647 0.799235294 ns
Pooled DPAn-6 F M 14 11 67 0.603 0.799235294 ns
Pooled 13-HoDE F M 14 11 91 0.467 0.799235294 ns
Pooled 9-HoDE F M 14 11 94 0373 0.7833 ns
Pooled AA F M 14 11 51 0.166 0.6405 ns
Pooled PGD2 F M 14 11 48 0.12 0.6405 ns
Pooled PGE2 F M 14 11 79 0.936 0.956 ns
Pooled PGF2a F M 14 11 56 0.267 0.7833 ns
Pooled TxB2 F M 14 11 52 0.183 0.6405 ns
Pooled 11-HETE F M 14 11 65 0.536 0.799235294 ns
Pooled 12-HETE F M 14 11 102 0.183 0.6405 ns
Pooled 15-HETE F M 14 11 59,5 0352 0.7833 ns
Pooled 15-KETE F M 14 11 102 0.183 0.6405 ns
Pooled 5-HETE F M 14 11 89 0.536 0.799235294 ns
Pooled 5-KETE F M 14 11 84 0.727 0.848166667 ns
Pooled 8-HETE F M 14 11 75,5 0.956 0.956 ns
Pooled AdA F M 14 11 80 0.893 0.956 ns

Supplementary table 3 - Comparisons of sex in the hippocampus, hypothalamus, and both regions taken together
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Oxylipins  |groupl group2 nl n2 statistic p.adj p.adj.signif
ALA-GLA hippocampus | hypothalamus 14 11 12 0.000 0.001 *
EPA hippocampus | hypothalamus 14 11 84 0.727 0.804

DPAN-3 hippocampus | hypothalamus 14 11 63 0.467 0.577

DHA hippocampus | hypothalamus 14 11 116 0.033 0.054

LA hippocampus | hypothalamus 14 11 0 0.000 0.000 *
DPAN-6 hippocampus | hypothalamus 14 11 141 0.001 0.002

13-HoDE hippocampus | hypothalamus 14 11 0 0.000 0.000 *
9-HoDE hippocampus | hypothalamus 14 11 0 0.000 0.000 *
AA hippocampus | hypothalamus 14 11 145 0.000 0.000

PGD2 hippocampus | hypothalamus 14 11 141 0.000 0.001 *
PGE2 hippocampus | hypothalamus 14 11 74 0.893 0.936

PGF2a hippocampus | hypothalamus 14 11 75 0.936 0.936

TxB2 hippocampus | hypothalamus 14 11 64 0.501 0.585

11-HETE hippocampus | hypothalamus 14 11 126 0.006 0.012

12-HETE hippocampus | hypothalamus 14 11 48 0.120 0.158

15-HETE hippocampus | hypothalamus 14 11 140 0.001 0.002

15-KETE hippocampus | hypothalamus 14 11 114 0.044 0.066

5-HETE hippocampus | hypothalamus 14 11 117 0.029 0.050

5-KETE hippocampus | hypothalamus 14 11 126 0.006 0.012

8-HETE hippocampus | hypothalamus 14 11 106 0.119 0.158

AdA hippocampus | hypothalamus 14 11 126 0.006 0.012

Supplementary table 4 - Comparisons of brain regions, with both sexes pooled




