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Abstract
Background  Brain inflammation contributes significantly to the pathophysiology of Alzheimer’s disease, and it is 
manifested by glial cell activation, increased production of cytokines/chemokines, and a shift in lipid mediators from 
a pro-homeostatic to a pro-inflammatory profile. However, whether the production of bioactive lipid mediators 
is affected at earlier stages, prior to the deposition of Aβ plaques and tau hyperphosphorylation, is unknown. The 
differential contribution of an evolving amyloid and tau pathology on the composition and abundance of membrane 
phospholipids and bioactive lipid mediators also remains unresolved.

Methods  In this study, we examined the cortical levels of DHA- and AA-derived bioactive lipid mediators and of 
membrane phospholipids by liquid chromatography with tandem mass spectrometry in transgenic rat models of the 
Alzheimer’s-like amyloid and tau pathologies at early and advanced pathological stages.

Results  Our findings revealed a complex balance between pro-inflammatory and pro-resolving processes in 
which tau pathology has a more pronounced effect compared to amyloid pathology. At stages preceding tau 
misfolding and aggregation, there was an increase in pro-resolving lipid mediators (RVD6 and NPD1), DHA-
containing phospholipids and IFN-γ levels. However, in advanced tau pathology displaying NFT-like inclusions, 
neuronal death, glial activation and cognitive deficits, there was an increase in cytokine and PGD2, PGE2, and PGF2α 
generation accompanied by a drop in IFN-γ levels. This pathology also resulted in a marked increase in AA-containing 
phospholipids. In comparison, pre-plaque amyloid pathology already presented high levels of cytokines and 
AA-containing phospholipids together with elevated RVD6 and NPD1 levels. Finally, Aβ plaque deposition was 
accompanied by a modest increase in prostaglandins, increased AA-containing phospholipids and reduced DHA-
containing phospholipids.
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Background
Alzheimer’s disease (AD), the most common form of 
dementia, is characterized by a progressive and irrevers-
ible loss of cognitive functions, resulting in the inabil-
ity to carry out daily activities. AD pathology develops 
for decades before its clinical presentation [1], at which 
point currently available therapies are ineffective. In 
addition to extracellular amyloid beta (Aβ) plaques and 
intraneuronal neurofibrillary tangles (NFTs) composed 
of abnormally phosphorylated and aggregated tau, neu-
roinflammation is increasingly considered as the third 
core pathological feature of AD. This concept is sup-
ported by genome-wide association studies indicating 
that immune-related genes are significant risk factors for 
AD [2–7]. The trigger, function, and trajectory of AD-
related brain inflammation remain controversial. It is 
evident that neuroinflammation contributes significantly 
to the development and progression of AD, aggravating 
both Aβ and tau pathologies [4, 8, 9]. Evidence gathered 
from human and animal studies also suggests that inflam-
mation is a dynamic process differing at the early and late 
stages of AD [10] (reviewed in [11]). Neuroinflamma-
tory molecules also accumulate in the brain in healthy 
aging [12, 13]. Furthermore, epidemiological studies have 
shown that cognitively intact individuals receiving sus-
tained nonsteroidal anti-inflammatory drugs (NSAIDs) 
had approximately 50% lower incidence of clinical AD 
than the general population [14]. This finding promoted 
AD anti-inflammatory therapy, which has proved inef-
fective after clinical presentation [14–19]. This highlights 
the need for a better understanding of the driving forces 
behind the constantly evolving inflammatory process.

As it is well-established, transient, self-limiting neuro-
inflammation represents the brain’s natural response to 
invading pathogens and neuronal injury, and it is usu-
ally neuroprotective by contributing to the clearance of 
debris, sustaining synaptic plasticity, and promoting neu-
rogenesis [20, 21]. However, when the active resolution 
mechanisms fail, there is a self-perpetuating activation of 
inflammatory processes, leading to chronic neuroinflam-
mation and ultimately progressing into a neurodegen-
erative state. The resolution of inflammation is, in part, 
controlled by a switch in the production of lipid media-
tors from a pro-inflammatory to a pro-resolving class 
[22]. Lipid mediators are synthesized from cell membrane 
phospholipids through the action of several key enzymes, 
including phospholipase A2 (PLA2). In response to 

inflammatory stimuli, PLA2 releases omega-6 (linoleic 
acid (LA) and arachidonic acid (AA)) and omega-3 
(eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA)) polyunsaturated fatty acids (PUFAs) from the 
membrane phospholipids into the cytosol where they 
serve as substrates for the biosynthesis of bioactive lipid 
mediators through the cyclooxygenase (COX), lipoxygen-
ase (5-LOX/15-LOX) and cytochrome P450 (CYP) enzy-
matic pathways [23].

Reductions in the levels of pro-resolving lipid media-
tors and their receptors, as well as increases in pro-
inflammatory lipid mediators, have been evidenced in 
post-mortem brain tissue and in CSF from mild cogni-
tive impairment (MCI) and AD patients, as well as in 
AD experimental models [22, 24–27]. Importantly, in 
CSF, specific pro-inflammatory and pro-resolving lipid 
mediators showed significant correlations with cogni-
tive measures and with classical biomarkers of AD (Aβ42, 
tau, p-tau) as early as at subjective cognitive impairment 
(SCI) stages [22, 26]. However, whether the production 
of bioactive lipid mediators is affected at earlier stages, 
prior to the deposition of Aβ plaques and tau hyperphos-
phorylation, is unknown. The differential contribution of 
an evolving amyloid and tau pathology on the composi-
tion and abundance of membrane phospholipids and bio-
active lipid mediators also remains unresolved. To shed 
some light on these questions, in this study, we exam-
ined the cortical levels of DHA- and AA-derived lipid 
mediators and of phospholipids in transgenic rat models 
of the AD-like amyloid and tau pathologies at early and 
advanced pathological stages.

Materials and methods
Animals
The McGill-R962-hTau (high expressor) and McGill-
R955-hTau (low expressor) transgenic rat lines overex-
press the coding region of the 2N4R isoform of human 
tau (MAPT) bearing the P301S mutation causative of 
FTDP-17 [28], under the control of the mouse CAMKIIα 
promoter cassette, which directs expression to neurons 
of the forebrain, as described previously [29–31]. Both 
lines are derived from the founders obtained following 
the same pronuclear injection. Heterozygous R955-hTau 
rats possess a milder tau pathology phenotype com-
pared to R962-hTau (summarized in Fig.  1), in accor-
dance with their transgene copy number (estimated to 4 
and 30 insertions, respectively). The McGill-R-Thy1-APP 

Conclusions  Our findings suggest a dynamic trajectory of inflammatory and lipid mediators in the evolving amyloid 
and tau pathologies and support their differing roles on membrane properties and, consequentially, on signal 
transduction.
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transgenic rat line overexpresses the human APP751 
isoform with the Swedish and Indiana mutations under 
the control of the murine Thy1 promoter [32]. Rats were 
housed in pairs in temperature and humidity regulated 
rooms under a 12-hour light/dark cycle and were given 
standard chow and water ad libitum. All animal proce-
dures were carried out under strict adherence to the 
guidelines set down by the Canadian Council of Animal 
Care and were approved by the Animal Care Committee 
of McGill University.

Experimental design
We examined (sex-balanced) cohorts of heterozygous 
male and female R955-hTau and R962-hTau transgenic 
rats and their corresponding wild-type (wt) littermates at 
10 and 20 months of age, representing progressive stages 
of tau pathology as described in the results section and 
in Fig. 1 (n = 3–5 rats per genotype at each age). We also 
analyzed homozygous male and female McGill-APP rats 
and their wt littermates at 6 and 16 months of age, rep-
resenting pre- and post-plaque amyloid pathology stages, 
respectively (n = 3–5 rats per genotype at each age).

Tissue collection
Rats were deeply anesthetized with 1% pentobarbi-
tal (Equithesin) and then perfused transcardially with 

cold physiological saline prior to harvesting the brains. 
One hemisphere was post-fixed in 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer for 24 h followed 
by saturation in 30% sucrose in 0.1 M phosphate buffer. 
Coronal Sect.  (40  μm-thick) were cut using a freezing 
microtome (Leica SM 2000R, Germany) and stored at 
-20  °C in cryoprotectant solution (1.1 M sucrose, 37.5% 
ethylene glycol in phosphate buffer saline (PBS)). The 
other hemisphere was macrodissected, and the cerebral 
cortex was snap-frozen on dry ice and stored at -80 °C.

Immunohistochemistry
To examine total human tau distributions, we applied 
immunoenzymatic procedures as previously described 
[29–31]. Brain sections were quenched in 3% hydrogen 
peroxide and 10% methanol in tris-buffered saline (TBS) 
for 30 min. Tissue was then blocked in 10% normal goat 
serum (NGS) in TBS containing 0.1% Triton (TBS-T) for 
1  h at room temperature. After blocking non-specific 
antibody binding, sections were incubated with the pri-
mary antibody anti-human Tau (HT7, 1:1200, Thermo-
Fisher, USA) in 10% NGS in TBS-T overnight at 4°C. 
After washing, sections were incubated with a goat anti-
mouse-IgG (1:100, MP Biomedicals, USA) in 10% NGS in 
TBS-T for 1 h at room temperature. Signal amplification 
was performed with anti-horseradish peroxidase (HRP) 

Fig. 1  Schematic representation of the evolution of the amyloid and tau pathologies in the 3 lines of transgenic rats applied in this study. Note the ac-
celerated tau pathology in R962- compared to the R955-hTau line. The time-points studied are indicated with red arrows in McGill-APP+/+ rats (6 and 16 
months) and with red font in hTau rats (10 and 20 months)
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monoclonal antibody (1:30) pre-incubated with 5 ug/
mL HRP (MAP kit; MediMabs, Canada). Stainings were 
developed with 0.06% 3,3’-diaminobenzidine. Sections 
were mounted onto gelatin-coated slides, dried over-
night, and then dehydrated in increasing concentrations 
of ethanol, delipidated in xylene and coverslipped with 
Entellan mounting media (EM Science, USA).

A similar protocol was applied to examine levels of 
intracellular amyloid beta (Aβ) peptides, as previously 
described [33]. However, PBS was used as a buffer instead 
of TBS at all steps. After quenching and blocking in 10% 
NGS in PBS-T, sections were incubated with the primary 
antibody anti-Aβ (McSA1, 1:4000; Medimabs, Canada) 
(Grant et al. 2000) in 5% NGS overnight at 4  °C. Then, 
sections were incubated with a goat anti-mouse-IgG 
(1:100, MP Biomedicals, USA) in 5% NGS in PBS-T for 
1 h at room temperature. The following steps were per-
formed as described above.

Images were acquired using an Axioplan 2 imaging 
microscope (Carl Zeiss, Germany) equipped with an 
Axiocam 506 color digital camera (Zeiss) and running 
Zen Blue software (Zeiss).

Immunofluorescence
When available, additional animals were included to 
include the statistical power of the analyses. Briefly, 
40-µm-thick free floating brain Sect. (2 per animal) were 
incubated 30  min at 80  °C in 10 mM citrate buffer (pH 
6.0) for antigen retrieval, then cooled for 20 min at room 
temperature. Sections were then washed with PBS and 
incubated with 50% ethanol to permeabilize cell mem-
brane. Hereafter PBS-T was used for all washes, and 
incubations were all performed at room temperature, if 
not otherwise specified. Sections were washed and non-
specific binding sites were blocked by incubating 1  h 
with 10% NGS in PBS-T. Sections were then incubated 
overnight at 4 °C with rabbit polyclonal COX-2 antibody 
(1:100, Invitrogen) and mouse monoclonal AT8 anti-
body (1:200, Invitrogen) in 5% NGS-PBS-T. The follow-
ing day, sections were washed and incubated with goat 
anti-rabbit Alexa 488 and goat anti-mouse Alexa 568 
secondary antibody in 5% NGS-PBS-T for 2 h. Sections 
were then washed and incubated with 0.3% Sudan Black 
in 70% ethanol for 5 min to reduce background autofluo-
rescence. After washing with PBS-T then PBS, sections 
were mounted on gelatin-coated slides, coverslipped with 
Aqua-Poly/Mount (Polysciences) and kept at 4 °C in the 
dark. Negative control experiments including applica-
tion of secondary antibody alone (no primary) and pri-
mary alone (no secondary) were performed. Omission 
of primary antibodies resulted in no detectable fluores-
cent staining. Images were acquired as described above. 
Images from 2 sections per animal were acquired for the 
lamina I-III of the parietal cortex (two image regions) 

and the CA1 (two image regions). To allow quantitative 
comparisons, images were acquired with the same micro-
scope settings, adjusted specifically for each marker 
assessed. For image analyses, custom, automated ImageJ 
macros were created for each target investigated. We 
calculated COX-2 immunoreactivity (green) as the total 
mean grey value (optical density).

Western blotting of cortical homogenates
Cortical tissue (20  mg) was homogenized by sonication 
in 8 volumes of cell lysis buffer (20 mM Tris-HCL pH 7.5, 
150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 
2.5 mM sodium pyrophosphate, 1 mM Na3VO4, 1 µg/ml 
of leupeptin, 1 mM β-glycerophosphate; Cell Signaling 
Technologies) containing protease inhibitors (cOmplete™ 
Protease Inhibitor Cocktail, Roche Applied Sciences). 
The homogenates were centrifuged at 13,000  rpm for 
45 min at 4 °C and the supernatants were kept at -80 °C. 
Protein concentration was measured using a modified 
Lowry assay (DC Assay, Bio-Rad laboratories Inc). Equal 
amounts of sample (20  µg) were diluted in loading buf-
fer (10% glycerol, 0.08  M SDS, 5% β-mercaptoethanol 
and 0.05 M Tris pH 6.8), heated at 90 °C for 5 min, and 
run on a 12% polyacrylamide gel at 100 V for 2 h. Pro-
teins were transferred onto a methanol-activated poly-
vinylidene difluoride membrane at 0.3  A for 1  h. After 
blocking in 5% non-fat milk in TBS-T for 1 h, membranes 
were incubated with primary antibodies directed against 
Tau (Tau5) (MAB361, Millipore; 1:750), NfL (ab7255, 
Abcam, 1:5000) or βIII-tubulin (G712A, Promega; 
1:1000), in 5% non-fat milk in TBS-T overnight at 4  °C. 
Membranes were washed and incubated with a species-
specific secondary antibody for 1 h at room temperature. 
Immunoreactive bands were revealed using enhanced 
chemiluminescence substrate (PerkinElmer, Inc.) in an 
Amersham Imager 600. Optical density of each band was 
determined using the ImageLab software. All values were 
normalized by GAPDH and expressed as relative values 
compared to wt. Each experiment was repeated a mini-
mum of two times.

Quantification of Aβ42 and cytokines
Cortical tissue (40  mg) was homogenized by sonica-
tion in 8 volumes of Tris-buffered saline buffer (150 mM 
NaCl, 50 mM Tris HCl, 5 mM EDTA, pH 7.6) contain-
ing protease inhibitors (cOmplete Mini Protease Inhibi-
tor Cocktail, Roche). Homogenates were ultracentrifuged 
at 100,000  g for 1  h (soluble fraction). The pellets were 
resuspended in 5 volumes of guanidine buffer (5 M gua-
nidine HCl, 50 mM Tris HCl, pH 8.0), sonicated, and 
incubated for 3  h. The supernatants (insoluble fraction) 
were collected after ultracentrifugation at 100,000  g for 
1 h.
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Levels of human Aβ42 were assayed in soluble and 
insoluble fractions in duplicate using the MesoScale 
Discovery V-plex Aβ Peptide Panel 1 (6E10) kit and the 
SECTOR Imager 6000 (MesoScale Discovery, Rockville, 
MD). Soluble cortical fractions were pre-diluted to 4 ug 
protein/ul and assayed at a 1:2 dilution in Diluent 35. 
Insoluble cortical fractions were pre-diluted to 10 ug pro-
tein/ul and assayed at a 1:50 dilution. Analyte concentra-
tions were calculated in reference to calibrators for each 
individual analyte using the MSD Discovery Workbench 
software v. 4.0 (Meso Scale Discovery). Values were nor-
malized to total protein input and expressed as pg Aβ 
peptide/mg protein. The dynamic range for Aβ38 was 
8.12–12,200 pg/ml, for Aβ40 4.89–15,300  pg/ml, and for 
Aβ42 0.328–1710  pg/ml.

Levels of cytokines and chemokines were determined 
in soluble fractions pre-diluted to 4  µg protein/ul and 
assayed at a 1:2 dilution in Diluent 42, in duplicate. Lev-
els of 9 cytokines (IFN-γ, IL-1β, IL-4, IL-5, IL-6, KC/
GRO, IL-10, IL-13, TNF-α) were measured using the 
MesoScale Discovery Proinflammatory Panel 2 (rat) kit. 
Cytokine concentrations were calculated from a standard 
curve generated by the MSD Discovery Workbench soft-
ware v. 4.0. Values were normalized to total protein input 
and expressed as pg cytokine/mg protein.

Lipid extraction
Each cortical sample was homogenized with 3 ml MeOH 
and added with 9 ml CHCl3. An internal standard mix-
ture of deuterium-labeled lipids (AA-d8, PGD2-d4, EPA-
d5, 15HETE-d8, and LTB4-d4) was added to each sample. 
The samples were sonicated in a water bath for 30 min, 
and then stored at -80 °C. The next day, the samples were 
centrifuged at 4200 × g for 30 min, and the supernatants 
collected in a new tube. The pellets were washed with 
CHCl3/MeOH (2:1) and centrifuged. The supernatants 
from both centrifugations were combined. Two ml of dis-
tilled water, pH 3.5, were added to the combined super-
natants, vortexed, and centrifuged, revealing two layers. 
The lower phase was dried under N2 gas stream, resus-
pended in 200 µl MeOH, and transferred to MS vials. The 
sample was resuspended with 200ul MeOH and trans-
ferred to MS vial. Samples were dried under N2 and then 
resuspended with 30ul MeOH: H2O = 1:1 solvent.

LC-MS/MS
Xevo TQ-S equipped with Acquity I Class UPLC (Waters 
Corporation, Milford, MA) was used for lipidomics. 
Analysis of fatty acids and their derivatives was per-
formed using a CORTECS 2.7  μm 4.6 × 100  mm C18 
Column (Waters Corporation, Milford, MA). 45% of 
solvent A (H2O + 0.01% acetic acid) and 55% of solvent 
B (MeOH + 0.01% acetic acid) with 0.4  ml/min flow 
was used initially and gradient to 15% of A for the first 

10 min, then gradient to 2% of solvent A at 18 min. 2% of 
solvent A ran till 25 min, and gradient back to 45% of A 
for re-equilibration till 30 min. The capillary voltage was 
− 2.5  kV, desolvation temperature at 600  C, desolvation 
gas flow at 1100  L/Hr, cone gas at 150  L/Hr, and nebu-
lizer pressure at 7.0 Bar with the source temperature at 
150oC. MassLynx 4.1 software was used for the operation 
and recording of the data. Lipid standards (Cayman, Ann 
Arbor, MI, USA) were used for tuning and optimization, 
as well as to create calibration curves for each compound. 
MS data were analyzed and calculated with Excel.

Analysis of phospholipids was performed using an 
Acquity UPLC BEH HILIC 1.7 μm 2.1 × 100 mm Column 
(Waters Corporation, Milford, MA) with solvent A (ace-
tonitrile: water = 1:1, 10mM ammonium acetate pH 8.3) 
and solvent B (acetonitrile: water = 95:5, 10mM ammo-
nium acetate pH 8.3) as mobile phase. The solvent B 
(100%) ran for the first 5 min isocratically, then gradient 
to 20% solvent A at 13 min and 65% of A at 13.5 min. For 
16.5 min, it ran isocratically at 65% of A. It went back to 
100% of B to 20 min for equilibration. The capillary volt-
age was 2.5 kV, desolvation temperature at 550 C, desol-
vation gas flow at 800  L/Hr, cone gas at 150  L/Hr, and 
nebulizer pressure at 7.0 Bar with the source temperature 
at 120 C. Phospholipid molecular species were calculated 
as % of the total amount in each sample.

Statistical analysis
Statistical analyses were performed using the soft-
ware GraphPad Prism version 10 (La Jolla, USA). The 
D’Agostino and Pearson omnibus normality test was used 
to assess normal distribution of the data. Outliers were 
excluded using the ROUT method (Q = 1%). Graphed 
data is presented as mean values ± SEM. Given the small 
sample size, two-group comparisons were performed 
with the Mann-Whitney U test. Kruskal-Wallis with 
Dunn’s post hoc tests was used for multiple comparisons. 
Spearman’s correlation test was used to examine associa-
tions between analytes. Significance was set to p < 0.05.

Results
Transgenic rat models expressing mutant human APP and 
MAPT exhibit progressive neuropathology
To assess the differential impact of cortical tau and amy-
loid pathology on bioactive lipid mediators, we exam-
ined cohorts of homozygous McGill-R-Thy1-APP rats 
[32] and their wt littermates at 6 and 16 months of age, 
as well as cohorts of heterozygous McGill-R962-hTau 
[31] and McGill-R955-hTau [30] transgenic rats and their 
corresponding wt littermates at 10 and 20 months of age 
(n = 3–5 rats per genotype at each age). A summary of the 
phenotypes of the three transgenic lines is provided in 
Fig. 1.
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McGill-R-Thy1-APP transgenic rats (hereafter McGill-
APP rats) develop progressive AD-like amyloid pathol-
ogy in the absence of tau pathology. The phenotype 
of McGill-APP transgenic rats has been extensively 
reported [34–45]. Six-month-old McGill-APP rats dis-
play intraneuronal amyloid beta (Aβ) throughout brain 
regions including cortical and hippocampal areas but 
are devoid of amyloid plaques, while extensive Aβ plaque 
pathology is present at 16 months, mainly in hippocam-
pal but also in cortical areas as shown with the human 
Aβ-specific McSA1 antibody [46] (Fig.  2A). The Aβ 
plaque pathology is reflected by higher levels of soluble 
and foremost insoluble Aβ42, as measured by electro-
chemiluminescence immunoassays, in 16-month-old 
McGill-APP rats compared to younger rats (Fig. 2B).

McGill-R955-hTau and R962-hTau lines display an 
age-dependent accumulation of mutated human tau 
in their brain. However, heterozygous R955-hTau rats 

possess a milder tau pathology phenotype compared to 
R962-hTau (summarized in Fig.  1). Thus, as previously 
reported [30], 10-month-old McGill-R955-hTau+/- rats 
display accumulation of total human tau as shown by 
HT7 immunoreactivity in the subiculum and CA1, CA2 
and CA3 regions of the hippocampus as well as in lay-
ers II, III of the cerebral cortices. The distribution of 
human tau HT7 immunoreactivity was similar but more 
intense in hippocampal and cortical areas at 20 months 
of age (Fig.  2C). In comparison, neurons of 10-month-
old McGill-R962-hTau+/- rats are more heavily burdened 
with HT7 immunoreactivity. However, in the brain of 
20-month-old McGill-R962-hTau+/- rats, in accordance 
with a neurodegenerative phenotype, HT7 immunoreac-
tivity becomes less intense while a shrinkage of the hip-
pocampal and cortical areas as well as an enlargement of 
the ventricles is evident (Fig. 2D). In line with the immu-
nohistochemistry results, Western blot analyses applying 

Fig. 2  Transgenic models expressing mutant human APP and MAPT exhibit progressive neuropathology. A. In 6-month-old McGill-R-Thy1-APP trans-
genic rats, human Aβ (McSA1) immunoreactivity is restricted to the intraneuronal compartment (left). By 16 months of age, human Aβ immunoreactivity 
has transitioned to the extracellular compartment and extensive Aβ plaque pathology is present (right). B. Levels of TBS-soluble and insoluble (formic-
acid soluble) Aβ42 peptides were measured by ECLIA. C-D Both McGill-R955-hTau (C) and McGill-R962-hTau (D) transgenic rats display progressive 
tauopathy as assessed by HT-7 immunoreactivity. Note the hippocampal shrinkage and ventricular dilation in 20-month-old R962-hTau rats (right). Scale 
bar = 1000 μm. E-F. Levels of total tau (applying the pan-species antibody Tau5) and levels of NfL were assessed by Western blot analysis of cortical ho-
mogenates. (F) Quantification of the intensity of Tau5 and NfL immunoreactive bands. Values are expressed as means ± SEM (n = 4–5/group). Two-group 
comparisons were performed with the Mann-Whitney U test. Kruskal-Wallis with Dunn’s post hoc tests was used for multiple comparisons. # p < 0.05, ## 
p < 0.01 compared to age-matched wt rats; * p < 0.05, ** p < 0.01 compared to other groups
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the pan-species antibody Tau5 recognizing phosphory-
lated and non-phosphorylated isoforms of tau revealed 
that by 10 months of age, R955-hTau rats exhibit 3-fold 
higher levels of cortical total tau compared to wt rats and 
these levels rise modestly with time, reaching levels of 
tau ~ 4-fold higher than wt rats by 20 months (Fig. 2E-F). 
In comparison, the R962-hTau line produced about 3-fold 
higher amounts of cortical tau at 10 months compared to 
R955-hTau. However, in 20-months-old R962-hTau rats 
the levels of cortical tau decreased substantially to reach 
levels similar to age-matched wt rats. The decreased tau 
levels in 20-month-old R962-hTau rats are likely caused 
by the extensive brain degeneration and atrophy occur-
ring at this age [31], as evidenced by the changes in 
brain structures and HT7 immunoreactivity (Fig. 2D) as 
well as by a decrease in the levels of neurofilament light 
chain (NfL) (Fig.  2E-F). Defects in the total amount of 
neurofilaments, the predominant structural compo-
nent of the adult neuronal cytoskeleton [47, 48], would 
indicate a loss of neuronal integrity. Together with the 
line’s characteristics illustrated in Fig.  1, this highlights 

that R962-hTau+/- rats display a stronger tau pathology 
phenotype than R955-hTau+/- rats and hence that tau 
pathology is stronger in 10-month-old R962-hTau+/- rats 
than in 20-month-old R955-hTau+/- rats.

Progressive tau and amyloid pathologies are accompanied 
by increased production of cytokines/chemokines
We next investigated whether the evolution of tau and 
amyloid pathologies coincided with significant changes in 
neuroinflammatory signals. In our rat models of tauopa-
thy, an elevation in inflammatory molecules was mainly 
seen at late tau pathology stages. Thus, levels of IL-1β, 
TNF-α, and KC/GRO raised progressively with advanc-
ing pathology and were found significantly elevated in 
20-month-old R962-hTau rats compared to age-matched 
wt rats. One exception was IFN-γ, which was elevated in 
20-month-old R955-hTau rats but not in R962-hTau rats 
(Fig. 3A).

In contrast to the inflammatory profile in the tau 
pathology, in line with our previous publications [33, 
49], we found that in McGill-APP rats, the cortical 

Fig. 3  Cortical production of cytokines and chemokines in progressive amyloid and tau pathologies. Cortical production of IL-1β, IL-4, IL-6, IL-10, TNFα, 
KC/GRO and IFNγ were measured by ECLIA in McGill-R-hTau rats (A) and in McGill-R-Thy1-APP rats (B). Values are expressed as means ± SEM (n = 4–5/
group). Two-group comparisons were performed with the Mann-Whitney U test. Kruskal-Wallis with Dunn’s post hoc tests was used for multiple compari-
sons. # p < 0.05 compared to age-matched wt rats. * p < 0.05 compared to other groups
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production of the pro-inflammatory cytokines IL-1β 
and IL-6 was already significantly elevated (while TNF-α 
trended towards an elevation) compared to wt rats at 
pre-plaque stages and remained elevated at post-plaque 
stages. However, levels of the anti-inflammatory cyto-
kines IL-4 and IL-10 and of IFN-γ were only found ele-
vated at post-plaque stages (Fig. 3B).

Differential effect of amyloid and tau pathology on 
pro‑inflammatory and pro‑resolving lipid mediators
Given that the progressive amyloid and tau pathologies 
were accompanied by elevations in cytokines/chemo-
kines, we then investigated the levels of pro‑inflamma-
tory and pro‑resolving lipid mediators by LC-MS/
MS. Our analyses revealed that in our models, the AA-
derived prostaglandins D2 (PGD2), E2 (PGE2), and F2α 
(PGF2α) are more affected by tau pathology than by amy-
loid pathology (Fig. 4). Indeed, the levels of PGD2, PGE2, 
and PGF2α increased with the extent of tau pathology 
(Fig. 4B). R955-hTau+/- rats, which display modest levels 
of tau pathology, showed levels of prostaglandins simi-
lar to age-matched controls. In contrast, R962-hTau rats 
showed age- and pathology-dependent increases in the 
levels of these prostaglandins. By 20 months of age, rep-
resenting late stages of tauopathy, the levels of these pros-
taglandins were considerably heightened and reached up 
to 7-fold higher levels compared to age-matched wt and 
R955-hTau rats. Interestingly, the levels of PGD2, PGE2, 
and PGF2α were negatively correlated with NfL (Fig. 4D) 
but did not correlate with Tau levels, suggesting that the 
levels of these lipid mediators are modulated in response 
to a secondary Tau-driven pathology rather than to the 
levels of Tau protein per se.

However, in response to amyloid pathology, the 
changes in AA-derived lipid mediators were more mod-
est than in Tau transgenic rats (Fig. 4C). As such, post-
plaque amyloid pathology coincided with a 2-fold 
increase in PGE2 levels in 16-month-old APP rats com-
pared to age-matched wt rats while PGF2α trended 
towards an increase. Still, these levels are 10-fold lower 
than those detected in 20-month-old R962-hTau rats. 
Intriguingly, this rise seemed to be caused by an age-
driven decrease in PGE2 and PGF2α levels in 16-month-
old wt rats, given that the levels of PGE2 and PGF2α in 
16-month-old McGill-APP rats are similar to 6-month-
old wt and McGill-APP rats. Therefore, in McGill-APP 
transgenic rats, the presence of amyloid pathology coun-
teracted the decline in prostaglandins due to aging.

Surprisingly, neither amyloid nor tau pathology 
affected the levels of the mono-hydroxy AA metabolites 
5-HETE, 12-HETE and 15-HETE (hydroxyeicosatetrae-
noic acids), nor the levels of leukotriene B4 (LTB4) and 
lipoxin A4 (LXA4) (Supplemental Fig.  1). This suggests 
that, in our models, amyloid and tau pathologies have 

a greater impact on eicosanoids produced through the 
COX pathway than on those produced through the lipox-
ygenase (LO) pathway.

Likewise, our analyses revealed that the DHA-derived 
pro-resolving mediators resolvin D6 (RVD6) and 
10,17  S-docosatriene (neuroprotectin D1, NPD1) are 
impacted differentially by tau and amyloid pathology in 
our models. However, the mono-hydroxy DHA metabo-
lites 7-HDHA, 14 S-HDHA, 17 S-HDHA, and 20-HDHA 
were affected neither by amyloid nor tau pathology (Sup-
plemental Fig. 2). Therefore, RVD6 isoforms RVD6_8.29, 
RVD6_8.46, and RVD6_8.56 show a stepwise decrease 
in their levels from the initial to the advanced stages of 
tauopathy (with significantly higher levels in 10-month-
old R955-hTau rats compared to 20-month-old R962-
hTau rats), but with a slower rate of decay than the effect 
of aging alone (Fig.  5B). As a result, in Tau transgenic 
rats, these RVD6 isoforms are positively correlated with 
NfL, representative of Tau-driven brain degeneration, but 
not with the levels of Tau (Fig. 5D). In addition, similar to 
RVD6_8.29, RVD6_8.46, and RVD6_8.56, NPD1 showed 
a stepwise decrease in its levels from the initial to the 
advanced stages of tauopathy, which is more pronounced 
than the effect of aging alone (Fig. 5B).

In comparison, pre-plaque amyloid pathology had a 
more pronounced effect on levels of DHA-derived medi-
ators. In pre-plaque McGill-APP rats (6 months), levels 
of RVD6_8.29 and RVD6_8.46 isoforms were significantly 
heightened compared to age-matched wt rats. Levels of 
RVD6 isoforms decreased with amyloid pathology pro-
gression and by 16 months of age, levels of most RVD6 
isoforms were similar to those seen in wt rats (Fig. 5C). 
Similarly, NPD1 was increased at pre-plaque stages of the 
evolving amyloid pathology but decreased at post-plaque 
stages to reach levels similar to age-matched wt rats.

The special case of RVD6_8.65 is worth mention-
ing. Levels of RVD6_8.65, the most abundant isoform, 
increased dramatically with age and the extent of tau 
pathology. Thus, RVD6_8.65 levels were significantly 
elevated in 20-month-old R955-hTau (4-fold) and R962-
hTau rats (38-fold) compared to wt rats (Fig.  5B). Sur-
prisingly, however, RVD6_8.65 did not correlate with 
NfL or Tau levels in transgenic rats (Fig. 5D). In contrast, 
RVD6_8.65 levels were higher in younger McGill-APP 
rats compared to age-matched wt rats (Fig. 5C).

As prostaglandin production depends on COX-2 levels 
and activity, we then examined whether COX-2 expres-
sion would be differentially expressed in cortical neurons 
in relation to tau pathology using immunofluorescence 
approaches and the AT8 antibody as well as an anti-
body recognizing COX-2. Contrary to our hypothesis, 
although COX-2 immunofluorescence levels trended 
towards an increase in relation to advancing tau pathol-
ogy, this elevation did not reach statistical significance. 
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However, as for PGD2, PGE2 and PGF2α, COX-2 immu-
nofluorescence levels were correlated with NfL but not 
with Tau5 immunoblotting signal intensity in transgenic 
rats (Supplemental Fig. 3). Additionally, within neurons, 
COX-2 and AT8 immunofluorescence intensities were 
weakly associated. This signifies that a cell burdened with 
pTau does not necessarily display higher COX-2 levels 
compared to other cells.

Given the differential effects of amyloid and tau pathol-
ogies on AA- and DHA-derived lipid mediators, we then 
examined their effect on the abundance of free very 
long-chain (> C24) polyunsaturated fatty acids (VLC-
PUFAs) which are produced from long-chain PUFAs 
(LC-PUFAs; C20–C22; e.g., DHA, AA, and EPA) by the 
elongation of very-long-chain fatty acids-4 (ELOVL4) 
enzyme. Free FA24:6 and 26:6, the intermediate products 

Fig. 4  Arachidonic acid-derived prostaglandins are highly increased at advanced stages of tau pathology. A. Arachidonic acid metabolism and produc-
tion of eicosanoid lipid mediators including prostaglandins, leukotrienes and hydroxyeicosatetraenoic acids (HETEs). B-C. Levels of PGD2, PGE2, PGF2α 
in McGill-R-hTau rats (B) and in McGill-R-Thy1-APP rats (C). Two-group comparisons were performed with the Mann-Whitney U test. Kruskal-Wallis with 
Dunn’s post hoc tests was used for multiple comparisons. # p < 0.05 compared to age-matched wt rats. * p < 0.05, ** p < 0.01,*** p < 0.001 compared to 
other groups. D. Levels of prostaglandins and NfL are inversely correlated as assessed by Spearman’s correlation test
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of the ELOVL4 pathway, and free FA32:6 n3 and FA34:6 
n3, precursors of elovanoids, were elevated in 10-month-
old R955-hTau rats when compared to their wt litter-
mates, but not in 20-month-old R955-hTau rats nor 
in R962-hTau rats, suggesting that these VLC-PUFAs 
only respond at the very early stages of tau pathology 
(Fig. 6A). In contrast, amyloid pathology had no effect on 
the levels of these VLC-PUFAs (Fig. 6B).

Differential effect of amyloid and tau pathology on AA- 
and DHA-containing phospholipids
Since DHA and AA are implicated in physiological and 
pathological processes both as bioactive lipid mediators 
and as components of membrane phospholipids (PLs) 
[50–52], the later affecting membrane-based cellular pro-
cesses [53, 54], we then examined the impact of the amy-
loid and tau pathologies on the abundance of DHA- and 
AA-containing PLs (Fig. 7).

We found alterations in the fatty acyl chain composi-
tion of PLs in both tau and amyloid transgenic rat mod-
els. As expected, these alterations coincided better with 
the extent of pathology than with aging alone. Thus, few 

changes in PLs abundance were seen in 10-month-old 
R955-hTau rats. Interestingly, in 20-month-old R955-
hTau heterozygous rats a moderate level of tau pathology, 
as represented by an elevation in pTau (Ser202, Thr205; 
AT8), but in the absence of modifications at other tau 
epitopes and neuronal loss, as previously reported [29] 
and summarized in Fig.  1, caused alterations in 15 PLs, 
including a significant increase of DHA-containing PLs 
and, to a lesser extent, a decrease in AA-containing PLs 
compared to age-matched wt littermates (Supplemen-
tal Tables 1 and Fig.  7A). The PLs affected were mainly 
phosphatidylcholines (PC) and phosphatidylethanol-
amines (PE). In 10-month-old R962-hTau rats displaying 
increased tau phosphorylation, conformational changes, 
and aggregation in the absence of neuronal loss, there 
were alterations in 11 PLs equally distributed between 
DHA- and AA-containing species, mostly PCs and PEs. 
However, the direction of the changes in PLs contrasted 
with that observed in 20-month-old R955-hTau rats. 
There was an increase in AA-containing species and a 
decrease in DHA-containing species. This increase in 
AA-containing species further progressed in advanced 

Fig. 5  Docosahexaenoic acid-derived bioactive lipid mediators are affected by amyloid and tau pathology. A. Docosahexaenoic acid metabolism and 
production of DHA-derived pro-resolving lipid mediators including Resolvin RVD6, protectin (NPD1) and polyunsaturated fatty acids. B-C. Levels of RVD6 
isoforms and NPD1 in McGill-hTau rats (B) and in McGill-APP rats (C). Two-group comparisons were performed with the Mann-Whitney U test. Kruskal-Wal-
lis with Dunn’s post hoc tests was used for multiple comparisons. # p < 0.05, ### p < 0.001 compared to age-matched wt rats. * p < 0.05 compared to other 
groups. D. Levels of RVD6_8.29, RVD6_8.46, and RVD6_8.65 are directly correlated with NfL in McGill-hTau rats as assessed by a Spearman’s correlation test
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tau pathology. As expected, the brain of 20-month-old 
R962-hTau rats, which display extensive tau pathology, 
neurodegeneration, and brain atrophy, showed the high-
est number of changes in PLs abundance. Notably, there 
was an elevation predominantly in AA-containing PLs 
but also in some DHA-containing PLs distributed equally 
between PCs, PEs, phosphatidylserines (PS), and sphin-
gomyelins (SM).

Accordingly, at the individual level, in response to 
progressing tau pathology, most DHA-containing PLs 
showed a stepwise decrease in their levels that was inde-
pendent of aging (Fig.  7A-B). Consequently, 20-month-
old R955-hTau rats displayed significantly higher levels 
of those DHA-containing PLs than age-matched wt and 
20-month-old R962-hTau rats. Conversely, some DHA-
containing PLs showed a stepwise increase in their lev-
els (PC34:7, PC42:10, PE40:8, PS48:10). In contrast, the 
increase in AA-containing PLs occurred mostly at stages 
with significant tau pathology in 10- and 20-month-old 
R962-hTau rats. Remarkably, while most PLs were ele-
vated only at 20 months of age, some PLs were elevated at 
10 months to stabilize (PC38:4, PC40:4, PE38:4, PE40:4) 
or even decrease (PS44:5) afterward (Fig. 7A-B).

The pattern of alterations in PLs levels in response to 
amyloid pathology in McGill-APP transgenic rats was 
different from that of tau transgenic rats (Supplemen-
tal Tables 1 and Fig.  7A). At early pre-plaque stages (6 
months), only 5 PLs were impacted: most of them were 
AA-containing PLs and showed increased levels. At post-
plaque stages (16 months), McGill-APP rats showed a 
marked decrease in DHA-containing PLs and an increase 

in AA-containing PLs, which was modest in comparison 
to the rise seen in response to late tau pathology.

Discussion
In the present study, we explored the effect of an evolv-
ing amyloid and tau pathology, separately, on the phos-
pholipid composition of cell membranes as well as on 
bioactive lipid mediators of inflammation synthesized 
from phospholipids through the action of phospholipase 
A. This study provides a much-needed landscape of the 
changes in lipid mediators provoked by tau pathology 
as represented in transgenic rat models recapitulating 
the staging of human-like tauopathy [30, 31]. Further-
more, our findings show that tau pathology has a more 
pronounced effect on the levels of phospholipids and 
bioactive lipid mediators than amyloid pathology. These 
aspects are of significance given that tau pathology is ulti-
mately the main cause of AD dementia. Cerebral amyloid 
deposition in AD pathology is poorly associated with the 
severity of cognitive symptoms [55–57]. In contrast, tau 
pathology emerges much closer to cognitive symptom-
atology [58–65], and it is associated with grey matter loss 
[66]. The close relationship between tauopathy and cog-
nition is also present in the healthy aging brain [67, 68].

As summarized in Fig.  8, we found that in tau trans-
genic rats, the initial tau pathology preceding increased 
tau phosphorylation at Ser202-Thr205 (AT8 immunore-
activity) [29], as represented in 10-month-old R955-hTau 
+/- rats, is accompanied by elevations in intermediates 
of VLC-PUFA synthesis and in IFN-γ. As these eleva-
tions are specific to this early pathology stage and return 

Fig. 6  Abundance of free very long-chain (> C24) polyunsaturated fatty acids (VLC-PUFA) is heightened in early-stage tau pathology. A. Levels of FA24:6, 
FA26:6, FA32:6, FA34:6 are increased in 10-month-old McGill-R955-hTau rats but not at an older age nor in McGill-R962-hTau rats. Levels of these PUFAs are 
not affected by amyloid pathology (B). Two-group comparisons were performed with the Mann-Whitney U test. Kruskal-Wallis with Dunn’s post hoc tests 
was used for multiple comparisons. # p < 0.05 compared to age-matched wt rats. * p < 0.05 compared to other groups
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Fig. 7  Altered abundance of DHA- and AA-containing phospholipids in response to amyloid and tau pathology. A. Heat map analysis of PCs, PEs, PSs, 
and SMs of 10- and 20-month-old McGill-R955-hTau, McGill-R962-hTau and age-matched wt rats (left) and of 6- and 16-month-old McGill-R-Thy1-APP 
and age-matched wt rats (right). Rows represent mean values of phospholipids and columns represent different ages and genotypes as indicated. B-C. 
Scatter plots of selected DHA- and AA-containing phospholipids show a decrease in DHA-containing phospholipids and an increase in AA-containing 
phospholipids in both APP and hTau rats. Two-group comparisons were performed with the Mann-Whitney U test. Kruskal-Wallis with Dunn’s post hoc 
tests was used for multiple comparisons. # p < 0.05, ### p < 0.001 compared to age-matched wt rats. * p < 0.05, ** p < 0.01 compared to other groups
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to baseline levels after tau aggregation, we may specu-
late that a sudden rise in their levels would help predict a 
forthcoming increment in tau pathology in combination 
with classical markers of tau pathology. This aspect calls 
for further investigations. Similarly, we found that an ele-
vation in pTau Ser202-Thr205 (AT8 immunoreactivity), 
prior to tau misfolding and aggregation, as represented 
in 20-month-old R955-hTau +/- rats, is accompanied by 
elevations in DHA-containing PLs, IFN-γ, RVD6, and 
NPD1 as well as a decrease in AA-containing PLs. These 
changes are also specific to this stage and wane after tau 
aggregation. Furthermore, the establishment of NFT-like 
inclusions prior to neuronal death and cognitive decline, 
as revealed in 10-month-old R962-hTau +/- rats, is 
accompanied by a modest reduction in DHA content and 
moderate elevations in AA-containing PLs as well as in 
PGD2, PGE2, and PGF2α. Finally, the presence of a full-
blown tauopathy, as displayed in 20-month-old R962-
hTau +/- rats, is characterized by signification elevations 
in cytokines, prostaglandins, and AA-containing PLs.

In contrast, in McGill-APP transgenic rats, the accu-
mulation of iAβ before the deposition of plaques 
(6-month-old) is accompanied by elevations in cytokine 
expression, RVD6 and NPD1 levels, and AA-containing 
PLs (PE and SM). After plaque deposition (16-month-
old), cytokine levels remain elevated while there is a drop 
in RVD6, NPD1, and DHA-containing PLs. In addition, 
there is an increase in AA-containing PLs (PC and PE) as 
well as a stabilization in PGD2, PGE2, and PGF2α levels, 
which do not decrease with aging as they do in wt rats.

A striking difference between the two pathologies is 
the timing of production of cytokines in amyloid and 
tau pathology, which represents an early and late patho-
logical feature, respectively. Therefore, elevations in 
IL-1β, TNFα, and KC/GRO could only be detected at 
advanced stages of tau pathology, as recapitulated in 
20-month-old R962-hTau transgenic rats. It is worth not-
ing that this cohort is the only one displaying overt glial 
activation. Only minor changes in microglia morphol-
ogy are observed in 10-month-old R962-hTau, while 

Fig. 8  Summary of the changes observed in this study. A. Changes in R955-hTau and R962-hTau rats. B. Changes in McGill-APP rats
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glial changes are absent in R955-hTau rats at both time-
points. Therefore, the production of those cytokines 
seems to be associated with glial activation. Elevations in 
these cytokines have been reported in post-mortem brain 
tissue from individuals with AD and other tauopathies, 
including frontotemporal dementia and parkinsonism 
linked to chromosome 17 (FTDP-17) and in mouse mod-
els carrying tau mutations [69–72]. In contrast, IFN-γ 
was only elevated in early tau pathology, as represented 
in 20-month-old R955-hTau transgenic rats, prior to tau’s 
conformational changes and aggregation, glial activation 
and overt cognitive deficits [30]. This observation is in 
line with studies showing that high IFN-γ levels are only 
detected in mild, but not in severe, stages of AD [73].

On the other hand, an increased cytokine production 
(IL-1β, IL-6,) was detected from early pre-plaque stages 
of the amyloid pathology (6-month-old McGill-APP 
rats) and remained elevated at post-plaque stages while 
other cytokines (most of them displaying anti-inflam-
matory properties) came about at later stages (IL-4, 
IL-10, IFNγ). This scenario would agree with our previ-
ous reports of a pro-inflammatory process occurring at 
pre-plaque stages of amyloid pathology including eleva-
tions in COX-2, IL-1β, TNFα, IL-6, CCL-2, CCL-3 and 
CX3CL1 [33, 49, 74, 75]. This inflammatory process is 
initiated in Aβ-burdened hippocampal neurons and coin-
cides with microglia activation and recruitment towards 
those neurons [33, 49, 74, 75]. These findings reinforce 
the notion that neurons are the first inflammatory agents 
in response to amyloid but not to tau pathology, and they 
highlight differences in the neurochemical pathways acti-
vated in response to the two central AD pathologies.

Alternatively, and importantly, this may also sug-
gest that oligomerization of amyloid and tau is a pre-
requisite for the initiation of inflammatory responses. 
Indeed, oligomeric Aβ, as revealed by neuronal NU-1 
immunoreactivity [76], could already be detected inside 
neurons of the subiculum, CA1, CA3, and cortical layer 
V in 5-month-old McGill-APP rats presenting intraneu-
ronal production of cytokines [33]. On the other hand, 
in R955-hTau heterozygous rats, the occurrence of tau 
oligomerization as detected using the tau oligomer-spe-
cific antibody T22 was only revealed at 24–26 months of 
age (months after the last time-point examined in this 
study) and coincided with neuronal loss [30]. Although 
not demonstrated here, one can safely speculate that 
oligomeric tau species are present in 20-month-old 
R962-hTau heterozygous rats displaying advanced tau 
pathology and neuronal loss.

This dichotomy in inflammatory responses to amyloid 
vs. tau pathologies was reflected in the production of 
lipid mediators derived from AA and DHA. Our findings 
showed that while amyloid pathology had a modest effect 
on the production of AA-derived pro-inflammatory 

prostaglandins [77], the advanced tau pathology, as 
reflected in heterozygous R962-hTau rats, induced sig-
nificant increases in PGD2, PGE2, and PGF2α. Despite 
these differences, in both pathologies, increased prosta-
glandin production was a late pathological event, occur-
ring after the aggregation of Aβ and tau into neuritic 
plaques or NFT-like inclusions.

In addition to their role in neuroinflammation [78–80], 
prostaglandins, in particular PGD2 and PGE2, play key 
roles at the synapse and the neurovascular unit where 
they regulate synaptic transmission and cerebral blood 
flow. PGE2 has also been shown to mediate the effects 
of IL-1β on learning impairments in rats [81, 82], to sup-
press myeloid cell bioenergetics in aging mice [83] and 
to regulate neuronal apoptosis and necrosis [84–87]. 
Importantly, in the context of an inflammatory response, 
PGE2 induces lipid mediator class-switching by inhib-
iting 5-LOX translocation from the cytoplasm to the 
nucleus, thereby abrogating leukotriene synthesis and 
favoring lipoxin synthesis, which stimulates inflamma-
tion resolution [88].

The relationship between prostaglandins and amyloid 
pathology in AD has been extensively studied [89–97]. 
PGE synthase has been found increased in AD brains, 
and PGD synthase was found in amyloid plaques in AD 
brains and Tg2576 mice [98, 99]. Additionally, deletion of 
the PGE2 EP3 receptor reduced pro-inflammatory cyto-
kine production, oxidative stress, and production of Aβ 
peptides in mouse models of amyloid pathology [94, 100, 
101]. Considering the above, the small effect of amyloid 
pathology on prostaglandin levels in McGill-APP rats 
was somewhat surprising. However, our findings do reca-
pitulate those from APP NL-G-F Knock-in mice where 
PGD2, PGE2, and PGF2α were only found elevated in 
18-month-old mice, i.e., more than 15 months after the 
initiation of plaque deposition [102]. Similarly, they align 
with findings reported in J20 mice where in cortical tis-
sue, only minor elevations in LTB4 were observed, while 
AA, AA-derived metabolites, and COX metabolites 
remained unchanged. However, significant alterations in 
AA, AA-derived metabolites, and metabolites of LOX, 
COX, and CYP were found in hippocampal homogenates 
[103, 104].

In comparison, information on the interaction of pros-
taglandins and tau is scarce. PGF2α was reported to 
mediate the effects of TNF-α and Zn2 + in stimulating 
tau phosphorylation [105]. It was also demonstrated in 
vitro that PGJ2 induces caspase-mediated cleavage of tau, 
generating the aggregation-prone Δtau [106]. In addition, 
pharmacological blockade of COX-1/2 and 5-LOX with 
flavocoxid blunted both Aβ and tau pathology in 3xTg-
AD mice [107], suggesting that prostaglandins play a role 
in both pathologies.
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Therefore, in addition to revealing a relationship 
between tau pathology and prostaglandins, the present 
findings would suggest that tau misfolding and aggrega-
tion are required to induce a burst of PGD2, PGE2, and 
PGF2α production coinciding with microglia phenotypic 
changes [31]. The production of prostaglandins is further 
amplified at late tau pathology stages, presenting overt 
microglia activation, cytokine production, and neuro-
nal cell death where it correlates with NfL levels rather 
than simply tau levels. This novel observation is of poten-
tial significance for our understanding of the pathology, 
especially as it does not extend to LOX metabolites. 
Our findings may also suggest that in AD, the increases 
in prostaglandins are mostly driven by tau pathology, 
although a contribution of late-stage Aβ plaque pathol-
ogy cannot be ruled out.

However, the mechanisms underlying such prostaglan-
din elevation remain obscure. One possible explanation 
could be the stimulation of COX-2 levels and activity by 
tau pathology. COX-2 plays a central role in prostaglan-
din production and acts as a neuronal modulator [108]. It 
has been shown that in P301S mice, tau-immunoreactive 
nerve cells in the brainstem and spinal cord were strongly 
immunoreactive for IL-1β and COX-2 [109]. It has also 
been shown that in the brains of AD patients and indi-
viduals with Down syndrome with AD pathology, COX-2 
induction notably occurs in neurons bearing NFTs and in 
damaged axons [110]. However, using immunofluores-
cence approaches we could not demonstrate unequivo-
cally that COX-2 levels are affected by tau pathology 
rather than by aging alone and AT8-immunoreactive 
neurons do not display increased COX-2 levels compared 
to other cortical cells. In addition, COX-2 levels, as pros-
taglandins, do not correlate with tau levels as measured 
by western blotting (Tau5 immunoreactivity) but rather 
with NfL diminution. This observation aligns with the 
work of Oka and collaborators showing increased COX-2 
levels in damaged axons of AD and DS individuals [110]. 
Axons are likely damaged in our hTau rats given the 
decreased NfL levels coinciding with tau pathology [110].

COX-2 is also known to be induced by inflammatory 
stimuli, including pro-inflammatory cytokines such as 
IL-1β, mediated through protein kinase C and mitogen-
activated protein kinases [111, 112]. Interestingly, IL-1β 
levels are elevated at late pathology stages in R962-hTau 
rats. However, previous research from our group has 
shown that elevated IL-1β and COX-2 levels are also 
present in McGill-APP rats [49], which do not exhibit 
increased prostaglandin levels. This suggests that the 
increase in PGD2, PGE2 and PGF2α in the brain of rats 
reproducing advanced tau pathology potentially involves 
also other mechanisms yet to be identified .The elevated 
levels of PGD2, PGE2, and PGF2α observed in the brains 
of rats exhibiting advanced tau pathology could also 

potentially be linked to increased COX-2 enzymatic 
activity facilitated by tau-induced extrasynaptic NMDAR 
activation rather than its levels. Tau pathology has been 
shown to promote extrasynaptic NMDAR activation, 
which is associated with neurodegeneration [113]. This 
form of NMDAR activation has also been found to nota-
bly elevate COX-2 enzymatic activity by increasing AA 
release. In contrast, synaptic NMDAR activation primar-
ily induces COX-2 expression with relatively lower pros-
taglandin (PG) production [114].

These investigations also revealed a contrasting effect 
of amyloid and tau on the production of DHA-derived 
pro-resolving lipid mediators. As such, RVD6 and NPD1 
were significantly elevated in pre-plaque amyloid pathol-
ogy. However, RVD6 and NPD1 were little affected by 
the evolving tau pathology and were only increased in 
20-month-old R955-hTau +/- rats, which display an ele-
vation in pTau Ser202-Thr205 (AT8 immunoreactivity) 
[29]. Despite these differences, in both pathologies, RVD6 
and NPD1 elevations seemed limited to early disease 
stages prior to amyloid and tau misfolding and aggrega-
tion. The cause and significance of these transient eleva-
tions in RVD6 and NPD1 remain unknown. The notion 
that they might represent an attempt at counteracting the 
deleterious actions of the initial disease-aggravating cyto-
kine production in pre-plaque McGill-APP rats could be 
advanced [33, 49, 74, 75]. However, their marginal eleva-
tion in 20-month-old R955-hTau +/- rats remains unre-
solved, as the only evidence of an ongoing inflammatory 
process is the increased IFN-γ levels.

In addition to their effects on inflammation, pro-
resolving lipid mediators improve neuronal survival 
and increase Aβ phagocytosis [25, 115–118]. Decreased 
levels of RvD1, LXA4, and NPD1 have been reported in 
the brain and CSF of AD patients and in AD models [24, 
25, 27, 116, 117]. Administration of RVE1 and LXA4 in 
AD models reduced Aβ plaque deposition, reversed the 
inflammatory process, and ameliorated cognition [119]. 
NPD1, which is also triggered by oxidative stress and 
activation of neurotrophins [120], was shown to enhance 
neuron survival and alleviate amyloidogenic processing 
of APP [27, 115, 121–123]. There are no reports on RVD6 
levels and function in AD. However, RVD6 was reported 
as decreasing inflammation and increasing nerve regen-
eration in the damaged cornea [124].

Moreover, this study provided evidence that the early 
tau pathology (prior to tau phosphorylation at Ser202, 
Thr205 (AT8 immunoreactivity)) as represented in 
10-month-old R955-hTau rats [29], could be signaled 
by a sudden and transient increase in free FA24:6 and 
26:6, the intermediate products of the ELOVL4 path-
way, and free FA32:6 n3 and FA34:6 n3, which are pre-
cursors of elovanoids [125–129]. Such elevation was not 
present in rats with more pronounced tau pathology or 
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in McGill-APP rats. This may be suggestive of an initial 
reparative effect of VCL-PUFAS against tau pathology. 
However, the mechanisms and function underlying this 
elevation remain to be determined.

VLC-PUFAs are highly enriched in the brain and mod-
ulate neuronal function and health [130, 131], including 
the release of neurotransmitters [132, 133]. Oxidative 
stress and oligomeric Aβ peptides are known to trigger 
the release of VLC-PUFAs. Changes in the levels of VLC-
PUFAs can modify the structure, fluidity, and function of 
cellular membranes [134–139] and lead to cellular dys-
function and death [132, 133, 140, 141]. Still, there is very 
limited information regarding alterations in VLC-PUFAs 
contained in phospholipid molecular species in the brain 
affected by AD and other tauopathies. Accumulation of 
VLC-PUFAs due to peroxisomal dysfunction [142] was 
reported in the cortex of AD cases with Braak stage V-VI 
pathology [143], and their levels correlated with cognitive 
deficits. In contrast, a deficiency of VLC-PUFAs in PCs 
was reported in the retina of 5xFAD mice displaying an 
accelerated amyloid pathology [144].

As VLC-PUFAs are found mainly in the phospholipids 
PC, PE, PS, and SM, we examined levels of phospholipids 
as precursors to produce bioactive lipid mediators. Once 
again, tau pathology induced more pronounced changes 
in the distribution of phospholipids than amyloid. The 
progressive tau pathology first induced an increase in 
DHA-containing PLs coinciding with p-Tau at pSer202-
pThr205 (AT8 immunoreactivity), which was followed by 
a shift towards increased AA-containing PLs when tau 
conformational changes and NFT-like inclusions devel-
oped. This suggests the existence of a tilting point in the 
balance between DHA and AA-containing PLs, which 
would depend on tau oligomerization and conforma-
tional changes. It may also suggest that AA-containing 
PLs are more toxic to cells.

In contrast, progressing amyloid pathology was domi-
nated by an elevation in AA-containing PLs, which were 
accompanied by decreases in DHA-containing PLs at 
post-plaque stages. The present findings would align with 
those reported in APP NL-G-F Knock-in mice, showing 
a marked increase in AA-containing PLs and a decrease 
in DHA-containing PLs at late amyloid pathology stages 
[102]. They also corroborate the described elevations in 
3 AA-containing PLs in cortical tissue from FTD cases, 
which were strongly correlated with ELOVL4 levels and 
increased with disease severity and neurodegeneration 
[145]. Decreased brain phospholipid levels and altera-
tions in brain phospholipid metabolism have also been 
noted in both the white and grey matter [146–149] of 
the AD brain. These alterations evolve with AD progres-
sion and would play different roles in the white and gray 
matter. Changes in the grey matter are minor compared 
to those in the white matter but are associated with 

vulnerability to oxidative stress while the changes in the 
white matter would be associated with a protective pro-
file [149]. In the present study, there was no evident loss 
of phospholipids in cortical tissue. Rather, there was an 
alteration in phospholipid species with a drastic accumu-
lation of AA-containing PLs in 20-month-old R962-hTau 
rats, which coincided with myelin loss and overall brain 
atrophy [31].

The initial rise in DHA-containing PLs, as well as the 
more dramatic changes at advanced tauopathy stages, 
suggest that amyloid and tau have a different effect on the 
content in PLs and, therefore, on the properties, struc-
ture, and function of cellular membranes. These altera-
tions may explain, at least partially, the differences found 
here in lipid mediators. How amyloid and tau specifically 
affect the content in PLs of cellular membranes remains 
unknown. Tau interacts with different components of 
cellular membranes, including lipids, proteoglycans, and 
membrane proteins, as eloquently reviewed by Bok and 
colleagues 2021 [150]. This interaction modulates the 
aggregation and toxic properties of tau. Of interest to 
this study, two hexapeptide motifs of the microtubule-
binding-domain of tau are critical for the formation of 
the tau-phospholipid complexes, which promote folding 
and fibril formation in acidic pH and are toxic to primary 
hippocampal neurons [151–154]. Likewise, Aβ binds 
directly to membrane lipids and modifies the lipid bilayer 
structure [155–157].

Conclusions
This study provides a landscape of changes in lipid 
mediators in the evolving amyloid and tau pathologies, 
separately. Our findings reveal that tau has a more pro-
nounced effect on lipid mediators than amyloid pathol-
ogy, especially regarding prostaglandins, VLC-PUFAs 
and phospholipids. Still, both pathologies display similar 
features in the timing of the production of lipid media-
tors. Therefore, both pathologies showed increased 
production of pro-resolving lipid mediators NPD1 and 
RVD6 at pathology stages preceding Aβ and tau misfold-
ing and aggregation. They also illustrate an increased 
PGD2, PGE2, and PGF2α production as well as elevated 
AA-containing PLs and reduced DHA-containing PLs at 
late pathological stages when Aβ and tau misfolding and 
aggregation are established. These findings reveal a com-
plex balance between pro-inflammatory and pro-resolv-
ing processes, which, in combination with classical AD 
markers, may help identify disease stages as well as dif-
ferentiate AD from other tauopathies at stages preceding 
overt neuronal loss and, therefore, stages more prone to 
intervention.
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Limitations and considerations
This study is exploratory in nature, distinguished by its 
utilization of LC-MS/MS to examine the pro-inflamma-
tory and pro-resolving lipidome in samples from two 
distinct transgenic models of AD-like pathology. How-
ever, additional research involving larger cohorts for each 
group is warranted, particularly to expand the number of 
age-matched animals. This is especially important given 
the varied profile of changes observed with aging and 
model.

Additional limitations of this study include the lack 
of distinction between the sexes of the animals for each 
cohort in the sample analysis. This could influence exper-
imental outcomes, hinder the complete understanding of 
certain physiological events, contribute to biased inter-
pretations, and limit the generalizability of findings.
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