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SUMMARY

Phosphatidic acid (PA) is a signaling lipid involved in
the modulation of synaptic structure and functioning.
Based on previous work showing a decreasing PA
gradient along the longitudinal axis of the rodent hip-
pocampus, we asked whether the dorsal hippocam-
pus (DH) and the ventral hippocampus (VH) are differ-
entially affected by PA modulation. Here, we show
that phospholipase D1 (PLD1) is a major hippocam-
pal PA source, compared to PLD2, and that PLD1
ablation affects predominantly the lipidome of the
DH. Moreover, PId1 knockout (KO) mice show spe-
cific deficits in novel object recognition and social
interaction and disruption in the DH-VH dendritic
arborization differentiation in CA1/CA3 pyramidal
neurons. Also, Pld1 KO animals present reduced
long-term depression (LTD) induction and reduced
GIuN2A and SNAP-25 protein levels in the DH. Over-
all, we observe that PLD1-derived PA reduction leads
to differential lipid signatures along the longitudinal
hippocampal axis, predominantly affecting DH orga-
nization and functioning.

INTRODUCTION

The hippocampus is a brain temporal lobe structure that is
fundamental for learning and memory. Despite maintaining its
cross-sectional architecture along its longitudinal axis, anatom-
ical, gene expression, and functional studies overall suggest an
organized gradient that segregates in the rodent dorsal hippo-
campus (DH) and ventral hippocampus (VH) poles, which corre-
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spond in primates to posterior and anterior poles (Strange et al.,
2014). While a classical dichotomic view mainly implicated the
DH in spatial navigation and episodic memory and the VH in af-
fective and stress-related behaviors (Bannerman et al., 2014;
Fanselow and Dong, 2010; Kheirbek et al., 2013; McHugh
etal.,2011; Strange et al., 2014), addressing the differential func-
tional roles of DH and VH should take into account a gradual
biochemical and functional transition between the hippocampal
poles (Bienkowski et al., 2018; Maggio and Segal, 2007; Miranda
etal., 2019; Pinto et al., 2015; Shah et al., 2017; Thompson et al.,
2008).

The development of tools such as mass spectrometry (MS)
and the genetic modulation of lipid pathways has expanded
the knowledge of the role of lipids in brain physiology and pathol-
ogy (Chan et al., 2012; Miranda et al., 2019; Oliveira et al., 2016).
Recently, the DH and VH were shown to differ in their sphingoli-
pid and glycerophospholipid compositions. In particular, the DH
presented increased phosphatidic acid (PA) and decreased
phosphatidylcholine (PC) compared to the VH, potentially impli-
cating the phospholipase D (PLD) pathway in DH-VH axis regu-
lation (Miranda et al., 2019). Moreover, PA levels were differently
modulated by corticosterone, a known mediator of stress, sug-
gesting differential recruitment of PA-modulating enzymes in
pathological conditions (Miranda et al., 2019).

PLD encompasses a family of lipid-modifying enzymes pri-
marily known for catabolizing PC to PA. Six PLD members
(PLD1-PLD®6) have been described in mammals, but only 2 iso-
enzymes with proposed canonical PLD activity have been re-
ported, PLD1 and PLD2 (Frohman, 2015; Oliveira et al., 2010).
PLD preferentially uses primary alcohols as a substrate, resulting
in the formation of a specific phosphatidylalcohol, such as phos-
phatidylethanol (PEtOH) in the presence of ethanol, and this
property has been used to measure PLD activity (Gustavsson,
1995; Oliveira et al., 2010; Scott et al., 2013). Despite PLD1
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and PLD2 having similar enzymatic roles and structure, they
differ in their intracellular localization and modulation (Frohman,
2015; Oliveira et al., 2010). Both PLD1 and PLD2 are expressed
throughout brain development and postnatal life (Peng and Rho-
des, 2000; Zhao et al., 1998), and conflicting results have been
reported upon PLD1 or PLD2 ablation in mice behavior, showing
either cognitive dysfunction (Burkhardt et al., 2014) or either mi-
nor or no major behavioral deficits (Oliveira et al., 2010; Vermeren
et al., 2016). The PLD pathway has been implicated in Alz-
heimer’s disease (AD) pathogenesis as being involved in amyloid
beta (AB) signaling (Bravo et al., 2018; Oliveira et al., 2010) and
amyloid precursor protein (APP) processing and trafficking (Cai
et al., 2006a, 2006b).

Here, we show that PLD1 is a major source of PA in both ro-
dent DH and VH compared to PLD2, which led us to further
test the impact of PLD1 genetic ablation in the mouse hippocam-
pus. We targeted dorsal-ventral hippocampal lipidomic gradient
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signatures and showed that PLD1 ablation differentially affects
hippocampal organization and functioning in a region-specific
manner, which has implications for disorders that affect learning
and memory.

RESULTS

PLD1 and PLD2 Are the Only Contributors to Total PLD
Activity in the Mouse Brain

To confirm the impact on the protein levels of each isoenzyme
ablation and validate the genetic ablation of mice, western blot
analysis was performed (Figure 1A) using an antibody that recog-
nizes the COOH terminus of both PLD1 and PLD2 isoenzymes.
Accordingly, in forebrain extracts, Pld1 knockout (KO) animals
express only PLD2, Pld2 KO animals express only PLD1 enzyme,
and Pld double-KO (DKO) animals have no PLD1 or PLD2
expression (Figure 1A). To study the impact of genetic ablation



on enzyme activity, an in vivo PLD activity assay was per-
formed, relying on the ability to use primary alcohols—ethanol
in this case—as nucleophiles over water in a transphosphati-
dylation reaction to generate PEtOH. Mice were injected with
ethanol; after 1 h, lipid extraction was performed from
forebrain tissue and PEtOH was measured by liquid chroma-
tography-mass spectrometry (LC-MS) (Figure 1B). Both Pid1
and P/d2 KO mice showed a decrease in total PEtOH levels.
Although the decrease in PLD activity was higher in Pld7 KO
animals, no significant differences were observed between
PId1 and PId2 KO animals (Figure 1B). No significant changes
were observed in control phospholipid phosphatidylethanol-
amine (PE) in PId1, Pld2, or Pld DKO animals (Figure 1B).
Also, Pld DKO showed almost no detectable PEtOH, which
indicates that PEtOH is exclusively produced by PLD1 and
PLD2 in the mouse forebrain. In agreement, non-injected ani-
mals presented virtually undetectable PEtOH levels (Fig-
ure 1B). At the lipid species level, of the 42 PEtOH species
evaluated, 15 were significantly reduced in PId7 KO and 7 in
Pld2 KO (Figure S1). There were 4 PEtOH minor species,
32:2/16:1, 40:4/20:4, and 40:3/20:3, which were lower in the
non-injected group, and 36:1/16:1, which was lower in the
DKO. Although these species were significantly lower
compared to Pld wild type (WT), they did not differ when we
compared DKO and the non-injected group (Figure S1). The
effect of ablating both PLD isoenzymes in PId DKO on PEtOH
levels was of greater magnitude (=100% decrease) than add-
ing the effects of PLD1 (=35% decrease) and PLD2 (=24%
decrease) ablation (Figure 1B). Another intriguing observation
was that Pld2 KO forebrain presented increased levels of 4
PEtOH species, 38:4/20:4, 38:2/20:2, 38:2/20:1, and 38:1/
20:1 (Figure S1), which was unexpected, considering that
these are potential PLD enzymatic products, and indicates
that PLD1 is overcompensating in the absence of PLD2. To
explore the possibility of an expression compensatory pro-
cess by either PLD1 or PLD2 upon each isoenzyme ablation,
PId1/PLD1 and PId2/PLD2 mRNA and protein levels were
measured (Figures S2 and S3). We observed that ablating
either of the PLD isoenzymes does not lead to expression
upregulation (Figures S2 and S3). These results show that
both PLD1 and PLD2 contribute significantly to total PLD
activity and that there are no other detectable canonical
PLD activity sources in the mouse forebrain.

PLD1 Is a Major PA Source, and Its Ablation Has a Major
Impact in the DH Lipidome

Next, we conducted a broad-scale, unbiased lipidomic
profiling of DH and VH from both Pld1 and Pld2 WT and KO
mice. We analyzed the relative abundance of a total of 30 lipid
classes, covering the 3 main lipid categories of sterols, sphin-
golipids, and glycerophospholipids (Figure 1C; Table S1). We
found that PLD2 ablation did not have a significant impact
on the total levels of the lipid classes analyzed. However,
PLD1 ablation led to a dramatic decrease in the total levels
of PA in both DH and VH (Figure 1C; Table S1). PLD1 protein
levels were higher in the DH when compared to the VH (Fig-
ure S3B). Of note, PLD1 ablation significantly decreased the
levels of several lipid classes, with a higher impact on the

DH compared to VH. The levels of monoacylglycerol (MG), ly-
sophosphatidylcholine (LPC), ether lysophosphatidylcholine
(LPCe), and lysophosphatidylinositol (LPIl) were reduced in
the DH, while levels of dihydroceramide (dhCer) were
decreased in the VH (Figure 1C; Table S1). When analyzing
the relative abundance of PA species, we found that PLD1
KO animals have decreased levels of nearly all PA species de-
tected in both DH and VH (Figure 1D; Table S2), while PLD2
ablation leads to the decrease in only PA 34:1, 34:2, and
36:2 in the VH and an increase in PA 38:2 in DH (Figure 1D;
Table S2). PA 34:1, the PA species with the most relative abun-
dance (Table S2), decreased upon the ablation of either PLD1
or PLD2, and the second and third most abundant species, PA
36:1 and 38:4 (Table S2), only decreased in PId1 KO. These re-
sults indicate that PLD1 is a major contributor to total PA levels
and that PLD1 ablation mainly affects the lipidome of the DH
compared to the VH, which is in agreement with the higher
PLD1 protein levels in the DH (Figure S3B).

PLD1 Ablation Impairs Object Recognition and Social
Exploration in a Hippocampus-Dependent Social
Discrimination Task

Knowing that PLD1 was a major contributor to PA total levels
compared to PLD2, and since PLD1 ablation was associated
with a greater impact in the dorsal-ventral hippocampal lipi-
dome, we explored the impact of PLD1 ablation in hippocam-
pal-associated behaviors. With the open field (OF) (Figure 2A)
and elevated plus maze (EPM) (Figure 2B) tests, we observed
that PId7 KO animals did not demonstrate significant locomo-
tor or anxiety-like impairments. In fear memory evaluation,
Pld1 KO animals did not differ from WT in the average freezing
percentage time in contextual or cued memory (Figure 2C, left
panel). Also, the extinction of freezing percentage time upon
cue exposure was unaltered both in the 5 subsequent days
(Figure 2C, right panel) and 30 days later (Figure S4A). To
further explore the impact on cognitive functions, the Morris
water maze (MWM) was performed to assess spatial learning
and reference memory, and Pld7 KO animals showed pre-
served spatial learning (Figure 2D, left panel) and memory (Fig-
ure 2D, right panel). Moreover, Pld1 KO animals showed no
deficits in reaching a visually cued platform (Figure S4B). We
then tested short-term memory, evaluated with the novel ob-
ject recognition (NOR) test, and Pld7 KO showed a reduction
in the discrimination between familiar and novel obijects,
mainly at the expense of higher levels of exploration time of
the familiar object (Figures 2E and S4C). To understand
whether this impairment translated into other animal explora-
tion deficits, the social discrimination, social preference, and
preference for social novelty were tested (Figures 2F and
S4D-S4F). Although PLD1 ablation did not significantly impair
social preference (Figure S4E), the preference for social nov-
elty (Figure S4F), or the ability to recognize a littermate (Fig-
ure 2F, left panel, and Figure S4D), Pld7 KO animals were
less social in a hippocampus-dependent task (Meira et al.,
2018), since they spent less time exploring compared to WT
(Figure 2F, right panel). We show here that PLD1 ablation
causes deficits in an NOR task and impairs social behavior in
a hippocampus-engaging task.
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Figure 2. PLD1 Ablation Impairs Object Recognition and Social Exploration during a Social Discrimination Task

(A) The ablation of PLD1 does not have apparent consequences in locomotion, exploratory activity, and anxiety, as assessed by the OF test (nyt = 25, nko = 23).
(B) PId1 KO mice exhibit no alterations in anxiety behavior when compared to WT, assessed by the EPM test (nyr = 23, nko = 23).

(C) PLD1 ablation has no impact in contextual or cued fear conditioning (left panel) and no impact in the extinction protocol (right panel) (nwt = 8, nko = 11).
(D) The ablation of PLD1 has no impact in spatial memory, evaluated with the MWM test. No differences were detected concerning spatial learning (left panel) and
reference memory (right panel) in Pld7 KO mice, compared to their WT littermates (nwr = 23, nko = 20).

(E) PId1 KO mice deficits in object recognition-related short-term memory, evaluated with the NOR test (unpaired t test ¢(29) = 2.315, p = 0.0279). The
discrimination ratio was calculated by dividing the time spent exploring the novel object by the time spent exploring both objects (nwt = 16, nko = 15).

(F) PId1 KO mice are able to discriminate between a littermate and a strange mouse (left panel), but they spend less time interacting with conspecifics in a social
discrimination task (left panel) (unpaired t test t(37) = 2.432, p = 0.0200). The social discrimination score was calculated as the difference between the time spent
exploring the cups placed on the side chambers, divided by the total time exploring both (nwr = 20, nko = 19).

Bars represent means + SEMs. *p < 0.05. See also Figure S4.

PLD1 Ablation Disrupts DH-VH Dendritic Arborization
Differentiation

Neuronal dendrites are crucial for information input, signal
integration, and neuronal functioning. Since PLD1 has been impli-
cated in dendritic arborization regulation (Ziegler and Tavosanis,
2019), we tested the impact of PLD1 ablation in dendritic branch-
ing in CA1 and CA3 pyramidal cells and dentate gyrus (DG)
granule cells in both DH and VH. We observed multiple differ-
ences when comparing DH to VH in PId7 WT, such as decreased
VH CA1 basal dendritic length (Figure 3A), decreased VH CA1 api-
cal number of nodes (Figure 3A), increased CA3 VH basal den-
dritic length of VH (Figure 3B), decreased CA3 VH apical number
of nodes (Figure 3B), and increased CA3 VH apical spine density
(Figure 3B). These DH-VH differences in CA1-CA3 were not
observed upon PLD1 ablation, which suggests that PLD1 is
necessary for DH-VH structural differentiation. Also, when directly
comparing genotypes, a decrease was observed in the apical
dendritic length of CA3 DH of Pld7 KO mice when compared to
PIld1 WT (Figure 3B). Finally, PLD1 ablation did not have a major
impact on DH-VH structural differentiation in the DG (Figure 3C).
These observations indicate that PLD1 is necessary for proper
dendritic arborization organization and DH-VH structural differen-
tiation, preferentially in both CA1 and CA3.

PLD1 Ablation Reduces LTD Induction in the DH

To further explore the importance of PLD1 in intra-hippocampal
circuitry, ex vivo hippocampal extracellular electrophysiological

4200 Cell Reports 30, 4197-4208, March 24, 2020

recordings were performed upon Schaffer collateral stimulation
and recording in CA1 to assess the impact of PLD1 ablation in
synaptic plasticity paradigms, such as long-term potentiation
(LTP) and long-term depression (LTD), in both the DH and VH
(Figure 4). Assessment of LTP showed no major differences be-
tween PId1 WT and KO animals in either the DH or VH (Figure 4A).
However, while there was no impact of PLD1 ablation in LTD in
the VH, we observed a reduction in LTD induction in the DH of
PId1 KO animals (Figure 4B). The input-output recordings and
paired pulse facilitation revealed no differences between Pld1
WT and KO mice in either the DH or VH (Figures 4C and S5).
This shows that PLD1 is necessary for synaptic plasticity-asso-
ciated LTD with a specific regional effect in the DH.

PLD1 Ablation Reduces GIluN2A and SNAP-25 Levels in
the DH

In light of specific DH-VH alterations at the lipidomic, behavioral,
dendritic arborization, and electrophysiological levels, we further
evaluated the impact of PLD1 ablation in the levels of proteins
involved in synaptic function in both the DH and VH. We found
that PLD1 ablation specifically leads to decreased SNAP-25
and GIuN2A (also known as NR2A) protein levels in the DH (Fig-
ure 5). The levels of another presynaptic protein, synaptophysin,
as well as other postsynaptic proteins, PSD95, Homer, GluA1
(also known as GluR1), GIuA2 (also known as GluR2), GIuN2B
(also known as NR2B), and GIuN2B-P (phosphorylated at
Y1472), were not affected by PLD1 ablation at either the DH or
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Figure 3. PLD1 Ablation Disrupts DH-VH Dendritic Arborization Differentiation

(A) In CA1 (nwr = 8, nko = 6-7), there is a significant decrease in the basal dendritic length of VH when compared to DH in Pld7 WT animals (unpaired t test {(14) =
2.265, p=0.0399). There is also a significant decrease in the apical number of nodes of VH when compared to DH in Pld7 WT animals (unpaired t test t(14) = 3.071,
p = 0.0083).

(B) In CA3 (nwt = 5-6, nko = 6), there is a significant increase in the basal dendritic length of VH when compared to DH in Pld7 WT animals (unpaired t test ¢(9) =
3.459, p =0.0072). There is also a significant decrease in the apical number of nodes of VH when compared to DH in PId7 WT animals (unpaired t test ¢(9) = 3.322,
p = 0.0089). Moreover, there is a significant increase in the apical spine density of VH when compared to DH in PId7 WT animals (unpaired t test t(9) = 2.503, p =
0.0337). Concerning the genotype, a decrease was observed in the apical dendritic length of CA3 DH of Pld7 KO mice when compared to Pld7 WT (unpaired t test
t(9) = 2.766, p = 0.0219).

(C) In DG (nwt = 6-8, nko = 6-7), there is a significant increase in the dendritic length of VH when compared to DH in Pld1 WT animals (unpaired t test t(13) = 3.38,
p =0.0049). There is also a significant increase in the number of nodes of VH when compared to DH in Pld7 WT animals (unpaired t test (13) = 3.613, p = 0.0032),

which is reproduced when PLD1 is ablated (unpaired t test #(12) = 2.342, p = 0.0372).

Bars represent means + SEMs. *p < 0.05, *p < 0.01.

VH (Figure 5). Given the observed changes in SNAP-25, we also
tested whether other SNARE complex proteins were altered and
observed no changes in syntaxin-1A and synaptobrevin-2
protein levels upon PLD1 ablation (Figure 5). GluA1, GIuN2A,
and GIuN2B-P levels were found to be higher in DH compared
to VH in PId7 WT animals, and while this DH-VH difference per-
sisted for GIuA1 upon PLD1 ablation, it was not observed for
GIuN2A and GIuN2B-P (Figure 5). Moreover, the levels of syn-
taxin-1A were higher in the VH when compared to the DH (Fig-
ure 5). Overall, it shows that PLD1 reduction leads to a specific
reduction in the DH of SNAP-25 and GIuN2A protein levels,
which could partially explain the synaptic plasticity changes
observed in LTD and disrupted DH-VH segregation.

DISCUSSION

Based on anatomical, gene expression, and functional studies,
the hippocampus presents an organized gradient along its longi-
tudinal axis, which highlights the differential contribution of its
DH and VH poles to physiological and pathological processes
linked to mood regulation, learning, and memory (Strange
et al., 2014). In light of recent lipidomic observations suggesting
that PA and the PLD pathway could be differentially regulated
along the DH-VH axis (Miranda et al., 2019; Pavel et al., 2019),
we tested the impact of PLD genetic modulation on the DH-VH
axis organization and function. We found that PLD1 is the major
contributor for total PA production in the mouse forebrain, when
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Figure 4. PLD1 Ablation Reduces LTD in
the DH

(A) LTP was measured in acute slices of DH (left
panel) (nwt =9, nko = 8) and VH (right panel) (nwr =38,
Nko = 8)

(B) LTD was measured in acute slices of DH (left
panel) (nwr =9, nko =9) and VH (right panel) (nwr=7,
nko = 8). There was an increase in excitability in the
late phase of LTD of DH in Pld7 KO animals (un-
paired t test t(16) = 2.143, p = 0.0478).

VH

B PlATWT
® PIdTKO

Time, min

(C) Paired pulse (PP) ratios in acute slices of DH (left
panel) (nwt = 18, nko = 14) and VH (right panel)
(nwt = 14, nko = 14). Within WT animals, 2-way
ANOVA showed the PP curves of DH and VH to be
different (2-way ANOVA: interaction F(3,90) = 11.7,
p < 0.0001; WT DH/VH F(1,30) = 16.8, p = 0.0003).

The bars represent means + SEMs. fEPSP, field
excitatory postsynaptic potential. *p < 0.05.

See also Figure S5.
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suggest that these compensatory mecha-
nisms do not occur by isoenzyme transla-
tion upregulation (Figures S2 and S3); other
possibilities are that the activity upregula-
tion could be due to altered localization,
1. post-translational modifications, or differ-
ences in co-factor modulation (Selvy
et al., 2011). Moreover, the PA and PEtOH
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compared to PLD2, affecting predominantly the DH lipidome.
We further showed that PLD1 ablation leads to a CA1/CA3 den-
dritic arborization reorganization, to behavioral deficits in novelty
recognition and social interaction, to deficits in DH LTD, and to
specific synaptic protein alterations predominantly in the DH.
Thus, we show that PLD1 is necessary for the proper organiza-
tion and function of the longitudinal hippocampal axis, with a
preferential impact in the DH. In this study, we used adult
mice, and since Pld1 expression is high during brain develop-
ment (Colley et al., 1997), we cannot exclude the possibility
that our observations in adult mice could be affected by an early
PLD deficit.

To study the impact of modulating the PLD pathway, we
measured PLD activity in the forebrains of Pld1 KO, Pld2 KO,
and P/d DKO animals by quantifying PEtOH levels after ethanol
injection (Figures 1B and S1). Both Pid1 and Pld2 KO show
decreased levels of acutely produced forebrain PEtOH (Figures
1B and S1). However, although both PLD1 and PLD2 synthesize
PA, PLD1 ablation had a higher-magnitude impact than PLD2 in
basal hippocampal PA levels (Figures 1C and 1D), which is in
accordance with other recent observations (Liang et al., 2019).
The added reducing effect on total PLD activity upon the ablation
of either PLD1 (= 35%) and PLD2 (=24%) does not add up to the
near-absence of detectable levels of total PLD activity in Pld
DKO animals (Figure 1B), which is highly likely due to compensa-
tory mechanisms on both Pld7 and Pld2 KO animals. Our data
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species profile analysis suggests that

PLD1 and PLD2 modulate different PA

pools. While PLD1 affects both shorter

and longer fatty acyl carbon length PA spe-
cies, PLD2 modulates predominantly shorter fatty acyl carbon
length PA species (Figures 1D and S1). Overall, these results
are somewhat in accordance with previous observations that
show no changes in total PA levels upon PLD2 ablation (Oliveira
et al., 2010; Vermeren et al., 2016) and a differential effect on
various PA species, demonstrating also in some instances an in-
crease in specific PA species (Oliveira et al., 2010; Vermeren
et al., 2016), which is likely induced by a compensatory PLD1
response. At the species level, the most consistent change we
observed upon PLD2 ablation was the decrease in PA/PEtOH
34:2 (Figures 1 and S1). However, other previously reported
decreases in PA 32:1 and 38:4 and increase in PA 32:0 levels
(Oliveira et al., 2010) were not observed here, although differ-
ences in the analyzed brain regions and mouse age should be
accounted for. Increased PLD activity has been proposed to
be detrimental and has been implicated in neurodegeneration
either by an AB-induced overactive state in the context of AD
(Oliveira et al., 2010) or by overexpressing PLD in the fly rhabdo-
mere (Raghu et al., 2009), with specific increased levels in PA
34:2 in both cases. In a particular experimental setting with
cultured neutrophils, PLD1 or PLD2 ablation only unraveled its
PLD-dependent phenotypes upon activating conditions (Norton
et al.,, 2011). Since we observe here compensatory crosstalk
between each isoenzyme, it will be relevant in future studies
targeting PLD1 or PLD2, by genetic or pharmacological means,
to consider the observed phenotypes not only as a loss of
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Figure 5. PLD1 Ablation Reduces GIuA2 and SNAP-25 Levels in DH

Protein levels of DH and VH were evaluated by western blot analysis and quantified by densitometric analysis (n = 5-9). PLD1 ablation decreased the levels of
GluA2 (2-way ANOVA: interaction F(1,24) = 2.007, p = 0.1695; WT/KO F(1,24) = 13.73, p = 0.0011; DH WT/KO p = 0.0070, Tukey’s multiple comparisons test) and
SNAP-25 in the DH (2-way ANOVA: interaction F(1,32) = 0.2838, p = 0.5979; WT/KO F(1,32) = 16.91, p = 0.0003; DH WT/KO: p = 0.0126; Tukey’s multiple
comparisons test). There was a decrease in GluA1 levels when comparing VH with DH in Pld7 WT animals. This difference persisted with PLD1 ablation (2-way
ANOVA: interaction F(1,32) = 0.1318, p = 0.7190; DH/VH F(1,32) = 29.55, p < 0.0001; WT DH/VH p = 0.0058; KO DH/VH p = 0.0014; Tukey’s multiple comparisons
test). In Pld7 WT animals, the levels of GIuA2 (2-way ANOVA: interaction F(1,24) = 2.007, p = 0.1695; DH/VH F(1,24) = 20.95, p = 0.0001; WT DH/VH p = 0.0015;
Tukey’s multiple comparisons test) and the levels of Glu2B-P (2-way ANOVA: interaction F(1,28) = 0.3767, p = 0.5443; DH/VH F(1,28) = 10.79, p = 0.0027; WT DH/
VH p = 0.0472; Tukey’s multiple comparisons test) were decreased in the VH when compared to DH. The levels of syntaxin-1A were increased in the VH when
compared to DH in WT animals (2-way ANOVA: interaction F(1,20) = 1.013, p = 0.3261; DH/VH F(1,20) = 10.76, p = 0.0037; WT DH/VH p = 0.0309; Tukey’s multiple
comparisons test). Individual protein levels were compared with WT DH. GIUN2B-P is phosphorylated at Y1472. Representative blots are shown. The bars
represent means + SEMs. For some points, the error bars are not drawn since they would be shorter than the height of the symbol. *p < 0.05, **p < 0.01.

function effect but also as a potential gain of function througha PLD6, which have in common the presence of HKD domains

compensatory activation of its isoenzyme counterpart. This
takes on further importance in light of differential signaling
factors that regulate the functioning of either PLD1 or PLD2, or
alternatively, that PLD co-factors, such as PI(4,5)P,, could be
differentially affected by altered PA synthesis by either PLD1 or
PLD2 (Selvy et al., 2011).

Another observation that can be inferred from our PLD activity
studies is that PLD1 and PLD2 are likely the only canonical PLD
isoenzymes. While the PLD superfamily also includes PLD3-

(Barber et al., 2018; Nelson and Frohman, 2015), our data indi-
cate that these other members do not contribute to the produc-
tion of PEtOH. This is relevant because the PLD pathway has
been implicated in AD pathogenesis (Oliveira and Di Paolo,
2010), with reported effects of PLD1 on APP processing and traf-
ficking (Cai et al., 20062, 2006b) and PLD2 on A downstream
pathological signaling (Oliveira et al., 2010). Since human genetic
studies implicated PLD3 as a potential risk factor for AD
(Cruchaga et al., 2014), the recent understanding of its role in
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lysosomal function (Fazzari et al., 2017; Gonzalez et al., 2018)
raises the question of whether PLD3 functioning is directly con-
nected to PLD1 or PLD2 AD pathophysiology. Both PLD3 and
PLD4 were found to be exonucleases regulating the inflamma-
tory cytokine response (Gavin et al., 2018), which could be linked
to the multiple genetic AD risk factors connected to immune sys-
tem biology (Karch and Goate, 2015).

Concerning the impact of reducing PLD levels on other lipid
classes, the ablation of PLD1, but not PLD2, had a significant
effect, with greater repercussions in the DH when compared to
the VH, mainly affecting lysoglycerophospholipids such as
LPC, LPCe, and LPI (Figure 1C). This suggests potential cross-
talk between different phospholipases, namely PLA2, which is
a main lysoglycerophospholipid source (Burke and Dennis,
2009). Co-expression phospholipase studies showed that
PLD2, but not PLD1, augmented PLA2 activity (Ueno et al.,
2000), which could in part justify the observed lipidomic alter-
ations in the DH in a hypothetical PLD2 recruitment in a PLD1
ablation condition.

Knowing that PLD1 ablation had a more significant effect on
the hippocampal lipidome than did PLD2 ablation, we focused
more specifically on studying Pld1 KO mice. From the multitude
of behavioral tests that we covered in Pld7 KO animals, we
observed a deficit only in short-term NOR (Figure 2E) and in
the social interaction time in a hippocampal-dependent social
discrimination task (Figure 2F). This is partially in accordance
with another report in which PLD1 ablation shows a trend toward
a deficit in the level of discrimination in long-term NOR and a so-
cial recognition deficit (Burkhardt et al., 2014). While the same
authors also observed deficits in social and object recognition
in Pld2 KO animals (Burkhardt et al., 2014), others showed that
PLD2 ablation had no major behavioral deficits (Oliveira et al.,
2010; Vermeren et al., 2016), besides an olfaction deficit in
aged mice (Vermeren et al., 2016). Overall, these studies indicate
that even though PLD isoenzyme ablation is somewhat manage-
able by the organism, future approaches should take into ac-
count not only the mouse strain used, age, and sex but also
the contribution of each isoenzyme specifically in experimental
conditions that lead to on-demand PLD activation unraveling
specific phenotypes, such as the case of the protective effect
observed upon PLD2 ablation in an AD mouse model (Oliveira
et al., 2010).

Considering the previously described gradient of PA in the
long hippocampal axis with higher PA levels in the DH (Miranda
et al., 2019), and since PLD1 is a major PA source (Figure 1), we
hypothesized that PLD1 could play an important role in hippo-
campal dendritic organization. Here, we observed a marked
structural DH-VH differentiation of CA1/CA3 dendritic arboriza-
tion in PId1 WT animals, and these differences were essentially
absent upon PLD1 ablation (Figures 3A and 3B). Opposing
effects on dendritic arborization have been reported upon
PLD1 ablation. Some authors showed that Pld7 KO cultured
neurons had decreased dendritic branching (Ammar et al.,
2013), while others observed the opposite effect upon reducing
PLD1 levels (Zhu et al., 2012). More recently, using mixed
neuronal and astrocyte cultures, it was shown that PLD1 reduces
PA in astrocytes, reducing protein kinase A activation in neurons
and consequently dendritic branching (Zhu et al., 2016). There-
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fore, the specific role of PLD1 in dendritic arborization and its
regulatory factors are still being debated. One plausible possibil-
ity is that PA, acting as a fusogenic lipid due to its inverted cone-
shaped structure, could differentially contribute to membrane
addition in different neurite outgrowth conditions (Tanguy
et al., 2019).

At the functional level, we observed that PLD1 ablation
reduced LTD induction in the DH CA1 after low-frequency
stimulation (LFS) at the Schaffer collaterals, while it had no ef-
fects in the VH, unraveling a specific effect along the longitu-
dinal hippocampal axis (Figure 4). Recently, it was shown that
PLD1 is necessary for LTD induction in the mouse prefrontal
cortex, which phenocopies our observations in the DH (Moran
et al., 2019). Along with the observed deficits in NOR in Pld1
KO animals (Figure 2E), it was previously shown that hippo-
campal LTD induction was associated with the recognition
of novel objects (Kemp and Manahan-Vaughan, 2004). Also,
lipid signaling has previously been observed to be involved
in LTD mechanisms; aligned with that, not only were arachi-
donic acid metabolites shown to induce LTD (Feinmark
et al., 2003) but also PLA2 inhibition was shown to block
LTD in neonatal hippocampal slices (Fitzpatrick and Baudry,
1994). Since we observe here that PLD1 ablation reduces
various lysoglycerophospholipid levels in the DH (Figure 1C),
it further supports that PLA2 could be in a hypoactive state,
partially explaining why LTD induction was reduced upon
PLD1 ablation. Another possibility is based on the findings
that PA binds and activates phosphatidylinositol 4-phosphate
5-kinase (PIP5K) (Jenkins et al., 1994; Stace et al., 2008),
which was shown to be necessary for LFS LTD induction (Un-
oki et al., 2012). Moreover, since hippocalcin was shown to be
necessary for LTD induction (Palmer et al., 2005) and to acti-
vate PLD (Hyun et al., 2000; Oh et al., 2006), these observa-
tions are coherent with a role for the PLD pathway in LTD-
associated plasticity mechanisms, even if the contribution
for each PLD isoenzyme should still be addressed. Finally,
PLD1 has been shown in in vitro neuron culture experiments
to be involved in other synaptic plasticity-associated path-
ways. For instance, it was proposed that PLD1-derived PA ac-
tivates the mammalian target of rapamycin (mTOR), affecting
its synaptic plasticity regulation in a chemical LTP setting
with an impact in brain-derived neurotrophic factor (BDNF)
dendritic expression levels (Henry et al., 2018). Also, PLD1
was shown to act as a BDNF downstream effector necessary
for the phosphorylation of both mTOR and cAMP response
element-binding protein (CREB) (Ammar et al., 2013). Overall,
these specific pathway regulations could be relevant for other
brain regions or could be specific in certain experimental set-
tings, taking into account the complex circuitry and different
cell types in an in vivo-ex vivo experimental approach.

To gain further insight into the molecular pathways affected by
PLD1 ablation, we assessed different synaptic protein levels
both in DH and VH (Figure 5). The dendritic DH-VH differences
in WT animals occur in parallel with higher protein levels of
GIuN2A, GIuN2B-P (phosphorylated at Y1472), and GIuA1 in
DH (Figure 5). Accordingly, tyrosine phosphorylation of GIuN2B
has been reported to regulate the number of dendritic spines
and morphological changes (Wang et al.,, 2018), an autism



spectrum disorder-associated mutation in GIuN2B leads to den-
dritic abnormal development (Sceniak et al., 2019), dendritic
branch pruning along maturation is accompanied by an elevation
in GIUN2A levels (Bustos et al., 2014), GIuUN2A genetic ablation
was shown to reduce dendritic length in dentate granule cells
(Kannangara et al., 2014), and GluA1 expression was shown to
promote dendritic branching (Zhou et al., 2008). The most
intriguing observation was the marked reduction in the target
N-ethylmaleimide-sensitive fusion protein attachment protein
receptor (t-SNARE) protein SNAP-25 in the DH of Pld7 KO ani-
mals (Figure 5). The SNAP-25 yeast ortholog Spo20p was re-
ported to bind to PA (Liu et al., 2007). Taking advantage of this
property, Spo20p is regularly used as a PA probe and was found
to co-localize with mammalian SNAP-25 in an experimental
context of acutely activated exocytosis (Zeniou-Meyer et al.,
2007). Moreover, SNAP-25 was reported to bind to anionic
lipids, such as PA, and even though, to our knowledge, PA bind-
ing was not specifically tested, SNAP-25 was found to bind to
PI(4,5)P,, which PA could still indirectly modulate by PIP5K acti-
vation (Jenkins et al., 1994; Stace et al., 2008). Although the
reduction of SNAP-25 levels led to deficits in sociability behavior
and susceptibility to pharmacologically induced seizures, it
partially phenocopied Pld7 KO animals, which also show deficits
in NOR and social interaction in a hippocampus-specific task
(Figure 2) and no deficits in spatial learning and memory tasks
(Corradini et al., 2014). Moreover, infusion with a C-terminal
SNAP-25 fragment, proposed to block its normal functions, re-
duces CA3-CA1 LTD induction (Zhang et al., 2011), and reduc-
tion in SNAP-25 levels also leads to deficits in LTD induction in
corticostriatal preparations (Baca et al., 2013). Since the func-
tions of SNAP-25 have been described at both the presynaptic
(Bronk et al., 2007) and postsynaptic (Fossati et al., 2015) com-
partments, both possibilities should be considered when study-
ing the impact of PLD1-derived PA on SNAP-25 functioning.
Also, since SNAP-25 is a member of the soluble SNARE complex
(Ramakrishnan et al., 2012), we tested the impact on other
SNARE complex proteins, such as syntaxin-1A and synaptobre-
vin-2, and no changes were observed upon PLD1 ablation in
either the DH or VH (Figure 5).

In summary, our work shows that lipid signaling modulation
differently affects the hippocampus along its longitudinal axis.
We show that PLD1 ablation predominantly affects the DH,
with implications for disorders that affect learning and memory,
such as AD and mood disorders. Moreover, we observe that
PLD1 ablation reduces SNAP-25 levels, and since SNAP-25
has been implicated in attention-deficit/hyperactivity disorder
(Feng et al., 2005), autism spectrum disorders (Guerini et al.,
2011), and schizophrenia (Thompson et al., 2003), it further high-
lights the potential role of lipid signaling dysregulation in these
neuropsychiatric disorders.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alpha-Tubulin (Figure 1) Sigma-Aldrich Cat# T5168, RRID:AB_477579
Alpha-Tubulin (Figure 5) Sigma-Aldrich Cat#T6074, RRID:AB_477582

GAPDH
Phospholipase D

Phospholipase D1
Phospholipase D2 (N-term)
Synaptophysin 1
SNAP-25

PSD95

Homer

GluA1 / GluR1

GluA2 / GluR2

GIuN2A / NR2A

GIluN2B / NR2B
pY1472-GluN2B / -NR2B
Syntaxin-1A
Synaptobrevin-2

Cell Signaling Technology

Made in house; Provided by Sung

Ho Ryu (Pohang University of
Science and Technology)

Cell Signaling Technology
Abgent

Synaptic Systems
Abcam

Abcam

Abcam

Millipore

Abcam

Millipore

Abcam

Abcam

Synaptic Systems
Synaptic Systems

Cat# 2118, RRID:AB_561053
N/A

Cat# 3832, RRID:AB_2172256
Cat# AP14669a, RRID:AB_11135353
Cat# 101 002, RRID:AB_887905
Cat# ab5666, RRID:AB_305033
Cat# ab2723, RRID:AB_303248
Cat# ab184955, RRID:AB_2744679
Cat# AB1504, RRID:AB_2113602
Cat# ab133477, RRID:AB_2620181
Cat# AB1555P, RRID:AB_90770
Cat# ab65783, RRID:AB_1658870
Cat# ab3856, RRID:AB_304114
Cat# 110 302, RRID:AB_887846
Cat# 104 202, RRID:AB_887810

Goat Anti-rabbit IgG Bio-Rad Cat# 170-6515, RRID:AB_11125142
Goat Anti-mouse IgG Bio-Rad Cat# 170-6516, RRID:AB_11125547
Chemicals, Peptides, and Recombinant Proteins

cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail Roche Cat#11836170001

Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich Cat#P5726

Phosphatase Inhibitor Cocktail 3 Sigma-Aldrich Cat#P0044

NuPAGE Sample Reducing Agent Invitrogen Cat#NP0009

NuPAGE LDS Sample Buffer Invitrogen Cat#NP0007

NuPAGE 4-12% Bis-Tris Protein Gels Invitrogen Cat#NP0322

NuPAGE MES SDS Running Buffer Invitrogen Cat#NP0002

Amersham Protran Premium 0.45 NC nitrocellulose GE Healthcare Life Sciences Cat# GE10600008

western blotting membranes

Clarity Western ECL Substrate Bio-Rad Cat#1705060

SuperSignal West Femto Maximum Sensitivity Substrate ThermoFisher Scientific Cat#34095

TRIzol reagent

Life Technologies, Thermo
Fisher Scientific

Cat# 15596018

Critical Commercial Assays

Pierce BCA protein assay
iScript cDNA Synthesis Kit

HOT FIREPol EvaGreen gPCR Mix Plus (ROX) Kit

ThermoFisher Scientific
Bio-Rad
Solys Biodine

Cat#23225
Cat#1708891
Cat# 08-24-00020

Experimental Models: Organisms/Strains

Mouse: Pld1t™m!-1Gdryy

Mouse: B6.Cg-"'d2m1-16dp/

Provided by Gilbert Di Paolo
(Columbia University)

Provided by Gilbert Di Paolo
(Columbia University)

Available at Jackson laboratory
Cat#028665; RRID:IMSR_JAX:028665

Available at Jackson laboratory
Cat#028668; RRID:IMSR_JAX:028668

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Primer for gRT-PCR: Phospholipase D1 (PLD1) - Stab Vida N/A
Forward (5’ — 3'): CATCGACAGCACCTCCAAC

Primer for gRT-PCR: Phospholipase D1 (PLD7) - Stab Vida N/A
Reverse (5’ — 3'): GAGTTCTCCCACTCCGGTCT

Primer for gRT-PCR: Phospholipase D2 (PLD2) - Stab Vida N/A
Forward (5’ — 3'): TGGGTGACCCCTCTGAACCTGT

Primer for gRT-PCR: Phospholipase D2 (PLD2) - Stab Vida N/A
Reverse (5’ — 3'): GTCCAGCTGCACCCAGTCCTT

Primer for gRT-PCR: Heat Shock Protein 90 alpha Stab Vida N/A

family class B member 1 (Hsp90ab1) -
Forward (5’ — 3'): GCTGGCTGAGGACAAGGAGA

Primer for gRT-PCR: Heat Shock Protein 90 alpha Stab Vida N/A
family class B member 1 (Hsp90ab1) - Reverse
(5’ —3'): CGTCGGTTAGTGGAATCTTCATG

Software and Algorithms

ImageJ NIH RRID:SCR_003070
Prism Graphpad RRID:SCR_002798
MED-PC IV Med Associates Inc. N/A
Neurolucida software MBF Bioscience RRID:SCR_001775
NeuroExplorer software MBF Bioscience N/A
WInLTP software WIinLTP Ltd. and The University RRID:SCR_008590
of Bristol
Primer Blast NCBI RRID:SCR_003095
7500 Real-Time PCR Software Applied Biosystems RRID:SCR_014596

LEAD CONTACT AND MATERIALS AVAILABITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tiago Gil
Oliveira (tiago@med.uminho.pt). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Pld1~'~ mice were originally generated through the removal of exons 13 (that codes for the first HKD motif for PLD1) and 14, using a
Cre-lox/FLP-FRT recombination system, as previously described (Dall’Armi et al., 2010). Using the same system, Pld2~/~ mice were
produced as a result of the elimination of exons 13-15, including exon 14 (that encodes for the first HKD motif of PLD2 as well), as
shown before (Oliveira et al., 2010). The animals had C57BL/6 background with exception of the animals used in the experiments of
Figures 1A and 1B that had mixed background (C57BL/6-129svj). Littermate mice were used in all experiments, except for experi-
ments of Figures 1A and 1B. For the generation of Pld1~~ / PId2™"~ (DKO) mice, Pld1~~ animals were crossed with Pld2~~ animals. All
experimental procedures were performed in compliance with the Portuguese authority for animal experimentation, Direcao Geral de
Alimentacao e Veterinaria (DGAV), the Directive 2010/63/EU guidelines and approved by the local committee. All mice had ad libitum
access to water and food and maintained on a 12h light/dark cycle. All the procedures were performed during daytime, except for the
social discrimination, sociability and preference for social novelty behavioral tests. Before all behavioral tests, animals were placed in
the testing room one hour prior to testing, so they could acclimatize. The arenas and apparatus were cleaned with a 10% ethanol
solution between testing subjects. 3-4 months male and female mice were used in all tests, except for western blot analysis
(3-6 months), fear conditioning (males 3-7 months old) and social discrimination, sociability and preference for social novelty tests
(males 3-6 months).

METHOD DETAILS
Western Blot

Animals were sacrificed by cervical dislocation and forebrain or the hippocampus were dissected. Hippocampi were divided in
approximately three equal dorsal, intermediate and ventral parts. Samples were diluted in radioimmunoprecipitation assay buffer
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(RIPA) containing 150 nM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM TrisBase pH = 8 and supple-
mented with protease (Roche) and phosphatase inhibitor cocktails (Sigma-Aldrich). After homogenization, samples were mixed in
a rotator at 4°C for 2 hours at 40rpm and then centrifuged at 4°C for 20 minutes at 14000rpm. Supernatants were quantified
(BCA, Pierce) and samples diluted to equal concentration in RIPA. Samples were prepared with NUPAGE LDS sample buffer and
NuPAGE reducing reagent and loaded in NUPAGE 4%-12% Bis—Tris gels. MES SDS running buffer (NUPAGE) was used for
separation. Wet transfer used 50% running buffer, 20% methanol and 30% deionized water and was made on 0.45um nitrocellulose
membranes (Amersham) for 2 hours at 100V. Membrane blockage was performed with 5% dried milk (Nestle) for 1 hour at room
temperature. Incubation with primary antibodies, diluted in 2.5% dried milk or bovine serum albumin (BSA), was performed overnight
at 4°C and incubation with HRP-conjugated secondary antibodies, diluted in 2.5% dried milk or BSA, was performed for 1 hour at
room temperature. Chemiluminescence signal was detected with ChemiDoc XRS+ (Bio-Rad) and membrane development was
achieved with Clarity Western ECL Substrate (Bio-Rad) or SuperSignal West Femto Maximum Sensitivity Substrate
(ThermoScientific). Quantification was performed with Imaged software. Primary antibodies used were: o-Tubulin (T5168, Sigma-
Aldrich 1:10000) - Figure 1A; a-Tubulin (T6074, Sigma-Aldrich, 1:10000); GAPDH (Cell Signaling Technology, 1:3000); Antibody to
the COOH terminus of PLD (kind gift of Dr. Sung Ho Ryu, Pohang University of Science and Technology; 1:200); PLD1 (Cell Signaling
Technology, 1:500); PLD2 (Abgent, 1:500), Synaptophysin (Synaptic Systems, 1:5000); SNAP-25 (Abcam, 1:5000); PSD95 (Abcam,
1:5000); Homer (Abcam, 1:3000); GluA1/GIuR1 (Millipore, 1:1000); GluA2/GIuR2 (Abcam, 1:1000); GIuN2A/NR2A (Millipore, 1:1000);
GIuN2B/NR2B (Abcam, 1:1000), pY1472-GIuN2B/NR2B (Abcam, 1:1000), Syntaxin-1A (Synaptic Systems, 1:1000) and Synaptobre-
vin-2 (Synaptic Systems, 1:4000). HRP-conjugated secondary antibodies used were: Goat Anti-rabbit IgG (BioRad) and Goat Anti-
mouse IgG (BioRad).

In vivo PLD activity

In the presence of primary alcohols, PLD utilizes preferentially short-chain alcohols as substrates resulting in the formation of the
corresponding phosphatidylalcohol. This property was used to measure PLD activity. Mice were injected intraperitoneally with
3g/kg ethanol and sacrificed 1 hour postinjection, as previously described (Oliveira et al., 2010). Briefly, lipid extracts were prepared
from mice whole forebrain using a modified Bligh and Dyer method (described below). The levels of PEtOH produced via a PLD-spe-
cific transphosphatidylation reaction were measured by LC-MS analysis (described below) and used as an indicator of in vivo PLD
activity. Individual lipid species from Pld1 KO, Pld2 KO and Pld DKO mice were compared with wild-type (WT) mice. Phosphatydi-
lethanolamine (PE) measurements were used as reference levels.

Lipid Analysis

Lipids were extracted using a modified Bligh and Dyer method (Bligh and Dyer, 1959) and lipid analysis performed as previously
described (Chan et al., 2012; Miranda et al., 2019). Briefly, samples were homogenenized in a solution of methanol:chloroform
(2:1) and lipids extracted with a solution of chloroform:KClI (3:2, 1 M). Samples were centrifuged at 4°C for 2 minutes at 9000rpm
and the bottom phase (organic) was dried under vacuum nitrogen and stored at —80°C. Lipid extracts of purified microsome
were spiked with a cocktail of internal standards and analyzed using a 6490 Triple Quadrupole LC/MS system (Agilent Technologies).
Glycerophospholipids and sphingolipids were separated with normal-phase HPLC as described before (Chan et al., 2012), with a few
modifications. An Agilent Zorbax Rx-Sil column (inner diameter 2.1 x 100 mm) was used under the following conditions: mobile
phase A (chloroform:methanol:1 M ammonium hydroxide, 89.9:10:0.1, v/v) and mobile phase B (chloroform:methanol:water:ammo-
nium hydroxide, 55:39.9:5:0.1, v/v); 95% A for 2 min, linear gradient to 30% A over 18 min and held for 3 min, and linear gradient to
95% A over 2 min and held for 6 min. Quantification of lipid species was accomplished using multiple reaction monitoring (MRM)
transitions and instrument settings that were determined in earlier studies (Chan et al., 2012) in conjunction with referencing of known
amounts of internal standards: PA 14:0/14:0, PC 14:0/14:0, PE 14:0/14:0, P1 12:0/13:0, PS 14:0/14:0, SM d18:1/12:0, (Avanti Polar
Lipids). Nomenclature abbreviations are FC, free cholesterol; CE, cholesteryl ester; AC, acyl carnitine; MG, monoacylglycerol; DG,
diacylglycerol; TG, triacylglycerol; Cer, ceramide; dhCer, dihydroceramide; SM, sphingomyelin; dhSM, dihydrosphingomyelin;
MhCer, monohexosylceramide; Sulf, sulfatides; LacCer, lactosylceramide; GM3, monosialodihexosylganglioside; PA, phosphatidic
acid; PC, phosphatidylcholine; PCe, ether phosphatidylcholine; PE, phosphatidylethanolamine; PEp, plasmalogen phosphatidyleth-
anolamine; PS, phosphatidylserine; Pl, phosphatidylinositol; PG, phosphatidylglycerol; BMP, bis (monoacylglycero)phosphate; LPC,
lysophosphatidylcholine; LPCe, ether lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol;
LPS, lysophosphatidylserine; NAPS, N-acyl phosphatidylserine; NSer, N-acyl serine.

Behavioral testing

Open Field

The OF test was used to measure motor and exploratory activity, as well as anxious-like behaviors. A square arena, delimited by
transparent high walls (43.2 x 43.2 x 30.5 cm) was used, associated to an infrared detection system and a computer interface
(ENV-515; MedAssociates). Mice were individually placed in the center of the arena and freely explored it for 5 minutes. The central
area was defined as 25% of the total arena and the time spent in the center and periphery was calculated.
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Elevated Plus Maze

Anxious behavior was specifically evaluated through the EPM test, as previously described (Walf and Frye, 2007). The plus shape
apparatus was elevated 72.4 cm above the floor and consisted of two opposite open arms and two enclosed arms (50.8 cm x
10.2 cm each) (ENV-560; MedAssociates). Mice were placed individually in the center of the maze and allowed to explore for 5 mi-
nutes. An infrared detection system connected to a computer interface was used to record and automatically quantify time on each
arm. The test was performed under bright light (in a dim lighted room).

Fear Conditioning

The FC protocol was performed to test contextual and cued memory. Standard operant chambers (Med Associates Inc.) (22 x 19 X
12.5 cm) with a grid on the bottom where shocks were transmitted was used, except for day 3. On the first day (fear acquisition) the
subject mice was placed in the arena and allowed to explore for 5 minutes. Then a tone (80 dB) was presented for 30 s and in the last
second a mild shock (0.5 mA for 1 s) was given. This was repeated for 5 blocks, with an interval of 30 s between then. On the second
day the subject mice was only placed in the arena and allowed to explore for 5 minutes in order to evaluate the contextual fear con-
ditioning. On the third day the subject mice was placed in a different arena (24 x 32 x 18.5 cm) and allowed to explore for 5 minutes.
Then 5 blocks of 30 s of tone and 30 s of interval were given. This allowed cued fear conditioning evaluation. For the next 5 days an
extinction protocol was performed by placing the animal in the arena and giving 15 blocks of 30 s of tone followed by 30 s of interval.
30 days after the last day of extinction spontaneous recovery was evaluated. Mice were placed in the arena and allowed to explore for
5 minutes. Then 5 blocks of 30 s of tone followed by 30 s of interval were presented. Animals were video-recorded and the percentage
of freezing behavior was analyzed. All stimulation procedures were done through Med-PC IV (Med Associates Inc.) software, except
for the shock that was manually given.

Morris Water Maze

The MWM test was performed to assess spatial learning and reference memory as previously described (Vorhees and Williams,
2006). A circular pool (116 cm of diameter) containing tap water was used (22 + 1°C; 25 cm of depth) and made opaque by adding
titanium oxide powder (Sigma Aldrich). The pool was divided into four imaginary quadrants and a transparent escape platform (11 cm
of diameter; 24 cm high), invisible to the animals (submerged 1-2 cm below the water surface), was placed in the center of one of the
quadrants. The test consisted of 5 days of acquisition plus one day for reference memory assessment, and 2 days of visual cueing. In
the first 5 days mice learned to find the platform, kept in a constant position. A total of 4 trials (of a maximum of 60 s) were achieved per
day, and animals were placed in different starting positions everyday. Mice had to locate the hidden platform based on distant cues
distributed along the testing room walls. Animals that failed to find the platform within the trial period were gently guided to the
platform and an escape latency of 60 s was registered. All mice were allowed to stay in the platform for 30 s on the first 2 days
and 15 s on the subsequent 3 days during the inter-trial interval. On the 6th day a probe trial was performed (for 30 s) in which
the platform was removed and the entry point was set to the quadrant opposite to the target quadrant. Visual cueing, used to detect
the presence of visual and/or motivational impairments, was assessed for 2 days for which the platform was made visible by the addi-
tion of a flag and changed in location for the different trials. Time spent in each quadrant and escape latency were monitored and
recorded using a video-tracking system connected to a computer (Viewpoint, Champagne-au-Mont-d’Or), to be used as readouts
of task performance. Testing was conducted under dim light.

Novel Object Recognition

Since rodents are naturally exploratory and prefer to explore novelty, the NOR test was performed to evaluate recognition memory as
previously described (Leger et al., 2013). The test was performed in a 30 x 30 x 30 cm arena under dimmed light and consisted of
3 days of habituation (where the animals were placed in the arena for 20 minutes) and 1 day of testing. The test was divided in two
stages. First, the animal was presented with two equal objects for 10 minutes (training) and in the second phase was exposed for
5 minutes to a novel object and one of the previously examined objects. We used 1-hour interval between the two phases to assess
short-term memory, in which the subject returned to its original cage. Behavior was video-recorded and time spent exploring each
object was posteriorly manually scored. The discrimination ratio was calculated by dividing the time spent exploring the novel object
by time spent exploring both objects.

Three-chamber Social Discrimination and Three-chamber Sociability and Preference for Social Novelty

These tests were adapted from previously described protocols (Meira et al., 2018; Moy et al., 2007) and performed on a transparent
rectangular arena (56 cm long x 50 cm wide x 39 cm high) divided in three equal chambers with openings that allowed access into
each chamber. The tests consisted of 10-minute trials, where the subject mice were allowed to explore the arena. After this time,
when the animal stopped in the center arena, the access to the other chambers was blocked with two doors to switch trials.

The social discrimination test consisted of three trials. In the first habituation trial, mice were individually placed in the center of the
arena and freely explore. In the second habituation trial, two empty round wire cups (9.8 cm high, with a bottom diameter of 8 cm and
several horizontal opened bars spaced 3.7 x 0.5 cm apart which allowed nose contact between the bars) were placed on the side
chambers and the subject mice freely explored the arena. In the third trial, a co-housed littermate and an unfamiliar male stranger with
no prior contact with the tested mouse were each placed inside one of the wire cups. The location of the stranger and the littermate
mouse was systematically alternated between mice.

The sociability and preference for social novelty test consisted of four trials. The first and second trials were similar to the ones
previously described. In the third trial, an unfamiliar male mice (stranger 1), which had no prior contact with the subject mice, was
placed inside one of the cups to test sociability of the subject mice. In the fourth trial, a second stranger male mice (stranger 2)
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was enclosed in the previously empty cup and preference for social novelty was assessed. The location of the strangers was sys-
tematically alternated between mice. Measures were taken of the amount of time spent interacting with each cup were manually
scored. Social discrimination, social preference and preference for social novelty scores were calculated as the difference between
the time spent exploring the cups placed on the side chambers, divided by the total time exploring both. Testing was conducted un-
der red light.

Dendritic Arborization

To evaluate the morphological reconstruction of hippocampal CA1 and CA3 pyramidal neurons and DG granular cells, Golgi-Cox
impregnation was used according to a protocol proposed by others (Gibb and Kolb, 1998), with slight modifications. Briefly, after
cervical dislocation, brains were immersed in Golgi-Cox solution (1:1 solution of 5% K>C,,07 and 5% HgCl, diluted 4:10 with 5%
K>CrO,4) and stored in the dark for 14 days, with daily agitation. Brains were then transferred to a 30% sucrose solution and stored
in the dark at 4°C for at least 5 days. Coronal sections (200 um) were obtained using a vibratome and mounted in slides that were
submerged in a 28% ammonia solution, developed and fixed using Kodak Fixer (Sigma Aldrich), dehydrated and subsequently
embedded in a solution containing absolute ethanol (1:3), chloroform (1:3) and xylene (1:3). Finally, samples were cleared in xylene,
mounted and coverslipped. Neuronal three-dimensional reconstructions were achieved at 600x magnification using a motorized
microscope (BX51, Olympus), attached to a camera (MicroBrightField Bioscience), and Neurolucida software (MicroBrightField
Bioscience). 5-6 neurons were analyzed per sub-region and for each animal. The three-dimensional evaluation of the reconstructed
neurons was performed using NeuroExplorer software (MicroBrightField Bioscience), and the parameters assessed included total
dendritic length, total number of nodes and spine density (total spines divided by dendritic length).

Electrophysiology

Electrophysiological recordings were performed as described elsewhere (Pinto et al., 2015). The animals were anesthetized by intra-
peritoneal injection of Na*-pentobarbital (40mg/kg) and decapitated. The brain was rapidly removed and placed in ice-cold sucrose-
based solution containing the following (in mM): 2.5 KCI, 7 MgCl,, 1.25 NaH,PQO,4, 110 sucrose, 26 NaHCOs3, 10 glucose, bubbled with
carbogen gas (95% O,, 5% CO,). Slices (300 pum) transverse to the axis of the hippocampus were cut using a tissue slicer (Leica VT
1200s) and placed in a container with artificial cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 2.5 KCI, 1 MgSQy,, 2 CaCl,,
1.25 NaH,PQO4, 26 NaHCO3, 10 glucose, bubbled with carbogen gas and maintained at 33°C for 30 minutes. Slices were then stored
at room temperature for a minimum of 30 minutes before recording. Extracellular recordings were performed in a submerge-type
chamber bathed with ACSF at 31°C. A custom-made bipolar tungsten stimulation electrode was placed in the transition between
CA1 and CAS3, at the Schaffer collaterals, and a recording borosilicate glass pipette filled with ACSF (3-5 MQ) was positioned in
the middle of the stratum radiatum of CA1 at a predetermined fixed distance of approximately 1mm apart the stimulation electrode.
Recordings were digitized with a Multiclamp 700B amplifier (Axon Instruments). Signals were low-pass filtered at 3 kHz and sampled
at 10 kHz. Stimulation strength was adjusted to 30%-50% of the maximum field excitatory post synaptic potential (fEPSP) slope,
after a fixed protocol of 4 increasing stimulus (2000-8000mV) was applied (input-output relationship). Before baseline acquisition,
a series of paired pulse stimuli of varying interpulse interval (25, 50, 100 and 300ms) were given. The paired pulse (PP) ratio was calcu-
lated by dividing the slope of fEPSP2 by fEPSP1. A minimum of 10 minute stable baseline recordings were acquired at 0.03 Hz. LTD
was elicited by delivering a low-frequency stimulation protocol consisting of 15 min 1 Hz stimulation. LTP was elicited by delivering 3
0-burst stimuli (0-burst: 100 Hz burst of four pulses repeated at 5 Hz with each tetanus including 10-burst trains) separated by 15 s
intervals. All stored curves were an average of four consecutive recordings. Maximum EPSP slopes were calculated offline using the
WIinLTP software. For LTP and LTD analysis, all individual slopes were normalized to the average slope of baseline recordings.
Averages of the slopes of the last 4 min recordings were used for comparison in LTP and LTD.

Gene expression analysis by qRT-PCR

Total RNA was extracted from the hippocampus using TRIzol reagent (Life Technologies, Thermo Fisher Scientific) according to the
manufacturer’s instructions. Then, after quantification in the NanoDrop (Thermo Fisher Scientific), 500 ng of total RNA from each
sample was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad) following the manufacturer’s instructions.
Primers used to measure the expression levels of selected mRNA transcripts by gRT-PCR were designed using the Primer-BLAST
tool of the National Center for Biotechnology Information (Bethesda, MD) on the basis of the respective GenBank accession numbers.
Primer DNA sequences are provided in STAR Methods. gRT-PCR was performed on a 7500 Real-Time PCR system thermocycler
(Applied biosystems) and quantifications were performed in a Fast Real-Time PCR software (Applied Biosystems), with the commer-
cial kit HOT FIREPol EvaGreen gPCR Mix Plus (ROX) (Solis Biodyne), according to the manufacturer’s instructions, using equal
amounts of cDNA from each sample. The cycling parameters were 1 cycle at 95°C, for 1 min, followed by 40 cycles at 95°C for
15 s, annealing temperature (primer specific) for 20 s and 72°C for 20 s, finishing with 1 cycle at 65°C to 95°C for 5 s (melting curve).
Product fluorescence was detected at the end of the elongation cycle. All melting curves exhibited a single sharp peak at the
expected temperature. Heat Shock Protein 90 alpha family class B member 1 (Hsp90ab1) was used as reference gene.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot analysis was performed using Imaged (NIH). The statistical analysis was performed using GraphPad Prism 7.00
software. Statistical significance was assessed by one-way ANOVA, two-way ANOVA and Student’s t test, and referenced in figure
legends whenever used. Values were accepted as significant when p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001. Number of mice for all
statistical analyses is indicated in each legend. Values are expressed as mean + SEM.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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