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Determinantes lipidicos na fisiologia e patologia do eixo longitudinal do hipocampo

Resumo

O hipocampo é uma estrutura do lobo temporal do cérebro presente em todos os mamiferos,
fundamental para a aprendizagem, memodria e navegacao espacial. A sua arquitetura transversal é
constituida pelo giro denteado e Cornu Ammonis (CA), que se divide em CAl, CA2 e CA3, e ¢
preservada ao longo do eixo longitudinal e em todas as espécies. Os lipidos fazem parte dos principais
constituintes do cérebro e os disturbios no seu conteudo e metabolismo tém sido propostos como
sendo de particular importancia em varias doencas. A analise por espectrometria de massa das
porcdes dorsal (HD), intermédia e ventral (HV) do hipocampo revelou um gradiente lipidico continuo ao
longo do eixo longitudinal, com maior distincdo entre o HD e HV. O HD apresenta niveis superiores de
acido fosfatidico e niveis reduzidos de fosfatidilcolina em comparacdo com o HV, potencialmente
implicando a via da fosfolipase D (PLD) na regulacao do eixo HD-HV. A superfamilia da PLD possui seis

membros (PLD1-PLD6), mas apenas a PLD1 e a PLD2 hidrolisam fosfatidilcolina em acido fosfatidico.

0 nosso principal objetivo foi estudar o impacto da modulacdo genética da PLD na organizacdo e
funcdo do eixo HD-HV. Em primeiro lugar, mostramos que a PLD1 e a PLD2 sado os Unicos
contribuintes para a atividade total da PLD no cérebro de ratinho, embora a PLD1 seja uma fonte
maioritaria de acido fosfatidico no HD e HV em comparacao com a PLD2. A seguir, abordamos como a
PLD1 afeta diferencialmente a organizacdo e o funcionamento do hipocampo em cada subregido. A
ablacdo da PLD1 afeta predominantemente o lipidoma do HD e os ratinhos PldZ knockout (KO)
apresentam déficits especificos no reconhecimento de objetos novos e interacdo social e também
disrupcdo na diferenciacdo da arborizacdo dendritica do HD e HV em neurdnios piramidais de
CA1/CA3. Apresentam ainda diminuicdo na inducdo de depressao de longo-prazo (LTD) e reducéo dos
niveis das proteinas GIUN2A e SNAP-25 no HD. De seguida, abordamos os efeitos da ablacdo PLD2 no
comportamento social e na potenciacédo sinaptica hipocampal. Mostramos que a ablacao PLD2 leva a
défices de discriminacdo social, nomeadamente no reconhecimento de ratinhos da mesma ninhada,

diminuicao da exploracao social e reducéo de potenciacdo de longo-prazo (LTP) no HV.

Com nosso trabalho mostramos como a PLD regula o hipocampo e a sua funcao, mostrando que,
embora a PLD1 e a PLD2 catalisem a mesma reacdo, a sua ablacao especifica promove fenétipos
diferentes. Isto tem possiveis implicacdes em doencas neurodegenerativas, como a doenca de

Alzheimer, na qual PLD tem um papel importante para a sua patologia.

Palavras-chave: Fosfolipase D, Hipocampo, Lipidos, Memoria
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Lipid signaling determinants of physiology and pathology along the longitudinal hippocampal axis

Abstract

The hippocampus is a brain temporal lobe structure present in all mammals fundamental for learning,
memory and spatial navigation. Its cross-sectional architecture, constituted by the dentate gyrus (DG)
and Cornu Ammonis (CA) subfields, CA1, CA2 and CA3, is preserved along the longitudinal axis and in
every species. Lipids are major constituents of the brain and disturbances in brain lipid content and
metabolism have been proposed to be of particular importance in several diseases. A mass
spectrometry analysis of dorsal (DH), intermediate and ventral (VH) portions of the hippocampus
revealed a continuous lipid gradient along the longitudinal axis, with greater distinction between DH and
VH. DH presents increased phosphatidic acid (PA) and decreased phosphatidylcholine (PC) compared
to the VH, potentially implicating the phospholipase D (PLD) pathway in DH-VH axis regulation. The PLD
superfamily has six members (PLD1-PLD6), but only PLD1 and PLD2 hydrolyze PC into PA.

Our main goal was to study the impact of PLD genetic modulation on the DH-VH axis organization and
function. First, we showed that PLD1 and PLD2 are the only contributors to total PLD activity in the
mouse brain, although PLD1 is a major source of PA in both DH and VH when compared to PLD2.
Next, we addressed how PLD1 differentially affects hippocampal organization and functioning in a
region-specific manner. PLD1 ablation affects predominantly the lipidome of the DH and P/d7 knockout
(KO) mice present specific deficits in novel object recognition and social interaction, disruption in the
DH-VH dendritic arborization differentiation in CA1/CA3 pyramidal neurons, along with reduced long-
term depression (LTD) induction and reduced GIuN2A and SNAP-25 protein levels in the DH. Then, we
address the effects of PLD2 ablation in social behavior and hippocampal synaptic potentiation. We
showed that PLD2 ablation leads to social discrimination deficits, namely littermate recognition

impairment, decreases social exploration and reduces long-term potentiation (LTP) in the VH.

With our work we show how PLD differentially regulates the hippocampus, showing that, although PLD1
and PLD2 catalyze the same reaction, their specific ablation promotes different phenotypes. This leads
to potential implications in neurodegenerative diseases, such as Alzheimer’s disease, in which PLD is

an important player.

Keywords: Hippocampus, Lipids, Memory, Phospholipase D

Vi



Table of Contents

RESUITIO ... ettt ettt e et v
ADSIIACT ... et vi
LYoo= oo I TSR iX
FIGUIES, TaBIES @NT BOXES . .viiiiiiviii ittt ettt ettt e e e e e e b e e e s et e e e s bt e e e e sab b e e e s sabeeeesbbeeessabaeeessabeeeeians Xii
CHAPTER 1: General INtrodUCHION ........oviviiiicirieie et 1
) R o 7o To oz 0 1] o - 2
I 1 - o (o - ) o 7
0 T X o L3 9
1.4.  Phospholipids and PhoSphOliPaseS.......ueurrrrreriirisssmmmmemrirmisssssmsrmeerissssssssssses s ssssssnsess e sessssssneen 11
R T o To 1Y o) o] 1172 17~ T 13
1.6.  Phosphatidic Acid SigNalNG.........ccceeecirrieeeeie e e s e e e s ne e 20
1.7.  AIMS of the thesSiS ... 22
=TT T PR 23

CHAPTER 2: Phospholipase D1 Ablation Disrupts Mouse Longitudinal Hippocampal Axis Organization and

UL a et o] o =S UUTRPURRRE 35
Lo - ot TSRS 37
g1l (1T (o] o TSRS YRRRRURPON 37
(S )T 38
DISCUSSION ...eeeeee ettt ettt et e e e e et e e ese e eaessaeesaseea e ease et et ee e e e e e e eeeeaseesaeesaeeauseeuseeune e e e s ennneebeansnans 41
RETEIEIICES. ... ettt et e e e e e ee e e ee e e sae e eaeeease e ne e e e e e e eer e e beenreens 46
Materials and MEthOAS.........oieuiireieei et se e ee e e s s ae e e e e e e e e e e e e e e nne e 49

CHAPTER 2 - Supplementary INformation ............ooiiiiiiiiiie ettt et 55

CHAPTER 3: Phospholipase D2 ablation leads to deficits in social Memory........ccccocovveveieve i 64
Lo 1 ot TSRS PRURTRPN 65
g1l (1T (o] o TSR YRRRRURRON 66
Materials and MethOds..........oceiriiri ettt ee e e e e e e e e e e e e 68
RESUILS ..ot e e e e s e e e e e e ea e e e e e e sase e e sane e e nee e e e e e e e e enne e nee e ereeeaneeenes 73

Vil



D E o 11 T 79

=TT o PR 84
CHAPTER 3 - Supplementary INfOormation .........c..coveiiiiiiiii et ettt 90
CHAPTER 4: GENEIAl DiSCUSSION....etteueetiiteaieesie st st eteete sttt et e sbesbesbeese e besbesaeeseesbesbesaeeneesbesbeeneesbesaesaeeneenbesaens 93

L0 =T 00Tt o PSR 111

FULUIE PEISPECHIVES .....coeeieieieiiiie ettt et ee e e st e e e et ee e e s et e e e sr e e e e s e aeeesasseeeesnsneeeesnnneeessnnanesanns 112

REfEIENCES. .. ettt —————————————————— 114

viii



Abbreviations List

AA - Arachidonic acid

ACSF - Artificial cerebrospinal fluid

APP - Amyloid precursor protein

ARF - ADP ribosylation factor

AVP - Arginine vasopressin

AVPR - Arginine vasopressin receptor

AB - Amyloid Beta

BACE1 - B-secretase B-site APP cleavage enzyme 1
BDNF - Brain-derived neurotrophic factor

C. elegans — Caenorhabditis elegans

CA - Cornu Ammonis

CDP-DAG - Cytidine diphosphate-diacylglycerol
CDS - Cytidine diphosphate-diacylglycerol synthase
CL - Cardiolipin

DAG - Diacylglycerol

DG - Dentate gyrus

DGK - Diacylglycerol kinase

DH - Dorsal hippocampus

dhCer - Dihydroceramide

DKO- Double knock out

dPld - Drosophila Phospholipase D (gene)

dPLD - Drosophila Phospholipase D (protein)



EC - Entorhinal cortex

EPM - Elevated plus maze test

FC - Fear conditioning test

GluA - a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (also known as GIuR)
GluN - N-methyl-D-aspartate receptor (also known as NMDAR or NR)
HKD - HxKxxxxD

hPLD - human PLD

KO - Knockout

LC-MS - Liquid chromatography-mass spectrometry
LPA - Lysophosphatidic acid

LPAAT - Lysophosphatidic acid acyltransferase

LPC - Lysophosphatidylcholine

LPCe - Ether lysophosphatidylcholine

LPI - Lysophosphatidylinositol

LTD - Long-term depression

LTP - Long-term potentiation

MG - Monoacylglycerol

MS - Mass spectrometry

mTOR - Mammalian target of rapamycin

mTORC - Mammalian target of rapamycin complex
MWM - Morris water maze test

NOR - Novel object recognition test

OF - Open field test

OXT - Oxytocin



OXTR - Oxytocin receptor

PA - Phosphatidic acid

PAP- Phosphatidic acid phosphatase
PC - Phosphatidylcholine

PE — Phosphatidylethanolamine

PEtOH - Phosphatidylethanol

PG - Phosphatidylglycerol

PH- Pleckstrin homology

Pl — Phosphatidylinositol

PI(4,5)P. — Phosphoinositide 4,5-bisphosphate
PIP — Phosphatidylinositol phosphate
PIP. — Phosphatidylinositol bisphosphate
PIPs — Phosphatidylinositol triphosphate
PKC - Protein kinase C

PLA - Phospholipase A

PLB - Phospholipase B

PLC - Phospholipase C

Pld - Phospholipase D (gene)

PLD - Phospholipase D (protein)

PP - Paired pulse

PS - Phosphatidylserine

PS1 - Presenilin 1

PX - Phox

RhoA - Ras homolog family member A

Xi



SNARE - N-ethylmaleimide sensitive factor attachment protein receptor
TRAAK - TWIK-related arachdonic acid stimulated K+ channel

TREK — TWIK-related K channel

VH - Ventral hippocampus

WT - Wild type

Xii



Figures, Tables and Boxes

Chapter 1

Figure 1. Types of memory.

Figure 2. Classical cortico-hippocampal synaptic circuitry.

Figure 3. Hippocampus dichotomic view.

Figure 4. Schematic representation of the main structure of glycerophospholipids.
Figure 5. PLD hydrolyses cylindrical PC into conical PA.

Figure 6. PA metabolism.

Table 1. Examples of glycerophospholipids and their correspondent head groups.

Chapter 2

Figure 1. PLD1 is a major contributor to total hippocampal PA levels in mice, and PLD1 ablation has a

major impact on DH lipidomics.

Figure 2. PLD1 ablation impairs object recognition and social exploration during a social discrimination

task.

Figure 3. PLD1 ablation disrupts DH-VH dendritic arborization differentiation.
Figure 4. PLD1 ablation reduces LTD in the DH.

Figure 5. PLD1 ablation reduces GluA2 and SNAP-25 levels in DH.

Table. Key Resources Table.

Chapter 2 — Supplementary Information
Supplementary Figure 1. PEtOH species in PLD enzymatic activity assessment. Related to Figure 1.

Supplementary Figure 2. No compensation at mRNA levels upon PLD1 or PLD2 ablation. Related to
Figure 1.

Xiii



Supplementary Figure 3. No compensation at protein levels upon PLD1 or PLD2 ablation. Related to

Figure 1.
Supplementary Figure 4. Supplementar behavior analysis. Related to Figure 2.
Supplementary Figure 5. PLD1 ablation has no effect in input-output recordings. Related to Figure 4.

Table 1. Descriptive statistics of LC-MS analysis of lipid classes of DH and VH from PldZ KO and Pld?

KO animals, related to Figure 1.

Table 2. Descriptive statistics of LC-MS analysis of PA species of DH and VH from Pld1 KO and Pid2 KO

animals, related to Figure 1.

Chapter 3
Figure 1. PLD2 ablation impairs the ability to recognize a littermate and decreases social exploration.
Figure 2. PLD2 ablation impairs the ability to generate LTP in VH.

Figure 3. PLD2 ablation has no greater impact on synaptic proteins.

Chapter 3 — Supplementary Information
Figure S1 — Supplementary behavior analysis. Related to Figure 1

Figure S2 — PLD2 ablation has no effect in input-output recordings. Related to Figure 2.

Chapter 4

Box 1. Chapter 2 highlights.

Box 2. Chapter 3 highlights.

Xiv



CHAPTER 1

General Introduction




1.1. Hippocampus

The hippocampus is a brain temporal lobe structure present in all mammals fundamental for
learning, memory and spatial navigation (Strange et al., 2014). Classically, memory can be
divided in shortterm (working) memory and long-term memory, which, in its turn, can be
subdivided in non-declarative (implicit) memory and declarative (explicit) memory (see Figure 1).
Both episodic (memory for events or episodes in a specific spatial and temporal context) and
semantic memory (generic memory about people, objects, places, new word meanings and the
world in general) compose the declarative long-term type of memory (Kandel et al., 2000). The
processing of declarative memory involve encoding (where new information is attended and
linked to existing information in memory), storage (mechanism by which memory is retained over
time), consolidation (the mechanism that makes the temporarily stored and still labile information
more stable, which implicates expression of genes and protein synthesis that give rise to
structural changes at synapses) and retrieval (the process by which stored information is

recalled) (Kandel et al., 2000).

Short-term (working) memory

Types of Memory Non-declarative (Implicit)

Long-term memory

Declarative (Explicit)

Figure 1. Types of memory.

The hippocampal role in declarative memory was first considered with the work of Scoville and
Milner with the patient H.M., after a bilateral temporal resection in an attempt to treat temporal
lobe epilepsy (Scoville and Milner, 1957). As a result, the seizures were controlled but severe
anterograde amnesia emerged as a side effect, with deficient acquisition of episodic and

semantic knowledge (Corkin, 2002).



The hippocampal role in spatial navigation was contemplated with the discovery of “place cells”,
which are pyramidal neurons that become activate when a subject is in a particular environment
or “place field” (O'Keefe and Dostrovsky, 1971; O'Keefe and Speakman, 1987), and with the
realization that hippocampal lesions cause a profound and lasting impairment in place-navigation
(Morris et al., 1982). Later, entorhinal grid cells were also proposed to encode the spatial map
(Hafting et al., 2005). These neurons fire in hexagonal grid patterns and transmit information to
place cells (Hafting et al., 2005). Conjointly, these two types of cells from the hippocampal and
parahippocampal formations work to grant positioning awareness and spatial representations

(Moser et al., 2008).

The hippocampus is curved-shaped and its cross-sectional architecture is preserved along the
longitudinal axis and in every species (Strange et al., 2014). The hippocampal formation consists
of dentate gyrus (DG), hippocampus proper — Cornu Ammonis (CA), consisting of CA1, CA2 and
CA3 - and subiculum (Strange et al., 2014; van Strien et al., 2009). It has a three-layered
appearance histologically. The deep layer, constituted by afferent and efferent fibers and
interneurons, is the hilus in the DG and the stratum oriens in the CA (van Strien et al., 2009).
The intermediate layer is the cell layer, mainly with cells and interneurons, and it is called granule
layer (with granular cells that present only apical dendrites in mice) in the DG and stratum
pyramidale (with pyramidal neurons that express both apical and basal dendrites) in the CA and
the subiculum (Kandel et al., 2000; van Strien et al., 2009). The superficial layer is called the
stratum moleculare in the DG and in the subiculum (van Strien et al., 2009). In CA3, the
superficial layer is subdivided in three: the stratum lucidum, the stratum radiatum and the
stratum lacunosum-moleculare (van Strien et al., 2009). The first receives input from the DG; the
second shelters the apical dendrites from stratum pyramidale neurons; and the last comprises
the apical tufts of the apical dendrites (van Strien et al., 2009). In CA1 and CA2 the stratum
lucidum is missing (van Strien et al., 2009). All these structures interconnect in complex

intrahippocampal circuits.

The entorhinal cortex (EC) is a hippocampal nearby structure that sends sensory and spatial
information to the hippocampus through the perforant direct and indirect pathways (see Figure 2)
(Kandel et al., 2000; Strange et al., 2014; van Strien et al., 2009). The monosynaptic direct
pathway is originated in the layer lll of the EC and its neurons form synapses on the distal apical
dendrites of CA1 neurons (Kandel et al., 2000; van Strien et al., 2009). The indirect pathway has
its origins in the layer Il of the EC and reaches the more proximal regions of CA1 through the

3



trisynaptic pathway: neurons from layer Il of EC synapse onto DG granule cells (synapse 1)
whose axons project in the mossy fiber pathway to excite the pyramidal cells in the CA3 (synapse
2) and then axons of the neurons from CA3 region project through the Schaffer collateral
pathway to make excitatory synapses on CA1 pyramidal cell dendrites (synapse 3) (Kandel et al.,
2000; van Strien et al., 2009). Both pathways are necessary for normal learning and memory.
Inactivation of the indirect pathway impairs the competence to perform complex spatial learning
and memory tasks while lesions of the direct pathway impair episodic memory and interfere with
the ability to consolidate memory (Kandel et al., 2000). The major output of the hippocampus
are the pyramidal neurons in CA1 region, which have projections to the layer V of EC and to the
subiculum (which also projects to layer V of the EC), closing the circuit (Kandel et al., 2000).
Regarding EC connections, it is known that cells from EC layer Il also project to CA3 (Tamamaki
and Nojyo, 1993) and that neurons from EC layer Il project to the subiculum in addition to CA1
(direct pathway) (Honda et al., 2012).

"’/:_.----p CA1 . - Direct perforant pathway

. NN -
¢ N

.......

Trisynaptic perforant pathway

Figure 2. Classical cortico-hippocampal synaptic circuitry. Schematic representation of the intra-
hippocampal connectivity and connection with EC. The trisynaptic pathway is highlighted in red
and the direct (monosynaptic) pathway is highlighted in blue. CA, Cornu Ammonis; DG, dentate

gyrus; EC, entorhinal cortex.

Afterward, studies focusing on CA2 revealed other cortico-hippocampal pathways. CA2 pyramidal

neurons receive strong input from layer |l of the EC and are weekly activated by CA3 neurons. In



their turn, CA2 neurons strongly activate CA1 neurons (Chevaleyre and Siegelbaum, 2010).
Thus, CA2 provides a disynaptic link between the cortical input to the hippocampus to its CAl
neuronal output (Chevaleyre and Siegelbaum, 2010). Moreover, DG neurons form monosynaptic
inputs to CA2 pyramidal neurons (Kohara et al., 2014). In addition, there are CA3-CA2
connections dominated by feedforward inhibition (Chevaleyre and Siegelbaum, 2010; Kohara et

al., 2014).

Inhibition or genetic lesions of each of these structures improved the knowledge about their
function. Deletion of N-methyl-D-aspartate receptor 1 (GIuN1, also known as the NMDAR1 or
NR1) in CAl pyramidal neurons leads to impaired spatial memory, because of impairment in
CA1 long-term potentiation (LTP) (see below), without disruption of nonspatial learning (Tsien et
al., 1996). Dorsal CA1 and subiculum are involved in contextual memory (Goshen et al., 2011;
Roy et al., 2017) and inhibition of dorsal CA1, sparing other hippocampal regions, such as dorsal
DG and CA3 and ventral CA1, impairs remote memory recall (Goshen et al., 2011). Dorsal CAl
inhibition with muscimol, a selective GABA. receptor agonist, also impairs spatial and object
memory (Stackman et al., 2016). On the other hand, ventral CAl (and its projections to the
nucleus accumbens) is implicated in the storage of social memory (Okuyama et al., 2016). In
fact, dorsal CA2 projections to ventral CAl are necessary for social memory (Meira et al., 2018).
Deletion of GIuN1 in CA3 pyramidal cells also leads to deficits in social memory and, ventral, but
not dorsal, CA3 is necessary for the encoding of a social memory (Chiang et al., 2018). Targeted
manipulation of GIuN receptors in CA3 showed that the output from CA3 in the trisynaptic
pathway is dispensable for spatial learning, but the full trisynaptic pathway containing CA3 was
required for rapid one-trial contextual learning and for pattern completion recall (Nakashiba et al.,

2008).

The DG is a brain region where neurogenesis persists into adulthood (Altman and Das, 1965;
Anacker and Hen, 2017; Hochgerner et al., 2018). A transgenic mouse model in which output of
old granule cells was specifically inhibited while leaving a substantial portion of young granule
cells intact displayed enhanced or normal contextual and spatial pattern separation (ability to
distinguish between two similar contexts), which was reduced following ablation of young granule
cells. In addition, these animals exhibited deficits in contextual and spatial pattern completion
(ability to recall a memory based on incomplete information). This indicates that pattern
separation depends on adult-born young granule cells, while recall by pattern completion needs

older granule cells (Nakashiba et al., 2012).



Genetic ablation of layer Il inputs from EC to the hippocampus leads to an impairment in
hippocampal-dependent temporal association memory (the ability to associate temporally

discontinuous elements) assessed by trace fear conditioning (Suh et al., 2011).

Despite the preservation of the same basic intrinsic circuit, anatomical features (such as cortical
and subcortical connections) and electrophysiological, gene expression and functional studies
distinguish a longitudinal dorsal-ventral (DH-VH) axis in rodents, that segregate into DH-VH poles,
which correspond in primates to posterior-anterior poles, respectively (Strange et al., 2014).
Despite the sharply demarcated dichotomous segregation into dorsal-ventral portions, it has also
been enrolled a gradual biochemical and functional transition between the two poles (Strange et

al., 2014).

The classical dichotomic view associates predominantly the DH in spatial navigation and episodic
memory and the VH in emotional stress-related behaviors (Bannerman et al., 2014; Fanselow
and Dong, 2010; Kheirbek et al., 2013; McHugh et al., 2011; Strange et al., 2014) and also in
motivational behaviors because of its connections with the amygdala and hypothalamus (see
Figure 3) (van Strien et al., 2009). On the other hand, DH-VH organization of extrinsic
connectivity follows topographically organized projections along the hippocampus (Strange et al.,

2014).

* Spatial navigation
* Episodic memory

* Affective and anxiety-
related behaviors

* Connectivities: Dorsal « Connectivities: regions
regions involved in involved in emotion
information and stress (amygdala
processing and hypothalamus)

Ventral

Figure 3. Hippocampus dichotomic view.

Expression of specific genes also support this long-axis organization (Strange et al., 2014), for
example, NMDAR expression decreases from dorsal to ventral in CA1 (Maruki et al., 2001) and
hippocampal gene expression analysis predicted functional differentiation across the full

longitudinal axis of the hippocampus (Bienkowski et al., 2018; Shah et al., 2017; Thompson et



al., 2008). Also, low-affinity glucocorticoid receptors are more expressed in the DH, while high-

affinity mineralocorticoid receptors are more expressed in the VH (Segal et al., 2010).

Chronic unpredictable stress also has a different impact along the DH-VH axis of the
hippocampus. In the DH, stress triggers a volumetric reduction as a result of atrophy of CA3 and
CA1 apical dendrites, whereas in the VH there is an increase in hippocampal volume concurrent
with the increase of CA3 apical dendrites. Moreover, electrophysiological data revealed that
stress leads to a decrease in VH long-term depression (LTD) (see below) (Maggio and Segal,

2007; Pinto et al., 2015).

Regarding other electrophysiological features, when dividing the hippocampus along its
septotemporal axis into five sections, LTP is specifically reduced in the more ventral portion,
compared with the rest of the hippocampus (Maggio and Segal, 2007). This was reversed by an
exposure to acute stress, allowing VH to express a large LTP, whereas in the rest of the
hippocampus it was much suppressed (Maggio and Segal, 2007). Nonetheless, LTD in VH is of
similar magnitudes as the ones expressed in DH (Pinto et al., 2015). Short-term plasticity is also
different between DH and VH, with DH presenting higher levels of paired pulse (PP) facilitation
(Maruki et al., 2001; Pinto et al., 2015).

Concerning lipid composition, a broad-scale analysis of dorsal, intermediate and ventral portions
of the hippocampus revealed a continuous gradient along the longitudinal axis, with greater
distinction between DH and VH (Miranda et al., 2019). Treatment with corticosterone in rats also
led to region-specific modulation of lipid species, displaying VH as more sensitive to

corticosterone (Miranda et al., 2019).

Altogether, these findings provide insight for hippocampal organization and functioning in a

region-specific manner.

1.2. Synaptic Plasticity

One of the most important characteristics of the mammalian brain is its plasticity. It has been
proposed that associative memories are stored as changes in the strength of synaptic
connections between neurons, also called synaptic plasticity (Bannerman et al., 2014; Citri and

Malenka, 2008). Numerous forms of synaptic plasticity have been characterized. Synaptic



transmission can last from milliseconds to several minutes (short-term synaptic plasticity) or

longer (long-term synaptic plasticity) (Citri and Malenka, 2008).

Short-term plasticity is important for short-term adaptations to sensory inputs, transient changes
in behavioral states and short-lasting forms of memory (Citri and Malenka, 2008). It is triggered
by short bursts of activity, causing a transient accumulation of calcium in presynaptic nerve
terminals, leading to changes in the probability of neurotransmitter release (Citri and Malenka,
2008). When two stimuli are delivered within a short interval, the response to the second
stimulus can be enhanced or depressed relative to the response to the first stimulus — PP
facilitation or depression. One synapse can display either facilitation or depression depending on
the previous activation or modulation (Citri and Malenka, 2008). PP depression occurs within
short interstimulus intervals (less than 20ms) and can be caused by depletion of some pool of
readily releasable vesicles (Zucker and Regehr, 2002) or it can arise from feedback activation of
presynaptic receptors and from postsynaptic processes such as receptor desensitization (Citri
and Malenka, 2008; Zucker and Regehr, 2002). Longer interstimulus intervals (20-500ms) are
responsible for PP facilitation, since the residual calcium left over from the invasion of the first
action potential contributes to additional release during the second stimulation (Zucker and
Regehr, 2002) or due to the activation of protein kinases that regulate the activity of presynaptic
phosphoproteins (Citri and Malenka, 2008). Longer-lasting forms of plasticity can be seen after
tetanic stimulation with prolonged (200ms to bs) trains of stimulation applied at high frequencies

(10-200 Hz) - augmentation and post-tetanic potentiation (Zucker and Regehr, 2002).

Memory relies on changes in synaptic strength, which can take the form of persistent
enhancements, such as LTP of LTD (Bear, 1996; Kemp and Manahan-Vaughan, 2004). Most
hippocampal studies regarding long-term plasticity are focused on LTP in CAl, but it is known
that the majority of synapses that exhibit LTP also exhibit LTD (Citri and Malenka, 2008). A brief
high-frequency train of stimuli gives rise to LTP and distinct forms of LTP diverge in the relative
importance of diverse receptors and ion channels and each one may be able to recruit distinct
second-messenger signaling pathways (Kandel et al., 2000). Postsynaptic NMDAR are necessary
for LTP at the Schaffer collateral, mossy fiber and entorhinal inputs to CAl, although its
contribution diverges in the three pathways (Kandel et al., 2000). Therefore, inhibition of LTP in
the hippocampus interferes with spatial memory (Kandel et al., 2000). LTP can also be split into
a short and long-term phases, this last requiring the synthesis of new proteins and mRNA for its

persistence (Kauderer and Kandel, 2000).



LTD is a mechanism that downregulates synaptic function and it was first identified in the
cerebellum, with relevance for motor learning (Kandel et al., 2000). LTD induction requires
longer periods of low-frequency synaptic stimulation (Kandel et al., 2000) and can also be divided
in phases, depending an early-phase of covalent modifications of preexisting proteins, whereas a

late-phase requires transcription and translation (Kauderer and Kandel, 2000).

1.3. Lipids

Lipids can be defined as fat-soluble molecules based on their solubility in non-polar solvents (Lam
and Shui, 2013). Lipids are a naturally occurring group of amphipathic molecules, which means
they hold both a hydrophobic/apolar domain and a hydrophilic domain, which interacts with
water (Simons and Sampaio, 2011). This hydrophobic effect results from the hydrocarbon
domains that distort the stable hydrogen-bonded structure of water by inducing cage-like
structures around the apolar domains (Simons and Sampaio, 2011). Moreover, the lipids degree
of length and saturation provides different physical properties to membranes, such as thickness,

fluidity, and microdomain assembly (Holthuis and Menon, 2014).

Based on their functional backbone structure, a commonly used classification divides lipids into
eight categories: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids,
prenol lipids, saccharolipids and polyketides (Fahy et al., 2009). Fatty acyls possess a carboxylic
group attached to an aliphatic chain; saturated fatty acids do not contain double bonds, whereas
monounsaturated and polyunsaturated fatty acids contain one or more cis double bonds.
Glycerolipids are fatty acid esters of glycerol and comprise mono-, di- and tri-acylglycerols.
Glycerophospholipids contain phosphoric acid in ester form with a glycerolipid and are subdivided
into distinct classes based on the nature of the head group linked to the phosphate.
Sphingolipids contain a common sphingoid base backbone and are acylated to form ceramides,
which are modified to generate phosphosphingolipids and glycosphingolipids. Sterol lipids, of
which cholesterol and its derivatives are the most widely studied in mammalian systems, contain
a fused four-ring core and are subdivided based on the number of carbons in the core skeleton.
Prenols are synthesized from the five carbon precursors isopentenyl diphosphate and
dimethylallyl diphosphate that are produced mainly via the mevalonic acid pathway.
Saccharolipids are compounds in which fatty acids are linked directly to a sugar backbone (the

sugar substitutes for the glycerol backbone that is present in glycerolipids and
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glycerophospholipids). Polyketides are natural compounds containing alternating carbonyl and
methylene groups (Fahy et al., 2005; Piomelli et al., 2007). In mammalian cellular membranes,

the main lipid categories are glycerophospholipids, sphingolipids and sterols (Fahy et al., 2005).

Considered major components of cellular membranes serving largely structural functions (Lam
and Shui, 2013) and viewed as a reservoir for carbon storage (Wenk, 2005), lipids are crucial to
all aspects of life. For example, they are key regulators of brain function (Cermenati et al., 2015)
and lipid anabolism and catabolism are key molecular integrators of energy homeostasis,
membrane structure and dynamics and signaling (Cermenati et al., 2015; Vattulainen and Rog,
2011; Wenk, 2005). Furthermore, the plasma membrane comprises lipid rafts, specialized
regions containing high concentrations of the most abundant sterol, cholesterol, and
glycosphingolipids, also including ordered assemblies of specific proteins, as well as
consequential specific lipid-lipid, protein-lipid, and protein-protein interactions with a crucial role

in specific cell signaling events (Simons and Sampaio, 2011).

Over half of the human brain dry weight is represented by lipids, which is in accordance with the
role as key players in the physiology and pathophysiology of different diseases (Piomelli et al.,
2007). Moreover, glycerophospholipids account for about 20-25% of the dry weight in adult brain
(Farooqui et al.,, 2000). Major lipid classes of the nervous system are cholesterol,
phosphatidylcholine, sphingomyelin, ceramide, glucosyl-ceramide, and sulfatide and less
abundant lipids are derivatives of cholesterol such as oxysterols and neuroactive steroids,
derivatives of long chain fatty acids such as prostaglandins, endocannabinoids, neuroprotectins
and resolvins, that are localized in myelin, in the plasma membranes of neurons and glial cells,
or intracellularly, where they exhibit signaling and regulatory functions (Cermenati et al., 2015).
Particularly, in the nervous system, lipids play functions on synaptogenesis, neurogenesis,
insulation, rapid saltatory nerve impulse conduction, among many others (Cermenati et al.,
2015). Disturbances in brain lipid content and metabolism have been proposed to be of
particular importance in disorders such as Alzheimer's disease (AD) (Di Paolo and Kim, 2011),
Parkinson's disease (Ruiperez et al., 2010), multiple sclerosis (Ho et al., 2012) and amyotrophic

lateral sclerosis (Schmitt et al., 2014).

Lipids are now an emerging field of research. There is a growing number of drugs that target lipid
metabolic and signaling pathways, ranging from inflammation and cancer to metabolic diseases

(Wenk, 2005). In addition, different tools are being used for lipid research, such as nuclear
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magnetic resonance, chromatographic tools, mass spectrometry based lipidomics (defined as the
large-scale characterization and quantification of lipids and modifications in various physiological
and pathological conditions) and /7 vivo manipulation of lipid signaling pathways, that are
expanding our understanding of the functions of the different lipid species (Checa et al., 2015;

Lam and Shui, 2013; Wenk, 2005).

Lipids are not genetically encoded and are generated and metabolized by enzymes (that are
influenced by the environment of the biological system, for example, by temperature and diet)
(Wenk, 2005). Among these enzymes, phospholipases play a key role in lipid signaling and have

been shown to be implicated in disease processes when dysregulated.

1.4. Phospholipids and Phospholipases

Phospholipids are ubiquitous in nature and well-known for their importance as major components
of lipid bilayer of cell membranes. They provide neural membranes with stability, fluidity, and
permeability. In addition to serving as a primary component of cellular membranes and binding
sites for intracellular and intercellular proteins, they are also either precursors of, or are

themselves, membrane-derived second messengers (Fahy et al., 2005).

Structurally, all phospholipids present a hydrophilic head composed of a phosphate group linked
to either glycerol or sphingosine, and two or one hydrophobic tail of fatty acyl chains, respectively
(Fahy et al., 2005). Glycerol-based phospholipids are known as glycerophospholipids and
sphingosine-based phospholipids are named phosphosphingolipids.

Regarding glycerophospholipids, they are constituted by four components: fatty acyl chains, a
glycerol backbone to which the fatty acyl chains are attached, a phosphate head group, and a
radical group that defines the specific classes of phospholipids (see Figure 4 and Table 1). For
example a phosphocholine, phosphoserine, or a phosphoinositol ring originate
phosphatidylcholine (PC), phosphatidylserine (PS), and phosphatidylinositol (PI), respectively
(Fahy et al., 2005). More complex phospholipids, such as cardiolipin, can be synthesized by
adding more than two glycerol units (Miranda and Oliveira, 2015). According to the geometry of
their polar heads, lipids can assume cylindrical or conical shapes, which determine the form of

membranes, inducing planar or curved membrane structures, respectively (Fahy et al., 2005).
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Figure 4. Schematic representation of the main structure of glycerophospholipids. R - radical

group.

Table 1. Examples of glycerophospholipids and their correspondent head groups.

Head group Glycerophospholipid
Hydroxyl Phosphatidic acid (PA)
Ethanolamine Phosphatidylethanolamine (PE)
Choline Phosphatidylcholine (PC)
Serine Phosphatidylserine (PS)
Glycerol Phosphatidylglycerol (PG)
Phosphatidylglycerol Cardiolipin (CL)
Inositol Phosphatidylinositol (PI)
Inositol-phosphate Phosphatidylinositol phosphate (PIP):
Inositol-bisphosphate Phosphatidylinositol bisphosphate (PIP-)
Inositol-triphosphate Phosphatidylinositol triphosphate (PIP)?
‘PI3)P, PI(4)P or PI(5)P
Pl AP

Phospholipases are enzymes that cleave the various bonds in glycerophospholipids, differing in

the site of action on the molecules, physiological function, mode of action, and their regulation
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(Aloulou et al., 2012). These enzymes act in different sites on the glycerophospholipid structure
and are generally grouped into four classes: A, B, C and D (Aloulou et al.,, 2012). The
phospholipases Al and A2 (PLAI and PLA2) produce free fatty acids, (including arachidonic and
docosahexaenoic acid) and 2-acyl lysophospholipid or 1-acyl lysophospholipid, respectively. The
fatty acid linked to the lysophospholipid is cleaved by lysophospholipase activity of phospholipase
B (PLB). Phospholipases C (PLC) are defined as phosphodiesterases that cleave the
glycerophosphate bond, forming diacylglycerols and a phospho-base. Finally, the base group of
the phospholipid is removed by phospholipase D (PLD) (Aloulou et al., 2012; Farooqui and
Horrocks, 2005). For example, the cylindrical phospholipid PC can be converted into conical
lipids, such as diacylglycerol (DAG) by PLC, or phosphatidic acid (PA) by PLD. It can also be
converted into the inverted cone-shaped lysophosphatidylcholine (lysoPC) with the release of a

fatty acyl chain by PLA (Miranda and Oliveira, 2015).

Phospholipases convert phospholipids into lipid mediators or second messengers important for
membrane trafficking, signal transduction, cell proliferation and apoptosis (Aloulou et al., 2012).
Therefore, phospholipases have been identified as therapeutic targets for prevention and

treatment of diseases, since their dysregulation contributes to several human diseases.

1.5. Phospholipase D

PLD is a signal-activated enzyme existent in virus, bacteria, plants and lower and higher
eukaryotes and catalyzes the hydrolysis of phospholipids with generation of lipid head group and
phosphatidic acid. Even though there are PLD enzymes with broader substrate selectivity present
in plants and some bacteria, PLD is primarily known for hydrolyzing in mammals, in the presence
of water, PC, the most abundant membrane phospholipid, to metabolically active PA, a second
messenger signaling lipid, and free choline (see Figure 5) (Jenkins and Frohman, 2005; Oliveira
et al., 2010). However, in the presence of primary alcohols, PLD preferentially uses these as a
substrate, resulting in the formation of a specific phosphatidylalcohol, such as
phosphatidylethanol (PEtOH) in the presence of ethanol. This property has been used to measure
PLD activity (Gustavsson, 1995; Oliveira et al., 2010; Scott et al., 2013). PLD superfamily is
classified based on the two highly conserved HKD catalytic motifs. HKD denotes for an HxxxxKxD
sequence, where H corresponds to histine, K for lysine, D for aspartic acid and x for any amino

acid (Frohman et al., 1999; Raghu et al., 2009b).
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Figure 5. PLD hydrolyses cylindrical PC into conical PA. PA is negatively charged and promotes a

negative membrane curvature. Structures above represent ones of many possible.

The first evidence for PLD-like activity was reported by Hanahan and Chaikoff in carrot extracts in
1947 (Hanahan and Chaikoff, 1947), and was afterward described in virus, prokaryotes and
eukaryotes (Selvy et al., 2011). The mammalian PLD activity was first described by Saito and
Kanfer in 1973 in rat brain extracts (Saito and Kanfer, 1973). Later, the yeast Spo/4 gene was
shown to encode a protein with PLD activity (Rose et al., 1995) and the human sequence was

eventually isolated (Hammond et al., 1995).

In yeast, PLD (spol4) is essential for meiosis and sporulation by directing vesicular transport to
form the membrane surrounding the nucleus of the nascent spore (Rose et al., 1995) and the
loss of the protein leads to a sporulation defect (Rudge et al., 2001) and accumulation of

undocked membrane vesicles in the spindle pole body (Nakanishi et al., 2006).

In the nematode Caenorhabditis elegans (C. elegans) there is only one PLD gene (P/d-1), which
encodes a protein structurally similar to its mammalian ortholog, sharing 6 of its 7 domains. It is
abundant in neurons and pharyngeal muscles, whereas expression in epithelial cells, body-wall
muscles and the excretory canal is weaker (Park et al., 2018). It is also the main source of PA in
this model (Bravo et al., 2018). The ablation of PLD in this model causes no major phenotype,
since the progeny, development and survival, as well as the motor behavior, chemotactic
responses and learning are not affected (Bravo et al., 2018). Despite these data, PLD
downregulation has been shown to shorten longevity and induce age-related biomarkers through

reactive oxygen species accumulation (Park et al., 2018). Moreover PLD modulates C. elegans

14



body size, since the ablation of this enzyme leads to increased size and lipid stores of the

nematodes (Bravo et al., 2018).

In Drosophila melanogaster there is also a single FP/d gene, which encodes a protein with a
domain structure conserved with mammalian PLD protein; this includes an N-terminal phox (PX)
and pleckstrin homology (PH) domain as well as two HxKxxxxD (HKD) domains and a
phosphoinositide 4,5 bisphosphate (PI(4,5)P:) binding site (see below) (Raghu et al., 2009b). In
this model, loss of function of PLD also decreases the levels of PA (Thakur et al., 2016). In order
to detect photons, ocular photoreceptors of animals generate an expanded region of the plasma
membrane that is packed with the receptor of light rhodopsin. Either the increase or decrease of
PLD levels have a functional impact in fly rhabdomeres. It was found that photoreceptors contain
a light-dependent PLD activity that balances membrane internalization and recycling to maintain
the size and rhodopsin composition of the membrane (Thakur et al., 2016). On the other hand,
high levels of PA during development in Drosophila photoreceptors disrupts rabdhomere

biogenesis with associated endomembrane defects (Raghu et al., 2009a).

Six different isoforms sharing an HKD structure have been identified in mammals to date, but
PLD1 and PLD2 (120 KDa and 106 KDa respectively) are the only isoforms with proposed
canonical activity, meaning they are the only with the ability to hydrolyze PC to generate PA.
PLD1 and PLD2 structure share many domains: two HKD motifs, a PX consensus sequence and
a PH domain, which are phosphoinositide-binding modules that are required for proper targeting
of PLD and a PIP2-binding site, fundamental for enzymatic activity. The distinction between PLD1
and PLD2 structure remains in the presence of a loop region in PLD1, which has been proposed
to function as a negative regulatory element for catalysis, that is absent in PLD2 (Jenkins and
Frohman, 2005). Although PLD1 and PLD2 catalyze the same biochemical reactions they differ
in their cellular localization and in the mechanisms by which their catalytic activities are
regulated. PLD1 locates on perinuclear, Golgi and endosomal vesicles and, upon cell stimulation,
translocates to the plasma membrane or late endosomes (Liscovitch et al., 1999; Oliveira and Di
Paolo, 2010; Selvy et al., 2011), while PLD2 resides mainly in the plasma membrane under non-
stimulated conditions and translocates to recycle vesicles or partly to the cytosol with agonist-
stimulated and desensitized receptors (Colley et al., 1997; Hiroyama and Exton, 2005; Oliveira et
al., 2010). Baseline activity increases as a consequence of extracellular stimuli such as

engagement of G-protein-coupled receptors and receptor tyrosine kinases and downstream
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activation of small GTPases, such as Ras homolog family member A (RhoA) and ADP ribosylation
factor (ARF) family members, and protein kinase C (PKC). Other regulatory mechanisms
including phosphorylation, availability of the lipid cofactor PI(4,5)P., and other protein activators
have been proposed (Bruntz et al., 2014; Jenkins and Frohman, 2005; Salazar and Frohman,

2020).

With the emergence genetic PLD mouse models, namely Pldl knock-out (KO) (Elvers et al.,
2010) and P2 KO (Oliveira et al., 2010) mice, it was possible to study the mammalian
phenotypes upon PLD ablation. Studies in Pldl and/or Pld2 KO mice result in homozygous
viable adults, although it has been reported by some authors that £Pld7 KO and Pld2 KO animals
present increased body weight and body fat content, accompanied by an increased food intake
(Trujillo Viera et al., 2016). Other reported observations mentioned PLD1 and/or PLD2 deficient
mice to have reduced brain growth at 14-27 days after birth, but that is eventually caught up with
WT mice at day 33 (Burkhardt et al., 2014). Moreover, Pld2 KO mice have an increased number
of ectopic cerebellar Purkinje cells and olfactory defects after 13 weeks of age (Vermeren et al.,
2016). Regarding mice behavior, conflicting results have been reported upon PLD1 or PLD2
ablation. Oliveira et al. reported that P2 KO mice have no memory or learning deficits when
compared to control mice (Oliveira et al., 2010). However, Burkhardt et al. showed a deficit at
the level of discrimination in long-term novel object recognition test in Pld2 and double Pld KO

and a social recognition deficit in Pld and/or Pld2 KO (Burkhardt et al., 2014).

The hallmarks of AD are the extracellular amyloid beta (AB) deposition (generated from amyloid
precursor protein (APP) by sequential cleavages mediated by the (-secretase [3-site APP cleavage
enzyme 1, BACEL, and the y-secretase complex) as senile plaques and the intracellular
accumulation of hyperphosphorylated tau as neurofibrillary tangles (Di Paolo and Kim, 2011).
Several studies have addressed the link between PLD1/PLD2 and AD, either in AB signaling
(Bravo et al., 2018; Oliveira et al., 2010) and amyloid precursor protein APP processing and
trafficking (Cai et al., 2006a; Cai et al., 2006b). Kanfer et al. found an increase in PLD activity in
AD brain extracts (Kanfer et al., 1996). PLD1 has been implicated in APP processing and
trafficking. For instance PLD1 has been shown to regulate the intracellular trafficking of presenilin
1(PS1)/y-secretase (Liu et al., 2009). Moreover, it has been suggested that reducing the APP
trafficking back to the trans-Golgi network results in an increase of amyloidogenesis and several

studies implicate PLD1 as well as its product PA in the budding of secretory vesicles from the
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trans-Golgi network (Chen et al., 1997; Ktistakis et al., 1995; Riebeling et al., 2009). In fact, Cai
et al. showed that PS1 physically interacts with PLD1, recruiting it to the Golgi complex/trans-
Golgi network (Cai et al., 2006a). Also, overexpression of PLD1 decreases the levels of AB
whereas silencing PLD1 produces the opposite effect (Cai et al., 2006a). In a companion
publication, PLD1 overexpression was shown to promote the formation of APP-containing
secretory vesicles from trans-Golgi network and inhibition of PLD1 activity decreases APP
trafficking (Cai et al., 2006b). PLD1 is able to correct the impaired APP trafficking and neurite
outgrowth in familiar AD-linked PS1 mutant neurons (Cai et al., 2006b). Aberrant elevated
synaptosomal PLD1 was observed in AD hippocampi compared to age-matched controls and this
elevated PLD1 plays a key detrimental role in facilitating both AB and tau oligomer-driven
synaptic dysfunction and underlying memory deficits (Krishnan et al., 2018) and, also, the use of
a PLD1 inhibitor (VUO 155069) is sufficient to prevent the progression of synaptic dysfunction
during early stages in the 3xTg-AD mouse model (Bourne et al., 2019). Oliveira and colleagues
showed that AP oligomers induce total PLD activity in primary cortical neurons, which is
abolished in mouse cultured neurons lacking PLD2, and that genetic ablation of PLD2 leads to
attenuation of AD pathogenesis by increasing resistance to A oligomer insult and memory deficit

protection in the SWAPP mouse model (Oliveira et al., 2010).

In addition to these findings relating PLD to AD, it is also known that synucleins interact with and
inhibit PLD (Ahn et al., 2002; Jenco et al., 1998; Payton et al., 2004). Moreover, ablation of
these enzymes promotes other phenotypes regarding autophagy (Dall'Armi et al., 2010), tumor
biology (Chen et al., 2012; Wang et al., 2017), neurobiology (Ammar et al., 2015; Oliveira et al.,
2010; Vermeren et al., 2016) and platelet function (Elvers et al., 2010; Thielmann et al., 2012).

Canonical enzymatic activity has not been described for non-classical PLDs, such as PLD3,
PLD4, PLD5 and PLD6. These members lack the two functional domains PX and PH which are
found in the N-terminal regions of PLD1 and PLD2 and instead contain a putative
transmembrane (TM) domain (Yoshikawa et al., 2010). PLD3 (Hu-A4 in humans, SAM-9 in
murines) and PLD4 are 5’ exonucleases glycosylated type Il transmembrane proteins (Fazzari et
al., 2017; Gavin et al., 2018; Gonzalez et al., 2018; Otani et al., 2011). PLD3 is a located in
endoplasmatic reticulum and endolysosomes (Frohman, 2015; Gavin et al., 2018; Munck et al.,
2005; Osisami et al., 2012). In 2014, a genome wide-association study identified a rare variant

of PLD3 (Val232Met) that doubled the risk for late-onset AD. In addition, two other PLD3 variants,
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Alad442Ala and MetbArg, were reported to be nominally associated with AD risk. This study
showed that PLD3 is highly expressed in the hippocampus and cortex, brain regions vulnerable to
AD pathology, and that AD brains have lower levels of PLD3 in their neurons (Cruchaga et al.,
2014). Moreover, Cruchaga et al. observed that overexpression of PLD3 leads to a significant
decrease in intracellular APP and extracellular AB42 and AB40 and PLD3 knockdown had an
opposite effect (Cruchaga et al., 2014). These data led to propose PLD3 loss-of-function as an AD
risk factor by affecting APP processing but, although there are studies in agreement with some of
these data (van der Lee et al., 2015), several reports have questioned some of the findings
regarding molecular association between PLD3 and AD (Hooli et al., 2015; Lambert et al., 2015).
In addition, Fazzari et al. observed no alterations in full-length APP, C-terminal APP fragments
and the ratio between full-length and C-terminal fragments expression under genetic deletion of
Pld3. In addition, they found that PLD3 was localized in late and endosomes and lysosomes
(visualized with the lysosomal-associated membrane protein 1 (LAMP1) marker) and lysosomes
from PLD3-deficient CAl1 neurons displayed an increase in density, size and in total area
occupied with lipid droplets inclusions (Fazzari et al., 2017). Later, another study showed that
PLD3 is a lysosomal protein that becomes proteolytically cleaved in acidic compartments and
inhibitors of intracellular trafficking or lysosomal acidification abolished this processing (Gonzalez
et al., 2018). Gonzalez et al. also proposed that the biosynthetic route of PLD3 depends on the
endosomal sorting complex required for transport (ESCRT) machinery to reach lysosomes in
mammalian cells (Gonzalez et al., 2018). In 2019 two other rare variants of Pld3 were described
in late-onset AD, which could lead to reduced PLD3 activity and affect AB levels in cellular model
of AD, via autophagy-dependent mammalian target of rapamycin (mTOR) pathway (Tan et al.,
2019). Since disruption of endolysomal membrane trafficking flux has been shown to lead to
neurodegeneration and impairment in APP trafficking and processing (Miranda et al., 2018), the
role of PLD3 in lysosome functioning is a strong biological hypothesis for the reported human

genetic association in AD (Cruchaga et al., 2014).

PLD4 is localized in organelle membranes, including the endoplasmatic reticulum and Golgi
complex (Yoshikawa et al., 2010) and also in phagosomes (Otani et al., 2011). Its biological
function has not been fully elucidated, but some studies associate PLD4 to autoimmune
diseases. Pld4 risk allele was associated with anti-double stranded DNA antibodies production,
implying PLD4 contribution to systemic lupus erythematosus by hyperactivating B-cells (Akizuki et

al., 2019). Pld4 mutant mice have low body weight and also autoimmune phenotypes
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corresponding to systemic lupus erythematosus, including nephritis (Akizuki et al., 2019).
Moreover, it has been demonstrated that PLD4 promotes kidney fibrogenesis by modulating
innate and adaptative immune responses (Trivedi et al., 2017). Other studies linked PLD4
polymorphisms to systemic sclerosis (Terao et al., 2013) and rheumatoid arthritis (Okada et al.,
2012). Lastly, Gavin et al. presented evidence that the endolysosomal proteins PLD3 and PLD4
are 5’ exonucleases that break down toll-like receptor (TLR) 9 ligands, thus degrading them and
limiting their ability to stimulate TLR9. Hence, macrophages from PLD3-deficient mice have
exaggerated TLR9 responses (Gavin et al., 2018) and PLD4-deficient mice display a TLR9-driven

inflammatory syndrome and splenomegaly (Chen et al., 2017; Gavin et al., 2018).

PLD5 is encoded by an autosomal gene (Yao et al., 2020) and has nonconservative substitutions
in its putative catalytic site, making it unlikely to be enzymatically active and definitive cellular or
physiological roles have not yet been recognized (Nelson and Frohman, 2015). One study
correlates a single-nucleotide polymorphism in the Pld5 gene with verbal performance in autism

patients, but the clinical importance of this finding is not clear (Anney et al., 2010).

PLD6 (also known as mitoPLD) encodes only one HKD motif and dimerizes to exhibit catalytic
activity (Nelson and Frohman, 2015). It is anchored by an N-terminal transmembrane tail into the
outer surface of mitochondria (Choi et al., 2006) and hydrolyzes cardiolipin on the outer surface
of the mitochondria to generate PA (Choi et al., 2006). It also acts as an endonuclease of RNA to
generate specialized microRNAs known as P-element-induced wimpy testis (piwi)-interacting
RNAs (Voigt et al., 2012), that control gene modification and stability (Moyano and Stefani,
2015), which are critical during spermatogenesis (Huang et al., 2011; Kabayama et al., 2017).

PLD is still a rapidly rising field of research with recent major technical advances. For instance, it
was recently developed a method named IMPACT (Imaging Phospholipase D Activity with
Clickable Alcohols via Transphosphatidylation), which is a chemical method for imaging
phosphatidyl-alcohols synthesized by PLD enzymes in live cells, relying in azidoalcohols as
reporters in a transphosphatidylation reaction (Bumpus and Baskin, 2016; Bumpus et al., 2018)
and also an optogenetic PLD which allows the visualization of cellular PLD activity (Tei and
Baskin, 2020). Moreover, crystal structures of PLD are emerging, either in plants (Li et al., 2020)
and humans (Metrick et al., 2020), providing explanations for structural insights and promoting

structure-based drug discoveries.
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1.6. Phosphatidic Acid Signaling

PA has important physiological and signaling roles, since it contributes to membrane biogenesis
and is also a signaling molecule. It is composed of a three-carbon glycerol backbone, two fatty
acid chains and a small phosphate headgroup, thus referred to as a “cone shape” lipid (i.e., a
lipid with a small head groups relative to a large hydrophobic domain) (Cazzolli et al., 2006;
Jenkins and Frohman, 2005). PA is negatively charged, promoting a negative membrane
curvature and making it possible to alter the properties of the membranes (Jenkins and
Frohman, 2005). PA is involved in important cellular processes such as membrane biogenesis
and trafficking events and different PA species exhibit different structural properties, which is
related to the acyl chain length and unsaturation of the fatty acyl chain at sn-1 and sn-2 positions,
leading to distinct repercussion on membrane structure, for example membrane curvature (van
Meer, 2005). In fact, PA saturation level influences its functions in neurosecretory pathway
(Tanguy et al., 2020). While mono-unsaturated PA regulates the number of exocytotic events,

poly-unsaturated PA regulates fusion pore stability and expansion (Tanguy et al., 2020).

PA is a critical element in signaling pathways as a second messenger and it can also be further
metabolized to other signaling lipids such as DAG by PA phosphatases, lysophosphatidic acid
(LPA) by phospholipase A and other lipids such as PI (Oliveira and Di Paolo, 2010; Sonoda et al.,
2002). On the other hand, PLD is not the only source of PA, since it can also be obtained from
DAG by a reaction catalyzed by DAG kinase, from LPA as a result of LPA acyltransferases
(LPAAT) activity, from cardiolipin catalyzed by mitoPLD and other enzymes in the biosynthetic
pathway (see Figure 6) (Choi et al., 2006; Haucke and Di Paolo, 2007).
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Figure 6. PA metabolism. PA can be generated from other sources and further metabolized. PA,
phosphatidic acid; PLD, Phospholipase D; PC, phosphatidylcholine; LPA, lysoPA; DAG,
diacylglycerol; CDP-DAG, cytidine diphosphate-DAG; PLA, phospholipase A; LPAAT, LPA
acyltransferase; PAP, PA phosphatase; DGK, DAG kinase; CDS, CDP-DAG synthase; mitoPLD,

mito-phospholipase D.

PA plays an important role in membrane trafficking, for example, in phagocytosis (Corrotte et al.,
2006; Tanguy et al., 2019), autophagy (Holland et al., 2016), synaptic transmission (Humeau et
al., 2001; Raben and Barber, 2017), among others, since it may recruit specific proteins and/or
facilitate fusion because of higher curvature of PA-enriched membranes (Tanguy et al., 2020). PA
is crucial for many activation pathways of intracellular signaling transduction events, such as Pl
phosphate kinases, activation of mTOR, and direct binding with Rapidly Accelerated
Fibrosarcoma (Raf) kinase, soluble N-ethylmaleimide sensitive factor attachment protein receptor
(SNARE) proteins and sphingosine kinases (Cazzolli et al., 2006; Jenkins and Frohman, 2005;
Stace and Ktistakis, 2006). In fact, specific PLD-derived PA modulates subcellular processes
such as vesicular transport (Cai et al., 2006b; Choi et al., 2002; Huang et al., 2005; Raghu et
al., 2009a; Vitale et al., 2001), NADPH oxidase activity (Zhang et al., 2009), mTOR and S6K
activity (Fang et al., 2003).
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1.7. Aims of the thesis

Recently, a mass spectrometry study revealed that the DH presents increased PA and decreased
PC compared to the VH, potentially implicating the PLD pathway in DH-VH axis regulation
(Miranda et al., 2019). Since the cell biology and pathophysiology involving PLD1 and PLD2
remain a topic of investigation, our main goal was to study the impact of PLD genetic modulation

on the DH-VH axis organization and function.

In chapter 2, we address how PLD1 ablation differentially affects hippocampal organization and

functioning in a region-specific manner.

In chapter 3, we address the effects of PLD2 ablation in social behavior and hippocampal

synaptic potentiation.
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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, Pld1 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-

m

|

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 etal., 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., 2018). 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

Cell Reports 30, 4197-4208, March 24, 2020 © 2020 The Author(s). 4197
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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 PLDZ2 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

4198 Cell Reports 30, 4197-4208, March 24, 2020

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, Pid71 knockout (KO) animals
express only PLD2, Pld2 KO animals express only PLD1 enzyme,
and Pld double-KO (DKQ) animals have no PLD1 or PLD2
expression (Figure 1A). To study the impact of genetic ablation
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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 Pld2 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
Pld1 and Pld2 KO animals (Figure 1B). No significant changes
were observed in control phospholipid phosphatidylethanol-
amine (PE) in Pld1, 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 Pld7 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 Pld 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,
PIld1/PLD1 and Pld2/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 Pld71 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 Pld1 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 Pld7 KO animals did not demonstrate significant locomo-
tor or anxiety-like impairments. In fear memory evaluation,
PId1 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 objects,
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), Pld1 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 (nwr = 25, nxo = 23).
(B) Pid1 KO mice exhibit no alterations in anxiety behavior when compared to WT, assessed by the EPM test (nwr = 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) (nwr = 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) Pld1 KO mice deficits in object recognition-related short-term memory, evaluated with the NOR test (unpaired t test t(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) Pld1 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 #(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 Pld7 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
Pld1 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
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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 PId7 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 Pid1
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 GIuN2A 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 t(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 (nwr = 5-6, nko = 6), there is a significant increase in the basal dendritic length of VH when compared to DH in Pid7 WT animals (unpaired t test t(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 Pld7 WT animals (unpaired t test t(9) = 3.322,
p = 0.0089). Moreover, there is a significant increase in the apical spine density of VH when compared to DH in Pld7 WT animals (unpaired t test #(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
#9) = 2.766, p = 0.0219).

(C) In DG (nwr = 6-8, nko = 6-7), there is a significant increase in the dendritic length of VH when compared to DH in Pld7 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 GluA1 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) (nyr = 9, nko = 8) and VH (right panel) (ny+ = 8,
Nko = 8).

(B) LTD was measured in acute slices of DH (left
panel) (nyT =9, nko = 9) and VH (right panel) (ny =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 (16) = 2.143, p = 0.0478).
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(C) Paired pulse (PP) ratios in acute slices of DH (left
panel) (nwr = 18, nko = 14) and VH (right panel)
(nwr = 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 iscenzyme transla-
tion upregulation (Figures S2 and S3); other
possibilities are that the activity upregula-
tion could be due to altered localization,
. post-translational modifications, or differ-
ences in co-factor modulation (Selvy
et al., 2011). Moreover, the PA and PEtOH

50 100
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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 Pld7 KO, Pld2 KO,
and Pid DKO animals by quantifying PEtOH levels after ethanol
injection (Figures 1B and S1). Both Pid7 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 meodulate 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 phenctypes 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 through a
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-

PLD6, which have in common the presence of HKD domains
(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., 2006a, 2006b) and PLD2 on AB 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 Pld? 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
etal., 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 Pid7 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
PAin 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 Pld7
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 (PIP5SK) (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 ¥1472), 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 GIuUN2B 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), GIuN2A 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 Pld1 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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STARx*METHODS

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

Cell Signaling Technology

Made in house; Provided by Sung

Ho Ryu (Pohang University of
Science and Technology)

Cell Signaling Technology

Cati# 2118, RRID:AB_561053
N/A

Cat# 3832, RRID:AB_2172256

Phospholipase D2 (N-term) Abgent Cat# AP14669a, RRID:AB_11135353
Synaptophysin 1 Synaptic Systems Cat# 101 002, RRID:AB_887905
SNAP-25 Abcam Cat# ab5666, RRID:AB_305033
PSDS5 Abcam Cat# ab2723, RRID:AB_303248
Homer Abcam Cat# ab184955, RRID:AB_2744679
GluA1 / GluR1 Millipore Cat# AB1504, RRID:AB_2113602
GluA2 / GluR2 Abcam Cat# ab133477, RRID:AB_2620181
GIuN2A / NR2A Millipore Cat# AB1555P, RRID:AB_90770
GIuN2B / NR2B Abcam Cat# ab65783, RRID:AB_1658870
pY1472-GIluN2B / -NR2B Abcam Cat# ab3856, RRID:AB_304114
Syntaxin-1A Synaptic Systems Cat# 110 302, RRID:AB_887846
Synaptobrevin-2 Synaptic Systems 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
Cati# 08-24-00020

Experimental Models: Organisms/Strains

Mouse: Pld1im!-16dr/)

Mouse: B6.Cg-Fd2tm116dpy

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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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

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

Primer for gRT-PCR: Phospholipase D1 (PLDT) - 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 qRT-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 (HspS0abT) -

Forward (5' —3'): GCTGGCTGAGGACAAGGAGA

Primer for gRT-PCR: Heat Shock Protein 90 alpha Stab Vida N/A
family class B member 1 (Hsp90abT) - Reverse

(5'=3): CGTCGGTTAGTGGAATCTTCATG

Software and Algorithms

ImagedJ 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 WinLTP 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 PId17" / Pld2™"~ (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 fibitum
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
(3-8 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 radicimmunoprecipitation 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 ImageJ software. Primary antibodies used were: a-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:KCI (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, PI 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 opacue 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 cbject 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,,0; and 5% HgCl, diluted 4:10 with 5%
K>CrO,) 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 MgCls, 1.25 NaH,PO,, 110 sucrose, 26 NaHCO3, 10 glucose, bubbled with
carbogen gas (95% O,, 5% CO,). Slices (300 um) 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,PO,, 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 CAB3, 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 (6-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 qRT-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 qPCR 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 ImagedJ (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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Figure S1. PEtOH species in PLD enzymatic activity assessment. Related to Figure 1.

Mice were injected with ethanol. Their forebrains were extracted and the levels of PEtOH were measured by LC-MS
analysis and used as an indicator of in vivo PLD activity. Individual lipid species were compared with corresponding WT
mice (1 pigwr =0, 7 prir ko=0, 7 pra> k=0 M pripko=0. N pgwr =) Values are represented in gradient color, blue
indicates below one and red indicates above onefold-change, respectively, normalized to WT mice. dKO — Pld double
KO; NI - WT non injected; PEtOH — Phosphatidylethanol.
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Figure S2. No compensation at mRNA levels upon PLD1 or PLD2 ablation. Related to Figure 1.

Relative mRNA expression of Pld! (A) and Pld2 (B) in Pid! and Pld2 WT and KO mice total hippocampus (7 p; wr=4,
1 plar ko=4%4s 1 pigz wi=4, 1 prarko=4)- The ablation of one isoenzyme has no impact on the mRNA levels of the other
isoenzyme. The relative abundance of each gene of interest was calculated on the basis of the Delta Delta Ct method and

the results normalized to one housekeeping gene (Hsp90ab1). The bars represent mean £ SEM.
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Figure S3. No compensation at protein levels upon PLD1 or PLD2 ablation. Related to Figure 1.

Protein levels of DH and VH in P/d] (A) and Pld2 (B) WT and KO animals were evaluated by Western blot analysis and
quantified by densitometric analysis (z =4-5). The ablation of one isoenzyme has no impact on the protein levels of the
other isoenzyme. Moreover, the levels of PLD1 are higher in the DH when compared to the VH (B) (two-way ANOVA:
Interaction F(1, 16) = 0.5613, p = 0.4646; DH/VH F(1, 16)=5.921, p = 0.0271). The bars represent mean = SEM.
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Figure S4. Supplementar behavior analysis. Related to Figure 2.

(A) PLDI1 ablation does not impair spontaneous recovery 30 days after FC protocol (n wr=8, n xo=11).

(B) PLD1 ablation has no impact in cued learning evaluated with MWM test (1 =23, 1 x=20).

(C) PLD1 ablation leads to a deficit in object-recognition related short-term memory (two-way ANOVA: Interaction F(1,
58) = 0.5313, p = 0.4690; familiar/novel F(1, 58) = 13.09, p = 0.0006; WT: p = 0.0056; KO: p = 0.0957, Sidak’s multiple
comparisons test) (1 y =16, n ¢ o=15).

(D) PLDI1 ablation does not affect the ability to distinguish between a littermate and a stranger mice (two-way ANOVA:
Interaction £(1, 37) = 0.0659, p = 0.7988; Exploration time F(1, 37) = 31.7, p <0.0001; littermate/stranger WT: p =
0.0009; KO: p = 0.0004, Sidak’s multiple comparisons test).

(E) PLDI1 ablation has no impact on social preference (two-way ANOVA: Interaction F(1, 43) = 1.912, p = 0.1739;
Exploration time F(1, 43) = 223, p <0.0001; stranger 1/empty cage WT: p <0.0001; KO: p <0.0001, Sidak’s multiple
comparisons test).

(F) PLDI1 ablation has no impact on preference for social novelty (two-way ANOVA: Interaction F(1, 43)=0.2841,p =
0.5967; Exploration time F{(1, 43) = 51.88, p <0.0001; stranger 2/stranger | WT: p <0.0001; KO: p <0.0001, Sidak’s
multiple comparisons test) (n w1=23, n ¢ o=22). 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. Bars represent mean £ SEM. (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Figure S5. PLD1 ablation has no effect in input-output recordings. Related to Figure 4.

Crescent stimuli were given in acute slides of DH (n w=18, n xo=17) and VH (n =15, n xc=16). The bars represent
mean = SEM.
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Table S1. Descriptive statistics of LC-MS analysis of lipid classes of DH and VH from Pld! KO and Pid2 KO animals, related to Figure 1.

CE
AC
MG
DG
TG

dhCer
SM
dhsSM
MhCer
Sulf
LacCer
GM3
PA
PC
PCe
PE
PEp
PS

Pl

PG
BMP
LPC
LPCe
LPE
LPI
LPS
NAPS
NSer

Average mol% * SEM
Dorsal Ventral Dorsal Ventral
PLD1WT PLD1KO PLD1WT PLD1 KO PLD2 WT PLD2 KO PLD2WT PLD2 KO
41011 + 298 43981 + 1.06 34.082 + 3.82 39.803 + 120 39.980 + 1.75 43479 + 192 36.502 + 1.74 36.959 + 2.55
0.094 + 0.01 0.090 * 0.01 0.106 + 0.01 0.105 % 0.01 0.095 + 0.01 0.102 * 0.01 0.092 + 0.01 0.096 = 0.01
0.070 + 0.01 0.071 % 0.01 0.070 + 0.00 0.071 * 0.01 0.088 + 0.01 0.084 + 0.01 0.067 + 0.01 0.063 + 0.00
2177 £ 019 1.748 £ 0.07 1.939 + 0.31 1.805 % 0.1 0.222 + 0.03 0.281 £ 0.08 0.198 £ 0.02 0.183 £ 0.03
0.300 £ 0.03 0.240 £ 0.01 0.338 + 0.05 0.263 + 0.02 0.110 £ 0.01 0.094 £ 0.01 0.103 £ 0.01 0.102 + 0.02
0.058 + 0.01 0.057 + 0.00 0.075 + 0.00 0.068 + 0.00 0.056 + 0.00 0.057 + 0.01 0.062 + 0.01 0069 + 0.01
0.098 + 0.01 0.105 + 0.01 0160 + 0.02 0.123 + 0.01 0.123 + 0.01 0.137 + 0.01 0.130 + 0.01 0.145 + 0.01
0.002 + 0.00 0.002 * 0.00 0.004 + 0.00 0.003 + 0.00 0.004 + 0.00 0.003 + 0.00 0.003 + 0.00 0.004 + 0.00
2746 + 025 2120 + 0.17 2.783 + 075 2.750 + 0.28 2634 + 018 2593 + 0.11 2710 + 0.16 2868 + 0.15
0299 + 0.05 0225 * 0.04 0276 + 0.04 0.225 + 0.02 0246 + 0.02 0.314 + 0.03 0.337 + 002 0.376 * 0.04
1821 + 028 1464 + 0.15 0.936 + 0.09 0.833 + 0.12 1.166 + 0.15 1.434 + 0.06 0779 + 005 0587 + 0.09
0328 + 0.06 0.296 + 0.03 0.220 + 0.04 0.189 + 0.02 0328 + 0.03 0.310 + 0.03 0.199 + 0.03 0.152 + 0.02
0.008 + 0.00 0.008 + 0.00 0.006 + 0.00 0.006 + 0.00 0.001 + 0.00 0.001 * 0.00 0.001 £ 0.00 0.001 + 0.00
0.037 + 0.00 0.034 + 0.00 0.070 + 0.02 0.042 + 0.01 0.065 + 0.01 0.043 + 0.01 0.034 £+ 0.01 0.032 £ 0.01
0.024 + 0,00 0.020 + 0.00] 0.025 = 0.00 0.023 = 0.00 0.020 £ 0.00 0.017 = 0.00
17.166 + 158 17.951 + 0.80 21.049 + 1.37 19697 + 1.06 15912 + 0.80 15.233 + 0.57 16458 + 042 15729 + 1.17
0488 + 003 0504 + 0.03 0573 + 0.06 0.521 + 0.02 0719 + 0.05 0.707 + 0.04 0.663 + 003 0645 + 0.07
13419 + 0.71 12067 + 020 15578 + 1.36 13492 + 029 13715 + 1.13 11.887 + 0.70 14.832 + 1.33 14653 + 1.28
12153 + 0.47 11412 + 031 12161 + 0.93 11421 + 031 12312 + 0.74 11159 + 0.68 12943 + 1.00 12217 + 0.98
5196 + 0.50 5.323 + 0.61 6.900 + 1.09 5.979 + 0.46 9258 + 123 9.391 + 142 10.781 + 0.94 12413 + 1.38
2158 + 024 2.001 * 0.22 2330 + 022 2302 + 0.1 2507 + 027 2226 + 0.15 2703 + 027 2319 + 0.18
0.035 + 0.00 0.031 + 0.00 0.048 + 0.01 0.037 + 0.00 0.031 + 0.00 0.030 + 0.00 0.042 + 0.01 0.087 + 0.00
0.011 + 0.00 0.010 + 0.00 0.008 + 0.00 0.009 + 0.00 0.011 + 0.00 0.011 + 0.00 0.009 + 0.00 0.009 + 0.00
0142 + 001 0.114 + 0.01 0.123 + 0.01 0.115 + 0.01 0126 + 0.01 0.120 + 0.00 0.107 + 0.00 0.107 + 0.01
0.002 + 0.00 0.002 + 0.00 0.002 + 0.00 0.001 + 0.00 0.002 + 0.00 0.002 + 0.00 0.001 + 0.00 0.001 + 0.00
0.003 + 0.00 0.003 £ 0.00 0.004 + 0.00 0.003 + 0.00 0.004 + 0.00 0.004 + 0.00 0.003 £ 0.00 0.004 + 0.00
0.008 + 0.00. 0.006 £ 0.00 0.009 + 0.00 0.006 + 0.00 0.010 + 0.00 0.010 + 0.00 0.010 £ 000 0.010 + 0.00
0.130 + 0.00 0.111 + 0.01 0120 + 0.01 0.111 + 0.01 0228 + 0.01 0234 + 0.03 0201 + 003 0.192 + 0.02 p<0.05
0.006 + 0.00 0.007 + 0.00 0.003 + 0.00 0.004 + 0.00 0.005 + 0.00 0.009 + 0.00 0.003 + 0.00 0.003 + 0.00 p<0.01
0.011 £ 0.00 0.007 = 0.00 0.008 + 0.00 0.007 + 0.00 0.017 = 0.00 0.014 = 0.00 0.008 + 0.00 0.008 + 0.00 .p<0A001
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Table S2. Descriptive statistics of LC-MS analysis of PA species of DH and VH from Pld! KO and Pld2 KO animals, related to Figure 1.

Average mol% % SEM
Dorsal Ventral Dorsal Ventral
PLD1 WT PLD1KO PLD1WT PLD1KO PLD2 WT PLD2 KO PLD2 WT PLD2 KO

0000529 + 0.000058 0.000470 = 0.000042 0.000572 = 0.000040 0.000463 + 0.000046  0.000804 + 0.000044 0001123 + 0.000379  0.000766 + 0.000058 0.000703 + 0.000082
+ 0.000046 0.000362 + 0.000012 0.000516 + 0.000072 0.000385 + 0.000027 ~ 0.000571 + 0.000076 0.000471 + 0.000085 0.000541 + 0.000061 0.000507 + 0.000058
+ 0.000027 0.000197 = 0.000036 0.000301 + 0.000023 0.000240 * 0.000044  0.000268 + 0.000041 0.000217 + 0.000042
+ 0.000087 0.000577 + 0.000083 0.000566 + 0.000041 0.000491 + 0.000064 0.000406 + 0.000048 0.000440 + 0.000046
+ 0.000735 0.003744 + 0.000479 0.005596 + 0.000663 0.004613 + 0.000467 0.004140 + 0.000247 0.003255 + 0.000269
+ 0.000052 0.000347 + 0.000068 0.000172 & 0.000016  0.000387 & 0.000036 0.000344 & 0.000015 0.000327 + 0.000041 0.000165 + 0.000037
+ 0.000080 0.000303 + 0.000048 0.000859 + 0.000068 0.000406 + 0.000092  0.000297 + 0.000048 0.000248 + 0.000038
+ 0.000750 0.002806 + 0.000431 0005091 + 0.000642 0.004507 + 0.000543  0.003414 + 0.000245 0.002489 + 0.000428
+ 0.000304 0.001064 = 0.000150 0001751 + 0.000187 0.001811 + 0.000138  0.001403 + 0.000114 0.001019 + 0.000094
+ 0.000046 0.000237 + 0.000035 0.000117 % 0.000027 0.000233 & 0.000042 0.000337 + 0.000055 0.000266 + 0.000032 0.000240 + 0.000028
+ 0.000134 0001106 + 0.000122 0001129 + 0.000221 0.001016 + 0.000115  0.000991 & 0.000093 0.000943 + 0.000095
+ 0.000068 0.000427 + 0.000065 0.000521 + 0.000102 0.000499 + 0.000066 0.000394 + 0.000069 0.000303 + 0.000051
+ 0.000103 0.000407 + 0.000077 0.000594 + 0.000112 0.000698 + 0.000112  0.000450 + 0.000065 0.000354 + 0.000055
+ 0000043 0.000318 + 0.000042 0.000412 + 0.000064 0.000677 * 0,000092 0.000351 + 0.000052 0.000270 + 0.000029
+ 0.000065 0000424 = 0.000680 + 0.000158 0.000481 + 0.000066  0.000523 + 0.000067 0.000479 + 0.000046
+ 0.000336 0.003814 = 0002554  0.000385 0.002314 + 0.000391 0.003081 + 0.000254 0.002737 = 0.000270
+ 0.000068 0.000656 = 0 [0/000310 % 0.000038 0.000568 + 0.000068 0.000662 + 0.000054  0.000583 + 0.000073 0.000484 + 0.000050
+ 0.000045 0000347  0.000035 0.000270 & 0.000029  0.000342 & 0.000025 0.000307 + 0.000043 0.000379 + 0.000057 0.000314 + 0.000033
+ 0.000107 0.000404 + 0.000053 0.000530 + 0.000088 0.000410 & 0.000077 0.000379 & 0.000034 0.000310 + 0.000017
+ 0.000020 0.000217 + 0.000026 0.000323 + 0.000066 0.000260 + 0.000063 0.000254 & 0.000036 0.000201 + 0.000026
+ 0.000059 0.000571 + 0.000040 0.000700 + 0.000107 0.000763 + 0.000098 0.000729 + 0.000079 0.000783 + 0.000133

0.000028 0.000090 + 0.000019  0.000172 + 0.000028 0.000101 + 0.000026  0.000123 + 0.000027 0.000198 + 0.000028 0.000096 + 0.000020 0.000104 + 0.000028  p<0.05

0.000343 = 0.000050 0.000206 + 0.000013 0.000273 & 0.000091 0.000246 + 0.000046 0.000188 + 0.000025 0.000223 + 0.000059 | p<0.01

0.000658 + 0.000081 0.000495 + 0000053 0.000252 + 0.000047 0.000434 + 0.000113 _0.000204 + 0.000058 0.000344 + 0.000112 [l p<0.001
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Abstract

The hippocampus is a temporal brain region crucial for learning and memory organized along a
longitudinal dorsal-ventral axis in mice. Classically, the dorsal hippocampus (DH) is preferentially
associated with spatial navigation and episodic memory and the ventral hippocampus (VH) with
emotional stress-related behaviors. Its cross-sectional architecture is constituted by the dentate
gyrus and Cornu Ammonis subfields, CA1, CA2 and CA3. Previous work showed a decreasing
phosphatidic acid (PA) gradient along the longitudinal axis of the rodent hippocampus, suggesting
the phospholipase D (PLD) pathway could be involved in DH-VH axis regulation. Even though the
PLD superfamily includes six members (PLD1-PLD6), only two of them, PLD1 and PLD2, are
shown to hydrolyze phosphatidylcholine into PA. We previously showed PLD1 as a major
contributor for total PA production in the mouse hippocampus compared to PLD2, and that PLD1
ablation leads to behavioral deficits in novelty recognition and social interaction, to deficits in

long-term depression and changes in specific synaptic protein in the DH.

Here, we expand the observations on the role of the PLD pathway in DH-VH organization and
functioning. We show that PLD2 ablation leads to littermate recognition impairment and
decreases social exploration in a CA2-dependent task. We also performed a complete
electrophysiological characterization studying the effect of PLD2 ablation in the DH and VH, and
we observed that it specifically reduces long-term potentiation (LTP) in the VH CA1. Finally, we

found no major impact on synaptic protein levels upon ablation of PLD2 in either the DH or VH.

Since PLD2 is highly expressed in CA2, and since it was previously shown that CA2 impacts
social memory in a circuit that depends on VH CA1, our results suggest a potential role for PLD2
in “dorsal CA2" — “ventral CA1" circuit regulation with an impact in social memory recall, and

potential implications for the pathophysiology of neuropsychiatric disorders.
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Introduction

The hippocampus is a temporal brain region crucial for learning and memory. Its transversal
organization is preserved along the longitudinal axis and is constituted by the dentate gyrus (DG)
and Cornu Ammonis (CA) subfields, consisting of CAl, CA2 and CA3 (Strange et al., 2014).
Despite this intrinsic circuitry being preserved throughout the longitudinal axis and across
species, anatomical features (such as cortical and subcortical connections), electrophysiological,
gene expression and functional studies segregate a longitudinal dorsal-ventral (DH-VH) axis in
rodents, which correspond in primates to posterior-anterior poles (Strange et al., 2014).
Classically, the DH is preferentially associated with spatial navigation and episodic memory and
the VH with emotional stress-related behaviors (Bannerman et al., 2014; Fanselow and Dong,
2010; Kheirbek et al., 2013; McHugh et al., 2011; Strange et al., 2014) although a gradual
biochemical and functional transition between the two poles has been approached (Bienkowski et
al., 2018; Maggio and Segal, 2007; Miranda et al., 2019; Pinto et al., 2015; Shah et al., 2017;
Thompson et al., 2008).

The importance of hippocampal subregions has been extensively addressed by inhibition or
genetic manipulations of these structures. CAl has been shown to be necessary for spatial
memory (Tsien et al., 1996). Specifically, dorsal CA1 was shown to be involved in contextual
memory, remote memory recall and spatial and object memory (Goshen et al., 2011; Roy et al.,
2017; Stackman et al., 2016) and ventral CAl (and its projections to the nucleus accumbens)
was implicated in the storage of social memory (Okuyama et al., 2016). CA3 is important for
rapid one-trial contextual learning and for pattern completion recall (Nakashiba et al., 2008) and
for social memory (Chiang et al., 2018). Regarding the DG, where neurogenesis persists into
adulthood, it was shown that pattern separation depends on adult-born young granule cells, while
recall by pattern completion relies on older granule cells (Nakashiba et al., 2012). CA2 is a
morphological, molecular and electrophysiological region with distinct synaptic connectivity and
gene expression profile (Dudek et al., 2016). Importantly, genetically targeted inactivation of
dorsal CA2 pyramidal neurons causes lack of social memory (ability of an animal to remember a
conspecific) but no alterations in sociability or other hippocampus dependent behaviors (Hitti and
Siegelbaum, 2014). A recent study showed that dorsal CA2 plays an active role in social memory
encoding, consolidation, and recall and that dorsal CA2 projections to ventral CAl are necessary

for social memory (Meira et al., 2018).
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Glycerophospholipids can be remodeled in order to generate products that can serve as second
messengers by different classes of phospholipases that act on different positions of the
phosphodiester bond (Panda et al., 2018). In mammals, the phospholipase D (PLD) superfamily
includes six members (PLD1-PLD6), but only two of them, PLD1 and PLD2, are able to hydrolyze
the membrane phospholipid phosphatidylcholine (PC) into the metabolically active phosphatidic
acid (PA) (Frohman, 2015; Oliveira et al., 2010; Yao et al., 2020). Curiously, there is a distinctive
lipid composition along the hippocampal longitudinal axis, mainly in the relative abundance of
sphingolipids and phospholipids. Particularly, the DH presents increased PA and decreased PC
when compared to VH, potentially implicating the PLD pathway in DH-VH axis regulation (Miranda
et al., 2019). Previous studies showed that PLD1 and PLD2 are the only contributors to total PLD
activity in the mouse brain, although PLD1 is a major source of PA in both rodent DH and VH
when compared to PLD2 (see chapter 2) (Santa-Marinha et al., 2020). PLD1 ablation affects
predominantly the lipidome of the DH and P/di knockout (KO) mice present specific deficits in
novel object recognition and social interaction, disruption in the DH-VH dendritic arborization
differentiation in CA1/CA3 pyramidal neurons, reduced long-term depression (LTD) induction and

reduced GIuN2A and SNAP-25 protein levels in the DH.

Here we expand the observations on the role of PLD1 in DH-VH organization and show that PLD2
ablation leads to social discrimination deficits, namely littermate recognition impairment,
decreases social exploration and reduces long-term potentiation (LTP) in the VH, showing that,
although PLD1 and PLD2 catalyze the same reaction, their specific ablation promotes different

phenotypes.
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Materials and Methods
Animals

Pld2/- mice were generated through the elimination of exons 13-15, including exon 14 (that
encodes for the first HKD motif of PLD2), using a Cre-lox/FLP-FRT recombination system, as
previously described (Oliveira et al., 2010). Pld2+/- mice (C57BL/6 background) were crossed
so littermate mice could be used for the procedures. All experimental procedures were performed
in agreement 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 were 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. Prior to all behavioral
tests, animals were placed in the testing room for one hour in order to acclimatize. All apparatus

were cleaned with 10% ethanol solution between testing subjects.

Animal Behavior
Fear Conditioning (FC)

The Fear Conditioning (FC) protocol aimed to test contextual and cued memory. 3.5-7.5 months
male mice were tested. 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 on day 3. On the first
day mice were placed in the arena and allowed to explore for 5 minutes. Then a tone (80 dB)
was presented for 30 seconds and in the last second a mild shock (0.5 mA for 1 second) was
given for fear acquisition. This was repeated for 5 blocks, with an interval of 30 seconds between
then. To evaluate the contextual fear conditioning on the second day, mice were only placed in
the arena and allowed to explore for 5 minutes. On the third day mice were placed in a different
arena (24 x 32 x 18.5 ¢cm) and allowed to explore for 5 minutes. Then 5 blocks of 30 seconds of
tone and 30 seconds of interval were given in order to evaluate cued fear conditioning. For the
next b days mice were placed in the arena and give 15 blocks of 30 seconds of tone followed by
30 seconds of interval, to evaluate the extinction of the freezing response. 30 days after the last
day of extinction protocol, mice were placed in the arena and allowed to explore for 5 minutes.

Then 5 blocks of 30 seconds of tone followed by 30 seconds of interval were presented to
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evaluate spontaneous recovery. 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.

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). 3-6 months male mice were used for the social tests. A transparent rectangular arena (56
cm long x 50 cm wide x 39 c¢cm high) was divided in three equal chambers with openings that
allowed access into each chamber. Trials consisted of 10-minute period each, where the subject
mice were allowed to explore the arena. When the trial ended and 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 the tested mice.

The sociability and preference for social novelty test consisted of four trials. The first and second
trials were equal 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)
was enclosed in the previously empty cup and preference for social novelty was assessed. The
location of the strangers was systematically alternated between the tested mice. Behavior was
video-recorded and the amount of time spent interacting with each cup was 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 under red light.
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Electrophysiology

Electrophysiological recordings were performed according to a protocol described elsewhere
(Pinto et al., 2015). Slices from 2-3 months male and female mice were used. Briefly, after
intraperitoneal injection of Na+-pentobarbital (40mg/kg) anesthesia and decapitation, 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., 110 sucrose, 26 NaHCO;, 10 glucose, bubbled with
carbogen gas (95% 0., 5% CO). Slices of 300 um were cut transverse to the axis of the
hippocampus 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 MgS0., 2 CaCl,, 1.25
NaH.PO., 26 NaHCO;, 10 glucose, bubbled with carbogen gas and maintained at 33°C for 30
minutes. Before recording, the slices were then stored at room temperature for a minimum of 30
minutes. 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 CAl and CA3, at the Schaffer collaterals, and a recording borosilicate glass pipette filled
with ACSF (3-5 M) was positioned in the middle of the stratum radiatum of CAl 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 calculated 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 8-burst stimuli (B-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 off-line using the
WInLTP software. For LTP and LTD analysis, all individual slopes were normalized to the average

slope of baseline recordings.
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Western Blot

After cervical dislocation and hippocampi dissection, they were divided in approximately three
equal dorsal, intermediate and ventral parts. Brains from 3.5-7 months male and female mice
were used. Samples were diluted in radioimmunoprecipitation assay buffer (RIPA) containing 150
nM NaCl, 1.0% triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM TrisBase pH=8 and
supplemented 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
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). ImageJ software was
used for quantification. Primary antibodies used were: o-Tubulin (T6074, Sigma-Aldrich,
1:10000); GAPDH (Cell Signaling Technology, 1:3000); 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) and pY1472-GluN2B/NR2B (Abcam, 1:1000). HRP-
conjugated secondary antibodies used were: Goat Anti-rabbit 1gG (BioRad) and Goat Anti-mouse

IgG (BioRad).

Quantification and Statistical Analysis

Western blot analysis was performed using ImageJ (NIH). The statistical analysis was performed
using GraphPad Prism 7.00 software. Statistical significance was assessed by two-way ANOVA

and Student’s t test, and referenced in figure legends whenever used. Values were accepted as
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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.
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Results

PLD2 ablation impairs social discrimination and decreases social exploration in a hippocampus-

dependent social discrimination task

In order to evaluate the impact of PLD2 ablation on hippocampal functioning, we performed
hippocampal-associated behaviors. First, when performing the FC test, we observe that P/d2 KO
animals had similar freezing responses when comparing to wild-type (WT) mice when contextual
and cued memories were evaluated (Figure 1A, left panel), and in the 5 subsequent days in the
extinction freezing upon a cue protocol (Figure 1A, middle panel). Curiously, 30 days later, KO
animals tend to freeze less when exposed to the context and cue (Figure 1A, right panel). Then,
we performed social tests, in order to evaluate social preference and preference for social novelty
and social discrimination. The ablation of PLD2 does not impair the social preference (Figure 1B
and S1A) neither the preference for social novelty (Figure 1C and S1B) but impairs social
discrimination by reducing the ability to recognize a littermate (Figure 1D, left panel, and S1C).
Moreover, Pld2 KO mice were less social in a hippocampus-dependent task, considering that

they spent less time exploring (Figure 1D, right panel).
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Figure 1. PLD2 ablation impairs the ability to recognize a littermate and decreases social

exploration.

(A) PLD2 ablation has no impact in contextual or cued fear conditioning (left panel), neither in the
extinction protocol (middle panel). There is a tendency for KO animals to freeze less than WT
animals in spontaneous recovery 30 days after FC protocol (unpaired t test 19) = 1.761, p =

0.0943) (right panel) (nw= 11, nko=11).

(B) PLD2 ablation has no impact on social preference (2-way ANOVA: Interaction A1, 20) =
2.364, p = 0.1398; Exploration time A1, 20) = 68.92, p <0.0001; stranger 1/empty cage WT: p
= 0.0004; KO: p <0.0001, Sidak’s multiple comparisons test) (nw= 10, nw=12).



(C) PLD2 ablation has no impact on preference for social novelty (2-way ANOVA: Interaction A1,
20) = 1.833, p = 0.1909; Exploration time A1, 20) = 41.52, p <0.0001; stranger 2/stranger 1
WT: p <0.0001; KO: p = 0.0024, Sidak’s multiple comparisons test) (nw= 10, nw= 12).

(D) PLD2 ablation impairs the ability to discriminate between a littermate and a strange mouse
(2-way ANOVA: Interaction F(1, 24) = 0.8038, p = 0.3789; Exploration time F(1, 24) = 11.21, p
= 0.0027; littermate/novel WT: p = 0.0123; KO: p = 0.1824, Sidak’s multiple comparisons test).
Pld2 KO mice spend less time interacting with conspecifics in a social discrimination task
(unpaired t test 424) = 2.151, p = 0.0418) (nwr= 13, nw=13).

The bars represent mean+SEMs. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1.

PLD2 ablation reduces LTP in the VH

Ex vivo extracellular electrophysiological recordings were performed by stimulating Schaffer
collaterals and recording in CA1. The lack of PLD2 led to a decrease in all phases of LTP in the
VH (Figure 2A, right panel), but not in DH (Figure 2A, left panel). There was not an apparent
significant impact in the curves of PP facilitation (Figure 2C), although when comparing only the
100ms in VH there is a difference in the PP between WT and KO animals (Figure 2C, right
panel). Moreover, there was no impact in LTD in DH and VH (Figure 2B), neither in the input-
output relationship (Figure S2). Within WT animals, PP curves are different between DH and VH,

which highlight the intrinsic functional difference between these two regions (Figure 2C).

75



DH VH

W Pld2WT
25 2.5 ® Pld2KO
v ¥
- o
5 °
20 w
o o
Y 4
w 't w
= =
v @
© ©
£ £
= £
S 054 T T T T T T T T T S 05 T T T T v T T T -
z 0 10 20 30 40 50 60 70 80 90 z 10 20 30 40 50 60 70 80 90
Time, min Time, min
1.5 15
v ¥
-3 o
] o
[ »
o I o
o »
O 1.0 pemspvetds. - - - B 10{momewertl oo
= - 5
) © PO
= N
® ®
E E
o 05 —T — — — S 05 L A . — —T—T T T
z 10 20 30 40 50 60 70 80 90 z 10 20 30 40 50 60 70 80 90
Time, min Time, min
o 20 a 20,
o™ o~
o o
» it s
céw i ;-J_ 1.54
< N 1 g
o 8 o
oo 1od. @10 g .
o o
w w
- -
- N
S s —_— s e
= 50 100 150 200 250 300 s 50 100 150 200 250 300
© ]
4 14

Inter-pulse interval, ms Inter-pulse interval, ms

Figure 2. PLD2 ablation impairs the ability to generate LTP in VH.

(A) LTP was measured in acute slices of DH (left panel) (nw= 10, nvo = 7) and VH (right panel)
(nwr=7, nko = 7). PLD2 ablation impairs the ability to generate LTP in VH - the curves of LTP were
different between WT and KO animals (2-way ANOVA: Interaction A34, 408) = 2.254, p =
0.0001; WT/KO A1, 12) = 7.166, p = 0.0202). Particularly, there was a decrease in excitability
in the early phase (first 6 minutes) (unpaired t test 412) = 5.255, p = 0.0002) and late phase
(last 4 minutes) (unpaired t test {12) = 2.48, p = 0.0289) of LTP in the VH of P/d2 KO animals.
(B) LTD was measured in acute slices of DH (left panel) (nw= 10, nw = 8) and VH (right panel)
(nw=9, nw =9).

(C) Paired pulse (PP) ratios in acute slices of DH (left panel) (nwr= 20, nv = 14) and VH (right
panel) (nw= 15, nv = 15). At 100ms in VH there is a difference in the PP between WT and KO
animals (unpaired t test 430) = 2.06, p = 0.0482). Within WT animals, 2-way ANOVA showed the
PP curves of DH and DH to be different (2-way ANOVA: Interaction A3, 99) = 12.96, p < 0.0001;
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WT DH/VH A1, 33) = 31.93, p < 0.0001). The bars represent mean+SEM. ***p < 0.001. See
also Figure S2.

PLD2 ablation has no apparent impact on synaptic proteins levels

We evaluated the levels of proteins involved in synaptic function, in both the DH and VH (Figure
3). There were no apparent differences between WT and KO animals in the levels of the synaptic
proteins evaluated: synaptophysin, SNAP-25, PSD95, Homer, GluAl, GluA2, GIuN2A, GIuN2B
and GIuN2B-P (phosphorylated at Y1472). Interestingly, although there is a differentiation
between DH and VH GIuAl levels in WT animals, this differentiation is lost when PLD2 is ablated.
Globally, we also observe a decrease in the VH of the levels of GIUN2A and GIuN2B-P when

compared to WT.
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Figure 3. PLD2 ablation has no greater impact on synaptic proteins.

DH and VH proteins were evaluated by western blot analysis and quantified by densitometric
analysis (n = 6-8). There was a decrease in GIuAl levels in VH when compared with DH in P2

WT animals (2-way ANOVA: interaction A1,28) = 5.353, p = 0.0282; DH/VH A1,28) = 22.31, p
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< 0.0001; WT DH/VH p = 0.0002; Tukey’'s multiple comparisons test). This difference did not
persist upon PLD2 ablation. Globally, the levels of GIUN2A were higher in the DH when compared
to the VH (2-way ANOVA: Interaction A1,20) = 0.0682, p = 0.7967; DH/VH A1,20) = 5.038,
p=0.0363). Also, the levels of GIuUN2B were globally higher in the DH when compared to the VH
(2-way ANOVA: Interaction A1,20) = 0.0580, p = 0.8121; DH/VH A1,20) = 8.407, p = 0.0089).
The bars represent mean+SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Discussion

The hippocampus is a brain temporal lobe structure essential for learning and memory. It runs
along a longitudinal axis with an anatomical, genomic and functional organized gradient,
segregating into its DH and VH poles, with different physiological and pathological importance
(Strange et al., 2014). Previous work addressing the role of PLD1 in DH-VH axis organization
showed that PLD1 is a major contributor for total PA production in the mouse forebrain
compared to PLD2, and that PLD1 ablation leads to a CA1/CA3 dendritic arborization
reorganization, to behavioral deficits in novel object recognition and social interaction, to deficits
in LTD and specific synaptic protein alterations predominantly in the DH (Santa-Marinha et al.,
2020). Here we show that PLD2 ablation leads to social discrimination deficits, with littermate

recognition impairment, decreases social exploration and reduces LTP in the VH.

Unpublished work from our group showed that PLD2 ablation has no impact in the performance
of cognitive and memory tests as Open Field, Elevated Plus Maze, Morris Water Maze and Novel
Object Recognition (in contrast to PLD1 ablation). Taking this into account, we performed social
and contextual and cued memory tests. The lack of PLD2 did not interfere with sociability and
preference for social novelty, since Pld2 KO animals preferred to interact with an animal rather
than with an empty cage and with a novel animal rather than a familiar mouse, respectively (see
Figure 1B, 1C, SIA and S1B). On the other hand, Pld2 KO mice lost the ability to discriminate
between a littermate and a strange mouse. In addition, Pld2 KO mice spent less time interacting

with conspecifics in this social discrimination task (see Figure 1D and S1C).

Genetically targeted inactivation of dorsal CA2 pyramidal neurons in a mouse line induces loss of
social memory (which means the ability of an animal to remember a conspecific), with no other
impact on sociability or several hippocampal-dependent behaviors, including spatial memory,
contextual memory, and novel object recognition (Hitti and Siegelbaum, 2014). In addition,
ventral CA3 is necessary for the encoding of a social memory (Chiang et al., 2018) and ventral
CA1 (and its projections to the nucleus accumbens) is implicated in the storage of social memory
(Okuyama et al., 2016). A recent study implicated dorsal CA2 in social memory encoding,
consolidation, and recall (Meira et al., 2018). Acute silencing of dorsal CA2 impairs recall of
social memory, since it impairs the discrimination between a littermate and a novel subject
(Meira et al., 2018), identical to the phenotype described upon PLD2 ablation. Previous work

with /n situ hybridization revealed that most functional regions of the brain express PLD2 mRNA
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to varying degrees, depending on neuron types. Within the hippocampus, CA2 has noticeably
more signal than CAl and CA3 regions, which, in turn, express far more than the DG, where
PLD2 is almost undetected (Vermeren et al., 2016). Moreover, dorsal CA2 provides an excitatory
input to the same ventral CA1 subregion that projects to the nucleus accumbens shell, implicated
in social memory (Meira et al., 2018). Curiously, mice lacking PLD2, highly expressed in CA2,
have reduced LTP when Schaffer collaterals are stimulated in VH (see figure 2A, right panel).
Based on these behavioral observations, one possibility is that PLD2 specifically affects the dorsal

CA2 - ventral CA1 circuit, which could explain the connection with social memory.

CA2 region has features that distinguish it from CA1 and CA3, from synaptic connectivity and
electrophysiological characteristics to gene expression profile and relative resistance to cell death
(Dudek et al., 2016). CA2 has high resistance to damage from injury (Nadler et al., 1978;
Sloviter and Damiano, 1981) and resistance to synaptic plasticity, namely failure to display LTP
and LTD compared with other CA regions (Zhao et al., 2007). Several classes of proteins are
particularly enriched in CA2, such as calcium regulators, extracellular matrix components,
proteins involved in growth factor- and G protein-coupled receptor (GPCR)-mediated signaling,
and intracellular signal transduction proteins (Dudek et al., 2016). Arginine vasopressin (AVP)
receptor 1b (AVPR1b) and oxytocin (OXT) receptor (OXTR) are also highly expressed in CA2
pyramidal neurons (Hammock and Levitt, 2013; Hidema et al., 2016; Mitre et al., 2016; Yoshida
et al., 2009; Young et al., 2006). OXT and AVP are two hypothalamic produced neuropeptides.
OXT is first known as a regulator of parturition and lactation and AVP is a regulator of
extracellular fluid volume and a vasoconstrictor, but they have also been study for their ability to
modulate social behaviors. Decreased levels of OXT and OXTR, either in full KO (Takayanagi et
al., 2005) or conditional KO mice, lead to social deficits and poor social recognition (Lee et al.,
2008). Recent studies showed that OXTR in the anterior DG and anterior CA2/CA3 are essential
for discrimination of social stimuli (and not non-social) (Raam et al., 2017) and for longterm
social recognition memory, without any effect on sociability and preference for social novelty (Lin
et al.,, 2018). Regarding AVPRI1b, it was shown that AVPR1b KO mice have impairment of
sociability (DeVito et al., 2009) and social memory (DeVito et al., 2009; Wersinger et al., 2002;
Wersinger et al., 2008). Partial replacement of this receptor through lentiviral delivery into the
dorsal CA2 is able to restore the probability of socially motivated attack behavior in AVPR1b KO
mice (Pagani et al., 2015) and optogenetic release of AVP in CA2 enhances social memory

encoding, but not social recall (Smith et al., 2016).
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Association between PLD and AVP/OXT has already been described. In cultured rat glomerular
mesangial cells, AVP increases the phosphatidylethanol (PEtOH) formation (indicating PLD
activity) and inhibition of PLD decreases AVP produced PEtOH (Kusaka et al., 1996). Other
studies implicate PLD activation by AVP in myogenesis (Komati et al., 2005; Naro et al., 1997)
and PLD in AVP-stimulated Ca* spiking in vascular smooth muscle cells (Li et al., 2001). In fact,
PLD activation by AVP in myogenic cells increases exocytosis and vesicle traffic (Coletti et al.,
2000). PLD activity in cultured amnion cells is activated by the addition of AVP and OXT (Inamori
et al., 1995) and OXT also activates PLD in cultured human pregnant myometrial cells (Morrison
et al.,, 1996). We can speculate that the connections between PLD2 and OXT/AVP are
dysregulated in P/d2 KO animals, thus leading to social deficits. Another interesting feature is that
OXT transiently reduces synaptic inhibition in multiple brain regions and enables longterm
synaptic plasticity in the auditory cortex (Mitre et al., 2016) and selective activation of AVPR1b or
OXTR agonists induces significant potentiation in excitatory synaptic responses in CA2, despite its
resistance to LTP (Pagani et al., 2015). This enhances the possibility that PLD2 could be
responsible for synaptic electrophysiological responses with impact on social behavior, since its

ablation causes deficits in LTP (see Figure?2, right panel).

Another possibility is that TWIK-related K+ channel (TREK), a subfamily of K2P channels lipid-
regulated membrane proteins, could be involved in PLD2 ablation associated phenotypes. TREK
channels include TREK1, TREK2, and TWIK-related arachidonic acid stimulated K+ channel
(TRAAK) (Comoglio et al., 2014). Importantly, Comoglio et al. showed that TREK1 and TREK2 are
potentiated by PLD2 and that none of these channels is modulated by PLD1, since PLD2, but not
PLD1, directly binds to the C terminus of TREK1 and TREK2 (and not to TRAAK). Coexpression of
TREK1/TREK2 and PLD2 increases TREK1/TREK2 current (Comoglio et al., 2014). This
selective binding allows a local PA production that tonically activates the channel and contributes
to resting membrane potential (Comoglio et al., 2014). Remarkably, TREKI, is also highly
expressed in CA2 (Talley et al., 2001) and TREK1 ablation in mice leads to decreased LTP in
CA1 region, similarly to the alterations seen in the VH of P/ld? KO mice (Wang et al., 2020).
Human 22q11.2 deletion syndrome (22g11.2DS) mouse model (Df(16)A+), also known as
DiGeorge syndrome (the greatest molecular genetic risk factor for schizophrenia) display
impaired social memory, that phenocopies a silent CA2 (Piskorowski et al., 2016). These mice
have intrinsic decreased action potential in CA2 pyramidal neurons, with a hyperpolarized resting

membrane potential. This hyperpolarization relates to the upregulated current of TREK1 channel
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in CA2 (Piskorowski et al., 2016). One could hypothesize that the ablation of PLD2 could have an

impact in the regulation of TREK1, leading to social deficits in these animals.

Of note, although social deficits were already described in mice lacking PLD2 (Burkhardt et al.,
2014), our careful Pld2 KO studies did not reveal impaired preference for social novelty. In
agreement to previous work, PLD2 ablation did not impact the percentage of freezing in
contextual FC (Figure 1A, left panel) (Oliveira et al., 2010). P2 KO also performed as WT in
cued fear conditioning (Figure 1A, left panel) and in the extinction protocol (Figure 1A, middle
panel). Despite this, there was a tendency for KO animals to freeze less than WT animals in

spontaneous recovery 30 days after FC protocol (Figure 1A, tight panel).

There is a great amount of evidence involving the VH in acquisition of conditioned fear, many of
them focusing on the reciprocal connections of VH with the amygdala (Bast et al., 2001; Chaaya
et al., 2018; Cox et al., 2013; Hobin et al., 2006; Izquierdo et al., 2016; Silva et al., 2019;
Zhang et al., 2001). Interestingly, a study used a foot shock associated with optogenetic
stimulation of auditory inputs targeting the amygdala for animal conditioning and then delivered
optogenetical LTD and LTP conditioning to the auditory input (Nabavi et al., 2014). Curiously,
LTD inactivates and LTP reactivates the memory of the shock (Nabavi et al., 2014). Since Pld?
KO mice lack the ability to induce LTP, this impairment might justify the tendency to freeze less

when recalling the contextual fear memory.

PLD2 has a documented role in the pathophysiology of Alzheimer's disease (AD). In primary
cortical neurons, AP oligomers induce total PLD activity, which is abolished in mouse cultured
neurons without PLD2 (Oliveira et al., 2010). Moreover, genetic ablation of PLD2 leads to
attenuation of AD pathogenesis by increasing resistance to AB oligomer insult. Behavioral tests
with SWAPP mouse model showed that ablating PLD2 improves learning in memory in contextual
FC and radial arm water maze test, thus leading to memory deficit protection (Oliveira et al.,
2010). The hippocampus is an early target of AD pathology and CA2 is highly affected.
Immunohistochemistry of human AD brain revealed a decrease in parvalbumin interneuron
density in CA2, similar to what is found in CAl and DG (Brady and Mufson, 1997), in agreement
with findings in mouse models (Cattaud et al., 2018). The record of the activity of hippocampal
place cells in Tg-F344 AD model (with human genetic mutations APPSwe and PS1AE9) showed
that spiking activity of place cells in the CA2 and CA3 pyramidal regions in AD rats have sharply
reduced spatial fidelity (Galloway et al., 2018).
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With this work we expose PLD2 as essential for social behavior and hippocampal synaptic
potentiation, enhancing a possible dysregulation of AVPR1b/OXT/TREK1 and of the connectivity
from dorsal CA2 to ventral CAl, whose impairment also leads to social deficits and potentiation
in excitatory synaptic. Further studies should tackle this relationship, either by colocalization
studies, protein quantification or acute inhibition of PLD2. It is also mandatory to tackle the

possible role of PLD2 in the pathophysiology of AD and the implications on CA2 region.
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Figure S1 - Supplementary behavior analysis. Related to Figure 1
(A) Three-chamber sociability test social preference score and total exploration time.

(B) Three-chamber preference for social novelty test preference for social novelty scored and total
exploration time. 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 (nwr = 10, nw = 12).

(C) Three-chamber social discrimination test social discrimination score. 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 = 13, nw = 13).
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Figure S2 — PLD2 ablation has no effect in input-output recordings. Related to Figure 2.

Input-output recordings. Crescent stimuli were given in acute slices of DH (left panel) (nw= 20,

N = 14) and VH (right panel) (nw= 16, nvo = 17). The bars represent mean+SEM.

92



CHAPTER 4

General Discussion
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The hippocampus is a brain temporal lobe structure present in all mammals, fundamental for
learning, memory and spatial navigation (Strange et al., 2014). Taking into account anatomical,
gene expression and functional studies, it is now known that the hippocampus has an organized
gradient along its longitudinal axis, segregating into its dorsal (DH) and ventral (VH) poles, with
different physiological and pathological importance (Strange et al., 2014). Despite running along
this DH-VH axis, its cross-sectional architecture, which consists of the dentate gyrus (DG) and the

hippocampus proper — Cornu Ammonis (CA) - CA1, CA2 and CA3, is preserved.

The great advances in genomics, proteomics and lipidomics allow us to expand our knowledge
regarding life molecular composition. In particular, with the emergence of tools such as nuclear
magnetic resonance, chromatographic tools and mass spectrometry (MS)-based lipidomics, it
was possible to broaden our knowledge regarding lipids (Wenk, 2005). Lipids are essential for all
aspects of life, with an important role in the pathology of neurodegeneration, neuroinflammation,
psychiatric, infectious and metabolic diseases, cancer, among many other disorders. In the brain,
lipids are major constituents, since half of the human brain dry weight is represented by lipids

(Piomelli et al., 2007).

Phospholipases are lipid-modulator enzymes that can remodel the structure of
glycerophospholipids and generate second messengers. Specifically, phospholipase D (PLD) is
mainly known for hydrolyzing the phosphodiester bond, in the presence of water, of
phosphatodylcholine (PC) and generate phosphatidic acid (PA) , a second messenger signaling
lipid, and free choline (Jenkins and Frohman, 2005; Oliveira et al., 2010b). However, in the
presence of primary alcohols, PLD preferentially uses these as a substrate, leading to the
formation of a specific phosphatidylalcohol, such as phosphatidylethanol (PEtOH) in the presence
of ethanol and this property has been used to measure PLD activity (Gustavsson, 1995; Oliveira

et al., 2010b; Scott et al., 2013).

Lipidomic studies have been unveiling the importance of how lipid modulation can impact brain
functioning in physiological and pathological conditions, namely stress and Alzheimer’s disease
(AD) (Chan et al., 2012; Miranda et al., 2019; Oliveira et al., 2016; Oliveira et al., 2010b). A
recent study topographically characterized the differential lipid composition and regulation along
the hippocampal longitudinal axis, making use of an unbiased MS approach to characterize the
lipid composition of distinct hippocampal subregions (Miranda et al., 2019). It was observed

greater similarity between the different hippocampal subregions when compared to other brain
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regions (Miranda et al., 2019). Within the hippocampus, there was a continuous molecular
gradient along the longitudinal axis, with the DH and VH extremities differing significantly from
each other, mostly in the relative abundance of sphingolipids and phospholipids, making lipid
composition a molecular marker of the different sections of the hippocampus (Miranda et al.,
2019). In particular, the DH presented increased PA and decreased PC when compared to the
VH, potentially implicating the PLD pathway in DH-VH axis regulation (Miranda et al., 2019). In
the same study, chronic corticosterone administration (used in this study as a model of chronic
stress) led to differential DH-VH modulation of PA levels, also suggesting differential recruitment
of PA-modulating enzymes, such as PLD, in DH-VH dysfunction (Miranda et al., 2019). With all
the previously exposed, our main goal was to study the impact of PLD genetic modulation on the

DH-VH axis organization and function.

PLD exists in virus, bacteria, plants and lower and higher eukaryotes. While in invertebrates there
is only one Pld gene, in chordates there is an evident evolutionary burden, with other Pld
superfamily genes arising (Panda et al., 2018). In budding yeast, PLD (spol4) is essential for
meiosis and sporulation (Rose et al., 1995). In the nematode Caenorhabditis elegans (C.
elegans) there is only one Pld gene, important for longevity and biometry (Bravo et al., 2018). In
Drosophila melanogaster there is also only a single Pld gene (dP/a), functioning as photoreceptor
and acting on phototransduction (Raghu et al., 2009a; Thakur et al., 2016). When looking into
higher eukaryotes, it is known that mammals have six PLD isoforms (PLD1-PLD6), which have in
common the presence of HxKxxxxD (HKD) domains (Barber et al., 2018; Frohman, 2015).
Despite this, only PLD1 and PLD2 fulfill the canonical PLD activity (hydrolyzing PC into PA)
(Nelson and Frohman, 2015), but they still present differences in their structure, cellular
localization and regulators of their catalytic activities (Colley et al., 1997; Hiroyama and Exton,
2005; Jenkins and Frohman, 2005; Liscovitch et al., 1999; Oliveira et al., 2010b; Selvy et al.,
2011).

Panda et. al recently performed a phylogenetic analysis that revealed that PLD1 sequences of
chordates are evolutionarily closer to insect PLD sequences than the PLD2 subcluster (Panda et
al., 2018). In fact, overexpression of hPLD1 in Drosophila led to light-dependent retinal
degeneration, which phenocopied the overexpression of dPLD and this was not reproduced with
overexpression of hPLD2, suggesting that PLD1 and PLD2 have different functions in this process
(Panda et al., 2018). Moreover, transgenic overexpression of the mammalian hPLD1 was able to
rescue the retinal degeneration of a Drosophila PLD loss of function model (dPLL¥), that has no
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residual PLD activity, better than the reconstitution with hPLD2 (Panda et al., 2018). Another
interesting fact was that, when comparing the localization of dPLD, hPLD1, and hPLD2 in
photoreceptors, dPLD and hPLD1 are uniquely distributed in the subplasma membrane region

(Panda et al., 2018).

PLD deficiency leads to apparent normal development of organisms (Bravo et al., 2018; Oliveira
et al., 2010b; Panda et al., 2018). One possibility is that other sources of PA, such as
diacylglycerol (DAG) kinases (DGK) and lyso-PA (LPA) acyltransferase (LPAAT), can compensate
the lack of PLD (Oliveira and Di Paolo, 2010). But when we look closely to anatomical and
physiological features, animal behavior and functioning under stress and disease, we observe
relevant phenotypes upon PLD ablation. For example, yeast lacking the heterologous P/d gene do
not exhibit any phenotype during vegetative growth, only during meiosis and sporulation (Rose et
al., 1995). In the C. elegans, the lack of p/d results in decreased levels of PA and PLD activity
(Bravo et al., 2018) and PLD downregulation shortens longevity and induces age-related
biomarkers through reactive oxygen species accumulation (Park et al., 2018). There are two PLD
genes in zebrafish Danio rerio (pld1 and pld2) (Raghu et al., 2009b) and manipulation of PLD1 in
zebrafish results in intersegmental vascular pattern defects (Zeng et al., 2009). In Drosophila
melanogaster the loss of function of the only P/d gene results in reduced PA levels (Panda et al.,
2018) and in defects in vesicular transport that lead to collapse of the photoreceptor plasma
membrane (Thakur et al., 2016). In mice, PLD ablation is responsible for behavior impairment
(as discussed below) (Burkhardt et al., 2014). On the other hand, PLD overexpression also
produces relevant phenotypes. It alters vesicular transport in cultured mammalian cells (Cai et
al., 2006b; Choi et al., 2002; Huang et al., 2005; Vitale et al., 2001) and overexpression of
dPLD in Drosophila results in a progressive collapse of the apical domain of these cells (retinal
degeneration) (Panda et al., 2018). Also, overexpression of PLD1 decreases the levels of amyloid
beta (AB) (Cai et al., 2006a) and promotes the formation of amyloid precursor protein (APP)-
containing secretory vesicles from trans-Golgi network and inhibition of PLD1 activity decreases

APP trafficking (Cai et al., 2006b), in the context of AD, as discussed below.

In order to study the impact of PLD ablation, namely in the modulation of the longitudinal
hippocampal axis, we made use of adult mice knock-out (KO) for Pldl and/or Pld2 genes (we
should have in mind that we cannot exclude the possibility that our results could be affected by

an early developmental PLD deficits). We confirmed the lack of the corresponding isoenzyme in
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these mice by western blot analysis, using an antibody that recognizes the COOH terminus of
both PLD1 and PLD?2 isoenzymes. Pldl KO animals express only PLD2, Pld2 KO animals express
only PLD1 enzyme, and P/d double-KO (DKO) animals have no PLD1 or PLD2 expression (see
Chapter 2, figure 1A). As an approach to understand the differences between the two canonical
mammalian PLD isoenzymes we used a method to study /7 vivo PLD activity performed by
Oliveira et al (Oliveira et al., 2010b). By making use of the ability of PLD1 and PLD2 to use
primary alcohols as nucleophiles over water in a transphosphatidylation, we injected mice with
ethanol and then sacrificed to measure the levels of PEtOH with liquid chromatography-MS in the
forebrain, in order to measure PLD activity (see Chapter 2, figures 1B and S1). With this
experiment we confirmed that PLD1 and PLD2 are likely the only canonical PLD isoenzymes,
since P/d DKO had almost no detectable PEtOH, indicating that PEtOH is exclusively produced by
PLD1 and PLD2 and that the other PLD superfamily members (PLD3-6) do not contribute to the
production of PEtOH (see Chapter 2, figures 1B and S1).

Then, we conducted a broad-scale lipidomic profiling of DH and VH from both Pld7 and Plad2 WT
and KO mice and analyzed the relative abundance of a total of 30 lipid classes, covering the 3
main lipid categories of sterols, sphingolipids, and glycerophospholipids (see Chapter 2, Figure
1C and Table S1). Once more we observed that PLD1 ablation creates a higher burden than
PLD2 ablation, since PLD2 ablation did not have a significant impact on the total levels of the
lipid classes analyzed (see Chapter 2, Figure 1C and Table S1) and PLD1 ablation significantly
decreased the levels of several lipid classes (see Chapter 2, Figure 1C and Table S1), with a
higher impact on the DH compared to VH, which is relatable with PLD1 protein levels being
higher in the DH when compared to the VH (see Chapter 2, Figure S3B). The lack of PLD1
decreased the levels of PA, monoacylglycerol (MG) and lysoglycerophospholipids such as
lysophosphatidylcholine (LPC), ether lysophosphatidylcholine (LPCe), and lysophosphatidylinositol
(LPI) in the DH and the levels of PA and dihydroceramide (dhCer) in the VH (see Chapter 2,
Figure 1C and Table S1). We should consider potential crosstalk between different
phospholipases, that cleave the various bonds in phospholipids, namely phospholipase A (PLA.)
superfamily that catalyze the hydrolysis of the sn-2 ester bond in a variety of different
phospholipids, producing free fatty acids, such as arachidonic acid (AA), and lysophospholipids
(Burke and Dennis, 2009), phospholipase C (PLC) that cleave the phosphodiester bond on the
glycerol side forming diacylglycerols and a phospho-base, and PLD (Farooqui et al., 2000).

Crosstalk between PLA;, PLC and PLD isozymes is crucial for maintaining normal homeostasis.
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PLA: reactions, resulting in free fatty acids, PLC reactions, resulting in DAG, and PLD catalyzed
reactions, synergistically stimulate PKC activity (Farooqui and Horrocks, 2005). PLD and DAG
generated by PLC stimulate various isoforms of protein kinase C (PKC), which activates both PLA:
and PLD (Clark et al., 1995; Farooqui and Horrocks, 2005). In addition, AA and eicosanoids
produced by PLA. activate isoforms of PLC, PLD, and PKC (Klein et al., 1995). In fact, co-
expression of cytosolic (cPLA:) or type IIA secretory (sPLA-IIA) PLA:. and PLD2, but not PLDI,
augmented stimulus-induced arachidonate acid release (indicative of PLA. activity) (Ueno et al,,

2000). This justifies the observed lipidomic alterations in upon PLD1 ablation.

While PLD2 ablation did not affect the levels of total PA in both DH and VH, PLD1 ablation led to
a great decrease in the total levels of PA (see Chapter 2, Figure 1C and Table S1), in accordance
with the observation of Pldl KO animals having a greater decrease in PLD activity when
compared to Pld2 KO animals (see Chapter 2, figure 1B) and in agreement with previous studies
(Vermeren et al., 2016). The analysis of PA species upon ablation of either PLD1 or PLD2
revealed that PldZ KO animals have decreased levels of nearly all PA species detected in both DH
and VH, while PLD2 ablation leads to the decrease in only 3 PA species in the VH and an
increase in 1 in DH, proving once more that PLD1 is a major contributor to total PA levels when
compared to PLD2 (see Chapter 2, Figure 1D and Table S2). These findings indicate that PLD1
and PLD2 modulate different PA pools, which might account for or contribute to the differential
functions of PLD1 and PLD2. Curiously, work from Panda et al. with overexpression of human
PLD in a Drosophila model with dPLD loss of function (dPLL¥) also showed that hPLD1 and
hPLD2 produce distinct molecular species of PA (Panda et al., 2018). They found that most of
the PA species that were lower in dPLD** were mostly reconstituted by dPLD (Panda et al.,
2018). When reconstituted with human PLD, the pattern of species restored by PLD1 expression
was substantially more similar to the observed in wild-type (WT) than that observed with
overexpression of PLD2 (Panda et al., 2018). Different PA species exhibit different structure,
which is related to the acyl chain length and unsaturation of the fatty acyl chain at sn-1 and sn-2
positions, leading to distinct repercussion on membrane structure, for example membrane
curvature (van Meer, 2005). It was shown recently that PA saturation level influences its
functions in neurosecretory pathway. While mono-unsaturated PA regulates the number of
exocytotic events, poly-unsaturated PA regulates fusion pore stability and expansion (Tanguy et
al., 2020a). Another interesting finding was that PLD1 affects both shorter and longer fatty acyl

carbon length PA species, while PLD2 modulates predominantly shorter fatty acyl carbon length
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PA species (see Chapter 2, Figures 1D and Table S2). It is known that shorter chain PA may

promote membrane curvature and, curiously, PLD2 is primarily find in the plasma membrane.

Several findings in our work also led us to hypothesize that there is a compensatory process by
either PLD1 or PLD2 upon the other enzyme ablation: the sum of the decrease PEtOH production
upon PLD1 and PLD2 ablation was less than 100% (see Chapter 2, figure 1B) and PLD2 ablation
leads to increased levels of 4 PEtOH species (see Chapter 2, figure S1) and increased levels of
one PA specie (see Chapter 2, figure 1D). We decided to explore the levels P/idl/PLD1 and
Pld2/PLD2 mRNA (see Chapter 2, figure S2) and protein levels (see Chapter 2, figure S3) and
conclude that ablating either of the PLD isoenzymes does not lead to expression upregulation of
the other. One could consider other compensatory mechanisms such as localization modification,
differences in co-factor modulation or post-translational modifications, such as histone
acetylation, ubiquitination, phosphorylation or glycosylation. For example post-translational
modification such as phosphorylation has been shown to regulate Spol4 localization and some
bacterial toxins can regulate enzyme expression by modulating histone acetylation, which
downregulates the NAPE-PLD (another human enzyme that exhibits PLD-like phosphodiesterase
activity) promoter (Selvy et al., 2011). Moreover PLD activity /7 vivo is mediated by cellular
calcium fluctuations and recruitment of PLD upon phosphatidylinositol bisphosphate or
triphosphate (PIP. or PIPs) production allows upstream lipid kinases or phosphatases to mediate
PLD lipase activity (Selvy et al., 2011). Another fact is that PLD1 and PLD2 are phosphorylated in
response to signal transduction as a regulatory mechanism and are posttranslationally
palmitoylated at two cysteine residues in the pleckstrin homology (PH) domain, which facilitates
protein sorting into specific intracellular and plasma membrane domains including lipid rafts
(Selvy et al., 2011). Interestingly, PLD1, but not PLD2, is post-translationally modified by multi-
monoubiquitination, which is important for modulating the localization and curbing lipase activity,
and suppression of lipase activity either by mutation of the HKD motif or the phosphatidylinositol
4 5-bisphosphate binding motif or through use of PLD-selective inhibitors impairs the
ubiquitination of PLD1 (Yin et al., 2010).

Several methods have been used to study PLD activation and PLD-derived PA. Fluorescent
protein fusions can localize PLD1 and PLD2, but do not differentiate their activation state.
Genetically encoded probes directly visualize PA, although they cannot distinguish between
different biosynthetic pools of PA. New tools for visualizing PLD signaling and PA are now
emerging, in an attempt to tackle up and downstream PLD activation and the crosstalk and
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compensation between PA synthesizing pathways. Raghu and colleagues applied a method of
high performance liquid chromatography (HPLC)-coupled MS to determine the acyl chain
composition of PA species at the s7-1 and s7-2 position, depending on ions generated by
fragmentation of the corresponding PA anions that correspond to loss of one of the acyl chains.
This enable assumption of the chain length and saturation of the individual fatty acid substituents
in the parent phosphatidic acid molecule (Panda et al., 2018). It was also developed a
chemoenzymatic, activity-based imaging method to visualize the precise subcellular locations of
PLD activity with high spatiotemporal resolution, called IMPACT (Imaging Phospholipase D
Activity with Clickable Alcohols via Transphosphatidylation) (Bumpus and Baskin, 2017). It relies
on the PLD ability to accept azidoalcohols as reporters in a transphosphatidylation reaction and
the resultant azidolipids are then fluorescently tagged, which allows visualization of cellular
membranes bearing active PLD enzymes (Bumpus and Baskin, 2017). Moreover, the same
laboratory created optogenetic controlled PLD (optoPLD), which is a complementary method for

generating, rather than visualizing, organelle-specific PA pools (Tei and Baskin, 2020).

Although PLD1 and PLD2 catalyze the same reaction, clearly the loss of function of one and/or
another generate different repercussions on hippocampal lipidome and different phenotypes (see
chapter 1), therefore dismantling the idea of absolute enzyme redundancy. PLD1 and/or PLD2
deficient mice have been proposed to show reduced brain growth at 14-27 days after birth
(Burkhardt et al., 2014) and P/ld2 KO mice have olfactory defects and an increased number of
ectopic cerebellar Purkinje cells after 13 weeks of age (Vermeren et al., 2016). Moreover,
Burkhardt et al. showed a deficit in the level of discrimination in long-term novel object
recognition (NOR) test in PldZ and double Pld KO and a social recognition deficit in Pld and/or
Pld? KO (Burkhardt et al., 2014). Other authors showed that PLD2 ablation had no major
behavioral deficits: Oliveira et al., evaluated spatial working memory (using a radial arm water
maze paradigm) and contextual fear conditioning memory (Oliveira et al., 2010b) and Vermeren
at. al evaluated rotarod and open field on PldZ KO animals (Vermeren et al., 2016). In chapter 2
(Santa-Marinha et al., 2020), we showed that PLD1 ablation impairs short-term object recognition
memory and social exploration, since Pidl KO mice were less social in a hippocampus-
dependent task, spending less time exploring compared to WT. In chapter 3, we showed that
PLD2 ablation leads to social discrimination deficits with deficient ability to recognize a littermate

and were less social in the same a hippocampus-dependent task.
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Previously, Burkhardt et al. performed a partial characterization of behaviors upon ablation PLD1
and/or PLD2 in mice. Long term memory evaluated by NOR test was performed with a day-
interval between exposing the animal to two equal objects and then adding a third novel
(Burkhardt et al., 2014) (different from our NOR test that tested short term memory with an inter-
trial of 1h). Short term memory evaluated as preference for social novelty was performed
exposing an animal to an empty cage and a cage with an unknown mouse and then, after a 15
min break, a novel mouse was placed in previously empty cage and time interacting was counted
(Burkhardt et al., 2014) (different from our preference for social novelty test with no inter-trial
interval between the two trials). While Pldl KO mice showed a trend toward a deficit in the level
of discrimination in long-term NOR and a preference for social novelty deficit, PLD2 deficiency
caused severe impairments on preference for social novelty and object recognition (Burkhardt et
al., 2014). This work is not in total agreement with ours. Although PLD1 and PLD2 ablation led to
decreased social exploration, the ability to prefer a novel mouse instead of a previously met
(preference for social novelty) was not impaired. One potential caveat to consider as an
explanation for the partial differences in observed results could be due to the different protocols

used and to not using littermate mice as controls by Burkhardt et al..

Concerning the integration of the behavioral alterations with other phenotypic alterations
observed by us, the social and object recognition deficits of Pldl KO animals were associated
with LTD decreased induction (See Chapter 2, Figure 4B, left panel) and decrease of synaptic
proteins levels, namely SNAP-25 and GIuN2A, in DH (see Chapter 2, Figure 5). Dorsal CAl
inhibition with muscimol, a selective GABAA receptor agonist that temporarily interrupt its
function, was also shown to impair spatial and object memory (Stackman et al., 2016), although
some studies conclude that the association of DH and object recognition is due to object-place
recognition (Mendez et al., 2015; Oliveira et al., 2010a). It was also previously shown a role for
CA1l and LTD in the acquisition of object-place configuration. Hippocampal LTD induction was
associated with exploration of a new environment containing unfamiliar objects and/or familiar
objects, whereas exploration of the new environment itself, in the absence of objects, impairs
LTD (Kemp and Manahan-Vaughan, 2004). It agreement with our work, SNAP-25 heterozygous
mice have a worse performance in the recognition of a novel object in a NOR protocol with 2h
inter-trial interval and also have deficits in social behavior, with no deficits in spatial learning and
memory tasks (Corradini et al., 2014). In addition to decreased levels of SNAP-25, Plidl KO mice

have reduced LTD induction in DH, which can also be caused by the reduced levels of SNAP-25.
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In fact, infusion with a C-terminal SNAP-25 fragment (proposed to block its normal functions)
reduces CA3-CA1 LTD induction, but not LTP (Zhang et al., 2011) and LTD is decreased in
corticostriatal preparations of SNAP-25 heterozygous mice (Baca et al., 2013). Deficits in social
behavior are also associated with impaired NMDAR-mediated neurotransmission, namely with
GIuN2A receptors (Zoicas and Kornhuber, 2019). For example, administratioin of PEAQX, a
GluN2A-preferring antagonist, decreases social interaction in adolescent rats (Green et al., 2016;
Morales and Spear, 2014). On the other hand, transgenic overexpression of GIuN2A in forebrain,
with an increased GIuN2A: GIuN2B ratio, leads to reduced long-term memory function and long-
term memory impairments in a olfactory recognition task. (Jacobs and Tsien, 2014). The
dynamic regulation and the combination of GIUN2A and GIuN2B subunits are crucial for

physiological properties of NMDARs and should be evaluated.

While the social and object recognition deficits caused by PLD1 ablation were correlated with the
decrease of LTD (See Chapter 2, Figure 4B, left panel) and decrease of synaptic proteins in DH
(see Chapter 2, Figure 5), the social deficits in Pld2 KO animals were associated with decreased
LTP in VH (see Chapter 3, Figure 2A, right panel) without alterations in synaptic proteins (see
Chapter 3, Figure 3). The lack of PLD2 did not interfere with sociability and preference for social
novelty (see Chapter 3, Figure 1B, 1C, S1A and S1B) but P2 KO mice lost the ability to
discriminate between a littermate and a strange mouse and spent less time interacting with
conspecifics in this social discrimination task (see Chapter 3, Figure 1D and S1C). Curiously, the
loss of the ability to discriminate between a littermate and a novel subject phenocopies the
silencing of dorsal CA2 (Meira et al., 2018), proposing a mechanism of CA2 dysfunction in Pld2
KO animals. CA2 is a hippocampal region with distinct features from CAl and CA3, from
synaptic connectivity and electrophysiological characteristics to gene expression profile and
relative resistance to cell death and resistance to damage from injury and synaptic plasticity
(Dudek et al., 2016; Nadler et al., 1978; Sloviter and Damiano, 1981; Zhao et al., 2007). Several
classes of proteins are particularly enriched in CA2. In fact, /n sifu hybridization revealed that
PLD2 is highly expressed in CA2 when compared to CAl and CA3 (Vermeren et al., 2016).
Arginine vasopressin (AVP) and oxytocin (OXT) are two hypothalamic produced neuropeptides
and AVP receptor 1b (AVPR1b) and OXT receptor (OXTR) also highly expressed in CA2 pyramidal
neurons (Hammock and Levitt, 2013; Hidema et al., 2016; Mitre et al., 2016; Yoshida et al.,
2009; Young et al., 2006). Modification or alteration on OXT/OXTR or AVPR1b have an impact

on social behavior. Decreased levels of OXT and OXTR lead to social deficits and poor social
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recognition (Lee et al., 2008; Takayanagi et al., 2005) and DG and CA2/CA3 OXTR are
indispensable for discrimination of social stimuli (Raam et al., 2017) and long-term social
recognition memory, without any effect on sociability and preference for social novelty (Lin et al.,
2018). Moreover, AVPR1b KO mice display sociability and social memory impairments (DeVito et
al., 2009; Wersinger et al., 2002; Wersinger et al., 2008). It is known that PLD activity is
enhanced by AVP and OXT (Coletti et al., 2000; Inamori et al., 1995; Komati et al., 2005; Li et
al., 2001; Morrison et al., 1996; Naro et al., 1997). In fact, AVP increases the PEtOH formation
(indicating PLD activity) and inhibition of PLD decreases AVP produced PEtOH in cultures
(Kusaka et al., 1996). Moreover, TWIK-related K+ channel (TREK) 1 is a PA-sensitive K2P
channel that directly binds to PLD2 and, curiously, is also another protein highly expressed in
CA2 (Talley et al., 2001). Importantly, PLD2 (and not PLD1) potentiates TREK1 current through
local PA production that tonically activates the channel (Comoglio et al., 2014). An upregulated
current of TREK1 channel in CA2 is found in Human 22q11.2 deletion syndrome (22q11.2DS)
mouse model (Df(16)A+/-), also known as DiGeorge syndrome (the greatest molecular genetic
risk factor for schizophrenia). These mice also show impaired social memory, phenocopying a
silent CA2 (Piskorowski et al., 2016). As discussed below, TREK1 ablation in mice have
decreased LTP in the CAl region, similarly to VH of P/d2 KO mice, associated with recognition
memory deficits (Wang et al., 2020). Considering these associations already described between
PLD and AVP/OXT/TREK1, we can speculate a dysregulation on these pathways, possibly in
CA2, were they are highly expressed, thus leading to the CA2 dependent impairment of littermate
recall phenotype observed in Pld2 KO mice.

One of the most important characteristics of the mammalian brain is its plasticity. It has been
proposed that associative memories are stored as changes in the strength of synaptic
connections between neurons, also called synaptic plasticity (Bannerman et al., 2014; Citri and
Malenka, 2008). The intrinsic functionally of DH and VH can also be demonstrated by the
different properties of synaptic plasticity. In our work, the DH and VH of WT mice presented
different ability to produce a PP response (See Chapter 2, Figure 4C and Chapter 3, Figure 2C),
a reliable signature already reported in rats (Maggio and Segal, 2007; Pinto et al., 2015). We can
hypothesize that this intrinsic variability could be related with the intrinsic synaptic protein levels
in DH and VH of WT animals (See Chapter 2, Figure 5). For example, whole-life exposure in rats
to perfluorooctane sulfonate, which decreases the mRNA levels of AMPA receptor subunits GluAl

and GluA2, moderately suppresses PP facilitation (Zhang et al., 2019) and a study to aim the
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adverse effects of copper oxide nanoparticles administration to rats revealed decrease of both PP

and expression of GIUN2A, but not GIuNZ2B (Li et al., 2018) in CA1 region.

We addressed the ex vivo impact of PLD removal in the trisynaptic circuit in the DH and VH
poles. In chapter 2 we show that PLD1 ablation reduced LTD induction in the DH after low-
frequency stimulation (See Chapter 2, Figure 4B, left panel). Recently, through the use of
inhibitors and Pldl KO mice, it was shown that PLD1, but not PLD2, is necessary for M1
(subtype of muscarinic acetylcholine receptor)-LTD induction in the mouse prefrontal cortex
(Moran et al., 2019), supporting our result of impairment of LTD in DH of Pl KO animals.
Moreover, mechanistic target of rapamycin complex 1 (mTORC1) activation through PA derived
from PLD signaling is a regulator of homeostatic signaling and PLD1 overexpression is sufficient
to activate mTORC1 and alter synaptic function in cultured hippocampal neurons (Henry et al.,
2018). Modulation of mTOR also modifies macroautophagy, altering the presynaptic structure
and neurotransmission (Hernandez et al., 2012). The role of PLD1 and SNAP-25 has also been
described in the autophagy field, since the induction of SNAP-25 in cancer cells maintains
autophagic flux and autolysosomal efflux (Mu et al., 2018) and PLD1 was suggested to regulate
autophagy through a possible effect in the VPS34/PI(3)P pathway (Dall'Armi et al., 2010). More
recently, the PLD pathway was shown to modulate the autophagy in retinal pigment epithelium
cells (Bermudez et al., 2019). We can then speculate that the decreased levels of SNAP-25 in the

DH of Pld1 KO animals may be an effector of the role of PLD1 as a modulator of autophagy.

Electrophysiological changes in the DH of mice lacking PLD1 were accompanied by decreased
levels of SNAP-25 and GIuN2A. As previously discussed, the reduced LTD induction in DH of Pldl
KO mice could be caused by the decreased levels of SNAP-25, since blocking the normal
functions of this protein reduces CA3-CAl1 LTD induction (Zhang et al., 2011) and SNAP-25
heterozygous mice have decreased LTD in corticostriatal preparations (Baca et al., 2013). SNAP-
25 is subject to alternative splicing, producing SNAP-25a (predominant isoform in neurons in
mice during embryonic and early postnatal development) and SNAP-25b (the dominant isoform
as central synapses mature into adulthood) (Gopaul et al., 2020). In the first two weeks of
development, rodents exhibit predominantly, or entirely, metabotropic glutamate receptor
(mGluR)-dependent forms of LTD of synaptic transmission (Gopaul et al., 2020). With the change
in relative levels of SNAP-25a to SNAP-25b there is upregulation NMDARs, suggesting that SNAP-
25a may play a greater role in the expression of mGluR-dependent LTD, while SNAP-25b may be
more important for expression of NMDAR-dependent LTD and LTP (Gopaul et al., 2020). A recent
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study showed that SNAP-25a favors the expression of LTD over LTP in the developing brain in
one month old animals, while SNAP-25b deficient mice displayed similar LTD as their littermate
controls (Gopaul et al., 2020). These results suggest that the balance between the two isoforms
has an electrophysiological impact worthy of study in the future. Based on these recent
observations, an important future experiment to be performed is to assess the balance of SNAP-
25a and b in Pld KO models, as wells as their interaction with PLD. The balance of the levels of
GIuN2A has also been subject of studies with alterations in hippocampal synaptic properties. For
example, an increase in GIUN2A levels selectively alters long term memory formation and,
although it abolishes one type of protocol of LTD induction, it has no effects in a protocol similar
to ours in CA1 from hippocampal slices (Cui et al., 2013). Another interesting fact is that it has
been shown that LTD between the amygdala and perirhinal cortex is induced presynaptically via
GluN2A-containing NMDARs (Laing and Bashir, 2015). NMDARs mediate LTP and LTD, but
inconsistent results have been published, some of them highlighting the balance of
GIuN2A/GIuN2B and others dismissing these results (Shipton and Paulsen, 2014; Wong and
Gray, 2018). Once again, the balance of GIUN2A/GIuN2B is also an interesting line of research to
be explored in Pld KO models.

In chapter 3 we show that PLD2 ablation impairs LTP generation in the VH after tetanic
stimulation (See Chapter 3, Figure 2A, right panel) at the Schaffer collaterals. Although previous
work showed no differences in LTP upon PLD2 ablation in hippocampal slices, this experiment
did not take into account DH-VH differentiation (Oliveira et al., 2010b). Moreover, dorsal CA2 (a
region with high levels of PLD2, as discussed before) provides important social information to
ventral CAl to support social memory (Meira et al., 2018), a region that is impaired in Pld2 KO
mice, with decreased LTP (see Chapter 3, Figure 2A, right panel). OXT and AVPR1b (highly
expressed in CA2 as discussed before) are also implicated in synaptic plasticity. While OXT
transiently reduces synaptic inhibition in multiple brain regions and enables long-term synaptic
plasticity in the auditory cortex (Mitre et al., 2016), selective activation of AVPR1b or OXTR
agonists induces significant potentiation in excitatory synaptic responses in CA2, despite its
resistance to LTP (Pagani et al., 2015). Moreover, TREK1 total ablation in mice results in
decreased LTP in CA1 region, which phenocopies PLD2 ablation (Wang et al., 2020). Taking into
account the interaction of these proteins with PLD2, one should consider that these interactions

can be affected in Pld2 KO mice, thus contributing to LTP impairment.
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Dendritic trees are crucial for the neuronal input of information (for signal reception and signal
integration), being critical for neuronal functioning and they are distinctive for each specific
neuronal type (Jan and Jan, 2010). Dendritic spines connect with presynaptic terminals in order
to match with each other correctly, leading to functional synapses (Luo et al., 2017). The number
of synapses and spines reaches its maximum point in early childhood, followed by synaptic
pruning during adolescence and stabilization in adulthood (Jan and Jan, 2010). Abnormalities in
dendrite growth or pruning are present in mental disorders, in the ones that manifest in early
childhood, such as autism, and also in the ones that manifest in late adolescence, such as
schizophrenia (Jan and Jan, 2010). In chapter 2, we characterized the hippocampal dendritic
arborization in Pldl WT animals in a DH-VH dependent manner (See Chapter 2, Figures 3).
These dendritic DH-VH natural differences in WT animals correlated with the higher protein levels
of GluA1, GIuN2A and GIuN2BP (phosphorylated at Y1472) and lower levels of syntaxin-1A in DH
when compared to VH (See Chapter 2, Figure 5). The role of these synaptic proteins on dendritic
branching has been a target of study. For example, GIuA1 expression promotes dendritic growth
of spinal cord neurons, by recruiting SAP97, a scaffolding protein, to the cell surface (Zhou et al.,
2008); tyrosine phosphorylation of GIUN2B has been reported to regulate the number of dendritic
spines in rats with chronic migraine (Wang et al., 2018); the pruning of dendritic branches along
maturation is accompanied with reduction in GIUN2B expression and a significant elevation in
synaptic expression of GIUN2A and PSD95 (Bustos et al., 2014); and inhibition of syntaxin-1A
with antisense oligonucleotides in cultured rat dorsal root ganglion neurons or with antibodies in
cultured chick retinal ganglion neuron increases neurite sprouting (Yamaguchi et al., 1996)
although cleavage of syntaxin by Clostridium botulinum neurotoxin C1 inhibited axonal growth
(Igarashi et al., 1996). Regarding the genotype, we observed a decrease in apical dendritic length
of DH CA3 of Pldl KO mice when compared to P/dl WT (See Chapter 2, Figure 3B, left panel).
Since the DH is highly associated with cognitive functions, the decrease in dendritic length of DH
CA3 can possibly relate to the cognitive impairments observed in Pldl KO mice. Moreover, the
lack of genotype dependent alterations in VH may explain the absence of anxious-like behavioral

effects.

During dendritic development growth phase there is a large requirement of lipids and cell-
autonomous production is crucial (Ziegler et al., 2017) as it is the glia-derived lipids (Nieweg et
al., 2009). PLD1 and PLD2 have been implicated in the regulation of neurite growth in neural cell
lines and neural stem cells (Ammar et al., 2013; Kanaho et al., 2009; Oh et al., 2007; Watanabe
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et al., 2004a; Watanabe et al., 2004b; Yoon et al., 2006; Yoon et al., 2005; Yun et al., 2006;
Zhu et al., 2016; Zhu et al., 2012) and also PA can differentially contribute to different neurite
outgrowth conditions due to its inverted cone shaped structure and fusogenic properties (Tanguy
et al., 2019; Tanguy et al., 2020b). PLD1 has been proposed to be involved in /n vitro dendritic
arborization mechanisms, although with inconsistent results. Lalli and Hall proposed that small
GTPase RalB promotes neuronal branching through a pathway involving PLD, by leading to PKC-
dependent phosphorylation of 43-kD growth-associated protein (GAP-43), which is implicated in
branching and axonal regeneration (Lalli and Hall, 2005), but Zhu and colleagues described a
negative control by PLD1 in dendritic branching in cultured hippocampal neurons, acting
downstream of RhoA, one small Rho GTPase, to suppress dendritic branching. Specifically, they
show that when PLD1 is knockdown from individual neurons there is increase in dendritic
branching and when PLD1 is overexpressed it leads to decreased dendrite complexity (Zhu et al.,
2012). On the other hand, Ammar and colleagues reported a decrease of neurite outgrowth in
cultured cortical neurons from Pldl null mutant mice and that neuronal growth factor (NGF)
induces neurite outgrowth requires phosphorylation of PLD1 by the serine-threonine kinase RSK2
in PC12 cells (Ammar et al., 2013). They also showed that PLD1 participates in the brain-derived
neurotrophic factor (BDNF) signaling pathway in cortical neurons, promoting the idea of neuronal
development regulation by PLD (Ammar et al., 2015). Interestingly the phosphorylation site for
RSK2 is not found in PLD2 (Zeniou-Meyer et al., 2008). More recently, it was shown that
knockdown of PLD1 only in astrocytes reduces dendritic branching of neurons in mixed culture
composed of neuron and glia, by reducing PA in astrocytes, reducing protein kinase A activation
in neurons and consequently dendritic branching (Zhu et al., 2016). Using hippocampal neurons,
Luo et al., reported that overexpressing PLD1 increases both the density and the area of dendritic
spines by inhibiting the ADAM10 mediated N-cadherin cleavage, while loss of function of PLD1
leads to the opposite (Luo et al., 2017), and work from the same group hypothesized the role of
PLD1 in dendritic morphogenesis through the signaling link with protein kinase D1 (Li et al.,
2019). Moreover, an increase in expression of PLD1 and PLD2 was related to the development of
hippocampal mossy fibers (Zhang et al., 2004). Taking all of this into account, further studies
should tackle the importance of PLD2, the specific role of PLD in astrocytes and how PLD-derived
PA affects in DH-VH dendritic arborization differentiation.

PA can be generated by other enzymes, such as the DGK and LPAAT. DGK phosphorylates DAG

to produce PA. Brain specific conditional DGK8-KO mice showed irrational contacts with familiar

107



and novel objects in the NOR test and buried more marbles than controls in the marble burying
test, suggesting an obsessive-compulsive behavior like phenotype, accompanied with an increase
number of long axon/neurites (Usuki et al., 2016). On the other hand, DGK3 KO mice presented
cognitive impairment in Y-maze and MWM tests, along with reduced LTP in CAl and reduced
branches and spines (Shirai et al., 2010). LPAAT produce PA, having as substrates LPA, an
inverted cone-shaped lipid, and acyl-CoA. There are eleven LPAAT enzymes, each one
responsible for the production of a distinct and specific pool of PA (Bradley and Duncan, 2018;
Zhukovsky et al., 2019). Mice knock-out for LPAATS (expressed mainly in brain and muscle)
show severe dysfunctions including cognitive impairment, impaired force contractility and altered
white adipose tissue accompanied by drastically lower brain content of GIuN1, GIuN2A and
GIuN2B, as well as GIuAl (Bradley et al., 2017). These results regarding PA catalyzing enzymes
partly phenocopy ours and demonstrate that, although the reduction of PA impacts brain
organization and function, the compensatory mechanisms and the source of PA are also crucial,

with implications for neuropsychiatric pathologies.

There is also crescent clinical importance considering PLD impact in the pathophysiology of
important diseases, namely neurodegenerative diseases such as AD. AD is clinically
characterized by a progressive impairment of memory and other cognitive functions and it is
thought that neuronal degeneration and cell loss begins in the hippocampus (Vyas et al., 2020).
AD-associated behavioral deficits in animals’ models are observed in hippocampal-dependent
tasks, such as Morris water maze (Bergin et al., 2018; Chen et al., 2000; Rorabaugh et al.,
2017), radial arm (water) maze (Klevanski et al., 2015; Oliveira et al., 2010b), contextual fear
memory (Oliveira et al., 2010b), NOR (Biasibetti et al., 2017), social behavior (Hsiao et al., 2018;
Kosel et al., 2019), among others (Harris et al., 2010). Curiously, reduction in investigation time,
namely social investigation, has also been proposed to be present in AD mice models (Kosel et
al., 2019). Along with loss of synapses and neurons, the hallmarks of AD are the extracellular A
deposition (generated from APP) by sequential cleavages mediated by the B-secretase [3-site APP
cleavage enzyme 1, BACE1, and the y-secretase complex) as senile plaques and the intracellular
accumulation of hyperphosphorylated tau as neurofibrillary tangles (Di Paolo and Kim, 2011).
There are studies linking PLD1/PLD2 and AD, not only in mice models (Cai et al., 2006a; Cai et
al., 2006b; Oliveira et al., 2010b), but also in other models such as Caenorhabditis elegans,
which only expresses one PLD (Bravo et al., 2018), and in humans (Kanfer et al., 1996;

Krishnan et al., 2018). The PLD pathway has been implicated AD pathogenesis as being involved
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in AB signaling (Bravo et al., 2018; Oliveira et al., 2010b) and APP processing and trafficking
(Cai et al., 2006a; Cai et al., 2006b). Moreover, PLD3 has been shown to be involved in AD
pathogenesis (Cruchaga et al., 2014), with a proposed role in lysosomal functioning (Fazzari et
al., 2017). Furthermore, both PLD3 and PLD4 are exonucleases regulating the inflammatory
cytokine response (Gavin et al., 2018), which could be linked to the multiple genetic AD risk
factors connected to immune system biology (Karch and Goate, 2015), even though, neither of
them have been shown to contribute to PA production. Since both PLD1 (Bourne et al., 2019;
Cai et al., 2006a; Cai et al., 2006b; Krishnan et al., 2018; Liu et al., 2009) and PLD2 (Oliveira et
al., 2010b) have been implicated in the pathophysiology of AD (Bravo et al., 2018; Kanfer et al.,
1996; Oliveira and Di Paolo, 2010), future experiments should tackle PLD1 in the rescue of
object recognition deficits and the specific role of PLD1/PLD2 in the circuits associated with
social deficits impaired in AD models (and the electrophysiological, dendritic organization and

protein alterations associated with these circuits).

Parkinson’s Disease is the second most common neurodegenerative disorder in the elderly,
defined by the progressive death of dopaminergic neurons in the substantia nigra pars compacta
and the presence of Lewy bodies (cytosolic inclusions with misfolded protein a-synuclein) (Conde
et al., 2018). Although /n wvifro assays show no inhibitory properties of a-syn on PLD activities
(Rappley et al., 2009), a-synuclein has been reported as an inhibitor of PLD1 activity (Conde et
al., 2018) and /n vivo experiments have demonstrated that a-syn is able to inhibit PLD2 activity
(Gorbatyuk et al., 2010). Furthermore, it was shown that pharmacological inhibition of PLD1
activity impairs normal autophagic flux, blocking the fusion between autophagosomes and
lysosomes leading to accumulation of a-synuclein in the brain and, in the same study, it was
reported that post mortem brains obtained from Lewy Body dementia patients display diminished
PLD1 expression (Park et al., 2018). Interestingly, neuronal toxicity caused by a-synuclein

accumulation was rescued by overexpression of PLD1 (Park et al., 2018).

Our experiments revealed relevant social phenotypes upon PLD ablation. Autism spectrum
disorders and other psychiatric disorders, such as schizophrenia, featuring social cognition
deficits may have behind modifications in circuits underlying social discrimination or social
interaction (Kennedy and Adolphs, 2012). In fact, PLD2, and the PLD family member PLD5, have
both been linked to autism (Anney et al., 2010). There is an autism-linked SNP (rs4141463)
within an intron of the mono-ADP ribosylhydrolase 2 (MACROD2) gene, a region linked to
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regulation of PLD2 expression (Anney et al., 2010). Moreover, MACROD?2 is associated with
schizophrenia (Xu et al., 2009) and attention deficit hyperactivity disorder (Lionel et al., 2011).
PLD1 plays a role in dendritic arborization organization and autism, schizophrenia and
intellectual disability, also feature dendritic spine development, which leads to abnormal synapse
formation and function (Glantz and Lewis, 2000; Hutsler and Zhang, 2010; Kulkarni and
Firestein, 2012; Penzes et al., 2011). Taking this into account, PLD should also be studied as a

susceptibility gene in these diseases.

PLD inhibition/ablation is compatible with life, so it seems intuitive that inhibiting PLD could be a
useful weapon in treating conditions where PLD pathway is up regulated, for example in
neurodegeneration, viral infections and cancer (Nelson and Frohman, 2015; Oliveira et al.,
2010b; Yao et al., 2020). But there is still a great lack of studies regarding this subject, from in
vitro to human genetic variations studies. Regarding neurodegenerative diseases, these are
particularly challenging to diagnose, as its first symptoms can be related to normal age cognitive
decline. Moreover, the fact that there are several sources of PA could be another discouraging

and a reason for the reduced therapeutic studies.
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Overall Conclusion

In this thesis we show that the reduction of PLD1-derived PA or PLD2-derived PA has a different

impact on organization and functioning of the longitudinal hippocampal axis.

First, in chapter 2 (see Box 1), we show that PLD1 is a major hippocampal PA source when
compared to PLD2. Then we demonstrate that PLD1 ablation has a higher impact on the DH,
either in lipidome, reduction of LTD induction and GIuN2A and SNAP-25 protein levels.
Furthermore, Pldl KO mice show specific deficits in novel object recognition and social
interaction and disruption in the DH-VH dendritic arborization differentiation in CA1/CA3

pyramidal neurons.

In chapter 3 (see Box 2), we show that PLD2 ablation has an impact on the induction of LTP of

the VH and leads to deficient social discrimination and decreases social exploration.

In conclusion, we demonstrate that PLD1 and PLD2 are necessary for the proper organization
and function of the longitudinal hippocampal axis. Although these two isoenzymes catalyze the

same reaction, our work further supports these two PLD isoforms have complementary functions.

Box 1. Chapter 2 highlights.

G—IAPTER 2 - HIGHLIGHTS: \

* PLDI1 is a major PA source compared to PLD2

* Pld1 KO mice show deficits in object recognition and social exploration
* PLDI ablation disrupts DH-VH dendritic arborization differentiation
PLD1 ablation reduces LTD induction and GIuN2A and SNAP-25 levels in

\ the DH /

111



Box 2. Chapter 3 highlights.

- N

CHAPTER 3 - HIGHLIGHTS:

* Fld? KO mice have social discrimination and social exploration deficits
* PLD? ablation reduces LTP induction in VH

* PLD2 ablation has no major impact on synaptic proteins

\ /

Future Perspectives

Overall, we display the importance of PLD1/PLD2 as lipidic modulators of hippocampal
longitudinal axis physiology, being essential regulators of hippocampal anatomy and synaptic

functioning, which dysregulation leads to phenotypical impairment.

We need to further explore compensatory mechanisms to the production of PA levels, either
compensation of one isoenzyme by the other, by measuring /n vivo PLD activity, either by other

PA producing enzymes.

Since in these studies we used genetic models to PLD1/2 levels, we plan to test in the future the

phenotypical behavior and synaptic functions upon acute and chronic pharmacologic inhibition.

It will be essential to explore the mechanism linking the lack of PLD2 (and also PLD1) with social
behavior impairment. We look forward to tackle the relationship between OTR/AVP and their
receptors, either by colocalization studies, protein quantification or acute inhibition of PLD2 and

explore modifications in TREK1 induced currents.

PLD1/PLD2 ablation is responsible for learning and memory defects, therefore it would be
critical to explore the role of PLD in pathophysiology of diseases related to these deficits (namely

AD and mood disorders, such as depression).
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Since PLD is a risk factor and enhances the pathophysiology of several diseases, such as AD,
and since PLD inhibition/ablation is compatible with life, it would be important to study PLD as a

therapeutical target, in an attempt to ameliorate their pathological deficits.
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