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Elevated phospholipase D isoform 1 in Alzheimer’s disease patients’
hippocampus: Relevance to synaptic dysfunction and memory deficits
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Abstract Introduction: Phospholipase D (PLD), a lipolytic enzyme that breaks down membrane phospho-
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lipids, is also involved in signaling mechanisms downstream of seven transmembrane receptors.
Abnormally elevated levels of PLD activity are well-established in Alzheimer’s disease (AD), impli-
cating the two isoforms of mammalian phosphatidylcholine cleaving PLD (PC-PLD1 and PC-PLD2).
Therefore, we took a systematic approach of investigating isoform-specific expression in human syn-
aptosomes and further investigated the possibility of therapeutic intervention using preclinical studies.
Methods: Synaptosomal Western blot analyses on the postmortem human hippocampus, temporal
cortex, and frontal cortex of AD patient brains/age-matched controls and the 3XTg-AD mice hippo-
campus (mouse model with overexpression of human amyloid precursor protein, presenilin-1 gene,
and microtubule-associated protein tau causing neuropathology progressing comparable to that in hu-
man AD patients) were used to detect the levels of neuronal PLD1 expression. Mouse hippocampal
long-term potentiation of PLD1-dependent changes was studied using pharmacological approaches
in ex vivo slice preparations from wild-type and transgenic mouse models. Finally, PLD1-dependent
changes in novel object recognition memory were assessed following PLD1 inhibition.
Results: We observed elevated synaptosomal PLD1 in the hippocampus/temporal cortex from postmor-
tem tissues of AD patients compared to age-matched controls and age-dependent hippocampal PLD1 in-
creases in 3XTg-AD mice. PLD1 inhibition blocked effects of oligomeric amyloid b or toxic oligomeric
tau species on high-frequency stimulation long-term potentiation and novel object recognition deficits in
wild-typemice. Finally, PLD1 inhibition blocked long-term potentiation deficits normally observed in ag-
ing 3XTg-AD mice.
Discussion: Using human studies, we propose a novel role for PLD1-dependent signaling as a crit-
ical mechanism underlying oligomer-driven synaptic dysfunction and consequent memory disruption
in AD. We, further, provide the first set of preclinical studies toward future therapeutics targeting
PLD1 in slowing down/stopping the progression of AD-related memory deficits as a complementary
approach to immunoscavenging clinical trials that are currently in progress.
� 2018 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
Keywords: Phospholipase D; Alzheimer’s disease;Memory; Synaptic; Hippocampus; Electrophysiology; Novel object recog-
nition; Ab; Tau
1. Introduction

Alzheimer’s disease (AD), the most common form of de-
mentia, is the fifth leading cause of death in America [1].
Therapeutic strategies, based on the last 3 decades of
research, have largely targeted accumulations of oligomeric
amyloid b (oAb) [2] and oligomeric tau species (otau) [3].
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Clinical trials that target these aggregates alone have not en-
joyed as much success [4,5]. Thus, recent studies have also
started to identify other players in the early events, such as
synapse dysfunction [6,7].

In the present study,we systematically addressed the role of
phospholipase D (PLD) in early events leading to synaptic
vulnerability. PLD enzyme superfamily members are trans-
phosphatidylases that conduct headgroup exchange on phos-
phatidic acid at the terminal phosphodiester bond [8]. In
addition, PLD signaling is important for several physiological
imer’s Association. This is an open access article under the CC BY-NC-ND
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Table 1

Diagnosis of the de-identified subjects based on Braak staging of plaques

and tangles localization [20,21] and MMSE

Diagnosis Subject number Age Sex Braak stage MMSE PMI

Ctrl 767 86 F 2 - 8

Ctrl 785 82.7 M 1 - ,14

Ctrl 1957 .89 F 4 30 8

Ctrl 1977 92 F 4 - 4

Ctrl 1874 43 F 0 - 10

Ctrl 1876 28 F 0 - 15.5

Ctrl 1899 79 F 2 25 14

Ctrl 2229 71 F 2 - 14.5

AD 1538 84 M 5 26 5.5

AD 1749 79 ? 6 - 6

AD 1756 68 M 6 7 11.5

AD 1766 63 F 6 18 3.5

AD 1776 .89 F 6 6 6.3

AD 1777 67 F 6 9 20.5

AD 1910 63 F 6 - 44

AD 1985 ? ? - - -

AD 2201 86 M 6 - 16

AD 2316 83 M 5 - 11
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processes including membrane trafficking, cytoskeletal reor-
ganization, and autophagy that is regulated upstream by
several transmembrane receptors including G-protein-
coupled receptors, receptor tyrosine kinases, and integrin
receptors [9,10]. In fact, our previous studies show that PLD
isoforms can act as convergent second messengers for
dopaminergic, serotonergic, and glutamatergic
neurotransmission [11–13] affecting synaptic function and
memory processes.

Mammalian phosphatidylcholine cleaving PLD (two iso-
forms: PLD1 and PLD2) cleaves phosphatidylcholine to
phosphatidic acid/choline via phosphodiesterase action, and
brain-associated PLD function can affect membrane curva-
ture, exocytosis, endocytosis, vesicle release, and neurite
outgrowth, all of which are important in synaptic function
[9]. Our previous studies also implicated PLD isoforms in
rodent associative memory mechanisms [11–13].

Evidence for aberrant increase in PLD activity in postmor-
temADbrains, compared to controls, arrived nearly 3 decades
ago [14]. Mouse studies implicating PLD2 (the constitutive
isoform) in Ab-driven synaptic dysfunction [15] were not
validated by confirming that an increased expression of
PLD2 in postmortem AD brains, indeed, contributes to the
neuropathology of AD-like memory deficits. Attention to
the possibility of PLD1 (the inducible isoform) contributing
to AD synaptic dysfunction was completely disregarded.

A role for PLD1 in AD, done exclusively in cell culture,
proposed a protective role for PLD1 against Ab synthesis
[16,17], which is confounded by a study in humans that
shows that there is upregulated astroglial PLD1 expression
in AD brains [18] but does not result in any neuroprotection.
Thus, a clearer role for PLD isoforms in AD requires an
approach that starts with addressing the relative levels of
neuronal PLD1 and PLD2 expression in normal and diseased
states in the human brain.

Here, we report, for the first time, a systematic study
demonstrating the relative synaptosomal expression levels
of the two phosphatidylcholine cleaving PLD isoforms in
postmortem control and AD brains. Furthermore, we
extended our observation to study whether inhibition of
PLD isoforms via specific small molecule inhibitors [8] pre-
vents synaptic dysfunction and memory defects of Ab and tau
oligomers in wild-type mice using electrophysiology and
behavior, respectively. In addition, we also addressed whether
the convergent synaptic deficits induced by overexpression of
human genes for amyloid precursor protein (APP) and tau in
the 3XTg-ADmice (mouse model with overexpression of hu-
man APP, presenilin-1 gene, and microtubule-associated pro-
tein tau) [19] were attenuated by inhibiting PLD1 signaling.
AD 2317 88 M 6 - 4

Abbreviations: AD, Alzheimer’s disease; Ctrl, control; F, female; M,

male; MMSE, Mini–Mental State Examination; PMI, post-mortem interval.

NOTE. PMI provides the postmortem interval for brain removal after

death of the subject in hours. As indicated, samples from either sex were

used for the study, where Braak stage of 5 and more with MMSE (for those

available) 24 and below are diagnosed as AD, whereas the others were

selected as the control group.
2. Materials and methods

2.1. Human subjects and autopsy brain tissues

Postmortem de-identified brain tissues were obtained
through materials transfer agreement from Oregon Brain
Bank at Oregon Health and Science University, Portland,
OR. After obtaining informed consent, enrolled donor sub-
jects were clinically evaluated in accordance with Oregon
Brain Bank at Oregon Health and Science University’s, Port-
land, OR, institutional review board–approved protocols. A
neuropathological assessment was performed at autopsy for
amyloid plaques and neurofibrillary tangles, per standardized
Consortium to Establish a Registry for Alzheimer’s Disease
criteria and Braak staging. Participants were classified as AD
(n 5 11) when possessing Mini–Mental State Examination
score below 10. Control participants (n5 8) performed nor-
mally (Mini–Mental State Examination of 28–30). Donor
subject samples were de-identified before arrival at Univer-
sity of Texas Medical Branch. The clinical data of the sub-
jects used in the study are provided in Table 1.
2.2. Western blot analysis

Isolation of synaptosomal fractions from the frozen brain
sections (hippocampus, frontal cortex, and temporal cortex)
obtained from different groups as mentioned previously was
performed using the Syn-PER reagent (Thermo Fisher Scien-
tific, Waltham, MA) according to the manufacturer’s proto-
col. The Syn-PER reagent with protease and phosphatase
inhibitors, to prevent protein degradation, was used at 1 mL
per 100 mg of brain tissue. Following 10 strokes using the
dounce homogenizer, the brain tissue suspension in Syn-
PER was subjected to 1200! g for 10-minute centrifugation.
The supernatant fraction was then further centrifuged at
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15,000! g for 20 minutes. All procedures were conducted at
4�C. The resulting pellet containing the synaptosomeswas re-
suspended in HEPES-buffered Krebs-like buffer. Bicincho-
ninic acid assay (Thermo Fisher Scientific) was used for
determining protein concentrations, andWestern blot analysis
was performed as described previously [22]. If stored at
280�C until further use, dimethyl sulfonic acid (final concen-
tration of 5%) was added to the synaptosomes. Thawing the
synaptosomeswas done by placing the tubes at 37�C for 5 mi-
nutes, adding twice the volume of cold HEPES-buffered
Krebs-like buffer, centrifuged at 15,000! g for 10 minutes
at 4�C and then resuspended the ensuing synaptosomal pellet
in fresh cold HEPES-buffered Krebs-like buffer.

2.3. Antibodies

Primary antibodies include Phospho-PLD1 at threonine 147
(rabbit polyclonal, pPLD1T147-3831, 1:1000; Cell Signaling
Technology, Danvers, MA), PLD1 (rabbit polyclonal, H-160
sc-25512, 1:100; Santa Cruz Technologies, Santa Cruz, CA),
PLD2 (rabbit polyclonal, H-133 sc-25513, 1:100; Santa
Cruz), and b-actin (mouse monoclonal, MAB1501, 1:5000;
Chemicon International, Temecula, CA). Secondary antibodies
include goat anti-mouse (IRDye 680; 926–32,220, 1:10,000;
LI-CORBiosciences, Lincoln,NE) andgoat anti-rabbit (IRDye
800; 827–08,365, 1:10,000; LI-COR Biosciences).

2.4. Data analysis for Western blots

Membranes were imaged using the Odyssey Infrared Imag-
ingSystem (LI-CORBiosciences) at 700 and/or 800 nmat 169-
mm resolution. The integrated intensity of each band was
analyzed with the Odyssey Infrared Imaging System Applica-
tion, version 2.1, Software. The ratio of PLD band intensity
to b-actin band intensity was determined for each sample for
normalization.

2.5. Animals

C57Bl/6 male and female mice (2–6 months of age,
n 5 110) were purchased from Jackson Labs (Bar Harbor,
ME). All animals were acclimated in a colony room at a con-
stant temperature (21–23�C) and humidity (45–50%) on a 12-:
12-hour light-dark cycle (lights on 6:00 am–6:00 pm) and
housed five per cage with chow and water ad libitum. Male
and female 3XTg-AD [19] transgenic mice were purchased
from Jackson Labs and maintained (n5 36 animals including
wild-type siblings) through a breeding program at University
of TexasMedical Branch. The studywas approved by the Uni-
versity of Texas Medical Branch Institutional Animal Care
and Use Committee as per the National Institutes of Health
Guidelines [23] on the use of laboratory animals.

2.6. Drugs

Human Ab1–42 was purchased (Department of
Biophysics and Biochemistry, Harvard University, MA),
and oligomers were prepared as described previously [24].
Biologically relevant tau oligomers from biological samples
were prepared and characterized as described previously
[25]. PLD1 inhibitor (VU0155069) and PLD2 inhibitor
(VU0364739) were obtained from Tocris Bioscience (Bio-
Techne, Minneapolis, NE). Treatment with oligomers/inhib-
itors on ex vivo slices and behavior is described below.
2.7. Field excitatory postsynaptic potential recordings

Acute brain slice methods described earlier [26] were
modified [27]. Briefly, mice were deeply anesthetized with
isoflurane and transcardially perfused with 25 to 30 mL of
carbogenated (95% O2 and 5% CO2 gas mixture)
N-methyl-D-gluconate-artificial cerebrospinal fluid at
room temperature. Transverse brain sections of 350 mm con-
taining Schaffer collateral synapses were generated using
the Compresstome VF-300 (Precisionary Instruments,
Greenville, NC). An initial protective recovery was done
in the cutting solution at 32�C–34�C for ,12 minutes and
then transferred to carbogen bubbling HEPES-artificial cere-
brospinal fluid recovery solution at room temperature. After
recovery, slices were perfused in carbogen bubbling room
temperature normal artificial cerebrospinal fluid at a rate
of approximately 3 mL/min. Treatments with oligomers
(prepared as described in Section 2.6) occurred in the recov-
ery phase where the slices were isolated to a separate cham-
ber and incubated with the desired concentration of the
oligomers for 1 hour. Slice treatment with a PLD inhibitor
was done for 1 hour and 15 minutes. For the dual
oligomer-inhibitor treatment, the inhibitor was added 15 mi-
nutes before the addition of the oligomer (see schematics
provided in Figs. 1–3). After the treatment, the slices were
briefly washed by placing them in drug-free, oligomer-free
recovery artificial cerebrospinal fluid for 5 minutes before
placing them on the recording stage. Using a horizontal P-
97 Flaming/Brown micropipette puller (Sutter Instruments,
Novato, CA), borosilicate glass capillaries were used to
pull electrodes and filled with normal artificial cerebrospinal
fluid to get a resistance of 1–2 MU. Evoked field excitatory
postsynaptic potentials (fEPSPs) in the CA1 by stimulating
Schaffer collateral were measured using high-frequency
stimulation (HFS; 3 ! 100 Hz, 20 seconds) as described
in our previous studies [24,28], digitized using Digidata
1550B (Molecular Devices, Sunnyvale, CA), and collected
using an Axon MultiClamp 700B differential amplifier
(Molecular Devices) connected to a Windows 7 computer
(Dell Instruments, Round Rock, TX) running Clampex
10.6 software (Molecular Devices). Current stimulation
was delivered through a digital stimulus isolation amplifier
(A.M.P.I., Israel) and set to elicit an fEPSP approximately
30% of maximum for synaptic potentiation experiments
using platinum iridium–tipped concentric bipolar electrodes
(FHC Inc., Bowdoin, ME). A stable baseline was obtained
by delivering single-pulse stimulation at 20-second inter-
stimulus intervals. All data are represented as percentage



Fig. 1. PLD1 expression and activity in the mouse hippocampus increases following acute oAb treatment, and in addition, synaptosomal PLD1 expression

shows an age-dependent increase in the 3XTg-AD mouse hippocampus. (A) Phosphorylated PLD1 levels (control [hollow bars]: 0.038 6 0.006, n 5 3;

PLD1 inhibitor 1 oAb [black bars]: 0.054 6 0.026, n 5 3; and vehicle 1 oAb [horizontal bars]: 0.205 6 0.005, n 5 3) and (B) synaptosomal PLD1 levels

(control [hollow bars]: 0.097 6 0.013, n 5 3; PLD1 inhibitor 1 oAb [black bars]: 0.121 6 0.036, n 5 3; and vehicle 1 oAb [horizontal bars]:

0.260 6 0.034, n 5 3) are increased following acute application of oAb in WT mouse hippocampi compared to controls. (C) An age-dependent increase in

hippocampal synaptosomal PLD1 expression (6 months [hollow bars]: 0.168 6 0.006, n 5 3; 12 months [black bars]: 0.262 6 0.012, n 5 3; and 18 months

[horizontal bars]: 0.3866 0.016, n 5 3) is also observed in the 3XTg-AD mouse model. Each lane in the blots above the graph represents the protein sample

from one animal. A minimum of three mice were tested per condition. * indicates P, .05 compared to the control group, whereas^ indicates P, .05 between

6- and 12-month-old 3XTg-AD female mice (C). # indicates P , .05 compared to the PLD1 inhibitor 1 ACSF application group (B) and between 12- and

18-month-old 3XTg-AD female mice (C). Statistical significance was assessed using nonparametric analysis to account for the sample size and distribution

using Mann-Whitney U post hoc analysis. Abbreviations: 3XTg-AD, mouse model with overexpression of human amyloid precursor protein, presenilin-1

gene, and microtubule-associated protein tau; Ab, amyloid b; ACSF, artificial cerebrospinal fluid; Inh, inhibitor; oAb, oligomeric Ab; PLD, phospholipase

D; PLD1, phospholipase D isoform 1; pPLD1, phosphorylated PLD1.
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Fig. 2. Inhibiting PLD activity prevents the synaptic dysfunction driven by oAb in the Schaffer collateral synapses in theWTmouse hippocampus. fEPSPswere eval-

uated following standard HFS protocol (3! 100 Hz) depicted by three arrows in (B) and (C) and compared to the baseline and plotted as a percentage of the original

value (A–C). Applications of the oligomers follow the schematic depicted in the gray box above the graphs. Representative traces are provided next to the bars or

symbols, with the length of the vertical scale bar at 0.5 mVand the horizontal scale bar at 10 ms. The application of the inhibitor was started 15 minutes before the

application of the oligomers and continued through the time that the slices were incubated with the oligomers. (A) As the oAb concentration increased from 20 nM

to 2 mM, the HFS LTP (last 10 minutes) decreased from w280% to w100% (clear bars—20 nM oAb: 281.20 6 8.515, n 5 12; 200 nM oAb: 176.10 6 6.798,

n5 24; and 2-mMoAb: 98.096 5.730, n5 12). Both PLD1-specific inhibitor (VU0155069, filled squares) and PLD2-specific inhibitor (VU0364739, filled triangles)

were ineffective in suppressing the LTP effect of 200 nMoAb at the lowest concentration tested (2 nMPLD1 inhibitor: 163.26 5.509, n5 6 and 2 nMPLD2 inhibitor:

182.06 6.137, n5 6) but could prevent the oAb-driven LTP deficit at higher concentrations (20 nM PLD1 inhibitor: 265.76 5.590, n5 6; 20 nM PLD2 inhibitor:

246.56 6.724, n5 6; 200 nM PLD1 inhibitor: 268.76 7.183, n5 6; and 200 nM PLD2 inhibitor: 299.96 6.618, n5 6, *P, .05). (B) PLD1 inhibitor at 20 nM

(invertedhollow triangles) and 200nM(filledcircles) shows complete recovery of the Schaffer collateralHFSLTP includingPTP (first 10minutes) andLTP (last 10mi-

nutes), whereas the inhibitor at 2 nM (hollow hexagons) is ineffective in overcoming effect of oAb inhibition (200 nM, hollow squares). (C) The PLD2 inhibitor at the

highest concentration tested (200nM, filled circles) completely attenuates theLTPdeficits seenwith oAb (200 nM, hollow squares),whereas it is completely ineffective

at 2 nM (hollow hexagons), with some recovery of PTP, but not LTP. At the intermediate concentration of 20 nM (inverted triangles), the PLD2 inhibitor shows an

intermediate recovery of the LTP that is significantly higher than 2 nM, but lower than 200 nM. Statistical significance was assessed using nonparametric one-way

ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple comparison. Abbreviations: Ab, amyloid b; ANOVA, analysis of variance; fEPSP, field excitatory post-

synaptic potential; HFS, high-frequency stimulation; Inh, inhibitor; LTP, long-term potentiation; oAb, oligomeric Ab; PLD, phospholipase D; PLD1, phospholipase

D isoform 1; PLD2, phospholipase D isoform 2; PTP, posttetanic potentiation; WT, wild-type.
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Fig. 3. Inhibiting PLD1 activity prevents the synaptic dysfunction driven by otau in the Schaffer collateral synapses in the WT mouse hippocampus. fEPSPs were

evaluated following standard HFS protocol (3! 100 Hz) depicted by three arrows in (B) and (C) and compared to the baseline and plotted as a percentage of the

original value (A–C). Application of the oligomers follows the schematic depicted in the gray box above the graphs. Representative traces are provided next to the

bars or symbols, with the length of the vertical scale bar at 0.5mVand the horizontal scale bar at 10ms. The application of the inhibitor was started 15minutes before

the application of the oligomers and continued through the time that the slices were incubatedwith the oligomers. (A) As the otau concentration increased from 5 nM

to 500 nM, the HFSLTP (last 10minutes) decreased fromw275% tow100% (clear bars—5 nMotau: 270.906 8.401, n5 6; 50 nMotau: 156.006 5.892, n5 12;

and 500 nM otau: 98.526 5.425, n5 6). Both the PLD1-specific inhibitor (VU0155069, filled squares) and PLD2-specific inhibitor (VU0364739, filled triangles)

were ineffective in suppressing the LTP effect of 50 nM otau at the lowest concentration tested (2 nM PLD1 inhibitor: 161.7 6 4.035, n5 6 and 2 nM PLD2 in-

hibitor: 157.46 4.780, n5 6). However, whereas the PLD1 inhibitor at higher concentrations (20 nM: 302.56 6.775, n5 6 and 200 nM: 302.06 5.349, n5 6)was

effective in suppressing the otau-driven HFS-LTP deficits, PLD2 inhibitor was ineffective in attenuating or reducing the otau effects on HFS LTP (20 nM –

158.76 5.196, n5 6 and 200 nM – 158.56 5.768, n5 6). (B) PLD1 inhibitor at 20 nM (inverted hollow triangles) and 200 nM (filled circles) shows complete

recovery of the Schaffer collateral HFS LTP including PTP (first 10 minutes) and LTP (last 10 minutes), whereas the inhibitor at 2 nM (hollow hexagons) is inef-

fective in overcoming the effect of otau inhibition (50 nM, hollow squares). (C) The PLD2 inhibitor is ineffective at all concentrations (2 nM: hollow hexagons,

20 nM: hollow squares, and 200 nM: filled circles) against the LTP deficits seen with otau (50 nM: hollow squares). Statistical significance was assessed using

nonparametric one-way ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple comparison. Abbreviations: Ab, amyloid b; ANOVA, analysis of variance;

fEPSP, field excitatory postsynaptic potential; PLD, phospholipase D; PLD1, phospholipase D isoform 1; PLD2, phospholipase D isoform 2; oAb, oligomeric

Ab; HFS, high-frequency stimulation; LTP, long-term potentiation; otau, oligomeric tau species; PTP, posttetanic potentiation; WT, wild-type.
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change from the initial average baseline fEPSP slope, which
was defined as the average slope obtained for 10 minutes
before HFS.

2.8. Novel object recognition behavior

Experiments were performed as described previously
[29]. The time spent exploring each object was recorded us-
ing ObjectScan (Clever Sys, Inc.); an area of 2 cm2 sur-
rounding the object is defined such that nose entries within
2 cm of the object were recorded as time exploring the ob-
ject. After a retention interval of 2–24 hours, novel object
memory was tested. The animal was allowed 10 minutes,
during which the amount of time exploring each object
was recorded. Oligomers (generated as per Section 2.6)
were administered intracerebroventricularly using standard
procedures [30] either 2 hours before training (oAb) or 2
hours before habituation day 2 (otau). The PLD1 inhibitor
was administered intraperitoneally 15 minutes before the
training phase. Objects were randomized and counterbal-
anced across animals. For novel object recognition (NOR)
tests, the percent time exploring each object (familiar versus
novel) is reported as an object discrimination index [29].

2.9. Statistics

To account for non-normal distribution of data, either
nonparametric t-tests (Mann-Whitney U or Wilcoxon rank
sum) or one-way analyses of variance (Kruskal-Wallis test)
followed by Dunn’s multiple comparison when significance
was achieved were used. Statistical significance was defined
asP, .05. Power analyses indicate that approximately six an-
imals per group (including losses commonly occurring in
long-term studies) will give reasonable variances for the
behavioral analyses, electrophysiological studies, and
biochemical correlates. Sample size was based on calcula-
tions using G*Power software assuming an effect size of
0.85 and a power of 0.8 with an a error probability of 0.05.
A minimum of three males and three females was studied,
and if there were no sex differences, the data were pooled.
3. Results

3.1. Synaptosomal PLD1/PLD2 levels are differentially
altered in brains from postmortem AD patients compared
to age-matched controls

Synaptosomal fractions from the frontal cortex, temporal
cortex, and hippocampal tissues (see Table 1 for details of
the patient samples used) were assessed for PLD1 and
PLD2 expression (Fig. 4). AD hippocampal (Fig. 4A)
PLD1 expression was increased (w50%) compared to con-
trols. Likewise, AD temporal cortex PLD1 levels (Fig. 4C)
were significantly increased compared to controls. However,
AD frontal cortex PLD1 levels (Fig. 4E) were significantly
lowered (w50%) compared to controls.
PLD2 levels in the hippocampus (Fig. 4B) and temporal
cortex (Fig. 4D) of the AD group were not significantly
different, whereas the frontal cortex (Fig. 4F) expressed
low levels of PLD2 [similar to PLD1 (Fig. 4E)]. These
results provide the first evidence that synaptic PLD1, not
PLD2, levels are elevated in the human brain regions of
the temporal cortex and hippocampus, which are docu-
mented to show severe effects of degeneration [31].

3.2. Increased PLD1 expression observed in response to
oAb acute application in mouse brain slices

We assessed the early events of AD-like synapse dysfunc-
tion/memory using our well-established biochemical,
behavioral, and electrophysiological studies in our labora-
tory [27]. We observed a marked enhancement in the phos-
phorylation at threonine 147 of PLD1 in the oAb-incubated
slices compared to controls (Fig. 4A). In addition, we also
observed that a small-molecule PLD1 inhibitor
(VU0155069, 20 nM—validated in our previous study
[13]), applied 15 minutes before application of oAb
(Fig. 1A), prevents the activation of PLD1. Moreover,
even synaptosomal PLD1 was significantly increased
following incubation with oAb where PLD1 inhibitor appli-
cation prevented the increase (Fig. 1B). Cytoplasmic expres-
sion of PLD1 was not altered (data not shown).

3.3. Age-dependent elevation of hippocampal PLD1
observed in 3XTg-AD mice

In the 3XTg-AD transgenic mouse model, accumulation
of Ab and earliest memory deficits were reported at 6 months
of age, whereas elevation of both Ab and tau was reported at
12 months of age [32]. We observe (Fig. 1C) a progressive in-
crease in PLD1 expression from 6 to 12 to 18 months of age.

3.4. Inhibiting PLD isoforms prevent oAb-driven HFS-
LTP deficits in the mouse hippocampus

After establishing concentration-dependent HFS long-
term potentiation (LTP) decrease with oAb application
(Fig. 2A), we used 200 nM of oAb as the optimal concentra-
tion to address whether inhibiting PLD function prevents
oAb-driven HFS-LTP deficit. Both PLD1- (Fig. 1A and
1B) and PLD2-specific inhibitors (Fig. 1A and 1C) were
ineffective in suppressing the LTP effect of 200 nM oAb
at the lowest concentration of inhibitors (2 nM) tested but
prevented the oAb-driven LTP deficit at higher concentra-
tions (20 and 200 nM).

3.5. Inhibiting PLD1, but not PLD2, prevents otau-driven
HFS-LTP deficit in the mouse hippocampus

Using an optimal concentration of otau (50 nM, Fig. 3A)
that partially inhibits the HFS LTP in wild-type mouse
hippocampi, we observed that 20 nM or 200 nM of the
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Fig. 4. Synaptosomal expression of PLD1 (A, C), not PLD2 (B, D), is increased in the hippocampal and temporal cortex in AD patients (black bars) compared to

age-matched controls (hollow bars). After the synaptosomes were prepared from the appropriate brain regions of the hippocampus (A, B), temporal cortex (C,

D), and frontal cortex (E, F), the samples were coded and provided to the experimenter to perform the Western blots, resulting in the patterns of loading seen in

each panel. (A) Hippocampal PLD1 expression of the AD group (2.7916 0.093, n5 4) was increasedw50% (*P, .05) compared to controls (1.3876 0.115,

n5 4). Likewise, (C) AD temporal cortex PLD1 levels (1.5976 0.358, n 5 3) were significantly increased (*P, .05) compared to controls (0.5716 0.038,

n 5 3). Interestingly, (E) AD frontal cortex PLD1 levels (0.022 6 0.003, n 5 4) were significantly lowered w50% (*P , .05) compared to controls

(0.046 6 0.005, n 5 4). In contrast, PLD2 levels in the (B) hippocampus (AD: 0.079 6 0.005, n 5 4, vs. control: 0.136 6 0.120, n 5 4; P 5 .34) and (D)

temporal cortex (AD: 0.672 6 0.219, n 5 3, vs. control: 1.081 6 0.241, n 5 3; P 5 .21) were not significantly different, whereas the (F) frontal cortex

(AD: 0.0046 0.001, n5 4, vs. control: 0.0146 0.002, n5 4; *P, .05) expressed low levels similar to frontal cortex PLD1 expression. Each lane in the blots

above the graph represents the protein sample from one human subject brain area. A total of 11 AD and 8 control brain regions were used (details provided in

Table 1). * indicates P , .05 compared to controls. Statistical significance was assessed using nonparametric analysis to account for the sample size and dis-

tribution using Mann-Whitney U post hoc analysis. Abbreviations: AD, Alzheimer’s disease; PLD1, phospholipase D isoform 1; PLD2, phospholipase D iso-

form 2.
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PLD1 inhibitor (VU0155069) was sufficient in blocking the
effects of otau. Interestingly, 2 nM of the PLD1 inhibitor and
all concentrations of the PLD2 inhibitor (VU0364739) did
not prevent the otau-dependent inhibition of HFS LTP
(Fig. 3A and 3C), suggesting that PLD2 activation is not re-
cruited in otau-driven HFS-LTP deficits.
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Thus, based on the aforementioned collective results, we
further investigated the effects of PLD1 isoform–specific in-
hibition on AD-like synaptic dysfunction and underlying
memory deficits.

3.6. PLD1 inhibition attenuates HFS-LTP deficits in the
3XTg-AD mice

Weused 3XTg-ADmice (that showprogressive elevation of
PLD1 expression in Western blots [Fig. 1C]) to further assess
PLD1 inhibition in preventing synergistic effects of oAb or
otau corresponding to decreased HFS LTP attributed to Ab
(at 6 months) and then both Ab and tau (12 months onward).

After an acute injection of the PLD1 inhibitor (10 mg/kg
intraperitoneal) or vehicle (0.9% saline solution, 1 mg/mL)
at two different ages, 6 months (Fig. 5A and 5C) and 18
months (Fig. 5B and 5C), animals were sacrificed after
24 hours to study hippocampal HFS LTP. We used 3XTg-
AD females because the effects of the transgenes were re-
ported to be less severe in the males [33]. Compared to the
age-matched controls, HFS LTP was markedly reduced in
the vehicle-treated 3XTg-AD mice. Interestingly, HFS-
LTP deficits were not only prevented but also restored in
PLD1 inhibitor–injected mice compared to levels observed
in healthy age-matched control mice.

3.7. PLD1 inhibition rescues oAb- or otau-driven NOR
memory deficits

Weused theNORparadigm that our group uses routinely to
assess hippocampal-dependent memory deficits [29]. The
PLD1 inhibitor (10 mg/kg intraperitoneal) blocked oAb-
mediated (3 mL of a 95 mM intracerebroventricular) NOR def-
icits of short-term (2 hours, Fig. 6A) and long-term memory
(24 hours, Fig. 6B). We, further, assessed and observed that
PLD1 inhibition is also effective in preventing otau-
mediated memory deficits in the short-term (2 hours,
Fig. 6C) and long-term (24 hours, Fig. 6D).None of the groups
showed any detriments in their locomotor behavior or explo-
ration time (data not shown).
4. Discussion

4.1. Main findings

The main findings of the present study are the following:
(1) PLD1, the inducible isoform of phosphatidylcholine
cleaving PLD, is elevated in the synaptosomes from AD pa-
tients’ hippocampus and temporal cortex compared to age-
matched controls; (2) Interestingly, PLD2, the constitutive
isoform, is not changed in synaptosomal expression in the
AD hippocampus or the temporal cortex but shows marked
reduction in the frontal cortex (similar to PLD1) compared
to age-matched controls; (3) Hippocampal synaptosomal
expression of PLD1 and its activated form (phosphorylated
at T147) was increased by acute administration of oAb;
(4) Hippocampal synaptosomal expression of PLD1 also
showed an age-dependent increase in AD-like memory def-
icits modeled in 3XTg-AD mice, where the progression of
Ab plaques and tau tangles follows a timeline of expression
paralleling the human neuropathology; (5) Specific inhibi-
tion of PLD1 or PLD2 isoform in hippocampal brain slices
from C57Bl/6 mice is sufficient to prevent the oAb-driven
synaptic dysfunction (HFS LTP) at the Schaffer collateral
synapses; (6) Interestingly, only PLD1-specific inhibition
was effective in blocking the otau-driven HFS-LTP deficits;
(7) PLD1-specific inhibition was sufficient to prevent the
hippocampal HFS-LTP deficits driven by transgenic overex-
pression of human Ab and tau in the 3XTg-AD mice at
6 months (earlier stages) and 18 months (later stages)
of the AD-like memory deficit progression; and (8)
PLD1-specific inhibition was effective in preventing the
NOR deficits induced by either oAb or otau in C57Bl/6
male and female mice.
4.2. Differential PLD expression patterns in postmortem
human brain regions affected in AD

It was demonstrated that PLD1 expression was increased
in the neurons in mouse hippocampal mossy fiber sprouting,
whereas PLD2-increased expression occurred in the astro-
cytes, suggesting that neuronal PLD1, linked to regulation
of secretion and secretory granule exocytosis, is important
for modulating neuronal plasticity by directly affecting syn-
aptic neurotransmission [34]. On the other hand, recent
studies where PLD1 levels are completely lowered in
PLD1 knockout mice noted only a minor delay in brain
development, with a limited impairment in cognitive func-
tion [35]. Thus, one can speculate that neuropathology of
lower levels of PLD1 and PLD2 in the AD frontal cortex
are of less concern than the elevated levels of PLD1 in the
AD hippocampus/temporal cortex. However, such a correla-
tive speculation is a limitation that needs further investiga-
tion, which is beyond the scope of the present study. More
importantly, elevated PLD1 is of greater concern because
it is also observed in neoplastic disorders (along with
elevated PLD2) and is the active subject of small-molecule
inhibitor development toward therapeutics [8]. Thus,
increased PLD activity reported in postmortem AD brains
[14] may be a result of PLD1 overexpression, and we, there-
fore, addressed whether PLD1 is involved with the synaptic
dysfunction and underlying memory deficits associated with
AD.
4.3. oAb can activate neuronal PLD1 expression

Previous studies proposed a neuroprotective role for
PLD1 where a direct effect of overexpressed PLD1 on
presenilin-1 results in reduction of Ab species generation
[16], by promoting trans-Golgi intracellular trafficking of
b APP and promoting neurite outgrowth [17]. Perhaps, the
elevated PLD1 levels in the activated astrocytes and mito-
chondrial fractions of AD brains, reported in another set of



Fig. 5. Acute inhibition of PLD1 isoform activity is sufficient to prevent synaptic dysfunction driven by amyloidogenic proteins at 6 months and at 18 months in

the 3XTg-ADmousemodel. fEPSPs were evaluated following standard HFS protocol (3! 100 Hz) depicted by three arrows in (A) and (B) and compared to the

baseline and plotted as a percentage of the original value. Representative traces are provided next to the bars or symbols, with the length of the vertical scale bar

at 0.5 mV and the horizontal scale bar at 10 ms. The effect of the PLD1 inhibitor was assessed using intraperitoneal injection of 10-mg/kg PLD1 inhibitor

(VU0155069) into the mouse or vehicle (0.9% saline, 1 mL/kg), and the animal returned to its cage 24 hours before the electrophysiological analysis (see

the gray box above the graphs). Synaptic dysfunction, occurring due to progressive accumulation of Ab (6 months) or Ab and tau (18 months), were assessed.

(A) At 6 months of age, the age-matched control group shows potentiation (w220%) following HFS protocol (crossed diamonds), whereas the vehicle-treated

3XTg-AD group (filled circles) has a significantly reduced (w140%) potentiation. Administration of the PLD1 inhibitor blocked the synaptic dysfunction in the

3XTg-ADmice and restored the potentiation following HFS (w250%, hollow circles). (B) At 18 months of age, the LTP (w220%, crossed hexagons) observed

in age-matched controls was diminished in the 3XTg-AD mice (w130%, filled inverted triangles), and once again, acute administration of the PLD1 inhibitor

was sufficient to restore the potentiation (w230%, hollow inverted triangles) in the 3XTg-AD mice. (C) When assessed at early (6 months) or late stages (18

months) of AD-like memory deficit progression, LTP (measured at the last 10 minutes of the post-HFS recording) is significantly reduced in the 3XTg-ADmice

treated with vehicle (filled bars—6 months: 142.66 2.471, n 5 9 and 18 months: 132.5 6 1.916, n 5 5) compared to age-matched controls (hollow bars—6

months: 227.4 6 6.341, n 5 4 and 18 months: 226.76 6.432, n 5 5) and compared to the PLD1 inhibitor–treated 3XTg-AD mice (hatched bars—6 months:

236.66 8.626, n5 9 and 18 months: 248.86 6.460, n5 5). Statistical significance was assessed using nonparametric one-way ANOVA (Kruskal-Wallis test)

followed by Dunn’s multiple comparison test. * indicates P, .05 compared to the control group, whereas^ indicates P, .05 compared to the PLD1 inhibitor

application group. Abbreviations: 3XTg-AD, mouse model with overexpression of human amyloid precursor protein, presenilin-1 gene, and microtubule-

associated protein tau; AD, Alzheimer’s disease; ANOVA, analysis of variance; fEPSP, field excitatory postsynaptic potential; IP, intraperitoneal; PLD1, phos-

pholipase D isoform 1; HFS, high-frequency stimulation; LTP, long-term potentiation.
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Fig. 6. The PLD1 inhibitor injected ip following oAb (A, B) or otau (C, D) icv prevents the respective oligomer-induced memory deficits. Male and female

C57Bl/6 mice were habituated, trained, and tested as shown in the gray panel. NOR memory for 2 hours (A, C) and 24 hours (B, D) was tested using (A and B)

either vehicle (0.9% saline, 1 mg/mL ip) or PLD1 inhibitor (VU0155069, 10 mg/kg ip) injected 2 hours after oAb (3 mL of a 95-mM stock icv) or vehicle (ACSF,

3 mL icv) and (C andD) either vehicle (0.9% saline, 1mg/mL ip) or PLD1 inhibitor (VU0155069, 10mg/kg ip) injected 24 hours after otau (3 mL of a 1-mMstock

icv) or vehicle (ACSF, 3 mL icv). (A) After 2 hours of training, animals injected with saline and given ACSF icv (white bar, 0.8116 0.087, n5 6) spent more

time with the novel object, compared to the older object, whereas the animals treated with oAb (cross-hatched bar: 0.4976 0.0551, n5 6) showed no discrim-

ination between the two objects. While the PLD1 inhibitor–treated animals (horizontal bars, 0.820 6 0.086, n 5 6) showed no deficits, the PLD1 inhibitor

treatment before oAb icv (vertical bars, 0.8216 0.051, n5 6) was effective in preventing the memory deficit mediated by oAb. (B) The same group of animals

were tested 24 hours after their training session, using a new (round) novel object—the control group of animals still showed increased time in the novel object

zone (vehicle1 saline: 0.8526 0.055, n5 6), while the oAb group showed no discrimination between the new and the old object (oAb1 saline: 0.4466 0.093,

n 5 6). There was no difference in the NOR memory at 24 hours following PLD1 inhibitor treatment with (oAb 1 PLD1 inhibitor: 0.864 6 0.076, n 5 6) or

without oAb (vehicle 1 PLD1 inhibitor: 0.870 6 0.041, n 5 6). (C) After 2 hours of training, animals injected with saline and given ACSF icv (gray bar,

0.621 6 0.0432, n 5 6) spent more time with the novel object, compared to the older object, whereas the animals treated with otau (cross-hatched bar:

0.494 6 0.016, n 5 6) showed no discrimination between the two objects. Again, PLD1 inhibitor treatment, by itself, did not affect NOR (horizontal bars:

0.605 6 0.004, n 5 6) but was effective in preventing otau-mediated NOR deficits (vertical bars: 0.600 6 0.040, n 5 6). (D) After 24 hours to their training

session, the control group of animals still spent more time in the novel object zone (vehicle1 saline: 0.6076 0.052, n5 6), whereas the otau group showed no

discrimination between the new and the old object (otau1 saline: 0.4896 0.048, n5 6). Once again, PLD1 inhibitor treatment was effective after 24 hours in

preventing the otau-driven memory deficits (otau1 PLD1 inhibitor: 0.5986 0.036, n5 6) while having no detrimental effect when applied without any otau

(vehicle 1 PLD1 inhibitor: 0.602 6 0.006, n 5 6). For each data point, n 5 6 animals (3 males and 3 females), and there were no sex differences observed.

Statistical significance was assessed using nonparametric one-way ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple comparison test. * indicates

P , .05 compared to control/PLD1 Inhibitor treated/oligomer 1 PLD1 Inhibitor treated. Abbreviations: Ab, amyloid b; ANOVA, analysis of variance;

ACSF, artificial cerebrospinal fluid; icv, intracerebroventricularly; ip, intraperitoneal; NOR, novel object recognition; oAb, oligomeric Ab; otau, oligomeric

tau species; PLD1, phospholipase D isoform 1.
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studies [18,36], could be explained as neuroprotective.
However, the authors indicate that the amyloid region of
APP interacts with PLD1 and increased APP expression
stimulates PLD1 activity, thus questioning the speculated
neuroprotective role of PLD1. Although PLD2 studies
were conducted in transgenic mouse models to
demonstrate a direct role in Ab pathology [15], such func-
tional studies for the role of PLD1 in AD-like memory def-
icits in mouse models are lacking. As a result, we first
demonstrate that oAb acute application, indeed, activates
PLD1 expression in mouse hippocampal slices. This is in
agreement with the earlier studies that used activated astro-
cytes and mitochondrial fractions of AD brains [18,36]. We,
further, show that hippocampal synaptosomal PLD1 levels
increase as a function of age in transgenic mice
documented to show progressive upregulation of human
Ab and tau. Collectively, these results definitively
demonstrate that neuronal PLD1 levels can be upregulated
by amyloidogenic proteins (that are important for AD-like
memory deficits) and therefore question the neuroprotective
role of PLD1.
4.4. Hippocampal CA3-CA1 synaptic dysfunction or NOR
memory deficits driven by oAb or otau can be blocked by
preventing PLD1-specific activity

The parent compound from which the PLD1-specific in-
hibitor was developed [8] is well tolerated in humans. Thus,
targeting the inducible PLD1 isoform holds great promise
in being developed rapidly as an intervention in preventing
AD-like cognitive decline. Our systematic assessment
demonstrates a definitive role for PLD1 in mediating AD-
like memory deficits. We also observed that PLD1 inhibi-
tion blocks the combined early-stage (Ab driven) and
late-stage (Ab and tau driven) synaptic dysfunction in the
3XTg-AD mouse hippocampus [19,37]. A crucial role for
rapid action of PLD1 activity was first described in
Aplysia [38], where altering the phospholipid-dependent
fusogenic status of neurotransmitter vesicles at the presyn-
aptic release sites can affect synaptic homeostasis [39]
leading to Ab neurotoxicity–driven synaptic hypoactivity
[40] as an immediate change. Prolonged increase in
PLD1 levels can result in both negative (RhoA-PLD1-
phosphatidic acid mediated) regulation of dendritic branch-
ing [41] and positive (inhibiting ADAM10-driven N-cad-
herin cleavage mediated) regulation of [42] dendritic
spine development. Both reduction of ADAM10 [43] and
upregulation of RhoA signaling [44] are known to occur
in AD-like memory deficits. Based on these observations,
we speculate that the immediate effects of PLD1 on HFS
LTPmay occur via Ab neurotoxicity–driven synaptic hypo-
activity reported earlier [40]. However, further studies are
required to elucidate how prolonged elevated PLD1
signaling affects signaling partners such as RhoA, PKCa
[45], mTOR [46], cofilin, [47] and depolymerized F-actin
[48], in contributing toward AD-like synaptic dysfunction
and underlying memory deficits.

Nevertheless, targeting the inducible PLD1 isoform holds
great promise in being developed rapidly as an intervention
in preventing AD-like cognitive decline, thus complement-
ing existing approaches studying immunogenic suppression
of oAb and otau toward stopping the progression of AD.
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RESEARCH IN CONTEXT

1. Systematic review: In studying the role of phospho-
lipase D signaling in memory, the corresponding
author has surveyed the literature using traditional
resources, international conferences, and meeting
abstracts. The citations of previous studies on pro-
posed mechanism of phospholipase D in memory
and Alzheimer’s disease pathology are included in
the present study.

2. Interpretation: Earlier studies predicted a protective
role for phospholipase D isoform 1 (PLD1) in amy-
loid precursor protein trafficking while implicating
phospholipase D isoform 2 in assisting amyloid b–
driven synaptic dysfunction and memory deficits.
However, our present study demonstrates that
PLD1 overexpression in Alzheimer’s disease brains
contributes to the synaptic dysfunction and underly-
ing memory deficits driven by amyloidogenic pro-
teins.

3. Future directions: The present systematic study in
humans and transgenic mouse models proposes the
need for additional investigation into (1) how PLD1
overexpression in specific brain regions are detri-
mental to synaptic strengthening and (2) explore
therapeutic potential of PLD1 inhibition in prevent-
ing/stopping progression of Alzheimer’s disease–
related memory deficits.
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