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A Unique Homeostatic Signaling Pathway Links Synaptic
Inactivity to Postsynaptic mTORC1
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mTORC1-dependent translational control plays a key role in several enduring forms of synaptic plasticity such as long term potentiation
(LTP) and mGluR-dependent long term depression. Recent evidence demonstrates an additional role in regulating synaptic homeostasis
in response to inactivity, where dendritic mTORC1 serves to modulate presynaptic function via retrograde signaling. Presently, it is
unclear whether LTP and homeostatic plasticity use a common route to mTORC1-dependent signaling or whether each engage mTORC1
through distinct pathways. Here, we report a unique signaling pathway that specifically couples homeostatic signaling to postsynaptic
mTORC1 after loss of excitatory synaptic input. We find that AMPAR blockade, but not LTP-inducing stimulation, induces phospholipase
D (PLD)-dependent synthesis of the lipid second messenger phosphatidic acid (PA) in rat cultured hippocampal neurons of either sex.
Pharmacological blockade of PLD1/2 or pharmacogenetic disruption of PA interactions with mTOR eliminates mTORC1 signaling and
presynaptic compensation driven by AMPAR blockade, but does not alter mTORC1 activation or functional changes during chemical LTP
(cLTP). Overexpression of PLD1, but not PLD2, recapitulates both functional synaptic changes as well as signature cellular adaptations
associated with homeostatic plasticity. Finally, transient application of exogenous PA is sufficient to drive rapid presynaptic compensa-
tion requiring mTORC1-dependent translation of BDNF in the postsynaptic compartment. These results thus define a unique homeo-
static signaling pathway coupling mTORC1 activation to changes in excitatory synaptic drive. Our results further imply that more than
one canonical mTORC1 activation pathway may be relevant for the design of novel therapeutic approaches against neurodevelopmental
disorders associated with mTORC1 dysregulation.
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Introduction
Plasticity in the strength of excitatory synapses is believed to be a
central mechanism by which neuronal networks relay and encode

information. A supply of newly synthesized proteins is now
known to be vital for maintaining changes in synapse function in
an enduring form (Sutton and Schuman, 2006). The mechanistic
target of rapamycin complex 1 (mTORC1) is a critical regulator
of translation initiation (Ma and Blenis, 2009) and is critical for
several distinct forms of synaptic plasticity, including long-term
potentiation (LTP; Tang et al., 2002; Cammalleri et al., 2003;
Vickers et al., 2005), mGluR-dependent long term depression
(LTD) in the hippocampus (Hou and Klann, 2004) and VTA
(Mameli et al., 2007), homeostatic adaptation to synaptic inac-
tivity (Henry et al., 2012; Penney et al., 2012), and the antidepres-
sant action of acute NMDAR blockade (Li et al., 2010). Despite
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Significance Statement

Homeostatic and Hebbian forms of synaptic plasticity are thought to play complementary roles in regulating neural circuit
function, but we know little about how these forms of plasticity are distinguished at the single neuron level. Here, we define a
signaling pathway that uniquely links mTORC1 with homeostatic signaling in neurons.
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the pervasive role of mTORC1 signaling in many forms of
synaptic plasticity, our understanding of activity-dependent
mTORC1 signaling in neurons remains poorly understood. Since
mTORC1 activation accompanies both increases and decreases
in excitatory synaptic drive, a question of particular interest is
whether LTP and homeostatic plasticity use common or unique
pathways to mTORC1 activation.

mTOR signaling is embedded in an extremely complex net-
work of interacting signaling components (Zoncu et al., 2011)
and our understanding of this multifaceted pathway is under
constant revision (Lipton and Sahin, 2014). The past decade has
witnessed growing interest in a unique mechanism for regulating
mTORC1 activity via internal synthesis of phosphatidic acid
(Chen and Fang, 2002; Foster, 2009). Phosphatidic acid (PA) is a
lipid second messenger that was originally discovered to play an
important role in relaying mitogenic signals to mTORC1 during
cell growth and proliferation (Fang et al., 2001). PA binds directly
to mTOR on its FKBP12-Rapamycin Binding (FRB) domain and
is thought to strengthen its association with its binding partner
raptor, thereby increasing mTOR’s catalytic activity (Veverka et
al., 2008; Toschi et al., 2009).

Here, we identify a unique mTORC1 signaling pathway in neu-
rons specific to homeostatic signaling. We find that intracellular syn-
thesis of phosphatidic acid (PA) through phospholipase-D (PLD)
signaling is an integral step in mTORC1 activation in response to loss
of excitatory input, but not in response to multiple forms of
chemically-induced LTP (cLTP). Inhibiting PA synthesis or its in-
teraction with mTOR specifically disrupts mTORC1 activation and
changes in synaptic function accompanying homeostatic plasticity,
but not LTP. These homeostatic effects, in turn, are recapitulated by
direct PA treatment of neurons in an mTORC1-dependent manner.
Defining unique homeostatic and LTP-associated pathways to
mTORC1 activation is important, given that several monogenic dis-
orders resulting in intellectual disability and Autism-like phenotypes
share a common feature of dysregulated mTORC1 activation at the
synapse (Hoeffer and Klann, 2010). These results further establish
mTORC1 as a central hub which meditates multiple forms of syn-
aptic plasticity, and identifies PLD1/PA signaling as a unique entry
point in the context of homeostatic adaptation to synaptic inactivity.

Materials and Methods
Animals. All experimental protocols were approved by the University
Committee on the Use and Care of Animals (UCUCA), University of
Michigan. Sprague Dawley rats of either sex (Charles River Laboratories,
Wilmington, MA) age P1–P3 were used.

BDNF shRNA Transfection. U6 promotor-driven scrambled and BDNF
shRNA-expressing plasmids were obtained from OriGene Technologies;
BDNF shRNA 1: 5�-TGTTCCACCAGGTGAGAAGAGTGATGACC-3,
BDNF shRNA 2: 5�-GTGATGCTCAGCAGTCAAGTGCCTTTGGA-3�,
scrambled: 5�-GCACTACCAGAGCTAACTCAGATAGTACT-3�. Each
plasmid additionally contains a tRFP expression cassette driven by a distinct
(pCMV) promoter. Neurons were transfected with 0.5 �g of total DNA with
the CalPhos Transfection kit (ClonTech;) according to the manufacturer’s
protocol. All experiments were performed 24 h after transfection.

Cell culture. Dissociated hippocampal neuron cultures were prepared
according to previously published methods (Banker and Goslin, 1990).
Briefly, hippocampi from Sprague Dawley rat pups (P1–P3) were dis-
sected in cold dissociation media (DM; 82 mM Na2SO4, 30 mM K2SO4,
5.8 mM MgCl2– 6H2O, 252 �M CaCl2–2H2O, 1 mM HEPES, 200 mM

glucose, 0.001% w/v phenol red), and transferred to a 15 ml conical tube.
Dissociation media (DM) was gently removed (save �500 �l covering
the tissue itself) and replaced with 5 ml of prewarmed (37°C) cysteine-
activated papain solution (3.2 mg l-cysteine (Sigma-Aldrich, Saint Louis,
MO) with 500 �l papain (Sigma-Aldrich, Saint Louis, MO) in 10 ml DM,
pH �7.2). The tissue was then incubated in activated papain solution for

15 min at 37°C to allow for tissue digestion. The tube was inverted �2–3
times after 7 min of incubation. Papain inactivation was achieved via two
washes in ice-cold DM containing 12.5% v/v fetal bovine serum, fol-
lowed by two washes in DM alone. Dissociated cells were then washed 2�
in chilled normal growth medium [NGM; Neurobasal A (Invitrogen,
Grand Island, NY) supplemented with 2% v/v B27 (Invitrogen) and 1%
v/v Glutamax (Invitrogen)], then titurated �10 –15 times in 5 ml NGM
to obtain a single cell suspension. This single cell suspension was incu-
bated on ice for �3–5 min. 4.5 ml of the cell suspension was then trans-
ferred to a new 15 ml tube and centrifuged at 67 �g (0.5 � 1000 rcf) at
4°C. For plating, 50 –70 K cells (in a volume of 150 �l) were dispensed
onto poly-D-lysine-coated glass-bottom Petri dishes (Mattek, Ashland,
MA) and maintained at 5% CO2/37°C. Approximately 4 h after plating,
cells were supplied with 2 ml of NGM-GC (NGM supplemented with
15% v/v glial conditioned media and 10% v/v cortical conditioned me-
dia). 24Hr after plating, cells were fed by replacing 50% of the total
volume with fresh NGM-GC and every 4 d thereafter by replacing 25% of
the total volume with fresh media. Cells were maintained for 14 d with
NGM-GC supplementation, then fed every 4 d thereafter with NGM
alone. All neurons used for experiments were allowed to mature to an age
of �21 DIV, unless otherwise noted.

Chemically-induced long-term potentiation (cLTP) protocol. Pharmacolog-
ical induction of LTP in cultured hippocampal neurons was achieved using
one of two stimulus solutions, designated cLTP1 or cLTP2. cLTP1 stimulus
consisted of the following: 0.2 mM Glycine, 0.02 mM Bicuculline, and 0.003 mM

Strychnine in a Mg2�-free extracellular solution. The cLTP2 stimulus also
used Mg2�-free extracellular solution as a base but contained 50 �M Fors-
kolin and 0.1 �M Rolipram. Both means of cLTP induction followed a sim-
ilar protocol: Dissociated cultures (DIV 21 or older) were removed from the
incubator and place on bench top for 10 min to acclimate to room temper-
ature. Neuronal media from then removed from each dish and replaced with
2mls cLTP1 or cLTP2 solution. Neurons were incubated in cLTP solution for
10 min at room temp. After 10 min, cLTP solution was removed and cells
were washed 2� with neuronal media. Dishes were then allowed to recover
at 37oC for 2 Hr before use in subsequent electrophysiology or imaging
experiments.

Electrophysiology. Whole-cell patch-clamp recordings were made with
an Axopatch 200B amplifier from cultured hippocampal neurons bathed
in HEPES-buffered saline (HBS) containing (in mM) the following: 119
NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 30 Glucose, 10 HEPES, pH 7.4. Whole-
cell pipette had resistances ranging from 3 to 6 M�. Internal solution
contained (in mM) the following: 100 cesium gluconate, 0.2 EGTA, 5 MgCl2,
2 adenosine triphosphate, 0.3 guanosine triphosphate, 40 HEPES, pH 7.2.
mEPSCs were recorded at �70 mV from neurons with a pyramidal-like
morphology in the presence of 1 �M TTX and 10 �M bicuculline and ana-
lyzed off-line using Synaptosoft minianalysis software. sEPSCs in active net-
works were recorded at �70 mV in modified HBS (as above, except with
0.5 mM CaCl2 and 3.5 mM MgCl2) without TTX or bicuculline. mIPSCs were
recorded at �70 mV in the presence of 1 �M TTX, 10 �M CNQX and 50 �M

DL-APV. Internal solution contained (in mM) the following: 135 CsCl, 1
EGTA, 10 HEPES, 5 MgCl2, 4 Mg-ATP, and 1 Li-GTP, pH 7.2. During
loose-patch recordings, neurons were bathed in HBS lacking pharmacolog-
ical inhibitors to permit recording of background spike activity. Pipette so-
lution contained extracellular solution.

For current-clamp recordings, changes in intrinsic excitability were
assessed in neurons subject to pharmacological isolation via 10 �M

CNQX, 50 �M DL-APV, and 10 �M bicuculline. Internal solution con-
tained (in mM) the following: 120 K-MeSO4, 20 KCl, 0.2 EGTA, 10
HEPES, 2 MgCl2, 4 Mg-ATP, 0.3 Na-GTP, and 7 phosphocreatine, pH
7.2. A series of 500 ms current injections were used to depolarize the
soma from resting membrane potential in stepwise increments of 100 pA.
Series resistance was compensated for by �80%. Neurons which had a
resting membrane potential above �55 mV were not included in further
analysis. Membrane hyperpolarization in response to a �25 pA current
step was used to measure input resistance. Action potential properties
and spike frequency data were analyzed using Clampfit 10.0 (Molecular
Devices). Statistical differences between experimental conditions were
determined by ANOVA followed by Fisher’s LSD post hoc tests
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Ca2� phosphate transfection. To achieve sparse expression, neurons
were transfected with 0.5 �g of total DNA using the Ca 2� phosphate
CalPhos Transfection kit (ClonTech) according to the manufacturer’s
protocol. Unless otherwise indicated, all experiments were performed
24 h post-transfection.

DNA Constructs. Human HA-PLD1, human HA-PLD2, rat HA-PLD2,
and pEGFP-Spo20PABD-WT were provided by Dr. Michael Frohman
(SUNY Stony Brook). GFP-Rap1-PABD was provided by Dr. Frank
Schmitz (Universität des Saarlandes Medizinische Fakultät). Rapamycin-
resistant (S2035T) and Rapamycin/Phosphatic acid resistant (32035T/
R2109A) mTOR point mutants were provided by Dr. Jie Chen (University of
Illinois at Urbana-Champaign).

Immunocytochemisty and microscopy. All imaging was performed on
an inverted Olympus FV1000 laser-scanning confocal microscope using
a Plan-Apochromat 63�/1.4 oil objective with 1� or 2� digital zoom.
Alexa 488 was excited with the 488 nm line of an argon ion laser and
emitted light was typically collected between 500 and 530 nm with a
tunable emission filter. Alexa 555/568 were excited with a 559 nm diode
laser and emitted light was typically collected between 570 and 670 nm.
Before image collection, the acquisition parameters for each channel
were optimized to ensure a dynamic signal range and to ensure no signal
bleed-through between detection channels. For every experiment, iden-
tical parameters were used for each treatment option. We verified that no
detectable staining was observed in control samples incubated in the
absence of primary antibody (but otherwise processed identically).

For BDNF and phospho-S6 (PS6) staining, cells were treated in con-
ditioned media as indicated, then fixed at room temperature for 20 min
with 4% paraformaldehyde (PFA)/4% sucrose in PBS with 1 mM MgCl2
and 0.1 mM CaCl2 (PBS-MC). After washing in PBS-MC (5 min), cells
were permeabilized (0.1% Triton X in PBS-MC, 5 min), blocked with 2%
bovine serum albumin in PBS-MC for 30 min, and labeled with a rabbit
polyclonal antibody against BDNF (Santa Cruz Biotechnology, 1:100), or
a rabbit polyclonal S235/236 phosphospecific antibody (Cell Signaling
Technology; 1:50); for each, colabeling and a mouse monoclonal anti-
body against MAP2 (Sigma-Aldrich, 1:5000) for either 60 min at room
temperature or overnight at 4°C. Alexa 555-conjugated goat anti-rabbit
(1:500) and Alexa 635-conjugated goat anti-mouse (1:500) secondary
antibodies (each 60 min at room temperature) were used to visualize
BDNF/PS6 and MAP2 staining, respectively. To ensure blind sampling of
BDNF/PS6 expression, neurons with a pyramidal-like morphology were
selected for imaging by epifluorescent visualization of MAP2 staining.
Analysis of expression in somatic or dendritic neuronal compartments
was performed on maximal intensity z-compressed image stacks. Den-
drites were linearized and extracted from the full-frame image using the
straighten plug-in for ImageJ. For both somatic and dendritic signal,
expression was estimated by the average nonzero pixel intensity for each
compartment. To analyze dendritic BDNF expression, dendrites were
linearized and extracted from the full-frame image using the straighten
plug-in for ImageJ. To combine data across multiple experimental runs
of the same experiment, expression in each image was normalized against
the average nonzero pixel intensity for the respective control group. In
experiments where BDNF or PS6 were assessed in transfected cells, neu-
rons were also colabeled with a chicken polyclonal antibody against GFP
(Millipore, 1:1000) and an Alexa 488-conjugated goat anti-chicken sec-
ondary antibody. Statistical differences were assessed by ANOVA, fol-
lowed by Fisher’s LSD post hoc tests.

Immunocytochemisty and microscopy. All imaging was performed on
an inverted Olympus FV1000 laser-scanning confocal microscope using
a Plan-Apochromat 63�/1.4 oil objective with 1� or 2� digital zoom.
Alexa 488 was excited with the 488 nm line of an argon ion laser and
emitted light was typically collected between 500 and 530 nm with a
tunable emission filter. Alexa 555/568 were excited with a 559 nm diode
laser and emitted light was typically collected between 570 and 670 nm.
Before image collection, the acquisition parameters for each channel
were optimized to ensure a dynamic signal range and to ensure no signal
bleed-through between detection channels. For every experiment, iden-
tical parameters were used for each treatment option. We verified that no
detectable staining was observed in control samples incubated in the
absence of primary antibody (but otherwise processed identically).

For BDNF and phospho-S6 (PS6) staining, cells were treated in con-
ditioned media as indicated, then fixed at room temperature for 20 min
with 4% paraformaldehyde (PFA)/4% sucrose in PBS with 1 mM MgCl2
and 0.1 mM CaCl2 (PBS-MC). After washing in PBS-MC (5 min), cells
were permeabilized (0.1% Triton X in PBS-MC, 5 min), blocked with 2%
bovine serum albumin in PBS-MC for 30 min, and labeled with a rabbit
polyclonal antibody against BDNF (Santa Cruz Biotechnology, 1:100), or
a rabbit polyclonal S235/236 phosphospecific antibody (Cell Signaling
Technology; 1:50); for each, colabeling and a mouse monoclonal anti-
body against MAP2 (Sigma-Aldrich, 1:5000) for either 60 min at room
temperature or overnight at 4°C. Alexa 555-conjugated goat anti-rabbit
(1:500) and Alexa 635-conjugated goat anti-mouse (1:500) secondary
antibodies (each 60 min at room temperature) were used to visualize
BDNF/PS6 and MAP2 staining, respectively. To ensure blind sampling of
BDNF/PS6 expression, neurons with a pyramidal-like morphology were
selected for imaging by epifluorescent visualization of MAP2 staining.
Analysis of expression in somatic or dendritic neuronal compartments
was performed on maximal intensity z-compressed image stacks. Den-
drites were linearized and extracted from the full-frame image using the
straighten plug-in for ImageJ. For both somatic and dendritic signal,
expression was estimated by the average nonzero pixel intensity for each
compartment. To analyze dendritic BDNF expression, dendrites were
linearized and extracted from the full-frame image using the straighten
plug-in for ImageJ. To combine data across multiple experimental runs
of the same experiment, expression in each image was normalized against
the average nonzero pixel intensity for the respective control group. In
experiments where BDNF or PS6 were assessed in transfected cells, neu-
rons were also colabeled with a chicken polyclonal antibody against GFP
(Millipore, 1:1000) and an Alexa 488-conjugated goat anti-chicken sec-
ondary antibody. Statistical differences were assessed by ANOVA, fol-
lowed by Fisher’s LSD post hoc tests.

Optical analysis of presynaptic function used live-labeling with an
Oyster 550-conjugated rabbit polyclonal antibody against the lumenal
domain of synaptotagmin 1 (syt-lum; 1:100, Synaptic Systems). Before
labeling, neurons were treated with 2 �M TTX for 15 min to isolate
spontaneous neurotransmitter release. Neurons were then labeled with
anti-syt-lum for 5 min at room temperature, washed, fixed with 4%
PFA/4% sucrose in PBS-MC, permeabilized, and blocked as above, then
labeled with a guinea pig polyclonal anti-vglut1 antibody (1: 2500, Mil-
lipore Bioscience Research Reagents). The intrinsic fluorescent signal of
the anti-syt-lum at synaptic sites was amplified by an Alexa 555-
conjugated goat anti-rabbit (1:500) secondary antibody. An Alexa 488-
conjugated goat anti-guinea pig (1:250) secondary antibody (each for
60 min at room temperature) was used to visualize vglut1 staining. Neu-
rons were selected based on vglut1 epiflourescence to ensure blind sam-
pling of syt-lum expression. For analysis, a “synaptic” syt-lum particle
was defined as a particle that occupied �10% of the area defined by a
vglut1 particle, and the proportion of vglut1 particles containing synaptic
syt-lum particles was calculated using custom written analysis routines
for ImageJ. Statistical differences were assessed by ANOVA, followed by
Fisher’s LSD post hoc tests.

Magnetofection-based siRNA delivery. BDNF siRNA or nontargeting con-
trol siRNA were purchased from Dharmacon (siGENOME SMARTpool,
M-080046, Thermo Fisher Scientific., Lafayette, CO.). To favor rapid trans-
lational knockdown, a combination of four BDNF-targeting siRNAs were
pooled: (1): Sense 	 5�-UCGAAGAGCUGCUGGAUGAUU-3�, Anti-
sense 	 5�-UCAUCCAGCAGCUCUUCGAUU-3�; (2): Sense 	 5�UAU
GUACACUGACCAUUAAUU-3�, Antisense: 5�-UUAAUGGUCAGUG
UACAUAUU-3�; (3): Sense: 5�-GAGCGUGUGUGACAGUAUUUU-3�,
Antisense: 5�-AAUACUGUCACACACGCUCUU-3�; (4): Sense: 5�-GAAC
UACCCAAUCGUAUGUUU-3�, Antisense: 5�-ACAUACGAUUGGG
UAGUUCUU-3�; Control siRNA: Sense: 5�-UAAGGCUAUGAA-
GAGAUACUU-3�; Antisense: 5�-GUAUCUCUUCAUAGCCUUAUU-3�.
Each annealed double-stranded RNA oligonucleotide contained 3�-UU
overhangs, a single isomer 6-FAM on the 5�-end of the sense strand, and a
5�-phosphate on the antisense strand. For rapid siRNA transfection, siRNA
(67.5 �g in 100 �l media) was combined with 3.5 �l neuromag transfection
reagent (Oz Biosciences, France). After a 20 min incubation period, cultured
neurons were bathed in the Neuromag/siRNA mix, and then placed on the
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manufacturer supplied magnet for 15 min at 37°C. After magnetofection,
cells were immediately treated with PA or vehicle, and used in experiments as
described.

Preparation of PA vesicles. The lipid second messenger phosphatidic
acid (PA) was acquired from Avanti Polar Lipids (Alabaster, Alabama),
and was prepared according to previously described methods (Yoon et
al., 2011a). PA lipids in chloroform were dried under a stream of nitrogen
gas in a 20 ml glass scintillation vial. Dried lipids were reconstituted in a
buffer of 150 mM NaCl and 10 mM Tris-Cl (pH8.0), to a concentration of
6 mM. The solution was briefly vortexed, then subjected to bath sonica-
tion for a period of 5 min, resulting in a homogenous solution of unil-
aminar vesicles (15–50 nm in diameter). PA vesicles were added directly
to cell media to produce a concentration of 100 �M. Lipid vesicles were
made fresh at the start of each experiment.

vglut1-pHluorin imaging. Cultured hippocampal neurons were trans-
fected at DIV 14–16 with vglut-pHluorin as well as mCherry-synaptophysin
to aid in visual identification of terminal boutons. Experiments were con-
ducted 2–3 d post-transfection in HBS containing 10 �M CNQX and 50 �M

DL-APV. Action potentials were evoked via a Grass stimulator unit using a
custom fabricated electric field stimulator, which was inserted into each dish
just before start of an experiment. Each stimulus consisted of a 2 ms 10 V
potential difference between platinum-iridium wires 6 mm apart. To ob-
serve changes in evoked release, we recorded the change in vglut-pHluorin
fluorescence intensity elicited by delivering stimulus repetitions at 10 Hz for
10 s, which has been shown to provide a measure of exocytosis undiluted by
signal degradation due to endocytosis or reacidification (Kim and Ryan,
2010). Each stimulus train was delivered three times for each set of synapses,
with a 5 min interval separating each train. Images were taken using a Ham-
mamatsu EM-CCD camera mounted on an inverted microscope (Olympus
IX8) using a 40� 1.3 NA oil-immersion objective (Olympus). The filter set
consisted of a 472/30 excitation filter, a 495 edge dichroic mirror, and a
520/30 emission filter. Illumination was achieved via a Sutter Lambda LS/
OR30 300 W xenon bulb control by a Sutter Lambda 10 shutter (Sutter
Instrument). All images were captured at a depth of 16 bits to a Dell Optiplex
computer using MetaMorph software (Molecular Devices). Full frame
(512 � 512, 16 �m pixels) imaging sequences were acquired at a rate of 5 Hz
using 50 ms exposure for vglut-pHluorin. Image sequences were analyzed
using the “time series” plug-in for ImageJ (http://rsb.info.nih.gov/ij/plugins/
t i m e - s e r i e s . h t m l). Active synapses were identified for each experiment
by subtracting the signal before the initiation of each stimulus train from the
peak increase in vglut-pHluorin signal elicited by the train. Rectangular ROIs
(1.55 � 1.55 �m) were placed over each of the resulting puncta in the “dif-
ference image.” The time-lapse plug-in was then used to measure average
fluorescence for each ROI over time. To correct for photobleaching during
image series acquisition, an identically sized ROI was positioned in a non-
synaptic region adjacent to an identified release site. Measurements obtained
from this nonsynaptic ROI were fit with a biexponential decay function, and
these values were then subtracted from the data traces associated with active
release sites. Automated image analysis and photobleaching correction was
performed in MATLB. Fluorescence signals were quantified as 
F/F0, where
F0 is defined as the average of five sequential images recorded before the
onset of stimulation for each ROI.

Western blotting. Samples were collected in lysis buffer containing
100 mM NaCl, 10 mM NaPO4, 10 mM Na4P2O7, 10 mM lysine, 5 mM

EDTA, 5 mM EGTA, 50 mM NaF, 1 mM NaVO3, 1% Triton-X, 0.1% SDS,
and 1 tablet Complete Mini protease inhibitor mixture (Roche)/7 ml, pH
7.4. Equal amounts of protein for each sample were loaded and separated
on 12% polyacrylamide gels, then transferred to PVDF membranes. Blots
were blocked with Tris-buffered saline containing 0.1% Triton-X (TBST)
and 5% nonfat milk for 60 min at room temperature, and incubated with a
rabbit polyclonal primary antibody against BDNF (Santa Cruz Biotechnol-
ogy, 1: 200) for either 60 min at room temperature or overnight at 4°C. After
washing with TBST, blots were incubated with HRP-conjugated anti-rabbit
or anti-mouse secondary antibody (1:5000; Jackson Immunoresearch), fol-
lowed by enhance enhanced chemiluminescent detection (GE Healthcare).
All blots were probed with a mouse monoclonal antibody against �-tubulin
(1:5000, Sigma-Aldrich) to confirm equal loading. Band intensity was quan-
tified with densitometry with NIH ImageJ and expressed relative to the
matched control sample. Statistical differences between treatment condi-

tions and control were assessed first by an overall nonparametric ANOVA
(Kruskal–Wallis test) followed by a post hoc Wilcoxon signed rank test for
individual comparisons.

Results
Intracellular synthesis of PA is critical for mTOR signaling
during HSP
Intracellular synthesis of the lipid second-messenger phospha-
tidic acid (PA) has emerged as an important signal in mitogenic
activation of mTORC1 signaling (Foster, 2009), but little is
known about a potential role for PA in relaying synaptic signals to
mTOR in mammalian central neurons. To visualize PA synthesis
in dissociated hippocampal neurons, we transfected cells with a
reporter of endogenous PA synthesis, GFP-Spo20-PABD, at DIV
16 –18 and performed live-imaging experiments 2–3 d later. The
GFP-Spo20-PABD plasmid contains the PA-binding domain of
the yeast N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) protein Spo20 fused to EGFP (Zeniou-Meyer
et al., 2007). Similar to previous findings in COS-7 (Frondorf et
al., 2010) and PC12 cells (Zeniou-Meyer et al., 2007), we find that
GFP-Spo20-PABD fluorescence is largely limited to the cell nu-
cleus under basal conditions owing to the NLS present in the
sequence (Fig. 1A). However, after subjecting neurons to
AMPAR blockade (CNQX, 40 �M) we observed a steady, time-
dependent increase in PA-related GFP clustering in discrete re-
gions around the soma and extending into the distal regions of
the dendrites by 2 Hrs post-treatment (Fig. 1A). Additional ex-
periments using a different fluorescence-based sensor of intracel-
lular PA synthesis produced comparable results (Fig. 1B). This
reporter contains the C-terminal PA-binding domain of human
Raf1 fused to EGFP (GFP-Raf1-PABD) and displays a strong bias
for binding to PA (Schwarz et al., 2011). Similar to our findings
using GFP-Spo20-PABD, we observed discrete regions of intra-
cellular clustering of the GFP-Raf1-PABD reporter after subject-
ing neurons to AMPAR blockade (CNQX, 40 �M, 3 h). Clustering
of this sort did not occur in vehicle-treated control cells (Fig. 1B).

These data suggest that intracellular synthesis of PA may be a
mechanism by which mTORC1 signaling is activated in the con-
text of homeostatic adaptation to synaptic inactivity. Given pre-
vious findings that mTORC1 activity is required during other
well studied forms of plasticity such as long-term potentiation
(Tang et al., 2002; Cammalleri et al., 2003), we also examined a
potential role for intracellular PA synthesis in LTP. After stimu-
lation of cultured neurons using a glycine-based chemical LTP
(cLTP) paradigm, previously shown to induce long-lasting,
mTOR-dependent changes in synaptic strength in dissociated
cultures (Lu et al., 2001), we found no difference in the distribu-
tion of the GFP-Raf1-PABD reporter (Fig. 1B). The unique re-
sponses of the GFP-Raf1-PABD reporter to cLTP and AMPAR
blockade raised the possibility that these two forms of plasticity
differ in the means by which mTORC1 signaling is engaged, with
intracellular synthesis of PA acting as an important point of di-
vergence. Intracellular PA can arise from multiple sources, in-
cluding lysophosphatidic acid (LPA), diacylglycerol (DG) and
phosphatidylcholine (Foster, 2009). Previous reports suggest that
the primary source of intracellularly generated PA in cancerous
cells is via hydrolysis of phosphatidylcholine by phospholipase-D
(Jenkins and Frohman, 2005). To explore a role for phospholipase-
D (PLD) signaling in the activation of mTORC1 during either LTP
or synaptic homeostasis, we used a small molecule inhibitor of PLD,
5-fluoro-2-indolyl des-chlorohalopemide (FIPI), which inhibits
both PLD1 and PLD2 activity and blocks intracellular PA accu-
mulation at subnanomolar concentrations (Su et al., 2009). We
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found that pretreatment with FIPI severely inhibited the cluster-
ing of GFP-Raf1-PABD reporter after treatment with CNQX
(Fig. 1B).

To examine the effect of PLD signaling on mTORC1 activa-
tion during different forms of synaptic plasticity, we performed
immunocytochemical analysis of phosphorylated ribosomal pro-
tein S6 (p-S6) at S235/236. We observed significant increases in
somatic p-S6 intensity after either glycine or forskolin-based
cLTP induction paradigms (Fig. 1C�E). Excitatory synaptic de-
privation via AMPAR blockade (CNQX, 40 �M, 3Hr) also pro-
duced a significant increase in S6 phosphorylation (Fig. 1D�F),
as has been reported previously (Henry et al., 2012). Importantly,
coapplication of the PLD1/2 inhibitor FIPI (100 nM, 30 min pretreat-
ment) had no effect on increased p-S6 levels induced by glycine
(cLTP1�FIPI) or forskolin (cLTP2�FIPI), but eliminated CNQX-
induced increases in mTORC1 activity (CNQX�FIP). Neurons
treated with FIPI alone showed no significant difference in p-S6
levels compared with controls, suggesting minimal contribution of
steady-state PLD signaling to baseline levels of mTORC1 activity.
Together these data suggest that PLD/PA signaling is uniquely en-
gaged by loss of excitatory synaptic drive and is an essential signaling
component leading to mTORC1 activation during homeostatic
plasticity, but not during the activation of mTORC1 in the context of
long-term potentiation.

PLD signaling mediates functional changes during HSP
Previous work has identified BDNF as a unique target of mTORC1-
dependent translational regulation in dendrites (Henry et al., 2012;
Liao et al., 2012). In hippocampal neurons, this dendritic synthesis of
BDNF plays a vital role in the homeostatic regulation of excitatory
synapses, acting as a retrograde signal to enhance the efficacy of
presynaptic terminals (Jakawich et al., 2010; Lindskog et al., 2010;
Henry et al., 2012). In line with a role for PLD/PA signaling operating
upstream of mTORC1 in mediating this effect, immunocytochem-
ical analysis revealed enhanced BDNF intensity in dendrites after
AMPAR blockade (Fig. 2A,B), which was blocked by coapplication
of FIPI. We next used whole-cell patch-clamp electrophysiology to
examine a potential role for PLD signaling in the functional changes
that emerge at excitatory synapses during homeostatic plasticity or
LTP. At both mammalian central synapses and the Drosophila
neuromuscular junction, mTORC1-dependent increases in presyn-
aptic function emerge following postsynaptic deprivation of
AMPAR-mediated inputs (Penney et al., 2012, Henry et al., 2012).
Thus, AMPAR blockade (CNQX, 40 �M ,3 h) elicits a homeostatic
increase in mEPSC frequency in hippocampal neurons reflecting
enhanced presynaptic release, as well as an increase in mEPSC am-
plitude that reflects accumulation of new AMPARs at synapses
(Aoto et al., 2008; Jakawich et al., 2010; Henry et al., 2012). Notably,
coapplication of the PLD1/2 inhibitor FIPI completely suppressed
the homeostatic increase in mEPSC frequency induced by AMPAR
blockade (Fig. 2E), but did not prevent homeostatic changes in
mEPSC amplitude (Fig. 2D) which are mTORC1-independent
(Henry et al., 2012). This suggests that the PLD/PA pathway has a
unique role in adapting presynaptic function during loss of excit-
atory input.

Consistent with previous reports (Lu et al., 2001), we found
that cLTP induction with glycine stimulation produced a signif-
icant increase in both the amplitude and frequency of mEPSCs in
hippocampal neurons when assessed 2 h after stimulation (Fig.
2F-H). Unlike homeostatic changes in mEPSC frequency, the
increase in mEPSC frequency following cLTP remained elevated
in the presence of both mTORC1 (100 nM rapamycin, 30 min
pretreatment) and PLD (100 nM FIPI, 30 min pretreatment) in-
hibitors (Fig. 2H). By contrast, glycine-induced increases in
mEPSC amplitude were blocked by coapplication of rapamycin
(Fig. 2G), which is in line with a role for de novo translation in this
form of plasticity. Interestingly, whereas inhibiting PLD1/2 sig-
naling with FIPI prevents mTORC1-dependent presynaptic
compensation after AMPAR blockade (Fig. 2E), it had no effect
on glycine-induced increases in mEPSC amplitude (Fig. 2G),
suggesting that PLD1/2 signaling is not necessary for mTORC1-
dependent changes in postsynaptic function at excitatory syn-
apses during cLTP.

PLD1 contributes to PA-induced activation of mTORC1
There are two PLD genes expressed in the mammalian brain,
PLD1 and PLD2, each of which exhibits unique cellular compart-
mentalization. PA is a transient messenger that signals within a
limited spatial range of the membrane compartment from which
it is generated (Cockcroft, 2001). Thus, unique sites of PLD-
mediated PA synthesis could feasibly exert markedly different
effects on cellular function. To examine whether PLD1 and PLD2
exhibit unique subcellular localization patterns in neurons, we
expressed HA-tagged human PLD1 (hPLD1) or PLD2 (hPLD2)
in dissociated hippocampal cultures and assessed HA localization
via immunocytochemistry 24 – 48 Hrs posttransfection (Fig. 3A).
In previously published reports using non-neuronal cells, over-
expressed HA-PLD1 was primarily localized to late endosomes or
the golgi complex, while overexpressed HA-PLD2 was found
mainly along the plasma membrane (Du et al., 2004). We ob-
served a similar pattern of HA staining in neurons expressing
hPLD1 or hPLD2, with HA-tagged hPLD1 localized to discrete
intracellular puncta, and hPLD2 primarily localized to the
plasma membrane (Fig. 3A).

Using phosphorylated ribosomal protein S6 as a readout of
mTORC1 activity, we found significantly elevated levels of so-
matic p-S6 in cells expressing hPLD1, compared with cells ex-
pressing GFP as a control, indicating potent activation of
mTORC1 signaling via PLD1 overexpression (Fig. 3A,B). In a
second set of experiments, we found that rapamycin (100 nM)
treatment prevents the increase in somatic p-S6 from PLD1 over-
expression [Mean �/� SEM somatic p-S6 intensity, relative to
GFP control 	 225 �/� 50% PLD1 neurons, n 	 15; 40 �/�
9.8% in PLD1�Rap neurons, n 	 15; 55 �/� 19.2% in
GFP�Rap neurons, n 	 12; PLD1 vs PLD1�rap, p � 0.05 by t
test, data not shown]. By contrast, neurons expressing either hu-
man or rat versions of PLD2 showed no significant change in
somatic p-S6 levels compared with GFP-expressing controls (Fig.
3B). While more difficult to quantify, distinct patterns of elevated
pS6 staining was also commonly observed in distal dendritic re-
gions of cells overexpressing hPLD1 (Fig. 3C). Patches of local-
ized pS6 fluorescence in these cells displayed a remarkable degree
of overlap with HA-tagged PLD1 in these same dendritic regions
(Fig. 3C). This correspondence was not unique to pS6 staining,
however, as GFP signals associated with the Spo-PABD phospha-
tidic acid reporter also exhibited substantial overlap with HA
fluorescence in cells expressing HA-tagged hPLD1 (Fig. 3D). To-
gether, these results suggest that dendritically localized PLD1 can

4

(Figure legend continued.) or under conditions of cLTP or AMPAR blockade with or without
concurrent inhibition of PLD signaling (FIPI, 100 nM, 30 min pretreatment). cLTP1	 glycine-based
protocol, n 	 39 cells. cLTP2	 forskolin-based protocol, n 	 40 cells. CNQX, n 	 73 cells.
cLTP1�FIPI, n	40 cells; cLTP2�FIPI, n	37 cells. CNQX�FIPI, n	71 cells. FIPI blocks enhanced
mTORC1 phosphorylation of downstream target ribosomal protein S6 after AMPAR blockade but not
during cLTP. Scale bar, 10 �m in A–C. *p � 0.5 compared to vehicle treated controls.
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drive synthesis of intracellular PA and recruit enhanced
mTORC1 activity in spatially restricted regions. Given reports
that PLD1 signaling influences dendrite arborization during neu-
ronal development (Zhu et al., 2012) we also assessed potential

changes to excitatory synapse morphology that result from PLD
manipulations in mature cells, but found that dendritic spine
density was unaffected as a result of 24 h of overexpression of
PLD1 or PLD2 (data not shown). To characterize the effects of

C

Control CNQX CNQX
+FIPI

FIPI 
Alone

10

12

14

16

18

m
E

P
S

C
 A

m
pl

itu
de

 (
pA

) *

0

1

2

3

4

m
E

P
S

C
 F

re
qu

en
cy

 (
H

z)

*

Control CNQX CNQX
+FIPI

FIPI 
Alone

10 20 30
0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

F
ra

ct
io

n

mEPSC Amplitude (pA)
0 2 4 6 8

0.0

0.2

0.4

0.6

0.8

1.0
C

um
ul

at
iv

e 
F

ra
ct

io
n

Inter Event Interval (s)

 Control

 CNQX
 CNQX+FIPI

 FIPI Alone
 Control

 CNQX
 CNQX+FIPI

 FIPI Alone

10pA

200ms

Control

CNQX

CNQX+FIPI

FIPI Alone

D E

Control CNQX CNQX+FIPI FIPI Alone
0

50

100

150

200

250

F
lu

or
es

en
ce

 In
te

ns
ity

 (
%

C
on

tr
ol

)

 BDNF
 MAP2*

A BControl

CNQX

CNQX+FIPI

FIPI Alone

BDNF

MAP2

15pA

100ms

Control

Glycine 100μM

F

Control Glycine Glycine
+Rap

Glycine
+FIPI

0

2

4

6

8

10

12

14

16

18

20

m
E

P
S

C
 A

m
pl

itu
de

 (
pA

)

* *

Control Glycine Glycine
+Rap

Glycine
+FIPI

0

1

2

3

4

5

6

7

m
E

P
S

C
 F

re
qu

en
cy

 (
H

z)

*

**
 Control
 Glycine
 Gly+Rap
 Gly+FIPI

0 4 8 12 16 20
0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

P
ro

ba
bi

lit
y

Inter-Event Interval (s)

0 10 20 30 40
0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

P
ro

ba
bi

lit
y

mEPSC Amplitude (pA)

 Control
 Glycine
 Gly+Rap
 Gly+FIPI

G H

Glycine +Rap

Glycine+FIPI

Figure 2. PLD signaling is required for adaptive presynaptic compensation. A, B, Examples images of BDNF and MAP2 expression in linearized dendritic segments (A), and mean (�SEM)
expression (B) of MAP2 and BDNF in dendritic compartments normalized to average control values, in neurons treated with CNQX (40 mM, 3Hr) with or without the PLD1/2 inhibitor FIPI (100 nM,
30 min pretreatment). Control, n 	 63; cells; CNQX, n 	 75 cells; CNQX�FIPI, n 	 70 cells; FIPI Alone, n 	 56 cells. BDNF expression in dendrites was significantly enhanced by AMPAR blockade
compared with control neurons. This effect was completely blocked by concurrent inhibition of PLD signaling. (*p �0.05, relative to controls). C–E, Representative recordings (C) and mean (�SEM)
mEPSC amplitude (D) and frequency (E) recorded from cells treated with vehicle control or CNQX (40 �M, 3Hr) with or without the PLD1/2 inhibitor FIPI (100 nM, 30 m pretreatment). Summary graphs
presented on right and cumulative probability distribution shown on left. (*p � 0.05 relative to vehicle controls). Control, n 	 22; CNQX, n 	 9; CNQX�FIPI, n 	 14; FIPI Alone, n 	 18. PLD is
required for the mTORC1-dependent (Henry et al., 2012) increases in mEPSC frequency observed after blockade of excitatory synaptic input. F–H, Representative recordings (F), and mean (�SEM)
mEPSC amplitude (G) and frequency (H) recorded from cells treated with vehicle control or Glycine-based cLTP stimulus (100 �M glycine) with or without the PLD1/2 inhibitor FIPI (100 nM, 30 m
pretreatment) *p � 0.05 relative to vehicle controls. Control, n 	 12; Glycine, n 	 11; Glycine�Rap, n 	 8; Glycine�FIPI, n 	 11. p � 0.05 compared with control. PLD signaling is not necessary
for the mTORC1-dependent changes in mPESC Amplitude observed during chemically-induced LTP.

Henry et al. • PLD-PA Links Synaptic Inactivity to mTORC1 J. Neurosci., February 28, 2018 • 38(9):2207–2225 • 2213



A GFP Control

PLD1-HA

PLD2-HA

p-S6HA

GFP hPLD1 hPLD2 rPLD2
0

50

100

150

200

250

300

350

p-
S

6 
F

lo
ur

es
ce

nc
e 

(%
 C

on
tr

ol
)

*

GFP p-S6 HA p-S6

B

C

10pA
200ms

GFP hPLD1hPLD2
0

5

10

15

20

25

m
E

P
S

C
 A

m
pl

itu
de

 (
pA

)

GFP hPLD1hPLD2
0.0

0.5

1.0

1.5

2.0

2.5

m
E

P
S

C
 F

re
qu

en
cy

 (
H

z) *

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

P
ro

ba
bi

lit
y

mEPSC Amplitude (pA)

 GFP
 hPLD1
 hPLD2

0 5 10 15 20 25 30
0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty

Inter-Event Interval (s)

 GFP
 hPLD1
 hPLD2

GFP Control hPLD1-HA hPLD2-HA

E

F G
G

FP
hP

LD
1

hP
LD

2
rP

LD
2

G
FP

hP
LD

1
hP

LD
2

rP
LD

2

0

20

40

60

80

100

120

140

160

B
D

N
F

 E
xp

re
ss

io
n 

(%
 C

on
tr

ol
)

*

Soma
Dendrites

GFP

PLD1

PLD2

IH

PLD1-HA

p-S6

overlay

Spo-PABD

PLD1-HA

overlay

D

Figure 3. PLD1 overexpression is sufficient to activate mTORC1 and drive changes in synapse function. A, B, Representative images (A) and mean intensity (�SEM,B) of somatic p-S6 staining in
neurons expressing HA-tagged hPLD1, hPLD2, or GFP control. GFP control, n 	29 cells; human PLD1-HA, n 	19 cells; human PLD2-HA, n 	26 cells; rat PLD2-HA, n 	25 cells. Expression of hPLD1,
but not hPLD2 or rPLD2, significantly (*p � 0.05 relative to GFP-expressing control neurons) increases p-S6 staining. Scale bar represents 20 �m. C, Representative dendritic subregions of cultured
hippocampal neurons expressing HA-tagged hPLD1 and stained with an antibody and phosphorylated S6. D, Representative dendritic sections of cells coexpressing HA-tagged hPLD1 as well as the
PA reporter Spo-PABD-GFP. Scale bar, 5 �m in C. E–G, Representative recordings (E) and mean (�SEM) mEPSC amplitude (F) and frequency (G) recorded from cells expressing hPLD1, hPLD2 or GFP
control. Summary graphs presented on left and cumulative probability distribution shown on right. GFP control, n 	 13; hPLD1, n 	 11; hPLD2, n 	 8. (Figure legend continues.)

2214 • J. Neurosci., February 28, 2018 • 38(9):2207–2225 Henry et al. • PLD-PA Links Synaptic Inactivity to mTORC1



PLD overexpression on excitatory synapse function, we recorded
mEPSCs from dissociated hippocampal neurons expressing
hPLD1 or hPLD2 at DIV21–23 (Fig. 3E–G). Similar to postsyn-
aptic mTORC1 activation via overexpression of RhebGTPase
(Henry et al., 2012), neurons expressing hPLD1 displayed a sig-
nificant increase in mEPSC frequency, but no change in mEPSC
amplitude, compared with cells expressing GFP alone or those
expressing hPLD2 (Fig. 3E–G). Moreover, compared with GFP-
expressing control cells, neurons expressing hPLD1 exhibited
significantly higher BDNF expression in the dendritic, but not
somatic, compartment (Fig. 3H,I). No such change in dendritic
BDNF expression was observed in neurons expressing human or
rat PLD2. Collectively, these results suggest that overexpression
of PLD1, but not PLD2, is sufficient to activate mTORC1 signal-
ing, enhance dendritic BDNF expression, and drive retrograde
enhancement of transmitter release from apposed presynaptic
terminals.

Of note, whereas PLD1 activation potently drives mTORC1
signaling and enhances neurotransmitter release, inhibiting basal
PLD signaling in the absence of AMPAR blockade has little im-
pact on mTORC1 activation or baseline synaptic strength. This
pattern of results is consistent with low levels of basal PA synthe-
sis in the absence of activity blockade, an idea that is supported by
PA reporter imaging in neurons (Fig. 1).

PA binding to mTOR is essential for homeostatic adaptation
Prior studies have established that the positively charged Arg2109
residue in the FRB domain of mTOR is vital for its interaction
with PA (Fang et al., 2001). This site exhibits a high degree of
evolutionary conservation (Rodriguez Camargo et al., 2012),
suggesting an important role for PA/mTOR signaling across mul-
tiple species. Substituting this positively charged Arginine residue
with Alanine severely impairs the hydrophobic interaction be-
tween mTOR and PA. We took advantage of this fact to develop a
pharmacogenetic approach to specifically test the role of PA in
driving mTORC1 activation during homeostatic signaling. Neu-
rons were transfected with a variant of mTOR carrying a point
mutation in the rapamycin binding domain (S2035T), which
eliminates binding between mTOR and the rapamycin-FKB12
complex, thus rendering neurons expressing this mutant insen-
sitive to rapamycin-induced inhibition of mTORC1 function
(Brown et al., 1995). A separate group of cells were made to
express a mutant form of mTOR carrying both the S2035T and
R2109A point mutations, which renders mTORC1 insensitive to
both rapamycin and PA. All neurons were cotransfected with
GFP as a cell fill and treated with rapamycin (100 nM) to eliminate
endogenous mTOR signaling. This scheme (Fig. 4A) results in
blanket mTORC1 inhibition across the network, with mTORC1
signaling spared in isolated neurons transfected with the rapamycin-
resistant S2035T mutant. Neurons that express the S2035T/R2109A
double mutant have intact mTORC1 signaling, but mTORC1 is no

longer sensitive to PA binding. Using levels of p-S6 staining intensity
to assess mTORC1 activity, we found that disruption of PA-mTOR
binding had no impact on mTORC1 activation during cLTP
(Fig. 4B,C). In contrast, while neurons expressing the rapamycin-
resistant (S2035T) mTOR point mutant showed significant in-
creases in somatic p-S6 intensity after AMPAR blockade (CNQX, 40
�M, 3Hrs), cells in which PA/mTOR binding was disrupted showed
no increase in somatic p-S6 intensity after loss of excitatory input
compared with controls (Fig. 4B,C). This pattern of results indicates
that binding of PA to mTOR’s FRB domain is critical for increases in
mTORC1 activity engaged during homeostatic adaptation to synap-
tic inactivity, but not during chemically-induced LTP.

To assess the impact of reduced PA/mTOR binding on synap-
tic plasticity, we continued the strategy described above (Fig. 4A),
in which rapamycin was used to eliminate endogenous mTORC1
function under conditions of rapamycin and/or PA resistant
mTOR mutant expression. Whereas rapamycin blocks increases
in presynaptic function induced by AMPAR blockade in untrans-
fected neurons (Henry et al., 2012), neurons expressing the
S2035T mutant exhibit a robust increase in mEPSC frequency in
response to AMPAR blockade (Fig. 4D,E). By contrast, neurons
expressing the PA-resistant R2109A mTOR mutant failed to ex-
hibit any change in mEPSC frequency during AMPAR blockade.
While PA/mTOR binding appears to be essential for homeostatic
increases in presynaptic function during AMPAR blockade, the
same was not true for cLTP-induced increases in postsynaptic
function (Fig. 4F,G). Indeed, we found largely identical levels of
postsynaptic potentiation when assessed 2 h postcLTP stimula-
tion in cells with or without impaired postsynaptic PA/mTOR
binding. Together, these data suggest that PLD/PA signaling con-
tributes to a novel mTORC1 activation pathway uniquely en-
gaged by homeostatic signaling but dispensable for other forms of
plasticity such as LTP.

Acute activation of mTORC1 and BDNF synthesis with
exogenous PA
Having established a potential role for intracellular synthesis of
PA in the activation mTORC1 after blockade of excitatory input,
but not during chemically-induced LTP, we next sought to di-
rectly assess the physiological consequences of PA stimulation.
Consistent with experiments using non-neuronal cell lines (Fang
et al., 2001; Yoon et al., 2011a; You et al., 2012), we found that
exogenous application of PA (100 �M) induced rapid mTORC1
activation in cultured hippocampal neurons. Following PA treat-
ment, Western blots of neuron lysates revealed phosphorylation
of the immediate downstream mTORC1 effectors 4E-BP1 and
p70S6K within 15 min (Fig. 5A). Similarly, 30 min PA application
induced robust phosphorylation of ribosomal protein S6 at
S235/236 in the cell bodies and dendrites of hippocampal neu-
rons as assessed via immunocytochemistry (Fig. 5B). Expres-
sion of tubulin (Fig. 5A) and microtubule associated protein 2
(MAP2) did not change significantly as a consequence of ex-
posure to PA (Fig. 5B).

Using PA as a tool to acutely activate mTORC1 signaling in
neurons, we next examined the consequences of such activation
on dendritic BDNF expression. We found that acute mTORC1
activation with PA (60 min, 100 �M) enhanced dendritic BDNF
expression in hippocampal neurons, while having no effect on
dendritic MAP2 expression in these same neurons (Fig. 5C). Co-
incident blockade of protein synthesis (with 40 �M anisomycin,
30 min before PA) or mTORC1 (with 300 nM rapamycin, 30 min
before PA) completely suppressed this effect, suggesting that
treatment with PA drives new synthesis of BDNF via activation of

4

(Figure legend continued.) *p � 0.05 relative to vehicle controls. Overexpression of hPLD1, but
not hPLD2, is sufficient to elevate mEPSC frequency after 24 Hrs compared with GFP-expressing
controls. H, I, GFP and BDNF expression in somatodendritic segments (H), and mean (�SEM)
expression (I) of BDNF in somatic and dendritic compartments normalized to average GFP
control values, in neurons cotransfected with GFP as well as hPLD1 or hPLD2. GFP control, n 	
23 cells; hPLD1, n 	 38 cells; hPLD2, n 	 26 cells; rPLD2, n 	 25 cells. BDNF expression in
dendrites was significantly (*p � 0.05, relative to GFP alone) enhanced by expression of hPLD1
compared with control neurons expressing GFP alone, while neurons expressing hPLD2 showed
no difference in dendritic BDNF levels compared with control. hPLD1 or hPLD2 overexpression
did not increase somatic BDNF intensity compared with controls. Scale bar in H 	 10 �m.
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mTORC1. Similar effects were observed in Western blots of ly-
sates from hippocampal neurons treated with PA alone or in
combination with rapamycin (Fig. 5D). PA elicited a time-
dependent increase in BDNF expression, with an initial peak at 15

min postPA treatment and persisting for at least 60 min (Fig. 5D).
This increase in BDNF expression was also mTORC1-dependent,
as concurrent rapamycin (300 nM) treatment completely elimi-
nated PA-induced changes in BDNF expression. To establish that
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Figure 5. Fast activation of neuronal mTORC1 via exogenous phosphatidic acid. A, Representative Western blots depicting phosphorylated p70S6K (Thr389) and 4EBP1 (Thr37/46) following
treatment with PA (100 �M, n	3 exps) or vehicle for the indicated times; the bands shown are from different blots. Mean (SEM) expression of p-p70S6K and p-4EBP1in neurons subject to treatment
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by treatment with PA compared with vehicle-treated controls. This effect was blockaded by pretreatment with anisomycin (40 �M, 30 min before PA; n 	 25) or rapamycin (200 nM, 30 min before
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pal neurons expressing myr-d1GFP-nls-A*B treated with either vehicle or PA (100 �M, 45 min). Scale bar, 10 �m. Mean (�SEM) GFP fluorescence in dendrites of hippocampal neurons treated with
PA (n 	 16) or vehicle (n 	 21). Sampled dendritic regions were located 100 –200 �m away from the cell body. *p � 0.05 (t test), relative to vehicle-treated controls.
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these changes in BDNF expression reflect de novo synthesis, we
took advantage of a fluorescent BDNF synthesis reporter to gauge
local BDNF synthesis in dendrites (Fig. 5E). The reporter consists
of the entire long Bdnf 3� UTR (sequence ‘A*B’), alongside a
myristoylation peptide (myr), destabilized d1GFP protein, and a
nuclear localization sequence (nls), which in total prevents sub-
stantial intracellular movement of reporter-based fluorescence
away from the area in which it was synthesized (Liao et al., 2012).
BDNF transcripts with long 3�UTR have been previously shown
to display preferential localization to the distal regions of den-
drites (An et al., 2008), and as such, the myr-d1GFP-nls–A*B
reporter has been used as an effective readout of dendritic BDNF
synthesis (Liao et al., 2012). We found that application of PA to
neuronal cultures transfected with the BDNF-A*B reporter
showed enhanced GFP fluorescence intensity in the distal regions
of dendrites (located 100 –200 �m away from cell bodies), com-
pared with transfected neurons treated with vehicle. Collectively,
these experiments reveal that acute mTORC1 activation with ex-
ogenous PA drives rapid synthesis of BDNF in hippocampal
neurons.

Physiological effects of exogenous PA
We next examined the impact of acute mTORC1 activation on
hippocampal neuron activity. To assess the effects on overall net-
work activity levels, we performed loose patch recordings from
hippocampal neurons in culture. Recordings performed after a
brief (45 min) treatment with PA revealed a profound impact on
cell spiking behavior, specifically in the frequency of multispike
burst events commonly observed in dissociated neuronal cul-
tures (Fig. 6A). To determine whether this increase in network
activity is accompanied by changes in excitatory synaptic func-
tion, we examine mEPSCs following acute mTORC1 activation
with PA for 45 or 90 min. We found no change in the amplitude
of mEPSCs after either 45 or 90 min treatment with PA, suggest-
ing that acute mTORC1 activation is not sufficient to alter excit-
atory postsynaptic strength (Fig. 6B). In contrast, PA treatment
induced a rapid increase in mEPSC frequency after 45 min, which
became even more robust following 90 min exposure (Fig. 6C).
This time-dependent increase in mEPSC frequency induced by
PA was dependent on protein synthesis, mTORC1 activation,
and BDNF release, as the increase in mEPSC frequency was
blocked by concurrent application of anisomycin (40 �M), Rapa-
mycin (300 nM) and an extracellular scavenger of released BDNF,
TrkB-fc (1 �g/ml) (Fig. 6D,E). While previous reports have indi-
cated that increases in network activity in mouse models
featuring enhanced mTORC1 activity may reflect changes in in-
hibitory synapse function (Bateup et al., 2013), we found no
changes in the frequency or amplitude of spontaneous mIPSCs in
hippocampal cultures after treatment with PA (Fig. 6F), suggest-
ing that altered inhibitory neurotransmission likely emerges fol-
lowing more sustained alterations in mTORC1 signaling. In

addition, whole-cell current-clamp recordings revealed no differ-
ence between control and PA-treated neurons in a number of
measures of intrinsic excitability, including capacitance and re-
sistance (Fig. 6K) or the number of action potentials elicited by a
series of depolarizing current steps (Fig. 6G).

Exogenous PA enhances presynaptic release
To confirm that the observed changes in mEPSC frequency fol-
lowing acute mTORC1 activation reflect bona fide changes in
presynaptic function, we examined the effect of PA on synaptic
uptake of an antibody against the lumenal domain of synaptotag-
min 1 (syt-lum uptake) at vglut1-positive excitatory synapses
(Fig. 7A,B). The results of these experiments mirrored the ob-
served changes in synaptic physiology, as transient mTORC1 ac-
tivation induced a significant increase in syt-lum uptake that was
blocked by anisomycin, rapamycin, and TrkB-Fc. We next assessed
the impact of mTORC1-dependent retrograde signaling on evoked
glutamatergic neurotransmission. First, we directly visualized
evoked glutamate release by imaging activity-dependent changes in
vglut1-pHluorin fluorescence at presynaptic terminals identified by
coexpression of mCherry-tagged synaptophysin (mCh-Syn). As
previously reported (Voglmaier et al., 2006), basal vglut1-pHluorin
fluorescence at presynaptic terminals was low due to effective
quenching by the acidic environment of synaptic vesicles, allowing
for optical detection of action potential-triggered synaptic vesicle
fusion when the lumen of the vesicle is exposed to the neutral extra-
cellular space. To induce action potentials across the network, we
applied field stimulation via parallel platinum-iridium electrodes
under conditions where individual pulses each faithfully produced
an action potential, verified by Ca2� imaging (data not shown). In
control (vehicle-treated) neurons, a 10 s train of action potentials
delivered at 10 Hz induced a clear increase in vglut1-pHluorin fluo-
rescence at presynaptic terminals, but following acute mTORC1 ac-
tivation with PA (100 �M; 45 min), this evoked vesicle fusion was
markedly enhanced (Fig. 7C–F). Scavenging extracellular BDNF
with TrkB-fc (1 �g/ml) during PA application prevented this en-
hancement of evoked release, suggesting that acute mTORC1 acti-
vation drives increases in evoked glutamate release in a manner
dependent on BDNF release. As another means of assessing evoked
neurotransmitter release, and to examine whether mTORC1-
dependent changes in evoked release are evident in a preparation
where intrinsic hippocampal circuitry is preserved, we examined
paired-pulse facilitation (PPF, negatively correlated with release
probability) at CA3-CA1 synapses in acute hippocampal slices pre-
pared from P18–P24 rats. Following preparation and recovery, slices
were treated with PA (100 �M; 45 min), either alone or coincident
with the protein synthesis inhibitor anisomycin (40 �M), the
mTORC1 inhibitor rapamycin (300 nM), or the Trk receptor inhib-
itor k252a (300 nM). Relative to control (vehicle-treated) slices, acute
mTORC1 activation with PA resulted in significantly diminished
PPF (Fig. 7G), consistent with an increase in release probability at
these synapses. This effect of PA required new protein synthesis,
mTORC1 activation, and Trk receptor activation (Fig. 7G), suggest-
ing that the diminished PPF that accompanies mTORC1 activation
in slices, shares core mechanistic features with the retrograde regu-
lation of presynaptic function by dendritic mTORC1 observed in
cultured hippocampal neurons. Importantly, these inhibitors have
no intrinsic effect on PPF when applied on their own (Fig. 7H).
Together, these results demonstrate that acute activation of
mTORC1 signaling via phosphatidic acid exerts a strong increase in
presynaptic release at hippocampal synapses, largely via synthesis of
BDNF.

4

(Figure legend continued.) (TTX 1 �M, CNQX 10 �M, APV 50 �M) spontaneous miniature inhib-
itory currents (mIPSCs) in cells treated with vehicle or PA. G, Mean (�SEM) mIPSC amplitude
and frequency of cultured neurons treated with vehicle or PA (100 �M, 45 min). mIPSC control,
n 	 16; PA 45 min, n 	 20. ns	not significant. H, Whole-cell current-clamp recordings
showing example action potential traces from vehicle-treated control neurons (black) or cell
treated with PA (red,). APs were evoked by injecting 1 s depolarizing current steps in the
presence of excitatory and inhibitory synaptic blockers (CNQX 10 �M, APV 50 �M, Bicuculine 10
�M). I, J, Mean (� SEM) and maximum number of action potentials evoked by a series of
depolarizing current steps in vehicle-treated (n 	 14) or PA-treated (n 	 12) cells. K, Box plots
showing measures of capacitance (top) and resistance (bottom) for groups as indicated.
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De novo synthesis of BDNF is necessary
The preceding results demonstrate that acute mTORC1 activa-
tion drives rapid protein synthesis-dependent increases in
dendritic BDNF expression and rapid translation-dependent en-
hancement of presynaptic function that requires BDNF, suggest-
ing a potential causal relationship between the two. To evaluate
this possibility, we examined the specific role of postsynaptic
BDNF release using sparse transfection of BDNF shRNA, which
has been previously demonstrated to effectively knock down
BDNF expression in dissociated hippocampal cultures (Jakawich
et al., 2010). 24 h post-transfection, neurons were exposed to PA
for 45 min, and postsynaptic mEPSC recordings were made from
shRNA-expressing neurons (identified by RFP, expressed by an
independent cassette in each shRNA plasmid) or untransfected
control neurons (Fig. 8A). We found that whereas acute mTORC1
activation with PA resulted in robust increases in mEPSC frequency,
but not mEPSC amplitude, in nontransfected neurons or neurons
transfected with a scrambled control shRNA (Fig. 8B–D), PA had no
effect in BDNF shRNA-expressing neurons. These results indicate
that a postsynaptic source of BDNF is required for the retrograde
enhancement of presynaptic function driven by acute mTORC1
activation. To verify a role for de novo synthesis of BDNF in PA-
induced enhancement of presynaptic function, we used magnetofec-
tion to rapidly deliver siRNA targeting BDNF to specifically block
new BDNF synthesis without loss of existing BDNF expression (Fig.
8E–I). BDNF siRNA was visible inside neurons immediately follow-
ing magnetofection (data not shown), and as expected, a time-
dependent decrease in basal levels of BDNF expression ensued over
the next 48 h (Fig. 8E). Importantly, however, we found that the
existing pool of dendritic BDNF was largely unaffected early after
magnetofection, as expression was similar between neurons receiv-
ing BDNF siRNA and those receiving a nontargeting control siRNA
90 min following magnetofection. In contrast, BDNF siRNA mag-
netofection completely suppressed the increase in dendritic BDNF
expression induced by PA treatment, suggesting that rapid siRNA
delivery can inhibit de novo BDNF synthesis without dramatically
impacting the existing BDNF pool due to limited BDNF turnover
over this interval (Fig. 8F,G). Thus, we used this 90 min time-point
to explore the functional consequences of suppressing new BDNF
synthesis. Whereas PA treatment induced robust increases in
mEPSC frequency in neurons receiving control siRNA magnetofec-
tion (Fig. 8H,I), this effect was completely blocked in neurons re-

ceiving BDNF siRNA magnetofection. These results indicate that
de novo BDNF synthesis is required for retrograde changes in pre-
synaptic function driven by mTORC1 activation. Together, our
findings reveal that dendritic mTORC1 locally regulates the function
of opposed presynaptic terminals by controlling BDNF synthesis in
dendrites.

Discussion
Here we report that PLD-mediated hydrolysis of the lipid second
messenger PA is a crucial component of the signaling pathway
which relays homeostatic signals to postsynaptic mTORC1 after
loss of excitatory input. Critically, our data reveal that this PLD/
PA-mediated activation of mTORC1 is a point of divergence be-
tween homeostatic and Hebbian forms of synaptic plasticity. We
find that PLD signaling is necessary for mTORC1 activation after
AMPAR blockade but not during LTP, which mirrors the pattern
of intracellular PA synthesis detected under each condition (Fig.
1). This dissociation between LTP and HSP also holds true at the
functional level as well, as inhibition of PLD signaling, or genetic
disruption of PA/mTOR interaction eliminates the well defined
presynaptic enhancement observed after AMPAR blockade but
not the postsynaptic potentiation that is a central feature of LTP.

How is PLD/PA signaling engaged?
Steady-state levels of PA are believed to be quite low under nor-
mal conditions; with some estimates showing baseline levels of
intracellular PA �5% of that shown for its precursor, phosphati-
dylcholine (Fang et al., 2003). While there is evidence to support
a role for constitutive regulation of mTORC1 and mTORC2
complex integrity by steady-state levels of PA (Toschi et al.,
2009), more recent work suggests that actively synthesized PA
may directly stimulate mTORC1 kinase activity by displacing the
inhibitory FK506 binding protein 38, leading to altered mTOR
autophosphorylation (Yoon et al., 2011a). In non-neuronal cells,
PLD/PA signaling has been shown to play an important role in
signaling nutrient availability to mTOR. Specifically, amino acid
availability is believed to act as a signal which causes the Rag-
dependent translocation of mTOR (Sancak et al., 2008) and
hVps34-dependent translocation of PLD1 (Yoon et al., 2011b) to
the late endosomal/lysosomal membrane. It is after this amino-
acid-induced translocation occurs that Rheb is thought to
activate PLD1-induced synthesis of PA to activate mTORC1 sig-
naling. In addition to Rheb, PLD1 can also be activated by protein
kinase C, select Rho-GTPases, and members of the ADP-
ribosylation factor (Arf) family (Ktistakis et al., 2003). Interest-
ingly, recent work has implicated postsynaptic action of the
RhoGTPase Cdc42 in the expression of presynaptic homeostasis
at the drosophila NMJ (Pilgram et al., 2011). Additional experi-
ments are needed to explore the possibility that neurons use
PLD/PA signaling as a mechanism similar to that implemented
by mitotic cells in relaying nutrient signals to mTOR, or if instead
an alternative manner of activating PLD signaling is used, per-
haps involving a member of the RhoGTPase family, during syn-
aptic homeostasis.

How do unique types of activation lead to different
function outcomes?
The increased postsynaptic strength observed during LTP and
presynaptic enhancement that emerges after AMPAR blockade
are both critically dependent on mTORC1 signaling, though it is
important to appreciate that much of this evidence is based on the
use of rapamycin as a specific mTORC1 inhibitor. Given mTOR’s
prominent role in orchestrating protein translation necessary for

4

(Figure legend continued.) the changes in vglut-pHluorin fluorescence intensity, compared with
cells treated with vehicle in response to an identical stimulus train. Scale bar represents 10 mm
in (C). E, Time course of relative change in vglut-pHluorin fluorescence in response to a 10 Hz 10 s
stimulus train, recorded from cells treated with vehicle, PA, TrkB-fc or TrkBfc � PA. Black bar
represents onset of 10 s stimulus train. Gray: Vehicle control (n 	 566 synapses). Red: PA (n 	
802 synapses). Green: PA�TrkB-fc (n 	 652 synapses). Blue: TrkB-fc alone (n 	 750 syn-
apses). F, Mean (� SEM) change in vlgut-pHluorin fluorescence intensity from baseline re-
corded at the termination of a 10 Hz, 10 s AP train evoked by field stimulus. Evoked changes in
vglut-pHluorin fluorescence intensity were significantly enhanced by treatment with PA, and
this effect was blocked by pretreatment with the BDNF scavenger TrkB-fc. (*p � 0.05, one-way
ANOVA, Tukey–Kramer post hoc). G, H, Paired-pulse facilitation (PPF) in acute hippocampal
slices. Treatment with phosphatidic acid (100 �M, 45 min) significantly diminished (*p � 0.05,
relative to vehicle controls) the degree of facilitation induced by paired pulses at 50, 100 and 200
ms intervals. Pretreatment with anisomycin, rapamycin, as well as the Trk receptor antagonist
K252a, blocked this effect. H, Inhibitors have no effect on their own relative to vehicle-treated
controls. Gray Circles: Control (n 	 38 slices); Red Circles: PA (n 	 10); Green closed Triangles:
PA�Aniso (n 	 7 slices); Blue closed triangles: PA� K252a (n 	 8 slices); Orange closed
diamonds: PA� Rap (n 	 6 slices); Green open Triangles: Aniso Alone (n 	 3 slices); Blue open
Triangles: K252a alone (n 	 9 slices); Orange open Diamonds: Rap alone (n 	 8 slices). Scale
bar represents 10 ms and 100 mV.
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Figure 8. Postsynaptic BDNF expression is necessary for PA-induced changes in synaptic function. A, Experimental timeline: Dissociated hippocampal cultures were transfected with shRNA
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(�SEM) mEPSC amplitude (C) and frequency (D) in control nontransfected neurons (n 	 7), as well as cells expressing BDNF shRNA (n 	 8), or scrambled (Figure legend continues.)
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many forms of synapse plasticity and learning (Hoeffer and
Klann, 2010), we were interested to uncover an upstream point of
divergence by which the mTOR pathway is engaged in these two
distinct forms of plasticity. Our data suggest that PLD/PA signal-
ing is activated during AMPAR blockade, but not by the strong
synaptic stimulation that leads to LTP. Moreover, upregulation
of PLD/PA signaling is sufficient to drive mTORC1 signaling,
BDNF synthesis, and transsynaptic control of presynaptic neu-
rotransmitter release, yet this signaling axis is completely dis-
pensable for LTP. It remains unclear how the route to mTORC1
activation culminates in the unique synaptic phenotypes under-
lying LTP (postsynaptic) and homeostasis (presynaptic). One
possibility is that mTORC1 acts to regulate the translation of
mRNAs in close proximity to the stimulated complex, and the
spatial locale of cLTP or PLD/PA-induced mTOR activation oc-
curs in subcellular regions with unique compositions of potential
mRNA targets. Previous work has identified mTOR distribution
at the cell nucleus (Kim and Chen, 2000), at late endosomes/
lysosomes (Sancak et al., 2008; Flinn et al., 2010), along the golgi
apparatus (Narita et al., 2011) as well as in the endoplasmic retic-
ulum (Drenan et al., 2004). It is conceivable that stimulation of
mTORC1 signaling at the late endosome/lysosome would poten-
tially lead to the translation of specific mRNA transcripts, and
hence produce different functional outcomes, than would be ob-
served when mTOR is activated in another subcellular compart-
ment. Support for this type of spatially segregated regulation of
mTORC1 signaling in neurons comes from recent work de-
scribing differential activation of mTORC1 at the plasma
membrane or lysosome by Amyloid-� oligomers or amino
acids, respectively (Norambuena et al., 2016). Further exper-
iments are necessary to determine whether activation of
mTORC1 at distinct subcellular compartments can explain
the unique aspects of PLD/PA-mediated activation we observe
in the context of synaptic homeostasis.

Isoform-specific effects on mTORC1 activation and
synapse function
Our experiments involving overexpression of either PLD1 or
PLD2 reveal an interesting degree of specificity with respect to the
influence each of these isoforms exerts over neuronal mTORC1
activation and synapse function. The finding that overexpression
of PLD1, but not PLD2, causes an increase in mTORC1 activation
(Fig. 3A,B) was somewhat surprising given previous work show-
ing that overexpression of either PLD isoform is sufficient to
activate mTORC1 signaling in non-neuronal cell lines (Chen et
al., 2003; Fang et al., 2003). Part of this discrepancy could be a
result of the different ways in which postmitotic cells such as
neurons make use of signaling pathways which normally serve a
role in mitogenic signaling. Additionally, PLD1 and PLD2 are
known to exhibit markedly different patterns of subcellular local-
ization, with PLD1 present at late endosomes/ lysosomes (Toda et
al., 1999) or the golgi apparatus (Freyberg et al., 2001), and PLD2
occupying lipid raft sites along the plasma membrane (Colley et
al., 1997). Our finding that PLD1 overexpression dramatically
increases dendritic BDNF expression and mEPSC frequency (Fig.
7) mirrors our previously reported effects on BDNF expression
and presynaptic function after overexpression of a constitutively
active version of Rheb GTPase (Henry et al., 2012). This is per-
haps not surprising, given previous reports that Rheb, mTOR,
and PLD1 share a similar subcellular localization (Toda et al.,
1999; Sancak et al., 2008) and that Rheb directly binds to and
activates PLD1 (Sun et al., 2008). If PLD1 is directly implicated in
certain aspects of Rheb-induced changes in synaptic function, it
could serve as an important point of entry of future therapeutic
interventions for neurodevelopmental disorders which share up-
regulated mTORC1 signaling as a common phenotype, including
PTEN hamartoma syndrome and Tuberous sclerosis.

Chronic vs acute mTOR activation
Though the effects of chronic mTORC1 upregulation on basal
characteristics of synapse form and function have been extremely
varied, our findings mirror that of several recent publications.
Specifically, we find that acute activation of mTORC1 signaling
after PA treatment mirrors the effects of more prolonged activa-
tion reported previously with respect to increases in mEPSC fre-
quency (Bateup et al., 2011; Luikart et al., 2011), and increases in
presynaptic release probability (Weston et al., 2012). Addition-
ally, we found no change in inhibitory neurotransmission,
mEPSC amplitude, or dendritic spine morphology, similar to
effects seen after hyperactivation of mTORC1 signaling resulting
from mutations in the inhibitory mTOR regulators PTEN or
TSC1/2 (Luikart et al., 2011; Bateup et al., 2011; Sperow et al.,
2012). Our results differ from previous reports describing
changes in inhibitory synapse connectivity (Bateup et al., 2013),
increases in spine density (Fraser et al., 2008), and increases in
mEPSC amplitude (Tavazoie et al., 2005). One potential source
of this discrepancy may be the amount of time during which
mTORC1 activity is upregulated. For instance, our previous work
demonstrated that somatic hypertrophy in cultured hippocam-
pal neurons is observed after 5 d, but not after 1 d of genetic
mTORC1 hyperactivation (Henry et al., 2012). This may also
suggest that the synaptic functional abnormalities we report here
actually precede changes in cell morphology. Given the essential
role played by synaptic activity in shaping neuronal connectivity
during development (Bleckert and Wong, 2011), it is conceivable
that early shifts in excitatory synapse function resulting from
mTORC1 hyperactivation may drive the subsequent changes in

4

(Figure legend continued.) control shRNA (n 	 4). The top panel in (B) contains representative
traces from vehicle-treated group, while the bottom contains traces from cells subject to treat-
ment with PA (100 �M, 45 min; n 	 6, 9, 3). Cells were transfected at DIV 15 then used for
recordings 24 h later. Postsynaptic BDNF knockdown blocked the increase in mEPSC frequency
observed after PA treatment *p � 0.05 versus nontransfected cells and neurons transfected
with scrambled shRNA. E, Experimental timeline: Dissociated hippocampal cultures were trans-
fected with siRNA against BDNF or nontargeting control via magnetofection. 30 min posttrans-
fection, cells were treated with phosphatidic acid for 90 min then either used for whole-cell
recordings or fixed and processed for subsequent immunocytochemistry. (right) Representative
images of straightened somadendritic regions of cultured neurons subject to magnetofection
with control or anti BDNF siRNA. Scale bar represents 10 mm. Mean (� SEM) expression of
BDNF, normalized to average control values at identical time points, in neurons treated as
indicated. While BDNF fluorescence was unaffected by magnetofection of anti-BDNF siRNA at
90 min (n 	 21) compared with control siRNA transfected cells (n 	 33), BDNF levels were
significantly (*p � 0.05, relative to control) reduced by anti-BDNF siRNA magnetofection after
48 Hrs (n 	 21) relative to neurons transfected with control siRNA (n 	 32). F, G, BDNF
expression in linearized dendritic segments, and mean (� SEM) expression BDNF in dendritic
compartments normalized to average control values, in neurons subject to magnetofection plus
or minus PA (100 �M, 90 min). In neurons transfected with control siRNA, treatment with PA
(n 	 62) significantly enhanced BDNF expression in dendrites (*p � 0.05) compared with
vehicle-treated cells (n	55). In neurons transfected with BDNF siRNA, PA application (n	60)
failed to alter dendritic BDNF expression relative to vehicle (n 	 49). Scale bar (in F): 10 �m. H,
I, Representative recordings and mean (� SEM) mEPSC frequency (H) in neurons subject to
magnetofection plus or minus PA (100 �M, 90 min). Treatment with PA significantly enhanced
mEPSC frequency in neurons transfected with the nontargeting control siRNA (*p �0.05, t test;
n 	 6) compared with vehicle-treated neurons (n 	 8). In neurons transfected with BDNF
siRNA, no differences were observed between cells treated with PA (n 	 7) or vehicle (n 	 5).
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spine density and circuit structure that have been observed after
longer periods of mTORC1 hyperactivation (Nie et al., 2010;
Luikart et al., 2011; Weston et al., 2012; Normand et al., 2013).
With its common role in several monogenic neurodevelopmental
disorders, additional insight into the consequences of mTORC1
upregulation on synapse form and function will provide a crucial
link between cellular and behavioral abnormalities observed in
patients with Autism and Intellectual Disability.
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