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Loss of Doc2-Dependent Spontaneous Neurotransmission
Augments Glutamatergic Synaptic Strength
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Action potential-evoked vesicle fusion comprises the majority of neurotransmission within chemical synapses, but action potential-
independent spontaneous neurotransmission also contributes to the collection of signals sent to the postsynaptic cell. Previous work has
implicated spontaneous neurotransmission in homeostatic synaptic scaling, but few studies have selectively manipulated spontaneous
neurotransmission without substantial changes in evoked neurotransmission to study this function in detail. Here we used a quadruple
knockdown strategy to reduce levels of proteins within the soluble calcium-binding double C2 domain (Doc2)-like protein family to
selectively reduce spontaneous neurotransmission in cultured mouse and rat neurons. Activity-evoked responses appear normal while
both excitatory and inhibitory spontaneous events exhibit reduced frequency. Excitatory miniature postsynaptic currents (mEPSCs), but
not miniature inhibitory postsynaptic currents (mIPSCs), increase in amplitude after quadruple knockdown. This increase in synaptic
efficacy correlates with reduced phosphorylation levels of eukaryotic elongation factor 2 and also requires the presence of elongation
factor 2 kinase. Together, these data suggest that spontaneous neurotransmission independently contributes to the regulation of synaptic
efficacy, and action potential-evoked and spontaneous neurotransmission can be segregated at least partially on a molecular level.
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Introduction
Action potential-evoked neurotransmitter release is vital to the
flow of information through neuronal circuits, but less is known

about the signals communicated by spontaneous neurotransmit-
ter release, which occurs independently of the presence of action
potentials. Spontaneous neurotransmission has well-studied
roles in synapse development (McKinney et al., 1999; Andreae et
al., 2012) and homeostatic synaptic plasticity (Sutton et al., 2006;
Aoto et al., 2008), but most of these studies have manipulated
action potential-evoked neurotransmission alongside spontane-
ous neurotransmission rather than separately. The simultaneous
block of both forms of neurotransmission makes it difficult to
clarify whether the effects are induced by additive effects of these
forms of vesicle release.
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Significance Statement

Action potential-evoked and spontaneous neurotransmission have been observed in nervous system circuits as long as methods
have existed to measure them. Despite being well studied, controversy still remains about whether these forms of neurotransmis-
sion are regulated independently on a molecular level or whether they are simply a continuum of neurotransmission modes. In this
study, members of the Doc2 family of presynaptic proteins were eliminated, which caused a reduction in spontaneous neurotrans-
mission, whereas action potential-evoked neurotransmission remained relatively normal. This protein loss also caused an in-
crease in synaptic strength, suggesting that spontaneous neurotransmission is able to communicate independently with the
postsynaptic neuron and trigger downstream signaling cascades that regulate the synaptic state.
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Although prior work has attempted to tease apart the effects of
these forms of neurotransmission using pharmacological and
electrical manipulations (Sutton et al., 2006; Fong et al., 2015),
molecular components of the presynaptic structure have also
been implicated in selective control of different forms of neu-
rotransmission (Crawford and Kavalali, 2015; Kavalali, 2015).
Exploitation of this system could help clarify the differential
functions and consequences of evoked and spontaneous neu-
rotransmission. In a recent study (Crawford et al., 2017), we
knocked down the vesicular soluble NSF attachment protein re-
ceptor (v-SNARE) proteins Vps10p-tail-interactor-1a (vti1a)
and vesicle-associated membrane protein 7 (VAMP7) to selec-
tively reduce spontaneous neurotransmission without producing
impairment of evoked neurotransmission. Vti1a and VAMP7 are
located in synaptic vesicles and have both been implicated in
selectively driving spontaneous but not synchronously evoked
neurotransmission (Antonin et al., 2000; Muzerelle et al., 2003;
Hua et al., 2011; Ramirez et al., 2012; Bal et al., 2013). We found
that loss of these SNARE proteins reduces spontaneous neurotrans-
mission, but not synchronous action potential-evoked neurotrans-
mission, while inducing upward synaptic scaling of glutamatergic
responses, which suggests that this form of neurotransmission sig-
nals independently to the postsynaptic compartment. This study did
not, however, clarify whether these effects were due to the general
manipulation of spontaneous neurotransmission or to the specific
modulation of vti1a- and VAMP7-dependent neurotransmission.
To clarify this question, other molecules that selectively alter spon-
taneous neurotransmission need to be tested.

One class of proteins thought to participate in spontaneous
but not fast evoked neurotransmitter release is the double C2
domain (Doc2) family. The Doc2-like protein family comprises
four isoforms (Doc2A, Doc2B, Doc2G, and rabphilin), some of
which have been recently identified as specific regulators of spon-
taneous (Groffen et al., 2010; Pang et al., 2011) or asynchronous
(Sakaguchi et al., 1999; Yao et al., 2011) neurotransmitter release.
These proteins may act as soluble Ca 2� sensors in this process
(Groffen et al., 2010; Yao et al., 2011; Gaffaney et al., 2014; but see
Pang et al., 2011). In a prior study in which four Doc2-like pro-
teins were knocked down, the amplitude of excitatory spontane-
ous events was nonsignificantly increased alongside a decrease in
their frequency (Pang et al., 2011), perhaps suggesting that syn-
aptic strength is altered in a compensatory fashion. Additional
work is required to clarify this result and the underlying mecha-
nisms involved.

To test whether altered spontaneous neurotransmission
caused by loss of Doc2-like proteins induces changes in synaptic
strength, we also used a quadruple knockdown strategy in cul-
tured hippocampal neurons. This manipulation successfully re-
duced the frequency of spontaneous events without appreciably
altering fast evoked neurotransmission. We detected increased
strength of excitatory neurotransmission, but not inhibitory
neurotransmission, in neurons with reduced levels of Doc2-
like proteins, and this effect was rescued by Doc2B overexpres-
sion. Loss of Doc2-like proteins also reduced phosphorylation
levels of eukaryotic elongation factor 2 (eEF2), and scaling was
not induced in eEF2 kinase knock-out neurons, suggesting
that Doc2-dependent neurotransmission requires eEF2 sig-
naling to control synaptic strength.

Materials and Methods
Cell culture. Cultures of dissociated hippocampal neurons were prepared
as previously described (Kavalali et al., 1999). Briefly, hippocampi were
dissected from male and female postnatal day 0 –3 (P0-P3) Sprague Daw-

ley rat pups (strain code 001; Charles River Laboratories) or eukaryotic
elongation factor 2 kinase (eEF2K) knock-out or sibling wild-type mouse
pups (gift of Dr. Alexey Ryazanov). After trypsinization (10 mg/ml tryp-
sin) at 37°C for 10 min, neurons were mechanically dissociated and
plated onto glass coverslips coated in Matrigel (BD Biosciences) for rat
cultures and poly-D-lysine for mouse cultures. At DIV 1, 4 �M cytosine
arabinoside was added, which was reduced to 2 �M at DIV 4. All experi-
ments were performed when the cultures were DIV 14 –21.

Lentiviral preparation. We used a short hairpin RNA knockdown strat-
egy to reduce levels of four Doc2 family proteins (Doc2A, Doc2B,
Doc2G, and rabphilin; designated Doc/Rph KD) as described previously
(Pang et al., 2011). Two constructs were used for this purpose: KD43 and
KD136. We also used a Doc2B rescue construct (KD136 � Doc2B res-
cue), and all of the Doc2 constructs were kind gifts of Drs. Z. Pang and T.
Sudhof at Stanford University. Transfection of human embryonic kidney
(HEK) 293-T cells with the Doc2 plasmids and the viral packaging and
coating plasmids (pRSV-Rev, pPRE-MALG, and pVSVG) was accom-
plished using Fugene 6 (Roche Applied Science). After 3 d, the HEK
293-T-conditioned medium was harvested and added to the neuronal
culture medium at DIV 4, and infection frequencies consistently ap-
proached 100%. Control neurons were from the same cultures but either
not infected or infected with the empty L307 vector expressing soluble
GFP.

Electrophysiology. Whole-cell patch-clamp recordings were performed
on hippocampal pyramidal neurons bathed in a modified Tyrode’s solution
at pH 7.4 containing the following (in mM): 150 NaCl, 4 KCl, 2 MgCl2, 2
CaCl2, 10 glucose, and 10 HEPES. Internal pipette solution at 300 mOsm and
7.3 pH contained the following (in mM): 115 Cs-MeSO3, 10 CsCl, 5 NaCl, 10
HEPES, 0.6 EGTA, 20 tetraethylammonium-Cl, 4 Mg-ATP, 0.3 Na3GTP,
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Figure 1. Loss of Doc2-like proteins decreases the frequency but increases the amplitude of
spontaneous excitatory events. A, Representative traces of AMPA-mEPSC recordings in GFP-
infected (Control) or Doc2A, Doc2B, Doc2G, and Rabphilin quadruple knockdown (Doc/Rph KD)
neurons in rat hippocampal cultures. B, Cumulative probability histograms of AMPA-mEPSC
interevent intervals from Control and Doc/Rph KD neurons. AMPA-mEPSC interevent interval is
significantly increased, suggesting a decreased frequency, in Doc/Rph knockdown neurons
compared with control neurons ( p � 0.0001; Kolmogorov–Smirnov test; data collected from
9 –30 neurons per condition from two to six independent cultures). C, Average AMPA-mEPSC
amplitudes from Control and Doc/Rph KD neurons. Doc/Rph KD neurons exhibit significantly
increased AMPA-mEPSC amplitudes ( p � 0.036; Student’s t test; n � 9 –30 neurons from two
or six independent cultures). D, Rank-order plot of AMPA-mEPSC amplitudes from Control and
Doc/Rph KD neurons analyzed in C. The slopes of the linear fits of the two curves indicate a
multiplicative increase (289% scaling) of AMPA-mEPSC amplitudes in Doc/Rph KD neurons
compared with Control. *, p � 0.05.
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pH 7.35, and 10 QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)-
triethylammonium bromide]. During experiments measuring �-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor-dependent miniature
EPSCs (AMPA-mEPSCs), 1 mM TTX, 50 mM picrotoxin, and 50 mM

DL-AP5 or D-AP5 were added to the bath solution. To measure GABA
receptor-dependent miniature inhibitory PSCs (GABA-mIPSCs), 1 mM

TTX, 50 mM AP5, and 10 mM CNQX disodium salt hydrate were added to
the bath solution. During experiments measuring spontaneous network
activity in the cultures, 50 mM picrotoxin was added to the bath solution.
Stimulation-evoked EPSCs were induced 30 s apart with parallel bipolar
electrodes (FHC) immersed in the bath solution, which contained 50 mM

picrotoxin and 50 mM D-AP5. For paired-pulse experiments, paired stim-
ulation with a 50 or 100 ms interval was applied every 30 s. Data were
acquired using a MultiClamp 700B or AxoPatch 200B amplifier and
Clampex 9.0 software (Molecular Devices), filtered at 2 kHz, and sam-
pled at 200 �s.

Western blotting. Western blotting for total and phospho-eEF2 levels
was performed as previously described (Crawford et al., 2017). Briefly,
neuronal cultures were harvested in 2� Laemmli Sample Buffer
(#1610737; Bio-Rad) with 5% 2-mercaptoethanol, sonicated for 30 s, and
boiled for 5 min at 95°C. Immunoblotting was then performed according

to the manufacturer’s protocol (Odyssey Infrared Imaging System, Li-
Cor Biosciences) using the following primary antibodies: anti-total eEF2
(1:750 dilution) and anti-phospho-eEF2 (1:1000 dilution) rabbit poly-
clonal antibodies (Cell Signaling Technology) and anti-Rab-GDI mouse
monoclonal antibody (1:10,000 dilution; Synaptic Systems). Secondary
antibodies were IRDye-680-conjugated goat anti-rabbit (#926-32221;
Li-Cor Biosciences) and IRDye-800-conjugated goat anti-mouse sec-
ondary antibodies (#926-32210; Li-Cor Biosciences) used at 1:10,000
dilution. A Li-Cor Odyssey machine was then used to scan the mem-
branes at 169 mm resolution and high quality with intensity values kept
in the 3– 6 range. The application software was then used to analyze band
intensities within the TIF image before export to Excel (Microsoft).

qRT-PCR. RNA was extracted from DIV 14–21 cultured neurons using
the PureLink RNA Mini Kit (#12183018A; Ambion from Thermo Fisher
Scientific). The qRT-PCR was performed according to the manufacturer’s
protocol (TaqMan One-Step RT-PCR with Taqman Universal Master Mix
II, no UNG; Applied Biosystems from Thermo Fisher Scientific). Transcript
levels of Doc2A (Rn00576041_g1), Doc2B (Rn00579752_m1), Doc2G
(Rn01474496_m1), and Rph3a (Rn00591716_m1) were assessed using
manufacturer primer sets and normalized to levels of the endogenous con-
trol transcript GAPDH (Mm99999915_g1; Thermo Fisher Scientific).
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Figure 2. shRNA-resistant Doc2B rescues AMPA-mEPSC parameters altered by loss of Doc2-like proteins. A, Representative traces of AMPA-mEPSC recordings in GFP-infected (Control), Doc/Rph
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Figure 3. Loss of Doc2-like proteins decreases the frequency of spontaneous inhibitory events but does not alter their amplitudes. A, Representative traces of GABA-mIPSC recordings in Control
or Doc/Rph KD neurons in rat hippocampal cultures. B, Cumulative probability histograms of GABA-mIPSC interevent intervals from Control and Doc/Rph KD neurons. GABA-mIPSC interevent interval
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Luminal synaptotagmin antibody uptake with phospho-eEF2 immuno-
staining. Antibody against the luminal domain of synatotagmin1 was
loaded into neurons as previously described (Crawford et al., 2017).
Briefly, neurons were treated for 5 min at room temperature in electro-
physiological bath solution containing 1 mM TTX followed by 15 min in
the same solution, except with 1:100 dilution of mouse monoclonal an-
tibody against the luminal epitope of synaptotagmin1 added (Synaptic
Systems). After fixation in PBS containing 4% PFA, neurons were pro-
cessed for phospho-eEF2 immunocytochemistry as previously described
(Ramirez et al., 2008). Primary antibody against phospho-eEF2 (rabbit
polyclonal antibody; Cell Signaling Technology) was used at 1:500 dilu-
tion. Secondary antibodies for detecting synaptotagmin1 and phospho-
eEF2 were Alexa-488-conjugated goat anti-mouse antibody (#A-11029;
Thermo Fisher Scientific) and Alexa-594-conjugated goat anti-rabbit an-
tibody (#A-11037; Thermo Fisher Scientific), respectively, used at 1:1000
dilution. Imaging was performed on an LSM510 confocal using LSM 5
software (Carl Zeiss), and 15–30 puncta of constant diameter containing
both synaptotagmin1- and phospho-eEF2-positive regions (presumed to
indicate presynaptic and postsynaptic regions, respectively) were selected
per image. The absolute fluorescence intensities of the red and green
puncta were measured and calculated offline using LSM 5 software.

Reagents. All reagents were from Sigma-Aldrich unless otherwise
specified.

Statistics. Statistical analyses were performed using Excel 2010 (Mi-
crosoft) and SigmaPlot 12 (Systat Software) software. For two indepen-
dent conditions of approximately normally distributed data with similar
SEs, an unpaired two-tailed t test was used unless otherwise stated,
whereas for non-normally distributed data a Mann–Whitney U test was
used unless otherwise stated. Statistical significance was defined as p �
0.05, and one-way ANOVA followed by Bonferroni correction for mul-
tiple comparisons was applied to determine significance in datasets with
more than two groups. Sample sizes were not statistically predetermined
but conform to similar studies. All results are presented as mean � SEM
unless otherwise stated.

Results
Knockdown of Doc2 isoforms triggers excitatory
synaptic scaling
To date, the number of specific molecules identified that partic-
ipate preferentially in different modes of neurotransmission is
quite limited, with vti1a and VAMP7 representing the only
SNAREs known to drive vesicle release at rest without substantial
effects on fast synchronous release (Hogins et al., 2011; Raingo et
al., 2012; Adachi and Monteggia, 2014; Crawford et al., 2017).
Recent work has also identified members of the double C2 do-
main (Doc2) family of presynaptic calcium-binding proteins as
potential regulators of spontaneous (Groffen et al., 2010; Pang et
al., 2011) and asynchronous (Yao et al., 2011) release, although
they may or may not function as calcium sensors in this process.
We obtained shRNA knockdown constructs directed against all
four isoforms of the Doc2 family of proteins (Doc2A, Doc2B,
Doc2G, and rabphilin) and proceeded to evaluate whether this
alternative means to selectively reduce spontaneous release leads
to synaptic scaling. With this method, we observed significant
knockdown of Doc2A (47.9 � 11.1% reduction; Bonferroni cor-
rected, p � 0.05), Doc2B (63.8 � 9.5% reduction; Bonferroni
corrected, p � 0.05), and rabphilin (62.5 � 9.7% reduction; Bon-
ferroni corrected, p � 0.05) compared with control-infected neu-
rons using qRT-PCR and a nonsignificant knockdown of Doc2G
(24.0 � 20.0% reduction; uncorrected, p � 0.16; Student’s paired
t test; n � 4 independent cultures). This Doc2 and rabphilin knock-
down (Doc/Rph KD) strategy has been previously validated (Pang et
al., 2011) and reduces the likelihood of potential functional compen-
sation among the closely related Doc2 proteins.

To test the effects of Doc2 4KD on synaptic strength, we mea-
sured AMPA-mEPSCs in cultured rat hippocampal neurons in

the presence of TTX to block action potentials. Representative
traces of AMPA-mEPSC recordings from control and Doc2/rab-
philin knockdown (Doc/Rph KD) neurons are shown in Figure
1A, and cumulative probability analysis of AMPA-mEPSC inter-
event intervals revealed a significant decrease in AMPA-mEPSC
event frequency concentrated in the low range of interevent in-
tervals (Fig. 1B). Furthermore, Doc/Rph KD elicited an increase
in AMPA-mEPSC amplitude compared with control neurons
(Fig. 1C), and a rank-order plot of these events indicated a mul-
tiplicative increase of 289% in Doc/Rph KD neurons (Fig. 1D),
consistent with a robust homeostatic synaptic scaling response.
When shRNA-resistant Doc2B was coexpressed with Doc/Rph
KD, both the decreased frequency and the increased amplitude of
AMPA-mEPSCs were rescued to control levels (Fig. 2). Together,
these data support prior work showing that Doc2 protein knock-
down reduces the frequency of spontaneous neurotransmission
at excitatory synapses (Groffen et al., 2010; Pang et al., 2011) and
additionally suggests that this reduction in frequency coincides
with an increase in synaptic strength.

Knockdown of Doc2 isoforms does not scale
inhibitory synapses
In a previous study, reduced spontaneous release via SNARE pro-
tein loss induced strong scaling at excitatory synapses but no
significant scaling at inhibitory synapses (Crawford et al., 2017).
To determine whether the changes in synaptic strength discov-
ered in excitatory synapses after Doc/Rph KD were also exhibited
in inhibitory synapses, we recorded GABA-mIPSCs in control
and Doc2/rabphilin KD neurons (Fig. 3A). Similar to AMPA-
mEPSCs, a loss of Doc2-like proteins significantly decreased
GABA-mIPSC frequency (Fig. 3B). No significant differences,
however, were found between GABA-mIPSC amplitudes in Doc/
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Rph KD neurons and control neurons
(Fig. 3C). These data indicate that, al-
though one or more of the Doc2-like pro-
teins controls a portion of spontaneous
vesicle release at inhibitory synapses, this
alteration in event frequency does not co-
incide with a change in inhibitory event
amplitude. This suggests that excitatory
and inhibitory synapses exhibit segre-
gated mechanisms for synaptic scaling.

Knockdown of Doc2 isoforms does not
alter action potential-driven
excitatory activity
The altered excitatory synaptic strength
produced by Doc/Rph KD that we ob-
served could potentially translate into al-
tered network activity due to increased
sensitivity at individual synapses. To test
whether inherent action potential-driven
activity is altered after Doc/Rph KD, we
measured EPSCs from cultured neurons
in the absence of TTX (Fig. 4A). We ob-
served no discernible differences between
control and Doc/Rph KD cultures in total
charge transfer over 3 min of recording or
in the number of EPSC bursts (Fig. 4B,C).

To better define the specificity of the
effect of Doc/Rph KD on release mode, we
next measured evoked EPSC responses
from control and Doc/Rph KD neurons
using 50 and 100 ms interstimulation in-
tervals. There were no differences between
control and Doc/Rph KD neurons in
paired pulse ratio at either interval (50 ms:
control � 1.19 � 0.26, Doc/Rph KD � 0.88 � 0.10;
n � 9 control and 10 Doc/Rph KD neurons; p � 0.25, Student’s
unpaired t test; 100 ms: control � 0.96 � 0.15, Doc/Rph KD �
0.94 � 0.03; n � 12 control and 13 Doc/Rph KD neurons; p �
0.91, Student’s unpaired t test). Additionally, eEPSC amplitudes
were measured from the same recordings using the first pulse in
the trains, and no significant difference was observed between
control and Doc/Rph KD neurons (control � 1.71 � 0.32 nA,
Doc/Rph KD � 2.05 � 0.32 nA. p � 0.46, Student’s unpaired t
test). These results suggest that the effects on quantal amplitude
due to loss of the Doc2 family of proteins are largely specific to
spontaneous events and support the notion that spontaneous and
evoked postsynaptic responses rely on distinct downstream sig-
naling pathways. We conclude that action potential-driven neu-
rotransmitter release is not substantially altered at excitatory
synapses after Doc/Rph KD.

eEF2 signaling is important for scaling excitatory
synaptic strength
Presynaptic loss of the spontaneous neurotransmission-associated
v-SNAREs vti1a and VAMP7 leads to altered postsynaptic signaling
through the eEF2 pathway, which is vital for the subsequent synaptic
scaling effect in that system (Crawford et al., 2017). We next tested
whether the spontaneous glutamate release regulated by Doc2-like
proteins signals to postsynaptic eEF2 kinase in a way similar to vti1a
and VAMP7. We first performed luminal synaptotagmin antibody
uptake experiments in cultured neurons in the presence of TTX to
gauge the amount of spontaneous neurotransmission occurring

over 15 min. After fixation, we then immunostained for phosphor-
ylated eEF2. Representative images from control and Doc/Rph KD
neurons are shown in Figure 5A, and white arrows in each panel
indicate typical punctate regions of interest that we examined. We
measured the antibody intensity levels for both proteins in these
regions and found that phospho-eEF2 staining and luminal synap-
totagmin antibody uptake were both decreased in Doc/Rph KD
synapses (Fig. 5B,C). Additionally, neuronal homogenates from
control and Doc/Rph KD cultures were subjected to immunoblot-
ting with antibodies against total eEF2, phospho-eEF2, and the load-
ing control protein GDI (Fig. 5D). A significant reduction in the
phospho/total eEF2 ratio was seen in Doc/Rph KD neurons com-
pared with control neurons (43% reduction; p � 0.0001; Student’s
unpaired t test; n � 13–17 independent cultures). Together, these
data confirm the decrease in spontaneous neurotransmission previ-
ously observed at synapses after Doc/Rph KD and further suggest
that levels of eEF2 phosphorylation are also decreased.

To determine whether the decrease in phosphorylated eEF2
after Doc/Rph KD indicates a requirement for eEF2K signaling in
the synaptic scaling we observe, we measured AMPA-mEPSCs in
neurons cultured from eEF2K knock-out (KO) mice or their lit-
termate controls (Fig. 6A). Doc/Rph KD produced a significant
increase in interevent interval in both eEF2K KO and eEF2K wild-
type (WT) neurons compared with control neurons (Fig. 6B),
indicating a decrease in AMPA-mEPSC event frequency. Loss of
eEF2K alone, however, did not significantly alter the interevent
interval from control neurons, which is similar to results from
prior experiments (Crawford et al., 2017). Similarly, loss of
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Figure 5. Loss of Doc2-like proteins reduces levels of phosphorylated eEF2 at synapses. A, Representative images from Control
and Doc/Rph KD neurons after 5 min incubation in TTX and then 15 min incubation in the presence of TTX and antibodies against the
luminal domain of synaptotagmin1 to measure spontaneous synaptic vesicle trafficking (green). After fixation, neurons were
processed for phospho-eEF2 immunocytochemistry (red). Areas with closely apposed red and green puncta (white arrows), which
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intensity. B, A significant decrease in phospho-eEF2 levels was observed at synapses after Doc/Rph KD ( p � 0.00005; Student’s t
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eEF2K alone did not significantly alter the amplitude of AMPA-
mEPSC events compared with control neurons, but it did prevent
the increase in AMPA-mEPSC amplitude observed after Doc/
Rph KD (Fig. 6C). Finally, a rank-order plot of mEPSC ampli-
tudes recorded from eEF2K WT control or Doc/Rph neurons
indicates a multiplicative increase in amplitude of 51% after Doc/
Rph KD (Fig. 6C, inset). These data suggest that eEF2K signaling
does not interfere with basal parameters of AMPA-mEPSC events
in our model, but eEF2K is contributing to the increased efficacy
of excitatory synapses after loss of Doc2-like proteins.

Discussion
Doc2-like proteins are known to modulate spontaneous and
asynchronously evoked neurotransmission, but it was previously
unclear whether the neurotransmission controlled by these pro-
teins also influences synaptic strength. We found that knock-
down of multiple Doc2-like proteins reduces the frequency of
excitatory spontaneous events and increases the efficacy of indi-
vidual synapses. Although the frequency of inhibitory spontane-
ous neurotransmission was also reduced, inhibitory synapses did
not exhibit increased synaptic efficacy, suggesting that excitatory
and inhibitory synapses are regulated separately. Rescue of excit-
atory events was successful with Doc2B overexpression, implicat-
ing this Doc2-like protein as a major driver of this process.
Despite the effects of quadruple knockdown on spontaneous
neurotransmission, action potential-driven excitatory activity
appears normal, suggesting that this molecular manipulation se-
lectively impairs subsets of neurotransmission modes. Addition-
ally, loss of Doc2-like proteins reduced eEF2 phosphorylation,
and the resulting increase in excitatory synaptic strength depends
on eEF2 kinase activity.

Previous reports indicate that Doc2A and Doc2B are involved
in spontaneous (Groffen et al., 2010; Pang et al., 2011) and asyn-
chronous (Sakaguchi et al., 1999; Yao et al., 2011) neurotransmit-
ter release. Like previous studies (Groffen et al., 2010; Pang et al.,
2011), we found that loss of Doc2-like proteins reduced the fre-

quency of excitatory spontaneous events in a manner that could
be rescued by Doc2B overexpression. While our data are largely
consistent with previous reports, we found a larger effect of qua-
druple knockdown on AMPA-mEPSC amplitudes than prior
studies (Pang et al., 2011), but the direction of the change agrees
despite the difference in magnitude. Interestingly, both Doc2A
(Yao et al., 2011) and Doc2B (Groffen et al., 2010) have been
shown to affect neural network activity, whereas we found no
effect of quadruple knockdown on endogenous network activity
in cultured hippocampal neurons. This discrepancy may be due
to the different cell types tested or the potential compensatory
effects of other Doc2-like proteins or even synaptotagmin1, a
calcium sensor that may compensate for Doc2-like proteins in
synchronous release (Yao et al., 2011), in each study. Further
work is needed to clarify how these presynaptic proteins cooper-
ate in regulating neurotransmission.

Loss of the Doc2 family of proteins elicited similar synaptic
regulation as observed after loss of vti1a and VAMP7, two
v-SNARE proteins that selectively drive spontaneous neurotrans-
mission (Hua et al., 2011; Ramirez et al., 2012; Bal et al., 2013).
Although it is unclear whether Doc2-like proteins act in conjunc-
tion with vti1a or VAMP7 or whether these proteins regulate the
same subset of synaptic vesicles, loss of Doc2-like proteins and
loss of vti1a and VAMP7 both reduce the number of spontaneous
release events while increasing their efficacy in an eEF2-
dependent manner (Crawford et al., 2017). This is somewhat
surprising as loss of canonical release machinery, like synapto-
brevin2 (Schoch et al., 2001) and synaptotagmin1 (Geppert et al.,
1994; Xu et al., 2009), decreases or increases the frequency of
spontaneous events, respectively. Yet these manipulations do not
alter postsynaptic efficacy, indicating some divergence in signal-
ing downstream of the canonical machinery mediated release
versus release mediated by Doc2 or vti1a and VAMP7. Both
Doc2A (Yao et al., 2011) and VAMP7 (Scheuber et al., 2006) also
modulate asynchronous evoked release in addition to spontane-
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neurons in hippocampal cultures from eEF2K KO mice or their littermate controls (eEF2K WT). B, Cumulative probability histograms of AMPA-mEPSC interevent intervals from control-treated or
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ous neurotransmission, which may suggest that there is some
overlap between these two forms of release. At least one study
argues that these proteins regulate spontaneous neurotransmis-
sion in a differential manner. In that study, Reelin-induced in-
creases in spontaneous neurotransmission were dependent on
VAMP7 but not the Doc2 protein family (Bal et al., 2013). Thus,
there appears to be some divergence in the release-mode specific
functions of these proteins.

Together, these results suggest that spontaneous neurotrans-
mission modulated by Doc2-like proteins regulates synaptic effi-
cacy. This regulation relies on eEF2 signaling, which may have
important implications due to eEF2’s role in the fast-acting anti-
depressant actions of ketamine treatment (Autry et al., 2011;
Nosyreva et al., 2013). Additionally, these data reinforce previous
work that suggests spontaneous and synchronously evoked neu-
rotransmission communicate independently to the postsynaptic
cell and induce separate signaling cascades (Reese and Kavalali,
2015; Reese and Kavalali, 2016). Although under physiological
conditions these forms of neurotransmission likely cooperate to
transfer reliable information throughout the nervous system, it is
becoming increasingly clear that they maintain a significant de-
gree of functional segregation.
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