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High-frequency firing of neurons depresses transmitter release at
many synapses. At the glutamatergic synapse of the Drosophila
larval neuromuscular junction, we find that presynaptic depression
is modulated by postsynaptic ionotropic glutamate receptor (iGluR)
activity. Although basal release at low frequencywas insensitive to
postsynaptic iGluR activity, recovery from depression elicited by
high-frequency presynaptic trains decreased with partial block of
native iGluRs. Moreover, recovery from depression increased with
optical activation of the light-gated mammalian iGluR6 (LiGluR)
expressed postsynaptically. The enhancement of recovery from de-
pression occurred within 2 min of optical activation of LiGluR and
persisted forminutes after optical deactivation. This effect depended
on cAMP-dependent presynaptic recruitment of vesicles from the
reserve pool. Ourfindings reveal a unique dimension to postsynaptic
iGluR activity: fast retrograde signaling that preserves transmission
efficacy during high-frequency presynaptic firing.

optogenetics

Neurons fire in bursts of high-frequency activity in many set-
tings. They do this to overcome the unreliable nature of iso-

lated spikes (1) and, to name a few diverse cases, in response
to sensory input (2) or a hippocampal cell’s “place field” (3),
throughout the motor system (4), during consolidation of fear
extinction in the prefrontal cortex (5, 6), and in many places in the
brain during gamma oscillations (7). Whereas the excitability
properties of many neurons support reliable high-frequency firing,
this kind of activity challenges the synaptic release machinery, es-
pecially at high-probability release sites, which tend to depress.
Several forms of short-term plasticity that are self-contained in the
presynaptic nerve terminal regulate the degree of depression and
thus, the fidelity of throughput along the circuit. Here, we show
a unique form of regulation of presynaptic depression that is
controlled by activity-sensing feedback from the postsynaptic cell.
Our study was performed at the Drosophila larval neuromus-

cular junction (NMJ), a glutamatergic synapse that has the mo-
lecular features of mammalian central synapses, where presynaptic
motor neurons fire in bursts (8) and where the synapse exhibits
several forms of activity-dependent changes in transmission
strength (9), including a retrograde regulation of basal synaptic
strength (10). We find that the activation of postsynaptic iono-
tropic glutamate receptors (iGluRs) influences synaptic trans-
mission during high-frequency bursts. Partial pharmacological
block of native iGluRs reduced recovery from presynaptic de-
pression, whereas optical activation of postsynaptic iGluR activity
using light-gated mammalian iGluR6 (LiGluR) (11) had the op-
posite effect, enhancing recovery. This retrograde regulation had
no effect on basal transmission. It occurred within 1–2 min of
iGluR activation and lasted for minutes without decay, following
termination of this activation. The enhanced recovery from pre-
synaptic depression appears to be mediated by enhanced re-
cruitment from the reserve vesicle pool when high-frequency
activity depletes the readily releasable pool.

Results
Partial Block of Native GluRs Reduces Recovery from Synaptic Depression
During High-Frequency Presynaptic Firing. At the Drosophila larval
NMJ, high-frequency trains of presynaptic firing elicit a mixture
of presynaptic facilitation and depression during the train, with
depression dominating at physiological external calcium, where
basal quantal content is high, due to the depletion of the readily
releasable pool of synaptic vesicles (12, 13). We asked whether
the activity of native iGluRs plays a role in regulating this be-
havior by partially blocking the native iGluRs. Our experiments
were performed in the standard larval NMJ preparation (14),
where 4 μM of the wasp venom philanothotoxin-433 (PhTox)
produced a stable reduction in the amplitude postsynaptic re-
sponse (Fig. S1), as described earlier (15).
Drosophila motor axons have been observed to fire in bursts of

up to 30 Hz (16) lasting for up to 15 s (17) at intervals of 10–60 s
(8). We examined the synaptic depression of excitatory post-
synaptic currents (EPSCs) induced in the wild-type NMJ by a
series of 1-s long 20-Hz trains of presynaptic stimulation, given at
1-min intervals (Fig. 1A). Vehicle-treated NMJs showed a mild
depression (Fig. 1 B and C). NMJs treated with 4 μM PhTox, in
which basal EPSC amplitude was reduced by 38 ± 0.3% (n = 10)
(Fig. 1B), had the same amount of depression during the burst
(Fig. 1B and see Fig. S5A), but considerably diminished recovery
between bursts (Fig. 1 B–D). An examination of the change in
the amplitude of the first EPSC in each train showed that the
PhTox effect on recovery from depression becomes evident
within 2 min following the start of the high-frequency presynaptic
stimulation (Fig. 1D).

Postsynaptic LiGluR Responds to Presynaptic Glutamate and to Light.
Having seen that a reduction in iGluR activation increased syn-
aptic depression, we set out to determine the effect of an elevation
of iGluR activation. Overexpression of single native iGluR sub-
units does not alter receptor density, apparently because of limited
availability of other subunits that are required to form the native
heteromeric receptors (18–20). We therefore expressed LiGluR,
our light-gated version of a mammalian kainate receptor, which
uses a single cysteine substitution in iGluR6 (L439C) to provide an
anchoring site for a maleimide-azobenzene-glutamate (MAG)
photoswitch to generate the light-gated receptor (11). iGluR6, one
of the closest mammalian homologs to the Drosophila iGluR sub-
units (19), forms homotetrameric channels that share the Dro-
sophila iGluR property of high permeability to calcium (21, 22).
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Transgenic flies expressing the upstream activating sequence
(UAS)-LiGluR were crossed with yeast GAL4 protein 24B-GAL4
line (23) to restrict LiGluR expression to the muscle. In these
muscles, LiGluR was found to distribute throughout the post-
synaptic area and to bemost concentrated on the peripheral border
of synaptic boutons (Fig. S2A), overlapping with the postsynaptic
scaffolding protein Discs Large (Dlg), the Drosophila homolog of
postsynaptic density protein 95 (24) (Fig. S2B). The Drosophila
glutamate receptor subunits GluRIIA and GluRIIB are known to
partially overlap with Dlg (25) and we also found LiGluR to par-
tially overlap with GluRIIA, but to lack the punctuate clustering of
GluRIIA (Fig. S2C), which is found opposite clusters of the pre-
synaptic active zone protein Bruchpilot (Brp) (26) (Fig. S2D).
Importantly, postsynaptic LiGluR expression does not alter na-
tive Brp or GluRIIA expression (Fig. S3).
To determine whether LiGluR is functional at the NMJ, we

exposed third-instar LiGluR-expressing larva fillets to MAG, per-
formed voltage clamp recording of the larva muscle in thapsigargin
to blockmuscle contraction (27) andConA (which has no effect on
theDrosophila iGluRs) (Fig. S4) to block desensitization of LiGluR
(28). A 10-s long pulse of wide-field illumination with 380 nm light
to photoisomerize the azobenzene from trans to cis and activate
LiGluR (Fig. 2A) generated an inward current that was maintained

after the light was turned off and which was then deactivated by a
10-s pulse of illumination with 500 nm light (Fig. 2B). The wave-
length dependence of activation and deactivation, as well as the
maintained phase of activation in the dark, which is due to the
stability of the azobenzene photoswitch in the cis configuration,
reflect the previously determined properties of LiGluR (29).
Having demonstrated that LiGluR is functional in larval mus-

cle, we asked whether it contributes to the postsynaptic response
to glutamate released by the motorneuron. We did this by ex-
amining the effect on spontaneous miniature excitatory post-
synaptic potential (mEPSP) amplitude of optical activation of the
MAG-labeled LiGluR receptors. Our rationale was that optical
activation would activate LiGluR with MAG and, therefore,
prevent it from responding to synaptically released glutamate.
Indeed, we found that in LiGluR-expressing muscle, illumination
with 380 nm light reduced mEPSP amplitude and that this re-
duction was reversed by illumination at 500 nm to deactivate
LiGluR (Fig. 2C). This finding indicates that LiGluR localizes to
synapses and contributes to the postsynaptic response to gluta-
mate released by presynaptic nerve terminals.

Optical Activation of Postsynaptic LiGluR Selectively Enhances Recovery
from Synaptic Depression.With the ability to photoactivate an iGluR
in hand, we next investigated whether postsynaptic LiGluR acti-
vation would alter recovery from synaptic depression. As in the
PhTox experiments (Fig. 1), presynaptic axons were stimulated
with 1-s long 20-Hz trains once every minute (Fig. 3A). LiGluR-
expressing NMJs were conjugated with MAG, stimulated with
20-Hz presynaptic trains, and either illuminated to activate LiGluR
between trains 2 and 7 or not illuminated to serve as a control. The
onset of depression was not affected by expression of LiGluR (Fig.
S5B) or by its optical activation (Fig. S5C). Synaptic depression
accumulated considerably in absence of light, but NMJs in which
LiGluR was photoactivated did not accumulate depression,
instead showing a modest enhancement of the first EPSC of the
train (Fig. 3 B–E), indicating enhanced recovery from synaptic
depression during the interbursts’ interval.
The expression of LiGluR driven by 24B-GAL4 in these ex-

periments was strong enough to reduce EPSC amplitude and in-
crease paired pulse ratio (PPR) (Fig. S6 E and F), consistent with
a reduction in quantal content. We wondered whether this change

Fig. 1. Partial block of native GluRs diminishes recovery from synaptic de-
pression during high-frequency trains of presynaptic activity. (A) Schematic
of PhTox labeling and washout with high-frequency train stimulation. Ten
baseline EPSCs elicited at 0.1 Hz before addition of PhTox, followed by Phtox
perfusion (2 min without stimulation, followed by 20 stimuli 0.1 Hz), fol-
lowed by 2 min of wash (no stimulation), followed by 10 stimuli at 0.1 Hz to
generate a baseline EPSC. This was followed by trains at 20 Hz for 1 s, once
every 60 s (intertrain interval not shown to scale). (B and C) Traces of average
10 pulses for pretoxin and baseline and first 5 pulses of trains (B) and av-
erage amplitudes (± SEM) normalized to average baseline EPSC (C) of first
five EPSCs in train 1 (Left) and train 8 (Right) for WT in 0.1% DMSO (control,
n = 8) or 4 μM PhTox in 0.1% DMSO (PhTox, n = 10). (C) EPSC amplitudes
significantly larger in train 8 in 0.1% DMSO (open symbols) than in 4 μM
PhTox in 0.1% DMSO (filled symbols) (Student t test, *P < 0.05, **P < 0.01).
(D) Time course of effect on synaptic depression of partial PhTox block seen
in plot of first EPSC of the eight trains in PhTox-DMSO (filled symbols) and
DMSO alone (open symbols). (Scale bars: B, 25 nA and 20 ms.)

Fig. 2. Photoactivation of LiGluR reduces mEPSP amplitude. (A) Schematic
of LiGluR photoactivation by 380 nm light and photodeactivation by 500 nm
light. (B) Photocurrent from LiGluR in voltage clampedmuscle activated by 10 s
of 380 nm light, remains active in absence of light, and is deactivated by 10 s of
500 nm light. (C) Photoactivation of LiGluR reversibly decreases mEPSP am-
plitude. Traces (Left) and cumulative amplitude distributions (Center) from
representative experiment. Summary bar graphs showing average normalized
amplitudes for LiGluR (n = 6), with significant (paired Student t test, P < 0.05)
decrease in mEPSP amplitude. (Scale bars: B, 1 nA and 15 s). Error bars in C
represent SEM.
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in homeostatic set point was responsible for the effect of optical
activation of LiGluR on depression. To test this we switched to
myocyte enhancer factor-2 GAL4 (Mef2-GAL4) to drive a weaker
muscle-specific expression of LiGluR. In these UAS-LiGluR/
Mef2-Gal4 NMJs, EPSC amplitude and PPR were unchanged
from wild type (Fig. S6 E and F), but optical activation of LiGluR
still enhanced recovery from depression (Fig. S6G).
The results with Mef2-Gal4/UAS-LiGluR indicate that the ret-

rograde enhancement of recovery from synaptic depression is
triggered by LiGluR activity at the normal homeostatic set point,
just as the PhTox block of native iGluRs at the normal homeostatic
set point has the opposite effect of suppressing recovery from
depression. The LiGluR manipulation affords several advantages
over the PhTox manipulation, which led us to focus our analysis on
LiGluR. First, LiGluR is confined postsynaptically, whereas native
iGluRs are also found in neurons (30). Second, LiGluR activity can
be turned off independently of presynaptic activity to determine
the persistence of its effect on synaptic transmission. Indeed, we
found that the recovery from synaptic depression showed no signs
of diminishing 8 min after LiGluR was turned off (Fig. 3D). Third,
LiGluR can be activated independently of presynaptic activity,
making it possible to compare identical levels of LiGluR signaling
on transmission elicited by different presynaptic stimulation pat-
terns. We used this advantage next to ask whether the optical

activation of LiGluR alters basal quantal content or is specific to
the dynamics of transmission at high presynaptic firing frequencies.
To test whether the optical activation of LiGluR alters basal

quantal content, we examined the effect of activation of LiGluR
on EPSCs evoked by low-frequency (0.1 Hz) presynaptic stimu-
lation that induces neither facilitation nor depression. We found
that optical activation of LiGluR had no effect on the amplitude
of EPSCs evoked at 0.1 Hz (Fig. 4A). Moreover, when the same
optical activation of LiGluR was given in absence of presynaptic
stimulation, there was no effect on the amplitude or frequency of
spontaneous mEPSPs before LiGluR activation and after LiGluR
deactivation (Fig. 4B). Thus, LiGluR activity does not affect basal
transmitter release.
Synaptic depression at high frequencies of presynaptic firing is

generally attributed to a presynaptic process in which the readily
releasable pool of vesicles is depleted (31). We found that failure
to recover from synaptic depression in NMJs expressing LiGluR in
the muscle that was labeled with MAG, but not activated by light,
was accompanied by a reduction in the frequency of mEPSCs
recorded during the 1-min interval between the seventh and eighth
20-Hz trains (Fig. 4C, Upper). Together with the reduction in
EPSC amplitude (Fig. 3C), this suggests that the 20-Hz trains
deplete a vesicle pool that subserves both evoked and spontaneous
release. When the recovery from synaptic depression was en-
hanced by optical activation of LiGluR, the reduction in mEPSC

Fig. 3. Optical activation of LiGluR enhances recovery from synaptic de-
pression during high-frequency presynaptic activity. (A) Schematic of stimu-
lation protocol. Ten baseline EPSCs at 0.1 Hz followed by 8 trains at 20 Hz for
1 s, once every 60 s (intertrain interval not shown to scale). LiGluR was acti-
vated midway between trains 2 and 3 by 10-s illumination at 380 nm followed
by period of sustained activation in the dark until being turned off by 10-s
illumination at 500 nm between trains 6 and 7, for a total of 5 min of acti-
vation. (B–D) Traces (B) and average amplitudes (± SEM) (C and D) normalized
to average baseline EPSC. (C) First five EPSCs in train 1 (Left) and train 8 (Right)
for LiGluR + MAG (no optical activation, filled symbols) and LiGluR + MAG +
light (with optical activation, open symbols). No light (n = 12); with light (n =
13). EPSC amplitudes significantly larger in train 8 activated by light (Student
t test, P < 0.05). (D) First EPSC (Upper) and second EPSC (Lower) of 15 trains
without light (n = 3) or with light (n = 4). (Scale bar: B, 20 nA and 30 ms.) (E)
Average of first EPSC of the 8 20-Hz trains in LiGluR + MAG (filled symbols)
and LiGluR + MAG + light (open symbols).

Fig. 4. Optical activation of LiGluR has no effect on basal EPSCs or basal
mEPSPs but prevents reduction of mEPSC frequency following high-frequency
presynaptic activity. (A) At low-frequency (0.1 Hz) presynaptic stimulation,
there is no rundown of EPSC amplitude and 5 min of photoactivation of
LiGluR has no effect on EPSC amplitude. (Left) Representative example of
average of 10 EPSCs from one NMJ. (Right) Average EPSC amplitude (± SEM,
n = 8) before and after LiGluR photoactivation. (Scale bar: Left, 20 nA
and 30 ms.) (B) Frequency and amplitude of mEPSP under basal conditions
(no presynaptic stimulation) is not altered by 5 min of photoactivation of
LiGluR (n = 6). (C) In absence of photoactivation of LiGluR (Upper Left, n = 8),
mEPSC frequency is reduced following 20-Hz trains of presynaptic stimula-
tion, with no change in mEPSC amplitude (Right). Photoactivation of LiGluR
(Lower Left, n = 8) prevents reduction in mEPSC frequency following 20-Hz
trains (Right, Student t test, P < 0.05).

9144 | www.pnas.org/cgi/doi/10.1073/pnas.1221314110 Kauwe and Isacoff

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221314110/-/DCSupplemental/pnas.201221314SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1221314110/-/DCSupplemental/pnas.201221314SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1221314110


frequency was also prevented (Fig. 4C, Lower). In neither case was
mEPSC amplitude changed. These results are consistent with
a presynaptic locus for the recovery from synaptic depression eli-
cited by the 20-Hz trains. Moreover, the lack of effect of LiGluR
on basal transmission and its prevention of both the depression of
EPSCs evoked by high-frequency trains and the accompanying
decline of mEPSC frequency together suggest that activation of
postsynaptic LiGluR triggers a retrograde signal that acts to
maintain the level of readily releasable vesicles during elevated
rates of release.

LiGluR Effect on Recovery from Synaptic Depression Depends on Actin
and cAMP. One mechanism for maintaining the level of readily
releasable vesicles during high rates of presynaptic firing could
be by recruiting vesicles from the reserve pool (32). Because
vesicle recruitment is actin dependent (12, 13, 32, 33), we tested
the effect of the actin depolymerizing agent, cytochalasin D, on
the prevention of depression that is triggered by postsynaptic
LiGluR. Cytochalasin D (in 0.1% ethanol final concentration)
was applied to NMJs from LiGluR-expressing larvae at a con-
centration of 10 μM for 10 min before presynaptic stimulation at
either low or high frequency. At low frequency, cytochalasin D
had no effect on transmission (Fig. S7A), consistent with earlier
observations in which vesicle cycling in the readily releasable
pool was shown to keep up with release (12). However, as seen in
wild-type NMJs (12), in NMJs expressing LiGluR in muscle, a
long high-frequency train at 10 Hz that yielded no depression
under control conditions (0.1% ethanol vehicle alone) produced
a substantial depression in the presence of cytochalasin D (Fig.
S7B). This is consistent with vesicle recycling being inadequate to
maintain release at high frequency, leading to actin-dependent
recruitment of vesicles from the reserve pool.
Having seen that cytochalasin D blocks recruitment of vesicles

from the reserve pool in LiGluR NMJs, we tested the effect of
cytochalasin D on LiGluR-enhanced recovery from depression.
We found that cytochalasin D blocked the LiGluR-enhanced re-
covery from synaptic depression (Fig. 5 A–C). The results suggest
postsynaptic LiGluR activity enhances recovery from depression
by enhancing recruitment of vesicles from the reserve pool.
One presynaptic signal that enhances recruitment of vesicles

from the reserve pool at the Drosophila larval NMJ is cAMP (34,
35). We asked whether a membrane-permeable cAMP analog
would have an effect similar to the optical stimulation of post-
synaptic LiGluR. Indeed, we found that a 1-mM concentration of
the membrane-permeable cAMP analog dibutyryl (Db)-cAMP
enhanced recovery from synaptic depression elicited by 20-Hz
trains of presynaptic stimulation (Fig. 5 D–F), similar to optical
activation of postsynaptic LiGluR (Fig. 3). This similarity suggests
that LiGluR may signal through cAMP. To test this idea, we
examined the effect of the membrane-permeable competitive
blocker of cAMP-dependent kinases, R-adenosine, cyclic 3′,5′-
(hydrogenphosphorothioate) triethylammonium (Rp)-cAMP.
We found that 100 μM Rp-cAMP partially blocked the effect of
LiGluR activation on recovery from synaptic depression (Fig. 5
G–I). The degree of depression was not as severe as when LiGluR
was not activated at all (compare Figs. 5H and 3C), indicating that
the block by Rp-cAMP was incomplete. These results suggest that
activation of postsynaptic LiGluR strengthens presynaptic re-
covery from depression by enhancing recruitment from the re-
serve pool during high-frequency trains that deplete the readily
releasable pool and that this depends, at least in part, on
presynaptic cAMP.

Postsynaptic Ca2+/Calmodulin-Dependent Protein Kinase II (CaMKII)
Activity Is Required for LiGluR Recovery from Synaptic Depression.
Our results so far suggest that activation of postsynaptic iGluRs
triggers a fast retrograde signal that promotes recovery from
presynaptic depression of transmitter release during high-frequency

trains. How could iGluR activity translate into generation of such
a retrograde signal? Over the developmental time of days,
presynaptic compensation to loss of postsynaptic iGluR cur-
rent in the GluRIIA subunit null mutant was shown earlier
to depend on postsynaptic Ca2+/calmodulin-dependent protein
kinase II (CaMKII) (36). We asked whether postsynaptic CaM-
KII also plays a role on the much shorter time scale (<2 min)
seen here. To test this, we inhibited postsynaptic CamKII activity
by expressing a peptide corresponding to the rat autoinhibitory
domain of CaMKII (36, 37). EPSCs during the 20-Hz trains that
preceded optical activation of LiGluR were the same in NMJs
expressing LiGluR alone and those expressing both LiGluR and
the CaMKII inhibitory peptide (Fig. S8A). However, the optical
activation of LiGluR fails to promote recovery from synaptic
depression in the NMJs that also expressed the CaMKII in-
hibitory peptide (Fig. S8 B and C). These NMJs depressed
similarly to NMJs in which LiGluR was not activated by light
(Fig. 3C, Right). This result suggests that postsynaptic CaMKII
is involved in the conversion of postsynaptic iGluR activity
into retrograde signaling to enhance recovery from synaptic
depression.

Fig. 5. Role of actin and cAMP in the LiGluR-enhanced recovery from syn-
aptic depression. (A–C) A total of 10 μM cytochalasin D blocks the enhanced
recovery from synaptic depression by postsynaptic LiGluR. (A and B) The first
five stimuli of train 8 in LiGluR +MAG + light in 0.1% ethanol alone (control)
(n = 5, open circles) are similar to those recorded in normal saline (Fig. 3C)
and show less depression than seen in LiGluR + MAG + light in 10 μM cy-
tochalasin D and 0.1% ethanol (n = 7, open squares). (C) Greater accumu-
lation of depression in 10 μM cytochalasin D is similar in MAG + light (n = 7,
open squares) and MAG without light (n = 5), as tracked in the amplitude of
first EPSC of the eight trains. (D–F) A total of 1 mM Db-cAMP, a membrane
permeable cAMP analog, applied to LiGluR-expressing NMJ labeled with
MAG but not stimulated with light (n = 8, filled circles) mimics the effect of
optical stimulation of LiGluR-expressing NMJ labeled with MAG (data from
Fig. 3C). (G–I) A total of 100 μM Rp-cAMP, a membrane permeable com-
petitive inhibitor of cAMP-dependent kinase (n = 8, open squares), partially
blocks the enhanced recovery from synaptic depression effect by optical
stimulation of LiGluR (data from Fig. 3C) (*P < 0.05, Student t test) and is
tracked by MAG + Rp-cAMP control (n = 7, filled circles) within the first EPSC
of the eight trains.
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Discussion
We asked whether iGluR function has a regulatory effect on
synaptic transmission at the elevated frequencies of presynaptic
firing that typically trigger plasticity changes, and which engage
facilitation, potentiation, and depression. We found that at
the Drosophila larval NMJ feedback, triggered by postsynaptic
iGluR activation, maintains synaptic transmission during re-
petitive activity at elevated frequencies by regulating recovery of
presynaptic depression. Our results suggest a functional impor-
tance for this phenomenon in optimizing transmission at syn-
apses with multiple connections of varying strength.

iGluR Activity Enhances Recovery from Synaptic Depression. We
examined the effect of either the reduction or increase of iGluR
activity on transmission evoked by high-frequency bursts of pre-
synaptic firing. The activity of native iGluRs was reduced by
partial pharmacological block with PhTox. iGluR activity was
increased by a unique use of the light-gated mammalian kainate
receptor, LiGluR, which we expressed in the postsynaptic muscle,
shown to respond to synaptic glutamate as well as to light, and
used as an independently controlled mimic for iGluR activation
by synaptic glutamate. We find that recovery from depression of
synaptic transmission during high-frequency presynaptic firing is
reduced when native iGluRs are partially blocked and that it is
enhanced when postsynaptic LiGluR is activated by light. These
effects occur within 2 min of iGluR activation. The LiGluR effect
persists for minutes after LiGluR is turned off and is specific to
synaptic depression, with no effect on basal transmission at low-
frequency presynaptic firing. The LiGluR effect takes place
without a change in unitary mEPSP amplitude, but is tracked by
changes in mEPSC frequency, consistent with a presynaptic ef-
fect. Taken together, these results suggest that the activity of
postsynaptic iGluRs elicits a fast retrograde signal that acts pre-
synaptically to modulate glutamate release dynamics.

How Recovery from Presynaptic Depression Is Enhanced by Retrograde
Signaling. At the Drosophila NMJ, as in mammalian central syn-
apses, there are at least two synaptic vesicle pools, the readily
releasable pool and the reserve pool, and high-frequency activity
depletes the readily releasable pool and mobilizes vesicles from the
reserve pool to replenish the readily releasable pool and sustain
release (38). Presynaptic cAMP signaling mobilizes recruitment
from the reserve pool to the readily releasable pool (34). We
found that the enhancement of recovery from presynaptic de-
pression by activation of LiGluR was blocked by the actin depo-
lymerizing agent cytochalasin D, suggesting that the activity of
postsynaptic LiGluR promotes recovery by enhancing recruitment
from the reserve vesicle pool. A cAMP analog shown earlier to
enhance vesicle recruitment from the reserve pool had the same
effect as LiGluR activation, supporting this interpretation, and
a cAMP competitor partially blocked the LiGluR effect, suggest-
ing that cAMP is a presynaptic mediator of the retrograde signal
by postsynaptic LiGluR.
We asked how recovery from presynaptic depression could be

regulated by the activity of postsynaptic iGluRs. Inhibition of
postsynaptic CaMKII blocked the LiGluR effect, suggesting that
calcium enters through the iGluRs and activates CaMKII. Be-
cause the experiments were performed under voltage clamp of
the muscle (i.e., in absence of activation of voltage-gated calcium
channels) and in thapsigargin (depleting the internal calcium
stores before the start of the stimulation), the most likely entry
route for calcium into the cytoplasm is the calcium-permeable
iGluRs themselves (21).
Together, these results lead to a model where glutamate release

during high-frequency presynaptic firing triggers postsynaptic cal-
cium influx through iGluRs and a retrograde signal that alleviates
the depletion of the readily releasable pool by a cAMP-dependent
recruitment of vesicles from the reserve pool (Fig. 6).

The rapid (minute time scale) enhancement in recovery from
presynaptic depression by postsynaptic iGluR activation is rem-
iniscent of the fast compensation pathway that elevates basal
transmitter release following block of iGluRs in a semiintact
preparation where the connections to the central nervous system
are retained. However, we observed this effect on depression in
the standard, stretched NMJ preparation, where compensation
had earlier been shown not to occur (15). Indeed, our experi-
ments show that optical activation of LiGluR does not activate
homeostatic compensation because it does not alter quantal con-
tent during basal transmission (Fig. 4 A and B).
Our findings may explain earlier observations on the Dro-

sophila embryonic NMJ, where high-frequency presynaptic
trains in low calcium (facilitation dominating over depression)
and with iGluRs not blocked, elicited a sustained elevation of
mEPSP frequency that depended on postsynaptic calcium-
activation of synaptotagmin 4, suggesting mediation by a cal-
cium-dependent release of a retrograde transmitter (39, 40).
Our results suggest that this increase in mEPSP frequency may
have reflected an enhanced recruitment of vesicles from the
reserve pool.

Why Involve Feedback from the Postsynaptic Cell in Recovery from
Presynaptic Depression? Under physiological conditions, many syn-
apses depress during high-frequency activity due to depletion of
vesicles from the readily releasable pool (41). Recruitment of
vesicles from the reserve pool can mitigate this depletion by a
self-contained presynaptic mechanism (38, 41). Our results in-
dicate that recruitment from the reserve pool can be enhanced
by feedback from the postsynaptic cell.
What advantage can there be in involving the postsynaptic cell

in the regulation of presynaptic recruitment of reserve vesicles?
Postsynaptic sensitivity to glutamate can vary considerably be-
tween multiple synapses on the same cell (42), including at the

Fig. 6. Postsynaptic receptor activity controls recovery from presynaptic
synaptic depression. Schematic illustrates how calcium influx through
postsynaptic GluRs that have been activated by anterograde glutamate
transmission leads to postsynaptic release of a retrograde signal. This ret-
rograde signal is proposed to increase presynaptic cAMP levels to recruit
synaptic vesicles from the reserve pool and replenish the readily releas-
able pool, thereby promoting recovery from synaptic depression during
high-frequency stimulation.
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Drosophila larval NMJ, where mEPSP amplitudes range over
severalfold (43) and glutamate receptor composition can differ
(44). Glutamate release sites with more of the active zone protein
Bruchpilot (Brp) (26) have the highest release probability (20, 45)
and innervate postsynaptic densities with larger iGluR clusters
(20, 46). As a result, they are expected to generate larger post-
synaptic responses and require the fastest resupply of vesicles.
Because vesicles in the reserve pool appear to be shared among
multiple release sites (47–50), the participation of postsynaptic
iGluR activity in the regulation of presynaptic recruitment of
reserve vesicles provides an attractive mechanism for directing
reserve pool vesicles to the active zones that carry out the bulk of
glutamate release, thereby maintaining stable transmission at
high frequencies of firing.

Materials and Methods
LiGluR DNA (11) was cloned into the standard UAS plasmid (pUAST) vector
(51). UAS-LiGluR transgenic flies were made with standard P-element genetic
transformation (BestGene). All fly lines were used in the w1118 background.
The following additional fly stocks were used: 24B-GAL4 (51), UAS-CaMKII
inhibitory peptide (Ala) (37), and Mef2-GAL4. Electrophysiology, MAG label-
ing, optical stimulation, and immunohistochemistry are described in SI Mate-
rials and Methods.
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