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Homeostatic regulation of synaptic strength in response to persistent changes of neuronal activity plays an important role in maintaining
the overall level of circuit activity within a normal range. Absence of miniature EPSCs (mEPSCs) for a few hours is known to cause
upregulation of excitatory synaptic strength, suggesting that mEPSCs contribute to the maintenance of excitatory synaptic functions. In
the present study, we found that the absence of mEPSCs for 1–3 h also resulted in homeostatic suppression of presynaptic functions of
inhibitory synapses in acute cortical slices from juvenile rats, as suggested by the reduced frequency (but not amplitude) of miniature
IPSCs (mIPSCs) as well as the reduced amplitude of IPSCs. This homeostatic regulation depended on endocannabinoid (eCB) signaling,
because blockade of either the activation of cannabinoid type-1 receptors (CB1Rs) or the synthesis of its endogenous ligand
2-arachidonoylglycerol (2-AG) abolished the suppression of inhibitory synapses caused by the absence of mEPSCs. Blockade of group I
metabotropic glutamate receptors (mGluR-I) also abolished the suppression of inhibitory synapses, consistent with the mGluR-I require-
ment for eCB synthesis and release in cortical synapses. Furthermore, this homeostatic regulation also required eukaryotic elongation
factor-2 (eEF2)-dependent protein synthesis, but not gene transcription. Activation of eEF2 alone was sufficient to suppress the mIPSC
frequency, an effect abolished by inhibiting CB1Rs. Thus, mEPSCs contribute to the maintenance of inhibitory synaptic function and the
absence of mEPSCs results in presynaptic suppression of inhibitory synapses via protein synthesis-dependent elevation of eCB signaling.

Introduction
Homeostatic regulation of synaptic strength in response to per-
turbation of neuronal activity plays an important role in the sta-
bilization of neural circuit functions. Chronic blockade of action
potentials (APs) for 1–2 d in neuronal cultures induced a variety
of homeostatic responses, including enhanced intrinsic neuronal
excitability (Marder and Prinz, 2003; Zhang and Linden, 2003),
increased presynaptic glutamate secretion (Murthy et al., 2001;
Burrone et al., 2002; Thiagarajan et al., 2005; Wierenga et al.,
2006), elevated postsynaptic glutamate receptors (O’Brien et al.,
1998; Turrigiano et al., 1998), and reduced postsynaptic GABAA

receptors (Kilman et al., 2002). These neuronal and synaptic
changes help to restore the circuit activity back to the normal
range.

In addition to AP-associated activities, miniature excitatory
synaptic activities also contribute to homeostatic regulation of
excitatory synapses. Sutton et al. (2006) found that mEPSCs sup-

pressed dendritic protein synthesis in hippocampal neurons, and
the absence of mEPSCs for 1–3 h led to a protein synthesis-
dependent increase in the density of postsynaptic AMPA recep-
tors (AMPARs). However, more recent studies showed that 4 h
blockade of APs resulted in homeostatic scaling of excitatory syn-
apses in cortical neurons through a mechanism involving gene
transcription, whereas selectively blocking a subset of excitatory
synapses did not induce scaling of blocked synapses (Ibata et al.,
2008). Thus, whether synaptic activities (including miniature
events) are relevant for homeostatic regulation of synaptic effi-
cacy remains to be clarified.

Most previous studies of homeostatic synaptic regulation
were performed in cultures of dissociated neurons. More recent
studies have begun to address similar regulation in acute and
cultured brain slices (Sutton et al., 2006; Aoto et al., 2008; Kim
and Tsien, 2008; Seeburg and Sheng, 2008). Moreover, the effects
of manipulating sensory activities in vivo on homeostatic synap-
tic regulation have been examined in the primary visual cortex
(Desai et al., 2002; Maffei et al., 2004, 2006; Maffei and Turri-
giano, 2008). In the present study, we have examined the role of
miniature synaptic currents (mEPSCs and mIPSCs) in homeo-
static regulation of excitatory or inhibitory synapses in acute rat
cortical slices. We discovered a novel form of “heterosynaptic”
homeostatic regulation—the absence of mEPSCs for 1–3 h led to
presynaptic suppression of inhibitory synapses, as suggested by
the reduction in the mIPSC frequency. This homeostatic regula-
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tion between miniature excitatory and inhibitory synaptic activ-
ities is asymmetric, because the absence or elevation of the
mIPSCs for 1–3 h had no effect on mEPSCs. Further studies
showed that the reduction of the mIPSC frequency resulting from
the absence of mEPSCs required the activation of endocannabi-
noid (eCB) signaling, in a manner that depended on both
mGluR-I activation and protein synthesis but not on gene tran-
scription. These results demonstrate the importance of miniature
excitatory synaptic events in maintaining the efficacy of inhibi-
tory synapses, and suggest a mechanism for homeostatic interac-
tion between excitatory and inhibitory synapses over a period of
a few hours.

Materials and Methods
Slice preparation. Sprague Dawley rats (postnatal days 12–15) were anes-
thetized with sodium pentobarbital (Nembutal, Abbott, 50 mg/kg, i.p.).
After decapitation, the brain was dissected rapidly and placed in ice-cold
oxygenated artificial CSF (aCSF) containing the following (in mM): 125
NaCl, 3 KCl, 2 CaCl2, 2 MgSO4, 1.25 NaH2PO4, 1.3 Na �-ascorbate, 0.6
Na �-pyruvate, 26 NaHCO3, and 10 glucose, pH 7.4. Coronal section of
primary auditory cortex (A1) was made with a Vibratome (Vibratome),
and slices (350 �m thick) were maintained in an incubation chamber
with oxygenated aCSF for at least 1 h and then treated with different
drugs (e.g., CNQX, D-AP5, and tetrodotoxin) for 1–3 h at 32°C before
being transferred to the recording chamber. The care and use of rats
followed the Animal Use Guideline of Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences.

Recording of miniature postsynaptic currents. The treated slices were
washed with continuous perfusion of oxygenated aCSF in the recording
chamber for 5 min before recording. Whole-cell voltage-clamp record-
ing was made from layer II/III pyramidal cells (PCs) in A1 with an
Axopatch-700B amplifier (Molecular Devices), under an Olympus mi-
croscope (BX51WI) equipped with an infrared video camera and differ-
ential interference contrast optics. Miniature IPSCs (mIPSCs) were
recorded at �75 mV in the presence of tetrodotoxin (TTX, 3 �M) and
CNQX (10 �M) in aCSF, while spontaneous IPSCs (sIPSCs) were re-
corded in the presence of CNQX (10 �M) and D-AP5 (50 �M). The
recording pipette was filled with an internal solution containing (in mM)
25 K �-gluconate, 140 KCl, 10 HEPES, 0.3 EGTA, 4 Mg-ATP, 0.3
Na2GTP, and 10 Na2

�-phosphocreatine, pH 7.3 (320 –340 mOsm), and
the pipette resistance was in the range of 1.4 –2.2 M�. Decreasing intra-
cellular Cl � concentration to 30 mM caused no change in the response to
the treatment with aCSF solution containing 3 �M TTX, 10 �M CNQX,
and 50 �M D-AP5 (short for “TCA” solution) for 1 or 3 h (supplemental
Fig. S1, available at www.jneurosci.org as supplemental material). Min-
iature EPSCs (mEPSCs) were recorded at �75 mV in the presence of
TTX (3 �M) and bicuculline (20 �M) in aCSF, and the recording pipette
was filled with an internal solution containing (in mM) 135 K �-
gluconate, 15 KCl, 10 HEPES, 0.3 EGTA, 4 Mg-ATP, 0.3 Na2GTP, and 10
Na2

�-phosphocreatine, pH 7.3 (290 –300 mOsm), and the pipette resis-
tance was in the range of 2–3 M�. Synaptic currents were filtered at 1 kHz
(low pass), digitized (Digidata 1322A, Molecular Devices), and acquired
by the pClamp software (Molecular Devices) with a computer. From
each slice, three to five cells were obtained during a 1 h recording period.
Criteria for accepting the recorded data: resting membrane potential
(Vm) of at least �60 mV, series resistance (Rs) �15 M�, input resistance
(Rin) �100 M�, and �20% change in these parameters in the course of
recording. For mIPSC recording (in control experiments), Rin � 174.7 �
2.3 M�, Rs � 8.5 � 0.1 M�, and whole-cell capacitance of 117.6 � 0.9 pF
(n � 344); for mEPSC recording (in control experiments), average Rin �
186.7 � 3.9 M�, Rs � 11.6 � 0.1 M�, and whole-cell capacitance of
122.9 � 1.5 pF (n � 124). We did not observe any significant change in
the intrinsic neuronal properties induced by pharmacological treatment
over the period of 1–3 h. All recording experiments were done at 30�32°C.
MiniAnalysis and in-house software were used for the analysis of the fre-
quency, amplitude, and kinetics of mIPSCs, sIPSCs, and mEPSCs.

Recording of evoked unitary IPSCs. Dual whole-cell recordings were
made from an interneuron (in the current-clamp mode) and its targeted

PC (in the voltage-clamp mode) in layer 2/3 of the rat auditory cortical
slices. The recording condition and procedure were the same as that
described above for recording of mIPSCs except that the low concentra-
tion of Cl � was used in the internal solution to achieve stable paired
whole-cell recording (for up to 1 h). The internal solution contained (in
mM) 120 K �-gluconate, 30 KCl, 10 HEPES, 0.3 EGTA, 4 Mg-ATP, 0.3
Na2GTP, and 10 Na2

�-phosphocreatine, pH 7.3 (290 –300 mOsm), and
the pipette resistance was in the range of 2– 4 M�. Interneurons were
identified visually in slices, and their subtype identity was further char-
acterized electrophysiologically by their firing behaviors as described
previously (Lu et al., 2007). The cannabinoid sensitivity of recorded in-
terneurons was determined by the existence of the postsynaptic
depolarization-induced suppression of inhibition (DSI), which is medi-
ated by retrograde eCB signaling (Ohno-Shosaku et al., 2001; Wilson and
Nicoll, 2001). The DSI was examined by measuring IPSCs (at 0.4 Hz)
before and after voltage-clamping the postsynaptic pyramidal cell at 0
mV for 5 s. This protocol was repeated at least three times. Those presyn-
aptic interneurons exhibiting DSI were regarded as CB1R-positive neu-
rons. To assay the properties of short-term plasticity and the coefficient
of variation (CV) of unitary IPSCs, a train of 5 pulses at 20 Hz was applied
to the presynaptic interneuron and repeated with 20 s intervals. The
amplitudes of the first IPSC elicited by the train were used for determin-
ing CV. Transmission failures were identified visually and were included
in the calculation of the mean IPSCs and CV of unitary IPSCs as events
with the amplitude of 0 pA.

Data analysis. Data were presented as mean � SEM unless stated oth-
erwise; t test and Kolmogorov–Smirnov test were used for between-
group comparisons. A total of 170 rats were used in the present study,
and the data for each treatment condition were collected from slices
obtained from at least 3 rats.

Source of materials. Anisomycin, rapamycin, and URB532 were pur-
chased from Calbiochem, TTX was from Institute of Hydrobiology (Wu-
han, China), actinomycin D was from Amresco, JZL184 was from
Cayman Chemical, and CNQX, D-AP5, and AM251 were from Tocris
Bioscience. All other chemicals were from Sigma.

Results
Absence of mEPSCs leads to reduction of mIPSC frequency
To investigate the role of miniature excitatory synaptic events on
homeostatic regulation of excitatory and inhibitory synapses, we
performed whole-cell recordings on layer 2/3 pyramidal cells in
acute slices of the primary auditory cortex obtained from juvenile
rats (P12-P15). In the presence of TTX (3 �M), mEPSCs and
mIPSCs were recorded by additional application of bicuculline
(20 �M) and CNQX (10 �M), respectively. We found that 1 or 3 h
incubation of the slices with the NMDA receptor (NMDAR)
antagonist D-AP5 (50 �M) and TTX (3 �M), which blocked
NMDAR-mediated component of mEPSCs, led to an elevated
amplitude and frequency of mEPSCs (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material). These
results agree in part with those found in hippocampal neurons
after similar blockade of excitatory synaptic activities for a few
hours (Sutton et al., 2006, see Discussion).

To further examine the role of mEPSCs in homeostatic regu-
lation of inhibitory synapses, we incubated the slices for 1–3 h
with a solution containing the TTX (3 �M), CNQX (10 �M), and
D-AP5 (50 �M), a treatment hereafter referred to as “TCA.” We
found that this treatment resulted in a reduction of the frequency
but not the amplitude of mIPSCs (Fig. 1A,C). In contrast, mIPSCs
were not affected in slices treated with TTX alone for 3 h (Fig.
1B,C) or with aCSF for up to 5 h (Fig. 1C), indicating that block-
ade of APs and AP-evoked synaptic events was not sufficient to
induce the suppression of the mIPSC frequency. Comparison
with the results of TCA treatment indicates that the absence of
mEPSCs over 1–3 h was responsible for the reduction of the
mIPSC frequency.
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Although blocking APs for 3 h did not
induce the suppression of the mIPSC fre-
quency, APs and associated synaptic
events may still contribute in part to the
maintenance of normal inhibitory synap-
tic activity. This is suggested by the find-
ing that in the absence of TTX, the effect
of CNQX (10 �M) and D-AP5 (50 �M) in
suppressing mIPSC frequency exhibited a
slower time course, detectable only after
3 h treatment (Fig. 1C). Furthermore, we
found that 3 h treatment with TTX (3 �M)
together with either CNQX (10 �M) or
D-AP5 (50 �M) alone led to a similar but
partial suppression of the mIPSC fre-
quency (supplemental Fig. S3, available at
www.jneurosci.org as supplemental ma-
terial), indicating that the absence of ei-
ther the AMPAR or the NMDAR
component of mEPSCs is sufficient to
cause the suppression of the mIPSC fre-
quency. Together, these results suggest
that mEPSC activity is involved in regulat-
ing inhibitory synaptic activity.

To investigate whether the absence of
mEPSCs also induces suppression of in-
hibitory synapses in other brain regions,
we examined the effects of blocking mEP-
SCs on inhibitory synapses onto pyrami-
dal cells in layer 2/3 of primary visual
cortical slices and in the CA1 area of the
hippocampal slices. We found that 3 h
treatment with TTX (3 �M) and CNQX
(10 �M) resulted in a significant reduction
in the frequency but not the amplitude of
mIPSCs in the visual cortex, similar to that
described above for the auditory cortex.
However, the same treatment had no signif-
icant effect on mIPSCs in the CA1 hip-
pocampal pyramidal cells (supplemental
Fig. S4, available at www.jneurosci.org as supplemental material).
Thus, the suppression of inhibitory synapses induced by the absence
of mEPSCs appeared to be cortex-specific phenomenon.

Alteration of mIPSC activity has no effect on mEPSCs
If changes in mEPSCs contribute to homeostatic regulation of
mIPSCs, does alteration of mIPSCs also induce changes in mEP-
SCs? We further examined the existence of such reciprocal regu-
lation in acute cortical slices. We found that treatment with
bicuculline (20 �M) or diazepam (5 �M), which inhibits or en-
hances GABAA receptor activity, for 3 h in the presence of TTX (3
�M) did not result in any significant change in either the fre-
quency or the amplitude of mEPSCs (Fig. 2), suggesting that
alteration of mIPSCs has no effect on mEPSCs. However, in the
absence of TTX, treatment with bicuculline (for 1 or 3 h) led to a
significant reduction in the amplitude but not the frequency of
mEPSCs (Fig. 2C), whereas treatment with diazepam (for 1 or
3 h) increased the frequency but not the amplitude of mEPSCs
(Fig. 2C). These bicuculline and diazepam effects (in the absence
of TTX) may be attributed to the alteration of overall circuit
activities (including both APs and synaptic activities) due to the
removal and enhancement of inhibition, respectively. Thus, we
did not find any direct reciprocal regulation of mEPSCs due to

alteration in mIPSCs for 1–3 h, although changes in the inhibi-
tory activity could result in homeostatic regulation of excitatory
synapses indirectly via alteration of the global circuit activity.
Finally, we noted that blocking APs with TTX alone for 1– 4 h had
no effect on mEPSCs (Fig. 2C), again indicating the importance
of miniature excitatory synaptic activities in homeostatic regula-
tion over a period of a few hours.

Suppression of mIPSCs requires eCB signaling
The reduction in the frequency but not the amplitude of mIPSCs
due to the absence of mEPSCs suggests presynaptic suppression
of GABA release. Endocannabinoids (eCBs) are lipid molecules
known to mediate short-term retrograde suppression of inhibi-
tory synapses caused by postsynaptic depolarization (Ohno-
Shosaku et al., 2001; Wilson and Nicoll, 2001). Furthermore,
eCBs selectively reduced the frequency but not the amplitude of
mIPSCs in cerebellar Purkinje cells as well as hippocampal and
neocortical pyramidal cells, via retrograde activation of cannabi-
noid type 1 receptors (CB1Rs) on presynaptic nerve terminals
(Schlicker and Kathmann, 2001; Wilson and Nicoll, 2001; Trettel
and Levine, 2002; Diana and Marty, 2003; Freund et al., 2003).
Thus, we examined whether eCB signaling also mediates the per-
sistent reduction of the mIPSC frequency induced by the absence

Figure 1. Effects of blocking mEPSCs and APs on mIPSCs. A, Effects of 1 or 3 h treatment with TTX, CNQX, and D-AP5 (TCA). Traces
above depict sample whole-cell recording of membrane currents (at Vc � �75 mV) and the averaged trace of mIPSCs recorded
over 10 s duration from each cell. Calibrations: 50 pA, 1 s; 25 pA, 25 ms (for averaged mIPSCs). Bottom, Cumulative percentage plot
of interevent interval of mIPSCs (left) and the mIPSC amplitude (right). Data points represent average values (for 0.4 s and 10 pA
bins, respectively) of all neurons recorded for the same treatment, with the number of cells (n) shown in C. Significant differences
in the mIPSC frequency were found between the control and 1 h data ( p � 0.026, Kolmogorov–Smirnov test) and between the
control and 3 h data ( p � 0.002). B, Similar to A, except that the slices were treated with TTX for 1 or 3 h. C, Average values of the
mIPSC frequency (left) and amplitude (right), normalized by those obtained from control slices (treated with aCSF). Data include
those from experiments in A and B and slices treated with CNQX and D-AP5 for 1 or 3 h. Number in the bar refers to the total number
of cells recorded. Error bars indicate SEM. Data significantly different from control are marked by asterisks (*p � 0.05, **p � 0.01,
***p � 0.001; t test; relative to controls). ctrl, Control.
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of mEPSCs. As shown in Figure 3A, we found that the presence of
the selective CB1R antagonist AM251 (5 �M) prevented the re-
duction of the mIPSC frequency induced by 1 or 3 h treatment
with TCA. Furthermore, activation of CB1R appears to be re-
quired only for inducing but not for maintaining the suppression
of mIPSCs, because we found that after 1 h TCA treatment, fur-
ther blockade of CB1R with one additional hour of AM251 treat-
ment (in the presence of TCA) did not affect the suppressed
mIPSCs (Fig. 3C). That the AM251 treatment alone had no effect
on mIPSCs may be attributed to the on-demand synthesis and
release of eCBs (Piomelli, 2003). In all above experiments, no
change in the mIPSC amplitude was observed (Fig. 3D; supple-
mental Fig. S5, available at www.jneurosci.org as supplemental
material). Thus, CB1R activation is responsible for the initiation
but not the maintenance of the homeostatic suppression of in-
hibitory synapses, similar to its requirement for long-term de-
pression (LTD) of inhibitory synapses on hippocampal CA1
pyramidal cells (Chevaleyre and Castillo, 2003), and excitatory
synapses on cortical pyramidal cells (Sjöström et al., 2003) and
striatal medium spiny cells (Ronesi et al., 2004).

Several endogenous ligands for CB1Rs in the brain have
been identified (Piomelli, 2003). We have examined the poten-
tial involvement of the two best characterized eCBs,
N-arachidonoylethanolamide (AEA) and 2-arachidonoylglycerol

(2-AG) (Chevaleyre et al., 2006), in the ho-
meostatic suppression of mIPSCs result-
ing from the absence of mEPSCs.
Reducing 2-AG synthesis by bath applica-
tion of the diacylglycerol lipase inhibitor
RHC80267 (30 �M) or lipase inhibitor tet-
rahydrolipstatin (THL, 5 �M) during the
1–3 h TCA treatment completely pre-
vented the reduction of the mIPSC fre-
quency (Fig. 3A). Furthermore, elevating
the 2-AG level by inhibiting its hydrolysis
with monoacylglycerol lipase (MAGL) in-
hibitor JZL184 (80 nM) facilitated the re-
duction of mIPSC frequency during TCA
treatment, whereas elevating the AEA
level by inhibiting its hydrolysis with fatty
acid amide hydrolases 1 (FAAH1) inhibi-
tor URB532 (10 �M) had no effect on
TCA-induced mIPSC suppression (Fig.
3A). In separate experiments, we found
that treatment with RHC80267, THL,
JZL184, or URB532 for 1 or 3 h all had no
effect on the frequency of mIPSCs (Fig.
3B). In all of the above experiments, the
mean mIPSC amplitude was not affected
(supplemental Fig. S5, available at www.
jneurosci.org as supplemental material).
Thus, we identified 2-AG rather than AEA
as the eCB responsible for mediating the
homeostatic suppression of mIPSCs in
these cortical neurons.

Previous studies have shown that acti-
vation of mGluR-I is sufficient to trigger
eCB release (Varma et al., 2001; Ohno-
Shosaku et al., 2002, 2003; Fukudome et
al., 2004). Furthermore, the enzyme for
2-AG synthesis, DAGL-�, is anchored
together with mGluR-I into a macromo-
lecular complex via the coiled-coil (CC)-

Homer proteins (Jung et al., 2007; Katona and Freund, 2008). We
found that the presence of the mGluR-I antagonist (�)�-methyl-
4-carboxyphenylglycine (MCPG, 250 �M) indeed prevented the
reduction of the mIPSC frequency under 1–3 h TCA treatment
(Fig. 4), whereas treatment with MCPG alone for the same dura-
tion had no effect. Thus, mGluR-I activation is required for the
eCB-dependent homeostatic regulation of cortical inhibitory
synapses.

Suppression of AP-evoked IPSCs also requires
CB1R activation
In addition to mIPSCs, we also examined homeostatic suppression
of spontaneous IPSCs (sIPSCs), which consist of both mIPSCs and
AP-evoked IPSCs. We found that treatment with CNQX (10 �M)
and D-AP5 (50 �M) for 3 h resulted in a significant reduction in
both the mean frequency and amplitude of sIPSCs (Fig. 5C,D), in
addition to the suppression of the mean mIPSC frequency (Fig.
5A,B). Relative to their respective control values, the extent of
reduction of the sIPSC frequency (46%) was higher than that of
mIPSC frequency (37%), suggesting that the IPSC frequency
must also be reduced. This implicates the reduction of AP gener-
ation and/or the transmitter release probability in presynaptic
inhibitory nerve terminals. Meanwhile, since the mIPSC ampli-
tude was not affected, the reduction in the mean sIPSC amplitude

Figure 2. Effects of blocking or enhancing mIPSCs on mEPSCs. A, Effects of 1 or 3 h treatment with bicuculline and TTX. Traces
above depict sample whole-cell recording of membrane currents (at Vc � �75 mV) and an averaged trace of mEPSCs recorded
over 1 s duration. Calibrations: 10 pA, 100 ms; 5 pA, 10 ms (for averaged mEPSCs). Bottom, Cumulative percentage plot of
interevent intervals for mEPSCs (left) and mEPSC amplitude (right). Data points represent average values (for 0.03 s and 3 pA bins,
respectively) of all neurons recorded for the same treatment. B, Similar to A, except that the slices were treated with diazepam and
TTX for 1 or 3 h. C, Average values of mEPSC frequency (left) and amplitude (right), normalized by those obtained from control slices
treated with aCSF. Data include those from experiments in A and B and slices treated with bicuculline alone or diazepam alone for
1 or 3 h, as well as slices treated with TTX alone for 1– 4 h. Error bars indicate SEM (*p � 0.05 and ***p � 0.001; t test; relative to
controls). ctrl, Control.
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must be attributed to the decreased amplitude (or the “quantal
content”) of IPSCs. Moreover, the presence of the selective CB1R
antagonist AM251 completely abolished the changes in both sIPSCs
and mIPSCs resulting from the 3 h treatment with CNQX and
D-AP5 (Fig. 5B,D), suggesting similar mechanisms underlying the
suppression of mIPSCs and IPSCs.

We further examined the reduction of IPSCs by performing
paired recording from an interneuron and its target PC in layer
2/3 of the A1. Since CB1Rs are selectively expressed in a subgroup
of interneurons (Piomelli, 2003; Freund and Katona, 2007), we
mainly focused on two distinct classes of layer 2/3 neocortical
interneurons, fast-spiking (FS) and low-threshold-spiking (LTS)
cells, which are CB1R-negative and -positive interneurons, re-
spectively (Bacci et al., 2004; Lu et al., 2007). In the present study,
we first identified FS and LTS cells in layer 2/3 of A1 using criteria
described previously (Lu et al., 2007) (supplemental Fig. S6,
available at www.jneurosci.org as supplemental material), and
then examined whether DSI (see Materials and Methods), which
is known to depend on presynaptic CB1Rs, could be induced at
FS-PC and LTS-PC synapses. As shown by example cases in Fig-
ure 6, 5 s depolarization (to 0 mV) induced no change in IPSCs in
FS-PC synapses (Fig. 6A), but transient reduction of IPSC am-
plitude in LTS-PC synapses (Fig. 6D). Based on the membrane
and spiking properties as well as neuronal morphology under
IR-DIC optics, most of FS and LTS cells resembled the previous
morphologically defined multipolar cells and bitufted cells, re-
spectively (Reyes et al., 1998; Koester and Johnston, 2005). We
further found that those inhibitory synapses exhibiting no DSI,
mostly made by the FS cell, showed no significant difference in
the short-term plasticity (as tested by a train of 5 pulses at 20 Hz),
the mean amplitude and the CV of the first IPSCs between
CNQX/D-AP5-treated (for 3 h) slices and control untreated
slices (Fig. 6B,C). These results suggested that the treatment did
not alter either presynaptic or postsynaptic properties at these
inhibitory synapses originated from DSI-negative interneurons.
In contrast, for LTS-PC synapses exhibiting DSI, presumably
possessing presynaptic CB1Rs, we found that the CNQX/D-AP5
treatment to slices (for 3 h) converted the short-term depression
to the facilitation and resulted in an increased CV of the first IPSC
(Fig. 6E), suggesting a reduction of presynaptic release probabil-
ity. As a result, a significant reduction of the mean IPSC ampli-
tude of LTS-PC (DSI-positive) synapses was observed in CNQX/
D-AP5-treated slices ( p � 0.04, compared to control slices,
Kolmogorov–Smirnov test) (Fig. 6F). In parallel, there was also
an increase of the transmission failures
rate of these GABAergic synapses in
CNQX/D-AP5-treated slices (69 � 9%,
n � 6; SEM, compared to 41 � 8% in
control slices; n � 5). Together, these re-
sults support the notion that blockade of
excitatory synaptic transmission induces
homeostatic suppression of a subset of in-
hibitory synapses that are sensitive to eCB
signaling, leading to downregulation of
presynaptic transmitter release efficacy in
these inhibitory neurons.

Homeostatic suppression of mIPSCs
requires protein synthesis
The finding that three types of treatment
(TCA, TTX/D-AP5, and TTX/CNQX) for
3 h all induced similar CB1R-dependent
reduction of the frequency but not the

Figure 3. eCB signaling is required for the reduction of mIPSC frequency. A, Average
values of mIPSC frequency, normalized by those obtained from control slices (treated with
aCSF). AM251, RHC80267, and THL completely abolished the reduction of mIPSC fre-
quency induced by the TCA treatment for 1 or 3 h. JZL184 facilitated and URB532 had no
effect on the reduction of mIPSC frequency. The data shown with unfilled bars are the
same dataset as in Figure 1C. Error bars indicate SEM (*p � 0.05, **p � 0.01; t test;
relative to controls). B, Similar to what was seen for A, treatment with AM251, RHC80267,
THL, JZL184, or URB532 alone had no effect on mIPSCs. C, D, Average values of mIPSC
frequency (C) and amplitude (D), normalized by those obtained from control slices
(treated with aCSF), from the experiments in which the slices were first treated with TCA
(for 1 h) and then followed by cotreatment with TCA and AM251 (for 1 additional hour). No
significant change in the averaged mIPSC amplitude was observed. Error bars indicate
SEM (*p � 0.05; t test; relative to controls). ctrl, Control.

Figure 4. Activation of mGluR-I is required for the reduction of mIPSC frequency. A, Average values of mIPSC frequency,
normalized by those obtained from control slices (treated with aCSF). MCPG completely abolished the reduction of mIPSC fre-
quency induced by the TCA treatment (for 1–3 h). Treatment with MCPG alone had no effect on mIPSCs. The data shown with
unfilled bars are the same dataset as in Figure 1. Error bars indicate SEM (*p � 0.05, **p � 0.01; t test; relative to controls).
B, Similar to A, except the bars depict the average mIPSC amplitude. In all these experiments, the average mIPSC amplitude did not
change significantly. ctrl, Control.

13226 • J. Neurosci., October 21, 2009 • 29(42):13222–13231 Zhang et al. • eCB-Dependent Homeostatic Suppression of Inhibitory Synapses



amplitude of mIPSCs (Fig. 1C; supplemental Fig. S3, available at
www.jneurosci.org as supplemental material) suggests similar
underlying mechanisms. Sutton et al. (2004, 2006) found that
blockade of the AMPAR and/or the NMDAR component of
mEPSCs in cultured hippocampal neurons induced a rapid acti-
vation of protein synthesis, which in turn caused an upscaling of
AMPAR-mediated mEPSCs. In this study, we found that protein
synthesis inhibitor anisomycin (30 �M) or cycloheximide (60
�M) completely abolished the reduction of the mIPSC frequency
induced by the 1 or 3 h TCA treatment (Fig. 7A), whereas treat-
ment with either anisomycin or cycloheximide alone for the same
duration had no effect (Fig. 7A,B). Furthermore, 1–3 h treatment
with the transcriptional inhibitor actinomycin D (25 �M), which
by itself had no effect on mIPSCs, did not prevent the reduction

of the mIPSC frequency caused by the
TCA treatment (Fig. 7A,B). Together,
these results indicate that protein synthe-
sis (but not gene transcription) is required
for the reduction of the mIPSC frequency
induced by the absence of mEPSCs.

Homeostatic suppression of mIPSCs
requires eEF2 activation
The activity of eukaryotic elongation
factor-2 (eEF2), which contributes to pro-
tein synthesis, is bidirectionally regulated
through its phosphorylation by changes in
the mEPSC activity (Sutton et al., 2007).
However, it remains unclear whether such
changes in eEF2 activity are directly linked
to homeostatic regulation of inhibitory
synapses induced by the absence of
mEPSCs. To investigate the involvement
of eEF2, we used rapamycin to inhibit the
mTOR (mammalian target of rapamycin)
pathway, which induces eEF2 phosphory-
lation and inactivation (Proud, 2006). As
shown in Figure 8A, cotreatment with
rapamycin (250 nM) completely abolished
the reduction of the mIPSC frequency in-
duced by the TCA treatment (for 1 or 3 h).
Interestingly, the rapamycin treatment
alone caused a gradual increase in the
mIPSC frequency, presumably through
the suppression of the basal eEF2 activity.
Moreover, treatment with either NH125
(10 �M) or rottlerin (5 �M), which de-
phosphorylates and activates eEF2 (Gsch-
wendt et al., 1994; Arora et al., 2003),
mimicked the TCA effect in reducing the
mIPSC frequency and this effect was com-
pletely abolished by the CB1R antagonist
AM251 (5 �M) (Fig. 8B; supplemental
Fig. 7, available at www.jneurosci.org as
supplemental material). That the effects
of TCA and NH125 are mediated by the
same mechanism is further supported by
the following occlusion experiments.
First, treatment with TCA and NH125 to-
gether for 1 h caused the same extent of
reduction in the mIPSC frequency as that
caused by TCA or NH125 alone for 1 h
(Fig. 8C). Second, after 1 h TCA treat-

ment, further NH125 treatment alone for 1 h did not cause
additional reduction of the mIPSC frequency (Fig. 8C). Thus,
eEF2-dependent protein synthesis is required and sufficient for
initiating the CB1R-mediated signaling that suppresses inhibi-
tory synapses.

Discussion
Miniature excitatory synaptic activity may contribute to the
maintenance of normal structure and function of excitatory syn-
apses. It is involved in maintaining the density and morphology
of dendritic spines in cultured CA1 pyramidal cells (McKinney et
al., 1999) and required for normal postsynaptic glutamate recep-
tor clustering at Drosophila neuromuscular junctions (Saitoe et
al., 2001). At hippocampal synapses, Sutton et al. (2004, 2006)

Figure 5. Absence of mEPSCs results in CB1R-dependent reduction of both frequency and amplitude of sIPSCs. A, Cumulative
percentage plot of interevent intervals of mIPSCs (left) and the mIPSC amplitude (right). Data points represent average values (for
0.25 s and 4 pA bins, respectively) of all neurons recorded for the same treatment (n shown in B). Differences of mIPSC frequency
between control and 3 h datasets were significant ( p � 0.001, Kolmogorov–Smirnov test). B, Average values of mIPSC frequency
(left) and amplitude (right), normalized by those obtained from control slices treated with aCSF, following treatments with CNQX
and D-AP5 (for 1 or 3 h), with or without AM251. Error bars indicate SEM (***p � 0.001; t test; relative to controls). C, Similar to A,
except that sIPSCs (consisting of mIPSCs and AP-evoked IPSCs) were recorded. Differences of sIPSC frequency and amplitude
between control and 3 h datasets were significant ( p � 0.001 and p � 0.01, respectively; Kolmogorov–Smirnov test). D, Average
values of sIPSC frequency (left) and amplitude (right), normalized by those obtained from control slices treated with aCSF, follow-
ing treatments with CNQX, D-AP5 (for 1 or 3 h), with or without AM251, as well as with AM251 alone (*p � 0.05; t test; relative to
controls). ctrl, Control.
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found that blocking NMDAR-mediated
mEPSCs (in the presence of TTX) for a
few hours induced a protein synthesis-
dependent elevation of the postsynaptic
AMPA receptor density. In the present
study, we found that the absence of mEP-
SCs for 1–3 h also resulted in the suppres-
sion of inhibitory synapses, as shown by
the reduction in the mean frequency of
mIPSCs and the mean amplitude of AP-
evoked IPSCs. In contrast, altering the
mIPSC activity for 1–3 h did not affect
mEPSCs. Furthermore, the absence of
mEPSCs triggered an eEF2-dependent
protein synthesis, which in turn results in
the retrograde eCB signaling and presynap-
tic suppression of GABAergic inputs. Our
results underscore the physiological impor-
tance of miniature excitatory synaptic
events in the maintenance of synaptic func-
tions and delineate a cellular mechanism by
which alteration in excitatory synaptic activ-
ity may regulate the efficacy of inhibitory
synapses.

Homeostatic presynaptic versus
postsynaptic modifications
Homeostatic synaptic scaling may involve
both presynaptic and postsynaptic changes
(Turrigiano, 2007, 2008). For excitatory
synapses, chronic activity blockade (for
1–2 d) in cultured neurons causes an in-
crease of both postsynaptic AMPAR den-
sity and presynaptic transmitter release
(Turrigiano et al., 1998; Murthy et al.,
2001; Burrone et al., 2002; Thiagarajan et
al., 2005; Wierenga et al., 2005). Relatively
short-term absence of mEPSCs or block-
ade of APs in cultured neurons (for a few
hours) was shown to increase postsynap-
tic AMPAR density (Sutton et al., 2006;
Ibata et al., 2008). Our results further
demonstrate that the absence of mEPSCs
for 1–3 h caused an increase in both the
amplitude and frequency of mEPSCs in
cortical pyramidal cells (supplemental
Fig. S2, available at www.jneurosci.org as supplemental mate-
rial), suggesting increased presynaptic transmitter release in ad-
dition to AMPAR density. Differential involvement of
presynaptic and postsynaptic sites found in different studies may
be attributed to differences in the experimental treatment, the
preparation (slice vs dissociated cells), the extent of synapse mat-
uration, and the synapse type under investigation. The latter is
nicely illustrated by a recent study in organotypic hippocampal
cultures, in which 2 d TTX treatment resulted in differential ho-
meostatic presynaptic and postsynaptic changes in three sets of ex-
citatory hippocampal synapses: dentate-to-CA3 and CA3-to-CA1
synapses were upregulated by increasing the frequency and ampli-
tude of mEPSCs, respectively, while CA3-to-CA3 synapses were
downregulated by reducing the mEPSC frequency (Kim and Tsien,
2008). Thus, excitatory synapses in the feedforward and recurrent cir-
cuits may exhibit distinct forms of homeostatic synaptic regulation.

Chronic activity blockade in cultured cortical neurons is also
known to cause homeostatic downregulation of inhibitory syn-
apses by reducing the postsynaptic GABAA receptors and presyn-
aptic GAD65 expression (Kilman et al., 2002). This study showed
a reduction of the mIPSC amplitude, but did not report changes
in the mIPSC frequency, as might be expected if presynaptic reg-
ulation had occurred. In the present study, we have identified the
signaling pathway that links the reduction of mEPSC activity to
the homeostatic suppression of presynaptic GABA release, as re-
flected by the reduction of both mIPSC frequency and the IPSC
amplitude. Thus, both presynaptic and postsynaptic properties of
inhibitory synapses are under homeostatic regulation. While
only inhibitory synapses on PCs were examined here, those in-
hibitory synapses on inhibitory neurons may also be regulated,
perhaps in a manner opposite to those on excitatory neurons to
achieve homeostasis of the circuit activity. This remains to be
further studied.

Figure 6. Changes of short-term plasticity, CV and the mean IPSC amplitude in DSI-negative and DSI-positive interneurons.
A, D, representative recordings of DSI-negative (A) and DSI-positive (D) inhibitory synapses in layer 2/3 of the A1 slices. The DSI was
induced by a depolarization of postsynaptic PC (in voltage-clamp mode) to 0 mV for 5 s (as indicated by the gray bar). Unitary IPSCs
(uIPSCs, open circles) were recorded in PCs (Vc � �70 mV), and averaged for 4 and 2 IPSCs before and after DSI (filled squares),
respectively. The amplitudes of uIPSCs were normalized by the mean value before the DSI. The majority of DSI-negative
and -positive interneurons consisted of FS and LTS cells, respectively. Inserts, Firing patterns of the FS cell (A) and the LTS cell (D) elicited
by a step depolarizing current. Calibration: 40 mV, 80 ms. B, E, The changes of short-term plasticity and CV of first IPSCs of
DSI-negative (B) and DSI–positive (E) inhibitory synapses in the control (blue circles) and CNQX/D-AP5-treated (for 3 h, red circles)
slices, respectively. Filled squares: averaged values (�SEM). The amplitude of IPSCs is normalized by that of first response of 5
evoked IPSCs evoked by a train of 5 pulses (at 20 Hz) to presynaptic FS or LTS cells. *Significant difference in the amplitude of the
fifth IPSC between the treated and control conditions ( p � 0.01; unpaired t test). C, F, Distributions of unitary IPSC amplitude of
DSI-negative (C) and DSI-positive (F ) inhibitory synapses in the control and CNQX/D-AP5-treated slices, respectively. Significant
difference was found between the treated and control conditions in DSI-positive interneurons ( p � 0.04, Kolmogorov–Smirnov
test) but not in DSI-negative interneurons ( p � 0.25). n, Number of examined cell pairs. Ctrl, Control.
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Activity-dependent eCB signaling in homeostatic regulation
Endocannabinoids (eCBs) are synthesized in neuron on demand
(Piomelli, 2003) and serve as transient retrograde synaptic mod-
ulators. Postsynaptic synthesis of eCBs and their presynaptic sup-
pressive actions account for depolarization-induced short-term
depression (Kreitzer and Regehr, 2001a,b; Maejima et al., 2001;
Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) and
activity-dependent LTD (Gerdeman et al., 2002; Robbe et al.,
2002; Chevaleyre and Castillo, 2003; Sjöström et al., 2003; Safo
and Regehr, 2005; Yin et al., 2006; Adermark and Lovinger, 2009)
of both excitatory and inhibitory synapses. The present study
revealed another function of the eCB signaling— homeostatic
presynaptic regulation of inhibitory synapses in response to al-
teration of excitatory synaptic activities. The rapidity of its syn-
thesis and release at the synapse and its localized retrograde
actions (Wilson and Nicoll, 2001; Brown et al., 2003; Chevaleyre
and Castillo, 2004; Chevaleyre et al., 2006) make eCBs ideal reg-
ulation for spatially and temporally specific homeostatic modifi-
cations. Part of the specificity of eCB actions may arise from the
region- and cell type-specific distribution of CB1Rs (Piomelli,
2003). For example, CB1Rs densely cover cholecystokinin (CCK)-
positive interneuronal axon terminals but are completely absent
from parvalbumin (PV)-containing cells and most other cortical
and hippocampal interneurons (Freund and Katona, 2007).
Given different input and output characteristics of CCK- and
PV-positive interneurons (Glickfeld and Scanziani, 2006;
Freund and Katona, 2007) and our results on paired recording
from FS-PC and LTS-PC synapses (Fig. 6), CB1R-dependent
homeostatic suppression of inhibitory synapses is likely to be
pathway-specific.

The mechanisms responsible for triggering eCB release appear
to be similar in both short- and long-term suppression of excita-
tory and inhibitory synapses—involving postsynaptic Ca 2� ele-
vation and/or activation of mGluR-I (Chevaleyre et al., 2006).
Although we found that mGluR activation is required in the eCB-
dependent homeostatic regulation of cortical inhibitory syn-
apses, the link between the absence of mEPSC activity and eCB
signaling remains to be fully clarified. The enhanced spontaneous
glutamate release due to the 1–3 h TCA treatment, as reflected by
the increased frequency and amplitude of mEPSCs, may elevate
mGluR-I activation, which in turn triggers the increase of eEF2-
dependent protein synthesis underlying the CB1R-dependent
suppression of inhibitory synapses.

Role of eEF2 in homeostatic regulation
Eukaryotic elongation factor-2 (eEF2) plays an essential role
in the regulation of protein synthesis (Jørgensen et al., 2006),
and can be phosphorylated (inactivated) selectively by Ca 2�/
calmodulin-dependent protein kinase III (CaMKIII) (Ryazanov
et al., 1988; Redpath et al., 1993). Previous study has shown that
eEF2 can act as a biochemical sensor that is tuned to the ongoing
level of mEPSC activities in hippocampal neurons (Sutton et al.,
2007). Here we showed that phosphorylation (and inactivation)
of eEF2 with rapamycin blocked the suppression of inhibitory
synapses induced by the absence of mEPSCs. Furthermore, rapa-
mycin treatment alone induced an increase in the mIPSC fre-
quency, and dephosphorylation (and activation) of eEF2 with
NH125 or rottlerin reduced the mIPSC frequency. Notably, the
NH125 effect could be abolished by blocking CB1Rs and oc-
cluded by prior TCA treatment, suggesting that the effects due to
the absence of mEPSCs and the activation of eEF2 are mediated
by similar mechanisms. Through modification of the status of its
phosphorylation, eEF2 may mediate the effect of mEPSC activity

Figure 8. The eEF2-dependent protein synthesis is essential for CB1R-dependent reduction
of mIPSC frequency. A, Average values of mIPSC frequency (left) and amplitude (right), normal-
ized by those obtained from control slices treated with aCSF. Rapamycin completely abolished
the reduction of mIPSC frequency induced by the absence of mEPSCs. The treatment with
rapamycin alone resulted in a time-dependent increase of mIPSC frequency. In all experiments,
no change was observed in the average mIPSC amplitude. Error bars indicate SEM (*p � 0.05,
**p � 0.01, and ***p � 0.001; t test; relative to controls). B, Similar to A, except that the slices
were treated with NH125 alone or together with AM251 for 1 or 3 h. C, Similar to A, except that
the slices were treated with TCA and NH125 (for 1 h), or first treated with TCA (for 1 h), and then
followed by NH125 treatment alone (for 1 additional hour). ctrl, Control.

Figure 7. Protein synthesis is required for the reduction of mIPSC frequency. A, Average
values of the mIPSC frequency, normalized by those obtained from control slices treated with
aCSF. Translation inhibitors anisomycin and cycloheximide completely abolished the reduction
of mIPSC frequency induced by the absence of mEPSCs, whereas transcription inhibitor actino-
mycin D had no effect. Each of these drugs applied alone had no significant effect on the mIPSC
frequency. Error bars indicate SEM (*p � 0.05 and **p � 0.01; t test; relative to controls).
B, Similar to A, except that the bars depict the average mIPSC amplitude. No significant change
of the average mIPSC amplitude was observed in all experiments. ctrl, Control.
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via bidirectionally modulating presynaptic properties of inhibi-
tory synapses.

Local protein synthesis at the synaptic site is important in
activity-dependent synaptic plasticity (Steward and Schuman,
2001). Such protein synthesis occurs in dendrites (Sutton et al.,
2004, 2006, 2007), and in developing as well as mature axons
(Beaumont et al., 2001; Zhang and Poo, 2002). Recently, Yin et al.
(2006) showed that eCB-dependent LTD in the striatum and in
the CA1 region of the hippocampus requires presynaptic and
postsynaptic protein synthesis, respectively. Whether the eEF2-
dependent protein synthesis relevant for the present homeostatic
suppression occurs in the presynaptic and/or postsynaptic neu-
ron remains to be investigated.

Physiological implications
In the present study, we have shown a novel function of mEPSCs—
heterosynaptic maintenance of the presynaptic function of inhib-
itory synapses. When the mEPSC activity is silenced, both
miniature and AP-evoked inhibitory synaptic activities become
downregulated in a manner opposite to that of the excitatory
synapses, thus helping to restore the excitation-inhibition balance
and the overall activity level of the circuit. The heterosynaptic regu-
lation shown here may also contribute to the developmental or
experience-dependent refinement of neural connections. As excita-
tory inputs become strengthened or weakened, homeostatic changes
in the efficacy of coinnervating inhibitory synapses may occur to
achieve the coordinated refinement of excitatory and inhibitory in-
puts converging onto the same neuron, as observed in the develop-
ing Xenopus visual system (Tao and Poo, 2005).

Induction of LTP and LTD of excitatory synapses may re-
sult in presynaptic modulation of the efficacy of transmitter
release, in addition to postsynaptic changes in receptor den-
sity, leading to changes in mEPSCs. Hebbian modifications of
individual excitatory synapses associated with LTP/LTD may be
erased by homeostatic synaptic scaling that occurs locally (Ju et
al., 2004; Thiagarajan et al., 2005; Sutton et al., 2006; Hou et al.,
2008). To resolve this “paradox,” Rabinowitch and Segev (2008)
proposed that heterosynaptic scaling of adjacent excitatory syn-
apses of the same polarity helps to preserve the relative changes in
synaptic strength associated with LTP/LTD. Heterosynaptic scal-
ing of adjacent inhibitory synapses of the opposite polarity de-
scribed here will also serve the same function in preserving
Hebbian modifications of excitatory synapses in the face of local
homeostatic plasticity.
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