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SUMMARY

Homeostatic synaptic scaling adjusts a neuron’s
excitatory synaptic strengths up or down to compen-
sate for perturbations in activity. Little is known
about the molecular pathway(s) involved, nor is it
clear which aspect of ‘‘activity’’—local synaptic sig-
naling, postsynaptic firing, or large-scale changes
in network activity—is required to induce synaptic
scaling. Here, we selectively block either postsynap-
tic firing in individual neurons or a fraction of presyn-
aptic inputs, while optically monitoring changes in
synaptic strength. We find that synaptic scaling is
rapidly induced by block of postsynaptic firing, but
not by local synaptic blockade, and is mediated
through a drop in somatic calcium influx, reduced
activation of CaMKIV, and an increase in transcrip-
tion. Cortical neurons thus homeostatically adjust
synaptic strengths in response to changes in their
own firing rate, a mechanism with the computa-
tional advantage of efficiently normalizing synaptic
strengths without interfering with synapse-specific
mechanisms of information storage.

INTRODUCTION

Storage of memories and the activity-dependent refinement of
neuronal circuitry are thought to require two distinct forms of
synaptic plasticity; synapse-specific mechanisms that selec-
tively alter the strength of particular connections (Malenka and
Bear, 2004) and homeostatic mechanisms such as synaptic
scaling that regulate the overall strength of a neuron’s synaptic
inputs (Abbott and Nelson, 2000; Turrigiano and Nelson, 2004).
Synaptic scaling has now been well documented at a variety of
central synapses (Burrone and Murthy, 2003; Turrigiano and
Nelson, 2004) and also occurs in vivo in response to develop-
mental or activity-dependent changes in sensory input (Desai
et al., 2002; Goel et al., 2006; Maffei et al., 2004), suggesting
that it plays an important role in the developmental refinement
of neuronal circuitry.
There is good consensus that a major expression locus of

synaptic scaling is changes in the synaptic accumulation of

AMPA-type glutamate receptors (Grunwald et al., 2004; Ju
et al., 2004; Lissin et al., 1998; O’Brien et al., 1998; Thiagarajan
et al., 2005; Turrigiano et al., 1998; Wierenga et al., 2005). In con-
trast, much less is known about how synaptic scaling is induced.
Several signaling molecules have been suggested to mediate or
modulate synaptic scaling (Goddard et al., 2007; Rial Verde
et al., 2006; Rutherford et al., 1998; Shepherd et al., 2006; Stell-
wagen and Malenka, 2006), including the Calcium/calmodulin-
dependent protein kinases (CaMKs; Thiagarajan et al., 2005),
but there is as yet no complete molecular pathway linking altered
activity to homeostatic regulation of AMPAR accumulation. It
also remains unclear which aspect of activity is sensed by neu-
rons or networks during synaptic scaling: it has variously been
proposed that neurons sense their own firing rate and globally
scale synaptic weights up or down to compensate (Turrigiano
and Nelson, 2004); that local changes in synaptic signaling in-
duce local homeostatic changes in synaptic transmission at indi-
vidual synapses (Sutton et al., 2006); or that synaptic scaling re-
quires widespread changes in network activity, perhaps through
activity-dependent release of a soluble factor by neurons or glia
(Rutherford et al., 1998; Stellwagen and Malenka, 2006). To
distinguish between these possibilities, we acutely blocked
either a subset of presynaptic inputs or postsynaptic firing in
individual neurons, while optically monitoring changes in synap-
tic strength over several hours. We find that cortical neurons
homeostatically adjust synaptic strengths in response to
changes in their own firing rate, through a pathway that involves
changes in spike-mediated somatic calcium influx, CaMKIV
signaling, and transcription.

RESULTS

A major expression locus of synaptic scaling is postsynaptic
changes in AMPAR accumulation. Previously, we showed that
in cortical neurons, 1 to 2 days of TTX treatment increases
endogenous GluR1 and GluR2 proportionally, and we used fluo-
rescently tagged GluR2 to monitor the changes in synaptic
strength induced by prolonged bath application of TTX
(Wierenga et al., 2005). Here, we used time-lapse imaging to
follow changes in GluR2 accumulation over the first few hours
of activity blockade. Recombinant GluR2 was tagged with
EYFP and when expressed in cultured cortical pyramidal
neurons accumulated in dendritic puncta (Figure 1A), and these
puncta colocalized with the excitatory synaptic marker PSD-95
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(Figure 1B; 93.5% ± 3.2% colocalization). Approximately 70% of
these GluR2 puncta are also colocalized with the presynaptic
marker synapsin and can recycle vesicles (Wierenga et al.,
2005), suggesting that the majority of these GluR2 puncta
represent functional synaptic sites.

GluR2was taggedon theN terminal, so thatwhen receptors are
inserted into the plasma membrane the EYFP tag is on the extra-
cellular surface. EYFP is highly pH sensitive (pKa of 7.0; Shaner
et al., 2005), so tagged receptors localized in acidic intracellular
compartmentswill have no appreciable fluorescence but when in-
serted into theplasmamembrane (pH7.4)will showstrongfluores-
cence. Punctate GluR2-EYFP fluorescence was rapidly and re-
versibly quenched to 10% of control by low-pH medium (Figures
1C, 1D, and 1F), indicating that at least 90% is fromsurface recep-
tors, andchanges in thissignal canbeusedasanoninvasiveprobe
for changes in synaptic AMPAR accumulation. Repeated imaging
of the same puncta revealed that the majority of GluR2 puncta
(75%) were stable over 4 hr (Figure 1E, puncta 1, 2, 3; Figure 1G,
Stable). The remaining puncta appeared de novo (Figure 1E,white
arrow), disappeared during the imaging period, or were highly

motile (Figure 1E, star). The fraction of puncta gained and lost
were closely matched (Figure 1G, compare New to Lost), so that
overall puncta number did not change significantly.
Synaptic scaling has been thought of as a process that oper-

ates over days (Turrigiano and Nelson, 2004). Surprisingly, we
found that 4 hr of bath-applied TTX was sufficient to significantly
increased GluR2 puncta intensity. Comparing all puncta (tran-
sient, stable, and new puncta; Figure 1H, All) with the effects
only on stable puncta (Figure 1H, Stable) revealed that for both
measures, control puncta intensity was stable over 4 hr, whereas
puncta intensity significantly increased during TTX treatment.
TTX had no effect on the proportion of stable and transient
puncta (Figure 1G). Newly appeared puncta were weaker than
average and similar in intensity for control and TTX (Figure 1H,
New), suggesting that new puncta are not yet subject to the
process that homeostatically regulates AMPAR number at
more mature puncta. Below, we confined our analysis to puncta
that persisted throughout the imaging experiment.
To examine the time course of TTX-induced AMPAR accumu-

lation, we imaged neurons at 1 hr intervals for 4 hr (Figure 2A, top
panel). There was no significant change in fluorescence under
control conditions (Figure 2A, ctrl; 237 puncta from 10 neurons).
In contrast, TTX induced a gradual increase in punctate GluR2
fluorescence, which was significant within 1 hr (Figure 2A, TTX;
164 puncta from 6 neurons). Synaptic scaling is bidirectional
(Turrigiano et al., 1998); increasing activity with the GABAA

receptor antagonist bicuculline significantly reduced synaptic
AMPAR fluorescence (Figure 2A, bicucu; 153 puncta from 8 neu-
rons). To verify that endogenous receptor levels are also rapidly
affected by activity blockade, we used antibodies directed
against an extracellular epitope of GluR2 under nonpermeant
conditions to measure surface synaptic AMPAR levels in control
and TTX-treated sister cultures, as described previously
(Wierenga et al., 2005, 2006). TTX treatment for 4 hr significantly
increased GluR2 intensity at synaptic sites (as defined by colo-
calization with synapsin); 24 hr of TTX further increased fluores-
cence (Figure 2B). TTX treatment did not affect colocolization
between GluR2 and synapsin (control, 73% ± 3%; TTX 4 hr,
76%± 3%; TTX 24 hr, 74%± 4%colocalization). Taken together,
these data indicate that modulating network activity rapidly and
bidirectionally affects receptor trafficking to induce compensa-
tory changes in AMPAR accumulation at putative synaptic sites.
The changes in AMPA accumulation measured above are

more rapid than the changes in mEPSC amplitude we reported
previously (Turrigiano et al., 1998). Since our culture conditions
have changed since this first report (notably, we now plate
neurons onto beds of glia), we compared the effects of 4 and
24 hr of TTX treatment onmEPSC amplitude. Surprisingly, 4–5 hr
of TTX treatment was sufficient to produce a robust and signif-
icant increase in mEPSC amplitude, to approximately 130% of
control values (Figures 2C–2F), in good agreement with our
receptor accumulation data. Longer TTX treatment (24 hr)
increased mEPSC amplitude further (Figure 2F), also in agree-
ment with the receptor accumulation data (Figure 2B and
Wierenga et al., 2005), but the rate of change is clearly faster
during the first 4 hr than during the subsequent 20. The effects
on mEPSCs induced by 4 hr of TTX were identical to those in-
duced by longer TTX treatment, in that they occurred without

Figure 1. Time-Lapse Imaging of Synaptic AMPA Receptor
Fluorescence
(A) Dendrite of pyramidal neuron transfectedwith GluR2-EYFP. Here and for all

figures error bars represent SEM. Scale bar = 2 mm.

(B) GluR2-EYFP (A) colocalized with PSD-95-DsRed (B).

(C and D) GluR2-EYFP fluorescence at pH 7.4 (C) and immediately after

washing into pH 5.4 medium (D). Scale bar = 10 mm.

(E) GluR2-EYFP imaged at 2 hr intervals, showing stable puncta (arrowheads

1, 2, 3), a mobile punctum (star), and a punctum that appeared de novo (while

arrow). TTX was added to the bath after the first image.

(F) GluR2-EYFP fluorescence at low pH as a % of fluorescence at pH 7.4.

(G) Percent of stable puncta, puncta that appeared de novo (New), and puncta

that disappeared (Lost) during the 4 hr imaging period, for control and

TTX-treated neurons.

(H) Four hours of bath-applied TTX increased GluR2-EYFP intensity when

averaged across all puncta (All) and stable puncta (Stable); control puncta

intensity was unchanged. *TTX different from control, p = 0.001.
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any significant change in mEPSC kinetics (Figure 2D) or mEPSC
frequency (TTX was 120% ± 10% of control values, p = 0.46),
and TTX increased the amplitude distribution multiplicatively
(Figure 2E; Turrigiano et al., 1998).
Bath-applied TTX could be affecting AMPAR accumulation by

blocking postsynaptic firing, by reducing presynaptic release
and/or local glutamate receptor activation, or by reducing

network activity. To differentiate between these possibilities, we
devised a perfusion system that allowed us to perfuse a local
(approximately 30 mm diameter) region of the neuron with TTX to
block somatic action potentials in individual neurons (Figure 3A).

Figure 2. Bath Application of TTX Rapidly Increased Synaptic
AMPAR Accumulation and mEPSC Amplitude
(A) Image sequence: GluR2-EYFP punctum imaged repeatedly over 4 hr; TTX

was added to the bath at arrow. Scale bar = 2 mm. Plot: average punctate

GluR2 fluorescence. Drugs (TTX or bicuculline) were added to the bath at

arrow. *Drug different from control (ctrl), p < 0.04; **p < 0.002.

(B) TTX rapidly increased endogenous surface GluR2. Top: control dendrite

stained against surface GluR2 and synapsin (Syn) and merged image

(73% ± 3% colocalization). Bottom: cumulative histogram of GluR2 intensity

for control (356 puncta from 19 neurons), 4 hr TTX (358 puncta from 19 neu-

rons), and 24 hr TTX (360 puncta from 20 neurons). TTX (4 and 24 hr) was sig-

nificantly different from control, p < 0.001.

(C) Example mEPSCs from a control neuron and neuron treated with TTX for

4 hr. Scale bar = 25 pA, 2 s.

(D) Average mEPSCs recorded for control and after 4 hr in TTX (n = 11 and 10).

Dashed line indicates average mEPSC peak-scaled to control average.

(E) Cumulative histogram of mEPSC amplitude for control and TTX (4 hr). TTX

distribution significantly different from control (p = 0.006); scaling down the

TTX distribution (by a factor of 0.69) gave a good fit to the control distribution

(scaled TTX and control not different, p = 0.99).

(F) Average mEPSC amplitude (n = 11, 10, and 10) for control, 4 hr TTX, and

24 hr TTX. *Different from control, p < 0.03, corrected t test.

Figure 3. Blockade of Somatic Spikes, but Not Local Synaptic
Blockade, Increased Synaptic GluR2 Accumulation
(A) Local perfusion.Overlaid fluorescence andDIC images showing transfected

pyramidal neuronand perfusion pipettes (inflowon the right; outflowon the left).

The fluorescent dye (red) shows the diameter of the perfusion spot. Scale bar =

20 mm.Middle panel: block of postsynaptic spikes by somatic perfusion of TTX.

Top trace (Control) shows spikes elicited from a pyramidal neuron with a dc

current injection, which are blocked when the local perfusion is moved onto

the soma (TTX soma); synaptic potentials were not affected (right panel).

(B andC) Diagrams at left indicate perfusion (red circle) andmeasurement (blue

box) sites during time-lapse imaging. (B) Somatic TTX significantly increased

GluR2 fluorescence at dendritic puncta (red boxes). Control medium (black

circles) or the AMPA and NMDA receptor antagonists DNQX/APV (blue trian-

gles) had no significant effect. *p < 0.01; **p < 0.001 compared to perfusion of

control medium. (C) Dendritic perfusion with control medium (circles), TTX

(boxes), or DNQX/APV (triangles) had no effect on GluR2 accumulation at

puncta within the perfusion spot.

(D) Bath-applied (Bath) and somatic TTX (Soma) increased GluR2 fluorescence

to the same extent.

(E) Dendritic perfusion with TTX produced a small decrease in the firing rate of

perfused neurons.

(F) Comparison of dendritic GluR2 fluorescence after somatic TTX perfusion

(Soma) or for dendritic TTX perfusion for puncta inside (Dend In) and outside

(Dend Out) the perfusion spot. *p < 0.01; **p < 0.001 compared to control.
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Locally applying this perfusion spot to the soma blocked post-
synaptic firing (Figure 3A, middle panel), while moving the pipette
30 mm away from the soma, or perfusing a region of dendrite, did
not affect the ability of the neurons to fire during current injection
(not shown). Synaptic input persisted during somatic perfusion
with TTX (Figure 3A, left panel), and there was no difference in
the integrated synaptic input before and during somatic TTX
perfusion (TTXwas 105%±6%of control, n = 5 neurons), indicat-
ing that blocking somatic spikes did not significantly reduce
network activity.

Our strategy was to block postsynaptic firing with somatic TTX
perfusion while monitoring the intensity of dendritic AMPAR
puncta that were well outside the perfusion spot (at least 100
mm from the soma along the apical-like dendrite). Blocking
somatic spikes in individual pyramidal neurons induced a gradual
increase in dendritic punctate AMPAR fluorescence (Figure 3B;
n = 199 puncta from 6 neurons). Somatic perfusion with control
medium (Figure 3B; n = 201 puncta from 11 neurons) or with
DNQX/APV (Figure 3B; n = 142 puncta from 5 neurons) had no
effect. The magnitude (Figure 3D) and time course (compare
Figures 3B and 2A) of the change in AMPAR accumulation
induced by somatic spike blockade was similar to that induced
by bath-applied TTX.

To determine whether locally blocking a subset of presynaptic
inputs onto the dendrite is sufficient to induce a local increase
in receptor fluorescence, we microperfused the apical-like
dendrite with TTX andmonitored AMPAR fluorescence at puncta
within the perfusion spot (Figure 3C). Locally perfusing the
dendrite with control medium induced no change in AMPAR fluo-
rescence at perfused puncta (n = 99 puncta from 7 neurons), nei-
ther did perfusion with TTX (to block presynaptic spikes; n = 93
puncta from 10 neurons, p = 0.53 compared to perfusion with
control medium) nor with DNQX/APV (to block postsynaptic
glutamate receptors; n = 38 puncta from 4 neurons, p = 0.46).
Thus, synaptic scaling cannot be induced locally in the dendrite
but can be induced by a drop in postsynaptic activity.

TTX perfusion along the apical-like dendrite produced a small
(approximately 20%) reduction in spontaneous firing of the
perfused neuron (Figure 3E; n = 5 neurons), likely because this
blocks a fraction of the synaptic inputs to the neuron. If synaptic
scaling is a graded function of neuronal firing rate, then this
reduction in firing should produce a small increase in AMPAR
fluorescence, yet monitoring fluorescence within the perfusion
spot showed no significant change in fluorescence (Figure 3C;
Figure 3F, Dend In). To analyze this more thoroughly, we com-
pared the fluorescence at dendritic puncta inside and outside
the dendritic perfusion spot. Four hours of dendritic TTX perfu-
sion produced a small but significant increase (approximately
14%) in AMPAR fluorescence at puncta outside the perfusion
spot (Figure 3F, Dend Out). These data indicate that a graded
drop in firing can increase dendritic AMPAR accumulation and
suggest the presence of a competitive mechanism that prevents
accumulation at locally blocked synapses.

Modeling studies have shown that an efficient way to design
a homeostatic feedback loop is to use an integrator of intracellu-
lar calcium and adjust neuronal properties to keep this integrated
calcium signal close to some ‘‘calcium set point’’ (LeMasson
et al., 1993; Liu et al., 1998; Marder and Prinz, 2002). Somatic

spikes trigger somatic calcium transients that are blocked by
local perfusion of TTX at the soma (Figure 4A, top panel), raising
the possibility that blocking somatic spikes scales up synaptic
strengths by reducing somatic calcium influx. To test this, we
perfused the soma with NiCl2, a broad-spectrum competitive
blocker of calcium channels that completely abolished the
somatic calcium transients (Figure 4A, bottom panel). We
confirmed that perfusion with NiCl2 did not affect the ability of
the neurons to fire action potentials (data not shown). Somatic

Figure 4. Synaptic Scaling Was Induced by a Drop in Somatic
Calcium, Reduced CaMKIV Activation, and Required Transcription
(A) Top: somatic calcium transients before (black trace) and during (red trace)

somatic perfusion with TTX. Bottom: somatic calcium transients before (black

trace) and during (red trace) somatic perfusion with NiCl2.

(B) Change in GluR2 fluorescence induced by 4 hr of somatic perfusion with

TTX, nifedipine, or an u-Conotoxins cocktail (to block P/Q and N channels).

*Different from control, p < 0.01; **p < 0.001.

(C) Phospho-CaMKIV staining in control cultures (Cont) and cultures treated

with TTX for 4 hr (TTX).

(D) Cumulative histogram of nuclear phospho-CaMKIV intensity for neurons

treated for 4 hr with indicated agents; control, n = 69; TTX, n = 78; ActD,

n = 65; TTX + ActD, n = 92. TTX was significantly different from control

(p = 0.01), but not from TTX + ActD.

(E) mEPSC amplitude as % control for the conditions indicated, *p < 0.05,

corrected t tests. From left to right, n = 25, 12, 12, 10, 10, 7, 9, 7, and 8.
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perfusion with NiCl2 induced a slow accumulation of AMPAR at
dendritic puncta, similar in magnitude (Figure 4B) and time
course (see Figure S1 available online) to that induced by
somatic TTX perfusion. Perfusing the soma with the L type cal-
cium channel blocker nifedipine produced a smaller but signifi-
cant increase in AMPAR accumulation, while the N and P/Q
type calcium channel blockers u-Conotoxin GVIA and MVIIC
had no effect (Figure 4B). Consistent with a partial effect of
nifedipine on AMPAR accumulation, 24 hr of bath-applied nifed-
ipine increased mEPSCs to values intermediate between control
and TTX-treated cultures (nifedipine was 126%±11%of control,
p < 0.025, n = 9; TTX was 154% ± 17% of control, p < 0.01,
n = 10). Thus, a drop in somatic calcium influx, operating through
a mixture of L type and other (possibly T or R type) calcium
channels, generates a signal that leads to a gradual and cumula-
tive increase in surface AMPAR at synaptic sites.
Calcium/calmodulin-dependent protein kinases (CaMKs) are

important mediators of many forms of calcium-dependent
plasticity (Lisman et al., 2002; Soderling, 1999). The CaMK inhib-
itor KN93 can induce homeostatic changes in synaptic function
(Thiagarajan et al., 2005) but blocks all members of the CaMK
family (CaMKI, CaMKII, and CaMKIV) with similar efficacy. Unlike
CaMKII, CaMKIV has a predominantly somatic/nuclear localiza-
tion (Nakamura et al., 1995; Soderling, 1999), raising the possibil-
ity that a drop in somatic calcium might induce synaptic scaling
by reducing activation of nuclear CaMKIV. In keeping with
published reports (Bito et al., 1996; Nakamura et al., 1995), stain-
ing against CaMKIV revealed a strong somatic/nuclear localiza-
tion, with no appreciable signal within dendrites (Figure S2). A
phospho-CaMKIV antibody (p-196, which detects the fully acti-
vated kinase) revealed strong levels of activated kinase in the
nuclear compartment (Figure 4C), which was significantly
reduced by 4 hr of TTX treatment (Figures 4C and 4D); baseline
firing thus maintains a pool of CaMKIV in the activated state.
To directly test for a role of reduced CaMKIV signaling in the

induction of synaptic scaling, we transfected neurons with
a dominant-negative form of CaMKIV (dnCaMKIV, the kinase-
dead mutation K75E; Chatila et al., 1996). Transfection with
dnCaMKIV for 24 hr increased mEPSC amplitude to a similar
extent as 24 hr of TTX (Figure 4E); further, the effects of dnCaM-
KIV and TTX occluded each other (Figure 4E, TTX + dnCaMKIV).
Transfection with dnCaMKII (also kinase dead, K42M; Hanson
et al., 1994) had no effect on mEPSC amplitude (Figure 4E,
dnCaMKII). Unlike CaMKII, CaMKIV must be phosphorylated
by CaM kinase kinase (CaMKK) for full activation (Soderling,
1999). Therefore, as a second means of inhibiting CaMKIV, we
used the selective CaMKK inhibitor Sto-609 (Tokumitsu et al.,
2002). Like dnCaMKIV, Sto-609 (bath applied for 4 hr) signifi-
cantly increased mEPSC amplitude (Figure 4E) and synaptic
accumulation of endogenous AMPAR (Figure S4). Taken
together, these data strongly suggest that a drop in postsynaptic
firing scales up mEPSC amplitude through a drop in somatic
calcium influx and a subsequent reduction in CaMKIV signaling.
CaMKIV is a known transcriptional regulator (Soderling, 1999),

and some forms of synaptic plasticity require gene expression
for their induction or maintenance (West et al., 2002), but it is
unknown whether synaptic scaling is transcription dependent.
To determine whether changes in somatic calcium trigger

synaptic scaling through a transcription-dependent pathway,
we bath applied TTX along with the transcription inhibitor actino-
mycin D (ActD). Time-lapse imaging of synaptic GluR2-EYFP
revealed that ActD completely blocked the increase in receptor
accumulation normally induced by 4 hr of TTX (Figure S3);
ActD also blocked the increase in endogenous AMPAR accumu-
lation (Figure S4) and the increase in mEPSC amplitude induced
by 4–5 hr of Sto-609 (Figure 4E, Sto-609 + ActD), as well as the
increase in mEPSC amplitude induced by 24 hr of bath-applied
TTX (Figure 4E, TTX + ActD). ActD had no significant effect on
baseline transmission (Figure 4E, ActD), mEPSC frequency
(ActD was 111.9% ± 21.3% of control), or on passive cellular
properties such as input resistance (ActD was 97.0% ± 1.8%
of control) and resting potential (ActD was 95.5% ± 12.5% of
control). Scaling up of synaptic strengths thus depends upon
transcription. ActD did not prevent the TTX-induced reduction
in nuclear phospho-CaMKIV (Figure 4D), indicating that a drop
in CaMKIV activation precedes transcription in the signaling
pathway for synaptic scaling.

DISCUSSION

Our data show that blocking postsynaptic firing in an individual
cortical pyramidal neuron rapidly induces synaptic scaling,
which is mediated through a drop in somatic calcium influx, a
reduction in activation of CaMKIV, and a subsequent increase
in gene transcription. In contrast, selectively blocking a subset
of presynaptic inputs did not induce scaling at the blocked
synapses, demonstrating that purely local changes in either pre-
synaptic firing or postsynaptic receptor activation are not suffi-
cient to induce local homeostatic changes in synaptic strength.
Cortical neurons thus use a somatically activated, calcium-
and CaMKIV-dependent transcriptional mechanism to adap-
tively increase synaptic strengths in response to a reduction in
their own firing.
The standard paradigms for inducing postsynaptically

expressed synaptic scaling, including blockade or enhancement
of network activity in culture and sensory deprivation in the intact
animal, modify the activity of the entire network. Consequently,
the identity of the activity signal that triggers synaptic scaling
has been a matter of speculation. At the invertebrate NMJ and
in hippocampal cultures, chronic hyperpolarization of individual
neurons or muscle fibers through expression of an inwardly
rectifying K channel can induce a presynaptic form of homeo-
static plasticity (Murthy et al., 2001; Paradis et al., 2001), but
because this manipulation hyperpolarizes both somatic and
dendritic regions of the neuron, it cannot distinguish between
a critical role for somatic versus local dendritic depolarization
in the induction of homeostatic plasticity. To circumvent this
problem, here we used acute pharmacological blockade of
postsynaptic firing (without concomitant hyperpolarization) in
individual neurons and found that this was sufficient to induce
postsynaptically expressed synaptic scaling. The effects of
somatic block of spikes and of global block of network activity
with TTX were similar, strongly suggesting that blocking network
activity has no effects on synaptic scaling over and above block-
ing postsynaptic spikes. It has recently been reported that
synaptic scaling induced by 48 hr of activity blockade requires
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release of the cytokine TNF-alpha from glia (Stellwagen and
Malenka, 2006). Our data do not rule out a role for non-cell-
autonomous neuron-glial signaling in the early phases of synap-
tic scaling but argue that any such signalingmust be triggered by
changes in somatic calcium influx in individual neurons.

In contrast to the effects of blocking postsynaptic firing, acute
pharmacological blockade of either presynaptic release or post-
synaptic receptor activation at a subset of neocortical synapses
did not affect the accumulation of GluR2 locally at the blocked
synapses. This result is in agreement with two recent studies
showing that genetic block of presynaptic release at a subset
of synapses (leaving others active) does not locally increase
GluR1 or GluR2 accumulation and in fact can reduce AMPAR
levels relative to nearby unblocked synapse (Harms et al.,
2005; Ehlers et al., 2007). Interestingly, when TTX was first
bath applied for several hours and then receptors were locally
blocked in hippocampal neurons, there was a local acceleration
of GluR1 accumulation (Sutton et al., 2006). Taken together
with these other studies, our data suggest that local synaptic
blockade is not sufficient to locally increase AMPAR accumula-
tion but may accelerate it when combined with global activity
blockade.

The roles of CaMKIV in synaptic function are only poorly
understood. Genetic manipulations of CaMKIV signaling has
suggested a role in the maintenance of LTP (Ho et al., 2000;
Kang et al., 2001), BDNF-induced synaptic potentiation
(Minichiello et al., 2002), and cerebellar LTD and motor learning
(Boyden et al., 2006; Ho et al., 2000), suggesting that CaMKIV
signaling can promote or maintain either increases or decreases
in synaptic strength depending on the cell type. Our data sug-
gest that, in neocortical neurons, a drop in somatic calcium influx
is sensed through a drop in activated nuclear CaMKIV, which
then triggers a homeostatic increase in synaptic AMPAR accu-
mulation and mEPSC amplitude. In apparent contrast to our
results, dnCaMKIV had little effect on evoked transmission in
hippocampal CA1 neurons (Marie et al., 2005); mEPSCs were
not assessed in this study so it is not clear whether this difference
is methodological or reflects differences in baseline levels of
activated CaMKIV or other cell-type-specific differences in
CaMKIV function. Our data do not address whether scaling
down of synaptic strengths in response to increased activity is
mediated through CaMKIV signaling. Overexpression of a trun-
cated constitutively active CaMKIV was observed to increase
evoked transmission in hippocampal CA1 (Marie et al., 2005),
a change which is opposite in sign from that predicted if
increased CaMKIV signaling mediates homeostatic scaling
down of synaptic strengths. However, ectopically expressed
CaMKIV is strongly localized to the cytoplasmic compartment
(Matthews et al., 1994), whereas endogenous activated CaMKIV
is largely confined to the nucleus (Bito et al., 1996; Nakamura
et al., 1995; Soderling, 1999). Overexpressed constitutively
active CaMKIV will thus have access to targets normally unavail-
able to the endogenous kinase, and is unlikely to mimic the
effects of endogenous CaMKIV activation.

Synaptic scaling is a cumulative, dynamic, and reversible form
of synaptic plasticity, so it was surprising to find that even the
early stages of scaling (within the first 4 hr) are transcription
dependent. Activity blockade appears to rapidly upregulate the

expression of a protein or proteins that are necessary for
increasing the accumulation of AMPARs. This dependence on
transcription is in contrast to rapid presynaptic homeostatic
changes at the Drosophila NMJ, which occur within minutes
and do not require transcription (Frank et al., 2006). CaMKIV is
a known transcriptional regulator and can target CREB, CBP,
and likely a large number of other genes, transcription factors,
and regulators of alternative splicing (Bito et al., 1996; Soderling,
1999). Recently, it has been suggested that the immediate-early
gene Arc is involved in synaptic scaling (Rial Verde et al., 2006;
Shepherd et al., 2006). However, changes in Arc expression
cannot account for the transcriptional requirement reported
here, because unlike immediate-early genes such as Arc whose
transcription is induced by activity, scaling up of synaptic
strengths requires a factor or factors whose transcription is
increased by activity blockade.
How synaptic scaling will function within in vivo networks and

interact with other forms of synaptic plasticity depends critically
on how it is induced. Locally induced scaling would tend to
erase or reverse synaptic changes produced by long-term de-
pression (or potentiation), because when a synapse is weak-
ened (or strengthened) it will generate less (or more) local den-
dritic activation, and this would cause the synapse to be locally
scaled up (or down) in strength again. Such a local process
could contribute to the stabilization of neuronal activity (Rabi-
nowitch and Segev, 2006) but would do so at the expense of
efficient information storage. Our data argue against such an
exclusively local mechanism and instead lend strong support
to the idea that cortical neurons globally adjust synaptic
strengths in response to changes in their own firing rates.
Such a mechanism has the computational advantage of effi-
ciently normalizing synaptic strengths without interfering with
the ability of Hebbian plasticity mechanisms to store informa-
tion (Abbott and Nelson, 2000; Miller, 1996; Turrigiano and
Nelson, 2004).

EXPERIMENTAL PROCEDURES

Dissociated neuronal cultures were prepared from P3 Long-Evans rat pups,

and immunohistochemistry and electrophysiology were performed as

described previously (Pratt et al., 2003; Wierenga et al., 2005). Cultures were

transfected 24 hr prior to experimentation using Lipofectamine and were

used after 7–10 DIV. Time-lapse imaging (for details, local perfusion technique,

and pharmacology see Supplemental Experimental Procedures) was as

follows: cultures were perfused with imaging medium at 35!C and viewed on

an inverted Olympus IX70 microscope with a 603 oil immersion objective

(n.a.1.25) using 3% neutral density filters. Digital images were acquired with

an Orca ER cooled CCD camera, captured using Openlab, and analyzed using

ImageJ. Data were expressed as punctum/local dendrite intensity. Statistics:

values are mean ± standard error of the mean for the number of neurons (or

puncta) indicated. Statistics were performed using two-tailed unpaired

Student’s t tests, corrected for multiple comparisons using a Bonferroni

correction factor. For comparisons of cumulative distributions, a Kolmo-

gorov-Smirnov (KS) test was used. A p value of <0.05 was considered

statistically significant.

SUPPLEMENTAL DATA

The Supplemental Data for this article can be found online at http://www.

neuron.org/cgi/content/full/57/6/819/DC1/.
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