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Tumor Necrosis Factor-� Signaling Maintains the Ability of
Cortical Synapses to Express Synaptic Scaling

Celine C. Steinmetz and Gina G. Turrigiano
Department of Biology and Center for Behavioral Genomics, Brandeis University, Waltham, Massachusetts 02454

Glial tumor necrosis factor-� (TNF�) is essential for scaling up of synapses during prolonged activity blockade, but whether TNF� is an
instructive or permissive signal is not known. Here we show in rat cortical neurons that the effects of TNF� and activity blockade are not
additive; whereas TNF� increased AMPA quantal amplitude at control synapses, TNF� reduced quantal amplitude at prescaled synapses,
demonstrating state-dependent effects of TNF� signaling on the scaling process. Whereas synaptic scaling during prolonged activity
blockade [24 h tetrodotoxin (TTX)] was prevented by blocking TNF� signaling, early scaling (6 h TTX) was not, unless TNF� signaling
was first blocked for 24 h. Moreover, when synapses were prescaled, prolonged (24 h) but not brief (6 h) blockade of TNF� signaling
reversed scaling. Finally, prolonged block of TNF� signaling modified the synaptic localization of several scaffold proteins, suggesting that
maintenance of postsynaptic density composition is TNF� dependent. Together, these data suggest that TNF� is not an instructive signal for
scaling but rather is critical for maintaining synapses in a plastic state in which synaptic scaling can be expressed.

Introduction
To function properly, neuronal circuits require homeostatic plas-
ticity mechanisms such as synaptic scaling that provide stability
to circuit output. Synaptic scaling has been well documented at a
variety of central synapses both in vitro and in vivo and is charac-
terized by bidirectional changes in miniature EPSC (mEPSC)
amplitude that are in the correct direction to compensate for
prolonged changes in activity (Burrone and Murthy, 2003;
Turrigiano and Nelson, 2004; Turrigiano, 2008). There is wide-
spread agreement that scaling is expressed through changes in
AMPA receptor (AMPAR) accumulation at postsynaptic sites
(O’Brien et al., 1998; Turrigiano et al., 1998, 2005; Wierenga et
al., 2005), but how changes in activity are sensed and translated
into changes in AMPAR accumulation is still controversial.

Several activity-dependent signals have been suggested to me-
diate scaling (Turrigiano, 2008). We reported recently that scal-
ing up is a function of postsynaptic firing and calcium-dependent
changes in transcription, arguing for a cell-autonomous induc-
tion mechanism (Ibata et al., 2008). In contrast, a recent study
argued for a non-cell-autonomous mechanism mediated by glial
release of the proinflammatory cytokine tumor necrosis factor-�
(TNF�) (Stellwagen and Malenka, 2006). This apparent contra-
diction prompted us to reexamine the role of TNF� in scaling and
in particular to ask whether TNF� is an “activity signal” that
instructs neurons to scale synapses up when activity drops, or
alternatively plays a permissive role by maintaining synapses in a
plastic state.

TNF� levels are elevated by prolonged (48 h) activity block-
ade, acute application of TNF� increases mEPSC amplitude, and
scaling up in response to prolonged activity blockade is prevented
by blocking TNF� signaling (Beattie et al., 2002; Stellwagen et al.,
2005; Stellwagen and Malenka, 2006). These observations led to
the proposal that prolonged activity blockade induces scaling by
increasing glial release of TNF�, which then acts on neurons to
enhance AMPAR insertion (Stellwagen and Malenka, 2006). In-
consistent with this model are the observations that scaling is a
gradual and cumulative process evident after as little as 4 – 6 h of
activity blockade (Sutton et al., 2006; Ibata et al., 2008), whereas
TNF�-dependent scaling was observed only after prolonged ac-
tivity block (Stellwagen and Malenka, 2006). This raises the pos-
sibility that the early phase of scaling is not mediated by TNF�,
or, alternatively, that TNF� is permissive rather than instructive
for scaling.

To examine these possibilities, we blocked activity while pre-
venting TNF� signaling for brief (6 h, early scaling) or prolonged
(24 h, prolonged scaling) periods of time. Prolonged scaling was
prevented by blocking TNF� signaling, but early scaling was not
unless TNF� signaling was first blocked for 24 h. Moreover, when
synapses were prescaled, prolonged but not brief blockade of
TNF� signaling could reverse scaling. Finally, prolonged block of
TNF� signaling modified the synaptic localization of several scaf-
fold proteins, suggesting that maintenance of postsynaptic den-
sity (PSD) composition is TNF� dependent. Together, these data
suggest that TNF� signaling is critical for maintaining synapses in
a plastic state in which synaptic scaling can be expressed.

Materials and Methods
Neuronal cultures, drug treatments, and immunostaining. Dissociated cul-
tures were prepared from the visual cortex of postnatal d 2– 4 Long–
Evans rat pups as described previously (Pratt et al., 2003). All
experiments were performed after 6 –10 d in vitro on pyramidal neurons
identified morphologically as described previously (Watt et al., 2000).
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Drug concentrations were tetrodotoxin (TTX),
1 �M; TNF� (410-MT, R&D Systems), 100 ng/
ml; and soluble form of the TNF� receptor 1
(sTNFR) (425-RI, R&D Systems), 2 �g/ml.
Antibody localization of PSD95 (MA1-046,
Pierce Biotechnology), SAP102 (75-058, Neu-
roMab), pan-TARP (07-577, Millipore), and
VGlut-1 (135 304, Synaptic Systems) was per-
formed as described previously (Rutherford et
al., 1997). Antibody labeling of synaptic GluR1
(PC246, Calbiochem) and GluR2 (sc-7611,
Santa Cruz Biotechnology) was performed live
under nonpermeant conditions as described
previously (Wierenga et al., 2005). To ensure
uniformity, data were acquired from dendrites
branching off of the apical-like dendrite. All
experimental conditions were run in parallel
on sister cultures from the same dissociations.
All images in Figure 3 were quantified with
MetaMorph software (Molecular Devices).

Culture electrophysiology. Whole-cell AMPA-
mediated mEPSCs were recorded and analyzed
as described previously (Watt et al., 2000) at
25°C from a holding potential of –70 mV. Re-
cordings with resting membrane potential (Vm)
� –54 mV, series resistances � 20 M�, input
resistance (Rin) � 100 M�, or � 20 mEPSCs
were excluded. None of the conditions reported
resulted in significant changes in mEPSC fre-
quency, rise or decay times, Rin, or Vm.

Statistics. Data are presented as mean �
SEM for the number of neurons indicated.
Each experiment was repeated on at least three
separate dissociations and the n values represent
number of neurons. To determine statistical
significance, unpaired two-tailed Student’s t
tests, or for multiple comparisons single-factor
ANOVAs followed by a Tukey test, were run as
appropriate. P values �0.05 were considered
significant. To analyze whether changes in dis-
tribution of mEPSCs were multiplicative, 20
events were randomly selected from each neu-
ron in each condition, each distribution was
linearly interpolated to contain the same num-
ber of events, and experimental conditions
were then plotted against baseline conditions. A linear change in slope
from the unity line is indicative of multiplicative scaling (Turrigiano et
al., 1998; Gainey et al., 2009).

Results
Synaptic scaling modulates but does not occlude the effect of
TNF� application
Scaling grows in magnitude as a function of the length of
deprivations and is not saturated after 24 h of TTX treatment
(Turrigiano et al., 1998; Wierenga et al., 2005). If TTX scales
synapses up by gradually increasing the release of TNF� (Stellwagen
and Malenka, 2006), then the effects of TTX and TNF� on
mEPSCs should be additive, either linearly or sublinearly if there
is some occlusion due to partial saturation of scaling. To test
whether the effects of TNF� and TTX are additive, we treated
cultures with TTX alone, TNF� alone, or TTX and TNF�
together and measured mEPSC amplitude. First, we examined
the effects of acute (90 min) application of TNF� in the pres-
ence or absence of TTX. TNF� alone significantly increased
mEPSC amplitude (n � 11; p � 0.018), similar to previous
reports (Stellwagen et al., 2005), whereas 90 min of TTX alone
had no significant effect (Fig. 1 A–C). Interestingly, TNF� was

unable to increase mEPSC amplitude in the presence of acute
TTX (Fig. 1 B, C) (n � 14, p � 0.97), indicating that this effect
requires ongoing action potential firing. This result is incon-
sistent with the idea that TTX increases mEPSC amplitude by
enhancing TNF� release.

Next, we examined the effects of TNF� after synapses had
been prescaled by 24 h of TTX treatment. When applied sepa-
rately, both 24 h of TTX and acute TNF� application increased
mEPSC amplitude (Fig. 1D–F). Surprisingly, prolonged TTX
treatment not only prevented acute TNF� from increasing
mEPSC amplitude but actually reversed the effects of TNF�;
acute TNF� after 24 h TTX (applied in the continued presence of
TTX) reduced mEPSC amplitude relative to either TNF� or TTX
alone (Fig. 1D–F; TTX: 175.6 � 27% of control, n � 10, p �
0.015; TNF�: 171.1% � 17.7% of control, n � 18, p � 0.01; TTX
�TNF�: 122 � 9.7% of control, n � 13, p � 0.024). Together,
our data demonstrate that the effects of TNF� and TTX on
AMPA quantal amplitude are not additive. Instead, the effects of
TNF� are complex and depend both on ongoing activity and the
state of the synapse. These data are not consistent with the simple
model that activity blockade scales synapses up by gradually en-
hancing the release of TNF�.

Figure 1. The effects of TTX and TNF� on mEPSC amplitude are not additive. A, D, Schematic of experimental protocol for
coapplication of TTX and TNF�. B, E, left, Examples of mEPSC recordings for the indicated conditions; right, average mEPSC
waveforms for the same conditions. C, F, Average mEPSC amplitude � SEM for indicated conditions. *p � 0.05, **p � 0.01.
G, Analysis of change in distribution of mEPSC amplitude following TTX (left), TNF� (middle,), or TTX � TNF� (right) treatment.
Black line is unity line (baseline plotted against itself), symbols are experimental condition (experimental plotted against base-
line), and dashed line is best linear fit for the experimental condition.
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Further supporting the distinction between the effects of
TNF� and TTX, TNF� failed to induce multiplicative changes in
synaptic strength (Fig. 1G). When the ranked TTX amplitude
distribution was plotted against the ranked control distribution,
the data were well fit by a line with increased slope relative to the
unity line (control versus control), indicative of multiplicative
synaptic scaling (Fig. 1G, left) (Turrigiano et al., 1998). In con-
trast, the increase induced by TNF� deviated from scaling (Fig.
1G, middle), as did the reduction in mEPSC amplitude when
TNF� was applied after 24 h of TTX (Fig. 1G, right).

Prolonged but not brief blockade of TNF� signaling prevents
or reverses synaptic scaling
sTNFR that scavenges endogenous TNF� blocks the ability of
prolonged TTX application (48 h) to scale up mEPSC amplitude
(Stellwagen and Malenka, 2006). To determine if TNF� signaling
is also required for the early phase of scaling, we coapplied TTX
and sTNFR for 6 or 24 h. When TTX and sTNFR were coapplied
for 24 h, scaling up was blocked (Fig. 2A) (mEPSC amplitude was
108.8 � 7.7% of control; n � 18; p � 0.9). In marked contrast,
sTNFR was not able to block scaling when coapplied with TTX
for 6 h (Fig. 2B) (mEPSC amplitude was 162.8 � 12.4% of con-
trol; n � 17; p � 0.002). Coapplication for 12 h had an interme-
diate effect (mEPSC amplitude was 138.8 � 12% of control; n �
15; p � 0.01), indicating that the ability of sTNFR to block scaling
develops gradually. sTNFR application had no significant effect
on baseline mEPSC amplitude when applied for either 6 or 24 h
(Fig. 2A,B) (sTNFR 6 h, 101.4 � 7.3% of control, n � 11, p � 0.9;
sTNFR 24 h, 106 � 11.4% of control, n � 17, p � 0.9), indicating
that maintenance of baseline mEPSC amplitude is not dependent
on ongoing TNF� signaling.

TNF� signaling could be essential for prolonged but not early
synaptic scaling because early and prolonged scaling are medi-
ated by different signaling pathways. Alternatively, prolonged
treatment with sTNFR might prevent synapses from being able to

express or maintain scaling. To differenti-
ate between these possibilities, we first
treated cultures with sTNFR for 24 h, fol-
lowed by 6 h of TTX (Fig. 2Cb). If TNF�
signaling is not involved in early scaling,
then this condition should resemble 6 h
TTX alone. Alternatively, if prolonged
block of TNF� signaling compromises the
ability of synapses to express synaptic scal-
ing, then early scaling should be prevented
by this pretreatment. We found that pre-
treatment with sTNFR for 24 h com-
pletely blocked the ability of 6 h TTX to
scale up mEPSC amplitude (Fig. 2Db)
(mEPSC amplitude was 90.1 � 6.5% of
control; n � 20; p � 0.9; compare with
2B, 6 h TTX alone), supporting the inter-
pretation that prolonged block of TNF�
signaling prevents synapses from express-
ing synaptic scaling.

As a second test of the model that
TNF� signaling is instructive for pro-
longed scaling, we asked whether block-
ade of TNF� signaling after scaling has
been induced is able to reverse prolonged
scaling. Scaling was first induced by 24 h
of TTX treatment and then sTNFR was
applied for either 6 h (brief) or 24 h (pro-

longed) in the continued presence of TTX (Fig. 2Cc,d). A brief
blockade of TNF� signaling was not able to reverse late scaling
(Fig. 2Dc) (mEPSC amplitude was 163.2 � 22.3% of control; n �
12; p � 0.001), indicating that late scaling does not depend upon
continued TNF� release. In contrast, prolonged application (24
h) of sTNFR (again in the continued presence of TTX) was able to
reverse late scaling (Fig. 2Dd) (mEPSC amplitude was 119.9 �
6.5% of control; n � 19; p � 0.46). Together, our data strongly
suggest that TNF� signaling is not instructive for synaptic scaling
but rather is required to maintain the ability of synapses to ex-
press this form of plasticity.

Prolonged blockade of TNF� signaling has subtle effects on
the localization of postsynaptic density proteins
The expression of synaptic scaling likely depends upon the proper
synaptic localization of numerous signaling and scaffold proteins
that regulate synaptic function and plasticity (Turrigiano, 2008).
To test whether prolonged block of TNF� signaling affects PSD
composition, we treated cultures for 24 h with sTNFR and exam-
ined the punctate accumulation and synaptic localization of a
number of synaptic proteins (including GluR1, GluR2, SAP102,
PSD95, the TARPs, and VGlut) by doing pairwise immunohisto-
chemistry against these various markers (Fig. 3A). For all of these
markers, the puncta densities and fluorescent intensities were
similar between control and sTNFR-treated cultures (Fig. 3B,C);
the only significant change was in VGlut puncta intensity,
which increased significantly (Fig. 3C) (132.4% � 10.6% of
control; n � 88; p � 0.003). Thus, block of TNF� signaling
does not affect overall synapse density or expression levels of
postsynaptic proteins.

Next, to look for effects on the synaptic localization of scaf-
folding proteins, we examined the colocalization rates of postsyn-
aptic proteins with the excitatory presynaptic marker VGlut.
STNFR application increased the colocalization of SAP102 with
both GluR2 and VGlut, but not GluR1 (Fig. 3D) (SAP102-GluR2:

Figure 2. Prolonged but not brief blockade of TNF� signaling prevents synaptic scaling. A, B, Average mEPSC amplitude for the
indicated conditions. C, Schematic of experimental conditions for data shown in D. D, Average mEPCS amplitude for the various
conditions. *p � 0.05, **p � 0.01.
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n � 22, p � 0.010; SAP102-VGlut: n � 23,
p � 0.017; SAP102-GluR1: n � 26, p �
0.43), suggesting that SAP102 selectively
increases at GluR2 containing putative
synaptic sites. In contrast, sTNFR de-
creased the colocalization rates of TARPs
and PSD95 with VGlut; (Fig. 3D) (PSD95-
VGlut: n � 22, p � 0.032; TARP-VGlut,
n � 15, p � 0.04). Thus, blockade of
TNF� signaling enhances the synaptic lo-
calization of SAP102 but reduces the frac-
tion of excitatory synapses expressing
PSD95 and TARPs. Overall, these data
show that blocking TNF� signaling mod-
ifies the distribution of synaptic proteins
at excitatory synapses.

Discussion
Glial TNF� is essential for the expression
of synaptic scaling up during activity
blockade (Stellwagen and Malenka, 2006;
Kaneko et al., 2008), but whether TNF�
acts as an instructive “activity signal” that
induces scaling up, or is instead necessary
for maintaining synapses in a plastic state,
is unclear. Here, we show that 1) the ef-
fects of activity blockade and TNF� on
mEPSC amplitude are not simply addi-
tive; 2) blocking TNF� signaling does not
affect the induction or maintenance of
synaptic scaling unless this blockade is
maintained for �12 h; and 3) prolonged
block of TNF� signaling modifies the
composition of the postsynaptic density.
Together, our data suggest that, rather
than being an instructive signal for synap-
tic scaling, TNF� is critical for maintain-
ing synapses in a plastic state that allows
the expression of synaptic scaling.

It was recently proposed that pro-
longed activity blockade increases glial
release of TNF�, which then acts on
neurons to enhance AMPAR insertion
(Stellwagen and Malenka, 2006). How-
ever, this model is inconsistent with sev-
eral known properties of synaptic scaling.
First, synaptic scaling is a gradual process
that becomes evident after as little as 4 – 6
h of activity blockade and continues to
grow in magnitude as the period of activ-
ity blockade increases (Turrigiano et al.,
1998; Wierenga et al., 2005; Ibata et al.,
2008). In contrast, TTX treatment does
not increase the levels of TNF� in the cul-
ture medium (nor is conditioned medium from TTX-treated cul-
tures able to increase AMPA mEPSC amplitude) until after �24 h
(Stellwagen and Malenka, 2006). Second, TTX treatment in-
creases the synaptic accumulation of GluR1 and GluR2 propor-
tionally (Wierenga et al., 2005; Ibata et al., 2008) and GluR2 is
necessary for the expression of TTX-induced synaptic scaling
(Gainey et al., 2009), whereas TNF� induces a rapid increase in
GluR2-lacking AMPARs (Leonoudakis et al., 2008). Finally, there
is strong evidence that at least the early phase of synaptic scaling is

induced in a cell-autonomous manner (Ibata et al., 2008), argu-
ing against the requirement for global release of a soluble factor in
its induction.

These considerations suggested either that early and pro-
longed scaling operate via distinct signaling pathways, or, al-
ternatively, that TNF� signaling is permissive rather than
instructive for synaptic scaling. The data presented here
strongly support the latter interpretation. Most critically, ro-
bust early scaling was still induced when activity and TNF�
signaling were blocked for 6 h but was prevented if TNF�

Figure 3. Prolonged blockade of TNF� signaling has subtle effects on the composition of the postsynaptic density. A, Example
images showing colocalization between SAP102 and GluR2 (left) or PSD95 and VGlut (right) in control and after 24 h of sTNFR
treatment. B, Summary of changes in length density after 24 h of sTNFR treatment. C, Summary of changes in puncta fluorescence
intensity after 24 h of sTNFR treatment. D, Summary of the changes in colocalization rates for SAP102 (left), TARP (middle), and
PSD95 (right). *p � 0.05, **p � 0.01.
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signaling was first blocked for 24 h. Further, after scaling was
induced, prolonged but not brief block of TNF� signaling
could reverse it. Together, these two observations strongly
suggest that neither brief nor prolonged scaling relies on en-
hanced TNF� signaling for scaling induction but rather that
prolonged loss of TNF� signaling causes changes in neurons
or synapses that no longer allow them to express or maintain
synaptic scaling.

TNF� has pleotropic effects on neuronal function and can
play both neurodegenerative and neuroprotective roles during
brain injury and inflammation (Sriram and O’Callaghan, 2007).
TNF� signaling via TNFR1 and TNFR2 can activate several signal
transduction pathways, including the nuclear factor-�B, Jun
N-terminal kinase, ceramide, and caspase pathways (Pickering et
al., 2005). Differences in the levels and activation state of these
receptors and their downstream effectors have been suggested to
confer either neurotoxic or neuroprotective effects on TNF�
(Botchkina et al., 1999). Here, we find similarly complex effects of
TNF� on AMPA quantal amplitude. First, the ability of TNF� to
enhance mEPSC amplitude is activity dependent and can be
blocked by acute TTX. Even more surprisingly, when synapses
were prescaled by prolonged TTX treatment, TNF� did not in-
duce further scaling but instead decreased mEPSC amplitude
back to control values. These observations demonstrate that the
graded increase in mEPSC amplitude as a function of time during
TTX treatment cannot be accounted for by a gradual enhance-
ment of TNF� release. These state-dependent effects of TNF� on
synaptic strength might contribute to the pleotropic effects of
TNF� in the brain.

What role does constitutive TNF� signaling play in synaptic
maintenance? Prolonged blockade of TNF� signaling (using
sTNFR as we did here) has produced inconsistent effects on base-
line mEPSC properties and surface AMPAR accumulation in dif-
ferent studies. A decrease in GluR1 surface expression following
24 h of sTNFR application has been reported (Beattie et al., 2002;
Stellwagen et al., 2005), whereas effects on quantal transmission
are inconsistent; Beattie et al. (2002) reported a modest decrease
in mEPSC amplitude, whereas Stellwagen and Malenka (2006)
saw no significant effect. In our hands, neither mEPSC amplitude
nor synaptic accumulation of GluR1 and GluR2 were altered, and
blocking TNF� signaling had no effect on overall synapse density
or the expression levels of synaptic proteins. These somewhat
subtle differences between studies may reflect differences in age
or activity state of the culture preparations used, but in general it
appears that baseline mEPSC amplitude is only modestly affected
by prolonged block of TNF� signaling.

Chronic TTX treatment alters the synaptic levels of a number
of scaffold proteins, including SAP102, PSD-95, and TARPs
(Ehlers, 2003; Noritake et al., 2009). Blocking TNF� signaling
does not reduce the dendritic accumulation of these proteins,
suggesting that the block of scaling is not due to depletion of key
scaffolds involved in synaptic scaling, although we cannot rule
out changes in proteins we did not assay. We did observe a de-
crease in the fraction of excitatory presynaptic structures apposed
to PSD95/TARP puncta and an increase in the fraction apposed
to SAP102 puncta, suggesting an inverse regulation of the synap-
tic localization of PSD95 and SAP102. The synaptic localization
of PSD95 and SAP102 is developmentally regulated (Elias and
Nicoll, 2007), with SAP102 more strongly expressed at immature
synapses and PSD95 more strongly expressed at mature synapses
(Sans et al., 2000), raising the possibility that block of TNF�
signaling may revert synapses to a less mature state. Although we
do not know if these particular changes in PSD composition are

related to the loss of scaling, these data do suggest that TNF�
signaling plays a role in maintaining the composition of the
postsynaptic density.

TNF� is expressed and released by astrocytes (Bezzi et al.,
1998; Leonoudakis et al., 2004) and the TNF� release that is
required for the expression of synaptic scaling arises from glia
(Stellwagen and Malenka, 2006). Glia are clearly critical players at
synapses, with a number of glial-derived factors reported to be
involved in synapse formation, maturation, and stabilization
(Mauch et al., 2001; Christopherson et al., 2005), as well as syn-
aptic transmission and plasticity (Parpura et al., 1994; Zhang et
al., 2003; Panatier et al., 2006). In addition to these other roles in
synapse function, our data suggest that glial-derived TNF� re-
lease is critical for maintaining synapses in a plastic state in which
homeostatic synaptic scaling can be expressed.
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