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Hebbian plasticity
“neurons that fire together wire together”

homeostatic plasticity
scale synaptic strength to maintain activity 

Previously, we demonstrated that synaptic scaling in response
to prolonged activity blockade in dissociated and slice cultures
of hippocampus was deficient in mice lacking TNFa (Tnf knock-
out mice: Tnf!/!), although NMDA receptor-dependent LTP and
LTD in the hippocampus were normal (Stellwagen and Malenka,
2006). These findings prompted us to search for a role for ho-
meostatic synaptic scaling in cortical development by studying
visual cortical plasticity in these mice in vivo.

RESULTS

Impaired Homeostatic Synaptic Scaling in the Visual
Cortex of TNFa-Deficient Mice
Because other knockout mice have shown differences between
hippocampal and cortical plasticity (Frankland et al., 2001), we
first sought to determine whether synapse-specific mechanisms
of plasticity were normal in Tnf!/! mice by examining in vitro
LTP of the layer 4 inputs to layer 2/3 of visual cortex. The magni-
tude of LTP in slices from Tnf!/!mice at P26–32, the same age at
which we investigated cortical plasticity in vivo (see below), was
indistinguishable from that in slices from wild-type mice
(Figure 1A), indicating that, as in the hippocampus, Tnf!/! mice
have no deficits in cortical LTP. In contrast, synaptic scaling in-
duced by prolonged activity blockade was deficient in the visual
cortical slice cultures. The increase in mEPSC amplitude in slices
treated with APV and CNQX for 2 days, prominently observed in
wild-type neurons, did not occur in cortical neurons from Tnf!/!

mice (Figures 1B–1D). Frequencies of mEPSCs were not
changed significantly by activity blockade in either Tnf+/+ (control
versus blocked: 0.4 ± 0.1 Hz, 0.8 ± 0.3 Hz; p > 0.10) or Tnf!/!

mice (0.8 ± 0.2 Hz, 1.4 ± 0.5 Hz; p > 0.25). These observations
confirm that, similar to hippocampal neurons, visual cortical neu-
rons of Tnf!/! mice lack a homeostatic increase in excitatory
synaptic strength in response to long-term decrease of neuronal
activity, while Hebbian plasticity remains intact.

Cortical responses to visual stimulation in Tnf!/! mice were
similar to those in wild-type animals at a global level as mea-
sured by intrinsic signal optical imaging (see Figure S1 available
online). Magnitudes and areas of responses as well as the
quality of the retinotopic maps were statistically indistinguishable
between mutant and wild-type animals (Figure S1). In Tnf!/!mice
with normal visual experience, visual cortical responses to stim-
ulation of the two eyes (whose relative magnitude is referred to
as ocular dominance) were also similar to wild-type (see nonde-
prived [ND] groups in Figure 2 and pre-MD groups in Figure 3G).
Anatomical experiments demonstrated normal cytoarchitecture
in the cerebral cortex and normal segregation of the eye-specific
input in the dorsal lateral geniculate nucleus (dLGN) in Tnf!/!mice
(Figure S2). These observations indicate that, with normal visual
experience, visual cortical function in Tnf!/! mice develops
without impairment detectable in any of the measures we
evaluated.

Reduced Ocular Dominance Plasticity
in TNFa-Deficient Mice
To examine the requirement for TNFa in experience-dependent
neocortical plasticity in vivo, we assayed ocular dominance plas-
ticity following a short period of monocular deprivation induced

by lid suture near the peak of the critical period. We used optical
imaging of intrinsic signals to measure cortical responses to
right- and left-eye stimulation that was restricted to the binocular
portion of the visual field, from which we computed the ocular
dominance index (ODI) as described (Cang et al., 2005a)
(Figure S3 for example images). Closing the eye contralateral
to the hemisphere under study for 5 days starting at P26–27 pro-
duced a robust shift in OD toward the ipsilateral open eye in Tnf+/+

mice (Figure 2A and Figure S3). Compared with plasticity in
Tnf+/+ animals, the OD shift in Tnf!/! mice was significantly

Figure 1. Normal Long-Term Potentiation and Deficient Synaptic
Scaling in Visual Cortical Slices Prepared from TNFa Knockout Mice
(A) LTP is normal in Tnf!/!mice (n = 6) compared to wild-type mice (n = 9). The

peak amplitudes of field excitatory postsynaptic potentials (fEPSP) recorded in

layer 2/3 in response to layer 4 stimulation are plotted as a function of time.

Theta-burst stimulation (TBS) was delivered at time 0. Insets on the right

show example traces of fEPSP (averaged responses [6 traces = 1 min] from

around 1 and 2 in the graph). The smaller trace is pre-LTP (1) and the larger

trace post-LTP (2).

(B–D) Homeostatic synaptic scaling assayed in organotypic slice cultures of

mouse visual cortex prepared from Tnf!/! and Tnf+/+ mice. The amplitudes

of miniature excitatory postsynaptic currents (mEPSC) are increased after

2 days of blockade of glutamatergic excitatory transmission (using CNQX/

APV) in Tnf+/+ but not in Tnf!/! mice (n = 10–13 cells per condition).

Error bars show SEM.
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Ocular dominance plasticity in V1: 
biological mechanisms and dynamics

•  Fast NMDA dependent depression of the deprived-eye (MD0-MD3) 

•  Slow TNF-alpha mediated potentiation of the open-eye (MD3-MD6) 

•  BDNF-TrkB dependent recovery from MD (under binocular vision)

Kaneko et al. 2008a, 2008b

binocular ctx.binocular ctx.

such a shift in Tnf!/! cortical cells was significantly reduced
(Fisher exact test, p < 0.05 compared either to nondeprived
Tnf!/! mice or deprived control mice) (Figure 2B). As a result,
the mean contralateral bias index (CBI) of Tnf!/! animals lay be-
tween those of nondeprived and control MD groups (Figure 2C).

Mechanism Underlying the Reduced ODP
in TNFa-Deficient Mice
The OD shift produced by MD during the critical period is the re-
sult of two distinct changes in visual cortical responsiveness:
a decrease in deprived-eye responses and an absolute increase
in responses to the open eye (Wiesel, 1982). A decreased OD
shift could result from a lack of one of these changes or else
from partial impairment of both. We sought to determine which
of these components were responsible for reduced plasticity ob-
served in the absence of TNFa. Although the intrinsic signal im-
aging experiments described above give a reliable measure of
ocular dominance from the difference in responses to the two
eyes, which is constant over a large range of response magni-
tudes, the acute nature of the experimental setting made it diffi-
cult to be confident of the absolute magnitudes of cortical
responses or to infer changes in the magnitudes of cortical
responses from comparisons among groups of different animals.
To address this issue, we measured response magnitudes

repeatedly in the same individuals before, during, and immedi-
ately after MD, by imaging transcranially under isoflurane anes-
thesia (similar to Hofer et al., 2006). The validity of this method
was confirmed by the similarity of its OD measurements to those
of the established, acute procedure using optical imaging or sin-
gle-unit recordings (compare Figures 2A and 2C with Figure 3G).
With this method, response magnitudes within individuals were
stable across experimental days, and the within-animal variabil-
ity was significantly smaller than the variability among animals
(Figure S5).

Chronic imaging revealed a clear temporal separation be-
tween the effects of MD on responses to the two eyes, consis-
tent with a previous report of visually evoked potential recording
(Frenkel and Bear, 2004). In Tnf+/+ mice, MD produced an initial
rapid and profound decrease in deprived-eye responses after
2.5–3 days (MD3) (Figures 3A and 3E and Figure S6). This de-
crease was followed over the subsequent 2–3 days by a second
phase of ocular dominance plasticity, in which there is a promi-
nent increase in open-eye responses (Figures 3B and 3F and
Figure S7). Responses to the deprived eye also showed a small
but significant increase during this same period (p < 0.05, com-
pare MD3 to MD5–6 in Figure 3E).

In Tnf!/!mice, this second phase of ocular dominance plastic-
ity was absent. Most prominently, open-eye responses showed

Figure 3. Repeated Imaging of Intrinsic
Signal Reveals that Lack of TNFa Signaling
Impairs the Delayed Component of Plastic-
ity Induced by MD
(A and B) Average signal amplitude of the de-

prived-eye response (A) and open-eye response

(B) in the binocular visual area, before the lid suture

(pre-MD), after 2.5–3 days of MD (MD3), and after

5–6 days of MD (MD5-6) in Tnf+/+ (n = 6) and Tnf!/!

(n = 7) mice. All data from longitudinal measure-

ments are in the same individual animals.

(C and D) Average signal amplitude of the de-

prived-eye response (C) and open-eye response

(D) in the binocular visual area in inbred C57Bl6

wild-type mice treated with cortical infusion of sol-

uble TNF receptor1 (sTR) (n = 7) or vehicle solution

(n = 5), before the lid suture and after 5 days of MD.

Values in (A)–(D) present mean ± SEM of the group.

**p < 0.01, *p < 0.05 compared with baseline (pre-

MD), repeated-measure ANOVA with Bonferroni

correction.

(E and F) Changes in response amplitude from

baseline following MD. Fractional changes in aver-

age response to deprived eye (E) and open eye (F)

were calculated from measurements presented in

(A)–(D) as (post-MD – pre-MD)/(pre-MD). yp < 0.05

and zp < 0.01, paired t test; *p < 0.05 and

**p < 0.01, unpaired t test.

(G) Individual ODIs (circles) and mean group

values (horizontal lines). The gray box presents

the mean ± SD of baseline (pre-MD) ODI in Tnf+/+

animals. **p < 0.01, *p < 0.05 versus correspond-

ing baseline.

(H) Response magnitude in the monocular area to

the deprived eye in Tnf+/+ animals (n = 6) and Tnf!/! animals (n = 6). Values present mean changes (±SEM) from the baseline in response magnitude in the

monocular area. **p < 0.01 compared to baseline (repeated-measure ANOVA), zp < 0.01 between groups (t test).

Error bars show SEM.
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MD result in the monocular cortex
Fast Hebbian depression and slow homeostatic potentiation

monocular ctx.

w

tMD0 MD3 MD7

NMDA
TNF-alpha

Kaneko et al. 2008b

Visual response



Hebbian

homeostatic

Conventional models assume that
the two kinds of plasticity cancel each other.

How can homeostasis be powerful enough and slow at the same time? 
There are two ways to impose slow homeostasis. 

• Weak homeostasis (small magnitude) tends to be overwritten by powerful depression. 

• Slow averaging or delay tends to cause oscillation of synaptic weights.

“fast”

“slow”



       

LTD

LTP

ẇ

Model 1: BCM rule 

Slow feedback control cannot catch up with the fast unstable Hebbian component, which generally causes oscillation.

Bienenstock, Cooper, and Munro, J. Neurosci. 1982.

When the threshold change is too slow, strong oscillation happens.
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Model 2: Stable Hebbian and multiplicative homeostatic plasticity 
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�
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Fine tuning is required — otherwise oscillatory. 

This interaction predicts an alteration of visual response if Hebbian plasticity is blocked.



Hebbian and homeostatic plasticity are not 
constitutively active and balanced

NMDA blockade under normal condition NMDA blockade after MD

These results indicate that homeostatic plasticity is not active at steady states.
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The two-factor model:  
synaptic strength as a product of Hebbian and homeostatic variables

AMPAR efficacy

TNF-α NMDA & Ca BDNF & TrkB

homeostatic plasticity LTD

PSD area

slow accumulation fast modulation

LTP

PSD AMPAR density

x x
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Toyoizumi et al. 2014



Schematic behavior:
One possible implementation
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y = wx

w = H⇥

⇤ ⇥̇ = (1� ⇥)[xy � �]+ � (⇥� ⇥min)[� � xy]+
Ḣ = H(1� y)

The two-factor model
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Ḣ = H(1� y)

Previous Model 3
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Modeling multiple synapses

NMDA and Ca

TNF-alpha

BDNF and TrkB

wi = H�i

Postsynaptic firing rate:

pre-post covariance: 
(minus a threshold)

locally correlated Gaussian input



Binocular cortex, MD

Prediction: the closed eye overshoots.





The closed eye overshot did not happen  
under the TNF-alpha blockade.

Prediction: the closed eye does not overshoot.
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Prediction confirmed:  
The closed-eye overshoot is TNF-alpha dependent. 



Summary
• Hebbian learning is intrinsically unstable except when LTP or LTD is saturated. In existing models, 

homeostatic plasticity typically stabilizes synapses at non-saturated values of LTP or LTD.  

As homeostatic learning is made slow, oscillations of synaptic strengths may occur and ultimately the 
stabilization fails. 

• In the proposed two-factor model, plasticity rule remains stable as homeostasis is made arbitrarily 
slow. The model has plausible biophysical substrates. 

• The model captures the transient behaviors of OD plasticity under various experimental conditions. 

• Model’s predictions about constitutively inactive plasticity rules and TNF-alpha-dependent previously 
closed-eye overshoot were experimentally verified. 

• Maintaining these two processes through separable factors allows dynamic range for coding to be 
maintained while allowing Hebbian mechanisms to freely learn synaptic patterns without interference. 

• The dynamical interaction we propose here may describe a key biological principle underlying 
memory and learning in neuronal circuits.
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