
Neuronal activity is important for the formation and matura-
tion of neural circuits in the mammalian nervous system1. Very
early in development, the basic connections that define these cir-
cuits are determined genetically, using a wide variety of molec-
ular cues2–4. Refinement of these connections during later
development, however, is strongly influenced by neuronal activ-
ity. At first, this activity is internally generated and spontaneous,
as in the case of the retinal waves that influence early postnatal
visual development5,6. Later, activity-dependent development is
driven by sensory experience1. Experimental manipulations of
this experience can have profound effects on the functioning of
the resulting circuits7–10. In particular, these manipulations have
been used to establish the existence of critical periods during
which various aspects of nervous system development are acute-
ly sensitive to experience.

Exactly how activity shapes synaptic connectivity during
development, and the precise mechanisms underlying these crit-
ical periods, are still unknown. There is considerable evidence
that correlation-based, or Hebbian, plasticity mechanisms such as
long-term potentiation and depression (LTP and LTD) are cen-
trally involved in synaptic refinement11–13. Hebbian plasticity
may not be sufficient for understanding activity-dependent devel-
opment, however, because the dramatic changes in synaptic
strength produced by Hebbian mechanisms tend to threaten the
stability of neural circuits14–17. In addition, it is not clear that
Hebbian rules necessarily lead to competition between presy-
naptic inputs for postsynaptic influence15, yet such synaptic com-
petition is a ubiquitous feature of developmental plasticity.

How might stability and competition be promoted through-
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The mechanisms underlying experience-dependent plasticity and refinement of central circuits are
not yet fully understood. A non-Hebbian form of synaptic plasticity, which scales synaptic strengths
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Here we demonstrate the existence of a similar mechanism in the intact rodent visual cortex. The
frequency of miniature excitatory postsynaptic currents (mEPSCs) in principal neurons increased
steeply between post-natal days 12 and 23. There was a concomitant decrease in mEPSC amplitude,
which was prevented by rearing rats in complete darkness from 12 days of age. In addition, as little
as two days of monocular deprivation scaled up mEPSC amplitude in a layer- and age-dependent
manner. These data indicate that mEPSC amplitudes can be globally scaled up or down as a function
of development and sensory experience, and suggest that synaptic scaling may be involved in the
activity-dependent refinement of cortical connectivity.

out development, if simple Hebbian rules are insufficient? A
number of answers to this question have been proposed14–18. One
idea is that the total synaptic strength of inputs to a given neu-
ron can be regulated by ongoing activity. In the last several years,
evidence for such homeostatic forms of synaptic plasticity has
mounted, based primarily on data from the neuromuscular junc-
tion19,20 and from cultured networks of central neurons21–26.
These in vitro experiments have shown that the quantal ampli-
tude of excitatory AMPA (α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid)-mediated synaptic inputs to pyrami-
dal neurons can be scaled up and down in order to compensate
for changes in firing rates. In contrast to synapse-specific forms
of plasticity like LTP and LTD, this synaptic scaling seems to glob-
ally adjust the strength of all of a neuron’s synapses based on some
average measure of postsynaptic activity22,26. Such global synap-
tic adjustment schemes have long been used in Hebbian network
models on an ad hoc basis to maintain stability15, and recent
modeling studies have demonstrated that synaptic scaling can
introduce competition between synapses27.

Here we extend these studies of homeostatic synaptic plastic-
ity to the intact central nervous system, showing that a process
like synaptic scaling is at work during activity-dependent devel-
opment in vivo. First, we examined how quantal excitatory cur-
rents in rodent visual cortex change during development, between
postnatal days 12 and 23 (P12 and P23). This is a time of intense
synaptogenesis, when normal synaptic input to cortical neurons
rises continuously28. We found a marked reduction in the sizes
of quantal excitatory synaptic currents during this period, which
we were able to prevent by dark rearing. In addition, we used a
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al cortex (Methods). Miniature EPSCs mediated by AMPA recep-
tors were measured in the presence of tetrodotoxin (TTX, which
blocks voltage-dependent sodium channels), the NMDA receptor
antagonist APV, and the GABAA receptor blocker bicuculline
(Fig. 1a). These mEPSCs arise randomly from among all of a
neuron’s synaptic contacts and so represent a sampling of all of
the neuron’s inputs.

mEPSC amplitude decreases as frequency increases
In hippocampal cell cultures, the average quantal amplitude of
AMPA currents is inversely correlated with the density of active
synapses; that is, the more synapses a given neuron receives, the
weaker its response to vesicle release at any one synapse29. This
suggests that if the number of synapses between cortical neurons
grows rapidly over developmental time, there may be a con-
comitant scaling down of the average quantal amplitude.

To examine this possibility, we measured mEPSCs between
P12 and P23, a period of intense growth in synapse number28

(Fig. 1). In layer 4 neurons, the average frequency of these spon-
taneous events increased dramatically, from 0.2 ± 0.1 events/s at
P12 to 2.7 ± 0.5 events/s at P23 (n = 7–23 neurons per age, 
P < 0.001, one-way ANOVA; Fig. 1b). This increase was espe-
cially pronounced between P14 and P16, which is approximate-
ly when rats first open their eyes. Over the same developmental
period, the average quantal amplitude decreased by 39%, from
19.5 ± 2.4 pA at P12 to 11.8 ± 0.5 pA at P23 (P < 0.001, one-way
ANOVA; Fig. 1b and c). Again the period of eye opening saw the
sharpest change, with amplitude decreasing by 25% between P14
and P18. The reduction in mEPSC amplitude between P14 and
P18 (25%) occurred without any change in mEPSC kinetics 
(Fig. 1c, right), and with a proportional reduction in charge
(23%). Thus, lower mEPSC amplitudes did not result from
increased filtering of synaptic currents. The additional reduction
in amplitude that occurred between P18 and P23 was accompa-
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variant of a classic manipulation of sensory experience, monoc-
ular deprivation7, to reduce activity levels in monocular prima-
ry visual cortex. We found evidence for a global rescaling of
synapses that is reminiscent of synaptic scaling previously seen
in culture and that operates in a laminar- and age-dependent
manner, as do other forms of activity-dependent plasticity
observed in vivo8–10. We conclude that homeostatic synaptic scal-
ing may play an important role in the activity-dependent refine-
ment of central circuits.

RESULTS
For all experiments, coronal brain slices containing primary visu-
al cortex were prepared from postnatal Long-Evans rats. Visual-
ized whole-cell patch recordings were confined to principal
neurons of layer 4 or layer 2/3 of the monocular portion of visu-
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Fig. 1. Layer 4 and 2/3 mEPSC amplitudes decreased while mEPSC fre-
quencies increased during the second and third postnatal weeks. 
(a) Representative whole-cell voltage clamp recording of mEPSCs from
a principal neuron in layer 4 at P16. (b) Average mEPSC amplitude (filled
circles) and frequency (open circles) in layer 4 neurons as a function of
postnatal day. (c) Left, waveforms of the average AMPA-mediated
mEPSCs measured in layer 4 neurons at postnatal days 14, 18 and 23,
showing the progressive decrease in amplitude with age. Right, average
mEPSCs shown at left were scaled to peak to allow a comparison of
kinetics. (d) Average mEPSC amplitude and frequency for layer 2/3 pyra-
midal neurons at P16 and P23.

Table 1. Passive neuronal properties.

Layer Age Condition Vm (mV) Rin (MΩ) Decay time
4 12 Control –65 ± 2 668 ± 96 2.6 ± 0.3
4 14 Control –66 ± 1 536 ± 30 2.9 ± 0.2

4 16 Control –67 ± 2 350 ± 25 3.6 ± 0.3
4 16 MD –66 ± 2 400 ± 28 3.3 ± 0.2
4 16 DR –63 ± 3 340 ± 34 3.6 ± 0.5

4 18 Control –67 ± 1 396 ± 43 3.1 ± 0.2
4 18 DR –66 ± 1 308 ± 40 3.5 ± 0.2

4 23 Control –68 ± 1 297 ± 20 4.0 ± 0.2
4 23 MD –68 ± 1 281 ± 15 4.0 ± 0.2
4 23 DR –69 ± 1 245 ± 36 3.6 ± 0.3

2/3 16 Control –68 ± 1 501 ± 46 3.4 ± 0.2
2/3 16 MD –68 ± 1 576 ± 30 3.0 ± 0.2

2/3 23 Control –74 ± 1 259 ± 10 4.2 ± 0.2
2/3 23 MD –73 ± 1 251 ± 11 3.9 ± 0.3

Resting potential (Vm), resting input resistance (Rin) and mEPSC decay time
(exponential fit) for neurons in layers 4 or 2/3, at postnatal ages between 12
and 23, for control, monocularly deprived (MD) or dark-reared (DR)
animals. None of the differences between conditions for a given age group
were significant (P > 0.05, t-test).
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nied by a slowing of mEPSC kinetics and no reduction in charge,
so was probably due to changes in the passive properties of the
neurons as they matured (Table 1).

A more restricted analysis of developmental changes in mEP-
SCs in layer 2/3 showed that, between P16 and P23, there was a
similar inverse relationship between mEPSC frequency and
amplitude, with the former increasing by 79% between P16 and
P23 and the latter decreasing in amplitude by 27% and in charge
by 15% (Fig. 1d, n = 18). Thus, in layer 2/3, about half the
decrease in amplitude between P16 and P23 was attributable to
increased filtering. The developmental decrease in mEPSC ampli-
tude in layers 4 and 2/3 was not as large as the increase in fre-
quency, possibly because a number of mechanisms cooperate to
compensate for changes in excitatory drive, including an increase
in intracortical inhibition30,31.

Dark rearing prevents decline in mEPSC amplitude
The inverse relationship between mEPSC frequency and ampli-
tude in layer 4 suggests that the increased activity associated
with eye opening and increased synaptogenesis may drive a
compensatory reduction in AMPA quantal amplitude. To

directly test this hypothesis, we reduced visual system activity by
rearing animals in the dark beginning at P12, and measured
AMPA quantal amplitude in layer 4 at various developmental
ages (Fig. 2a). Miniature EPSC frequency increased in dark-reared
animals 3.5-fold between P14 and P18, similar to the increase
seen in control animals (Fig. 1b).

In contrast, the developmental reduction in quantal ampli-
tude that normally occurs between P14 and P18 was prevented
by dark rearing (Fig. 2b). Whereas in control animals there was a
significant reduction in amplitude with age, there was no signif-
icant reduction between P14 and P23 in dark-reared animals
(ANOVA, P > 0.12, n = 6–12 neurons/age). At P16, P18 and P23,
mEPSC amplitudes from dark-reared animals were significant-
ly higer than control values from the same age (t-test, P < 0.02,
0.005 and 0.001, respectively). There were no differences in
mEPSC kinetics between the control and dark-reared condition
(Fig. 2c) and passive neuronal properties were not significantly
affected by dark rearing (Table 1). There was a small and parallel
reduction in mEPSC amplitude from both dark-reared and con-
trol animals between P18 and P23, but the difference in ampli-
tude between dark-reared and control was relatively constant at
30% between P16 and P23, as was the difference in charge (also
approximately 30%; Fig. 2d). These data indicate that visual expe-
rience between P12 and P18 is necessary for the normal devel-
opmental decrease in AMPA quantal amplitude.
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Fig. 2. Dark rearing prevented the developmental reduction in mEPSC
amplitude in layer 4. (a) Dark-rearing protocol. Control animals were
maintained in a normal light-dark cycle; dark-reared animals (dark) were
maintained in the dark from P12. (b) Average AMPA quantal amplitudes
for control or dark-reared animals at various developmental ages. Dark
rearing significantly elevated mEPSC amplitudes at P16, 18 and 23 rela-
tive to values from age-matched controls (t-test, P < 0.02, 0.005 and
0.001, respectively). (c) Average mEPSCs from control or dark-reared
animals at P18, scaled to peak to allow a comparison of kinetics. 
(d) Average mEPSC amplitudes and charge for dark-reared animals,
expressed as a percentage of age-matched control values for the ages
indicated. There was a proportional increase in amplitude and charge in
the dark condition at all three ages.

Fig. 3. Monocular deprivation (MD) via intraocular TTX injections
between P14 and P16 increased average quantal amplitude in layer 4.
(a) Average AMPA-mediated mEPSCs from layer 4 in monocular cor-
tex ipsilateral (control) and contralateral (deprived) to the intraocular
TTX injection. Amplitudes were increased by MD, but kinetics were
not affected (peak-scaled). (b) Cumulative histogram of mEPSCs in
control and deprived neurons (50 events/neuron). Deprivation shifted
the entire distribution of mEPSCs toward larger values. The deprived
distribution could be collapsed onto the control distribution by divid-
ing every point in the deprived distribution by a factor of 1.19 (scaled).
Inset, average quantal amplitude in deprived neurons was significantly
larger than in control neurons (P < 0.01, t-test). (c) When retinal
activity was allowed to resume by ceasing to refresh the TTX,
mEPSCs returned to control values within 72 h. (d) MD did not pre-
vent the normal increase in mEPSC frequency that occurs between
P14 and P16 (MD not different from control at P16; P > 0.74).
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Monocular deprivation scales mEPSC amplitudes
As a second means of lowering visually driven activity, we sub-
jected rat pups to monocular deprivation for 48 hours by intraoc-
ular injections of TTX, a technique widely used to study ocular
dominance plasticity in binocular cortex7,32–35. Here we used it to
investigate the effects of activity deprivation, as blocking retinal
activity reduces visual cortical activity32,33. The rodent visual sys-
tem is particularly well-suited to this protocol because a sub-
stantial portion of visual cortex is monocular, receiving sensory
input only from the contralateral eye36,37. By confining these
recordings to monocular cortex, we were able to examine the
effects of lowered activity without the potential complication of
also altering competition between inputs from the two eyes, as
would be the case in binocular cortex. In addition, each animal
served as its own control, as blocking activity in one eye left activ-
ity unchanged in the ipsilateral monocular cortex.

We monocularly deprived P14 rat pups for 48 hours, and at
P16, prepared brain slices and measured mEPSCs from layer 4
neurons in monocular cortex (both contralateral and ipsilater-
al to the eye injection). Eye opening occurs in the rat around
P14, so this procedure effectually deprived one hemisphere of a
major sensory event that would normally increase thalamic
drive to cortex. We found that 48 hours of activity deprivation
increased average mEPSC amplitude by 23% relative to the con-
trol hemisphere, from 14.6 ± 0.9 pA to 18.0 ± 0.9 pA (n = 14
and 19, P < 0.01, t-test; Fig. 3a and b), without changing
mEPSC kinetics (Fig. 3a, peak-scaled) or passive cell proper-
ties (Table 1). Because mEPSC kinetics were unaltered, the
amplitude increase was not a consequence of differential cable
filtering but instead represented a change in quantal synaptic
transmission. The increase in the average current resulted from
a shift in the entire distribution of quantal currents toward larg-
er values (Fig. 3b). As found previously for synaptic scaling in

culture22, these data are consistent with a model in which all
synaptic inputs to a given neuron are scaled up by a single mul-
tiplicative factor, as dividing the amplitude of each event from
deprived neurons by the same factor (1.19) produced a good
fit to the control distribution (Fig. 3b).

Monocular deprivation using intraocular TTX requires repeat-
ed reinjection to maintain retinal blockade because TTX breaks
down over time, allowing visual responses to resume approxi-
mately 24 hours after injection33. We used this fact to investigate
whether the effect of deprivation on mEPSC amplitude is
reversible. After injecting TTX into one eye of rats at P14 and
again at P15, we ceased the TTX injections, allowing retinal activ-
ity to resume. At P18, we prepared coronal slices and measured
mEPSCs in layer 4 neurons in both hemispheres. The recovery
period was sufficient to reverse the effect of the 48 h deprivation:
mEPSCs were no different in deprived neurons than in control
ones, 15.0 ± 0.6 pA versus 14.9 ± 0.7 pA (Fig. 3c).

Monocular deprivation did not prevent the developmental
changes in neuronal and synaptic properties that normally
occur between P14 and P16. For example, the reduction in
input resistance still occurred (Table 1), as did the increase in
mEPSC frequency (Fig. 3d).

A critical period for layer 4 scaling
A common feature of plasticity in sensory cortex is the exis-
tence of critical periods during which rearrangements in cir-
cuitry can occur. For ocular dominance plasticity in visual
cortex and for whisker deprivation effects in barrel field cor-
tex, layer 4 has critical periods during the first several weeks
of life8–10,38. To investigate whether the effect of activity depri-
vation on mEPSCs in layer 4 was also developmentally regu-
lated, we began monocular deprivation at P21, and then at P23
we measured mEPSCs in layer 4 monocular cortex. We found
that monocular deprivation had no effect (Fig. 4). Average
mEPSC amplitudes, kinetics and frequencies were unchanged
by monocular deprivation (12.1 ± 0.4 pA and 11.8 ± 0.5 pA for
monocularly deprived and control, respectively; n = 14 for both
conditions), and quantal amplitudes were distributed similar-
ly in both conditions (Fig. 4b). These findings indicate that
synaptic scaling is developmentally regulated in layer 4, with
the window for plasticity closing fairly early.

Deprivation’s effects are delayed in layer 2/3
Whereas the critical periods for several forms of developmen-
tal plasticity in layer 4 close early, layer 2/3 can exhibit plastic-
ity well into adulthood8–10,38. To determine whether mEPSC
scaling shares the layer-dependence of ocular dominance and
whisker deprivation plasticity, we measured mEPSCs in layer
2/3 pyramidal neurons after subjecting rats to monocular
deprivation from P14 to P16 or from P21 to P23. We found
that plasticity was delayed relative to layer 4 neurons. Depri-
vation between P14 and P16 left mEPSCs unaltered by all of
our measurements, including average amplitude (control, 15.7
± 1.0 pA, n = 10; deprived, 15.7 ± 1.1 pA, n = 11; Fig. 5a). In
contrast, deprivation between P21 and P23 increased average
mEPSC amplitude by 14%, from 11.4 ± 0.4 pA to 13.0 ± 0.6
pA (n = 18 each, P < 0.05, t-test; Fig. 5b). There were no
changes in mEPSC kinetics, frequency, or passive cell proper-
ties (Table 1). Again, the increase in the average amplitude was
produced by a shift in the entire distribution of events 
(Fig. 5b, lower panel). These results show that the critical peri-
od for mEPSC scaling, like other forms of developmental plas-
ticity, occurs later in layer 2/3 than in layer 4.
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Fig. 4. Monocular deprivation between P21 and P23 did not affect
mEPSCs from layer 4. Top, average mEPSCs from control and deprived
neurons. Bottom, cumulative histogram of mEPSCs from control and
deprived neurons (50 events/neuron). There were no significant differ-
ences between the two conditions.
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DISCUSSION
We have used two classic manipulations of visual experience, dark
rearing and monocular deprivation, to demonstrate that the
quantal amplitude of excitatory currents in primary visual cortex
can be globally scaled up or down as a function of development
and sensory experience. In binocular cortex, monocular depri-
vation both lowers activity and creates an imbalance in activity
between the two eyes, making it difficult to untangle the relative
contributions of Hebbian and homeostatic plasticity to any
changes in synaptic strength. To circumvent this problem, we
used monocular cortex to examine how visual cortical neurons
adapted to prolonged periods of reduced retinal and sensory
drive. Experiments monitoring immediate early gene expression
have established that intraocular TTX injections have pronounced
effects on activity in the monocular zone32,33. Using this method,
we discovered that brief (48 h) activity deprivation produced sig-
nificant increases in the amplitudes of excitatory quantal cur-
rents in visual cortical neurons. The increase affected both large
and small synaptic currents, and was consistent with a model in
which the entire distribution of currents in a given neuron was
shifted toward larger amplitude values.

Such adaptive changes in overall synaptic strength have
heretofore been studied at the neuromuscular junction19,20 or in
cultured central neurons16,21–26. Several groups working in dif-
ferent culture preparations—neocortical22,25,26, hippocam-
pal21,23 and spinal cord24—have found that excitatory synaptic
currents or postsynaptic receptors are sensitive to average activ-
ity levels. In particular, blocking spiking or synaptic activity
pharmacologically results in a compensatory increase in cur-
rent amplitude or receptor number; conversely, increasing activ-
ity above control levels results in a decrease in amplitude or
receptor number. It has been proposed that this plasticity acts as
a homeostatic regulatory mechanism, damping network activ-
ity when synaptogenesis or correlation-based plasticity drives
it too high, boosting activity when it falls too low. Also, mod-
eling studies have suggested that synaptic scaling promotes com-
petition between presynaptic inputs, as high postsynaptic
activity by one set of inputs weakens the effects of a second set
after global rescaling27; if synaptic weakening is a prelude to
synapse elimination39, this would provide a means for strong
inputs to force the pruning of weaker ones. Our data indicate
that a process like synaptic scaling also operates in vivo. Dur-
ing development, as sensory and synaptic drive increases,
mEPSC amplitudes are reduced in an activity-dependent man-
ner, and after short periods of activity deprivation, quantal cur-
rents are globally upregulated.

Prolonged dark rearing starting at birth extends the critical
period for monocular deprivation40 and delays the maturation
of visual response properties41. This raises the question of
whether the effects of visual deprivation are simply due to
arrested development in the absence of visually-driven activi-
ty. Although we cannot entirely rule this possibility out, sever-
al considerations argue against this interpretation. First, we
found that a two-day period of deprivation is sufficient to mod-
ify quantal amplitude. This is a much shorter period of depri-
vation than that which produces a generalized developmental
delay of visual response properties40,41. Second, the effects of
monocular deprivation occur at very different developmental
stages in different layers, suggesting that monocular depriva-
tion is not simply causing a cortex-wide developmental delay.
Finally, all other developmental parameters that we have mon-
itored have continued to change apace during the period of
deprivation, including cellular properties such as input resis-

tance, and synaptic properties such as mEPSC frequency and
kinetics. Taken together, these results suggests that brief peri-
ods of sensory deprivation do not produce a generalized devel-
opmental delay, but rather have a selective effect on the
amplitude of AMPA-mediated synaptic transmission.

A hallmark of activity-dependent cortical development is
the existence of layer-specific critical periods for plasticity. In
keeping with this, we found that deprivation scaled quantal cur-
rents in a layer- and age-specific manner. In layer 4, the prin-
cipal input layer, quantal amplitudes increased when deprivation
started at P14, immediately before eye opening, but not when it
started at P21. On the other hand, deprivation’s effects in layer
2/3 were delayed, with no change at the younger age but with
a significant increase at the older one. This is strongly reminis-
cent of the critical periods for ocular dominance plasticity in
binocular visual cortex7,8 and for whisker deprivation plastic-
ity in somatosensory cortex9,10,38. In each of those cases, the
critical period for layer 4 plasticity closes after the first week or
several weeks of life, whereas layer 2/3 plasticity extends much
later in development. Notably, the critical period for synaptic
scaling in layer 4 closes before the beginning of the critical peri-
od for ocular dominance plasticity in binocular cortex, sug-
gesting that scaling at these synapses is unlikely to contribute
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Fig. 5. Sensitivity to monocular deprivation was shifted developmentally
in layer 2/3 relative to layer 4. (a) 48 h of deprivation had no effect on
mEPSCs when begun at P14 and terminated at P16. There were no sig-
nificant differences between the two conditions. (b) 48 h deprivation did
significantly (P < 0.05, t-test) increase mEPSC amplitude when begun at
P21 and terminated at P23. Cumulative histograms were constructed
from 50 events/neuron.
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to ocular dominance plasticity. The opening of scaling in layer
2/3, by contrast, is coincident with the opening of the critical
period for ocular dominance plasticity.

Why the critical period for layer 4 should close early is not
clear for any form of activity-dependent plasticity. The potential
for instability in layer 4 is probably greatest between P14 and P18,
because of increased synaptogenesis and the sudden increase in
sensory drive around the time of eye opening. Thalamocortical
LTP also closes early in layer 4 of somatosensory cortex42. It is
possible that synaptic scaling is no longer needed once synapto-
genesis has slowed and Hebbian mechanisms have decreased.
Whatever the reason, it is a consistent finding that many forms
of layer 4 plasticity are only transiently expressed during devel-
opment, and that in older animals the major locus of cortical
plasticity shifts to other layers7–10,43.

Layer 2/3 is only poorly driven by visual activity before the
third postnatal week41. The lack of effect of retinal blockade
on layer 2/3 quantal amplitudes before this time may simply
reflect this lack of peripheral drive. The onset of sensitivity of
AMPA quantal amplitudes to monocular deprivation in layer
2/3 coincides with the beginning of the classical critical peri-
od for ocular dominance plasticity in rodent binocular cor-
tex35,41,44, suggesting that the expression of these two forms of
plasticity is closely linked during development. The precise end
of the critical period for ocular dominance plasticity in layer
2/3 is still under debate, but it is thought to extend well into
early adulthood35,41,44, as does the capacity for axonal remod-
eling of horizontal connections in layer 2/3 (ref. 45). We do
not yet know whether the capacity for synaptic scaling in layer
2/3 also extends into adulthood.

The magnitudes of the experience-dependent changes in
quantal amplitude seen here (15–30%) are smaller than those
seen in culture22–26, probably because the reduction in cortical
activity caused by sensory deprivation is smaller than the com-
plete activity blockade of the culture experiments. However,
because this scaling operates in a global manner on all excitato-
ry synapses, the functional consequences of a 15–30% change in
total excitation are likely to be pronounced. Alterations in the
balance between excitation and inhibition can strongly influence
activity and information flow within cortical networks45–47, as
well as the ability to induce LTP and LTD48. Experience-
dependent scaling of intracortical synapses may therefore have a
profound effect on the expression of other forms of activity-
dependent plasticity, including higher-order processes such as
ocular dominance plasticity, that are thought to rely on Hebbian
and competitive cellular plasticity mechanisms.

Our results indicate that sensory experience can globally
regulate the strengths of excitatory intracortical synapses in
the direction needed to stabilize firing rates. This, in turn, may
allow Hebbian mechanisms to selectively modify individual
synaptic strengths without the loss of selectivity that can arise
from the positive-feedback nature of correlation-based plas-
ticity. Our data raise the possibility that synaptic scaling and
Hebbian plasticity cooperate during development to selective-
ly refine cortical connectivity.

METHODS
Intraocular TTX injections and dark rearing. All experiments were
approved by the Brandeis Animal Use Committee and were in accor-
dance with the National Institutes of Health guidelines. Long-Evans rat
pups, at postnatal days 14 or 21, were subjected to monocular deprivation
by intraocular injection of TTX using a standard protocol32–34. Animals
were first anesthetized with isoflurane. The eyes of the younger animals
had not yet opened, and so the eyelids over both eyes were gently pulled

apart with tweezers. The injection solution consisted of 1 mM (for P14
rats) or 4 mM (for P23 rats) TTX in a citrate buffer. A volume of 1–2 µl
was injected into the vitreous of the right eye by inserting a pulled
micropipette at the ora serrata. The micropipette was filled with solu-
tion and connected to a microinjector, allowing the solution to be inject-
ed slowly (1–2 min). This procedure blocks retinal activity completely
for approximately 24 h, but activity recovers over longer times34. There-
fore, to maintain blockade for 48 h, the procedure was repeated 24 h after
the first injection. For dark rearing, entire litters were raised on a nor-
mal light/dark cycle until P12, when they were moved into the dark and
maintained in total darkness. Pups were transferred to a light-tight box
and anaesthetized in the dark before decapitation. Control animals were
raised on a 12 hr light/12 hr dark cycle.

Slice preparation. Coronal brain slices containing primary visual cortex
were prepared as described49. Animals were deeply anesthetized with
isoflurane and decapitated and their brains were quickly removed and
placed in chilled (1°C) artificial cerebrospinal fluid (ACSF) containing
TTX. Slices of 400 µm thickness were cut on a vibratome. Slices were
maintained at room temperature on semipermeable membranes covered
by a thin layer of ACSF containing TTX and continuously oxygenated
(with 95% O2, 5% CO2). Slices equilibrated for 1 h prior to the start of
recording and were used up to 7 h after preparation.

Electrophysiology. Slices were transferred one at a time to a submerged
chamber mounted on a fixed-stage upright microscope and slowly
warmed to 30–32°C. They were continuously perfused with warmed,
oxygenated ACSF at a rate of 2–3 ml/min. Low-power transillumination
was used to visualize the location of monocular visual cortex36,37 and the
positions of layer 2/3 and 4; in most cases this was confirmed post hoc
using biocytin reconstructions.

Visualized whole-cell patch recordings were obtained as previously
described25,49. Slices were illuminated obliquely through an infrared
filter and viewed with standard optics using a 40× long-working dis-
tance water immersion objective lens. Layer 2/3 neurons were identi-
fied as pyramidal based on their prominent apical dendrites and
pyramidal somata; layer 4 neurons were predominantly star pyramids,
identified by the presence of a thin apical dendrite extending into the
upper layers. Post hoc reconstruction of biocytin fills confirmed that
96% of successfully filled layer 4 neurons had a star pyramidal mor-
phology. Pipette resistances were 3–5 MΩ in the bath. Voltage-clamp
recordings were done with an Axopatch 1D (Axon Instruments, Union
City, California). Seal resistances were 2–8 GΩ. Recordings were dis-
carded if the resting potential was more positive than –60 mV, the series
resistance larger than 20 MΩ, the resting input resistance smaller than
200 MΩ, or if any of these quantities changed during the course of the
recording by more than 10%.

To record AMPA-mediated mEPSCs, neurons were held in voltage
clamp at –70 mV in the presence of TTX (1 µM), APV (50 µM) and bicu-
culline (20 µM). In-house software was used to detect and measure mEP-
SCs; detection criteria included amplitudes greater than 5 pA and 20–80%
rise times less than 1 ms. All data are reported as mean ± s.e.m. for the
number of neurons indicated. Data were obtained from a total of 43 ani-
mals, and from at least 3 animals for each developmental time point.

Solutions. The ACSF contained 126 mM NaCl, 3 mM KCl, 2 mM MgSO4,
1 mM NaH2PO4, 25 mM NaHCO3, 2 mM CaCl2 and 14 mM dextrose;
the pH was buffered to 7.4 by bubbling continuously with 95% O2/5%
CO2. The internal pipette solution contained 100 mM potassium glu-
conate, 20 mM KCl, 10 mM HEPES/K-HEPES, 0.5 mM EGTA, 0.3 mM
Na(GTP), 4 mM Mg(ATP) and 0.1% biocytin; the pH was adjusted to
7.3 with KOH and/or HCl.
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A corrupted electronic file led to an error in the AOP version of this paper. Parts of the axis lines and the figure labeling were miss-
ing in Fig. 5. This mistake has been corrected in the HTML version and will appear correctly in print. The PDF version available
online has been appended.

erratum

100

80

60

40

20

0
40302010

Deprived

Control

100

80

60

40

20

0

40302010

Control

Deprived

15

10

5

0

p
A

12

8

4

0

p
A

P
er

ce
n

ta
g

e

Amplitude (pA)

C      D

Layer 2/3, P16

Layer 2/3, P23

P
er

ce
n

ta
g

e

Amplitude (pA)

C      D

Fig. 5. Sensitivity to monocular deprivation was shifted developmen-
tally in layer 2/3 relative to layer 4. (a) 48 h of deprivation had no effect
on mEPSCs when begun at P14 and terminated at P16. There were no
significant differences between the two conditions. (b) 48 h deprivation
did significantly (P < 0.05, t-test) increase mEPSC amplitude when
begun at P21 and terminated at P23. Cumulative histograms were con-
structed from 50 events/neuron.
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