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Maintaining the proper balance between excitation and inhibi-
tion is necessary to prevent cortical circuits from either falling
silent or generating epileptiform activity. One mechanism
through which cortical networks maintain this balance is
through the activity-dependent regulation of inhibition, but
whether this is achieved primarily through changes in synapse
number or synaptic strength is not clear. Previously, we found
that 2 d of activity deprivation increased the amplitude of
miniature EPSCs (mEPSCs) onto cultured visual cortical pyra-
midal neurons. Here we find that this same manipulation de-
creases the amplitude of mIPSCs. This occurs with no change
in single-channel conductance but is accompanied by a reduc-
tion in the average number of channels open during the mIPSC
peak and a reduction in the intensity of staining for GABAA

receptors (GABAARs) at postsynaptic sites. In addition, the

number of synaptic sites that express detectable levels of
GABAARs was decreased by �50% after activity blockade,
although there was no reduction in the total number of presyn-
aptic contacts. These data suggest that activity deprivation
reduces cortical inhibition by reducing both the number of
GABAARs clustered at synaptic sites and the number of func-
tional inhibitory synapses. Because excitatory and inhibitory
synaptic currents are regulated in opposite directions by activ-
ity blockade, these data suggest that the balance between
excitation and inhibition is dynamically regulated by ongoing
activity.
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Cortical circuits are highly recurrent and are prone to instability
when the balance between excitation and inhibition is perturbed
(Kriegstein et al., 1987; Chagnac-Amitai et al., 1989). This raises
the question of how this balance is maintained during periods of
development when the number and strength of synapses are
changing dramatically. One mechanism by which cortical net-
works prevent runaway excitation is by scaling the strength of all
excitatory connections up or down as a function of how active
they are (Turrigiano, 1999; Turrigiano and Nelson, 2000). Syn-
aptic scaling occurs in part through changes in the number of
glutamate receptors clustered at synaptic sites, which produces an
increase or decrease in quantal amplitude (Lissen et al., 1998;
O’Brien et al., 1998; Turrigiano et al., 1998; Watt et al., 2000).
This form of synaptic plasticity is slow, requiring hours to days
of altered activity to produce changes in synaptic strength,
and scales up or down proportionally all excitatory synapses
(Turrigiano et al., 1998).

Inhibition can also be regulated by long-lasting changes in
activity. In primate and rodent visual cortex, visual deprivation or
inhibition of retinal activity with TTX can decrease immunore-
activity for GABA (Hendry and Jones, 1986, 1988; Benevento et

al., 1995). A similar phenomenon has been demonstrated in
cortical and hippocampal cultures, in which activity blockade
reversibly decreases GABA immunoreactivity (Marty et al., 1996;
Rutherford et al., 1997) and reduces the amount of functional
inhibition received by pyramidal neurons (Rutherford et al.,
1997). In addition to regulating the number of GABA-
immunopositive neurons, activity blockade can modulate the
number of inhibitory synaptic contacts received by cultured Pur-
kinje and hippocampal neurons (Seil and Drake-Baumann, 1994,
2000; Marty et al., 2000). Finally, epilepsy paradigms have been
shown to decrease the amplitude and frequency of some classes of
miniature IPSCs (mIPSCs) (Wierenga and Wadman, 1999) and
to regulate the number of postsynaptic GABAA receptors
(GABAAR) clustered at synaptic sites (Otis et al., 1994; Nusser et
al., 1998).

These studies raise the possibility that inhibitory synaptic
strengths, like excitatory synaptic strengths, can be scaled up or
down by long-lasting changes in activity. To directly test this idea,
we recorded mIPSCs from pyramidal neurons after blocking all
spiking activity with TTX for 2 d. Whereas activity blockade
scales up the strength of mEPSCs (Lissen et al., 1998; O’Brien et
al., 1998; Rutherford et al., 1998; Turrigiano et al., 1998; Watt et
al., 2000), here we find that this same manipulation scales mIPSC
amplitudes down. This reduction in quantal amplitude was ac-
companied by a reduction in the number of open GABAAR
channels and in the intensity of staining for GABAARs at synap-
tic sites. In addition, the number of postsynaptic sites that local-
ized GABAARs decreased, although overall synaptic density re-
mained unchanged. These data indicate that the quantal
amplitude of excitatory and inhibitory synapses are regulated in
opposite directions by activity blockade and suggest that the
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balance between excitatory and inhibitory synaptic strengths is
dynamically regulated by ongoing activity.

MATERIALS AND METHODS
Cell cultures. Dissociated cell cultures were prepared from postnatal day
3 (P3) to P5 Long–Evans rat pups as described previously (Rutherford et
al., 1997; Watt et al., 2000), except that neurons were plated onto
confluent astrocyte beds plated onto glass-bottomed dishes. Neuronal
medium contained 2% B27 supplement (Invitrogen, Gaithersburg, MD).
Cultures were used after 8–10 d in vitro. On each of the 2 d immediately
before use, half of the dishes in a set of cultures were treated with 0.4 �M
TTX, whereas the other half were left untreated. All data were obtained
in parallel from TTX-treated and age-matched sister control cultures.

Physiology. Recordings were obtained as described previously (Ruth-
erford et al., 1997, 1998; Turrigiano et al., 1998; Watt et al., 2000).
Briefly, cultures were placed on the stage of a Nikon (Tokyo, Japan)
inverted microscope and perfused with room temperature artificial CSF
containing 1 �M TTX, 25 �M CNQX, and 50 �M APV (brought to 320
mOsm with dextrose, bubbled with 5% CO2–95% O2). Patch pipettes
(3–5 M�) were filled with internal electrode solution containing (in mM):
120 KMetSO4, 20 KCl, 10 K-HEPES, 2 MgSO4, 0.5 mM EGTA, and 3
ATP, pH 7.4 with KOH (280 mOsm with sucrose). Junction potentials of
�5 mV were left uncompensated. Whole-cell voltage-clamp recordings
were obtained from morphologically identified pyramidal somata (Ruth-
erford et al., 1997; Watt et al., 2000) with an Axopatch 1D or 200B
amplifier (Axon Instruments, Foster City, CA). Criteria for accepting a
recording included Vm of at least �55 mV, series resistance (Rs) of �20
M�, Rin of �200 M�, and �10% change in these parameters in the
course of recording. For control cells, average Vm � �59.8 � 2.2 mV,
Rin � 588 � 95 M�, Rs � 12.2 � 1.4 M�, and whole-cell capacitance of
23.3 � 3.8 pF; TTX-treated neurons were not significantly different from
control neurons in any of these parameters. Spontaneous mIPSCs were
recorded by holding cells in voltage clamp at �80 mV. The calculated
reversal potential for Cl � with these internal and external solutions is
�49 mV, resulting in inward mIPSCs. These currents were reversibly
blocked by bath application of 20 �M bicuculline. In a second series of
experiments, KMetSO4 was replaced with KCl in the internal solution to
give a symmetrical internal and external chloride concentration, and
mIPSCs were recorded at �70 mV. In-house software was used to detect
and measure mIPSCs using an amplitude cutoff of 5 pA (Rutherford et
al., 1998; Turrigiano et al., 1998; Watt et al., 2000). Multiple events that
overlapped, or events with poor baselines, were excluded. To generate
the average mIPSC for each neuron, all events recorded from that
neuron were aligned on the rising phase and averaged. To generate the
average mIPSC for a given experimental condition, the average mIPSC
for each neuron recorded in that condition were averaged. The sensitivity
of the postsynaptic cell to GABA was assayed by application of pulses of
50 �M GABA through a patch pipette (1.5 �m diameter) using a
picospritzer (10 msec at 10 psi). GABA was delivered directly to the
soma from a distance of 20 �m.

Fluctuation analysis was used to determine whether the observed
changes in the current were mediated by a change in the number of open
channels or by a change in the unitary conductance, using standard
methods (Traynelis et al., 1993; De Koninck and Mody, 1994; Otis et al.,
1994; Auger and Marty, 1997). The single-channel conductance was
extracted from the relationship between the variance in the current
across mIPSCs and the mean current. The miniature events had a widely
varying range of amplitudes, but the decay kinetics were quite uniform
across events. Because variations in amplitude will contaminate the
estimate of variance attributable to channel closings, the individual
events have to be scaled such that their peak amplitude equals the
average peak amplitude (Traynelis et al., 1993; De Koninck and Mody,
1994). Peak-scaled fluctuation analysis yields estimates of the single-
channel conductance and the number of open channels. This contrasts to
fluctuation analysis without peak scaling, which yields the single-channel
conductance and both the number of available channels and the open
probability.

Immunocytochemistry. Cultures were fixed for at least 20 min in a
solution of 4% paraformaldehyde and 5% sucrose in 0.1 M phosphate
buffer (PB) pH 7.4. After rinsing three times in PB, nonspecific staining
was blocked and the membranes were permeablized with a 20 min
incubation in 0.1% Triton X-100 in PB with 10% goat normal serum
added (PB-GNS). Primary antisera diluted in PB-GNS were applied to
the cultures for at least 2 hr at room temperature or overnight at 4°C (this
procedure was modified slightly for one of the antibodies; see below).

After several rinses in PB, secondary antisera diluted in PB-GNS were
similarly applied. For double-label experiments, both primaries were
applied simultaneously, as were both secondaries. After a final series of
PB rinses, glass coverslips were applied with Fluoromount-G.

Antibodies. Three primary antisera were used. A rabbit polyclonal
affinity-purified antiserum against synapsin I (AB1543P; Chemicon, Te-
mecula, CA) recognizes all brain synaptic terminals and was used at a
dilution of 1:800. A monoclonal antibody generated in mouse against
glutamic acid decarboxylase (GAD) (1522 825; Boehringer Mannheim,
Indianapolis, IN) specifically recognizes GAD65, the synaptically local-
ized isoform of the synthetic enzyme for GABA. This antibody was used
at a dilution of 1:200. A pan-GABAAR � chain monoclonal antibody
generated in mouse (MAB341; Chemicon) was used at a dilution of 1:5.
For this antibody, the blocking solution was modified to contain 0.2%
Triton X-100 in PB with 20% GNS and 0.1% bovine serum albumin
added (PB-GNS-BSA), and the primary diluent was PB-GNS-BSA.

Secondary antisera generated in goat against either mouse or rabbit
IgG were labeled with Texas Red or FITC and were diluted 1:50–1:100.
For most experiments, Texas Red-tagged goat anti-rabbit IgG marked
synapsin, whereas FITC-tagged goat anti-mouse IgG marked the
GAD65 or GABAAR staining. In a few experiments, the opposite fluo-
rescent labels were used (e.g., FITC-tagged goat anti-rabbit), with no
obvious differences in the results. For experiments on enhanced green
fluorescent protein (EGFP)-labeled cells, Texas Red-tagged secondaries
were used for all primary antisera. Control experiments with no primary
antiserum, or with the incorrect species secondary, resulted in no specific
staining.

Transfection with enhanced green fluorescent protein. To fill the entire
dendritic tree of a small number of neurons, cultures were transfected
with EGFP using a Bio-Rad (Hercules, CA) gene gun. A plasmid con-
taining DNA for EGFP under a constitutive viral promoter was the kind
gift of Dr. L. Griffith (Brandeis University). The plasmid DNA was
isolated using standard techniques (Maxi-prep kit; Qiagen, Hilden, Ger-
many). The DNA was then CaCl2 precipitated onto 0.6 �M gold beads
(microcarriers) at a ratio of 2 �g of DNA per milligram of gold. The
microcarriers were loaded into polyvinyl chloride tubing “bullets” (0.25
mg/bullet). These bullets were used in the Bio-Rad gene gun, which
forces the DNA microcarriers off the walls of the tubing with a high-
pressure (110 psi) burst of nitrogen gas. A small number of cells in each
dish (up to 15) are hit by a microcarrier and express the DNA, which
labels entire neuronal arbors with EGFP. Maximal expression was ob-
tained within 24 hr. We shot cultures 24 hr before use and then processed
for immunocytochemistry as usual.

Photography and image analysis. Before image collection, the dishes
were coded to conceal treatment condition, while also allowing a pair of
treated and control dishes to be collected at each microscope session. All
data collection and analysis were done blind to experimental condition.
Cultures were viewed on an inverted Olympus Optical (Tokyo, Japan)
IX70 microscope equipped with fluorescein and rhodamine optics, using
a 60� oil immersion lens, numerical aperture of 1.25. Digital photo-
graphs were taken with a SenSys cooled CCD camera (PhotoMetrics Inc.,
Huntington Beach, CA) and Openlab software (Improvision Inc., Lex-
ington, MA). The exposure time and image bit range for each stain were
fixed within an experiment to allow comparison between conditions.

Cultures in which random dendrites were examined were all double
labeled for synapsin and either GAD65 or GABAAR. Three to six dishes
per condition (control or TTX treated) were examined for several rep-
lications of each experiment. Four to eight 34 � 45 �m pictures were
taken in each dish, one per quadrant. Regions selected had small-
diameter dendrites (�5 �m), well spaced to allow accurate counting. To
control bleaching and selection bias of the GAD65 and GABAAR label-
ing, the synapsin staining for a selected region was scanned and quickly
photographed, and only then was the staining for the other label exam-
ined and photographed. EGFP-transfected cultures were used to exam-
ine the apical-like dendrites of pyramidal neurons. These cultures were
also immunocytochemically labeled with either synapsin or GAD65.
Photography of the dendrite began at the distal tip and progressed
proximally. Bleaching was minimized by photographing large fields (70–
135 �m 2) and by first focusing on the EGFP-labeled dendrite and then
switching filters just before photographing the second label.

Apical-like dendrites were also examined from untransfected neurons
in cultures double labeled for GABAAR and synapsin. Pyramidal neu-
rons were selected based on anatomical criteria as described below, but
with the additional constraint that the soma and at least 100 �m of the
apical dendrite needed to be recognizable from background staining and
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unobscured by overlying cells. Photography of these apicals began at the
most distal portion clearly belonging to the selected pyramidal and
progressed proximally to the soma. Digital images were quantified with
Openlab software (Improvision Inc.). Dendrites were traced from EGFP
labeling or from background staining in unlabeled dendrites. Puncta
stained by synapsin, GAD65, or GABAARs were selected based on a
fixed intensity difference from local background intensity. For each
selected punctum, both the area and maximum intensity were measured.

RESULTS
Experiments were performed on dissociated cultures from pri-
mary visual cortex of P3–P5 rat pups, after 8–10 d in vitro. These
cultures contain both excitatory pyramidal neurons and inhibitory
GABAergic interneurons, which form extensive synaptic inter-
connections and develop spontaneous activity after a few days in
culture (Rutherford et al., 1997; Turrigiano et al., 1998). All
physiological and anatomical data were obtained from neurons
with a pyramidal morphology (teardrop-shaped somata with a
broad apical-like dendrite and generally symmetric basilar den-
drites). Neurons with this morphology are immunonegative for
GABA (Rutherford et al., 1997) and form excitatory glutamater-
gic synaptic connections with other neurons (Rutherford et all,
1998; Turrigiano et al., 1998; Watt et al., 2000).

Activity deprivation reduces mIPSC amplitude
To test the idea that mIPSC amplitude is modified by activity
blockade, whole-cell voltage-clamp recordings were obtained from
pyramidal neurons grown either in control medium or medium
supplemented with TTX for 2 d before recording. mIPSCs were
recorded in the presence of TTX, CNQX, and APV (to block
spike-mediated transmission and mEPSCs). Neurons were voltage
clamped at �80 mV with a chloride reversal potential of �49 mV,
so mIPSCs were recorded as inward currents (Fig. 1a), which were
completely blocked by 20 �M bicuculline (data not shown). Treat-
ment with TTX produced a shift in the distribution of mIPSCs
toward smaller-amplitude values (Fig. 1b). The average amplitude
of mIPSCs decreased to 60.9% of control values after TTX
treatment, from �19.7 � 2.6 to �12.0 � 0.8 pA (n � 9 neurons
in each condition; TTX significantly different from control; p �
0.02) (Fig. 2a,b). As reported previously (Rutherford et al., 1997,
1998; Turrigiano et al., 1998; Desai et al., 1999; Watt et al., 2000),
TTX treatment had no significant effects on the passive proper-
ties of the neurons. In addition, the kinetics of the mIPSCs were
not significantly different between control and TTX-treated neu-
rons, as can be seen from the scaled average mIPSCs (Fig. 2a,
Scaled Average). Individual measurements of rise times (control,
2.1 � 0.3 msec; TTX, 2.5 � 0.2 msec) and decay times (control,
22.8 � 2.0 msec; TTX, 22.6 � 1.4 msec) revealed no significant
differences between conditions. The reversal potential was close
to the calculated chloride reversal potential of �49 mV (control,
�48.4 � 3.6 mV; TTX, �47.7 � 3.4 mV; n � 7 and 6, respec-
tively) and was not different between control and TTX-treated
neurons (Fig. 2c).

mIPSC frequency is decreased by TTX treatment
To increase our resolution of small events and measure mIPSC
frequencies more accurately, we recorded a second data set from
a holding potential of �70 mV with a chloride reversal potential
of 0 mV. In this data set, as above, TTX treatment for 2 d
significantly reduced mIPSC amplitude (control, �44.5 � 4.7 pA;
TTX, �29.9 � 4.9 pA; n � 10 and 8, respectively; p � 0.05). The
frequency of mIPSCs was also reduced by TTX treatment from
0.32 � 0.04 to 0.17 � 0.03 Hz ( p � 0.02).

Nonstationary fluctuation analysis indicates that
single-channel conductance is not affected by
TTX treatment
The reduction in mIPSC amplitude could be attributable to a
decrease in the single-channel conductance (�) of GABAARs or
to a reduction in the number of open channels (No). To distin-
guish between these possibilities, we performed peak-scaled non-
stationary fluctuation analysis on the mIPSC currents to derive
the single-channel conductance values (Treynalis et al., 1993; De
Koninck and Mody, 1994; Otis et al., 1994; Auger and Marty,
1997). Because of the increased signal-to-noise ratio for mIPSCs
recorded under conditions of symmetrical chloride, we performed
the noise analysis primarily on this data set (n � 8 and 7 for
control and TTX-treated neurons, respectively). For each neu-
ron, the mIPSCs were averaged, and individual mIPSCs were
peak scaled to the average amplitude (Fig. 3A). Plots of mean

Figure 1. mIPSCs. a, An example of mIPSCs recorded as inward cur-
rents from a holding potential of �80 mV. Inset shows the time course of
one event. Calibration: 1 sec for the top trace; 100 msec for inset. b,
Distribution of mIPSC amplitudes recorded from neurons grown in
control medium (Control; open bars) or in medium supplemented with
TTX (Activity-deprived; dashed line) for 2 d before recording. Data were
pooled from nine neurons in each condition (30 events per neuron).
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variance against mean current (in 200 �sec bins) were well fit by
a parabolic function (Fig. 3B). The variance of the current �2

depends on the mean current � as follows (Traynelis et al., 1993):
�2 � �2

B � i0� � �2/N0.
A fit of the data yields the single-channel current i0, the number

of channels that contributed to the mIPSC, N0, and the back-
ground noise �2

B. From i0, the single-channel conductance � can
be calculated. For control neurons, � was 32.8 � 7.7 pS, and TTX
treatment produced no significant change in the estimate of �
(25.5 � 6.1 pS; not significantly different from control; p � 0.58).
These values of � are close to previously reported values of 20–35
pS for estimates of � derived from noise analysis and single-
channel recordings (Angelotti and Macdonald, 1993; Traynelis et
al., 1993; Macdonald and Olsen, 1994; Otis et al., 1994; Auger and
Marty,1997). In contrast, there was a significant decrease in No

after TTX treatment, from 34.7 � 5.8 to 15.5 � 4.0 ( p � 0.02)
(Fig. 3C). Similar values (34.4 � 7.1 for control and 14.3 � 2.6 for
TTX) were obtained by dividing (for each neuron) the conduc-
tance at the peak of the average mIPSC by the estimated single-
channel conductance. These data indicate that the average num-
ber of GABAAR channels open at the peak of the mIPSC is
reduced in activity-deprived neurons.

Quantification of GABAAR and GAD65
immunoreactivity at synaptic sites
The reduction in mIPSC amplitude, coupled with the reduction in
No, suggests that the number of postsynaptic GABAARs may be

reduced after activity blockade. To test this possibility, we mea-
sured the peak fluorescence intensity of GABAAR labeling at
synaptic sites, as well as the density of GABAAR puncta along
dendritic structures. In addition, we quantified the peak fluores-
cence intensity of labeling for GAD65, the presynaptically local-
ized isoform of the synthetic enzyme for GABA (Kaufman et al.,
1991), and the density of GAD65-immunoreactive dendritic
puncta. Figure 4A shows an example of the colocalization of
synapsin, a marker of both excitatory and inhibitory presynaptic
terminals (red), and GAD65 ( green) staining, with colocalization
shown in yellow. All punctate GAD65 staining was colocalized
with synapsin. In Figure 4B, the culture was stained using anti-
bodies against synapsin (red) and a pan-� subunit GABAAR
antibody ( green). We chose to localize the � chain because all
GABAARs appear to contain a � subunit, whereas � subunit
composition varies widely across synapse types (Sieghart, 1995;
Dunning et al., 1999). Receptor labeling in this example is pri-
marily synaptic; however, in general, �20% of punctate
GABAAR staining was nonsynaptic. Synaptic and nonsynaptic
GABAAR puncta were analyzed separately.

In some experiments, we wanted to selectively examine syn-
apses onto pyramidal neurons. We used two methods to accom-
plish this. First, cultures were transfected at very low efficiency
(1–15 neurons per dish) with EGFP, which fills the dendrites of an
individual neuron. Cultures were then stained for synapsin or
GAD65, which allowed the density of synaptic contacts onto

Figure 2. Activity blockade reduces mIPSC amplitude. A,
Average, The average mIPSC from pyramidal neurons
grown in control medium or medium supplemented with
TTX for 2 d. Scaled Average, The average mIPSCs were
scaled to the same peak value and overlaid. B, Same data
set as in A; the average mIPSC amplitude for neurons
grown in the two conditions. TTX is significantly different
from control ( p � 0.02; n � 9 neurons in each condition).
C, The reversal potential for mIPSCs from neurons grown
under the two conditions. Amplitudes were scaled to the
values obtained at �80 mV and averaged across neurons
grown under the same condition.
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individual neurons to be determined. An EGFP-transfected py-
ramidal neuron is shown in Figure 4C, and Figure 4D shows one
of its EGFP-filled dendrites labeled against synapsin.

Not all punctate GABAAR staining is localized to synaptic
sites. Because we wanted to examine changes in synaptic receptor
staining specifically, it was necessary to study GABAAR staining
of pyramidal neurons from cultures colabeled with synapsin. For
these experiments, we double-labeled cultures against synapsin
and GABAARs and selected pyramidal neurons with proximal
apical-like dendrites that could be distinguished using back-
ground staining. Figure 4, E and F, shows an example of one such
neuron (synapsin, red; GABAAR, green). Both synaptic and non-
synaptic receptor clusters can be seen in Figure 4F.

For all EGFP-filled pyramidal neurons and pyramidal apical
dendrites examined, we quantified each punctum (area, intensity,
and number) contiguous with or overlying the apical dendrite,
and 10–18 neurons were quantified per condition. In addition, we
measured the total apical dendritic branch length of EGFP-filled
pyramidal neurons from control and activity-deprived cultures.

Intensity of synapsin, GABAARs, and GAD65 staining
after activity blockade
Examples of EGFP-filled dendrites stained against synapsin from
control (Fig. 5A1) and TTX-treated (Fig. 5A2) cultures are
shown. The intensity of synapsin staining was similar for both
conditions. Figure 5B1 shows GABAAR ( green) and synapsin
(red) labeling of a pyramidal dendrite from a control culture. In
B2, GABAAR staining of the same dendrite is shown in black and
white. C1 and C2 are comparable images from a TTX-treated
culture. Comparing B2 with C2 (following identical and minimal
image processing) shows that the GABAAR staining is less in-
tense in the activity-blocked condition. These dendritic regions
are representative of staining under the two conditions, because
the average intensity of the puncta in each image was approxi-
mately equal to the average for that condition.

The intensity of GAD65 staining of puncta contacting activity-
deprived pyramidal apical dendrites was also reduced compared
with puncta contacting control neurons. Figure 5, D1 and D2,
shows GAD65 staining from a control culture, whereas E1 and E2
show a TTX-treated culture. The average intensity of these
puncta is near the average for the condition, and the black and
white images in D2 and E2 were processed identically.

The intensity of synapsin, GABAAR, and GAD65 immunore-
activity is quantified in Figure 6, for data taken from either
random fields of view (Random dendrites; three to five repetitions
of each experiment; see Materials and Methods) or from pyra-
midal apical dendrites (Apical dendrites; 10–18 neurons per con-
dition). The intensity of synapsin staining was slightly but not
significantly increased by activity blockade (Fig. 6A). In contrast,
the intensity of both GAD65 and synaptically localized
GABAAR staining was significantly reduced after activity block-
ade (Fig. 6A). The intensity of nonsynaptic GABAAR immuno-
reactivity was also examined, and, although the effect of TTX
treatment was similar in magnitude to that for the synaptically
localized receptors, the reduction was not statistically significant.
The reduction in intensity of GABAAR staining after TTX
treatment was �20% when intensity values were not corrected for
background fluorescence (Fig. 6) (see Fig. 8). If values were first
corrected for the average background fluorescence, then the
reduction in intensity was �31%. These data indicate that both
presynaptic expression of the synthetic enzyme for GABA and
postsynaptic expression of synaptically localized GABAARs are
reduced after activity deprivation.

Length density of synapsin, GABAARs, and
GAD65 puncta
The reduction in mIPSC frequency reported above suggests that
the number of postsynaptic sites clustering GABAARs may be
reduced. To investigate this possibility, we quantified the length
density (puncta per micrometer of dendritic length) for synapsin,
GABAAR, and GAD65 puncta. The density of synapsin puncta
was on average 2.1 puncta/10 �m and was unaffected by activity
blockade (Fig. 6B), and the average number of synapsin puncta
per apical dendrite was also unchanged (control, 152 � 68; TTX,
162 � 59). The density of GAD65 puncta was also unaffected by

Figure 3. Nonstationary fluctuation analysis of mIPSCs indicates that
single-channel conductance is unaffected by activity blockade. A, Repre-
sentative example of the average mIPSC from a control neuron (smooth
line) and an overlay of a peak-scaled individual mIPSC (noisy line),
showing the fluctuations about the mean current. B, Fluctuation analysis
of the neuron shown in A. Plot of variance in mIPSC current about the
mean current at different times after the peak (circles). Line shows
parabolic fit of the relationship. C, Estimates of the number of open
channels (lef t) and average single-channel conductance (right) for control
and TTX-treated neurons. n � 8 and 7 for control and TTX-treated
neurons, respectively.
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activity blockade in measurements from random dendrites. Mea-
surements onto pyramidal apicals showed a reduction of GAD
length density, but this effect was not significant ( p � 0.21) (Fig.
6B). In contrast, the length density of GABAAR puncta was
significantly reduced by activity blockade, by �25% in measure-

Figure 4. Immunocytochemical labeling of synapsin, GAD65, and
GABAAR, and EGFP transfection. A, Dendrites stained against synapsin
(red) and GAD65 ( green), with double-labeled puncta shown in yellow. B,
Dendrite stained against synapsin (red) and GABAARs ( green), with
overlap shown in yellow. C, Apical dendritic arbor of a pyramidal neuron

Figure 5. Intensity of Immunofluorescent labeling against synapsin,
GAD65, and GABAAR in control (lef t) and TTX-treated (right) cultures.
Minimal image processing was used for these illustrations. Black and white
images were photographed with the same exposures and image-processed
identically. A1, A2, The intensity of staining of synapsin puncta (red) onto
EGFP-labeled dendrites ( green) does not differ with TTX treatment. B1,
GABAAR ( green) and synapsin (red) labeling of a pyramidal apical
dendrite, control condition. B2, GABAAR labeling of the dendrite in B1,
shown in black and white. C1, C2, Staining as in B1 and B2 for a pyramidal
neuron from a TTX-treated culture. GABAAR labeling is less intense in
TTX-treated cultures. D1, GAD65 staining (red) of EGFP-labeled apical
dendrites ( green), control condition; D2, GAD65 labeling of the dendrite
in D1, shown in black and white. E1, E2, Staining as in D1 and D2 for a
TTX-treated culture. GAD65 staining is also less intense in TTX-treated
cultures. Scale bar, 5 �m.

4

transfected with EGFP. D, High-magnification image of the neuron in C,
showing EGFP-labeled dendrites and immunocytochemical labeling of
synapsin (in red). E, Pyramidal neuron double-labeled for synapsin (red)
and GABAAR ( green). F, Higher-magnification view of the apical den-
drite shown in E. Scale bars: A, B, D, F, 5 �m; C, 25 �m; E, 15 �m. Arrows
indicate colabeling of puncta (A, B, F ) or synapses made onto the
EGFP-filled dendrite (C).
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ments from random dendrites and by 50% in measurements onto
pyramidal apical dendrites (from 1.2 to 0.6 puncta/10 �m; p �
0.01) (Fig. 6B). The larger reduction in length density onto
pyramidal apicals than onto random dendrites is consistent with
a selective effect of activity on inhibitory synapses onto pyramidal
neurons.

There was no significant change in the total apical dendritic
branch length between control EGFP-filled pyramidals and those
grown in TTX for 2 d (n � 21 and 12 control and TTX-treated
neurons, respectively; p � 0.58) (Fig. 7A). In addition, there was
no significant effect of activity blockade on the area of synaptic
puncta (Fig. 7B). Together, these data indicate that the overall
density of presynaptic terminals remains constant after activity
blockade but that the number of postsynaptic sites that express
detectable levels of GABAARs are dramatically reduced.

Consistent with a general reduction in the number of postsyn-
aptic GABAAR clusters and the intensity of staining within
remaining clusters, we found that direct application of GABA to
the postsynaptic neuron evoked smaller currents in TTX-treated
neurons than in control neurons. GABA was applied to the soma
as described previously for glutamate-activated currents (Turri-
giano et al., 1998; Watt et al., 2000) while recording in the
presence of TTX, CNQX, and APV. TTX treatment produced a
large and significant reduction in the amplitude of GABA-evoked
currents, to 37.8 � 14% of control values (TTX significantly
different from control; p � 0.04; n � 9 in each condition).

mIPSC amplitude and GABAAR intensity scale
multiplicatively in response to activity blockade
A plot of the cumulative distribution of mIPSC amplitudes was
generated by randomly selecting and combining 30 events per
neuron for both the control and TTX-treated conditions (n � 9
neurons for each condition) (Fig. 8a). TTX treatment shifted the
entire distribution of amplitudes to the left, toward smaller val-
ues. Activity blockade produces a multiplicative increase in the
amplitude of mEPSC amplitudes (Turrigiano et al., 1998). To
determine whether the reduction in mIPSC amplitude is also
multiplicative, we plotted the rank-ordered control values against
the rank-ordered TTX values. The resulting relationship was well
fit by a straight line (r � 0.99), with a slope of 0.46 and an
intercept of 7.5. Transforming the control distribution by this
equation resulted in a very good fit to the TTX data (Fig. 8a,
Scaled Control). Our data suggest that the number of functional
inhibitory synapses is reduced by activity blockade (see above).
The fact that mIPSCs are scaled down in a linear manner sug-

Figure 6. Fluorescent intensity of GABAAR labeling and the density of
synaptic GABAAR puncta are reduced by activity blockade. A, Intensity
of labeling of puncta for synapsin, GAD65, and GABAAR, from ran-
domly selected dendritic regions (Random dendrites) or from pyramidal
apical dendrites (Apical dendrites). B, Length density (number of immu-
noreactive puncta per unit length of dendrite) of puncta immunoreactive
for synapsin, GAD65, or GABAAR. Data are expressed as a percentage
of control; dashed line indicates control (100%). *p � 0.03; **p � 0.01.

Figure 7. Total apical dendritic branch length and the area of immuno-
reactive puncta are not affected by activity blockade. A, Average total
length of the apical-like dendrite from EGFP-filled pyramidal neurons
grown under control conditions (Con) or in TTX for 2 d before fixation
and quantification; n � 21 and 12 for control and TTX-treated neurons,
respectively. B, Average area of puncta immunolabeled for GAD65 or for
synapsin (Syn), for contacts onto EGFP-filled pyramidal apical dendrites.
None of the differences between conditions are statistically significant.
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gests that this loss of receptor clusters happens uniformly across
the entire amplitude distribution. We performed the same anal-
ysis for the distribution of intensities of synaptically localized
GABAAR staining (Fig. 8b). Again, TTX treatment shifted the
entire distribution of intensities to the left, and plotting the
rank-ordered control values against the rank-ordered TTX values
generated a relationship that was well fit by a straight line func-
tion (r � 0.99), with a slope of 0.74 and an intercept of 132.
Transforming the control distribution by this equation resulted in
a good fit to the TTX data (Fig. 8b, Scaled Control). These data
indicate that both mIPSC amplitudes and the intensity of synaptic
staining for GABAARs are scaled down by activity in a multipli-
cative manner.

DISCUSSION
In primate and rodent primary visual cortex, reduced sensory
drive leads to a reduction in expression of both GAD and GABA
(Hendry and Jones, 1986, 1988; Benson et al., 1991; Benevento et
al., 1995), suggesting that the amount of cortical inhibition is
regulated by ongoing activity. In previous work, we replicated this
phenomenon in vitro and demonstrated that activity deprivation
reduces the amount of functional inhibition onto cortical pyra-
midal neurons (Rutherford et al., 1997), but whether this oc-
curred through a change in inhibitory synaptic strength or syn-
apse number was unclear. Here we show that activity blockade
reduces the amplitude of mIPSCs, and this is accompanied by a
reduction in the number of open channels, as well as the intensity
of staining for postsynaptically localized GABAARs. In addition,
the number of synaptically localized puncta immunopositive for
GABAARs was dramatically reduced. These data suggest that
activity regulates inhibition through both changes in the number
of receptors clustered at postsynaptic sites and a reduction in the
number of functional inhibitory synapses.

A change in mIPSC amplitude could result from a reduced
amount of GABA packaged into synaptic vesicles (Frerking et al.,
1995), a reduced number of postsynaptic receptors (Nusser et al.,
1997, 1998), and/or a change in subunit composition or phosphor-
ylation state of the receptors that modifies single-channel prop-
erties (Macdonald and Olsen, 1994; Sieghart, 1995; Cherubini and
Conti, 2001). Nonstationary fluctuation analysis indicated that
there was no significant change in GABAAR single-channel con-
ductance, nor were there changes in mIPSC kinetics that might
indicate differences in subunit composition. These data suggest
that channel properties were unaltered by activity blockade. On
the other hand, there was a significant reduction in the number of
channels open at the peak of the mIPSC. Peak-scaled fluctuation
analysis cannot determine whether a change in the number of
open channels is attributable to a change in channel open prob-
ability, a change in transmitter concentration in the synaptic cleft,
or a reduction in the number of channels clustered at postsynaptic
sites (De Koninck and Mody, 1994). Because the intensity of
staining for synaptically localized GABAARs was reduced in
parallel with mIPSC amplitude, our data suggest that the reduc-
tion in open channels is produced, at least in part, by a reduction
in the number of synaptically localized GABAARs. Several other
studies have now demonstrated that the number of synaptic
GABAARs can be increased on both a rapid time scale (by insulin
application; Wan et al., 1997) and on longer time scales by
kindling paradigms (Otis et al., 1994; Nusser et al., 1998). In
addition, visual deprivation in primate visual cortex reduces
GABAAR immunoreactivity (Hendry et al., 1994). Together with
our data, this suggests that the number of GABAARs clustered at
synaptic sites, like the number of AMPA receptors (Turrigiano et
al., 2000), can be bidirectionally modified in an activity-
dependent manner.

Interestingly, the staining intensity for GAD65 also decreased
after activity blockade. GAD65 is the isoform of the synthetic
enzyme for GABA that is localized to presynaptic terminals
(Kaufman et al., 1991). The reduction in GAD65 staining inten-
sity suggests that activity blockade may produce a coordinated set
of presynaptic and postsynaptic changes at inhibitory synapses, so
that both postsynaptic GABAAR number and presynaptic GABA
synthesis are reduced together. There is evidence that variation
in the GABA content of vesicles (Frerking et al., 1995), as well as
variation in the number of postsynaptic GABAARs (Nusser et al.,

Figure 8. mIPSC amplitude and the fluorescent intensity of synaptic
GABAAR labeling are both reduced in a multiplicative manner by activity
blockade. a, Cumulative distribution of mIPSC amplitudes from nine
control neurons (dashed line; 30 events per neuron) and nine neurons
treated with TTX for 2 d before recording (solid line; 30 events per
neuron). Scaling down the control distribution by a factor of 0.46 pro-
duced a good fit to the TTX-treated distribution. b, Cumulative distribu-
tion of the intensity measurements from synaptic GABAAR puncta from
control (dashed line; 316 puncta) and neurons treated with TTX for 2 d
before recording (solid line; 240 puncta). Scaling down the control distri-
bution by a factor of 0.74 produced a good fit to the TTX-treated
distribution.
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1997, 1998), both contribute to variations in mIPSC amplitude.
Although it is not clear that reducing GAD65 levels reduces the
GABA content of vesicles, these data do raise the possibility that
these two factors cooperate to reduce quantal amplitude after
activity blockade.

In addition to reducing the intensity of staining for GABAARs
at individual synaptic sites, the number of synaptic sites that
express detectable levels of GABAARs also decreases by �50%.
In agreement with this result, the frequency of mIPSCs was also
decreased by �50%. Some of the decrease in immunohistochemi-
cally detectable puncta may be attributable to the reduction in
staining intensity, because some puncta may fall below our ability
to detect when the intensity of staining is reduced. However, only
a small percentage of puncta were close to background intensity
levels (which were typically between 500 and 700) (Fig. 8b), so the
reduction in staining intensity is unlikely to account for more than
a few percent of the overall reduction in the density of puncta.
Rather, these data suggest that, at some sites, there is a complete
loss of postsynaptic GABAAR. At the same time, there is no
change in the number of presynaptic contacts that express synap-
sin, and there is no significant change in the number of presyn-
aptic contacts that express the inhibitory marker GAD65. This
suggests that, after 2 d of activity blockade, inhibitory presynaptic
contacts may not be anatomically lost but may simply be apposed
to postsynaptic sites that no longer express GABAARs. Although
several in vitro and in vivo studies have demonstrated a loss of
presynaptic inhibitory contacts as a result of activity blockade
(Seil and Drake-Baumann, 1994, 2000; Micheva and Beaulieu,
1995; Marty et al., 2000), in these studies activity deprivation was
maintained for one to several weeks. It may be that the first event
in inhibitory synapse elimination is loss of postsynaptic receptors
and that inhibitory presynaptic contacts are only lost after pro-
longed inactivity.

Because the loss of inhibition produced by 2 d of activity
deprivation in cortical cultures is fully reversible (Rutherford et
al., 1997), our data suggest that synaptic GABAAR clusters can be
lost and regained on a time scale of hours to days. These dynamic
changes in the localization and clustering of postsynaptic
GABAARs are very similar to recent data suggesting that the
number of synaptic sites that express detectable levels of AMPA
and NMDA receptors can be increased or decreased by long-
lasting changes in activity (Craig, 1998). This activity-dependent
regulation of the number of sites expressing GABAARs may
provide a means of postsynaptically “silencing” inhibitory syn-
apses when excitation falls too low, while maintaining the ability
to rapidly recruit more inhibition if excitation rises again.

In cortical, hippocampal, and cerebellar cultures, the decrease
in inhibition produced by long-lasting activity blockade is medi-
ated by the long-lasting decrease in release of the neurotrophin
BDNF (Seil and Drake-Baumann, 1994, 2000; Marty et al., 1996,
2000; Rutherford et al., 1997), although rapid application of
higher concentrations of BDNF has been reported to reduce,
rather than increase, GABAAR number (Brünig et al., 2001). In
cortical cultures, long-lasting decreases in BDNF release is also
the signal that scales up the strength of excitatory synapses
(Rutherford et al., 1998; Turrigiano, 1999). Reduced BDNF
signaling over long timescales may therefore have opposite effects
on the trafficking of GABAARs and AMPA receptors at inhibi-
tory and excitatory synapses onto cortical pyramidal neurons.
Blocking signaling through the high-affinity receptor for BDNF,
TrkB, can also cause disassembly of receptor clusters at the
neuromuscular junction (Gonzalez et al., 1999), suggesting that

BDNF may play a very general role in receptor trafficking and
clustering. However, the molecular events that underlie the effects
of BDNF on receptor trafficking, and how this neurotrophin can
have distinct effects on different classes of synapse onto the same
neuron, is still entirely unknown.

The balance between excitation and inhibition in cortical net-
works can critically influence the level and form of spontaneous
activity (Kriegstein et al., 1987; Chagnac-Amitai and Conners,
1989), information transfer through the network (Sillito, 1975;
Nelson, 1991; Shadlen and Newsome, 1994, Somers et al., 1995),
and experience-dependent synaptic plasticity (Kirkwood and
Bear, 1994; Hensch et al., 1998). The ability of activity to change
excitatory and inhibitory synaptic strengths in opposite directions
suggests that cortical pyramidal neurons can “tune” the relative
strengths of excitatory and inhibitory synapses in a dynamic
manner, to achieve or maintain particular activity levels. Such
“tuning” of synaptic strengths is an essential element in some
computational models of persistent activity in recurrent networks
(Seung et al., 2000; Wang, 2001). Reciprocal scaling of excitatory
and inhibitory synaptic strengths may also serve as an important
mechanism that allows neurons to maintain an optimal balance
between excitation and inhibition in the face of large changes in
synapse number and strength or developmental changes in neu-
ronal structure and excitability.
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