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Tonic inhibition plays a crucial role in regulating neu-
ronal excitability because it sets the threshold for action
potential generation and integrates excitatory signals.
Tonic currents are known to be largely mediated by
extrasynaptic y-aminobutyric acid type A (GABA,) re-
ceptors that are persistently activated by submicromo-
lar concentrations of ambient GABA. We recently re-
ported that, in cultured hippocampal neurons, the
clustering of synaptic GABA, receptors significantly af-
fects synaptic transmission (Petrini, E. M., Zacchi, P.,
Barberis, A., Mozrzymas, J. W., and Cherubini, E. (2003)
J. Biol. Chem. 278, 16271-16279). In this work, we dem-
onstrated that the clustering of extrasynaptic GABA,
receptors modulated tonic inhibition. Depolymerization
of the cytoskeleton with nocodazole promoted the disas-
sembly of extrasynaptic clusters of 6 and 7y, subunit-
containing GABA, receptors. This effect was associated
with a reduction in the amplitude of tonic currents and
diminished shunting inhibition. Moreover, diffuse
GABA, receptors were less sensitive to the GAT-1 inhib-
itor NO-711 and to flurazepam. Quantitative analysis of
GABA-evoked currents after prolonged exposure to sub-
micromolar concentrations of GABA and model simula-
tions suggest that clustering affects the gating proper-
ties of extrasynaptic GABA, receptors. In particular, a
larger occupancy of the singly and doubly bound desen-
sitized states can account for the modulation of tonic
inhibition recorded after nocodazole treatment. More-
over, comparison of tonic currents recorded during
spontaneous activity and those elicited by exogenously
applied low agonist concentrations allows estimation of
the concentration of ambient GABA. In conclusion, re-
ceptor clustering appears to be an additional regulating
factor for tonic inhibition.

Similar to many other neurotransmitter receptors, y-ami-
nobutyric acid type A (GABA,)! receptors are localized at syn-
aptic and extrasynaptic levels. Whereas synaptic GABA, re-
ceptors are involved in phasic inhibition (1), extrasynaptic ones
are responsible for tonic inhibition (2—9). Tonic inhibition is due
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to persistent inhibitory conductance that contributes to “signal
integration” in the brain since it sets the threshold for action
potential generation (10, 11) and shunts excitatory synaptic
inputs (2, 12-15). This conductance is maintained by “ambient”
GABA, which represents the amount of neurotransmitter pres-
ent in the extracellular space. Ambient GABA originates from
spillover of the neurotransmitter released at neighboring syn-
apses (3, 5, 11), from astrocytes (16, 17), or from non-vesicular
release (18, 19). Tonic inhibition has been well characterized in
the cerebellum, where «g subunit-containing receptors act as
high affinity sensors for GABA (4, 11, 20, 21). Persistent GABA
conductance has also been identified in other brain regions,
including the hippocampus (6, 8, 9, 22, 23). However, in this
structure, the subunit composition of the receptors involved
has not been fully elucidated. In the past years, immunocyto-
chemical and in situ hybridization approaches (20, 24-26) have
demonstrated that GABA, receptors are clustered not only at
the synaptic level, but also at the extrasynaptic level. However,
at present, the influence of the clustering of extrasynaptic
GABA, receptors on tonic current is still unclear, although it is
well established that clustering of synaptic receptors ensures
proper synaptic signaling. In line with a previous study (27), we
have pharmacologically induced the declusterization of GABA,
receptors using nocodazole, a microtubule-disrupting agent,
and we have analyzed tonic inhibition in cultured hippocampal
neurons. With immunocytochemical experiments, we found
clusters of 8 subunit-containing GABA, receptors exclusively
at extrasynaptic locations, whereas clusters of vy, subunit-con-
taining receptors were detectable at both synaptic and extra-
synaptic sites. Nocodazole treatment induced the disassembly
of all the clusters, thus promoting a uniform distribution of 8§
and vy, subunit-containing GABA , receptors on the cell surface.
This effect was associated with a reduced tonic current. More-
over, diffuse GABA, receptors were less sensitive to the GAT-1
inhibitor NO-711 and to flurazepam (FZP). Model simulations
suggest that a larger occupancy of a singly bound desensitized
state of declustered receptors may account for the reduction of
the tonic current after nocodazole treatment.

EXPERIMENTAL PROCEDURES

Cell Culture—Hippocampal cell cultures were prepared as described
previously (28). Briefly, 2—4-day-old Wistar rats were decapitated after
being anesthetized with an intraperitoneal injection of urethane (2
mg/kg). The hippocampus was dissected free, sliced, digested with tryp-
sin, mechanically triturated, centrifuged twice at 40 X g, plated in Petri
dishes, and cultured for up to 14 days. Experiments were performed on
cells cultured for at least 7 days.

Nocodazole Treatment—Nocodazole (purchased from Sigma, Milan,
Italy) was used to disrupt microtubules. It was applied at a concentra-
tion of 10 ug/ml (29) from a 100% Me,SO stock solution. The final
concentration of Me,SO in the working solutions was 0.1% (v/v). No-
codazole treatment consisted of incubating the neurons with the drug
for at least 2 h in the culture medium. To verify whether Me,SO alone
could affect GABAergic transmission, some electrophysiological exper-
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iments (n = 12) were also performed on cells incubated for 2 h with
Me,SO alone. Me,SO (0.1%, v/v) did not produce any change in the
kinetic properties of miniature inhibitory synaptic currents (data
not shown).

Immunofluorescence Staining and Confocal Microscopy—Immuno-
fluorescence labeling (30) of surface GABA, receptor subunits & and v,
was performed before fixation by incubation of living neurons for 15 min
at 4 °C with affinity-purified rabbit polyclonal antibodies raised against
the extracellular N-terminal region of the corresponding subunits (i.e.
region 1-44 of the & subunit and region 1-33 of the vy, subunit) and
dilution in the external solution (also used in electrophysiological ex-
periments; 137 mm NaCl, 5 mm KCl, 2 mm CaCl,, 1 mm MgCl,, 20 mMm
glucose, and 10 mm HEPES (pH 7.4) with NaOH) supplemented with
0.1% bovine serum albumin (Sigma). After washing with the same
medium, hippocampal neurons were fixed in 4% paraformaldehyde and
4% (w/v) sucrose in phosphate-buffered saline, blocked with 10% nor-
mal serum, and sequentially incubated with biotinylated goat anti-
rabbit IgG and fluorescein isothiocyanate-labeled streptavidin. To eval-
uate the synaptic and extrasynaptic distribution of GABA, receptors,
immunocytochemistry for synaptophysin was performed on the same
hippocampal neurons. Cells were therefore permeabilized with 0.1%
Nonidet P-40, washed with phosphate-buffered saline, blocked with
10% normal serum, and incubated with an anti-synaptophysin mono-
clonal antibody (Chemicon International, Inc.). The resulting immune
complexes were visualized with TRITC-labeled rabbit anti-mouse IgG
(Sigma). All secondary antibodies were from Sigma. These experiments
were performed on both untreated and nocodazole-treated neurons.

Because it is known that the microtubular network is temperature-
sensitive (31), some control experiments were performed in parallel to
our main immunocytochemical analysis to verify the cytoskeleton in-
tegrity after in vivo labeling. Briefly, the same protocol described above
was followed with the exception that, after permeabilization, a rat
anti-tubulin monoclonal antibody was used instead of synaptophysin.
Confocal analysis performed on these neurons demonstrated that the
typical branched microtubular bundles were intact after in vivo labeling
and comparable with those in similar experiments performed at room
temperature (data not shown). Moreover, the same type of control
experiments were also performed on nocodazole-treated neurons to
verify the expected (27) drug-induced depolymerization of the microtu-
bules (data not shown).

Speciments were observed with a X63 oil immersion objective, fol-
lowed by X2 and Xx4.5 digital zoom magnification. Images were ac-
quired on a Olympus BX51WI confocal system using sequential dual
channel recording of double-labeled cells.

Electrophysiological Recordings—Currents were recorded in the
whole cell and nucleated patch configurations of the patch-clamp tech-
nique using an EPC-7 amplifier (List Medical, Darmstadt, Germany).
The stability of the patch was checked by repetitively monitoring the
input and series resistance during the experiments. Cells exhibiting
>15% changes during the experiment were excluded from the analysis.
The series resistance was 5—7 megaohms, and it was compensated by
70-80%. All the experiments were performed at room temperature
(22—24 °C). The intrapipette solution contained 137 mm CsCl, 1 mm
CaCl,, 2 mm MgCl,, 11 mm BAPTA, 2 mm ATP, and 10 mm HEPES (pH
7.2) with CsOH. The composition of the external solution was 137 mm
NaCl, 5 mm KCl, 2 mm CaCl,, 1 mm MgCl,, 20 mM glucose, and 10 mMm
HEPES (pH 7.4) with NaOH. During whole cell recordings, the holding
potential was —70 mV. The external solution was supplemented with
tetrodotoxin (TTX; 1 uM), kynurenic acid (1 mm), and CGP 55845 (1 um)
to block voltage-activated Na* channels, ionotropic glutamate recep-
tors, and GABA type B receptors, respectively. In some cases, TTX was
omitted from the solution to allow action potentials to occur and thus
promote a larger release of GABA. Currents were sampled at 50-100
kHz, digitized, low pass-filtered at 3.15 kHz with a Butterworth filter,
and stored on the computer hard disk. The acquisition softwares used
were Clampex 9 (Axon Instruments, Inc., Foster City, CA) and WCP,
kindly given by Dr. J. Dempster (Strathclyde University, Glasgow,
Scotland, United Kingdom). Control and drug-containing solutions
were delivered to the recorded neurons with a perfusion system con-
sisting of glass barrels positioned close to the soma of the recorded cell
(multibarrel RSC-200 perfusion system, Bio-Logic, Grenoble, France).
Judging from the onset of the liquid junction potentials, a complete
exchange of the solution around the open tip electrode occurred within
10-20 ms.

Because it has been observed previously that the amplitude of tonic
GABAergic currents in the hippocampus can be reduced when the cells
are perfused with a stream of saline (6, 32), our experiments were
performed at a constant low perfusion rate. However, in the experi-
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ments with NO-711, the perfusion was turned off to allow a larger
accumulation of GABA. The drug was first injected into the recording
chamber through the glass barrels described above. After the recording
solution was completely replaced with the NO-711-containing solution
(~4 min), the perfusion system was turned off to prevent ambient
GABA from being partially diffused away by the stream of fluids.

Picrotoxin and CGP 55845 were purchased from Tocris (Bristol,
United Kingdom). Flurazepam was a kind gift of Dr. S. Vicini. All other
drugs were purchased from Sigma.

In the nucleated patch configuration, the holding voltage was —30
mV. GABA-containing solutions were applied to nucleated patches us-
ing an ultrafast perfusion system based on a piezoelectric-driven theta
glass application pipette (33). The piezoelectric translator was from
Physik Instrumente (Waldbronn, Germany), and the theta glass tubing
was from Hilgenberg (Malsfeld, Germany). The open tip recordings of
the liquid junction potentials revealed that the 10-90% exchange of the
solution occurred within 40—80 us. The speed of the solution exchange
was also estimated around the excised patch by the 10-90% onset of the
membrane depolarization induced by application of high potassium
saline (25 mM). In this case, the 10-90% rise time value (60-90 us) was
very close to that found for the open tip recordings.

Data Analysis—The amplitude of the tonic current was estimated by
the outward shift of the base-line current after the application of the
GABA, receptor antagonists bicuculline (100 uM) and picrotoxin (100
uM) (1). Four epochs of 500 ms each were pooled together to calculate
the base-line current amplitude and its S.D. The resulting all-point
histogram was fitted with a gaussian function. Only current recordings
that exhibited a stable base line were included in the analysis. During
the experiments in the whole cell configuration, spontaneous inhibitory
postsynaptic currents (IPSCs) were recorded. In particular, depending
on the presence or absence of TTX, spontaneous miniature (mIPSCs) or
action potential-dependent synaptic (sIPSCs) GABAergic currents were
identified. Synaptic currents were analyzed with the AxoGraph 4.9
program (Axon Instruments, Inc.). This program uses a detection algo-
rithm based on a sliding template. The template did not induce any bias
in the sampling of events because it was moved along the data trace one
point at a time and was optimally scaled to fit the data at each position.
The detection criterion was calculated from the template-scaling factor
and from how closely the scaled template fit the data. The threshold for
detection was set at 3.5 times the S.D. of the base-line noise. Using the
same program, the decay time constant of averaged mIPSCs was taken
from the biexponential fit of the decay time.

The decaying phase of the IPSCs was fitted with exponential func-
tions in the form shown in Equation 1,

y(6) = > A;-exp( — tlr)

i=1

(Eq. 1)

where 7; and A; are the time constants and relative fractions of the
respective components. In the case of analysis of normalized currents,
the fractions of kinetic components fulfilled the normalization condition
(Equation 2).

(Eq. 2)

i=1

The deactivation time courses of IPSCs were fitted with the sum of
two exponentials (n = 2). The mean time constant, calculated as in
Equation 3,

Tmean = zAi'Ti (Eq. 3)
i=1

was used to estimate the speed of the decaying process. The goodness of
fit was assessed by minimizing the sum of the squared differences.
Analysis of variance of the base-line current (¢®) allowed estimation of
the single channel current (i) and the single channel conductance (y) of
the receptors mediating tonic currents (I) (6, 32, 34, 35). Plotting o>
versus I gives rise to a parabolic function (Equation 4),

0?=i(1-P)I (Eq. 4)

where P, is the channel open probability, which varies from 0 to 1.
Assuming that, at extremely low concentrations of GABA (0.1-1 um), the
open probability of the channels mediating tonic currents is extremely

small, a simplified Equation 4 suggests the following (Equation 5).
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Synaptophysin | C

FiG. 2. Nocodazole treatment promotes the disassembly of vy, subunit-containing GABA, receptor clusters located at both
synaptic and extrasynaptic sites. Neurons were labeled with a rabbit polyclonal antibody specifically recognizing the GABA, receptor (R) v,
subunit (green) in combination with a mouse anti-synaptophysin antibody (red). Lower panels are magnifications of the boxed areas. In untreated
neurons (A-C), vy, subunit-containing GABA, receptors formed clusters that either co-localized with synaptophysin immunoreactivity (synaptic
clusters) (lower panels, arrowheads) or not (extrasynaptic receptors) (arrows). Nocodazole-treated neurons (D-F) displayed a diffuse 7y, subunit
immunoreactivity throughout the cell surface. However, some residual puncta could still be detected. Note that some diffuse vy, subunit-containing
GABA, receptors still co-localized with synaptophysin, indicating synaptic receptors (lower panels, crossed arrows). Scale bars = 20 pm (upper

panels) and 10 um (lower panels).

Nocodazole Treatment—In this work, we analyzed the influ-
ence of the clustering of extrasynaptic GABA, receptors on
tonic inhibition. Taking advantage of a previous demonstration
that GABA, receptor clustering can be impaired by inducing
the disassembly of the cytoskeleton with the microtubule-dis-
rupting drug nocodazole (27), we first analyzed the distribution

pattern and nocodazole sensitivity of 8§ subunit-containing re-
ceptors. In fact, there is much experimental evidence demon-
strating that the & subunit is exclusively expressed at extra-
synaptic locations, even though, to our knowledge, its
clustering has not yet been addressed.

Immunocytochemical experiments were therefore performed
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Fic. 3. Nocodazole attenuates the effect of NO-711 on tonic current amplitudes. A, currents recorded under control conditions (ctrl) and
in the presence of bicuculline (bic) (solid lines) from untreated (left panel) and nocodazole-treated (right panel) neurons. Some sIPSCs were present,
but they were excluded from the analysis of tonic current amplitudes. The dotted lines represent the holding current in the presence of bicuculline.
B, all-point histogram of a 500-ms trace recorded under control conditions from untreated and nocodazole-treated neurons (note that the two
distributions overlap) and in the presence of bicuculline. The thin black lines represent the gaussian fit of the distributions. C, tonic currents
recorded in the presence of NO-711 and in the presence of bicuculline (solid lines) from untreated (left panel) and nocodazole-treated (right panel)
neurons. D, all-point histogram of a 500-ms trace recorded in the presence of NO-711 from untreated and nocodazole-treated neurons (note that
the two distributions are significantly shifted) and in the presence of bicuculline. E, summary of the mean tonic current amplitude (base-line shift)
under control conditions and in the presence of NO-711 for untreated and nocodazole-treated neurons (n = 6). *, p < 0.05.

to detect the surface distribution of § subunit-containing recep-
tors in untreated primary cultured hippocampal neurons. In-
terestingly, we found a clearly dotted staining of & subunits
(Fig. 1A). 6 subunits never co-localized with the presynaptic
marker synaptophysin (Fig. 1, B and C), thus suggesting a
clustered arrangement of 8 subunit-containing GABA, recep-
tors at extrasynaptic sites. This punctate staining was signifi-
cantly affected by nocodazole treatment. In fact, in nocodazole-
treated neurons, § subunits were almost uniformly distributed
along the cell surface, although some residual puncta were still
detectable (Fig. 1D, lower panel). The double staining of &
subunit/synaptophysin in nocodazole-treated neurons never
showed a co-localization of the two proteins, suggesting that
also declustered 8-containing receptors maintained their extra-
synaptic localization (Fig. 1F, lower panel).

Clusters of vy, subunit-containing GABA, receptors have
been recently identified at extrasynaptic sites (26, 39), al-
though their functional role has been poorly investigated. An
antibody specific for the extracellular N-terminal domain of the
v, subunit was used to decorate vy, subunit-containing GABA
receptors on the cell surface. In untreated neurons, vy, subunits
displayed a punctate staining pattern over the neuronal so-
mata and dendrites (Fig. 2A4). Only some of the puncta were
co-localized with synaptophysin, thus indicating that v, sub-
units were present at both synaptic sites (Fig. 2C, lower panel,
arrowheads) and extrasynaptic sites (arrows). As expected
from our previous work (27), nocodazole treatment was associ-
ated with the declusterization of vy, subunit-containing GABA ,
receptors. Most interestingly, we found that, under these con-
ditions, co-localization between declustered vy, subunits and
synaptophysin was still detectable, thus indicating that no-
codazole treatment affected both synaptic and extrasynaptic
receptors (Fig. 2F, lower panel, crossed arrows).

Tonic Current Amplitudes in Untreated and Nocodazole-
treated Neurons—Currents were recorded from cultured hip-
pocampal neurons in the whole cell configuration of the patch-

clamp technique at a holding potential of —70 mV in the
presence of kynurenic acid (1 mm) and CGP 55845 (1 mm).
Under these conditions, it was possible to record both sIPSCs
and a persistent tonic current that was identified upon the
application of GABA, receptor antagonists (see “Experimental
Procedures”). The application of bicuculline (100 um) produced
the complete disappearance of SIPSCs and an outward shift of
the base-line current (Fig. 3A).

In an attempt to test whether nocodazole treatment could
affect the amplitude of the tonic current, the shift of the base-
line current after the application of bicuculline (100 um) was
measured in untreated and nocodazole-treated neurons. Under
these two conditions, tonic currents were not significantly dif-
ferent. In untreated neurons, the base-line shift was 14.7 = 5.3
pA, whereas in nocodazole-treated neurons, it was 12.7 = 2.3
pPA (n = 6; p > 0.05) (Fig. 3, A and E). The all-point histograms
of the base-line currents in untreated and nocodazole-treated
neurons exhibit overlapping distributions (Fig. 3B). Similar
results were obtained upon the application of picrotoxin (100
uM). The base-line shifts were 15.4 = 5.7 and 11.9 * 3.5 pA in
untreated and nocodazole-treated neurons, respectively (n = 4;
p > 0.05) (data not shown). The similarity of the tonic current
amplitudes in untreated and nocodazole-treated neurons sug-
gests that the depolymerization of microtubules and the asso-
ciated declusterization of GABA, receptors did not reduce the
number of the receptors expressed on the cell surface. This
hypothesis is further supported by our previous demon-
stration that also the amplitude of synaptic currents and
GABA-evoked currents is not significantly reduced after
nocodazole treatment (27).

Nocodazole Treatment Attenuates NO-711-induced Increases
in Tonic Current Amplitude—The lack of significant differ-
ences between the tonic current amplitudes recorded in un-
treated and nocodazole-treated neurons could be attributed to
the small concentration of ambient GABA derived mainly from
spillover of the neurotransmitter from neighboring synapses.
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Fic. 4. Nocodazole treatment reduces the enhancing effect of
FZP on tonic currents. A, example currents recorded from untreated
(left panel) and nocodazole-treated (right panel) neurons under control
conditions (ctrl) and in the presence of FZP (1 and 3 uM) or bicuculline
(bic) (solid lines). The dotted lines represent the holding current in the
presence of bicuculline. sIPSCs were removed during the analysis of
tonic currents. B, all-point histogram of a 500-ms trace recorded under
control conditions from untreated and nocodazole-treated neurons (note
that the two distributions overlap) and in the presence of bicuculline.
The thin black lines represent the gaussian fit of the distributions. C,
similar all-point histogram in the presence of 3 um FZP. Note the
different distributions between untreated and nocodazole-treated neu-
rons. D, mean tonic current amplitude recorded from untreated and
nocodazole-treated neurons under control conditions and in the pres-
ence of 1 and 3 uMm FZP (n = 6). *, p < 0.05.

To test this hypothesis, we sought to increase the concentration
of ambient GABA by blocking GABA uptake with the GAT-1
antagonist NO-711 (8, 34, 40, 41). In agreement with previous
reports (34, 41), NO-711 (100 um) slowed down the deactivation
kinetics of sIPSCs in both untreated and nocodazole-treated
neurons. In untreated neurons, the application of NO-711 in-
creased the values of 7, ,, from 24.1 = 2.5 to 39.4 + 4.8 ms
(n = 6; p < 0.05) (data not shown). Consistent with a larger
concentration of ambient GABA, in the presence of NO-711,
both untreated and nocodazole-treated neurons exhibited
larger tonic currents (Fig. 3, C-E). In untreated neurons, after
the application of NO-711, the tonic current was ~3.6-fold
larger than in control neurons. In fact, with NO-711 (10 um),
the base-line shift induced by bicuculline was 51.5 = 8.5 pA,
whereas under control conditions, it was 14.7 = 5.3 pA (n = 6;
p < 0.001) (Fig. 3, A, C, and E). In contrast, in nocodazole-
treated neurons, NO-711 induced a non-significant increase in
the amplitude of the tonic current, from 12.7 = 2.3t022.9 = 7.5
PA (n = 6; p > 0.05) (Fig. 3, A, C, and E). The all-point
histograms of tonic currents recorded in the presence of NO-
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711 from untreated and nocodazole-treated neurons clearly
showed a significant difference in their distributions (p <
0.001) (Fig. 3D). In conclusion, in the presence of NO-711, the
difference between the amplitudes of the tonic currents in
untreated and in nocodazole-treated neurons was statistically
significant (p < 0.05) (Fig. 3E).

Tonic Currents from Untreated and Nocodazole-treated Neu-
rons Are Sensitive to Flurazepam—To compare the pharmacol-
ogy of tonic currents in untreated and nocodazole-treated neu-
rons and to infer the subunit composition of extrasynaptic
GABA, receptors, we studied the effect of benzodiazepines,
known to be effective on vy, subunit-containing receptors (42,
43). The efficiency of FZP was assessed by analyzing its effect
on the peak amplitude and kinetics of sIPSCs. In agreement
with previous studies (6, 44—46), in untreated neurons, FZP (1
uM) significantly (p < 0.05) prolonged the decay kinetics of
sIPSCs (Thean = 27.7 = 2.1 ms under control conditions and
33.9 £ 0.9 ms with 1 um FZP; n = 4) and increased their peak
amplitude from 126.9 + 26.2 to 166.5 = 28.9 pA (p < 0.05) (data
not shown). The amplitude of the tonic current was measured
under control conditions and during the application of FZP (1
and 3 uMm). In untreated neurons, FZP induced a significant
dose-dependent increase in the amplitude of the tonic current
(from 14.4 = 1.5 pA under control conditions to 27.5 = 2.5 pA
with 1 um FZP and 36.3 = 3.1 pA with 3 um FZP; n = 6;
p < 0.001) (Fig. 4). After nocodazole treatment, the effect of
FZP was attenuated. The mean amplitude of tonic currents
increased from 11.6 * 2.1 pA under control conditions to 17.6 =
3.4 and 22.9 = 3.5 pA with 1 and 3 um FZP, respectively; n =
6; p < 0.02) (Fig. 4). It is clear from Fig. 4 that the all-point
histograms of tonic current amplitudes recorded under control
conditions from untreated and nocodazole-treated neurons
show two overlapping distributions (p > 0.05) (Fig. 4B),
whereas those recorded in the presence of 3 um FZP are signif-
icantly separated (p < 0.01) (Fig. 4C). The susceptibility of
tonic currents to benzodiazepines suggests the involvement of
v, subunit-containing receptors.

Nocodazole Treatment Reduces the Amplitude of Tonic Cur-
rents Induced by Low Concentrations of Exogenous GABA—A
widely accepted hypothesis is that the spillover of GABA from
neighboring synapses contributes to the accumulation of the
neurotransmitter in the extracellular space (1, 3, 32), thus
influencing tonic inhibition. Direct proof of an activity-depend-
ent modulation of tonic currents came from experiments per-
formed in the presence of TTX, where reduced synaptic activity
was accompanied by a tonic current of smaller amplitude (45,
47). In a set of experiments, TTX (1 um) was added to the
external solution in addition to kynurenic acid (1 mm) and CGP
55845 (1 mm). Under these conditions, the amplitudes of the
tonic current were 7.5 = 1.2 and 7.8 * 3.3 pA (n = 12-14) in
untreated and nocodazole-treated neurons, respectively (Fig.
5A), i.e. ~2-fold smaller than in the absence of TTX (see Fig.
3A). Similar results were obtained when picrotoxin (8) was
used instead of bicuculline. In the presence of TTX, the ampli-
tudes of the tonic current were 7.7 = 3.2 and 7.2 = 3.7 pA in
untreated and nocodazole-treated neurons, respectively (n = 4)
(data not shown). These results clearly indicate a direct corre-
lation between synaptic activity and tonic current amplitude.

To quantitatively estimate the correlation between the con-
centration of GABA in the extracellular space and the ampli-
tudes of the tonic currents in untreated and nocodazole-treated
neurons, low concentrations of GABA (0.1-1 uM) were applied.
In this set of experiments, TTX (1 um) was added to the exter-
nal solution to minimize the amount of endogenously released
GABA. In both untreated and nocodazole-treated neurons,
GABA produced a dose-dependent downward shift of the base-
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Fic. 6. GABA, receptors are less activated in response to low
agonist concentrations after nocodazole treatment. A, means =+
S.D. of base-line currents recorded under control conditions (ctrl) and in
the presence of low [GABA], normalized to those recorded in the pres-
ence of bicuculline (bic) (n = 12-14). *, p < 0.05. B, mean membrane
input resistance recorded from untreated and nocodazole-treated neu-
rons in the presence of bicuculline and low [GABA], normalized to the
value recorded under control conditions (n = 6). *, p < 0.05.

line current (Fig. 5, A and C). However, in nocodazole-treated
neurons, this effect was less pronounced, and the amplitude of
the tonic current induced by a given concentration of GABA
was always smaller than the corresponding value in untreated
neurons. In particular, the difference became significant at 1
uM GABA. In untreated and nocodazole-treated neurons, the
amplitudes of the currents were 134.7 = 17.1 and 87.3 = 9.8
PA, respectively (n = 12-14; p < 0.05) (Fig. 5C). The all-point
histograms of the tonic currents in the presence of 1 um GABA
show distinct distributions with significantly different
means *= S.D. (Fig. 5B).

Tonic current amplitude (pA)

A untreated nocodazole B
ABA GABA
10 mM 10 mM
i i i Foo m untreated
f»#“"“‘ " ] ':nocodazole
c
o
g 6o
3
| E 40 1
[100pA T
@ 20 {
— control 4 ms o
ol
GABAT uM GABA GABA
03puM 1M

Fic. 7. Block of GABA-evoked currents after pre-equilibration
with low [GABA] is larger in nocodazole-treated neurons. A,
current responses to short pulses (2 ms) of saturating [GABA] (10 mwm;
open bars) after a 20-min pre-equilibration with a control solution (¢thick
lines) or with 1 uM GABA (thin lines) in untreated (left panel) and
nocodazole-treated (right panel) neurons. B, mean reduction of control
responses after pre-equilibration with low [GABA] in untreated and
nocodazole-treated neurons (n = 10-11). *, p < 0.05.

To determine whether the nocodazole-induced reduction in the
amplitude of tonic currents could be attributed to changes in the
single channel conductance of declustered receptors, a simplified
form of stationary variance analysis of the base-line currents was
performed (6, 32, 34, 35). The single channel conductance of
clustered and declustered receptors was calculated assuming
that the concentration of GABA responsible for tonic current is so
low that the receptor open probability becomes negligible. The
relationship between the amplitude (I) and the variance (o) of
the tonic current is illustrated in Fig. 5D. As shown in the Fig.
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Fic. 8. Model simulations. A, kinetic model proposed by Jones and Westbrook (48). According to the model, the receptor (R) can bind one or
two molecules of agonist (A), reaching either the singly (AR) or doubly (A,R) bound closed state. From these states, it can open (AR* and A,R*) or
desensitize (AD and A,D). B, values of the rate constants chosen to simulate tonic and GABA-evoked currents under control conditions and in the
presence of nocodazole. C, simulated tonic current (lower trace) evoked by a prolonged exposure to 1 um GABA (upper trace) in untreated and
nocodazole-treated neurons. D, mean reduction in the amplitude of simulated GABA-evoked currents after pre-equilibration with low [GABA] in
untreated and nocodazole-treated neurons. E, simulated current responses (lower traces) to short pulses (2 ms) of saturating [GABA] (10 mM; open
bars) after pre-equilibration with a control solution (thick lines) or with 1 uM GABA (¢hin lines) in untreated (left panel) and nocodazole-treated

(right panel) neurons.

5D, the estimated single channel conductances of GABA, recep-
tors exposed to 0.1-1 um GABA in untreated and nocodazole-
treated neurons were comparable (17.1 = 1.0 and 16.6 = 2.5 pS,
respectively; n = 12-14; p > 0.05). These data allow exclusion of
nocodazole-induced changes in single channel conductance or
re-assortment of GABA, receptor subunits exhibiting different
conductances.

Interestingly, the dose-dependent increase in the amplitude
of the tonic current induced by exogenous GABA was accom-
panied by a similar increase in the S.D. of the base-line current
(Fig. 6A). The S.D. has been considered a good parameter for
evaluating the variability of the tonic current since it reflects
the level of activation of GABA, receptors (6, 8, 35). The S.D. of
the tonic currents under control conditions and in the presence
of low [GABA] was normalized to that obtained in the presence

of bicuculline. These values were always smaller in nocodazole-
treated neurons than in untreated neurons (Fig. 6A). In par-
ticular, when 1 um GABA was applied, the normalized S.D. of
the tonic current in nocodazole-treated neurons was signifi-
cantly smaller than that observed in untreated neurons (1.9 =
0.1 and 2.5 = 0.2, respectively; n = 12-16; p < 0.05). This result
suggests that, in response to the same GABA concentration,
GABA, receptors are less activated after nocodazole treatment.

A further confirmation of this hypothesis came from the
measurement of the membrane input resistance in untreated
and nocodazole-treated neurons. The input resistance values
obtained in the presence of bicuculline or low [GABA] were
normalized to those found under control conditions (Fig. 6B). In
the presence of bicuculline, the normalized values were similar
in untreated and nocodazole-treated neurons (1.05 = 0.04 and
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1.12 *+ 0.03, respectively; n = 6; p > 0.05) and, as expected,
were >1. At increasing concentrations of GABA, the normal-
ized input resistance progressively decreased, reflecting a
larger flow of ions through the receptors, i.e. a larger shunting
inhibition. However, in nocodazole-treated neurons, this effect
was less pronounced; and in the presence of 1 um GABA, the
normalized input resistance was significantly larger than in
untreated neurons (0.45 *= 0.04 and 0.59 = 0.08 in untreated
and nocodazole-treated cells, respectively; n = 6; p < 0.05).

Block of GABA-evoked Currents Induced by Prolonged Expo-
sure to Low [GABA] Is Smaller after Nocodazole Treatment—The
reduction of tonic inhibition observed in nocodazole-treated neu-
rons can be attributed either to a change in the gating properties
of GABA , receptors or to a reduced number of receptor channels.
To test for these possibilities, currents evoked by ultrafast appli-
cations of saturating [GABA], after a pre-equilibrating protocol
with low [GABA] or with a control solution, in both untreated and
nocodazole-treated neurons were examined.

If nocodazole treatment per se reduced the number of active
receptors, all the responses, with and without pre-equilibration
with low [GABA], should be smaller than those obtained in
untreated neurons. The peak amplitude of the currents evoked
by saturating [GABA] after nocodazole treatment was used as
an index of the total number of functional declustered GABA
receptors. Currents were recorded at —30 mV from nucleated
patches. GABA pulses (10 mum for 2 ms) were applied every 2
min either under control conditions or after a 20-min pre-
equilibration with low [GABA] (0.3—-1 um). Only stable record-
ings with no signs of rundown were used for the analysis. The
responses obtained under control conditions and after pre-
equilibration with low [GABA] were averaged separately. The
responses evoked by saturating [GABA] in untreated and no-
codazole-treated neurons under control conditions (without
pre-equilibration with low [GABA]) were very similar
(1056.6 = 144.3 and 1010.5 * 212.2 pA, respectively; n =
10-11; p > 0.05) (Fig. 7A). This suggests that nocodazole treat-
ment does not affect the number of active receptors (see Ref.
27). After the pre-equilibrating protocol with 1 um GABA, the
amplitude of the responses elicited by saturating pulses of 10
mM GABA was significantly reduced. However, in comparison
with untreated neurons, the responses obtained after nocoda-
zole treatment were significantly smaller (240.2 = 30.2 and
136.8 = 47.9 pA in untreated and nocodazole-treated neurons,
respectively; n = 10-11; p < 0.05) (Fig. 7A). This shows that
pre-equilibration with GABA produced a block of GABA re-
sponses of 70.7 = 4.3 and 86.1 = 2.3% in untreated and no-
codazole-treated neurons, respectively (p < 0.05) (Fig. 7B). In
the presence of 0.3 um GABA, the reduction in the peak ampli-
tude of GABA-evoked currents in untreated and nocodazole-
treated neurons was significantly different (37.2 = 3.3 and
51.3 * 3.4%, respectively; n = 10-11; p < 0.05) (Fig. 7B). In
conclusion, the pre-equilibration of nucleated patches with low
[GABA] blocked GABA-evoked currents more extensively in
nocodazole-treated neurons than in untreated ones.

Model Simulations—The present findings demonstrate that,
in cultured hippocampal neurons, nocodazole-induced microtu-
bule disruption was associated with the declusterization of
extrasynaptic GABA, receptors and with a reduction of tonic
inhibition. In particular, after nocodazole treatment, declus-
tered extrasynaptic GABA, receptors were less activated by
ambient (endogenous or exogenous) GABA; thus, the amplitude
of the tonic current was smaller. In an attempt to reconstruct
the gating properties of declustered extrasynaptic GABA, re-
ceptors, model simulations were used. We referred to the ki-
netic model (Fig. 8A) proposed by Jones and Westbrook (48),
which fulfills the minimum requirement to adequately repro-
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duce the gating of GABA, receptors in different experimental
protocols. We adopted and optimized the parameters we pro-
posed previously (27) to reproduce the gating properties of
declustered synaptic GABA, receptors. Because the concentra-
tions of GABA used in that study were >30 uM, the transitions
between singly bound open and desensitized states could not be
resolved (49, 50). Therefore, the corresponding rate constants
were merely adopted from Jones and Westbrook (48). In the
present work, the application of extremely low concentrations
of GABA (0.1-1 um) allowed investigation of the singly bound
states (50-52). The rate constants were adjusted to reproduce
tonic and GABA-evoked currents recorded in the presence of
exogenous GABA. The experimental data and our previous
study (27) suggested that declustered receptors can be more
susceptible to desensitization. For this reason, in this study, we
tried to simulate an increased occupancy of the singly bound
desensitized state, besides the already assessed larger occu-
pancy of the doubly bound desensitized state (27). It must be
pointed out that a larger occupancy of a given conformational
state may be due to either a faster entry into or a slower exit
from that state. Unfortunately, for the singly bound states,
there are no specific protocols to distinguish between these two
possibilities. For this reason, we achieved a simulated larger
occupancy of the singly bound desensitized state of declustered
receptors simply by increasing the value of d;, the rate con-
stant governing the transition from the singly bound closed
state to the singly bound desensitized state (Fig. 8B).

With the increased value of d,, it was possible to reproduce
the smaller amplitude of tonic current in nocodazole-treated
neurons (Fig. 8C). During a simulated prolonged exposure (10
s) to 1 and 0.3 um GABA, the steady-state open probabilities
(tonic current) of declustered GABA, receptors were 0.0034
and 0.0031, respectively, whereas those of clustered receptors
were 0.0094 and 0.0047, respectively. Such small values indi-
cate that when GABA is present in the extracellular space
(ambient GABA), the open states of GABA, receptors are
poorly occupied. Nevertheless, after nocodazole treatment,
their occupancy is even smaller.

The same sets of rate constants relative to clustered and
declustered receptors were used to simulate GABA-evoked cur-
rents under control conditions and after pre-equilibration with
GABA-containing solutions. The reduction of the simulated
open probability induced by pre-equilibration with low [GABA]
was very similar to that recorded experimentally. Simulated
pre-equilibration with 1 uMm GABA induced blocks of 71 and
84% (Fig. 8E), whereas that with 0.3 um GABA induced blocks
of 42 and 61% for clustered and declustered GABA, receptors,
respectively (Fig. 8D). Model simulations suggest that, after
nocodazole treatment, there is a larger occupancy of the singly
bound desensitized state of GABA, receptors and that this is
responsible for reduced tonic inhibition.

DISCUSSION

The present results clearly demonstrate that, in cultured
hippocampal neurons, nocodazole treatment induced the de-
clusterization of extrasynaptic GABA, receptors and reduced
GABA-mediated tonic inhibition. Analysis of GABA-evoked
currents after preincubation with low concentrations of GABA
and model simulations suggest that the effects of nocodazole on
tonic inhibition are due mainly to changes in the gating prop-
erties of GABA, receptors. In particular, we propose that no-
codazole treatment promotes the accumulation of declustered
receptors into a singly bound desensitized state during tonic
exposure to ambient GABA.

Consistent with previous reports (20, 25, 26, 39, 53), our
immunocytochemical data clearly demonstrate that, in addi-
tion to synaptic receptors, also extrasynaptic ones are arranged
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in clusters and that they become uniformly distributed
throughout the cell surface after nocodazole treatment. In
agreement with other groups (39, 54-56), we have found that
extrasynaptic receptors in the hippocampus include the & and
v, subunits. However, it seems quite clear that the 6 and v,
subunits cannot be assembled within the same receptor (57,
58), yet the exact subunit composition of extrasynaptic GABA
receptors is still unknown, although a substantial effort has
been recently made in this direction (568—-60). Although the
contribution of 6 subunits has been well documented, particu-
larly in the dentate gyrus (55, 56), that of y, subunits has often
been neglected (20, 61). The lack of complete disappearance of
the tonic current in the hippocampus of 6/~ mice favors the
involvement of other receptor subunits (15, 62). Possible can-
didates are the vy, subunits since they are required for the
observed facilitatory effect of FZP on tonic inhibition (42, 43,
63-66). However, it must be pointed out that benzodiazepine
sensitivity can also be due to a5 subunit-containing receptors
(67—-69), which are largely expressed in the hippocampus (68—
71). On the basis of recent studies that have demonstrated the
co-assembly of a5 and v, subunits and that have predicted that
the native receptors in the hippocampus are a;B5y, (68, 71), we
can speculate that, in our preparation, y, subunits may belong
to a5B37, receptors.

In the present experiments, nocodazole was used as a phar-
macological tool to promote the loss of clustered arrangement of
GABA , receptors. The observation that, after nocodazole treat-
ment, the declusterization of receptors that did not co-localize
with synaptophysin (i.e. extrasynaptic receptors) was associ-
ated with changes in tonic inhibition suggests that the two
events are correlated. Although nocodazole treatment affected
both synaptic and extrasynaptic receptors, it is conceivable
that the contribution of synaptic receptors to tonic currents is
very small or even negligible since the number of extrasynaptic
receptors largely exceeds that of synaptic ones (24, 72).

By comparing the amplitudes of tonic currents evoked by
endogenous and exogenous applications of GABA, it was pos-
sible to estimate the ambient agonist concentration in our
preparation. Consistent with previous reports on cerebellar
granule cells (45) and cultured hippocampal neurons (73), we
found a value ~0.1 um. However, these estimations may not
exactly reflect the physiological value in vivo since they all
refer to neurons in culture. In fact, the loss of the anatomical
arrangement and the modification of the architecture of the
extracellular space in primary cultures may influence the con-
centration of ambient GABA. From our results, differences
between tonic inhibition mediated by clustered and declustered
receptors could be revealed only when ambient GABA was
increased (i.e. in the presence of NO-711 or at the highest
concentration of exogenous GABA). This evidence suggests
that, under normal conditions, the modulatory effect of recep-
tor clustering on tonic inhibition is not detectable, but it be-
comes effective when ambient [GABA] exceeds a threshold, as
during sustained GABAergic activity.

Noise analysis has demonstrated that, in both untreated and
nocodazole-treated neurons, “low conductance channels” medi-
ate tonic inhibition. The value of the single channel conduct-
ance estimated here for both clustered and declustered recep-
tors (~16 pS) is consistent with that reported previously (32,
45,49-51, 74) for receptors mediating tonic inhibition (74, 75).
It has been proposed that receptors can be partially or fully
activated depending on the concentration of agonist they “see”
(76-78). Therefore, it is possible that, at ambient concentra-
tions of GABA, tonic currents are mediated mainly by monoli-
ganded receptors in a lower conductance state (6, 35, 50).
However, it cannot be excluded that the conductance level of a
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given receptor can also be influenced by its subunit composition
(45, 69, 74). Therefore, the comparable estimation of the single
channel conductance of clustered and declustered receptors
suggests that, at low concentrations of agonist, the receptors
are similarly activated since nocodazole treatment affects nei-
ther the molecular structure/subunit composition nor the pro-
portion of monoliganded GABA, receptors.

The widespread action of nocodazole raises the possibility
that modulation of tonic inhibition can be due to multiple
indirect effects. For instance, it is possible that this drug alters
the release machinery and therefore influences the concentra-
tion of ambient GABA or reduces the number of GABA, recep-
tors, changes their subunit composition, or affects their gating
properties. On the basis of our previous work (27), we can
exclude a presynaptic site of action of nocodazole because this
drug did not affect the frequency of mIPSCs and because com-
parable results were obtained when nocodazole was added ei-
ther to the culture medium or to the intracellular solution. The
similar effect of nocodazole on tonic currents induced by endog-
enous and exogenous applications of low concentrations of
GABA argues against a reduction of ambient GABA. As dis-
cussed above, we believe that nocodazole did not modify the
number of GABA, receptors on the cell surface since the peak
amplitudes of tonic and GABA-evoked currents were compara-
ble in untreated and nocodazole-treated neurons (see also Ref.
27). The similar single channel conductance estimated for clus-
tered and declustered receptors allows exclusion of a re-as-
sorted subunit composition of GABA, receptors after nocoda-
zole treatment. In conclusion, we believe that the effect of
nocodazole on tonic inhibition is due to changes in the gating
properties of declustered GABA, receptors. This idea is sup-
ported by the results from the pre-equilibrating protocols com-
bined with kinetic modeling and computer simulations.

Interestingly, it has been demonstrated that nocodazole
treatment impairs the clustering of recombinant GABA , recep-
tors overexpressed in QT6 cells along with the tubulin-binding
GABA, receptor-activated protein (79). Since the GABA, re-
ceptor-activated protein contributes to the trafficking and clus-
tering of GABA, receptors (80, 81), we cannot exclude the
possibility that the effect of nocodazole reported here may
involve chaperone proteins such as the GABA, receptor-acti-
vated protein.

Previous studies have demonstrated that pre-equilibration of
excised patches with micromolar or submicromolar agonist con-
centrations traps the receptors in slow and strongly absorbing
desensitized states (41, 52, 82, 83). In this work, we found that
the reduction of current responses to saturating [GABA] after
pre-equilibration with low [GABA] was larger in nocodazole-
treated neurons than in untreated ones. This suggests a larger
occupancy of slow desensitized states of declustered GABA,
receptors, presumably in the singly bound conformation. For
this reason, the kinetic model previously proposed to reproduce
the gating of declustered receptors (27) was optimized, taking
into account the experimental data obtained with extremely
low [GABA]. In fact, it is widely accepted that the probability
of occupancy of the receptors in the singly bound conforma-
tion is relevant only at very low concentrations of GABA (=10
uM), whereas it can be neglected at saturating or subsaturat-
ing concentrations of agonist (50-52). It is for this reason
that the increased occupancy of the singly bound desensitized
state of declustered receptors allows mimicking the effect of
nocodazole on tonic currents and the results of the pre-
equilibration experiments. It is worth noting that the param-
eters used in this work did not alter the simulations of
previous results on mIPSCs and GABA-evoked currents (27).
However, the lack of specific protocols to selectively unmask
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the kinetics of the singly bound states allows only a qualita-
tive estimation. In fact, we cannot precisely attribute the
larger occupancy of the singly bound desensitized conforma-
tion to an increased rate of entry or to a decreased rate of exit
from that state. Nevertheless, we cannot exclude the possi-
bility that slowly absorbing doubly bound desensitized states
(84, 85) neglected in the model of Jones and Westbrook (48)
can also be involved.

We conclude that desensitization of GABA, receptors, in
particular of extrasynaptic y, subunit-containing ones, contrib-
utes to the modulation of tonic inhibition. This conclusion is
supported by data reported previously (85) demonstrating that
the significant but still incomplete desensitization of vy, sub-
unit-containing receptors allows a current amplitude compara-
ble with that mediated by low desensitizing § subunit-contain-
ing receptors. Moreover, less apparent desensitization is
observed in vy, subunit currents evoked by low agonist concen-
trations (82, 84).

This work suggests that receptor clustering is an additional
regulating factor for tonic inhibition. Since clustered extrasynap-
tic GABA, receptors mediate larger tonic currents, it is possible
that, under either physiological or pathological conditions, recep-
tor clustering can modulate tonic inhibition and in turn influence
synaptic efficacy and integration (6, 10, 13, 14, 20).
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