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The Cellular Basis of GABAg-Mediated
Interhemispheric Inhibition

Lucy M. Palmer,* Jan M. Schulz,* Sean C. Murphy,* Debora Ledergerber,*

Masanori Murayama,? Matthew E. Larkum™3*

Interhemispheric inhibition is thought to mediate cortical rivalry between the two hemispheres
through callosal input. The long-lasting form of this inhibition is believed to operate via
y-aminobutyric acid type B (GABAg) receptors, but the process is poorly understood at the cellular
level. We found that the firing of layer 5 pyramidal neurons in rat somatosensory cortex due to
contralateral sensory stimulation was inhibited for hundreds of milliseconds when paired with
ipsilateral stimulation. The inhibition acted directly on apical dendrites via layer 1 interneurons but
was silent in the absence of pyramidal cell firing, relying on metabotropic inhibition of active
dendritic currents recruited during neuronal activity. The results not only reveal the microcircuitry
underlying interhemispheric inhibition but also demonstrate the importance of active dendritic

properties for cortical output.

he connection between the two hemi-

I spheres of the cerebral cortex via the corpus
callosum is one of the most studied and

yet least understood pathways in the brain (Z, 2).
An important function of transcallosal fibers is to
mediate interhemispheric inhibition (3, 4), which
influences fine motor control (5, 6), visuospatial
attention (7-9), and somatosensory processing
(10, 11). To investigate the cellular mechanisms
of interhemispheric inhibition, we performed in
vivo patch-clamp recordings from layer 5 (L5)
pyramidal neurons in the hindlimb area of the
somatosensory cortex in urethane-anesthetized
rats (Fig. 1A). Stimulation of the contralateral
hindpaw (contralateral HS) (1-ms duration, 100 V)
increased the baseline firing rate by a factor of
about 3 (0.9+0.2t02.9+ 0.6 Hz; P<0.05;n=19)
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(Fig. 1, B to D, black). Ipsilateral hindpaw
stimulation (ipsilateral HS), on the other hand,
had little influence on the firing rate (1-ms dura-
tion, 100V; spontaneous, 1.1 = 0.2 Hz and evoked,
1.2 +£ 0.2 Hz; n = 19 (Fig. 1B, green). However,
an inhibitory influence of ipsilateral HS could
be uncovered by pairing it with contralateral
HS (paired HS). Here, paired HS resulted in a
significant decrease in evoked firing (evoked,
2.2+ 0.5 Hz; n=19; P < 0.05) when the ipsi-
lateral hindpaw was stimulated 400 ms before the
contralateral hindpaw (Fig. 1, B to D, blue). This
influence of paired HS on action potential (AP)
generation occurred throughout the entire evoked
excitatory response, which lasted on average
513 £ 49 ms (n = 19) (Fig. 1C, gray area). Un-
expectedly, paired HS had no discernible effect
on the subthreshold responses (Fig. 1, B to D),
which did not significantly decrease in average
area (3.4 £ 0.6 versus 3.4 + 0.6 mVes; n=20) nor
variance (15.7 £ 1.9 versus 17.2 £ 02.1 mVZ; n=
20) (fig. S1).

The average 25 + 8% decrease in the evoked
firing during paired HS was somatotopically
specific because stimulation of different regions

of the body, or even different parts of the hind-
limb, did not reduce the response to contralateral
HS (fig. S2). Furthermore, the decrease in firing
did not occur when the contralateral hindpaw was
stimulated twice at an interval of 400 ms (fig.
S3), and paired HS had no inhibitory effect on
layer 2/3 (L2/3) pyramidal neurons (contralateral
HS, 3.9+ 0.6 Hz; paired HS, 3.6 £ 0.7 Hz; =400
ms; n = 9) (fig. S4). When the timing of the
paired-HS interval was varied in 200-ms steps,
L5 pyramidal neuron firing was only influenced
when the ipsilateral hindpaw was stimulated
either 200 or 400 ms before the contralateral
hindpaw (Fig. 1E). The long-time course for this
type of inhibition suggested the involvement of
y-aminobutyric acid type B (GABAp) receptors,
which can exert an effect for up to 500 ms in vitro
(12). Indeed, application of the GABAg-receptor
antagonist, CGP52432 (1 uM) to the cortical
surface blocked the decrease in firing generated by
paired HS (contralateral HS, 1.9 + 0.7 Hz; paired
HS, 2.0 + 0.9 Hz, 1 =400 ms; n = 8) (Fig. 1E).
It has been suggested in humans that ipsi-
lateral somatosensory stimulation leads to sup-
pression of sensory responses due to transcallosal
inhibition (/3). We tested this hypothesis in rats
using optogenetic stimulation of the transcallosal
pathway in vivo. Deep-layer neurons infected
with channelrhodopsin-2 (ChR2) conjugated with
adenovirus (AAV) sent callosal fibers predom-
inantly to the upper layers of the opposite hemi-
sphere (Fig. 2A and fig. S5) [see supporting online
material (SOM)]. Photostimulation (470 nm; trains
of 10- by 10-ms pulses at 10 Hz, beginning
400 ms before the sensory stimulus) of callosal
input decreased the evoked firing rate of LS py-
ramidal neurons by 36 * 15% when the light was
focused above the hemisphere containing the
recording electrode (n = 9; P < 0.05) (Fig. 2, B
and C) and by 38% * 14% with photostimulation
of the injected hemisphere (n = 7; P < 0.05) (fig.
S6). Photoactivation of the callosal fibers alone
did not influence spontaneous firing activity
(0.6 £ 0.2 Hz prephotoactivation and 0.7 £ 0.3 Hz
during photoactivation) (fig. S6), and there was

www.sciencemag.org SCIENCE VOL 335 24 FEBRUARY 2012

989

Downloaded from www.sciencemag.org on June 16, 2012


http://www.sciencemag.org/

I REPORTS

990

no measurable influence of callosal fiber photo-
activation on the underlying subthreshold enve-
lope (contralateral HS alone, 2.1 + 0.5 mVes
compared with contralateral HS + ChR2, 2.5 +
0.5 mVes; P> 0.05; n = 13) (fig. S6).

The corpus callosum consists almost en-
tirely of excitatory fibers (/4), which implies
that interhemispheric inhibition arises from the
activation of local interneurons. We tested this
ex vivo with photostimulation of callosal fibers
while recording from local interneurons in brain
slices prepared from rats previously injected
with ChR2/AAV (Fig. 2, A and D). To inves-
tigate monosynaptic callosal input, we added
TTX (1 uM) and 4-AP (100 uM) (/5) and ac-
tivated callosal fibers using 460-nm light pulses
over the field of view (10 by 10-ms pulses at 10 Hz,
60X objective). Interneurons were identified by
their morphology and spiking characteristics (/6)
(fig. S7). The voltage response to monosynaptic
callosal input in interneurons located in L1 (29.1 +
6.6 mV; n="9) and L2/3 (31.1 = 4.6 mV; n = 20)
was significantly larger than L5 intemeurons (144 +
3.5 mV; n =24; P <0.05) (Fig. 2, E and F). To
further investigate the laminar specificity of cal-
losal input on interhemispheric inhibition, we
locally perfused the excitatory AMPA-receptor
antagonist CNQX (100 uM) above the recorded
cell in vivo. Interhemispheric inhibition evoked
with paired HS was completely abolished by
CNQX perfused into L1 (paired HS/contralateral
HS 1.0 £ 0.1; n = 6) but not L2/3 (paired HS/
contralateral HS, 0.6 + 0.1; n = 6) (Fig. 2, G and
H), suggesting that callosal input to L1 is crucial
(see also fig. S8). (Local perfusion of CNQX did
not in itself significantly change the AP firing rate
of LS pyramidal neurons in response to contra-
lateral HS). In contrast to pyramidal neurons

Fig. 1. Interhemispheric inhibition of
sensory information. (A) Experimental
design. (Top) Electrical stimulation
(100 V, 1 ms), of contralateral and ip-
silateral hindpaws during patch-clamp
recordings from L5 pyramidal neurons
(bottom). (B) (Top) Somatic response,
(middle) raster plot and histogram of
total AP firing over multiple trials, and
(bottom) average subthreshold response
in trials during contralateral HS (C-HS)
(black; left), ipsilateral HS (I-HS) (green;
middle), and paired HS (P-HS) (blue).
I-HS 400 ms before C-HS (right). Gray
traces, C-HS for comparison. (C) (Top)
AP histogram for C-HS (black) and P-HS

(Fig. 1B), ipsilateral HS alone evoked activity in
L1 neurons. Two-photon calcium imaging from
L1 neurons bulk-loaded with the calcium indicator
Oregon Green 488 BAPTA-1-AM (OGB-1-AM)
(Fig. 2I) revealed responses to ipsilateral HS in
41% of L1 neurons (Fig. 2J) (» = 107 neurons
from seven rats). L1 contains a subpopulation of
late-spiking, neurogliaform cells (~40% of cells)
(17) that providle GABAg-mediated inhibition
(18) to the dendrites of pyramidal neurons (79).

The targeting of callosal input to L1 sug-
gests that interhemispheric inhibition of L5
pyramidal neurons may act through a dendriti-
cally located mechanism (72, 19, 20). We there-
fore investigated the effects of ipsilateral HS on
the calcium response in a population of L5 py-
ramidal neuron dendrites using a fiberoptic
technique for recording dendritic activity (the “peri-
scope” system) (21, 22) (Fig. 3A) (see SOM).
Contralateral HS evoked a biphasic Ca*" signal
in LS pyramidal neuron dendrites (Fig. 3B, black
trace) that was significantly reduced (31 + 6%;
P < 0.05) when paired with ipsilateral HS (# =
400 ms; n = 13) (blue trace, Fig. 3, B and C) (see
fig. S9 for times all between = 0 and = 800 ms).
This decrease in dendritic activity was abolished
by application of the GABAg-receptor antag-
onist CGP52432 (1 uM) to the cortical surface
(Fig. 3C, right). The similar inhibitory influence
of paired HS on firing rates and dendritic Ca** in
L5 pyramidal neurons suggests a strong corre-
lation between dendritic activity and somatic out-
put in vivo.

Was the down-regulation of dendritic Ca*"
activity due to the pre- or postsynaptic activation
of dendritic GABAg receptors (/2) that are
abundant in pyramidal apical dendrites (23)?
We used three strategies to investigate this ques-

|10mV

500 ms

m

HiS )

(t = 400 ms; blue) across all neurons
(bin width = 50 ms; n = 19). (Bottom)
Grand mean subthreshold responses
to C-HS (black) and P-HS (blue; n =
20). Gray region used for statistics.
(D) (Left) Average AP frequency dur-

ing C-HS (black) and P-HS (blue; solid
bars; n =

19). Red line, spontaneous firing rate. (Right) Average sub-
threshold response to C-HS (black) and P-HS (blue; n = 20; open bars). (E)
Average normalized AP frequency during P-HS with I-HS 0, 200, 400, 600,

tion. First, we recorded dendritic Ca>" activity
with the periscope while focally applying the
GABAg agonist baclofen (50 uM) to the distal
apical dendrites of LS pyramidal neurons in vivo
(Fig. 3D). We observed an even larger decrease
in the area (55 £ 9%; n = 8) and amplitude (51 £
6%:; n = 8) of the evoked dendritic Ca®" response
(Fig. 3, E and F). Second, we performed whole-
cell recordings from L5 dendrites identified by
their distinctive complex AP waveforms (24)
(fig. S10) and post hoc biocytin reconstructions
(Fig. 3G) (see SOM). During baclofen applied
either focally to the distal dendrite or on the
cortical surface, the dendritic response to contra-
lateral HS decreased by ~75% from 1.75 £ 0.3 Hz
to 0.4 +£ 0.2 Hz (n = 5; average dendritic patch
distance, 943 + 34 um from the pia) (Fig. 3, H
and I). Last, we recorded electrical activity at the
soma in vivo (as in Fig. 1) in knockout mice that
lacked GABAg receptor isoforms known to act
presynaptically (GABAg, ") and postsynaptically
(GABAgy, ") in L5 pyramidal neurons (12, 25)
(Fig. 3J). In mice lacking the postsynaptically
acting isoform (GABABlbf/f), we recorded no
interhemispheric inhibition using paired HS (7.6 £
1.8 Hz versus 8.7 + 1.9 Hz; ¢ = 400 ms; n = 7)
(Fig. 3K), whereas the inhibition remained in
mice lacking the presynaptically acting isoform
(GABABl;/f; 10.0£4.9Hzversus 6.1 £3.9 Hz;
t = 400 ms; n = 4) (Fig. 3L). Furthermore, the
inhibitory effect of focal application of baclofen
to the dendrites was also occluded in GABAgy, "~
mice (9.0 + 2.3 versus 12.0 = 4.5 Hz; n = 5) (Fig.
3, K and L). The specificity of the effect to
GABAg;;, receptors and the observed effects on
dendritic Ca" strongly suggest that interhemi-
spheric inhibition is mediated by dendritically

located GABAg receptors.
Cso2
9]
Q C-HS
o OT1PHS
<
T o
< |2 mv
Sub
400 ms

N

W

800
I-HS before C-HS (ms)

400 0

and 800 ms before C-HS (blue dots). Orange dot, normalized average AP
frequency during P-HS (t = 400 ms) with GABAg antagonist CGP52432
applied to cortical surface. *, P < 0.05.
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Fig. 2. Callosal fiber activation inhibits L5 pyram-
idal neuron firing and activates L1 neurons. (A)
(Top) Experimental design. ChR2/AAV injected into
hindlimb somatosensory cortex before patch record-
ing in opposite hemisphere. (Middle) Overlays of
bright-field images and ChR2 fluorescence from
injected (left) and recording hemispheres (right) ex
vivo. (Bottom) In vivo 2P image of ChR2 axons
(green) in recording hemisphere at 100 um below
pia. (B) (Top) Somatic response, (middle) raster plot,
and (bottom) histogram of APs during C-HS alone
(left) and photostimulation with train of blue-light
pulses above recording hemisphere (right). (C) Av-
erage firing frequency with C-HS (black) and during
photostimulation of recording hemisphere (aqua;
+ChR2). (D) Ex vivo recording from interneurons in
L1, L2/3, and L5 in slices from ChR2/AAV-injected
rats. (E) Voltage responses to local photostimula-
tion in L1 (green), L2/3 (maroon), and L5 (turquoise).
L1 and L5 interneurons recorded simultaneously; in-
terneurons shown in (D). (F) Average voltage re-
sponse to first photostimulation. (G) Example voltage
response, raster plot, and AP histogram with (top)
C-HS and (bottom) P-HS with focal application of
CNQX into L1. (Inset) Normalized firing rates with
P-HS during control (blue), CNQX in L1 (pink), and
CNQX in L2/3 (salmon). Shaded region used for statis-
tics. (H) Average AP frequency during P-HS with
CNQX in L1 and L2/3. (I) In vivo 2P image of L1
(<200 pum below pia) counter-stained with OGB-1-AM
and SR101. Neurons, green; astroglia, orange. (J)
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neurons ChR2
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N
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K
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Individual (gray) and average (green) Ca®* transients with I-HS for the cells in (I). (K) Number of cells in L1 that responded (green) and did not respond (gray)

to I-HS. *, P < 0.05.

Fig. 3. Long-lasting interhemispheric inhibition is
mediated by dendritic GABAg receptors. (A) Ex-
perimental design. L5 pyramidal neurons in the
contralateral sensorimotor cortex bulk loaded with
OGB-1-AM; dendritic Ca®* responses recorded with
periscope during C-HS and P-HS. (B) (Left) Average
dendritic Ca** population response (fluorescence
change, AF/F; 15 trials) during C-HS (black) and P-HS
(blue). (Right) Ca®* response (10 trials) to C-HS
(black) and P-HS (blue) during application of CGP52432
(1 uM) to cortical surface. (C) (Left) Integral of the
Ca®* response to C-HS (black) and P-HS (blue) in
control conditions and (right) during CGP52432.
(D) Experimental design. (E) Average dendritic Ca®*
population response with C-HS before (black), dur-
ing (red), and after (gray) baclofen application. (F)
(Left) Integral and (right) amplitude of Ca®* re-
sponse to C-HS. (G) Experimental design: L5 den-
dritic patch during baclofen application. (H) Dendritic
patch-clamp responses to C-HS before (black) and
during (red) baclofen. (Inset) Complex waveform
from boxed region. Scale bar, 10 mV, 10 ms. (1)
Normalized firing rate in the dendrite to C-HS be-
fore (black) and during (red) baclofen. (J) Distri-
bution of GABAg subunits pre- and postsynaptically.
(K) Somatic voltage responses to C-HS (black), P-HS
(blue), and C-HS during focal baclofen (50 pM)
application (red) in mice lacking postsynaptic GABAg
receptors (GABAg1, ). (L) Normalized somatic fir-
ing rate during C-HS and P-HS in GABAg., "~ and
GABAgy, '~ mice. *, P < 0.05.
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We next investigated how dendritic GABAg
receptors influence cell spiking in vivo. We re-
peated the experiments with focal dendritic
baclofen application during somatic recordings
from L5 pyramidal neurons (Fig. 4A). Baclofen
decreased the evoked firing response by a similar
amount to dendritic Ca>" activity (64 £ 10%; n="7)
(Fig. 4, B and C) (compare Figure 3F). Despite
this, baclofen (like interhemispheric inhibition)
had no significant effect on the subthreshold elec-
trical response at the soma (control, 3.6 = 0.7 mVes;
baclofen, 3.0 + 0.5 mVes; n = 11) (Fig. 4, C and
D). How could such profound effects on dendritic
activity and cell firing occur in the absence of any
detectable effect on membrane potential at the
cell body?

To investigate this, we performed the same
experiments in vitro where we could isolate the
causes and effects to the dendritic and/or somatic
compartments of the neuron (Fig. 4E). Activating
dendritic GABAg receptors continuously with
baclofen resulted in an average hyperpolarizing
response of only —1.2 + 0.2 mV at the dendrite
and —0.5 £ 0.2 mV at the soma (n = 19). Although
this explained the negligible effect of dendritic
GABAg inhibition on the somatic subthreshold
responses reported throughout this study, it made
the large effect on cell firing even more intriguing.
We hypothesized that sufficiently large dendritic
depolarization activates dendritic voltage-sensitive
channels that causes further AP firing. At sub-
threshold levels, dendritic depolarization would
not be expected to activate voltage-sensitive chan-
nels, and thus dendritic inhibition of these chan-
nels would not be detected (i.e., silent inhibition).

To test this hypothesis, we recorded responses
to contralateral HS in vivo from the soma and
dendrites of LS pyramidal neurons and used these
recorded waveforms as representative current in-
put in our somatic and dendritic recordings in vitro.
Current was injected at the soma in increasing
steps of 100 pA and at the dendrite at a fixed
amount of 600 to 800 pA (Fig. 4F). For low so-
matic current injection (0 to 100 pA), there was
little or no AP firing in the neuron (Fig. 4, G and
H), and baclofen had little effect on either the
membrane potential at the soma (Fig. 4G) or the
input resistance of the neuron (Fig. 4, K and L).
Higher somatic current injection led to cell firing
and back-propagating APs into the apical den-
drite. In this case, baclofen caused a significant
decrease in firing rate (Fig. 4, F and H) and a
decrease in the gain of the frequency/current
relationship (26) (Fig. 4H, top). Under these su-
prathreshold conditions, the membrane potential
at the soma (measured from the voltage envelope
with APs truncated) was hyperpolarized during
the application of baclofen relative to control
(Fig. 4H, bottom) indicating a loss of current
transfer from the dendrite to the soma. These re-
sults show conclusively that dendritic GABAg
inhibition alone can significantly reduce the firing
output of L5 pyramidal neurons through a den-
dritically located mechanism that manifests only
when the neuron is spiking.

To further investigate the importance of den-
dritic activity on somatic output, we restricted
current injection to the soma while continuing to
apply baclofen locally to the dendrite (Fig. 4I).
Even with no dendritic input at all, activation of

dendritic GABAg receptors still caused a signif-
icant decrease in AP firing rate (by 38 + 5%, n =
11) (Fig. 4, J and L). Furthermore, the decrease
in APs during GABAg receptor activation was
not caused predominately by shunting inhibition
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Overlayed traces. (D) Average normalized response to C-HS during baclofen for the subthreshold
voltage integral (open bar) and AP frequency (solid bar). (E) Experimental design. (F) (Top) Dendritic
and somatic recordings in vivo with (bottom) waveforms injected into dendrite (light gray) and soma
(dark gray). (G) Grand mean of the somatic subthreshold voltage responses to dual current injection
shown in (F). (Inset) Overlayed traces. (H) Normalized somatic (top) firing rate and (bottom) voltage
envelope integral evoked by constant dendritic and increasing somatic current injections during control
(black) and baclofen (red). (I) Experimental design. (]J) Somatic voltage response to suprathreshold
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bath solution. (N) Normalized number of APs evoked for (M). (O) Experimental design. (P) Dual
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left. Scale bar, 20 mV, 100 ms. (Q) Number of APs in (P). (R) Proposed cellular mechanism of inter-
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because the same application of baclofen had
no effect on the input resistance of the cell
(Fig. 4, K and L).

What is the cellular basis of this GABAg-
mediated inhibition? Previous studies have
shown that GABAg inhibition leads to activation
of inward-rectifying K" channels (GIRK) (27)
and inactivation of voltage-sensitive Ca>* chan-
nels (/2) in pyramidal neurons. Bath application
of the GIRK antagonist tertiapin (0.5 uM) led to a
61 + 11% decrease in the baclofen-induced hy-
perpolarization in the dendrite in vitro (n = 10)
(fig. S11). Under these conditions, the inhibitory
effect of baclofen on AP firing measured near
threshold was partially occluded (control, 57 +
9% versus tertiapin, 33 £ 5% reduction, respec-
tively; average dendritic recording distance,
397 £ 2 um) (Fig. 4, M and N). To determine the
contribution of voltage-sensitive Ca>" currents,
we locally applied 50 uM Cd*" and 100 uM Ni**
to the apical dendrite at the same location as
baclofen (Fig. 40). Enough current was injected
at the soma and dendrite to evoke firing well
above threshold and maximize dendritic voltage-
sensitive current activation. Ca®" channel block-
ade accounted for 60 = 18% (n = 5) of the
reduction in AP firing induced by application of
baclofen (average dendritic recording distance,
478 + 36 um) (Fig. 4, P and Q). In contrast to the
GIRK channel antagonist, bath application of
Ca®" channel antagonists significantly reduced
dendritic regenerative potentials and burst firing
patterns (28) and occluded any further effect of
baclofen on the spike waveform (fig. S12).

The dependence of dendritic GABAg inhibi-
tion on suprathreshold dendritic depolarization
explains why this form of inhibition is normally
silent. During contralateral HS, dendritic voltage-
sensitive currents contribute to the overall de-
polarization of the neuron and, although blocked
by GABAg receptor activation during ipsilateral
HS, no inhibitory effect is measured because these
currents are not activated without dendritic de-
polarization (e.g., due to dendritic input and/or
back-propagating APs). Only with paired HS is
the effect of regulating dendritic channel activity
revealed (Fig. 4R). The magnitude of the effects
observed in vitro would be sufficient to explain
all of the effects seen in vivo. Although callosal

inhibition could also affect pyramidal cell firing
through network effects that alter synaptic input,
we did not detect a change in subthreshold re-
sponses during interhemispheric inhibition (Fig.
1). We conclude, therefore, that interhemispheric
inhibition is mediated predominantly through di-
rect postsynaptic mechanisms in the apical den-
dritic shafts of pyramidal neurons.

It has been suggested that interhemispheric
inhibition might regulate the gain of synaptic
input (29) and thereby serve to enhance bi-
manual precision (5, 30). Furthermore, loss of
interhemispheric rivalry (through callosal inhi-
bition) has been implicated in cases of lateral-
ized impairment of attention (hemineglect) in
human patients (9). Unraveling the mechanisms
behind interhemispheric inhibition might there-
fore be critical to understanding these complex
tasks. Our results reveal that long-lasting inter-
hemispheric inhibition acts via a specific cortical
microcircuitry mediated by dendritic GABAg
receptors. This phenomenon of silent inhibition
of dendritic channels, however, is likely to be a
general phenomenon under many different con-
ditions and may therefore represent a novel mech-
anism for explaining the anomalous decoupling
of subthreshold and suprathreshold activity seen
in other systems in vivo (3/-34). The specific
mechanisms of interhemispheric inhibition shown
here, involving the underlying cortical micro-
circuitry, and dendritic GABAg receptors, offer
new perspectives on fundamental and clinical
studies involving interactions between the two
cortical hemispheres.
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