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Different transmitter transients underlie presynaptic
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Phasic (synaptic) and tonic (extrasynaptic) inhibition represent the
two most fundamental forms of GABAA receptor-mediated trans-
mission. Inhibitory postsynaptic currents (IPSCs) generated by
GABAA, receptors are typically extremely rapid synaptic events that
do not last beyond a few milliseconds. Although unusually slow
GABAA IPSCs, lasting for tens of milliseconds, have been observed
in recordings of spontaneous events, their origin and mechanisms
are not known. We show that neocortical GABAA siow IPSCs origi-
nate from a specialized interneuron called neurogliaform cells.
Compared with classical GABAA, fast IPSCs evoked by basket cells,
single spikes in neurogliaform cells evoke extraordinarily pro-
longed GABAA responses that display tight regulation by trans-
porters, low peak GABA concentration, unusual benzodiazepine
modulation, and spillover. These results reveal a form of GABAa
receptor mediated communication by a dedicated cell type that
produces slow ionotropic responses with properties intermediate
between phasic and tonic inhibition.
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Ionotropic GABA, receptors mediate two major types of
signaling referred to as phasic and tonic inhibition (1-4).
Phasic inhibition mediates the classical, synaptic forms of inter-
actions between a presynaptic GABAergic interneuron and
postsynaptic target cells. Phasic GABAergic signals are typically
generated rapidly (often with submillisecond rise times) within
synapses, whereas low-affinity GABAA receptors are activated
in a transient manner by GABA (5). In contrast, tonic inhibition
is a less temporally and spatially precise form of GABAergic
inhibition, generated by GABA activating high-affinity, nonde-
sensitizing, mostly extrasynaptic GABA, receptors (2, 6, 7).
Despite its less temporally and spatially focused nature, tonic
inhibition is increasingly being recognized to serve critically
important, diverse functions in neuronal circuits (8, 9).
Interestingly, a third form of postsynaptic GABAA receptor-
mediated inhibitory response that displays characteristics inter-
mediate between phasic and tonic inhibition (10-13) may also
exist. These events have been named GABAA 0w inhibitory
postsynaptic currents (IPSCs). In contrast to the more classical,
phasic GABAA fast IPSCs, GABAA gow IPSCs have almost an
order of magnitude slower rise- and decay kinetics (10), are
highly sensitive to blockade of GABA uptake (12, 14) and are
modulated differently by benzodiazepine agonists (13). Al-
though previous studies indicated that GABAA 0w inputs may
be localized on the dendrites of CA1 pyramidal cells, it appears
that dendritic filtering alone may not fully explain the slow
kinetics (10-12). Moreover, it was suggested that transmitter
spillover may contribute to the GABA gow IPSCs in contrast to
the classical GABAA f.st IPSCs that are thought to be largely
limited to the activation of synaptic receptors (5, 10, 14).
Because GABAAsiow IPSCs have been recorded only as
spontaneous and extracellular stimulation-evoked events, the
cellular sources and the underlying mechanisms of GABAA siow
have not been identified. In a previous study (15), we focused on
the ability of neurogliaform cells (NGFCs) to evoke metabo-
tropic, and thus slow, GABAg receptor-mediated postsynaptic
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responses. During these experiments, we serendipitously noticed
that the rising phase of the GABA s component of the compound
(GABAA and GABAg) IPSCs generated by NGFCs appeared to
be remarkably prolonged. Could there be a connection between
the NGFC-IPSCas and the GABAA, gow events? Building on
these clues, in this study, we tested the specific hypothesis
that the NGFC-evoked unitary GABA, receptor mediated
responses (NGFC-IPSC,) share the key properties of the
GABAAs1ow events previously described based on analysis of
spontaneous and electrical stimulation-elicited IPSCs. We used
paired recordings of identified neocortical interneurons and
pyramidal cells to probe the mechanisms of NGFC-IPSCas, and
compared their properties with the fast spiking basket cell
(FSBC)-evoked unitary GABA IPSCs (FSBC-IPSC,) that are
thought to represent GABA4 sas¢ €vents (5, 12, 14). Our results
demonstrate that NGFCs are the sources of GABAA sjow IPSCs
in the neocortex and that these extraordinarily prolonged neo-
cortical ionotropic GABA4 responses are generated by a GABA
transient with highly unusual characteristics.

Results

NGFCs Generate Slow GABA, Postsynaptic Responses. All data in this
article were obtained by using paired whole-cell patch-clamp
recordings from presynaptic NGFCs or FSBCs [supporting
information (SI) Fig. 7; Fig. 1C] and layer 2/3 postsynaptic
pyramidal cells (PCs) (held at —75 mV) in the presence of
NMDA, AMPA/kainate and GABAGg receptor blockers (except
when noted otherwise). The NGFC-IPSCxs showed dramati-
cally slower rise and decay kinetics compared with the rapid
responses elicited by the FSBCs (Fig. 1.4-D) (10-90% rise times:
NGFC: 4.17 = 0.24 ms, n = 71; FSBC: 0.53 = 0.02 ms, n = 40;
weighted decay time constants (rp): NGFC: 36.5 = 1.3 ms;
FSBC: 6.4 = 0.33 ms). However, the IPSC amplitudes were not
significantly different (NGFC: 78.6 * 6.3 pA; FSBC: 106.8 =
16.3 pA). Because of the uniquely slow kinetics, the charge
transfer of the responses elicited by NGFCs was markedly larger
than the charger transfer carried by the FSBC-IPSCxs (NGFC:
3284 *+ 369 pA-ms; FSBC: 833 = 136 pA-ms).

Single action potential-evoked NGFC-IPSCus displayed a
significantly smaller trial-to-trial variance in their peak ampli-
tude compared with FSBC responses (coefficient of variation
(CV): NGFCs: 15.6 = 1.3%; FSBCs: 32.4 * 2.7%), suggesting
the possible involvement of more release sites (failure rates:
NGFCs: 0%; FSBCs: 3.6 + 1.3%). Furthermore, the connection
probability was higher for NGFC-PC pairs recorded within
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Fig.1. Slow GABA IPSCs evoked by NGFCs. (A) Ten consecutive IPSCas (gray,
Lower) and their average (black) in a layer 2/3 PC after single action potentials
in a layer 1 NGFC (Upper). (B) IPSCs evoked by a layer 2 FSBC. (C) Camera lucida
reconstruction of the soma and axons of a NGFC from a 100-um-thick section.
Gray lines indicate the borders of cortical layers. (D) Comparison of the kinetics
of postsynaptic responses evoked by NGFCs (black squares) and FSBCs (gray
circles). Each point represents an individual connection.

~100 wm, compared with FSBC-PC pairs (NGFC-PC pairs:
97.3%, 179 of 184; FSBC-PC pairs: 82.7%, 81 of 98). Finally, the
synaptic delay of the NGFC-IPSCas (1.36 = 0.11 ms) was also
significantly longer compared with FSBC-IPSCas (0.5 = 0.05
ms), but there was no difference in the CV of the onset delays
(NGFCs: 16.2 = 2.6%; FSBCs: 14.9 * 2.1%).

Multiquantal, Asynchronous Release Cannot Explain the Slow Kinetics
of the NGFC-Evoked IPSCas. What is the mechanism of the slow
kinetics of the NGFC-IPSCA? Although NGFCs innervate
dendritic compartments of their postsynaptic targets (15, 16),
dendritic filtering alone could not explain the extraordinarily
slow rise- and decay kinetics of the NGFC-evoked events (S
Methods 1 and SI Figs. 8 and 9). An alternative explanation for
the slow kinetics may be related to the apparently higher number
of release sites generating the NGFC-IPSC,. It is possible that
many asynchronous, fast quantal events underlie (17) the slow
NGFC-IPSC, even after single spikes. To test this possibility, we
compared the NGFC-IPSCas under conditions of low and high
release probabilities, by repeatedly alternating between artificial
cerebrospinal fluids (ACSFs) with either low (0.15 mM) or high
(3 mM) Ca?* concentrations (Fig. 2). As expected, the amplitude
of the NGFC-IPSCas varied, by over an order of magnitude, as
a function of the Ca?* concentration in the ACSF. However, the
extracellular Ca?™ concentration-induced large changes in event
size had no discernible effect on the rise and decay kinetics of
the NGFC-IPSCas (n = 4, Fig. 2), and the smallest events had
a similarly slow rise and decay kinetics as the largest events.
Therefore, the slow GABAA responses evoked by the NGFCs
could not be primarily due to asynchronous release of presyn-
aptic vesicles. These data also suggest that, although NGFC-
IPSCas likely involve many release sites (see above), activation
of a presumed single release site (as represented by the smallest
discernable IPSC, in Fig. 2) generates responses that are
similarly slow as the responses generated by multiple release
sites.

Modulation of GABA Responses Evoked by NGFCs by GABA Uptake. It
has been shown that hippocampal evoked GABAA st and
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Fig. 2. Slow kinetics of NGFC-IPSCas are not due to multiquantal, asynchro-
nous presynaptic vesicle release. (A) Rise times and decay time constants are
independent from the amplitude of postsynaptic responses evoked by a NGFC.
Arrows indicate the washing in of extracellular solutions with either low (0.15
mM, gray) or high (3 mM, black) calcium concentrations. Circles represent the
amplitude (Upper, black), rise time (Lower, black) and decay time constant
(gray) of individual events evoked by a NGFC. Open circles show where no
postsynaptic responses could be detected. (B) Postsynaptic responses (Upper)
obtained from a NGFC during the changing of the extracellular solutions with
low or high CaZ* concentrations. (Lower) Traces show the same responses
after normalization.

GABA A siow IPSCs displayed differential sensitivity to inhibition
of GABA uptake (12). We tested whether a similar difference in
the NGFC- and FSBC-IPSCys exists concerning modulation by
NO711 (a specific blocker of GABA Transporter 1, GAT1; Fig.
34). The decay of FSBC-IPSCas was not changed by 20 uM
NO711 (14), whereas the NGFC-IPSC4 became markedly pro-
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Fig. 3. Regulation by GABA uptake, and minor role for spillover in deter-
mining the slow kinetics of NGFC-IPSCas. (A) Averages of NGFC- (Left, n = 4)
and FSBC-IPSCas (Center, n = 4) in control (black) and after application of 20
M NO711 (gray). Note that the IPSCas were normalized to emphasize kinetic
differences. Note also the different time scales. Summary data are shown
(Right). Gray line plots show individual experiments. Black points represent
the average results. Note the logarithmic scale. The asterisk marks significant
difference. (B) Effect of 20 uM NO711 on NGFC-evoked GABAg responses (Left)
(n =4).Grayand black line plots represent the effects of NO711 on the integral
area measured in individual experiments and their averages, respectively
(Right). (C) Effect of 50 nM THDOC (gray) on NGFC-IPSCas without (Left, n =
11) and with NO711 present (20 uM, Center, n = 5). Summary data are shown
(Right).
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longed (mp; NGFC, pre-NO711: 36.6 = 4.7 ms; NO711: 105.6 =
13.9 ms; n = 4; FSBC pre-NO711: 6.9 = 1.1 ms; NO711: 7.7 =
1 ms, n = 4; the rise time of the responses did not change
significantly: NGFC; before-NO711: 4.9 = 1.3 ms; NO711: 4.2 =
0.9 ms; FSBC; pre-NO711: 0.7 = 0.08 ms; NO711: 0.72 = 0.15
ms). Thus, these data were in good agreement with the previous
observations concerning the differential NO711-sensitivity of
spontaneous GABAA, siow and GABA4 1.5 €vents, supporting our
hypothesis that GABAA gow events were NGFC-IPSCas.

To better understand the NO711-sensitivity of the NGFC-
evoked postsynaptic responses, we determined whether NO711
also enhances the GABAg IPSCs evoked by single NGFC spikes
(15). Because postsynaptic GABAg receptors are located extra-
synaptically (18-20), activation of these receptors by NGFCs
suggested GABA spillover after single action potentials (15).
The GABAg responses (recorded in the presence of 10 uM
bicuculline without GABAg antagonist; for pipette solution, see
Materials and Methods) evoked by single action potentials in
NGFCs were strongly enhanced by NO711 (Fig. 3B; charge
transfer pre-NO711: 1549 * 519 pA-ms; NO711: 4459 + 1089
pA-ms), indicating that GABA uptake markedly modulated both
the GABAA and GABAg responses elicited by NGFCs.

Minor Role for High-Affinity GABAA Receptors in Determining the Slow
Kinetics of the NGFC-IPSCas. The above data suggested that there
was spillover of GABA from the synaptic cleft to the peri- and/or
extrasynaptic space after single action potentials in NGFCs.
However, it was not clear as to what extent this spillover
contributed to the slow kinetics of the GABA responses evoked
by NGFCs. Therefore, in the next series of experiments, we
assessed the activation of high-affinity, extrasynaptic GABAA
receptors by NGFCs.

The 8-subunit is thought to be localized exclusively extrasyn-
aptically (21, 22), and it is expressed by upper layer neocortical
PCs (23). The & subunit-specific positive modulator steroid,
THDOC (50 nM) (7) slightly, but significantly, increased the
of NGFC-IPSCyas (Fig. 3C, pre-THDOC: 38.1 * 2.6 ms;
THDOC: 41.2 = 2.4 ms; n = 11), without altering the amplitude
(pre-THDOC: 60.6 = 7.7 pA; THDOC: 60.8 + 7.5 pA). The
small effect of THDOC indicated that the slow kinetics of the
NGFC-IPSCas did not originate as a result of high-affinity,
é-subunit-containing GABA, receptor activation (also note
that, because of the small magnitude of the THDOC effect, the
latter conclusion holds even if 50 nM THDOC partially acted on
y-subunit-containing receptors as well). As expected, FSBC-
IPSCas were not affected by 50 nM THDOC (mp: pre-THDOC:
7.3 = 0.8 ms; THDOC: 7.5 = 1 ms; n = 5; amplitude: pre-
THDOC: 49.8 £ 16.9 pA; THDOC: 50.6 = 18.1 pA).

Even when GABA spillover was enhanced by application of
NO711 (14), the effect of THDOC on the decay of the NGFC-
IPSCas was still relatively small, albeit larger than without
NO711 (Fig. 3C; p: pre-THDOC: 110.1 + 15.2 ms; THDOC:
128.7 = 17.8 ms; n = 4; no change in amplitude: pre-THDOC:
84.1 =222 pA; THDOC: 86.5 = 23.3 pA). THDOC significantly
increased the holding current in the postsynaptic PCs (by 14 =
6.9 pA), and this effect was more prominent in the presence of
NO711 (69.6 £ 29 pA).

a5 subunits also form receptors with high affinity for GABA
(8, 24), and they have been found both in the synaptic and
extrasynaptic membranes of cortical cells (25). Therefore, we
tested whether a5 subunit-containing receptors play a major role
in shaping the uniquely slow kinetics of the NGFC-IPSCas. The
a5 subunit-specific inverse agonist, L-655,708 (26) (10 uM) did
not change the IPSC, decay (pre-L-655,708: 31.5 = 3.9 ms;
L-655,708: 31.9 = 2.3 ms), but it had a moderate, although
significant effect on the amplitude of NGFC-IPSCus (ampli-
tude; pre-L-655,708: 127.4 = 39.7 pA; L-655,708: 107.8 * 34.1
pA; n = 4; data not shown).
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Fig. 4. Lower GABA concentration at the postsynaptic receptors in NGFC
synapses compared with FSBC synapses. (A) Effect of 200 uM TPMPA (black) on
NGFC- (Left) and FSBC-IPSCas (Right). Control IPSCas are shown in gray. (Inset)
The normalized NGFC-IPSCas in control (gray) and TPMPA (black); note the
acceleration of decay in TPMPA. (B) TPMPA effects on the peak amplitude in
individual connections (gray). Black shows the average amplitude values in
control and in presence of TPMPA. Asterisks mark significant differences. Note
the logarithmic scale. (C) The relative blockade of different IPSCas (%) by 200
uM TPMPA and 80 nM gabazine. (D) Effects of TPMPA on the decay time
constants in individual experiments (gray) and the average result (black).

Taken together, these results showed that high-affinity
GABAA receptors were not the major determinants of the slow
kinetics of the GABAA responses evoked by NGFCs.

Low GABA Concentration at Postsynaptic GABA, Receptors After
GABA Release from NGFCs. The GABA-transient is likely to be a
major factor in determining the properties of GABA responses
(27). To compare the transmitter concentration at the postsyn-
aptic receptors in NGFC and FSBC synapses, we measured the
effect of a low-affinity, competitive GABA, receptor antago-
nist, TPMPA, on the IPSC4s generated by these two interneuron
subtypes (28-30). The effect of TPMPA (200 uM) was signifi-
cantly larger (with both ¢ tests and the nonparametric Mann—
Whitney test) on the amplitude of NGFC-IPSCaxs (Fig. 4 A-C,
pre-TPMPA: 89.8 £ 24 pA; TPMPA: 37 = 8.3 pA; effect: 54.3 =
4.5%; n = 10) compared with the FSBC-IPSCas (pre-TPMPA:
102.6 = 50 pA; TPMPA: 60.5 = 28.2 pA; effect: 35 £ 5.2%; n =
8), indicating significantly lower GABA concentration at the
postsynaptic receptors at NGFC synapses compared with FSBC
synapses. After blockade of GABA uptake with 20 uM NO711,
TPMPA had significantly less effect on the amplitude of NGFC-
IPSCas (Fig. 4 B and C; pre-TPMPA: 77 = 17 pA; TPMPA:
41.8 = 5.7 pA; effect: 39.6 + 5.7%; n = 7) than without NO711.
In contrast to TPMPA, the high-affinity, competitive antagonist
gabazine at low concentration (80 nM) decreased the two types
of IPSC,s similarly (Fig. 4C; NGFC: pregabazine: 36.8 = 8 pA;
gabazine: 22.4 = 3.9 pA; effect: 36.5 = 5.1%; n = 4; FSBC:
pregabazine: 57.5 * 14 pA; gabazine: 36.2 = 10.2 pA; effect:
3842 = 54%; n =5).

Furthermore, NGFC-IPSCas had a significantly faster decay
in presence of TPMPA (34.9 = 3.1 ms) than before TPMPA was
applied (41 = 3.1 ms; effect: —15.4 = 3.5%) (Fig. 4 A and D).
The TPMPA-effect on the NGFC-IPSCy decay persisted when
TPMPA was applied in the presence of NO711 (pre-TPMPA:
131.6 = 11.6 ms; TPMPA: 108.6 = 7.5 ms; effect: —15.7 = 5%).
In contrast, the kinetics of FSBC-IPSCas were not changed
(pre-TPMPA: 8.55 = 0.87 ms; TPMPA: 8.79 = 0.79 ms). The
sensitivity of the decay phase of the NGFC-IPSC, to the
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Fig. 5. Role of low-affinity GABAa receptors in NGFC- and FSBC-IPSCas. (A)
Effect of zolpidem (black) on GABAA responses evoked by NGFCs (Upper) and
FSBCs (Lower). Control traces are shown in gray. Traces show the average of
seven and five experiments, respectively. (B) Effects of zolpidem (black),
Cl218,872 (gray), and loreclezole (white) on the properties of NGFC- and
FSBC-IPSCas relative to control. Asterisks mark significant differences with
respect to predrug conditions.

low-affinity competitive antagonist is consistent with the pres-
ence of spillover (14).

Low-Affinity GABAx Receptors Underlying the NGFC- and FSBC-IPSCas.
Next, we used positive GABAA receptor modulators with sub-
unit specificity to study the contribution of the low-affinity
GABAA, receptors to the generation of the NGFC-IPSCas.
Zolpidem, like other benzodiazepines, increases the affinity of
the receptors to GABA and increase the open probability of
GABA, channels when GABA is present (31, 32). It preferen-
tially acts on GABA4 receptors containing the a1 subunit and,
to a lesser extent, on receptors with a2/a3 subunits (33, 34). The
most dramatic effect of zolpidem (0.5 uM) was that it increased
the amplitude of NGFC-IPSCjas (Fig. 5; prezolpidem: 43.4 + 6.7
pA; zolpidem: 82 + 14 pA; n = 7), whereas it did not significantly
change the amplitude of FSBC-IPSCas (prezolpidem: 78.5 =
25.6ms; zolpidem: 81.6 = 24.9 pA;n = 5). As expected, zolpidem
robustly prolonged the decay of the FSBC-IPSCas (Fig. S;
prezolpidem: 6.1 * 0.6 ms; zolpidem: 10.7 = 2.1 ms), whereas it
did not prolong the decay of the NGFC-IPSCas (prezolpidem:
37.6 £ 2.1 ms; zolpidem: 33.0 = 2 ms; note that the latter change
represented a small (12.1 = 1.9%), but significant acceleration
of the NGFC-IPSC, decay by zolpidem).

Next, we used CI218,872, which displays a greater selectivity
for GABAA receptors containing the a1 subunit than zolpidem
(33). In agreement with the reported higher affinity of CI1218,872
to alBxy2 receptors, in control experiments, we verified that the
axo-axonic cell-evoked IPSCas, which are known to be mediated
through o2 subunit-containing receptors (35), were not affected
by CI218,872 (n = 2, data not shown). CI218,872 (1 uM) had
potent enhancing effects on the amplitude of NGFC-IPSCas
(Fig. 5B; pre-Cl218,872: 95.8 = 18.8 pA; CI1218,872: 134.6 = 30.9
PA; n = 6), without altering the FSBC-IPSC4 amplitude (pre-
CI218,872: 113 = 66.7 pA; CI218,872: 112.9 = 62.7 pA; n = 5).
Like zolpidem, CI218,872 significantly increased the decay of the
FSBC-IPSCas (pre-ClI218,872: 6.1 = 1.5 ms; CI218,872: 8 = 2.4
ms), and it did not prolong NGFC-IPSCus (pre-CI218,872:
38.5 £ 1.6 ms; CI218,872: 35.3 = (0.7 ms; note that there was
actually a slight (7.7 = 4.1%), but nonsignificant, acceleration of
the decay). ClI218,872 also acted similarly to zolpidem on the
overall charge transfers.

Next, we tested the effects of loreclezole, a positive modulator
of B2- or B3-containing GABA4 receptors (33). Similar to
zolpidem and CI218,872, loreclezole (30 wM) enhanced the
amplitude of the NGFC-IPSCas (Fig. 5B; preloreclezole: 54.1 +
22.7 pA; loreclezole: 73.3 = 27.3 pA; n = 5), without affecting
the FSBC-IPSC4 amplitude (preloreclezole: 117.2 = 59.9 pA;
loreclezole: 111.4 = 53 pA; n = 4). Furthermore, loreclezole
significantly prolonged the decay of the FSBC-IPSCas (pre-
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loreclezole: 5.1 = 0.8 ms; loreclezole: 7 = 0.8 ms), but not the
NGFC-IPSCas (preloreclezole: 40.2 = 4.7 ms; loreclezole:
43.8 £ 6 ms).

As a positive control, we showed that zolpidem was able to
increase the amplitude of FSBC-IPSCas at room temperature
(31) (SI Methods 2 and SI Fig. 10). We also determined that
differential zolpidem effects on NGFC- and FSBC-IPSCxs were
not due to a presynaptic action leading to a potentiation of
GABA release from NGFCs (SI Methods 3 and SI Fig. 11). In
addition, experiments with presynaptically applied bafilomycin
revealed that low vesicular GABA concentration is unlikely to
underlie the slow kinetics of the NGFC-IPSCy (SI Methods 4
and SI Fig. 12; note that we directly verified that bafilomycin did,
in fact, decrease the synaptic GABA concentration at FSBC
synapses, because TPMPA had a significantly larger effect in the
presence of bafilomycin).

Taken together, these data suggested that al, f2/3, and 2
subunit-containing low-affinity GABAA receptors were the
most likely to play a dominant role in mediating the responses
evoked by both NGFCs and FSBCs. Because a182/3y2 receptors
are the major synaptic GABA4 receptors in the neocortex (33,
34), these data were in agreement with our results indicating that
high-affinity GABAA receptors had only a minor contribution to
the generation of NGFC-derived GABA, responses. The am-
plitude-enhancing effect of benzodiazepines is usually inter-
preted to indicate lack of saturation of the receptors (31), and it
is thus consistent with the TPMPA-results described above,
indicating lower concentration of GABA at the postsynaptic
receptors after GABA release from NGFCs.

Slowing Diffusion Affects NGFC-IPSCas but Not FSBC-IPSCas. To
further study the mechanism of the slow NGFC-IPSCa-s, we
slowed GABA diffusion by adding 1.25 mM (5% wt/vol) of the
inert macromolecule dextran (MW: 40,000 g) to the extracellular
medium (27, 29, 36) while recording NGFC-IPSCas or FSBC-
IPSCas. Dextran significantly increased the amplitude of NG-
FC-IPSCas (Fig. 6; predextran: 79 * 27 pA; dextran: 138.2 =
389 pA; n = 4), but it did not change the amplitude of
FSBC-IPSCas (predextran: 85.7 £ 35.9 pA; dextran: 82.1 = 36
pA; n = 3). Furthermore, dextran significantly decreased the
decay time constant of NGFC-IPSCxs (p: predextran: 25.2 =
3.7 ms; dextran: 16.8 = 2ms), but not the mp of FSBC-IPSCas
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(predextran: 5.2 = 0.1 ms; dextran: 5.3 = 0.1 ms). The dextran-
induced enhancement of amplitude and acceleration of decay of
the NGFC-IPSCas are consistent with an increased intracleft
GABA concentration and decreased activation of extrasynaptic
receptors resulting from less GABA escaping from the synapse
into the extrasynaptic space in the presence of slowed diffusion.

Discussion

Cellular Origin of GABA, si1ow Events. Specialized classes of cortical
GABA cells exert complex effects on PC activity, including
regulation of excitatory postsynaptic potential integration, mod-
ulation of dendritic plasticity, and synchronization of neuronal
ensembles. A critically important factor in the GABAergic
regulation of principal cell function is the time course of
inhibitory inputs. The present results revealed striking similar-
ities between previously described spontaneous and evoked
GABAA siow events (10-13, 37) and NGFC-IPSCas, including (i)
extraordinarily slow rise and decay kinetics; (i) charge transfer
that is considerably larger than in FSBC-IPSCs; (iii) special
sensitivity to GAT1 blockade; and (iv) enhancement of ampli-
tudes by bath-applied benzodiazepines (13). Based on these
similarities, we conclude that GABAA siow IPSCs originate from
NGFCs.

GABA Spillover at NGFC Synapses. The presence of spillover at
NGFC synapses was suggested by several lines of evidence. First,
uniquely among all known GABAergic interneurons, single
presynaptic action potentials of NGFCs can activate postsynaptic
GABAg receptors (15), which are localized extrasynaptically
(18-20, 38). Second, as shown in our experiments, transport
blockade dramatically increased the activation of GABAg re-
ceptors. Third, THDOC had a significant effect on the decay of
NGFC-IPSCas even without GAT1 blockade. Because the
THDOC-sensitive, high-affinity, 6-subunit-containing GABAA
receptors are peri- and extrasynaptically localized (7, 21, 22), the
THDOC-induced prolongation of the IPSC decay was consistent
with the presence of spillover. Fourth, the THDOC-effect on the
NGFC-IPSC,4 decay was increased by NO711. Fifth, NGFC-
IPSC4 decays were accelerated by TPMPA even in the absence
of NO711 (14, 39, 40). Sixth, the decay of NGFC-IPSCxs became
faster when diffusion was limited by dextran (27, 29, 36), which
was also consistent with spillover. It is interesting to note that,
because of the presence of spillover, NGFCs may contribute to
the regulation of the ambient level of GABA (41-43).

Nature of the Transmitter Transient at NGFC Synapses. Although the
data suggested GABA spillover at NGFC synapses, spillover
alone could not have explained the extreme slowness of the
NGFC-IPSCas. First, THDOC prolonged the NGFC-IPSCyp
decay to only a small extent. Second, even after transporter
blockade, the contribution of the high-affinity GABAA recep-
tors to the overall NGFC-IPSC4 was minor. In contrast, a major
factor underlying the unique properties of the NGFC-IPSCas
appeared to be the nature of the GABA transient. A key
observation in this regard was that the low-affinity, competitive
GABAA\ receptor antagonist TPMPA had a significantly larger
inhibitory effect on the peak amplitude of the NGFC-IPSCas
than on the FSBC-IPSCas. These data indicated that the peak
transmitter concentration in the vicinity of the postsynaptic
receptors during GABA transients after single action potentials
in NGFCs was smaller than after GABA release from FSBCs.
However, the amplitude of the NGFC-IPSCxs was dramatically
increased under conditions of slowed diffusion, an effect that
could be explained by the entrapment of GABA within the
synaptic cleft by the dextran (note that dextran did not affect the
FSBC-IPSC,s, indicating that the macromolecule stayed pri-
marily in the extrasynaptic space and did not enter the synaptic
cleft to slow down diffusion). Our experiments demonstrated
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that GAT1 was important in setting the lower peak GABA
concentration during the NGFC-evoked GABA transients, be-
cause TPMPA had a significantly smaller effect on the NGFC-
IPSC4 amplitude when GABA uptake was inhibited.

The nature of the GABA transient at NGFC synapses could
be probed by using benzodiazepines, because previous studies
suggested that benzodiazepines such as zolpidem enhance IPSC
amplitudes under conditions of submaximal saturation of
GABA receptors and/or asynchronous receptor activation (31,
32). Our results revealed that, at physiological temperature,
zolpidem enhanced the amplitude of the NGFC-IPSCas but
prolonged the decay of the FSBC-IPSCas. Furthermore, two
other drugs with distinct subunit preference had similar effects
on the NGFC-IPSC, amplitudes. The amplitude-enhancing
effect of the various positive GABAA receptor modulators is
consistent with a slowly rising GABA transient with low peak
GABA concentration at NGFC synapses.

Although nonsaturating GABA puffs have been shown to slow
current kinetics (31, 44), low peak GABA concentration alone
did not appear to be sufficient to explain the slow kinetics,
because lowering of the GABA concentration at FSBC synapses
did not result in NGFC-IPSCx-like slow kinetics (SI Methods 4
and SI Fig. 12). A potentially significant factor in generating the
slow responses may be related to the structural features of NGFC
synapses. Indeed, these synapses are small (in terms of the
junctional area) relative to other synapses (15, 16, 38), and it is
interesting that many of our observations could be explained if
the small NGFC synapses contained a larger cleft distance
between the pre- to postsynaptic synapse membranes. The larger
cleft distance would be expected to result in a slower rising
transient with a lower peak GABA concentration at the postsyn-
aptic membranes, because GABA would be diluted in the larger
cleft space. Furthermore, the small junctional area and the large
cleft distance would facilitate spillover, because GABA could
preferentially escape to the extrasynaptic space from the more
open edges surrounding the shorter but wider cleft. Because in
vitro biocytin-filled materials are not appropriate for the precise
measurement of the cleft size (see SI Fig. 8), carefully designed
quantitative electron microscopic studies will need to be carried
out to determine the microstructure of NGFC synapses. Addi-
tional factors, such as the potentially prolonged nature of the
GABA transient, perhaps related to special kinetic properties of
the synaptic release machinery in NGFC terminals, may also play
a role in contributing to the slowness of the NGFC-IPSCas.

The present results demonstrate that a single action potential
in the presynaptic NGFCs is able to evoke slow IPSCas. The
latter point is important, because it is known that repetitive
stimulation can prolong the decay of unitary IPSCas (14).
Although NGFC-IPSCpas seem to involve a relatively large
number of release sites, activation of many release sites is not
necessary for generating the characteristically slow kinetics.
Furthermore, the compact and dense axonal cloud enables
NGFCs to be connected to virtually every neighboring pyramidal
and GABAergic cell (15, 38, 45-47). NGFCs receive extensive
local and ascending excitatory drive (38, 46, 48), and they can
detect the activity of other types of interneurons through a
nonspecific gap junctional network (38, 46, 47). Therefore,
NGFCs may monitor the activity of a large set of neurons in
cortical networks and provide powerful inhibition to a spatially
restricted group of neurons through prolonged GABA4 and
GABAGg receptor-mediated events.

Materials and Methods

All protocols were approved by the Institutional Animal Care
and Use Committee of the University of California.

Electrophysiology. Slices (320 um) were prepared from 20- to
26-day-old Wistar rats in ice-cold artificial cerebrospinal fluid
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(85 mM NacCl, 75 mM sucrose, 2.5 mM KCl, 25 mM glucose, 1.25
mM NaH,PO,, 4 mM MgCl,, 0.5 mM CaCl,, and 24 mM
NaHCO3). Before the recording session, the slices were kept at
room temperature. Slices were visualized by using an upright
microscope (Eclipse FN-1; Nikon, East Rutherford, NJ) with
infrared differential interference contrast optics. Presynaptic
interneurons in the somatosensory cortex were recorded in
current clamp mode [intracellular solution: 126 mM potassium
gluconate, 4 mM KCl, 10 mM Hepes, 4 mM ATP-Mg, 0.3 mM
GTP-Na, 10 mM phosphocreatine, and 8 mM biocytin (pH 7.2),
270-290 mOsm] and held at —60mV. Short (2.5-ms) current
injections were delivered to evoke single action potentials. The
postsynaptic cells were layer 2/3 PCs, held at —75 mV by using
MultiClamp 700B amplifier (Molecular Devices, Union City,
CA). Postsynaptic intracellular solution was typically composed
of 40 mM CsCl, 90 mM potassium gluconate, 1.8 mM NaCl, 1.7
mM MgCl,, 3.5 mM KCl, 0.05 mM EGTA, 10 mM Hepes, 2 mM
Mg-ATP, 0.4 mM Na,-GTP, and 10 mM phosphocreatine (pH
7.2); 270-290 mOsm; for GABAg responses, the intracellular
solution was 110 mM potassium gluconate, 1.8 mM NaCl, 1.7
mM MgCl,, 23.5 mM KCI, 0.05 mM EGTA, 10 mM Hepes, 2 mM
Mg-ATP, 0.4 mM Na,-GTP, and 10 mM phosphocreatine. As
described before, the transmission from NGFCs is highly sensi-
tive to the firing of presynaptic cells (15). Therefore, to avoid
accidental overexcitation of presynaptic cells during patch for-
mation, we used an extracellular solution with low Ca?* (0.15
mM) to establish whole-cell recordings. Once stable recordings
were obtained from the interneuron and the PC, the low-CaZ*
extracellular solution was changed to normal perfusate, reveal-
ing the presence or absence of synaptic connections between the
two neurons. Unless mentioned otherwise, normal recording
solution was composed of 126 mM NaCl, 2.5 mM KCl, 26 mM
NaHCOs3, 2 mM CaCl,, 2 mM MgCl,, 1.25 mM NaH,PO,, 10
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