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Activity-Dependent Modulation of Layer 1 Inhibitory
Neocortical Circuits by Acetylcholine

Arne Brombas, Lee N. Fletcher, and Stephen R. Williams
Queensland Brain Institute, The University of Queensland, Brisbane, QLD 4072, Australia

Layer 1 neocortical GABAergic interneurons control the excitability of pyramidal neurons through cell-class-specific direct inhibitory
and disynaptic disinhibitory circuitry. The engagement of layer 1 inhibitory circuits during behavior is powerfully controlled by the
cholinergic neuromodulatory system. Here we report that acetylcholine (ACh) influences the excitability of layer 1 interneurons in a
cell-class and activity-dependent manner. Whole-cell recordings from identified layer 1 interneurons of the rat somatosensory neocortex
revealed that brief perisomatic application of ACh excited both neurogliaform cells (NGFCs) and classical-accommodating cells (c-ACs)
at rest by the activation of nicotinic receptors. In contrast, under active, action potential firing states, ACh excited c-ACs, but inhibited
NGEFCs through muscarinic receptor-mediated, IP; receptor-dependent elevations of intracellular calcium that gated surface-membrane
calcium-activated potassium channels. These excitatory and inhibitory actions of ACh could be switched between by brief periods of
NGEFC action potential firing. Paired recordings demonstrated that cholinergic inhibition of NGFCs disinhibited the apical dendrites of
layer 2/3 pyramidal neurons by silencing widespread, GABAj receptor-mediated, monosynaptic inhibition. Together, these data suggest
that the cholinergic system modulates layer 1 inhibitory circuits in an activity-dependent manner to dynamically control dendritic

synaptic inhibition of pyramidal neurons.
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Introduction
Acetylcholine (ACh) is a neuromodulator that influences many
features of neocortical operation, including arousal state, atten-
tion, sensory processing, neuronal plasticity, and associative
learning (Buzsaki et al., 1988; Metherate et al., 1992; Kilgard and
Merzenich, 1998; Détéri et al., 1999; Goard and Dan, 2009; Letz-
kus et al., 2011). Accordingly, the disruption of neocortical ACh
signaling in human disease is associated with cognitive decline
(Bartus et al., 1982; Coyle et al., 1983; Contestabile, 2011).
Cholinergic axons, which predominately originate from the
basal forebrain in rodents, widely innervate all areas and layers of
the neocortex (Mechawar et al., 2000; Arroyo et al., 2012;
Kalmbach et al., 2012), with a particularly high density in neo-
cortical layer 1 (Mechawar et al., 2000). Layer 1 is a unique neo-
cortical layer that is devoid of excitatory neurons, but contains a
rich plexus of axons, the apical dendrites of pyramidal neurons,
and a relatively low density of GABAergic interneurons (Winer
and Larue, 1989; Prieto et al., 1994). Layer 1 interneurons form
cell-class specific circuits in the neocortex (Chu et al., 2003; Letz-
kus et al., 2011; Wozny and Williams, 2011; Arroyo et al., 2012;
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Jiang et al., 2013). One class of layer 1 interneurons, neuroglia-
form cells (NGFCs), provide a direct source of apical dendritic
inhibition to layer 2/3 and layer 5 pyramidal neurons by the
activation of GABAy receptors (Tamas et al., 2003; Olah et al.,
2009; Wozny and Williams, 2011; Palmer et al., 2012; Jiang et al.,
2013), whereas other classes of layer 1 interneurons predomi-
nately disinhibit pyramidal neurons through disynaptic circuits
(Christophe et al., 2002; Letzkus et al., 2011; Arroyo et al., 2012;
Jiang et al., 2013). Activation of layer 1 interneurons by the basal
forebrain cholinergic system has been found to be a key compo-
nent of the neuronal circuitry underlying forms of associative
learning (Letzkus et al., 2011). Consistent with this, synaptic ACh
release or exogenous application excites layer 1 interneurons by
the activation of nicotinic ACh receptors (nAChRs; Christophe et
al., 2002; Letzkus et al., 2011; Arroyo et al., 2012). However, little
attention has been paid to the cell-class specificity or activity
dependence of the cholinergic control of layer 1 interneurons,
despite their cell-type-specific network operations (Jiang et al.,
2013). Notably, somatic aversive stimuli, which engage cholin-
ergic mechanisms, differentially controls the excitability of layer 1
interneurons distributed across functionally unrelated neocorti-
cal areas, leading to either the transient enhancement or long-
lasting inhibition of action potential output (Letzkus etal., 2011).
Here we investigate the cell-type-specific control of layer 1
interneurons and interneuronal circuits by ACh. We find that
NGEFCs, but not other classes of layer 1 interneurons, are tran-
siently excited by ACh when quiescent, but are inhibited for long
time periods when electrically active, revealing an activity-
dependent signaling role of ACh, which controls the pattern of
dendritic synaptic inhibition received by pyramidal neurons.
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Materials and Methods

Brain-slice preparation. Male Wistar rats (P24
to P31) were decapitated under deep isoflurane
anesthesia in accordance with the guidelines of
the Animal Ethics Committee of the University
of Queensland. The brain was quickly removed
from the skull and placed into ice-cold artificial
CSF (aCSF) of the following composition (in
mM): NaCl 125, NaHCO; 25, KCl 3, NaH,PO,
1.25, CaCl, 1, MgCl, 6, sodium pyruvate 3, and
glucose 25, saturated with 95% O, and 5%
CO,. Coronal sections (300 wm) of the so-
matosensory cortex were made and brain-
slices incubated at 34°C for 30 min and then
stored at room temperature.

Whole-cell recordings. Individual brain-slices
were transferred to a recording chamber and
perfused with a solution of the following com-
position (in mm): NaCl 125, NaHCO; 25, KCl
T - - 3, NaH,PO, 1.25, CaCl, 2, MgCl, 1, sodium
pyruvate 3, and glucose 25, saturated with 95%
0O, and 5% CO, at 34-36°C. Single, double,
and triple whole-cell recordings were made
from the somata of identified somatosensory
neocortical neurons imaged under video en-
hanced differential interference contrast mi-
croscopy. Pipettes were filled with a solution
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Figure 1.

potential firing (250 ms time bins). ACh was applied at time 0.

Table 1. Electrophysiological and morphological properties of NGFCs and c-ACs
NGFCs (n) c-ACs (n)
=770 £ 0.5mV (72) =759 £ 0.73mV (31)

109.3 £ 3.8 M2 (72) 123.2 £ 6.0 MQ (31)
0.42 = 0.06 (72) —0.42 = 0.07 (34)

Resting membrane potential

Apparent input resistance

Action potential
accommodation index

Action potential —24.9 = 0.4mV (68) —15.2 £ 0.9mV(28)
after-hyperpolarization
Dendritic field area 0.013 = 0.006 mm? (5) 0.041 = 0.007 mm? (7)

0.191 = 0.036 wm ' (5)  0.064 = 0.014 um ' (7)

Analysis revealed that interneuronal classes could be divided electrophysiologically by statistically significant dif-
ferences in apparent input resistance (measured in response to a —20 pA current step; Students ¢ test: T = 1.99,
p = 0.0483), action potential accommodation index (calculated as the ratio of the first and last interspike interval,
in response to positive current steps of magnitude set to the rheobase for the generation of repetitive action
potential firing; Mann—Whitney test: U = 73.5, p << 0.0001), and the amplitude of the action potential after-
hyperpolarization (measured from single action potential generated at rheobase; Students ¢ test: 7= 12.28,p <
0.0001). Morphological analysis revealed that the dendritic field area (Students ¢ test: T = 2.76, p = 0.02) and
axonal density (total axonal length/axonal field area; Students t test: T = 3.70,p = 0.0041) of interneuronal classes
were significantly different. Values represent mean = SEM.

Axonal density

Cell-type-specific activity-dependent inhibition of layer 1 interneurons by Ach. A, The iontophoretic application of
AcCh (bottom trace, 100 mwm, 20 ms) silences ongoing action potential firing in a NGFC. In contrast, ACh generates excitatory
responses at the indicated, subthreshold holding potentials. The anatomical reconstruction of a NGFCis shown in the inset. The
soma and dendrites are shown in black and the axon in gray. B, Excitation, but not inhibition of a ¢-AC by the iontophoretic
application of ACh (bottom trace, 100 mm, 20 ms). Inset, The anatomical reconstruction of the c-AC. A, B, The action potential
amplitude has been truncated for clarity. C, D, Summary of the control of ongoing action potential firing by ACh in NGFCs (€) and
¢-AGs (D). Data have been pooled from the indicated number of neurons to generate peristimulus time histograms of action

containing the following (in mm): potassium
“1s gluconate 135, NaCl 7, HEPES 10, Na,-ATP 2,
Na-GTP 0.3, sodium phosphocreatine 10,
MgCl, 2, and occasionally with AlexaFluor 594
0.01 (Invitrogen); pH was adjusted to 7.2-7.3
with KOH. All recordings were made with up
to three identical current-clamp amplifiers
(BVC 700A; Dagan) in “bridge” mode. When
the calcium chelator 1,2-bis(2-aminophenoxy)-
ethance-N,N,N’,N’-tetraacetic acid (BAPTA)
was included in the intrapipette solution, the
3 concentration of potassium gluconate was pro-
portionally reduced. Pipettes had open-tip re-
sistance of between 5 and 7 M(). Somatic
whole-cell series resistance was between 15 and
30 M(). Voltage and current signals were low-
pass filtered (DC to 10 kHz) and acquired at
30-50 kHz. Data were acquired and analyzed
using Axograph software (AxographX).

Unitary inhibitory synaptic transmission
was examined between up to three simultane-
ously recorded neurons. Monosynaptic con-
nectivity was tested by the generation of one to
three presynaptic action potentials, generated
by the delivery of short positive current steps (50 ms, 0.4—1 nA; delivered
at 0.25 Hz). If no connectivity was found, one of the recording electrodes
was withdrawn and a new neuron recorded. To reduce ongoing excit-
atory synaptic transmission 6-cyano-7-nitroquinoxaline-2,3-dione (10
M) was added to the bath solution.

Drug application. Sharp micropipettes (~100 MQ) were filled with
ACh (10-100 mm), connected to a Union-36 iontophoresis pump (Ka-
tion Scientific) and ACh applied (5-30 ms) close to the soma of recorded
neurons (within 10-20 um) using an ejection current (75-200 nA; re-
tention current, 5-20 nA). In depletion-refilling experiments 1 M ACh
was used, to ensure the adequate depletion of internal calcium stores. In
some experiments ACh (100 um, dissolved in aCSF) was applied close to
the soma of recorded neurons by pressure application from pipettes
(similar to those used for whole-cell recordings) connected to a Pico-
spritzer 2 (Parker Instruments) pneumatic pump (1-2 bar for 20-30
ms). Antagonists and channel blockers were bath applied for 10-15 min
before measurement of effects.
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Pharmacology of cholinergic excitation and inhibition of NGFCs. A, The nicotinic ACh receptor antagonist mecamylamine (10 wwm, right) blocks subthreshold excitatory, but

not suprathreshold inhibitory responses evoked by iontophoretic application of ACh (bottom trace, 100 mm, 20 ms). B, Summary of the control of action potential firing by ACh under
control and in mecamylamine (10 wm). Peristimulus time histograms (250 ms time bins) of action potential firing from pooled NGFCs (n = 4 cells) under control conditions (top) and after
the bath application of mecamylamine (bottom). ACh was applied at time 0. €, The muscarinic ACh receptor antagonist telenzepine (100 nm, right) blocks suprathreshold inhibitory, but
not subthreshold excitatory responses evoked by iontophoretic application of ACh (bottom trace, 100 mm, 20 ms). A, C, The action potential amplitude has been truncated for clarity. D,
Summary of the control of action potential firing by ACh under control and in telenzepine (n = 5). E, ACh-evoked excitatory responses in the presence of telenzepine (100 nw) are
attenuated by DHBE (500 nw) and blocked by mecamylamine (10 wm). F, G, Summary of the actions of DHBE (500 nm) on the peak amplitude (F) and decay time constant (G) of

ACh-evoked excitatory responses. Values represent mean % SEM.

Calcium imaging. Whole-cell somatic recordings were made from
physiologically identified NGFCs with pipettes containing the
calcium-sensitive dye Oregon Green BAPTA-6F (20-50 wm; Invitro-
gen) added to the electrode filling solution for 20 min before imaging
with a Zeiss LSM 510 confocal microscope equipped with an Olympus
60X objective. Oregon Green BAPTA-6F was excited at 488 nm and
the resulting fluorescence collected via a 510 nm emission filter. Line
scans across the soma were acquired and analyzed offline with MAT-
LAB (MathWorks). After background subtraction, AF/F was
calculated.

Neuronal reconstruction. Neurons were filled with biocytin (0.5%,
added to the pipette filling solution) and slices fixed overnight in 4%
paraformaldehyde dissolved in 0.1 M sodium PBS, pH 7.4. Subse-
quently, slices were incubated for 6-12 h in PBS supplemented with
2% Triton X-100 and 0.2% streptavidin, AlexaFluor 488 conjugate
(Invitrogen) at 4—6°C. After washing in PBS, slices were mounted on
slides, covered with ProLong Gold (Invitrogen) and imaged with a
Zeiss LSM 510 confocal microscope. Neuronal morphology was re-
constructed from confocal image stacks using Neurolucida software
(MBF Bioscience).

Results

Activity-dependent cholinergic control of layer

1 interneurons

Whole-cell current-clamp recording techniques were used to
investigate the cholinergic control of layer 1 inhibitory in-
terneuronal networks of the rat somatosensory cortex (Fig. 1).
We focused our analysis on the two most numerous classes of
layer 1 interneurons, NGFCs, and classical accommodating cells

(c-ACs; Wozny and Williams, 2011), which could be readily
identified morphologically and electrophysiologically (Table 1).

To examine the cholinergic control of the excitability of layer
1 interneurons we focally applied ACh by iontophoresis (10—100
mM, 5-30 ms) to sites close to the soma (Fig. 1 A, B). When re-
corded at resting membrane potential (RMP), the iontophoretic
application of ACh transiently depolarized both NGFCs and
c-ACs (Fig. 1A,B; NGFCs: amplitude = 7.4 = 0.9 mV, half-
width = 0.21 = 0.04 s, n = 24, n = 24 slices, n = 16 animals;
c-ACs: amplitude = 11.5 = 1.5 mV, half-width = 0.18 = 0.04 s,
n =13, n = 13 slices, n = 7 animals). ACh-evoked depolarizing
responses were sufficient to transiently generate action potential
firing in both NGFCs and ¢-ACs when the membrane was depo-
larized by the injection of tonic positive current through the re-
cording electrode (Fig. 1A,B; NGFCs: —49.1 = 2.2 mV, n = 15,
n = 15 slices, n = 13 animals; c-ACs: —48.8 = 2.2 mV, n = 12,
n = 12 slices, n = 7 animals). Under conditions of repetitive
action potential firing, however, ACh first transiently enhanced,
and then silenced the neuronal output of NGFCs for long periods
of time (Fig. 1A,C; 2.5 = 0.18 s; n = 24, n = 24 slices, n = 16
animals), by the generation of large membrane hyperpolarization
(—12.9 = 0.8 mV). In contrast, ACh simply augmented the
ongoing action potential firing rate, and did not lead to the inhi-
bition of c-ACs (Fig. 1 B, D). These cell-class and activity-dependent
actions of ACh were reproduced when ACh was applied by pressure
application to perisomatic sites (100 uMm, 20—-30 ms; NGFC excita-
tion from resting membrane potential = 1.82 = 1.24 mV; NGFC
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Figure3. Intracellular calcium controls ACh-evoked inhibition of NGFCs. 4, The iontophoretic application of ACh (bottom trace,

100 mm, 20 ms) silences ongoing action potential firing of a NGFC recorded with a pipette filled with normal internal solution. This
inhibitory action was abolished when the NGFC was repatched with a pipette filled with an internal solution containing the
calcium-chelator BAPTA (10 mw, gray trace). B, Summary of the abolition of the inhibitory actions of ACh by BAPTA (gray bars, n =
8 cells). Data have been pooled to generate peristimulus time histograms of action potential firing (250 ms time bins). ACh was
applied at time 0. C, Repatching NGFCs with pipettes containing standard intrapipette solution does not disturb the inhibitory
actions of ACh (gray bars, n = 5). D, Simultaneous voltage (gray traces) recording and Oregon green BAPTA-6F (AF/F black traces)
imaging show that ACh-evoked inhibition of action potential firing is accompanied by a rise in intracellular calcium, whereas
subthreshold excitatory responses are not. ACh was delivered by iontophoresis (bottom trace, 100 mu, 20 ms). E, Linear relation-
ship between the time course of ACh-evoked inhibition of action potential firing and calcium signaling. Data are from multiple trials
in 15 NGFCs evoked by ACh iontophoresis. The line represents a linear regression. F, Area of ACh-evoked Oregon Green BAPTA-6F
signals (AF/F - s) asa function of holding voltage (mV) for the cell shown in D (Thresh. refers to action potential firing threshold).G,
Summary of the area of ACh-evoked Oregon green BAPTA-6F signals (AF/F - s) at RMP and threshold (Thresh; n = 16 cells). Values
representmean = SEM. H, The broad-spectrum calcium channel antagonist cadmium (50 ) blocks the inhibitory actions of ACh.
A, D, H, The action potential amplitude has been truncated for clarity. /, Summary of the abolition of the inhibitory actions of ACh
by cadmium (right, n = 7 cells). Data have been pooled to generate peristimulus time histograms of action potential firing (250 ms
time bins). ACh was applied at time 0.

inhibition of repetitive action potential firing: 1.24 = 0.31 s; n = 6,
n = 6 slices, n = 5 animals; data not shown). Thus, under excited
action potential firing states, ACh selectively and powerfully inhibits
the neuronal output of NGFCs.
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Pharmacology of cholinergic excitation
and inhibition in NGFCs

To dissect the activity-dependent actions
of ACh in NGFCs, we explored the re-
ceptor systems mediating excitatory and
inhibitory responses (Fig. 2). The bath
application of the broad-spectrum nAChR
antagonist mecamylamine (10 um) blocked
cholinergic excitation of NGFCs, reduc-
ing the amplitude of ACh-evoked depo-
larizing potentials (Fig. 2A; amplitude
control: 9.5 £ 2.2 mV; mecamylamine:
1.8 = 0.7 mV; paired ttest: T = 5.139; p =
0.0143,n = 4,n = 4slices, n = 3 animals),
but did not alter ACh-mediated inhibi-
tion of action potential firing (Fig. 2A, B).
Consistent with previous findings (Ar-
royo et al., 2012; Bennett et al., 2012) we
observed that ACh-evoked excitatory re-
sponses were attenuated by the non-a7
nAChR antagonist dihydro-B-erythroidine
(DHPE, 500 nwm; Fig. 2E, F; peak ampli-
tude significantly different from control;
paired ttest: T = 10.72; p = 0.0001,n = 6,
n = 6 slices, n = 5 animals). In the pres-
ence of DHBE, ACh evoked small ampli-
tude depolarizing responses with fast
kinetics that were sensitive to the broad-
spectrum nAChR antagonist mecamyl-
amine (10 wMm; Fig. 2E,G; decay time
constant significantly different from con-
trol; paired ¢ test: T = 9.233; p = 0.0003,
n = 6,n = 6 slices, n = 5 animals). The
resistance of ACh-evoked inhibition to
nAChR antagonists suggests that cholin-
ergic inhibition of NGFCs may be medi-
ated by the activation of muscarinic ACh
receptors (mAChRs). To test this, we bath
applied the specific M1 mAChR antago-
nist telenzepine (100 nm). Telenzepine
blocked ACh-evoked inhibition of action
potential firing in NGFCs, without alter-
ing cholinergic excitation (Fig. 2C,D;
control: 3.46 * 1.14 mV; telenzepine
3.36 = 0.34 mV; paired t test: T =
0.09,997; p = 0.9267, n = 4, n = 4 slices,
n = 4 animals). Consistent with previous
work (Christophe et al., 2002; Letzkus et
al,, 2011; Arroyo et al, 2012), ACh-
evoked excitation of c-ACs was mediated
by the activation of nAChRs (amplitude
control: 9.33 = 1.68 mV; mecamylamine:
0.53 = 0.21 mV; paired ¢ test: T = 5.34;
p =0013, n =4, n = 4 slices, n = 2
animals; data not shown).

We next explored whether the cholin-
ergic control of NGFCs was specific to
layer 1 of the neocortex. NGFCs are dis-
tributed throughout the neocortex, but

are predominately located in supragranular layers (Markram et
al., 2004). The focal application of ACh to physiologically and
morphologically identified NGFCs in layers 2 and 3 of the neo-
cortex generated activity-dependent responses closely resem-
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bling those observed from layer 1 NGFCs A Control

(ACh depolarization from rest = 5.68 *=

1.49 mV; ACh inhibition of repetitive ac- |20 Y
m

tion potential firing: amplitude
—14.39 £ 1.11 mV, half-width = 1.58 =
0.11s;n = 16, n = 16 slices, n = 13 ani-
mals; data not shown), indicating that the
activity-dependent cholinergic control of
NGEFCs is cell-class-specific, but not
layer-specific.

+ Thapsigargin (10 uM)

Intracellular calcium signaling controls
mAChR-mediated inhibition !
M1 mAChRs are coupled with Gq path- ACh
ways, phosphatidylinositol turnover, and
the control of intracellular calcium in
other neuronal systems (Caulfield and
Birdsall, 1998). To test the involvement of
these components in the cholinergic con-
trol of NGFCs we first investigated
whether ACh-evoked inhibition was de-
pendent on the level of free intracellular
calcium. NGFCs were first recorded with
pipettes filled with a standard intrapipette solution, and exhibited
robust ACh-mediated silencing of NGFC neuronal output (Fig.
3 A, B). Neurons were then repatched with pipettes filled with an
intrapipette solution containing the fast calcium chelator BAPTA
(Adler et al., 1991; 10 mm; Fig. 3A). The dialysis of NGFCs with
BAPTA resulted in the blockade of the inhibitory actions of ACh,
transforming the long ACh-evoked period of action potential
silencing, to a weak enhancement of neuronal output (Fig. 3A, B;
n = 8,n = 8slices, n = 6 animals). In contrast, when NGFCs were
repatched with pipettes containing normal intrapipette solution,
ACh-evoked inhibition was not altered (Fig. 3C; n = 5, n = 5
slices, n = 2 animals).

To directly visualize the relationship between intracellular cal-
cium and ACh-evoked inhibition of NGFC we used simultaneous
electrophysiological and confocal imaging techniques. Calcium
imaging revealed that the ACh-evoked inhibition of ongoing ac-
tion potential firing was accompanied by a significant elevation of
intracellular calcium, the time course of which was correlated
with the period of action potential silencing (Fig. 3D,E; r* =
0.7641; calcium-sensitive dye Oregon Green BAPTA-6F, 20-50
uM). In contrast, to the behavior observed during active states,
the activation of AChRs from RMP evoked depolarizing poten-
tials unaccompanied by measurable calcium signaling (Fig. 3D;
RMP: 0.02 = 0.02 AF/F - s; threshold: 0.97 = 0.02 AF/F - s; paired
ttest: T = 9.513, p < 0.0001, n = 16, n = 16 slices, n = 10
animals). To explore the voltage dependency of this relationship
we generated ACh responses across a wide voltage range, con-
trolled by the tonic passage of current delivered through the
recording electrode. Significant ACh-evoked elevation of intra-
cellular calcium was only apparent at membrane potentials close
to action potential initiation threshold (Fig. 3F,G; n = 16,n = 16
slices, n = 10 animals), suggesting that the time- and voltage-
dependent recruitment of ion channels is necessary for the ex-
pression of ACh-evoked inhibition.

To investigate the ion channels involved in the inhibitory ac-
tions of ACh we generated ACh responses in the presence of the
broad-spectrum calcium channel antagonist cadmium (50 um).
The bath application of cadmium abolished ACh-evoked silenc-
ing of action potential firing in NGFCs, and replaced long dura-
tion hyperpolarizing responses by the slow enhancement of

2s

Figure 4.

represent mean = SEM.
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neuronal output (Fig. 3H,I; n = 7,n = 7 slices, n = 3 animals). In
contrast, the sodium channel blocker tetrodotoxin did not pre-
vent mACHR-mediated inhibition of NGFCs (TTX, 1 uMm; Fig.
4). Notably, we found that large amplitude hyperpolarizing re-
sponses and associated calcium signals could be readily evoked in
the absence of action potential firing when NGFCs were held at
depolarized membrane potentials (Fig. 4C; membrane potential
in TTX = —34.7 £ 2.5 mV; hyperpolarization = —14.4 * 3.58
mV; n = 4, n = 4 slices, n = 4 animals).

We next examined whether calcium release from intracellular
stores was also a necessary component of ACh-evoked inhibition
of NGFCs. To test this we emptied intracellular calcium stores
pharmacologically by applying the endoplasmic reticulum cal-
cium ATPase thapsigargin (Treiman et al., 1998). Bath applica-
tion of thapsigargin (10 um) completely blocked ACh-evoked
inhibition of action potential firing in NGFCs, and unmasked a
pronounced excitatory response (Fig. 4A,B; n = 4, n = 4 ani-
mals). As calcium release from intracellular stores is controlled by
Ryanodine-sensitive and IP;-sensitive receptors (IP;Rs; Berridge,
2002), and M1 mAChRs are linked to phosphatidylinositol turn-
over (Caulfield and Birdsall, 1998), we tested the role of IP;R
activation in mAChR signaling in NGFCs. The bath application
of the IP;R inhibitor 2-aminoethoxydiphenylborane (2-APB, 100
uM), in the presence of TTX (1 uMm) decreased the voltage integral
of ACh-evoked hyperpolarizing responses (control = —24.3 =
5.6mV -s;2-APB = —0.6 = 2mV - s; paired t test: T = 3.575;p =
0.0374, n = 4, n = 4 animals) and associated calcium signals (Fig.
4C-E; control = 0.9 = 0.2 AF/F-s; 2-APB = 0.2 = 0.1 AF/F-s;
ratio paired ftest: T = 5.361; p = 0.0127, n = 4, n = 4 animals).
Together these data suggest that the inhibitory actions of ACh are
mediated by the time- and voltage-dependent refilling of intra-
cellular stores by calcium entry during repetitive action potential
firing.

To examine the impact of the physiological refilling of intra-
cellular calcium stores we used simultaneous calcium imaging
and electrophysiological recording to demonstrate that a period
of repetitive action potential firing was required to refill intracel-
lular calcium stores to allow the expression of both ACh-evoked
inhibition and calcium signaling (Fig. 5A; n = 5, n = 5 slices, n =
4 animals). When refilling did not take place, by returning the
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Figure 5.  Depletion and refilling of internal calcium stores controls cholinergic inhibition of

NGFCs. A, lllustration of the experimental paradigm. ACh was iontophoretically applied (1u, 20
ms) after 7 s of repetitive action potential firing and evoked a pronounced hyperpolarization
(gray trace) together with an Oregon green BAPTA-6F signal (black trace). To investigate the
role of action potential-dependent calcium store refilling, the membrane voltage was either
stepped back to resting membrane potential (depletion) or the NGFCs were allowed to fire
action potentials for a further 7 s (refilling). In both cases, the inhibitory actions of ACh were
re-examined at times following the reintroduction of repetitive action potential firing (test
responses). B, In the depleted case (left), an ACh test response generated 50 ms after the
reintroduction of repetitive action potential firing did not silence neuronal output (gray trace)
and evoked a small amplitude Oregon green BAPTA-6F signal (black trace). In contrast, after 5 s
of repetitive action potential firing the inhibitory actions of ACh were restored. In the refilling
case (right), the inhibitory actions of ACh were time-independent. 4, B, The action potential
amplitude has been truncated for clarity. ¢, D, Time-dependent recovery of ACh-evoked Oregon
green BAPTA-6F signals (C; gray symbols) and the time course of ACh-evoked silencing of action
potential firing following depletion (D; gray symbol), but time-independent Oregon green
BAPTA-6F signals (C; black symbols) and inhibition following refilling (D; black symbols; n = 5
NGFCs). Values represent mean = SEM.

membrane potential of NGFCs to RMP following a conditioning
ACh inhibitory response (Fig. 5B, depleted), we observed that the
inhibitory actions of ACh and ACh-evoked rises in intracellular
calcium progressively increased during test responses, generated
at variable times after the reintroduction of repetitive action po-
tential firing (Fig. 5C,D). In contrast, when intracellular calcium
stores were refilled by a period of action potential firing immedi-
ately following the conditioning ACh response (Fig. 5B, refilling),
both the inhibitory actions of ACh and ACh-evoked calcium sig-
naling were time-independent after the reintroduction of repet-
itive action potential firing (Fig. 5C,D). To directly demonstrate
the physiological refilling of intracellular stores is responsible for
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the switching between net excitatory and inhibitory ACh re-
sponses, we iontophoretically applied ACh to NGFCs held at
subthreshold membrane potentials resulting in the generation of
depolarizing responses (Fig. 6 A, B; voltage integral = 3.8 = 0.65
mV - s; membrane potential = —56.5 £ 1.4 mV;n = 13, n = 13
slices, n = 9 animals). A train of 100 action potentials was then
generated, and the ACh response re-examined, revealing the gen-
eration of a net inhibitory response (Fig. 6 A, B; voltage integral =
—8.9 = 1.77 mV -s). Thus, the physiological filling of calcium
stores is a critical determinant of the inhibitory actions of ACh in
NGECs.

ACh-evoked inhibition is mediated by calcium-activated
potassium channels

The intricate control of ACh-evoked calcium signaling in NGFCs
suggests that the activity-dependent inhibitory actions of ACh are
mediated by calcium-dependent effector mechanisms. We there-
fore explored whether calcium-activated potassium channels are
involved in the inhibition of NGFCs. Previous evidence has in-
dicted intracellular calcium activates SK potassium channels in
central neurons (Adelman et al., 2012). To investigate the impact
of SK channels on ACh-evoked inhibition in NGFCs, we applied
the specific SK-channel inhibitor apamin (Kohler et al., 1996).
Bath application of apamin (100 nm) completely and irreversibly
blocked the inhibitory actions of ACh, converting the powerful
and sustained silencing of action potential firing to an excitatory
response (Fig. 6C,D; n = 6, n = 6 slices, n = 6 animals). Our
results therefore indicate that the activity-dependent cholinergic
inhibition of NGFCs is mediated by the M1 mAChR-dependent
release of calcium from intracellular stores, which gates surface-
membrane SK channels.

Activity-dependent modulation of synaptic inhibition

The class- and activity-dependent control of the excitability of
layer 1 interneurons by ACh suggests that cholinergic modula-
tion may influence the inhibitory synaptic outflow of layer 1. To
examine this, we made paired recordings between identified
classes of layer 1 interneurons and layer 2/3 pyramidal neurons.
Single action potential firing of NGFCs inhibited layer 2/3 pyra-
midal neurons by the generation of slowly rising and decaying
unitary IPSPs (uIPSPs) (Fig. 7 A, B; ulPSP amplitude: —0.58 =
0.1 mV, half-width 237 = 21 ms; n = 19, n = 19 slices, n = 14
animals). uIPSPs were found to be mediated by the activation of
GABA, and GABAy receptors, with pharmacological analysis
showing that the GABAj receptor-dependent component under-
lay >65% of the area of ulPSPs (Fig. 7A, C). During repetitive
action potential firing, slow NGFC-evoked ulPSPs summated to
produce synaptic inhibition that silenced the current-evoked on-
going action potential firing of postsynaptic layer 2/3 pyramidal
neurons (Fig. 7D,E). To investigate the impact of ACh on the
synaptic output of layer 1 interneurons, we first verified that the
activation of nAChRs could drive uIPSPs in postsynaptic layer
2/3 pyramidal neurons. The local perisomatic delivery of ACh to
the soma of NGFCs held at subthreshold membrane potentials
drove ulPSPs in pyramidal neurons with properties indistin-
guishable from those evoked by direct somatic current injection
(Fig. 7 F, G; current-evoked ulPSP amplitude: —0.99 * 0.37 mV;
ACh-evoked ulPSP amplitude: —0.98 * 0.38 mV; paired ¢ test:
T =0.064; p = 0.95,n = 5,n = 5slices, n = 4 animals). Similarly,
cholinergic- or current-evoked action potential firing of NGFCs
directly inhibited c-ACs (uIPSP amplitude: —0.85 = 0.12 mV;
n = 5 connections, n = 5 slices, n = 5 animals, data not shown).
In contrast, when nAChRs were blocked by bath application of
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(ACh-evoked ulPSP amplitude: —0.54 *
0.10 mV; n = 8, n = 8 animals; data not
shown). Notably, we found that c-ACs

N

frequently inhibited NGFCs (uIPSP am- ~58 mV / 100pA

plitude: —0.70 £ 0.12 mV; n = 5 con- '

nected pairs, n = 5 animals), but rarely ACh
layer 2/3 pyramidal neurons (n = 1 con- C
nection). A finding consistent with previ-
ous reports (Christophe et al., 2002;
Wozny and Williams, 2011), and the con-
finement of the axonal arbor of c-ACs to
layer 1, which together suggest that
c-ACs may selectively innervate layer 1
interneurons.

Finally, we tested whether the cholin-

Control

Apamin (100 nM)

ergic modulation of the inhibitory synap- Aé:h
tic output of NGFCs could be controlled
in an activity-dependent manner. To do Figure 6.

this we first applied ACh to the soma of
quiescent NGFCs, leading to the genera-
tion of subthreshold excitatory responses,
which did not inhibit direct current-
evoked action potential firing (Fig. 8A-D;
test ACh response; n = 7 connections, n =
7 animals). Action potential firing was
then evoked by the repeated delivery of
positive current steps, which reliably
drove postsynaptic inhibition of layer 2/3 pyramidal neurons,
indicating that NGFC to layer 2/3 inhibitory synapses can sustain
transmission during repetitive activation (Fig. 8A—D). Following
a period of action potential firing, the application of ACh inhib-
ited NGFCs, suppressing current-evoked action potential firing
and synaptic release (Fig. 8A-D; conditioned ACh response).
Thus, the activity-dependent cholinergic modulation of NG-
FCs dramatically impacts the inhibitory synaptic control of the
apical dendrites of layer 2/3 pyramidal neurons.

Discussion

Previous work has shown that ACh excites layer 1 GABAergic
interneurons through the activation of nAChRs (Christophe et
al., 2002; Letzkus et al., 2011; Arroyo et al., 2012; Bennett et al.,
2012). Our results demonstrate that the actions of ACh in this
neocortical layer are more complex. We confirm previous obser-
vations that layer 1 interneurons are excited at resting membrane
potential predominately by the activation of non-a7 nAChRs,
suggesting that the local perisomatic iontophoretic application of
ACh replicates the synaptic release of ACh (Arroyo et al., 2012;
Bennett et al., 2012). However, as layer 1 interneurons fire trains
of action potentials in vivo (Letzkus et al., 2011; Palmer et al.,
2012; Jiang et al., 2013), we investigated the actions of ACh dur-
ing the generation of action potential firing in vitro. Under these
conditions, cholinergic signaling in layer 1 of the neocortex was
interneuron class-dependent. ACh transiently augmented the ac-
tion potential firing of c-ACs, but inhibited the firing of NGFCs
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Activity-dependent cholinergic inhibition of NGFCs is mediated by SK potassium channels. 4, Action potential firing
transforms ACh signaling. The top trace shows the transformation of ACh signaling from excitatory to inhibitory following a period
of action potential (AP) firing (100 APs evoked at 17 Hz). ACh was applied iontophoretically (bottom trace, 100 mm, 20 ms). The
middle voltage trace shows the sequential generation of excitatory responses by ACh in the absence of AP firing. B, Pooled data
describing the voltage integral of ACh responses evoked before (open bar) and after (gray bar) AP firing. Values represent mean ==
SEM. €, ACh-evoked silencing of AP firing is prevented by the blockade of SK potassium channels with apamin (100 nm). ACh
delivered by iontophoresis (bottom trace, 100 mu, 20 ms). 4, €, The action potential amplitude has been truncated for clarity. D,
Summary of the control of ongoing AP firing under control and in the presence of apamin (right). Data have been pooled to
generate peristimulus time histograms of AP firing (250 ms time bins). ACh was applied at time 0.

for long time periods. This interneuron class-dependent pattern
of cholinergic signaling is compatible with findings made from
unidentified layer 1 interneurons in vivo (Letzkus et al., 2011);
where aversive somatic stimulation, which engages cholinergic
mechanisms, has been found to either transiently augment or
inhibit for long time periods the ongoing action potential firing
rate of extracellularly recorded layer 1 interneurons.

Mechanism of cholinergic inhibition of NGFCs
The inhibitory actions of ACh in NGFCs were mediated by
the activation of M1 mAChRs, which triggered an IP; receptor-
dependent release of calcium from intracellular stores. The
correlation between the time course of directly imaged M1
mAChR-evoked calcium release and the inhibition of action po-
tential firing, together with the blockade of cholinergic inhibition
by the antagonism of voltage-gated calcium channels, and the
pharmacological and functional depletion of intracellular cal-
cium stores, suggests that store calcium filling and release plays
an essential role in the direct cholinergic inhibition of NGFCs.
Our data indicates that M1 mAChR-triggered calcium release
from intracellular stores, which may be augmented by the syner-
gistic interaction between IP; receptor activation and calcium
entry (Stutzmann et al., 2003), forms a calcium signal which
activates SK calcium-activated potassium channels.

SK calcium-activated potassium channels are exclusively
gated by intracellular calcium (Adelman et al., 2012). Previous
observations in hippocampal CA1 pyramidal neurons have, how-
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Figure 7. NGFCs drive powerful postsynaptic inhibition. A, Current-evoked single action

potential firing of a NGFCevokes unitary IPSPs in a postsynaptic layer 2/3 pyramidal neuron that
are substantially inhibited by a GABA; receptor antagonist (red trace; CGP 55845, 10 wum). B,
Cumulative probability distribution of the peak amplitude of single action potential evoked
unitary IPSPs in NGFC—layer 2/3 pyramidal neuron pairs (n = 437 IPSPs, n = 19 connections).
C, Summary of the actions of CGP 55845 (10 ) on the area of single action potential-evoked
unitary IPSPs (n = 7 connections). D, Repetitive current-evoked NGFC action potential firing
evokes summating IPSPs in a postsynaptic layer 2/3 pyramidal neuron that are sensitive to
GABA receptor antagonist (CGP 55845, 10 wum; SR-95531, 10 um). E, Current-evoked NGFC
IPSPs silence action potential firing in a postsynaptic layer 2/3 pyramidal neuron (n = 14
overlain traces). Tonic action potential firing of the pyramidal neuron was evoked by the deliv-
ery of positive current (130 pA). F, ACh-evoked depolarization drives single action potential
firing of NGFCs and postsynaptic IPSPs in layer 2/3 pyramidal neurons (red traces), with the
same properties as current-evoked action potentials (black traces). ACh was delivered by ion-
tophoresis (100 mm, 20 ms). G, Cumulative probability distribution of ACh- and current-evoked
unitary IPSPs (n = 60 IPSPs, n = 5 connections). H, Muscarinic receptor-mediated ACh inhibi-
tion silences current-evoked action potential firing and the inhibitory synaptic output of NGFCs.
Control responses show current-evoked NGFC action potential firing (top black trace) which
drives postsynaptic inhibition (bottom black trace). The iontophoretic delivery of ACh (100 mw,
20 ms) in the presence of the nACHR antagonist mecamylamine (10 ) leads to the generation
of a hyperpolarization, which inhibits current-evoked action potential firing and postsynaptic
inhibition (red traces). E, H, The action potential amplitude has been truncated for clarity. I,
Pooled data describing the normalized peak amplitude of IPSPs evoked by bursts of action
potentials in NGFC—Ilayer 2/3 pyramidal neuron pairs (black symbols), which were silenced by
the iontophoretic delivery of ACh (red symbols; 100 mm, 20 ms). Data have been pooled from
n = 4 connections. C, I, Values represent mean = SEM.

ever, indicated that the activation of mAChRs leads to a reduction
of SK potassium channel activity, through the second messenger
tuning of the calcium sensitivity of these channels (Buchanan et
al., 2010; Giessel and Sabatini, 2010). In contrast, the transient
activation of mAChRs in neocortical pyramidal neurons and
midbrain dopaminergic neurons has been found to gate the acti-
vation of SK channels through the elevation of intracellular cal-
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cium by its release from intracellular stores (Fiorillo and
Williams, 2000; Gulledge and Stuart, 2005; Gulledge et al., 2009).
These contrasting actions of ACh on SK channel activation may
reflect the spatiotemporal profile of mAChR signaling. Consis-
tent with this, the inhibitory actions of ACh in midbrain dopa-
minergic neurons are predominately expressed following the
phasic activation of mAChRs (Fiorillo and Williams, 2000). Our
results indicate that the phasic activation of AChRs in NGFCs
powerfully activates SK calcium-activated potassium channels to
produce inhibition, which dominates over nAChR-mediated ex-
citation, to silence action potential firing.

Potential functional consequences

Neurogliaform cells are the source of GABA receptor-mediated
inhibition in the neocortex, controlling large assemblies of post-
synaptic neurons by the release of GABA as a volume transmitter
(Tamds et al., 2003; Oldh et al., 2009). Layer 1 NGFCs are there-
fore strategically placed in the neocortical microcircuit to influ-
ence apical dendritic integration in assemblies of layer 2/3 and
layer 5 pyramidal neurons, because of the intersection of the
axonal nest of NGFCs with the apical dendrites of pyramidal
neurons. Direct electrical recording and imaging approaches
have shown that active apical dendritic integration powerfully
influences the action potential output of neocortical pyramidal
neurons (Kim and Connors, 1993; Larkum et al., 1999; Williams
and Stuart, 2002; Larkum et al., 2007; Harnett et al., 2013). Apical
dendritic targeting interneurons have therefore been suggested to
influentially control pyramidal neuron output, particular during
correlative integrative operations (Larkum et al., 1999; Mu-
rayama et al., 2009; Jiang et al., 2013) that underlie the processing
of top-down signals (Larkum, 2013) in the neocortex, conveyed
by corticocortical connections that heavily innervate layer 1
(Cauller et al., 1998; Mao et al., 2011; Larkum, 2013). Consistent
with a role of NGFCs in the control of top-down signaling, the
electrical stimulation of layer 1, and the activation of corticocor-
tical and nonspecific thalamocortical pathways drives NGFCs
(Pérez-Garci et al., 2006; Cruikshank et al., 2012; Palmer et al.,
2012; Lee et al., 2013). This provides a substrate for the powerful
and long-lasting GABAj receptor-mediated inhibition of apical
dendritic integration and calcium electrogenesis in pyramidal
neurons (Pérez-Garci et al., 2006, 2013; Palmer et al., 2012).

In awake and behaving animals, however, imaging techniques
have revealed the generation of widespread calcium electrogene-
sis in the apical dendritic arbor of pyramidal neurons (Murayama
and Larkum, 2009; Xu et al., 2012), suggesting that mechanisms
exist to control the impact of NGFC-mediated GABAj receptor-
dependent inhibition under physiological conditions. One pos-
sibility is that the coordinated activity of interneuronal circuits
controls the excitability of NGFCs. Consistent with this we find
that layer 1 c-ACs directly inhibit NGFCs, supporting previous
findings that cholinergic excitation of interneuron targeting layer
1 interneurons drives disinhibitory circuits (Christophe et al.,
2002; Letzkus et al., 2011; Arroyo et al., 2012).

We suggest that direct cholinergic inhibition may contribute
to the inhibitory control of NGFCs. Notably, ACh levels in the
neocortex are dependent on arousal state, and increase during
attentive behavior (Giovannini et al., 2001), providing an
attention-related signal for the cholinergic inhibition of NGFCs,
and so the disinhibition of the apical dendrites of pyramidal neu-
rons. The activity-dependent nature of the cholinergic modula-
tion of NGFCs indicates that such disinhibition will only occur
when NGFCs are engaged by network operations. Our results
therefore suggest that the cholinergic inhibition of NGFCs, and
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so the silencing of direct feedforward A 20 mV
monosynaptic GABAj receptor-mediated 1 nA
inhibition of the apical dendritic arbor of

pyramidal neurons, will operate in paral- L_

lel with the cholinergic excitation of other e T r T

layer 1 inhibitory circuits that disinhibit I T I I I Y I I I I A O A B
proximal dendritic sites of pyramidal L L
neurons through disynaptic pathways ACh —_— ACh
(Christophe et al., 2002; Letzkus et al., 10s

2011; Arroyo et al., 2012). Further work ACh - test Activity ACh - conditioned

will be required to investigate the con-
certed role that the cholinergic system
plays in the modulation of these, and
other interneuronal circuits (Lee et al.,
2013; Pi et al., 2013), in particular those
that control Somatostatin-positive cells,
which provide feedback GABA , receptor-
mediated apical dendritic inhibition of
pyramidal neurons (Silberberg and
Markram, 2007; Murayama et al., 2009).
In summary, our results contribute to the
description of the cholinergic modulation
of interneuronal circuits (McCormick
and Prince, 1986; Kawaguchi, 1997; Xiang
et al., 1998; Porter et al., 1999), which in
concert with the direct modulation of py-
ramidal neurons (Gulledge and Stuart,
2005; Gulledge et al., 2009) dynamical in-
fluence information processing in the
neocortical network.
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