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Cholinergic activation of nicotinic receptors in the cortex plays a critical role in arousal, attention, and learning. Here we demonstrate that
cholinergic axons from the basal forebrain of mice excite a specific subset of cortical interneurons via a remarkably slow, non-�7 nicotinic
receptor-mediated conductance. In turn, these inhibitory cells generate a delayed and prolonged wave of disynaptic inhibition in neigh-
boring cortical neurons, altering the spatiotemporal pattern of inhibition in cortical circuits.

Introduction
The cholinergic system acts on both nicotinic and muscarinic
receptors to facilitate numerous cognitive processes (Baxter and
Chiba, 1999). Ascending axons from cholinergic neurons in the
basal forebrain (BF) project throughout the cerebral cortex (Rye
et al., 1984) where they provide the main source of cortical ace-
tylcholine (ACh). Nicotinic acetylcholine receptors (nAChRs)
have been shown to play an important role in attention (Howe et
al., 2010; Guillem et al., 2011) and learning (Letzkus et al., 2011),
and gain of function mutations in a non-�7 receptor subunit has
been linked to a heritable form of epilepsy (Steinlein et al., 1995).
Nicotinic receptors are prominently expressed on a subset of cor-
tical interneurons (Porter et al., 1999; Christophe et al., 2002;
Gulledge et al., 2007; Rudy et al., 2010), suggesting that cholin-
ergic axon activation may modulate inhibition in the cortex.
However, how endogenously released ACh affects the spatiotem-
poral pattern of cortical inhibition remains poorly understood.

To address this, we transduced cholinergic neurons in the BF
with channelrhodopsin-2 (ChR2), allowing us to selectively stim-
ulate cortical cholinergic afferents. We found that activation of
cholinergic axons elicited a delayed and prolonged wave of inhi-
bition in pyramidal cells and fast-spiking cells. Moreover, we
demonstrate that this inhibitory barrage is generated by a strik-
ingly slow non-�7 nicotinic receptor-mediated conductance in a
subset of cortical interneurons.

Materials and Methods
Animals. Both a BAC transgenic (GENSAT GM24; Gong et al., 2007) and
a knock-in mouse line (Rossi et al., 2011) expressing Cre recombinase
(Cre) under the choline acetyltransferase (ChAT) promoter were used to
transduce cholinergic neurons in the BF with a Cre-dependent ChR2-
enhanced yellow fluorescent protein (ChR2-EYFP) construct. Both male
and female mice were used for experiments. The expression of Cre in the
BF was similar for both ChAT-Cre mouse lines (data not shown) and
subsequent data were pooled. In addition, these animals were crossed
with a Cre-dependent TdTomato reporter line (Jackson Laboratory
007905) to target ChAT-expressing bipolar (CB) interneurons and with a
GAD67-GFP knock-in line (�neo) to target late-spiking (LS) and fast-
spiking (FS) interneurons (Tamamaki et al., 2003). All procedures were
approved by the Administrative Panel on Laboratory Animal Care at
Stanford University.

Viral transduction of the BF. Mice aged P20 –P40 were anesthetized and
placed in a stereotaxic frame. One to two microliters of adeno-associated
virus (AAV)2/5 bearing a pAAV-EF1�-DIO-hChR2 (H134R)-EYFP-
WPRE (Zhang et al., 2010) construct were pressure-injected into the
brain using stereotaxic coordinates for several BF nuclei, including the
nucleus basalis, the horizontal diagonal band of Broca, and the substantia
innominata. Typically, four sites were injected, each with no more than
500 nL of virus.

Slice preparation. Six to eight weeks after surgery, each mouse was
deeply anesthetized with isoflurane. Brains were removed in ice-cold,
carbogenated sucrose composed of the following (in mM): 76 NaCl, 25
NaHCO3, 25 glucose, 75 sucrose, 2.5 KCl, 1.75 NaHPO4, 0.5 CaCl2, 7
MgSO4, 2 pyruvic acid, 4 lactic acid, 4 �-hydroxybutyric acid. Sagittal
slices (300 �m thick) were generated (Integraslice 7550 MM, Campden
Instruments) and transferred to a chamber with the same solution main-
tained at 32–35°C. After 30 min the slices were transferred to artificial
CSF (ACSF) composed of the following (in mM): 125 NaCl, 2.5 KCl, 1.25
NaH2PO4, 1 MgSO4, 2 CaCl2, 26 NaHCO3, 20 glucose, 4 lactic acid, 2
pyruvic acid, 0.4 ascorbic acid, and 4 �-hydroxybutyric acid at 32–35°C.
However, in experiments examining disynaptic inhibition, 3.5 mM KCl
ACSF was used. Slices were allowed to equilibrate to room temperature
before being transferred to the microscope chamber.

Electrophysiological recordings. Glass electrodes (2–5 M�) were filled
with an internal solution composed of the following (in mM): 2.7 KCl,
120 potassium methylsulfate, 9 HEPES, 0.18 EGTA, 4 MgATP, 0.3
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NaGTP, and 20 sodium phosphocreatine; pH 7.3, 295 mOsm/L. Whole-
cell patch-clamp recordings were obtained at room temperature using
two Axopatch 200B or 700A patch amplifiers (Molecular Devices) in
current-clamp or voltage-clamp modes. Data acquisition and offline
analysis were performed using custom software written in IGOR Pro
(Wavemetrics). For photostimulation, blue light was emitted either from
an LED attached to a fiber-optic cable (920 �m diameter) or a xenon
lamp with a mechanical shutter (Uniblitz, Vincent Associates). The spot
used to illuminate the slice ranged from 200 to 450 �m in diameter and
the light intensity ranged from 10 to 400 mW/mm 2. Photostimulation
was typically 3–5 ms long, and 2–5 min were allowed between stimula-
tions. In a small fraction of experiments, photostimulation was up to 10
ms due to the mechanics of the shutter. However, no difference in the
response kinetics was observed for these data, and thus all of the data
were pooled. L1 cells were recorded in all animals to verify transduction
and expression of ChR2. For pharmacological experiments, tetrodotoxin

(TTX), 6,7-dinitroquinoxaline-2,3-dione (DNQX), methyllycaconitine
(MLA), and dihydro-�-erythroidine (DH�E) were diluted in ACSF to
0.5 �M, 10 �M, 5 nM, and 500 nM, respectively, and bath applied.

Identification of interneuron subtypes. L1 neurons were identified by
laminar position within the cortex. Layer 2/3 LS and FS cells were iden-
tified by fluorescence in �neo animals and by response to current injec-
tion. However, the FS cells recorded in Figure 3 (see Results) were
identified by morphology under DIC and electrophysiological character-
istics alone. LS cells displayed a slow depolarizing ramp during current
injection and a delayed action potential at threshold. FS cells displayed a
discharge firing pattern near threshold, a relatively small degree of inter-
spike interval (ISI) variability (ISI coefficient of variability � 0.13 � 0.1,
n � 6 cells), and a low input resistance (123 � 69 M�) as described
previously (Kawaguchi, 1995). CB interneurons were identified by fluo-
rescence in a ChAT-Cre/tdTomato reporter line. Neurons with bipolar
morphology that expressed tdTomato were targeted for recording and
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Figure 1. Nicotinic receptor-dependent inhibitory barrage in L2/3 pyramidal cells. A, Experimental setup: The BF of ChAT-Cre mice was injected with an AAV vector driving Cre-dependent
ChR2-EYFP expression in ChAT-expressing cells (green somas and fibers). B1, EYFP (left) and ChAT immunostaining (middle) colocalize (right), indicating selective transduction of ChAT-expressing
cells. Scale bar, 50 �m. B2, Whole-cell recording from a virally transduced TdTomato labeled cell in the BF of a ChAT-Cre/TdTomato mouse. Left, Action potentials evoked during a step current
injection; Right, A train of brief photostimulations (3 ms flashes at 6.7 Hz) evoked a train of action potentials in the cell. C, Confocal image showing ChR2-EYFP-expressing axons in cortex. D, Top,
Diagram illustrating disynaptic inhibition generated by cholinergic axons; Bottom, Brief photostimulation (blue bar) evokes a barrage of PSCs in a L2/3 pyramid over multiple trials. Recordings were
performed in DNQX (5 �M) with a high chloride internal solution (130 mM). E, Bath application of gabazine (10 �M) abolished the photostimulation-induced barrage; *p � 0.048, paired t test.
F, Bath application of the nicotinic receptor antagonists MLA (5 nM) and DH�E (500 nM) abolished the photostimulation-induced barrage; *p � 0.005, paired t test. G, Cumulative incidence of
barrage latencies for 14 L2/3 pyramidal cells. Latencies were computed for each cell from an average of several trials. H, Cumulative incidence of barrage duration for same cells as in G.
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displayed irregular spiking during step current injections (see Fig. 2C).
Spike threshold was defined by an empirical criterion described previ-
ously (Azouz and Gray, 2000). Electrophysiological parameters for all
cell types are summarized in Figure 2.

Analysis. Response kinetics were determined from voltage-clamp re-
cordings to separate the fast and slow components. All voltage-clamp
recordings used for analysis were performed in DNQX (10 �M). Rise
times were defined as the time from 20 to 80% of the peak response. For

cells with both fast and slow components, the
slow component rise time was analyzed after
application of MLA (5 nM). Decay �s were esti-
mated by fitting single exponential functions to
each trace. To calculate the charge transferred
by an inhibitory postsynaptic current (IPSC)
barrage, traces were integrated between 0 and
200 ms after photostimulation. To calculate
the latency of the barrage, traces were binned
into 1 ms intervals and the latency was defined
as the first bin after photostimulation to exceed
3 SDs above the mean of the baseline before
photostimulation. To compute the duration of
the barrage, the total charge transferred was
calculated by integrating the trace between 0
and 1000 ms after photostimulation. The du-
ration was defined as the time required to
transfer 20 – 80% of this total charge. All values
are reported as the mean � SE unless otherwise
indicated. A paired t test was used for all statis-
tical comparisons except for cases in which the
Lilliefors test rejected the null hypothesis that
the samples represented a normal distribution.
In these cases, the Wilcoxon rank sum test was
used.

Immunohistochemistry and confocal imaging.
Images of EYFP-labeled processes were taken
of tissue after electrophysiological recordings.
The slice was fixed in 4% paraformaldehyde
and mounted in VectaShield. Images were ac-
quired on a Zeiss LSM Pascal confocal micro-
scope. For immunohistochemistry, the whole
brain was dissected and fixed in 4% parafor-
maldehyde for 2 h. After rinses in 0.01 M PBS,
30 �m thick sections were prepared and
mounted on slides. The tissue was then perme-
abilized in 0.4% Triton, blocked with 3% don-
key serum, and incubated in goat anti-ChAT
(Millipore) overnight at 4°C. The following
day, the tissue was rinsed three times in PBS
and incubated in the appropriate secondary
(donkey anti-goat) conjugated to an Alexa
fluorophore for 2 h at room temperature. Fi-
nally, the tissue was rinsed three times in PBS,
mounted in VectaShield, and confocal images
were acquired with a 20� (air) or 63� (oil-
immersion) objective lens.

Results
We began by asking whether activation of
cholinergic axons could trigger action po-
tentials in nicotinic receptor-expressing
interneurons and generate disynaptic in-
hibition in neighboring cortical neurons.
To selectively activate BF cholinergic in-
puts, we injected an AAV viral vector
bearing the construct for a Cre-dependent
ChR2-EYFP fusion protein into the BF in
two mouse lines expressing Cre under the
ChAT promoter (Gong et al., 2007; Rossi

et al., 2011). Immunohistochemistry and electrophysiological re-
cordings revealed that ChAT cells in the BF were selectively trans-
duced with ChR2-EYFP and could be activated with brief flashes
of blue light (Fig. 1B). We obtained whole-cell patch-clamp re-
cordings from layer 2/3 (L2/3) pyramidal cells in sensorimotor
cortex and photostimulated ChR2-expressing cholinergic fibers
(Fig. 1A,C). To facilitate detection of IPSCs, we included a high
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Figure 2. Responses to cholinergic fiber stimulation in four types of interneurons in layer 1 and layer 2/3. A, Characteristic firing
pattern of a layer 1 (L1) interneuron in response to current injection (left) and a representative response of the same cell to
photostimulation of cholinergic fibers (tick mark below trace; right). The dotted boundary indicates the region expanded in the
inset (upper right). Inset scale bar applies to all insets below. Black lines in all insets represent photostimulation. B, Same as A, but
for a L2/3 LS cell. C, Same as A, but for a L2/3 CB cell. D, Same as A, but for a L2/3 FS cell. Scale bars apply to traces above. E, Input
resistance, time constant, AHP, and spike width are plotted for L1, L2/3 LS cells, L2/3 CB, and L2/3 FS cells; *p � 0.05, paired t test.
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Figure 3. Inhibitory barrage in layer 2/3 fast-spiking cells. A, Diagram illustrating disynaptic inhibition in FS interneurons
generated by cholinergic axons. B, Action potentials evoked in response to current injection for an FS cell. C, Photostimulation
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(5 nM).
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chloride (130 mM) solution in the record-
ing pipette and the slices were bathed in
physiological K� (3.5 mM). DNQX (5 �M)
was bath-applied to block AMPAR-
mediated glutamatergic transmission. Un-
der these conditions, brief photostimulation
(3–5 ms) evoked a delayed barrage of IPSCs
in L2/3 pyramidal cells (15/40; Fig. 1D).
This barrage was abolished by the GABAA-
receptor antagonist gabazine (n � 5; p �
0.048; t test; Fig. 1E) and by nicotinic recep-
tor blockade with DH�E (500 nM) together
with MLA (5 nM; n � 3; t test; p � 0.005; Fig.
1F). These results indicate that cholinergic
fibers activate nicotinic receptors to gener-
ate disynaptic feedforward inhibition in py-
ramidal cells.

The inhibitory barrage in L2/3 pyrami-
dal cells exhibited a long latency (mean la-
tency: 26 ms; Fig. 1G) and duration (mean
duration: 90 ms; Fig. 1H). How can the brief
activation of cholinergic afferents produce a
delayed and prolonged wave of inhibition?
To answer this question, we recorded re-
sponses to photostimulation from four classes
of cortical interneurons. Photostimulation
evoked EPSPs in layer 1 (L1) cells (77/77),
L2/3LScells (12/12), andL2/3CBcells (14/14;
Fig. 2). In contrast, FS cells did not exhibit
EPSPs (0/7; Fig. 2D), but instead received an
inhibitory barrage similar to the responses
observed in pyramidal neurons (n � 2; Fig.
3). Photostimulation-evoked EPSPs were
abolished by TTX (500 nM; n � 4, p � 0.03;
t test) and by MLA/DH�E (n � 4, p � 0.03;
rank sum test; Fig. 4A), indicating that they
were action potential-dependent and nico-
tinic receptor-mediated.

Strikingly, the evoked excitatory re-
sponses in all L1, LS, and CB cells tested
displayed remarkably slow decay kinetics
(decay � for L1: 176 � 10 ms, n � 33; L2/3 LS: 215 � 14 ms, n �
12; L2/3 CB: 234 � 19 ms, n � 14). The EPSP decay time constant
was an order of magnitude greater than the membrane time con-
stants for L1, LS, and CB cells (Fig. 2E), suggesting that the re-
sponse kinetics reflect the waveform of the underlying nicotinic
conductance. Indeed, voltage-clamp recordings revealed a slow
current in all L1 cells (n � 11/11; rise time: 35 � 5 ms; decay �:
190 � 17 ms) and L2/3 CB cells tested (n � 5/5; rise time: 14 � 1
ms; decay �: 218 � 16 ms). Interestingly, DH�E (500 nM) abol-
ished this slow EPSC, indicating that it was mediated exclusively
by non-�7 nAChRs (Fig. 4B, left). In addition to this slow cur-
rent, a subset of L1 cells (n � 6/11) exhibited a fast EPSC (rise
time: 2.6 � 0.5 ms; decay � of 4.9 � 0.6 ms) that was abolished
by the selective �7 receptor antagonist MLA (5 nM; Fig. 4 B,
right). Indeed, close inspection of current-clamp traces from
L1 (17/40) and L2/3 LS (5/12) cells, but not CB cells (0/14),
revealed a fast component manifesting as a notch in the rise of
the EPSP (Fig. 2 A–C) that was abolished by MLA (5 nM).

Do these two nAChR subtypes contribute differentially to the
IPSC barrage observed in pyramidal cells? Photostimulation of
cholinergic fibers produced action potentials in postsynaptic in-
terneurons (8 cells total; 4 L1 cells and 4 CB cells). In 5 of 8 of

these cells, single nicotinic EPSPs elicited bursts of action poten-
tials (n � 2/4 L1 cells; n � 3/4 CB cells; Fig. 4C). The majority of
evoked action potentials occurred after a latency of 30 –180 ms
(Fig. 4D), indicating that they were likely mediated by the slow
non-�7 EPSP. Consistent with this hypothesis, we found that the
charge associated with the slow non-�7 receptor-mediated EPSC
was fivefold larger than that associated with the fast �7 EPSC
(slow: 1610 � 404 pC; fast: 315 � 79 pC; p � 0.005; t test; Fig.
4E). Moreover, comparison of the time course of the IPSC bar-
rage and the two nicotinic EPSCs indicates that the disynaptic
inhibition is predominantly produced during the slow EPSC (Fig.
4F). Indeed, application of DH�E (500 nM) abolished the inhib-
itory barrage (n � 3/3 pyramidal cells; Fig. 4G) but spared the
fast, �7 receptor-mediated input.

Discussion
Although the cholinergic system is critical to cognition, strikingly
little is known about the mechanisms by which endogenously
released ACh modulates cortical activity. We found that activa-
tion of BF fibers produced cell type-specific responses in cortical
interneurons. L1 cells and L2/3 LS cells exhibited both a fast and
a slow response, while L2/3 ChAT bipolar cells exhibited only a
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slow response. We demonstrate that the fast and slow components
are mediated �7 receptors and non-�7 receptors, respectively. Fi-
nally, we show that non-�7 receptor-mediated excitation elicits ac-
tion potentials in cortical interneurons to produce a delayed and
prolonged wave of inhibition in L2/3 pyramidal neurons and FS
cells.

Dual-component nicotinic responses
Activation of cholinergic axons elicits slow, non-�7 nicotinic
receptor-mediated responses in L1, L2/3 LS, and L2/3 CB cells.
Due to their slow kinetics and large charge transfer, these EPSPs
are capable of producing bursts of action potentials in non-�7
receptor-expressing cells. In addition to this slow response, a
subset of nAChR-expressing cells (L1 and L2/3 LS cells) also ex-
hibited a fast, �7 nicotinic receptor-mediated EPSC similar to
responses observed in the hippocampus (Alkondon et al., 1998;
Frazier et al., 1998). Although �7-mediated excitation does not
appear to generate disynaptic inhibition under our experimental
conditions, it should be noted that �7 responses may drive spikes
more readily in vivo due to increased background activity. More-
over, given their high Ca 2� permeability (Dani and Bertrand,
2007), �7 receptors may play an important role in intracellular
signaling and plasticity (Gu and Yakel, 2011).

The remarkably slow time course of the non-�7 response sug-
gests that it may be mediated by a different synaptic mechanism
than the fast �7 response. Indeed, it has been proposed that cho-
linergic signaling in the cortex operates by both volume transmis-
sion and conventional synaptic transmission (Umbriaco et al.,
1994; Smiley et al., 1997; Turrini et al., 2001; Sarter et al., 2009).
Further studies are needed to determine whether the slow kinet-
ics of the non-�7 response reflects intrinsic channel kinetics or
the diffusion of acetylcholine through extracellular space.

Cell-type specificity
We find that endogenously released acetylcholine elicits nicotinic
receptor-mediated responses in specific interneuron subtypes
(L1, LS, CB) but not others (FS). The specificity of BF outputs
suggests that these interneuron classes contribute to the cognitive
processes typically associated with the BF including attention,
learning, and memory. Indeed, cortical ChAT/VIP interneurons
have been shown to dilate local microvasculature, thus providing
increased blood supply during periods of elevated activity (Cauli
et al., 2004; Kocharyan et al., 2008). In this way, the BF may help
supply the increased metabolic demands associated with atten-
tion and memory in specific cortical regions (Corbetta et al.,
1991; Blaizot et al., 2000). Moreover, the fast nicotinic receptor-
mediated recruitment of specific classes of interneurons (L1 and
LS) may help to synchronize cortical activity and initiate oscilla-
tions, a phenomenon widely associated with attention and syn-
aptic plasticity (Ji and Dani, 2000). Indeed, LS cells are connected
to each other and various other interneuron types via an exten-
sive network of gap junctions (Simon et al., 2005), and are thus
well suited for synchronization of cortical circuits.

Spatiotemporal pattern of inhibition
In a recent study, Letzkus et al. (2011) suggested that cholinergic
activation of cortical interneurons after a foot shock leads to
disynaptic inhibition of FS cells and consequently to disinhibi-
tion of pyramidal neurons. Consistent with this report, we find
that FS cells do not exhibit direct nicotinic responses, but instead
receive a barrage of IPSCs in response to cholinergic activation.
However, we also find that pyramidal cells themselves receive
disynaptic nicotinic receptor-mediated inhibition. There are at

least two possible explanations for this discrepancy. First, FS cells
are generally not active in acute slices. Thus, under our experi-
mental conditions, inhibition of FS cells will not produce disin-
hibition of pyramidal cells. Second, whereas our preparation
allows us to recruit all ascending cholinergic axons, aversive
shocks may activate a specific subset of these fibers which do not
drive disynaptic inhibition in pyramidal cells.

Interestingly, FS cells inhibit inputs onto the soma and prox-
imal dendrites of pyramidal neurons, while nicotinic receptor-
expressing interneurons are thought to preferentially target distal
dendrites (Kawaguchi and Kubota, 1997). Thus, by activating
specific classes of interneurons and suppressing others, the BF
may dynamically shape the pattern of inhibition imposed on cor-
tical circuits (Xiang et al., 1998). Moreover we propose that, given
the delayed kinetics of the IPSC barrage, sensory activation of the
BF will preferentially impact long latency intracortical activity
over the initial feedforward sensory response (Lamme and Roelf-
sema, 2000). Thus, the prolonged disynaptic inhibition we ob-
serve here may facilitate attention and arousal by favoring the
processing of external inputs over intracortical interactions.
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