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Neocortical acetylcholine (ACH) release is known to enhance signal
processing by increasing the amplitude and signal-to-noise ratio (SNR)
of sensory responses. It is widely accepted that the larger sensory
responses are caused by a persistent increase in the excitability of all
cortical excitatory neurons. Here, contrary to this concept, we show
that ACH persistently inhibits layer 4 (L4) spiny neurons, the main
targets of thalamocortical inputs. Using whole-cell recordings in slices
of rat primary somatosensory cortex, we demonstrate that this
inhibition is specific to L4 and contrasts with the ACH-induced per-
sistent excitation of pyramidal cells in L2/3 and L5. We find that this
inhibition is induced by postsynaptic Ms-muscarinic ACH receptors
and is mediated by the opening of inwardly rectifying potassium (Ki,)
channels. Pair recordings of L4 spiny neurons show that ACH reduces
synaptic release in the L4 recurrent microcircuit. We conclude that
ACH has a differential layer-specific effect that results in a filtering of
weak sensory inputs in the L4 recurrent excitatory microcircuit and a
subsequent amplification of relevant inputs in L2/3 and L5 excitatory
microcircuits. This layer-specific effect may contribute to improve
cortical SNR.
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ur sensory perceptions are dramatically enhanced when we

wake up and become maximal during periods of sustained
attention. It is believed that acetylcholine (ACH) plays an
important role in this enhancement. Indeed, the neocortical
ACH concentration specifically increases during wakefulness
and periods of sustained attention (1, 2). Furthermore, ionto-
phoresis of ACH in the neocortex of anesthetized animals (3-5)
produces an increase in amplitude and signal-to-noise ratio
(SNR) of evoked sensory responses similar to those occurring
after transition from sleep to wakefulness (6). Conversely,
experimental lesions of cholinergic neurons in the basal fore-
brain (7), the major source of neocortical ACH, or genetically
induced reduction of ACH release (8) lead to impaired sensory
processing.

To understand the mechanism whereby ACH modulates
cortical processing, several in vitro studies examined its effect on
neocortical excitatory neurons. These studies showed that ACH
invariably induces a persistent increase in the excitability of
pyramidal cells (PCs) through activation of postsynaptic mus-
carinic ACH receptors (mACHRs) (9-12), even though in 2
particular experimental conditions (10, 12) puff applications of
ACH evoke a transient (~1 s) hyperpolarization preceding or
superimposed on a persistent depolarization. Neocortical nico-
tinic ACHRSs mainly found on axon terminals have been shown
to enhance synaptic transmission (13). Thus, it is currently held
that the cholinergic enhancement of sensory processing results
from a persistent increase in the excitability of all neocortical
excitatory neurons (14-16). However, while such an increase can
explain the larger amplitude of the evoked cortical sensory
responses observed in vivo during high levels of intracortical
ACH, it does not account for their increased SNR. The finding
that presynaptic ACHRs selectively enhance sensory inputs over
cortico-cortical feed-back inputs (17-19) has led to the hypoth-
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esis that such a mechanism could underlie the increase in SNR
(14).

Although the action of ACH has been extensively studied in
neocortical PCs, its effects on identified excitatory neurons in
layer 4 (L4) have not been investigated. In the primary somato-
sensory cortex (S1), these neurons form a recurrent excitatory
microcircuit largely restricted to a single cortical column (20).
They directly receive the majority of thalamocortical afferents
and have therefore a key position in the cortical network. In
addition to their gating function, they are also believed to
reinforce thalamocortical inputs before activating L.2/3-PCs (21,
22). Thus, modulation of L4 excitatory neurons should have
important consequences for cortical sensory processing.

The aim of this study was to examine the effects of ACH on
intrinsic membrane properties and on synaptic transmission in
the L4 excitatory neurons.

Results

Characterization of L4 Spiny Neurons in S1. Excitatory neurons of L4
in S1 cortex of rats, that is, spiny stellate and star pyramidal
neurons, were identified using the following criteria (21): their
localization inside the hollows or walls of the barrels, their small
(<14 um) rounded shape and their regular firing pattern
preceded by an initial fast doublet of action potentials (APs).
Since in our experiments the neurons showed homogeneous
responses to ACH, we did not discriminate spiny stellate from
star pyramidal neurons, and we will refer to them as “L4 spiny
neurons” (L4-SN).

ACH Persistently Hyperpolarizes the L4 Spiny Neurons. Bath appli-
cations of 100 uM ACH hyperpolarized all L4-SNs tested (n >
70 for P18-P24 rats; n = 5 for P36) at Vs (Fig. 14, Upper) or
more depolarized potentials (V_gomy, between —57 and —63
mV). ACH also reduced the amplitude of voltage deflections
elicited by brief negative current injections (Fig. 14, Upper)
indicating a decrease in membrane resistance. The hyperpolar-
ization was persistent, since it always lasted until the end of the
ACH applications (up to 16 min; Fig. 14, Lower).

The dose dependence of this effect was investigated by bath
application of increasing concentrations of ACH (1 uM to 1
mM) on neurons held at V_gmy. All neurons tested were
significantly hyperpolarized by 1 uM of ACH and their responses
increased with higher concentrations (Fig. 1B). A concentration
for a half-maximum effect (ECsp) of 6.5 = 0.5 uM was deter-
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Fig. 1. Low concentrations of ACH persistently hyperpolarize L4-SNs in S1 by activating postsynaptic mACHRs. (A) Upper, bath application of 100 uM ACH
hyperpolarizes a L4-SN recorded in current-clamp at V,est. Lower, the hyperpolarization persists until the end of long bath applications (membrane potential is
measured every 20 s). (B) The dose-response relationship of ACH in L4-SNs at V_gomy is well fitted by the Hill equation. Note that 1 uM ACH always evokes a
hyperpolarization. Open circles, individual values; filled boxes, mean values. (C) The hyperpolarization is mimicked by 5 uM muscarine (Top) but not by 100 uM
nicotine (Middle); it is blocked by 20 uM atropine (Bottom). (D) The current threshold of a L4-SN increases (double-headed arrow) during bath application of
100 uM ACH (Right). (E) A puff of 100 M ACH inhibits the firing of a L4-SN stimulated with trains of 5 X 5 ms intracellular suprathreshold stimuli.

mined by fitting the dose-response relationship with the Hill
equation.

Next, we examined whether the hyperpolarization was a direct
effect of ACH or whether it might result from the ACH-induced
excitation of presynaptic GABAergic interneurons (12). Con-
secutive bath applications of 100 uM ACH in control conditions
and in the presence of the sodium channel blocker tetrodotoxin
(TTX, 1 uM), the GABA4 receptor blocker gabazine (GBZ, 10
uM), and the GABAg receptor blocker CGP-35348 (1 uM) were
not significantly different in neurons held at V_gomy (—6.7 = 0.5
mV vs. —6.9 £ 0.5 mV; P = 0.67; n = 7). Furthermore, similar
responses were observed in a high magnesium (10-16 mM)/low
calcium (0.1 mM) solution (n = 6). These results demonstrate
that the hyperpolarization is elicited by the activation of postsyn-
aptic ACHRs.

To determine which type of ACHRSs was activated, we tested
the effect of cholinergic agonists on neurons held at V_gomy.
Muscarine (5 uM) induced a hyperpolarization (—8.7 = 0.8 mV,
n = 7; Fig. 1C, Top) similar to that of saturating concentrations
of ACH (Fig. 1B), but 100 uM nicotine had no significant effect
(=615 0.4 mV,vs. =62.1 = 0.4 mV;n = 7; P = 0.16; Fig. 1C,
Middle). Consistent with the effect of muscarine, 10-20 uM
atropine completely blocked (102.5 = 2.1%, n = 10) the
hyperpolarization induced by 100 uM ACH (Fig. 1C, Bottom).
Thus, the hyperpolarization is induced by the activation of
mACHRs.

The ACH-induced hyperpolarization and reduction in input
resistance should decrease the excitability of L4-SNs. To quan-
tify this effect, we used current steps of increasing amplitudes
before, during and after bath application of ACH. ACH (100
uM) reversibly increased the current threshold of the tested
neurons to 147 = 10% of control values (P < 0.01, n = 8; Fig.
1D). When 10 uM ACH was applied to a subset of these neurons,
the current threshold was similarly increased (+167 * 11%, P <
0.05,n = 3). For both concentrations, ACH had no effect on the
AP threshold (—33.6 = 1.1 mV, vs. =33.1 = 1.2 mV; P = 0.23;
n = 8).

To assess the physiological significance of the ACH-induced
persistent inhibition, we performed long-lasting puff applica-
tions of ACH on L4-SNs stimulated with trains of 5 short
suprathreshold current injections at 10 Hz. Such stimuli resemble
the S1 thalamocortical inputs coming from the whiskers in awake
animals (23, 24). The firing elicited during the train in control
conditions was abolished during application of 100 uM ACH
(Fig. 1E; n = 3). Thus, during periods of increased neocortical
ACH release, the lower responsiveness of L4-SNs can reduce the
impact of small sensory inputs, suggesting a filtering action of
ACH in the L4 recurrent excitatory microcircuit.

Although the present study focuses on S1 cortex, we found that
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ACH also persistently hyperpolarizes L4-SNs in the primary
auditory (Al) and visual (V1) cortex (Fig. S1), suggesting that
the ACH-induced persistent inhibition of L4-SNs is a general
feature of the sensory cortices.

The Persistent Hyperpolarization Is a Specific Feature of L4. The
ACH-induced persistent hyperpolarization described here is in
marked contrast to the ACH-induced persistent depolarization
previously demonstrated in identified neocortical PCs (9-12).
Therefore, it is likely that this type of response is a unique feature
of L4-SNs. To investigate this possibility further, we compared
the responses of excitatory neurons at Ve in L2/3, L4, and L5
to puff applications of 100 uM ACH (Fig. 24i, Bi, and Ci). We
found that such applications induced a hyperpolarization in all
L4-SNs tested (n = 37; Fig. 2Bii) and a depolarization in all L2/3
(n = 15; Fig. 24ii) and L5 (n = 18; Fig. 2Cii) PCs tested. These
responses were persistent since they lasted until the end of long
(10 s) puff applications (n = 5 for L2/3; n = 4 for L4; n = 6 for
L5; Fig. 2Aii, Bii, and Cii). Although the persistent depolariza-
tion was accompanied by a transient hyperpolarization (Insets in
Fig. 2Aii and Cii) in one-third of the L2/3 PCs (5/15) and half of
the L5 PCs (9/18), this transient hyperpolarization represented
only a minor part of the biphasic effect of ACH, both in duration
and amplitude, even for 1-s puff applications (Fig. 2A4iii and Ciii).
Thus, the effect of ACH is not only layer-specific in S1, but it also
differentially modulates the major thalamocortical input layer
and the more integrative layers.

The Persistent Hyperpolarization Is Induced by M4R. Since the ACH-
induced persistent depolarization and transient hyperpolariza-
tion of PCs are mediated by the activation of M;-subtype of
mACHRs (M;Rs) (10, 25), we tested whether the persistent
hyperpolarization of L4-SNs might be of the same origin.
Although 0.5 uM pirenzepine (PIR), a M;Rs-selective antago-
nist, completely blocked the transient hyperpolarization evoked
by puff applications of 100 uM ACH on L5 PCs (n = 3), it only
partially blocked (66.7 = 5%, n = 9) the persistent hyperpolar-
ization in all L4-SNs (Fig. 34). This could indicate that the
response is mediated in part by a different mACHR subtype.
Likely candidates are M,Rs and M4Rs, since they are generally
linked to an inhibitory pathway via Gj,, proteins. Thus, we tested
methoctramine (MTA) at 0.5 or 1 uM, a selective M,Rs antag-
onist, and tropicamide (TRO) at 1 uM, a selective MyRs
antagonist. While MTA had no effect (Fig. 3B), TRO completely
blocked the persistent hyperpolarization in 5 out of 11 neurons
(Fig. 3C) and partially blocked it in the others (mean block for
all cells 90.3 = 3%, n = 11). Because i) the mean TRO block is
stronger than the mean PIR block and ii) only TRO can
completely block the response, we hypothesized that the hyper-
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Fig.2. Differential layer-specific effect of ACH. ACH persistently depolarizes
PCs in L2/3 (A) and L5 (C), but persistently hyperpolarizes the L4-SNs (B).
Column i, high magnification image of a L2/3 PC (A/), a L4-SN (Bi), and a L5 PC
(Ci). Asterisks show the tip of the puff electrode. (Scale bars, 10 um.) Column
2, a 10-s puff of 100 uM ACH persistently depolarizes a L2/3 PC (Aii), persis-
tently hyperpolarizes a L4-SN (Bii), and persistently depolarizes a L5 PC (Cii).
Insets, 1 s puffs evoke a biphasic response in some L2/3 and L5 PCs. Voltage
traces are averages from 3 consecutive trials in neurons at Vst (arrowheads).
Column 3, summary of the mean amplitude (black bars) and duration (red
bars) of hyperpolarization (HP) and depolarization (DP) in response to 1-s
puffs of 100 uM ACH in L2/3 PCs (Aiii), L4-SNs (Biii), and L5 PCs (Ciii). The left
part of each histogram reports the monophasic responses and the right part
the biphasic ones.

polarization was induced by the activation of M4Rs only and that
PIR had an unspecific effect on these receptors (26). Accord-
ingly, application of 1 uM TRO + 0.5 uM PIR on 2 neurons that
were not completely blocked by 1 uM TRO showed no additive
antagonism (Fig. 3D). These pharmacological experiments
(summary in Fig. 3E) indicate that the persistent hyperpolar-
ization in L4-SNs is mediated by MyRs.

The Persistent Hyperpolarization Is Mediated by Opening of Ki,
Channels. We next undertook to determine the ion conductance
responsible for the M4R-induced hyperpolarization. Bath appli-
cations of ACH invariably elicited an outward current (Fig. 44,
Upper) correlated with a decrease in input resistance (Fig. 44,
Lower) in neurons recorded in voltage-clamp (holding potentials
=69 to —92 mV; n = 23). Moreover, the amplitude of the
hyperpolarization was voltage-dependent and reversed at ap-
proximately —100 mV (n = 4; Fig. 4B). We therefore hypoth-
esized that the hyperpolarization is mediated by an increase of
a potassium (K*) conductance. To test this possibility, we used
voltage ramps from —44 mV to —134 mV (1 s), before, during
and after ACH applications, in the presence of 1 uM TTX. An
example of the currents evoked by such voltage ramps is shown
in Fig. 4C. Subtraction of the current evoked in the presence of
ACH from the one evoked in control conditions revealed a
current with a strong inward rectification (Fig. 4C). Linear fit of
this current from —130 to —100 mV gave a reversal potential
(—100.7 = 1.8 mV; n = 6) close to the predicted reversal
potential for K* (—106.3 mV; Nernst equation). The Inset in Fig.
4C shows the average ACH-induced current of 6 L4-SNs.
These results suggest that the hyperpolarization is mediated by
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Fig. 3. The persistent hyperpolarization is induced by M4R. While pirenz-
epine (PIR) at 0.5 uM only partially blocks (gray trace) the persistent hyper-
polarization evoked by 1-s puffs of 100 uM ACH in control (black trace) (A),
methoctramine (MTA) at 1 uM has no effect (B) and tropicamide (TRO) at 1 uM
blocks it (C). (D) In a neuron wherein the persistent hyperpolarization was not
completely blocked by 1 uM tropicamide (TRO), 0.5 uM pirenzepine (PIR) has
no additional effect. The graph shows the time-course of the amplitude of the
persistent hyperpolarization (HP amp) evoked by 1-s puffs of 100 uM ACH.
Dashed line is a linear fit obtained from the adjacent points. (E) Summary plot
showing the percentage of block of the different antagonists. Lines between
points indicate occlusion experiments. Concentrations are in uM. Voltage
traces are averages from 3 successive puffs and were Y-aligned. Arrowheads
indicate Vyest.

the opening of inwardly rectifying K* (Kj) channels (27).
Consistently, the hyperpolarization induced by bath and puff
applications of 100 uM ACH was blocked by barium (Fig. 4D,
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Fig.4. The persistent hyperpolarization is mediated by the activation of Kj,
channels. (A) Bath application of 100 uM ACH evokes an outward current
(Upper) correlated with a decrease in input resistance (Lower) in a L4-SN
recorded in voltage-clamp (Vhold = —92 mV). (B) Voltage-dependence (from
—114to —64 mV by steps of 10 mV) of 100 uM ACH 1-s puffsin a L4-SN recorded
in current-clamp. (C) Voltage ramps before and after 100 uM ACH evoke
different current-voltage relationships (each IV curve is averaged from 3
consecutive ramps) whose subtraction reveals an inwardly rectifying current
reversing at ~—100 mV. Inset, average from 6 neurons. (D) Upper, the hyper-
polarization evoked by a 100 uM ACH 1-s puff in control (black trace) is
blocked by 400 M barium (gray trace) in a L4-SN at Vst (arrowhead). Lower,
100 nM tertiapin has no effect (gray trace) on the response evoked by a 100 uM
ACH 1-s puff in control (black trace) in a L4-SN at Vet (arrowhead). Voltage
traces are averages from greater than or equal to 3 trials. In A-C, voltages are
corrected for the liquid junction potential.
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Fig. 5. ACH reduces synaptic efficacy and short-term depression between
L4-SNs. (A) Atrain of 5APsat 10 Hz in a presynaptic L4-SN (Lower) evokes EPSPs
in a postsynaptic L4-SNs (Upper); arrowheads, Viest. (B) Bath application of 100
M ACH (red trace) reduces the amplitude of the evoked EPSPs. (C) Scaling the
amplitude of the EPSPs obtained in ACH (red) to the first EPSPs amplitude in
control (black, EPSP1) reveals a reduction in short-term depression in the fifth
EPSP (EPSPs). In A-C, same neuron; voltage traces are averages from >35
sweeps and were Y-aligned. (D) EPSP,/EPSP, ratio (black boxes, control; red
circles, 100 M ACH; gray boxes, wash). (E) Time course of the effect of 100 uM
ACH on the first EPSP amplitude (white boxes, control; black circles, in the
presence of 1 uM TRO).

Upper), a non-specific blocker of Kj; channels (barium 200 uM,
bath appl., 88.8 = 6.7% block, n = 6; barium 400 uM, puff appl.,
91.8 = 4.6% block, n = 4).

To exclude the presence of calcium-activated K* channels
(10), we tested the effect of ACH on L4-SNs filled with 2 mM
BAPTA. These neurons were all hyperpolarized by 100 uM
ACH (—3.9 = 1 mV at Vs, n = 4). Finally, since ACH has been
shown to activate K;.3 channels in the dendrites of hippocampal
PCs (28), we tested the effect of tertiapin, a specific blocker of
Ki:3 channels. However, 100 nM tertiapin had no effect on puff
applications of 100 uM ACH (mean block —0.1 + 4.1%,n = 3;
Fig. 4D, Lower).

ACH Presynaptically Reduces Synaptic Efficacy in the L4 Recurrent
Excitatory Microcircuit. Our results suggest a filtering action of
ACH in the L4 recurrent excitatory microcircuit. However, ACH
is also known as a powerful modulator of glutamate release in
the neocortex. Since the L4-SNs form a recurrent microcircuit
with highly reliable connections (21), modulation of synaptic
release should have important consequences on their output.
Notably, a potentiation of their recurrent synaptic transmission
by ACH could counteract the hypothesized filtering action.
Therefore, we investigated the effect of ACH on synaptic
transmission between pairs of connected L4-SNs at Vi .. We
used trains of 5 short current stimuli at 10 Hz to evoke APs in
the presynaptic neuron (Fig. 54, Lower) and their corresponding
unitary EPSPs in the postsynaptic neuron (Fig. 54, Upper). We
found that 100 uM ACH, in addition to its hyperpolarizing
effect, significantly and reversibly reduced the amplitude of the
first unitary EPSP (—24.3 = 3.6%, P < 0.01,n = 7; Fig. 5 B and
E) and significantly and reversibly increased its coefficient of
variation (0.28 = 0.05 in ctrl, vs. 0.37 = 0.07 in ACH, P < 0.05,
n = 7). ACH also significantly and reversibly reduced short-term
synaptic depression (mean EPSPs/EPSP; 0.73 = 0.05 in ctrl, vs.
0.83 = 0.05in ACH, P = 0.02,n = 7; Fig. 5 C and D). However,
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there were no significant changes in the EPSP latency and rise
time.

To test whether the cholinergic modulation of synaptic trans-
mission is mediated by activation of M4Rs, we bath-applied 100
uM ACH on neurons preincubated in 1 uM TRO. Under these
conditions, ACH had no effect on EPSP amplitude (P = 0.73;
n = 4; Fig. 5SE) and short-term synaptic depression (for EPSPs/
EPSP; P = 0.6; n = 4). These results suggest that ACH reduces
release probability in the L4 recurrent excitatory microcircuit
through activation of MyRs.

Finally, consistent with a filtering action of ACH in the L4
recurrent excitatory microcircuit, we found that 100 uM ACH
was also reducing the release probability at the L4-SN to L2/3 PC
connection (Fig. S2).

Discussion

This study presents a long-lasting inhibitory effect of ACH, both
in response to slow (bath) and fast (puff) changes in the ACH
concentration, in a well-defined population of excitatory neu-
rons of the neocortex. We showed that ACH persistently hyper-
polarizes L4-SNs in S1 cortex in a dose-dependent manner,
through activation of postsynaptic nACHRs, and that this effect
is a general feature of sensory cortices. We then demonstrated
that the persistent hyperpolarization of neocortical excitatory
neurons is specific to L4-SNs and is mediated by MyR-induced
activation of Kj, channels. Finally, we demonstrated that ACH
presynaptically depresses synaptic transmission in the L4 exci-
tatory microcircuit both at its recurrent synapses (through
activation of MyRs) and at its output synapses onto L2/3 PCs.

The major finding of this study is that ACH hyperpolarizes the
L4-SNs in a persistent manner. This effect is physiologically
relevant since the ECsy of ACH (6.5 uM), on neurons at
membrane potentials (= —60 mV) similar to those recorded in
awake animals (24), is in the range of the rapid and local changes
in neocortical ACH concentrations measured during attentional
tasks (29). In previous studies in rodents, a persistent hyperpo-
larization in response to ACH has only been observed in a few
subpopulations of inhibitory neurons of the hippocampus and
neocortex (30-32) as well as in extracortical regions of the CNS
or in the PNS (33-35). In the neocortex, application of ACH has
been reported to invariably induce a persistent depolarization in
identified excitatory neurons (9-12).

By directly comparing fast applications of ACH in different
layers of S1, we demonstrate that the L4-SNs are always
monophasically and persistently hyperpolarized by ACH
whereas L2/3 and L5 PCs are always persistently depolarized by
ACH. This excludes the possibility that the persistent hyperpo-
larization is an artifact resulting from our experimental condi-
tions. Moreover, in contrast to earlier studies (10, 12), our results
demonstrate that puff applications of ACH induce a monophasic
depolarization in the majority of L2/3 and L5 PCs and a biphasic
response only in a fraction of these neurons. It is likely that the
indirect hyperpolarizing transient due to excitation of GABAer-
gic interneurons in (12) depends on high concentrations of ACH
(10 mM), and that the hyperpolarizing transient induced by
direct activation of K¢, channels in (10) depends on preceding
spiking activity (30). We observed that firing was either required
for the transient hyperpolarization or increased its amplitude in
both L5 and L2/3 PCs (Fig. S3.). Thus, because i) it is unlikely
that volume transmission of ACH reaches concentrations in the
millimolar range in vivo, ii) both the spontaneous and sensory-
evoked spiking activity of S1 PCs in vivo are low (36-38), iii) only
less than half the PCs are transiently hyperpolarized, and iv) the
transient hyperpolarization represents only a minor part of the
biphasic effect of ACH (=~2.4% of total duration in L5, =~5.2%
in L.2/3; ~21% of peak depolarization in L5, ~45% in L2/3), we
conclude that the effect of ACH is predominantly excitatory in
L2/3 and L5 of SI1.
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The presence of a different mACHR subtype in L4-SNs than
in the L2/3 and L5 PCs further supports the idea of a layer-
specific effect of ACH. Previous studies showed that both the
persistent depolarization and transient hyperpolarization in neo-
cortical PCs were mediated by MRs (10, 12, 39). Our finding of
M4Rs in L4-SNs is consistent with immunohistochemical (40)
and in situ hybridization (41) studies showing that MsRs are
mostly found in L4 while M;Rs are mostly found in the other
layers.

Taken together, our results indicate that ACH has a differ-
ential layer-specific effect in S1. It induces a postsynaptic
persistent hyperpolarization in the L4-SNs and a postsynaptic
persistent depolarization in L2/3 and LS PCs. It is unlikely that
the net effect of ACH release in vivo could excite the L4-SNs
through the reduction of an inhibitory tone provided by tonically
active GABAergic interneurons. Indeed, most inhibitory inputs
received by the L4-SNs originate from GABAergic interneurons
that provide a very brief and precisely timed ‘“feed-forward”
inhibition (42, 43) and there is no evidence for a tonic inhibition.
Furthermore, our results are consistent with in vivo studies (3-5)
showing that, while ACH enhances the evoked sensory responses
of most neurons located in supra- and infra-granular layers, it
inhibits evoked sensory responses of some neurons mainly
located at midcortical depths. Notably, one of these studies (3)
shows that in S1 the proportion of inhibited neurons is higher in
L4 (=80%) than in the other layers (=10%).

We conclude that the ACH-induced postsynaptic persistent
hyperpolarization of L4-SNs together with the ACH-induced pre-
synaptic depression of their synaptic transmission potently reduce
the responsiveness of the L4 recurrent excitatory microcircuit. Such
an inhibition challenges the widely accepted concept (15, 16, 44)
that ACH enhances sensory processing by an overall excitation of
the neocortical excitatory cells. Our results suggest that ACH has
a filtering action in the major recipient layer of the neocortex.
However, ACH should amplify any input reaching the more
integrative layers by increasing the excitability of the PCs. It is
tempting to speculate that such a differential layer-specific effect of
ACH may contribute to increase the SNR of the cortical responses
to sensory inputs. Indeed, in addition to the input-specific effect of
ACH that might enhance cortical SNR by favoring thalamocortical
inputs over the “intracortical noise” (14), the layer-specific effect
demonstrated here might enhance the SNR by filtering out noisy
weak thalamocortical inputs in the L4 excitatory microcircuit and
by subsequently boosting excitability in L2/3 and LS excitatory
microcircuits. The concept of a cholinergic filtering in the L4-SNs
is consistent with the finding that amplification of thalamocortical
inputs in the L4 recurrent excitatory microcircuit is not required to
drive cortical activity in vivo (45) and supports the hypothesis that
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the L4 network functions as a damping rather than an amplifying
circuit (46).

Finally, our finding that different mACHRs induce inhibition
in the L4-SNs and excitation in the L.2/3 and L5 PCs might open
the door to more specific and/or differential therapeutic strat-
egies to treat cognitive impairments or dysfunctions linked to
degeneration of the cholinergic system in pathologies such as
Alzheimer’s disease and schizophrenia.

Materials and Methods

Acute thalamocortical slices of the barrel cortex (350 um) were prepared from
18- to 24-day-old Wistar rats as previously reported (21) and immersed under
an Olympus or Zeiss microscope equipped for IR-DIC video microscopy. The
extracellular solution contained (in mM): 125 NaCl, 2.5 KCI, 25 glucose, 25
NaHCO3, 1.25 NaH,POy, 2 CaCly, and 1 MgCl,, and was equilibrated with 95%
0, and 5% CO; (pH 7.4; 320 mOsm). Patch pipettes (6-9 MQ) were filled with
a solution containing (in mM): 105 K-gluconate, 30 KCI, and 10 HEPES, 10
phosphocreatine, 4 ATP-Mg, and 0.3 GTP (adjusted to pH 7.3 with KOH; 280
mOsm). Recordings were made at 32-34 °C. Data were acquired at 1-50 kHz
after low-pass filtering at 2-5 kHz (Bessel filter) using an EPC10-triple (Heka)
or 2 Axopatch 200B amplifiers (Axon). L2/3 and L5 PCs in S1 were chosen into
the boundaries of a barrel column and identified by their pyramidal shape and
their regular firing pattern. L4-SNs in A1 and V1 were identified by their
regular spiking pattern and their localization in the dense granular L4 and/or
by the presence of spiny dendrites after Neurolucida reconstruction. Slices
containing biocytin-filled (2-3 mg/mL) neurons were processed as previously
described (21). For voltage-clamp recordings we used patch pipettes with
lower resistance (5-7 MQ), series resistance compensation (70-80%), and we
corrected the voltages for the calculated liquid junction potential (=14 mV).

Pair recordings of connected L4-SNs were obtained and analyzed as de-
scribed in ref. 21. A baseline was obtained from 30-60 trials in control
conditions, then ACH was bath applied for 30-60 trials and was followed by
a period of wash of 30-80 trials.

ACH was applied via the bath perfusion system (2.5-4 mL/min) or focally
ejected through a patch pipette (tip internal diameter: 1-2 um) connected to
a PDES-02D device (npi). The puff pipette was filled with extracellular solution
containing 100 uM ACH, positioned at 10-20 um from the soma of the
recorded cell (always at Vest) and brief (1s or 10 s) low pressure (0.1-0.5 bar)
pulses were applied every 30-60 s. In the absence of pharmacological and
electrical manipulations the responses to repeated puffs of ACH did not
change during the recording (up to 40 min) and puffs of extracellular solution
alone had no effect (n = 3). For the experiment with pirenzepine in L5 PCs, a
5-s suprathreshold current pulse, 10-20 s before each puff, was used to
increase the transient hyperpolarization.

All data are expressed as mean = SEM. To assess the differences between
control and ACH or ACH and blockers we used the 2-tailed paired Student’s t
test.
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