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Abstract

Cholinergic modulation of cortex powerfully influences information processing and brain states, 

causing robust desynchronization of local field potentials and strong decorrelation of responses 

between neurons. Here we show that intracortical cholinergic inputs to mouse visual cortex 

specifically and differentially drive a defined cortical microcircuit: they facilitate somatostatin-

expressing (SOM) inhibitory neurons that in turn inhibit parvalbumin-expressing inhibitory 

neurons and pyramidal neurons. Selective optogenetic inhibition of SOM responses blocks 

desynchronization and decorrelation, demonstrating that direct cholinergic activation of SOM 

neurons is necessary for this phenomenon. Optogenetic inhibition of vasoactive intestinal peptide-

expressing neurons does not block desynchronization, despite these neurons being activated at 

high levels of cholinergic drive. Direct optogenetic SOM activation, independent of cholinergic 

modulation, is sufficient to induce desynchronization. Together, these findings demonstrate a 

mechanistic basis for temporal structure in cortical populations, and the crucial role of 

neuromodulatory drive to specific inhibitory-excitatory circuits in actively shaping the dynamics 

of neuronal activity.

Introduction

Cholinergic innervation of the neocortex by afferent axons originating in the nucleus basalis 

(NB) of the basal forebrain1 is a fundamental mechanism for modulating cortical sensory 

processing by influencing brain states2 and the temporal dynamics of neurons3. Specifically, 

acetylcholine (ACh) can induce a highly desynchronized state as measured by the field 

potential activity of neuronal populations2, accompanied by prominent firing-rate 

independent decorrelation between the spike activity of individual neurons3. Both 
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desynchronization and decorrelation4 are considered to enhance information processing via 

redundancy reduction3 in alert, active and attentive conditions5, 6, through direct 

engagement of cholinergic mechanisms5. ACh acts via thalamocortical and intracortical 

pathways7, which in turn may contribute to different neuromodulatory functions3. In 

particular, decorrelation has been shown to depend on local activation of intracortical 

pathways3 while desynchronization has been linked to membrane potential fluctuations in 

cortical neurons8 and to inhibition in cortical networks9. Earlier studies proposed a possible 

role for rhythmic-bursting layer 5 pyramidal neurons2 in the generation of cortical 

synchronization by cholinergic inputs. However, recent computational and experimental 

studies have suggested that inhibitory neurons can drive decorrelation and sparse coding in 

the cortex10-12 and experimental evidence indicates that inhibitory activity correlates with13 

and can induce14 specific neuronal activity patterns.

The cellular and circuit mechanisms that underlie desynchronization and decorrelation 

observed during cortical cholinergic modulation remain unresolved, and several key 

questions remain open: Is ACh-induced desynchronization and decorrelation in the cortex 

driven by inhibitory neurons? If so, which subtypes of inhibitory neurons are responsible, 

and how do their functional interactions with each other and other cell types in the cortical 

circuit contribute to brain state and neuronal spike correlation changes? Previous work has 

demonstrated cholinergic facilitation of non fast-spiking inhibitory neurons15-17 including 

somatostatin-expressing (SOM) 17-19, vasoactive intestinal peptide-expressing 

(VIP) 17, 20, 21 and layer 1 (L1) inhibitory neurons20, 22, 23. However, when and under what 

conditions ACh drives these different neuron types, and the specific functional circuit and 

causal pathway by which ACh carries out desynchronization and decorrelation is 

unresolved. Here we demonstrate that SOM neurons are active at a greater dynamic ACh 

range than VIP and L1 neurons, and cholinergic inputs to the superficial layers of primary 

visual cortex (V1) act via SOM neurons (but not VIP and L1 neurons) to activate a specific 

inhibitory-excitatory cortical circuit that drives alterations of brain state synchrony and 

neuronal correlations.

Results

Cortical dynamics evoked by optogenetic ACh release

We stimulated ACh release in superficial V1 in vivo of urethane-anesthetized adult mice 

(see Online Methods: In vivo surgery) by cortical photostimulation of channelrhodopsin2 

(ChR2) -expressing cholinergic axons from the basal forebrain, in ChAT-ChR2 transgenic 

mice (Fig. 1a). This induced robust desynchronization of the local field potential (LFP) in 

V124, similar to that induced by electrical stimulation of the nucleus basalis25 (Fig. 1b,c, 
Supplementary Fig. 1a-e), including post-stimulation decrease of low frequency events 

(<10 Hz) and increase of high frequency events (10 – 100 Hz) (Fig. 1d).

One of the ways ACh3 and attention6 have been proposed to enhance the representation of 

information is through decorrelation of neuronal responses, but the mechanisms underlying 

such decorrelation are unclear. We next examined whether activation of neocortical 

cholinergic axons can induce decorrelation by measuring the activity of single units with an 

array of multiple electrodes (Fig. 1a; see Online Methods: In vivo single unit recording and 
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data analysis), in response to both natural movies and gratings of random orientation (Fig. 
1e left). We observed significant decorrelation between cortical neurons upon 

photostimulation (Fig. 1e right) at the level of single units (Fig. 1f, Supplementary Fig. 
1f,g), as well as at the level of single pairwise correlations (Supplementary Fig. 1h) and 

experimental animals (Fig. 1g; see also Supplementary Fig. 1i).

Concentration-specific responses in non-FS interneurons

To test the hypothesis that inhibitory neurons can drive ACh-induced desynchronization and 

decorrelation, we first examined the cholinergic responses of several candidate non fast-

spiking (FS) inhibitory neurons known to be active during cholinergic modulation15, 16. We 

performed ex vivo whole-cell current clamp recordings from somatostatin-expressing (SOM) 

neurons (tdTomato positive neurons in SOM-TD mice), vasoactive intestinal peptide-

expressing (VIP) neurons (in VIP-TD mice) and layer 1 (L1) inhibitory neurons (in wild 

type (WT) mice)(Fig. 2a). Indeed, ACh application evoked facilitatory responses in 

SOM17-19 (but see20), VIP17, 20, 21 and L1 neurons20, 22, 23 (Fig. 2b,c). Interestingly, SOM 

neurons fired robustly to a wide range of ACh concentrations (1 μM – 10 mM), consistent 

with their low threshold spiking properties (Supplementary Fig. 2)18, while VIP and L1 

neurons depolarized at 100 μM ACh but fired only at 10 mM ACh (Fig. 2b: Example 

responses evoked by 100 μM ACh; Fig. 2c).

It is well established that specific subsets of inhibitory neurons connect to each other26, 27. 

We thus hypothesized that ACh can also indirectly induce inhibitory synaptic currents 

(IPSCs) in SOM, VIP and L1 neurons through cholinergic activation of defined inhibitory 

connections between these neurons. Indeed, ACh application evoked a barrage of inward 

currents in SOM, VIP and L1 neurons recorded in voltage clamp mode with high chloride 

internal solution in the presence of NBQX, an AMPA receptor antagonist (Fig. 2d,e). These 

responses were also concentration specific: ACh at 1-100 μM induced responses in VIP and 

L1 neurons but minimally in SOM neurons while ACh at 10 mM induced large responses in 

all 3 cell types (Fig. 2d: Example responses evoked by 100 μM ACh; Fig. 2e. See also 

Supplementary Fig. 3d). These inward currents comprised largely of summated IPSCs15 as 

they were reduced significantly in the presence of GABA antagonists, particularly at lower 

ACh concentrations (1-100 μM) (Supplementary Fig. 3a-d). Collectively, these findings 

suggest that the level of activation of SOM, VIP and L1 neurons, and the inhibitory inputs 

received by them, can change dynamically with different levels of cholinergic drive.

Recent work26 indicates that SOM neurons avoid inhibiting one another but provide 

significant inhibition to all other inhibitory neurons including VIP and L1 neurons. VIP 

neurons, on the other hand, provide inhibition nearly exclusively to SOM neurons, albeit at a 

level several-fold weaker than SOM-VIP and SOM-L1 inhibition (but see 28). We 

hypothesized that the cholinergic drive-dependent responses observed in SOM, VIP and L1 

neurons were a result of ACh induced facilitation and indirect ACh activation of 

interneuron-specific inhibitory connections. In particular, the activation of SOM neurons 

could induce significant inhibition in VIP and L1 neurons to suppress the ACh-induced 

facilitatory responses at lower ACh concentrations (Supplementary Fig. 4a). To test this 

hypothesis, we transiently blocked the activity of SOM neurons by selectively expressing 

Chen et al. Page 3

Nat Neurosci. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



archaerhodopsin-3 (Arch) in them via viral injection of a flexed Arch construct into V1 of 

SOM-Cre mice; in addition, we crossed SOM-Cre mice with GAD67-GFP mice (GAD67-

GFP-SOM-Cre mice) for identifying inhibitory neurons in conjunction with Arch blockade 

of SOM neurons. We carried out current and voltage clamp recordings in slices with ACh 

application before and during green light stimulation of Arch in SOM neurons (Fig. 2f,i,l), 
from specific cell types that were also identified by their electrophysiological characteristics 

(Supplementary Fig. 4b). Stimulation of Arch in SOM neurons indeed abolished their 

cholinergic responses (Fig. 2f-h). Control recordings from SOM neurons in SOM-TD mice 

without Arch expression showed that green light stimulation alone did not induce any 

changes in ACh-evoked responses (Supplementary Fig. 4c).

To test the causal relationship between the ACh-induced facilitation of SOM responses and 

ACh-induced IPSCs in VIP and L1 neurons, we carried out voltage clamp recordings from 

putative VIP neurons (identified by their non fast-spiking properties, presence of GFP in 

GAD67-GFP-SOM-Cre mice and absence of hyperpolarization with green light stimulation; 

Fig. 2i) and from L1 neurons (GFP-negative, non SOM-expressing neurons in layer 1 of 

SOM-Cre mice; Fig. 2l) while ACh was administered at 100 μM. Indeed, photostimulation 

of Arch in SOM neurons significantly reduced the ACh-induced IPSCs in both putative VIP 

neurons (Fig. 2j,k, see also Supplementary Fig. 3e) and L1 neurons (Fig. 2m,n, see also 

Supplementary Fig. 3f). Thus, these data support the hypothesis that defined inhibitory 

connections between molecularly distinct, non-FS inhibitory subtypes and their intrinsic 

firing properties can shape their responses at different levels of cholinergic drive 

(Supplementary Fig. 4a).

ACh directly facilitates SOM neurons

We next investigated the role of SOM neurons in the densely-connected microcircuit of 

SOM, parvalbumin-expressing (PV) inhibitory neurons and pyramidal (PYR) neurons26 

during cholinergic modulation using both ex vivo current and voltage whole-cell patch 

clamp recordings (Supplementary Fig. 5a). For SOM neurons (in SOM-TD mice; 

Supplementary Fig. 5b), ACh evoked robust depolarization which persisted in the presence 

of glutamatergic and GABAergic antagonists (Fig. 3a,b), indicating that it was due to direct 

action of ACh. This response was prolonged and peaked within 10s (Supplementary Fig. 
5c). In addition, the response was significantly reduced in the presence of the cholinergic 

antagonists mecamylamine and atropine (Supplementary Fig. 6a,b), showing that both 

muscarinic and nicotinic receptors mediate this response.

In voltage clamp recordings using low chloride internal solution, we observed a barrage of 

inward currents (Supplementary Fig. 5d) which comprised NBQX-insensitive muscarinic 

receptor and nicotinic receptor mediated currents (Supplementary Fig. 6c-e). We further 

confirmed that both muscarinic and nicotinic receptors are expressed in SOM neurons 

(Supplementary Fig. 6f). Thus, SOM neurons are directly activated via both types of 

receptors.
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ACh-induced SOM-mediated IPSCs in PV neurons

Next, we characterized the cholinergic responses of PV neurons (in PV-TD 

mice;Supplementary Fig. 5f). ACh did not evoke any excitatory responses when recorded 

in current clamp15 (Supplementary Fig. 5g) and voltage clamp mode with low chloride 

internal solution(Supplementary Fig. 5h) but induced IPSCs when recorded in voltage 

clamp mode with high chloride internal solution in the presence of NBQX (Supplementary 
Fig. 5i, Supplementary Fig. 7a). Thus, the ACh-induced responses in PV neurons require 

GABAergic transmission.

We hypothesized that the IPSCs in PV neurons were due to activation of SOM neurons by 

ACh and subsequent inhibitory drive from SOM to PV neurons (Fig. 3a inset). To test this 

hypothesis, we carried out voltage clamp recordings of IPSCs from putative PV neurons 

(identified by their fast-spiking properties and presence of GFP in GAD67-GFP-SOM-Cre 

mice) in slices containing Arch-expressing SOM neurons (Fig. 3c, Supplementary Fig. 4b). 

Indeed, photostimulation of Arch in SOM neurons reduced the ACh-induced increase in 

IPSCs in the putative PV neurons (Fig. 3d-e, see also Supplementary Fig. 7c), suggesting 

that ACh-induced facilitation of SOM responses can induce IPSCs in PV neurons.

ACh-induced SOM-mediated IPSCs in PYR neurons

Next, we investigated if ACh-induced facilitation of SOM responses could induce IPSCs in 

PYR neurons. PYR neurons were identified as GFP-negative neurons in GAD67-GFP mice 

(Supplementary Fig. 5j) and recorded in voltage clamp mode with high chloride internal 

solution in the presence of NBQX. ACh induced a barrage of IPSCs (Supplementary Fig. 
5m) that also required GABAergic transmission (Supplementary Fig. 7b). To test the 

hypothesis if cholinergic activation of SOM neurons contribute to the IPSCs in PYR neurons 

(Fig. 3a inset), we selectively recorded IPSCs from putative PYR neurons (identified by 

their pyramidal morphology and absence of GFP in SOM-Cre mice) in slices containing 

Arch-expressing SOM neurons (Fig. 3f, Supplementary Fig. 4b). Similar to PV neurons, 

photostimulation of Arch in SOM neurons reduced the ACh-induced increase in IPSCs in 

the putative PYR neurons (Fig. 3g,h, see also Supplementary Fig. 7d). Thus, these data 

reveal the circuit interactions between SOM, PV and PYR neurons in the context of ACh 

modulation: SOM neurons are directly activated by ACh, and release GABA to evoke IPSCs 

in PV and PYR neurons (Fig. 3a inset).

Previous work has shown that cholinergic agonists can inhibit GABA release from PV 

neurons29. Because PV neurons widely inhibit PYR neurons26, 30, reduced GABA release 

from PV neurons can disinhibit PYR neurons29 to facilitate excitatory synaptic events31. It 

is thus possible that disinhibition of PYR neurons can occur via SOM-mediated PV 

inhibition. To investigate this mechanism, we recorded ACh induced responses in low 

chloride solution (Supplementary Fig. 5l). Indeed, ACh induced a barrage of inward 

currents that were significantly reduced by NBQX (Supplementary Fig. 8a-c), consistent 

with this response comprising summated excitatory synaptic events32. These excitatory 

currents were also reduced by GABA antagonist (Supplementary Fig. 8d-f), supporting the 

presence of inhibitory neuron-mediated disinhibition. The prolonged component of this 

response however remained in the presence of glutamatergic or GABAergic antagonists 
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(Supplementary Fig. 8b,e), suggesting possible roles of intrinsic cholinergic 

mechanisms33, 34.

To further investigate the role of SOM neurons in mediating possible transient PYR 

neuronal disinhibition, we performed recordings of these inward currents in slices 

containing Arch-expressing SOM neurons. Indeed, photostimulation of Arch in SOM 

neurons also transiently blocked the ACh-induced excitatory currents in PYR neurons 

(Supplementary Fig. 8g-i). Likewise, the prolonged component was not abolished by SOM 

hyperpolarization (Supplementary Fig. 8h). These data collectively suggest the presence of 

a circuit comprising multiple pathways that can powerfully modulate PYR neuronal 

responses: direct inhibition by SOM neurons on PYR neurons, indirect disinhibition via PV 

on PYR neurons and an intrinsic response. These pathways may together induce the diverse 

sub-threshold hyperpolarizing and depolarizing responses32 revealed in current clamp 

recordings of single PYR neurons (Supplementary Fig. 5k), leading to insignificant change 

in firing at the population level in vivo (see below).

ACh evokes specific responses in SOM, PV and PYR neurons

Our findings above highlight the role of cholinergic-activated SOM neurons acting as a 

powerful hub of inhibition to modulate principal neurons in the cortex, thereby making it a 

strong candidate to mediate ACh-induced temporal changes in neuronal activity. Before 

probing the possible causal link between the SOM-driven microcircuit and LFP 

desynchronization/ neuronal decorrelation, we first examined whether cholinergic responses 

in vivo were consistent with that observed ex vivo. We performed in vivo targeted cell-

attached recordings from identified RFP-labeled SOM neurons (labeled with viral injection 

of a floxed RFP construct in V1 of ChAT-ChR2 mice crossed with SOM-Cre mice, Fig 4a) 

and PV neurons (similarly labeled in ChAT-ChR2-PV-Cre mice, Fig 4d), as well as in vivo 

recording of putative PYR neuron single units (in ChAT-ChR2 mice, Fig. 4g) within the 

superficial layers of V1. Neuron types were also distinguished by their spike shape 

(Supplementary Fig. 9). Indeed, cholinergic responses induced by activation of ChAT-

ChR2 axons in vivo agreed with that observed ex vivo. Robust facilitatory responses were 

observed in SOM neurons (Fig. 4b,c) while suppressive responses were observed in PV 

neurons (Fig. 4e,f). In putative PYR neurons, however, there was no significant change in 

response rate (Fig. 4h,i). Thus, endogenous ACh release via photostimulation evokes 

distinct in vivo signatures from SOM, PV and PYR neurons: SOM neurons are facilitated, 

PV neurons are suppressed, and the mean spike rate of PYR neurons does not change but 

their visual responses are decorrelated.

ACh-induced cortical dynamics is mediated by SOM neurons

We next examined whether SOM neurons can mediate the ACh-induced changes in 

temporal dynamics of cortical activity, including LFP desynchronization and neuronal 

decorrelation (Fig.1). To establish a causal relationship between these phenomena and SOM 

neurons, we expressed Arch in SOM neurons by viral injection in ChAT-ChR2-SOM-Cre 

mice (Fig. 5a). Blue light induced ChAT-ChR2 stimulation facilitated SOM neurons, but 

green light activation of Arch simultaneously with blue light stimulation of ACh release 

blocked the facilitation and even reduced responses below background, consistent with 
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hyperpolarization of SOM neurons by Arch (Fig. 5b,c). The LFP in the Arch-injected V1 

area was desynchronized after activation of ChAT-ChR2 axons; however, this modulation 

was absent when Arch was activated (and SOM neurons transiently inactivated) during 

ChAT-ChR2 stimulation (Fig. 5d,e). This finding was consistent across different pre-

stimulation cortical states (Supplementary Fig. 10). Control experiments in ChAT-ChR2 

animals without Arch expression demonstrated that green light presentation was not 

sufficient to abolish the desynchronization (Supplementary Fig. 11a-c). These findings 

thus directly demonstrate that SOM neurons play a critical role in cholinergic-induced 

desynchronization of network activity in the superficial layers of V1.

To examine the effect of SOM neurons on decorrelation of neuronal activity, we carried out 

single-unit recordings in ChAT-ChR2-SOM-Cre mice within the region of V1 where Arch 

was expressed in SOM neurons (Supplementary Fig. 12a). ChAT-ChR2 activation with 

blue light induced decorrelation between neurons, but the decorrelation was blocked during 

green light activation of Arch (Fig. 5f,g, Supplementary Fig. 12b). In control ChAT-ChR2 

experiments without Arch expression, green light alone did not alter the extent of 

decorrelation (Supplementary Fig. 11d-f). It is also worth mentioning that the decorrelation 

and its blockade by SOM hyperpolarization was observed to be firing rate independent (Fig. 
4i, Fig. 5h, Supplementary Fig. 12c), thereby implicating distinct mechanisms from spike 

rate dependent correlation changes35.

Decorrelation can improve visual coding by reducing redundancy between neurons3. We 

carried out a simple discrimination analysis3 and found that decorrelation indeed improved 

discrimination performance; this improvement was also blocked by activation of Arch in 

SOM neurons (Supplementary Fig. 12d). Collectively, these data demonstrate that 

cholinergic activation of SOM neurons drives neuronal decorrelation in the superficial layers 

of V1 and thus potentially contributes to enhanced information processing.

VIP and L1 neurons do not mediate ACh-induced IPSCs

Recent work has revealed direct, weak inhibition by VIP on SOM neurons26 and indirect 

modulation of layer 5 PYR neurons by L1 neurons via layer 2/3 inhibitory neurons27. We 

thus examined if these functional connections could modulate layer 2/3 PYR neurons to alter 

desynchronization/decorrelation during cholinergic modulation. We carried out voltage 

clamp recordings from PYR neurons in VIP-Cre and 5HT3a-Cre slices containing Arch-

expressing VIP neurons and Arch-expressing 5HT3a-Cre positive L1 neurons 

(Supplementary Fig. 13a,e) respectively. Although the 5HT3aR-expressing interneurons 

are known to be heterogeneous36, we targeted the optogenetic stimulation specifically to 

layer 1 of visual cortex. Interestingly, hyperpolarization of VIP neurons by Arch 

(Supplementary Fig. 13a,b) did not block but instead facilitated IPSCs in PYR neurons 

(Supplementary Fig. 13c,d). On the other hand, hyperpolarization of 5HT3aR-expressing 

L1 neurons by Arch (Supplementary Fig. 13e,f) had no significant effect on IPSCs in PYR 

neurons (Supplementary Fig. 13g,h). These findings suggest that VIP but not L1 neurons 

can alter inhibitory transmission to layer 2/3 PYR neurons during cholinergic modulation, 

possibly through the VIP-SOM26 connection (Supplementary Fig. 4a).
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VIP neurons do not mediate ACh-induced cortical dynamics

We then examined the effect of VIP neurons on cortical desynchronization in ChAT-ChR2-

VIP-Cre mice where we expressed Arch specifically in VIP neurons. Hyperpolarization of 

VIP neurons did not have a significant effect on ChAT-ChR2 induced cortical 

desynchronization (Fig. 6a-c). This was also observed at high power of ChAT-ChR2 

stimulation (Supplementary Fig. 10). The conclusion held for a range of pre-stimulation 

cortical states observed in our recordings (Supplementary Fig. 1a-d, Supplementary Fig. 
10). Thus, under our conditions LFP desynchronization due to intracortical ACh release 

directly involves SOM neurons but not VIP neurons.

In the absence of cholinergic stimulation, hyperpolarizing VIP neurons can induce IPSCs in 

PYR neurons (Supplementary Fig. 13i,j). To investigate if hyperpolarizing VIP neurons 

can change cortical synchronization independent of the cholinergic pathway, we performed 

green light stimulation of ChAT-VIP-Arch animals. Indeed, VIP neuronal hyperpolarization 

in the absence of ChAT-ChR2 stimulation was also sufficient to induce cortical 

desynchronization (Fig. 6d,e). This can likely be explained by the inactivation of VIP to 

SOM inhibition (Supplementary Fig. 4a) and consequential activation of the microcircuit 

comprising SOMPYR and SOM-PV-PYR connections to induce cortical desynchronization 

similar to that observed with ChAT-ChR2 stimulation.

SOM-activation is sufficient to evoke cortical dynamics

Our data reveals the important role SOM neurons play in driving ACh-induced 

desynchronization. A final question remains: is direct SOM activation independent of the 

cholinergic pathway sufficient to evoke desynchronization? To enable direct activation of 

SOM neurons, we selectively expressed ChR2 in SOM neurons by viral injection in SOM-

Cre mice (Fig. 7a). Indeed, blue light stimulation of ChR2-expressing SOM neurons 

induced robust desynchronization of LFP in V1 (Fig. 7b,c), similar to that observed during 

cholinergic modulation. Hence, these data suggests that direct SOM activation is sufficient 

to induce desynchronization and further establishes the crucial role SOM neurons play in 

driving the temporal dynamics of cortical activity.

Discussion

Decorrelation between neurons can enhance3 and even optimize7 information processing. 

During execution of attentional tasks, decorrelation has been demonstrated to enhance 

population sensitivity to stimulus changes and the signal-to-noise ratio of neural signals6. 

Our study provides the first demonstration of a specific subtype of inhibitory neuron that can 

contribute to such temporal alterations of spike trains in the context of cholinergic 

modulation, a major neuromodulatory pathway implicated in attention and arousal5. 

Specifically, we show that direct facilitation of SOM neurons at wide ranges of cholinergic 

drive can activate both direct inhibition and possibly indirect PV disinhibition on PYR 

neurons. The activation of this microcircuit can consequently drive a firing-rate independent 

decorrelation of PYR neuronal spike trains.
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We further demonstrate that VIP and L1 neurons can also be facilitated by ACh, albeit 

effectively only at higher ACh concentration ranges due to inhibition by SOM neurons26. 

This finding is supported by previous work that has demonstrated stronger SOM-VIP and 

SOM-L1 than VIP-SOM connections26 and is perhaps facilitated by the uniquely low 

threshold firing properties of SOM neurons (Supplementary Fig. 2)18. Although our findings 

(Fig. 2c, Supplementary Fig. 1e) support previous observations that cholinergic modulation 

of VIP neurons and cortical desynchronization is correlated with cholinergic drive20, we did 

not observe any reduction of cholinergic-driven cortical desynchronization when VIP 

neurons were hyperpolarized. Instead, VIP hyperpolarization alone could induce cortical 

desynchronization, possibly through the disinhibition of SOM neurons26 and the consequent 

activation of the SOM-driven microcircuit (Fig. 6). Collectively, our data clearly 

demonstrate that the cholinergic activated inhibitory neuron subtypes 15, 16, 18, 20-23 are not 

all active simultaneously but at different dynamic ranges – a finding that resolves some of 

the complexities of ACh mechanisms. Specifically, it is not clear whether all ACh-

modulated cell types are involved simultaneously in all ACh-mediated brain functions. 

Based on our findings, we propose instead that cholinergic activated cell types can 

reorganize themselves into specialized microcircuits that are engaged at different levels of 

cholinergic drive to mediate distinct brain functions. SOM neurons can play a crucial 

functional role in the active shaping of temporal structure of neural activity while VIP and 

L1 neurons may contribute to functions requiring higher cholinergic drive such as gain 

control during locomotion21 or associative fear learning23.

Our results indicate that direct SOM activation via both muscarinic and nicotinic receptors 

by intracortical ACh is critical for the generation of network desynchronization1, 4, thereby 

extending previous work that has demonstrated the role of both cholinergic receptors in 

cholinergic desynchronization24. Our finding (Fig. 2c, Supplementary Fig. 10) also agrees 

with parallel observations of state-dependent SOM activation37, 38 and state-dependent 

variation in cholinergic output in the cortex39 where more awake states favor both greater 

ACh release and higher SOM activity. Our findings, however, do not rule out other 

alternative mechanisms that can underlie the generation of synchronization and 

desynchronization. In fact, rhythmic-bursting layer 5 pyramidal neurons2, thalamocortical 

pathways40, intracortical glutamatergic inputs41 and direct/indirect neuromodulatory inputs2 

including serotonin pathways42 can contribute to global changes in cortical state. 

Furthermore, slow oscillations originating in deeper cortical layers43 can propagate44 and 

interact with distinct cholinergic-activated cortical circuits across layers to lead to layer-

specific patterns of cortical activation.

By performing local optogenetic stimulation of ChAT-ChR2 axons in the superficial layers 

of V1, we were able to focus on how cortical microcircuits can contribute to cholinergic 

desynchronization at a local scale. We have identified the SOM driven microcircuit as 

playing an important role in local cholinergic desynchronization; however, it is possible that 

other factors including intrinsic properties of PYR neurons45 may also contribute to the 

phenomenon at a global level.

The co-existence of neuronal decorrelation and LFP desynchronization during ACh-induced 

SOM activation supports co-variation of temporal population activity with cortical states4 
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and function46. Global cortical fluctuations have been proposed to induce neuronal 

correlations4. During cholinergic modulation, these global fluctuations are suppressed, as 

reflected by a decrease in large amplitude, low frequency activity (Fig. 1d)2 thereby leading 

to neuronal decorrelation4. Small amplitude, high frequency activity then dominates2 in the 

decorrelated states. Previous findings have however revealed the existence of highly 

correlated neuronal pairs in decorrelated states10. Future work will be necessary to 

characterize possible cell assemblies in the ACh-induced decorrelated states.

Our data agree with previous work that has demonstrated an increase in correlation when 

circuit inhibition is reduced12 and suggest that SOM-activated pathways can provide a 

source of inhibition to induce decorrelation in the local circuit. Therefore, a central question 

arising from this work is how the cholinergic-activated, SOM-driven neural circuit can 

mediate temporal changes in neural activity. It is possible that this phenomenon may share 

common mechanisms with that mediating surround responses of V1 neurons. ACh enhances 

surround suppression47, which is importantly mediated by SOM neurons37. Activation of the 

surround reduces spike activity but can induce decorrelation48 and increase high frequency 

components of the LFP49. Our results bridge these observations with evidence that SOM 

neurons can also mediate temporal alteration of cortical activity via cholinergic modulation, 

thereby suggesting that ACh-evoked, top down cholinergic modulation in the temporal 

domain and visual stimulus evoked, bottom-up modulation in the spatial domain may share 

the same circuit mechanisms involving SOM neurons.

Our findings also help to reconcile seemingly contradictory effects of cholinergic 

modulation and nucleus basalis stimulation on V1 neurons7. Cortical cholinergic activation 

has been linked to both GABA-mediated suppression3, 50 and facilitation of visual responses 

of V1 neurons7, 47, 50. These findings can in principle be explained by our results where 

direct cholinergic activation of SOM neurons can drive both direct inhibition and possibly 

indirect disinhibition19 on PYR neurons to vary their firing rate according to the relative 

strengths of the two pathways. Our results also extend the conclusions of earlier slice 

studies15, 16 which have demonstrated excitation of non fast-spiking inhibitory neurons and 

induction of an inhibitory barrage in fast-spiking and pyramidal neurons by ACh.

It is worth mentioning that mAChR-mediated facilitatory responses have also been observed 

in PYR neurons at a slower time scale 25, 32-34 than that considered in our work. These 

responses have been shown to be mediated by both direct actions of ACh on PYR neurons 

and indirect actions via cortical astrocytes to drive ACh-induced plasticity25, 33, 34 

(Supplementary Fig. 8b, e, h). Together with our data showing SOM neurons as a dominant 

driver of both decorrelation and desynchronization in cortical networks, these findings 

suggest that the diffuse cholinergic innervation of cortex is transformed by distinct ACh-

responsive cell types and their specialized microcircuits acting across distinct time scales to 

enable highly specific brain functions.

Chen et al. Page 10

Nat Neurosci. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Online Methods

Mice

In vivo experiments involving local field potential, single unit and cell-attached recordings 

were performed on adult mice between 2 - 6 months old. Slice experiments involving whole-

cell patch clamp recordings were performed on P13 – P28 mice. Mice of both genders were 

used. These animals were housed under 12/12 hour light/dark cycle and up to 5 animals per 

cage. The following mouse lines were used: Figure 1: ChAT-ChR2-EYFP line 6 (ChAT-

ChR2)51. Figure 2 and 3: SOM-TD and VIP-TD mice were generated by crossing the 

CAG- tdTomato +/+ mice52 (td, Jackson labs) with SOM-Cre knockin driver mice (SOM-

Cre+/+, Jackson Labs) and VIP-Cre knockin driver mice (VIP-Cre+/+, Jackson Labs); Arch-

GFP was expressed in SOM neurons by injecting the AAV8-CAG-FLEX-Arch-GFP virus 

(Arch, Ed Boyden lab (MIT) and UNC Vector Core)53 into SOM-Cre+/− mice; or into 

GAD-67-GFP-SOMCre mice generated by first crossing GAD-67-GFP with SOM-Cre+/+ 

mice; C57BL6 (WT). Figure 4: ChAT-ChR2; ChAT-ChR2-SOM-Cre and ChAT-ChR2-

PV-Cre mice were generated by crossing ChAT-ChR2 +/− mice with SOM-Cre+/+ and PV-

Cre knockin driver mice (PV +/+, Jackson Labs) respectively54. Viral injection of the 

rAAV9/LS2L-dsRed-Exp virus (UNC Vector Core) containing the loxP-STOP-loxP-RFP 

construct55, 56 was used to label SOM or PV neurons with RFP. Figure 5: Arch-GFP was 

expressed in SOM neurons by injecting the Arch virus into ChAT-ChR2-SOM-Cre-mice 

generated by crossing ChAT-ChR2 +/− with SOM-Cre +/+ mice. Figure 6: Arch-GFP was 

expressed in VIP neurons by injecting the Arch virus into ChAT-ChR2-VIP-Cre-mice 

generated by crossing ChAT-ChR2 +/− with VIP-Cre +/+ mice. Figure 7: ChR2 was 

expressed in SOM neurons by injecting the AAV1.EF1.dflox.hChR2(H134R)-

mCherry.WPRE.hGH virus (Penn Vector Core) into SOMCre +/− mice. Supplementary 
Figure 5: SOM-TD; PV-TD mice were generated by crossing the td mice with PV-Cre+/+; 

GAD-67-GFP57 or C57BL6 (WT). Supplementary Figure 6: RFP was expressed in SOM 

neurons by injecting the AAV-LS2L-RFP virus into ChAT-ChR2-SOM-Cre-mice; SOM-TD. 

Supplementary Figure 13: Arch-GFP was expressed in VIP and 5HT3aR-expressing 

neurons by injecting the AAV-CAG-FLEX-Arch-GFP virus (Arch) into VIP-Cre+/− mice 

and 5HT3aR-Cre knockin driver mice (5HT3aR-Cre+/−, Gensat); All experiments were 

performed under protocols approved by the Animal Care and Use Committee at MIT and 

conformed to NIH guidelines.

Viral injection

The procedure was similar to that described earlier54, 55. Briefly, adult mice were 

anesthetized in isoflurane before the skull was thinned and the dura in primary visual cortex 

(V1) was punctured using a glass micropipette filled with virus. A volume of 0.25 μl of virus 

was injected at the depth of 250 μm. Experiments were performed at least 2 weeks post-

injection.

In vivo surgery—Mice were anesthetized with urethane (1.15 mg/g). Ophthalmic 

ointment was used to protect the animal's eyes during the surgery and replaced with silicon 

oil during imaging. Body temperature was maintained at 37.5°C with a heating pad. A metal 

headplate was attached to the skull with cyanoacrylate glue and dental acrylic. A 2 × 2 mm 
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craniotomy was made over V1 which was later covered with a thin layer of 2% agarose in 

ACSF (140 mM NaCl, 5mM KCl, 2 mM CaCl2, 1mM MgCl2, 0.01 mM EDTA, 10 mM 

HEPES, 10 mM glucose, pH 7.4).

In vivo cell-attached recording and data analysis—Glass pipettes (1.5 μm tip size, 

3–7 MΩ) filled with Alexa dye 488 (A488, Invitrogen, Carlsbad, CA) and held at positive 

pressure were visually-guided into V1 with a two-photon scanning microscope (Sutter 

Instruments) using ScanImage software (Karel Svoboda Lab, HHMI Janelia Farm)58 and 

directed to 100 - 200 μm below the pial surface (layer 2/3) using a micromanipulator55. 

Cells were imaged using a 25×, 0.95-N.A. lens (Olympus Optical) at an excitation 

wavelength of 910 nm. The fluorescence was detected using photomultiplier tubes (R6357; 

Hamamatsu). The resistance of the pipette was monitored during the penetration by 

delivering -0.5 nA current pulses for 6.3 ms at 0.55 Hz with Clampex software (Axon 

Instruments, v8.1) and Axoclamp-2A amplifier (Axon Instruments). When a seal during the 

advancement of pipette was obtained (assessed by increase in pipette tip resistance) and 

well-isolated spikes were detected on Clampex during visual stimuli presentation, sustained 

negative pressure was applied (0.2–0.6 psi) to secure the seal59. To fill the recorded cells, 

current pulses (35 ms, 900–2000 nA) were delivered at 15 Hz for 30–60 s. Recordings were 

performed at a sampling rate of 30 KHz and filtered between 300 Hz and 10 KHz. The 

pClamp data was analyzed with Clampfit software v 10.2 (MDS Analytical Technologies) 

for spike detection and the analyzed data was then imported in Matlab and further analyzed 

with custom-written scripts. In Fig. 4c, firing rates were normalized by the mean firing rate 

across 8s of spontaneous responses before ChAT-ChR2 stimulation. In Figs. 4f and 4i, firing 

rates were normalized by the mean visual responses before ChAT-ChR2 stimulation.

In vivo single unit recording and data analysis—Single-unit extracellular 

recordings25 were made using tungsten microelectrodes (0.8 MΩ; FHC). The signal was 

amplified and recorded using the Plexon Neurotechnology Research Systems (4-8 channels, 

40 KHz at 12-bit resolution, Plexon Inc.). The signal was thresholded using an online 

amplitude discriminator and played over an integrated stereo amplifier (Optimus). Offline 

analysis to sort waveforms for each unit was performed using commercial programs (Offline 

Sorter version 2.8.8; Plexon Inc.).

Post processing was performed with in-house code written in MATLAB. Units were 

selected by two criteria for further analysis: visual responsiveness (paired t-test, P<0.05) and 

firing rate (>0.1 Hz). To avoid artifacts due to the same unit being picked up by more than 

one electrode, we removed units which had high correlation with others (pair-wise between-

units correlation coefficient >0.1, with 1 KHz bin). For correlation analysis across units, we 

first binned responses at 100 ms (10 Hz) (See Fig. 1f, Supplementary Fig. 1g) before the 

mean Pearson correlation coefficient for each cell was calculated using all pairs of responses 

between the cell and other cells recorded simultaneously3. Population averaged correlation 

coefficients in Fig. 1g, 5g Supplementary Fig. 1i and 11f were computed by first averaging 

the correlation coefficient across all cells recorded simultaneously before taking the mean of 

these averaged correlation coefficients for each experiment. The single Pearson correlation 

coefficients between all pairs of responses are also plotted in Supplementary Fig. 1h, 12b.
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The discrimination analysis in Supplementary Fig. 12d was computed as previously 

reported3. Responses were first binned in 100 ms segments. Discriminability was then 

calculated by comparing the similarity of single-trial responses to two templates comprising 

mean trial-averaged responses. Each discrimination was quantified by calculating the 

Euclidean distance between (a) single-trial responses in a given bin and the mean trial-

averaged responses in the same bin, and between (b) the single-trial responses and the mean 

trial-averaged responses in a different bin. Discrimination was assigned correct when the 

distance (a) was smaller than distance (b). The discrimination performance of both control 

and light-stimulated experiments was normalized by the maximum performance of the 

control experiment for comparison. Data sets with more than 9 units were used for this 

analysis. Two-way ANOVA was used to assess effect of number of units included to 

calculate discrimination performance, and effect of light stimulation.

In vivo local field potential (LFP) recording and data analysis—The LFP 

recordings were made using a glass pipette (2.5 – 3 μm tip size, 2-3 MΩ) to prevent 

optogenetic laser stimulation-induced artifacts60. The pipette, filled with A488 and Alexa 

dye 594 (A594), was visually-guided into V1 with a microscope and directed 100 - 200 μm 

below the pial surface (layer 2/3) using a micromanipulator. A single channel on the Plexon 

Neurotechnology Research Systems was used to amplify and record the signal. The LFP 

signal before and during laser stimulation (1-3 sec) was analyzed using in-house code 

written in MATLAB to construct the power spectrum.

Visual and optogenetic stimulation

Natural movies and random orientation gratings were displayed on a 19 inch LCD monitor 

situated 15 cm from the eyes. Experiments with natural stimuli consisted of 40 – 60 trials 

where each trial comprised a set each of control and optogenetic stimulation conditions. 

Each set comprised three 5-seconds natural movies (128 × 128 pixels) selected from the van 

Hateren natural movie database. Each movie was preceded by a control period consisting of 

3s of blank grey screen and 2s of still image of the first movie frame to avoid onset effects. 

Multiple trials were performed with alternating absence and presence of ChAT-ChR2 

stimulation synchronized to the start of each movie (see Fig. 1e). Arch stimulation preceded 

by 1s and continued for the duration of the ChAT-ChR2 stimulation so as to ensure 

suppression of SOM neurons during this period.

Experiments with random orientation gratings consisted of 40 – 60 trials where each trial 

comprised 3 repeats of alternating 4s of blank screen and 4s of random orientation grating 

presentation. ChAT-ChR2 stimulation was synchronized to the start of the third repeat of 

grating presentation (see Fig. 1e). Arch stimulation preceded by 1s and continued for the 

duration of the ChAT-ChR2 stimulation. Random orientation grating stimuli were generated 

with the Psychophysics toolbox61 in Matlab. The stimuli consisted of square wave drifting 

gratings at 100% contrast in 8 randomly-permuted directions, each 45 degrees apart and 

lasting for 450 ms.

To perform optogenetic stimulation of ChR2 and Arch, we used diode-pumped solid state 

blue and green lasers with analog intensity control (MBL-III-473 (Blue, 473 nm) and MBL-

Chen et al. Page 13

Nat Neurosci. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



III-532 (Green, 532 nm), OptoEngine, LLC). The stimulation parameters are as follows: 

Blue light: 1-5s duration, 20 Hz, 10 ms pulse width, 1 mW/mm2 (used in Fig. 7), 10 

mW/mm2 (low ChAT-ChR2 stimulation intensity, used in all Figures except Fig. 7 and 

Supplementary Fig. 10 right), 30-60 mW/mm2 (high ChAT-ChR2 stimulation intensity, 

used in Supplementary Fig. 10 right); Green light: 5-15s duration, continuous light, 0.1-1 

mW/mm2. Pulse patterns were driven via custom D/A optogenetics software written in 

Matlab. The onset of visual stimuli was synchronized to the initiation of cell-attached spike, 

single unit, LFP recordings and optogenetic stimulation via trigger pulses. Blue laser light 

was focused onto superficial layers of V1 using a 10x objective lens. The estimated area is 

approximately 0.8 mm2.

Blue light stimulation of V1 in ChAT-ChR262 mice leads to photoactivation of cholinergic 

axons from the basal forebrain and a small, localized set of intrinsic cholinergic 

interneurons. The functional consequences of the activation of the intrinsic cholinergic 

interneurons have however been shown to be limited63, 64.

Slice physiology

Coronal slices (300 μm) of visual cortex were cut in slicing buffer (< 4 °C, perfused with 

carbogen comprising 95% O2/5% CO2, pH 7.33 – 7.38) with a vibratome (Leica VT 1200S) 

and incubated in artificial cerebral spinal fluid (ACSF) at room temperature for at least 30 

min before being transferred to a slice chamber for patch-recordings. All experiments were 

performed in carbogen-perfused ACSF. The ACSF contained (in mM): NaCl, 130; 

NaHCO3, 24; KCl, 3.5; NaH2PO4, 1.25; Glucose, 10; CaCl2, 2.5; MgCl2, 1.5. The slicing 

buffer was of similar composition as ACSF except (in mM): CaCl2, 1; MgCl2, 5. The low 

chloride intracellular pipette (internal) solution for patching neurons in current clamp mode 

contained (in mM): KCl, 20; KGluconate, 100; HEPES, 10; Mg-ATP: 4; Na-GTP: 0.3; Na-

Phosphocreatine, 10, pH 7.4, 295 mOsm. EPSCs were recorded in voltage clamp mode 

(holding potential -70mV) with the low chloride internal solution. For recording IPSCs in 

voltage clamp mode (holding potential – 70mV, in the presence of NBQX), a high chloride 

internal solution was used (in mM): KCl, 120; HEPES, 10; Mg-ATP: 4; Na-GTP: 0.3; Na-

Phosphocreatine, 10, pH 7.4, 295 mOsm. Drugs: Acetylcholine chloride (ACh, 1 μM - 10 

mM), Atropine sulfate (Atropine, 50 μM), Mecamylamine hydrochloride (Meca, 10 μM), 

Bicuculline methiodide (BCC, 20 μM) and Tetrodotoxin (TTX, 1 μM) were purchased from 

Sigma; D-(−)-2-amino-5-phosphonopentanoic acid (D-APV, 50 μM), 2, 3-Dioxo-6-

nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX, 10 μM), 

Gabazine (10 μM) and CGP55845 hydrochloride (2 μM) were purchased from Tocris. Drugs 

were bath applied, except for ACh which was applied by pressure injection with a 

picospritzer.

Intracellular recording in slices

Glass pipettes (4 – 7 MΩ) were pulled with a Sutter P1000 puller (Sutter instruments). Layer 

2/3 cells were visualized with an Olympus BX61WI microscope coupled with a 40x water 

immersion lens (Olympus), infrared-DIC optics and CCD camera (Qimaging).
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In GAD-67-GFP-SOM-Cre-Arch slices used in Fig. 2i-k, putative VIP neurons were 

identified by their expression of GFP, their RS characteristic and lack of hyperpolarizing 

response to green light stimulation. In GAD-67-GFP-SOM-Cre-Arch slices used in Fig. 3c-

e, fast-spiking (FS) neurons were identified by their expression of GFP and their FS 

characteristic. In SOM-Cre-Arch slices in Fig. 3f-h, in GAD-67-GFP slices in 

Supplementary Figs. 5k-m, in VIP-Cre-Arch slices in Supplementary Fig. 13c-d and in 

5HT3aR-Cre-Arch slices in Supplementary Fig. 13g-h, regular-spiking (RS) putative 

excitatory neurons (PYR) were identified by the absence of GFP as well as their 

morphological and electrophysiological characteristics: pyramidal-shaped soma, apical 

dendrites radially projecting towards the pial and basal dendrites directed downwards and 

laterally65 and adaptation of spike frequency when stimulated with a constant current66. A 

subset of experiments in Supplementary Figs. 5k-m was performed in C57BL/6 slices where 

PYR neurons were identified by their distinct morphological and electrophysiological 

characteristics as described above.

Recordings were performed with a multiclamp 700B amplifier and digidata 1440A data 

acquisition system, with pClamp software in both the current- and voltage-clamp modes. 

Optogenetic stimulation of Arch was performed using output from a Lumen 200 

fluorescence lamp (5% light output, Prior Scientific, Inc.) through a green filter.

Slice physiology analysis

Analysis was performed with the Clampfit 10.2.0.12 software. In Figs 2c, 2e, 2h, 2k, 2n, 3b, 

3e, 3h, Supplementary Figs 3, 4c, 6b, 7, 8c, 8f, 8i, 13b, 13d, 13f, 13h, 13j, the ACh induced 

changes in response was defined as (Ach response) after drug – (Ach response) before drug 

where (Ach response) was computed over 10 s. Supplementary Fig. 6c-e was analyzed using 

the Mini Analysis Program (Synaptosoft, v 6.0.7): The latency was defined as the time to 

reach peak amplitude and computed by finding the first data point to the left of the peak that 

showed 0.5% of the peak amplitude before subtracting the time at this point from the time at 

the peak. The peak amplitude was calculated by taking the amplitude at the local maximum 

minus the average baseline. The charge was computed as the area under the curve by taking 

an integral of amplitude from the first data point to the left of the peak that showed 0.5% of 

the peak amplitude to the first data point to the right of the peak that showed 0.37 of the 

peak amplitude.

Immunohistochemistry

SOM-TD mice (P34, Supplementary Fig. 6f) were anesthetized with 4% isoflurane and 

perfused transcardially with saline followed by chilled 4 % paraformaldehyde in 0.1 M PBS. 

The brains were then postfixed in 4 % paraformaldehyde in 0.1 M PBS (<4°C) overnight. 

The fixed brains were sectioned into 50 μm visual cortical slices with a vibratome and then 

blocked in 10% normal goat serum with 1% triton in PBS (1 hour, room temperature) before 

being stained with rabbit anti-M1 and anti-M2 (1:200, Millipore, AB5164, AB5166) or 

rabbit anti-nAChR alpha4 and rabbit anti-nAChR beta2 or rabbit anti-nAChR alpha7 (1:200, 

Abcam, ab41172, ab55980, ab23832)67 overnight (< 4 °C). This was followed by a 3 hour 

incubation in Alexa Fluor 488 goat anti-rabbit (1:200, Invitrogen, A11034) before being 

mounted on a glass slide with the Vectashield Hardset mounting media (Vector Labs). The 
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slides were imaged using a confocal microscope (Zeiss LSM 5 Pascal Exciter) and the 

images were analyzed for co-localization of tdTomato positive SOM neurons and the 

respective cholinergic receptors stains.

Statistics and general method

Detailed sampling statistics for all figures are provided in Supplementary Tables 1-2. The 

normality test was performed to check if samples can be described by a Gaussian 

distribution before the standard t-test was used to compare responses across populations of 

neurons and across animals. Two-tailed, paired t-test was used for comparisons unless 

indicated. In a small subset of experiments that did not pass the normality test, non-

parametric statistics were used. Error bars indicate SEM unless indicated. Blind experiments 

were not performed in the study but the same criteria were applied to all allocated groups for 

comparisons. No randomization was performed for the study. No statistical methods were 

used to predetermine sample sizes, but our sample sizes are similar to those reported in 

previous publications 21, 37.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Optogenetic stimulation of ChAT-ChR2 expressing axons induces LFP desynchronization 

and decorrelation in layer 2/3 V1 neurons. (a) Experimental setup for LFP or single unit 

recording, with ChAT-ChR2 blue light stimulation through the objective (adapted from 

Paxinos GFK, Franklin KBJ, Academic Press, 2001). (Inset) Fluorescence image of ChAT-

ChR2 axons in V1. Scale bar, 20 μm. (b) LFP desynchronization during ChAT-ChR2 

stimulation at t = 0 s (arrow). (Top) Raw trace. (Bottom) Low-pass filtered < 5 Hz. (c) (Top) 

Example normalized power spectrum in an animal, 1s before (blue) and after (red) ChAT-

ChR2 stimulation, averaged over 10 trials. (Bottom) Population mean normalized power 

spectrum across animals. Dotted lines indicate SEM. (d) ChAT-ChR2 stimulation induces a 

decrease in power of low frequency events (<10 Hz, mean power relative to control ± SEM, 

84.8 ± 2.99 %, p = 0.0039, paired t-test, n = 5 animals) and increase in high frequency 

events (10 – 100 Hz, 107 ± 0.776 %, p = 0.0003, paired t-test). (e) (Left) Visual and ChAT-

ChR2 stimulation protocol. ‘Natural movies’ comprised 3 movies of 5s duration (patterned 

boxes). ‘Oriented gratings’ comprised 3 trials of alternating 4s of blank screen and 4s of 

oriented gratings. ChAT-ChR2 stimulation is indicated by arrows. (Right) An example 

experiment showing neuronal decorrelation before (control, top) and after ChAT-ChR2 

stimulation (blue box, bottom). Each panel shows responses of multiple single units 

recorded simultaneously during presentation of natural movies. Each unit is indicated by a 

different color. (f) Scatter plot showing single unit correlation coefficients before and after 

ChAT-ChR2 stimulation. Blue circles represent mean Pearson correlation coefficients for 

each neuron; red circle represents population averaged correlation coefficient. n = 85 units 

from 9 animals, P<0.0001, paired t-test, comparing mean correlation coefficients for each 

unit before and after photostimulation. (g) ChAT-ChR2 stimulation induces a significant 

decrease in the population averaged normalized correlation coefficient across experiments. n 
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= 9 animals, p = 0.0001, paired t-test, comparing population averaged correlation 

coefficients across animals before and after photostimulation. ** p < 0.01, *** p < 0.001, 

**** p < 0.0001.
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Figure 2. 
ACh induces facilitation at different dynamic ranges in layer 2/3 SOM, VIP and L1 

inhibitory neurons in V1 slices. VIP and L1 neurons also receive inhibitory input from SOM 

neurons. (a) Merged fluorescence and differential interference contrast (DIC) images of 

(Top) a tdTomato positive SOM neuron patched in a SOM-TD slice, (Middle) VIP neuron in 

VIP-TD slice and (Bottom) L1 neuron in WT slice. Scale bar, 10 μm. (Inset) Configuration 

of whole-cell patch-clamp recording in slices during ACh application. Figs. 2b-c, 2g-h were 

performed with low chloride internal solution in current clamp mode. Fig. 2d-e, 2j-k, 2m-n 

were recorded in voltage clamp mode with high chloride internal solution in NBQX. (b) 
(Left) Local ACh application (black dot; 100 μM) evoked (Top) a transient train of action 

potentials in SOM neurons and (Middle) depolarization in VIP and (Bottom) L1 neurons. 

(Right) The same traces demarcated by dotted red lines on the left in expanded scales. (c) 
Population mean of ACh-induced changes in firing rate (Hz) of SOM, VIP and L1 neurons 

against ACh pipette concentrations. Error bars indicate 0.5 SEM. Y-axis is plotted in both 

linear (0 – 1.25) and log scale (> 1.25). SOM: n = 16 neurons in 16 slices from 7 animals, p 

= 0.00021; VIP: n = 8 neurons in 7 slices from 4 animals, p = 0.4736; L1: n = 7 neurons in 7 

slices from 3 animals, p = 0.1639, paired t-test, comparing firing rate changes evoked by 

1-100 μM ACh with null responses. (d) (Top) Local ACh application (black dot; 100 μM) 
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evokes smaller NBQX-insensitive inward currents in SOM neurons than in (Middle) VIP 

and (Bottom) L1 neurons. (e) Similar to (c) except for ACh-induced changes in mean 

current amplitude (pA). Inset shows responses in an expanded scale. SOM: n = 9 neurons in 

9 slices from 3 animals, p = 0.0809, VIP: n = 10 neurons in 10 slices from 4 animals, p = 

0.000172, L1: n = 8 neurons in 7 slices from 3 animals, p = 0.00726, paired t-test, 

comparing responses at 1-100 μM ACh with null responses. (f) (Left) Same as (a) except in 

layer 2/3 of SOM-Cre slices where AAV-flex-Arch-GFP virus was injected (shaded green). 

(Middle) Merged fluorescence and DIC images of a GFP-positive, Arch-expressing SOM 

neuron patched in a SOM-Cre slice. Relative positions of ACh pipette (1) and patch pipette 

(2) were as indicated. (Inset) Magnified image of the SOM neuron patched in previous 

image. Scale bar, 10 μm. (Right) A typical spike of a SOM neuron. (g) Local ACh 

application (black dot; 10 mM) evoked a transient train of action potentials in an Arch-

expressing SOM neuron which was abolished by green light exposure (green bar). (h) 
Population average of mean Vm of SOM neurons when ACh was applied before, during and 

after Arch. n = 6 neurons in 6 slices from 3 animals, p = 0.0003, paired t-test, comparing 

ACh-induced depolarization in SOM neurons before (4.96 ± 1.00 mV) and after Arch 

activation (-23.6 ± 3.80 mV). (i) (Left and Middle) Similar to (f) where a layer 2/3 putative 

VIP neuron identified as GFP positive, non-Arch-expressing and regular-spiking in a 

GAD67-GFP-SOM-Cre slice was recorded. Scale bar, 10 μm. Note that the neuron is 

completely filled with GFP in contrast to the annular membrane-bound Arch-GFP filling 

observed in (f). Scale bar, 10 μm. (Right top) The VIP neuron is identified to be non SOM-

expressing as it did not hyperpolarize with green light exposure (green bar). (Right bottom) 

A typical spike of a VIP neuron. (j) Local ACh application (black dot; 100 μM) evoked 

IPSCs in a putative VIP neuron which were reduced by green light exposure (green bar). (k) 
Population average of ACh-induced changes in mean current amplitude of putative VIP 

neurons before, during and after Arch. n = 6 neurons in 6 slices from 3 animals, p = 0.0342, 

paired t-test, comparing ACh-induced current amplitudes before (- 19.7 ± 7 pA) and after 

Arch (- 4.40 ± 2.09 pA). (l) Similar to (f) where a L1 neuron in a SOM-Cre slice was 

recorded. Scale bar, 10 μm. (m) Same as (j) but in L1 neuron. (n) Same as (k) but with L1 

neurons. n = 7 neurons in 7 slices from 4 animals, p = 0.0389, comparing ACh-induced 

current amplitudes before (-15.8 ± 6.20 pA) and after Arch (-2.34 ± 1.41 pA). * p < 0.05, ** 

p < 0.01, *** p < 0.001, N.S., not significant. ACh was applied at 200 ms, 20 psi. See 

Supplementary Fig. 3.
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Figure 3. 
Direct cholinergic facilitation of SOM responses leads to indirect inhibitory responses in FS 

(putative PV) and PYR neurons. Recordings in Fig. 3a-b were recorded with low chloride 

internal solution in current clamp mode. Recordings in Fig. 3d-e and Fig. 3g-h were 

recorded in voltage clamp mode with high chloride internal solution in NBQX. (a) Local 

ACh application (black dot) evokes a transient train of action potentials in SOM neurons (in 

SOM-TD slices) which persists in the presence of NBQX, D-APV and BCC. (Inset) 
Proposed mechanism of cholinergic action on SOM, PV and PYR neurons. Red circles and 

green ovals indicate inhibitory synapses and cholinergic receptors respectively. (b) 
Population average of ACh-induced changes in mean Vm of SOM neurons before and after 

bath application of glutamatergic/GABAergic antagonists. n = 5 neurons in 5 slices from 3 

animals, p = 0.565, comparing ACh-induced change in mean Vm before (6.96 ± 1.44 mV) 

and after NBQX, D-APV, BCC (6.35 ± 1.34 mV). (c) Similar to Fig. 2i where GFP positive, 

non-Arch-expressing, FS neurons in a GAD67-GFP-SOM-Cre slice were recorded. Scale 

bar, 10 μm. (d) Local ACh (black dot) evoked IPSCs in a GFP positive, FS neuron which 

were reduced by green light (green bar). (e) Population average of ACh-induced changes in 

mean current amplitude of GFP positive neurons before, during and after Arch. n = 5 

neurons in 5 slices from 3 animals, p = 0.0385, paired t-test, comparing ACh-induced 

current amplitudes before (-28.3 ± 7.74 pA) and after Arch (-8.59 ± 3.23 pA). (f) Similar to 

Fig. 2f where GFP negative, putative PYR neuron in a SOM-Cre slice was recorded. Scale 

bar, 10 μm. (g) Same as (d) but in a putative PYR neuron. (h) Same as (e) but with putative 
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PYR neurons. n = 8 neurons in 8 slices from 4 animals, p = 0.0091, comparing ACh-induced 

current amplitudes before (-111.1 ± 30.6 pA) and after Arch (-17.1 ± 7.58 pA). * p < 0.05, 

** p < 0.01, N.S., not significant. ACh was applied at 10 mM, 200 ms, 20 psi. See 

Supplementary Fig. 7.
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Figure 4. 
Optogenetic stimulation of ChAT-ChR2 expressing axons evokes diverse responses in V1 

layer 2/3 SOM, PV and putative PYR neurons. (a) Experimental setup for two-photon 

guided, cell-attached recording of labeled SOM neurons during ChAT-ChR2 blue light 

stimulation through objective. (Left Inset) RFP positive SOM cells (red) were (Top) 

targeted with a glass pipette containing Alexa 488 dye (green). (Bottom) The cell was filled 

to confirm its identity after recording. Scale bar, 20 μm. (Right Inset) A typical spike of a 

SOM neuron in a ChAT-ChR2-SOM-Cre animal. (b) (Top) Raster plot and (Bottom) peri-

stimulus time histogram (PSTH) of responses of a SOM neuron to ChAT-ChR2 stimulation 

(arrow). (c) (Top) Normalized PSTH of the responses of SOM neurons to ChAT-ChR2 

stimulation (arrow). (Bottom) Normalized mean firing rate 8s before and after ChAT-ChR2 

stimulation n = 11 neurons from 6 animals, p = 0.023, paired t-test, comparing normalized 

firing rate before and after photostimulation; duration of response = 30.9 ± 7.49 s. Baseline 

firing rate of SOM neurons: 1.26 ± 0.531 Hz. (d) Similar to (a) where RFP positive PV 

neurons in ChAT-ChR2-PV Cre mice were recorded. Scale bar, 20 μm. (e) (Top) Raster plot 

and (Bottom) PSTH of visual responses of a PV neuron (Left) before and (Right) after 

ChAT-ChR2 stimulation (arrow). ChAT-ChR2 stimulation was synchronized to the start of 

orientation grating stimuli (patterned bar). A blank grey screen (white bar) preceded visual 

stimulation. (f) (Top) Normalized PSTH of the visual responses of PV neurons (Left) before 

and (Right) after ChAT-ChR2 stimulation (arrow). (Bottom) Normalized mean visual 
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response (over 4s) before and after ChAT-ChR2 stimulation n = 23 neurons from 4 animals, 

p < 0.0001, paired t-test, comparing normalized visual responses before and after 

photostimulation. Baseline firing rate of PV neurons: 1.90 ± 0.542 Hz. (g) Experimental 

setup for single unit recording in ChAT-ChR2 animals using a tungsten electrode array 

during ChAT-ChR2 blue light stimulation through the objective. (h - i) Similar to Fig. 4e-f 

except for putative PYR neurons. Random orientation grating or natural movie stimuli were 

used. n = 85 units from 9 animals, p = 0.273, paired t-test, comparing normalized visual 

response before and after photostimulation. Baseline firing rate of PYR neurons: 0.0865 ± 

0.0242 Hz. * p < 0.05, **** p < 0.0001. N.S., not significant. Shaded region in Fig. 4c, 4f, 

4i indicates SEM.
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Figure 5. 
ChAT-ChR2 stimulation-induced LFP desynchronization and decorrelation is mediated by 

SOM neurons. (a) Experimental setup for electrophysiological recordings during ChAT-

ChR2 blue light stimulation and SOM-Arch green light stimulation through the objective. 

(Inset) Image of Arch-GFP expression in V1. Scale bar, 50 μm. (b) (Left) (Top) An Arch-

expressing SOM neuron with membrane-bound GFP was targeted with a glass pipette 

containing Alexa 488 dye (green). (Bottom) The cell was filled to confirm its identity after 

recording. Scale bar, 10 μm. (Right) Normalized mean PSTH of responses of 8 SOM 

neurons to ChAT-ChR2 stimulation (arrow, 1s duration) (Top) without and (Bottom) with 

Arch stimulation (10s duration, preceding ChAT-ChR2 stimulation by 1s). Shaded area 

indicates SEM. (c) ChAT-ChR2 blue light stimulation induced an increase in the normalized 

mean firing rate measured 8s before and after stimulation (p < 0.0001). SOM-Arch green 

light stimulation reverses this increase (p < 0.0001). n = 8 neurons from 4 animals, paired t-

test. (d) LFP desynchronization during ChAT-ChR2 stimulation at t = 0 s (arrow) (Left) was 

blocked by Arch stimulation (green bar) (Right). (Top) Raw trace (Bottom) Low-pass 
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filtered (< 5 Hz). (e) ChAT-ChR2 blue light stimulation induced a decrease in power of low 

frequency events (<10 Hz, 87.3 ± 1.50 %, p < 0.0001) and increase in high frequency events 

(10 – 100 Hz, 109.7 ± 2.12 %, p = 0.0026) respectively. This was blocked during 

simultaneous SOM-Arch green light and ChAT-ChR2 blue light stimulation (low frequency: 

96.7 ± 2.21 %, p = 0.180; high frequency: 104.2 ± 2.63 %, p = 0.154). n = 8 animals, 

comparison with null changes, paired t-test. (f) Scatter plot showing the between-cell 

correlation coefficients (Left) before and after ChAT-ChR2 stimulation (p < 0.0001, paired 

t-test) and (Right) before and after simultaneous SOM-Arch and ChAT-ChR2 stimulation (p 

= 0.432). Each blue circle represents the average correlation coefficient between a single 

neuron and all other neurons in the same recording; the red circle is the population average. 

n = 49 units from 5 animals. (g) The population averaged normalized correlation coefficient 

across experiments during ChAT-ChR2 blue light stimulation (p = 0.0017) and during 

simultaneous SOM-Arch green light and ChAT-ChR2 blue light stimulation (p = 0.742). n = 

5 animals, paired t-test. (h) Normalized mean visual response (over 4s) during ChAT-ChR2 

blue light stimulation (p = 0.630) and during simultaneous ChAT-ChR2 blue light and 

SOM-Arch green light stimulation (p = 0.149). n = 49 units from 5 animals , paired t-test. ** 

p < 0.01, *** p < 0.001, **** p < 0.0001. N.S., not significant.
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Figure 6. 
VIP neurons do not contribute to ChAT-ChR2 stimulation-induced LFP desynchronization. 

Hyperpolarization of VIP neurons however can induce desynchronization. (a) Experimental 

setup for LFP recording in ChAT-ChR2-VIP-Cre mice. ChAT-ChR2 blue light stimulation 

and VIP-Arch green light stimulation were performed through the objective. (Inset) Image 

of Arch-GFP expression in VIP neurons of V1. Scale bar, 50 μm. (b) (Left) 
LFPdesynchronization during ChAT-ChR2 stimulation at t = 0 s (arrow) was not blocked by 

(Right) Arch stimulation (green bar) of VIP neurons. (Top) Raw trace (Bottom) Low-pass 

filtered (<5 Hz). (c) The ChAT-ChR2 blue light stimulation induced changes in power of 

low frequency (<10 Hz, 90.5 ± 2.83 %, p = 0.0285) and high frequency events (10 – 100 Hz, 

105.8 ± 1.58 %, p = 0.0209) were not blocked during simultaneous VIP-Arch green light 

and ChAT-ChR2 blue light stimulation (Low frequency: 91.1 ± 2.64 %, p = 0.0281; High 
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frequency: 106.2 ± 1.70 %, p = 0.0221). n = 5 animals, paired t-test. (d) LFP 

desynchronization during optogenetic Arch stimulation of VIP neurons (green bar). (Top) 

Raw trace. (Bottom) Low-pass filtered (<5 Hz). (e) Green light stimulation of Arch-

expressing VIP neurons induces a significant decrease in power of low frequency events 

(<10 Hz, 90.8 ± 2.02 %, p = 0.0448) and increase in high frequency events (10 – 100 Hz, 

107.2 ± 1.17 %, p = 0.0254) in ChAT-ChR2-VIP-Cre mice. n = 3 animals, paired t-test. * p 

< 0.05.
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Figure 7. 
Direct ChR2 stimulation of SOM neurons is sufficient to induce LFP desynchronization. (a) 
Experimental setup for LFP recording in SOM-Cre mice during SOMChR2 blue light 

stimulation through the objective. (Inset) Image of ChR2-mCherry expression in SOM 

neurons of V1. Scale bar, 50 μm. (b) LFP desynchronization during SOM-ChR2 stimulation 

(blue bar). (Top) Raw trace (Bottom) Low-pass filtered (<5 Hz). (c) SOM-ChR2 

sstimulation induces a decrease in power of low frequency events (81.7 ± 1.80 %, p = 

0.0095) and increase in high frequency events (116.8 ± 1.85 %, p = 0.0120). n = 3 animals, 

paired t-test. * p < 0.05, ** p < 0.01.
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