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Abstract  35 

Cholinergic neuromodulation is thought to shape network activity in the prefrontal cortex 36 

(PFC), and thus PFC-dependent cognitive functions. Acetylcholine (ACh) may modulate the 37 

activity of parvalbumin-positive (PV+) neurons, which critically regulate cortical network 38 

function. However, the mechanisms of cholinergic regulation of PV+ neuron activity, and 39 

particularly of the basket (BC) versus chandelier (ChC) subtypes, are unclear.  40 

Using patch clamp recordings in acute slices, we examined the effects of the ACh receptor 41 

(AChR) agonist carbachol on the excitatory synaptic drive onto BCs or ChCs in layers 2 to 6 42 

of mouse PFC. Carbachol increased the frequency and amplitude of spontaneous excitatory 43 

synaptic currents (sEPSCs) recorded from PV+ BCs in layers 3-6, but not in BCs from layer 2. 44 

Moreover, carbachol did not change the sEPSCs in ChCs, which were located exclusively in 45 

layer 2. The potentiation of sEPSCs in layers 3-6 BCs was prevented by the Na+ channel 46 

blocker tetrodotoxin and was abolished by the M1-selective muscarinic AChR antagonist 47 

pirenzepine. Thus, carbachol potentiates the activity-dependent excitatory drive onto PV+ 48 

neurons via M1-muscarinic AChR activation in a cell type- and layer-specific manner. In 49 

current clamp recordings with synaptic transmission blocked, carbachol directly evoked firing 50 

in deep layer pyramidal neurons (PNs). In contrast, carbachol elicited deep layer BC firing 51 

indirectly, via glutamate-mediated synaptic drive. 52 

Our data suggest that ACh powerfully regulates PFC microcircuit function by facilitating the 53 

firing of pyramidal neurons that synaptically recruit deep layer PV+ BC activity, possibly 54 

shaping the patterns of network activity that contribute to cognitive function.  55 
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Significance Statement 56 

Cholinergic neuromodulation and parvalbumin-positive (PV+) neurons may be essential for 57 

regulation of prefrontal cortex (PFC) network activity. To determine whether cholinergic input 58 

modulates PFC network function via PV+ neurons, we examined the effects of the cholinergic 59 

agonist carbachol on the excitatory synaptic drive onto PV+ neurons in mouse PFC. 60 

Carbachol, via M1 muscarinic receptor activation, potentiated the excitatory synaptic currents 61 

onto PV+ basket cells in deep cortical layers, but not onto superficial layer basket or 62 

chandelier cells. Carbachol directly elicited firing in deep layer pyramidal neurons but basket 63 

cell activity was recruited indirectly, via synaptic glutamate-mediated excitatory drive. Our 64 

data suggest that cholinergic neuromodulation contributes to PFC-dependent cognitive 65 

function recruiting PV+ neuron activity in a cell type- and layer-specific manner. 66 

  67 
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Introduction 68 

Regulation of cortical network activity by acetylcholine (ACh) plays a crucial role in cognitive 69 

function (Ballinger et al., 2016). For example, prefrontal cortex (PFC) activity is strongly 70 

modulated by cholinergic input (Picciotto et al., 2012; Arnsten and Wang, 2016). In addition, 71 

ACh depletion in the PFC (Croxson et al., 2011), or intra-PFC infusion of ACh receptor 72 

(AChR) antagonists (Howe et al., 2017), disrupt performance in cognitive tasks. Despite this 73 

crucial role of ACh, the mechanisms of cholinergic modulation of PFC network activity remain 74 

poorly understood. 75 

Muscarinic receptor (mAChR) activation increases PFC pyramidal neuron (PN) firing 76 

via direct depolarization and/or enhancing the intrinsic excitability of PNs (Obermayer et al., 77 

2017; Baker et al., 2018; Radnikow and Feldmeyer, 2018). Many of the ACh effects on PNs, 78 

such as the excitatory mAChR response (McCormick and Prince, 1986; Gulledge et al., 79 

2009), are layer-dependent, specifically being stronger in deep layers (Obermayer et al., 80 

2017; Radnikow and Feldmeyer, 2018). Deep layer PNs also show stronger nicotinic AChR-81 

mediated responses (Poorthuis et al., 2013; Hedrick and Waters, 2015), which may be 82 

dependent on cortical region (Hedrick and Waters, 2015). 83 

Relatively less is known about the effects of ACh on interneurons, particularly of the 84 

parvalbumin-positive (PV+) class (Muñoz and Rudy, 2014), which provide strong perisomatic 85 

inhibition onto PNs and are crucial for regulation of cortical network activity (Hu et al., 2014). 86 

Furthermore, the effects of ACh have not been compared between the two main subtypes of 87 

PV+ neurons, basket (BCs) and chandelier (ChCs) cells, which target the perisomatic PN 88 

membrane. Whereas BCs innervate the soma and proximal dendrites, ChCs target the axon 89 

initial segment (Somogyi et al., 1998; DeFelipe et al., 2013). Moreover, ChCs and BCs both 90 

display a fast-spiking phenotype in vitro (Hu et al., 2014), but exhibit different firing dynamics 91 

in vivo (Zhu et al., 2004; Klausberger and Somogyi, 2008; Massi et al., 2012; Viney et al., 92 

2013). Thus, regulation of network activity by PV+ neurons seems to involve a division of 93 
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labor between ChCs and BCs, but whether cell type-specific neuromodulation contributes to 94 

the different roles played by ChCs and BCs is unclear.  95 

Given that AChR stimulation increases PN firing, it may also enhance the excitatory 96 

synaptic drive onto PV+ neurons, thus being essential for the regulation of PFC network 97 

activity via PV+ neuron-mediated inhibition (Picciotto et al., 2012). To test whether AChR 98 

stimulation modulates the excitatory drive onto PV+ neurons, we assessed the effects of the 99 

AChR agonist carbachol on spontaneous excitatory post-synaptic currents (sEPSCs) 100 

recorded from PV+ neurons in acute slices from mouse PFC. Consistent with previous 101 

findings that stimulation of M1 mAChRs facilitates deep layer PN firing (Carr and Surmeier, 102 

2007), we found that carbachol increased the excitatory drive onto PV+ neurons in layer 3-6, 103 

via an effect prevented by an M1-selective mAChR antagonist (pirenzepine) or by 104 

tetrodotoxin, a Na+ channel blocker that inhibits action potential firing. In contrast, carbachol 105 

did not have effects on the excitatory drive onto PV+ neurons located in layer 2. Analysis of 106 

the morphology of the recorded neurons revealed that all layers 3-6 PV+ neurons were BCs, 107 

whereas among the layer 2 PV+ cells, ~50% were ChCs and ~50% were BCs. Current clamp 108 

recordings showed that mAChR activation can directly evoke firing in layer 5 PNs, but elicits 109 

layer 3-6 BC firing indirectly, via glutamate-mediated synaptic input. Thus, our data show that 110 

mAChRs enhance the excitatory drive onto PV+ neurons in a cell type- and layer-specific 111 

manner, selectively recruiting the activity of BCs in deep layers of PFC. 112 

  113 
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Materials and Methods 114 

All animal procedures were performed in accordance with the guidelines of the National 115 

Institutes of Health Guide for Care and Use of Laboratory Animals and were approved by our 116 

institution’s Animal Care and Use Committee. 117 

Slice preparation 118 

The experiments were performed using G42 mice of both sexes (The Jackson Laboratory, 119 

stock No: 007677; RRID:IMSR_JAX:007677) which express green fluorescent protein (GFP) 120 

exclusively in PV+ interneurons (Chattopadhyaya et al., 2004). The mice (aged postnatal 121 

days 23 to 42) were quickly decapitated under deep isoflurane anesthesia, and the brain was 122 

removed and placed in ice-cold slicing solution containing (in mM): choline chloride, 120; KCl, 123 

2.5; Na2HPO4, 1.2; NaHCO3, 25; glucose, 20; ascorbate, 1.3; pyruvate, 2.4; MgCl2, 7; CaCl2, 124 

0.5; pH 7.3–7.4, and continuously bubbled with 95% O2–5% CO2. In the experiments testing 125 

the effects of tetrodotoxin, atropine or pirenzepine, the slices were prepared in a slicing 126 

solution containing (in mM): sucrose, 200; NaCl 15; KCl, 1.9; Na2HPO4, 1.2; NaHCO3, 33; 127 

glucose, 10; kynurenic acid, 2; MgCl2, 6; CaCl2, 0.5; pH 7.3–7.4, continuously bubbled with 128 

95% O2–5% CO2. Coronal brain slices (300 μm thick) were prepared from the frontal cortex 129 

using a vibrating microtome (VT1000S or VT1200S, Leica Microsystems) and incubated for 5 130 

min at 36° C in oxygenated (95% O2–5% CO2) artificial cerebrospinal fluid (ACSF, pH 7.4) 131 

solution containing (in mM): NaCl, 125; KCl, 2.5; Na2HPO4, 1.25; glucose, 10; NaHCO3, 25; 132 

ascorbate, 0.4; MgCl2, 1; CaCl2, 2. The slices were allowed to equilibrate at room 133 

temperature for at least 30 min before they were transferred to the recording chamber. The 134 

potentiation of sEPSC frequency by 20 μM carbachol did not differ between layer 3-6 BCs 135 

recorded from slices prepared with choline-based slicing solution (baseline: 9.3 ± 7.7 Hz; 136 

carbachol: 33.1 ± 26 Hz, n=7) versus the sucrose-based slicing solution (baseline: 14.1 ± 7.4 137 

Hz; carbachol: 32.7 ± 8.6 Hz, n=5; carbachol effect: F(1,10)= 18.077, p=0.00168; Slicing 138 

solution effect F(1,10)= 0.255, p=0.6248, Two Way RM ANOVA). 139 

 140 
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Electrophysiological recordings and data analysis 141 

Recordings were performed in a submersion chamber superfused at a rate of 5 ml/min 142 

(Hajos et al., 2009) with oxygenated ACSF at 30–32°C, containing 10 μM SR-95531 143 

(gabazine), a GABAA receptor antagonist, to block inhibitory post-synaptic currents. In some 144 

experiments 10 μM 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), an AMPA/kainate 145 

antagonist, was added to block excitatory post-synaptic currents. We found that the fast 146 

perfusion rate significantly improved the stability of the effects of carbachol, as reported 147 

previously (Hajos et al., 2009). Whole-cell recordings were obtained from PV+ neurons in the 148 

medial frontal cortex (infralimbic, prelimbic, and anterior cingulate regions). Neurons were 149 

identified by the presence of GFP fluorescence, using Olympus or Zeiss microscopes 150 

equipped with epifluorescence, infrared illumination, differential interference contrast, and a 151 

CCD video camera (EXi Aqua, Q-Imaging). Pipettes pulled from borosilicate glass 152 

(resistance: 3–6 MΩ) were filled with the following solution (mM): potassium gluconate, 120; 153 

KCl, 10; HEPES, 10; EGTA, 0.2; MgATP, 4.5; NaGTP, 0.3; sodium phosphocreatine, 14; the 154 

pH was adjusted to 7.2-7.4 using KOH. Biocytin (0.5%) was added to the pipette solution for 155 

later morphological identification. Recordings were obtained with Multiclamp 700B or 700A 156 

amplifiers (Molecular Devices). Signals were low-pass filtered at 6 kHz and digitized at 10 or 157 

20 kHz using a Power 1401 data acquisition interface (Cambridge Electronic Design). Data 158 

acquisition was performed using Signal 5 software (Cambridge Electronic Design), running 159 

custom-made scripts. 160 

Voltage clamp. PV+ neurons were recorded while holding their membrane potential at -75 161 

mV and in the presence of gabazine. In these conditions, the EPSCs recorded from PV+ 162 

neurons were entirely blocked by the AMPA receptor antagonist CNQX (data not shown). 163 

The pipette capacitance (Cp) was compensated and the series resistance (Rs) was 164 

continuously monitored, but Rs compensation was not used. Only recordings with an initial 165 

Rs<15 MΩ were used for analysis. The stability of Rs was measured using the current 166 
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transient evoked by a 50 ms-5 mV voltage step, delivered every 5 s, and recordings were not 167 

used for data analysis if the Rs changed by more than 15% of the initial value. 168 

For each recorded PV+ neuron, sEPSCs were detected in 20 s time windows, every min, for 169 

≥ 5 min before the application of carbachol, during carbachol application, and through 15 170 

minutes of washout. EPSCs were detected and analyzed using Mini Analysis software 171 

(Synaptosoft), with an amplitude threshold of 4-6 pA, area threshold of 4 pA/msec and 172 

setting the average baseline before EPSC onset to 2-10 msec. The detected sEPSCs were 173 

visually inspected and used to estimate the mean peak sEPSC amplitude and sEPSC 174 

frequency. The mean sEPSC frequency was calculated for each 20 s time window analyzed, 175 

from the number of sEPSCs detected in each time window and expressed in Hz. The mean 176 

sEPSC amplitude was calculated, for each recorded neuron, as the average of the 177 

amplitudes of all sEPSCs detected, during control, carbachol or washout periods. 178 

Current clamp. Cells included in this study had an initial resting membrane potential of −60 179 

to −80 mV. Current clamp recordings from PV+ neurons and pyramidal cells in layers 3-6 180 

were conducted in the continuous presence of the GABAA receptor antagonist gabazine (10 181 

μM) and the glutamate receptor antagonist CNQX (10 or 20 μM), except for some recordings 182 

in which CNQX was omitted, as indicated. The Rs and Cp were monitored and cancelled 183 

using the bridge balance and capacitance neutralization circuits. The rheobase was 184 

estimated as the smallest current step amplitude eliciting at least one action potential in 3 185 

repetitions of that current step. Subsequently, depolarizing current steps (500 ms duration) 186 

were injected in 10 pA increments from 10 pA below rheobase to +30 or +40 pA above 187 

rheobase continuously, throughout the duration of the experiment. Resting membrane 188 

potential was determined by averaging the values measured from a 50 ms window placed 189 

before a hyperpolarizing current step (-50 pA, 50 ms) used to monitor stability of the input 190 

resistance and membrane time constant. The frequency of action potentials elicited by 191 

carbachol independent of current injection was measured in the 200-500 ms window 192 

preceding the injected current steps, as indicated in Figures 10 and 11. The depolarizing 193 
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current step injection was used to test the possibility that carbachol increases the response 194 

to the excitatory current steps without directly depolarizing the cells' membrane potential. 195 

Baseline was collected for  5 min before bath application of carbachol (20 μM) for 5 min. In 196 

some current clamp recordings from PV+ cells or PNs, atropine (10 μM) or pirenzepine (1 197 

μM), were continuously bath applied.  198 

Histological processing and morphological reconstruction of biocytin-filled neurons 199 

The PV+ neurons filled with 0.4-0.5% biocytin during recordings were visualized and 200 

reconstructed using standard procedures. Briefly, after recordings, the slices were immersed 201 

in 4% p-formaldehyde in 0.1 M phosphate-buffered saline (PBS) for 24-72 h at 4 °C. The 202 

slices were stored at −80 °C in cryo-protection solution (33% glycerol, 33% ethylene glycol, 203 

in 0.1 M PBS) until processed. To visualize biocytin, the slices were resectioned at 60 μm, 204 

incubated with 1% H2O2, and immersed in blocking serum containing 0.5% Triton X-100 for 205 

2–3 h at room temperature. The tissue was then rinsed and incubated with the avidin–biotin–206 

peroxidase complex (1:100; Vector Laboratories) in PBS for 4 h at room temperature. 207 

Sections were rinsed, stained with the Nickel-enhanced 3,3′-diaminobenzidine chromogen, 208 

mounted on gelatin-coated glass slides, dehydrated, and coverslipped. Three-dimensional 209 

reconstructions were performed using the Neurolucida tracing system (MBF Bioscience). 210 

Here we report data on the morphological reconstructions of PV+ neurons for which we 211 

tested the effects of carbachol on sEPSCs. 212 

ChCs are morphologically defined by an axonal arbor with abundant cartridges, short 213 

rows of boutons aligned vertically and connected by axonal segments of thin diameter, which 214 

reflect targeting of the axon initial segment of neighbor pyramidal cells (DeFelipe et al., 215 

2013). ChC axons typically display between 2 and 9 boutons per cartridge (Inan et al., 2013). 216 

In contrast to ChCs, the axons of BCs lack cartridges, reflecting their targeting of soma and 217 

dendrites, but not the axon initial segment, of their postsynaptic pyramidal cells (DeFelipe et 218 

al., 2013).  219 

Laminar location of the somata of the recorded PV+ neurons 220 
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GFP-positive PV+ neurons were selected for recording based on their laminar location 221 

as follows. Due to the low neuron density present in layer 1, the location of the layer 1-2 222 

border was easily distinguished under differential interference contrast imaging of the slices 223 

in the recording chamber. To record from PV+ neurons of ChC subtype, we targeted for 224 

recording GFP+ cells in superficial layer 2 near the border with layer 1, since previous studies 225 

showed that ChCs are abundant at this laminar location, where BCs are abundant as well 226 

(Woodruff et al., 2011; Miyamae et al., 2017). To target for recording PV+ cells in layers 3 to 227 

6, first we estimated the thickness of layer 1 using low magnification images of the slices in 228 

the recording chamber (measured in 10 slices, the layer 1 thickness was, mean ± SEM, 141 229 

± 39 μm, range: 90 to 205 μm). In the rodent PFC, the border between layers 2 and 3 is less 230 

well defined than the layer 1/2 border and cannot be reliably identified in the slices during the 231 

electrophysiological recording experiments. However, the average thickness of layer 2 is 232 

similar to the thickness of layer 1 (Gabbott et al., 1997; Ding et al., 2001; Van De Werd et al., 233 

2010). Therefore, using the location of the layer 1/2 border in each slice, to record from layer 234 

PV+ cells in layers 3 to 6, we targeted GFP+ cells with somata located at a distance from the 235 

pial surface greater than ~2.5 times the thickness of layer 1. Using this procedure, we did not 236 

target for recordings GFP+ neurons with soma located in deep layer 2 and superficial layer 3 237 

(Figure 1), where all PFC PV+ neurons are BCs (Miyamae et al., 2017; Pafundo et al., 2018) 238 

and ChCs are absent (Taniguchi et al., 2013). The laminar position of the deep layer PV+ 239 

neurons was determined using approximate laminar boundaries, as follows. In the rodent 240 

PFC, the border between layers 3 and 5 is located at approximately half the distance 241 

between the pia and the white matter, while the border between layers 5 and 6 is located at 242 

approximately half the distance between the layers 3-5 border and the white matter border 243 

(Gabbott et al., 1997; Ding et al., 2001; Van De Werd et al., 2010).  244 

Statistical analysis 245 

The data were expressed as means ± S.E.M. The significance of the effects of carbachol on 246 

sEPSC frequency or amplitude was assessed using One-Way Repeated Measures ANOVA, 247 
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or One-Way Repeated Measures Mixed Model ANOVA, and in some cases paired t-tests. To 248 

assess the significance of differences between group means, we first calculated the residuals 249 

for each variable, and performed Shapiro-Wilk tests of normality of the residuals. When 250 

necessary depending on the p value of the Shapiro Wilk test, we employed natural logarithm 251 

transformation of the data. When the Shapiro-Wilk tests were significant before or after log 252 

transformation, we used rank transformation of the data. The results of the Shapiro-Wilk tests 253 

are reported, for data illustrated in Figures, in the Statistics Table, and otherwise in the text. 254 

In all Figures, values are shown without transformation. The statistical analysis was 255 

performed using SPSS 20 (IBM Corp.).  256 

  257 
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Results 258 

To assess the effects of AChR activation on excitatory drive onto PV+ neurons, we recorded 259 

sEPSCs from GFP-positive (GFP+) cells in the PFC of G42 mice, which express GFP 260 

selectively in PV+ neurons (Chattopadhyaya et al., 2004; Buchanan et al., 2012; Sippy and 261 

Yuste, 2013). Previous studies reported that whereas PV+ BCs are located across all layers, 262 

ChCs are concentrated or exclusively located near the border between layers 1 and 2 263 

(Woodruff et al., 2011; Miyamae et al., 2017). Thus, we targeted for recording GFP+ cells 264 

with soma located in deep layer 3 to layer 6 (L3-6 cells), or in layer 2 near the border with 265 

layer 1 (L2 cells). The GFP+ neurons were filled with biocytin during recordings to determine 266 

the morphological subtype of each recorded cell. We examined a total of 82 GFP+ neurons: 267 

63 layers L3-6 cells, and 19 L2 cells. As reported in earlier studies (Woodruff et al., 2011; 268 

Miyamae et al., 2017), ChCs were found exclusively near the border between layers 1 and 2, 269 

where they comprised nearly half (10/19) of the L2 cells, as the rest of L2 GFP+ cells (9/19) 270 

were BCs. On the other hand, all L3-6 GFP+ neurons were BCs, consistent with a previous 271 

study of mouse PFC (Miyamae et al., 2017). 272 

The effects of AChR stimulation on excitatory drive were assessed in the following 273 

manner: after ≥5 min of baseline sEPSC recordings, carbachol (20 μM) was perfused for 10 274 

min, followed by 15 min of washout. Figure 2A shows morphological reconstructions of the 275 

axonal arbor and dendritic tree of the seven L3-6 BCs for which we tested the effects of 276 

carbachol on sEPSCs. Carbachol caused a marked increase in sEPSC frequency in L3-6 277 

BCs (Figure 2B), which was accompanied by an increase in the mean sEPSC amplitude 278 

(Figure 2C). The effect of carbachol developed within 2-3 min of application and was rapidly 279 

reversed by washout (Figure 2D). Both the increases in sEPSC frequency (Figure 2E) and 280 

sEPSC amplitude (Figure 2F) by carbachol were significant, and reversed significantly with 281 

washout (One-Way Repeated Measures Mixed Model ANOVA, sEPSC frequency: 282 

F(2,13.01)=27.26, p<0.001, sEPSC amplitude: F(2,12.89)=5.486, p=0.019). 283 
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Figure 3A shows reconstructions of the axonal arbor and dendritic tree of two 284 

representative examples of the L2 BCs (n=9) for which we tested the actions of carbachol on 285 

sEPSCs (Figure 3B). In contrast to the effects observed in L3-6 BCs, carbachol did not 286 

significantly increase the sEPSC frequency (Figure 3C,D) or sEPSC amplitude (Figure 3E) in 287 

L2 BCs, whereas a small but significant decline in sEPSC amplitude was observed between 288 

baseline and washout periods (One-Way Repeated Measures ANOVA, sEPSC frequency: 289 

F(2,16)=0.794, p=0.469, sEPSC amplitude: F(2,16)=5.541, p=0.017).  290 

Figure 4A shows reconstructions of the axonal arbor and dendritic tree of three 291 

representative examples of the L2 ChCs (n=10) tested with carbachol during sEPSC 292 

recordings. In L2 ChCs, carbachol application did not change the sEPSCs (Figure 4B), in 293 

contrast to the increase observed in L3-6 BCs. Neither the sEPSC frequency (Figure 4C,D) 294 

nor sEPSC amplitude (Figure 4E) were significantly affected by carbachol in L2 ChCs (One-295 

Way Repeated Measures Mixed Model ANOVA, sEPSC frequency: F(2,19.5) = 2.53, p=0.106, 296 

sEPSC amplitude: F(2,15.4) = 2.89, p=0.086). The data showing that carbachol increases the 297 

sEPSC frequency and amplitude in L3-6 BCs but not in L2 BCs or L2 ChCs suggest that 298 

AChR stimulation increases the excitatory drive onto PV+ neurons in a cell-type and layer-299 

specific manner.  300 

The marked contrast between the strong potentiation by carbachol of excitatory 301 

synaptic input in L3-6 BCs versus the absence of significant potentiation in L2 BCs or L2 302 

ChCs prompted us to assess if these differences have a correlate in the morphology of the 303 

dendritic tree, the main site of excitatory input onto PV+ neurons (Gulyas et al., 1999; 304 

Kameda et al., 2012). Quantitative analysis of the PV+ neuron dendrites is presented in 305 

Figure 5. The dendritic trees of individual L3-6 BCs, L2 BCs and L2 ChCs were 306 

superimposed and aligned, in the Y axis, relative to the pial surface and centered, in the X 307 

axis, by the location of the soma (Figure 5A). Polar histograms of distribution of the dendritic 308 

length relative to the cell body showed that L3-6 BC dendrites extend in an approximately 309 

multipolar fashion, and in a manner largely confined to the deep cortical layers (Figure 5B). 310 
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The dendrites of L2 BCs also extended in a multipolar manner, distributing branches mainly 311 

in layers 2 and 1 (Figure 5B). In contrast, L2 ChC dendrites mostly extended above the cell 312 

soma into layer 1 (Figure 5B), as in somatosensory cortex (Woodruff et al., 2011). Whereas 313 

the total dendrite length (mean ± SEM) did not differ significantly between PV+ neuron 314 

subtypes (L3-6 BCs: 3374 ± 517 μm, n=7; L2 BCs: 2439 ± 262 μm, n=5; L2 ChCs: 2016 ± 315 

453 μm n=5; F(2,14)=2.452, p=0.122, One-Way ANOVA, Shapiro-Wilk p=0.3419), the 316 

distribution of dendrite length as a function of distance from the pial surface differed markedly 317 

between L3-6 BCs and L2 BCs or L2 ChCs (Figure 5C). The dendrites of L2 ChCs were 318 

largely restricted to layer 1, and only 1 of 5 ChCs extended dendritic branches deeper than 319 

300 μm from the pial surface (Figure 5C). For ChCs, the percentage of total dendrite length 320 

located at a distance ≤ 300 μm from the pial surface was 98.6 ± 1.4 % (mean ± SEM, n=5, 321 

range: 93 to 100%). Compared to ChCs, L2 BCs had dendrites more evenly distributed 322 

above and below the cell soma (Figure 5B), yet L2 BC dendrites were largely confined to 323 

layer 1 and superficial layer 2, since 93.2 ± 3.8 % of the L2 BC dendritic tree (mean ± SEM, 324 

n=5, range: 78 to 100%) was found at a distance ≤ 300 μm from the pial surface. In contrast, 325 

only 2.1 ± 1.0 % (mean ± SEM, n=7, range: 0 to 8%) of the L3-6 BC dendrites was found at 326 

distances ≤ 300 μm from the pia, a significantly smaller percentage (Chi-Square 12.655, 327 

p=0.00179, Kruskal Wallis ANOVA). These data therefore show that L3-6 BC dendrites 328 

integrate excitatory inputs at laminar locations that are largely non-overlapping with those of 329 

either L2 BC or L2 ChC dendrites, suggesting a morphological correlate of the different 330 

carbachol effects on excitatory input. On the other hand, quantitative analysis showed that 331 

the axons of L3-6 BCs (Figure 5D), projected into both deep and superficial layers in a 332 

multipolar fashion, as observed for L2 BC dendrites, albeit with greater projection length 333 

(Figure 5E). Across cortical layers, the L3-6 BC axons projected in an approximately bimodal 334 

manner, with a tendency for a denser projection to the superficial layers (Figure 5F), 335 

although the peak axonal length did not differ significantly (t=0.355, p=0.728, n=7; Shapiro-336 

Wilk, raw data p=0.00127, log data p=0.9959) between superficial layers (peak length, mean 337 

± SEM: 383 ± 183 μm) and deep layers (peak length, mean ± SEM: 212 ± 82 μm). The 338 
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percentage of L3-6 BC axonal arbor length found at a distance ≤ 300 μm from the pial 339 

surface was small (mean ± SEM, 1.7 ± 0.4 %, range 0 to 6.25%), suggesting that the laminar 340 

distribution of the L3-6 BC axons is similar to that of L3-6 BC dendrites. Hence, these data 341 

show that L3-6 BCs with carbachol-stimulated excitatory drive project axonal output mainly 342 

within layers 3-6, with weak output onto layer 2. 343 

The PV+ neurons from which we recorded sEPSCs were located throughout the 344 

infralimbic (IL), prelimbic (PL), and anterior cingulate (AC) cytoarchitectonic areas of the 345 

mouse medial PFC. Thus, one possibility is that the different effect of carbachol on sEPSCs 346 

recorded from L3-6 BCs versus L2 BCs or L2 ChCs was due to a different areal localization 347 

of the L3-6 BCs versus the other PV+ neuron subtypes. To examine this idea, we determined 348 

the location by cytoarchitectonic area of the PV+ neurons tested with carbachol (Figure 6A). 349 

For each PV+ cell we estimated the sEPSC frequency during the effects of carbachol as a 350 

percentage of the baseline value. Next, to compare the effect of carbachol on sEPSCs, we 351 

performed Two Way ANOVA with cell type and cytoarchitectonic area as main factors 352 

(Figure 6B). We found that cell type had a significant effect (F(2, 17)=7.647, p=0.00428), driven 353 

by the marked sEPSC potentiation in L3-6 BCs (Figure 6B). However, the effect of 354 

cytoarchitectonic area (Figure 6C) was not significant (F(2, 17)=1.101, p=0.355) and there was 355 

no significant interaction (F(4, 17) = 0.191, p=0.939). These data suggest that, compared with 356 

L2 BCs or L2 ChCs, the L3-6 BCs with sEPSC potentiation by carbachol were not 357 

differentially localized by cytoarchitectonic area. An analysis of the anatomical distribution of 358 

the recorded neurons showed that most cells were localized in the AC cortex, and a minority 359 

of cells were in the IL cortex (Figure 6D). However, we found no clear evidence of a bias in 360 

the area distribution of L3-6 BCs relative to L2 BCs or L2 ChCs (Figure 6D). Because our 361 

anatomical analysis was limited by the small sample of neurons, we cannot rule out that in a 362 

larger sample we may detect significant differences in the effect of carbachol between 363 

cytoarchitectonic areas. However, since carbachol had a robust effect on sEPSCs on L3-6 364 

BCs relative to L2 BCs and L2 ChCs that was independent of areal localization, our data 365 
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indicate that the effect of cell type is stronger than any potential differences between PFC 366 

areas. 367 

The increase in excitatory drive in L3-6 BCs may reflect AChR-mediated stimulation 368 

of PN firing, since previous studies showed that carbachol stimulates PN activity. In this case, 369 

the effects of carbachol on L3-6 BC sEPSCs should be prevented by the voltage-dependent 370 

Na+ channel blocker tetrodotoxin, which inhibits action potential firing. Alternatively, it is 371 

possible that carbachol increases the probability of action potential-independent glutamate 372 

release at excitatory synapses onto L3-6 BCs, an effect that would be observed after 373 

tetrodotoxin application. To distinguish between these two possibilities, we tested the effects 374 

of carbachol (20 μM) applied in the presence of tetrodotoxin (1 μM). We found that the 375 

carbachol-induced increase in sEPSC frequency and amplitude in L3-6 BCs was reversed by 376 

the addition of tetrodotoxin (Figure 7A). Moreover, when carbachol was applied in the 377 

continuous presence of tetrodotoxin (Figure 7B), neither the miniature EPSC frequency 378 

(Figure 7C) nor amplitude (Figure 7D), showed significant increases by carbachol (One-Way 379 

Repeated Measures ANOVA, mEPSC frequency: F(2,20)=4.634, p=0.022; mEPSC amplitude 380 

F(2,20)= 1.281, p=0.299). These data are consistent with the idea that the effects of carbachol 381 

on sEPSCs involve stimulation of PN firing. 382 

In deep cortical layers, PNs express muscarinic and nicotinic AChRs (Obermayer et 383 

al., 2017; Radnikow and Feldmeyer, 2018), both of which can be activated by carbachol. 384 

However, carbachol stimulation of PN firing in PFC is dependent on mAChR activation 385 

(Gulledge et al., 2007; Gulledge et al., 2009; Pafundo et al., 2013). Thus, to determine if the 386 

increase in sEPSC frequency and amplitude by carbachol is consistent with mAChR 387 

stimulation of PN firing, we examined the effects of carbachol on sEPSCs recorded from L3-388 

6 BCs in the presence of the mAChR antagonist atropine. We first tested whether the effects 389 

of carbachol are modified by the presence of ethanol, which we used as the vehicle for 390 

atropine. We found that in the continuous presence of ethanol at vehicle concentrations 391 

(0.1 %v/v), carbachol produced a marked increase in the sEPSC frequency and amplitude in 392 



 

17 
 

deep layer BCs, comparable to that observed in the absence of ethanol (Figure 8A). In 393 

contrast, in the presence of atropine (10 μM), carbachol (20 μM) application did not alter the 394 

sEPSCs recorded from L3-6 BCs (Figure 8B), and neither sEPSC frequency (Figure 8C) nor 395 

sEPSC amplitude (Figure 8D) were changed significantly (One-Way Repeated Measures 396 

Mixed Model ANOVA, sEPSC frequency: F(2,16.46)=0.813, p=0.461, sEPSC amplitude: 397 

F(2,16.11)=0.524, p=0.602). We additionally used the M1-selective mAChR antagonist 398 

pirenzepine (Gulledge and Stuart, 2005; Carr and Surmeier, 2007), since in previous studies 399 

the modulation of PFC PN firing by mAChR activation was abolished by M1 subtype mAChR 400 

antagonists or genetic ablation of the M1 mAChR (Gulledge and Stuart, 2005; Carr and 401 

Surmeier, 2007; Gulledge et al., 2007; Gulledge et al., 2009). The carbachol (20 μM)-induced 402 

increase in sEPSC frequency and amplitude in L3-6 BCs was reversed by the addition of 403 

pirenzepine (1 μM) (Figure 9A). Moreover, when carbachol (20 μM) was applied in the 404 

continuous presence of 1 μM pirenzepine (Figure 9B), the increases in both sEPSC 405 

frequency (Figure 9C) and sEPSC amplitude (Figure 9D) were abolished (sEPSC frequency: 406 

F(2,27.3)=0.565, p=0.575, One Way RM Mixed model ANOVA (on ranks); sEPSC amplitude: 407 

F(2,27.4)=0.009, p=0.991, One Way RM Mixed model ANOVA (on ranks)). These data show 408 

that the effects of carbachol on sEPSCs recorded from L3-6 BCs are mediated by M1 409 

mAChRs. 410 

Our findings that carbachol increases the excitatory drive on L3-6 BCs (sEPSC 411 

frequency and amplitude) suggest that carbachol initiates action potential firing in PNs, some 412 

of which are a source of excitatory synaptic input onto the L3-6 BCs. Previous findings 413 

suggest that mAChR-mediated stimulation of action potential firing by carbachol is more 414 

pronounced in PNs from deep layers (Dembrow et al., 2010; Joshi et al., 2016; Baker et al., 415 

2018). Our data in Figure 5 also show that the dendrites of L3-6 BCs integrate excitatory 416 

input mainly in deep layers, in contrast with the dendrites of L2 PV+ cells, which receive input 417 

in layers 1 and 2. Thus, we obtained current clamp recordings from PNs in deep layer 3 and 418 

layer 5 (L3-5 PNs, Figure 10A), in the continuous presence of glutamate and GABAA receptor 419 
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antagonists, to assess if carbachol initiates action potential firing in L3-5 PNs. We 420 

additionally applied depolarizing current steps to evoke spiking, assessing changes in the 421 

response to excitatory currents. The response to depolarizing current steps during baseline 422 

before carbachol application showed that the recorded L3-5 PNs (n=7) had either regular 423 

spiking (n=5) or bursting properties (n=2) typical of PNs (Figure 10B,D). After monitoring the 424 

resting membrane potential and the response to depolarizing current steps (Figure 10B) for 425 

at least 3 minutes of baseline recordings, we bath-applied carbachol (20 μM) for 5 minutes. 426 

Carbachol depolarized the L3-5 PN membrane potential, reaching action potential threshold 427 

and eliciting firing independent of current injection in 6 of 7 recorded L3-5 PNs (Figure 10B). 428 

As expected, the membrane depolarization enhanced the response to the depolarizing 429 

current steps (Figure 10B), and this effect was reversed or partly reversed by injection of 430 

constant hyperpolarizing current (data not shown). By 2 minutes of carbachol application, the 431 

depolarization developed significant values (membrane potential, mean ± SEM, baseline: -71 432 

± 2 mV, carbachol: -52 ± 5 mV, n=7, t(6)=5.04, p=0.0023, paired sample Student's t-test), and 433 

rapidly reached suprathreshold levels. Figure 10C shows the time course of the carbachol-434 

induced PN depolarization and the frequency of spikes evoked by this depolarization, both 435 

measured in a time window just before the injected current steps, as indicated in Figure 10B. 436 

The carbachol-induced depolarization directly produced action potentials at a frequency of up 437 

to 15 Hz independent of the response to the injected current steps (Figure 10C). The 438 

depolarization and action potential firing evoked by carbachol were reversed with drug 439 

washout in 2 of 7 L3-5 PNs, but in most cells the carbachol effects were persistent and did 440 

not reverse completely after up to 20 minutes of wash (data not shown). In 4 of 7 recorded 441 

L3-5 PNs, within 2 minutes of eliciting spiking carbachol produced depolarization block of the 442 

action potentials, which was readily reversed by hyperpolarizing current injection (data not 443 

shown).  444 

We next tested whether the M1-selective mAChR antagonist pirenzepine reduced the 445 

action potential firing elicited in L3-5 PNs by carbachol, as expected if the effect of carbachol 446 
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contributes to the increase of excitatory drive onto L3-6 BCs (Figures 2,9). In recordings from 447 

L3-5 PNs (n=5, regular spiking n=4, bursting n=1), in the presence of pirenzepine (1 μM), 448 

carbachol (20 μM) did not depolarize the cells or produced a small depolarization that did not 449 

directly elicit action potential firing in any of the five L3-5 PNs tested (Figure 10D). By 2 450 

minutes of carbachol application in the presence of pirenzepine, the depolarization was not 451 

significant (Figure 10E), but it peaked at significant levels by 5 minutes (membrane potential, 452 

mean ± SEM, pirenzepine baseline: -69 ± 2 mV, 2 minutes pirenzepine+carbachol: -67 ± 3 453 

mV, 5 minutes pirenzepine+carbachol: -65 ± 3 mV. n=5, F(2,8)=8.555, p=0.0103, One-Way 454 

RM ANOVA, Sidak post-hoc tests, baseline vs 2 minutes: p=0.372, baseline versus 5 455 

minutes: p=0.010). In the presence of pirenzepine carbachol did not initiate PN spikes 456 

independent of the injected current steps, therefore these experiments did not produce spike 457 

frequency measures (Figure 10E). Our current clamp recordings thus showed that carbachol 458 

produces a suprathreshold depolarization that elicits L3-5 PN firing via activation of M1 459 

mAChRs.  460 

mAChR expression is significant in PNs and also in PV+ neurons (Paul et al., 2017; 461 

Oda et al., 2018), and mAChR stimulation increases the intrinsic excitability of PV+ neurons 462 

in PFC (Pafundo et al., 2013; Yi et al., 2014). Hence, our data showing increased excitatory 463 

input onto PV+ L3-6 BCs, and previous findings of increased L3-6 BC intrinsic excitability, 464 

suggest that mAChR activation has overall excitatory effects on PV+ BCs in layers 3-6. 465 

However, previous studies assessing the effects of AChR stimulation on the membrane 466 

potential of PV+ neurons from the hippocampus or from frontal, somatosensory or visual 467 

cortices reported conflicting results, including a membrane potential hyperpolarization that 468 

would have inhibitory effects (Kawaguchi, 1997; Xiang et al., 1998; Yi et al., 2014; Bell et al., 469 

2015; Yi et al., 2015; Wenger Combremont et al., 2016). To determine the effects of 470 

carbachol on the membrane potential and intrinsic excitability of PV+ neurons in PFC, we 471 

obtained current clamp recordings from L3-6 PV+ neurons in the continuous presence of 472 

glutamate and GABAA receptor antagonists. All recorded neurons exhibited fast spiking 473 
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properties consistent with those of PV+ cells (Figure 11A,C) and had basket cell morphology 474 

(data not shown). Figure 11A shows that carbachol (20 μM) applied for 5 minutes 475 

depolarized the membrane potential of the L3-6 BCs (Figure 11B). The carbachol-induced 476 

depolarization was small (mean ± SEM, baseline: -74 ± 2 mV, carbachol 5 minutes: -69 ± 3 477 

mV), but was significant relative to baseline (paired sample Student's t-test, t(8)=2.565, 478 

p=0.0333). Contrasting with the strong suprathreshold depolarization of L3-5 PNs, the L3-6 479 

BC depolarization was largely subthreshold, since in most L3-6 BCs (8 of 9) carbachol did 480 

not directly elicit firing (Figure 11A). As expected, the membrane depolarization enhanced 481 

the response to depolarizing current steps (Figure 11A) in all L3-6 BCs, and this effect was 482 

reversed or partly reversed by injection of constant hyperpolarizing current (data not shown). 483 

However, carbachol did not initiate PV+ neuron spikes independent of the injected current 484 

steps in most L3-6 BCs (8 of 9), and thus we did not obtain measures of spike frequency 485 

(Figure 11B).  486 

PV+ neurons express mAChRs of M1, M2 and M3 subtypes (Hajos et al., 1998; Paul 487 

et al., 2017; Oda et al., 2018), as well as nicotinic AChRs (Muñoz and Rudy, 2014). Thus, to 488 

assess whether the depolarization of PV+ cells is mediated by mAChRs, we applied 489 

carbachol (20 μM) in the continuous presence of the non-selective mAChR antagonist 490 

atropine (10 μM), in addition to glutamate and GABAA receptor antagonists (Figure 11C). As 491 

shown in Figure 11D, the L3-6 BC depolarization was abolished in the presence of atropine 492 

(membrane potential, mean ± SEM, atropine baseline: -66 ± 3 mV, atropine+carbachol 5 493 

minutes: -67 ± 2 mV, atropine + carbachol 8 minutes: -67 ± 4 mV, n=5; One Way RM ANOVA, 494 

on ranks, F(2,8)=1.500, p=0.285). In the presence of atropine, carbachol did not initiate PV+ 495 

neuron spikes independent of the injected current steps, therefore we could not obtain 496 

measures of spike frequency in this condition (Figure 11D). These data show that, via 497 

mAChRs, carbachol produces a depolarization of the L3-6 BC membrane potential which, 498 

relative to the depolarization of L3-6 PNs, is small and does not initiate action potential firing. 499 

Given that CNQX, the antagonist used here to block glutamate synaptic transmission does 500 
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not inhibit NMDA or metabotropic glutamate receptors, we cannot rule out that these 501 

receptors mediate the observed subthreshold depolarization (see discussion for additional 502 

details). 503 

The results reported in Figure 11, and those of previous studies (Kawaguchi, 1997; 504 

Gulledge et al., 2007; Pafundo et al., 2013; Yi et al., 2014), suggest that mAChRs do not 505 

directly evoke action potential firing in PV+ cells. However, since carbachol increased the 506 

excitatory drive (see Figure 2) and produced a subthreshold depolarization (see Figure 11), 507 

these effects, combined, could recruit L3-6 BC activity. To test this idea, we performed 508 

current clamp recordings from L3-6 BCs with GABAA receptor-mediated inhibition blocked, 509 

but glutamate receptor-mediated transmission intact. During 5 minutes of baseline recording, 510 

the L3-6 BCs displayed relatively frequent excitatory postsynaptic potentials (sEPSPs) and 511 

stable resting membrane potential values (Figure 12A). After carbachol (20 μM) was applied, 512 

most L3-6 BCs (12/13) displayed an increase in the frequency and amplitude of sEPSPs 513 

(Figure 12A), consistent with the potentiation of sEPSCs by carbachol (Figure 2). In the 514 

absence of CNQX, carbachol stimulated the firing of action potential bursts in 11/13 L3-6 515 

BCs (Figure 12B,C), thus having effects markedly different from those observed with 516 

excitatory input blocked. Most L3-6 BCs (7/11) were silent during baseline but displayed 517 

bursts of action potentials by 3.1 ± 0.7 minutes of carbachol application. Other cells (4/11) 518 

displayed bursts at low frequency during baseline, and the effects of carbachol increased the 519 

number of bursts observed. Some action potential bursts were preceded by a long 520 

depolarizing ramp simultaneous with a marked increase in the sEPSP number (Figure 12B, 521 

right panel). Other firing bursts were not preceded by a depolarizing ramp or increase in 522 

sEPSPs but were initiated after a sharp depolarization (Figure 12C, right panel). The bursts 523 

preceded by a depolarizing ramp were typically associated with a plateau depolarization that 524 

eventually inactivated the Na+ spikes (Figure 12B, left panel). In contrast, spike bursts 525 

initiated by sharp depolarizations without a ramp usually ended when the membrane 526 

potential started a decay to baseline values (Figure 12C, left panel). The depolarizing ramps 527 
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may reflect direct input from excitatory cells that progressively increase their activity until 528 

driving a burst in the network, whereas episodes without a preceding ramp may reflect bursts 529 

propagating in the network after initiation at a distant site. The mechanisms producing these 530 

different modes of carbachol-induced bursts of spikes are unclear, but do not seem to 531 

depend on unique properties of each cell, because single PV+ cells alternated between these 532 

modes of burst spiking. Independent of the underlying mechanisms, all firing episodes, 533 

preceded by a depolarizing ramp or not, were dependent on glutamate synaptic transmission 534 

since they were eliminated by CNQX (Figure 12D). These results show that the increase in 535 

excitatory synaptic drive by carbachol can evoke action potential firing in L3-6 BCs. 536 
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Discussion 537 

mAChR stimulation increases the excitatory drive onto PV+ neurons in a cell-type and 538 

layer-specific manner 539 

 To gain insight into the cellular mechanisms by which cholinergic neuromodulation 540 

shapes network activity in the PFC, we assessed the effects of AChR activation on PV+ 541 

neurons. Previous studies of mouse PFC showed that AChR stimulation facilitates PN firing 542 

(Dembrow et al., 2010; Obermayer et al., 2017; Baker et al., 2018; Radnikow and Feldmeyer, 543 

2018), an effect that may enhance the excitatory synaptic drive onto PV+ cells. Therefore, we 544 

characterized the effects of carbachol on excitatory drive by measuring changes in the 545 

frequency and amplitude of sEPSCs recorded from PV+ neurons. The effects of carbachol on 546 

PFC PNs are generally stronger in deeper layers (Obermayer et al., 2017; Radnikow and 547 

Feldmeyer, 2018). Moreover, most of these effects are mediated by stimulation of mAChRs, 548 

particularly of the M1 subtype (Gulledge et al., 2009; Dembrow et al., 2010; Baker et al., 549 

2018). Thus, we predicted that carbachol would increase the excitatory drive onto PV+ 550 

neurons via M1 mAChR activation and have stronger effects in deep cortical layers, where 551 

carbachol is more likely to elicit PN firing. Our data are consistent with these predictions, 552 

since we found that carbachol increased the excitatory drive selectively in PV+ BCs of L3-6, 553 

and the effect was blocked by the broad spectrum mAChR antagonist atropine or by the M1-554 

selective mAChR antagonist pirenzepine. 555 

The sources of excitatory synaptic input onto PV+ neurons in PFC have not been well 556 

characterized; thus, it was not possible to predict whether carbachol would affect the 557 

excitatory drive differentially onto ChCs and BCs. In PV+ neurons from mouse PFC, EPSCs 558 

can originate from nearby PNs (Pafundo et al., 2013; Yang et al., 2014; Lu et al., 2017) or 559 

from long-range inputs arriving from the contralateral PFC, hippocampus, amygdala, or 560 

mediodorsal thalamus (McGarry and Carter, 2016; Bogart and O'Donnell, 2018). Importantly, 561 

some data indicate that transmission at long-range excitatory inputs is suppressed by 562 

mAChR activation (Picciotto et al., 2012), although ACh neuromodulation may also 563 
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downregulate local excitatory synaptic input from PNs onto other PNs (Tsodyks and Markram, 564 

1997) or onto PV+ cells (Levy et al., 2008). Thus, it seems likely that carbachol increases the 565 

excitatory drive onto PV+ neurons primarily by facilitating the firing of neighboring PNs 566 

located in the PFC brain slices. Consistent with this possibility, we found that carbachol 567 

produced a strong suprathreshold depolarization and readily evoked action potential firing in 568 

L3-5 PNs. In mouse PFC, PNs provide strong excitatory input to PV+ BCs, and, albeit with 569 

lower probability, onto a subpopulation of ChCs that are PV-negative (Taniguchi et al., 2013; 570 

Lu et al., 2017). Whether PV+ ChCs also receive significant input from local PNs remains 571 

unclear. The data reported here suggest that carbachol increases the excitatory drive onto 572 

PV+ neurons by facilitating the firing of a subset of PNs that innervate L3-6 PV+ BCs, but not 573 

L2 BCs or ChCs. The effects of carbachol on PNs are stronger in deeper PFC layers 574 

(Obermayer et al., 2017; Radnikow and Feldmeyer, 2018),  and we found that carbachol 575 

stimulates the firing of PNs located in deep layers. Thus, it is likely that the increase in 576 

excitatory drive onto L3-6 BCs originated from deep layer PNs. The local axon collaterals 577 

from deep layer PNs project mostly within deep layers (Markram et al., 2015; Reimann et al., 578 

2017), and their projections to layers 1 and 2 (see Figure 10A) are very limited (Markram et 579 

al., 2015; Reimann et al., 2017). Therefore, the laminar distribution of PV+ neuron dendrites 580 

reported here suggests that only L3-6 BCs have dendritic trees overlapping with the 581 

innervation fields from deep layer PNs. These morphological properties are consistent with 582 

the idea that the increase in excitatory drive onto deep layer BCs originates from carbachol 583 

stimulation of PN firing in deep layers. As mentioned above, PNs provide input onto ChCs 584 

that are PV-negative and are mostly located in PFC layers 5 and 6 (Taniguchi et al., 2013). 585 

However, we did not study the PV-negative ChCs, since we recorded exclusively from PV+ 586 

neurons (genetically labeled with GFP), and all the GFP+ cells in layers 3-6 were BCs. 587 

Therefore, the effects of carbachol on the PV-negative subpopulation of deep layer ChCs 588 

remain to be determined. 589 
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Whereas carbachol, a carbamate analog of ACh resistant to hydrolysis by 590 

cholinesterases, is an agonist at both muscarinic and nicotinic AChRs, the stimulation by 591 

carbachol of PN firing in PFC is mediated by mAChRs (Gulledge et al., 2009; Obermayer et 592 

al., 2017; Baker et al., 2018; Radnikow and Feldmeyer, 2018). Moreover, in PFC, mAChRs 593 

also mediate the increase in PV+ neuron excitability by carbachol (Pafundo et al., 2013). Our 594 

finding that the increase in excitatory drive onto PV+ BCs in L3-6 was prevented by mAChR 595 

antagonists (atropine or pirenzepine) is therefore consistent with previous observations that 596 

many of the effects of carbachol in neocortex, and specifically in PFC, are mediated by 597 

mAChRs.  598 

Activation of mAChRs stimulates L3-5 PN firing directly and stimulates L3-6 BC firing 599 

indirectly, via glutamate synapses 600 

Our findings that tetrodotoxin and pirenzepine block the carbachol-induced increase 601 

in excitatory drive onto L3-6 BCs are consistent with the idea that M1 mAChR activation 602 

stimulates firing of PNs that are a source of excitatory input onto L3-6 BCs. Here we found 603 

that M1 mAChR stimulation by carbachol elicits PN firing, as in previous studies (Gulledge 604 

and Stuart, 2005; Carr and Surmeier, 2007), and, moreover that most (~86%) of the L3-6 605 

PNs showed direct excitation by M1 mAChR activation. The large percentage observed here 606 

of PNs directly stimulated by carbachol, and previous studies showing that local PNs are a 607 

significant source of excitatory input onto PV+ BCs (Pafundo et al., 2013; Yang et al., 2014; 608 

Lu et al., 2017) support the idea that the increase in excitatory drive onto L3-6 BCs results 609 

from stimulating firing in nearby PNs. In a previous study of mouse PFC, carbachol evoked 610 

firing in a minority (~30%) of the recorded PNs (Pafundo et al., 2013), contrasting with the 611 

~86% reported here. This discrepancy may be explained by the layer-dependent effects of 612 

cholinergic neuromodulation, since here we studied PNs in deep layers 3 to 5, versus 613 

mid/superficial layer 3 neurons in the previous study (Pafundo et al., 2013). Furthermore, 614 

here, but not in the previous study (Pafundo et al., 2013), we superfused the recording 615 
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chamber at high flow rate, a condition that enhances the magnitude and stability of the 616 

effects of carbachol in brain slices (Hajos et al., 2009). 617 

The increases in sEPSC frequency and amplitude in L3-6 BCs by carbachol seem to 618 

reflect the stimulation of PN firing, since they were abolished by application of tetrodotoxin. 619 

Because single presynaptic PN axons establish multiple synapses with each postsynaptic 620 

PV+ cell (Krimer and Goldman-Rakic, 2001; Wang et al., 2002), action potential firing in a PN 621 

simultaneously activates multiple synapses onto the PV+ cell, producing EPSCs larger than 622 

those resulting from release at single synapses. Thus, the increase in sEPSC amplitude 623 

observed here may be caused by an increased proportion of sEPSCs produced by 624 

simultaneous release from multiple synapses when carbachol stimulates PN firing. 625 

Importantly, in studies of synaptically-connected pairs (Levy et al., 2008; Pafundo et al., 2013) 626 

carbachol decreased the amplitude of the first response evoked in PV+ neurons by stimulus 627 

trains in nearby presynaptic PNs, while having small or no effect on subsequent responses 628 

that display short-term depression (Levy et al., 2008; Pafundo et al., 2013). Together, the 629 

data suggest that in addition to stimulating the firing of PNs presynaptic to PV+ cells, mAChR 630 

activation modulates presynaptic action potential-dependent glutamate release mechanisms, 631 

and in a manner that may optimize PN-to-PV+ cell synaptic transmission during repetitive PN 632 

firing (Levy et al., 2008; Pafundo et al., 2013). 633 

Previous studies of PV+ neurons in mouse PFC suggested that AChR activation does 634 

not directly depolarize or hyperpolarize the membrane of PV+ neurons (Kawaguchi, 1997; 635 

Gulledge et al., 2007; Pafundo et al., 2013; Yi et al., 2014). In contrast, other studies 636 

reported varying effects of AChR stimulation on PV+ cells, including a hyperpolarizing effect 637 

that may inhibit PV+ neuron activity. Many of these effects were characterized in other 638 

cortical regions (Xiang et al., 1998; Yi et al., 2014; Bell et al., 2015; Yi et al., 2015; Wenger 639 

Combremont et al., 2016), and the AChR effects in PV+ neurons from PFC have been 640 

assessed in only a limited number of studies. We therefore tested the effects of carbachol on 641 

the membrane potential and excitability of PV+ neurons in mouse PFC with synaptic 642 
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transmission blocked. We found that carbachol depolarized the L3-6 BCs via mAChR 643 

activation, but the depolarization was small and did not evoke action potential firing, in 644 

contrast to the direct suprathreshold effect observed in L3-6 PNs. To block excitatory 645 

synaptic transmission, we used the non-NMDA glutamate receptor antagonist CNQX. Thus, 646 

we cannot rule that pyramidal neuron firing stimulation by carbachol increases glutamate 647 

release and activates NMDA or metabotropic glutamate receptors mediating the 648 

depolarization produced in the presence of CNQX. However, NMDA receptors are unlikely to 649 

mediate such depolarization in PV+ neurons because in these neurons NMDA receptor-650 

mediated synaptic currents are very small relative to non-NMDA responses (Rotaru et al., 651 

2011; Bogart and O'Donnell, 2018). Interestingly, PV+ neurons display a tonic NMDA 652 

receptor-mediated current that could contribute to the depolarization observed in the present 653 

experiments, although at negative membrane potentials such as those studied here, the tonic 654 

NMDA current is small (Povysheva and Johnson, 2012). We additionally tested the prediction 655 

that the enhanced excitatory drive, likely combined with the depolarization and increased 656 

excitability of PV+ neurons, may elicit L3-6 BC firing. We found that carbachol application with 657 

glutamate synaptic transmission intact evoked firing in 85% (11/13) of the L3-6 BCs. In 658 

contrast, only 11% (1/9) of the L3-6 BCs fired in response to carbachol application when 659 

glutamatergic transmission was blocked, demonstrating the capacity of the carbachol-660 

induced excitatory drive to recruit L3-6 BC activity. 661 

Functional consequences of mAChR-mediated potentiation of excitatory drive onto 662 

PV+ BCs 663 

PV+ neuron activation by excitatory synaptic input is crucial to generate gamma 664 

oscillations in the Pyramidal-Interneuron-Gamma-Network (PING) model (Fisahn et al., 1998; 665 

Whittington et al., 2000). In the PING model, which is supported by empirical data (Hajos and 666 

Paulsen, 2009; Sohal et al., 2009; Buzsaki and Wang, 2012; Neske et al., 2015; Salkoff et al., 667 

2015), PV+ neuron recruitment by synaptic input from nearby PNs generates the rhythmic 668 

feedback inhibition that synchronizes the PN network (Whittington et al., 2000; Borgers and 669 
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Kopell, 2003; Borgers, 2017). Gamma oscillations are prominent in mouse PFC (Ruiz-Mejias 670 

et al., 2011; Cho et al., 2015; Howe et al., 2017; Cao et al., 2018), seem to preferentially 671 

involve BCs relative to ChCs (Gulyas et al., 2010; Dugladze et al., 2012; Massi et al., 2012), 672 

and depend on mAChRs (Rodriguez et al., 2004, 2010; Janiesch et al., 2011; Howe et al., 673 

2017). Therefore, our current data suggest the prediction, to be tested in future studies, that 674 

the enhancement of excitatory input onto PV+ BCs is a mechanism by which mAChR 675 

activation contributes to gamma oscillation production. 676 

Gamma band synchrony is thought to be crucial for transmission of information 677 

between cortical areas (Fries, 2015). Thus, if the enhanced excitatory input onto PV+ BCs 678 

contributes to gamma oscillation production, this could be an important process by which 679 

cholinergic neuromodulation supports cognitive function. Consistent with a crucial role of 680 

ACh-mediated neuromodulation, a deficit in cholinergic signaling is thought to contribute to 681 

the pathophysiology of various psychiatric illnesses that impair cognition, in particular 682 

schizophrenia (Higley and Picciotto, 2014). Moreover, mAChRs, specifically of the M1 683 

subtype shown here to mediate many of the cholinergic effects in PFC, have been suggested 684 

as a potential target for schizophrenia treatment (Jones et al., 2012; Yohn and Conn, 2017). 685 

Alterations in gamma oscillations and PV+ neurons in the PFC are a central feature in 686 

schizophrenia pathophysiology (Lewis, 2014). Thus, an interesting possibility is that 687 

abnormal M1 AChR-mediated signaling (Scarr et al., 2018) is involved in the alterations in 688 

PV+ neurons, network oscillations, and cognition in schizophrenia.  689 

  690 
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Statistics Table 691 

Data Data Structure  

(Shapiro Wilk test, p 

value) 

Statistical test P value 

Figure 2E 0.016 * One-Way RM ANOVA 

F(2,13.01)=27.26 ** 

<0.001 *** 

Figure 2F 0.721 One-Way RM ANOVA 

F(2,12.89)=5.49 ** 

0.019 

Figure 3C 

(L2BCs) 

0.146 One-Way RM ANOVA 

F(2,16)=0.79  

0.469 

Figure 3D 0.988 One-Way RM ANOVA 

F(2,16)=5.54 

0.017 

Figure 4C 0.080 * One-Way RM ANOVA  

F(2,19.5) = 2.53 ** 

0.106 

Figure 4D 0.648 One-Way RM ANOVA  

F(2,15.4) = 2.89 ** 

0.086 

Figure 6B,C 0.0795 * Two-Way ANOVA,  

Cell type: F(2, 17)=7.647,  

Area: F(2, 17)=1.101 

Interaction: F(4, 17) = 0.191 

 

p=0.00428 

p=0.355 

p=0.939 

Figure 7C 0.357 F(2,20)=4.634 p=0.022 

Figure 7D 0.178 F(2,20)= 1.281 p=0.299 

 Figure 8C   0.101 * One-Way RM ANOVA 

F(2,16.46)=0.81 ** 

0.461 

 Figure 8D   0.517 One-Way RM ANOVA 

F(2,16.11)=0.52 ** 

0.602 

 Figure 9C 0.0485 * One Way RM ANOVA p=0.575 *** 
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F(2,27.3)=0.565 ** 

Figure 9D 0.004 * One Way RM ANOVA 

F(2,27.3)=0.0095 ** 

p=0.991 *** 

Figure 10C 0.787 Paired sample t-test 

t(6) = -5.041 

0.0023 

Figure 10E  0.458 One Way RM ANOVA 

F(2,8)=8.555 

0.01 

Figure 11B  0.1707 One Way RM ANOVA 

F(1,8)=6.579 

0.033 

Figure 11D 0.0439 * One Way RM ANOVA 

F(2,8)= 1.500 

0.280 *** 

* = Shapiro Wilk test performed on on the residuals of the log-transformed data. ** = Mixed 692 

model RM ANOVA. *** = RM-ANOVA was performed using the data rank transformation (see 693 

Statistical analysis in the Materials and Methods section). 694 

  695 
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Figure Legends 696 

Figure 1. Distance between the pial surface and the PV+ cell somata for BCs of layers 3 to 6 697 

(L3-6 BCs), for BCs of layer 2 near the border with layer 1 (L2 BCs) and for ChCs of layer 2 698 

near the border with layer 1 (L2 ChCs). 699 

Figure 2. Effects of the AChR agonist carbachol on sEPSCs recorded from layer 3-6 PV+ 700 

BCs. A) Examples of the morphology of layers 3-6 PV+ BCs, with their somata aligned 701 

relative to the pial surface (gray line), and displayed relative to the approximate boundaries 702 

of cortical layers. The dendritic tree is shown in red and the axonal arbor in blue. For a BC on 703 

the right part of this panel, the thick gray line at the bottom shows the border between layer 6 704 

and white matter (w.m.). B) Examples of sEPSC recorded from a layer 5 BC before 705 

(baseline), during 20 μM carbachol application (carbachol), and after washout (wash). C) 706 

Examples of individual sEPSCs (gray traces) are shown superimposed aligned by their rise 707 

time, together with an average sEPSC (blue traces) obtained for each condition indicated in 708 

B). Approximately ~200 consecutive sEPSCs were averaged. D) Time course plot illustrating 709 

the effects of a 10 min application of 20 μM carbachol on sEPSC frequency. The gray lines 710 

show the data for individual L3-6BCs. The symbols show mean ± S.E.M (n=7). The sEPSC 711 

frequency was measured in 20 sec time windows every 60 sec. E) Carbachol had significant 712 

effects on sEPSC frequency when estimated at the last 20 sec before carbachol application 713 

(baseline), the last 20 sec before beginning of washout, and after ≥10 min of washout (One-714 

Way Repeated Measures Mixed Model ANOVA, F(2,13.01)=27.26, p<0.001, shown in the figure 715 

are the p values for Sidak-corrected post-hoc pairwise comparisons). The black horizontal 716 

bars indicate the mean value for each sample. F) Carbachol had significant effects on 717 

sEPSC amplitude when compared between the last 20 sec before carbachol application 718 

(baseline), the last 20 sec before beginning of washout, and after ≥10 min of washout (One-719 

Way Repeated Measures ANOVA Mixed Model, F(2,12.89)=5.486, p=0.019; shown in figure are 720 

the results of Sidak-corrected, post-hoc pairwise comparisons). The black horizontal bars 721 

indicate the mean value for each sample. 722 
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Figure 3. Effects of carbachol on sEPSCs recorded from layer 2 PV+ BCs with soma near 723 

the border with layer 1. A) Examples of the morphology of layer 2 PV+ BCs, with their somata 724 

aligned relative to the pial surface (gray line). The dendritic tree is shown in red and the 725 

axonal arbor in blue. Note that the BC dendrites are nearly evenly distributed between layers 726 

1 and 2, and that the distal tips of the BC dendrites in layer 1 mostly ending far from the pial 727 

surface. B) Examples of sEPSC recorded from a layer 2 BC before (baseline), during 20 μM 728 

carbachol application (carbachol), and after washout (wash). C) Time course plot illustrating 729 

the effects of a 10 min application of 20 μM carbachol on sEPSC frequency. The gray lines 730 

show the data for individual BCs. The symbols show mean ± S.E.M., n=9. The sEPSC 731 

frequency was measured in 20 sec time windows every 60 sec. D) Carbachol did not have 732 

significant effects on sEPSC frequency when compared between the last 20 sec before 733 

carbachol application (baseline), the last 20 sec before beginning of washout, and after ≥10 734 

min of washout. (One-Way Repeated Measures ANOVA, F(2,16)=0.794, p=0.469; shown in 735 

figure are the results of Sidak-corrected, post-hoc pairwise comparisons). The black 736 

horizontal bars indicate the mean value for each sample. E) Carbachol did not have 737 

significant effects on sEPSC amplitude when compared between the last 20 sec before 738 

carbachol application (baseline), the last 20 sec before beginning of washout, and after ≥10 739 

min of washout (One-Way Repeated Measures ANOVA, F(2,16)=5.541, p=0.017; shown in 740 

figure are the results of Sidak-corrected, post-hoc pairwise comparisons). The black 741 

horizontal bars indicate the mean value for each sample. 742 

 743 

Figure 4. Effect of carbachol on sEPSCs recorded from layer 2 PV+  ChCs with soma near 744 

the border with layer 1. A) Examples of the morphology of ChCs with soma near the border 745 

with layer 1. The dendritic tree is shown in red and the axonal arbor in blue. Note that ChC 746 

dendrites mostly project onto layer 1, and that the distal tips of the dendrites end near the 747 

pial surface. B) Examples of sEPSC recorded from a L2 ChC before (baseline), during 20 μM 748 

carbachol application (carbachol), and after washout (wash). C) Time course plot illustrating 749 
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the effects of a 10 min application of 20 μM carbachol on sEPSC frequency in ChCs. The 750 

gray lines show the data for individual ChCs. The symbols show mean ± S.E.M., n=10. The 751 

sEPSC frequency was measured in 20 sec time windows every 60 sec. D) Carbachol did not 752 

have significant effects on sEPSC frequency when compared between the last 20 sec before 753 

carbachol application (baseline), the last 20 sec before beginning of washout, and after ≥10 754 

min of washout. (One-Way Repeated Measures Mixed Model ANOVA, F(2,19.5) = 2.53, 755 

p=0.106; shown in figure are the results of Sidak-corrected, post-hoc pairwise comparisons). 756 

The black horizontal bars indicate the mean value for each sample. E) Carbachol did not 757 

have significant effects on sEPSC amplitude when compared between the last 20 sec before 758 

carbachol application (baseline), the last 20 sec before beginning of washout, and after ≥10 759 

min of washout. (One-Way Repeated Measures Mixed Model ANOVA, F(2,15.4) = 2.89, 760 

p=0.086; shown in figure are the results of Sidak-corrected, post-hoc pairwise comparisons). 761 

The black horizontal bars indicate the mean value for each sample. 762 

 763 

Figure 5. Quantitative morphometric analysis of PV+ neuron dendritic trees and axonal 764 

arbors. A) Reconstructions of the dendritic tree of individual PV+ cells are shown 765 

superimposed and aligned, in the Y axis, relative to the pial surface and centered, in the X 766 

axis, by the cell body. The somata are indicated in black. B) Polar histograms of the 767 

distribution of the PV+ neuron dendrite length, relative to the soma. C) Distribution of the PV+ 768 

neuron dendrite length, as a function of distance from the pial surface. The symbols show 769 

mean ± S.E.M. D) Reconstructions of the axonal arbor of individual PV+ L3-6 BCs are shown 770 

superimposed and aligned, in the Y axis, relative to the pial surface and centered, in the X 771 

axis, by the cell body. The somata are indicated in black. E) Polar histogram of the 772 

distribution of the PV+ L3-6 BC axon length, relative to the soma. F) Distribution of the of the 773 

PV+ L3-6 BC axon length, as a function of distance from the pial surface. The symbols show 774 

mean ± S.E.M. 775 

 776 
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Figure 6. Distribution of the PV+ neurons tested for the effect of carbachol on sEPSCs, 777 

across cytoarchitectonic areas of the mouse PFC. A) Examples illustrating the location of 778 

recorded PV+ neurons in different PFC slices. Shown are PV+ neurons for which we 779 

reconstructed the dendritic tree (red) and axonal arbors (blue), with the contour of each brain 780 

slice, and some landmarks indicating location of white matter tracks. Neurons were localized 781 

to the infralimbic (IL), prelimbic (PL) or anterior cingulate (AC) cortex areas using the Allen 782 

Institute Mouse Brain Atlas (http://mouse.brain-map.org/static/atlas). B) Potentiation by 783 

carbachol of the sEPSCs recorded from L3-6 BCs, L2 BCs and L2 ChCs. Data are from the 784 

experiments reported in Figures 2, 3 and 4 after each neuron was located in the IL, PL or AC 785 

areas. C) Potentiation by carbachol of the sEPSCs recorded from PV+ neurons located in the 786 

AC, PL or IL cortices. Two-Way ANOVA of the data in parts B) and C) performed using cell 787 

type and cytoarchitectonic area as the main factors, showed a significant effect of cell type 788 

(F(2, 17)=7.647, p=0.00428), whereas there was no significant effect of cytoarchitectonic area 789 

(F(2, 17)=1.233, p=0.316) and no significant interaction (F(4, 17) = 0.099, p=0.981). D) Charts 790 

illustrating the distribution of recorded L3-6 BCs, L2 BCs and L2 ChCs across the three 791 

cytoarchitectonic areas of the mouse PFC. 792 

 793 

Figure 7. The voltage-dependent Na+ channel blocker tetrodotoxin prevents the effects of 794 

carbachol on sEPSCs recorded from L3-6 PV+ BCs. A) Left panel, sEPSCs recorded from a 795 

L3-6 BC during baseline, after addition of carbachol (20 μM) and after addition of tetrodotoxin 796 

(1 μM). Right panel, time course plot illustrating the effects of carbachol and tetrodotxin 797 

addition on the instantaneous EPSC frequency (estimated as the inverse of the inter-event 798 

interval) for the EPSCs in the experiment in the left panel. B) mEPSCs recorded in the 799 

continuous presence of tetrodotoxin (1 μM) before and after the addition of 20 μM carbachol. 800 

C) Carbachol applied in the continuous presence of tetrodotoxin did not increase the mEPSC 801 

frequency, while producing a decrease but significant decrease when compared between the 802 

last 20 sec before carbachol application (tetrodotoxin baseline), 20 sec before beginning of 803 



 

35 
 

washout (tetrodotoxin + carbachol), and after ≥10 min of washout (tetrodotoxin wash). (One-804 

Way Repeated Measures ANOVA F(2,16)=4.634, p=0.022; shown in the figure are the p value 805 

results of Sidak-corrected, post-hoc pairwise comparisons). The black horizontal bars 806 

indicate the mean value for each sample. D) Carbachol applied in the continuous presence 807 

of tetrodotoxin did not have significant effects on mEPSC amplitude when compared 808 

between the last 20 sec before carbachol application (tetrodotoxin baseline), 20 sec before 809 

beginning of washout (tetrodotoxin + carbachol), and after ≥10 min of washout (tetrodotoxin 810 

wash). (One-Way Repeated Measures ANOVA F(2,16)= 1.281, p=0.299; shown in the figure 811 

are the p value results of Sidak-corrected, post-hoc pairwise comparisons). The black 812 

horizontal bars indicate the mean value for each sample. 813 

 814 

Figure 8. The non-selective mAChR antagonist atropine prevents the effects of carbachol on 815 

sEPSCs recorded from L3-6 PV+ BCs. A) Examples of sEPSCs recorded in the continuous 816 

presence of the vehicle ethanol (0.1% V/V) from a layer 5 BC before (atropine baseline), 817 

during application of 20 μM carbachol (carbachol), and after washout (atropine wash). B) 818 

Examples of sEPSCs recorded from a layer 5 BC in the continuous presence of the vehicle 819 

ethanol (0.1% V/V) and atropine (10 μM), before (baseline), during application of 20 μM 820 

carbachol (atropine+carbachol), and after washout (atropine wash). C) Carbachol applied in 821 

the presence of atropine did not have significant effects on sEPSC frequency when 822 

compared between the last 20 sec before carbachol application (atropine baseline), 20 sec 823 

before beginning of washout (atropine+carbachol), and after ≥10 min of washout (atropine 824 

wash). (One-Way Repeated Measures Mixed Model ANOVA, F(2,16.46)=0.813, p=0.461; 825 

shown in figure are the results of Sidak-corrected, post-hoc pairwise comparisons). The 826 

black horizontal bars indicate the mean value for each sample. D) Carbachol applied in the 827 

presence of atropine did not have significant effects on sEPSC amplitude when estimated 20 828 

sec before carbachol application (atropine baseline), 20 sec before beginning of washout 829 

(atropine+carbachol), and after ≥10 min of washout (atropine wash). (One-Way Repeated 830 
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Measures Mixed Model ANOVA, F(2,16.11)=0.524, p=0.602; shown in figure are the results of 831 

Sidak-corrected, post-hoc pairwise comparisons). The black horizontal bars indicate the 832 

mean value for each sample. 833 

 834 

Figure 9. The M1 subtype-selective mAChR antagonist pirenzepine prevents the effects of 835 

carbachol on carbachol on sEPSCs recorded from L3-6 PV+ BCs.  A) Examples of sEPSCs 836 

recorded at baseline (baseline), during application of 20 μM carbachol (carbachol), and after 837 

addition of 1 μM pirenzepine (carbachol+pirenzepine). B) Examples of sEPSCs recorded 838 

from a layer 3-6 BC in the continuous presence of pirenzepine (pirenzepine), after addition of 839 

carbachol (carbachol+pirenzepine), and after carbachol washout (pirenzepine). C) Carbachol 840 

applied in the presence of pirenzepine did not have significant effects on sEPSC frequency 841 

when compared between the last 20 sec before carbachol application (pirenzepine baseline), 842 

20 sec before beginning of washout (pirenzepine + carbachol), and after ≥10 min of 843 

carbachol washout (pirenzepine wash). (One-Way Repeated Measures ANOVA Mixed Model, 844 

F(2,27.3)=0.517, p=0.575; shown in figure are the results of Sidak-corrected, post-hoc pairwise 845 

comparisons). The black horizontal bars indicate the mean value for each sample. D) 846 

Carbachol applied in the presence of pirenzepine did not have significant effects on sEPSC 847 

amplitude when estimated 20 sec before carbachol application (pirenzepine baseline), 20 848 

sec before beginning of washout (pirenzepine + carbachol), and after ≥10 min of carbachol 849 

washout (pirenzepine wash). (One-Way Repeated Measures ANOVA Mixed Model, 850 

F(2,27.4)=0.009, p=0.991; shown in figure are the results of Sidak-corrected, post-hoc pairwise 851 

comparisons). The black horizontal bars indicate the mean value for each sample. 852 

 853 
Figure 10. Effects of carbachol on the membrane potential and excitability of L3-6 pyramidal 854 

neurons (PNs), tested in the presence of synaptic receptor blockers (CNQX and gabazine). 855 

A) Reconstruction of the dendritic tree of a layer 5 PN for which the effects of carbachol were 856 

assessed during current clamp recordings. B) Examples of membrane potential (Vm) 857 
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recorded from a layer 5 PN before (baseline) and during application of 20 μM carbachol 858 

(carbachol), in the presence of synaptic receptor blockers CNQX and gabazine (GBZ). The 859 

time window for measurements of Vm (minimum value within the window) and of spike 860 

frequency (independent of injection of current steps) is illustrated in the baseline recording 861 

example. The injected current step had identical amplitude (70 pA) in baseline and carbachol 862 

conditions. Note that during the depolarization induced by carbachol, action potential 863 

amplitude was typically reduced. C) Plot illustrating the time course of changes in Vm (red) 864 

and in spike frequency (blue) measured during the time window indicated in B). Carbachol 865 

depolarized the membrane potential significantly by 2 minutes of carbachol application 866 

(baseline: -71 ± 2 mV, carbachol: -52 ± 5 mV, n=7, t(6)=5.04, p=0.0023, paired t-test). Note 867 

that for several PNs the strong depolarization by carbachol produced depolarization block of 868 

action potential firing, which was prevented by hyperpolarizing current injection (see text in 869 

Results). Measurements obtained during hyperpolarizing current injection were not included 870 

in this time course plot. D) Examples of Vm recordings from a layer 5 PN in the continuous 871 

presence of the M1 mAChR antagonist pirenzepine (1 μM) before (pirenzepine) and during 872 

application of 20 μM carbachol (carbachol). Vm and spike frequency measurements were 873 

performed as indicated in C). The injected current step had identical amplitude (80 pA) in 874 

baseline and carbachol conditions. Note that in the presence of pirenzepine, the carbachol-875 

induced depolarization was subthreshold and did not evoked spikes independent of the 876 

injected current steps. E) Plot illustrating the time course of changes in Vm. In the presence 877 

of pirenzepine, carbachol depolarized the membrane potential, but the depolarization was 878 

small and remained below action potential threshold. The depolarization was not significant 879 

by 2 minutes of application but peaked at significant levels by 5 minutes (baseline: -69  2 880 

mV, 2 minutes pirenzepine+carbachol: -67  3 mV, 5 minutes pirenzepine+carbachol: -65  881 

3 mV. n=5, F(2,8)=8.555, p=0.0103, One-Way RM ANOVA; baseline vs 2 minutes: p=0.239, 882 

baseline versus 5 minutes: p=0.0034, Dunnett's post-hoc tests).  883 

 884 
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Figure 11. Effects of carbachol on the membrane potential and excitability of L3-6 BCs , 885 

tested in the presence of synaptic receptor blockers (CNQX and gabazine). A) Examples of 886 

membrane potential (Vm) recorded from a layer 5 BC before (baseline) and during 887 

application of 20 μM carbachol (carbachol) , in the presence of synaptic receptor blockers 888 

CNQX and gabazine (GBZ). Measurements of Vm and of spike frequency were obtained as 889 

in Figure 10. The injected current step had identical amplitude (80 pA) in baseline and 890 

carbachol conditions. Note that carbachol application did not elicit action potential firing. B) 891 

Plot illustrating the time course of changes in Vm measured during the time window indicated 892 

in A). Carbachol depolarized the membrane potential significantly by 5 minutes of application 893 

and peaked at 8 minutes (baseline: 74 ± 2 mV, carbachol 5 minutes: -69 ± 3 mV, carbachol 8 894 

minutes: -66 ± 4 mV, n=9; One-Way RM ANOVA (on ranks), F(1.12,16)=4.490, p=0.060, 895 

baseline vs 5 minutes: p=0.024, baseline versus 8 minutes: p=0.170, Sidak corrected 896 

pairwise comparisons). C) Examples of Vm recordings from a layer 5 BC in the continuous 897 

presence of the mAChR antagonist atropine (10 μM) before (atropine) and during application 898 

of 20 μM carbachol (carbachol). Vm measurements were performed as indicated in C). The 899 

injected current step had identical amplitude (110 pA) in atropine and carbachol conditions. D) 900 

Plot illustrating the time course of changes in Vm. In the presence of atropine, the 901 

depolarization of the L3-6 BC membrane potential was abolished (atropine baseline: -66 ± 3 902 

mV, atropine+carbachol 5 minutes: -67 ± 2 mV, atropine + carbachol 8 minutes: -67 ± 4 mV, 903 

n=5; One Way RM ANOVA, on ranks, F(2,8)=1.500, p=0.285). 904 

 905 

Figure 12. Action potential bursts induced by carbachol in PV+ L3-6 BCs in the absence of 906 

CNQX. A) Examples of spontaneous excitatory postsynaptic potentials (sEPSPs) recorded 907 

from a BC during baseline and after addition of carbachol (20 μM) to the bath solution. B) 908 

Left, example of an action potential burst elicited in a L3-6 BC by carbachol which was 909 

preceded by a depolarization ramp with a simultaneous increase in sEPSP activity. Right, the 910 

burst illustrated in the left panel, showing the development of a depolarizing plateau which 911 

was associated with inactivation of the Na+ spike mechanisms. The relatively brief downward 912 
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deflections in the membrane potential here and in C) and D) are the responses to 913 

hyperpolarizing current steps used to monitor recording conditions, as well and the cells input 914 

resistance and time constant. C) Left panel, example of an action potential burst evoked by 915 

carbachol which was not preceded by a depolarizing ramp. Right panel, the burst in the left 916 

panel, was not associated with spike inactivation and depolarization plateau, but showed a 917 

decay in the membrane potential before a subsequent burst was elicited in the presence of 918 

carbachol. D) Example traces showing recordings from a PV+ L3-6 BC during the baseline 919 

period (left panel), after addition of carbachol (20 μM, middle panel), and after addition of 920 

CNQX (10 μM, right panel). Note that shortly after the addition of CNQX, bursting activity, a 921 

plateau depolarization and the sEPSPs were all abolished. 922 

 923 

  924 
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