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Abstract
The medial prefrontal cortex (mPFC) has been considered to participate in many higher cognitive

functions, such as memory formation and spatial navigation. These cognitive functions are modu-

lated by cholinergic afferents via muscarinic acetylcholine receptors. Previous pharmacological

studies have strongly suggested that the M1 receptor (M1R) is the most important subtype among

muscarinic receptors to perform these cognitive functions. Actually, M1R is abundant in mPFC.

However, the proportion of somata containing M1R among cortical cellular types, and the precise

intracellular localization of M1R remain unclear. In this study, to clarify the precise immunolocaliza-

tion of M1R in rat mPFC, we examined three major cellular types, pyramidal neurons, inhibitory

neurons, and astrocytes. M1R immunopositivity signals were found in the majority of the somata

of both pyramidal neurons and inhibitory neurons. In pyramidal neurons, strong M1R immunoposi-

tivity signals were usually found throughout their somata and dendrites including spines. On the

other hand, the signal strength of M1R immunopositivity in the somata of inhibitory neurons sig-

nificantly varied. Some neurons showed strong signals. Whereas about 40% of GAD67-

immunopositive neurons and 30% of parvalbumin-immunopositive neurons (PV neurons) showed

only weak signals. In PV neurons, M1R immunopositivity signals were preferentially distributed in

somata. Furthermore, we found that many astrocytes showed substantial M1R immunopositivity

signals. These signals were also mainly distributed in their somata. Thus, the distribution pattern of

M1R markedly differs between cellular types. This difference might underlie the cholinergic

modulation of higher cognitive functions subserved by mPFC.
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1 | INTRODUCTION

The prefrontal cortex (PFC) has been suggested to contribute in many

cognitive functions, such as mnemonic processing, memory-guided

behavior, spatial navigation, and motivated perception (de Bruin, Moita,

de Brabander, & Joosten, 2001; Ethier, Rompr�e, & Godbout, 2001;

Keil, 2004; Seamans, 2004; Carballo-M�arquez et al., 2007; Shin & Jad-

hav, 2016). The entire cortical mantle including PFC is innervated by

cholinergic afferents originating from the basal forebrain (BF), which

consists of the nucleus basalis of Meynert, the substantia innominata,

and the horizontal limb of the diagonal band (Wainer & Mesulam,

1990; Zaborszky et al., 2015). Moreover, cortical neuronal activity is

regulated by these ascending cholinergic afferents (Steriade & Buzs�aki,

1990; McCormick, 1992; Lucas-Meunier, Fossier, Baux, & Amar, 2003;

Carballo-M�arquez et al., 2007). Experimental lesions of rat BF impaired

performance in spatial learning and target detection tasks (Browne, Lin,
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Mattsson, Georgievska, & Isacson, 2001). The spatial memory perform-

ance of these animals was recovered by electrical stimulation of the

degenerated BF (Lee, Jeong, Lee, Chang, & Chang, 2016). Similarly in

humans, degeneration of BF is also associated with cognitive decline

(Grothe, Heinsen, Amaro, Grinberg, & Teipel, 2016). These findings

strongly suggest that cholinergic innervation is one of the important

neuromodulators of the cognitive functions subserved by PFC. There-

fore, anatomical evidence of the cholinergic system in PFC should lead

to the advancement of understanding of these cognitive functions.

Muscarinic receptors are the metabolic type of acetylcholine

receptors. They comprise five distinct subtypes, namely, M1 to M5.

These muscarinic acetylcholine receptors are divided into two classes,

M1-type receptors (M1, M3, and M5 receptors) and M2-type receptors

(M2 and M4 receptors). M1-type receptors preferentially couple to the

G-protein (Gaq) and stimulate phospholipase C (PLC) leading to

increased intracellular calcium concentrations. On the other hand, M2-

type receptors couple to the G-protein (Gai) and inhibit adenyl cyclase

activity as well as prolong potassium channel opening (Lucas-Meunier

et al., 2003; Eglen 2012).

Among these five muscarinic receptors, the M1 receptor (M1R) is

most abundant in the neocortex, as shown by both immunohistochemi-

cal and in situ hybridization analyses (Levey, Kitt, Simonds, Price, &

Brann, 1991). A pharmacological study has demonstrated that benzyl-

quinolone carboxylic acid (BQCA), a selective allosteric potentiator of

M1R, increases the neuronal activity in the medial PFC (mPFC) in wild-

type mice. No such an effect of BQCA was observed in M1R-KO mice

(Shirey et al., 2009). Similarly, no acetylcholine effects on cortical

pyramidal neurons, such as prolonged depolarization and spike acceler-

ation, were observed in M1R-KO mice. On the other hand, the acetyl-

choline effects remained in pyramidal neurons of M3R-KO and M5R-

KO mice (Gulledge, Bucci, Zhang, Matsui, & Yeh, 2009). Additionally,

the functional binding of GTP to Gaq in the mouse cortex almost com-

pletely disappeared in M1R-KO mice (Felder et al., 2001). Thus, these

acetylcholine effects may be predominantly mediated by M1R. M1R

has been found in various cortical neuronal elements including both

excitatory neurons (Mrzljak, Levey, & Goldman-Rakic, 1993; Disney,

Domakonda, & Aoki, 2006; Yamasaki, Matsui, & Watanabe, 2010) and

inhibitory neurons (Disney et al., 2006; Disney & Aoki, 2008; Disney &

Reynolds, 2014). The distribution pattern of M1R-immunopositive

somata in all cortical layers has been mainly examined in inhibitory neu-

rons in the sensory cortices (Disney et al., 2006; Disney & Aoki, 2008;

Disney & Reynolds, 2014). In these studies, the proportion of inhibitory

neurons showing M1R immunopositivity signals highly varied among

animal species and inhibitory neuronal subpopulations, and that of exci-

tatory neurons showing M1R immunopositivity signals also highly var-

ied among animal species and cortical areas. The intracellular

localization pattern of M1R immunopositivity signals in cortical cells

has been examined chiefly in excitatory neurons in monkeys and mice

(Mrzljak et al., 1993; Disney et al., 2006; Yamasaki et al., 2010), and

these ultrastructural studies were restricted in some cortical layers.

Therefore, we attempt to examine the distribution pattern of

M1R-immunopositive somata of both pyramidal neurons and inhibitory

neurons in all layers of rat PFC, and compare the intracellular

localization pattern of M1R immunopositivity signals in pyramidal neu-

rons with that in inhibitory neurons.

Additionally, previous studies have shown that astrocytes also con-

tain M1R. For example, cultured astrocytes derived from the human

brain were revealed to contain M1R by reverse transcription-

polymerase chain reaction (RT-PCR) analysis (Elhusseiny, Cohen, Oliv-

ier, Stanimirović, & Hamel, 1999), and previous pharmacological analy-

ses (Shelton & McCarthy, 2000, Chen et al., 2012) have shown that

astrocytes in rat hippocampus and mouse primary visual cortex (V1)

contain M1R.

However, only one immunohistochemical study has been carried

out to show the immunolocalization of M1R/M2R in astrocytes (Chen

et al., 2012). Astrocytes are categorized into some classes by morphol-

ogy, function, and brain region. In the rodent cerebrum, three major

types of astrocyte are identified (García-Marqu�es & L�opez-

Mascaraque, 2013; Liu et al., 2013; Tabata, 2015). First, protoplasmic

astrocytes possessing highly branched processes are distributed in the

grey matter. Second, fibrous astrocytes possessing straight and long

processes are distributed in the white matter. Third, surface astrocytes

(or pial astrocytes) located on the cortical surface form the glia limitans.

Their somata are fibroblast-like shaped with bushy processes that are

quite similar to those of protoplasmic astrocytes. Since we focused on

the gray matter in this study, we examined the protoplasmic astrocytes

and surface astrocytes.

To detect astrocytes, the glial fibrillary acidic protein (GFAP) and

glutamine synthetase (GS) are commonly used as useful markers. GS

immunopositivity signals are found in all cortical astrocytic somata, proc-

esses, perisynaptic buds, and end-feet surrounding vessels (Norenberg &

Martinez-Hernandez, 1979; Robinson, 2001). GFAP immunopositivity

signals are also found in all surface astrocytes and fibrous astrocytes.

However, they are not detected in a subset of protoplasmic astrocytes.

In the rat hippocampus, about 40% of cortical astrocytes were GFAP-

immunonegative (Walz & Lang, 1998). GFAP-immunopositive astrocytes

(GFAP astrocytes) and GFAP-immunonegative astrocytes are roughly

distinguishable on the basis of their electrophysiological properties, cel-

lular morphology, and other cellular markers (Jabs, Paterson, & Walz,

1997; Kimelberg, 2009). However, Zhou, Schools, and Kimelberg, (2000)

have revealed by a single-cell RT-PCR analysis that majority of GFAP-

immunonegative astrocytes possess GFAP mRNA. Additionally, the

amounts of GFAP mRNA in cortices increase progressively during post-

natal maturation (Nichols, Day, Laping, Johnson, & Finch, 1993) and

reaction to an injury (Wilhelmsson et al., 2006; Yang & Wang, 2015).

Furthermore, a large number of primary cultured astrocytes show GFAP

immunopositivity signals (Kimelberg, 2009; Schildge, Bohrer, Beck, &

Schachtrup, 2013). From these observations, GFAP astrocytes are con-

sidered mature and/or activated astrocytes (Kimelberg, 2009, 2010;

Middeldorp & Hol, 2011, Schildge et al., 2013). In this study, to examine

the proportion of M1R-immunopositive somata among mature astro-

cytes, we used GFAP as a marker. However, since GFAP immunopositiv-

ity signals cannot be detected in thin processes and perisynaptic buds,

GS was also used to detect these small peripheral elements.

In this study, to examine the role of M1R in the rat PFC neural sys-

tem, we compared the proportion of M1R-immunopositive somata and
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the intracellular immunolocalization pattern of M1R between pyramidal

neurons, inhibitory neurons, and astrocytes. Among the many cortical

areas in rat PFC, we focused on the prelimbic cortex (PrL) in this study

(Paxinos & Watson, 1998, Vogt, 2014). First, PrL in rodents is function-

ally analogous to primate lateral PFC, and it is involved in higher cogni-

tive functions, such as initial acquisition and reversal learning (Birrell &

Brown, 2000). Second, an atlas of in situ hybridization has demon-

strated that M1R mRNA is densely distributed in rodent PrL (Allen

Institute for Brain Science, 2004). Finally, M1R plays a crucial role in

the early memory formation subserved by PrL (Carballo-M�arquez et al.,

2007).

2 | MATERIALS AND METHODS

2.1 | Animals

Eight male adult Sprague-Dawley rats (15 weeks old) weighing from

400 to 460 g were used in this study. The treatment and care of all the

animals were approved by the Institutional Animal Care and Use

Committee of Toho University (approved protocol ID 16- 52–286). The

terminologies used for rat brain regions followed the atlas of Paxinos

and Watson (1998).

2.2 | Antibodies and nuclear labeling

The following eight primary antibodies were used in this study (Table

1). The anti-M1R antibody is a rabbit polyclonal antibody against the

third intracellular loop (aa 227–353) of human M1R. (Cat# M9808,

RRID: AB_260731; Sigma-Aldrich, St. Louis, MO). This antibody was

developed by Levey et al. (1991), and its specificity was confirmed by

immunoblotting analysis, in which the anti-M1R antibody labeled a

single band corresponding to the molecular weight predicted for M1R,

and this band was distinct from other muscarinic receptors, namely,

M2R to M5R.

The antibody to 67 kDa isoform of glutamic acid decarboxylase

(GAD67) is a mouse monoclonal antibody against a recombinant his-

tag-containing N-terminal region of human GAD67 (aa 4–101; Cat#

MAB5406, RRID: AB_2278725, clone 1G10.2, Millipore, Temecula,

CA) (Wang & Sun, 2012). GAD67 is a commonly used marker of inhibi-

tory g-aminobutyric acid (GABA)ergic neurons and widely distributed

throughout the neuronal somata, thick dendrites, as well as axon termi-

nals (Kaufman, Houser, & Tobin, 1991). The specificity of this anti-

GAD67 antibody was previously confirmed by western blot analysis, in

which the antibody labeled a single band of 67 kDa corresponding to

the molecular weight of GAD67 (Wang & Sun, 2012).

The anti-parvalbumin (PV) antibody is a mouse monoclonal

antibody against a purified frog muscle PV (Cat# P-3088, RRID:

AB_477329, clone PARV-19; Sigma-Aldrich). This anti-PV antibody is

derived from the PARV-19 hybridoma produced by the fusion between

mouse myeloma cells and splenocytes from an immunized mouse. This

antibody well labeled PV neurons in the reticular thalamus (Oda et al.,

2014) but not the tissue of PV knockout mice (Burette, Strehler, &

Weinberg, 2009).

The anti-microtubule-associated protein-2 (MAP2) antibody is a

mouse monoclonal antibody against a bovine brain microtubule protein

(aa 997–1332; Cat# MAB3418, RRID: AB_94856, clone AP20, Milli-

pore). The specificity of this anti-MAP2 antibody was confirmed by

western blot analysis, in which the antibody labeled a single band of

approximately 280 kDa, roughly corresponding to the high-molecular-

weight MAP2 isoforms MAP2a and MAP2b of about 280 kDa (Matsu-

naga et al., 1999). This antibody clearly labeled the dendrites and

TABLE 1 Information of primary antibodies

Antibody Immunogen Manufacture Dilution

Muscarinic acetylcholine receptor (M1) i3 intracellular loop (aa 227–353)
of human M1

Sigma-Aldrich; Rabbit polyclonal;
Cat# M9808, RRID: AB_260731

1:500

67 kDa isoform of glutamic acid
decarboxylase (GAD67)

N-terminus (aa 4–101) of
human GAD67

Millipore; mouse monoclonal;
Cat# MAB5406, RRID: AB_2278725
(Clone 1G10.2)

1:2,000

Parvalbumin (PV) PV purified from frog muscle Sigma-Aldrich; mouse monoclonal;
Cat# P-3088, RRID: AB_477329
(Clone PARV-19)

1:4,000

Microtubule-associated protein-2 (MAP2) Bovine brain microtubule protein
(aa 997–1332)

Millipore; mouse monoclonal;
Cat# MAB3418, RRID: AB_94856
(Clone AP20)

1:500

Vesicular glutamate transporter 1 (VGluT1) C-terminus (542–560) of rat VGluT1 Millipore; guinea pig polyclonal;
Cat# AB5905, RRID: AB_2301751

1:5,000

Vesicular glutamate transporter 2 (VGluT2) C-terminus (510–582) of rat VGluT2 Synaptic Systems; guinea pig polyclonal;
Cat# 135 404, RRID: AB_887884

1:1,000

Glial fibrillary acidic protein (GFAP) GFAP purified from porcine spinal cord Millipore; mouse monoclonal;
Cat# MAB360, RRID: AB_2109815
(Clone GA5)

1:4,000

Glutamine synthetase (GS) GS purified from sheep brain Millipore; mouse monoclonal;
Cat# MAB302, RRID: AB_2110656
(Clone GS-6)

1:500
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somata of neurons in the avian nucleus laminaris (Tabor, Wong, &

Rubel, 2011).

The anti-VGluT1 antibody is a guinea pig polyclonal antibody

against a C-terminal domain (aa 542–560) of rat VGluT1 (Cat#

AB5905; RRID:AB_2301751, Millipore; Melone, Burette, and Wein-

berg, 2005). The specificity of this anti-VGluT1 antibody was confirmed

by western blot analysis, in which the antibody labeled a single band of

60 kD corresponding to the molecular weight of VGluT1 (Melone et al.,

2005). The specificity was also tested by blocking the antiserum with

the immunogen peptide (Wässle, Regus-Leidig, & Haverkamp, 2006).

Melone et al. (2005) also performed double-immunolabeling experi-

ments using the anti-VGluT1 antibody and another well-characterized

anti-VGluT1 antibody (Bellocchio et al., 1998). As a result, they found

the virtually complete overlapping of immunolabeling in the rat cerebral

cortex. Furthermore, the anti-VGluT1 antibody used in the present

study immunostained many synaptic puncta in control spinal cord sec-

tions. These VGluT1-immunopositive puncta were abolished in sections

from VGluT1-KO animals (Siembab, Gomez-Perez, Rotterman,

Shneider, & Alvarez, 2016).

The anti-VGluT2 antibody is a guinea pig polyclonal antibody

against a purified recombinant protein corresponding to 73 amino acid

sequence (aa 510–582) of rat VGluT2 (Cat# 135 404; RRID:

AB_887884, Synaptic Systems). The anti-VGluT2 antibody immunola-

beled the entire gray matter in the spinal cord (Siembab et al., 2016),

and also the supragranular zone of the granule cell layer and the middle

and outer molecular layers in the dentate gyrus (Perederiy, Luikart,

Washburn, Schnell, & Westbrook, 2013). These immunolabeling pat-

terns are quite similar to those in a previous study (Kaneko, Fujiyama,

& Hioki, 2002) using a well-characterized anti-VGluT2 antibody

(Fujiyama, Furuta, & Kaneko, 2001). Retinal ganglion cells including

intrinsically photosensitive retinal ganglion cells (ipRGCs) contain

VGluT2. The anti-VGluT2 antibody used in the present study effec-

tively labeled retinal ganglion cells including ipRGCs in control mice but

not in ipRGCs in mice with transgenetically deleted VGluT2 from

ipRGCs (Purrier, Engeland, & Kofuji, 2014). We found that the anti-

VGluT2 antibody immunolabeled all layers in mPFC. Among the layers,

the immunopositivity signals of VGluT2 in the superficial part of layer I

and the middle layer are stronger than those in other layers (data not

shown). At a higher magnification, VGluT2-immunopositive axonal

fiber- and terminal-like structures were distributed in neuropils (Figure

5e, f). This distribution pattern is also similar to that found in the study

by Kaneko et al. (2002). Additionally, this distribution pattern is coinci-

dent with that of thalamocortical projections in mPFC (Rotaru,

Barrionuevo, & Sesack, 2005).

The anti-GFAP antibody is a mouse monoclonal antibody against

purified GFAP from the porcine spinal cord (Cat# MAB360, RRID:

AB_2109815, clone GA5, Millipore). The specificity of this antibody

was confirmed by western blot analysis, in which the antibody labeled

a single band of approximately 51 kDa corresponding to the molecular

weight predicted for GFAP (Buckman, Thompson, Moreno, & Ellacott,

2013). This antibody clearly labeled astrocytes in the hypothalamus

(Buckman et al., 2013) and the posterodorsal medial amygdala

(Johnson, Breedlove, & Jordan, 2013), as well as in the cochlear nucleus

(Fuentes-Santamaría, Alvarado, Gabald�on-Ull, & Manuel Juiz, 2013).

The anti-GS antibody is a mouse monoclonal antibody against

purified GS from the sheep brain (Cat# MAB302, RRID:

AB_2110656, clone GS-6, Millipore). The specificity of this anti-GS

antibody was confirmed by western blot analysis, in which the anti-

body labeled a single band of approximately 45 kDa, corresponding

to the molecular weight predicted for GS (Chang, Wu, Jiang-Shieh,

Shieh, & Wen, 2007). This antibody clearly labeled astrocytes in

mouse mPFC (Kulijewicz-Nawrot, Sykov�a, Chv�atal, Verkhratsky, &

Rodríguez, 2013) and M€uller glia cells in the retina (Nasonkin et al.,

2011).

For nuclear labeling, we used Hoechst 33342 (2 lg/ml, H21492;

Molecular Probes, Eugene, OR), which produces light-blue fluorescence

when it binds to DNA and is illuminated with UV light. Hoechst was

mixed with a solution containing secondary antibodies (Kristensen,

Noer, Gramsbergen, Zimmer, & Noraberg, 2003).

2.3 | Perfusion and sectioning

Anesthesia was induced with isoflurane and then the rats were deeply

anesthetized with an overdose of urethane (over 1.2 g/kg body weight,

i.p.: ethyl carbamate, Wako, Osaka) and perfused with 100 ml of 0.2%

heparinized 0.1 M phosphate buffer (PB; pH 7.4), followed by 1,000 ml

of a cold fixative solution containing 3% paraformaldehyde in 0.1 M PB

through the ascending aorta. After perfusion, the brains were removed

and postfixed for 3 hr in the fixative described above. Then, blocks of

tissue specimens including mPFC were immersed in 20% sucrose in

0.1 M PB overnight before sectioning at a thickness of 60 lm with a

freezing microtome. Sections were stored in a tissue cryoprotective

solution (25% glycerol and 30% ethylene glycol in 0.05 M PB) at

2808C until use.

2.4 | Immunohistochemistry for light microscopy

The sections prepared for light microscopy were washed three times in

phosphate-buffered saline (PBS; pH 7.2) and incubated for 5 days at

48C on a shaker with the primary antibody against M1R in 0.1 M PBS

containing 2% normal donkey serum. The sections were washed again

in PBS and incubated overnight at 48C on a shaker with a secondary

antibody [biotinylated goat anti-rabbit IgG (BA-1000); Vector Labo-

ratories, Burlingame, CA] at a dilution of 1:200 in PBS containing 2%

normal donkey serum. They were then washed in PBS and incubated

in an avidin-biotin-peroxidase complex solution (ABC kit; Vector

Laboratories) overnight at 48C on a shaker. They were washed again

and incubated in 3,30-diaminobenzidine (DAB; Sigma-Aldrich), which

was diluted at 0.02% with PB containing 0.002% hydrogen peroxide

and 0.02% CoCl2 for enhancement, for 5–10 min at room tempera-

ture for visualization. The sections were mounted on gelatin-coated

slides, dehydrated in a graded alcohol series, cleared with xylene,

and coverslipped with Malinol (Muto Pure Chemicals, Tokyo, Japan).

The sections were examined and photographed under a microscope

(BX50; Olympus, Tokyo, Japan) equipped with a digital camera

(DP70; Olympus).
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2.5 | Preadsorption experiments of anti-M1R antibody

Preadsorption experiments were carried out to check the specificity of

the anti-M1R antibody. The M1R antigen (G043-mAChR-M1-AG,

Frontier Institute, Japan) is a GST fusion protein, and its sequence cor-

responds to that of the mouse M1R (aa 229–358). Only one amino

acid is different between mice and rats in the 227–358 aa sequence.

The concentration of the antigen used was 50 lg/ml. For the pread-

sorption experiments, the anti-M1R antibody was dissolved in PBS

containing the antigen for experimental sections or without the antigen

for control sections. The final concentration of the anti-M1R antibody

was 1:500. The PBS solutions containing the anti-M1R antibody with

or without the antigen were allowed to stand for about 24 hr at 48C

before use, and then centrifuged at 12,000 rpm for 5 min. The resulting

supernatants were used for light microscopy and confocal laser scan-

ning microscopy.

The sections for light microscopy were processed in the same pro-

tocol as described above, and visualized by DAB staining without

CoCl2 for 5 min at room temperature. In the forebrain of a control sec-

tion (Figure 1a), strong M1R immunopositivity signals were found in

the piriform cortex (Pir), olfactory tubercle (Tu), and caudate putamen

(CPu). In the somatosensory cortices, M1R immunopositive-bands

were observed in the superficial layers. These immunolabeling patterns

are quite similar to those observed in a previous paper (Levey et al.,

1991). The signal intensity of M1R immunopositivity of the preadsorp-

tion section (Figure 1b) is considerably lower than that of the control

section.

The sections for confocal laser scanning microscopy were proc-

essed in the same protocol as described below, but primary antibody

was only anti-M1R antibody. Confocal microscopy showed that the sig-

nal intensity of M1R immunopositivity in the preadsorption sections

was also considerably lower than that in control sections. The rate of

decrease estimated using the profile view (ZEN ver. 2.3, Carl Zeiss,

Oberkochen, Germany) is approximately 50% (data not shown).

2.6 | Immunohistochemistry for immunofluorescence

experiments

The sections obtained for immunofluorescence experiments were

washed three times in PBS and incubated for 5 days at 48C on a

shaker with a mixture of primary antibodies in 0.1 M PBS containing

2% normal donkey serum. The sections were washed again in PBS

and incubated in a mixture of secondary antibodies [Alexa 555-

conjugated donkey anti-rabbit IgG (A31572) for M1R detection,

Alexa 488-conjugated donkey anti-mouse IgG (A21202) or Alexa

488-conjugated goat anti-mouse IgG (A11001) for GAD67, PV,

MAP2, GFAP, and GS detection; Alexa 488-conjugated goat anti-

guinea pig IgG (A11073) for VGluT1 and VGluT2 detection; 1:400;

Molecular Probes] with 0.1 M PBS containing Hoechst and 2% nor-

mal donkey serum for 4 hr at room temperature. The sections were

washed in PBS, then briefly washed in distilled water and mounted

on slides with ProLong Diamond (Thermo Fisher Scientific, Waltham,

MA).

2.7 | Confocal laser scanning microscopy

The sections were examined and photographed under an LSM-510

confocal laser scanning microscope (Carl Zeiss) equipped with a blue

diode laser of 405 nm, an argon laser of 488 nm, and a HeNe laser of

543 nm. Hoechst 33342 fluorescence was viewed using a 420 nm

longpass filter (Ch2), Alexa Fluor 488 fluorescence using a 505–

530 nm BP filter (Ch3), and Alexa Fluor 555 fluorescence using a 561–

636 nm filter (ChS1).

Images were obtained using the 1003 oil immersion objective lens

(NA, 1.4). For obtaining images, the pinhole size used for Alexa 555

was 172 lm. This size corresponds to an airy unit 1, which is the value

recommended by Carl Zeiss. The thickness of the optical slices is 0.8

lm under this condition. For Alexa 488 and Hoechst (405), pinhole

sizes were adjusted to 172 and 160, respectively, to obtain optical sli-

ces of 0.8 lm thickness.

For small somata (GAD67-, PV-, and GFAP-immunopositive cells),

serial slices were obtained using Z-stacks at approximately 0.8 or 0.9

lm intervals. The brightness and contrast of images were adjusted

using image browser software (ZEN2; Carl Zeiss). Then, images were

exported to the TIFF format. The obtained images were assembled and

additional lettering was incorporated in PaintShop Photo Pro X3 (Corel

Corporation, Ottawa, Ontario, Canada). ImageJ (RRID: SCR_003070,

NIH, Bethesda, MD) was only used for the changing color from red to

magenta.

Images were obtained mainly in the intermediate and ventral areas

at the caudal level of PrL. In these areas, it is easy to distinguish the

borderline between PrL and the adjacent region, that is, the infra limbic

cortex (IL), because layer II of IL is considerably thicker than that of PrL.

Furthermore, the thickness of the cortex in these areas is smaller than

FIGURE 1 Photomicrographs of forebrain sections showing M1R
immunopositivity signals in control section and in preadsorption
section for anti-M1R antibodies. (a) Low-magnification image of
control section. Strong M1R immunopositivity signals are found in
Pir, Tu, and CPu. In the somatosensory cortices, the M1R-
immunopositive superficial bands are also found (arrowheads). (b)
Low-magnification image of preadsorption section. The M1R immu-
nopositivity signal intensity is considerably lower than that of the
control section (a). Scale bar51 mm in (b) (applies to a and b).
Abbreviations: Ctx, cortex; CPu, caudate putamen; Pir, piriform
cortex; Tu, olfactory tubercle
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that in the rostral and dorsal areas. In confocal microscopy observation,

the observation area was moved from the brain surface to the medulla

side by a square unit (127.3 lm 3 127.3 lm: objective lens 1003, elec-

trical zoom 0.7). In each square, we observed somata that clearly show

the nucleus and cellular markers at a higher magnification (objective

lens 1003, electrical zoom 2–5).

Secondary antibodies have been tested. Only Alexa 555 donkey

anti-rabbit IgG (H1 L) may have a weak cross-reactivity to mouse IgG.

No artifacts, however, were detected by visual inspection even under

the condition of considerably high values of master gains. The maxi-

mum of the intensity of these artifacts under the condition was about

25 by profile view analysis. The value will be lower under usual

conditions.

Because the intensity of M1R immunopositivity signals is over 100

even in somata in the weak category under usual conditions, these arti-

facts should not affect the classification of categories. In addition,

immunopositivity signals of Alexa 555 and Alexa 488 are distinctly sep-

arated in neuropils (Figure 10c–e), and even within somata, the wave-

forms in each signal intensity graph constructed from the profile view

are different (Figure 2c5).

2.8 | Category of M1R-immunopositive somata
examined by confocal laser scanning microscopy

For counting M1R-immunopositive cells by confocal laser scanning

microscopy, the signal strength of M1R immunopositivity in somata

was classified into one of three categories as follows. (a) Strong–Mod-

erate: A soma contains dots showing strong M1R immunopositivity sig-

nals. The pyramidal neuronal somata are usually full of such dots

(Figure 2a). On the one hand, many of GAD- and PV-immunopositive

neurons contain fewer such dots in somata (Figure 2a). The former was

categorized into “Strong,” and the latter was “Moderate.” It was, how-

ever, difficult to distinguish between these categories in most cells.

Thus, for statistical processing, they were combined into the category

“Strong–Moderate.” (b) Weak: A soma contains only weak and faint

M1R immunopositivity signals (Figure 2c). (c) Negative: The M1R

immunopositivity signals inside the soma cannot be identified. Usually,

endothelial cells were M1R-immunonegative (Figure 2b).

Among these categories, “Weak” and “Negative” were difficult to

distinguish in small somata, such as inhibitory neurons and astrocytes.

Thus, we identified these somata on the basis of the following observa-

tions. (a) All sections were processed for nuclear staining, and all images

FIGURE 2 Examples of somata classified into strong, morderate, weak, and negative categories. (a) Three somata contain dots showing
strong M1R immunopositivity signals. Among them, two somata are full of such dots. One PV neuron (indicated by arrow) contains
apparently fewer such dots in somata. The formers are strong- and the latter is moderate-categories. (b) Example of Negative-category
somata. No M1R immunopositivity signals are found around the nucleus of an endothelial cell (indicated by arrow). (c) Example of weak-
category somata. A GAD67 neuron (indicated by arrow) contains only weak and faint M1R immunopositivity signals. (c1–3) The rim of the
nucleus is indicated by arrowheads. The signals are located close to the rim of the nucleus. (c4 and 5) Profile views provide intensity profile
graphs (0–255) of each channel image (c5) along a line (c4). (c5) The intensity of M1R immunopositivity signals is low in the nucleus, and it
rises sharply at the rim of the nucleus (indicated by arrow). When such a pattern was observed in two or more Z-stack slices, the signals
must be located in somata. One grid distance (pixel) is 0.09 lm. Magenta, M1R; Green; PV; Blue, Hoechst. Slice number of image/number
of obtained Z-stack optical slices: (a) 3rd/5 slices, (b) 6th/11 slices, (c) 6th/10 slices. Scale bars55 mm in (a), (b), (c3) (applies to c1–c3), and
(c4)
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of small somata except one surface astrocyte were obtained using Z-

stack slices. Nuclear staining was very useful. When immunopositivity

signals located close to the nucleus are found in two or more Z-stack sli-

ces, this indicates that the soma contains intrasomal signals. The immu-

nopositivity signals located in the peripheral region of somata were

excluded, because they might be located in extrasomal regions. Somata

with weak signals were examined visually and on the basis of their pro-

file views. Profile views provide intensity profile graphs (0–255) of each

channel image along a line. The signal intensities of M1R-

immunopositive intracellular dots in pyramidal neurons and M1R-

immunopositive puncta in neuropils were usually over 200. On the

other hand, the signal intensity of M1R-immunopositive intracellular

dots in weak-category somata usually did not exceed 150. An example

is shown in Figures 2c4 and 5. The intensity of M1R immunopositivity

signals is low in the nucleus and it rises sharply at the rim of the nucleus.

When such a pattern was observed in two or more Z-stack slices, the

signals must be located in somata. (b) In the case when the peak of the

signal intensity of M1R-immunopositive dots is located in the middle

slice in Z-stacks, this suggests that the dots are located in somata. From

the above observations, particularly observation (a), we determined that

the somata with weak signals are not M1R-immuninegative.

3 | RESULTS

3.1 | Light microscopy

In light microscopy at low-power magnification of M1R-

immunopositive sections prepared by DAB-CoCl2 labeling for

visualization, many M1R-immunopositive somata were distributed

throughout mPFC. At a higher magnification, M1R-immunopositive

somata in PrL were mainly distributed in layers II–VI, and a few were

also observed in layer I (Figure 3). It seems likely that a number of

M1R-immunopositive cells are pyramidal neurons, as determined from

their large somata and thick dendrites that vertically extend to the pia

mater (insets in Figure 3b, c). Throughout the neuropils including layer

I, many signals of M1R immunopositivity were widely distributed.

3.2 | M1R localization in pyramidal neurons

To examine the pyramidal neurons showing M1R immunopositivity sig-

nals, triple labeling using antibodies to M1R and GAD67, and the

Hoechst stain were carried out. GAD67 is present exclusively in

GABAergic neurons and their axon terminals (Kaufman et al., 1991).

GAD67-immunonegative cells in the cerebral cortex are, however, not

only excitatory neurons but also non-neuronal cells, such as glial and

endothelial cells. Additionally, a previous paper has shown that a subset

of GABAergic neurons shows no immunopositivity signals of GAD67

(Kadriu, Guidotti, Chen, & Grayson, 2012).

The standard criteria for the nuclear morphology of cortical glial

cells in rats were well documented (Ling, Paterson, Privat, Mori, & Leb-

lond, 1973; Ling & Leblond, 1973). According to their criteria, over

65% of all glial cells have smaller nuclei (mean diameter<5.0 lm) than

neurons. Only astrocytes and a subset of oligodendrocytes have larger

nuclei (mean diameters, 6.3 and 7.0 lm, respectively). Among them, the

nuclei of astrocytes characteristically show the distribution of

FIGURE 3 Photomicrographs of mPFC showing M1R immunopositivity signals. (a) Low-magnification image of mPFC. Dotted lines indicate
the borderlines between cortical subregions. Framed areas in PrL are enlarged at a higher magnification in (b) and (c). (b) Superficial layers
of PrL. Large arrowheads indicate the borderlines between layers I and II, and layers II and III. (c) Deep layers of PrL. A large arrowhead indi-
cates the borderline between layers V and VI. Many M1R-immunopositive somata are found in layers II–VI. In layer I, a few M1R-

immunopositive somata are observed. An example is indicated by an arrow in (b). Insets in (b) and (c) are obtained at a higher magnification
of frames in (b) and (c), respectively. Because thick apical dendrites (small arrowheads) showing M1R immunopositivity signals are observed,
these cells are identified as pyramidal neurons. Scale bars5500 mm in (a), 50 mm in (c) (applies to b and c). Abbreviations: Cg1, cingulate
cortex 1; IL, infralimbic cortex; DP, dorsal peduncular cortex
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chromatin that follows the outline of the nuclei. The nuclei of a subset

of oligodendrocytes are similar to those of neurons. However, they are

distinctly few in number. In the rat cortex, they are only 0.3–0.7% of

the total number of glial cells. In addition, endothelial cells characteristi-

cally have elongated nuclei that are intensely and uniformly labeled by

the Hoechst stain.

Thus, we examined somata on the basis of the following criteria to

exclude these glial cells and endothelial cells from the somata to be

examined: (a) the nuclear diameter is more than 5 lm, (b) the nuclear

staining is not uniformly intense, and (c) the nuclear staining does not

clearly show the outline of the nucleus. Among these cells in layers II–

V, somata that have apical dendrites, and are surrounded by GAD67-

immunopositive puncta, that is, GABAergic inhibitory axon terminals,

are considered to be those of pyramidal neurons, because pyramidal

neurons are usually surrounded by dense GABAergic terminals derived

from basket cells.

At a low magnification in triple labeling experiments, most pyrami-

dal neurons showed M1R immunopositivity signals (Figures 4a, b, 5a).

They had large somata and thick apical dendrites extending toward the

pia mater. Some M1R-immunopositive basal dendrites were also

observed (Figure 4c). Because the cytoplasmic region between the

nucleus and the GAD67-immunopositive axon terminals was filled with

many M1R-immunopositive dots, the shape of the nucleus was clearly

recognizable. Furthermore, the nucleolar region was also clearly recog-

nizable as an M1R-immunonegative region, because it is devoid of such

dots (Figure 4c). Thus, the nucleolar region, as well as capillaries, is a

useful benchmark for immunonegativity during the adjustment of

brightness under a microscope. The qualitative impression was that

most of the pyramidal neurons in layers II–V showed Strong–Moderate

M1R immunopositivity signals.

In layer VI, most of the GAD67-immunonegative neurons showing

M1R immunopositivity signals were also found, and they were not

pyramidal in shape. Their dendrites were thinner and oriented in vari-

ous directions (Figure 4d).

In the neuropils of all layers, numerous M1R-immunopositive

puncta were observed. They were GAD67-immunonegative, round,

and relatively uniform in size, and exhibited strong signals of M1R

immunopositivity (Figure 5). To examine these puncta showing M1R

immunopositivity signals, triple labeling of sections with the antibodies

to M1R and one of following neuronal markers (MAP2, VGluT1, and

VGluT2), and with the Hoechst stain was carried out. MAP2 is a

microtubule-associated protein, and it is usually used for detecting den-

dritic shafts (Dehmelt & Halpain, 2004). At a low magnification, many

MAP2-immunopositive apical dendrites originating from many pyrami-

dal neurons were also M1R-immunopositive. These dendrites branched

in layer I and formed dendritic tufts (Figure 5a).

In all VGluT1- or VGluT2-immunopositive presynaptic axon termi-

nals, no signals of M1R immunopositivity were detected (Figure 5b–f).

At a higher magnification, the axon terminals were often in the close

vicinity of M1R-immunopositive puncta. The diameter of the puncta

was roughly estimated to be 0.5 lm. As we will describe later, these

puncta were not perisynaptic buds of astrocytes. Furthermore, it was

FIGURE 4 M1R immunopositivity signals in GAD67-immunonegative neurons in PrL visualized by confocal laser scanning microscopy
showing triple labeling by antibodies to GAD67 (green) and M1R (magenta), and the Hoechst stain (blue). GAD67-immunonegative neurons
showing M1R immunopositivity signals are found in layers II (a), III (b), V (c), and VI (d). Their somata (asterisks) are large, and the signals of
M1R immunopositivity are uniformly strong. (c) A pyramidal neuron possessing M1R-immunopositive apical (arrows) and basal (arrowheads)
dendrites. These images were obtained at 0.8 lm optical thickness. Slice number of image/number of obtained Z-stack optical slices: (a)
4th/7 slices, (b) single slice, (c) 2nd/4 slices, (d) 3rd/5 slices. Scale bars510 mm in (a) and (d) (applies to b and d), 5 mm in (c)
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often found that M1R-immunopositive puncta were connected to den-

drites via small processes. Thus, they appeared like synaptic spines

derived from dendritic shafts of pyramidal neurons. The signal intensity

of M1R immunopositivity was higher in heads than that in necks of

dendritic spines.

These findings are consistent with previous studies by electron

microscopy. In the primate frontal cortex, many M1R-immunopositive

dendritic spines were observed (Mrzljak et al., 1993). About 60% of

dendritic spines were M1R-immunopositive in the rat basolateral amyg-

dala (Muller, Mascagni, Zaric, & Mcdonald, 2013). Similarly, Yamasaki

et al. (2010) have shown that M1R is detected in many dendritic spines

as well as dendritic shafts in the mouse neocortex and hippocampus.

3.3 | M1R localization in inhibitory neurons

To examine the GABAergic inhibitory neurons showing M1R-

immunopositivity signals, the sections were triple labeled with antibod-

ies to M1R and GAD67, and the Hoechst stain. Because cortical

GABAergic neurons are relatively small, we examined them using 3–12

Z-stack serial slices (0.8 lm optical thickness of Z-stacks). GAD67-

FIGURE 5 M1R immunopositivity signals in neuropils in PrL visualized by confocal laser scanning microscopy showing triple labeling by
antibodies to neuronal markers (green), M1R (magenta), and the Hoechst stain (blue). (a) Many thick MAP2-immunopositive apical dendrites
in layer II are also M1R-immunopositive. Arrows indicate double-immunopositive apical dendrites. (b) Higher magnification of the neuropil in
layer I of VGluT1- and M1R-immunopositive section. (c) and (d) Enlarged images of framed areas in (b). (e) Higher magnification of the neu-
ropil in layer III of VGluT2- and M1R-immunopositive section. (f) Enlarged images of framed area in (e). Both VGluT1- (b–d) and VGluT2- (e
and f) immunopositive axon terminals are often found in close vicinity of M1R-immunopositive puncta. No double-immunopositive puncta
are observed. It is also found that M1R-immunopositive puncta are connected to dendrites via small processes (indicated by arrows in c, d,
and f). They appear like synaptic spines derived from dendritic shafts of pyramidal neurons. The signal intensity of M1R immunopositivity is
higher in heads than that in necks of dendritic spines. Slice number of image/number of obtained Z-stack optical slices: (a–d) single slices, (e
and f) 3rd/4 slices. Scale bars520 mm in (a), 2 mm in (e) (applies to b and e) and (f) (applies to c, d, and f)
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immunopositive neurons (GAD67 neurons) were distributed through-

out all layers in PrL (Figure 6a–c). Strong M1R immunopositivity signals

were found throughout the somata and dendrites of many pyramidal

neurons, described above. In GAD67 neurons, the signal strength of

M1R immunopositivity varied among neurons. About 44% of GAD67

neurons showed “Strong–Moderate” signals, and an approximately

equal proportion of neurons showed “Weak” signals of M1R

immunopositivity (Figure 7). Thus, the signals of M1R immunopositivity

were detected in approximately 88% of GAD67 neurons. The remain-

ing GAD67 neurons were categorized into “Negative.” The proportion

of GAD67 neurons showing “Strong–Moderate” signals of M1R-

immunopositivity in layer V was significantly higher than that in layers

I, II, and VI (Figure 7). No M1R immunopositivity signals were detected

in GAD67-immunopositive axonal terminals.

FIGURE 6 M1R immunopositivity signals in inhibitory neurons in PrL visualized by confocal laser scanning microscopy showing triple
labeling by antibodies to GAD67 (a–c) or PV (d–f) (green), and M1R (magenta), and the Hoechst stain (blue). Arrowheads indicate neuronal
somata. (a–c) GAD67- and M1R-immunopositive neurons are found in all layers. Examples in layers I (a), II (b), and III (c) are shown. The sig-
nal strength of M1R immunopositivity in their somata is not uniform. GAD67-immunopositive somata showing “Strong” (a, c left), “Moder-
ate” (c right), and “Weak” (b) signals of M1R immunopositivity are observed. (d–f) PV- and M1R-immunopositive neurons are found in layers
II–VI. Examples in layers V (d and e) and VI (f) are shown. The signal strength of M1R immunopositivity in their somata is not uniform, simi-
larly to GAD67 neurons (a–c). PV-immunopositive somata showing “Strong” (d and f) and “Weak” (e) signals of M1R immunopositivity are
observed. These images were obtained at 0.8 lm optical thickness. Slice number of image/number of obtained Z-stack optical slices: (a)
2nd/5 slices, (b) 3rd/4 slices, (c) 5th/12 slices, (d) 3rd/6 slices, (e) 3rd/5 slices, (f) 2nd/5 slices. Scale bars55 mm in (f) (applies to a–f)
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PV-immunopositive neurons (PV neurons) showing M1R immuno-

positivity signals were also observed by triple labeling with the antibod-

ies to M1R and PV, and the Hoechst stain. The cortical PV neurons

were examined using 3–10 Z-stack serial slices (0.8 lm optical thick-

ness of Z-stacks). In the cerebral cortex, PV neurons are the major com-

ponent of GABAergic interneurons (Kubota, Hattori, & Yui, 1994).

They are distributed in layers II–VI, and the signals of PV immunoposi-

tivity were widely distributed in their somata and throughout their den-

drites, as well as axonal fibers and terminals. Examples of PV neurons

showing M1R immunopositivity signals are shown in Figure 6d–f. The

signal strength of M1R immunopositivity in PV neurons varied among

neurons as in the case of GAD67 neurons. About 61% of PV neurons

showed “Strong–Moderate” signals, and approximately 31% of the

neurons showed “Weak” signals of M1R immunopositivity (Figure 7).

Thus, the signals of M1R immunopositivity were detected in approxi-

mately 92% of PV neurons. The proportion of somata showing

“Strong–Moderate” signals of M1R-immunopositivity was not signifi-

cantly different between cortical layers except for layer I where PV

neurons are absent (Figure 7).

Because PV immunopositivity signals were distributed throughout

the dendrites of PV neurons, we examined the intradendritic localiza-

tion pattern of M1R. The dendrites of 14 PV neurons were examined

using 3–9 Z-stack serial slices (0.8 lm optical thickness of Z-stacks).

Two examples are shown in Figure 8. The density of the intradendritic

FIGURE 7 The proportion of somata containing M1R among cortical cellular types. (a) Mean percentages of M1R-immunopositive somata
among GAD67 neurons, PV neurons, and GFAP astrocytes in layers I, II, III, V, and VI. Total numbers of counted cells obtained from three
rats are given above. In layer I, two types of GFAP astrocytes, the surface astrocytes (S) and the protoplasmic astrocytes (P), are present. In
other layers, all GFAP astrocytes are protoplasmic astrocytes. The signal strength of M1R immunopositivity in a soma is categorized into
three groups as follows. Strong–Moderate: A soma contains dots showing strong signals of M1R immunopositivity. Pyramidal neuronal
somata are usually full of such dots. Weak: A soma contains only weak and faint signals of M1R immunopositivity. Negative: The M1R-
immunopositivity signals inside the soma cannot be identified. Significant differences in the proportion of somata showing “Strong–Moder-
ate” signals of M1R immunopositivity between layers were assessed by Mann–Whitney’s U-test. Asterisks (*) indicate p< .05. (b) Mean per-
centages of somata showing “Strong–Moderate” signals of M1R immunopositivity among GAD67 neurons, PV neurons, and GFAP
astrocytes in layers I, II, III, V, and VI. Vertical bars indicate SD (n53 rats). Significant differences in the data between cellular subgroups in
each layer were assessed by Mann–Whitney’s U-test. Asterisks (*) indicate p< .05
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signals of M1R immunopositivity greatly decreased from the somata to

the distal region. This distribution pattern in PV neurons is quite differ-

ent from that in pyramidal neurons, as described previously.

3.4 | M1R localization in astrocytes

To examine the GFAP astrocytes showing M1R immunopositivity sig-

nals, triple labeling with antibodies to M1R and GFAP, and the Hoechst

stain were carried out. Because the somata of cortical astrocytes are

smaller than those of neurons, we examined most of them using 3–11

Z-stack serial slices (0.8 lm optical thickness of Z-stacks). The proto-

plasmic GFAP astrocytes were distributed throughout cortical layers.

M1R immunopositivity signals were found mainly at the site where

nucleus and GFAP-immunopositive structures are in contact, and they

were apparently weaker in their processes (Figure 9a–c). About 78% of

protoplasmic GFAP astrocytes showed “Strong–Moderate” signals, and

approximately 12% showed “Weak” signals of M1R immunopositivity

(Figure 7). Thus, the signals of M1R immunopositivity were detected in

approximately 90% of protoplasmic GFAP astrocytes. The proportion

of the protoplasmic GFAP astrocytes showing “Strong–Moderate” sig-

nals of M1R immunopositivity in layer I was significantly lower than

that in layers II, V, and VI (Figure 7). Sometimes, M1R-immunopositive

puncta were observed along GFAP-immunopositive processes, but the

processes of astrocytes are thin and GFAP is not a cytosolic marker, so

it was difficult to distinguish between the inside and outside areas of

the processes.

The glia limitans of rodents is located immediately below the pia

mater and composed of another type of GFAP astrocyte, namely, sur-

face astrocytes (Figure 9d, e). These surface astrocytes have been

examined by electron microscopy (Liu et al., 2013) and in

FIGURE 8 Intradendritic signals of M1R immunopositivity in PV neurons in PrL visualized by confocal laser scanning microscopy of Z-stack
serial slices showing triple labeling by antibodies to PV (green) and M1R (magenta), and the Hoechst stain (blue). (a–e) and (f–j): Serial slices
of thick dendrites (arrowheads) originating from PV-immunopositive somata in layers III and V, respectively. The signals of M1R immunopos-
itivity in the dendrites are apparently weaker than those in the somata. In contrast, a dendrite (arrows in e) of a pyramidal neuron shows
“Strong” signals of M1R immunopositivity. These serial slices (intervals, 0.8 mm) were obtained at 0.8 lm optical thickness of Z-stacks. Slice
number of image/number of obtained Z-stack optical slices: (a–e) 5th–1st/7 slices, respectively, (f–j) 5th–1st/6 slices, respectively. Scale
bars55 mm in (j) (applies to a–j)
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developmental studies (García-Marqu�es & L�opez-Mascaraque, 2013;

Tabata, 2015). The surface astrocytes were horizontally aligned on the

cortical surface and have thick processes extending vertically into the

cortex (Tabata, 2015). We found that somata of surface astrocytes

show strong M1R immunopositivity signals, as is the case with pyrami-

dal neurons. About 94% of the surface astrocytes showed “Strong–

Moderate” of M1R immunopositivity signals. Among them, approxi-

mately 83% showed “Strong” signals. The proportion of the surface

astrocytes showing “Strong–Moderate” signals was significantly higher

than that of the protoplasmic GFAP astrocytes in layer I (Figure 7).

GS immunopositivity signals were found in glia limitans, somata,

and thick processes. These structures were the same as those previ-

ously observed to be GFAP-immunopositive (Figure 10a, b). Addition-

ally, GS was observed in small peripheral elements, which appear to be

thin processes and perisynaptic buds of astrocytes (Figure 10c–e).

These observations are generally consistent with previous studies (Rob-

inson, 2001; Kulijewicz-Nawrot et al., 2013). They were often in the

close vicinity of M1R-immunopositive spinelike structures that were

frequently found along dendritic shafts described above. No M1R

immunopositivity signals were detected in these GS-immunopositive

small elements.

4 | DISCUSSION

4.1 | M1R in excitatory neurons

This study revealed that most pyramidal neurons in rat PrL showed

“Strong–Moderate” signals of M1R immunopositivity. Previous studies

have determined the proportion of excitatory neurons containing M1R.

For example, by single-cell RT-PCR analysis, M1R mRNA was detected

in 61% of layer V pyramidal neurons in the rat visual cortex (Amar,

Lucas-Meunier, Baux, & Fossier, 2010). This proportion seems to be

substantially lower than that in the present study. On the other hand,

in the rat anterior basolateral amygdalar nucleus, all pyramidal neurons

were M1R-immunopositive (Muller et al., 2013), as similarly observed

in the present study. Furthermore, in macaque monkeys, fewer than

10% of excitatory neurons in V1 and fewer than 40% of those in the

secondary visual cortex (V2) showed M1R immunopositivity signals

(Disney et al., 2006). These proportions are also significantly lower

than that in rat mPFC. The above observations confirm the idea that

the proportion of neurons containing M1R is significantly different

between cortical regions and animal species (Disney et al., 2006; Dis-

ney & Aoki, 2008; Disney & Reynolds, 2014), and it seems likely that

M1R in excitatory neurons may be more widely distributed in limbic

cortices than in visual cortices. This difference between cortical regions

might depend on neuronal activity related to the ascending cholinergic

system, because the cholinergic afferent fibers in the rat frontal cortex

are denser than that in the occipital and parietal cortices (Mechawar,

Cozzari, & Descarries, 2000).

The cholinergic afferent fibers in the rat cortex are distributed in

all layers with layers I and V having somewhat higher densities than the

other layers (Mechawar et al., 2000). Furthermore, a recent study has

demonstrated that synaptic specializations formed by cholinergic

FIGURE 9 M1R immunopositivity signals in GFAP astrocytes in
PrL visualized by confocal laser scanning microscopy showing triple
labeling by antibodies to GFAP (green) and M1R (magenta), and the
Hoechst stain (blue). (a–c) GFAP- and M1R-immunopositive astro-
cytes are found in all layers. Examples in layers I (a), II (b), and III (c)
are shown. The signals of M1R immunopositivity are mainly distrib-

uted at the site where nucleus and GFAP-immunopositive struc-
tures are in contact (arrowheads). (d) GFAP- and M1R-
immunopositive glia limitans (white arrows) lying immediately
below the pia mater is observed. The pia mater (magenta arrows)
shows slightly weak M1R immunopositivity signals. (e) Enlarged
images of framed areas in (d). The glia limitans composed of GFAP-
immunopositive surface astrocytes shows “Strong” M1R immuno-
positivity signals in their somata. Thick processes extending verti-
cally into the cortex are also observed (arrowheads). These images
were obtained at 0.8 lm optical thickness. Slice number of image/
number of obtained Z-stack optical slices: (a) 2nd/7 slices, (b) 3rd/7
slices, (c) 3rd/6 slices, (d) single slice, (e) 2nd/5 slices. Scale
bars55 mm in (c) (applies to a–c) and (e), 10 mm in (d)
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varicosities are infrequent, and M1R preferentially localizes on the

extrasynaptic membrane of postsynaptic elements (Yamasaki et al.,

2010). Moreover, the amount of extracellular acetylcholine in the CA1

area of the hippocampus (hippocampal CA1) significantly increases dur-

ing learning, and remains high for 60 min (Mitsushima, Sano, & Takaha-

shi, 2013). Therefore, these findings strongly suggest that volume

FIGURE 10 M1R immunopositivity signals in GS-immunopositive somata, thin processes, and perisynaptic buds of astrocytes in PrL visualized
by confocal laser scanning microscopy showing triple labeling by antibodies to GS (green) and M1R (magenta), and the Hoechst stain (blue). (a)
Surface astrocytes in the glia limitans (arrows) show “Strong” M1R immunopositivity signals. (b) GS- and M1R-immunopositive astrocytes are
found in all layers. An example in layer V (b) is shown. (c–e) In the neuropils in layers II (c), III (d), and V (e), no M1R immunopositivity signals are
detected in the thin processes and perisynaptic buds of astrocytes. Middle and right images are enlarged images of framed areas in (c1–e1).
Arrows in (c1) indicate a thick M1R-immunopositive dendrite. On the surface of dendrites as well as in the neuropils, many M1R-immunopositive
puncta are distributed. Most of them could be identified as dendritic spines on the basis of their size and uniformly round shape. GS immunopos-
itivity signals are observed in small elements (arrowheads in c–e). They are irregular in shape and appear to be thin processes and perisynaptic
buds of astrocytes. They are often in the close vicinity of M1R-immunopositive dendritic spines. No GS-immunopositive small elements showing
M1R immunopositivity signals are detected. These images were obtained at 0.8 lm optical thickness. Slice number of image/number of obtained
Z-stack optical slices: (a) 2nd/4 slices, (b) 4th/7 slices, (c) 1st/5 slices, (d and e), single slices. Scale bars55 mm in (b) (applies to a and b), 2 mm in
(e1) (applies to c1–e1), and (e3) (applies to c2–e2, and c3–e3)
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transmission is the major transmission mechanism in M1R-mediated

cholinergic neurotransmission (Sarter, Parikh, & Howe, 2009). From

these observations, the cholinergic afferents could widely and diffusely

exert their effect on all layers including layers II–V, which contain many

pyramidal neurons showing “Strong–Moderate” signals of M1R

immunopositivity.

We observed many dendrites and spines showing M1R immuno-

positivity signals. Dendritic spines are specialized structures where

excitatory glutamatergic inputs terminate, and excitatory transmission

and synaptic plasticity are modulated (Yao, Spealman, & Zhang, 2008).

Pharmacological studies of pyramidal neurons in hippocampal CA1

have demonstrated that muscarinic receptors mediate the increase in

intracellular Ca21 concentrations, subsequent activation of CAMKII,

and induction of long-term potentiation (LTP) (M€uller & Connor, 1991;

M€uller, Petrozzino, Griffith, Danho, & Connor, 1992; Dennis et al.,

2016). Furthermore, both postsynaptic Ca21 concentration elevation

and long-lasting enhancement of excitatory postsynaptic currents

(EPSCs) are induced by the activation of M1R via IP3 receptors

(Fern�andez de Sevilla, N�u~nez, Borde, Malinow, & Bu~no, 2008). Stimula-

tion of M1R also mediates the plasticity of excitatory synapses via

insertion of AMPA receptors into postsynaptic sites (Mitsushima et al.,

2013). During LTP induced by two-photon glutamate uncaging, CaMKII

activation is largely restricted to a stimulated spine. Thus, the CaMKII

activity of a stimulated spine has no effect on neighboring spines

through dendritic shafts (Lee, Escobedo-Lozoya, Szatmari, & Yasuda,

2009). Thus, M1R modulates signal transduction cascades generated in

dendritic spines, and the cascades must play an important role in form-

ing plasticity in each spine.

Acetylcholine application excites cortical pyramidal neurons, for

example, prolonged depolarization and increase in spike frequency.

Additionally, the initial transient hyperpolarization occurs in layer V

pyramidal neurons but not in superficial layer neurons (McCormick,

1992; Gulledge, Park, Kawaguchi, & Stuart, 2007; Gulledge et al.,

2009). That is, acetylcholine application elicits different neuronal

responses depending on the layer in the rodent neocortex including

mPFC. We observed, however, that most pyramidal neurons showed

uniformly “Strong–Moderate” signals of M1R immunopositivity. It has

been demonstrated that the initial transient hyperpolarization of layer

V pyramidal neurons is mediated by small conductance Ca21-activated

K1 channels (SK channels) via M1R (Gulledge et al., 2007). Moreover,

this transient hyperpolarization disappears in pyramidal neurons in

M1R-KO mice but not in M3R-KO and M5R-KO mice (Gulledge et al.,

2009). The difference in transient hyperpolarization responses between

the superficial and deep layers might depend on the expression of sig-

nal molecules related to SK channels and/or M1R. Actually, major com-

ponents of SK channels, SK1 and SK2, are more highly expressed in

the pyramidal neurons in layer V than in those in the superficial layers

(Stocker & Pedarzani, 2000).

With regard to the prolonged excitation induced by acetylcholine

application, a pharmacological study has demonstrated that bath appli-

cation of carbamylcholine-chloride (CCh), a cholinergic agonist,

enhanced cortical neuronal firing. This enhanced firing was antagonized

by atropine (M1R–M5R antagonist) and pirenzepine (M1R/M4R

antagonist) but not by AF-DX 116 (M2R/M4R antagonist). Thus, it

seems likely that the increase in firing frequency induced by CCh is

mediated by M1R (Gigout et al., 2012). The increase in the firing fre-

quency of pyramidal neurons induced by CCh via M1R is mimicked by

a blocker of Kv7 channels, which are the principal molecular compo-

nents of M-channels (Brown & Passmore, 2009; Gigout et al., 2012),

and M-current, a non-inactivating potassium current, does not respond

to a muscarinic agonist in sympathetic neurons in M1R-KO mice (Ham-

ilton et al., 1997). Thus, depression of M-current mediated by M1R

could be the mechanism underlying spike acceleration of cortical

pyramidal neurons. Since MIR is abundantly localized in somata, it most

likely modulates the neuronal activity generated in somata.

4.2 | M1R in GABAergic interneurons

This study demonstrated that most GAD67 neurons showed M1R

immunopositivity signals. The strength of these signals, however, varied

among neurons. In GAD67 neurons, about 44% of neuronal somata

showed “Strong–Moderate” signals, and roughly the same number of

somata showed “Weak” signals of M1R immunopositivity. This distribu-

tion pattern is quite different from that of the pyramidal neurons

described above. Cortical GABAergic interneurons are classified into

some distinct neuronal subgroups on the basis of their various markers.

Among them, PV neurons are the most numerous. In the rat frontal

cortex, they account for 43% of the GABAergic interneurons in layer

II/III, 61% in layer V, and 51% in layer VI (Kubota et al., 1994). This

study demonstrated that the signal strength of M1R immunopositivity

also varied among PV neurons. About 61% of PV neurons showed

“Strong–Moderate” signals, whereas 31% showed “Weak” signals of

M1R immunopositivity. Thus, approximately 90% of both GAD67 neu-

rons and PV neurons showed M1R immunopositivity signals. However,

the proportion of these neurons showing “Strong–Moderate” signals of

M1R immunopositivity among PV neurons (total percentage: approxi-

mately 61%) was somewhat higher than that among GAD67 neurons

(total percentage: approximately 44%). A significant difference was

observed in layers III and VI (Figure 7). This tendency is in agreement

with previous studies on V1 of macaque monkeys, which revealed that

M1R was observed in 87% of PV neurons and in 61% of GABAergic

neurons (Disney et al., 2006; Disney & Aoki, 2008). Thus, M1R seems

to be more preferentially distributed in PV neurons than in other

GABAergic neuronal subgroups. Since the signal strength of M1R

immunopositivity varied among GAD67 neurons and PV neurons, it

might depend on the activity of each neuron induced by cholinergic

afferents.

Cortical PV neurons are electrophysiologically classified as fast-

spiking neurons, which include basket cells, chandelier cells, and wide

arbor cells (Kawaguchi & Kondo, 2002; Hardwick, French, Southam, &

Totterdell, 2005). The fast-spiking neurons are characterized by non-

adaptive firing of short-duration spikes, and they primarily innervate

the somata and initial segments of pyramidal neurons. Thus, they are

the most prominent intracortical elements that inhibit excitatory

pyramidal neurons. Cea-del Rio et al. (2010) have revealed by single-

cell RT-PCR analysis that M1R mRNA was expressed in all PV basket
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cells in mouse hippocampal CA1. However, M3R and M5R were not

detected in these cells. Hence, M1R is the only M1R-type receptor

expressed in PV basket cells. Their finding is in close agreement with

our present immunohistochemical data showing that M1R was

expressed in over 90% of PV neurons. However, in rat V1 and primary

somatosensory cortices, the proportion of somata showing M1R immu-

nopositivity signals among PV neurons were 27% and 21%, respec-

tively (Disney & Reynolds, 2014). These values are significant lower

than that in PrL. It is unclear which factors cause this difference. It may

be caused by our criterion that somata showing weak signals were

counted. There may be other factors as well. Because the present

study revealed that the signal intensity of M1R immunopositivity in PV

neurons varied from being strong to being negative, several factors,

such as differences in neuronal activity, cortical areas, and animal age,

might also affect the expression level of M1R in somata.

Yi et al. (2014) have demonstrated the significant increase in firing

frequency induced by muscarine in both hippocampal CA1 and PFC PV

neurons. Additionally, they observed reduction in both firing frequency

and postdepolarization potential in hippocampal CA1 PV neurons of

mice with transgenically deleted M1R from PV neurons (PV-M1R-KO

mice). This finding is in agreement with the previous finding that

muscarine-induced firing acceleration was completely absent in PV bas-

ket cells of M1R-KO mice (Cea-del Rio et al., 2010). Because PV-M1R-

KO mice are exclusively deficit in recognition and working memory but

not in spatial memory, muscarine-induced increase in PV neuronal

activity via M1R should be essential in these higher cognitive functions

(Yi et al., 2014).

4.3 | M1R in astrocytes

In this study, about 78% of protoplasmic GFAP astrocytes showed

“Strong–Moderate” signals, and approximately 12% showed “Weak”

signals of M1R immunopositivity. Thus, approximately 90% of astro-

cytes possess M1R immunopositivity signals. A pharmacological study

has demonstrated that cultured astrocytes in the rat cerebral cortex

contain both M1-type and M2-type muscarinic receptors (Murphy,

Pearce, & Morrow, 1986). Previous studies using a monoclonal anti-

body to pan-muscarinic receptors also revealed that muscarinic recep-

tors were found in astrocytes in explant and primary cultures derived

from the rat cerebral cortex (H€osli, Jurasin, Ruhl, Luthy, & H€osli, 2001),

and in almost all (95.8%) of GFAP astrocytes in the rat frontal cortex

(van der Zee, de Jong, Strosberg, & Luiten, 1993). Furthermore, in

human cultured astrocytes, all five subtypes of muscarinic receptors

were detected by RT-PCR analysis (Elhusseiny et al., 1999), and phar-

macological analysis has revealed that astrocytes in rat hippocampal sli-

ces possess M1R (Shelton & McCarthy, 2000).

The present study also revealed that M1R immunopositivity signals

were preferentially localized in astrocytic somata, and they were hardly

detected in thin processes and perisynaptic buds. In the gray matter,

the protoplasmic astrocytes play important roles in various functions

that support the structural, trophic, and metabolic properties of neu-

rons (Chen & Swanson, 2003; Sofroniew & Vinters, 2010). Further-

more, astrocytes also contibute to the modulation of excitatory

synaptic transmission by releasing gliotransmitters, such as glutamate,

ATP, and D-serine, which is an NMDA receptor coagonist (Agulhon

et al., 2008; Takata et al., 2011;Agulhon et al., 2012). Recently, it has

been demonstrated that each astrocyte forms a domain composed of

its soma and processes containing perisynaptic buds (Khakh & McCar-

thy, 2015). Interestingly, each domain only slightly overlaps with other

domains (Wilhelmsson et al., 2006). It has been estimated that a

domain is 66,000 lm3 in size and contains �140,000 synapses in hip-

pocampal CA1 (Bushong, Martone, Jones, & Ellisman, 2002). Thus, over

100,000 synapses are modulated by a single astrocyte. Furthermore,

because astrocytes link to other astrocytes via gap junctions, activation

of an astrocyte might exert its influence over a wider extent (Kimel-

berg, 2010).

Takata et al. (2011) have observed that stimulation of BF increased

the whisker-evoked local field potential in the mouse barrel cortex.

During the enhancement of local field potential, the increase in astro-

cytic Ca21 concentration is followed by a significant increase in the

extracellular concentration of D-serine. The increase in astrocytic Ca21

concentration was blocked by atropine, a muscarinic receptor antago-

nist. Similarly, the increase in astrocytic Ca21 concentration and the fol-

lowing release of D-serine are diminished in inositol-1,4,5-triphosphate

receptor type 2-KO (IP3R2-KO) mice. Thus, the release of D-serine is

triggered by the increase in astrocytic Ca21 concentration via IP3R2

(Agulhon et al., 2012). Another pharmacological study has revealed that

a cholinergic receptor agonist, carbachol, induces an increase in astro-

cytic Ca21 concentration, and this increase is blocked by pirenzepine

(M1R/M4R antagonist) (Shelton & McCarthy, 2000). Since M1-type

receptors but not M2-type receptors preferentially stimulate PLC,

which in turn stimulates IP3R2, the acetylcholine-induced increase in

astrocytic Ca21 concentration and the following release of D-serine are

mediated by both M1R and IP3R2. However, synaptic transmission

events need a timescale of milliseconds, whereas, gliotransmission

events need a timescale of seconds. Thus, it is quite plausible that glio-

transmission via astrocytic processes is not possible for modulation of

each synaptic transmission (Agulhon et al., 2012). Additionally, since

M1R is mainly localized in astrocytic somata but hardly detected in

perisynaptic buds and thin processes, it is seems likely that synaptic

transmissions are widely modulated in a group by each astrocytic

domain and/or domains linked by gap junctions.

This idea is confirmed by a recent electrophysiological study (Letel-

lier et al., 2016). This study revealed that changes in the presynaptic

strength of synapses that receive inputs from a certain neuron induce

alterations in presynaptic strengths of neighboring synapses that

receive no inputs from that neuron. Because this interaction between

synapses is inhibited by fluoroacetate, an inhibitor of the Krebs cycle

that preferentially acts on glial cells, a synapse can exert its effect on

the presynaptic strengths of other synapses via astrocytes.

The glia limitans lying immediately below the pia mater is com-

posed of end-feet of astrocytes in humans and primates, as described

in any histology textbook. In rodents, however, it is composed of sur-

face astrocytes that exhibit a fibroblast-like morphology (García-

Marqu�es & L�opez-Mascaraque, 2013; Liu et al., 2013; Tabata, 2015).

The present study revealed that many surface astrocytes show “Strong”
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signals of M1R immunopositivity, and frequently have thick processes

projecting toward layer I of the cerebral cortex, which is composed of

axon fibers and tufts originating from apical dendrites of pyramidal

neurons. This layer is crucial in the control of the firing mode of pyram-

idal neurons via apical dendritic calcium channels. Activation of these

channels increases neuronal gain and switches the mode of these neu-

rons to burst firing (Sidiropoulou, Pissadaki, & Poirazi, 2006; Murayama

et al., 2009). Surface astrocytes might modulate synaptic activities in

layer I and control the firing mode of pyramidal neurons through cho-

linergic afferents via M1R.

4.4 | Functional implications

This study revealed that almost all PV neuronal somata expressed

M1R. However, M1R was not detected in their thin distal dendrites.

Thus, the intracellular localization pattern of M1R in PV neurons was

quite different from that of pyramidal neurons in which M1R was

widely expressed in somata, dendrites, and spines (Figure 11).

Interestingly, these intracellular distribution patterns of M1R in pyrami-

dal neurons and PV neurons are quite similar to those of dopamine

receptor D5 (D5R) in rat PrL.

Dopamine is a notable neuromodulator similarly to acetylcholine.

D1-type receptors (D1R and D5R) of dopamine are metabolic recep-

tors, and they enhance the responsiveness of both pyramidal neurons

and PV neurons via signal transduction cascades including the activa-

tion of adenyl cyclase and the increase in the concentrations of cAMP

and protein kinase A (Trantham-Davidson, Neely, Lavin, & Seamans,

2004; Kr€oner, Krimer, Lewis, & Barrionuevo, 2007; Thurley, Senn, &

L€uscher, 2008). In the rodent cerebral cortex, D5R is the predominant

D1-type receptor (Luedtke et al., 1999). As in the case of M1R, D5R

was found in somata, proximal and distal dendrites as well as in dendri-

tic spines in pyramidal neurons. On the other hand, D5R was restricted

in somata and proximal dendrites in PV neurons (Oda et al., 2010).

Since M1R and D5R activate different signal transduction cascades, the

cascade activated by M1R and that by D5R might interfere with each

other in areas where they colocalize, such as somata, dendrites, and

dendritic spines.

Additionally, a similar intracellular distribution pattern was also

observed in the thalamus. M3R is the predominant M1-type receptor

in the thalamus. In the anteroventral (AV) and anterodorsal (AD) tha-

lamic nuclei, M3R is distributed throughout the dendrites and somata

of excitatory relay neurons (Oda, Kuroda, Kakuta, & Kishi, 2001). On

the other hand, it is distributed chiefly in the somata and proximal den-

drites in PV neurons of the reticular thalamic nucleus, which sends

inhibitory projections to relay neurons in AV and AD (Oda et al., 2007).

Neuromodulators widely and diffusely exert their effects on both exci-

tatory and inhibitory neurons via volume transmission. The intracellular

distribution patterns of their receptors are, however, quite different

between excitatory and PV neurons.

These observations strongly suggest that the modulators exert

their effects on each neuronal type via intracellular signaling cascades

located in neuronal domains where the receptors are expressed. There-

fore, acetylcholine might exert its effect via M1R on somata, through-

out dendritic shafts as well as dendritic spines in pyramidal neurons,

whereas it preferentially exerts its effect via M1R on the somata of

inhibitory neurons. That is, M1R may mediate neuronal activity such as

firing acceleration in the somata of both excitatory and inhibitory neu-

rons. Furthermore, M1R may mediate the induction of LTP in dendritic

spines and the control of neuronal activity modes in tufts of apical den-

drites derived from pyramidal neurons.

PV neurons have reciprocal fiber connections with excitatory

pyramidal neurons. Activated M1R increases the activity of both excita-

tory and inhibitory PV neurons. Thus, a question arises. How are the

intracortical circuits between excitatory and PV neurons modulated by

M1R?

Recently, it has been suggested that the reciprocal connections

between excitatory pyramidal neurons and inhibitory PV neurons play

an important role in the generation of cortical gamma oscillation

(Brown, Basheer, McKenna, Strecker, & McCarley, 2012), which is

called the pyramidal interneuron network gamma (PING) model.

Gamma (20–80 Hz) frequency rhythms are a prominent feature of

FIGURE 11 Hypothetical schematic diagram illustrating neuronal
circuit between pyramidal neurons, PV neurons, and astrocytes. In
pyramidal neurons, M1R is widely distributed in somata, dendritic
shafts, and spines (black). In PV neurons, M1R is preferentially
distributed in somata (black), whereas it is sparsely distributed in
dendrites (gray to white). No M1R is detected in axon terminals
(open circles and open triangles). Electrophysiological studies (see
text) demonstrated that the combination of activation of M1R and
glutamatergic inputs (open circles) induces LTP in dendritic spines
of pyramidal neurons and increases the firing frequency of both
pyramidal neurons and PV neurons that strongly inhibit (open
triangles) the activity of pyramidal neurons. Activation of M1R in
both excitatory pyramidal neurons and inhibitory PV neurons may
underlie the generation of gamma oscillation, which plays an
important role in the control of propagation of cortical information.
M1R is also found in the somata of GFAP astrocytes and surface
astrocytes, but it is not detected in their processes and
perisynaptic buds (open ellipses). Astrocytic M1R may modulate
glutamatergic synaptic transmission at synaptic sites in a group by
each astrocytic domain (see text), and modulate the firing mode of
pyramidal neurons at dendritic tufts in layer I
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electroencephalograms during awakening and gamma frequency

increases during focused attention (Cardin et al., 2009). Because PV

neurons connect with each other using electrical synapses via gap junc-

tions, synchronously rhythmic inhibition and disinhibition occur in the

perisomatic region of pyramidal neurons (Galarreta & Hestrin, 1999;

Hestrin & Galarreta, 2005; Fukuda, Kosaka, Singer, & Galuske, 2006).

Electrophysiological studies have revealed that both the cholinergic

agonist carbacol and the nonselective muscarinic receptor agonist mus-

carine induce gamma oscillation in the hippocampus and PFC in vitro

(Fisahn, Pike, Buhl, & Paulsen, 1998; Fellous & Sejnowski, 2000;

Pafundo, Miyamae, Lewis, & Gonzalez-Burgos, 2013). Furthermore, in

M1R-KO mice, muscarine fails to induce gamma oscillation (Fisahn

et al., 2002). Therefore, activation of M1R in both excitatory pyramidal

neurons and inhibitory PV neurons may most likely underlie the gener-

ation of gamma oscillation. Moreover, because the timing of inputs rel-

ative to a gamma cycle determines the amplitude and accuracy of

evoked responses, gamma oscillation plays an important role in the

control of intracortical transmission (Cardin et al., 2009). Therefore, the

mechanism of M1R-induced gamma oscillation in PFC should be an

essential element for processing cognitive functions.

Since the cholinergic innervation of the cortex is considerably dif-

fuse and cholinergic transmission is mediated by volume transmission

in the extrasynaptic space (Sarter et al., 2009), the cholinergic system

may exert its influence over a wide range of neural elements, such as

excitatory neurons, inhibitory neurons, and astrocytes. The differential

intracellular localization of M1R in these cells might play a crucial role

in the transmission of information and the plasticity of spines, and

underlie the cognitive functions subserved by PrL.
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