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CHOLINERGIC MODULATION OF EXCITATORY SYNAPSES OF THE ACC 

AND LPFC 

CHARLES KOPP 

ABSTRACT 

 Acetylcholine modulates neuronal activity in the brain with different responses in 

activity depending on the region of the brain. Our study was focused on the cholinergic 

modulation of excitatory synaptic transmission in the monkey anterior cingulate cortex 

(ACC) and lateral prefrontal cortex (LPFC), with specific focus on the effects of 

carbachol, a cholinergic agonist, on spontaneous excitatory postsynaptic currents 

(sEPSCs) and on the expression the muscarinic cholinergic type II (M2) receptor in these 

regions. We used electrophysiology to analyze the effects of carbachol on sEPSC of layer 

3 (LIII) pyramidal neurons from each area. We used confocal microscopy to study the 

M2 colocalization with axon terminals labeled with vesicular glutamate transporter 1 

(VGLUT1) in the ACC and LPFC, and the colocalization of M2 with specific axon 

terminals from the amygdala labeled with tracer and terminating in the ACC.  

 Results from the electrophysiological experiments showed that both the ACC and 

LPFC L3 neurons responded to carbachol by decreasing the frequency of sEPSCs. Cells 

from the LPFC showed a decrease in sEPSC frequency after 4 minutes in carbachol, an 

earlier timepoint than ACC neurons, which showed a decrease in sEPSCs frequency after 

6 minutes in carbachol. In the confocal studies, M2 expression and colocalization with 

VGLUT1 terminals in the ACC and LPFC were observed. However, we observed a 

greater total area of M2 expression in the ACC versus the LPFC in layer 1. We found 
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minimal colocalization of the M2 receptor with axon terminals from the amygdala in the 

ACC. Together, our data show that acetylcholine has distinct interactions with neurons 

and pathways in ACC and LPFC, which may be related to the distinct function of the two 

areas in cognition, learning and memory. 
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Introduction 

The cortex is the outer mantle of the brain that plays an important role in the 

control of conscious behaviors and bodily functions such as regulation of autonomic 

responses and emotions, coordination of voluntary movements, sensory perception, 

problem solving, and decision making. The mammalian cortex is comprised of different 

regions, which monitor and control different aspects of behavior. The cortex relays 

electrical and chemical signals to other brain structures through a network of neurons 

interconnected via synaptic connections (Kandel, et al, 2012). A neuron sends signals 

through firing a series of action potentials (APs). When a neuron’s membrane potential 

reaches threshold, voltage-gated sodium channels rapidly open and a large all-or-none 

depolarizing spike -- the action potential-- occurs. The AP is generated in the axon 

hillock and travels down to the axon terminals opening voltage-gated calcium channels to 

trigger calcium influx for neurotransmitter release at the synaptic cleft. Neurotransmitters 

are released from presynaptic vesicles into the cleft, which then bind to a receptor on the 

postsynaptic neuron that signals channels to open or triggers a secondary messenger 

cascade (Nicholls et al., 2011; Kandel et al., 2012). Precisely how these individual cells 

in the cortex communicate in such a way to generate a certain behavior is not well 

understood. 

 

Excitatory signaling in the mammalian cortex 

The cortex is comprised of two primary classes of neurons: the excitatory 

glutamatergic neurons which depolarize and activate their targets, and the gamma-
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aminobutyric Acid (GABA) secreting neurons (i.e. GABAergic neurons) that 

hyperpolarize and suppress activity (Markram et al., 2004). Excitatory pyramidal neurons 

are the most prevalent cell type of the cortex, with their role being the major projection 

neurons that facilitate communication from one region of the brain to another (Elston, 

2003). They are characterized by a pyramidal soma with a single projecting axon that 

originates from the base of the soma. There are two main dendritic arbors of the 

pyramidal neuron: basal and apical. Pyramidal neurons generally have one large apical 

dendrite emanating from the apex of the soma and extending towards the pial surface. 

The main apical trunk travels perpendicular to the pia, and then arborizes into an apical 

tuft. At the base of the pyramidal soma, a skirt of basal dendrites arise and extend 

laterally or towards the white matter (DeFelipe & Fariñas, 1992).  

Excitatory signals from a variety of sources are received by the dendrites of 

pyramidal neurons on dendritic spines – the thornlike protrusions that are the major 

postsynaptic sites for excitatory synapses. These spines have different sizes and shapes 

with four general classifications: thin, mushroom, stubby, and filipodia ( Peters & 

Kaiserman-Abramof, 1970; Chang & Greenough, 1984; Hering & Sheng, 2001). 

Excitatory synapses on dendrites are summated in the soma, which may trigger the 

generation of an AP at the axon hillock located in the axon initial segment (Stuart, 

Schiller, & Sakmann, 1997; Golding & Spruston, 1998). To balance excitation, pyramidal 

neurons receive inhibitory inputs that can inhibit AP firing when sufficiently activated. 

These inhibitory synapses are strategically clustered throughout the pyramidal dendritic 
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tree, with a dense compartment of inhibitory input onto proximal dendrites, somata and 

the axon initial segments (Markram et al., 2004). 

The cortex is a laminated structure, consisting of 3-6 layers of cells, which vary 

across the distinct cortical areas (Defelipe, 2011; Barbas, 2015). The layers are arranged 

with layer 1 positioned closest to the pia, and the rest arranged numerically going deeper 

into the cortex. Each layer consists of unique populations of excitatory and inhibitory 

neurons, and distinct inputs and outputs (Barbas, 2015). The most superficial layer 1 is 

mostly acellular, containing a few glial cells, inhibitory neurons, and the apical dendrites 

of pyramidal neurons whose somata are located in deeper layers. The middle internal 

granular layer 4 mostly consists of small local excitatory and inhibitory neurons and 

receives input from the thalamus (Jones, 1998). The distinct populations of pyramidal 

neurons reside mainly in the supragranular layers 2-3 and the infragranular layers 5-6, 

and have distinct targets.  Pyramidal neurons located in layers 2-3 mainly participate in 

cortico-cortical communication, and a subset of those in layer 5 have a population 

projecting to subcortical structures, such as the thalamus (Douglas & Martin, 2004; 

Goodfellow, Benekareddy, Vaidya, & Lambe, 2009). In the current study, we investigate 

the properties of glutamatergic signaling of pyramidal neurons, specifically in layers 2-3 

in two distinct prefrontal areas. We assess how these excitatory synaptic signals are 

modulated by acetylcholine, an important neuromodulator of cortical activity, 

wakefulness and consciousness. 
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Prefrontal Cortex 

The prefrontal cortex (PFC), situated in the most rostral part of the cerebral 

cortex, serves a critical role in decision making and executive control that selects 

important information and suppresses irrelevant information for the task at hand (Miller 

& Cohen, 2001; Elston, 2003; Fuster, 2001). In humans and non-human primates, the 

PFC is highly complex and expanded, consisting of different areas that possess unique 

structure and function (Barbas & Pandya, 1989). In the rhesus monkey, the PFC is 

subdivided into three main subregions – the lateral, medial and orbital prefrontal cortices- 

that consist of several distinct architectonic areas (Petrides, Tomaiuolo, Yeterian, & 

Pandya, 2012). It is situated in the brain to receive input from a wide array of internal and 

external sources.  

The PFC has connections with higher-order sensory areas integrating visual, 

somatosensory, and auditory information from the parietal, occipital, and temporal lobes. 

The PFC also has connections with the amygdala, hypothalamus, and hippocampus, 

which are integral components of the limbic system for processing long-term memory, 

emotions, affect, and motivation (Barbas, 2000). Communication with these various areas 

allows the PFC to paint a complete picture of the sensory external environment, along 

with our emotional state, and previous experiences to make decisions that will most likely 

result in beneficial outcomes (Schacter, 1997). The ability to control action for decision 

making relies on PFC communication with cortical and subcortical motor structures. The 

PFC is interconnected with the premotor cortex, supplementary motor area, the 

presupplementary motor area, and the rostral cingulate motor cortex, all of which are 
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regions involved in refining motor planning and goal oriented action (Alexander, 

DeLong, & Strick, 1986; Bates & Goldmanrakic, 1993). Thus, the PFC is able to gather 

and distribute information to many regions of the brain making it ideal for coordinating 

decisions and actions, which require higher level processing. 

 

Lateral Prefrontal Cortex 

The lateral prefrontal cortex (LPFC) is a subdivision of the PFC positioned on the 

lateral surface that plays an important role in communicating with the high-order sensory 

and premotor cortices (Carmichael & Price, 1995; Petrides, 2005). The premotor cortex is 

involved in generating goal-oriented movements, such as grasping an object, and together 

with the PFC is critical for carrying out decisions (Rizzolatti et al., 1988). The LPFC is 

involved in updating and transforming sensory-motor information, creating motor plans, 

shaping perception, allocating attention, and maintaining information in working memory 

(WM) for goal directed behavior (Fuster, 2001; Miller & Cohen, 2001). The capacity to 

perform time delayed tasks, like when one must remember a newly learned set of 

directions long enough to reach the destination, is important for the ability to operate in 

novel environments without having to memorize the location of everything in the 

surrounding area. Neurons in the LPFC are active during these working memory tasks 

(Funahashi, Bruce, & Goldmanrakic, 1989; 1993).  

One of the central roles of the LPFC is assisting in achieving behavioral aims 

through the temporal assembly of information and responses (Brunia, Haagh, & Scheirs, 

1985). As a new action is learned, the LPFC and premotor areas are observed to be active 
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in positron emission tomography (Jenkins, Brooks, Nixon, Frackowiak, & Passingham, 

1994). This activity in the LPFC and premotor areas slowly decreases as the learned 

action becomes more instinctual and/or memorized. Activation of the LPFC seems 

dependent on whether the task consists of temporarily useful information that can be 

discarded as soon as the task is completed (Fuster, 2001).  

The LPFC is arranged both in a rostral-caudal and a dorsal-lateral axis (Petrides, 

2005). The most rostral portion of the LPFC, area 10, is involved in higher-order 

processing, especially those involving multi-tasking or decisions made between multiple 

options. The middle to caudal LPFC areas 9, 46, 8 and 12 (Figure 1) are involved in 

working memory functions –  a form of short term memory for monitoring and 

manipulating information for a task at hand, such as temporarily remembering a verbally 

acquired phone number long enough to dial it (Goldman-Rakic, 1995). Lesions in the 

LPFC lead to a deterioration in performance of tasks which involve WM, and difficulty 

in verbal fluency (Owen, Downes, Sahakian, Polkey, & Robbins, 1990). Impairments in 

the Wisconsin Card Sort test for example, which requires an individual to sort cards with 

the rules of how to sort them changing frequently, may indicate damage to the LPFC 

(Petrides, 1994; 2005; Kandel et al., 2012).  The mid-dorsolateral prefrontal cortex is 

involved in monitoring, while the mid-ventrolateral prefrontal cortex is more involved in 

the manipulation of information in WM (Petrides, 2005).  
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The current study focuses on LPFC area 46 along the principal sulcus, as shown 

in Fig. 1, on the lateral surface of the monkey brain (Barbas & Pandya, 1989; Miller & 

Cohen, 2001; Luebke, Barbas, & Peters, 2010). It is a 6-layered eulaminate neocortical 

Figure 1. Comparison of laminar structures of the ACC versus the LPFC. Left: Schematic 
diagram of the medial surface of the monkey brain showing ACC areas 24, 25, and 32 
(shaded dark gray), which is rostral to the Corpus Callosum (top). Schematic diagram 
(bottom) and photomicrograph of a coronal section stained with Nissl and SMI-32 
(brown, marker of pyramidal neurons in layer 3 and 5); showing laminar structure of the 
ACC with a less defined layer IV and overall lower cell density. Right: Lateral surface of the 
brain showing location of LPFC area 46 (top). Schematic diagram and Nissl and SMI-
stained coronal section of eulaminate LPFC area 46 showing a clearer layer II, III, and IV. 
Image created by Dr. Maria Medalla 
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area with a well-developed layer IV. In humans, area 46 is situated on the middle frontal 

gyrus. Area 46 has strong connections with the visual (parietal, parieto-occipital 

association, and superior temporal sulcal cortices), auditory (rostral superior temporal 

gyrus), and somatosensory sensory association cortices. Area 46 also possesses 

interconnections with the limbic retrosplenial cortex, and anterior and posterior cingulate 

cortices (Petrides & Pandya, 1984; Barbas & Pandya, 1989; Cavada & Goldman-Rakic, 

1989; Andersen, Asanuma, Essick, & Siegel, 1990).  

 

Anterior Cingulate Cortex 

The anterior cingulate cortex (ACC), which is the rostral portion of the cingulate 

cortex around the corpus callosum, is a component of the medial PFC (Figure 1) 

(Devinsky, Morrell, & Vogt, 1995) . This area is part of the Papez limbic circuit for 

emotions and memory (Paus, 2001). The ACC consists of dysgranular cortices with an 

unremarkable layer 4 (Fig. 1), and Brodmann’s areas 24, 25, and 32 (Paus et al., 1996). 

These dysgranular ACC areas have fewer than 6 layers and lower cell density than other 

neocortical eulaminate areas (Barbas & Zikopoulos, 2007). 

The ACC has two major anatomical regions, the ventral-rostral portion which 

contains areas 24a, b, & c, 25, and 32, while dorsal-caudal area is composed of areas 24b, 

24c, and 32 (Barbas & De Olmos, 1990; Barbas & Blatt, 1995). These major anatomical 

regions are thought to correspond to two main functional regions of the ACC: the ventral-

rostral “affect” region and dorsal-caudal “cognition” region (Paus, 2001).  The ventral 

ACC areas associated with the “affect” region (areas 25, 32, and ventral anterior parts of 
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area 24) have strong connections with the amygdala and brainstem motor nuclei. These 

structures participate in the regulation of the endocrine system, emotional learning, and 

ascribing emotional importance to internal thoughts and external stimuli. 

Correspondingly, the hippocampus and amygdala, limbic structures crucial for memory 

and emotions respectively, both send projections to the ventral rostral part of the ACC 

(Barbas & De Olmos, 1990; Devinsky et al., 1995). The dorsal caudal portion (area 24) is 

associated the “cognition” region, which compared to the “affect” region has stronger 

connections with premotor cortices and the LPFC (Petrides, 2005). This “cognition” 

ACC region continues posteriorly as the mid-cingulate cortex that projects directly to the 

motor cortex and the cervical section of the spinal column (Dum & Strick, 1991; Paus, 

2001).  

The ACC integrates motor control, cognition, and arousal state information to 

guide decision making (Paus, 2001). The ACC is implicated in behavioral tasks, which 

require greater cognitive load, in evaluating emotion and cognitive changes, and in pain 

modulation (Kennard, 1955; Corkin, 1979; Pardo, Pardo, Janer, & Raichle, 1990). 

Additionally the ACC plays a role in modulating arousal state because of connections 

with hypothalamic and brainstem centers for arousal such as the ventral tegmentum area 

and locus coeruleus (Berger, 1992; Rempel-Clower & Barbas, 1998; Aston-Jones & 

Cohen, 2005).  It also has strong associations with the medial temporal and hippocampal 

structures which are important for long-term memory and expression of emotion (Barbas 

& Zikopoulos, 2007). The ACC’s projections to premotor and cingulate motor areas 
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allow it to play a role in movement (Luppino, Matelli, Camarda, Gallese, & Rizzolatti, 

1991).  

Similar to the LPFC, the ACC plays an important role in the decision-making 

process. The ACC has strong connections with the LPFC, which originate in layer V and 

terminate in the upper layers of the LPFC; this connection is important for executive 

control and decision making  (Barbas & Pandya, 1989; Posner & Dehaene, 1994; 

Rushworth, Walton, Kennerley, & Bannerman, 2004; Medalla & Barbas, 2009, 2010). 

For example, the ACC is shown to have strong functional magnetic resonance imaging 

(fMRI) activation when making a decision using incongruent stimuli presented during a 

Stroop test (Pardo et al., 1990).  In the Stroop test, participants are instructed to select the 

color of the words rather than read the names of the colors. If the stimuli are congruent 

(i.e. the word “red” is written in red), there is no conflict and the participant is able to 

identify the color of the word easily. If the stimuli are incongruent (i.e. “red” is written in 

blue), this prompts an individual to read the word rather than identify the color the word 

is written in. Dysfunction in the ACC can lead to neurological disorders, such as 

schizophrenia, that are characterized by impairments in cognitive-emotional integration 

(Devinsky et al., 1995).  However, how the ACC is unique compared to other PFC areas 

in terms of its role in behavior, and its underlying circuitry, is largely unknown especially 

in primates. The focus of this study is to compare how the ACC differs from LPFC with 

regards to excitatory circuits and modulation by acetylcholine.  

 

VGLUT Transporters 
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Glutamate is a pervasive amino acid that plays a critical role in excitatory 

signaling in the brain. When glutamate is released into the synaptic cleft by the 

presynaptic terminal it binds to the AMPA receptor and allows Na+ in and K+ out of the 

postsynaptic terminal. When this is coupled with an EPSC, which removes Mg2+ from 

blocking the N-methyl-D-aspartate (NMDA) receptor, it causes a sharp rise in Ca2+ in the 

postsynaptic cell. Thus, these receptors assist in the changing of a biochemical signal into 

an electrical signal (Kandel et al., 2012).   

The VGLUT family of transporters are highly specific to the packaging and 

transport of glutamate. When glutamate is released into the synaptic cleft, it is taken up 

by glial cells through the GLAST receptor and converted into glutamine (Hamberger, 

Chiang, Nylén, Scheff, & Cotman, 1979; Shigeri, Seal, & Shimamoto, 2004). The 

glutamine is then released out of the glial cell and uptaken at the presynaptic terminal and 

converted back to glutamate by the VGLUT family of transporters (Shigeri et al., 2004). 

These transporters require a proton gradient, maintained by a H+ ATPase, and low 

concentrations of Cl- to function properly (Ozkan & Ueda, 1998).  

VGLUT1 & VGLUT2 are two subtypes of glutamate transporters which have 

unique distributions in the brain. The cerebral cortex, hippocampus, and cerebellum 

primarily express VGLUT1 except in layer 4 in the neocortex which has increased 

expression of VGLUT2 (Fremeau Jr, Voglmaier, Seal, & Edwards, 2004). While there is 

no consensus on how these two transporters differ in their treatment of glutamate 

transport and packaging, VGLUT2 appears to be expressed more on neurons that 
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experience higher quantities of transmitter release (Hessler, Shirke, & Malinow, 1993; 

Rosenmund, Clements, & Westbrook, 1993) 

.  

Cholinergic Signaling in the Cortex 

The activity of excitatory and inhibitory neurons in the cortex are modulated by a 

variety of monoaminergic and catecholaminergic neurotransmitters (Kandel et al., 2012). 

Among these, acetylcholine (ACh) is an important neuromodulator of cortical activation, 

oscillatory states, and synaptic transmission. Cholinergic fibers in the cortex and 

hippocampus arise from neurons of the basal forebrain nuclei (Nicholls et al., 2011).  The 

cholinergic system is essential for learning, memory, and cognition (Dunnett, Everitt, & 

Robbins, 1991). Increasing availability of ACh in the synaptic cleft, by inhibition of 

Acetylcholinesterase (AChe), which breaks down ACh, leads to improvement in memory 

and learning (Nicholls et al., 2011). 

There are two major classes of cholinergic receptors in the CNS: nicotinic and 

muscarinic (Levey, Kitt, Simonds, Price, & Brann, 1991). In the cortex, ACh acts 

primarily on muscarinic receptors, the predominant subtype in the cortex. Muscarinic 

receptors are G-protein coupled receptors, which consist of distinct pharmacological 

subtypes based on subunit composition. The muscarinic type I (M1) pharmacological 

subtype, which contain the m1 or m3 subunits, is the predominant subtype. The M1 

receptor subunit is the most dense in the cortex, and is mainly located postsynaptically on 

spines of pyramidal neurons (Levey et al., 1991). Activation of M1 receptors cause 
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depolarization of pyramidal neurons through secondary messengers and leads to the 

opening of calcium channels (McKinney, 1993).   

The muscarinic type 2 (M2) receptor is a G-protein coupled receptor, 

predominantly located on the presynaptic bouton (Levey et al., 1991; Guerram, Zhang, & 

Jiang, 2016). When acetylcholine is released into the synaptic cleft, M2 receptors 

provides an inhibitory effect on excitatory feedback synapses (Hasselmo & Schnell, 

1994). This inhibition is caused by a deactivation of adenylyl cyclase, which leads to the 

weak activation of phosphatidylinositol-4,5 bisphosphate hydrolysis (Peralta, Ashkenazi, 

Winslow, Ramachandran, & Capon, 1988; Levey et al., 1991). The downstream effects of 

this process have not been described.  

Cholinergic modulation plays an important role in several regions of the brain 

including the hippocampus, neocortex, thalamus, PFC and cingulate cortex (Krnjević & 

Phillis, 1963; Krnjević, Pumain, & Renaud, 1971; Hasselmo, 1995, 2006). The action of 

acetylcholine reduces the level of signal to noise ratio in the hippocampus and PFC 

(Hasselmo, 1995 ;Bunce, Sabolek, & Chrobak, 2004). ACh also participates in visual 

attention and discrimination learning in primates by acting in the hippocampus, perirhinal 

cortex, and cingulate cortex; this has been demonstrated in lesion studies which remove 

cholinergic innervation (Dunnett et al., 1991). Patients with Alzheimer Disease have 

shown marked improvement in memory when given cholinergic agonists (Everitt & 

Robbins, 1997).  

Acetylcholine modulates activity of neurons through muscarinic receptors but 

whether its action increases or decreases firing of AP or sEPSCs on specific neural 
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pathways is not known. Interestingly, the levels of acetylcholine is highest during waking 

hours and during REM sleep states (Chrobak & Buzsáki, 1994; Hasselmo, 1999).  The 

LPFC and ACC show marked differences during REM sleep: The LPFC remains inactive 

during REM while the ACC is activated, which parallels an increase in acetylcholine in 

the brain (Muzur, Pace-Schott, & Hobson, 2002). Anatomic data show that M2 receptors 

were found to be in higher percentages on boutons from ACC axons terminating in 

LPFC, suggesting a mechanism that can suppress communication between ACC to LPFC 

(Medalla & Barbas, 2012). Compared to the LPFC, the ACC is more heavily innervated 

by cholinergic fibers (Mesulam, Mufson, Levey, & Wainer, 1983). The different role of 

acetylcholine in the primate ACC, and specifically how it differs from other prefrontal 

areas such as the LPFC, is not well understood and is the focus of this study. 
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MATERIALS AND METHODS 

Experimental subjects 

Boston University obtained 10 rhesus monkeys (Macaca mulatta); (males 5-7 

years) from Yerkes National Primate Research Center (YNPRC) at Emory University in 

Atlanta. These monkeys were kept in the Laboratory Animal Science Center at Boston 

University School of Medicine (BUSM) under a 12-hour light and dark cycle. Both the 

YNPRC and BUSM are fully accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care. The recommendations of the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals and the U.S. 

Public Health Service Policy on Humane Care and Use of Laboratory Animals were 

followed scrupulously (National Research Council (US) Committee for the Update of the 

Guide for the Care and Use of Laboratory Animals, 2011). 

 

Preparation of acute slices for recording 

To retrieve brain tissue, monkeys were sedated with ketamine hydrochloride (10 

mg/ml). Once sedated, they were heavily anesthetized with sodium pentobarbital (15 

mg/kg, IV). The craniotomy was performed on the monkeys as previously described 

(Amatrudo et al., 2012; Luebke & Amatrudo, 2012). A thoracotomy was performed, then 

monkeys were perfused via the ascending aorta with cold Krebs-Henseleit buffer 

(concentrations in mM: 6.4 Na2HPO4, 1.4 Na2PO4, 137 NaCl, 2.7 KCl, 5 glucose, 0.3 

CaCl2, 1 MgCl2, pH 7.4; Sigma-Aldrich).  
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Tissue blocks were obtained from the lateral prefrontal area 46 and the anterior 

cingulate cortex area 24. They were quickly transferred (< 3 min) to Ringer’s solution 

(concentrations in mM: 26 NaHCO3, 124 NaCl, 2 KCL, 3KH2PO4, 10 glucose, 1.3 

MgCl2, pH 7.4; Sigma-Aldrich) and sectioned into 300-μm-thick coronal slices with a 

vibrating microtome (Leica, Buffalo Grove, IL). These slices were then placed in 

Ringer’s solution at room temperature. After the fresh tissue was harvested, the rest of the 

brain was perfused with 4% paraformaldehyde in 0.1M PB. Once the brains were 

removed from the monkeys, they were cryoprotected by placing them in solutions of 

sucrose (10-30%) and frozen in -70ºC isopentane (Rosene, Roy, & Davis, 1986).   

 

Electrophysiological analyses of spontaneous EPSCs of layer 3 pyramidal neurons 

After equilibrating for one hour, the tissue slices were deposited in submersion-

type recording chambers (Harvard Apparatus, Holliston, MA) mounted on the stages of a 

confocal microscope (Leica, Buffalo Grove, IL). Six slices from ACC area 24, two slices 

from ACC area 32, and four from LPFC area 46 were then run through a series of 

standard tight-seal, whole cell patch clamp recordings using layer 3 pyramidal neurons 

via the guidance of infrared differential interface contrast (IR-DIC) optics (Amatrudo et 

al., 2012). The pipettes were pulled on a horizontal Flaming and Brown micropipette 

puller (Model P—87, Sutter Instruments, Novato, CA) from borosilicate glass (Sutter 

Instruments, Novato, CA). The recording pipettes were filled with a potassium 

methanesulfonate-based internal solution (concentrations, in mM: 122 KCH3SO3, 2 

MgCl2, 5 EGTA, 10 NaHEPES, with 1% biocytin, pH 7.4; Sigma-Aldrich). The 
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electrodes had resistances of 3-6 MΩ with a tip of 1 μm for optimal recording, in the 

external Ringer’s solution. Data was collected via PatchMaster acquisition software on 

EPC-9 or EPC-10 patch-clamp amplifiers (HEKA Elektronik, Holliston, MA). The signal 

for each cell was low pass filtered at 10 kHz, with each cell monitored for access 

resistance during each run.  

Spontaneous excitatory postsynaptic currents (sEPSCs) were recorded for a one to 

two-minute period, while holding the cell at -80 mV. This interval served as control for 

each cell. The cholinergic agonist, Carbachol (CCh), was applied in the bath (10 μM), 

and sEPSCs were recorded in the continuous presence of CCh for at least six minutes. 

The data was loaded from PatchMaster to FitMaster (HEKA Elektronik, Holliston, MA) 

and finally exported to MiniAnalysis (Synaptosoft, Decatur, GA). The event detection 

threshold was set at the maximum root mean squared noise level (5 pA). Events were 

identified based on a clear fast rise time and decay time longer than 3ms.  

The sEPSCs from each cell were analyzed using manual selection tools, using 

consistent block (40-50) and scale settings. Each event was selected by clicking on a 

trace which deviated from the baseline using the criteria listed above. Other criteria for 

excluding possible events included too much noise and bad access to the cell causing 

large deviations in the trace.  

The events were separated into two minute intervals for analysis in groups 1-4. 

Group 1 was the control group where no carbachol had been present. Groups 2-4 were 

each a two-minute section after the administration of the carbachol, continuing to eight 

minutes in group 4. Frequency, mean amplitude, and mean area of all events per 
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group/cell were obtained. A scaled average trace of all events from each group/cell was 

acquired and fitted to a single exponential function to measure mean Rise time, Decay 

time constant (Tau1), and Half-width. Population histograms for amplitude, rise time 10-

90%, and decay time 90-37% for each group in each cell were obtained. A K-S test was 

used on inter-event interval (time-elapsed between each event) to determine if the CCh 

shifted the population distribution of the events per cell. Time histograms showing the 

number of events from 0-8 minutes was obtained to see the effects of CCh over time.  

 

Surgical injection of neural tracers  

In two rhesus monkeys (cases PIK and PIJ, male, age = 6 y), neural tracers were 

surgically injected prior to perfusion of label pathways. Neural tracers were injected 

using MRI, surgical, and tissue processing, as previously described (Medalla, Lera, 

Feinberg, & Barbas, 2007; Medalla & Barbas, 2009). Using stereotaxic coordinates from 

the MRI scans, the injections were able to be determined while using the midline and 

betadine-filled ear-bar tips for reference. Injection of 3μL of 10 kDa fluoremerald (FE, 

case PIJ; dextran fluorescein, Life Technologies) or fluororuby (FR, case PIK; dextran 

tetramethylrhodamine) anterograde tracer was placed in the basolateral nucleus of the 

amygdala, using a Hamilton syringe mounted on a Microdrive. After a 18-21 day survival 

period, animals were perfused with paraformaldehyde as described above (Amatrudo et 

al., 2012).  
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Tissue processing for immunohistochemical procedures 

After perfusion with paraformaldehyde, the whole right hemisphere was extracted 

from the skull, cryoprotected in increasing concentrations of glycerol, flash frozen in 

isopentane as described previously (Rosene et al., 1986). Sections were cut at the coronal 

plane into series of 30 or 60 µm using a sliding freezing microtome (American Optical, 

Buffalo, NY). Coronal sections through LPFC area 46 and ACC area 24 were selected 

based on maps of Barbas and Pandya (1989) for immunohistochemical analyses. Some 

tissue was obtained from the archived collection of Dr. Douglas Rosene, BUSM.  

To view the M2 receptors together with presynaptic markers on tracer-labeled 

boutons in a light microscope we used immunohistochemistry (IHC). The tissue was 

washed in phosphate-buffered saline (PBS) which begins clearing out the fixative from 

the tissue. The tissue was then placed in 50 mM Glycine in 0.01 PBS for 60 minutes 

which facilitates the removal of aldehydes in the tissue from the fixative. Another wash 

was done with PBS followed by an antigen retrieval step where we incubate the tissue in 

sodium citrate at 50-60ºC in a water bath. We then incubated the tissues in blocking 

solution of 5% normal goat serum (NGS), 5% bovine serum albumin (BSA), and 0.2% 

Triton X-100 (Tx). After this preblock step, the tissue is co-incubated in the following 

combination of primary antibodies (diluted 0.1M phosphate buffer (PB) with 0.2% BSAc, 

1% NGS, and 0.1% Tx solution): rat anti-M2 (1:500; Millipore, Billerica, MA) to label 

the M2 muscarinic receptor subtype, together with either rabbit anti-vesicular glutamate 

transporter 1 (VGLUT1; 1:1000; Millipore, Billerica, MA) to label a broad population of 

presynaptic boutons, or mouse anti-FE (1:800, Jackson Immunoresearch, West Grove, 
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PA) or rabbit anti-FR (1:800; Life Technologies, Carlsbad, CA) to label amygdala fibers 

from surgical tracer injection. The tissue is incubated in this solution first in the 

microwave (at 150W MW for 10mins; Ted Pella, Redding, CA) to aid with tissue 

penetration, and then for 48 hours at 4°C.  

The tissue is then washed in 0.01M PBS (three times for 10 minutes each) and 

incubated in the following secondary antibodies: donkey anti-rat Alexa 647, together with 

either goat anti-mouse or anti-rabbit Alexa 488 or 546 (Life Technologies, Redding, CA) 

for VGLUT1 or FE or FR. Secondary antibodies were diluted in 0.1M PB with 0.2% 

BSAc, 1% NGS, and 0.1% Tx solution, and sections were incubated for 10min at 150 W 

in the microwave then overnight at 4°C. The tissue is washed three times in 0.1M PB, 

which helps eliminate excess salt from the PBS which will cause autofluoresence.  The 

tissue is mounted on a coverslip with Prolong antifade and allowed to cure in a dark area 

for two to three days for thin sections (50μm) and up to one week for thick sections 

(300μm). They are stored at 4C during this time.  

 

Analyses of M2 label distribution and colocalization with VGLUT1 presynaptic boutons 

in the cortex 

 

Multichannel confocal scans of 1-2 fields in layers 1, and 2-3 of LPFC area 46 

and ACC area 24 were obtained (n=5) using a 40x, 1.3 N.A. oil immersion and a Zeiss 

710 (0.07 x 0.07 x 3 µm voxel) or Leica SPE confocal microscope (0.08956 x 0.08956 x 

0.34 μm voxel). Confocal stacks were deconvolved using AutoQuant (Media 

Cybernetics, Rockville, MD) to reduce signal blurring in the z-plane. Deconvolved 
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images were imported into ImageJ, then split into single channels of M2 labeling and 

VGLUT1 labeling. The signal to background noise ratio was modified for each channel 

using the threshold tool for optimal analysis of colocalization. In each section of the 

image stack, the density of M2 labeling in the neuropil was assessed using the particle 

analysis function of ImageJ (http://imagej.nih.gov/ij/, 1997-2016; RRID:SCR_003070; 

Rasband, 1997-2016; Schneider et al., 2012). Labeled particles between 0.04-2µm2 were 

marked and quantified as the fractional area covered (as a fraction of the total sampled 

site) by labeled puncta in each confocal stack (n =5 for each area). 

To quantify overall fluoresence overlap between M2 and VGLUT1 staining in 

each area, ImageJ co-localization plug-in was used to mark co-localized pixels across the 

confocal stack, as described (Medalla and Luebke, 2015). The colocalization between the 

two channels -- the pixels where saturated label from each channel were found-- were 

marked as white. Particle analysis of this mask of white co-localized points was 

employed as above. 

 

Analysis of M2 colocalization with Amygdala pathways in the ACC 

Confocal images of 60 μm sections of labeled tissue for M2 receptors and 

amygdala terminations in the ACC were obtained (40x, oil immersion; 0.08956 x 

0.08956 x 0.34 μm voxel) from 3 fields through the upper layers of the cortex in the ACC 

area 24: LI, LII, and LIII (n=2). The confocal microscope uses multiple lasers to visualize 

three distinct labeled proteins in area 24: M2 was labeled with alexa 647 (far red 
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channel), axonal boutons from the amygdala were labeled with either alexa 546 for case 

PIK (red channel), or alexa 488 for case PIJ (green channel).  

These scans were exported to ImageJ where they were split into three channels: 

each channel was analysed independently for optimal thresholding. The colocalization 

between M2 channel and each of the two pathways was detected using the colocolization 

plug-in in ImageJ, as above. These final files are transferred to Reconstruct 

(SynapseWeb) where we manually counted colocalization of M2 with each pathway on 

individual boutons from each pathway colocalized with M2. The data was normalized as 

either a proportion of total boutons per layer, the proportion of M2 positive signal (M2+) 

on boutons per layer, or the M2+ boutons as a proportion of the total boutons in each 

layer. 

 

Statistical Analysis 

The data sets aquired from the electrophysiological experiments were analysed 

using a two-tailed t-test using averages per time point per area: control, two minutes of 

CCh, 4 minutes of CCh, and 6 minutes of CCh for both the ACC and LPFC. A K-S test 

for each statistic of every cell was run between groups 1 and 4 to test if there was a 

significant difference between the empirical and cumulative distributions.  Histograms of 

each synaptic variable were obtained to see if the distribution of the frequency of events 

or characterics of those events shifted after the effects of carbachol.  
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RESULTS 

Electrophysiological analysis of sEPSCs of pyramidal neurons from the ACC and LPFC 

 

Whole cell patch clamp recordings were obtained from layer 3 (LIII) pyramidal 

neurons in ACC (n=5 from 3 animals) and in LPFC (n=4, from 3 animals) (Fig. 2). The 

traces of action-potential dependent, AMPA-mediated spontaneous postsynaptic 

excitatory currents (sEPSCs) were recorded from pyramidal neurons from area 24 in the 

ACC and area 46 in the LPFC. Illustrated below are example sEPSC traces from the 

control group, two to four minutes of CCh group, and four to six minutes of CCh group 

Figure 2. Layer IV Pyramidal Neurons. Left: Example of a pyramidal neuron from the 
ACC. Right: Example of a pyramidal neuron from the LPFC. Images created by Dr. Maria 
Medalla. 
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(figure 3). Averages of each synaptic variable (frequency, amplitude, area, rise-time, half-

width, and decay-time) were obtained from the individual cells and compared between 

the two areas. 

 

Figure 3. Example sEPSC traces of cells from the ACC and LPFC. Effect of CCh on three 
cells from both the ACC and LPFC. The first trace of each cell is an example trace of 
regular activity of a neuron in the two regions. The second and third traces represent 
the effects of CCh after the two and four-minute mark respectively.  
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The neurons from the two prefrontal areas were similar in their properties of 

sEPSCs. In both the ACC and LPFC, CCh significantly decreased the number of synaptic 

events across time (Figure 4A, repeated measures anova p < 0.05 for number of events 

across time bins). After two minutes in CCh, we observe a decrease in the mean number 

of events compared to control in both ACC (control = 206 ± 49.23 number of sEPSC 

events,  2-4 mins in CCh = 155 ± 35.74 ) and LPFC (control = 221 ± 54.14 number of 

sEPSC events, 2-4 mins = 103 ± 27.21) . In the 4 to 6 min in CCh time bin, neurons from 

both the ACC (106 ± 9.36 number of sEPSC events) and LPFC (104 ± 30.99 number of 

sEPSC events) showed a significant decrease in the mean number of events compared to 

control (p=0.05 and p=0.02 respectively).  

 To calculate the frequency of sEPSC events across time, we binned the data into 

four time groups: control, 0-2mins in CCh, 2-4mins in CCh, 4-6mins in CCh. Carbachol 

application decreased the frequency of events in both ACC and LPFC neurons (Figure 

4B). However, this decrease in frequency occurred earlier in LPFC neurons than in ACC 

 

 

 

 

 

 

 

 

Averages 
Cortical 

Area  Group 

n 

events Hz Amp Decay Area Rise 

Half 

width Tau1 Decay  

ACC Ctrl 206 1.91 12.57 5.55 73.38 1.49 6.36 6.19 4.74 

 0-2 min CCh 175 1.44 12.52 5.58 68.60 1.63 6.92 6.30 5.03 

 2-4 min CCh 155 1.15 12.25 6.08 76.46 1.80 6.99 6.38 5.46 

 4-6 min CCh 106* 0.88 12.04 6.18 69.78 1.93 7.05 6.03 5.38 

LPFC Ctrl 221 2.20 13.81 6.02 78.46 1.46 6.75 5.54 4.76 

 0-2 min CCh 159 1.47 11.84 5.61 62.23 1.47 6.38 5.11 4.65 

 2-4 min CCh 103* 0.95 13.60 5.41 69.54 1.52 6.04 5.15 4.76 

 4-6 min CCh 104* 0.96 0.98 11.32 59.20 1.58 1.64 6.15 5.48 

Table 1. Synaptic properties of sEPSCs. Averages of each area’s event statistics 
separated by group. (*=p<0.05) 
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neurons. A significant decrease in frequency of sEPSCs was observed after 2 min in CCh 

in LPFC (ctrl vs 2-4min CCh p = 0.01) and after 4mins in CCh in ACC neurons (ctrl vs 

4-6 min CCh p = 0.03). During 2-4 min CCh group the frequency of synaptic events in 

LPFC neurons (0.95 Hz ± 0.49) decreased to less than half the frequency in the control 

group. During 4-6 minutes in CCh group, the frequency of events in both the ACC (0.88 

Hz ± 0.19, p=0.03) and the LPFC (0.96 Hz ± 0.28, p=0.02) neurons were significantly 

lower compared to control. 

K-S test IEI 

Areas Cell # K-S p-value # of events 

Ctrl 

# of events          

4-6 min CCh 

ACC Cell 1 *** 0 183 77  
Cell 2 *** 0 466 141  
Cell 3 *** 0 308 129  
Cell 4 *** 0.0002 204 119 

LPFC Cell 1 *** 0 236 110  
Cell 2 *** 0 214 40  
Cell 3 *** 0 362 117  
Cell 4 ** 0.0037 261 208 

Table 2. IEI K-S test. A K-S test was performed on inter-event intervals on four cells from 
the ACC and four from the LPFC. (**=p<0.01 ***=p<0.001) 

 
Inter-event interval (IEI) describes the time between events in a cell. After 

application of CCh in each cell, the population of sEPSCs based on IEI showed a greater 

percentage distribution toward events with longer inter-event intervals both in the ACC 

and LPFC neurons (Figure 4D and E). A K-S test was performed on each cell comparing 

the IEI in the control group with the four to six minute of CCh group (Table 2). This test 

shows the probability of overlap between the distributions of event-intervals times. 
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Figure 4. Effects of carbachol on the frequency of sEPSCs in ACC versus LPFC neurons. 
(A) The number of events across time from control to 6 mins after application of 
carbachol; gaps represent separation of groups: Ctrl, 0-2 min CCh, 2-4 min CCh, and 4-
6 min CCh. (B, C) Mean frequency of events in ACC and LPFC neurons. (D) Normalized 
cumulative frequency showing the population distributions inter-event interval 
between groups in ACC and (E) LPFC neurons.  
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The mean amplitudes and area of sEPSC events was not affected by application of 

CCH in the ACC and LPFC neurons (Figures 5 and 6). The population distribution of 

amplitudes and area of sEPSCs in the ACC and LPFC neurons did not differ significantly 

(Figures 5B & C and 6B & C). However, consistent with the decrease in the frequency of 

synaptic events 2-6min after CCh, there was an overall decrease in the number events 

across the full distribution of  amplitudes and areas.  
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 Figure 5. Effects of carbachol on the amplitude of sEPSCs in ACC versus LPFC neurons. A) 
Mean amplitude of Ctrl, 0-2 min CCh, 2-4 min CCh, and 4-6 min CCh comparing ACC (blue) 
and LPFC (red). Population distribution of sEPSCs events’ amplitudes displaying effects of 
CCh with respect to the ACC (B) and LPFC (C) 
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Figure 6. Effects of carbachol on the area of sEPSCs in ACC versus LPFC neurons. (A) 
Mean area of Ctrl, 0-2 min CCh, 2-4 min CCh, and 4-6 min CCh groups comparing ACC 
(blue) and LPFC (red) areas. Population distribution of sEPSCs events’ areas showing 
effects of CCh for the ACC (B) and LPFC (C).  
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Similar to amplitude and area, the kinetics of sEPSCs were similar between ACC 

and LPFC neurons (Figures 7-9) . Carbachol has no significant effect on the kinetics of 

these events. The rise-time of the control groups for the ACC and LPFC (1.49ms ± 0.19 

and 1.46ms ± 0.09 respectively) were very similar (Figure 7A). However, there was a 

slight trend for a longer rise-times after 4-6mins in CCh compared to the control group in 

ACC neurons (1.93 ms ± 0.17; p = 0.09). There was no significant change in the 

population distribution after the application of CCh (Figure 7B & C). As with amplitude 

and area, we observed a proportional decrease in the distribution of all event rise-time 

bins.  

Half-width times of sEPSCs were largely similar between areas, and no 

significant effect of CCh was seen.  Mean half-width times saw no significant change 

after CCh application (Figure 8A). Population distribution of half width times were 

similar between the control group and the three groups with different time in CCh (Figure 

8B & C).  

Decay times of sEPSCs displayed no differences between the ACC and LPFC 

before or after CCh administration. Mean decay times saw no change between the control 

group and the timed CCh groups (Figure 9A). Population distribution saw a uniform 

decrease in events of all decay times over the course of CCh treatment (Figure 9B & C). 
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Figure 7. Effects of carbachol on the rise-time of sEPSCs in ACC versus LPFC neurons. 
(A) Example of sEPSC trace with the yellow line indicating rise-time, pink line marking 
decay time, and the red line showing amplitude. (B) Mean rise-times across Ctrl, 0-2 min 
CCh, 2-4 min CCh, and 4-6 min CCh groups comparing the ACC (blue) and the LPFC (red). 
Population distribution of sEPSCs events’ rise-times illustrating CCh’s effects on the ACC 
(D) and LPFC (D). 
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Figure 8. Effects of carbachol on the half-width of sEPSCs in ACC versus LPFC neurons. 
(A) Mean half-width times for Ctrl, 0-2 min CCh, 2-4 min CCh, and 4-6 min CCh 
comparing the ACC (blue) and LPFC (red). Population distribution of sEPSCs events’ half-
width time displaying the effects of CCh for the ACC (B) and the LPFC (C) 
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Figure 9. Effects of carbachol on the decay time of sEPSCs in ACC versus LPFC neurons. 
(A) Mean decay times for Ctrl, 0-2 min CCh, 2-4 min CCh, and 4-6 min CCh comparing the 
ACC (blue) and LPFC (red). Population distribution of sEPSCs events’ decay time 
displaying the effects of CCh for the ACC (B) and the LPFC (C). 
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 Particle analysis of M2 expression with colocalization of VGLUT1 in the ACC and 

LPFC 

 To investigate the possible anatomical basis of cholinergic modulation of 

excitatory synapses, we looked at the expression of the cholinergic muscarinic receptor, 

M2 in the ACC and LPFC. This expression level was quantified as the fraction of the 

sampled field (% area) labeled with M2. We also quantified the extent (% area) of 

colocalization of M2 receptors with VGLUT1, a marker for presynaptic boutons in the 

cortex (Figures 10 & 11). We looked at LI and LII-III to compare the differences of the 

ACC with the LPFC. For LI, there was a significant difference in the total area of M2 

label between the ACC and LPFC with the ACC displaying a greater area of M2+ signal 

than the LPFC (Figure 12A). LII-III did not show a difference between the ACC and 

LPFC with regards to the total area of M2 label (Figure 12A).   

 Total area of VGLUT1 label did not differ between the ACC and LPFC in either 

LI or LII-III (Figure 12B). We did observe a trend (p = 0.1) of a larger area of 

colocalization between M2 and VGLUT1 in LII-III in the ACC and the LPFC. LI did not 

display any significant difference in the area of M2 and VGLUT1 colocalization between 

the ACC and LPFC (Figure 12C). M2 positive signal (M2+) and VGLUT1 positive 

signal (VGLUT1+) colocalization area versus total area of VGLUT1+ expression did not 

show significant difference between the ACC and LPFC in either LI or LII-III (Figure 

12D). 
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Figure 10. ACC M2 and VGLUT1 expression. Area 24 of the ACC showing M2 expression 
(A) and VGLUT1 expression (B). (C) M2 and VGLUT1 channels merged to illustrated 
overlap. (D) The M2 and VGLUT1 channels merged with colocalization represented by 
the white dots.  
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Figure 11. LPFC M2 and VGLUT1 expression. Area 46 of the ACC showing M2 expression 
(A) and VGLUT1 expression (B). (C) M2 and VGLUT1 channels merged to illustrated 
overlap. (D) The M2 and VGLUT1 channels merged with colocalization represented by 
the white dots. 
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Figure 12. Particle analysis of VGLUT colocalization with M2 expression in the ACC 
and LPFC. (A) General M2 expression in the ACC versus LPFC between LI and LII-III. 
(B) General VGLUT1 expression in the ACC versus LPFC between LI and LII-III. (C) 
M2+ and VGLUT1+ colocalized regions in the ACC versus LPFC between LI and LII-III. 
(D) Ratio of M2+ & VGLUT+ with total VGLUT1 expression in the ACC versus LPFC 
between LI and LII-III.  
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Confocal Analysis of Amygdala and Premotor pathways in the ACC 

FR tracer was injected into the basolateral nucleus of the amygdala (AMY) to 

fluoresce projections in area 24 (Figure 13). The confocal analysis of the presence of M2 

receptors on amygdala projections was performed on two primate subjects, cases PIJ & 

PIK (Figures 14 & 15). Imaging and analysis were performed on layers LI-LIII. For case 

PIK, there was an even distribution of fibers across the four layers, with the highest 

concentration of projections from the amygdala in LIII (Figure 16B). LIII also was the 

only layer in case PIK which displayed any colocalization of M2+ with projections from 

the amygdala. 

 The distribution of boutons in the AMY pathway of PIJ was predominantly in LI-

LIII (~78%) (Figure 16A). We only observed M2 colocalization in LI-II and LII-III, but 

the percentage of colocalization remained very low (Figure 16B). The higher 

concentrations of M2+ boutons in the upper layers corresponded with a greater 

distribution of total fibers on PIJ being in the LI-II and LII-III (Figure 16B).  
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Figure 13. Tracer injection site in amygdala to label projection terminations in 
the ACC. (A) Medial view of rhesus monkey brain illustrating the injection site in 
the amygdala with the red arrow showing the terminations of the projections in 
area 24 of the ACC. (B) Coronal section through the amygdala with fluororuby 
(FR) tracer injected in the basolateral nucleus. Image from Dr. Maria Medalla 
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Figure 14. Confocal image of M2 and amygdala fiber in ACC of case PIJ. (A) Fibers 
expressing M2 in area 24 of the ACC indicated by white arrows. (B) Fibers from amygdala 
neurons projecting into area 24 of the ACC, indicated by white arrows. (C) M2 and 
Amygdala channels merged to illustrated overlap. (D) The M2 and amygdala channels 
merged with colocalization represented by the white dots.  
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Figure 15. Confocal images of M2 and amygdala fibers in ACC of case PIK. (A) Fibers 
expressing M2 in area 24 of the ACC indicated by white arrows. (B) Fibers from 
amygdala neurons projecting into area 24 of the ACC, indicated by white arrows. (C) M2 
and Amygdala channels merged to illustrated overlap. (D) The M2 and amygdala 
channels merged with colocalization represented by the white dots.  
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Figure 16. Distribution of amygdala fibers in the ACC. (A) Laminar proportion of total 
M2 expressing boutons from the amygdala terminating in the ACC from two cases, 
expressed as a percentage of the total boutons in layers 1-3. (B) Proportion of 
amygdala boutons terminating in the ACC that are also M2+ in each layer, expressed 
as a percentage of the total in each layer. 
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DISCUSSION 

 The purpose of the study was to understand the action of ACh on pyramidal 

neurons in two prefrontal areas -- the ACC and LPFC – in rhesus monkeys. ACh plays an 

important role in memory, learning, and cognition (Hasselmo & Schnell, 1994; Hasselmo 

& McGaughy, 2004). Specifically, we studied the effect of CCh on the sEPSCS in layer 3 

pyramidal neurons of ACC and LPFC. The sEPSCs recorded are the AP-dependent and 

AP-independent inward cationic currents that result from the binding of glutamate 

released from the presynaptic terminal to AMPA receptors on the postsynaptic membrane 

(Hestrin, 1993; Kandel et al., 2012). The flow of cations across the postsynaptic 

membrane creates a current, which we can measure using whole cell patch-clamp and 

voltage clamp recording techniques, by holding the neuron at -80mV when the 

electrochemical driving force for these AMPA currents are high. Thus, we studied the 

changes in the properties of these sEPSCs after application of the cholinergic agonist 

CCh. Acetylcholine is known to act directly on the pre or postsynaptic sites of 

glutamatergic synapses (Peralta et al., 1988; Levey et al., 1991). 

 The results from the electrophysiological experiments did not reveal significant 

changes in the amplitude, area, half-width, decay, or rise-time of the sEPSCs due to CCh 

over time. Therefore, CCh does not appear to affect the gating kinetics of excitatory 

synaptic currents. There was also no significant difference between the ACC and LPFC 

cells with respect to these synaptic parameters. 

 We observed a significant difference in the frequency of sEPSC in both ACC and 

LPFC with CCh application. The cells from the ACC showed a decrease in frequency 
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when comparing the control group with 4-6 min CCh group. This was additionally shown 

using a K-S test for the IEI which displayed a low probability of overlap of event interval 

distribution when comparing the control with the 4-6 min CCh group for both the ACC 

and LPFC.  The LPFC also showed a decrease in frequency when comparing the control 

group with the 2-4 min CCh group and the 4-6 min CCh group. The change in frequency 

after CCh application occurs earlier in LPFC compared to ACC neurons. 

We did not observe changes in the amplitude or kinetics of sEPSCs but observed 

changes in frequency of sEPSCs due to CCh application. This suggest that CCh acts 

presynaptically on the glutamatergic terminals. The decreased frequency of events 

indicates a reduced number of glutamate-containing vesicles released into the synaptic 

cleft by the presynaptic terminal, and suggests a probable mechanism of inhibition by 

ACh occurring at the presynaptic terminal. This likely involves the M2 muscarinic ACh 

receptor, which is located on presynaptic terminals (Peralta et al., 1988; Levey et al., 

1991).  Activation of this receptor directly decreases the probability of release of 

neurotransmitter from presynaptic terminals. Another possibility for the observed 

decrease in frequency of sEPSCs would be the decrease in the firing of presynaptic 

partners of our recorded neurons.  Expression of muscarinic receptors on inhibitory 

neurons in the ACC or LPFC for instance can increase firing of inhibitory neurons 

(McCormick & Prince, 1985). If CCh increased the firing of inhibitory neurons, it would 

reduce the AP firing of excitatory presynaptic partners, and therefore reduce the 

frequency of glutamate release into the synaptic cleft of our recorded neurons. The effect 
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of CCh on inhibitory currents and also on AP-independent versus AP-dependent sEPSCs 

would be important to address in future work. 

While we found that the effects of CCh on sEPSC frequency occurred earlier in 

LPFC than ACC, our anatomical results showed a greater concentration of M2 receptors 

in the ACC versus the LPFC in layer 1 and similar concentrations in layers 2-3.  It is 

possible this result could be due to the ACC have a higher percentage of M2 expressed on 

inhibitory neurons. However, we found that the ACC also has a higher colocalizaton of 

M2 on VGLUT1+ boutons compared to LPFC. VGLUT transporters are critical in the 

recycling of glutamine, conversion of glutamine to glutamate, and the packaging of 

glutamate into vesicles (Fremeau Jr et al., 2004; Shigeri et al., 2004). VGLUT 1 has been 

shown to be present on cortico-cortical projections, and VGLUT 2 is predominatly 

present of cortico-subcortical projections (Fremeau Jr et al., 2004; Kashani, Betancur, 

Giros, Hirsch, & El Mestikawy, 2007; Garcia-Marin, Ahmed, Afzal, & Hawken, 2013). 

Thus, it is possible that there are other presynaptic muscarinic receptors, such as the M4 

subtype, expressed on excitatory terminals and involved in the suppression of sEPSCs in 

LPFC (Guo, Mao, & Wang, 2010). Future studies using specific receptor blockers in 

slices and staining of other cholinergic receptors and VGLUTs will be important to 

understand these differences in cholinergic modulation between ACC and LPFC. It is 

also likely that since we are using somatic whole-cell patch-clamp recording techniques 

and the higher M2 expression in ACC compared to LPFC is mainly in layer 1, we are not 

recording these events which are far from the soma (Golding & Spruston, 1998). We 
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would need to employ dendritic patch clamp techniques to see if ACC pyramidal neurons 

apical dendrites in layer 1 are more modulated by ACh compared to LPFC.  

 For the analysis of specific pathway interactions with M2 receptors, we looked at 

amygdala projections to the ACC. Since the ACC is part of the Papez limbic circuit, we 

wanted to observe the projections from one limbic area to another. The limbic circuit, 

which is heavily innervated by cholinergic fibers, includes the amygdala which has been 

shown to have muscarinic and nicotinic receptors in the rat (Hecker & Mesulam, 1994; 

Jiang et al., 2016; Wilson & Fadel, 2017).  In both animals, there was no significant 

presence of M2 expression on fibers projecting from the amygdala terminating in the 

ACC. This suggest that ACh likely does not suppress this specific pathway.  This is 

interesting because during rest, the CNS receives an influx of acetylcholine from the 

basal nuclei which helps increase the signal to noise ratio, necessary for memory 

consolidation (Bunce et al., 2004; Elvander et al., 2004; Michael E Hasselmo, 2006). 

Strong activation of the limbic circuit is needed for this process, and it seems that ACh 

allows the limbic circuit activation to be dominant during memory consolidation.  

 In summary, our data show that ACh decreases the frequency of excitatory 

synaptic events in two prefrontal areas in primates. But the time course and potential 

mechanisms are different. Moreover, the circuits involved and modulated by ACh appear 

to vary depending on the layer and area. Future work would be important to further 

address these different mechanisms and pathway properties in the primate ACC versus 

LPFC.  
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