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About the cover: confocal microscopy picture illustrating the neurons of the medial prefron-
tal cortex (in red) and the innervation by cells that produce acetylcholine (green). �e main 
question that is dealt with in this thesis is how acetylcholine that is released in the mPFC 
a�ects processing in the circuits of the mPFC. Note that a very small population of mPFC 
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Attention

In our daily lives, we are continuously bombarded with stimuli of all sorts and kinds, both 
from the outside of our body, through our sensory system (such as the visual, auditory, olfac-
tory, etc systems), and from the inside, through our introceptive, visceral and memory sys-
tems. To make sense of these and to process only the relevant information, we need attention. 
For example, when you are driving, you need to focus on the road, the car and potentially 
dangerous situations that might occur. However, while driving, other sensory information 
is entering your brain, telling about the scenery, the color of the cars around you, the music 
on the radio and maybe that the lunch you just had is not settling well in your stomach. To 
process relevant information and to ignore the rest, your brain focuses on particular aspects 
of the incoming information. This cognitive process is called attention. More precisely, atten-
tion can be defined as the cognitive process that selects certain information to be processed 
while other information is ignored.

In psychological theory (Raz & Buhle, 2006) different kinds of attention exist. Particu-
larly important here are sustained attention, reflecting the ability to stay focused over a pro-
longed period of time (Sarter et al., 2001) and selective attention (Desimone & Duncan, 
1995; Noudoost & Moore, 2011), the ability to select particular stimuli, while ignoring oth-
ers. It is thought (Desimone & Duncan, 1995; Raz & Buhle, 2006; Rossi et al., 2009) that 
different neuronal systems are involved with these specific processes, despite the fact that 
they are also strongly linked. In addition, an important distinction can be made between 
top-down and bottom-up attention. The latter refers to the phenomenon that things around us 
can capture our attention. If, for instance, a loud noise suddenly can be heard in a room full 
of people, most (or all) of them will suddenly be distracted and focus their attention to the 
noise and the event that caused it. Top-down attention (Baluch & Itti, 2011) refers to another 
process, namely the intentional focus of our attention on things or events that we think are 
important. If, for instance, you expect somebody to appear through a door on an airport, you 
might focus your attention on that location, in order not to miss that person. 

In the research described in this thesis, we have been studying the neural systems that are 
involved with top-down sustained attention, or in other words: the ability to focus attention 
on stimuli that we want to detect over a prolonged period of time. A classic real life example, 
that recently received a lot of attention in the Netherlands, is driving a train. While driving the 
train, the conductor has to monitor red lights, indicating the train should stop. However, these 
are rare events and working days are long, making it possible that these events are missed, 
even though they are considered to be very salient. This situation relates directly to the work 
in this thesis, since we are studying the neural systems that are involved in maintaining this 
focus on relevant stimuli that appear throughout particular tasks.

To test sustained attention, psychologists have developed sustained attention tasks such as 
the continuous performance task (Raz & Buhle, 2006). In these tasks, people are asked to fo-
cus attention on a screen and to report every time a particular event occurs. By manipulating 
the time that people have to do this, as well as the duration, size or contrast of the stimulus, 
it is possible to quantify attention. Studies utilizing this technique have consistently shown 
that certain psychiatric conditions, most notably attention disorders, are reflected by severe 
deficits in the ability to perform this task well. 

Because of the success of this paradigm, behavioral biologists have adapted this paradigm 
for animal studies (Robbins, 2002). Important versions of this are the sustained attention task 
(McGaughy & Sarter, 1995) and the five choice serial reaction time task (5-CSRTT) (Rob-
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bins, 2002) that will be used in this thesis. In both tasks the idea is similar; animals have to re-
spond to cues in order to obtain food rewards, making them highly motivated to attend. Using 
these behavioral paradigms, the role of different neurotransmitters, brain regions and genetic 
phenotypes can be tested. This has led to a wealth of knowledge about the neural processes 
that are involved in this phenomenon and that are potentially of interest for the treatment of 
conditions in which the ability to focus attention for extended time periods are compromised.

Neural mechanisms of sustained attention

The prefrontal cortex
The prefrontal cortex (PFC; figure 1) is the most anterior part of the cortex, the evolutionary 
most recent brain structure that lays over the rest of the brain. This part of the brain is thought 
to be important for the highest cognitive processes and is involved in executive functioning 
(Alvarez & Emory, 2006; Euston et al., 2012), working memory (Funahashi, 2013), decision 
making (Euston et al., 2012), retrieval from long term memory (Rugg et al., 1996; Tomita 
et al., 1999), social behavior (Avale et al., 2011; Forbes & Grafman, 2010), emotion (Da-
vidson & Irwin, 1999; Wallis, 2007), personality (Damasio et al., 1994; Kennis et al., 2013) 
and attention (Euston et al., 2012; Miller & Cohen, 2001). The PFC is a very big structure, 
especially in humans and other primates (Barton & Venditti, 2013; Bush & Allman, 2004; 
Schoenemann et al., 2005), and different subregions mediate different functions. In rodents, 
the medial part of the PFC (mPFC), is important for goal-directed action (Killcross & Cou-
tureau, 2003), working memory (Rossi et al., 2012)  and attention (Euston et al., 2012; Muir 
et al., 1996; Passetti et al., 2002; Totah et al., 2009). This part of the PFC roughly corresponds 
to the dorsolateral prefrontal cortex in humans and other primates (Farovik et al., 2008; 
Uylings et al., 2003; Vertes, 2004; Vertes, 2006). Lesions of this region result in severe at-
tentional deficits (Kahn et al., 2012; Muir et al., 1996; Passetti et al., 2003) and neuroimaging 
and electrophysiological studies have shown that this part of the brain is involved in behav-
ioral tasks requiring sustained attention (Bentley et al., 2011; Gill et al., 2000; Totah et al., 
2009). Moreover, increasing the attentional load by reducing stimulus saliency or introducing 
distracters, increased neuronal activity in the mPFC (Gill et al., 2000). 

Although the mPFC does not function in isolation, converging evidence suggests that 
it is critically involved in sustained attention, most likely in concert with other brain areas. 
Because of its involvement in executive functioning, many sources of information need to 
be integrated in this region. In addition, the exertion of top-down control requires the PFC 
to connect to many different areas. Indeed, the prefrontal cortex is an important hub region 
in the brain that is strongly interconnected with the rest of the brain. The PFC both receives 
projections from and sends projections to many other cortical areas (Van Eden et al., 1992), 
although primary sensory cortices form an exception. In addition, the PFC has strong recipro-
cal connections with the thalamus and the basal ganglia (Little & Carter, 2012; Uylings et al., 
2003) and receives monosynaptic inputs from the hippocampus (Little & Carter, 2012; Tier-
ney et al., 2004), a region that it also strongly synchronizes with during spatial and memory 
tasks (Benchenane et al., 2011; Fujisawa & Buzsaki, 2011). Furthermore, the PFC is heavily 
innervated by the neuromodulatory systems such as the dopaminergic, serotonergic, cholin-
ergic and noradrenergic system (Chandler et al., 2013; Uylings et al., 2003) and also projects 
back to the nuclei in which these neuromodulators are produced (Sesack et al., 1989). The 
mPFC has many other connections, sometimes reciprocal, with nuclei that are involved with 
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visceral, autonomic and limbic functions such as the amygdala, hypothalamus and others 
(Gabbott et al., 2005; Hoover & Vertes, 2007; Vertes, 2004). Through all these connections, 
the mPFC plays a crucial role in the integration of different sources of information and con-
trolling brain activity in other brain areas in a top-down fashion. 

As mentioned above, the PFC receives a dense cholinergic innervation. This neurotrans-
mitter plays an important role in the PFC, especially in behavior requiring attention.

Acetylcholine
Acetylcholine is a neurotransmitter that is mainly produced in a small number of cells but 
that has widespread effects (Woolf & Butcher, 2011). Most important for acetylcholine in the 
cortex is the basal forebrain (figure 2), a brain area composed of several cholinergic nuclei, 
including the nucleus basalis, the septum, the substantia innominata, the diagonal band of 
Broca (Mesulam, 1995; Woolf & Butcher, 2011; Zaborszky et al., 1999). In addition, ace-
tylcholine (ACh) is produced in some midbrain nuclei, called the pedunculopontine nucleus 
and laterodorsal tegmental area (Mesulam et al., 1983), and in sparsely distributed choliner-
gic interneurons (Eckenstein & Baughman, 1984; von Engelhardt et al., 2007). In contrast 
to its local production, the effects ACh exerts on the brain networks are strong and widely 
distributed. Almost all regions of the brain are innervated by cholinergic neurons and many 
neurons and glial cells express acetylcholine receptors (Picciotto et al., 2012; Van der Zee & 
Keijser, 2010; Van der Zee & Luiten, 1999). However, it is currently not known how specific 
the projections of the neurons in the basal forebrain are (Chandler et al., 2013; Chandler & 
Waterhouse, 2012; Fournier et al., 2004). In the last experimental chapter of this thesis we 
will study the innervation of different areas in the mPFC by the cholinergic cells in the basal 
forebrain.

Figure 1. The prefrontal 
cortex. (A) The pre-
frontal cortex in humans 
with its subdivisions 
(from McKenna & Eyler, 
2012) as seen from a 
lateral (left) and medial 
(right) perspective. (B) 
The prefrontal cortex in 
the mouse from a sagital 
(left) and coronal (right) 
viewpoint (from van de 
Werd et al., 2010). The 
medial prefrontal cortex 
consists of the me-
dial orbital frontal cortex 
(MO), the infralimbic 
cortex (IL), the prelimbic 
cortex (PL), the ventral 
and dorsal portions of the 
anterior cingulate cortex 
(ACv and ACd) and 
frontal area 2 (FR2).
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To study the effects of ACh on behavior and cognition, people have used techniques to 
measure ACh levels, such as microdialysis and amperometry and methods to manipulate the 
cholinergic system, using pharmacology, specific cholinergic lesions and optogenetic ma-
nipulations of ACh release. Together, these results indicate that acetylcholine is crucial for at-
tention (Bentley et al., 2011; Klinkenberg et al., 2010), arousal (Détári et al., 1999; Metherate 
et al., 1992; Platt & Riedel, 2011), learning and memory (Gu et al., 2012; Hasselmo, 2006; 
Kilgard & Merzenich, 1998) and the sleep-wake cycle (Deurveilher & Semba, 2011; Lin 
et al., 2011; Platt & Riedel, 2011). It is thought that the effect of ACh depends on its target 
areas (Bentley et al., 2011; Everitt & Robbins, 1997). In relation to the mPFC, ACh seems 
mostly involved in attention. Therefore, findings relevant to the role of ACh on attention will 
be discussed here.

Many studies have shown that pharmacological interventions targeting the cholinergic 
system or lesions of the basal forebrain affect attention (Jones & Higgins, 1995; Mirza & 
Stolerman, 2000; Pattij et al., 2007; Risbrough et al., 2002; Robbins, 2002), in addition to 
other cognitive functions. However, due to the lack of specificity of these methods, it is 
hard to draw firm conclusions about these, since many processes and brain structures are 
manipulated simultaneously. Fortunately, more recently it became possible to manipulate the 
cholinergic system more finely. Studies using local cholinergic lesions or drug administra-
tions and local cholinergic measurements have provided a clearer picture about the role of 
ACh in the mPFC.

Acetylcholine in the mPFC
Several lines of evidence indicate that the cholinergic innervation of the mPFC is specifi-
cally involved in attention. First, local cholinergic lesions using the specific immunotoxin 
192- IgG saporin result in severely compromised performance in sustained attention tasks 
(Chudasama et al., 2004; Dalley et al., 2004; Gill et al., 2000). In addition, attention re-

Figure 2. The cholinergic innervation of the brain. Most of the acetylcholine is produced in two groups of sub-
cortical nuclei, namely the basal forebrain (purple) and midbrain cholinergic areas (green). Cholinergic neurons in 
these regions project throughout the brain and thereby have a major influence on the processing in many different 
brain areas. Most of the cortical cholinergic innervation comes from the basal forebrain. In addition to these cho-
linergic nuclei there are local cholinergic neurons whose function is largely unknown (from Woolf, 2010).
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lated increases in neuronal activity in the 
mPFC were blocked after cholinergic le-
sions (Gill et al., 2000). 

Secondly, microdialysis studies indi-
cate that attentional tasks are accompa-
nied by increases in ACh concentrations 
in the mPFC (Dalley et al., 2001; Pas-
setti et al., 2000) that are correlated to 
the current attentional demands (Kozak 
et al., 2006). Moreover, recent techno-
logical advances (Parikh et al., 2004) 
made it possible to measure ACh release 
on a finer timescale. This has revolution-
ized our understanding of the choliner-
gic modulation of cortical processes. In 
particular, the group of Martin Sarter 
(Howe et al., 2013; Parikh et al., 2007) 
demonstrated that whereas cholinergic 
signaling was traditionally considered 
to be slow and tonic, there are actually 
fast transients of ACh in the mPFC dur-
ing attention tasks. During cues that 
were detected, rapid elevations in ACh 
concentrations were observed in the 
mPFC, whereas in other brain structure, 
this could not be observed. These find-
ings have demonstrated acetylcholine 
release in relation to a specific cognitive 
operation and demonstrated that this at-
tentional process involves ACh in the 
mPFC (figure 3). 

Furthermore, whereas most pharma-
cological studies concerning the role of 
ACh receptors (AChRs) affect many cognitive operations at the same time and cannot dif-
ferentiate the effects on different brain regions, local infusion of pharmacological agents in 
the mPFC (Chudasama et al., 2004; Hahn et al., 2003) can demonstrate an involvement of 
specific receptors in that region in a certain task. With this method, several groups have dem-
onstrated important roles of the nicotinic (Hahn et al., 2003) and muscarinic (Chudasama et 
al., 2004; Robbins, 2002) receptors in the mPFC in attentional processes.

Finally, it is important to note that the relationship between the mPFC and the basal fore-
brain is reciprocal. Whereas other cortical areas are also innervated by the basal forebrain, 
the mPFC is the only cortical area that sends projections back to that brain structure. Hence, 
it seems that the mPFC is located in a special position with regard to the basal forebrain and 
that the mPFC-basal forebrain system is critical in mediating sustained attention.

Figure 3. During attention tasks, acetylcholine release 
can be observed on multiple timescales. (A) Example 
microdialysis measurements showing a sustained increase 
in acetylcholine during the attentional task. (B) Choline 
measurements using microelectrodes have a much higher 
temporal resolution and reveal a fast mode of signalling 
in which cholinergic transients correspond to specific 
behavioural events, in this case cue detection (Parikh et al., 
2007; Sarter 2009).
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The role of the cholinergic modulation of the mPFC in neuropsychiatric 
disorders

There are many neuropsychiatric disorders with dysfunctions in the cholinergic system and 
the mPFC. It is beyond the scope of this thesis to detail all mechanisms of these disorders, 
but findings relating to the role of the mPFC, ACh and attention will be highlighted shortly.

Given the studies that are mentioned above, it is no surprise that attention deficit hyper-
activity disorder (ADHD) is associated with dysfunctions in the mPFC and the cholinergic 
system. ADHD is characterized, among others, by a decreased top down control, inattention 
and impulsive acts, all of which are strongly linked to the medial prefrontal cortex and acetyl-
choline (Robbins, 2002; Sarter & Paolone, 2011; Yu Ohmura, 2012). Furthermore, nicotine 
itself can increase cognitive performance in ADHD patients (Levin et al., 2006; Newhouse et 
al., 2004) and since recently, clinical trials are being performed to test the efficacy of nAChR 
subtype specific agonists to increase cognitive performance in ADHD patients (Bain et al., 
2012; Jucaite et al., 2013). 

 In addition to ADHD, also schizophrenia is related to disturbances in the choliner-
gic system and the mPFC (Brooks et al., 2012; Brooks et al., 2011; Minzenberg et al., 2009; 
Weinberger & Berman, 1996). Schizophrenia patients have deficits in prefrontal cortex de-
pendent cognition, such as working memory (Forbes et al., 2009) and behavioral flexibility 
(Leeson et al., 2009) and have alterations in the microcircuitry of the PFC, in particular in 
interneurons (Lewis et al., 2005; Uhlhaas & Singer, 2010). In addition, multiple acetylcho-
line receptor types have been linked to the disease (Raedler et al., 2003; Wallace & bertrand, 
2013). Although the relation is far from clear, a number of observations have been made 
that establish a link between schizophrenia and a specific type of nicotinic ACh receptor 
(nAChR), the α7 nAChR. First, it is expressed to a lower degree in schizophrenia patients 
(Young & Geyer, 2013; Zhi-Zhong et al., 1999). Moreover, in mice this receptor is linked to 
sensorimotor deficits that are also found in schizophrenia patients and their healthy family 
members (Martin & Freedman, 2007). Also, the part of the genome coding for this recep-
tor is linked to schizophrenia. Finally, it is known that schizophrenia patients participate in 
heavy nicotine searching behavior, which could compensate for the lower expression of α7 
receptors, and that nicotine, in addition to more selective α7 agonists, can improve cognitive 
functioning in these patients (Olincy et al., 2006; Wallace & bertrand, 2013). 

Obviously, another psychiatric disorder associated with nicotine receptors in particular is 
addiction. Of all drugs, nicotine is used most extensively and it is associated with a signifi-
cant social and economic burden for society (Dani & Balfour, 2011; De Biasi & Dani, 2011; 
Picciotto & Kenny, 2012). This is not a fundamentally attentional disorder. However, addic-
tion is linked to changes in functioning of the mPFC and behavioural control (Goldstein & 
Volkow, 2011; Van den Oever et al., 2010) and it has been shown that attention is working 
differently after nicotine exposure (Counotte et al., 2011). Moreover, people using nicotine 
often report attentional benefits although it’s not clear to what extent this is due to a relief 
from withdrawal symptoms or acute effects (Heishman et al., 2010).  

Finally, a disorder strongly linked to cholinergic functioning is Alzheimer’s disease (AD). 
Because of reports (Davies & Maloney, 1976) of strong cholinergic cell loss in the septum 
and basal forebrain of Alzheimer’s patients, early theories of AD emphasized a cholinergic 
involvement. As later it became clear that cholinergic cell loss does not occur in early stages 
of the disorder, it became clear that this cannot account for AD as an etiological factor (Pinto 
et al., 2011; Schliebs & Arendt, 2011). However, widespread cholinergic cell loss is still con-



Chapter 1

15

sidered a major aspect of AD (Micheau & Marighetto, 2010) and acetylcholine is considered 
a key neurotransmitters in memory function, based on lesion, electrophysiological and phar-
macological studies (Deiana et al., 2010). Furthermore, in AD patients drugs that inhibit the 
breakdown of acetylcholine, acetylcholinesterase inhibitors (AChEI), were demonstrated to 
have beneficial effects on AD patients, with improvements in memory and attention (Brous-
seau et al., 2007; Pinto et al., 2011). Hence, although the precise involvement is currently 
unknown, it is clear that cholinergic dysfunction plays an important role in the memory and 
attention problems in AD patients (Brousseau et al., 2007; Pinto et al., 2011). 

General aim of the thesis:

Given the important role of the cholinergic modulation of the mPFC in healthy individuals 
and the crucial involvement in many neuropsychiatric disorders, it is of great importance to 
understand the mechanisms by which ACh contributes to cognition and how it influences 
processing in the microcircuit underlying cognition.

Despite the fact that we know that the mPFC and ACh play crucial roles in the ability to 
focus our attention, very little is known about the exact mechanisms. In particular, phasic 
cholinergic modulation is very poorly understood. There have been many studies on tonic 
effects of acetylcholine, suggesting that acetylcholine acts as a neuromodulator and affects 
attention by increasing the excitability of networks (Picciotto et al., 2012). However, the re-
cent findings that ACh is not only involved in attention by a tonic neuromodulatory role, but 
also in the mediation of specific cognitive events in single trials –namely cue detection— has 
posed the question of how short phasic acetylcholine release affects processing in the mPFC 
network. Hence, the general aim of the thesis work is to understand how phasic acetylcholine 
release affects processing in the microcircuitry of the mPFC and how this contributes to at-
tention. 

Before going to the specific aims of the four chapters in this thesis, a short overview of 
the current state of knowledge on the cholinergic modulation of the cortex will be provided. 
First, acetylcholinergic receptors will be discussed. Then, the general cortical layout will 
briefly be reviewed. Finally, the current state of knowledge of the cholinergic modulation of 
processing in the cortex in general, and the mPFC in specific, will be discussed.

Acetylcholine receptors 

When acetylcholine is released, it can bind to two types of receptors: the nicotinic and mus-
carinic acetylcholine receptor. Both receptors allow acetylcholine to change the electrical ac-
tivity of the target cells and to affect other processes through intracellular signaling cascades 
(Dajas-Bailador & Wonnacott, 2004; Gulledge & Stuart, 2005; Intskirveli & Metherate, 
2012; Thiele, 2013; Yakel, 2013). However, these receptors function in fundamentally differ-
ent ways. The nicotinic acetylcholine receptor (nAChR) is a pentameric ionotropic receptor, 
belonging to the cystine-loop superfamily of receptors (Changeux, 2012; Gotti & Clementi, 
2004). When acetylcholine binds nAChRs, the channel opens and a direct cationic inward 
current occurs, which depolarizes the membrane. In contrast, the muscarinic acetylcholine 
receptor is a G-protein coupled receptor and functions through an intracellular signaling cas-
cade (Bubser et al., 2012). 
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Muscarinic acetylcholine receptors
There are five different types of muscarinic receptors (M1-M5), all of which are G-protein 
coupled receptors (Bubser et al., 2012). They can be divided into two principal types, how-
ever, based on the intracellular α subunit type of the G-protein they are bound to. The first 
main group is made up of the M1, M3 and M5 receptors which interact with Gq/11 proteins, 
whereas the second group includes M2 and M4 and interacts with Gi/o proteins (Brown, 
2010).

In the cortex, mainly M1, M2 and M4 are present (Levey et al., 1991), although M4 has 
a considerable lower expression than the first two. Through a variety of intracellular signal-
ing cascades, mAChR activation affects the functioning of many ion channels, resulting in 
changed conductances of mainly potassium and calcium channels (Thiele, 2013). In general, 
M1 activation results in a lower potassium conductance, whereas M2 and M4 result in an 
increase of potassium conductance and a decrease of calcium conductance. Gulledge et al. 
(Gulledge et al., 2009; Gulledge et al., 2007; Gulledge & Stuart, 2005) have demonstrated 
that cortical layer V pyramidal neurons are strongly modulated by M1 receptors in a complex 
fashion. Phasic acetylcholine application hyperpolarized and/or depolarized these neurons, 
whereas tonic presence of ACh had the opposite effect. Importantly, the intracellular signal-
ing pathway mediated effects of mAChR binding have a slow timescale compared to the 
effects mediated by nAChR, which result in a direct inward current with a fast onset and a 
slower duration (Gulledge et al., 2007). 

Because we were mostly interested in the role of fast cholinergic signaling, three thesis 
chapters deal with the role of the nicotinic receptor in the cholinergic modulation of the 
mPFC. Therefore this receptor will be discussed in greater detail.

Nicotinic acetylcholine receptors
Nicotinic receptors (figure 4) are ligand-gated ion channels with a pentameric structure and 
are composed of five subunits. There are 12 neuronal subunits (α2- α10 and β2- β4) (Gotti 
& Clementi, 2004) and, consequently, there are many types of receptors that can be formed 
(Gotti et al., 2006). There are two main subfamilies of nAChRs. The first is the homopenta-
meric receptors that are formed by 5 α subunits. Both ACh and nicotine, an exogenous ligand 
of the nAChR, bind to the interfaces of the opposite sides of the α subunits. Second, there are 
heteropentameric receptors that are composed of two α subunits, carrying the principle ligand 
binding site, and two β subunits, containing the complementary binding (Gotti et al., 2006). 
In addition, there is a fifth subunit that does not contribute to ligand binding but which can 
nevertheless influence the characteristics of the receptor.

In the cerebral cortex, there are only two main types of receptors present (Alkondon & Al-
buquerque, 2004). First, there are homopentameric receptors composed of five α7 subunits. 
Secondly, there are heteromeric receptors that contain 2 α4 subunits, 2 β2 subunits and a fifth 
subunit, which could be α4, β2 or α5 (Albuquerque et al., 2009). There are important differ-
ences between the different nAChRs and this also holds true for the cerebral cortex. 

All nAChRs are cationic selective channels, permitting a flow of Na+, K+ and Ca2+, 
thereby depolarizing the membrane. However, there are substantial differences in the con-
ductances for these individual ions in the different receptor types (Fucile, 2004). It has been 
shown that especially the homopentameric α7 nAChR is permeable to calcium and that the 
addition of the α5 subunit to the heteropentameric α4β2 nAChR greatly increases its cal-
cium conductance (Fucile, 2004). Calcium conductance is an interesting property of nAChR 
because this links nAChR activation to intracellular signaling pathways (Dajas-Bailador & 
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Wonnacott, 2004; Gubbins et al., 2010) and because it mediates the effect of presynaptic 
nAChR stimulation on increased neurotransmitter release (Dickinson et al., 2008; Sharma 
& Vijayaraghavan, 2003). Despite the fact that the α4β2 nAChR has a substantially lower 
calcium conductance, it should be noted that also activation of this receptor can induce in-
tracellular calcium signaling through its association with voltage operated calcium channels 
(VOCCs) (Dajas-Bailador & Wonnacott, 2004).

Another important difference between the two main groups of nAChRs is their affinity to 
acetylcholine (Clarke et al., 1985). In contrast to the heteropentameric receptors, that have 
a nanomolar affinity to ACh, homopentameric receptors have an affinity in the micromolar 
range (Gotti et al., 2006). This is one of the reasons why it has been suggested that homo-
pentameric α7 receptors are located in synapses and that α4β2* nAChRs (* denotes the pres-
ence of a fifth accessory subunit) are located extrasynaptically and are activated by volume 
transmission (Bennett et al., 2012).

An interesting property related to the differences in affinity is the desensitization of both 
types of receptors. Whereas the α7 nAChR desensitizes fast to high concentrations of ACh 
(McGehee & Role, 1995), a radically different picture emerges when looking at low ago-
nist concentration desensitization. At agonist concentrations that are insufficient for receptor 
activation, desensitization can be observed in high-affinity α4β2* nAChRs receptors. This 
process has been termed ’high-affinity desensitization’, to distinguish it from ’classical de-
sensitization’ (Giniatullin et al., 2005). In other words, the α7 nAChR desensitizes quickly 
to high agonist concentrations, and the α4β2* nAChRs desensitizes much slower but also 
in response to much lower ACh concentrations (Mansvelder et al., 2002). Desensitization is 
an important property of nAChRs because it has been shown that realistic concentrations of 

Figure 4. Neuronal 
nicotine receptors. 
(A) Nicotine recep-
tors are composed 
of five subunits that 
form a cation-selec-
tive channel through 
the cell membrane. 
(B) Each subunit 
contains four trans-
membrane sections. 
(C) Two types of 
nAChRs are present 
in the cortex, the 
homomeric recep-
tor that is made up 
of five α7 subunits 
and the heteromeric 
receptor that always 
consists of two α4 
and 2 β2 subunits, 
together with a fifth 
subunit. (D) 3D 
model of a homomer-
ic α7 nAChR. (from 
Changeux, 2010)
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nicotine, after the smoking of only one cigarette (Henningfield et al., 1996; Matta et al., 2007; 
Rose et al., 2010), desensitize high-affinity nAChRs in the VTA and thereby contribute to the 
addictive properties of nicotine (Mansvelder et al., 2002; Wooltorton et al., 2003). In chapter 
4, we will look further into the consequences of nAChR desensitization on the microcircuitry 
of the mPFC.

Moreover, there are also important differences in the timescale of the currents that are 
flowing through the channels and the pharmacological profile of the receptors. Hence, the 
two main types of nAChRs can be distinguished easily based on their sensitivities to particu-
lar pharmacological agents and the timescale of their activation (McGehee & Role, 1995).

Finally, the accessory α5 subunit has an important influence on the heteropentameric 
receptor. In addition to the already mentioned increase in Ca2+ conductance, this subunit has 
also been shown to increase conductance and the sensitivity to nicotine (Ramirez-Latorre et 
al., 1996), to prolong inward currents in response to persistent nicotine application (Bailey 
et al., 2012) and potentially to influence the receptor localization (Gotti & Clementi, 2004). 
Furthermore, recently it was also demonstrated that the α5 subunit influences the expression 
of the α4 subunit in the ventral tegmental area (Chatterjee et al., 2013).

The cortical microcircuitry

The anatomy of the cortical circuit: layers, columns and neuronal subtypes
The cortex (figure 5) is a layered structure (Douglas & Martin, 2004) which basically forms 
a sheet overlaying the rest of the brain. Although in general it is made up of six layers (I-VI), 
the rodent PFC does not have the classical input layer IV (Uylings et al., 2003) and there-
fore consists of only five layers. In addition to this first organizational principle, which we 
will call horizontal, there is also a second, namely the vertical connectivity of the neurons 
in what are called cortical columns (Markram et al., 2004; Mountcastle, 1997). In primary 
sensory areas, neurons within these columns often have similar receptive field properties and 
are thought to process the same information. Although the existence of cortical columns is 
controversial (Horton & Adams, 2005), it is a useful concept to understand processing in the 
cortical circuitry. 

Within these different layers, there are two main types of neurons. The first type, which is 
most numerous, consists of the excitatory, glutamatergic pyramidal neurons. These are also 
called projection neurons, since they connect extensively with other cortical and subcortical 
brain regions. Secondly, there are inhibitory, GABAergic interneurons. These are thought 
to modulate processing locally by inhibiting the activity of the pyramidal neurons, thereby 
shaping processing in the local microcircuitry (Huang et al., 2007; Isaacson & Scanziani, 
2011; Markram et al., 2004). Both of these groups of neurons can be further divided into 
many subclasses on the basis of morphology, electrophysiological firing pattern, projection 
targets and molecular characteristics (Ascoli et al., 2008; DeFelipe et al., 2013). It is beyond 
the scope of this introduction to review in depth the many, often conflicting, classification 
systems. For the work in this thesis we have used a well accepted classification based on elec-
trophysiological characteristics of the interneurons in the PFC (Kawaguchi & Kubota, 1997).  
We distinguished fast spiking from non-fast spiking interneurons on the basis of their input 
resistance, spike width, firing frequency and spike adaptation. Fast spiking cells have a low 
input resistance, short spikes and a high firing frequency with no adaptation. In contrast, non 
fast spiking cells have a higher input resistance, slower action potentials and various firing 
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patterns in response to current injections.

Flow of information in the cortex
Although it is not known how exactly information is 
processed in cortical circuits, there are many studies on 
primary sensory cortical areas showing how the differ-
ent neurons in the multiple layers are connected and 
how information flows within the circuitry (Armstrong-
James et al., 1992; Constantinople & Bruno, 2013; 
Feldmeyer, 2012; Hirsch & Martinez, 2006; Thomson 
et al., 2002). It remains to be seen whether these find-
ings can be generalized to higher order cortical areas 
such as the prefrontal cortex. Based on the work on pri-
mary sensory cortices, a general model of information 
flow within cortical circuits has been proposed. 

To describe processing, it is useful to describe the 
direction of information flow in the cortical hierarchy. 
Conceptually this is easiest to understand in the visual 
cortex (Hubel & Wiesel, 1977). In this system, there is 
a clear hierarchy of cortical areas that process visual 
information in which the receptive field properties get 
bigger and more complex throughout the visual sys-
tem (Felleman & Van Essen, 1991; Hubel & Wiesel, 
1962, 1965; Moran & Desimone, 1985). It is thought 
that by a sequential processing of more and more com-
plex features, the visual systems can recognize objects 
and extract spatial information. There are three differ-
ent possible ‘directions’ in which processing can oc-
cur (Lamme et al., 1998). First, there is feedforward 
processing, meaning that sensory information entering 
the cortex is processed according to these hierarchical 
steps in a bottom up fashion. For instances, first lines 
and edges are detected, after which more complex fea-
tures of the incoming information are extracted. In con-
trast to this, there is also feedback processing (Lamme 
& Roelfsema, 2000; Lamme et al., 1998). Feedback 
processing refers to a modulation of the processing of 
incoming information based on earlier experience. Ex-
amples of this are top-down attention, predictions and 
expectations (Lamme & Roelfsema, 2000). Finally, 
there is lateral processing (Lamme et al., 1998). This 
refers to a competitive interaction between cortical ar-
eas that are processing similar but different information 
(Adesnik & Scanziani, 2010; Gilbert & Wiesel, 1989). 
This type of processing thus integrates information at a 
given level of the hierarchy.

In sensory cortical areas, feed-forward information 

Figure 5. Drawing by Santiago Ramon 
y Cajal after a Golgi staining of a young 
infant. As can be observed here, cortical 
neurons are organized in a vertical manner 
with most dendrites oriented towards the 
surface of the cortex. Orthogonal to this, 
6 different layers with different functional 
properties make up the cortex.



Cholinergic modulation of the mPFC

20

enters the cortex from the thalamus. According to the classical view, thalamic axons carry-
ing sensory information target layer IV of the cortex (Castro-Alamancos & Connors, 1997; 
Douglas & Martin, 2004). Pyramidal neurons in that layer then project to the superficial layer 
II and III, which subsequently send information to the deep layer V (Gilbert & Wiesel, 1979; 
Thomson & Bannister, 2003; Thomson et al., 2002). Layer V then innervates layer VI and 
sends a signal back to the superficial layers. Also, this layer and layer VI project strongly 
to subcortical structures such as the thalamus and the basal ganglia (Gabbott et al., 2005; 
Olsen et al., 2012). For this reason, they are sometimes referred to as the output layers of 
the cortex. However, layer II and III also function as an output of the cortical microcircuit 
but instead they mainly project to other cortical areas (Adesnik & Scanziani, 2010; Little & 
Carter, 2012). Finally, there is layer I which is very different from the other layers, because 
the density of neurons is extremely low (Meyer et al., 2010). Moreover, the few neurons that 
are present are all GABAergic interneurons (Jiang et al., 2013). It is thought that thalamic 
feedback signals are send to layer I and that this modulates processing in the cortical column 
(Cruikshank et al., 2012; Letzkus et al., 2011; Rubio-Garrido et al., 2009). 

As stated before, this model is entirely based on information from sensory cortical areas 
and it remains to be determined whether it holds for the mouse mPFC. Furthermore, recent 
work is challenging this model as it has been found that in the barrel cortex also layers V 
and VI receive monosynaptic inputs from the thalamus. One important difference between 
the PFC and the sensory cortices is that the rodent PFC does not have a layer IV. In this brain 
region, input from higher order thalamic relay nuclei (Sherman, 2012) instead target layer II/
III and V. In addition, the superficial layers are modulated, like other cortical areas, by non-
specific thalamic projections (Little & Carter, 2012). Another feature of the PFC which dis-
tinguishes it from other cortical areas is the strong recurrent connectivity (Wang et al., 2006) 
and persistent firing outlasting stimulus presentations (Yang et al., 2013; Zhang & Séguéla, 
2010) that can be observed in this area.

Hence, we are only beginning to understand how information flows in the cortical micro-
circuitry. Nevertheless, a picture is emerging how ACh modulates the flow of information in 
the cortex. 

Cholinergic modulation of the cortex

Cholinergic innervation of the cortex
In order to understand the effects of ACh on cortical processing, it is crucial to first know 
the patterns of innervation. When antibodies for the ACh generating enzyme, choline acet-
yltransferase (ChAT), became available in the 1980’s, it quickly became clear that the entire 
cortical mantle is innervated densely with cholinergic axons (Bigl et al., 1982; Eckenstein & 
Baughman, 1984; Eckenstein et al., 1988; Kimura et al., 1980; Mesulam et al., 1983; Wenk, 
1997; Woolf et al., 1983). It was demonstrated that most cholinergic axons originate from the 
basal forebrain, although cholinergic neurons are also present in the cortex itself (Eckenstein 
& Baughman, 1984; von Engelhardt et al., 2007). In addition, the PFC receives fibers from 
the pedunculopontine nucleus and the laterodorsal tegmental area (Eckenstein et al., 1988; 
Mesulam et al., 1983).

Although the entire cortex is innervated by ACh, there are laminar differences. Layer I 
and layer V are most strongly innervated and layer II the least. This is due to a layer specific-
ity in the projections of the basal forebrain (Eckenstein et al., 1988). 
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In addition to the pattern of innervation, it is also crucially important to determine what 
the mode of transmission is. Recently it has been shown that there is both tonic and phasic 
cholinergic signaling in the mPFC (Parikh et al., 2007). Moreover, it has been long debated 
whether acetylcholine functions through volume or synaptic transmission (Sarter et al., 2009; 
Smiley et al., 1997). Both aspects of transmission are crucial for determining the effects of 
ACh on the mPFC. Recent evidence indicates that most likely both are present (Bennett, 
2012; Parikh et al., 2007) and that there is a complex interplay of tonic and phasic release, 
and volume and synaptic transmission, making the precise release parameters crucial for 
determining the effects on the mPFC.

Cholinergic modulation of cortical processing
On a network level, basal forebrain stimulation in anesthetized animals results in a desyn-
chronized state of field potentials (Goard & Dan, 2009; Kalmbach et al., 2012) and neuronal 
firing in the basal forebrain is correlated with a reduction in low frequency and an increase 
of high frequency oscillations in the cortex (Duque et al., 2000; Manns et al., 2000). Since 
these frequency bands are related to the state of arousal and cortical activation (Cachope et 
al., 2012; Deco & Thiele, 2009; Uhlhaas et al., 2008; Wang, 2010), ACh has long been con-
sidered a neuromodulator that is involved in setting the state of arousal. Mechanistically, it 
was shown that ACh activated cortical muscarinic receptors on pyramidal neurons (Gulledge 
et al., 2009), thereby shifting firing modes from bursting to tonic and changing low frequency 
high amplitude oscillatory activity to high frequency low amplitude on a network level (Me-
therate et al., 1992). 

Other studies have looked at the effect of ACh on the direction of the flow of information 
in the cortex. Again, these studies have been performed in sensory areas because in these 
regions, neuronal responses could be related to sensory stimulation.  

One of the dominant effects that has repeatedly been demonstrated is the enhancement of 
feedforward thalamic input into the sensory cortical areas. In layer IV, acetylcholine increas-
es the gain and reliability of neuronal responses in layer IV of the visual cortex (Goard & 
Dan, 2009; Soma et al., 2012; Soma et al., 2013), an effect which is mediated by heteromeric 
nAChRs (Disney et al., 2007; Roberts et al., 2005). In the barrel cortex, a similar effect was 
observed (Oldford & Castro-Alamancos, 2003). 

In layer II and III, the picture is more complex. In general, cholinergic modulation re-
duces firing rate in these layers by increasing GABAergic inhibition through mAChRs and 
nAChRs (Alitto & Dan, 2013; Disney et al., 2012; Soma et al., 2013), although reliability of 
encoding and modulation by presented stimuli sometimes increased at the same time (Goard 
& Dan, 2009; Soma et al., 2013). 

Intracortical projections, which are thought to connect superficial layers between dif-
ferent cortical columns are also inhibited by ACh through mAChRs (Kimura & Baughman, 
1997). Based on this finding and the reduced activity in the superficial layers, it has been 
suggested that ACh reduces horizontal processing through cortico-cortical interactions (Has-
selmo & Giocomo, 2006). Indeed it has been observed in slices, in vivo animal experiments 
and in humans that the spatial spread of excitation in response to stimuli is reduced in the 
presence of elevated levels of ACh (Kimura et al., 1999; Silver et al., 2008). This effect could 
have a sharpening effect on tuning curves of receptive fields and the discriminability of sen-
sory stimuli (Roberts et al., 2005; Thiele et al., 2012). Also, the combination of reduced lat-
eral interactions and an increased sensitivity to thalamic inputs could increase the networks 
sensitivity to incoming information and increase the signal to noise ratio. This effect is also 



Cholinergic modulation of the mPFC

22

observed with enhanced attention (Briggs et al., 2013). Therefore, this could be one of the 
core mechanisms through which acetylcholine modulates selective attention (Deco & Thiele, 
2011; Hasselmo & Giocomo, 2006; Hasselmo & Sarter, 2011).

The effect of ACh on the deeper layers V and VI is less understood in functional terms. 
However, also in deep layers both pyramidal and interneurons are modulated by nAChRs and 
mAChRs  (Gulledge et al., 2007; Kassam et al., 2008) and both response suppression and 
facilitation can be observed (Soma et al., 2013). 

Finally, in layer I, all interneurons contain heteromeric and/or homomeric nAChRs (Alit-
to & Dan, 2013; Christophe et al., 2002). Since these neurons inhibit both layer I-III inter-
neurons and layer II/III pyramidal cells, the effect of cholinergic layer I activation is complex 
and can inhibit as well as disinhibit pyramidal cells in deeper layers (Arroyo et al., 2012; 
Bennett et al., 2012; Cruikshank et al., 2012; Jiang et al., 2013; Letzkus et al., 2011).

Acetylcholine receptors in the mPFC
Despite the fact that the effects of ACh, as described above, are found in sensory cortices, 
there are reasons to believe that the cholinergic modulation of the mPFC occurs in a similar 
manner. Autoradiographical measurements of the localization of mAChRs and nAChRs do 
not show big differences in receptor localization between different cortical regions (Clarke et 
al., 1985; Clarke et al., 1984; Spencer Jr et al., 1986). In addition, there is evidence that some 
of the principles outlined above also hold true for the mPFC. For instance, also in the mPFC 
layer V pyramidal neurons are prominently modulated by M1 (Gulledge et al., 2009) whereas 
layer II-III pyramidal neurons are not. Moreover, also in the mPFC the release of other neuro-
modulators is strongly increased by nicotinic stimulation (dos Santos Coura & Granon, 2011)

In contrast to other cortical regions, where thalamic axons target mainly layer IV, in the 
mPFC they target layer III and V (Rotaru et al., 2005), as layer IV is nonexistent. It has been 
demonstrated that after lesioning of the thalamic nucleus targeting the PFC, the mediodorsal 
thalamus (MDT), there is a 40% reduction of high affinity binding sites, suggesting a strong 
heteromeric nAChR presence on the thalamocortical terminals (Gioanni et al., 1999). In ad-
dition, this study demonstrated that nicotine induces a strong glutamate release in the PFC 
and that an iontophoretic nicotine application enhanced the response to MDT stimulation 
in all layers. Moreover, it was demonstrated that nicotine increases spontaneous release of 
glutamate from thalamic inputs onto layer V neurons (Lambe et al., 2003). In layer II/III 
mAChR and nAChR seem to have opposing effects on glutamatergic inputs, although the 
percentage of neurons modulated in this layer is rather low (Vidal & Changeux, 1993).

During development, there is a transient upregulation of the expression of the α5 subunit 
in the cortex (Winzer-Serhan & Leslie, 2005). The first months there is a particularly high 
expression in layer VI, with a peak around 2 weeks after birth. It was shown that this is also 
the case in the PFC and that these α5 expressing neurons are pyramidal neurons projecting to 
the MDT (Kassam et al., 2008). In addition, some cells in layers II-V express this accessory 
subunit. These cells are thought to be interneurons, based on electrophysiological recordings 
and post-hoc single cell RT-PCR (Porter et al., 1999).

Finally, as in other cortical areas, non fast spiking interneurons are modulated by mA-
ChRs and nAChRs stimulation (Gulledge et al., 2007; Kawaguchi, 1997). In contrast, fast 
spiking interneurons seem to be unresponsive to cholinergic stimulation (Gulledge et al., 
2007; Kawaguchi, 1997) although there are reports of muscarinic inhibition of fast spiking 
interneurons in layer V of the visual cortex (Xiang et al., 1998) and inhibition of GABA 
release from fast spiking cells on pyramidal cells in the somatosensory cortex (Kruglikov & 
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Rudy, 2008). In layer I all neurons have nAChRs, as described above. A consequence of the 
nicotinic stimulation of interneurons is that nicotine has been shown to increase the inhibition 
of layer V pyramidal neurons (Couey et al., 2007).

Together, these results show that the models of cholinergic modulation from sensory ar-
eas are at least useful to understand the cholinergic modulation of the mPFC. Nevertheless, in 
order to understand the way AChRs mediate the effects of phasic ACh release in the mPFC, 
it will be crucial to study the receptor localization and their effects on network physiology 
into more detail.

Aims of the thesis

As has been discussed above, cholinergic modulation of the mPFC is crucial for attentional 
performance. Especially phasic ACh release seems important for cue detection in attention 
tasks. Not much is known about the way through which phasic ACh affects processing in the 
microcircuitry of the mPFC. The work in this thesis aims at contributing to our understand-
ing of what happens in the mPFC when ACh is released. In particular we were interested in 
the role of nAChRs, because not much is known yet about their influence on processing and 
because their kinetics matches the observed release of ACh very well.  In addition, it was 
unknown how ACh and nAChR activation influence processing in the different layers and 
circuit elements of the mPFC. In order to further our understanding about these issues we 
asked the following questions.

Chapter 2: Are nAChRs in the mPFC mediating the effects of ACh on sustained attention? 
To answer this question we trained mice in a behavioral task, the five choice serial reaction 
time task (5-CSRTT). Using mice lacking specific subunits, the α7 and β2 subunit, and their 
wildtype littermates, we investigated the involvement of receptors containing these subunits. 
In addition, after finding attentional deficits, we reexpressed the subunit in the mPFC in order 
to demonstrate the necessity of the presence of that subunit in the mPFC for normal atten-
tional performance. The results of this study are presented in chapter 2. 

Chapter 3: How does nAChR activation influence electrophysiological activity in the mPFC?
To answer this question we used acute mPFC slices of mice. We used calcium network imag-
ing to determine how spontaneous action potential firing is affected in the different layers and 
subunits and single cell patch-clamp recordings to determine post- and pre- synaptic effects 
of nAChR stimulation. We find important layer and neuronal subtype specific effects of ACh, 
as described in chapter 3.

Chapter 4: How does nicotine, in a concentration similar to that found in the brain after 
smoking of one cigarette, affect the nAChR mediated effects of ACh?
Many people administer nicotine to themselves in the form of tobacco and nAChRs have 
been implicated in attention. Since it is known that nicotine can both activate and desensi-
tize nAChRs, we asked the question how nicotine influences the activity of the network. In 
particular, in this chapter we address the question how nicotine modulates the effects that are 
found in chapter 3.

Chapter 5: How are the different regions of the mPFC innervated by the basal forebrain? 
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In order to understand the cholinergic modulation of the mPFC, it is important to not only 
investigate what happens postsynaptically, but also to study how the main source of ACh, 
the basal forebrain, innervates the mPFC. We used local virus injections in ChAT-Cre mice 
to find the specific projection patterns of small clusters of cholinergic cells in the basal fore-
brain. We quantified the relation between different parts of the basal forebrain and multiple 
mPFC regions qualitatively describe the axon pathways and morphology. The findings pre-
sented in chapter 5, also open up possibilities for following up on the studies described in 
chapter 2-4, as will be discussed in the general discussion, chapter 6.
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Abstract

More than one third of all people are estimated to experience mild to severe cognitive impair-
ment as they age. Acetylcholine (ACh) levels in the brain diminish with ageing and nicotinic 
ACh receptor (nAChR) stimulation is known to enhance cognitive performance. The pre-
frontal cortex (PFC) is involved in a range of cognitive functions and is thought to mediate 
attentional focus. We found that mice carrying nAChR β2-subunit deletions have impaired 
attention performance. Efficient lentiviral vector-mediated re-expression of functional β2-
subunit-containing nAChRs in PFC neurons of the prelimbic area (PrL) completely restored 
the attentional deficit, but did not affect impulsive and motivational behavior. Our findings 
show that β2-subunit expression in the PrL PFC is sufficient for endogenous nAChR-mediat-
ed cholinergic regulation of attentional performance.
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Figure 1. β2-nAChR subunit is necessary for normal perfor-
mance in 5-CSRTT. (A,B) Percentage omission (A) and ac-
curacy (B) of WT (n = 15, black) and β2-/- mice (n = 14, white) 
during baseline training (SD1). ** p < 0.01, Newman-Keuls 
post hoc test. (C,D) Percentage omission (C) and accuracy (D) 
of WT (n = 12, black) and α7-/- mice (n = 25, white) during 
SD1. Data in all figures are shown as mean ± S.E.M.

Introduction

Cortical ACh release from the basal forebrain is essential for proper sensory processing and 
cognition (Everitt and Robbins, 1997; Goard and Dan, 2009; Woolf and Butcher, 2010), and 
tunes neuronal and synaptic activity in the underlying cortical networks (Poorthuis et al., 
2009; Steriade, 2004). Degeneration of cholinergic neurons during ageing and Alzheimer’s 
disease results in cognitive decline, notably a loss of memory and the ability to sustain at-
tention (Lawrence et al., 2002; McKhann et al., 1984). Interfering with the cholinergic sys-
tem strongly affects cognition (Dalley et al., 2004; Everitt and Robbins, 1997; Hahn et al., 
2003; Howe et al., 2010; Muir et al., 1995; Sarter et al., 2005; Stolerman et al., 1995). Rapid 
changes in prefrontal cortical ACh levels at the scale of seconds are correlated with attending 
and detecting cues (Parikh et al., 2007; Sarter et al., 2009). Various types of nAChR subunits 
are expressed in the PFC (Couey et al., 2007a; Kassam et al., 2008b; Lambe et al., 2003a), 
and in particular nAChRs containing β2-subunits are thought to enhance attention (Howe et 
al., 2010). However, the causal relationship between nAChR β2-subunits (henceforth β2*-
nAChRs) expressed in the medial PFC (mPFC) and attention performance has not yet been 
demonstrated. 

Results

We first determined whether absence 
of nicotinic β2-subunits affects at-
tentional behavior in the 5-choice se-
rial reaction time task (5-CSRTT), a 
well-established test set-up that taxes 
various aspects of attentional control 
over performance (Robbins, 2002). 
Mice lacking β2-subunits of nAChRs 
(β2-/-), and their wild-type litter-
mates (WT) were trained to detect 
and respond to a brief light stimulus 
randomly presented in one of five 
nose poke holes to receive a food 
pellet. β2-/- mice showed normal lo-
comotor activity in an open field test 
(Fig S1), normal sensorimotor gating 
in a pre-pulse inhibition test (Fig S2), 
and normal 5-CSRTT acquisition 
(Fig S3). After complete acquisition 
of the 5-CSRT task, animals were 
trained at the stimulus duration of 1 
second (SD1) for 10 more days until 
they reached stable performance (Fig 
S4). Baseline 5-CSRTT performance 
was then calculated from the 6th until 
the 10th session at SD1 (Fig 1A,B). 
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β2-/- mice exhibited significantly more omissions than their WT littermates (F(1,27) = 12.45; 
p < 0.01) (Fig 1A), whereas the level of accuracy was not significantly different (F(1,27) = 
2.56; NS) (Fig 1B). We found no effect of genotype on any other measures, such as number 
of initiated trials (F(1,27) = 1.99; NS), number of premature responses (F(1,27) = 0.003; 
NS), correct responses latency (F(1,27) = 2.03; NS), or latency to collect earned food pel-
lets (F(1,27) = 0.12; NS) (Table S1), suggesting that increased omission reflected impair-
ments in stimulus detection processes in β2-/- mice rather than motor or motivational deficits. 
β2-/- mice and their WT littermates did not differ in the number of food pellets earned by 
responding to a single cue light, nor in the maximal number of responses in a progressive 
ratio for earning food pellets (Fig S5). In contrast to β2-/- mice, mice lacking α7-subunits 
of nAChRs (α7-/-) exhibited similar levels of omission (F(1,35) = 0.10; NS) and accuracy 
(F(1,35) = 0.05; NS) as their WT littermates (but see supplementary information; Fig 1C,D 
and Table S3). To further characterize attentional deficits, we compared performance in a 
variable stimulus procedure, in which stimulus durations were randomly decreased to 0.5 
and 0.25 seconds (Fig S6 and Table S2). β2-/- mice made significantly more omissions than 
WT mice at every stimulus duration (Fig S6A and Table S2), but had similar accuracy and 
motivation to earn food rewards (Fig S6B and Fig S5), whereas no difference was observed 
between α7-/- and WT animals (Fig S6C,D and Table S4). 

To further understand the specific role of β2-containing nAChRs in mediating the effects 
of endogenous acetylcholine on cognition (Granon et al., 2003), we selectively re-expressed 
the β2-subunit (Maruki et al., 2003) in the prelimbic area (PrL) of the mPFC of β2-/- mice. 
The mPFC is critically involved in attentional performance (Dalley et al., 2004). We re-
expressed β2-subunits in combination with enhanced green fluorescent protein (eGFP) by 
injection of the β2-eGFP bi-cistronic vector (Avale et al., 2011; Maskos et al., 2005) into the 
PrL PFC of β2-/- mice (KOVEC). As a control, we used a lentiviral vector expressing eGFP 
only in β2-/- mice (KOeGFP) and WT littermates (WTeGFP). Coronal sections showing the site 
of lentivirus injection revealed that viral re-expression was selective to the PrL of the mPFC 
(Fig 2A). The efficacy of this in vivo re-expression strategy was demonstrated by confocal 
analysis showing that eGFP co-localized with a neuronal marker (NeuN) in KOVEC mice (Fig 
2A), demonstrating efficient transduction of β2-eGFP vectors in PrL neurons. β2-subunits do 
not form functional nAChRs by themselves, but require nAChR α-subunits to co-assemble 
into functional receptors (McGehee and Role, 1995b). Therefore, in KOVEC mice not all eGFP 
expressing neurons will have β2*-nAChRs. Only in neurons that express nAChR α-subunits, 
lentivirus-mediated expression of β2-subunits will result in functional nAChRs containing 
β2-subunits. We thus made whole-cell recordings from eGFP expressing neurons in the three 
groups and tested their response to acetylcholine (ACh) (Fig 2B-D). In WTeGFP mice, lo-
cally applied ACh (1 mM) induced inward currents with slow kinetics, characteristic of β2*-
nAChRs (Fig 2D). These currents were strongly reduced by the antagonist of β2*-nAChRs, 
dihydro-β-erythroidine (DHβE 1 μM; t(7) = -3.15; p < 0.05; Fig 2D,E). KOeGFP neurons never 
showed slow inward currents in response to ACh application (Fig 2D). Neurons in the mPFC 
of KOVEC mice showed slow inward currents reminiscent of functional β2*-nAChR respons-
es (n = 9 of 17 EGFP positive neurons, Fig 2D). These currents were strongly reduced by 
DHβE (t(6) = -5.02; p < 0.01; Fig 2D,E), showing the successful re-expression of functional 
β2*-nAChRs in KOVEC mice. 

We addressed the question whether β2*-nAChRs specifically in the PrL mPFC would 
be sufficient for optimal attentional performance. We therefore tested whether impaired per-
formance of β2-/- mice was rescued by targeted re-expression of the β2-subunit in the PrL 
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Figure 2. Lentiviral restoration of functional β2*-nAChRs in the mPFC. (A) Coronal section (1.9 mm from 
bregma) showing the injection site in the prelimbic mPFC (left) and confocal images of acute coronal sections 
showing neuronal eGFP (green) expression (red, NeuN) in KOVEC mice and merged image (right). (B) Experimen-
tal setup. (C) Patched eGFP-positive neuron. (D) Current traces recorded from WTeGFP (n = 9, black), KOeGFP (n 
= 9, grey) and KOVEC (n = 9, red) neurons. ACh was locally applied (1 mM, 100 ms) in control (left), in the pres-
ence of β2-containing nAChRs antagonist, DHβE 1 µM (middle), or after 30 min wash-out (right). (E) Summary 
of ACh-induced inward currents for WTeGFP (black) and KOVEC (red). nAChR current amplitudes of WTeGFP and 
KOVEC neurons were not statistically different.

mPFC. Preliminary analysis before viral expression showed comparable findings between 
the independent batches of mice, with a significant increase in omissions in β2-/- mice (Fig 
S7). One week after virus introduction, WTeGFP, KOeGFP, and KOVEC mice were re-trained in 
the 5-CSRTT procedure using SD1 for 14 days before the effects of lentiviral intervention 
were assessed.  

At the end of these 14 days, WTeGFP and KOeGFP animals performed at the same levels 
as they showed before virus injection, but KOVEC mice performed significantly better than 
before injection (Fig 3). The percentage of omission of the three groups of mice was differ-
entially affected by lentivector injection (group effect: F(2,30) = 10.73; p < 0.001; injection 
time effect: F(1,30) = 6.12; p < 0.05; group × injection time interaction: F(2,30) = 9.29; p < 
0.001) (Fig 3A). Although KOeGFP mice made more omissions than WTeGFP at each time point 
(WTeGFP vs. KOeGFP, p < 0.01), both groups exhibited the same percentage of omissions before 
and after virus injections (NS, eGFP), and hence were not affected by eGFP expression. Re-
expression of β2-subunits in the mPFC (KOVEC) significantly decreased the percentage of 
omissions (KOVEC before vs. KOVEC after, p < 0.001). Moreover, the rescue in KOVEC mice 
was complete and these mice reached the same number of omission as WTeGFP mice (WTeGFP 
vs. KOVEC, NS), and made significantly less omissions than KOeGFP mice (KOeGFP vs. KOVEC, 
p < 0.05). This rescue-effect was selective for omissions since β2 re-expression had no sig-
nificant effect on accuracy (group effect: F(2,30) = 1.92; NS; injection effect: F(1,30) = 2.42; 
NS; group × injection interaction: F(2,30) = 2.36; NS) (Fig 3B), or any other measures (Table 
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Figure 3. Targeted re-
expression of β2-nACR 
subunits in PrL mPFC 
restores performance. (A,B) 
Percentage omission (A) and 
accuracy (B) (SD1) before 
and after viral injection 
for WTeGFP (n = 11, black), 
KOeGFP (n = 11, white) and 
KOVEC mice (n = 11, red). 
** p < 0.01, compared with 
WTeGFP; $ p < 0.05, compared 
with KOeGFP; +++ p < 0.001, 
before and after virus injec-
tion, Newman-Keuls post 
hoc test. (C,D) Re-expression 
of β2-nACR subunits in the 
anterior cingulate cortex did 
not restore attention perfor-
mance. Percentage omission 
(C) and accuracy (D) (SD1) 
before and after viral injec-
tion for for WTeGFP (n = 11, 
black) and KOVEC mice (n = 
4, red). * p < 0.05, compared 
with WTeGFP.

S5). This rescue-effect was also observed during a variable stimulus procedure (Fig S9), as 
well as during a variable inter-trial interval (ITI) procedure in which the stimulus presenta-
tions were temporally unpredictable (Fig S10), further supporting the fact that β2-subunit 
restoration in the PrL is sufficient for proper attention performance. A similar rescue-effect 
of β2 re-expression in KOVEC mice was observed in an independent group of animals (Fig 
S11). After these behavioral experiments, the mice were sacrificed and neuronal expression 
of eGFP and functional β2*-nAChRs in the PrL was confirmed. β2 subunit re-expression in 
the anterior cingulate had no effect on omission or accuracy (Fig 3C,D), in line with the find-
ing that cholinergic projections to the anterior cingulate cortex are not involved in 5-CSRTT 
performance (Muir et al., 1996a). 

Conclusion

Our findings show that expression of β2*-nAChRs is necessary for optimal attentional per-
formance in mice and that restoring expression of β2*-nAChRs in the mPFC PrL area is suf-
ficient for optimal performance. Nicotinic AChRs containing β2 subunits are located on cell 
bodies of neurons as well as on thalamocortical afferents in the PrL PFC (Couey et al., 2007a; 
Lambe et al., 2003a). The latter have also been suggested to be involved in attention and pro-
cessing of sensory stimuli (Lambe et al., 2003a). The present study reveals that restoration 
of β2*-nAChR receptors, specifically in the PrL area of the mPFC, is sufficient to restore the 
attentional deficit of β2-/- mice to wild type levels. Attentional control therefore appears to 
be mediated by endogenous acetylcholine acting on β2*-nAChR receptors expressed by neu-
rons located within the PrL mPFC, although a role for β2*-nAChRs on thalamic projections 
cannot be entirely excluded based on the present results. Nevertheless, the nAChR system in 
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the PrL mPFC is a principal factor in attentional control. Consistent with this, rapid changes 
of ACh levels in mPFC are correlated with cue attending and detection (Parikh et al., 2007b), 
an effect mainly due to mPFC β2*-nAChRs stimulation (Parikh et al., 2010a). Our findings 
have implications relevant for understanding the neurobiology of attention and suggest ago-
nists or positive allosteric modulators at these mPFC β2*-nAChRs within the PrL PFC as 
potential target for the development of more effective treatments for cognitive impairments.
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Materials and Methods

Subjects
β2 knockout male mice (n = 42) and their wild-type littermates (n = 40) and α7 knockout 
male mice (n = 25) and their wild-type littermates (n = 12) or 6-7 weeks old C57Bl/6J were 
used. They were housed individually in macrolon enriched cages under a regular 12-h light/
dark cycle at controlled room temperature (21 ± 2 °C) and humidity (60 ± 15%). Animals 
were maintained at approximately 85% of their free-feeding weight, starting 1 week prior to 
the beginning of the experiments by restricting the amount of standard rodent food pellets. 
Water was available ad libitum. All experiments were conducted with the approval of the 
animal ethical committee of the VU University, Amsterdam, the Netherlands.

Lentiviral expression vector and stereotaxic procedure 
Vectors were based on the previously described pTRIPΔU3 (29). The re-expression lentivec-
tor is a bicistronic β2-IRES2-eGFP construct, previously described (24). Briefly, the mouse 
phosphoglycerate kinase (PGK) promoter was PCR amplified from a PGK-nls lacZ expres-
sion vector, M48, and ligated into pTRIPΔU3. To generate the β2- IRES2-eGFP construct a 
cloning site was created in the pIRES2-EGFP expression plasmid by mutagenesis, and the 
wild-type mouse b2 subunit, containing a consensus Kozak translation initiation site, was 
then ligated into plasmid pIRES-EGFP. The β2-IRES2-eGFP cassette was then ligated into 
the pTRIPΔU3-PGK vector using XhoI-SalI sites. Finally, the WPRE sequence was added. 
The PGK-eGFP control lentivector, is identical to the bicistronic version, but lacks the β2-
IRES2 portion. Lentiviral particles were generated as previously described (24). Mice aged 
8-10 weeks were anesthetized (isoflurane) and introduced into a stereotaxic frame adapted 
for mice. Lentivector (2 μl at 50 ng p24 protein per μl) was injected bilaterally in the mPFC 
(anteroposterior +1.9 mm; lateral, ±0.5 mm from bregma and −2.5 mm from the surface of 
the skull) (Paxinos and Franklin, 2001). After one week of recovery, mice were re-trained in 
the 5-CSRTT procedure using SD1 for 14 days.

Immunohistochemistry
To determine the expression pattern of the β2-eGFP bi-cistronic vector, KOVEC injected mice 
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were anesthetized and perfused transcardially with PBS followed by 4% paraformaldehyde 
(PFA) dissolved in PBS. Brains were removed and post-fixed in 4% PFA overnight at 4 °C 
and subsequently in 30% sucrose dissolved in PBS (~48hr at 4 °C). Coronal brains (35 μm) 
were collected and washed in PBS, treated with 0.2% Tween 20 (PBS-T), immerged in a 
5% normal goat serum blocking solution, and incubated overnight with primary antibodies 
against GFP (1:2000) and NeuN (1:1000) followed by incubation with secondary antibodies 
conjugated to Alexa Fluor 488 (green, 1:400) and Alexa Fluor 568 (red, 1:400). Transduction 
efficienty was quantified using a confocal microscope by comparing the GFP cells with either 
NeuN, CAMKII or GAD76 immunoreactive cells.

Electrophysiological recordings
Slice preparation
At the end of the behavioral experiments, animals were sacrificed and medial prefrontal 
(mPFC) coronal slices (250 μm) were prepared. Brain slices were prepared in ice-cold artifi-
cial cerebrospinal fluid (ACSF), which contained: 125 mM NaCl, 3 mM KCl, 1.25 mM NaH-
2PO4, 73 mM MgSO4, 0.5 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose (300 mOsm). 
Slices were then transferred to holding chambers in which they were stored in aCSF, which 
contained the following: 125 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 2 mM MgSO4, 1 
mM CaCl2, 26 mM NaHCO3, and 10 mM glucose, bubbled with carbogen gas (95% O2/5% 
CO2). Slices were left to recover at room temperature for one hour.

Two-photon imaging
Two-photon imaging was performed to visualize GFP positive cells and to target them for 
patchclamp recordings with Alexa 594 containing pipettes. This was done on a multibeam 
two-photon laser scanning microscope system coupled to a Ti:Sapphire laser (excitation at 
840 nm) and two PMTs located behind a dichroic beamsplitter with an edge at 562 nm. Ex-
citation light was blocked using a 750 nm low-pass filter. In addition, there was a dichroic 
mirror transmitting wavelengths above 800 nm for excitation and reflecting it to the PMTs for 
wavelengths below 800nm. The objective used had a 20X magnification and a 0.95 numeri-
cal aperture.

Patch-clamp recordings
Recordings were made using Multiclamp 700B amplifiers, sampled at a frequency of 20 kHz, 
digitized by the pClamp software, and later analyzed off-line using Matlab. Patch pipettes 
(4–6 MOhms) were pulled from standard-wall borosilicate capillaries and were filled with 
intracellular solution: 140 mMK-gluconate, 1 mMKCl, 10 mMHEPES, 4 mMKphosphocre-
atine, 4 mM ATP-Mg, and 0.4 mM GTP (pH 7.2–7.3, pH adjusted to 7.3 with KOH) (290–300 
mOsm). Action potential profiles of cells were made using hyperpolarizing and depolarizing 
current steps. Nicotinic receptor currents were tested by pressure ejection of acetylcholine 
(Ach) for 100 ms using a Picospritzer III from a glass electrode with a tip opening of ~ 1 μm. 
The presence of atropine (200 nM) prevented stimulation of muscarinic receptors and during 
most of the experiments DNQX (10 μM) and bicuculline (1 μM) were used to block synaptic 
transmission. All experiments were performed at 31-34 ºC. Given the prominent β2 nAChR 
current in PFC layer 6 pyramidal neurons (18), the whole cell recordings were biased to layer 
6 neurons. Identification of neurons was based on morphological appearance of the soma in 
DIC microscopy as well as action potential firing in response to step depolarizations, but not 
for all neurons we were able to obtain sufficient morphological and physiological parameters 
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to unambiguously identify them.

Operant response tasks
Apparatus
Experiments were conducted in sixteen identical mouse five-hole nose poke operant cham-
bers with stainless steel grid floors housed in sound-insulating and ventilated cubicles. Set in 
the curved wall of each box was an array of five circular holes, each equipped with an infra-
red detector and a yellow light emitting diode stimulus light and a white house light mounted 
in the center of the roof. Rodent dustless precision pellets could be delivered at the opposite 
wall through a pellet dispenser. Animals were tested once daily from Monday until Friday.

Five-choice serial reaction time task (5-CSRTT)
During the initial shaping sessions, mice were trained to collect food pellets without any re-
sponse requirement, and then to nose poke into one of the five holes to obtained food. During 
the 5-CSRTT sessions, each trial started with the illumination of the stimulus light in one of 
the holes (in pseudorandom order) for a restricted stimulus duration (SD) or until a response 
was made. Animals had to respond during the presentation of the stimulus light or within a 
limited hold of 4 seconds after termination of the presentation of the cue. A 5-CSRTT session 
terminated after a maximum of 60 delivered pellets or 25 min, whichever came first. Nose 
poking into the illuminated hole was considered a correct response and followed by the deliv-
ery of a food pellet and the start of 5 seconds intertrial interval (ITI), during which the stimu-
lus light was turned off. A response into a non-illuminated hole was considered an incorrect 
response, extinguished the stimulus light and did not result in delivery of a food pellet. If an 
animal did not respond in any of the holes during stimulus presentation or the limited hold, 
an omission was counted. Both incorrect responses, omissions and responses during the ITI 
resulted in a time-out period of 5 seconds, during which the house light was turned off. In the 
first 5-CSRT task session the SD was set at 16 s, which was decreased in subsequent sessions 
to 8, 4, 2, 1.5 and 1 s if the subject reached criterion performance (omissions < 30%, accuracy 
> 60%, started trials > 50) or after a maximum of 10 consecutive sessions at the same stimu-
lus duration, whichever came first. Thereafter, animals were trained at the stimulus duration 
of 1 second (SD1) for 10 more days. Baseline 5-CSRTT performance was calculated from the 
6th until the 10th session at the stimulus duration of 1 second. Then after, effects of parameter 
manipulation were investigated by shortening the stimulus duration in the same session from 
1 to 0.5 and 0.25 seconds. Task performance was reflected in the following behavioral mea-
sures: (1) percentage of omission calculated as [number of omitted trials / total trials] × 100; 
(1) accuracy, i.e., percentage of correct responses calculated as [number correct trials/(correct 
+ incorrect trials)] × 100; (3) trial number; (4) premature responding, (5) correct response 
latency and (6) reinforcer latency.

Fixed and progressive ratio schedules of reinforcement
A separate cohort of mice was trained similar to the initial 5CSRT phase to respond into an 
illuminated response hole to obtain food, during sessions that ended after 25 min or 50 earned 
food pellets. After mice consistently initiated 50 trials each session, one session was adminis-
tered in which all stimuli were presented the same response hole (center hole) without limited 
hold. During this 30 minute session, mice were allowed to earn an unlimited number of food 
pellets under a fixed ratio 1 schedule (FR1) of reinforcement. Subsequently, mice were sub-
jected to three 30 min sessions under a progressive ratio 2 (PR2) schedule of reinforcement. 
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Data analysis
Data were subjected to an analysis of variance (ANOVA). Whenever a main factor effect and 
interaction effect were found, post hoc comparisons were performed using Newman-Keuls 
test. P > 0.05 was considered as not statistically significant. Data are presented as mean val-
ues ± standard error of the mean.

Supporting Results

No impairment in locomotor activity
A one-way ANOVA performed on total distance travelled in the open-filed showed no sig-
nificant effect of genotype (F(1,27) = 0.77; NS), indicating that β2-/- mice exhibited normal 
locomotor activity (Fig S1).

No impairment in sensorimotor gating
A two-way ANOVA performed on the percent-
age of pre-pulse inhibition showed a signifi-
cant effect of pre-pulse intensities (F(4,100) 
= 66.42; p < 0.001), but no significant effect 
of genotype (F(1,27) = 0.002; NS) and signifi-
cant interaction between pre-pulse intensities 
and genotype (F(4,100) = 1.04; NS), indicat-
ing that β2-/- mice exhibited normal senso-
rimotor gating abilities (Fig S2).

No impairment in learning at early stages of 
the 5-CSRTT acquisition
A two-way ANOVA performed on the percent-
age of omission with stimulus duration (16, 8, 
4, 2, 1.5 and 1 sec) and genotype (WT vs KO) 
as factors revealed a significant effect of stim-
ulus duration (F(5,135) = 128.04; p < 0.001), 
indicating that the percentage of omission in-
creased when the stimulus duration decreased 
(Fig S3A). Moreover, there was a significant 
effect of genotype (F(1,27) = 10.34; p < 0.01), 
as well as a significant interaction between 
stimulus duration and genotype (F(5,135) = 
3.84; p < 0.01). Post-hoc analysis revealed 
that β2-/- mice exhibited more omissions than 
their wild-type littermates at the lover stimu-
lus duration of 2, 1.5 and 1 second (p < 0.05, 
p < 0.01 and p < 0.01, respectively), but not at 
earlier stages of the acquisition (SD16, SD8, 
SD4, NS each) indicating that β2-/- mice nor-
mal learning abilities during early stages of the

Figure S2. Deletion of β2-nACh subunit shows 
no impairment in sensorimotor gating abilities. 
Percentage of pre-pulse inhibition (% PPI) for WT 
(black) and β2-/- mice (white) at five different pre-
pulse intensities (65, 70, 75, 80 and 85 dB). Data 
are presented as mean ± S.E.M.

Figure S1 Deletion of β2-nACh subunit shows 
no impairment in locomotor activity. Total dis-
tance travelled (cm) during a 10-min session in the 
open-field for WT (black) and β2-/- mice (white). 
Data are presented as mean ± S.E.M.
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5-CSRTT training
Analysis performed on accuracy revealed a significant effect of stimulus duration (F(5,135) = 
55.03; p < 0.001), indicating a progressive increase in accuracy until the mice reached stable 
performance (Fig S3B). However, there was no significant effect of genotype (F(1,27) = 
2.63; NS), and no significant interaction between stimulus duration and genotype (F(5,135) 
= 0.13; NS), indicating no significant difference in accuracy during the acquisition of the 
5-CSRTT task between the 2 groups of mice.

Stable level of performance and motivation during baseline SD1 training
After acquisition of the 5-CSRTT task, animals were trained at SD1 for 10 more days until 
they reached stable performance. Analysis of the omission rates at each daily SD1 session 
revealed a significant effect of genotype (F(1,27) = 6.85 ; p < 0.01), but no significant effect 
of day (F(9,243) = 0.31; NS) and no genotype by day interaction (F(9,243) = 0.51; NS) (Fig 
S4A), indicating that all mice have reached stable level of performance during the SD1. Mice 
have the tendency to decrease their responding as the session progresses, which could be an 
indication of fatigue and/or lost of motivation. To test whether β2-/- and WT mice showed 
a similar level of omission while the session progresses, we divided the total percentage of 
omissions into blocks of 20 trials (trials 1 to 20, 21 to 40 and 41 to 60) (Fig S4B). We found 
that mice make more omissions at the end of the session than at the beginning (F(2,56) = 4.99 
; p < 0.05; Newman-Keuls: Block 41-60 vs. Block 0-20; p < 0.01 and vs. Block 21-40; p < 
0.05). However, there was no interaction between blocks and genotype (F(2,56) = 0.34; NS), 

Figure S3. Deletion of β2-nACh 
subunit shows no impairment 
in learning during early stages 
of the 5-SCRTT acquisition. 
(A,B) Percentage of omission 
(A) and accuracy (B) of WT 
(black) and β2-/- mice (white) 
during the acquisition of the 
5-SCRTT at different stages of 
training with a stimulus duration 
of 16, 8, 4, 2 and 1 second. Data 
shown are for the last 3 days of 
testing at each stimulus duration 
(mean ± S.E.M). * p < 0.05 and 
** p < 0.01, significant differ-
ence between groups as revealed 
by the Newman-Keuls post hoc 
test.

Figure S4. Stable level of perfor-
mance and motivation during 
baseline SD1 training. (A) Per-
centage of omission of WT (black) 
and β2-/- mice (white) during the 
last 10 daily SD1 sessions. (B) Per-
centage of omission of WT (black) 
and β2-/- mice (white) during 
the SD1 sessions as a function of 
blocks of trials (block 1 to 20, 21 
to 40 and 41 to 60 trials). Data are 
shown as mean ± S.E.M.
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indicating that β2-/- mice showed a similar decrease in performance across the session as WT 
animals. Thus, the increased omission observed in β2-/- mice cannot be due to an increased 
lost of motivation during the session compared to WT mice.

No impairment in motivation and satiety
We tested whether an increase in omission in β2-/- mice could be explained by a decreased 
motivation to earn rewards. Therefore we scored the total amount of earned sucrose pellets 
during a 30 minute session in which the mice needed to make one nose poke to earn one 
food pellet. β2-/- and WT mice earned the same amount of food pellets during the session, 
indicating that genotype had no effect on the motivation to earn rewards (F(1,19) = 0.13; 
NS, Fig S5A1). To test whether β2-/- and WT mice showed a similar motivation level while 
the session progresses, we divided the total session into 6 blocks of 5 minutes. Motivation 
to earn rewards decreased with block (F(5,90) = 57.29; p < 0.001, Fig S5A2). However, 
there was no significant effect of genotype (F(1,18) = 0.11; NS) and no interaction between 
genotype and motivation in different blocks (F(5,90) = 1.36; NS), indicating that β2-/- and 
WT have same levels of motivation during the whole task. To further test for motivational 
differences between the β2-/- and WT mice we next performed a progressive ratio test on 
three consecutive days. β2-/- and WT mice showed no difference in total amount of earned 
food pellets (Session 1: F(1,19) = 0.12; NS, Session 2: F(1,19) = 0.01; NS, Session 3: F(1,19) 
= 1.58; NS, Fig S5B1) and hence also no difference in the last completed ratio (Session 1: 

Figure S5. Deletion of β2-
nACh subunit shows no 
impairment in motivation 
and satiety. (A) Fixed ratio 1 
(FR1) schedule of reinforce-
ment. Number of food pellets 
earned during the entire FR1 
session (A1) and during 6 
blocks of 5 min (A2) for 
WT (black) and β2-/- mice 
(white). 
(B) Progressive ratio 2 (PR2) 
schedule of reinforcement. 
Number of food pellets 
earned (B1), last completed 
ratio (B2), and number of 
food pellets earned during 6 
blocks of 5 min (B3-5) for 
each of the three PR2 ses-
sions for WT (black) and 
β2-/- mice (white).  Data are 
shown as mean ± S.E.M.
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F(1,19) = 0.12; NS, Session 2: F(1,19) = 0.01; NS, Session 3: F(1,19) = 1.58; NS, Fig S5B2). 
Moreover, we found no difference of motivation during different blocks of single sessions 
(Session 1: F(5,90) = 0.72; NS, Session 2: F(5,90) = 1.62; NS, Session 3: (5,90) = 1.57; NS, 
Fig S5B3-5). 

β2-nACh subunit is necessary for normal performance of the mice during a variable stimulus 
procedure 
The increase in attentional load yielded an overall increase in percentage of omissions in both 
WT (F(2,54) = 15.73; p < 0.001) and β2-/- mice (F(1,27) = 34.62; p < 0.001), indicating that 
omissions reflect an important aspect of attentional processes in both genotypes (Fig S6A). 
Further comparisons revealed that β2-/- mice made significantly more omissions than WT 
mice at every stimulus duration (SD1: F(1,27) = 5.52; p < 0.05, SD0.5: F(1,27) = 9.97; p 
< 0.01 and SD0.25: F(1,27) = 12.95 ; p < 0.01). Increasing attentional load by reducing the 
stimulus duration decreased accuracy (F(2,54) = 14.04; p < 0.001; Newman-Keuls : SD1 vs. 
SD0.5, p < 0.01; SD1 vs. SD0.25, p < 0.001; SD0.5 vs. SD0.25, p < 0.01) (Fig S6B and Table 
S2), but this effect was identical between the 2 groups of mice (genotype effect: F(1,27) = 
0.14; NS; genotype × stimulus duration: F(2,54) = 0.67; NS).

 

No impairment of β2-/- mice in motor and motivational behaviors under the variable stimu-
lus procedure 
β2-/- showed a similar number of trials (genotype effect: F(1,27) = 0.93; NS; genotype × 
stimulus duration: F(2,54) = 0.57; NS), premature responses (genotype effect: F(1,27) = 
1.24; NS; genotype × stimulus duration: F(2,54) = 1.88; NS), correct response latency (geno-
type effect: F(1,27) = 0.92; NS; genotype × stimulus duration: F(2,54) = 0.55; NS) and 
latency to consume the reinforcer (genotype effect: F(1,27) = 2.07; NS; genotype × stimulus 
duration: F(2,54) = 0.38; NS), indicating that increased omission in β2-/- mice was behavior-

Figure S6. β2-nACh subunit is nec-
essary for normal performance of 
the mice during a variable stimulus 
procedure in the 5-CSRTT. (A,B) 
Percentage of omission (A) and accu-
racy (B) of WT (black) and β2-/- mice 
(white) during a variable stimulus 
procedure, in which stimulus dura-
tion was randomly decreased (1, 0.5 
and 0.25 s). * p < 0.05 and ** p < 
0.01, significant difference between 
WT  and β2-/- mice as revealed by the 
Newman-Keuls post hoc test. (C,D) 
Percentage of omission (C) and accu-
racy (D) of WT (black) and α7-/- mice 
(white) during a variable stimulus 
procedure. Data are shown as mean ± 
S.E.M.
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ally specific and was not due to motor or motivational deficits (Table S2). 

No impaired performance of α7-/- in the 5-CSRTT
 Under baseline training (SD1) (Fig 1C,D and Table S3), we found no significant difference 
between α7-/- mice and their WT littermates on the percentage of omission (F(1,35) = 0.10; 
NS), the percentage of accuracy (F(1,35) = 0.05; NS), number of initiated trials (F(1,35) = 
1.11; NS), number of premature responses (F(1,35) = 0.56; NS), correct responses latency 
(F(1,35) = 2.75; NS), or latency to collect earned food pellets (F(1,27) = 0.03; NS). Reduc-
ing the stimulus duration within the same session (Fig S6C,D and Table S4) increased the 
number omission (F(2,70) = 23.23; p < 0.001; Newman-Keuls: SD1 vs. SD0.5, p < 0.001; 
SD1 vs. SD0.25, p < 0.001; SD0.5 vs. SD0.25, NS) and decreased accuracy (F(2,70) = 11.75; 
p < 0.001; Newman-Keuls: SD1 vs. SD0.5, p < 0.01; SD1 vs. SD0.25, p < 0.001; SD0.5 vs. 
SD0.25, p < 0.01). However, this effect was identical between the 2 groups of mice (geno-
type effect: F(1,35) = 0.83; NS; genotype × stimulus duration: F(2,70) = 0.05; NS for the 
omissions and genotype effect: F(1,35) = 0.48; NS; genotype × stimulus duration: F(2,70) = 
1.15; NS for the accuracy). Moreover, α7-/- and WT mice showed a similar number of trials 
(genotype effect: F(1,35) = 0.40; NS; genotype × stimulus duration: F(2,70) = 0.80; NS), 
premature responses (genotype effect: F(1,35) = 0.41; NS; genotype × stimulus duration: 
F(2,70) = 0.04; NS), correct response latency (genotype effect: F(1,35) = 1.49; NS; genotype 
× stimulus duration: F(2,70) = 0.67; NS) and latency to consume the reinforce (genotype ef-
fect: F(1,35) = 1.29; NS; genotype × stimulus duration: F(2,70) = 0.77; NS).

Corroboration of attention deficit in two independent experiments
The effects of absence of the nicotinic β2-subunit were assessed in an independent batch 
of animals (11 WT and 22 β2-/- mice). Analysis performed on the percentage of omissions 
showed a significant effect of genotype (F(1,58) = 32.23; p < 0.001), but no effect of experi-
ments (F(1,58) = 0.07; NS) and no interaction between experiments and genotype (F(1,58) 
= 1.90; NS) (Fig S7A). Analysis performed on accuracy revealed no effect of experiments 
(F(1,58) = 2.53; NS), no effect of genotype (F(1,58) = 2.27; NS), and no interaction between 
experiments and genotype (F(1,58) = 0.49; NS) (Fig S7B). Thus, the results were identical 
and animals reached the same levels of performance in the two experiments.

No effect of virus injection on locomotor activity
Analysis performed on the open-field showed that KOVEC travelled the same distance as 
WTeGFP and KOeGFP (F(2,20) = 0.53; NS), indicating that β2 subunit re-expression had no ef-
fect on locomotor activity (Fig S8). 

Figure S7. Corroboration of at-
tention deficit in two independent 
experiments. Percentage of omission 
(A) and accuracy (B) of WT and β2-/- 
mice during the first (black) and the 
second (white) experiment. *** p < 
0.001, significant difference between 
WT and β2-/- mice as revealed by 
Newman- Keuls post hoc test. Data 
are presented as mean ± S.E.M.
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No effect of virus injection on other measures 
in the 5-CSRTT under baseline condition 
(SD1) as control for motivation 
The effect of lentivector injection (before vs. 
after injection) on other measures was first 
evaluated using SD1 (Table S5). Analysis 
revealed no effect of lentivector injection on 
the number of trials (group effect: F(2,30) 
= 1.0; NS; injection effect: F(1,30) = 3.7; 
NS; group × injection interaction: F(2,30) 
= 0.1; NS), number of premature responses 
(group effect: F(2,30) = 0.11; NS; injection 
effect: F(1,30) = 0.003; NS; group × injec-
tion interaction: F(2,30) = 0.007; NS), cor-
rect responses latency (group effect: F(2,30) = 
0.29; NS; injection effect: F(1,30) = 0.86; NS; group × injection interaction: F(2,30) = 0.47; 
NS), or latency to collect earned food pellets (group effect: F(2,30) = 0.05; NS; injection ef-
fect: F(1,30) = 1.81; NS; group × injection interaction: F(2,30) = 0.19; NS). 

Targeted re-expression of the β2-nACR subunit in the PrL area of the mPFC restores perfor-
mance of the mice during a variable stimulus procedure 
Under a variable stimulus procedure there was an overall increase in percentage of omissions 
(F(2,60) = 13.91; p < 0.001) (Fig S9A). Re-expression of the β2 subunit in the PrL (KOVEC) 
was sufficient to restore the performance of the β2-/- mice on omissions, as they reached sim-
ilar performance as WTeGFP mice (F(2,30) = 3.62; p < 0.05; WTeGFP vs. KOVEC; NS) and made 
less omissions than the KOeGFP mice (KOVEC vs. KOeGFP; p < 0.05). β2 re-expression in the PrL 
had no significant effect on accuracy (group effect: F(2,30) = 0.75; NS; SD effect: F(2,60) 
= 13.49; p < 0.001; group × SD interaction: F(4,60) = 2.22; NS) (Fig S9B), number of trials 
(SD effect: F(2,30) = 1.0; 
NS; group effect: F(2,30) = 
1.0; NS; group × SD inter-
action: F(2,30) = 1.0; NS), 
number of premature re-
sponses (SD effect: F(2,30) 
= 2.99; NS; group effect: 
F(2,30) = 0.84; NS; group 
× SD interaction: F(2,30) = 
0.93; NS), correct responses 
latency (SD effect: F(2,30) 
= 0.20; NS; group effect: 
F(2,30) = 2.14; NS; group 
× SD interaction: F(2,30) 
= 0.38; NS), or latency to 
collect earned food pellets 
(SD effect: F(2,30) = 0.54; 
NS; group effect: F(2,30) = 
1.36; NS; group × SD inter-

Figure S8. β2 subunit re-expression shows no 
impairment in locomotor activity. Total distance 
travelled (cm) during a 10-min session in the open-
field for WTeGFP (black), KOeGFP (white) and KOVEC 
(red) mice. Data are presented as mean ± S.E.M.

Figure S9. Targeted re-expression of the β2-nACR subunit in the PrL 
area of the mPFC restores performance of the mice during a variable 
stimulus procedure. (A,B) Percentage of omission (A) and accuracy (B) 
in the 5-SCRTT during a variable stimulus procedure, in which stimulus 
durations were decreased (1, 0.5 and 0.25 s) for WTeGFP (black), KOeGFP 
(white) and KOVEC mice (red). * p < 0.05 and + p < 0.05, significant dif-
ference compared with WTeGFP and KOVEC, respectively, as revealed by the 
Newman-Keuls post hoc test. Data are shown as mean ± SEM.
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action: F(2,30) = 0.96; NS) (Table S6). Viral eGFP transduction did not affect performance, 
as the genotype effect with respect to omissions was still apparent after eGFP virus injection 
(KOeGFP vs. WTeGFP; p < 0.05). 

Targeted re-expression of the β2-nACR subunit in the PrL area of the mPFC restores perfor-
mance of the mice during a variable inter-trial interval procedure 
We next compared performance of the injected mice in a variable inter-trial interval (ITI) 
procedure, in which ITI durations were randomly increased to 7.5 and 12.5 seconds thus 
making the stimulus unpredictable. Under this task, there was an overall increase in percent-
age of omissions (F(2,60) = 3.41; p < 0.05) (Fig S10A). Re-expression of the β2 subunit in 
the PrL (KOVEC) was sufficient to restore the performance of the β2-/- mice on omissions, 
as they reached similar performance as WTeGFP mice (F(2,30) = 3.60; p < 0.05; WTeGFP vs. 
KOVEC; NS) and made less omissions than the KOeGFP mice (KOVEC vs. KOeGFP; p < 0.05). β2 
re-expression in the PrL had no significant effect on accuracy (group effect: F(2,30) = 015; 
NS; ITI effect: F(2,60) = 1.59; NS; group × ITI interaction: F(4,60) = 1.34; NS) (Fig S10B).

Corroboration of the rescue-effect in two independent experiments
The effects of the β2 subunit re-expression in the mPFC were assessed in a second experi-
ment (13 WTeGFP and 8 KOVEC mice). Under baseline training (SD1) (Fig S11A,B), the per-
centage of omissions showed a significant effect of lentiviral injection (F(1,21) = 5.22; p < 
0.05), as well as a significant group × injection time interaction (F(1,21) = 8.44; p < 0.01) 
(Fig S11A). Post-hoc analysis revealed that β2 subunit re-expression in the mPFC of the 
KOVEC group significantly decreased the percentage of omissions (KOVEC before vs. KOVEC 
after, p < 0.01) to a level similar to WTeGFP mice (WTeGFP vs. KOVEC, NS). In contrast, β2 re-
expression had no significant effect on accuracy (injection effect: F(1,21) = 1.46; NS; group 
× injection interaction: F(1,21) = 1.62; NS) (Fig S11B). Under greater attentional demand 
(Fig S11C,D), analysis performed on omission showed a significant effect of stimulus dura-
tion (F(2,42) = 9.18; p < 0.001), but no significant effect of group (F(1,21) = 0.21; NS) and 
no significant group × SD interaction (F(2,42) = 0.55; NS), indicating that KOVEC reached 
similar performance as WTeGFP mice (Fig S11C). β2 re-expression had no significant effect on 
accuracy (group effect: F(1,21) = 1.78; NS; SD effect: F(2,42) = 11.08; p < 0.001; group × 
SD interaction: F(2,42) = 0.30; NS) (Fig S11D). 

Figure S10. Targeted re-expression of 
the β2-nACR subunit in the PrL area 
of the mPFC restores performance of 
the mice during a variable inter-trial 
interval procedure. (A,B) Percentage 
of omission (A) and accuracy (B) in the 
5-SCRTT during a variable inter-trial 
interval procedure, ITI durations were 
increased (5, 7.5 and 12.5 seconds) 
for WTeGFP (black), KOeGFP (white) and 
KOVEC mice (red). * p < 0.05, signifi-
cant difference compared with WTeGFP, 
as revealed by the Newman-Keuls post 
hoc test. Data are shown as mean ± 
SEM.
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No effect of the re-expression of the β2-nACR subunit in the anterior cingulate area on the 
performance of the mice in the 5-CSRTT
To assess whether the β2 rescue-effect was selective for the PrL area, we compared the base-
line performance of β2-/- mice virally injected in the anterior cingulate. KOVEC animals ex-
hibited significantly more omission than WT eGFP mice (F(1,6) = 12.07 ; p < 0.05) (Fig 3C). 
However, there were no significant effect of lentiviral injection time (F(1,6) = 1.33; NS) and 
no significant group × injection time interaction (F(1,6) = 1.15; NS), indicating that β2 re-
expression in the anterior cingulated had no effect on omission. β2 re-expression had also no 
significant effect on accuracy (group effect: F(1,6) = 0.23; NS; lentiviral injection time ef-
fect: F(1,6) = 0.13; NS; group × lentiviral injection time interaction: F(1,6) = 2.77; NS) (Fig 
3D). Thus, β2 rescue effect was only observed after virus injection in the PrL.

Figure S11. Corroboration of 
the rescue-effect in two inde-
pendent experiments. (A,B) 
Percentage of omission (A) and 
accuracy (B) during baseline 
training (SD1) before and after 
viral injection for WTeGFP (n = 
13, black) and KOVEC mice (n = 
10, red). * p < 0.05, significant 
difference compared with WTeG-

FP; ++ p < 0.01, significant dif-
ference between before and after 
virus injection. (C,D) Percentage 
of omission (C) and accuracy 
(D) in the 5-SCRTT during a 
variable stimulus procedure, in 
which stimulus durations were 
decreased (1, 0.5 and 0.25 s) 
for WTeGFP (black) and KOVEC 
mice (red). Data are presented as 
mean ± S.E.M.



Cholinergic modulation of the mPFC

46



Chapter 2

47







Cholinergic modulation of the mPFC

50



Chapter 3

51

Abstract 

Acetylcholine signaling through nicotinic receptors (nAChRs) in the prefrontal cortex (PFC) 
is crucial for attention. Nicotinic AChRs are expressed on glutamatergic inputs to layer V 
(LV) cells and on LV interneurons and LVI pyramidal neurons. Whether PFC layers are acti-
vated by nAChRs to a similar extent or whether there is layer-specific activation is not known. 
Here, we investigate nAChR modulation of all PFC layers and find marked layer specificity 
for pyramidal neurons: LII/III pyramidal neurons and glutamatergic inputs to these cells do 
not contain nAChRs, LV and LVI pyramidal neurons are modulated by α7 and β2* nAChRs, 
respectively. Interneurons across layers contain mixed combinations of nAChRs. We then 
tested the hypothesis that nAChRs activate the PFC in a layer-specific manner using 2-pho-
ton population imaging. In all layers, nAChR-induced neuronal firing was dominated by β2* 
nAChRs. In LII/III, only interneurons were activated. In LV and LVI, both interneurons and 
pyramidal neurons were activated, the latter most strongly in LVI. Together, these results 
suggest that in the PFC nAChR activation results in inhibition of LII/III pyramidal neurons. 
In LV and LVI, nAChR-induced activation of inhibitory and excitatory neurons results in a 
net augmentation of output neuron activity.
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Introduction

The prefrontal cortex (PFC) plays a central role in attention (Groenewegen and Uylings 
2000; Dalley, Cardinal, et al. 2004). Acetylcholine critically modulates the PFC during at-
tention behavior (Passetti et al. 2000; Dalley, Theobald, et al. 2004; Parikh et al. 2007) and 
shows rapid phasic dynamics on a seconds timescale (Parikh et al. 2007; Sarter et al. 2009). 
Nicotinic acetylcholine receptors (nAChRs), a subset of cholinergic receptors, are fast iono-
tropic receptors and their activation kinetics suggests that they are efficiently activated by 
these rapid increases in acetylcholine. Supporting this, mice lacking specific subunits of the 
nAChR show a decrement in attention performance (Young et al. 2007; Bailey et al. 2010), 
and reexpression of the β2 subunit in the PFC improves attention of β2-null mice (Guillem et 
al. 2011). In addition, nicotinic receptor agonists acting on the PFC increase performance on 
these tasks (Hahn et al. 2003; Howe et al. 2010). To understand the role of nAChRs in cogni-
tive functioning, it is crucial to determine how nAChRs alter cortical information processing 
at the cellular and network level. Here, we investigate what the relative impact of nAChR 
stimulation is on activity in different layers of the PFC network.

Neuronal network activation will strongly depend on which cell types express nAChRs 
as well as the subunit composition of the receptor. Pyramidal neurons in layer VI of the PFC 
contain β2* nAChR accompanied by the accessory α5 subunit, and these receptors activate 
output neurons that project to the medial dorsal thalamus (Kassam et al. 2008). Layer V py-
ramidal neurons are excited by nAChRs that enhance glutamatergic inputs through stimula-
tion of presynaptic β2* nAChRs. nAChR modulation of glutamatergic inputs was abolished 
by lesioning the medial dorsal thalamus, showing that excitatory inputs from the medial 
dorsal thalamus to the PFC are specifically augmented by β2* nAChRs (Lambe et al. 2003). 
nAChRs also increase inhibition to layer V pyramidal neurons (Couey et al. 2007). In layer 
V regular-spiking nonpyramidal cells and low-threshold spiking cells express α7 and β2* 
nAChRs, whereas fast-spiking (FS) interneurons do not. In addition, low-threshold and FS 
interneurons are stimulated through presynaptic nAChRs on glutamatergic inputs (Couey et 
al. 2007; Poorthuis et al. 2009). What type of synaptic inputs and neurons in layer II/III are 
regulated by nAChRs is not known. It is also unknown whether layer VI interneurons are 
modulated by nAChRs. In this study, we address these issues. In addition, since nAChRs are 
found on both inhibitory and excitatory neurons in different PFC layers, it is not straight-
forward to predict how action potential firing of PFC output neurons is altered by nAChR 
stimulation. The nAChR distribution in the PFC suggests a layer-specific activation of the 
PFC by nAChRs. To test this hypothesis, we used 2-photon calcium imaging of large-scale 
PFC neuronal networks with single-cell resolution to assess how nAChR-induced activity is 
distributed across different layers. We find that nAChR-induced neuronal activity increases 
with depth in the cortex and is markedly different across PFC layers due to specific distribu-
tion of β2* nAChRs. 

Materials and Methods

Prefrontal Cortical Slice Preparation
Prefrontal coronal cortical slices (300 μm) were prepared from postnatal day 14 (P14) to P21 
C57 BL/6 mice, in accordance with institutional and Dutch license procedures. Following 
rapid decapitation, the brain was removed from the skull in ice-cold artificial cerebrospinal 
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fluid (ACSF) containing 125 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 3 mM MgSO4, 1 
mM CaCl2, 26 mM NaHCO3, and 10 mM glucose (∼300 mOsm). After removal of the cer-
ebellum, the brain was glued on this plane to create a coronal orientation for cutting slices. 
Slices were then transferred into holding chambers containing ACSF 125 mM NaCl, 3 mM 
KCl, 1.25 mM NaH2PO4, 1 mM MgSO4, 2 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose 
(∼300 mOsm) and bubbled with carbogen gas (95% O2/5% CO2) to recover for at least an 
hour.

Electrophysiology
Slices were transferred to the recording chamber and perfused with standard ACSF (2–3 mL/
min). All experiments were performed at 31–34 °C. Cells were visualized using differential 
interference contrast microscopy. Recordings were made using Multiclamp 700B amplifi-
ers (Axon Instruments, CA), sampled at a frequency of 20 kHz, digitized by the pClamp 
software (Axon), and later analyzed off-line. Patch pipettes (3–5 MOhm) were pulled from 
standard-wall borosilicate capillaries and were filled with intracellular solution: 140 mM K-
gluconate, 1 mM KCl, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 4 mM 
K-phosphocreatine, 4 mM ATP-Mg, and 0.4 mM GTP (pH 7.2–7.3, pH adjusted to 7.3 with 
KOH) (290–300 mOsm) and biocytin (4 mg/mL) (used for excitatory postsynaptic current 
[EPSC] and puff application experiments, reversal potential chloride ∼−127 mV, hence, in-
hibitory postsynaptic currents [IPSCs] in this case are detected as outward currents). Action 
potential profiles of cells were made using hyperpolarizing and depolarizing current steps. 
For IPSC experiments, a modified intracellular solution was used with a high chloride con-
centration (70 mM K-gluconate and 70 mM KCl) to augment γ-aminobutyric acid (GABA)
ergic currents (reversal potential for chloride is ∼−16 mV, hence, GABAergic currents are 
detected as inward currents). All IPSC experiments were done in the presence of 6,7-dinitro-
quinoxaline-2,3-dione (DNQX) (10 μM).

Nicotinic receptor currents on interneurons and pyramidal neurons were tested by pres-
sure ejection of acetylcholine (Sigma, 1 mM) for 100 ms using a Picospritzer III (General 
valve corporation, Fairfield, NJ) from a glass electrode with a tip opening of ∼1 μm. The 
puffer pipette was located ∼20 μm from the soma and placed along the axis of the apical den-
drite either before or behind the soma. The presence of atropine (200 nM) prevented stimula-
tion of muscarinic receptors, and during all experiments, DNQX (10 μM) and bicuculline (1 
μM) were used to block synaptic transmission. For network experiments acetylcholine was 
bath applied.

Analysis and Statistics for Electrophysiological Experiments
Frequency and amplitude of PSCs were analyzed using MiniAnalysis (Synaptosoft, Inc.). 
Local pressure application experiments were analyzed using custom made software for Mat-
lab (Mathworks). To test for frequency differences in PSCs we used a Student’s t-test. To test 
for amplitude differences in PSCs, we used a Kolmogorov–Smirnov test. To test for effects 
of pharmacology or genotype effects on nAChR currents induced by puff application of ACh, 
a Student’s t-test was used. To test for differences in ratios of nAChR-positive and -negative 
cells in different layers, we used a Chi-square test. Significant results were obtained with 
aP value < 0.05. P values between 0.05 and 0.01 are shown as <0.05. Pvalues between 0.01 
and 0.001 are shown as P < 0.01 and P values lower than 0.001 are shown as P < 0.001.
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Two-Photon Calcium Imaging
Loading
Slices were made as described before but in an alternative slicing solution (27 mM NaHCO3, 
1.5 mM NaH2PO4, 222 mM sucrose, 2.6 mM KCl, 0.5 mM CaCl2, and 3 mM MgSO4). Here-
after, slices were incubated in regular ACSF at 35 °C for 20 min and in room temperature for 
another 40 min. For bulk loading, a modified protocol based on Trevelyan et al. (2006) was 
used. Briefly, slices were first preincubated at 37 °C for 5 min in 3 mL ACSF containing 8 
μL Cremophor EL solution (0.5% Cremophor EL in dimethyl sulfoxide [DMSO]). After this, 
1 μL Fura-2-AM solution (25 μg Fura-2-AM with 4.5 μL DMSO and 0.5 μL pluronic acid) 
was pipetted on top of each slice. Then, the slices were left for incubation for 35–40 min after 
which they were put back in the slice chamber with ACSF at room temperature for at least 
45 min.

Imaging
Experiments were performed in ACSF (perfusion speed 2.5 mL/min), continuously bubbled 
with 95% O2/5% CO2, at 32 °C. Imaging was performed using a multibeam 2-photon laser 
scanning microscope system (Trimscope, Lavision BioTec) coupled to a Ti:Sapphire laser 
(Chameleon, Coherent, excitation at 820 nm) and a CCD camera (C9100 Hamamatsu). The 
objective used had a 20× magnification and a 0.95 numerical aperture. The imaged plane was 
always in the same orientation with respect to the pia and the distance between them was de-
termined for later analysis. The imaged area was 300 × 300 μm (pixel size of 0.6 μm, binning 
2 × 2) and the imaging frequency was 9 Hz.

Experimental Protocol
Imaging was done during a 4-min baseline period, 2 min of ACh application, and a period of 
8 min while washing out the applied drugs.

Analysis
Analysis was done using custom made software for Matlab (Mathworks). This program de-
tected cell contours, extracted the fluorescence within these contours as a function of time, 
and detected events, after which manual inspection was done in a blind fashion. Cells were 
divided in 3 depth groups, corresponding to the measured thicknesses of the 3 layers in the 
PFC. Neurons that were between 100 and 300 μm, between 300 and 550 μm, and between 
550 and 800 μm were considered to be part of, respectively, layers II/III, V, and VI.

For determining the activity in the different drug conditions, the percentage of neurons 
showing at least one calcium event was calculated per slice per minute. If slices included 
multiple layers, then, the slice was split up into 2 new slices containing just one layer. Ef-
fects of drugs, layer, and condition were tested using repeated measures analysis of variance 
(ANOVA), which were, if significant, followed by Newman–Keuls post hoc tests.

After this, for direct comparison of the activations in the different conditions, it was de-
termined per neuron whether the activity after ACh application was higher, lower, or equal 
to the amount of calcium events in the minute before ACh application. Chi-square tests were 
performed to test if this statistic was different for the multiple layers, condition, and neuron 
types. In addition, binomial tests were used to determine the significance of the activation for 
every combination.
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Determination of Cell Identity
High-resolution z-stacks were made to optimize the possibilities for identification (voxel 
size: 0.4 × 0.4 × 0.5 μm). For the majority of neurons, proximal dendrites showed strong 
fluorescence.

Cells were only taken into account if dendritic fluorescence was sufficient and cells could 
be identified as interneurons or pyramidal neurons according to the following criteria: 1) the 
presence of a clear apical dendrite, 2) a pyramidal shaped cell body for pyramidal neurons, 3) 
a clear nonpyramidal cell body morphology, and 4) bipolar or multipolar dendrite morpholo-
gies for the interneurons. Criteria 1 and 2 classified the neuron as pyramidal. Criteria 3 and 4 
classified a neuron as interneuron. If the dendrites were not visible in the z-stack, the neurons 
were not categorized.

The identification of cells was done in a blind manner, that is, the experimenter was un-
aware of whether neurons were activated by nicotine receptor stimulation or not, excluding 
the possibility of a bias. After morphological identification, data were compared with elec-
trophysiological experiments.

If neurons could not be unequivocally identified, they were excluded from statistics on 
cell type specific activation.

Histological Staining
For Nissl staining, 5 mice (P14–P19) were perfused with 0.9% NaCl, followed by 4% para-
formaldehyde (PFA). After overnight fixation (4% PFA), slices of 100 μM were cut in so-
dium acetate using a vibratome. Slices were then photographed, to determine their size and to 
correct for shrinkage due to Nissl staining. Slices were then washed in sodium acetate buffer 
(4×, 10 min) and made permeable by sodium acetate + 0.5% Triton X (2 h). As a final step, 
they were stained with 0.5% cresyl violet (10–15 min). Layer borders were determined by 
cytoarchitectonic criteria (Van De Werd et al. 2010). Shown are the average layer depths of 9 
slices along the rostral–caudal axis for all the animals. For identification of neuronal identity 
by morphology biocytin labeled neurons were revealed with chromogen 3,3′-diaminobenzi-
dine tetrahydrochloride (DAB) using the avidin–biotin–peroxidase method and reconstruct-
ed using Neurolucida (Microbrightfield, USA) using a ×100 oil objective.

Results

nAChR Modulation of PFC Pyramidal Neurons
Pyramidal neurons in layer VI of the PFC are modulated by α5-containing β2* nAChRs 
(Kassam et al. 2008). Layer V pyramidal neurons showed no response to local application of 
high doses of nicotine (10 μM) (Couey et al. 2007). Whether layer II/III pyramidal neurons in 
the PFC are modulated by nAChRs is not known. Therefore, we tested whether PFC pyrami-
dal neurons show inward currents upon direct ACh application. We made whole-cell record-
ings from PFC pyramidal neurons in the different layers (Fig. 1) and used wild-type (WT), 
β2-null, or α7-null mice as well as pharmacological tools to determine the nAChR subunits 
involved. Pyramidal neurons were identified by their morphological appearance and based 
on the spiking profile in response to step depolarizations (Fig. 1A1). During recordings, neu-
rons were filled with biocytin for post hoc identification by cell morphology (Figs 1A1 and 
2A1,C1). All recordings were done in the presence of 200 nM atropine to block muscarinic 
receptors as well as DNQX (10 μM) and bicuculline (1 μM) to block synaptic transmission. 
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Local pressure application of ACh (1 mM, 100 ms) onto the soma of LII/III pyramidal cells 
showed that only a very small fraction of cells (3 of 24 neurons, 12.5%) displayed an inward 
current (Fig. 1A2–A4; amplitude 29.6 ± 8.0 pA). These findings show that only a minority 
of layer II/III pyramidal neurons are modulated by nAChRs. The inward currents showed 
the rapid activation and desensitization kinetics characteristic of α7 nAChRs (McGehee and 
Role 1995.

Next, we targeted layer V pyramidal neurons. In contrast to application of 10 μM nico-
tine (Couey et al. 2007), the majority of layer V pyramidal cells (27/31, 87%) displayed a 
rapid inward current upon ACh application (73.4 ± 13.0 pA, n = 27; Fig. 1A2–A4). The cur-
rents were reversibly blocked by the α7 nAChR antagonist methyllycaconitine (MLA; 71.0 
± 14.8 pA vs. −0.8 ± 0.9 pA [n = 7], P < 0.01). In addition, PFC layer V pyramidal neurons 
of transgenic mice lacking the α7 subunit showed no fast inward current (−0.4 ± 0.6 pA [n = 
8], P < 0.001). These data suggest that the majority of layer V pyramidal neurons contain 
functional α7 nAChRs.

In line with previous reports (Kassam et al. 2008), we found that layer VI pyramidal neu-
rons all showed slow inward currents (61.0 ± 9.6 pA, n = 17; Fig. 1A2–A4). The slow ACh-
activated inward current was blocked by the antagonist of β2-containing nAChRs dihydro-
β-erythroidine (DHβE, 74.5 ± 18.5 pA vs. 12.3 ± 3.8 pA [n = 8], P < 0.01) and was absent in 
transgenic mice lacking β2 subunits (3.0 ± 0.7 pA [n = 7], P < 0.001). However, in contrast 
to earlier reports, we did find that a subset of layer VI pyramidal cells showed an additional 
α7-like current (5/25, 20%;Supplementary Fig. S2). Taken together, these data show that a 
distinct modulation of pyramidal neurons by nAChRs exists in different prefrontal cortical 

Figure 1. nAChR modulation of pyramidal neurons. (A1) Membrane potential responses to step current injec-
tions of pyramidal cells in the different layers of the medial PFC (current injections of −100 and +140 pA) and 
examples of post hoc reconstructed pyramidal neuron morphologies. (A2) Current responses of pyramidal neurons 
to local ACh (1 mM) application (all experiments in the presence of atropine 200 nM). Pyramidal neurons display 
a layer-specific modulation by nAChRs. (A3) Histogram quantifying the amount of pyramidal neurons positive 
(black) or negative (white) for functional nAChRs in each layer. (A4) Summary plot of average amplitudes of 
the ACh-induced currents. Currents in layer V pyramidal neurons were blocked by the α7 antagonist MLA (n = 
7, Student›s t-test, P < 0.01) and absent in mice lacking the gene for the α7 subunit (n = 8, Student›s t-test, P < 
0.001). Currents in layer VI pyramidal neurons were blocked by β2* antagonist DHβE (n = 8, Student›s t-test, P < 
0.01) and absent in β2-null mice (n = 7, Student›s t-test, P < 0.001).
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Figure 2. nAChR modulation of glutamatergic synaptic transmission. (A1) Biocytin-filled cells showing the 
morphology of 2 pyramidal neurons in layers II/III and V recorded simultaneously. On top, the recording setup for 
data in A2–A4 is depicted. Scale bar = 100 μm. (A2) Example traces of spontaneous excitatory transmission (EP-
SCs) during baseline (top) and ACh (1 mM) application (bottom) for a double recording of LII/III (green) and LV 
(black). (A3) Histogram of the EPSC frequency. Same neurons as in A2. (A4) Cumulative amplitude distribution 
of EPSCs recorded from a layer II/III pyramidal neuron. ACh application had no effect on the distribution (Kol-
mogorov–Smirnov test, P > 0.05). (B1) Histogram showing the average EPSC frequency over time during nico-
tine (10 μM) application (n = 11). (B2) Cumulative amplitude distribution of EPSCs recorded from a layer II/III 
pyramidal neuron. Nicotine (10 μM) application had no effect on the distribution (n = 11, Kolmogorov–Smirnov 
test, P > 0.05). (B3) Same experiment as in B1 in addition of the GABAa receptor blocker bicuculline (10 μM). 
(C1–C3) Same as in A1–A3 but now for a layer V (black) and LVI pyramidal neuron (green). Scale bar = 250 μm. 
(C4) Cumulative amplitude distribution of EPSCs recorded from a layer VI pyramidal neuron. ACh application 
had no effect on the distribution (Kolmogorov–Smirnov test, P > 0.05). (D1) Average EPSC frequency histogram 
of layer II/III pyramidal neurons (n = 8). Duration of ACh application is indicated by blue bar. (D2) Average EPSC 
frequency histogram of layer VI pyramidal neurons (n = 8). Duration of ACh application is indicated by blue bar. 
(E1) Summary plot of ACh effects on EPSC frequency in pyramidal neurons from different layers. Individual 
recordings are shown with grey dots. Simultaneous recordings in different layers are connected with grey line (n = 
6 layer II/III and LV, n = 4 layer V and LVI). Green dot shows average frequency during acetylcholine application. 
Layers V and VI showed a significant increase in EPSC frequency on ACh application (Indicated by $, n = 21, 
Student›s t-test, P < 0.01 andn = 8, Student›s t-test, P = 0.03). The increase in EPSC frequency was significantly 
lower in LVI (Student›s t-test, P < 0.01). All error bars in figure indicate standard error of the mean.
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layers. The majority of pyramidal neurons in layer II/III do not contain nAChRs. Pyramidal 
neurons in layer V are modulated by nAChRs containing α7 subunits, whereas pyramidal 
neurons in layer VI are under regulation of nAChRs containing β2 subunits, which are oc-
casionally accompanied by α7-like currents (summarized in Fig. 8).

nAChR Modulation of Excitatory Synaptic Transmission in PFC Layers
In addition to direct depolarization by postsynaptic nAChRs on pyramidal neurons, nAChRs 
located on presynaptic glutamatergic inputs can augment the activity of pyramidal neurons 
by increasing glutamatergic signaling (McGehee and Role 1995; Mansvelder and McGehee 
2000). Excitatory inputs to PFC layer V neurons were strongly augmented by activation of 
nAChRs containing β2 subunits (n = 4; Supplementary Fig. S2; Lambe et al. 2003; Couey et 
al. 2007). This augmentation was blocked by tetrodotoxin (TTX; 92.7 ± 18.9% of control, n = 
4, P < 0.01;Supplementary Fig. S2), indicating that nAChRs are located on axonal compart-
ments away from the presynaptic terminal. We investigated whether similar mechanisms exist 
in pyramidal neurons in other cortical layers by making simultaneous recordings of multiple 
pyramidal neurons in different layers and monitoring spontaneous excitatory transmission 
(Fig. 2), which was sensitive to DNQX (10 μM; Supplementary Fig. S2). In stark contrast to 
the frequency increase of EPSCs found in all layer V pyramidal neurons (991.6 ± 172% of 
control, n = 21, P < 0.01; Fig. 2A3,C3,E1), the frequency of EPSCs received by the simulta-
neously recorded layer II/III pyramidal neurons showed no change (112.8 ± 8.4%,n = 8, P = 
0.08; Fig. 2A2,A3,D,E). The amplitude distribution of the EPSCs in layer II/III pyramidal 
neurons did not change in the presence of ACh (n= 8, P > 0.05 for all cells; Fig. 2A4) also in 
contrast to the increase in amplitude by ACh application found in all layer V pyramidal neu-
rons (n = 20/21, P < 0.05, data not shown). Similar to ACh, application of nicotine (10 μM) 
did not alter the frequency and amplitude of EPSCs in layer II/III pyramidal neurons (106.7 
± 4.2%, n = 10, P = 0.34; Fig. 2B1). To test whether a potential effect of nAChR activation 
on excitatory transmission could be masked by a simultaneous effect of ACh on inhibition 
(Couey et al. 2007), bicuculline (10 μM) was applied to block inhibitory transmission. No 
effect was found of nAChR stimulation on the frequency of EPSCs received by layer II/III 
pyramidal neurons (127.3 ± 9.5%, n = 4, P = 0.06;Fig. 2B3). These findings show that ACh 
does not modify excitatory synaptic transmission received by layer II/III pyramidal neurons, 
which suggests that glutamatergic inputs to these neurons do not contain functional nAChRs.

Simultaneous recordings of layer V and VI pyramidal neurons showed that layer VI py-
ramidal neurons experienced a significantly smaller increase in EPSC frequency by ACh 
application than layer V pyramidal neurons (P < 0.01). Only a transient small increase was 
detected (185.1 ± 32.0%, n = 8,P = 0.03; Fig. 2C2,C3,D,E). An increase in amplitude was 
detected in only 1 of 8 cells (Fig. 2C4). These data show that excitatory inputs to layer VI 
pyramidal neurons are mildly modulated by ACh through nAChR activation. In conclusion, 
in contrast to layer II/III pyramidal neurons, both layer V and layer VI pyramidal neurons 
experience increased frequencies of excitatory inputs in the presence of ACh (summarized 
in Fig. 8).

Modulation of Inhibitory Inputs to Pyramidal Neurons by nAChRs Is Limited to Lay-
ers II/III and V
Besides pyramidal neurons, also interneurons are modulated by nAChRs. In layer V, nAChRs 
are expressed by different types of interneurons (Couey et al. 2007). Activation of nAChRs 
on interneurons increases action potential firing and augments the frequency of GABAergic 
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inputs to pyramidal neurons (Alkondon et al. 2000; Ji and Dani 2000; Couey et al. 2007). It 
is not known whether interneurons in other medial PFC layers contain functional nAChRs. 
It is also not known whether pyramidal neurons in layers II/III and VI of the PFC experience 
increased inhibition when nAChRs are activated. We hypothesized that interneurons in corti-
cal layers II/III and VI are also modulated by nAChRs. To test this, we made simultaneous 
whole-cell recordings of pyramidal neurons in different layers and monitored IPSCs upon 
ACh application (Fig. 3A). All currents could be blocked by the GABAa receptor antagonist 
bicuculline (10 μM, n= 5; Supplementary Fig. S3). In layer II/III pyramidal neurons, applica-
tion of ACh increased the frequency of IPSCs (P < 0.05 for 8 of 10 neurons;Fig. 3A,B,D). In si-
multaneously recorded layer V pyramidal neurons, a similar increase in IPSC frequency upon 
ACh application was found in 15 of 16 cells (P < 0.05; Fig. 3A,B,D). Between layer II/III and 
layer V pyramidal neurons, no significant difference in frequency increase was observed (P = 
0.5; Fig. 3D). In both layers, the amplitude of IPSCs showed a shift toward larger amplitudes 
in the majority of pyramidal cells (6 of 10 layer II/III neurons, 10 of 16 layer V neurons, P < 
0.05; Fig. 3C). In both layer V and layer II/III pyramidal neurons, the effects on frequency 
and amplitude of IPSCs were blocked by the antagonist for nAChRs mecamylamine (LII/III: 
505.3 ± 148.2% of control [n = 10] vs. 117.9 ± 9.2% [n = 3], P < 0.05. LV: 351.2 ± 42.8% [n = 
16] vs. 87.4 ± 3.4% [n = 3], P < 0.01; Fig. 3E andSupplementary Fig. S2) and sodium channel 
blocker TTX (LII/III: 505.3 ± 148.2% [n = 10] vs. 101.3 ± 13.8% [n = 2], P < 0.05. LV: 351.2 
± 42.8% [n= 16] vs. 108.6 ± 8.2% [n = 3], P < 0.01; Fig. 3E and Supplementary Fig. S2). This 
suggests that these nAChR effects are not mediated by presynaptic receptors but by receptors 
located on perisomatic compartments of interneurons. In contrast, the majority of layer VI 
pyramidal neurons showed no changes in IPSC frequency or amplitude in response to ACh 
application (10 of 12 cells showed no response, P > 0.05; Fig. 3A–D). In 2 of 12 pyramidal 
neurons, ACh did increase IPSC frequency and amplitude (not shown). Taken together, these 
data suggest that in layers II/III and V, inhibitory synaptic transmission received by pyrami-
dal neurons is augmented by nAChR stimulation, whereas in layer VI, inhibitory inputs to the 
majority of pyramidal neurons are not controlled by nAChRs.

nAChR Modulation of PFC Nonfast-Spiking Interneurons
Different types of interneurons in PFC layer V express various types of nAChRs (Couey et al. 
2007). Which interneurons in layers II/III and VI contain nAChRs is not known. Using WT, 
β2-null, and α7-null mice as well as pharmacology in whole-cell recordings from interneu-
rons, we tested which interneuron subtypes are modulated by nAChRs. We distinguished be-
tween 2 types of inhibitory neurons: fast-spiking (FS) interneurons and nonfast-spiking (NFS) 
interneurons (Kawaguchi and Kubota 1997), which can be distinguished based on morphol-
ogy and action potential firing characteristics (Figs 4A1,A2 and 5A1,A2 and Supplementary 
Table 1). FS interneurons showed high action potential firing frequency and had a low input 
resistance (183.0 MΩ ± 13) and narrow spike width (0.49 ms ± 0.02,n = 32; Supplementary 
Table 1 and Fig. 5). NFS cells showed a broader spike width (0.96 ms ± 0.03, P < 0.05) and a 
higher input resistance (331 MΩ ± 13, P < 0.05, n = 76; Supplementary Table 1 and Fig. S4). 
Upon direct application of ACh (in the presence of atropine, 200 nM, and DNQX, 10 μM, and 
bicuculline, 1 μM) NFS cells in layers II/III and V showed mixed responses (Fig. 4A3). In 
layer II/III, 29 of 47 cells showed a response to ACh (Fig. 4B1). In 9 of these 29 NFS neurons, 
a slow current was activated that was most likely mediated solely by nAChRs containing the 
β2 subunit (Figs 4A3 and 5B1,B2), since slow currents were blocked by DHβE and absent in 
β2-null mice (Fig. 4A5). Seven of 29 NFS cells showed only a rapid α7-like inward current. 
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Rapid inward currents that were present in β2-null mice were blocked by MLA (n = 5, P < 
0.01; Supplementary Fig. S2) and absent in α7-null mice (Fig. 4A3–A5,B1,B2). Close to half 
of the NFS cells in which ACh induced an inward current, a mixed current was detected that 
was most likely mediated by both β2* and α7 nAChRs (Fig. 4A3,B1). MLA blocked the fast 

Figure 3. nAChR modulation of inhibitory transmission received by pyramidal neurons. (A) Example traces 
showing spontaneous IPSCs recorded from PFC pyramidal neurons in the absence (green) and presence of 1 mM 
ACh (blue). (B) Histograms showing the frequency of IPSCs during a single experiment. (C) Cumulative ampli-
tude distribution showing that during acetylcholine application IPSCs with larger amplitude appeared in layers II/
III (6 of 10 neurons) and LV (10 of 16 neurons, Kolmogorov–Smirnov test, P < 0.05) but not in layer VI (10 of 12 
neurons, Kolmogorov–Smirnov test, P > 0.05). (D) Average IPSC frequency histogram for pyramidal neurons in 
different PFC layers during acetylcholine application. Blue bar indicates the time when acetylcholine is present. 
Acetylcholine significantly increased the IPSC frequency in LII/III (505.3 ± 148.2%, Student’s t-test, P < 0.01) 
and LV (351.2 ± 42.8%, P < 0.001) but not in LVI (153.6 ± 18.4%, P = 0.09). (E) Summary bar graph quantifying 
the effect of acetylcholine and different blockers on the IPSC frequency measured in prefrontal cortical pyramidal 
neurons (mecamylamine; LII/III: 505.3 ± 148.2% of control [n = 10] vs. 117.9 ± 9.2% [n = 3], P < 0.05. LV: 351.2 
± 42.8% [n = 16] vs. 87.4 ± 3.4% [n = 3], P < 0.01, TTX; LII/III: 505.3 ± 148.2% [n = 10] vs. 101.3 ± 13.8% [n = 
2], P < 0.05. LV: 351.2 ± 42.8% [n = 16] vs. 108.6 ± 8.2% [n = 3], P < 0.01).
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component of this current, whereas DHβE blocked the slow component (n = 2; Fig. 4A4). 
Within the group of NFS neurons, a subpopulation of neurons expresses somatostatin. These 
cells mainly target distal tufts of pyramidal cells (Kawaguchi and Kondo 2002;Silberberg 
and Markram 2007) and have been shown to express nAChRs in layer V (Couey et al. 2007). 
To test whether somatostatin-positive cells in LII/III also contain functional nAChRs, we 
used the GIN-line that expresses eGFP in somatostatin-positive cells in superficial layers (Ma 
et al. 2006). All somatostatin-positive cells tested showed inward currents upon ACh applica-
tion. Most cells showed slow inward currents reminiscent of β2*-like nAChRs (4 of 5 cells, 
80%), whereas one cell displayed the rapid α7-like nAChR response (Fig. 4B3).

In layer V, a larger proportion the NFS cells showed an inward current upon direct ACh 
application (85.7% vs. 68.4%, P < 0.001; Fig. 4B1). ACh induced in 18 of 21 layer V NFS 
cells mixed inward currents (Fig. 4A3). As with layer II/III NFS cells, these fell into 3 groups: 
one group of NFS cells showed only β2-like nAChR-mediated slow currents (Fig. 4A3). A 

Figure 4. nAChR modulation of NFS interneurons. (A1) Biocytin staining of NFS and FS interneurons in layer 
V. Lower panel shows characteristic action potential firing of NFS and FS cells. Scale bar is 250 μM. (A2) Spike 
profile of NFS interneurons in different layers (current injection −100 and +140 pA). (A3) Example traces of ACh-
induced responses in NFS interneurons. Fast α7-like, slow β2*-like, and mixed nAChR responses were observed. 
(A4) NFS cell showing mixed nAChR response. Fast α7-like components were blocked by MLA (10 nM), whereas 
the slow β2*-like component was blocked by DHβE (10 μM). (A5) Example traces of NFS cells recorded in β2- 
and α7-null mice. β2-null mice only exhibited fast onset nAChR responses or cells without a nAChR response. 
α7-null mice showed either no nAChR response or slow nAChR responses. (B1) Histogram summarizing the 
nicotinic receptor distribution on NFS cells for each layer. (B2) Average amplitude of the α7-like and β2*-like 
nAChR-mediated responses in different layers. (B3) Somatostatin-positive cells expressing eGFP are positive for 
β2*-like nAChR-mediated currents.
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second group showed only fast α7-like inward currents, whereas the third group showed a 
mix of fast and slow currents (Fig. 4A3,B1,B2).

In layer VI, all 8 recorded NFS cells showed slow ACh-induced inward currents of 38.4 
± 8.4 pA (Fig. 4A3,B1,B2). Thus, nAChR modulation of NFS interneurons in PFC is layer 
specific, with a higher proportion of NFS cells in deep layers that contain functional nAChRs. 
β2-containing and α7 nAChRs are found separately or on the same neuron in layers II/III 
and V. Layer VI NFS neurons display currents reminiscent of β2-containing nAChRs (sum-
marized in Fig. 8).

nAChR Modulation of Fast-Spiking Interneurons
In contrast to NFS cells, FS cells in all PFC layers did not show β2-containing nAChR-medi-
ated inward currents upon ACh application. All inward currents recorded in FS cells had fast 
onset and decay kinetics, reminiscent of α7 nAChRs, and were 78.3 ± 20.7 pA (LII/III) and 
64.9 ± 11.2 pA (LV) in amplitude (Fig. 5A3,B1,B2). Layer II/III contained the highest propor-
tion of nAChR containing FS cells. Nine of 11 FS neurons showed the fast inward current 

Figure 5. nAChR modulation of FS interneurons. (A1) Biocyting staining of an FS interneuron. Lower panel 
indicates spike width and input resistance for FS and NFS cells. Scale bar = 25 μm. (A2) Spike profile of FS in-
terneurons in different layers. (A3) Example traces of ACh-induced responses in FS interneurons. α7-mediated 
responses were observed in layer II/III and half of the layer V neurons (positive and negative example shown) but 
not in layer VI. (B1) Histogram summarizing the amount of FS cells positive for nAChRs. (B2) Summary of the 
average amplitudes of α7 currents on FS cells per layer. (B3) All nAChR-induced currents on FS cells could be 
blocked by MLA (n= 3) but not by DHβE (n = 2). FS cells in α7-null mice were not found to express functional 
nAChRs (n = 2).
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that was blocked by MLA (n = 3, P = 0.04;Fig. 5A3,B3) and was absent in α7-null mice (n = 
2, P < 0.01; Fig. 5B3). In layer V, 7 of 13 cells expressed fast ACh-induced inward currents 
(Fig. 5B1,B2). In layer VI, 6 FS cells were detected, and they did not contain nicotinic recep-
tors. Taken together, the majority of FS cells in layer II/III and about half of the FS cells in 
layer V contain functional nAChRs of the α7 subtype (summarized in Fig. 8).

Network Modulation of the Prefrontal Cortex by nAChRs
Cholinergic signaling in the PFC can occur on a timescale of seconds to minutes (Parikh et 
al. 2007; Sarter et al. 2009). Our data show that nicotinic receptors are expressed by inhibi-
tory neurons in layer II/III and by both excitatory and inhibitory neurons in layer V and layer 
VI. How activation of the nAChRs on these opposing types of neurons affects the balance 
of neuronal activity in the different layers when acetylcholine levels increase in the PFC is 
not known. In addition, layer V pyramidal neurons get activated through presynaptic β2* 
nAChRs, whereas layer VI pyramidal neurons are stimulated through postsynaptic β2* re-
ceptors directly. How activation of the receptors alters the balance of activity among these 
different layers is not known. Given the distribution of nAChRs across the layers, we hypoth-
esize that activation of the PFC by nAChRs is layer specific. To test this, we monitored neu-
ronal activation in different layers with single-cell resolution by 2-photon imaging of medial 
PFC slices that were bulk loaded with the calcium indicator Fura-2-AM (Fig. 6). Changes 
in fluorescence were proportional to the amount of action potential firing in activated neu-
rons, as reported in the literature (Supplementary Fig. S1; Cossart et al. 2005). The depth of 
prefrontal cortical layers II/III, V, and VI was determined by post hoc Nissl staining (Fig. 
6C,D). Subsequently, neurons were assigned to layers by their distance from the pia. After 
baseline activity was recorded in the presence of the muscarinic receptor blocker atropine 
(200 nM) for at least 4 min, acetylcholine (ACh, 1 mM) was applied for 2 min. During base-
line, neuronal activity was low: every minute on average 2.46% ± 0.35% of the neurons (n = 
82 slices) exhibited at least one fluorescence transient (Fig. 6A,B,E). During wash in of ACh, 
a higher proportion of the cells in the slices displayed fluorescence transients (Fig. 6A,B,E). 
Increased activity was found across all layers (Fig. 6E). Neuronal activity in LVI (550–800 

Figure 6. ACh-induced neuronal activation is most prominent in deep layers. (A) Top traces: schematic repre-
sentation of the experimental protocol and an example of the fluorescence of one cell during the entire experiment. 
Bottom panels: example of automatically detected cell contours and fluorescence traces from these cells. Cells that 
are indicated in red showed increased activity during ACh application. Fluorescence traces of 3 highlighted neu-
rons during ACh application show downward deflections that indicate calcium influx due to neuronal activity. (B) 
Rasterplot of network activity during a single experiment. Black ticks represent the occurrence of a calcium event. 
During application of ACh, there is an increase in the number of cells showing calcium events. (C) Left: example 
of a Nissl-stained coronal slice, prelimbic area is indicated by black lines. Colored lines indicate the depth of 
layers within the prelimbic area (yellow is LII/III, red is LV, and LVI is black). Right: schematic cartoon indicat-
ing the medial prefrontal cortical areas. (D) Overview of the average depth of prefrontal cortical layers defined by 
Nissl staining (upper black values) and depth of layers used to categorize the imaged cells (lower green values). 
(E) Percentage of cells that is active per minute in different layers (n= 82 slices). ANOVA repeated measure test-
ing indicated that the drug effect (P < 0.001) and its interaction with the layers (P < 0.05) are significant. In deep 
layers, there is a significant effect of ACh application (layer V: P < 0.01 [n = 37]; layer VI: P < 0.001 [n= 23, New-
man–Keuls post hoc test]). During wash out, activity returned to baseline (layer V: P < 0.01; layer VI: P < 0.001). 
(F) Example of identification of neurons. On the left, a collapsed z-stack at high resolution. On the right, examples 
of identified neurons, interneurons (1, 2, and 4), and pyramidal neurons (3). (G) Percentage of identified pyramidal 
and interneurons which activity was increased during ACh application. Pyramidal cells showed a significant in-
crease in the percentage of cells that was active in both layer V (P < 0.01) and layer VI (P < 0.001, binomial test). 
In addition, the size of the activation was significantly different between layers (P < 0.01). Interneuron activation 
was not significantly different between the 3 layers. All error bars represent standard error of the mean.
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μm) was most strongly affected by nAChR stimulation (14.2 ± 3.1% active cells, P < 0.001). 
In contrast, in LII/III (100–300 μm), only moderate numbers of neurons were activated dur-
ing nAChR stimulation (5.7 ± 1.8%, P = 0.24;Fig. 6E). Nicotinic AChR activation induced 
intermediate amounts of activity in LV (300–550 μm; 9.6 ± 1.3%, P < 0.01). Baseline activity 
was not significantly different between layers and wash out of ACh resulted in activity levels 
similar to baseline (P = 0.87, 0.97 and 0.64 for, respectively, LII/III, V, and VI). nAChR-
induced activity was completely absent in the presence of the nAChR antagonist mecamyla-
mine (10 μM, −0.3 ± 1.6% activation, P = 0.85).

The cell types that were activated by nAChR stimulation were identified from high-res-
olution z-stacks of the imaged slices (see Materials and Methods). More than half of the 
individual neurons could be identified as either pyramidal or interneuron based on morphol-
ogy (Fig. 6F). We found that nAChR stimulation activated interneurons similarly across all 
layers (Fig. 6G). Layer II/III pyramidal neurons showed no change in activity upon nAChR 
stimulation (P = 0.6). This is in contrast to layer V and layer VI where, besides interneurons, 
also pyramidal neurons were prominently activated by nAChR stimulation (P < 0.01 and P < 
0.001). The increase in pyramidal neuron activity was significantly different for the PFC 
layers (P < 0.01) (Fig. 6G). Taken together, nAChR stimulation results in more neuronal 
activity in LV and LVI of the PFC activating both pyramidal and interneurons. In superficial 
layers, fewer cells show activity upon nAChR stimulation, and these are all interneurons.

Neuronal Network Activation by nAChRs Is Mediated by β2* nAChRs
Our results show that neurons in the PFC can be stimulated through both α7 and β2-
containing nAChRs. Modulation of layer VI neurons is dominated by β2* nAChRs. How-
ever, LV pyramidal neurons are stimulated through presynaptic β2* nAChRs and postsyn-
aptic α7 nAChRs. Also interneurons in LII/III and LV show mixed β2* and α7 responses. 
To investigate the contribution of α7 and β2* nAChR in inducing network activity during 
ACh concentration changes at the scale of seconds to minutes, we imaged neuronal activ-
ity upon ACh bath application in β2- and α7-null mice (Fig. 7). Both WT and α7-null mice 
show strong layer-dependent activations (Fig. 7A–C [WT: P < 0.001; α7 null: P < 0.001]: 
WT layer II/III: P < 0.01; layer V: P < 0.001; layer VI: P < 0.001; α7 null: layer II/III: not 
significant, ns; layer V: P < 0.001; layer VI: P < 0.001), whereas none of the layers showed a 
significant activation in β2-null mice (Fig. 7A–C). The activation was significantly stronger 
in PFC slices of WT and α7-null than in β2-null animals in layer V and layer VI (WT vs. β2 
null: layer V: P < 0.001; layer VI: P < 0.001; α7 null vs. β2 null: layer V: P < 0.001; layer 
VI: P < 0.001). Hence, although layer V neurons show prominent expression of α7 nAChRs 
on pyramidal and interneurons, no change in activity was found. Only in LII/III, we did not 
find a significant activation upon application of ACh in α7-null mice, but activity levels were 
not statistically different from WT.

Thus, nAChR-induced neuronal activation across PFC layers strongly depends on β2-
containing nAChRs when ACh levels rise in a sustained manner on a timescale of seconds 
to minutes. These data may suggest that the relatively slow changes in ACh concentrations 
do not result in strong enough inward currents mediated by α7 nAChRs to induce action 
potential firing by neurons. To test this, we recorded from layer V pyramidal neurons and 
compared the peak amplitude of α7 currents induced by puff application and bath applica-
tion on the same cells. Peak amplitude was high during puff application, while bath applica-
tion resulted in low amplitude currents (Supplementary Fig. S4). This is in contrast to β2* 
nAChRs on layer VI pyramidal neurons which reached similar peak amplitudes during both 
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types of ACh application. These data suggest that when ACh levels rise in the PFC on the 
scale of seconds to minutes (Sarter et al. 2009), neuronal activation is predominantly medi-
ated by β2-containing nAChRs.

Figure 7. ACh-induced network activity in α7- and β2-null mice. Activation of PFC neurons by ACh (1 mM) 
in mice lacking β2 and α7 subunits shows a strong contribution of β2 subunits to the observed activation of the 
network. (A) Rasterplot of network activity in slices from WT, α7-null and β2-null mice. (B) Fluorescence traces 
during ACh application for WT, α7-null and β2-null mice. (C) Summary histogram showing that both WT and α7-
null mice show strong layer-dependent (WT: P < 0.001; α7 null: P < 0.001) activations (binomial tests: WT layer 
II/III: P < 0.01; layer V: P < 0.001; layer VI: P < 0.001; α7 null: layer II/III: not significant, ns; layer V: P < 0.001; 
layer VI: P < 0.001), whereas none of the layers shows a significant activation in β2-null mice. The activation is 
significantly stronger in PFC slices of WT and α7-null than in β2-null animals in layer V and layer VI (WT vs. β2 
null: layer V: P < 0.001; layer VI: P < 0.001; α7 null vs. β2 null: layer V: P < 0.001; layer VI: P < 0.001).
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Discussion

Activation of the PFC by nAChRs will depend on which cell types express nAChRs and what 
subunits they are made of. Since nAChRs modulate excitatory as well as inhibitory neurons 
in the PFC circuitry, an understanding of how the PFC output is affected by nAChR activa-
tion requires an integrated view of nAChR-induced activity in the PFC. Using a combined 
approach of whole-cell recordings and 2-photon network imaging, we find in this study that 
1) PFC pyramidal neurons in different layers show a differential pattern of nAChR modula-
tion: layer II/III pyramidal neurons do not contain nAChRs, layer V pyramidal neurons con-
tain α7 nAChRs, and layer VI pyramidal neurons are modulated by β2* nicotinic receptors; 
2) glutamatergic inputs to layer II/III are not regulated by nAChRs in contrast to excitatory 
inputs to layer V and layer VI pyramidal neurons; 3) interneurons show differential patterns 
of nAChR modulation, in layers II/III and V, α7 and β2* nAChRs are found, whereas in layer 
VI, only β2* nAChRs are found (summarized in Fig. 8); 4) nAChRs stimulate both excitatory 
and inhibitory neurons in layers V and VI, and this results in a net augmentation of activity 
of layer V and VI pyramidal neurons, whereas in layer II/III, only interneurons are activated; 

Figure 8. Overview of nicotinic receptor modulation of the different cell types in all PFC layers.
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and 5) network activity in the PFC in response to bath application of ACh is layer specific 
and dominated by β2* nAChRs.

Layer-Specific nAChR Modulation of PFC Pyramidal Neurons
In the PFC, nAChR expression is found across all layers (Gioanni et al. 1999). nAChRs 
can alter pyramidal neuron activity by enhancing glutamatergic inputs or by activating post-
synaptic receptors directly (Poorthuis et al. 2009). Hippocampal pyramidal neurons express 
functional α7 nAChR (Ji et al. 2001). In motor cortex, somatosensory cortex, and visual cor-
tex, layer II/III and layer V pyramidal neurons do not contain nAChRs (Nicoll et al. 1996; Gil 
et al. 1997; Xiang et al. 1998; Porter et al. 1999; Gulledge et al. 2007). We find that PFC layer 
II/III pyramidal cells also do not contain nAChRs and also glutamatergic inputs to these py-
ramidal neurons are not modulated by nAChRs. Hence, nAChRs do not augment the output 
of superficial pyramidal neurons.

In contrast, in layer V pyramidal neurons, activation of presynaptic β2* nAChRs on glu-
tamatergic inputs from the thalamus strongly enhances activity of these neurons (Gioanni 
et al. 1999; Lambe et al. 2003; Couey et al. 2007). We find that these presynaptic mecha-
nisms are specific to layer V, as they are absent in layers II/III and VI. This may suggest that 
nAChR-mediated modulation of thalamic inputs to the PFC is specifically targeting layer V 
pyramidal neurons, which projectmainly to the striatum and hypothalamus (Gabbott et al. 
2005). Nicotinic enhancement of thalamic inputs to the cortex also plays a role in primary 
sensory areas, where it enhances sensory representation in the cortical target structure (Pen-
schuck et al. 2002; Disney et al. 2007; Kawai et al. 2007). In addition to presynaptic β2* 
nAChRs that can augment its activity, layer V pyramidal neurons also contain postsynaptic 
α7 nAChRs. In contrast to layer V, excitatory glutamatergic inputs to layer VI pyramidal 
neurons were mildly modulated by nAChRs. As was reported (Kassam et al. 2008), we found 
that these neurons are modulated by β2* nAChRs that are responsible for the strong activa-
tion of the layer VI neuronal population. Layer VI pyramidal neurons in entorhinal cortex 
also have been reported to be modulated by non-α7 nAChRs, most likely containing β2 
subunits (Tu et al. 2009)

Modulation of PFC Interneurons by nAChRs
Interneurons form a highly diverse group of cells with distinct roles in cortical computation 
(Kawaguchi 1993; Markram et al. 2004). Here, we distinguished between FS and NFS cells, 
as well as somatostatin-positive cells, a subgroup of NFS cells. FS cells target the perisomatic 
region of pyramidal neurons (Kawaguchi and Kubota 1997, 2002) and are therefore thought 
to be involved in regulating the activity window of pyramidal neurons. In somatosensory 
areas, FS cells regulate feedforward inhibition of incoming thalamic inputs (Sun et al. 2006). 
Feedforward inhibition in the PFC plays an important role in the integration of hippocampal 
inputs, which enter the PFC through superficial layers (Jay and Witter 1991;Tierney et al. 
2004). We find that FS cells in layer II/III contain α7 nAChRs, as do about half of the FS 
cells in layer V. This contrasts to studies that report the absence of nAChRs on these neurons, 
which might be attributable to the use of a different agonist (Couey et al. 2007) or species and 
age differences (Gulledge et al. 2007). nAChR activation on FS interneurons in PFC layer II/
III may alter processing of hippocampal inputs.

Somatostatin-positive cells target distal dendritic regions (Kawaguchi and Kondo 
2002; Silberberg and Markram 2007) and can mediate disynaptic inhibition between pyra-
midal neurons (Kapfer et al. 2007; Silberberg and Markram 2007). We found that all cells 
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that are nonfast-spiking and somatostatin-positive in layers II/III and V were positive for 
nAChRs, suggesting that nAChRs play an important role in modulating feedback inhibition 
among pyramidal neurons in these layers.

Increased inhibition through activation of nAChRs expressed by interneurons has been 
found in many different brain regions (Jones and Yakel 1997; Xiang et al. 1998; McQuiston 
and Madison 1999; Alkondon et al. 2000; Ji and Dani 2000; Mansvelder et al. 2002; Gulledge 
et al. 2007). When activated by nAChR stimulation, interneurons can alter activity and plas-
ticity in pyramidal neurons (Xiang et al. 1998; Alkondon et al. 2000; Ji and Dani 2000; Ji 
et al. 2001; Couey et al. 2007). Increased inhibition can lead to blockade of LTP induction 
in the hippocampus (Ji et al. 2001) and an increase in the threshold for induction of spike 
timing–dependent plasticity (Couey et al. 2007). Similar mechanisms may play a role across 
PFC layers since we find that NFS cells in all layers express nAChRs.

An Integrated View of PFC Neuronal Network Modulation by nAChRs
An understanding of how information processing in cortical networks is altered by nAChR 
activation requires an integrated view of nAChR activation across all layers, with cellular 
resolution. Using voltage-sensitive dye imaging, Tu et al. (2009) found that in entorhinal 
cortex low concentrations of nicotine predominantly activate neuronal populations in layer 
VI. However, the identity of the activated neurons could not be confirmed during these ex-
periments due to lack of cellular resolution. Two-photon imaging offers cellular resolution 
while simultaneously monitoring the activity of hundreds of neurons (Cossart et al. 2005). 
Using this method, we find that in the PFC distinct populations of neurons are activated by 
nAChR stimulation in a layer-specific manner. As in entorhinal cortex (Tu et al. 2009), we 
find that in the PFC nAChR stimulation results in the strongest activation of layer VI neu-
ronal populations. These populations consist of both pyramidal neurons and interneurons. A 
similar picture is seen in layer V, but β2* nAChRs located on presynaptic terminals activate 
layer V output neurons to a lesser extent than postsynaptic β2* nAChRs in layer VI pyra-
midal neurons. In contrast, nicotinic AChR-mediated activation of neuronal populations in 
layer II/III only consisted of interneurons. When monitoring network activity induced by 
ACh, we found that in all layers, the amount of nAChR-induced neuronal activity in α7-null 
mice is comparable to that seen in WT mice. In contrast, in layer II/III and V networks of 
β2-null mice, nAChR-induced neuronal activity is absent. Thus, during bath application of 
ACh, nicotinic receptor modulation of the activity in PFC layer II/III and V neuronal popula-
tions is dominated by β2* nAChRs. We show that α7 nAChRs are not efficiently activated 
by slow increases in acetylcholine as delivered through bath application. The amplitude of 
the depolarizing current reached by bath application is low and probably does not induce 
action potential firing in these cells. β2* receptors are efficiently activated by both types of 
ACh application. Part of cholinergic signaling in the PFC happens on the scale of seconds 
to minutes (Sarter et al. 2009). Hence, these data suggest that during prolonged high levels 
of acetylcholine, the increase in neuronal activity is mainly mediated by β2* nAChRs. For 
induction of neuronal action potential firing by α7 nAChR stimulation, faster subsecond cho-
linergic signals may be required.

Changing Levels of nAChR Modulation and Expression over Development
nAChR expression levels change over development. For the PFC, it has been shown that 
β2* nAChR responses to acetylcholine of LVI pyramidal neurons decrease with age in the 
PFC (Kassam et al. 2008). Also, α7 nAChRs are known to be highly expressed in developing 
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networks and distribution and expression changes in the developing cortex, but expression 
persists into adulthood (Tribollet et al. 2004), although this is not specifically known for the 
PFC. Nicotinic receptors might therefore be involved in the development of neuronal net-
works. Indeed, α7 nAChRs have indeed been implicated in the formation of thalamocortical 
synapses (Broide et al. 1996) and β2* nAChRs in the structural development of PFC LVI 
pyramidal neurons (Bailey et al. 2012). In this study, we used young PFC slices. Nicotinic 
receptor modulation of the PFC might be altered in adult animals.

Functional Implications
Rapid acetylcholine release is critical for attention performance (Parikh et al. 2007). Nicotine 
can enhance attention performance by acting on nAChRs in the PFC (Hahn et al. 2003). Ac-
cumulating evidence indicates that β2* nAChRs have a central role in regulating neuronal 
networks involved in attention. First, specific reexpression of the β2 subunit in β2-null mice 
increases attention performance (Guillem et al. 2011). Second, diminishing endogenous ac-
tivation of β2* receptors by deleting its accessory α5 subunit leads to decreased attention 
performance in the 5-choice serial reaction time task (Bailey et al. 2010). Third, β2* nAChR 
agonist are more efficient in enhancing cognitive performance in attention tasks compared 
with nicotine that acts on both β2* and α7 nAChRs (Howe et al. 2010). We found that β2* 
nAChRs are the main receptor subtype altering activity within the neuronal network of the 
PFC upon prolonged slow application of ACh. Layer II/III pyramidal neurons are inhibited 
by nAChR stimulation. Layer V and layer VI pyramidal neurons, which connect to subcorti-
cal output structures, get prominently activated by nAChR stimulation. Layer VI pyramidal 
neurons, which get most prominently activated, project mainly to the medial dorsal thalamus, 
whereas layer V neurons project mainly to the striatum and hypothalamus (Gabbott et al. 
2005). How acetylcholine and nicotine alter prefrontal cortical network activity in different 
cortical layers during attentional tasks is not known. Our data show that nAChRs regulate 
prefrontal cortical circuitry in a layer-specific manner. Hence, when studying the modulatory 
effects of acetylcholine release and nicotine on attention performance in vivo, layer specific-
ity is a critical factor.
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Supplementary figure 1. Calcium events are associated with action potential firing in 
recorded neurons. Simultaneous fluorescence imaging and intracellular stimulation showing 
the relationship between the number of action potentials and the size of the calcium transients. 
Action potentials were evoked every 15s by injecting increasing amounts of current. Action 
potentials displayed are truncated. 

Supplementary material

Supplementary figure 2. Pharmacology excitatory nAChR modulation of pyramidal neurons. (A1) Example 
recording of a LVI pyramidal neuron showing a mixed α7 and β2* response as revealed by blockade of the slow 
β2* component by DHBE. (A2) Example recording of an α7 positive LVI pyramidal neuron in a β2-null mouse. 
(B1) Example traces of dual EPSC recording during control conditions and application of the AMPA/Kainate 
receptor blocker DNQX (10µM). (B2) Histogram showing the average EPSC frequency over time during DNQX 
application (n=4) (C1) Histogram showing the average EPSC frequency over time during nicotine (10µM) appli-
cation (n=11). (C2) Cumulative amplitude distribution of EPSC’s recorded from a layer II-III pyramidal neuron. 
Nicotine (10µM) application had no effect on the distribution (n=11, Kolmogorov-Smirnov test, p>0.05). (C3) 
Same experiment as in C1 in addition of the GABAa receptor blocker bicuculline (10µM). (D1) Histogram show-
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ing the average EPSC frequency over time during acetylcholine (1mM) application for layer V pyramidal neurons 
(n=21). (C2) Cumulative amplitude distribution of EPSC’s recorded from a layer V pyramidal neuron. Acetyl-
choline (1mM) application shifted the amplitude distribution towards larger amplitudes (n=20/21, Kolmogorov-
Smirnov test, p<0.05). (E1) Histogram showing the average EPSC frequency during acetylcholine application for 
β2 wildtype mice (n=4). (E2) Histogram showing the average EPSC frequency during acetylcholine application 
for β2-null mice (n=4). (F1) Histogram showing the average EPSC frequency during acetylcholine application in 
the presence of TTX (1µM, n=4). (F2) Cumulative amplitude distribution of EPSC’s recorded from a layer V pyra-
midal neuron.Acetylcholine (1mM) application did not shift the amplitude distribution towards larger amplitudes 
in the presence of TTX (n=4, Kolmogorov-Smirnov test, p>0.05).
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Supplementary figure 3. Pharmacology nAChR modulation of inhibitory transmission to pyramidal neu-
rons. (A) Average histograms showing the effect of acetylcholine in the presence of mecamylamine (1µM), tetro-
dotoxin (1µM) and bicuculline (10µM) for the different layers. In grey the control respons is shown. (B) Summary 
bar graph quantifying the effect of acetylcholine and different bockers on the IPSC frequency measured in prefron-
tal cortical pyramidal neurons. (C) Histogram showing the quantification of nAChR positive cells in β2 null mice. 
All currents are reversibly blocked by the α7* antagonist MLA (10nM).
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Supplementary figure 4. α7 nAChRs do not reach high peak amplitude when activated by bath applica-
tion of 1 mM acetylcholine. (A) Summary histogram showing the peak amplitude calculated for β2* nAChRs 
on LVI pyramidal neurons during fast (puff) and slow (bath) application of 1mM Ach (puff and bath application 
were done on separate cells). While β2* nAChRs reach similar peak currents during fast and slow application of 
ACh, α7 nAChRs do not reach high amplitude when activated by bath application of Ach (experiments done in the 
presence of DHβE). This is in contrast to the high amplitude seen in the same cells by puff application. These data 
might explain that in β2 null mice no activity is seen upon washin of acetylcholine.

Supplementary table 1. Passive and active properties of fast-spiking and non-fast-spiking interneurons. Ir = 
input resistance, Tm = membrane time constant.
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Abstract

Adolescence is a period in which the developing prefrontal cortex (PFC) is sensitive to mal-
adaptive changes when exposed to nicotine. Nicotine affects PFC function and repeated ex-
posure to nicotine during adolescence impairs attention performance and impulse control 
during adulthood. Nicotine concentrations experienced by smokers are known to desensitize 
nicotinic acetylcholine receptors (nAChRs), but the impact thereof on PFC circuits is poorly 
understood. Here, we investigated how smoking concentrations of nicotine (100–300 nM) in-
terfere with cholinergic signaling in the mouse PFC. nAChR desensitization depends on sub-
unit composition. Since nAChR subunits are differentially expressed across layers of the PFC 
neuronal network, we hypothesized that cholinergic signaling through nAChRs across layers 
would suffer differentially from exposure to nicotine. Throughout the PFC, nicotine strongly 
desensitized responses to ACh in neurons expressing β2* nAChRs, whereas ACh responses 
mediated by α7 nAChRs were not hampered. The amount of desensitization of β2* nAChR 
currents depended on neuron type and cortical layer. β2*-mediated responses of interneurons 
in LII–III and LVI completely desensitized, while cholinergic responses in LV interneurons 
and LVI pyramidal cells showed less desensitization. This discrepancy depended on α5 sub-
unit expression. Two-photon imaging of neuronal population activity showed that prolonged 
exposure to nicotine limited cholinergic signaling through β2* nAChRs to deep PFC layers 
where α5 subunits were expressed. Together, our results demonstrate a layer-dependent de-
crease in cholinergic activation of the PFC through nAChRs by nicotine. These mechanisms 
may be one of the first steps leading up to the pathophysiological changes associated with 
nicotine exposure during adolescence.
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Introduction

Despite negative health consequences, tobacco smoking remains a persistent drug addiction 
worldwide (World Health Organization, 2012). First experiences with cigarette smoking of-
ten take place during adolescence (Escobedo et al., 1993; Currie et al., 2008). The prefrontal 
cortex (PFC), which is involved in higher order processes such as attention, impulse control, 
and working memory (Groenewegen and Uylings, 2000; Miller, 2000), continues to develop 
during this period (Gogtay et al., 2004). As a consequence, exposure to nicotine during ado-
lescence compromises normal PFC development (Counotte et al., 2011b; Goriounova and 
Mansvelder, 2012a). Repeated exposure to nicotine transiently increases nicotinic acetyl-
choline receptor subunit (nAChR) expression and GABAergic synaptic transmission in the 
PFC (Counotte et al., 2012). Secondary to this, a decrease of mGluR protein persists into 
adulthood and causes altered synaptic learning rules and attention behavior (Counotte et al., 
2011a;Goriounova and Mansvelder, 2012b). Despite these insights into long-term changes 
of PFC function after nicotine exposure, it is still unclear what the initial mechanisms are by 
which nicotine alters cortical processing at the neuronal network level.

Rapid, phasic cholinergic signaling within the PFC is crucial for attention behavior 
(Parikh et al., 2007; Sarter et al., 2009) and disturbances in cholinergic signaling impair 
attention (Turchi and Sarter, 1997; Newman and McGaughy, 2008). nAChRs are fast iono-
tropic receptors and their activation kinetics suggests that they are efficiently activated by 
rapid increases in acetylcholine. Attention performance depends on functional nAChRs in 
the medial PFC (Guillem et al., 2011). Nicotinic receptors activate the PFC in a layer-specific 
manner (Poorthuis et al., 2013). In superficial layers only interneurons are activated, whereas 
in deeper layers pyramidal neurons and interneurons are modulated by nAChRs. Short ex-
posure to nicotine alters synaptic transmission and rules for plasticity induction (Couey et 
al., 2007). However, during smoking, blood levels of nicotine in smokers remain elevated 
and reach peak levels of 300–600 nM (Matta et al., 2007). These concentrations desensitize 
neuronal nAChRs (Mansvelder et al., 2002; Wooltorton et al., 2003; Grady et al., 2012). It 
is not known whether desensitization plays an important role in the PFC. The presence of α5 
subunits protects β2-containing receptors in layer VI pyramidal neurons from desensitization 
(Bailey et al., 2010). In the PFC, α5 nAChR subunits are highly expressed (Counotte et al., 
2012), but α5 subunit expression has been reported to be much lower in superficial cortical 
layers (Wada et al., 1990; Winzer-Serhan and Leslie, 2005). It is unknown how nicotine af-
fects cholinergic transmission in these layers and whether α7 nAChR activation is affected 
by nicotine.

We tested the hypothesis that nicotine interferes with cholinergic activation of the PFC 
network through nAChRs and that this effect is more prominent in superficial layers. Using 
electrophysiological recordings and two-photon network imaging, we find that desensitiza-
tion in response to nicotine is cell type and layer specific and that this can be explained by the 
presence of the nAChR α5 subunit. As a consequence, in the presence of nicotine, cholinergic 
signaling through β2* nAChRs is restricted to layer VI.

Materials and Methods

Prefrontal cortical slice preparation
Prefrontal coronal cortical slices (300 μM) were prepared from P14–P21 and P34–P43 
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C57BL/6 mice or α5 wild-type and α5-null littermates P34–P43 of either sex, in accordance 
with institutional and Dutch license procedures. Following rapid decapitation, the brain was 
removed from the skull in ice-cold artificial CSF containing 125 mMNaCl, 3 mM KCl, 1.25 
mM NaH2PO4, 3 mM MgSO4 1 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose (∼300 
mOsm). After removal of the cerebellum the brain was glued on this plane to create a coronal 
orientation for cutting slices. Slices were then transferred into holding chambers contain-
ing aCSF 125 mM NaCl, 3 mM KCl, 1.25 mMNaH2PO4, 1 mM MgSO4 2 mM CaCl2, 26 
mM NaHCO3, and 10 mM glucose (∼300 mOsm) and bubbled with carbogen gas (95% 
O2/5% CO2) to recover for at least an hour.

Electrophysiology
Slices were transferred to the recording chamber and perfused with standard aCSF (2–3 ml/
min). All experiments were performed at 31−34°C. Cells were visualized using differential 
interference contrast microscopy. Recordings were made using Multiclamp 700B amplifiers 
(Molecular Devices), sampled at a frequency of 20 kHz, digitized by the pClamp software 
(Axon), and later analyzed off-line. Patch pipettes (3–5 MOhms) were pulled from standard-
wall borosilicate capillaries and were filled with intracellular solution: 140 mM K-gluconate, 
1 mM KCl, 10 mMHEPES, 4 mM K-phosphocreatine, 4 mM ATP-Mg, and 0.4 mM GTP 
(pH 7.2–7.3, pH adjusted to 7.3 with KOH; 290–300 mOsm) and biocytin (4 mg/ml; used 
for EPSC and puff application experiments, reversal potential chloride ∼-127 mV, hence 
IPSCs in this case are detected as outward currents). Action potential profiles of cells were 
made using hyperpolarizing and depolarizing current steps. For IPSC experiments a modified 
intracellular solution was used with a high chloride concentration (70 mM K-gluconate and 
70 mM KCl) to augment GABAergic currents (reversal potential for chloride is ∼-16 mV, 
hence GABA currents are detected as inward currents). All IPSC experiments were done in 
the presence of DNQX (10 μM). All experiments recording IPSCs or EPSCs were done in 
the presence of atropine (200 nM) to prevent muscarinic receptor stimulation. For network 
experiments, acetylcholine (1 mM) was bath applied. Nicotine (Sigma, 300 or 3000 nM) was 
bath applied in all experiments.

Nicotinic receptor currents on interneurons and pyramidal neurons were tested by pres-
sure ejection of acetylcholine (Sigma, 1 mM) for 100 ms using a Picospritzer III (General 
Valve Corporation) from a glass electrode with a tip opening of ∼1 μm. The puffer pipette 
was located ∼20 μm from the soma and placed in perpendicular direction with respect to the 
pial surface. The presence of atropine (200 nM) prevented stimulation of muscarinic recep-
tors, and during all experiments DNQX (10 μM) and bicuculline (1 μM) were used to block 
synaptic transmission. Nicotine (Sigma, 100 and 300 nM) was bath applied in all experi-
ments.

Analysis and statistics for electrophysiological experiments
Frequency of EPSCs or IPSCs was analyzed using MiniAnalysis (Synaptosoft). Local pres-
sure application experiments were analyzed using custom made software for Matlab (Math-
Works). The effect of nicotine on cholinergic signaling was determined by calculating the 
charge of ACh-induced currents before, during, and after exposure to nicotine. In case cells 
showed a mixed α7/β2-mediated nAChR current, the charge of the β2 current was calculated 
after the α7 current ended (∼300 ms). The different receptor currents were well distinguish-
able by the different rise times of the two components and the full α7 component remained 
after desensitization. In addition, the β2 currents are >10 times longer than α7 currents (∼3–



Chapter 4

83

10 s), hence taken out the α7 had little influence on determining the charge of the β2 receptor. 
In Figure 1, A3 and B3, only the charge of the β2 component was plotted, while the α7 com-
ponent was not plotted. To test for frequency differences in PSCs we used a Student’s t test. 
To test for effects of pharmacology or genotype effects on nAChR charge induced by puff 
application of Ach, a Student’st test was used. Statistical tests for stable baseline currents were 
done on the raw data. Statistical tests for effects of desensitization were done on normalized 
data and by comparing the last data point before nicotine application with the first data point 
after 10 min of nicotine. In all desensitization experiments, analysis was done on the charge 
of the nAChR currents. Significant results were obtained with p <0.05. p values between 
0.05 and 0.01 are shown as <0.05. p values between 0.01 and 0.001 are shown as p < 0.01 
and p values lower than 0.001 are shown as p < 0.001.

Two-photon calcium imaging:
Loading of slices
Slices were made as described before, but in an alternative slicing solution (27 mM NaH-
CO3, 1.5 mM NaH2PO4, 222 mM sucrose, 2.6 mM KCl, 0.5 mM CaCl2, 3 mM MgSO4. 
Hereafter, slices were incubated in regular aCSF at 35°C for 20 min and in room temperature 
for another 40 min. For bulk loading, a modified protocol based on the study by Trevelyan et 
al. (2006) was used. Briefly, slices were first preincubated at 37°C for 5 min in 3 ml of aCSF 
containing 8 μl of Cremophor EL solution (0.5% Cremophor EL in DMSO). After this, 1 μl 
of Fura-2AM solution (25 μg of Fura-2AM in 4.5 μl of DMSO and 0.5 μl of pluronic acid) 
was pipetted on top of each slice. Then, the slices were left for incubation for 35–40 min after 
which they were put back in the slice chamber with aCSF at room temperature for at least 45 
min. Imaging experiments were performed in aCSF (perfusion speed 2.5 ml/min), continu-
ously bubbled with 95% O2/5% CO2, at 32°C. Imaging was performed using a multibeam 
two-photon laser-scanning microscope system (Trimscope, Lavision BioTec) coupled to a 
Ti:Sapphire laser (Chameleon, Coherent, excitation at 820 nm) and a CCD camera (C9100 
Hamamatsu). The objective used had a 20× magnification and a 0.95 numerical aperture. 
The imaged plane was always in the same orientation with respect to the pia and the distance 
between them was determined for later analysis. The imaged area was 400 × 400 μm (pixel 
size of 0.8 μm, binning 2 × 2) and the imaging frequency was 9 Hz.

Experimental protocol
Baseline activity was imaged during a 4 min period. After this, nicotine (300 nM) was ap-
plied for 10 min. During the first 4 min of nicotine perfusion, the activity in the slice was 
imaged. Then, ACh (1 mM) and nicotine (300 nM) were applied for 2 min after which the 
drugs were washed out (8 min). During these periods imaging took place.

Analysis
Analysis was done using custom-made software for Matlab (MathWorks). This program de-
tected cell contours and extracted the fluorescence within these contours as a function of 
time. After this, cell activity was determined per minute in a blind fashion. Cells were divided 
in three depth groups, corresponding to the measured thicknesses of the three layers in the 
PFC. Neurons that were between 100 and 300 μm, between 300 and 550 μm, and between 
550 and 800 μm were considered to be part of layer II/III, V, and VI, respectively. For de-
termining the activity in the different drug conditions, the percentage of neurons showing 
at least one calcium event was calculated per slice per minute. If slices included multiple 
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layers, then the slice was split up into two new slices containing just one layer. Effects of 
drugs, layer, and condition were tested using repeated-measures ANOVA, followed by Fish-
er’s LSDpost hoc tests. After this, for direct comparison of the activations in the different 
cell types in the different conditions, it was determined per neuron whether the activity after 
ACh application was higher, lower, or equal to the amount of calcium events in the minute 
before ACh application. χ2 tests were performed to test whether this statistic was different 
for the multiple layers, condition, and neuron types. In addition, binomial tests were used to 
determine the significance of the activation for every combination.

Determination of cell identity
High resolution z-stacks were made to optimize the possibilities for identification (voxel size: 
0.4 × 0.4 × 0.5 μm). For the majority of neurons, proximal dendrites showed strong fluores-
cence. Cells were only taken into account if dendritic fluorescence was sufficient and cells 
could be identified as interneurons or pyramidal neurons according to the following criteria: 
(1) the presence of a clear apical dendrite, (2) a pyramidal-shaped cell body for pyramidal 
neurons; (3) a clear nonpyramidal cell body morphology; and (4) bipolar or multipolar den-
drite morphologies for the interneurons. Criteria 1 and 2 classified the neuron as pyramidal. 
Criteria 3 and 4 classified a neuron as interneuron. If the dendrites were not visible in the z-
stack, the neurons were not categorized. Identification of cells was done in a blind manner, 
i.e., the experimenter was unaware of whether neurons were activated by nicotine receptor 
stimulation or not, excluding the possibility of a bias. After morphological identification, data 
were compared with electrophysiological experiments. If neurons could not be unequivocally 
identified, they were excluded from statistics on cell type-specific activation.

Results

Desensitization of LII–III β2*-nAChR current responses by smoking concentrations of 
nicotine
To test the hypothesis that nAChR currents desensitize more strongly in PFC LII–III than in 
LVI, we first targeted layer II–III nonfast-spiking (NFS) interneurons (Fig. 1A2), the only 
cell type in this PFC layer that expresses β2-containing nAChRs (Fig. 1A1) (Poorthuis et 
al., 2013). ACh-induced β2* nAChR-mediated currents had slow rise and decay times, were 
blocked by dihydro-β-erythriodine (DHβE), and were absent in β2-null mice (Fig. 1A3) 
(Poorthuis et al., 2013). nAChR currents were induced by pressure application of ACh (1 
mM, 100 ms) at 2 min intervals (Fig. 1A4). These applications induced repeatable postsynap-
tic currents that were stable over time (Fig. 1B1, the third vs the first response, 100% vs 98.4 
± 14%, Student’s t test, p = 0.49). We then tested the effect of a 10 min nicotine application 
of 300 nM, which resembles arterial blood concentration profiles during cigarette smoking 
(Matta et al., 2007), on these ACh-induced currents. After 10 min of nicotine application, 
responses to ACh were strongly reduced on LII–III NFS interneurons (Fig. 1B1,3; n = 5, 17.4 
± 0.06% remaining response, p < 0.01). The reduction of ACh-induced currents remained 
after nicotine was washed-out from the bath for up to 45 min (Fig. 1B1;n = 4; at 15 min, 
45.2 ± 10% remaining response, p < 0.01; at 30 min, 64.7 ± 9.0% remaining response, p < 
0.05; at 45 min, 83.4 ± 11% remaining response, p = 0.11; at 60 min, 78 ± 6% remaining 
response, p = 0.40). This suggests that β2* nAChRs expressed by PFC LII–III NFS cells 
were desensitized by exposure to smoking concentrations of nicotine.
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Adolescence (P34–P43) is a period in which rodents are in particular vulnerable to the 
effects of nicotine on PFC-dependent cognitive functioning (Counotte et al., 2011a). Nic-
otinic AChR subunit expression changes during development and may therefore alter the 
sensitivity of receptors for nicotine and desensitization. To test whether nAChR-mediated 
currents in the adolescent PFC similarly desensitize, we performed the same experiment in 
mice at this developmental period. Acetylcholine application induced stable currents (Fig. 
1B2, first vs third response, 100% vs 87.9 ± 12.5, p = 0.96). Nicotine application abolished 
ACh-induced β2*-mediated currents in adolescent LII–III NFS neurons (Fig. 1B2,3; n = 7, 
6.7 ± 2.5% remaining after 10 min of nicotine, p < 0.01). Similar to the ACh responses in 
juvenile neurons, β2*-nAChR-mediated responses were reduced for a prolonged period of 
time in adolescent neurons (Fig. 1B2; n = 3, at 15 min, 10.9 ± 2.6% remaining response, p = 
0.02; at 30 min, 37.1 ± 2.9% remaining response, p = 0.06; at 45 min, 61.8 ± 4.2% remaining 
response, p = 0.28; 60 min 73.7 ± 6.0% remaining response, p = 0.99), suggesting that also 
in adolescent PFC neurons β2*-nAChRs strongly desensitize. Two of seven recorded cells 
contained a mixed β2*- and α7-nAChR-mediated response. In these cells, the α7 component 
was not desensitized by nicotine (data not shown). We also tested whether a lower nico-
tine concentration, as observed in smokers between cigarettes in the afternoon (Matta et al., 
2007), would have a desensitizing effect on nicotinic receptor currents. Application of 100 
nM nicotine strongly reduced ACh-induced β2*-mediated currents in adolescent LII–III NFS 
neurons (Fig. 1B2,3; n = 5, 21.4 ± 6.3% remaining after 10 min of nicotine, p < 0.01), but the 
reduction was less compared with 300 nM nicotine (Fig. 1B3, p = 0.03).

Activation of β2* nAChRs enhances GABAergic signaling onto pyramidal neurons in 
the PFC (Couey et al., 2007;Poorthuis et al., 2009, 2013). We tested whether nicotine (300 
nM) interferes with cholinergic modulation of IPSCs received by LII-III pyramidal neurons 
by applying nicotine for 10 min followed by coapplication of nicotine and ACh (1 mM). In 
the absence of nicotine, ACh dramatically increases the frequency of IPSCs in layer II–III 
pyramidal neurons (Fig. 1C3; n = 10, 505.3 ± 148.2%, p < 0.01). After exposure to nicotine, 
ACh hardly increased IPSC frequency anymore (Fig. 1C1–3; 300 nM nicotine, n = 7, 122.7 
± 11.3%, p = 0.06; 3000 nM nicotine, n = 6, 104.8 ± 6%, p = 0.09; ACh-control vs ACh-
nicotine (300 nM), p = 0.03). Together, these data suggest that smoking concentrations of 
nicotine desensitize β2* nAChRs in LII/III. Thereby, nicotine interferes with cholinergic 
control through nAChRs over inhibitory circuits in superficial layers of the PFC.

Smoking concentrations of nicotine do not affect cholinergic signaling through α7 
nAChRs
In other brain areas, nAChRs containing α7 subunits suffer less from desensitization by low 
concentrations of nicotine than β2-containing nAChRs (Mansvelder et al., 2002; Wooltor-
ton et al., 2003). In the PFC, α7 nAChRs are expressed by LII–III and LV fast-spiking and 
nonfast-spiking interneurons, as well as by LV pyramidal neurons (Fig. 2A) (Poorthuis et 
al., 2013). We hypothesized that in the PFC cholinergic signaling through α7 nAChRs is not 
influenced by concentrations of nicotine experienced by smokers. We targeted interneurons 
in LII–III positive for α7 nAChRs. α7 nAChR-mediated currents had a fast rise and decay 
time, were blocked by methyllycaconetine (MLA), and were absent in α7-null mice (Fig. 
2B) (Poorthuis et al., 2013). Similar to β2* nAChRs, repeated ACh-induced currents medi-
ated by α7 nAChRs were stable and showed a constant amount of charge (Fig. 2C, third 
vs first response, 100% vs 94 ± 8%, p = 0.3). Subsequent exposure of the receptors to 300 
nM nicotine for 10 min did not significantly alter ACh-induced currents (Fig. 2C,F; 83.0 ± 
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Figure 1. Desensitization of LII–III β2*-nAChR responses by smoking concentrations of nicotine. (A1) 
Schematic showing nAChR receptor distribution in PFC LII–III microcircuitry. FS, Fast-spiking interneuron; NFS, 
nonfast-spiking interneuron; P, pyramidal neuron. Gray synapse, Glutamatergic input; black synapse, inhibitory 
input. β2* nAChRs and α7 nAChRs are indicated with turquoise and purple colored ovals. Right panel shows the 
recording configuration used to test for desensitizing effects of nicotine on LII–III β2*-nAChR responses. (A2) 
Morphological staining of a LII–III NFS interneuron in the adolescent PFC. Scale bar, 100 μm. (A3) β2* nAChRs 
on NFS interneurons are characterized by slow rise and decay kinetics and are blocked by DHβE (wild type ex-
ample traces). In β2-null mice these current are absent and only short-lasting currents with a fast rise-time charac-
teristic of α7 nAChRs remain [right example traces, see the study by Poorthuis et al. (2013)]. (A4) Example trace 
showing β2* nAChR currents in LII–III of the adolescent PFC evoked by puff application of ACh (1 mM) every 
2 min. Low concentrations of nicotine (300 nM, 10 min, pink shading) completely abolish β2* nAChR currents in 
LII–III. (B1) Average surface area of current responses of juvenile LII–III NFS interneurons to local ACh (1 mM) 
application during bath exposure to nicotine (300 nM, 10 min). Current charge remains reduced when nicotine is 
washed out of the bath for up to 45 min. (B2) Same as in B1, but now for adolescent NFS interneurons. In gray 
the effect of exposure to 100 nM nicotine is shown. Note that the desensitization rate is slower and recovery from 
desensitization quicker. (B3) Summary histogram quantifying the desensitizing effect of a 10 min nicotine (300 
nM) application on the current charge of β2* nAChRs in juvenile (n = 6, Student›s t test, p < 0.01) and adolescent 
LII–III NFS interneurons (n = 7, p < 0.01). The degree of desensitization was not different between the age groups 
(p = 0.15). The right bar shows that 100 nM nicotine also strongly interfered with ACh-induced β2*-mediated 
currents in adolescent LII–III NFS neurons (n = 6, p < 0.01), but less compared with 300 nM nicotine ($p = 
0.03). (C1) Histogram showing that nicotine abolished the effect of ACh on inhibitory transmission to layer II–III 
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1.4% remaining after 10 min of nicotine, p = 0.31). A similar result was obtained for layer V 
interneurons (Fig. 2D,F; 88.0 ± 3.4% remaining after 10 min of nicotine, p = 0.69) as well as 
layer V pyramidal neurons (Fig. 2E,F; 93.5 ± 6.6% remaining after 10 min of nicotine, p = 
0.25). Hence, these data show that nicotine concentrations seen in smokers during cigarette 
smoking do not hamper cholinergic stimulation of α7 nAChRs in the PFC.

Partial interference of nicotine with β2* nAChR-mediated cholinergic responses in LV
In layer V of the PFC, β2* nAChRs are found on glutamatergic inputs and nonfast-spiking in-
terneurons. Stimulating the latter increases inhibitory inputs to pyramidal neurons (Fig. 3A1) 
(Poorthuis et al., 2013). Nonfast spiking interneurons in juvenile mice were targeted and test-
ed for the effect of nicotine on β2* nAChR-mediated cholinergic responses. A 10 min appli-
cation of nicotine (300 nM) strongly reduced β2* nAChR-mediated responses (Fig. 3A2,A3; 
30.6 ± 4.0% remaining charge, n = 9, p < 0.01). However, compared with the reduction in 

pyramidal neurons. Response without nicotine is shown in gray. (C2) Same experiment as in A1, but now for 3000 
nM nicotine. (C3) Summary showing the effect of nicotine on ACh induced increase of inhibitory transmission 
to layer II–III pyramidal neurons. Nicotine completely abolished cholinergic control over inhibitory transmission 
(300 nM, n = 7, p = 0.03; 3000 nM, n = 6, p = 0.02). All statistical tests for Figures 1–6 used Student›s t test. * 
Denotes significance within test group, $ denotes significance between test groups.

Figure 2. Smoking concentrations of nicotine do not affect α7 nAChR currents. (A) Left, nAChR modulation 
of PFC microcircuitry in LII–III and LV. β2* nAChRs and α7 nAChRs are indicated with turquoise and purple 
colored ovals. Right panel in gray shading shows the recording setup for the different experiments. (B) Charac-
teristics of α7 nAChRs. Currents show rapid activation and desensitization kinetics and are blocked by MLA and 
absent in α7-null mice (Poorthuis et al., 2013). In gray shading a magnification of an α7 current is shown. (C) Ef-
fect of nicotine (pink shading, 300 nM, 10 min) on α7 nAChR current responses induced by ACh (1 mM) applica-
tion on juvenile LII–III interneurons. Nicotine does not interfere with a7 nAChR activation in the PFC. (D) Same 
as in C but now for interneurons in layer V. (E) Same as in C but now for layer V pyramidal neurons. (F) Summary 
bar graph showing the effect of smoking concentrations of nicotine on α7 (300 nM, 10 min) nAChR currents. 
Nicotine exposure did not desensitize α7 nAChR currents throughout the PFC (Student’s t test, p = 0.31, p = 0.69, 
and p = 0.25 for LII–III interneurons, LV interneurons, and LV pyramidal neurons, respectively).
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ACh-induced current by nicotine in LII–III NFS neurons, the reduction in NFS neurons in 
LV was less complete and a substantial ACh-induced current remained (Fig. 3A2,A3). Thus, 
β2-containing nAChRs expressed by LV NFS neurons desensitized to a lesser extent than β2-
containing nAChRs expressed by LII–III NFS neurons (Fig. 3A3, p < 0.05).

Spontaneous IPSCs received by LV pyramidal neurons were strongly enhanced by ACh 
application (Fig. 3B1,3; n = 16, 351 ± 41%, p < 0.01). After nicotine application, ACh still 
increased IPSC frequency (Fig. 3B1,3; n = 10, 171 ± 22%, p = 0.03), but less than in control 
conditions (p < 0.01). A high dose of nicotine (3000 nM) abolished ACh modulation through 
nAChRs of IPSCs (Fig. 3B2,3; n = 8, 112 ± 5%, p = 0.08). Thus, in line with the results on 
LV NFS neurons, nicotine only partially interfered with cholinergic modulation through β2* 
nAChRs of IPSCs received by LV pyramidal neurons.

Activation of β2* nAChRs strongly enhances glutamate release from thalamic projec-
tions to PFC LV pyramidal neurons (Lambe et al., 2003). Nicotine (300 nM) partially re-
duced the ACh-induced increase in frequency of spontaneous EPSCs (Fig. 3C1,3; control n = 
21, 992 ± 172%, p < 0.01, nicotine n = 11, 340 ± 34%, p < 0.05, nicotine vs control, p < 0.05). 
This reduction was more prominent with a higher dose of nicotine (Fig. 3C2,3; n = 6, 118 
± 12%, p = 0.96, control vs nicotine, p < 0.05). Together, these data show that in PFC LV, 
nicotine partially interferes with β2* nAChR signaling on NFS interneurons and glutamater-
gic inputs received by LV pyramidal neurons.

Differential desensitization of β2*-mediated nAChR currents in layer VI
Layer VI pyramidal neurons are relatively spared from desensitization because of the pres-
ence of α5 subunits (Bailey et al., 2010). Whether this holds true for LVI interneurons, which 
are also modulated by β2* nAChRs (Fig. 4A) (Poorthuis et al., 2013), is not known. To inves-
tigate possible differences we targeted these two cell types. A 10 min application of nicotine 
completely abolished β2* nAChR-mediated responses to ACh application on nonfast-spiking 
interneurons (Fig. 4B,C,F; 13.1 ± 3.4% remaining charge, n = 7, p < 0.01). In contrast, β2* 
nAChR-mediated responses to ACh application of pyramidal neurons (Fig. 4B) did not desen-
sitize completely (Fig. 4B,D,F; 29.1 ± 3.1% remaining charge, n = 5, p < 0.01). The degree of 
desensitization was significantly less for LVI pyramidal neurons compared with interneurons 
in LVI (p < 0.01). During development, expression of nAChR subunits in LVI pyramidal 
neurons changes (Kassam et al., 2008). In the adolescent PFC, ACh-induced currents in LVI 
pyramidal neurons showed a similar degree of desensitization when exposed to nicotine as in 
the juvenile PFC (Fig. 4E,F; 33.6 ± 8.5% remaining charge, n = 5, p < 0.01; juvenile vs ado-
lescence, p = 0.64). LVI interneurons showed significantly stronger desensitization of ACh-
induced β2* responses than LVI pyramidal neurons (Fig. 4F, p < 0.01) and LV interneurons 
(Fig. 4F, p < 0.01). Desensitization of β2* nAChR-mediated ACh-induced currents by nico-
tine was also significantly stronger in LII–III interneurons than in pyramidal neurons in LVI 
(p = 0.02). Lower nicotine levels (100 nM) also had a desensitizing effect on β2* responses 
of LVI pyramidal neurons (Fig. 4F; 43.21 ± 8.5% remaining charge, n = 5, p < 0.01), but 
less compared with layer II–III interneurons (p = 0.04). These data show that layer-specific 
interference with cholinergic signaling also holds true for lower concentrations of nicotine.

Involvement of α5 nAChR subunit explains layer-specific interference of nicotine with 
cholinergic signaling
The level of desensitization of β2*nAChR-mediated ACh-induced currents differed in differ-
ent PFC layers. Layer VI pyramidal neurons express the accessory α5 nAChR subunit, which 
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protects β2* nAChRs from complete desensitization (Kassam et al., 2008; Grady et al., 
2012). We hypothesized that β2* nAChRs expressed by neuron types that showed stronger 
desensitization did not contain the α5 nAChR subunit. To investigate this, we first used galan-
tamine, an allosteric modulator that potentiates β2* nAChRs containing α5 subunits, but not 

Figure 3. Partial interference of nicotine with β2* nAChR-mediated currents in LV. (A1) Microcircuitry 
showing nAChR distribution in layer V of the PFC. On the right, in gray shading, the recording setup for Figure 
3A–C is shown. (A2) Average current responses of juvenile LV NFS interneurons to local ACh (1 mM) applica-
tion during bath exposure to nicotine (300 nM, 10 min, pink shading). ACh-induced currents are not completely 
abolished after 10 min. Currents remain smaller for up to 45 min when nicotine is washed out of the bath. (A3) 
Summary histogram showing the desensitizing effect of nicotine on ACh-induced β2* nAChR responses. Nicotine 
significantly interferes with β2* nAChR currents in LV NFS-interneurons (*p < 0.01), but the desensitization is 
less compared with LII–III (Student›s t test, $p < 0.05). (B1) Histogram showing nicotine only partially interferes 
with the effect of ACh on inhibitory transmission to layer V pyramidal neurons. Response without nicotine is 
shown in gray. (B2) Same experiment as in A1, but for 3000 nM nicotine. (B3) Summary showing the effect of 
nicotine on the ACh-induced increase of inhibitory transmission to layer V pyramidal neurons (300 nM, p < 0.01; 
3000 nM, p< 0.01). (C1) Histogram showing that nicotine strongly interfered with the effect of ACh on glutama-
tergic transmission to layer V pyramidal neurons. Response without nicotine is shown in gray. (C2) Same experi-
ment as in A1, but for 3000 nM nicotine. (C3) Summary bar graph showing the desensitizing effect of nicotine on 
the ACh-induced increase of excitatory transmission to layer V pyramidal neurons (300 and 3000 nM, p < 0.01).



Cholinergic modulation of the mPFC

90

β2* nAChRs lacking the α5 subunit (Kassam et al., 2008; Kuryatov et al., 2008). We applied 
acetylcholine (1 mM) with a puff electrode for 30 s and repeated this procedure after 10 min 
exposure to galantamine (1 μM) to test for possible potentiation in adolescent animals (Fig. 
5A). ACh-induced β2*-mediated currents in layer II–III interneurons were not potentiated 
by galantamine exposure (Fig. 5A,B; n = 6, 30.4 ± 10.1 *10∧-9 vs 30.5 ± 7.2 *10∧-9 C, p = 
0.97). In contrast, β2* nAChR currents in layer VI pyramidal neurons were potentiated after 
application of galantamine (Fig. 5A,B; n = 10, 64 ± 12 *10∧-9 vs 93.2 ± 14.6 *10∧-9 C, p = 
0.01). These data suggest that a layer-specific receptor composition of β2* nAChRs exists 
in the prefrontal cortex. β2* nAChRs in layer II–III do not contain α5 subunits, whereas β2* 
nAChRs on layer VI pyramidal neurons do contain α5 subunits.

We next tested the hypothesis that the nAChR α5 subunit determines the different layer-
specific degree of desensitization. We targeted layer II–III interneurons and layer VI pyrami-
dal neurons in the PFC of adolescent α5-null mice and their wild-type littermates (P34-P43). 
LVI pyramidal neurons lacking the α5 subunit showed a faster and stronger degree of desen-
sitization of ACh-induced currents by nicotine than wild-type LVI neurons (Fig. 6A). After 2 

Figure 4. Differential desensitization of β2*-mediated nAChR currents in layer VI. (A) nAChR modula-
tion of layer VI microcircuitry. On the right, in gray shading, the recording setup for the different experiments is 
displayed. (B) Morphological staining of an adolescent LVI pyramidal neuron. Scale bar, 250 μm. On the right 
example traces are shown of acetylcholine-induced β2* nAChRs of layer VI neurons before and after exposure to 
nicotine (300 nM, 10 min). (C) Average current responses of β2* nAChR currents during baseline and during ap-
plication of nicotine (300 nM, 10 min). Nicotine strongly reduces current responses of LVI interneurons. (D) Same 
as in C but now for LVI pyramidal neurons. (E) Same as in D but now for adolescent mice. (F) Summary bar graph 
showing desensitization of β2* nAChRs in the PFC. nAChR currents in LVI interneurons were strongly desensi-
tized (Student’s t test, p < 0.01) in contrast to nAChR currents in LVI pyramidal neurons, which remain partially 
available for activation ($p < 0.01). nAChR currents in adolescent layer VI pyramidal neurons desensitized (p < 
0.01) to a similar degree as in juvenile mice (p = 0.64). β2* nAChRs currents of LVI interneurons desensitized 
more than LV interneurons ($p < 0.01). In addition, β2* nAChR currents of LII–III interneurons desensitized 
stronger than layer VI pyramidal neurons ($p = 0.02). 100 nM nicotine also strongly desensitized β2* nAChRs of 
adolescent LVI pyramidal neurons (*p < 0.01), but less compared with layer II–III ($p = 0.04).
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min of exposure to nicotine, 
desensitization of ACh-
responses was significantly 
stronger in the α5 knock-
out neurons compared with 
wild-type neurons (Fig. 6C; 
wild type vs knock-out; 
75.2 ± 2.9 vs 53.7 ± 5.9, p = 
0.01). After 10 min, β2* 
nAChRs of layer VI pyra-
midal neurons were com-
pletely desensitized, while 
pyramidal neurons in wild-
type mice remained partial-
ly available for ACh activa-
tion (Fig. 6C; 23.9 ± 2.1% 
vs 8.1 ± 4.5%, p = 0.01). In 
layer II—III, however, the 
degree of desensitization 
was not affected by the 
absence of the α5 subunit at any time point (Fig. 6B; wild type vs knock-out; 54.9 ± 10% vs 
65.4 ± 6.1%, p = 0.40 after 2 min nicotine and 15.0 ± 4.9% vs 11.6 ± 5.4%, p = 0.65 after 10 
min of nicotine). These data confirm that α5 subunits are not expressed by LII–III neurons 
and therefore show a stronger degree of desensitization of β2* nAChR currents by smoking 
concentrations of nicotine.

Nicotine limits nAChR-mediated neuronal activation to layer VI pyramidal neurons
Nicotine strongly affects cholinergic activation of β2* nAChRs in a layer-specific manner. 
Therefore, we asked the question to what extent neuronal activation by ACh in the different 
layers would be affected by the presence of smoking nicotine concentrations. To test this, we 
used two-photon imaging of fura-2 loaded PFC slices and bath applied nicotine (300 nM) for 
10 min before bath applying ACh (Fig. 7A). Bath application of ACh mainly affects action 
potential firing in neurons by activating β2* nAChRs (Poorthuis et al., 2013). Nicotine ap-
plication increased neuronal activity in layer V and VI of the PFC (layer V, Fisher’s LSD post 
hoc test, p < 0.01, layer VI, p = 0.04; Fig. 7B,C). In LII–III, after application of nicotine, 
subsequent application of ACh did not increase neuronal activity and the number of activated 
cells per slice was similar as control conditions (Fig. 7C,D, p = 0.82). In layer V, neurons 
were activated (p < 0.01) by low concentrations nicotine and subsequent application of ACh 
slightly increased this activity (p < 0.05, Fig. 7C,D). In layer VI, application of ACh in the 
presence of nicotine prominently increased neuronal activity (p < 0.001, Fig. 7C,D). To ad-
dress the question whether the remaining activation of neurons in deep layers were pyramidal 
neurons or interneurons, we identified from the high resolution z-stacks imaged neurons as 
pyramidal neurons or interneurons (Fig. 7E). Nicotine application strongly reduced activa-
tion of interneurons in the PFC (p = 0.039, Fig. 7G). The effect of nicotine on pyramidal neu-
rons was layer specific. Layer VI pyramidal neurons were the only cell type that still showed 
an increase in activation upon ACh application in the presence of nicotine (p< 0.001, Fig. 
7F). Pyramidal neurons in layer II–III and layer V and PFC interneurons showed no sig-

Figure 5. Galantamine does not potentiate LII–III β2* nAChRs. (A) The 
effect of galantamine on β2* nAChRs was tested on LII–III interneurons and 
LVI pyramidal neurons. ACh was applied for 30 s before (black traces) and 
after galantamine (1 μM, pink traces) was washed in for 10 min. The bottom 
show the average response for LII–III NFS interneurons (n = 6) and layer 
VI pyramidal neurons (n = 10). The effect on the ACh-induced currents was 
assessed by calculating the total charge during the 30 s ACh application. (B) 
Galantamine potentiates β2* nAChR currents on layer VI pyramidal neurons 
(Student’s t test, p < 0.01), but not in LII–III interneurons (p = 0.97).
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nificant subsequent activation by ACh (Fig. 7F,G, p > 0.05). Thus, nicotine concentrations 
experienced by smokers results in the loss of ACh modulation of pyramidal and interneurons 
in LII–III and LV. In the presence of nicotine, only layer VI pyramidal neurons will respond 
to fast ACh signaling.

To test whether the remaining activation of layer VI neurons depended on the presence of 
the α5 subunit we imaged slices from α5 knock-out and wild-type littermates. As shown in 
the previous experiment, there was a stronger activation of layer VI compared with layer V 
in wild-type mice (Fig. 7H, p < 0.01). In α5-null mice, ACh did not increase activity in layer 
VI in the presence of nicotine (Fig. 7H, p = 0.64), and ACh-induced activity was strongly 
reduced in PFC layer VI of α5-null mice compared with wild-type mice (Fig. 7H, p < 0.01). 
Hence, these data show that exposure to low concentrations of nicotine limits neuronal 
activation by cholinergic signaling through β2* nAChRs in the PFC to layer VI pyramidal 
neurons that express α5 subunits.

Discussion

In this study we showed that nicotine strongly reduces cholinergic activation of the PFC 
network and that this effect is cell type and layer specific and depends on nAChR subunit ex-
pression. Cholinergic responses mediated by β2* nAChRs desensitize after 10 min exposure 
to smoking concentrations of nicotine (300 nM). In contrast, α7 nAChRs remained available 
for cholinergic signaling throughout the PFC circuitry. β2* nAChR currents in interneurons 
in LII–III and LVI were completely desensitized by nicotine. β2* nAChR currents in LV 
interneurons were less compromised by nicotine exposure, just as β2* nAChR currents in 
LVI pyramidal neurons. Also, β2* nAChRs on thalamic terminals activating layer V pyrami-
dal neurons were strongly desensitized by nicotine. A similar degree of desensitization was 
found in adolescent animals, a developmental time period in which the PFC is vulnerable for 
long-term adaptations induced by nicotine (Counotte et al., 2011b; Goriounova and Mans-
velder, 2012a). Layer-dependent desensitization of β2* nAChR currents in adolescent mice 
was caused by the presence or absence of α5 subunits. In conclusion, nicotine greatly reduced 
cholinergic activation and altered the balance of cholinergic signaling through nAChRs in the 

Figure 6. Expression of a5 nAChR subunits explains layer-specific desensitization of β2* nAChR currents 
by nicotine. (A) Recording setup of experiment and example traces of nAChR currents in PFC LVI pyramidal 
neurons and in LII–III interneurons of wild-type and α5-null littermates before and after exposure to nicotine (10 
min, 300 nM). (B) Average response of β2* nAChRs on LII–III NFS interneurons to ACh stimulation (1 mM) in 
wild-type and α5-null adolescent mice. The degree of desensitization was not different for any time point in the 
absence of the α5 subunit (p > 0.05 for all time points). (C) Average response of β2* nAChRs on LVI pyramidal 
neurons to ACh stimulation (1 mM) in wild-type and α5 knock-out adolescent mice. The degree of desensitization 
in the absence of the α5 subunit was faster (at 2 min, Student’s t test, p = 0.01) and stronger (at 10 min, p = 0.01).
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PFC neuronal network depending on nAChR subunit composition.
Cigarette smoking leads to a prolonged presence of nicotine levels in the brain that reach 

300–600 nM for minutes (Matta et al., 2007). Smoking of one cigarette leads to nearly com-
plete β2* nAChR receptor saturation in humans (Brody et al., 2006). Sustained exposure 
to low levels of nicotinic agonists rapidly desensitizes nicotinic receptors (Fenster et al., 
1997; Picciotto et al., 2008). Whether smoking nicotine concentrations influence nAChRs by 
desensitization in circuits involved in attention behavior was not known. We find that nico-
tine rapidly decreases responsiveness of β2* nAChRs in the PFC, while leaving α7 nAChRs 
intact. Because of coapplication of ACh and nicotine, we cannot rule out agonist competition 
at the receptor binding site, however, the persistent reduced responsiveness of β2* nAChRs 
(>45 min) after the presence of nicotine suggests that nicotinic receptors indeed were desen-
sitized. An alternative explanation could be that nicotinic receptors were internalized (St. 
John and Gordon, 2001). However, the responses did recover after an hour, suggesting re-
covery from desensitization. The subunit specificity of receptor desensitization observed is 
similar to that seen in the ventral tegmental area where nicotine desensitizes β2* nAChRs 
on GABAergic interneurons, but not α7 nAChRs on glutamatergic terminals and dopamine 
neurons (Mansvelder et al., 2002; Wooltorton et al., 2003). Hence, whereas α7 nAChRs dis-
play rapid desensitization kinetics after being activated by rapid increases in agonists, they 
do not desensitize upon the prolonged presence of smoking concentrations of nicotinic ago-
nist. These separate processes, referred to as “classical” and “high-affinity” desensitization 
(Giniatullin et al., 2005), thus operate in the PFC as well suggesting that α7 nAChRs remain 
available for activation by fast cholinergic transients (Parikh et al., 2007).

The desensitizing properties of β2* nAChRs are heterogeneous. The accessory α5 subunit 
plays a critical role in determining whether β2* nAChRs remain available for cholinergic 
signaling (Bailey et al., 2010; Grady et al., 2012). In the cortex, α5 subunits are preferentially 
expressed by neurons in deep layers (Winzer-Serhan and Leslie, 2005). Expression of α5 
subunits is lower in superficial layers (Winzer-Serhan and Leslie, 2005), but still α5 could be 
located on NFS interneurons, which constitute a small number of cells in the PFC modulated 
by β2* nAChRs (Poorthuis et al., 2013). In the PFC, α5 and β2 subunits coassemble in LVI 
pyramidal neurons (Bailey et al., 2010). We find that the presence of α5 subunits does not ex-
tend to NFS interneurons in layer VI, which show a higher and complete degree of desensiti-
zation after nicotine exposure. However, it has been reported that some cortical interneurons 
express β2 and α4 subunits in combination with α5 subunits (Porter et al., 1999). We find that 
β2-mediated responses in LV interneurons show similar levels of desensitization as responses 
by LVI pyramidal neurons, suggesting that they may also express α5 subunits.

Exposure to nicotine during adolescence has perturbing effects on attention performance 
in later life (Counotte et al., 2011a). We investigated the effect of nicotine on cholinergic 
signaling in the juvenile (P14–P21) and adolescent mouse (P34–P43). Although β2*, but not 
α7, nAChR receptor expression changes with age (Kassam et al., 2008;Counotte et al., 2012), 
we find similar percentage of β2* nAChR desensitization in both age groups. Receptor de-
sensitization and strong interference with cholinergic signaling by concentrations of nicotine 
experienced by smokers may be the first step in a cascade of events leading to molecular, 
cellular, and functional changes in the PFC. After adolescent nicotine exposure, the nicotinic 
receptor subunits α4 and β2 are strongly upregulated, whereas α7 and α5 subunit expression 
remains unchanged (Counotte et al., 2012). One may hypothesize that the strong desensiti-
zation of receptors containing the β2 subunit induces the upregulation following adolescent 
exposure as an adaptive strategy to maintain cholinergic signaling through these receptors. 
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Similarly, the lack of desensitization of α7 nAChRs and the limited desensitization of α5 
containing nAChRs do not trigger the upregulation. Indeed, after repeated nicotine exposure 
during adolescence, cholinergic control over GABAergic inhibition in LII–III is increased 
(Counotte et al., 2012), suggesting an augmentation of functional nicotinic receptors. Wheth-
er nAChR upregulation in the PFC after nicotine exposure during adolescence is cell type 
and layer specific remains to be investigated. An increase in number of nAChRs at neuronal 
surfaces after prolonged nicotine exposure is probably mediated by several posttranslational 
mechanisms (Goriounova and Mansvelder, 2012a; Govind et al., 2012). Ultimately, compen-
satory mechanisms secondary to altered cholinergic signaling might lead to reduced mGluR 
levels and consequently alters synaptic learning rules and attention behavior (Counotte et al., 
2011a, b; Goriounova and Mansvelder, 2012b).

Although acute exposure to nicotine has been shown to enhance attention performance in 
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rats under some circumstances (Hahn et al., 2003; Levin et al., 2006), nicotine has been found 
to decrease attention performance in mice (Bailey et al., 2010). Our integrative network ap-
proach shows that nicotine concentrations seen by smoking limits nAChR-induced action 
potential firing to layer VI pyramidal neurons. What could be the functional consequence 
of this shift in cortical computation? Fast cholinergic transients are important for cue detec-
tion and attention behavior (Parikh et al., 2007, 2010). Nicotine exposure strongly abolishes 

Figure 7. Nicotine limits nAChR-mediated neuronal activation to LVI pyramidal neurons. (A) Example of 
an experiment using network calcium imaging. Contours of Fura2-AM loaded neurons were detected after which 
traces from these neurons were extracted. Shown are calcium events before, during, and after the application 
of nicotine (300 nM) and ACh (1 mM). (B) Rasterplot of the activity of all neurons in a slice during the experi-
ment. (C) Average percentage of active cells per slice per minute. Nicotine (300 nM) increased activity in layers 
V and VI (Fisher’s LSD post hoc test; layer V:p = 0.0012; layer VI: p = 0.038; significant effects indicated with 
#) but not in layer II/III (p = 0.71). Subsequent application of ACh (1 mM) only resulted in a significant increase 
of the percentage of active cells in layer VI (p < 0.0001; layer II/III: p= 0.82; layer V: p = 0.11; significant effect 
indicated with @). (D) Nicotine preapplication (300 nM) reduced the activation by subsequent ACh (1 mM) ap-
plication (all layers: p = 0.002). This effects was significant for layer V (p = 0.00004) but not for layer II/III (p = 
0.4) or layer VI (p = 0.09). Despite this, there remained a significant activation in layer V and VI (aCSF layer 
V: p = 0.000001; aCSF layer VI: p = 0.001; nicotine layer V: p = 0.032; nicotine layer VI: p = 0.035), whereas 
activation in layer II/III remained nonsignificant (aCSF layer II/III: p = 0.22; nicotine layer II/III: p = 0.74). (E) 
Projection of z-stack showing the morphology of imaged neurons. (F) Nicotine (300 nM) desensitized the response 
to ACh (1 mM) in layer V pyramidal neurons (LV vs LVI: p = 0.0036; without nicotine: p = 0.0019; with nicotine 
preapplication: p = 0.08), whereas layer VI pyramidal neurons remain responsive (LV vs LVI: p = 0.66; without 
nicotine: p < 0.001; with nicotine preapplication: p < 0.001). (G) Nicotine (300 nM) desensitized the responses 
of interneurons to ACh (1 mM) throughout all layers (p = 0.039). (H) The absence of desensitization of layer VI 
pyramidal neurons is dependent on the α5 nAChR subunit. Mice lacking this subunit have a desensitized response 
to ACh (1 mM) after nicotine preapplication in both layer V and layer VI (layer V: p = 0.40; layer VI: p = 0.64), 
whereas their WT littermate controls still show significant activation by ACh in layer VI (layer V: p = 0.55; layer 
VI: p = 0.004). The interaction between genotype and layer was significant (p = 0.027) and the activation in layer 
VI of the littermate controls was significantly bigger than the activation in layer VI of the α5-null mice (p = 0.004) 
and in layer V of the WT animals (p = 0.001).
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control over GABAergic circuitry in the PFC. Nicotinic receptor activation of interneurons 
has been shown to modulate pyramidal neuron activity and increases the threshold for in-
duction of spike-timing dependent synaptic plasticity in cortex and hippocampus (Ji et al., 
2001; Couey et al., 2007). Cholinergic signaling might therefore increase the signal-to-noise 
ratio in the PFC. When nicotine is present in the PFC, this mechanism is absent and might 
lead to compromised information processing. At the behavioral level, a lack of functional β2* 
nAChRs has been shown to lead to a hyperactive medial prefrontal cortex and altered social 
and exploratory behavior (Avale et al., 2011; Bourgeois et al., 2012), suggesting that the PFC 
network is disinhibited in the absence of this receptor. Supporting this, genetic deletion of 
β2* nAChRs also leads to impaired attention behavior, which depends on β2 subunits in the 
medial PFC (Guillem et al., 2011).

Nicotine-induced desensitization also reduced nAChR-mediated control over excitatory 
elements in layer V and VI. In the absence of nicotine, activity of pyramidal neurons in layer 
V is strongly enhanced by glutamate release induced by β2* nAChRs on axonal terminals 
originating in the medial dorsal thalamus (Lambe et al., 2003; Parikh et al., 2008; Poorthuis 
et al., 2013). The reduction in cholinergic nAChR-mediated control over this circuitry in the 
presence of nicotine might compromise cue-induced cholinergic transients and hence signal 
detection during attentional tasks (Parikh et al., 2010). Cholinergic induced activity of layer 
VI pyramidal neurons is also reduced. Part of the output neurons in layer VI form a thalamo-
cortical loop (Kassam et al., 2008) and are important for regulating sensory presentations in 
the cortex (Olsen et al., 2012). Therefore, a decrease in cholinergic control of this circuitry 
might interfere with optimal attention performance (Bailey et al., 2010). In conclusion, nico-
tine leads to strong interference with cholinergic control over β2* nAChRs in the PFC that 
might compromise attention behavior in the short term, and leads to maladaptive changes of 
PFC circuitry that leads to altered attention behavior in the long term.
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Abstract

The basal forebrain cholinergic innervation of the medial prefrontal cortex (mPFC) is crucial 
for cognitive performance. Despite many efforts, not much is known about the organization 
of connectivity between the basal forebrain and the mPFC in the mouse. In this study, we 
tested the hypothesis that there is a somatotopic relation between the cholinergic neurons of 
the basal forebrain and their axonal projections to the mPFC. Using focal virus injections 
inducing cre-dependent eYFP expression in ChAT-cre mice, we investigated whether differ-
ent regions of the mPFC receive projections from different parts of the basal forebrain and 
whether a cortical layer specificity exists in this somatotopy. We found that ascending cholin-
ergic fibers to prefrontal cortex follow four pathways and that cholinergic neurons take these 
routes depending on their location in the basal forebrain. In addition, a general somatotopic 
pattern was observed in which the position of cholinergic neurons measured along a rostral to 
caudal extent in the basal forebrain correlated with a ventral to dorsal and a rostral to caudal 
shift of cholinergic fiber distribution in mPFC. Finally, we find that neurons in the rostral and 
caudal parts of the basal forebrain differentially innervate the superficial and deep layers of 
the ventral regions of the mPFC. Thus, a fronto-caudal organization of the cholinergic system 
exists in which distinct mPFC areas and cortical layers are targeted depending on the location 
of the cholinergic neuron in the basal forebrain.
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Introduction

Cholinergic modulation of cortical information processing is crucial for cognition (Bentley 
et al., 2011; Hasselmo & Sarter, 2011; Klinkenberg et al., 2010; Newman et al., 2012; Pic-
ciotto et al., 2012). In rodents, the prefrontal cholinergic system has been implicated in vari-
ous aspects of cognitive and executive behavior, including sustained attention and working 
memory, but also social cognition and explorative behaviour (Avale et al., 2011; Chandler et 
al., 2013; Chandler & Waterhouse, 2012; Dalley et al., 2004; Demeter & Sarter, 2013; Gra-
non et al., 2003; Granon et al., 1995; Howe et al., 2013; Parikh et al., 2007; Sarter & Bruno, 
2000; Wallace & Bertrand, 2013). Apart from cholinergic interneurons in the cerebral cortex 
(Eckenstein & Baughman, 1984; Houser et al., 1985; Mechawar et al., 2000; Parnavelas et 
al., 1986), the cortex receives a dense cholinergic innervation from cholinergic neurons in 
the basal forebrain (Butcher & Woolf, 2004), which modulate cortical function (Dalley et 
al., 2004). To understand cholinergic modulation of the medial prefrontal cortex (mPFC), 
detailed knowledge of the cholinergic innervation of prefrontal cortex and the differences 
between prefrontal cortical regions and layers is necessary. Despite many studies on the rela-
tion between different nuclei and locations in the basal forebrain and their projection areas, 
it is still unknown how specific the projections are and whether a somatotopical relationship 
exists between the basal forebrain and its targets. Here, we test the hypothesis that different 
mPFC regions and layers receive inputs from distinct parts of the basal forebrain.

Using combinations of retrograde fluorescent neuroanatomical tracing and antibody 
stainings against choline acetyltransferase (ChAT) (Cozzari & Hartman, 1980; Eckenstein et 
al., 1981; Kimura et al., 1980; Levey & Wainer, 1982) and vesicular acetylcholine transporter 
(VAChT) (Weihe et al., 1996), it was found that small groups of cholinergic basal forebrain 
neurons innervate rather large, but discrete cortical areas (Bigl et al., 1982; Butcher, 1995; 
Chandler et al., 2013; Chandler & Waterhouse, 2012; Rye et al., 1984b). However, thus far 
classical neuroanatomical tracing and immunohistochemical methods have not been able to 
unequivocally answer the question whether somatotopy exists in the basal forebrain to mPFC 
connections due to inherent limitations. First, retrograde neuroanatomical tracers injected in 
cortical areas accumulate in cell bodies of neurons that project to that cortical area irrespec-
tive of the neurotransmitter expressed by these neurons. Second, the axonal projection den-
sity of retrogradely labeled neurons cannot be unambiguously determined. Third, antibody 
stainings do not differentiate between the origin of cholinergic fibers, i.e. local cholinergic 
interneuron fibers or ascending cholinergic fibers from the basal forebrain and midbrain cho-
linergic areas. Finally, since cholinergic neurons in the basal forebrain are scattered among 
neurons with different neurochemical identities, injections with anterograde neuroanatomical 
tracers (gaykema et al., 1990; Luiten et al., 1987) result in labeling of chemically diverse neu-
rons. As a consequence, verification is mandatory, via high-resolution immunohistochem-
istry, of the identity of the neurotransmitter expressed by neuroanatomically traced fibers 
(Lanciego & Wouterlood, 2011).

To circumvent these limitations, we virally expressed eYFP in cholinergic neurons of 
ChAT-cre mice at distinct locations in the basal forebrain to test the hypothesis that a somato-
topical relation exists between cholinergic projections from different regions of the basal 
forebrain and different areas and layers of the mPFC. Using stereological methods, we esti-
mated the fiber length density in the mPFC subregions and layers and the number of eYFP 
neurons in the basal forebrain. We find a frontal-caudal gradient in the somatotopy of the 
cholinergic projections with more rostral neurons in the basal forebrain innervating predomi-
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nantly rostral and ventral mPFC areas and caudo-lateral neurons in the basal forebrain prefer-
ring innervation of the dorsal and caudal mPFC regions. In addition, we show that different 
areas of the basal forebrain send projections through four different pathways and that these 
pathways differentially target deep and superficial layers.

Materials and Methods

Mice
Knock-in recombinant mice (The Jackson Laboratory, www.jax.org), strain B6;129S6-Chat 
tm1(cre)Lowl /JB6 of either sex were used. In these mice, cre expression is controlled via a IRES-
Cre sequence inserted in the genome downstream of the choline acetyltransferase (ChAT) 
gene stop codon. Expression of the ChAT gene is unaffected in these mice. eYFP expression 
is induced via switching on of the floxed gene by the cre-enzyme, which is only expressed in 
ChAT-positive neurons, resulting in accumulation of yellow fluorescing protein (eYFP) in all 
cell compartments of the affected neurons. In total, 18 adult, knock-in mice (22 weeks of age; 
body weight approx. 30 g) were used. All experiments were carried out according to the rules 
and directives set by the Dutch Government and by University and European Community 
regulations on animal well-being and approved by the VUmc ethical committee for animal 
welfare. The smallest number of animals possible was used to substantiate our findings. 

Injection of virus vector
Mice were anesthetized with 2% isoflurane and mounted in a stereotaxic frame. The skull 
was exposed, the periosteum anesthetized with lidocaine, and a hole drilled to lower a micro-
pipette with the virus vector to the appropriate stereotaxic coordinates (coordinates accord-
ing to the Paxinos mouse brain atlas (Paxinos & Franklin, 2001), after which the isoflurane 
was lowered to 1.5%. In each mouse a single injection of virus was placed at a preselected 
locus in the cholinergic basal forebrain (0.5 μl virus solution; AAV2; EF1α promoter, double 
floxed; gift by dr. Karl Deisseroth, Dept. Bioengineering, Stanford University, Stanford, CA; 
delivery via a stainless steel cannula (type 304, Phymep, Paris, France; www.phymep-sarl.
com) (diameter 200 μm) attached to a CMA 400 syringe pump (Phymep), during 5 minutes 
(flow 100 nl/min). The needles were left in situ for 7 minutes and slowly stepwise retract-
ed. Cholinergic neurons in the basal forebrain in rodents appear diffusely distributed in the 
nucleus basalis magnocellularis, ventral pallidum and substantia innominata (Wenk, 1997) 
and, in addition, the diagonal band of Broca, magnocellular preoptic nucleus and the nucleus 
of the ansa lenticularis. Changing stereotaxic virus delivery coordinates between subjects 
permitted us to cover the entire extent of the cholinergic basal forebrain, excluding the septal 
region, across the series of subjects. Suturing the skin over the wound completed surgery and 
the animal was allowed to recover. 

Immunofluorescence staining procedure 
Five weeks following surgery, the mice were sacrificed and perfused. They were anesthe-
tized with 2% isoflurane followed by 1.6 g/kg (bw) urethane and subsequently transcardially 
perfused at room temperature with approximately 50 ml phosphate-buffered saline (PBS; 
200 mM KH2PO4, 400 mM K2HPO4, 1.500 mM NaCl, pH 7.4) to flush out erythrocytes, 
followed immediately by fixative: 4% freshly depolymerized paraformaldehyde in PBS (50 
ml). Thereafter the brains were recovered and postfixed for 24 hours in the fixative and 
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stored in PBS at 4 oC before slicing into four series of 50 μm thick frontal sections using a 
vibrating microtome (HR2, Sigmann Elektronik, Germany). Sections were stored in PBS in 
a refrigerator, with preservative added (0.02% NaN3). Sections were rinsed 3 x 10 minutes 
with TBS-TX buffer: 50 mM Tris, 8.75% NaCl and 0.2-0.3% Triton X-100, pH 7.8 (Triton 
trademark of Sigma, St Louis, MO), and incubated under continuous gentle agitation. The 
immunofluorescence procedure was as follows.

Series 1: sections stayed for one hour at room temperature in blocking solution (2.5% 
bovine serum albumin and 5% normal goat serum in TBS-TX (0.2%)) followed by overnight 
incubation at 4 oC (refrigerator) in a cocktail consisting of 1:1,000 anti-NeuN (mouse; Mer-
ck-Millipore, cat nr. MAB377) mixed with 1:1,000 anti-Green Fluorescent Protein (rabbit; 
Merck-Millipore, cat nr. #AB3080), in blocking solution in TBS.

Series 2: sections stayed one hour at room temperature in blocking solution (5% normal 
donkey serum in TBS-TX) and next overnight in a refrigerator in 1:200 anti-ChAT (goat; 
Merck-Millipore cat nr. AB144P) in TBS with 10% normal donkey serum added.

The next morning the sections were rinsed 4x10 minutes in TBS to remove unbound 
primary antibody and subsequently incubated for two hours with the secondary antibodies. 
Sections used in Series 1, we incubated with either 1:400 goat anti-mouse-Cy3  (Jackson Im-
munoResearch Laboratories, West Grove, PA; www.jacksonimmuno.com) or with a cocktail 
of 1:400 goat anti-mouse-Alexa Fluor™ 594 (Invitrogen-Molecular Probes, Eugene, OR) 
and 1:400 goat anti-rabbit-Alexa Fluor™ 488 (Invitrogen-Molecular Probes) in TBS whereas 
in Series 2 we incubated with 1:400 donkey-anti goat- Alexa Fluor™ 594 (Invitrogen-Mo-
lecular Probes) in TBS. Series 1 resulted in NeuN-only stained sections with native eYFP 
expression, and in NeuN stained sections with immunofluorescence enhanced eYFP expres-
sion.. Series 2 resulted in ChAT stained sections with native eYFP expression. 

After the incubations the sections were rinsed in TBS, mounted on slides and wet-cov-
erslipped immediately in an anti-fading mounting medium (2.4 g Mowiol 4-44 [Clariant, 
Muttenz, Switzerland, www.clariant.com] and 6.0 g glycerin (Fluka) in 18 ml 100 mM Tris, 
pH 8.5). The NeuN-GFP double immunostained sections were used for quantification with 
the stereology system. In addition, NeuN-GFP and ChAT-immunostained sections were in-
vestigated with confocal laser scanning microscopy (CLSM). Prefrontal cortical areas in the 
mouse were identified and delineated in the NeuN-immunofluorescence material using cyto-
logical criteria published by Van de Werd et al. (2010). Neurons expressing eYFP are further 
called eYFP positive neurons

Antibody characterization
Anti-NeuN (mouse; Merck-Millipore, cat nr. MAB377 has been generated from clone AB60. 
This clone was generated and fully characterized by Mullen et al. (1992). Anti-Green Fluo-
rescent Protein (rabbit; Merck-Millipore, cat nr. #AB3080) was generated against highly-pu-
rified native GFP from Aequorea victoria. It is reactive with GFP and eYFP from both native 
and recombinant sources. This particular antibody has been purified to suppress crossreac-
tivity with non-GFP antigens (e.g., E. coli). A full description and characterization has been 
published by Tamamaki et al. (2000). Anti-ChAT (goat; Merck-Millipore cat nr. AB144P, 
lot JC1668317) is a 70-74 kDa affinity-purified polyclonal antibody raised against human 
placental enzyme. It has been characterized (Shiromani et al., 1987) and it has been evalu-
ated by the manufacturer with Western blot analysis on mouse brain lysates. The secondary, 
fluorochromated antibodies were tested in our own lab according to the extensive omission-, 
double staining and cross-staining control procedures published previously (Wouterlood et 
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al., 1998).

Stereological analysis with the stereology system
Sections were inserted in a Leica DM-R epifluorescence microscope (Leica, Heidelberg, 
Germany, www.leica-microsystems.com) equipped with Leica filter cubes I3 (‘green’ flu-
orescence) and N2.1 (‘red’ fluorescence), and with a MicoFire™ digital camera (model 
S99808, Optotronics, Goleta, CA; www.optotronics.com). Movements in the X and Y direc-
tions were controlled via a MAC 2000 motorized stage controller (Ludl Electronic Prod-
ucts, Hawthorne, NY; www.ludl.com); movements along the Z axis were recorded with a 
resolution of 0.5 μm by a Heidenhain MT12 microcator (Heidenhahn Corp., Schaumburg, 
IL; www.heidenhahn.com). X, Y, Z microscope stage data were recorded by a computer run-
ning Stereo Investigator™ software (version 10.50; MicroBrightfield, Colchester, VT). In 
brief, we outlined at 25x magnification via N2.1 cube filtering the medial prefrontal cortex 
(mPFC) and identified within mPFC the prelimbic (PL), infralimbic (IL), dorsal and ventral 
anterior cingulate (ACd, ACv) and frontal 2 (Fr2) subdivisions according to Van de Werd et 
al. (2010) (Fig. 3A). Then we switched to I3 cube filtering and counted at high magnification 
fiber lengths in 3D spherical counting frames in systematic random samples in each mPFC 
subdivision, using the ‘Space Balls’ stereological module of Stereo Investigator. The concept 
and algorithms behind Space Balls have been published (Mouton et al., 2002; Schmitz & 
Hof, 2005). 

Due to the low density of eYFP positive fibers in certain areas we decided to use a hemi-
spheric probe in order to increase the probe volume and, as the cortical layers of the mouse 
brain are too thin compared with the size of the Space Ball probe we refrained from taking 
samples from cortical layers. Depending on the density of eYFP positive fibers, we varied 
the size of the systematic random sampling grids across subregions in order to pursue a coef-
ficient of error approximately of max 10%. In order to perform the fiber quantification we 
switched to high magnification (1000x). Prior to the quantification at least 5 measurements 
for thickness where made in each subregions in order to provide an estimate for the mounted 
thickness. Mean mounted thickness was estimated by averaging the samples taken from all 
the used sections for each animal. The top of the section was re-determined for each sam-
pling site before counting (standard function of the Space Ball probe). We used illumination 
through the I3 filter cube during quantification of the Field Length Density (FLD) of the YFP 
positive fibers. eYFP positive fibers were relatively easy to discriminate from the background 
signal and possible artifacts. The Space Ball probe hemispheres were placed in a systematic 
order through the areas of interest. The number of intersections between each probe hemi-
sphere and the eYFP positive fibers were added up for every region of interest (per animal).

In order to estimate the FLD we used a formula previously described by Kreczmanski 
et al. (Kreczmanski et al., 2005) in which we replaced capillary length density for FLD. 
The following parameters were used: Dx and Dy, the distances between the hemispheres 
(sampling grids) was 200x200 μm; r the radius of the hemispheres was 22 μm. The mean 
post-processing thickness was 25 ±2.9 μm. The mean volume of the PFC was 0.334 (mm³). 

eYFP positive cell plotting
Contours of sections and brain ventricles where delineated with Stereo Investigator™ soft-
ware at low magnification (25x) using sections stained according to the series 1 immunos-
taining procedure, viewed through a N2.1 filter cube. Injection sites were located by switch-
ing to the I3 filter cube. The areas including all eYFP positive cell bodies of interest were 
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delineated at low magnification (2.5x). EYFP positive interneurons along injection tracts, 
e.g., in the striatum, were ignored. Any fluorescent body with a diameter exceeding 10μm 
was interpreted as a neuron. All cells within delineated areas were systematically plotted at 
high magnification (20x) using the software’s ‘meander scan’ option. X-Y-Z positions of all 
cells were recorded to generate 3D overviews of the injection sites.

Confocal laser scanning microscopy
Structures of interest were imaged with a Leica TCS-SP2 AOBS confocal instrument (Leica 
Microsystems, Heidelberg, Germany) equipped with N2.1 and I3 filter cubes for visual fluo-
rescence inspection and with Ar/Kr and HeNe lasers to provide laser illumination at wave-
lengths 488 and 594 nm, respectively. We configured two imaging channels: a ‘green’ chan-
nel (488 nm excitation; 500-540 nm emission bandpass filtering) and a ‘red’ channel (594 nm 
excitation; 605-630 nm emission bandpass filtering).Sections double-immunostained with 
anti-NeuN and anti-GFP antibodies were inspected first visually using the N2.1 ‘red’ filter 
cube to identify the mPFC subdivision to be scanned. Scanning of these sections for mapping 
purposes was conducted with a 20x dry objective lens, NA 0.7. For high resolution scanning 
(eYFP positive fibers in mPFC divisions and cortical layers) we applied a 63x glycerin im-
mersion objective lens (NA 1.3) at 8x electronic zoom, Airy disk = 1. The sections contain-
ing ChAT-immunostained neurons were scanned at low magnification (20x dry lens) in both 
channels to delineate the location of eYFP expressing ‘infected’ neurons relative to the non-
eYFP expressing, ‘noninfected’ ChAT immunopositive population of basal forebrain neurons 
and to verify at the same time at higher magnification (20x dry lens or 63x immersion lens) 
whether all eYFP positive neurons indeed co-expressed ChAT. 

All scanning performed was Z-scanning, at 1024x1024 pixels, 8-bit sampling, and in 
‘sequential’ mode. Images to be used for illustration purposes were Z-scanned with the 20x 
dry lens at 2.048 x 2,048 pixels or with the 63x immersion lens at 1024 x 1024 pixels. Post 
acquisition the images of fibers and fiber terminals in mPFC acquired at the highest magni-
fication were deconvoluted with Huygens Professional™ software (Scientific Volume Imag-
ing, Hilversum, the Netherlands, www.svi.nl). Z-series of confocal images were imported in 
ImageJ (Rasband 1997-2006). With this image processing software we first applied back-
ground subtraction according to the ‘Rolling Ball’ algorithm and then prepared Z-projection 
views. Final figure preparation, including adjustments of brightness and contrast, was done 
using Photoshop software (version 6.0). 

Results

To specifically label cholinergic neurons at different locations in the basal forebrain, 9 ChAT-
cre mice were injected with a single injection of AAV virus containing a double floxed eYFP 
gene (Sohal et al., 2009) at a specific location within the basal forebrain (Fig 1A). Compact 
and discrete populations of eYFP positive neurons were found at topographical positions in 
accordance with the stereotaxic virus injection coordinates (Fig 1B-E & Fig 2A&B, Table 
1; injection sites are represented by the large green dots in Fig 1B). Virus injections resulted 
in eYFP positive neurons in the nucleus of the vertical band of Broca (VDB), nucleus of 
the horizontal band of Broca (HDB), ventral pallidum (VP, magnocellular preoptic nucleus 
(MCPO), substantia innominata (SI) and basal nucleus (Fig 1&2). To test whether eYFP 
positive neurons were indeed cholinergic, we immunostained sections with ChAT antibody 
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(Fig 2C-F). All cell bodies of eYFP positive neurons showed colocalization with ChAT-im-
munofluorescence. Neurons positive for both eYFP and ChAT appeared embedded in larger 
populations of ChAT positive neurons (Fig 2A-C) At some injections we observed scattered 
eYFP positive cells along the needle tract, for instance in the caudate-putamen complex (Fig. 
2C), nucleus accumbens, ventral pallidum and bed nucleus of the stria terminalis. The mor-
phology of these neurons was similar to that reported for local cholinergic striatal interneu-
rons (Armstrong et al., 1983; Bolam et al., 1984; Butcher & Woolf, 2004; Phelps et al., 1985). 
In sections immunostained with anti-ChAT antibodies these scattered eYFP positive neurons 
were also immunopositive for ChAT. 
Location dependent cholinergic innervation of mPFC via either layer 1 or white matter
In rat it was found that cholinergic fibers leaving the basal forebrain take a number of tra-
jectories (Eckenstein et al., 1988). Here, we tested if a similar projection patterns exists 

Figure 1. Injections along the axis of the basal forebrain result in labeling of discrete groups of cholinergic 
neurons along the basal forebrain. (A) Positions of the basal forebrain nuclei with respect to the bregma. (B) 
Graphical representation of the coronal levels in which transfected neurons occurred for the nine injection sites. 
Small green dots indicate levels at which transfected neurons were visible. The big green dots indicate the level 
with most transfected neurons per animal. (C-E) Examples of 3 cases at 3 different coronal levels. Transfected 
cells for that animal are indicated in color. Transfected ChAT neurons in all other animals are indicated in gray. 
Abbreviations: ac: anterior commissure; B: bregma; BNST: bed nucleus of the stria terminalis; EP: entopeduncular 
nucleus; GP: globus pallidus; HDB: horizontal limb of the diagonal band; MCPO: magnocellular preoptic nucleus; 
mfb: medial forebrain bundle; NB: nucleus basalis; opt: optic tract; SI: substantia innominata; OT: olfactory tu-
bercle; VDB: vertical limb of the diagonal band; VP: ventral pallidum; ZI: zona incerta.
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in the mouse and whether cholinergic fibers leaving the basal forebrain show a location-
dependence. To identify fiber trajectories of eYFP positive fibers, we compared fiber density 
(scoring from ‘-‘ for ‘no fibers’, to ‘+++’ for ‘high density of fibers’, Table 1) in several areas 
surrounding the basal forebrain (Table 1). As in the rat, we found different pathways of cho-
linergic fibers leaving the basal forebrain. The pathways taken depended strongly on the loca-
tion of the injection. Based on the fluorescence and fiber quantifications, we identified four 
trajectories along which eYFP positive fibers travelled from the parent cell bodies to their 
cortical targets (Fig. 3A; Table 1). The first route, which we designated the ‘medial route’ 
(labeled ‘1’ in Fig 3A), was found in the mice that received the most frontal injections (case 
#1-3) and that had eYFP positive cell bodies located in the vertical and horizontal limbs of 
the diagonal band. Their fibers travel parallel to the pial surface in the anteromedial direction 
and, anterior to the genu of the corpus callosum, turn in the dorsal direction, that is they enter 
the medial orbital cortex where they continue their course in layer I towards their destinations 
in the infralimbic (IL) and prelimbic (PL) subdivisions of mPFC (Fig.3B). Profuse branching 
occurs in layer I of IL and PL, with dense, hypervaricose ramifications (Fig. 3C).

The second route, (the ‘septal route’, labeled ‘2’ in Fig 3A) was found also in the mice 

Figure 2. Transfection of ChAT neurons in the basal forebrain. (A) ChAT neurons in a ChAT-GFP mouseline 
are present in multiple nuclei of the basal forebrain and interspersed with non-ChAT neurons. (B) Injection of 
cre-dependent virus in a ChAT-cre mouse results in a EYFP expression in cholinergic neurons around the injec-
tion site. Images of A and B are made in the same brain area for comparison. (C) ChAT immunostained section. 
Composite low-power CLSM image showing eYFP+ neurons in the injection site (green) in the context of the 
distribution of ChAT neurons (red). Note eYFP+ neurons in the caudate-putamen complex (asterisk) and along the 
injection track (double asterisks). These are interneurons. Inset shows the Z-projected image acquired in the 488 
nm ‘green’ eYFP channel. (D – F) images acquired in different channels in the CLSM in eYFP-ChAT immunofluo-
rescence sections, experiment #2633: D. eYFP-positive neurons in ‘green’ channel. (E) ChAT immunofluorescent 
cells in ‘red’ channel. (F) Merge image. Scale marker 10 μm. Images were acquired in sequential mode. All eYFP+ 
cells that we studied also expressed ChAT immunofluorescence. Abbrevations: as in figure 1; Acb: nucleus accum-
bens; CPu: caudate putamen.
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that received the most frontal injections (#1-3, Table 1). It originated from loci with eYFP 
positive cell bodies in the horizontal limb of the diagonal band dorsally, from which fibers 
traveled into the medial septum. The contingent of eYFP positive fibers taking this ‘septal 
route’ splits up into a portion of fibers which enter the fornix and continue to run in this tract 
along its dorsocaudally directed curve to innervate the hippocampus. The eYFP positive 
septal route fibers that do not join the fornix continue their course in dorsal direction until 
they hit the lower edge of the corpus callosum. They subsequently perforate the corpus cal-
losum (Fig. 3D) and travel further in the dorsal direction in the deep layers of the ventral 
anterior cingulate cortex (ACv) and, more dorsally, in the dorsal anterior cingulate cortex 

Figure 3. Cholinergic fibers originating in the basal forebrain take four different routes to the cortex. (A) 
Scheme illustrating the location of the eYFP+ cholinergic neurons and the routes taken by eYFP+ fibers to their 
targets. A continuous system of fibers fans out from the cholinergic cell bodies to their cortical target areas, taking 
various routes, as shown in B-F. (B) Medial route from the VDB via taenia tecta (TN) and rostral to the forceps 
minor of the corpus callosum (cc) into layer I of mPFC. (C) Medium power merge of a Z-series in contralateral 
frontal limb somatomotor area in case 2632 in which a single fiber was visible ascending from the cortical white 
matter towards the cortical surface, with collaterals distributing among cortical layers. Inset shows mPFC of the 
same mouse, contralateral to the virus injection site, showing ‘T-branching’ eYFP+ fibers in layers I and II, with 
moderately spaced varicosities en passant, together with NeuN staining. (D) Route of fibers travelling through 
the septum and perforating the corpus callosum. (E) Fibers embedded in the capsula interna running dorsally. (F) 
Fibers travelling laterally ventral to the forceps major of the corpus callosum and then proceeding dorsally in the 
capsula externa. Abbreviations: cc: corpus callosum; ce: capsula externa; OT: olfactory tubercle; Sep: septum; TT: 
tenia tecta.
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(ACd). Both in ACv and ACd branches of these deep ‘supply fibers’ take a radial direction 
to enter more superficial cortical layers and branch profusely into varicose end ramifications 
(examples of ramification patterns in Fig. 3C). 

The third route was predominantly found in mice that received injections in the posterior 
portions of the basal forebrain (#4-9, Table 1). Fibers originated from eYFP positive cell 
bodies lying in the caudal portion of the horizontal limb of the diagonal band. These fibers 
take a dorsolaterally oriented direction (‘3’ in Fig 3A, Fig. 3E). Some eYFP positive fibers 
join the stria terminalis and on guidance of this tract innervate hypothalamic targets, whereas 
the remaining fibers enter the bundles of the anterior portion of the capsula interna and can 
be followed all the way to the deep layers of ACd and frontal area 2 (Fr2) of mPFC. Here, 
the fibers mix with fibers arriving via the septal route, and they innervate all layers of these 
cortical regions.

Finally, in mice receiving injections in the posterior parts of the basal forebrain (#7-9, 
Table 1), we found that fibers emanating from eYFP positive cell bodies located in the ven-
tral pallidum, the caudal portion of the horizontal limb of the diagonal band, and nucleus 
basalis distributed along a fourth route (‘4’ in Fig. 3A, Fig. 3F). These eYFP positive fibers 
run from their parent cell bodies in the lateral direction, take a tight turn around the ventral 
end of the external capsule to continue in dorsal direction, as fibers embedded superficially in 
the external capsule. The eYFP positive fibers travel further dorsally, bend in radial direction 
and participate in the innervation of parietal sensory and motor cortices. A few fibers reach 
as far dorsally as frontal region 2 (Fr2) where they mix with fibers arriving via the second 
and third routes. 

 Hence, injections in anterior areas of the basal forebrain resulted in eYFP positive fibers 
leaving the basal forebrain through medial pathways 1 and 2 (Table 1, Fig 3). In contrast, 
injections in caudal parts of the basal forebrain resulted in eYFP positive fibers that travelled 
in a more lateral direction through pathway 3 and 4, but not pathways 1 and 2 (Table 1, Fig 
3). Only the first medial route innervated the cortex via layer 1. The other three pathways all 
entered the cortex via the white matter underlying layer VI. Thus, the spatial organization 
of cholinergic innervation of the mPFC depends on the location of the cholinergic neurons 
within the basal forebrain and the fiber tract that is taken by their axons.

Table 1. Injection sites (sites containing eYFP+ cell bodies) and fiber trajectories per animal. We identified 
four main routes taken by YFP+ fibers from their parent cell bodies to mPFC targets:  medial, septal, internal 
capsule and lateral. 
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Two categories of eYFP positive fibers were observed. The first category included thin 
fibers, hypervaricose in an en passant fashion, with a diffuse distribution pattern. Fibers of 
this kind were seen in all densely innervated cortical layers. The second category consisted 
of thicker, less varicose, more linear eYFP positive fibers oriented along the pial surface, with 
branching into collaterals in a perpendicular way (‘T-branching’). There were a few instances 
in which very few neurons contralateral to the injection site where infected, allowing us to 
isolate these projections in collapsed z-stacks (Fig 3C). It is not clear in the fiber in figure 3C 
and in similar fibers whether we are dealing with a fiber ascending from a deeper layer into 
layer I and forming T-branches here or whether this is a fiber arriving via the medial cholin-
ergic fiber route from VDB into layer I of SG before T-branching here and descending into 
layers II and III. The far majority of varicosities were made en passant on the fibers. We did 
not observe terminal rosettes on the eYFP positive fibers.

Distinct projection patterns from different locations in the basal forebrain
Since different groups of cholinergic neurons along the fronto-caudal axis of the basal fore-
brain target the cortex through different pathways, we next asked the question whether dif-
ferent cholinergic populiations in the basal forebrain innervate different regions of the mPFC 
(Fig 4). All mPFC subdivisions contained eYFP positive fibers (Fig 5A&B), but to a different 
degree, depending on injection location (Fig 5). To test the hypothesis that a somatotopi-
cal relation exists between basal forebrain cholinergic cells and their prefrontal projections, 
we quantified the amount of fibers in the mPFC and compared different mPFC subre-

Figure 4. Overview of mPFC parcellation in Stereo Investigator™ at low magnification (2.5x): coronal sections 
at 3 levels from anterior (left) to posterior (right) based on the description of Van De Werd et al. (2010): Fr2 (yel-
low), ACd (light blue), PL (purple), IL (dark blue) and ACv (orange). Upper row: NeuN reference stain; lower 
row: eYFP+ fibers in the same slices. Abbreviations: rf: rhinal fissure.
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Figure 5. A. Graphical representation of FLD calculations in the subregions of mPFC for the nine injection 
sites. (A) Bars represent percentages of total for each case. (B) High power view (100x objective) of fiber distribu-
tion in mPFC. C-E various distributions of  eYFP+ fibers in different cases showing shift of highest density from 
ventral to dorsal associated with antero-posterior positioning of injection site: (C) Anterior injection (case #1) with 
high fiber density in PL and IL. (D) Intermediate injection (case #5) with high density in the dorsal PL (PLd) and 
low density in ventral PL (PLv) and IL. E. More posterior injection (case #7) with high density in Fr2 and ACd 
and low density in PL and IL.     
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gions. We stereologically determined the total nerve fiber length and length density by re-
gions of interest. Thereby, we calculated the eYFP positive fiber length density (FLD) per 
tissue volume for each mPFC subregion (Table 2). For several mPFC areas we found a strik-
ing dependence of FLD on location of injection along the fronto-caudal axis. This was most 
pronounced for frontal cortex region 2 (Fr2) and for the prelimbic (PL) and infralimbic (IL) 
cortex (Fig 5). 

The relative FLD in Fr2 steadily increased from less than 4% of the total FLD in mice 
that received virus injections at anterior sites (e.g. case #1, Fig 5A) to between 42% and 50% 
for mice that received injections at posterior sites in the basal forebrain (cases #7-9). There 
was a significant correlation between the injection location along the baseline and the relative 
FLD values (r=0.96, p<0.001). This increase in relative FLD coincides with the increasingly 
larger portion of the injection site within the nucleus basalis. This suggests that this cholin-
ergic nucleus could be the main source of the ascending cholinergic fibers to the Fr2 region. 

 Similar to Fr2, the FLD in dorsal anterior cingulate (ACd) region increased with more 
caudal injections (Fig 5A). The relative density of the fibers steadily increased in par with the 
location of the injection site along the anteroposterior baseline (r=0.93, p<0.001). The FLD is 
relatively low in cases #1 through #4 (10-16%) anterior injection loci) and relatively high (up 
to 32-38% in cases #7-9) in cases with the injection spots visible most posteriorly/laterally. In 
the ventral part of the anterior cingulate (ACv), the FLD did not show a significant correla-
tion with injection site along the fronto-caudal axis (r=-0.62, p= n.s, Fig 5A). 

In contrast to the pattern of dependence of FLD observed for the Fr2 and ACd with a 
stronger innervation from the caudal regions of the basal forebrain, the PL and IL areas of the 
mPFC showed an opposite dependence on injection location (Fig 5). In PL, for the cases with 
a rostrally positioned injection site (cases #1,2) the FLD was high and decreased with more 
caudally positioned injections (r=-0.86, p<0.005, Fig 5A). As in PL, FLD showed a clear cor-
relation with the anterior-posterolateral position of the injection sites in IL (r=-0.96, p<0.001, 
Fig 5A). The relative eYFP positive fiber density in cases #1 and #2 was high (FLD of 28%) 
and the FLD decreased to its lowest values in the posterior most injections (case #7-9, 2-5%, 
Fig 5A). Thus, Fr2 and ACd show an opposite pattern of cholinergic innervation compared 
to IL and PL (Fig.5A). In anterior injection loci, e.g. HDB, VDB and/or MCPO, the highest 
FLD were measured in the more ventrally located subdivisions of mPFC such as IL and PL 
always relative to the more dorsal areas. Cases with injections positioned more 

posteriorly, e.g., in SI and nucleus basalis, had their highest FLD in the more dorsally 
located mPFC subdivisions: ACd and Fr2, relative to the more ventral mPFC subdivisions. 
Close visual inspection of sections revealed a secondary, intradivisional distribution pattern 
of eYFP positive fibers in the PL (Fig 5D). eYFP positive fiber distribution in this region 
was not uniform. A sharp decrease in fiber density occurred between the dorsal portion of 
PL (PLd) and its ventral portion (PLv). This difference in fiber distribution between PLd and 
PLv was noticeable in cases #5 through #9. The stereological probe which we used was too 
big compared with PL subregion diameter to obtain statistically accurate measurements to 
test differences in FLD between these subdivisions.  

Laminar specificity of innervation by rostral and caudal cholinergic neurons
Given our findings that different locations in the basal forebrain differentially innervate dif-
ferent mPFC regions and that they reach their targets through different pathways, we asked 
whether the different cholinergic populations in the basal forebrain exhibit layer specificity 
in their projections. We estimated the fiber density in a semi-quantitative manner (scoring ‘+’ 
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Table 2. Stereological estimation of fiber length density and relative fiber density in cases with dense 
eYFP+fiber labeling in mPFC. Cases are arranged 1-9 according to the rostral to caudolateral position of their 
injection spots. A graphical representation of the FLD’s is provided in figure 5A.
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for low amounts of fibers, and ‘++++’ for high amounts of fibers; Table 3). In general, the 
highest fiber density appeared in all cases in the deepest layers, V and VI. Within the super-
ficial cortical layers the highest fiber 

density was usually observed in layer I followed by layer III. A quite consistent observa-
tion was the relatively low presence of fibers in layer II (see also Fig. 2C). This lower density 
in layer II was profoundly visible in animals with relatively dense superficial eYFP positive 
fiber distribution, but also to some degree in mPFC subdivisions in animals with relatively 
rostral injection sites, with less eYFP positive fibers occurring in the superficial cortical lay-
ers. 

Interestingly, in superficial layers I-III a striking difference was found between the dif-
ferent injection sites, especially in PL, IL and ACv. First, in animals with rostralinjection 
sites there was an abundance of fibers in superficial layers, in addition to the deep layers. In 
stark contrast, the cases with caudal injection sites (cases #5-9) had a low fiber density in the 
superficial layers compared with deep layers (table 3). Hence, caudally located cholinergic 
neurons innervate the deep layers of PL, IL and ACv strongly, whereas they hardly innervate 
the superficial layers. The rostrally located cholinergic neurons, however, target both the 
superficial and deep layers. This suggests that the PL, IL and ACv receive cholinergic inputs 
from two separate populations of basal forebrain neurons, one innervating all layers and one 
innervating selectively deep layers.

Table 3.  Qualitative rating of the presence of  eYFP+ fibers across cortical layers in mPFC subdivisions, 
ranging from ‘+’ for a low number of eYFP+ fibers to ‘++++’ for a high number number of eYFP+ fibers. 
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Discussion

In this study we tested the hypothesis that a somatotopical relation exists between the cho-
linergic neurons in the basal forebrain and their cortical targets. Using focal virus injections 
inducing cre-dependent EYFP expression in ChAT-cre mice, we demonstrate the follow-
ing: 1) There are four cholinergic pathways from the basal forebrain to the cortex. 2) These 
pathways originate in different parts of the basal forebrain and target different layers of the 
mPFC. 3) There is a gradient in the mPFC projection targets of the cholinergic cells in the 
basal forebrain. 4) There is a layer specificity in the axonal projections from the rostral vs 
caudal regions of the basal forebrain. The mice in which injections resulted in labeled axons 
in the medial pathways also show a strong innervation of superficial layers in IL, PL and 
ACv, suggesting that different routes innervate the superficial and deep layers in the mPFC 
regions.

The stereological data provide evidence for a distribution pattern of cholinergic fibers 
in the mPFC in which a ventrodorsal shift occurs in the distribution of fibers in par with an 
anterior to posterolateral (baseline) location of the cell bodies in the basal forebrain. The 
correlation between the position along the injection baseline and the proportion of fibers 
in the IL, PL, ACd and Fr2 were all high and very significant. These somatotopic shifts are 
gradual, and in all our cases there existed a less dense eYFP positive fiber innervation in the 
other mPFC subdivisions (Table 2). We conclude that individual eYFP positive neurons give 
rise to large terminal collateral axon distributions in their cortical projection field. This could 
best be appreciated with the ‘spillover’ infection into the contralateral VDB in experiments # 
2632 and #2633. Precise mapping of all collaterals of single basal forebrain cholinergic neu-
rons may be possible via smaller virus injections, using for instance a pericellular approach 
(Pinault, 1996) or perhaps even an intracellular application. Also in the rat a gross somato-
topy between location of cholinergic neurons in the basal forebrain and cortical innervation 
has been revealed, via retrograde transport methods combined with immunohistochemistry 
(Bigl et al., 1982; Butcher & Woolf, 2004; Chandler et al., 2013; Chandler & Waterhouse, 
2012; Rye et al., 1984a; Saper, 1984).These were studies in the rat; the present results in 
mouse brain are in line with the results of the rat studies, but extend them to cortical regions 
and layers within the mPFC. 

With the present approach we were able to identify and follow eYFP positive cholinergic 
fibers travelling via four routes (medial, septal, internal capsule and lateral) to their cortical 
termination fields. In our material, cholinergic fibers enter cortex either via layer I (medial) 
route or layer VI (other routes). Interestingly we find that injection locations in rostral loca-
tions in the basal forebrain show both a high number of fibers taking the medial route and a 
higher relative innervation of the superficial layers in the IL and PL. In these two regions, we 
found that caudal injections resulted in a high amount of deep fibers but a specific reduction 
in superficial fibers. Our results therefore suggest functional differences between the rostral 
and caudal parts of the basal forebrain and the pathways that innervate the mPFC from layer 
I and from layer VI. Although the routes taken by fibers leaving the basal forebrain have 
already been described in the rat (Eckenstein et al., 1988; Luiten et al., 1987; Saper, 1984), 
this is the first anterograde tracing study in which only cholinergic fibers were labeled and the 
first in the mouse brain. Moreover, we provide novel information about the relation between 
the location of basal forebrain neurons, the routes of their axons, and their regional and lami-
nar targets in the mPFC. After entering the cortex, the cholinergic fibers branch off collaterals 
that run radially and supply a dense network of varicose to hypervaricose (layer I) fibers with 
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a rather uniform fiber thickness. This has been described before in rat Fr1 and somatosensory 
cerebral cortical fields (Mechawar et al., 2000). The far majority of the varicosities on the 
‘parallel’ fibers and their collaterals are present in an en passant arrangement. 

The ChAT-cre recombinant mouse is an excellent model to study cholinergic projections 
in detail. Focal viral microinjections in the basal forebrain induced eYFP expression in se-
lected neurons, restricted to the injection location. We applied ChAT-immunofluorescence 
histochemistry to verify that all eYFP positive cell bodies were positive for ChAT. We there-
fore consider all eYFP positive fibers to be cholinergic. The accumulation of eYFP in fibers 
was sufficiently high to enable us to trace fibers along various pathways to their cortical des-
tinations. The fluorescent marker appeared robust enough to withstand prolonged exposure 
to UV light in stereology microscopy and laser light in confocal laser scanning microscopy. 
Another advantage of working with the cre-lox/viral expression system was that the AAV2 
virus only initiated eYFP production in cholinergic neurons at the injection loci while the 
cholinergic prefrontal cortical interneurons and their fibers remained unaffected and there-
fore were literally ‘left in the dark’. Thus, our study dealt exclusively with basal forebrain 
cholinergic innervation of mPFC with the pertinent exclusion of local cholinergic circuit 
fibers and fibers originating from the pedunculopontine nucleus and laterodorsal tegmental 
area. A third advantage of the use of the cre-lox recombination technique compared with 
‘classical’ neuroanatomical tracing is the pertinent absence of retrograde transport of the 
tracer. Areas that are known to project fibers to the basal forebrain cholinergic neurons, e.g. 
hypothalamic nuclei that project to VDB and HDB (Swanson & Cowan, 1979) were free of 
any sign of retrograde transport. As the amygdala is considered as a strong source of input to 
nucleus basalis (Swanson & Cowan, 1979), we looked specifically for retrograde transport 
here. Although densely innervated by eYFP positive fibers (an extremely dense innervation 
of the basal amygdaloid nucleus was present in experiment #2040 where virus had been 
injected in nucleus basalis), we did not observe any eYFP positive neuron in any of our ex-
periments in any of the amygdaloid nuclei. We consider the few eYFP positive neurons in the 
striatum as resulting from injection track labeling rather than retrograde transport since these 
eYFP positive neurons were only present along the dorsoventrally oriented injection tracks. 

In this study the regional cholinergic innervation of the mPFC and the somatotopic rela-
tion with the basal forebrain were investigated. For understanding the way ACh influences 
information processing in the mPFC, it is crucially important to also know the distribution 
of ACh receptors in this brain structure. To our knowledge, no study specifically looked into 
possible regional differences of ACh receptors between the mPFC areas. However, based on 
work comparing other cortical areas (Gulledge et al., 2007a) and autoradiographical stud-
ies (Clarke et al., 1984; Spencer Jr et al., 1986) it seems that the differences in ACh recep-
tors throughout cortical areas are relatively small. Concerning cortical layers, the picture 
is very different. Electrophysiological recordings in acute brain slices have demonstrated a 
marked layer and neuronal subtype specificity in the responses to ACh (Arroyo et al., 2012; 
Christophe et al., 2002; Gulledge et al., 2009; Gulledge et al., 2007b; Kassam et al., 2008; 
Poorthuis et al., 2012). Despite this information, it remains unknown how acetylcholine re-
lease affects processing in the mPFC. For understanding how neuronal activity is affected by 
acetylcholine release, it is extremely important to take into consideration the specifics of the 
release of this neurotransmitter. Both the temporal and spatial specificity of cholinergic sig-
naling are currently under debate. For instance, it is unknown how divergent the cholinergic 
projections are, whether the signaling occurs through classical synapses and/or volume trans-
mission and how tonic and phasic release relate to each other and to cognitive/behavioural 
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events. Optogenetics will be crucial in finding out how exactly the prefrontal microcircuitry 
is influenced by ACh release, as with this method acetylcholine release can be induced in a 
spatially and temporally physiological realistic manner.

Our data contribute in two ways to the goal of understanding the cholinergic modula-
tion of processing in the mPFC. First, using anterograde tracing of specifically cholinergic 
neurons, we provide new insights into the specificity of cholinergic innervations and the 
somatotopical relationship between the somas and their axonal projections. Secondly, our 
data provide clear instructions for those who want to manipulate the cholinergic system us-
ing viral mediated transfection of cholinergic neurons in the basal forebrain, such as with 
optogenetics. For this reason, we think our characterization of the innervation of the mPFC 
by the basal forebrain in ChAT-cre mice is very relevant for progressing our understanding 
of this system.
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Introduction

During attention tasks there is a release of ACh in the mPFC which is associated both with 
attentional effort and with cue detection (Parikh et al., 2007; Passetti et al., 2000). Very little 
is known about how the release of ACh influences the activity in the mPFC and how this 
contributes to attention. In the work presented in this thesis, we demonstrate a crucial role for 
a particular kind of nAChR, the β2-containing nAChR, for normal attentional performance 
(Chapter 2). In addition, we demonstrate that the presence of this receptor type in the mPFC 
is sufficient for normal performance, thereby for the first time specifically demonstrating 
the involvement of prefrontal heteromeric nAChRs in attention. In addition, we used slice 
physiology to study how the activation of nAChRs influences activity in the microcircuitry 
of the mPFC (Chapter 3). We conclude that the effects are strongly layer and neuronal sub-
type dependent and that nAChR activation increases activity in the deep layers of the mPFC. 
Furthermore, nAChR mediated effects of ACh disappear mostly in the presence of realistic 
concentrations of nicotine, as experienced by the brain after the smoking of one cigarette 
(Chapter 4). Finally, we mapped the mPFC region-specific innervation by basal forebrain 
cholinergic neurons (Chapter 5). This was the first anterograde tracing study investigating 
specifically the projection patterns to the prefrontal cortex of cholinergic neurons in the basal 
forebrain. Also, as will be discussed in this chapter, this information is crucial for advancing 
our understanding of the cholinergic modulation of the mPFC because it opens up possibili-
ties for novel experiments that can be performed in the near future.

Prefrontal nAChRs and attention

Our findings indicate that β2 subunits in the prelimbic cortex are necessary for cue detection, 
as mice lacking these subunits make more errors of omission in the 5-CSRTT. This is the first 
time that attention problems have been demonstrated in these mice. Although we did not find 
altered behavior in mice lacking the α7 subunit, others have reported that α7 knock-outs do 
have attentional deficits as apparent by an increase in omissions and a decrease in accuracy 
(Hoyle et al., 2006; Young et al., 2007; Young et al., 2004). A possible explanation for this 
discrepancy is that in their experiments the mice performed more trials. Hence, it could be 
that the demands on sustained attention were higher thereby revealing the phenotype. More-
over, in our experiments the mice made relatively more omissions, making it possible that 
differences were masked by a ceiling effect. Nevertheless, the fact that we did find an effect 
on omissions in the β2 knock-out mice in our studies suggests that we were able to measure 
differences in attention behavior between different phenotypes and that probably the pheno-
type of α7 knock-outs is more subtle. 

Although the role of the β2* nAChRs in attention behavior has not been tested before 
with the use of mice lacking these subunits, there have been attempts to study them using 
a pharmacological approach. In other studies using the same behavioral task, it was found 
that pharmacological blockade of β2* nAChRs did not affect task performance in rats (Grot-
tick & Higgins, 2000; Hahn et al., 2011) and in mice (Pattij et al., 2007). Therefore it was 
concluded that these receptors are not involved in cue detection. There are several possible 
explanations for the discrepancy between these and our findings. First, there could be species 
differences explaining the lack of effect in rats. Secondly, differences could be due to the 
concentration of antagonist applied and residual effects of acetylcholine through nAChRs. 



Cholinergic modulation of the mPFC

124

It is not completely known how high the antagonist concentration is in the mPFC when it is 
administered systemically. In addition, in our electrophysiological recordings we do not see 
a full blockade of the inward currents after local ACh application in the presence of the β2* 
nAChRs antagonist, DhβE, that was used in the rat studies. In addition, knocking out genes 
can induce compensatory effects and developmental changes. Indeed, it is known that mice 
lacking β2 subunits have an upregulation of muscarinic excitability (Tian et al., 2011). 

Interestingly, it has also been demonstrated that the α5 subunit, which is present on layer 
VI pyramidal neurons, is necessary for normal attention behavior (Bailey et al., 2010). In 
contrast to β2 knock-out mice, mice lacking the α5 subunit have a reduced accuracy in the 
5-CSRTT and only a small, but not significant, effect on omissions. Since α5 and β2 subunits 
form nAChRs only on layer VI pyramidal cells, it could be that the effect on omissions is 
dependent on nAChRs that do not have the α5 subunit. In contrast, the effect on accuracy in 
α5 knock-out mice could be due to differences that are due to the role of the α5 subunit in 
development, as mice lacking this subunit have neurons with shorter apical dendrites (Bailey 
et al., 2012). Alternatively, it could be that β2* nAChR are specifically involved in the me-
diation of the effects of cholinergic transients, whereas α5β2* are more important for tonic 
effects of Ach. This could well be the case, since that would mean that the timescale of their 
activation would match the release mode. 

In addition to the knock-out approach to probe the involvement of specific receptors 
in this task, other studies have also used pharmacology. Most of these have used systemic 
administration of nicotinic and/or muscarinic drugs and are hard to interpret since nAChRs 
throughout the brain are activated. However, a small number of studies have infused cho-
linergic drugs locally into the mPFC, thereby generating important data regarding the cho-
linergic modulation of this brain area. In one study, nicotine was infused systemically or 
locally into the mPFC or hippocampus and attention behavior in the 5-CSRTT was compared 
between these conditions (Hahn et al., 2003b). This study elegantly showed that the effects 
of systemic nicotine on the accuracy in the task could also be observed after local infusion of 
nicotine. In contrast to what one would expect on the basis of our data, they did not find that 
nicotine in the mPFC could replicate the effects of systemic nicotine on omissions. There was 
no effect of nicotine on the dorsal hippocampus. The same authors also performed another 
study in which they investigated the contribution of heteromeric and homomeric nAChRs to 
the effects of nicotine on the 5-CSRTT using the specific antagonists DHβE and MLA (Hahn 
et al., 2011). Based on co-application of these antagonists and nicotine, they concluded that 
the effects of nicotine are mediated by α7 nAChRs and not by β2* nAChR. A more recent 
study, in which nicotinic agonists were used, shows however that the attention enhancing 
effects of nicotine are also seen with specific β2* nAChR agonists, but not with α7 nAChRs 
agonists (Young et al., 2013).

To summarize, although there is plenty of evidence showing that prefrontal ACh is crucial 
for attention behavior and that nicotinic receptors are involved in performance during the 
5-CRSTT, it is currently not completely clear what the role of different types of receptors are 
and how exactly they change the number of omissions and accuracy. Interpreting the results 
is complicated by the fact that there are many small differences in task design and because 
of problems with interpreting systemic administration and knockout studies. Nevertheless, 
our results are clearly showing an involvement of the β2* nAChRs in cue detection during 
the 5-CSRTT.
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Modulation of PFC activity by nicotinic receptor activation

Given the findings described above and the clinical interest in improving cognition using 
pharmacological stimulation of nAChRs, it is crucial to understand how exactly circuits in 
the mPFC are modulated by nicotinic stimulation. With our research described in chapter 3 
we have contributed to acquiring an integral view of how the circuit of the mPFC is modu-
lated through nAChRs. Based on our findings and the work of others, a picture is emerging 
of nicotinic modulation of the mPFC. First the findings regarding nAChR localization will 
be discussed after which we will speculate about the functional role of nAChR activation in 
the mPFC.

Heteromeric nicotine receptors on thalamic afferents induce a large enhancement of glu-
tamatergic inputs to the mPFC (Lambe et al., 2003). It was estimated that 40% of heteromeric 
nAChRs in the mPFC are located on thalamocortical terminals (Gioanni et al., 1999). Given 
these findings and the increase of coding reliability that is observed in sensory areas after 
nAChR stimulation (Disney et al., 2007; Goard & Dan, 2009; Soma et al., 2012), one could 
speculate that an enhancement of thalamocortical processing is a dominant effect of nAChR 
stimulation in the mPFC. Interestingly, heteromeric receptors on these terminals were not 
reexpressed in the experiment in chapter 2, demonstrating that it is unlikely that β2*-nAChRs 
on thalamic inputs play a role in cue detection in this task.

In addition to these presynaptic receptors, β2*-nAChRs were also located postsynapti-
cally on cells in the mPFC. We found a strong presence of α4β2α5 nAChRs on pyramidal 
cells in layer VI and α4β2* nAChRs on interneurons in all layers. Given our finding that re-
expression of β2 subunits in the prelimbic cortex could rescue the phenotype of β2 knockout 
mice, it is most likely that these receptors are crucial for cue detection in the 5-CSRTT. This 
would suggest that during a sustained attention task, acetylcholine increases inhibition in the 
mPFC through nAChRs and increases pyramidal cell activity in layer VI. These pyramidal 
neurons feed back to the thalamic inputs of the mPFC (Gabbott et al., 2005). In the visual 
cortex these layer VI pyramidal neurons have been shown to modulate the gain of incoming 
thalamic information (Olsen et al., 2012). It would be interesting to disentangle the contri-
bution of prelimbic interneurons and layer VI pyramidal cells in an attention task to further 
narrow down the specific β2* nAChRs that are required for cue detection.

Homomeric receptors were also found in the mPFC in a layer and neuronal subtype spe-
cific manner. Interestingly we found α7 receptors on layer V pyramidal neurons. To our best 
knowledge, this is the first demonstration of a homomeric nAChR presence on layer V py-
ramidal cells. Also, we found α7 nAChRs on interneurons in layer I-V. Hence, interneurons 
in all layers, except for layer VI contain a mixed profile of nAChRs. This includes both fast 
spiking and non-fast spiking interneurons although there are differences in nAChRs in these 
two populations in the different layers.

In our experiments we found that the net effect of nAChR stimulation is an increase in in-
terneuron activity throughout all layers. In addition, we find that deep layers, and in particular 
layer VI, are activated strongly through nAChRs. 

Given these findings, one could speculate about the functional role of nicotinic receptors 
in the modulation of mPFC activity by acetylcholine. Based on our data and other findings 
that were reported in the literature, it seems that nAChR stimulation would result in an in-
crease of the inhibitory tone of the mPFC network. In addition, there seems to be a strong 
increase in the processing of thalamic information. Together this could mean that nAChR 
stimulation would ‘reset’ the network so that new incoming information can be processed. 
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This would fit well with the model that was proposed by Sarter (Howe et al., 2013; Sarter 
et al., 2005) in which short increases in acetylcholine would mediate an attentional shift, or 
more precisely: a shift from perceptual attention to the activation of response rules allowing 
the expression of a behavioral response. 

Furthermore, as in sensory cortices our data support the model that acetylcholine reduces 
the functional connectivity of corticocortical projections. In other words, also in the mPFC 
there is an increased drive from the thalamus whereas the superficial layers, that mediate 
most of the corticocortical connectivity, are inhibited.

Finally, we find strong effects of nAChR activation on the spontaneous activity in the 
deep cortical layers. Based on their connectivity, this would suggest that the activation of 
nAChRs in the mPFC by acetylcholine increase the drive from this region on subcortical 
structures. Since layer V strongly connects to the striatum, it could be that the activation of 
this layer is important in the initiation of the behavioral response after the mPFC has detected 
the cue. In contrast, layer VI projects back to the MDT, which could modulate the gain of the 
thalamic inputs. To determine the effects of activation of these layers, it will be necessary to 
perform in vivo experiments in which the activity in different layers will be measured and/
or manipulated.

Since it is known that the basal forebrain gets activated in response to salient events 
(Lin & Nicolelis, 2008) and that there are strong projections to this region from subcortical 
areas like the nucleus accumbens  (St. Peters et al., 2011) and the amygdala (Jolkkonen et 
al., 2002), it seems that transient cholinergic inputs to the mPFC are important for signaling 
salient information mPFC. In other words, when important information regarding potential 
rewards or dangers are presented or expected, acetylcholine might update the internal goals, 
the direction of attention, the content of working memory and/or a change in behavior. 

It remains to be determined how this links to the effects of acetylcholine on sustained 
attention. It could be that acetylcholine influences sustained attention through this fast signal-
ing mode and that when sustained attention fades, this is reflected by a reduction in the size 
or frequency of cholinergic transients. Alternatively, the effects of ACh on sustained attention 
might be independent of fast cholinergic transients and instead related to tonic release of Ach. 
Finally, there might be a complex interplay between tonic and phasic effects.

The role of α7 receptors in the mPFC

In our experiments we found a limited role for the α7 nAChRs. As discussed above, in our be-
havioral experiments we could not establish a necessary role for these receptors in attention. 
Since other groups have reported behavioral deficits in the α7 knockout mouse (Hoyle et al., 
2006; Young et al., 2007; Young et al., 2004), this probably means that the effect of missing 
this receptor is relatively subtle. In addition, we found that with bath application activation 
of α7 nAChRs was limited and that all of the effects of nAChR stimulation on suprathreshold 
spiking activity were mediated by β2* nAChRs. This raises the question what the functional 
role is of this receptor. Is it the case that α7 receptors play a minor role in cholinergic effects 
on the mPFC or is this related to the experimental design that we chose?

To start with, the electrophysiological effects of receptor activation depend crucially on 
the administration method. As shown in chapter 3, there is a big difference in the size of the 
currents through α7 nAChRs after puff and bath application. This contrasts with β2* nAChRs 
through which the amplitude of the current is similar with both application methods. Hence, 
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it is likely that application of ACh in the bath is too slow to effectively activate homomeric 
receptors. This fits very well with the fact that the inward current that is mediated by α7 
nAChRs is much faster than through β2* nAChRs. This would mean that α7 nAChRs act on 
an even faster time scale. In addition, the localization of the receptors is of importance. There 
is experimental evidence suggesting that α7 nAChRs are located synaptically, whereas β2* 
nAChRs are located extrasynaptically (Bennett et al., 2012). 

To resolve this issue, it will be necessary to induce acetylcholine release from choliner-
gic axons themselves. This is the only way to control the spatial and temporal properties of 
cholinergic signaling and to thereby study the precise roles of these two types of receptors 
further. As will be discussed at the end of this chapter, new technologies are making exactly 
this possible.

Another important difference between β2* nAChRs and α7 nAChRs is their ion perme-
abilities (Fucile, 2004). Since α7 nAChRs are highly permeable to calcium, it could be that 
their main role is not simply to depolarize the membrane but rather to influence intracellular 
signaling. Indeed, an important role for these receptors has been demonstrated in plasticity 
(Gu et al., 2012; Gu & Yakel, 2011; Hellier et al., 2012; Lin et al., 2010; Nakauchi & Sumi-
kawa, 2012) and in inducing persistent action potential firing (Yang et al., 2013). This means 
that theoretically it could be that it is not the case that we are not activating these receptors in 
the right way, but that maybe we are just not looking at the right variables to see their effect. 
Potentially α7 nAChRs activation does not mediate the effects of ACh on spontaneous action 
potential firing even though it affects the physiology in another manner.

To conclude, although in our experiments we find a limited role of α7 nAChRs this does 
not mean that this receptor is not involved in the mediation of the cholinergic effects in the 
mPFC. Acetylcholine release parameters, subcellular localization of nAChRs and intracel-
lular signaling are all crucial factors that we currently know very little about.

Exogenous nAChR activation: the role of nicotine

Although the endogenous ligand for nAChRs is acetylcholine, many people use a drug that 
contains an exogenous ligand for this receptor, namely nicotine, in the form of smoking of 
tobacco. Since there is evidence that nicotine influences attentional performance (Hahn et al., 
2003a; Heishman et al., 2010; Levin et al., 2006; Mirza & Stolerman, 2000) and that at least 
a part of these effects are mediated by prefrontal nAChRs in rats (Hahn et al., 2003c), we 
asked how realistic concentrations of nicotine affect cholinergic signaling through nAChRs 
in the mPFC. We found that although nicotine activates nAChRs and thereby influences net-
work activity, the main effect of nicotine is actually a desensitization of nAChRs. Especially 
heteromeric nAChRs desensitize strongly in the presence of 300 nM nicotine, a concentra-
tion that is found in the brain after the smoking of just one cigarette for over 10 minutes. For 
this reason, we concluded that nicotine interferes strongly with cholinergic signaling through 
nAChRs. 

In addition to the activating and desensitizing properties of nicotine when it binds to the 
nAChRs, it has also been shown that nicotine can induce persistent changes in gene expres-
sion in multiple brain areas, including the mPFC (Mychasiuk et al., 2013), and that it strongly 
influences the presence of high affinity nicotine receptors in the brain (Buisson & Bertrand, 
2001; Marks et al., 1992). The mechanisms behind this are still controversial (Govind et al., 
2012; Vallejo et al., 2005) but it has been firmly established that this is the case.
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At the behavioral level, although the evidence for an effect of nicotine on attention is 
strong, the precise conditions under which this can be observed are still under debate. Al-
though nicotine seems to improve cognition in certain patient populations including schizo-
phrenia, ADHD and dementias (D’Souza & Markou, 2011; Newhouse et al., 2004; Potter & 
Newhouse, 2008), the evidence for an attention enhancing effect in healthy populations is 
scarce (Heishman et al., 2010; Newhouse et al., 2004). Moreover, people that are addicted 
to smoking function better when they are not in a state of abstinence (Kleykamp et al., 2005; 
Vossel et al., 2011) although this seems to reduce a cognitive deficit associated with the absti-
nence rather than to really improve attention. Importantly, in humans it is unlikely that smok-
ers represent an unbiased sample of the population. Rather, attentional problems or other 
cognitive deficits might already be present (Rigbi et al., 2008). Also, mutations in the genes 
coding for the nAChR subunits influence smoking behavior itself (Picciotto & Kenny, 2012).

To circumvent these problems, animal work provides an outcome. In sustained attention 
tasks, many groups have shown that acute nicotine administration can improve performance 
(Grottick & Higgins, 2000; Hahn et al., 2003a; Stolerman et al., 2000; Young et al., 2013) 
although there are still some discrepancies between the different findings (Mirza & Stoler-
man, 1998; Robbins, 2002). Importantly, the age and duration of nicotine administration have 
been found to be important parameters (Counotte et al., 2012b). Rats that received nicotine 
during adolescence had attentional difficulties in adulthood, an effect that was not observed 
when nicotine was delivered during adulthood (Counotte et al., 2011; Counotte et al., 2012a).

There seem to be big differences between acute and chronic nicotine administration. Es-
pecially at an early age, the network is prone to adapt quickly. Because nicotine use in hu-
mans often starts during puberty and is occurring during prolonged periods, it is likely that 
the effects of nicotine on cognition in humans are different from what we have observed in 
slices. For this reason it is hard to explain the cognitive effects of smoking from our data. 
Nevertheless, our data suggests that nicotine does not exert its effects as an agonist, but rather 
as an agent that desensitizes β2* nAChRs.

Recently, several groups have started disentangling the activating and desensitizing ef-
fects of nicotine in attention. Levin and Rezvani have administered nAChR antagonists and 
an agonist that mainly desensitizes high affinity nAChRs and found that attention can be im-
proved by these drugs (Levin et al., 2013; Rezvani et al., 2013). Therefore this would suggest 
that the attention enhancing effects of nicotine are actually mediated by a desensitization of 
nAChRs. This raises the question, however, why we found that mice lacking β2* nAChRs 
have an attentional deficit. Moreover, another group found that the nAChR antagonist meca-
mylamine increased the number of omissions (Pattij et al., 2007). 

To conclude, although there is a lot of evidence that nicotine influences attentional per-
formance, it is still under debate what the exact conditions are under which it improves or 
decreases attention and what the mechanisms are through which it does so. 

Shining new light on the cholinergic system

As discussed above there are certain limitations that are inherent to the approach we have 
been using. Concerning the physiological experiments our data clearly show the importance 
of the specific spatial and temporal characteristics of the acetylcholine application. In order 
to advance our knowledge about the way acetylcholine modulates processing in the mPFC it 
will be crucial to manipulate acetylcholine release from cholinergic terminals, because this 
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is the only way in which we can monitor the postsynaptic effects that occur with realistic 
cholinergic stimulation. When it comes to the role of acetylcholine in behavior, there are also 
certain limitations with the pharmacological and knock-out approach. Pharmacology suffers 
from a stimulation of receptors throughout the body and also here the temporal aspects of re-
ceptor activation are far from what is physiologically relevant. As mentioned before, animals 
lacking specific receptors often show compensatory and developmental effects and therefore 
do not allow us to see the role of receptors in the normal situation.

Fortunately there are new methods that will allow us to press forward our understanding 
of the cholinergic modulation of the mPFC by manipulating acetylcholine release from cho-
linergic neurons themselves and by measuring the release of acetylcholine and the activity of 
the cholinergic innervation. Two methods that I think will be crucial are optogenetics (Fenno 
et al., 2011; Yizhar et al., 2011; Zhang et al., 2007) and the measurement of presynaptic activ-
ity with new calcium dyes (Chen et al., 2013; Kaifosh et al., 2013).

Optogenetics makes use of genetically encoded opsins that allow experimenters to stimu-
late or inhibit the activity of specific populations of neurons. The neurons that are effected 
can be defined by their genetic background, their location, their projection targets or a com-
bination of these (Josh Huang & Zeng, 2013). Using this method it will be possible to deter-
mine the effect of acetylcholine release in specific brain structures. Since release can be both 
inhibited and stimulated at specific time points during behavioral tests, it will be possible 
to determine the effects of different release modes in specific brain regions. In addition, 
electrophysiological effects of acetylcholine release can be measured using in vitro or in 
vivo preparations. The power of this approach has already been demonstrated in a number of 
studies that investigated polysynaptic effects of acetylcholine release (Arroyo et al., 2012; 
Bennett et al., 2012).

In addition, very sensitive calcium dyes have been developed (Chen et al., 2013) that 
make it possible to measure presynaptic activity. In other words, if these dyes are expressed 
in cholinergic neurons of the basal forebrain, it will be possible to measure the activity of 
their axons in the cortex. This will most likely lead to breakthroughs in our knowledge about 
the activity of these neurons as at the moment, very little is known about the activity of these 
fibers. Recently, a similar approach was used on the GABAergic projections from the basal 
forebrain to the hippocampus, thereby showing for the first time when these axons are active 
during behavior (Kaifosh et al., 2013).

Both of these methods make use of transfected neurons. In most cases this will probably 
be done using virus mediated expression of transgenes in the basal forebrain since this is the 
only way to disentangle the role of the multiple cholinergic populations that are present in 
the brain (Mesulam et al., 1983). For this reason, it is necessary to know the way cholinergic 
neurons in the basal forebrain map onto the projections in the cortex. This exactly was the 
aim of the work in the 5th chapter and we believe this will be important information for ev-
erybody that wants to study the functional role of the cholinergic innervation of the mPFC.

These methods will make it possible to address key questions in the field of the choliner-
gic modulation of the cortex. First of all, they will make it possible to investigate when ace-
tylcholine is released and through what kind of signaling mode this occurs. In other words, 
we will be able to find out what the role is of tonic and phasic release of acetylcholine. In 
addition, the spatial specific of cholinergic signaling can finally be addressed. At the moment 
there is a scarcity of information regarding the degree of specificity of acetylcholine release. 
For example, currently it is unknown whether acetylcholine release occurs simultaneously 
throughout the PFC or whether it can be restricted to specific prefrontal areas such as the pre-
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limbic cortex. Moving from a general notion of a role of acetylcholine in attention towards 
an understanding of when and where exactly acetylcholine is released will be a crucial step 
towards understanding the cholinergic system.

Since there are multiple sources of acetylcholine, this approach will make it possible 
to study the role of the basal forebrain, midbrain cholinergic areas and cortical cholinergic 
interneurons separately. Moreover, cholinergic neurons only make up a small percentage of 
cortical projections from the basal forebrain (Gritti et al., 1997; Gritti et al., 2003; Zaborszky 
et al., 1999), and the genetic approach will allow studying the role of these other projections 
to the cortex, in an approach similar to (Kaifosh et al., 2013). Using optogenetics and geneti-
cally encoded calcium indicators will allow researchers to disentangle the role of different 
cholinergic and basal forebrain neuronal populations. 

Also in the field of neurophysiology big advances are to be expected with the develop-
ment of optical methods. Many of the questions that remained after our slice experiments can 
now finally be addressed. In order to understand how acetylcholine modulates processing in 
the mPFC we will need to deliver acetylcholine in a realistic manner. If we can make cholin-
ergic axons release acetylcholine themselves then we will make a huge step forwards in this 
respect. As mentioned before, several papers have been published in which this was done 
(Arroyo et al., 2012; Bennett et al., 2012). It will be necessary to investigate how nicotine 
affects currents through nAChRs when acetylcholine is not applied with in the bath or with a 
puff pipette but instead released from cholinergic axons.

Finally, the combination of calcium indicators, allowing us to measure presynaptic activ-
ity, and in vivo electrophysiology make it possible to correlate neuronal spiking and field 
potential dynamics to acetylcholine release. Again, this is expected to provide exciting new 
insights into the role of acetylcholine in cognition and the cortical mechanisms underlying 
this.



Chapter 6

131



Cholinergic modulation of the mPFC

132



List of references

133

List of References



Cholinergic modulation of the mPFC

134



List of references

135

List of references:

Adesnik, H. & Scanziani, M. (2010). Lateral competition for cortical space by layer-specific 
horizontal circuits. Nature, 464(7292), 1155-1160.

Albuquerque, E.X., Pereira, E.F., Alkondon, M. & Rogers, S.W. (2009). Mammalian nico-
tinic acetylcholine receptors: From structure to function. Physiol Rev, 89(1), 73-120.

Alitto, H.J. & Dan, Y. (2013). Cell-type-specific modulation of neocortical activity by basal 
forebrain input. Frontiers in Systems Neuroscience, 6, 1-12.

Alkondon, M. & Albuquerque, E.X. (2004). The nicotinic acetylcholine receptor subtypes 
and their function in the hippocampus and cerebral cortex. Prog Brain Res, 145, 109-120.

Alkondon, M., Pereira, E.F., Eisenberg, H.M. & Albuquerque, E.X. (2000). Nicotinic recep-
tor activation in human cerebral cortical interneurons: A mechanism for inhibition and 
disinhibition of neuronal networks. J Neurosci, 20(1), 66-75.

Alvarez, J.A. & Emory, E. (2006). Executive function and the frontal lobes: A meta-analytic 
review. Neuropsychol Rev, 16(1), 17-42.

Armstrong-James, M., Fox, K. & Das-Gupta, A. (1992). Flow of excitation within rat barrel 
cortex on striking a single vibrissa. J Neurophysiol, 68(4), 1345-1358.

Armstrong, D.M., Saper, C.B., Levey, A.I., Wainer, B.H. & Terry, R.D. (1983). Distribution 
of cholinergic neurons in rat brain: Demonstrated by the immunocytochemical localiza-
tion of choline acetyltransferase. J Comp Neurol, 216(1), 53-68.

Arroyo, S., Bennett, C., Aziz, D., Brown, S.P. & Hestrin, S. (2012). Prolonged disynaptic 
inhibition in the cortex mediated by slow, non-α7 nicotinic excitation of a specific subset 
of cortical interneurons. The Journal of Neuroscience, 32(11), 3859-3864.

Ascoli, G.A., Alonso-Nanclares, L., Anderson, S.A., Barrionuevo, G., Benavides-Piccione, 
R., Burkhalter, A., Buzsaki, G., Cauli, B., Defelipe, J., Fairen, A., Feldmeyer, D., Fishell, 
G., Fregnac, Y., Freund, T.F., Gardner, D., Gardner, E.P., Goldberg, J.H., Helmstaedter, 
M., Hestrin, S., Karube, F., Kisvarday, Z.F., Lambolez, B., Lewis, D.A., Marin, O., 
Markram, H., Munoz, A., Packer, A., Petersen, C.C., Rockland, K.S., Rossier, J., Rudy, 
B., Somogyi, P., Staiger, J.F., Tamas, G., Thomson, A.M., Toledo-Rodriguez, M., Wang, 
Y., West, D.C. & Yuste, R. (2008). Petilla terminology: Nomenclature of features of gab-
aergic interneurons of the cerebral cortex. Nat Rev Neurosci, 9(7), 557-568.

Avale, M.E., Chabout, J., Pons, S., Serreau, P., De Chaumont, F., Olivo-Marin, J.-C., Bour-
geois, J.-P., Maskos, U., Changeux, J.-P. & Granon, S. (2011a). Prefrontal nicotinic re-
ceptors control novel social interaction between mice. The FASEB Journal, 25(7), 2145-
2155.

Avale, M.E., Chabout, J., Pons, S., Serreau, P., De Chaumont, F., Olivo-Marin, J.C., Bour-
geois, J.P., Maskos, U., Changeux, J.P. & Granon, S. (2011b). Prefrontal nicotinic recep-
tors control novel social interaction between mice. FASEB J, 25(7), 2145-2155.

Bailey, C.D., Alves, N.C., Nashmi, R., De Biasi, M. & Lambe, E.K. (2012). Nicotinic alpha5 
subunits drive developmental changes in the activation and morphology of prefrontal 
cortex layer vi neurons. Biol Psychiatry, 71(2), 120-128.

Bailey, C.D., De Biasi, M., Fletcher, P.J. & Lambe, E.K. (2010). The nicotinic acetylcholine 
receptor alpha5 subunit plays a key role in attention circuitry and accuracy. J Neurosci, 
30(27), 9241-9252.

Bain, E.E., Robieson, W., Pritchett, Y., Garimella, T., Abi-Saab, W., Apostol, G., Mcgough, 
J.J. & Saltarelli, M.D. (2012). A randomized, double-blind, placebo-controlled phase 2 
study of [alpha]4[beta]2 agonist abt-894 in adults with adhd. Neuropsychopharmacology.



Cholinergic modulation of the mPFC

136

Baluch, F. & Itti, L. (2011). Mechanisms of top-down attention. Trends in neurosciences, 
34(4), 210-224.

Barton, R.A. & Venditti, C. (2013). Human frontal lobes are not relatively large. Proceedings 
of the National Academy of Sciences.

Benchenane, K., Tiesinga, P.H. & Battaglia, F.P. (2011). Oscillations in the prefrontal cortex: 
A gateway to memory and attention. Curr Opin Neurobiol, 21(3), 475-485.

Bennett, C., Arroyo, S., Berns, D. & Hestrin, S. (2012). Mechanisms generating dual-compo-
nent nicotinic epscs in cortical interneurons. The Journal of Neuroscience, 32(48), 17287-
17296.

Bentley, P., Driver, J. & Dolan, R.J. (2011). Cholinergic modulation of cognition: Insights 
from human pharmacological functional neuroimaging. Progress in Neurobiology, 94, 
360-388.

Bigl, V., Woolf, N.J. & Butcher, L.L. (1982). Cholinergic projections from the basal forebrain 
to frontal, parietal, temporal, occipital, and cingulate cortices: A combined fluorescent 
tracer and acetylcholinesterase analysis. Brain Res Bull, 8(6), 727-749.

Bolam, J.P., Wainer, B.H. & Smith, A.D. (1984). Characterization of cholinergic neurons in 
the rat neostriatum. A combination of choline acetyltransferase immunocytochemistry, 
golgi-impregnation and electron microscopy. Neuroscience, 12(3), 711-718.

Bourgeois, J.P., Meas-Yeadid, V., Lesourd, A.M., Faure, P., Pons, S., Maskos, U., Changeux, 
J.P., Olivo-Marin, J.C. & Granon, S. (2012). Modulation of the mouse prefrontal cortex 
activation by neuronal nicotinic receptors during novelty exploration but not by explora-
tion of a familiar environment. Cereb Cortex, 22(5), 1007-1015.

Briggs, F., Mangun, G.R. & Usrey, W.M. (2013). Attention enhances synaptic efficacy and 
the signal-to-noise ratio in neural circuits. Nature, 499(7459), 476-480.

Brody, A., Mandelkern, M.A., London, E.D., Olmstead, R.E., Farahi, J., Scheibal, D., Jou, J., 
Allen, V., Tiongson, E., Chefer, S.I., Koren, A.O. & Mukhin, A.G. (2006) Cigarette smok-
ing saturates brain alpha4beta2 nicotinic acetylcholine receptors. Arch Gen Psychiatry, 
63, 907–915.

Broide, R.S., Robertson, R.T. & Leslie, F.M. (1996). Regulation of alpha7 nicotinic acetyl-
choline receptors in the developing rat somatosensory cortex by thalamocortical affer-
ents. Journal of Neuroscience, 16, 2956--2971.

Brooks, J.M., Pershing, M.L., Thomsen, M.S., Mikkelsen, J.D., Sarter, M. & Bruno, J.P. 
(2012). Transient inactivation of the neonatal ventral hippocampus impairs attentional 
set-shifting behavior: Reversal with an [alpha]7 nicotinic agonist. Neuropsychopharma-
cology.

Brooks, J.M., Sarter, M. & Bruno, J.P. (2011). Transient inactivation of the neonatal ventral 
hippocampus permanently disrupts the mesolimbic regulation of prefrontal cholinergic 
transmission: Implications for schizophrenia. Neuropsychopharmacology, 36(12), 2477-
2487.

Brousseau, G., Rourke, B.P. & Burke, B. (2007). Acetylcholinesterase inhibitors, neuropsy-
chiatric symptoms, and alzheimer’s disease subtypes: An alternate hypothesis to global 
cognitive enhancement. Exp Clin Psychopharmacol, 15(6), 546-554.

Brown, D. (2010). Muscarinic acetylcholine receptors (machrs) in the nervous system: Some 
functions and mechanisms. Journal of Molecular Neuroscience, 41(3), 340-346.

Bubser, M., Byun, N., Wood, M. & Jones, C. (2012). Muscarinic receptor pharmacology and 
circuitry for the modulation of cognition. In A. D. Fryer, A. Christopoulos & N. M. Na-
thanson (Eds.), Muscarinic receptors (Vol. 208, pp. 121-166): Springer Berlin Heidelberg.



List of references

137

Buisson, B. & Bertrand, D. (2001). Chronic exposure to nicotine upregulates the human α4β2 
nicotinic acetylcholine receptor function. The Journal of Neuroscience, 21(6), 1819-1829.

Bush, E.C. & Allman, J.M. (2004). The scaling of frontal cortex in primates and carnivores. 
Proceedings of the National Academy of Sciences of the United States of America, 
101(11), 3962-3966.

Butcher, L. (1995). Cholinergic neurons and networks. The rat nervous system (paxinos, g., 
ed.) (pp. 1003-1015). San Diego: Academic Press.

Butcher, L. & Woolf, N. (2004). Cholinergic neurons and networks revisited. The rat nervous 
system (paxinos, g., ed.) (pp. 1257-1268). San Diego: Academic Press.

Cachope, R., Mateo, Y., Mathur, Brian n., Irving, J., Wang, H.-L., Morales, M., Lovinger, 
David m. & Cheer, Joseph f. (2012). Selective activation of cholinergic interneurons en-
hances accumbal phasic dopamine release: Setting the tone for reward processing. Cell 
Reports, 2(1), 33-41.

Castro-Alamancos, M.A. & Connors, B.W. (1997). Thalamocortical synapses. Prog Neuro-
biol, 51(6), 581-606.

Chandler, D.J., Lamperski, C.S. & Waterhouse, B.D. (2013). Identification and distribution 
of projections from monoaminergic and cholinergic nuclei to functionally differentiated 
subregions of prefrontal cortex. Brain Research, 1522, 38-58.

Chandler, D.J. & Waterhouse, B.D. (2012). Evidence for broad versus segregated projections 
from cholinergic and noradrenergic nuclei to functionally and anatomically discrete sub-
regions of prefrontal cortex. Frontiers in Behavioral Neuroscience, 6, 1-9.

Changeux, J.-P. (2012). The nicotinic acetylcholine receptor: The founding father of the pen-
tameric ligand-gated ion channel superfamily. Journal of Biological Chemistry, 287(48), 
40207-40215.

Chatterjee, S., Santos, N., Holgate, J., Haass-Koffler, C.L., Hopf, F.W., Kharazia, V., Lester, 
H., Bonci, A. & Bartlett, S.E. (2013). The α5 subunit regulates the expression and func-
tion of α4*-containing neuronal nicotinic acetylcholine receptors in the ventral-tegmental 
area. PLoS ONE, 8(7), e68300.

Chen, T.W., Wardill, T.J., Sun, Y., Pulver, S.R., Renninger, S.L., Baohan, A., Schreiter, E.R., 
Kerr, R.A., Orger, M.B., Jayaraman, V., Looger, L.L., Svoboda, K. & Kim, D.S. (2013). 
Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature, 499(7458), 295-
300.

Christophe, E., Roebuck, A., Staiger, J.F., Lavery, D.J., Charpak, S. & Audinat, E. (2002a). 
Two types of nicotinic receptors mediate an excitation of neocortical layer i interneurons. 
Journal of Neurophysiology, 88(3), 1318-1327.

Christophe, E., Roebuck, A., Staiger, J.F., Lavery, D.J., Charpak, S. & Audinat, E. (2002b). 
Two types of nicotinic receptors mediate an excitation of neocortical layer i interneurons. 
J Neurophysiol, 88(3), 1318-1327.

Chudasama, Y., Dalley, J.W., Nathwani, F., Bouger, P. & Robbins, T.W. (2004). Cholinergic 
modulation of visual attention and working memory: Dissociable effects of basal fore-
brain 192-igg-saporin lesions and intraprefrontal infusions of scopolamine. Learning & 
Memory, 11(1), 78-86.

Clarke, P., Schwartz, R., Paul, S., Pert, C. & Pert, A. (1985). Nicotinic binding in rat brain: 
Autoradiographic comparison of [3h]acetylcholine, [3h]nicotine, and [125i]-alpha-bun-
garotoxin. The Journal of Neuroscience, 5(5), 1307-1315.

Clarke, P.B.S., Pert, C.B. & Pert, A. (1984). Autoradiographic distribution of nicotine recep-
tors in rat brain. Brain Research, 323(2), 390-395.



Cholinergic modulation of the mPFC

138

Constantinople, C.M. & Bruno, R.M. (2013). Deep cortical layers are activated directly by 
thalamus. Science, 340(6140), 1591-1594.

Cossart, R., Ikegaya, Y. & Yuste, R. (2005). Calcium imaging of cortical networks dynamics. 
Cell Calcium, 37,451-457.

Couey, J.J., Meredith, R.M., Spijker, S., Poorthuis, R.B., Smit, A.B., Brussaard, A.B. & 
Mansvelder, H.D. (2007). Distributed network actions by nicotine increase the threshold 
for spike-timing-dependent plasticity in prefrontal cortex. Neuron, 54(1), 73-87.

Counotte, D.S., Goriounova, N.A., Li, K.W., Loos, M., Van Der Schors, R.C., Schetters, 
D., Schoffelmeer, A.N., Smit, A.B., Mansvelder, H.D., Pattij, T. & Spijker, S. (2011a). 
Lasting synaptic changes underlie attention deficits caused by nicotine exposure during 
adolescence. Nat Neurosci, 14(4), 417-419.

Counotte, D.S., Goriounova, N.A., Moretti, M., Smoluch, M.T., Irth, H., Clementi, F., Schof-
felmeer, A.N., Mansvelder, H.D., Smit, A.B., Gotti, C. & Spijker, S. (2012a). Adolescent 
nicotine exposure transiently increases high-affinity nicotinic receptors and modulates 
inhibitory synaptic transmission in rat medial prefrontal cortex. FASEB J, 26(5), 1810-
1820.

Counotte, D.S., Smit, A.B., Pattij, T. & Spijker, S. (2011b). Development of the motivational 
system during adolescence, and its sensitivity to disruption by nicotine. Dev Cogn Neu-
rosci, 1(4), 430-443.

Counotte, D.S., Smit, A.B. & Spijker, S. (2012b). The yin and yang of nicotine: Harmful dur-
ing development, beneficial in adult patient populations. Front Pharmacol, 3, 180.

Cozzari, C. & Hartman, B.K. (1980). Preparation of antibodies specific to choline acetyl-
transferase from bovine caudate nucleus and immunohistochemical localization of the 
enzyme. Proc Natl Acad Sci U S A, 77(12), 7453-7457.

Cruikshank, S.J., Ahmed, O.J., Stevens, T.R., Patrick, S.L., Gonzalez, A.N., Elmaleh, M. & 
Connors, B.W. (2012). Thalamic control of layer 1 circuits in prefrontal cortex. The Jour-
nal of Neuroscience, 32(49), 17813-17823.

Currie, C., Nic, Gabhainn, S., Godeau, E., Roberts, C., Smith, R., Currie, D., Pickett, W., 
Richter, M., Morgan, A., Barnekow, V. (eds) (2008) Inequalities in young people’s health: 
HBSC international report from the 2005/06 Survey. In: Health policy for children and 
adolescents, No. 5. Copenhagen: WHO Regional Office for Europe.

D’souza, M.S. & Markou, A. (2011). Schizophrenia and tobacco smoking comorbidity: 
Nachr agonists in the treatment of schizophrenia-associated cognitive deficits. Neuro-
pharmacology, In Press, Accepted Manuscript.

Dajas-Bailador, F. & Wonnacott, S. (2004). Nicotinic acetylcholine receptors and the regula-
tion of neuronal signalling. Trends Pharmacol Sci, 25(6), 317-324.

Dalley, J.W., Cardinal, R.N. & Robbins, T.W. (2004a). Prefrontal executive and cognitive 
functions in rodents: Neural and neurochemical substrates. Neuroscience and Biobehav-
ioral Reviews, 28(7), 771-784.

Dalley, J.W., Mcgaughy, J., O’connell, M.T., Cardinal, R.N., Levita, L. & Robbins, T.W. 
(2001). Distinct changes in cortical acetylcholine and noradrenaline efflux during con-
tingent and noncontingent performance of a visual attentional task. J Neurosci, 21(13), 
4908-4914.

Dalley, J.W., Theobald, D.E., Bouger, P., Chudasama, Y., Cardinal, R.N. & Robbins, T.W. 
(2004b). Cortical cholinergic function and deficits in visual attentional performance in 
rats following 192 igg–saporin-induced lesions of the medial prefrontal cortex. Cerebral 
Cortex, 14(8), 922-932.



List of references

139

Damasio, H., Grabowski, T., Frank, R., Galaburda, A.M. & Damasio, A.R. (1994). The re-
turn of phineas gage: Clues about the brain from the skull of a famous patient. Science, 
264(5162), 1102-1105.

Dani, J.A. & Balfour, D.J.K. (2011). Historical and current perspective on tobacco use and 
nicotine addiction. Trends in neurosciences, 34(7), 383-392.

Davidson, R.J. & Irwin, W. (1999). The functional neuroanatomy of emotion and affective 
style. Trends Cogn Sci, 3(1), 11-21.

Davies, P. & Maloney, A.J.F. (1976). Selective loss of central cholinergic neurons in alzheim-
er’s disease. The Lancet, 308(8000), 1403.

De Biasi, M. & Dani, J.A. (2011). Reward, addiction, withdrawal to nicotine. Annual Review 
of Neuroscience, 34, 105-130.

Deco, G. & Thiele, A. (2009). Attention – oscillations and neuropharmacology. European 
Journal of Neuroscience, 30(3), 347-354.

Deco, G. & Thiele, A. (2011). Cholinergic control of cortical network interactions enables 
feedback-mediated attentional modulation. European Journal of Neuroscience, 34(1), 
146-157.

Defelipe, J., Lopez-Cruz, P.L., Benavides-Piccione, R., Bielza, C., Larranaga, P., Anderson, 
S., Burkhalter, A., Cauli, B., Fairen, A., Feldmeyer, D., Fishell, G., Fitzpatrick, D., Freund, 
T.F., Gonzalez-Burgos, G., Hestrin, S., Hill, S., Hof, P.R., Huang, J., Jones, E.G., Kawa-
guchi, Y., Kisvarday, Z., Kubota, Y., Lewis, D.A., Marin, O., Markram, H., Mcbain, C.J., 
Meyer, H.S., Monyer, H., Nelson, S.B., Rockland, K., Rossier, J., Rubenstein, J.L., Rudy, 
B., Scanziani, M., Shepherd, G.M., Sherwood, C.C., Staiger, J.F., Tamas, G., Thomson, 
A., Wang, Y., Yuste, R. & Ascoli, G.A. (2013). New insights into the classification and 
nomenclature of cortical gabaergic interneurons. Nat Rev Neurosci, 14(3), 202-216.

Deiana, S., Platt, B. & Gernotriedel. (2010). The cholinergic system and spatial learning. 
Behavioural Brain Research.

Demeter, E. & Sarter, M. (2013). Leveraging the cortical cholinergic system to enhance at-
tention. Neuropharmacology, 64(0), 294-304.

Desimone, R. & Duncan, J. (1995). Neural mechanisms of selective visual attention. Annu 
Rev Neurosci, 18, 193-222.

Détári, L., Rasmusson, D.D. & Semba, K. (1999). The role of basal forebrain neurons in tonic 
and phasic activation of the cerebral cortex. Progress in Neurobiology, 58(3), 249-277.

Deurveilher, S. & Semba, K. (2011). Basal forebrain regulation of cortical activity and sleep-
wake states: Roles of cholinergic and non-cholinergic neurons. Sleep and Biological 
Rhythms, 9, 65-70.

Dickinson, J.A., Kew, J.N.C. & Wonnacott, S. (2008). Presynaptic α7- and β2-containing 
nicotinic acetylcholine receptors modulate excitatory amino acid release from rat pre-
frontal cortex nerve terminals via distinct cellular mechanisms. Molecular Pharmacology, 
74(2), 348-359.

Disney, A.A., Aoki, C. & Hawken, M.J. (2007). Gain modulation by nicotine in macaque v1. 
Neuron, 56(4), 701-713.

Disney, A.A., Aoki, C. & Hawken, M.J. (2012). Cholinergic suppression of visual responses 
in primate v1 is mediated by gabaergic inhibition. Journal of Neurophysiology, 108(7), 
1907-1923.

Dos Santos Coura, R. & Granon, S. (2011). Prefrontal neuromodulation by nicotinic recep-
tors for cognitive processes. Psychopharmacology, 1-18.

Douglas, R.J. & Martin, K.a.C. (2004). Neuronal circuits of the neocortex. Annual Review of 



Cholinergic modulation of the mPFC

140

Neuroscience, 27(1), 419-451.
Duque, A., Balatoni, B., Detari, L. & Zaborszky, L. (2000). Eeg correlation of the discharge 

properties of identified neurons in the basal forebrain. Journal of Neurophysiology, 84(3), 
1627-1635.

Eckenstein, F., Barde, Y.A. & Thoenen, H. (1981). Production of specific antibodies to cho-
line acetyltransferase purified from pig brain. Neuroscience, 6(6), 993-1000.

Eckenstein, F. & Baughman, R.W. (1984). Two types of cholinergic innervation in cortex, 
one co-localized with vasoactive intestinal polypeptide. Nature, 309(5964), 153-155.

Eckenstein, F.P., Baughman, R.W. & Quinn, J. (1988). An anatomical study of cholinergic 
innervation in rat cerebral cortex. Neuroscience, 25(2), 457-474.

Escobedo, L.G., Marcus, S.E., Holtzman, D., Giovino, G.A. (1993) Sports participation, age 
at smoking initiation, and the risk of smoking among US high school students. JAMA, 
269, 1391–1395. 

Euston, David r., Gruber, Aaron j. & Mcnaughton, Bruce l. (2012). The role of medial pre-
frontal cortex in memory and decision making. Neuron, 76(6), 1057-1070.

Everitt, B.J. & Robbins, T.W. (1997). Central cholinergic systems and cognition. Annual 
Review of Psychology, 48(1), 649-684.

Farovik, A., Dupont, L.M., Arce, M. & Eichenbaum, H. (2008). Medial prefrontal cortex sup-
ports recollection, but not familiarity, in the rat. J Neurosci, 28(50), 13428-13434.

Feldmeyer, D. (2012). Excitatory neuronal connectivity in the barrel cortex. Front Neuroanat, 
6, 24.

Felleman, D.J. & Van Essen, D.C. (1991). Distributed hierarchical processing in the primate 
cerebral cortex. Cereb Cortex, 1(1), 1-47.

Fenno, L., Yizhar, O. & Deisseroth, K. (2011). The development and application of optoge-
netics. Annual Review of Neuroscience, 34(1), 389-412.

Fenster, C.P., Rains, M.F., Noerager, B. & Quick, M.W., Lester RA (1997). Influence of sub-
unit composition on desensitization of neuronal acetylcholine receptors at low concentra-
tions of nicotine. Journal of Neuroscience, 17, 5747–5759.

Forbes, C.E. & Grafman, J. (2010). The role of the human prefrontal cortex in social cogni-
tion and moral judgment. Annu Rev Neurosci, 33, 299-324.

Forbes, N.F., Carrick, L.A., Mcintosh, A.M. & Lawrie, S.M. (2009). Working memory in 
schizophrenia: A meta-analysis. Psychol Med, 39(6), 889-905.

Fournier, G.N., Semba, K. & Rasmusson, D.D. (2004). Modality- and region-specific acetyl-
choline release in the rat neocortex. Neuroscience, 126(2), 257-262.

Fucile, S. (2004). Ca2+ permeability of nicotinic acetylcholine receptors. Cell Calcium, 
35(1), 1-8.

Fujisawa, S. & Buzsaki, G. (2011). A 4 hz oscillation adaptively synchronizes prefrontal, vta, 
and hippocampal activities. Neuron, 72(1), 153-165.

Funahashi, S. (2013). Thalamic mediodorsal nucleus and its participation in spatial working 
memory processes: Comparison with the prefrontal cortex. Front Syst Neurosci, 7, 36.

Gabbott, P.L.A., Warner, T.A., Jays, P.R.L., Salway, P. & Busby, S.J. (2005). Prefrontal cor-
tex in the rat: Projections to subcortical autonomic, motor, and limbic centers. The Jour-
nal of Comparative Neurology, 492(2), 145-177.

Gaykema, Luiten, Nyakas & Traber. (1990). Cortical projection patterns of the medial sep-
tum-diagonal band complex. Journal of comparative neurology, 293, 103-124.

Gil, Z., Connors, B.W. & Amitai, Y. (1997). Differential regulation of neocortical synapses 
by neuromodulators and activity. Neuron, 19, 679-686.



List of references

141

Gilbert, C.D. & Wiesel, T.N. (1979). Morphology and intracortical projections of function-
ally characterised neurones in the cat visual cortex. Nature, 280(5718), 120-125.

Gilbert, C.D. & Wiesel, T.N. (1989). Columnar specificity of intrinsic horizontal and cortico-
cortical connections in cat visual cortex. J Neurosci, 9(7), 2432-2442.

Gill, T.M., Sarter, M. & Givens, B. (2000). Sustained visual attention performance-associ-
ated prefrontal neuronal activity: Evidence for cholinergic modulation. The Journal of 
Neuroscience, 20(12), 4745-4757.

Giniatullin, R., Nistri, A. & Yakel, J.L. (2005). Desensitization of nicotinic ach receptors: 
Shaping cholinergic signaling. Trends in neurosciences, 28(7), 371-378.

Gioanni, Y., Rougeot, C., Clarke, P.B., Lepouse, C., Thierry, A.M. & Vidal, C. (1999). Nico-
tinic receptors in the rat prefrontal cortex: Increase in glutamate release and facilitation of 
mediodorsal thalamo-cortical transmission. Eur J Neurosci, 11(1), 18-30.

Goard, M. & Dan, Y. (2009). Basal forebrain activation enhances cortical coding of natural 
scenes. Nat Neurosci, 12(11), 1444-1449.

Goldstein, R.Z. & Volkow, N.D. (2011). Dysfunction of the prefrontal cortex in addiction: 
Neuroimaging findings and clinical implications. Nat Rev Neurosci, 12(11), 652-669.

Goriounova, N.A. & Mansvelder, H.D. (2012a). Nicotine exposure during adolescence al-
ters the rules for prefrontal cortical synaptic plasticity during adulthood. Front Synaptic 
Neurosci 4:3. 

Goriounova, N.A. & Mansvelder, H.D. (2012b). Nicotine exposure during adolescence leads 
to short- and long-term changes in spike timing-dependent plasticity in rat prefrontal 
cortex. Journal of Neuroscience, 32, 10484 –10493. 

Gotti, C. & Clementi, F. (2004). Neuronal nicotinic receptors: From structure to pathology. 
Prog Neurobiol, 74(6), 363-396.

Gotti, C., Zoli, M. & Clementi, F. (2006). Brain nicotinic acetylcholine receptors: Native 
subtypes and their relevance. Trends in Pharmacological Sciences, 27(9), 482-491.

Govind, A.P., Walsh, H. & Green, W.N. (2012). Nicotine-induced upregulation of native 
neuronal nicotinic receptors is caused by multiple mechanisms. The Journal of Neurosci-
ence, 32(6), 2227-2238.

Grady, S.R., Wageman, C.R., Patzlaff, N.E. & Marks, M.J. (2012). Low concentrations of 
nicotine differentially desensitize nicotinic acetylcholine receptors that include alpha5 or 
alpha6 subunits and that mediate synaptosomal neurotransmitter release. Neuropharma-
cology, 62, 1935–1943.

Granon, S., Faure, P. & Changeux, J.P. (2003). Executive and social behaviors under nico-
tinic receptor regulation. Proc Natl Acad Sci U S A, 100(16), 9596-9601.

Granon, S., Poucet, B., Thinus-Blanc, C., Changeux, J.P. & Vidal, C. (1995). Nicotinic and 
muscarinic receptors in the rat prefrontal cortex: Differential roles in working memory, 
response selection and effortful processing. Psychopharmacology (Berl), 119(2), 139-
144.

Gritti, I., Mainville, L., Mancia, M. & Jones, B.E. (1997). Gabaergic and other noncholiner-
gic basal forebrain neurons, together with cholinergic neurons, project to the mesocortex 
and isocortex in the rat. The Journal of Comparative Neurology, 383(2), 163-177.

Gritti, I., Manns, I.D., Mainville, L. & Jones, B.E. (2003). Parvalbumin, calbindin, or cal-
retinin in cortically projecting and gabaergic, cholinergic, or glutamatergic basal fore-
brain neurons of the rat. The Journal of Comparative Neurology, 458(1), 11-31.

Groenewegen, H.J. & Uylings, H.B. (2000). The prefrontal cortex and the integration of sen-
sory, limbic and autonomic information. Prog Brain Res, 126, 3-28.



Cholinergic modulation of the mPFC

142

Grottick, A.J. & Higgins, G.A. (2000). Effect of subtype selective nicotinic compounds on 
attention as assessed by the five-choice serial reaction time task. Behav Brain Res, 117(1-
2), 197-208.

Gu, Z., Lamb, P.W. & Yakel, J.L. (2012a). Cholinergic coordination of presynaptic and post-
synaptic activity induces timing-dependent hippocampal synaptic plasticity. J Neurosci, 
32(36), 12337-12348.

Gu, Z., Lamb, P.W. & Yakel, J.L. (2012b). Cholinergic coordination of presynaptic and post-
synaptic activity induces timing-dependent hippocampal synaptic plasticity. The Journal 
of Neuroscience, 32(36), 12337-12348.

Gu, Z. & Yakel, Jerrel l. (2011). Timing-dependent septal cholinergic induction of dynamic 
hippocampal synaptic plasticity. Neuron, 71(1), 155-165.

Guan, Z.-Z., Zhang, X., Blennow, K. & Nordberg, A. (1999). Decreased protein level of 
nicotinic receptor [alpha]7 subunit in the frontal cortex from schizophrenic brain. Neu-
roreport, 10(8).

Gubbins, E.J., Gopalakrishnan, M. & Li, J. (2010). Alpha7 nachr-mediated activation of map 
kinase pathways in pc12 cells. Brain Res, 1328, 1-11.

Guillem, K., Bloem, B., Poorthuis, R.B., Loos, M., Smit, A.B., Maskos, U., Spijker, S. & 
Mansvelder, H.D. (2011). Nicotinic acetylcholine receptor beta2 subunits in the medial 
prefrontal cortex control attention. Science, 333(6044), 888-891.

Gulledge, A.T., Bucci, D.J., Zhang, S.S., Matsui, M. & Yeh, H.H. (2009). M1 receptors medi-
ate cholinergic modulation of excitability in neocortical pyramidal neurons. The Journal 
of Neuroscience, 29(31), 9888-9902.

Gulledge, A.T., Park, S.B., Kawaguchi, Y. & Stuart, G.J. (2007a). Heterogeneity of phasic 
cholinergic signaling in neocortical neurons. J Neurophysiol, 97(3), 2215-2229.

Gulledge, A.T., Park, S.B., Kawaguchi, Y. & Stuart, G.J. (2007b). Heterogeneity of phasic 
cholinergic signaling in neocortical neurons. Journal of Neurophysiology, 97(3), 2215-
2229.

Gulledge, A.T. & Stuart, G.J. (2005). Cholinergic inhibition of neocortical pyramidal neu-
rons. The Journal of Neuroscience, 25(44), 10308-10320.

Hahn, B., Sharples, C.G., Wonnacott, S., Shoaib, M. & Stolerman, I.P. (2003a). Attentional 
effects of nicotinic agonists in rats. Neuropharmacology, 44(8), 1054-1067.

Hahn, B., Shoaib, M. & Stolerman, I. (2003b). Involvement of the prefrontal cortex but not 
the dorsal hippocampus in the attention-enhancing effects of nicotine in rats. Psychophar-
macology, 168(3), 271-279.

Hahn, B., Shoaib, M. & Stolerman, I. (2011). Selective nicotinic receptor antagonists: Effects 
on attention and nicotine-induced attentional enhancement. Psychopharmacology, 1-8.

Hahn, B., Shoaib, M. & Stolerman, I.P. (2003c). Involvement of the prefrontal cortex but not 
the dorsal hippocampus in the attention-enhancing effects of nicotine in rats. Psychophar-
macology (Berl), 168(3), 271-279.

Hasselmo, M.E. (2006). The role of acetylcholine in learning and memory. Curr Opin Neu-
robiol, 16(6), 710-715.

Hasselmo, M.E. & Giocomo, L.M. (2006). Cholinergic modulation of cortical function. J 
Mol Neurosci, 30(1-2), 133-135.

Hasselmo, M.E. & Sarter, M. (2011). Modes and models of forebrain cholinergic neuro-
modulation of cognition. Neuropsychopharmacology, 36(1), 52-73.

Heishman, S.J., Kleykamp, B.A. & Singleton, E.G. (2010). Meta-analysis of the acute effects 
of nicotine and smoking on human performance. Psychopharmacology (Berl), 210(4), 



List of references

143

453-469.
Hellier, J.L., Arevalo, N.L., Smith, L., Xiong, K.-N. & Restrepo, D. (2012). Α7-nicotinic 

acetylcholine receptor: Role in early odor learning preference in mice. PLoS ONE, 7(4), 
e35251.

Henningfield, J.E., Hariharan, M. & Kozlowski, L.T. (1996). Nicotine content and health 
risks of cigars. JAMA, 276(23), 1857-1858.

Hirsch, J.A. & Martinez, L.M. (2006). Laminar processing in the visual cortical column. Curr 
Opin Neurobiol, 16(4), 377-384.

Hoover, W. & Vertes, R. (2007). Anatomical analysis of afferent projections to the medial 
prefrontal cortex in the rat. Brain Structure and Function, 212(2), 149-179.

Horton, J.C. & Adams, D.L. (2005). The cortical column: A structure without a function. 
Philos Trans R Soc Lond B Biol Sci, 360(1456), 837-862.

Houser, C.R., Crawford, G.D., Salvaterra, P.M. & Vaughn, J.E. (1985). Immunocytochemi-
cal localization of choline acetyltransferase in rat cerebral cortex: A study of cholinergic 
neurons and synapses. J Comp Neurol, 234(1), 17-34.

Howe, W.M., Berry, A.S., Francois, J., Gilmour, G., Carp, J.M., Tricklebank, M., Lustig, C. 
& Sarter, M. (2013). Prefrontal cholinergic mechanisms instigating shifts from monitor-
ing for cues to cue-guided performance: Converging electrochemical and fmri evidence 
from rats and humans. The Journal of Neuroscience, 33(20), 8742-8752.

Howe, W.M., Ji, J.Z., Parikh, V., Williams, S., Mocaer, E., Trocme-Thibierge, C. & Sarter, 
M. (2010). Enhancement of attentional performance by selective stimulation of alpha 4 
beta 2*nachrs: Underlying cholinergic mechanisms. Neuropsychopharmacology, 35(6), 
1391-1401.

Hoyle, E., Genn, R., Fernandes, C. & Stolerman, I. (2006). Impaired performance of alpha7 
nicotinic receptor knockout mice in the five-choice serial reaction time task. Psychophar-
macology, 189(2), 211-223.

Huang, Z.J., Di Cristo, G. & Ango, F. (2007). Development of gaba innervation in the cere-
bral and cerebellar cortices. Nat Rev Neurosci, 8(9), 673-686.

Hubel, D.H. & Wiesel, T.N. (1962). Receptive fields, binocular interaction and functional 
architecture in the cat’s visual cortex. J Physiol, 160, 106-154.

Hubel, D.H. & Wiesel, T.N. (1965). Receptive fields and functional architecture in two non-
striate visual areas (18 and 19) of the cat. J Neurophysiol, 28, 229-289.

Hubel, D.H. & Wiesel, T.N. (1977). Ferrier lecture. Functional architecture of macaque mon-
key visual cortex. Proc R Soc Lond B Biol Sci, 198(1130), 1-59.

Intskirveli, I. & Metherate, R. (2012). Nicotinic neuromodulation in auditory cortex requires 
mapk activation in thalamocortical and intracortical circuits. Journal of Neurophysiology.

Isaacson, J.S. & Scanziani, M. (2011). How inhibition shapes cortical activity. Neuron, 72(2), 
231-243.

Jay, T.M. & Witter, M.P. (1991). Distribution of hippocampal ca1 and subicular efferents in 
the prefrontal cortex of the rat studied by means of anterograde transport of phaseolus 
vulgaris-leucoagglutinin. J Comp Neurol, 313(4), 574-586.

Ji, D., Lape, R., Dani & J.A. (2001). Timing and location of nicotinic hippocampal synaptic 
plasticity. Neuron, 31, 131–141. 

Jiang, X., Wang, G., Lee, A.J., Stornetta, R.L. & Zhu, J.J. (2013). The organization of two 
new cortical interneuronal circuits. Nature Neuroscience, 16(2).

Jolkkonen, E., Miettinen, R., Pikkarainen, M. & Pitkanen, A. (2002). Projections from the 
amygdaloid complex to the magnocellular cholinergic basal forebrain in rat. Neurosci-



Cholinergic modulation of the mPFC

144

ence, 111(1), 133-149.
Jones, D.N. & Higgins, G.A. (1995). Effect of scopolamine on visual attention in rats. Psy-

chopharmacology (Berl), 120(2), 142-149.
Jones, S. & Yakel, J.L. (1997). Functional nicotinic ACh receptors on interneurones in the rat 

hippocampus. Journal of Physiology, 504(Pt 3), 603-610.
Josh Huang, Z. & Zeng, H. (2013). Genetic approaches to neural circuits in the mouse. An-

nual Review of Neuroscience, 36(1), 183-215.
Jucaite, A., Öhd, J., Potter, A., Jaeger, J., Karlsson, P., Hannesdottir, K., Boström, E., New-

house, P. & Paulsson, B. (2013). A randomized, double-blind, placebo-controlled cross-
over study of α4β2* nicotinic acetylcholine receptor agonist azd1446 (tc-6683) in adults 
with attention-deficit/hyperactivity disorder. Psychopharmacology, 1-15.

Kahn, J.B., Ward, R.D., Kahn, L.W., Rudy, N.M., Kandel, E.R., Balsam, P.D. & Simpson, 
E.H. (2012). Medial prefrontal lesions in mice impair sustained attention but spare main-
tenance of information in working memory. Learning & Memory, 19(11), 513-517.

Kaifosh, P., Lovett-Barron, M., Turi, G.F., Reardon, T.R. & Losonczy, A. (2013). Septo-hip-
pocampal gabaergic signaling across multiple modalities in awake mice. Nat Neurosci, 
16(9), 1182-1184.

Kalmbach, A., Hedrick, T. & Waters, J. (2012). Selective optogenetic stimulation of choliner-
gic axons in neocortex. Journal of Neurophysiology, 107(7), 2008-2019.

Kapfer, C., Glickfeld, L.L., Atallah, B.V. & Scanziani, M. (2007). Supralinear increase of 
recurrent inhibition during sparse activity in the somatosensory cortex. Nature Neurosci-
ence, 10, 743-753.

Kassam, S.M., Herman, P.M., Goodfellow, N.M., Alves, N.C. & Lambe, E.K. (2008). Devel-
opmental excitation of corticothalamic neurons by nicotinic acetylcholine receptors. The 
Journal of Neuroscience, 28(35), 8756-8764.

Kawaguchi, Y. (1993). Groupings of nonpyramidal and pyramidal cells with specific physi-
ological and morphological characteristics in rat frontal cortex. Journal of Neurophysiol-
ogy, 69, 416-431.

Kawaguchi, Y. (1997). Selective cholinergic modulation of cortical gabaergic cell subtypes. 
J Neurophysiol, 78(3), 1743-1747.

Kawaguchi, Y. & Kondo, S. (2002). Parvalbumin, somatostatin and cholecystokinin as chem-
ical markers for specific gabaergic interneuron types in the rat frontal cortex. J Neurocy-
tol, 31(3-5), 277-287.

Kawaguchi, Y. & Kubota, Y. (1997). Gabaergic cell subtypes and their synaptic connections 
in rat frontal cortex. Cereb Cortex, 7(6), 476-486.

Kawai, H., Lazar, R. & Metherate, R. (2007). Nicotinic control of axon excitability regulates 
thalamocortical transmission. Nat Neurosci, 10(9), 1168-1175.

Kennis, M., Rademaker, A.R. & Geuze, E. (2013). Neural correlates of personality: An inte-
grative review. Neurosci Biobehav Rev, 37(1), 73-95.

Kilgard, M.P. & Merzenich, M.M. (1998). Cortical map reorganization enabled by nucleus 
basalis activity. Science, 279(5357), 1714-1718.

Killcross, S. & Coutureau, E. (2003). Coordination of actions and habits in the medial pre-
frontal cortex of rats. Cereb Cortex, 13(4), 400-408.

Kimura, F. & Baughman, R.W. (1997). Distinct muscarinic receptor subtypes suppress excit-
atory and inhibitory synaptic responses in cortical neurons. J Neurophysiol, 77(2), 709-
716.

Kimura, F., Fukuda, M. & Tsumoto, T. (1999). Acetylcholine suppresses the spread of ex-



List of references

145

citation in the visual cortex revealed by optical recording: Possible differential effect 
depending on the source of input. European Journal of Neuroscience, 11(10), 3597-3609.

Kimura, H., Mcgeer, P.L., Peng, F. & Mcgeer, E.G. (1980). Choline acetyltransferase-
containing neurons in rodent brain demonstrated by immunohistochemistry. Science, 
208(4447), 1057-1059.

Kleykamp, B.A., Jennings, J.M., Blank, M.D. & Eissenberg, T. (2005). The effects of nico-
tine on attention and working memory in never-smokers. Psychol Addict Behav, 19(4), 
433-438.

Klinkenberg, I., Sambeth, A. & Blokland, A. (2010). Acetylcholine and attention. Behav-
ioural Brain Research, In Press, Corrected Proof.

Kozak, R., Bruno, J.P. & Sarter, M. (2006). Augmented prefrontal acetylcholine release dur-
ing challenged attentional performance. Cerebral Cortex, 16(1), 9-17.

Kreczmanski, P., Schmidt-Kastner, R., Heinsen, H., Steinbusch, H.W., Hof, P.R. & Schmitz, 
C. (2005). Stereological studies of capillary length density in the frontal cortex of schizo-
phrenics. Acta Neuropathol, 109(5), 510-518.

Kruglikov, I. & Rudy, B. (2008). Perisomatic gaba release and thalamocortical integration 
onto neocortical excitatory cells are regulated by neuromodulators. Neuron, 58(6), 911-
924.

Kuryatov, A., Onksen, J. & Lindstrom, J. (2008). Roles of accessory subunits in alpha4be-
ta2* nicotinic receptors. Mol Pharmacol, 74, 132–143.

Lambe, E.K., Picciotto, M.R. & Aghajanian, G.K. (2003). Nicotine induces glutamate release 
from thalamocortical terminals in prefrontal cortex. Neuropsychopharmacology, 28(2).

Lamme, V.A. & Roelfsema, P.R. (2000). The distinct modes of vision offered by feedforward 
and recurrent processing. Trends Neurosci, 23(11), 571-579.

Lamme, V.A., Super, H. & Spekreijse, H. (1998). Feedforward, horizontal, and feedback 
processing in the visual cortex. Curr Opin Neurobiol, 8(4), 529-535.

Lanciego, J.L. & Wouterlood, F.G. (2011). A half century of experimental neuroanatomical 
tracing. J Chem Neuroanat, 42(3), 157-183.

Leeson, V.C., Robbins, T.W., Matheson, E., Hutton, S.B., Ron, M.A., Barnes, T.R. & Joyce, 
E.M. (2009). Discrimination learning, reversal, and set-shifting in first-episode schizo-
phrenia: Stability over six years and specific associations with medication type and disor-
ganization syndrome. Biol Psychiatry, 66(6), 586-593.

Letzkus, J.J., Wolff, S.B.E., Meyer, E.M.M., Tovote, P., Courtin, J., Herry, C. & Luthi, A. 
(2011). A disinhibitory microcircuit for associative fear learning in the auditory cortex. 
Nature, 480(7377), 331-335.

Levey, A., Kitt, C., Simonds, W., Price, D. & Brann, M. (1991). Identification and localiza-
tion of muscarinic acetylcholine receptor proteins in brain with subtype-specific antibod-
ies. The Journal of Neuroscience, 11(10), 3218-3226.

Levey, A.I. & Wainer, B.H. (1982). Cross-species and intraspecies reactivities of monoclonal 
antibodies against choline acetyltransferase. Brain Res, 234(2), 469-473.

Levin, E., Mcclernon, F. & Rezvani, A. (2006). Nicotinic effects on cognitive function: Be-
havioral characterization, pharmacological specification, and anatomic localization. Psy-
chopharmacology, 184(3), 523-539.

Levin, E.D., Cauley, M. & Rezvani, A.H. (2013). Improvement of attentional function with 
antagonism of nicotinic receptors in female rats. Eur J Pharmacol, 702(1-3), 269-274.

Lewis, D.A., Hashimoto, T. & Volk, D.W. (2005). Cortical inhibitory neurons and schizo-
phrenia. Nat Rev Neurosci, 6(4), 312-324.



Cholinergic modulation of the mPFC

146

Lin, H., Vicini, S., Hsu, F.-C., Doshi, S., Takano, H., Coulter, D.A. & Lynch, D.R. (2010). 
Axonal α7 nicotinic ach receptors modulate presynaptic nmda receptor expression and 
structural plasticity of glutamatergic presynaptic boutons. Proceedings of the National 
Academy of Sciences, 107(38), 16661-16666.

Lin, J.-S., Anaclet, C., Sergeeva, O. & Haas, H. (2011). The waking brain: An update. Cel-
lular and Molecular Life Sciences, 1-14.

Lin, S.-C. & Nicolelis, M.a.L. (2008). Neuronal ensemble bursting in the basal forebrain 
encodes salience irrespective of valence. Neuron, 59(1), 138-149.

Little, J.P. & Carter, A.G. (2012). Subcellular synaptic connectivity of layer 2 pyramidal neu-
rons in the medial prefrontal cortex. The Journal of Neuroscience, 32(37), 12808-12819.

Luiten, P.G., Gaykema, R.P., Traber, J. & Spencer, D.G., Jr. (1987). Cortical projection pat-
terns of magnocellular basal nucleus subdivisions as revealed by anterogradely trans-
ported phaseolus vulgaris leucoagglutinin. Brain Res, 413(2), 229-250.

Ma, Y., Hu, H., Berrebi, A.S., Mathers, P.H. & Agmon, A. (2006). Distinct subtypes of so-
matostatin-containing neocortical interneurons revealed in transgenic mice. Journal of 
Neuroscience, 26, 5069-5082.

Manns, I.D., Alonso, A. & Jones, B.E. (2000). Discharge properties of juxtacellularly labeled 
and immunohistochemically identified cholinergic basal forebrain neurons recorded in 
association with the electroencephalogram in anesthetized rats. J. Neurosci., 20(4), 1505-
1518.

Mansvelder, H.D., Keath, J.R. & Mcgehee, D.S. (2002). Synaptic mechanisms underlie nic-
otine-induced excitability of brain reward areas. Neuron, 33(6), 905-919.

Mansvelder, H.D. & Mcgehee, D.S. (2000). Long-term potentiation of excitatory inputs to 
brain reward areas by nicotine. Neuron, 27(2), 349-357.

Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G. & Wu, C. (2004). 
Interneurons of the neocortical inhibitory system. Nat Rev Neurosci, 5(10), 793-807.

Marks, M., Pauly, J., Gross, S., Deneris, E., Hermans-Borgmeyer, I., Heinemann, S. & Col-
lins, A. (1992). Nicotine binding and nicotinic receptor subunit rna after chronic nicotine 
treatment. The Journal of Neuroscience, 12(7), 2765-2784.

Martin, L.F. & Freedman, R. (2007). Schizophrenia and the α7 nicotinic acetylcholine recep-
tor. International Review of Neurobiology, Volume 78, 225-246.

Maruki, K., Izaki, Y., Akema, T. & Nomura, M. (2003). Effects of acetylcholine antagonist 
injection into the prefrontal cortex on the progress of lever-press extinction in rats. Neu-
roscience Letters, 351(2), 95-98.

Maskos, U., Molles, B.E., Pons, S., Besson, M., Guiard, B.P., Guilloux, J.P., Evrard, A., Ca-
zala, P., Cormier, A., Mameli-Engvall, M., Dufour, N., Cloez-Tayarani, I., Bemelmans, 
A.P., Mallet, J., Gardier, A.M., David, V., Faure, P., Granon, S. & Changeux, J.P. (2005). 
Nicotine reinforcement and cognition restored by targeted expression of nicotinic recep-
tors. Nature, 436(7047), 103-107.

Matta, S., Balfour, D., Benowitz, N., Boyd, R., Buccafusco, J., Caggiula, A., Craig, C., Col-
lins, A., Damaj, M., Donny, E., Gardiner, P., Grady, S., Heberlein, U., Leonard, S., Levin, 
E., Lukas, R., Markou, A., Marks, M., Mccallum, S., Parameswaran, N., Perkins, K., 
Picciotto, M., Quik, M., Rose, J., Rothenfluh, A., Schafer, W., Stolerman, I., Tyndale, R., 
Wehner, J. & Zirger, J. (2007). Guidelines on nicotine dose selection for in vivo research. 
Psychopharmacology, 190(3), 269-319.

Mcgaughy, J. & Sarter, M. (1995). Behavioral vigilance in rats: Task validation and effects 
of age, amphetamine, and benzodiazepine receptor ligands. Psychopharmacology (Berl), 



List of references

147

117(3), 340-357.
Mcgehee, D.S. & Role, L.W. (1995). Physiological diversity of nicotinic acetylcholine recep-

tors expressed by vertebrate neurons. Annu Rev Physiol, 57, 521-546.
McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., Stadlan, E.M. (1984). 

Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work Group 
under the auspices of Department of Health and Human Services Task Force on Alzheim-
er’s Disease. Neurology, 34 (7), 939–44.

Mechawar, N., Cozzari, C. & Descarries, L. (2000). Cholinergic innervation in adult rat ce-
rebral cortex: A quantitative immunocytochemical description. J Comp Neurol, 428(2), 
305-318.

McQuiston, A.R. & Madison, D.V. (1999). Nicotinic receptor activation excites distinct sub-
types of interneurons in the rat hippocampus. Journal of Neuroscience, 19, 2887-2896.

Mesulam, M.M. (1995). Cholinergic pathways and the ascending reticular activating system 
of the human brain. Ann N Y Acad Sci, 757, 169-179.

Mesulam, M.M., Mufson, E.J., Wainer, B.H. & Levey, A.I. (1983). Central cholinergic path-
ways in the rat: An overview based on an alternative nomenclature (ch1-ch6). Neurosci-
ence, 10(4), 1185-1201.

Metherate, R., Cox, C. & Ashe, J. (1992). Cellular bases of neocortical activation: Modu-
lation of neural oscillations by the nucleus basalis and endogenous acetylcholine. The 
Journal of Neuroscience, 12(12), 4701-4711.

Meyer, H.S., Wimmer, V.C., Oberlaender, M., De Kock, C.P., Sakmann, B. & Helmstaedter, 
M. (2010). Number and laminar distribution of neurons in a thalamocortical projection 
column of rat vibrissal cortex. Cereb Cortex, 20(10), 2277-2286.

Micheau, J. & Marighetto, A. (2010). Acetylcholine and memory: A long, complex and cha-
otic but still living relationship. Behavioural Brain Research, In Press, Corrected Proof.

Miller, E.K. (2000). The prefrontal cortex and cognitive control. Nature Reviews Neurosci-
ence, 1, 59–65. 

Miller, E.K. & Cohen, J.D. (2001). An integrative theory of prefrontal cortex function. Annu 
Rev Neurosci, 24, 167-202.

Minzenberg, M.J., Laird, A.R., Thelen, S., Carter, C.S. & Glahn, D.C. (2009). Meta-analysis 
of 41 functional neuroimaging studies of executive function in schizophrenia. Arch Gen 
Psychiatry, 66(8), 811-822.

Mirza, N.R. & Stolerman, I.P. (1998). Nicotine enhances sustained attention in the rat under 
specific task conditions. Psychopharmacology (Berl), 138(3-4), 266-274.

Mirza, N.R. & Stolerman, I.P. (2000). The role of nicotinic and muscarinic acetylcholine 
receptors in attention. Psychopharmacology, 148(3), 243-250.

Moran, J. & Desimone, R. (1985). Selective attention gates visual processing in the extrastri-
ate cortex. Science, 229(4715), 782-784.

Mountcastle, V.B. (1997). The columnar organization of the neocortex. Brain, 120 ( Pt 4), 
701-722.

Mouton, P.R., Gokhale, A.M., Ward, N.L. & West, M.J. (2002). Stereological length estima-
tion using spherical probes. J Microsc, 206(Pt 1), 54-64.

Muir, J., Everitt, B. & Robbins, T. (1995). Reversal of visual attentional dysfunction follow-
ing lesions of the cholinergic basal forebrain by physostigmine and nicotine but not by the 
5-ht3 receptor antagonist, ondansetron. Psychopharmacology, 118(1), 82-92.

Muir, J.L., Everitt, B.J. & Robbins, T.W. (1996). The cerebral cortex of the rat and visual 
attentional function: Dissociable effects of mediofrontal, cingulate, anterior dorsolateral, 



Cholinergic modulation of the mPFC

148

and parietal cortex lesions on a five-choice serial reaction time task. Cerebral Cortex, 
6(3), 470-481.

Mychasiuk, R., Muhammad, A., Ilnytskyy, S. & Kolb, B. (2013). Persistent gene expression 
changes in nac, mpfc, and ofc associated with previous nicotine or amphetamine expo-
sure. Behav Brain Res, 38(4), 2491-2503.

Nakauchi, S. & Sumikawa, K. (2012). Endogenously released ach and exogenous nicotine 
differentially facilitate long-term potentiation induction in the hippocampal ca1 region of 
mice. European Journal of Neuroscience, 35(9), 1381-1395.

Naldini, L., Blömer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F.H., Verma, I.M. & Trono, 
D. (1996). In vivo gene delivery and stable transduction of nondividing cells by a lentivi-
ral vector. Science, 272(5259), 263-267.

Newhouse, P.A., Potter, A. & Singh, A. (2004). Effects of nicotinic stimulation on cognitive 
performance. Current Opinion in Pharmacology, 4(1), 36-46.

Newman, E.L., Gupta, K., Climer, J.R., Monaghan, C.K. & Hasselmo, M.E. (2012). Cho-
linergic modulation of cognitive processing: Insights drawn from computational models. 
Frontiers in Behavioral Neuroscience, 6.

Newman, L.A. & McGaughy, J. (2008). Cholinergic deafferentation of prefrontal cortex in-
creases sensitivity to cross-modal distractors during a sustained attention task. Journal of 
Neuroscience, 28, 2642–2650.

Nicoll, A., Kim, H.G. & Connors, B.W. (1996). Laminar origins of inhibitory synaptic inputs 
to pyramidal neurons of the rat neocortex. Journal of Physiology, 497(Pt 1), 109-117. 

Noudoost, B. & Moore, T. (2011). The role of neuromodulators in selective attention. Trends 
in Cognitive Sciences, 15(12), 585-591.

Ohmura, Y., Tsutsui-Kimura, I. & Yoshioka, M. (2012). Impulsive behavior and nicotinic 
acetylcholine receptors. Journal of pharmacological sciences, 118(4), 413-422.

Oldford, E. & Castro-Alamancos, M.A. (2003). Input-specific effects of acetylcholine on 
sensory and intracortical evoked responses in the “barrel cortex” in vivo. Neuroscience, 
117(3), 769-778.

Olincy, A., Harris, J.G., Johnson, L.L. & Et Al. (2006). Proof-of-concept trial of an α7 nico-
tinic agonist in schizophrenia. Archives of General Psychiatry, 63(6), 630-638.

Olsen, S.R., Bortone, D.S., Adesnik, H. & Scanziani, M. (2012). Gain control by layer six in 
cortical circuits of vision. Nature, 483(7387), 47-52.

Parikh, V., Ji, J., Decker, M.W. & Sarter, M. (2010). Prefrontal β2 subunit-containing and 
α7 nicotinic acetylcholine receptors differentially control glutamatergic and cholinergic 
signaling. The Journal of Neuroscience, 30(9), 3518-3530.

Parikh, V., Kozak, R., Martinez, V. & Sarter, M. (2007). Prefrontal acetylcholine release con-
trols cue detection on multiple timescales. Neuron, 56(1), 141-154.

Parikh, V., Man, K., Decker, M.W. & Sarter, M. (2008). Glutamatergic contributions to nico-
tinic acetylcholine receptor agonist-evoked cholinergic transients in the prefrontal cortex. 
Journal of Neuroscience, 28, 3769 –3780.

Parikh, V., Pomerleau, F., Huettl, P., Gerhardt, G.A., Sarter, M. & Bruno, J.P. (2004). Rapid 
assessment of in vivo cholinergic transmission by amperometric detection of changes in 
extracellular choline levels. European Journal of Neuroscience, 20(6), 1545-1554.

Parnavelas, J.G., Kelly, W., Franke, E. & Eckenstein, F. (1986). Cholinergic neurons and 
fibres in the rat visual cortex. J Neurocytol, 15(3), 329-336.

Passetti, F., Chudasama, Y. & Robbins, T.W. (2002). The frontal cortex of the rat and visual 
attentional performance: Dissociable functions of distinct medial prefrontal subregions. 



List of references

149

Cerebral Cortex, 12(12), 1254-1268.
Passetti, F., Dalley, J.W., O’connell, M.T., Everitt, B.J. & Robbins, T.W. (2000). Increased 

acetylcholine release in the rat medial prefrontal cortex during performance of a visual 
attentional task. European Journal of Neuroscience, 12(8), 3051-3058.

Passetti, F., Levita, L. & Robbins, T.W. (2003). Sulpiride alleviates the attentional impair-
ments of rats with medial prefrontal cortex lesions. Behavioural Brain Research, 138(1), 
59-69.

Pattij, T., Janssen, M.C., Loos, M., Smit, A.B., Schoffelmeer, A.N. & Van Gaalen, M.M. 
(2007). Strain specificity and cholinergic modulation of visuospatial attention in three 
inbred mouse strains. Genes Brain Behav, 6(6), 579-587.

Paxinos, G. & Franklin, K. (2001). The mouse brain in stereotaxic coordinates. San Diego: 
Academic Press.

Penschuck, S., Chen-Bee, C.H., Prakash, N. & Frostig, R.D. 2002. In vivo modulation of a 
cortical functional sensory representation shortly after topical cholinergic agent applica-
tion. Journal of Comparative Neurology, 452, 38-50.

Phelps, P.E., Houser, C.R. & Vaughn, J.E. (1985). Immunocytochemical localization of cho-
line acetyltransferase within the rat neostriatum: A correlated light and electron micro-
scopic study of cholinergic neurons and synapses. J Comp Neurol, 238(3), 286-307.

Picciotto, M.R., Addy, N.A., Mineur, Y.S., Brunzell, D.H. (2008). It is not “either/or”: activa-
tion and desensitization of nicotinic acetylcholine receptors both contribute to behaviors 
related to nicotine addiction and mood. Progr Neurobiol, 84, 329 –342.

Picciotto, Marina r., Higley, Michael j. & Mineur, Yann s. (2012). Acetylcholine as a neuro-
modulator: Cholinergic signaling shapes nervous system function and behavior. Neuron, 
76(1), 116-129.

Picciotto, M.R. & Kenny, P.J. (2012). Molecular mechanisms underlying behaviors related to 
nicotine addiction. Cold Spring Harbor Perspectives in Medicine.

Pinault, D. (1996). A novel single-cell staining procedure performed in vivo under electro-
physiological control: Morpho-functional features of juxtacellularly labeled thalamic 
cells and other central neurons with biocytin or neurobiotin. J Neurosci Methods, 65(2), 
113-136.

Pinto, T., Lanctôt, K.L. & Herrmann, N. (2011). Revisiting the cholinergic hypothesis of 
behavioral and psychological symptoms in dementia of the alzheimer’s type. Ageing Re-
search Reviews, 10(4), 404-412.

Platt, B. & Riedel, G. (2011). The cholinergic system, eeg and sleep. Behavioural Brain Re-
search, 221(2), 499-504.

Poorthuis, R.B., Bloem, B., Schak, B., Wester, J., De Kock, C.P.J. & Mansvelder, H.D. 
(2012). Layer-specific modulation of the prefrontal cortex by nicotinic acetylcholine re-
ceptors. Cerebral Cortex.

Poorthuis, R.B., Goriounova, N.A., Couey, J.J. & Mansvelder, H.D. (2009). Nicotinic actions 
on neuronal networks for cognition: General principles and long-term consequences. Bio-
chem Pharmacol, 78(7), 668-676.

Porter, J.T., Cauli, B., Tsuzuki, K., Lambolez, B., Rossier, J. & Audinat, E. (1999a). Selective 
excitation of subtypes of neocortical interneurons by nicotinic receptors. The Journal of 
Neuroscience, 19(13), 5228-5235.

Porter, J.T., Cauli, B., Tsuzuki, K., Lambolez, B., Rossier, J. & Audinat, E. (1999b). Selec-
tive excitation of subtypes of neocortical interneurons by nicotinic receptors. J. Neurosci., 
19(13), 5228-5235.



Cholinergic modulation of the mPFC

150

Potter, A.S. & Newhouse, P.A. (2008). Acute nicotine improves cognitive deficits in young 
adults with attention-deficit/hyperactivity disorder. Pharmacol Biochem Behav, 88(4), 
407-417.

Raedler, T.J., Knable, M.B., Jones, D.W., Urbina, R.A., Gorey, J.G., Lee, K.S., Egan, M.F., 
Coppola, R. & Weinberger, D.R. (2003). In vivo determination of muscarinic acetylcho-
line receptor availability in schizophrenia. Am J Psychiatry, 160(1), 118-127.

Ramirez-Latorre, J., Yu, C.R., Qu, X., Perin, F., Karlin, A. & Role, L. (1996). Functional 
contributions of alpha5 subunit to neuronal acetylcholine receptor channels. Nature, 
380(6572), 347-351.

Raz, A. & Buhle, J. (2006). Typologies of attentional networks. Nat Rev Neurosci, 7(5), 
367-379.

Rezvani, A.H., Cauley, M., Xiao, Y., Kellar, K.J. & Levin, E.D. (2013). Effects of chronic 
sazetidine-a, a selective alpha4beta2 neuronal nicotinic acetylcholine receptors desensi-
tizing agent on pharmacologically-induced impaired attention in rats. Psychopharmacol-
ogy (Berl), 226(1), 35-43.

Rigbi, A., Kanyas, K., Yakir, A., Greenbaum, L., Pollak, Y., Ben-Asher, E., Lancet, D., Kertz-
man, S. & Lerer, B. (2008). Why do young women smoke? V. Role of direct and interac-
tive effects of nicotinic cholinergic receptor gene variation on neurocognitive function. 
Genes Brain Behav, 7(2), 164-172.

Risbrough, V., Bontempi, B. & Menzaghi, F. (2002). Selective immunolesioning of the basal 
forebrain cholinergic neurons in rats: Effect on attention using the 5-choice serial reaction 
time task. Psychopharmacology, 164(1), 71-81.

Robbins, T.R. (2002). The 5-choice serial reaction time task: Behavioural pharmacology and 
functional neurochemistry. Psychopharmacology, 163(3), 362-380.

Roberts, M.J., Zinke, W., Guo, K., Robertson, R., Mcdonald, J.S. & Thiele, A. (2005). Ace-
tylcholine dynamically controls spatial integration in marmoset primary visual cortex. J 
Neurophysiol, 93(4), 2062-2072.

Rose, J.E., Mukhin, A.G., Lokitz, S.J., Turkington, T.G., Herskovic, J., Behm, F.M., Garg, S. 
& Garg, P.K. (2010). Kinetics of brain nicotine accumulation in dependent and nondepen-
dent smokers assessed with pet and cigarettes containing 11c-nicotine. Proceedings of the 
National Academy of Sciences, 107(11), 5190-5195.

Rossi, A.F., Pessoa, L., Desimone, R. & Ungerleider, L.G. (2009). The prefrontal cortex and 
the executive control of attention. Exp Brain Res, 192(3), 489-497.

Rossi, M.A., Hayrapetyan, V.Y., Maimon, B., Mak, K., Je, H.S. & Yin, H.H. (2012). Prefron-
tal cortical mechanisms underlying delayed alternation in mice. Journal of Neurophysiol-
ogy, 108(4), 1211-1222.

Rotaru, D.C., Barrionuevo, G. & Sesack, S.R. (2005). Mediodorsal thalamic afferents to 
layer iii of the rat prefrontal cortex: Synaptic relationships to subclasses of interneurons. 
J Comp Neurol, 490(3), 220-238.

Rubio-Garrido, P., Perez-De-Manzo, F., Porrero, C., Galazo, M.J. & Clasca, F. (2009). Tha-
lamic input to distal apical dendrites in neocortical layer 1 is massive and highly conver-
gent. Cereb Cortex, 19(10), 2380-2395.

Rugg, M.D., Fletcher, P.C., Frith, C.D., Frackowiak, R.S. & Dolan, R.J. (1996). Differen-
tial activation of the prefrontal cortex in successful and unsuccessful memory retrieval. 
Brain, 119 ( Pt 6), 2073-2083.

Rye, D.B., Wainer, B.H., Mesulam, M.M., Mufson, E.J. & Saper, C.B. (1984a). Cortical 
projections arising from the basal forebrain: A study of cholinergic and noncholinergic 



List of references

151

components employing combined retrograde tracing and immunohistochemical localiza-
tion of choline acetyltransferase. Neuroscience, 13(3), 627-643.

Rye, D.B., Wainer, B.H., Mesulam, M.M., Mufson, E.J. & Saper, C.B. (1984b). Cortical 
projections arising from the basal forebrain: A study of cholinergic and noncholinergic 
components employing combined retrograde tracing and immunohistochemical localiza-
tion of choline acetyltransferase. Neuroscience, 13(3), 627-643.

Saper, C.B. (1984). Organization of cerebral cortical afferent systems in the rat. Ii. Magnocel-
lular basal nucleus. The Journal of Comparative Neurology, 222(3), 313-342.

Sarter, M. & Bruno, J.P. (2000). Cortical cholinergic inputs mediating arousal, attentional 
processing and dreaming: Differential afferent regulation of the basal forebrain by telen-
cephalic and brainstem afferents. Neuroscience, 95(4), 933-952.

Sarter, M., Givens, B. & Bruno, J.P. (2001). The cognitive neuroscience of sustained atten-
tion: Where top-down meets bottom-up. Brain Res Brain Res Rev, 35(2), 146-160.

Sarter, M., Hasselmo, M.E., Bruno, J.P. & Givens, B. (2005). Unraveling the attentional 
functions of cortical cholinergic inputs: Interactions between signal-driven and cognitive 
modulation of signal detection. Brain Res Brain Res Rev, 48(1), 98-111.

Sarter, M. & Paolone, G. (2011). Deficits in attentional control: Cholinergic mechanisms and 
circuitry-based treatment approaches. Behavioral Neuroscience, 125(6), 825-835.

Sarter, M., Parikh, V. & Howe, W.M. (2009). Phasic acetylcholine release and the volume 
transmission hypothesis: Time to move on. Nature reviews neuroscience, 10(5), 8.

Schliebs, R. & Arendt, T. (2011). The cholinergic system in aging and neuronal degeneration. 
Behavioural Brain Research, 221(2), 555-563.

Schmitz, C. & Hof, P.R. (2005). Design-based stereology in neuroscience. Neuroscience, 
130(4), 813-831.

Schoenemann, P.T., Sheehan, M.J. & Glotzer, L.D. (2005). Prefrontal white matter volume is 
disproportionately larger in humans than in other primates. Nat Neurosci, 8(2), 242-252.

Sesack, S.R., Deutch, A.Y., Roth, R.H. & Bunney, B.S. (1989). Topographical organization 
of the efferent projections of the medial prefrontal cortex in the rat: An anterograde tract-
tracing study with phaseolus vulgaris leucoagglutinin. The Journal of Comparative Neu-
rology, 290(2), 213-242.

Sharma, G. & Vijayaraghavan, S. (2003). Modulation of presynaptic store calcium induces 
release of glutamate and postsynaptic firing. Neuron, 38(6), 929-939.

Sherman, S.M. (2012). Thalamocortical interactions. Curr Opin Neurobiol, 22(4), 575-579.
Shiromani, P.J., Armstrong, D.M., Bruce, G., Hersh, L.B., Groves, P.M. & Gillin, J.C. (1987). 

Relation of pontine choline acetyltransferase immunoreactive neurons with cells which 
increase discharge during rem sleep. Brain Res Bull, 18(3), 447-455.

Silberberg, G. & Markram, H. (2007). Disynaptic inhibition between neocortical pyramidal 
cells mediated by Martinotti cells. Neuron, 53, 735-746.

Silver, M.A., Shenhav, A. & D’esposito, M. (2008). Cholinergic enhancement reduces spatial 
spread of visual responses in human early visual cortex. Neuron, 60(5), 904-914.

Sohal, V.S., Zhang, F., Yizhar, O. & Deisseroth, K. (2009). Parvalbumin neurons and gamma 
rhythms enhance cortical circuit performance. Nature, 459(7247), 698-702.

Soma, S., Shimegi, S., Osaki, H. & Sato, H. (2012). Cholinergic modulation of response 
gain in the primary visual cortex of the macaque. Journal of Neurophysiology, 107(1), 
283-291.

Soma, S., Shimegi, S., Suematsu, N., Tamura, H. & Sato, H. (2013). Modulation-specific and 
laminar-dependent effects of acetylcholine on visual responses in the rat primary visual 



Cholinergic modulation of the mPFC

152

cortex. PLoS ONE, 8(7), e68430.
Spencer Jr, D.G., Horva´Th, E. & Traber, J.R. (1986). Direct autoradiographic determination 

of m1 and m2 muscarinic acetylcholine receptor distribution in the rat brain: Relation to 
cholinergic nuclei and projections. Brain Research, 380(1), 59-68.

Steriade, M. in Progress in Brain Research, K. K. Laurent Descarries, S. Mircea, Eds. (Else-
vier, Amsterdam, 2004), vol. 145, pp. 179–196.

St John, P.A. & Gordon, H. (2001). Agonists cause endocytosis of nicotinic acetylcholine 
receptors on cultured myotubes. J Neurobiol, 49, 212–223.

St. Peters, M., Demeter, E., Lustig, C., Bruno, J.P. & Sarter, M. (2011). Enhanced control of 
attention by stimulating mesolimbic–corticopetal cholinergic circuitry. The Journal of 
Neuroscience, 31(26), 9760-9771.

Stolerman, I.P., Mirza, N.R., Hahn, B. & Shoaib, M. (2000). Nicotine in an animal model of 
attention. Eur J Pharmacol, 393(1-3), 147-154.

Stolerman, I.P., Mirza, N.R. & Shoaib, M. (1995). Nicotine psychopharmacology: Addiction, 
cognition and neuroadaptation. Med Res Rev, 15(1), 47-72.

Sun, Q.Q., Huguenard, J.R. & Prince, D.A. (2006). Barrel cortex microcircuits: thalamocorti-
cal feedforward inhibition in spiny stellate cells is mediated by a small number of fast-
spiking interneurons. Journal of Neuroscience, 26, 1219-1230.

Swanson, L.W. & Cowan, W.M. (1979). The connections of the septal region in the rat. J 
Comp Neurol, 186(4), 621-655.

Thiele, A. (2013). Muscarinic signaling in the brain. Annu Rev Neurosci, 36, 271-294.
Thiele, A., Herrero, J.L., Distler, C. & Hoffmann, K.P. (2012). Contribution of cholinergic 

and gabaergic mechanisms to direction tuning, discriminability, response reliability, and 
neuronal rate correlations in macaque middle temporal area. J Neurosci, 32(47), 16602-
16615.

Thomson, A.M. & Bannister, A.P. (2003). Interlaminar connections in the neocortex. Cereb 
Cortex, 13(1), 5-14.

Thomson, A.M., West, D.C., Wang, Y. & Bannister, A.P. (2002). Synaptic connections and 
small circuits involving excitatory and inhibitory neurons in layers 2-5 of adult rat and cat 
neocortex: Triple intracellular recordings and biocytin labelling in vitro. Cereb Cortex, 
12(9), 936-953.

Tian, M.K., Bailey, C.D.C., De Biasi, M., Picciotto, M.R. & Lambe, E.K. (2011). Plastic-
ity of prefrontal attention circuitry: Upregulated muscarinic excitability in response to 
decreased nicotinic signaling following deletion of α5 or β2 subunits. The Journal of 
Neuroscience, 31(45), 16458-16463.

Tierney, P.L., Degenetais, E., Thierry, A.M., Glowinski, J. & Gioanni, Y. (2004). Influence 
of the hippocampus on interneurons of the rat prefrontal cortex. Eur J Neurosci, 20(2), 
514-524.

Tomita, H., Ohbayashi, M., Nakahara, K., Hasegawa, I. & Miyashita, Y. (1999). Top-down 
signal from prefrontal cortex in executive control of memory retrieval. Nature, 401(6754), 
699-703.

Totah, N.K.B., Kim, Y.B., Homayoun, H. & Moghaddam, B. (2009). Anterior cingulate neu-
rons represent errors and preparatory attention within the same behavioral sequence. The 
Journal of Neuroscience, 29(20), 6418-6426.

Trevelyan, A.J., Sussillo, D., Watson, B.O. & Yuste, R. (2006). Modular propagation of epi-
leptiform activity: Evidence for an inhibitory veto in neocortex. The Journal of Neurosci-
ence, 26(48), 12447-12455.



List of references

153

Tribollet, E., Bertrand, D., Marguerat, A. & Raggenbass, M. (2004). Comparative distribu-
tion of nicotinic receptor subtypes during development, adulthood and aging: An autora-
diographic study in the rat brain. Neuroscience, 124(2), 405-420.

Tu, B., Gu, Z., Shen, J.X., Lamb, P.W. & Yakel, J.L. (2009). Characterization of a nicotine-
sensitive neuronal population in rat entorhinal cortex. J Neurosci, 29(33), 10436-10448.

Turchi, J. & Sarter, M. (1997). Cortical acetylcholine and processing capacity: effects of 
cortical cholinergic deafferentation on crossmodal divided attention in rats. Cogn Brain 
Res,  6, 147–158.

Uhlhaas, P.J., Haenschel, C., Nikolic, D. & Singer, W. (2008). The role of oscillations and 
synchrony in cortical networks and their putative relevance for the pathophysiology of 
schizophrenia. Schizophr Bull, 34(5), 927-943.

Uhlhaas, P.J. & Singer, W. (2010). Abnormal neural oscillations and synchrony in schizo-
phrenia. Nat Rev Neurosci, 11(2), 100-113.

Uylings, H.B., Groenewegen, H.J. & Kolb, B. (2003). Do rats have a prefrontal cortex? Be-
hav Brain Res, 146(1-2), 3-17.

Vallejo, Y.F., Buisson, B., Bertrand, D. & Green, W.N. (2005). Chronic nicotine exposure up-
regulates nicotinic receptors by a novel mechanism. The Journal of Neuroscience, 25(23), 
5563-5572.

Van Den Oever, M.C., Spijker, S., Smit, A.B. & De Vries, T.J. (2010). Prefrontal cortex plas-
ticity mechanisms in drug seeking and relapse. Neurosci Biobehav Rev, 35(2), 276-284.

Van Der Zee, E.A. & Keijser, J.N. (2010). Localization of pre- and postsynaptic cholinergic 
markers in rodent forebrain: A brief history and comparison of rat and mouse. Behav-
ioural Brain Research, In Press, Uncorrected Proof.

Van Der Zee, E.A. & Luiten, P.G.M. (1999). Muscarinic acetylcholine receptors in the hip-
pocampus, neocortex and amygdala: A review of immunocytochemical localization in 
relation to learning and memory. Progress in Neurobiology, 58(5), 409-471.

Van De Werd, H.J., Rajkowska, G., Evers, P., Uylings, H.B. (2010). Cytoarchitectonic and 
chemoarchitectonic characterization of the prefrontal cortical areas in the mouse. Brain 
Struct Funct, 214, 339-353.

Van Eden, C.G., Lamme, V.A. & Uylings, H.B. (1992). Heterotopic cortical afferents to the 
medial prefrontal cortex in the rat. A combined retrograde and anterograde tracer study. 
Eur J Neurosci, 4(1), 77-97.

Vertes, R.P. (2004). Differential projections of the infralimbic and prelimbic cortex in the rat. 
Synapse, 51(1), 32-58.

Vertes, R.P. (2006). Interactions among the medial prefrontal cortex, hippocampus and mid-
line thalamus in emotional and cognitive processing in the rat. Neuroscience, 142(1), 
1-20.

Vidal, C. & Changeux, J.P. (1993). Nicotinic and muscarinic modulations of excitatory syn-
aptic transmission in the rat prefrontal cortex in vitro. Neuroscience, 56(1), 23-32.

Von Engelhardt, J., Eliava, M., Meyer, A.H., Rozov, A. & Monyer, H. (2007). Functional 
characterization of intrinsic cholinergic interneurons in the cortex. J. Neurosci., 27(21), 
5633-5642.

Vossel, S., Warbrick, T., Mobascher, A., Winterer, G. & Fink, G.R. (2011). Spatial and sus-
tained attention in relation to smoking status: Behavioural performance and brain activa-
tion patterns. J Psychopharmacol, 25(11), 1485-1495.

Wada, E., Mckinnon, D., Heinemann, S., Patrick, J. & Swanson, L.W. (1990). The distribu-
tion of mrna encoded by a new member of the neuronal nicotinic acetylcholine receptor 



Cholinergic modulation of the mPFC

154

gene family (α5) in the rat central nervous system. Brain Research, 526(1), 45-53.
Wallace, D.J. & Bertrand, D. (2013a). Alpha7 neuronal nicotinic receptors as a drug target in 

schizophrenia. Expert Opinion on Therapeutic Targets, 17(2), 139-155.
Wallace, T.L. & Bertrand, D. (2013b). Importance of the nicotinic acetylcholine receptor 

system in the prefrontal cortex. Biochemical Pharmacology(0).
Wallis, J.D. (2007). Orbitofrontal cortex and its contribution to decision-making. Annu Rev 

Neurosci, 30, 31-56.
Wang, X.-J. (2010). Neurophysiological and computational principles of cortical rhythms in 

cognition. Physiological Reviews, 90(3), 1195-1268.
Wang, Y., Markram, H., Goodman, P.H., Berger, T.K., Ma, J. & Goldman-Rakic, P.S. (2006). 

Heterogeneity in the pyramidal network of the medial prefrontal cortex. Nat Neurosci, 
9(4), 534-542.

Weihe, E., Tao-Cheng, J.H., Schafer, M.K., Erickson, J.D. & Eiden, L.E. (1996). Visual-
ization of the vesicular acetylcholine transporter in cholinergic nerve terminals and its 
targeting to a specific population of small synaptic vesicles. Proc Natl Acad Sci U S A, 
93(8), 3547-3552.

Weinberger, D.R. & Berman, K.F. (1996). Prefrontal function in schizophrenia: Confounds 
and controversies. Philos Trans R Soc Lond B Biol Sci, 351(1346), 1495-1503.

Wenk, G.L. (1997). The nucleus basalis magnocellularis cholinergic system: One hundred 
years of progress. Neurobiol Learn Mem, 67(2), 85-95.

Winzer-Serhan, U.H. & Leslie, F.M. (2005). Expression of alpha5 nicotinic acetylcholine 
receptor subunit mrna during hippocampal and cortical development. J Comp Neurol, 
481(1), 19-30.

Woolf, N.J. & Butcher, L.L. (2011). Cholinergic systems mediate action from movement to 
higher consciousness. Behav Brain Res, 221(2), 488-498.

Woolf, N.J., Eckenstein, F. & Butcher, L.L. (1983). Cholinergic projections from the basal 
forebrain to the frontal cortex: A combined fluorescent tracer and immunohistochemical 
analysis in the rat. Neuroscience Letters, 40(2), 93-98.

Wooltorton, J.R., Pidoplichko, V.I., Broide, R.S. & Dani, J.A. (2003). Differential desensiti-
zation and distribution of nicotinic acetylcholine receptor subtypes in midbrain dopamine 
areas. J Neurosci, 23(8), 3176-3185.

World Health Organization (2012) www.who.int.
Wouterlood, F.G., Van Denderen, J.C., Blijleven, N., Van Minnen, J. & Hartig, W. (1998). 

Two-laser dual-immunofluorescence confocal laser scanning microscopy using cy2- and 
cy5-conjugated secondary antibodies: Unequivocal detection of co-localization of neuro-
nal markers. Brain Res Brain Res Protoc, 2(2), 149-159.

Xiang, Z., Huguenard, J.R. & Prince, D.A. (1998). Cholinergic switching within neocortical 
inhibitory networks. Science, 281(5379), 985-988.

Yakel, J.L. (2013). Cholinergic receptors: Functional role of nicotinic ach receptors in brain 
circuits and disease. Pflugers Arch, 465(4), 441-450.

Yang, Y., Paspalas, C.D., Jin, L.E., Picciotto, M.R., Arnsten, A.F.T. & Wang, M. (2013). 
Nicotinic α7 receptors enhance nmda cognitive circuits in dorsolateral prefrontal cortex. 
Proceedings of the National Academy of Sciences, 110(29), 12078-12083.

Yizhar, O., Fenno, Lief e., Davidson, Thomas j., Mogri, M. & Deisseroth, K. (2011). Opto-
genetics in neural systems. Neuron, 71(1), 9-34.

Young, J.W., Crawford, N., Kelly, J.S., Kerr, L.E., Marston, H.M., Spratt, C., Finlayson, K. & 
Sharkey, J. (2007). Impaired attention is central to the cognitive deficits observed in alpha 



List of references

155

7 deficient mice. Eur Neuropsychopharmacol, 17(2), 145-155.
Young, J.W., Finlayson, K., Spratt, C., Marston, H.M., Crawford, N., Kelly, J.S. & Sharkey, 

J. (2004). Nicotine improves sustained attention in mice: Evidence for involvement of 
the alpha7 nicotinic acetylcholine receptor. Neuropsychopharmacology, 29(5), 891-900.

Young, J.W. & Geyer, M.A. (2013). Evaluating the role of the alpha-7 nicotinic acetylcholine 
receptor in the pathophysiology and treatment of schizophrenia. Biochemical Pharmacol-
ogy, 86(8), 1122-1132.

Young, J.W., Meves, J.M. & Geyer, M.A. (2013). Nicotinic agonist-induced improvement 
of vigilance in mice in the 5-choice continuous performance test. Behavioural Brain Re-
search, 240, 119-133.

Zaborszky, L., Pang, K., Somogyi, J., Nadasdy, Z. & Kallo, I. (1999). The basal forebrain 
corticopetal system revisited. Ann N Y Acad Sci, 877, 339-367.

Zhang, F., Aravanis, A.M., Adamantidis, A., De Lecea, L. & Deisseroth, K. (2007). Circuit-
breakers: Optical technologies for probing neural signals and systems. Nat Rev Neurosci, 
8(8), 577-581.

Zhang, Z. & Séguéla, P. (2010). Metabotropic induction of persistent activity in layers II/III 
of anterior cingulate cortex. Cerebral Cortex, 20(12), 2948-2957.



Cholinergic modulation of the mPFC

156



Nederlandse samenvatting

157

Nederlandse samenvatting:

Cholinerge modulatie van de mediale prefrontale cortex
Onze hersenen worden voortdurend door allerlei prikkels gestimuleerd. Om er voor te zorgen 
dat we de informatie verwerken die voor ons belangrijk is en andere prikkels negeren, is een 
goede aandacht belangrijk. Een voorbeeld hiervan is te vinden bij het besturen van een auto. 
Op het moment dat we achter het stuur zitten, kunnen we gelukkig onze aandacht bij de weg 
houden en attent reageren op mogelijk bedreigende situaties. Aan de andere kant zorgt dit er 
wel voor dat het lastig kan zijn om een gesprek te volgen. Voor de andere personen in de auto 
is de situatie echter andersom: ze hebben de volle aandacht voor het gesprek en andere zaken, 
maar missen wat er op de weg gebeurt. Dit lijkt misschien triviaal maar voor de hersenen is 
dit allerminst het geval. De prikkels die binnen komen zijn in beide gevallen hetzelfde. Toch 
zorgt het brein ervoor dat in het ene geval de situatie op de weg en in het andere geval het 
gesprek verwerkt wordt. 

Naast deze rol van aandacht in het selecteren van prikkels is het ook van groot belang dat 
we onze aandacht ergens op vast kunnen houden. Dit aspect van aandacht is belangrijk bij 
het besturen van een voertuig maar ook bijvoorbeeld bij het volgen van een college. We mis-
sen voortdurend dingen die om ons heen gebeuren en helaas kan dit ook het geval zijn voor 
dingen die van belang zijn en waar we onze aandacht op willen richten. Het onderzoek dat 
beschreven is in dit proefschrift is bedoeld om er achter te komen hoe onze hersenen er voor 
zorgen dat wij onze aandacht ergens bij kunnen houden.

Een hersengebied dat van groot belang is voor het vasthouden van aandacht is de mediale 
prefrontale cortex (mPFC). Schade aan dit gebied kan resulteren in een afname van het ver-
mogen om onze aandacht ergens bij te houden. Tijdens taken die veel aandacht vergen wordt 
er een signaalstof, namelijk acetylcholine, afgegeven in dit hersengebied. Deze signaalstof 
wordt door een kleine hoeveelheid cellen aangemaakt en door de hele hersenen vrijgelaten. 
Er is echter vrij weinig bekend over wat deze stof precies doet. Deze stof kan binden aan 
twee groepen receptoren, namelijk nicotine en muscarine receptoren, en hiermee informatie 
overdragen. In een groot gedeelte van het onderzoek hebben we ons gericht op de effecten 
van het binden van acetylcholine aan één van deze twee receptoren, namelijk de nicotine 
receptoren. Wij hebben ons gericht op nicotine receptoren omdat er aanwijzingen zijn dat dit 
type receptor van groot belang is voor aandacht.

De mPFC is, net als het grootste gedeelte van de hersenen, opgebouwd uit twee soorten 
hersencellen (neuronen). Neuronen kunnen gezien worden als microchips in een computer. 
Ze voeren berekeningen uit en communiceren met elkaar door middel van electrische en 
chemische signalen. Netwerken van hersencellen zorgen er voor dat wij waar kunnen ne-
men, praten, nadenken, onthouden, en handelen. Deze twee soorten hersencellen in de mPFC 
hebben een tegenover gesteld effect. Pyramidaal neuronen activeren andere neuronen door 
middel van de signaalstof glutamaat. Interneuronen daarentegen remmen elkaar via de stof 
GABA. De balans tussen deze twee processen (activatie en inhibitie) is de basis van de in-
formatie verwerking in ons brein. Naast glutamaat en GABA wordt de mPFC door andere 
stoffen, zoals acetylcholine, beinvloedt. Deze stoffen worden neuromodulatoren genoemd 
omdat ze de informatieverwerking in de lokale circuits moduleren. Met ons onderzoek heb-
ben we geprobeerd om inzicht te krijgen in de manier waarop acetylcholine de informatie 
verwerking beinvloedt. We hebben dit gedaan door de receptoren voor acetylcholine te bein-
vloeden en het effect op gedrag en hersenactiviteit te meten. Verder hebben we gekeken naar 
de bron van de acetylcholine. In de rest van deze samenvatting ga ik in op de resultaten van 
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deze studies.

Wanneer acetylcholine vrjigelaten wordt in de mPFC kan het binden aan verschillende re-
ceptoren. Hierdoor kunnen lokale processen beïnvloedt worden. De signaaloverdracht is dus 
afhankelijk van receptoren waaraan acetylcholine kan binden.Als eerste hebben we onder-
zocht welke nicotine receptoren precies belangrijk zijn voor aandacht.  Om de rol van de 
verschillende nicotine receptoren te onderzoeken, hebben we gewone muizen en muizen die 
bepaalde receptoren missen vergeleken in een aandachtstaak. Hiermee hebben we bepaald 
dat één specifieke receptor cruciaal is. Zonder deze receptor misten de muizen veel meer 
stimuli. Als we vervolgens de receptor weer terug plaatsten in de mPFC was het gedrag weer 
normaal. Hiermee konden we aantonen dat deze receptor, specifiek in de mPFC, nodig is 
voor aandacht. Dit onderzoek wordt beschreven in hoofdstuk 2.

De volgende stap in ons onderzoek was om te bepalen wat het gevolg is van het binden 
van acetylcholine aan deze receptoren. Dit hebben we gedaan in hersenplakjes die in leven 
worden gehouden en waar we de activiteit van kunnen bepalen als we acetylcholine toedi-
enen. We hebben de effecten bepaald op verschillende celtypen en lagen in het netwerk van 
de mPFC en we hebben onderzocht wat het netto effect van het stimuleren van al deze celt-
ypen is. Het resultaat van dit onderzoek staat beschreven in hoofdstuk 3.

Daarna hebben we het effect van toediening van nicotine op deze hersenprocessen bestu-
deerd. Ons lichaam maakt zelf geen nicotine aan en stimuleert nicotine receptoren alleen via 
acetylcholine. Veel mensen dienen zichzelf echter nicotine toe door te roken. Hierdoor wor-
den de nicotine receptoren dus niet meer alleen gestimuleerd door acetylcholine, maar ook 
door nicotine. Nicotine heeft echter niet alleen het vermogen om de receptoren te stimuleren 
maar ook om ze te blokkeren en het effect van acetylcholine te verminderen. Dit onderzoek 
richtte zich daarom op de vragen: wat doet nicotine met het netwerk? En, verandert nicotine 
het effect van acetylcholine? Deze studie heeft een complex beeld naar voren gebracht waa-
rin nicotine het netwerk enigszins stimuleert maar het effect van acetylcholine voornamelijk 
blokkeert. Deze effecten hangen echter sterk af van het type neuron waarnaar gekeken wordt, 
de lokatie van de neuronen en het type nicotine receptor.

Ten slotte hebben we gekeken naar de bron van acetylcholine. Het gehele brein wordt 
van acetylcholine voorzien door cellen in het basale voorbrein maar het was onbekend welke 
cellen in het basale voorbrein de mPFC van acetylcholine voorzien. In het onderzoek dat be-
schreven wordt in het laatste hoofdstuk hebben wij dit onderzocht. Verder hebben we bepaald 
hoe specifiek de acetylcholine voorziening is. Anders gezegd wilden we weten of de cellen 
naar het gehele brein projecteren of dat deze projecties specifiek zijn. Wij hebben dit gedaan 
door kleine groepjes met cellen in het basale voorbrein te dwingen om fluorescente eiwit-
ten aan te maken. Vervolgens hebben we gekeken waar de fluorescente uitlopers van deze 
cellen te vinden zijn. Met dit onderzoek hebben we aangetoond dat cellen in het hele basale 
voorbrein acetylcholine naar de mPFC sturen maar dat verschillende gebieden in het basale 
voorbrein hun uitlopers naar verschillende gebieden in de mPFC sturen. Verder hebben we 
gevonden dat er twee soorten projecties van acetylcholine naar de prefrontale cortex zijn. 

Met het onderzoek beschreven in dit proefschrift hebben we geprobeerd een bijdrage te 
leveren aan het begrijpen van de hersenprocessen die ervoor zorgen dat we onze aandacht 
ergens op vast kunnen houden. Onze hoop is dat als we begrijpen wat de rol van acetyl-
choline en de receptoren voor deze signaalstof precies is, we ziektes waarbij aandacht ern-
stig is aangedaan uiteindelijk kunnen behandelen. Aandachtsproblemen zijn niet alleen een 
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symptoom van ADHD maar ook bijvoorbeeld van schizofrenie en verschillende vormen van 
dementie. Bij deze ziektes zijn er ook problemen in het acetylcholine systeem gevonden en 
recente studies tonen aan dat stoffen die aan nicotine receptoren kunnen binden de cognitieve 
vermogens van mensen met deze aandoeningen kunnen vergroten. Een probleem is echter dat 
nicotine zeer verslavend is en dat nicotine receptoren bij ontzettend veel processen betrokken 
zijn. Om deze redenen is het dus van groot belang om de rol van de verschillende type recep-
toren en de hersenprocessen waarbij deze een rol spelen te begrijpen. Met dit onderzoek heb-
ben we geprobeerd bij te dragen aan het vergroten van onze kennis over de manier waarop 
acetylcholine de mPFC moduleert.
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English summary:

Cholinergic modulation of the medial prefrontal cortex
Our brains are continuously bombarded by a variety of stimuli. To ensure that important in-
formation is processed, whereas distracters are filtered out, we need attention. An example of 
this can be found in driving a car. When we are behind the wheel, we can fortunately maintain 
our attention on the road and react attentively whenever a potentially hazardous situation oc-
curs. On the other hand, this can result in a lowered ability to participate in a conversation. 
For passengers in the car, however, the situation is the reverse. They can focus completely on 
whatever they want, but they probably miss most of what is happening in traffic. Although 
this might seem trivial, for the brain it is not. In both situations the stimuli are the same. Still 
the brain has to make sure that in both situations the right information is processed. 

In addition to this role of attention in the selection of sensory information that needs to 
be processed, we also require attention to make sure that we keep our focus, since we never 
know when we need to act. We continuously miss a big part of what is going on around us and 
unfortunately this also occurs with important information we want to attend to. The research 
that is described in this thesis aimed at studying the way our brains allow us to focus continu-
ously on relevant information.

A brain area that is of great importance for maintaining attention is the medial prefrontal 
cortex (mPFC). Damage to this brain region can result in a reduction in our attentional capac-
ities. During tasks that require a lot of attention, a substance called acetylcholine is released 
in this part of the brain. This signaling substance, called a neurotransmitter, is being produced 
by a small group of cells but released throughout most of the brain. Not much is known about 
what exactly this neurotransmitter does, but we do know that it can bind to two groups of re-
ceptors, the nicotinic and the muscarinic receptor, and thereby transmit information. A large 
part of the research has focused on the effects that acetylcholine has on the mPFC when it 
binds the first of these two receptors, the nicotine receptor.

The mPFC is, like the rest of the brain, composed of a network of brain cells (neurons). 
Neurons can be conceptualized as microchips in a computer that can process information and 
communicate with each other through electrical and chemical signals. There are two major 
classes of neurons in the mPFC. The two types of neurons in the mPFC have opposing ef-
fects. Pyramidal neurons stimulate other neurons with a substance called glutamate. On the 
other hand, interneurons inhibit each other via another neurotransmitter, called GABA. The 
balance between these two forces forms the basis of a large part of the information process-
ing that goes on in the brain. The mPFC is also, on top of glutamate and GABA, influenced 
by other signaling substances, such as acetylcholine. These latter neurotransmitters are called 
neuromodulators because they modulate the processing of information that occurs in the 
local circuits. With our research we have tried to gain insight into the way the neuromodula-
tor acetylcholine influences processing in the network of the mPFC. We have done this by 
manipulating the receptors for acetylcholine and by measuring the effects on behavior and on 
brain activity. In addition, we have determined the exact source of this acetylcholine. In the 
remainder of the summary I will describe the findings of these studies.

We started by testing which nicotine receptors are important for attention. We studied the 
role of nicotine receptors because there are clues that indicate that this type of receptor is 
very important for attention. For this we tested mice in an attention task. We compared mice 
that have all of the nicotine receptors with mice that lack specific subtypes of this receptor. 
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By doing this, we determined that one specific type of receptor, the heteromeric β2-subunit 
containing receptor, is crucial for normal attention performance. When we put this receptor 
back in the mPFC, behavior was restored to normal levels. This way we demonstrated that 
these receptors, specifically in the mPFC, are crucial for attention. This study is described in 
chapter 2.

The next step of our research was to determine what happens when acetylcholine binds 
these nicotine receptors. We did this by applying acetylcholine to brain slices that were kept 
alive and by monitoring the activity of the neural circuits in these brain slices. This way we 
measured the effects of acetylcholine binding to nicotine receptors. We did this for different 
elements of the neuronal circuit, such as different celltypes and different layers. Moreover, 
we have determined the net effect of acetylcholine when all these different elements are 
stimulated simultaneously. For more information, see chapter 3.

In addition, we have determined the effects of nicotine itself. Our body does not make 
nicotine itself and our nicotine receptors are normally only stimulated by acetylcholine. 
However, people that use tobacco administer nicotine to themselves. As a consequence, nic-
otine receptors are not only stimulated by acetylcholine, but also by nicotine. Interestingly, 
nicotine can activate these receptors, like acetylcholine, but also interfere with signaling by 
acetylcholine. For this reason, we wanted to know how nicotine influences neuronal activity 
in the mPFC and how it changes the response to acetylcholine. This study provided a com-
plex picture in which nicotine stimulated the network to some degree but blocked the effect 
of acetylcholine at the same time. These effects were strongly dependent on the type of neu-
ron studied, the location in the network and the specific type of nicotine receptor.

Finally, we have determined the source of acetylcholine in the mPFC. It was known that 
nearly the entire brain receives acetylcholine from a group of cells that are called the basal 
forebrain. These cells send fibers throughout the brain, but there was little knowledge about 
which cells in the basal forebrain provide the mPFC with acetylcholine. We studied this 
and we tested how specific this innervation of fibers is. In other words, we wanted to know 
whether the basal forebrain cells send their projections to the entire mPFC or whether specific 
cells project to specific areas of the mPFC. We have studied this by forcing small groups of 
cells to make a fluorescent protein. After this we determined where in the brain the fluores-
cent fibers can be found. With this research we demonstrated that the projections are quite 
specific. Furthermore we demonstrated that there are two kinds of projections of acetylcho-
line producing cells to the mPFC. This research is described in chapter 5.

With the research described in this thesis we have tried to make a contribution to understand 
the brain processes that make us able to focus and maintain our attention on something. Our 
hope is that, if we understand what the role of acetylcholine and its receptors are, we can 
better treat diseases in which attention is severely affected. Attentional problems are a core 
symptom of ADHD but are also strongly present in other diseases such as schizophrenia and 
different forms of dementia. In these diseases it has been found that the acetylcholine system 
is affected and that nicotine receptor stimulation can improve the attentional capabilities in 
those suffering from it. A problem, however, is that nicotine is very addictive and that nico-
tine receptors are involved in many different processes. For this reason it is crucial to learn 
more about the role of the different types of nicotine receptors and the brain processes in 
which they play a role. With this research we have aimed to increase our knowledge about 
the way acetylcholine modulates the mPFC.


