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General introduction
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Chapter 1

1.1 Attention
The ability of the neocortex to construct a coherent representation of the outside world
enables us to adapt to changes in our environment and to reach our goals. To do this, our brain
has to combine sensory inputs from the outside world with our internal memories, action
plans and expectations (Buschman and Miller, 2010). However, this is not an easy task: the
amount of sensory inputs received in the sensory areas of our cortex is overwhelming and
even the remarkable processing capabilities of the cortex cannot process all of them
simultaneously. To compensate for this limitation, our brain developed a mechanism called
attention to select and highlight relevant items at the expense of irrelevant ones (Sarter et al.,
2001). To be able to determine at any given time point what item to focus on, our mind needs
to combine external inputs with intrinsic goals (Sarter et al., 2001). For that, there are two
mechanisms that control attention. The so-called “bottom up” or stimulus-driven attention
describes a phenomenon where an external stimulus is noticed and leads us to instantly focus
on it, for example an unexpected loud tone. The second mechanism is called “top-down”
attention and means that we direct our focus based on our internal deliberations mainly
independent from external inputs (Buschman and Miller, 2010; Corbetta and Shulman, 2002).
These mechanisms are not excluding each other, but act in an overlapping manner (Egeth and
Yantis, 1997). This makes it, for example, possible to stay focused and continue with reading
an important e-mail, even when the person next to you has a loud conversation on the phone.
Most research on the mechanisms behind attentional performance is done in human
beings using EEG or imaging methods. A specific focus in these studies is on the prefrontal
structures of the cortex since people who experience a damage of these structures show a
reduced capability of impulse control and attention performance (Duncan et al., 1996; Miller,
2000). The most known example is probably the case of Phineas Gage, an American railroad
construction foreman who survived an accident in which an iron rod damaged his frontal lobe.
Eventually, this resulted in a change of his personality, affecting mainly his impulsivity and
capability to stay focused (Macmillan, 2000). It is shown that patients with a damaged frontal
cortex indeed have a decreased capability to attain future goals (Bechara et al., 1994) and that
they get easily distracted by irrelevant features which catch their attention and prevent them
from staying focused (Duncan et al., 1996; Miller, 2000). The capability to stay focused on a
specific task for a long period of time is crucial for reaching long term goals and is described as
sustained attention (Kim et al., 2016; Miller and Buschman, 2013; Sarter et al., 2001). Since
this requires the suppression of external non-relevant stimuli and focus on the relevant input
based on internal deliberations it is suggested that a “top-down” control of attention is crucial
for sustained attentional performance (Buschman and Kastner, 2015; Miller and Buschman,
2013; Sarter et al., 2001). Recent studies using functional imaging methods in human beings
or invasive recordings techniques in rodents and non-human primates, linked neuronal
processing in the frontal cortex with sustained attention performance (Buschman and
Kastner, 2015; Kim et al., 2016). For example, behavioral studies in rodents using a wellvalidated task for sustained attention performance: the 3- or 5 choice serial reaction time task
(3/5CSRTT) (Lustig et al., 2013; Robbins, 2002) has shown that both activity of inhibitory
interneurons as well as excitatory pyramidal neurons in the mPFC are crucial for proper
sustained attention performance (Kim et al., 2016; Luchicchi et al., 2016). Taken together,
sustained attentional performance is one of the key features to be capable to focus on the
relevant information that our cortex receives. The processing of information occurs in
neuronal networks in our brain. How attentional performance affect these networks will be
further described in the following paragraph.
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1.2 The effect of attention demanding behavior on neuronal
activity
Neuronal networks are thought to represent behavioral states or sensory inputs through their
specific firing activity. Indeed, it has been shown that a higher demand of attention
performance by adding distracters or decreasing the conspicuity of cues during a task led to
an increased neuronal activity in the mPFC (Gill et al., 2000). This change of firing activity is
thought to be caused by different populations of neurons that are in competition and either
represent or do not represent the attended features, objects or locations (Reynolds et al.,
1999; Thiele and Bellgrove, 2018). Recent studies indicate that population of neurons that
represent attended objects, locations or features in general, increase their firing activity
(Krauzlis et al., 2013; Noudoost et al., 2010; Thiele and Bellgrove, 2018). In contrast, neurons
that represent irrelevant features had a reduced spiking activity (Martinez-Trujillo and Treue,
2004). How these neuronal networks exactly encode attention performance and affect
behavior is not unraveled yet, but computational models give an insight by describing the
effect of attention on neuronal input output relationships (Ni and Maunsell, 2017; Ni et al.,
2012; Sanayei et al., 2015). The effect of attention on these relationships are described by a
“gain change” (Ni et al., 2012; Sanayei et al., 2015). In the “normalization model of attention” it
is assumed that attention affects the gain of both excitatory and inhibitory neurons (Ni and
Maunsell, 2017; Ni et al., 2012; Sanayei et al., 2015). In that way the increased activity of
excitatory neurons is normalized by the higher excitation of inhibitory neurons (Ni and
Maunsell, 2017; Ni et al., 2012). Recent in vivo studies in macaque monkeys and rodents
indicated indeed that both the activity of excitatory as well as inhibitory neurons in the frontal
cortex is increased while the animal performs an attention demanding behavior (Kim et al.,
2016; Thiele et al., 2016). These findings indicate the importance of both excitatory as well as
inhibitory neuron activity during attention demanding behavior to maintain the excitation
inhibition balance.
On a network level, attention demanding behavior correlates with an increased
synchronization of neuronal activity (Helfrich et al., 2018; Kim et al., 2016; Steinmetz et al.,
2000; Thiele and Bellgrove, 2018). In the mPFC, an increased synchronization of the gamma
firing frequency of excitatory neuron, which is controlled by PV-interneurons, leads to an
increase in performance in a sustained attention task (Kim et al., 2016). These findings
indicate the relevance of both excitatory and inhibitory microcircuit networks in the mPFC for
sustained attention performance. In summary, attention demanding behavior leads to a
change of neuronal firing activity of both pyramidal cells as well as interneurons in the cortex,
whereas increased gamma frequency synchronization in the mPFC is important for sustained
attention performance. Which cell types and circuit motifs are relevant for information
processing in the mPFC?

1.3 The medial prefrontal cortex
The mPFC is part of the neocortex, which is from an evolutionary perspective the most
recently evolved part of the brain. In rodents, it consist of four areas, the medial precentral
area (PrCm), the anterior cingulate cortex (ACC), the prelimbic cortex (PLC) and the
infralimbic cortex (ILC), that can be grouped into two areas according to connectivity and
function: the ventral mPFC (vmPFC, consisting of the ventral PLC, ILC and dorsal peduncular
cortex) and the dorsal mPFC (dmPFC, consisting of the ACC and dorsal region of the PLC)
(Heidbreder and Groenewegen, 2003; Riga et al., 2014).
The mPFC has a laminar structure organized into a sheet of five layers. In contrast to
other cortical regions, it is lacking layer 4, a layer that normally receives strong input from the
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Figure 1.1 The prefrontal cortex in the rodent brain.
(A) Schematic representation of the sagittal view of the medial prefrontal areas in rodents. (B)
Schematic representation of a coronal slice of the medial prefrontal cortex areas. FR2=frontal area
2, ACd=dorsal anterior cingulate corte, ACv=ventral anterior cingulate cortex, PL=prelimbic area,
IL=infralimbic area, CC=corpus callosum, MO=medial orbital frontal cortex.
thalamus (Uylings et al., 2003). The mPFC is highly connected with other cortical regions:
neurons in both the superficial as well as deep layers receive input from excitatory
glutamatergic long-range projections from other cortical regions such as the amygdala, hippocampus and thalamus (Cho et al., 2013). Following the processing of information coming from
other cortical areas, relevant information is sent from excitatory neurons in the superficial
layers to subcortical structures such as amygdala, midbrain and striatum and via corticocortico connections to other connected neurons. Pyramidal neurons in the deeper layers
project mainly to the medial dorsal thalamus, or striatum (Douglas and Martin, 2004; Gabbott
et al., 2005; Hintiryan et al., 2016; Hoover and Vertes, 2007; Little and Carter, 2012).
The mPFC is mainly composed of excitatory pyramidal neurons (about 80%) and
inhibitory interneurons (about 20%), which are highly connected to each other. Both
pyramidal neurons and interneurons can be subdivided into subgroups by their cellular
properties such as morphology, physiology, molecular markers and projection targets (Ascoli
et al., 2008; Defelipe et al., 2013; Hattox and Nelson, 2007; Land et al., 2014; Tremblay et al.,
2016). GABAergic neurons are mainly inhibitory and project locally to pyramidal neurons and
other types of interneurons and in general decrease or synchronize the firing activity of these
neurons, which is relevant for cognitive information processing such as attention and goal
directed behavior (Kim et al., 2016; Markram et al., 2004; Pi et al., 2013; Tremblay et al.,
2016).
Fast spiking (FS) parvalbumin expressing (PV) and low threshold spiking (LTS)
somatostatin expressing (SOM) interneurons target respectively the soma and dendritic area
of pyramidal neurons in contrast to vasoactive intestinal peptide (VIP) interneurons which
project mainly to PV- and SOM-interneurons (Karnani et al., 2016; Lee et al., 2013; Markram et
al., 2004; Pi et al., 2013; Tremblay et al., 2016). These subtypes of interneurons form different
motifs of inhibitory microcircuits with other interneurons or pyramidal neurons in the cortex
(Karnani et al., 2016; Lee et al., 2013; Pi et al., 2013; Silberberg and Markram, 2007).
Feedforward inhibition describes a motif where an excitatory afferent projection targets both
a pyramidal and an interneuron with the interneuron also projecting to the pyramidal neuron
(Fig 1.3A). In this configuration, excitation is directly followed by inhibition which leads to an
increased precision in the timing of action potential (AP) firing of the pyramidal neuron
(Adesnik et al., 2012; Pouille and Scanziani, 2001; Sun, 2006). If a pyramidal neuron and an
interneuron are reciprocally interconnected, firing activity in the pyramidal neuron results
10
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Figure 1.2 Excitatory and inhibitory projections to and from the mPFC
Main excitatory and inhibitory projections from and to the mPFC. Amy=amygdala, BF=basal
forebrain, mPFC=medial prefrontal cortex, NAc=nucleus accumbens.
into feedback inhibition (Fig 1.3B). Lateral inhibition enables pyramidal neurons to modulate
the firing behavior of surrounding pyramidal neurons by forming disynaptic inhibitory loops.
This circuit motif consists of pyramidal neurons which project to PV- or SOM-interneurons
projecting to surrounding pyramidal cells (Fig 1.3C, D) (Berger et al., 2009; Hilscher et al.,
2017; Silberberg and Markram, 2007; Tremblay et al., 2016). The different spiking behaviors
of the FS, PV- and LTS SOM-interneurons results in respectively fast- or delayed lateral
inhibition (Silberberg and Markram, 2007). Interestingly it has been shown recently that
pyramidal neurons can sustain and synchronize the firing activity of surrounding pyramidal

Figure 1.3 Inhibtiory microcircuits in the cortex
(A) Excitatory afferent inputs are organized in a feedforward configuration. An interneuron and
pyramidal neuron receive excitatory input from the same afferent axon what leads to an
excitation that is directly followed by inhibition. (B) An interneuron that is reciprocal connected
with a pyramidal neuron. Activity in the pyramidal neuron results in feedback inhibition what
ensures that excitation in the pyramidal neuron is quickly followed by inhibition. (C) Delayed
lateral inhibition is mediated by SOM-expressing interneurons that target the dendrites of
pyramidal neurons. In this configuration the pyramidal neuron can modulate the activity of
surrounding pyramidal neurons by activating the SOM-interneuron. (D) Fast lateral inhibition is
mediated by fast spiking parvalbumin expressing interneurons that target the soma of
surrounding pyramidal neurons.
11
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neurons by modulating their firing activity via delayed lateral inhibition rather than by
reducing their spiking rate (Hilscher et al., 2017). Since multiple studies suggested that
synchronized neuronal firing activity is crucial for sustained attention behavior it could be
that lateral inhibition plays an important by synchronizing excitatory circuits in the cortex
during attention demanding behavior (Helfrich et al., 2018; Kim et al., 2016; Steinmetz et al.,
2000; Thiele and Bellgrove, 2018). Another type of inhibitory microcircuit is formed by VIPinterneurons which target other interneurons types directly. Activation of these neurons leads
as net outcome to disinhibition of pyramidal neurons (Karnani et al., 2016; Lee et al., 2013; Pi
et al., 2013). Thus, for the information processing that occurs in the mPFC the interaction
between the different types of interneurons and pyramidal neurons is crucial.

1.4 Modulation of the prefrontal cortex by the neuromodulator
acetylcholine
The activity and state of cortical networks depends, in addition to glutamatergic and
GABAergic neurotransmission, also on neuromodulators such as acetylcholine (ACh) (Thiele
and Bellgrove, 2018). Many studies emphasize the sustained ACh effects, in which ACh acts as
a slow, a-specific probably volume released neuromodulator which is increasing the
excitability of networks (Picciotto et al., 2012). However, recently it has been shown that ACh
also mediates specific cognitive operations that require fast cholinergic point-to-point phasic
modulation, such as sensory detection, learning, memory and attention (Dalley et al., 2004a;
Hasselmo, 2006; Sarter et al., 2009a). Especially the involvement of cholinergic signaling in the
mPFC during attention performance is well documented ((Parikh et al., 2007; Sarter et al.,
2009b). For instance, the lesion of the cholinergic system leads to selective deficits in
attentional demanding goal directed behavior (Dalley et al., 2004a; Gill et al., 2000; McGaughy
et al., 1996). Furthermore, there is an increase of ACh release in the mPFC related with correct
cue detection; a behavior that requires attention performance. (Parikh et al., 2007; Sarter et
al., 2009a). Thus, the modulation of cortical networks by cholinergic signaling is crucial for
attention demanding behavioral performance.
The main cholinergic innervation of the neocortex originates in the basal forebrain
(Woolf and Butcher, 2011) (Figure 1.4.). Many studies showed that there is a detailed
topographical organization of the basal forebrain cholinergic neuron(Ballinger et al., 2016;
Bigl et al., 1982; Bloem et al., 2014; Gritti et al., 2003; Lamour et al., 1982; Price and Stern,
1983; Zaborszky et al., 2015). Early studies indicated that in rat brain, large but discrete
cortical areas are innervated by small groups of cholinergic basal forebrain neurons.
Cholinergic neurons in the diagonal band of Broca tend to innervate the cingulate and occipital
cortices. The substantia innominata (SI) cholinergic neurons project more to the frontal
cortex, while the cholinergic cells in the globus pallidus seem to target the temporal and
parietal cortices (Lamour et al., 1982; Price and Stern, 1983; Rye et al., 1984) . Cholinergic
neurons that innervate the prefrontal cortex show a frontal-caudal gradient in the location of
the cell bodies of these neurons in the basal forebrain. Cholinergic neurons located at rostral
locations in the basal forebrain, in particular in the horizontal limb of the diagonal band
(HDB), innervate predominantly rostral and ventral medial prefrontal cortical (mPFC) areas,
whereas caudo-lateral neurons in the basal forebrain, such as the SI and nucleus basalis (NB),
preferentially innervate the dorsal and caudal mPFC regions (Bloem et al., 2014). These
distinct basal forebrain regions send projections to the neocortex through distinct pathways
(Bloem et al., 2014). Furthermore cholinergic neurons at different locations in the basal
forebrain specifically innervate superficial or deep lamina of prefrontal cortex (Bloem et al.,
2014). In superficial layers 1-3, a marked distinction between different injection sites was
found, particularly in prelimbic (PL), infralimbic (IL) and the ventral part of the anterior
cingulate PFC. Cholinergic neurons in the rostral part of the basal forebrain project fibers to
12
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both superficial layers and deep layers of the mPFC. In stark contrast, cholinergic neurons in
caudal parts of the basal forebrain preferentially projected to deep layers of the mPFC and
hardly innervate the superficial layers (Bloem et al., 2014). This suggests that two separate
populations of basal forebrain neurons send cholinergic projections to the PL, IL, and ACv, one
that innervates all layers and another that selectively targets deep layers. Thus, although basal
forebrain neurons in the rodent brain often project to multiple regions of the PFC, they
preferentially innervate different regions based on their location in the basal forebrain (Bloem
et al., 2014) (Figure 1.5.).
In addition to these long-range cholinergic projections from basal forebrain, sparse
local cholinergic interneurons exist throughout the cortex (Eckenstein and Baughman, 1984;
Eckenstein and Thoenen, 1983). These choline acetyltransferase (ChAT)-expressing
interneurons are a subclass of vasoactive intestinal peptide (ChAT-VIP) neurons (Tasic et al.,
2016), and about 15% of VIP interneurons express ChAT (Tasic et al., 2017). They have the for
VIP-interneurons typical bipolar morphology with the soma located in layer 2/3 (Eckenstein
and Thoenen, 1983; von Engelhardt et al., 2007). Activation of these neurons leads to an
increased frequency of excitatory postsynaptic potentials in pyramidal neurons that is
acetylcholine receptor-dependent (von Engelhardt et al., 2007). However, it is still
undetermined whether these neurons form point-to-point synapses with other cortical
neurons and whether acetylcholine release from these cells actually occurs (von Engelhardt et
al., 2007). Altogether, ChAT-VIP interneuron could potentially act as an additional local source
of ACh in the cortex and modulate cortical networks during attention demanding behavior. In
Chapter 2 we investigated whether these ChAT-VIP interneurons actually release ACh and
how this affects the local network activity and attention demanding behavior.

Figure 1.4 Schematic representation of cholinergic projections originating in the basal
forebrain.
bas=nucleus basalis, BLA=basolateral amygdala, EC=entorhinal cortex, hdb=horizontal diagonal
band nucleus, ms=medial septal nucleus, si=substantia innominate, vdb=vertical diagonal band
nucleus. (Adapted from (Woolf and Butcher, 2011).
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Figure 1.5 Projection targets from the BF to the mPFC
(A) Schematic overview of routes BF-to-mPFC cholinergic projections. Cholinergic neurons in the
rostral area of the BF project preferably to the rostral and ventral medial area of the mPFC. In
contrast, cholinergic neurons located in the caudal areas target mainly the dorsal and caudal
regions of the mPFC. hdb= horizontal limb of the diagonal band, nb=nucleus basalis, si=substantia
innominata. (B) Schematic representation of the innervation of the different layers in the PL, IL
and ACv areas of the mPFC based on the location of the cholinergic neurons in the BF. Cholinergic
neurons that are located in the rostral area of the BF innervate both superficial as well as deep
layers of the mPFC. Projections from cholinergic neurons in the caudal area project selectively to
the deeper layers of the mPFC.

1.5 Cortical acetylcholine receptors
Released acetylcholine acts by binding on either muscarinic or nicotinic acetylcholine
receptors which are abundantly expressed in primate as well as rodent neocortex (Metherate,
2004; Poorthuis et al., 2013b; Thiele, 2013; Zilles et al., 2004). Both muscarinic and nicotinic
AChRs alter electrical activity of target cells and can activate intracellular signaling cascades
(Dajas-Bailador and Wonnacott, 2004; Gulledge, 2005; Intskirveli and Metherate, 2012; Thiele,
2013; Yakel, 2013), despite distinct receptor mechanisms. Nicotinic AChRs form pentameric
ionotropic receptors and are part of the cystine-loop superfamily of receptors (Changeux,
2012; Gotti et al., 2006). In contrast muscarinic AChRs are G-protein coupled receptors that
activate intracellular signaling cascades, which can lead to hyperpolarizations, depolarizations
or combinations of those (Bubser et al., 2012; Dasari et al., 2017). Of the muscarinic M1
through M5- cholinergic receptors, mainly M1, M2 and M4 are expressed in the neocortex
(Bubser et al., 2012; Levey et al., 1991), although M4 has a considerable lower expression than
the first two. In rodent neocortex, immunoreactive staining of muscarinic receptors shows
strong laminar patterns (Levey et al., 1991). M1 immuno-reactivity was present in most
cortical neurons and was particularly dense in L2/3 and L6. M2 protein was dense in L4 and
the border of L5/6. M4 immunoreactivity was localized in L2/3, L4 and L5 (reviewed in
(Wevers, 2011)). Since the research presented in this thesis is mainly focused on nAChR
mediated mechanisms, the next parts will focus on this type of receptor family.
Nicotinic AChRs are highly expressed across all neocortical regions (Metherate,
2004; Millar and Gotti, 2009). Different cell types express various nAChR types that consist of
different subunits depending on the cortical layer they are in. There are 12 different subunits
(α2- α10 and β2-β4)(Gotti and Clementi, 2004), but the α4, β2 and α7 are most abundant
neocortical nAChR subunits. In addition, there is the accessory α5 subunit which is highly
expressed mainly in the deep layers of the neocortex (Counotte et al., 2012; Millar and Gotti,
14
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2009; Poorthuis et al., 2013b; Tian et al., 2014). Nicotinic AChRs can be separated in two main
subfamilies that are formed out of these subunits. The homopentameric receptors that consist
out 5 α subunits and the heteromeric that are formed by two α and two β subunits together
with a fifth subunit that could be a α4, α5 or β2 (Albuquerque et al., 2009). The composition of
the subunits has a strong influence on the characteristics of the receptor (Albuquerque et al.,
2009).
Nicotinic AChRs conduct sodium, potassium and calcium and depolarize membrane
potentials (Changeux, 2012; Gotti et al., 2006). The composition of the subunits has a strong
influence on the conductance of the different ions (Fucile, 2004). For instance, specifically
homomeric α7 nAChRs are calcium permeable and the addition of a α5 subunit to a
heteromeric α4β2 nAChR lead to a significant increased calcium conductance (Fucile, 2004).
The increased calcium conductance is an interesting feature of these receptors since calcium
signaling plays an important role for instance for the induction of synaptic plasticity (Zhou et
al., 2005). In Chapter 3 we investigated whether the expression of α4β2α5 nAChRs in layer 6
pyramidal neurons led to increased calcium signaling that modulates synaptic plasticity.
Another important difference between the two main groups of nAChRs is the kinetic
of the EPSCs (Arroyo et al., 2012; Poorthuis et al., 2013a). Activation of heteromeric α4β2
subunits containing nAChRs lead to slow hundreds of milliseconds lasting membrane
depolarization in both excitatory as well as inhibitory neurons (Figure 1.6A) (Arroyo et al.,
2012; Poorthuis et al., 2013a). In contrast results activation of homomeric α7 subunits
containing nAChRs to inward currents that act on a time scale similar to glutamatergic
synapses (Figure 1.6B) (Arroyo et al., 2012; Poorthuis et al., 2013a).

Figure 1.6 Nicotinic acetylcholine receptors
Schematic illustration of the two main types of nAChRs that are present in the cortex. (A) Left:
Homopentameric nAChR consisting solely out of α7 subunits. Right: example traces (blue) and
average trace (grey) of a homomeric α7 nAChR mediated EPSC. (B) Left: Heteropentameric nAChR
formed out two α4 and two β2 plus one addition subunit. Right: example traces (blue) and
average trace (grey) of a heteromeric α4 β2 nAChR mediated EPSC.
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Recently it has been shown that specifically the activation of heteromeric nAChRs
that contain out β2 subunits play an important role in sustained attention performance
(Guillem et al., 2011). Genetically deletion of the β2 subunits in rodents that results in a lack of
heteromeric nAChRs containing these subunits led to a strong impairment of attention
performance in a sustained attention performance task (Guillem et al., 2011).These findings
indicate the relevance of cholinergic signaling and specifically nAChRs for attentional
performance.

1.6 Nicotinic AChR distribution over the different layers of the
cortex.
Cortical pyramidal neurons in layer 2/3 hardly ever express nAChRs: over 90% of them are
devoid of nAChR currents (Poorthuis et al., 2013a). Rodent L5 pyramidal neurons show fast
nAChR currents upon ACh application, mediated by α7-containing nAChRs, whereas L6
pyramidal neurons express β2 and α5 subunit containing nAChRs that give rise to sustained
inward currents that can drive action potential firing (Kassam et al., 2008; Poorthuis et al.,
2013a). Excitatory thalamocortical inputs to L5 pyramidal neurons are strongly increased by
activation of presynaptic, axonal β2-containing nAChRs, as in sensory cortical areas (Kawai et
al., 2007; Lambe et al., 2003; Metherate, 2004; Poorthuis et al., 2013a). Excitatory inputs to L6
pyramidal neurons are not affected by nAChR activation (Kassam et al., 2008; Poorthuis et al.,
2013b). Overall activation of the prefrontal cortical network is dominated by β2-containing
nAChRs and is layer specific with most prominent neuronal activation in L6, while in
superficial layers, nAChRs specifically enhance inhibitory signaling (Poorthuis et al., 2013a).
Neocortical interneurons express functional nicotinic AChRs (Poorthuis et al.,
2013a). In mouse prefrontal cortex, fast-spiking interneurons do not express β2 receptors.
However, in contrast to fast-spiking cells in L6, parvalbumin-positive fast-spiking cells in L2/3
of the mPFC do express α7-containing nAChRs receptors (Gulledge et al., 2007; Poorthuis et
al., 2013a; Xiang et al., 1998). Since PV interneurons target perisomatic compartments of
pyramidal neurons, α7-containing nAChRs might regulate feedforward inhibition (Rotaru et
al., 2005; Tierney et al., 2004). Somatostatin-expressing Martinotti cells in the mPFC are
regulated by β2* nAChRs and hence in part might account for the strong inhibition of the
pyramidal network observed during nicotinic receptor stimulation (Gulledge et al., 2007;
Poorthuis et al., 2013a), which might serve to fine-tune processing of synaptic inputs arriving
at distal dendrites of pyramidal neurons.
In sensory cortical areas, such as auditory and visual cortex, VIP-positive neurons in
superficial layers are recruited by cholinergic inputs that activate nicotinic AChRs (Letzkus et
al., 2011; Poorthuis et al., 2014; Porter et al., 1999). Non fast-spiking (NFS) interneurons form
a heterogeneous group of interneurons and half of them express β2-containing nAChRs,
sometimes accompanied by α7-containing nAChRs (Poorthuis et al., 2013a). β2-containing
nAChR expression of this cell type was found across all cortical layers, indicating that they
perform similar roles across these microcircuits to fine-tune pyramidal function. Since VIPpositive interneurons inhibit both somatostatin-positive as well as PV-positive interneurons
(Karnani et al., 2016; Lee et al., 2013; Pi et al., 2013), nAChRs likely augment inhibitory as well
as disinhibitory signals to neocortical pyramidal neurons.
Cholinergic receptors are thus placed in an excellent position to rapidly modulate
various inhibitory circuit motifs (Tremblay et al., 2016): feed-forward inhibition, disinhibition
and lateral inhibition. In Chapter 4 we explored the effect of cholinergic signaling on lateral
inhibition between pyramidal neurons in the cortex.
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Figure 1.7 Overview of nicotinic acetylcholine receptors modulation in the mPFC
Schematic representation of the expression pattern of nAChRs in the different cell types across
layers of the mPFC.

1.7 Synaptic and non-synaptic cholinergic modulation of
neocortical microcircuits
The classical view on cholinergic signaling is that it is slow (tonic) and a-specific, most likely
through volume transmission (Coppola et al., 2016; Sarter et al., 2009a). Before optogenetic
tools were available to selectively activate cholinergic fibers in the neocortex, indeed very
little data of fast cholinergic synaptic transmission in cortical areas was available (see (Frazier
et al., 1998)). This scarcity of data showing functional cholinergic synapses in the neocortex
was surprising, since electron microscopy studies had revealed many examples in the cerebral
cortex of rodents and primates of synaptic structures that were positive for the acetylcholine
synthesizing enzyme choline acetyltransferase (ChAT). In the cingulate cortex of the rat,
fifteen percent of cholinergic axon varicosities formed identifiable synapses (Umbriaco et al.,
1994). The development of optogenetic methods that made it possible to selectively activate
cholinergic fibers on a fast timescale gave a new insight. With optogenetic activation of basal
forebrain cholinergic projections to the cortex, it became clear that ACh signaling can occur
functionally through direct, point-to-point fast synapses (Arroyo et al., 2012; Bennett et al.,
2012; Hay et al., 2015; Kimura et al., 2014; Letzkus et al., 2011). Optogenetic activation of BF
projections evokes barrages of inhibitory synaptic inputs to layer (L)2/3 pyramidal cells,
mediated by nicotinic acetylcholine receptors (nAChRs) (Arroyo et al., 2012). In addition, a
subgroup of pyramidal neurons show excitatory inward currents mediated by nAChRs
following ACh application (Poorthuis et al., 2013a). Activation of cholinergic fibers from the BF
generates a diverse response in the different types of cortical interneurons. L1 cells and L2/3
FS cells show mixed responses with a fast and a slow component (Arroyo et al., 2012; Letzkus
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et al., 2011; Poorthuis et al., 2018). The slow component was blocked by dihydro-βerythroidine (DHβE), blocker of non-α7* nAChRs (Arroyo et al., 2012). The fast component
was sensitive to the α7* nAChR blocker methyllycaconitine (MLA) in both L1 and 2/3
interneurons (Arroyo et al., 2012). Thus, the inhibitory barrage on L2/3 pyramidal neurons
most likely depended on the slow current component (Arroyo et al., 2012). The large trial-to
trial variability of the fast component supports direct synaptic ACh transmission mediated by
synaptic α7*-nAChRs. The amplitude and kinetics of the fast current was insensitive to ACh
breakdown (Arroyo et al., 2014; Bennett et al., 2012). In contrast, the slow component had less
trial-to-trial variability and altered upon ACh breakdown. Thus, the slow component involves
diffusion of ACh over a distance, activating extra synaptic α4β2* nAChRs. The fast nAChR
EPSCs result from direct transmission via synaptic or peri-synaptic α7* AChRs. Thus,
cholinergic control is much more deterministic, and their synaptic projections induce reliable
and precise postsynaptic responses.
Direct cholinergic synaptic transmission is also found in deep layers of the neocortex.
When cholinergic BF inputs are activated by optogenetically activation of channelrhodopsin
(ChR2) prefrontal cortical L6 pyramidal neurons show an inward current that is mediated by
nicotinic AChRs (Hay et al., 2015). As in L1, muscarinic receptor blockers had no effect on this
current. The current was not mediated by fast α7* subunit containing nAChRs, but was
completely blocked by non-α7* nACh receptor blockers (Hay et al., 2015). The slow kinetics of
the current resembled that of a β2* nAChRs observed in L1 interneurons, which would suggest
activation of extrasynaptic receptors. However, the onset kinetics and amplitude of these
currents were not sensitive to ACh degradation. Furthermore, in low release probability
conditions, response kinetics were unchanged. Finally, responsive L6 pyramidal neurons were
closely apposed by cholinergic varicosities. Thus, the authors concluded that BF projections to
L6 pyramidal neurons make synapses equipped with β2* nAChRs (Hay et al., 2015).
From these studies, the picture emerges that both point-to-point cholinergic synaptic
transmission as well as tonic cholinergic transmission exist in the neocortex, both depending
on action potential firing regimes of BF neurons. At low firing rates, only nicotinic AChRs are
recruited that are predominantly located in synapses. Repetitive activity of BF cholinergic
neurons recruits extrasynaptic α4β2* nAChR receptors as well as muscarinic receptors by
spillover (Hay et al., 2015; Kimura et al., 2014). Thus, in the neocortex, nicotinic point-to-point
synaptic transmission prevails at low firing rates of BF neurons, while a tonic extrasynaptic
mode of cholinergic signaling with low temporal fidelity will occur at higher, sustained
discharge frequencies of BF neurons (Hay et al., 2015; Kimura et al., 2014). In Chapter 3 and
4 we investigated how cholinergic point-to-point synapses modulate different types of
microcircuits in the mouse and human cortex.

1.8 Cholinergic signaling in the human cortex
Recently an increasing number of publications highlighted similarities and differences
between the human and rodent cortex. For instance there are structural similarities but
specifically in cellular and synaptic structure and function strong differences (Albuquerque et
al., 2000; Eyal et al., 2016; Mohan et al., 2015; Molnár et al., 2008; Szegedi et al., 2017; TestaSilva et al., 2010, 2014). But, little is known about whether there are similarities in the
cholinergic modulation of neuronal processing in the rodent and human cortex. However,
electron micrographs of the human cortex indicates that 67% of all cholinergic varicosities
form synaptic specialization (Smiley et al., 1997) which may indicate that there is also in the
human cortex fast cholinergic signaling mediated via cholinergic point-to point synapses
(Smiley et al., 1997). In addition there is a laminar expression of AChRs in the human cortex
that is most dense in the deep layers and interneurons were shown to express functional a7containing and β2-containing nAChR in different layers (Albuquerque et al., 2009; Alkondon et

18

General introduction
al., 2000; Benwell, 1985; Breese et al., 1997; Poorthuis et al., 2018; Sihver et al., 1998). Since
this enlarging body of literature indicates that neuronal processing in the human cortex might
be as well modulated by cholinergic signaling we investigated in chapters 3 and 4 whether
synaptic plasticity a disynaptic lateral inhibition in the human cortex is as well modulated by
cholinergic signaling.

1.9 Cholinergic modulation of synaptic plasticity
Cholinergic modulation of cerebral cortical circuits is not limited to transient changes in
cellular- and synaptic activity, as cholinergic signaling can modulate short and long lasting
changes of the strength of synaptic connections called synaptic plasticity. The phenomenon is
a key feature for our ability to form memories and to adapt the functional outcome of neuronal
networks in according to changes in our environment (Abraham, 2003) and has been linked
particular in the mPFC with working memory and attention (Laroche et al., 2000). The
strength of a synaptic connection depends on the amount of neurotransmitter that is released
from the pre-synapse and the amount of receptors that are located on the post-synapse. Both
of them can be changed during potentiation or depression of a synaptic connection. The
potentiation of a glutamatergic synaptic connection on the post-synapse is caused by an
increase of AMPA-receptors and/or an increase of their phosphorylation state called longterm potentiation (LTP). In contrast, a decrease of the amount of receptors and/or there
phosphorylation state leads to a depressed synapse called long-term depression (LTD). The
state of a synapse depends on molecular mechanisms that are controlled by small changes of
intracellular Ca2+ concentrations. A small increase of intracellular Ca2+ leads to LTD and an
higher increase to LTP (Rubin, 2005; Zhou et al., 2005).
The intracellular Ca2+ concentration in a cell is strictly regulated and can be
increased by Ca2+ from internal stores or by the opening of different types of Ca 2+ permeable
channels (Catterall, 2011; Malenka and Nicoll, 1993; Sobczyk and Svoboda, 2007). There are
many types of Ca2+ permeable channels involved in the change of intracellular Ca2+
concentration, for instance voltage gated calcium channels (VGCCs), (Catterall, 2011),
NMDARs (Malenka and Nicoll, 1993), calcium permeable AMPA (Liu and Cull-Candy, 2000;
Mahanty and Sah, 1998) and calcium permeable nAChRs (Albuquerque et al., 2009; Couey et
al., 2007). Glutamate binding at these receptors leads to activation but is not sufficient enough
to open them since these receptors are still blocked by Mg2+ that is only removed following a
effectual membrane depolarization (Mayer et al., 1984; Nowak et al., 1984). After the removal
of the Mg2+-block, the pore of the ligand gated-ion channel is open and several ion types can
pass the receptor, such as K+, Na+ and Ca2+. The properties of this channel ensures that
synaptic plasticity is only induced when presynaptic transmitter release coincides with
membrane depolarization in the postsynaptic cell (Dan and Poo, 2004; Markram et al., 1997).
The exact interaction of the presynaptic transmitter release and the postsynaptic
depolarization has been extensively investigated in rodents. It has been shown that the timing
between these two phenomena determines the dimension and the direction of change, thus
whether the synapse becomes potentiated or weakened (Bi and Poo, 1998). If the presynaptic
cell releases the neurotransmitter and this is followed by a dendritic depolarization in the post
synaptic cell, the synaptic connection becomes potentiated, while the reverse order of these
events leads to a depressed synaptic connection (Bi and Poo, 1998). This phenomenon is
called spike timing dependent plasticity (STDP) and thus follows certain rules by which it is
determined whether the outcome is depression or potentiation The depolarization of the post
synaptic dendritic potential that enables the opportunity for opening NMDRs and VGCCs
origins from back propagating APs (bAPs) from the soma (Magee and Johnston, 1997). In
summary, STDP enables excitatory inputs to become stronger through the timed interaction
between presynaptic firing activity and postsynaptic depolarization.
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Figure 1.8 Overview over the mechanisms of synapticy plasticity
There are two types of plasticity: long-term potentiation (LTP) and long-term depression (LTD).
LTP as well as LTD depend on calcium entry that leads to an insertion or deletion of AMPAR in the
active zone of the synapse. In LTP, the insertion of AMPARs results in a stronger membrane
depolarization following glutamate release. In contrast, the postsynaptic neuron becomes less
depolarized in LTD due to the deletion of AMPARs (The figure is downloaded from boundless.com
- fig-ch35_02_10).
STDP rules are not static and it has been shown that cholinergic signaling in the
cortex can alter these rules. For instance, activation of nAChRs on interneurons suppresses
spike timing dependent long-term potentiation of glutamatergic synapses by reducing calcium
signaling in dendrites of L5 pyramidal neuron (Couey et al., 2007). As elaborated on in
paragraph “Synaptic versus non-synaptic modulation of neocortical microcircuits”,
interneurons as well as pyramidal neurons express nAChRs in a layer dependent fashion in the
mPFC (Poorthuis et al., 2013a). Less than 10% of pyramidal neurons in layer 2/3 express
nAChRs, while these do receive IPSPs from interneurons after nicotine application (Poorthuis
et al., 2013a). In contrast, layer 6 pyramidal neurons show depolarizing inward currents
mediated by synaptic nAChRs following ACh release (Hay et al., 2015). This suggests that ACh
could modulate glutamatergic synaptic plasticity in pyramidal neurons in the mPFC in a layerspecific fashion. Therefore, we investigated in Chapter 3 how ACh modulates synaptic
plasticity in the different layers of the mouse and human cortex.

Aim of the thesis
The work presented in this study aims to better understand the role of the neuromodulator
ACh in cortical microcircuits underlying attention demanding behavior. We focused here on
two major questions. First, we investigated whether local cholinergic interneurons act as a
source of ACh in the mPFC and whether activity of these neurons affects attention demanding
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behavior. Second, we examine how ACh modulates the firing activity and information
processing of microcircuits in the mPFC. To answer these questions, we investigated in
chapter 2 whether cholinergic interneurons locally release ACh and control attention. In
chapter 3 we concentrated on the modulation of plasticity of glutamatergic excitatory
synapses in pyramidal neurons by ACh and in chapter 4 on the effect of cholinergic signaling
on disynaptic lateral inhibition between pyramidal neurons in the cortex.

Chapter 2
Research question:

Do ChAT-VIP interneurons release ACh in the mPFC and
control attention demanding behavior?

Although some literature exists that describes ChAT-expressing interneurons, tools were
lacking that could specifically excite ChAT-VIP interneurons. Therefore, it is still unknown
whether these neurons actually release ACh and form fast cholinergic point-to-point synapses.
We addressed this question by using recently developed methods to express
channelrhodopsin-2 (ChR2) specifically in ChAT-VIP interneurons in the mPFC, to record
interneurons and pyramidal cells under the influence of acetylcholine specifically from these
ChAT-VIP interneurons. Upon light activation, we were able to stimulate APs in ChAT-VIP
interneurons. Using this approach, we could evaluate the neurotransmitter release from
ChAT-VIP interneuron synapses and the effect on disinhibitory microcircuit motifs. In
addition, we investigated whether the activity of ChAT-VIP interneurons is crucial for
attention demanding behavior. We therefore expressed an opsin (ARCH3.0.) in ChAT-VIP
interneurons that hyperpolarizes the membrane potential following light activation. By
blocking specifically the activity of ChAT-VIP interneurons during an attention task, we were
able to get a first insight into the role of ChAT-VIP interneurons in attention demanding
behavior.

Chapter 3
Research question:

Does ACh modulate the rules for synaptic plasticity in
a layer specific fashion in the cortex?

We addressed this question by investigating how endogenous ACh released from basal
forebrain inputs modulates synaptic plasticity in both superficial and deep layers of the cortex.
Therefore, we used mice expressing channelrodhopsin in cholinergic neurons. By applying
blue light pulses we were able to release ACh, while inducing plasticity in this network
through an extracellular pipette. In that way, we were able to evaluate how released
endogenous ACh modulates synaptic plasticity in superficial and deep layers in the mPFC. In
addition, by using different types of knockout mice we clarified which specific type of nAChR
gets activated and is crucial for the modulation of synaptic plasticity. Furthermore, we
investigated whether activation of nAChR is affecting the dendritic Ca 2+ signaling in deep
layers pyramidal neurons by using two-photon imaging techniques. We found a possible
mechanism that can explain the modulation of synaptic plasticity by ACh in deep layer
pyramidal neurons.
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Chapter 4
Research question:

Does ACh facilitate disynaptic lateral inhibition between
pyramidal neurons in the cortex?

We addressed this question by performing simultaneous whole-cell patch clamp recordings
from multiple pyramidal neurons that were connected via disynaptic lateral inhibition in mice
that expressed channelrhodopsin in all cholinergic neurons. We used opsins sensitive to blue
light that were expressed in cholinergic neurons to trigger ACh release from cholinergic
terminals and evaluate how this modulates lateral inhibition. Furthermore, we investigated
which specific subtype of AChR is activated following ACh release and whether the modulation
occurs in the interneuron or in the pyramidal neurons that form this lateral inhibitory loop. To
do so, we performed paired recordings from interneurons that participate in lateral inhibition
and connected pyramidal neurons that receive or project to each other. Using this approach,
we could evaluate the modulation of lateral inhibition by ACh and suggest a possible
mechanism. We investigated whether lateral inhibition and the cholinergic modulation also
exists in the human cortex by performing recordings from human pyramidal neurons and
interneuron.
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Abstract
Neocortical choline acetyltransferase (ChAT)-expressing interneurons are a subclass of
vasoactive intestinal peptide (ChAT-VIP) neurons of which circuit and behavioral function are
unknown. It has also not been addressed whether these neurons release both
neurotransmitters acetylcholine (ACh) and GABA. Here, we find that in the medial prefrontal
cortex (mPFC), ChAT-VIP neurons directly excite interneurons in layers (L)1-3 as well as
pyramidal neurons in L2/3 and L6 by fast cholinergic transmission. Dual recordings of
presynaptic ChAT-VIP neurons and postsynaptic L1 interneurons show fast nicotinic receptor
currents strictly time-locked to single presynaptic action potentials. A fraction (10-20%) of
postsynaptic neurons that received cholinergic input from ChAT-VIP interneurons also
received GABAergic input from these neurons. In contrast to regular VIP interneurons, ChATVIP neurons did not disinhibit pyramidal neurons, but instead depolarized fast spiking and
low threshold spiking interneurons. Finally, we find that ChAT-VIP neurons control attention
behavior distinctly from basal forebrain ACh inputs to mPFC. Our findings show that ChAT-VIP
neurons are a local source of cortical ACh, that directly excite pyramidal and interneurons
throughout cortical layers.

2.1 Introduction
The neurotransmitter acetylcholine (ACh) shapes activity of cortical neurons and supports
cognitive functions such as learning, memory and attention (Dalley et al., 2004b; Guillem et al.,
2011; Parikh and Sarter, 2008). Rapid ACh concentration changes in rodent medial prefrontal
cortex (mPFC) occur during successful stimulus detection in a sustained attention task (Parikh
et al., 2007; Sarter et al., 2009a). Traditionally, it is assumed that neocortical ACh is released
exclusively from terminals of axonal projections whose cell bodies reside in basal forebrain
(BF) nuclei (Bloem et al., 2014; Zaborszky et al., 2015). Chemical lesions of cholinergic BF
projections impair attention behavior (Dalley et al., 2004a; Gritton et al., 2016; Mcgaughy et
al., 2002; Mesulam et al., 1983; Zaborszky et al., 1999) and optogenetic activation of BF
cholinergic neurons can mimic ACh concentration changes typically observed during attention
behavior (Gritton et al., 2016). Nevertheless, neocortical interneurons that express the ACh
synthesizing enzyme choline acetyltransferase (ChAT) have been identified over thirty years
ago (Eckenstein and Baughman, 1984; Eckenstein and Thoenen, 1983; Levey et al., 1984).
They form a sparse population with a predominantly bipolar morphology, are more
abundantly present in cortical layers 2/3 (L2/3) (Cauli et al., 1997; Eckenstein and Baughman,
1984; Eckenstein and Thoenen, 1983), and express the GABA synthesizing enzyme Glutamate
decarboxylase (GAD), vasoactive intestinal peptide (VIP) and calretinin (CR) (Bayraktar et al.,
1997; Cauli et al., 1997; Eckenstein and Baughman, 1984; von Engelhardt et al., 2007; Tasic et
al., 2016). These interneurons could form a local source of ACh in the neocortex, but despite
molecular, morphological and physiological characterizations, technical limitations thus far
prevented a direct demonstration of whether ChAT-VIP interneurons release ACh or GABA or
both. Moreover, BF cholinergic neurons that project to the neocortex have been shown to form
direct point-to-point synapses with several types of neurons in different layers, thereby
modulating their activity on a millisecond time scale (Arroyo et al., 2012; Hay et al., 2015;
Obermayer et al., 2017; Verhoog et al., 2016). Activation of ChAT-VIP interneurons can slowly
alter local activity of glutamatergic inputs to L2/3 pyramidal neurons (von Engelhardt et al.,
2007), but it is unknown whether ChAT-VIP interneurons do this via direct cholinergic
synaptic transmission, or whether they modulate local neuronal activity more diffusely.
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Neocortical circuits contain distinct classes of interneurons with characteristic
innervation patterns of local cortical neurons (Karnani et al., 2016; Pinto et al., 2013; Tasic et
al., 2016; Tremblay et al., 2016). Fast spiking (FS), Parvalbumin-expressing (PV) interneurons
perisomatically innervate pyramidal neurons, while low threshold spiking (LTS)
Somatostatin-expressing (SST) target more distal regions of dendrites (Silberberg and
Markram, 2007). GABAergic VIP neurons inhibit PV and SST interneurons, thereby
disinhibiting pyramidal neurons (Karnani et al., 2016; Lee et al., 2013; Pi et al., 2013). Single
cell transcriptomic analysis of cortical neurons has shown that distinct subtypes of VIP
interneurons exist with unique gene expression profiles (Tasic et al., 2016, 2017). Whether
VIP interneuron subtypes are functionally distinct is not known. It is also not known whether
ChAT-expressing VIP interneurons show similar innervation patterns, specifically targeting
neighboring PV and SST interneurons, and activating disinhibitory pathways. Here, we
address these issues and find that ChAT-VIP interneurons do not form disinhibitory circuits,
but directly excite local interneurons and pyramidal neurons in different mPFC layers with
fast cholinergic synaptic transmission. In addition, we show that despite their sparseness,
activity of ChAT-VIP neurons is required for sustained attentional performance in freely
moving animals.

2.2 Methods
2.2.1 Animals
All experimental procedures were in accordance with European and Dutch law and approved
by the animal ethical care committees of the VU University and VU University Medical Center,
Amsterdam. Mice: experiments were done on acute brain tissue of both female and male
ChAT-IRES-Cre mice (JAX laboratory, mouse line B6;129S6-Chattm2(cre)Lowl/J (Rossi et al.,
2011)). Average age at time of injection was 9 weeks; average age at time of sacrifice was 16
weeks. Rats: male ChAT-cre rats (kindly provided by the Deisseroth lab (Witten et al., 2011))
were bred in our facility, individually housed on a reversed 12 h light/dark cycle (lights OFF: 7
a.m.) and were 12-13 weeks old at experiment start. Only when assigned to behavioral
experiments, rats were food deprived (start one week before operant training, 85-90% of the
free-feeding body weight). Water was provided ad libitum. In total 59 rats were included in
this study.
2.2.2 Surgical procedures
All coordinates of injection and fiber placements are from the Rat Brain Atlas (Paxinos and
Watson)
Viruses
AAV5.EF1a.DIO.hChR2.EYFP;
AAV5.EF1a.DIO.EYFP
and
AAV5.EF1a.DIO.eARCH3.0 (titer 4.3-6.0x1012/ml) were purchased from UPENN Vector Core
(Pennsylvania, US). Following anaesthesia (isoflurane 2.5%) and stereotaxic frame mounting
(Kopf instruments, Tujunga, USA), the scalp skin was retracted and 2 holes were drilled at the
level of either the basal forebrain (BF) or the medial prefrontal cortex (mPFC). Stainless steel
micro-needles connected to syringes (Hamilton, USA) were inserted to deliver virus. To
optimize rat BF injection location, as we previously did for mouse BF 6, four BF coordinates
were used: a) AP -1.20 mm; ML 2.0 mm; DV -6.8 and 8.9 (1μl in total) or -7.8 mm (0.5 μl) from
skull; b) AP -0.60 mm; ML 2.0 mm; DV -8.4 mm from skull; c) AP 0.00 mm; ML 1.6 mm; -8.7
and -8.4 (1μl in total) or -8.6 mm (0.5 μl) from skull; d) AP +0.84 mm; 0.9 mm; DV -7.9 and -8.3
(1μl in total) or -8.1 mm (0.5 μl) from skull. For behavioral experiments, injection location in
BF was used that resulted in highest EYFP expression in BF to mPFC projection fibers (AP 0.00
mm; ML 1.6 mm; DV -8.7 and -8.4 mm from skull). For mPFC injections were done at AP +2.76
mm; ML 1.35 mm; DV –3.86 and -4.06 mm from skull. For the latter group an infusion angle of
10° was employed. In all cases, for behavioral experiments 1μL virus was injected per
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hemisphere in two steps of 500nL, at 6 µL/h infusion rate.
Mice were two to three months of age at time of surgery and virus injection.
Analgesia was established by subcutaneous injection of Carprofen (5 mg/kg) and
Buprenorphine (100 μg/kg) followed by general anesthesia with Isoflurane (1-2 %). AAV5
virus (EF1a.DIO.hChR2.EYFP) was injected in both hemispheres (400 – 500 nL per
hemisphere) of the mPFC (coordinates relative to Bregma: AP – 0.4/-0.4; ML - 1.8 mm; DV –
2.4/-2.7) with a Nanoject (Drummond). Mice were sacrificed for experiments at least three
weeks post-surgery.
Following virus delivery in rat brain for behavioral experiments, 2 guide screws and
2 chronic implantable glass fibers (200 µm diameter, 0.20 numerical aperture, ThorLabs,
Newton, NJ, USA) mounted in a sleeve (1.25 mm diameter; ThorLabs, Newton, NJ, USA) were
placed over the Prelimbic mPFC (200-300 µm on average) under a 10° angle (Luchicchi et al.,
2016). Finally, a double component dental cement (Pulpdent©, Watertown, USA) mixed with
black carbon powder (Sigma Aldrich, USA) was used to secure optic fibers. All surgical
manipulations were performed prior to behavioral training and testing.
2.2.3 Acute brain slice experiments
Coronal slices of rat or mouse mPFC injected with ARCH3.0 or ChR2 were prepared for
electrophysiological recordings. Rats (3-5 months old) were anesthetized (5% isoflurane, i.p.
injection of 0.1ml/g Pentobarbital) and perfused with 35 ml ice-cold N-Methyl-D-glucamin
solution containing (in mM): NMDG 93, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, Glucose
25, NAC 12, Sodium ascorbate 5, Sodium pyruvate 3, MgSO410, CaCl2 0.5, at pH 7.4 adjusted
with 10M HCl. Following decapitation, the brain was carefully removed from the skull and
incubated for 10 min in ice-cold NMDG solution. Medial PFC brain slices (350 µm thickness)
were cut in ice-cold NMDG solution and subsequently incubated for three minutes in 34°C
NMDG solution. Before recordings, slices were incubated at room temperature for at least one
hour in an incubation chamber filled with oxygenated holding solution containing (in mM):
NaCl 92, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, HEPES 20, Glucose 25, NAC 1, Sodium ascorbate 5,
Sodium pyruvate 3, MgSO4 0.5, CaCl2 1M. Standard equipment for whole-cell recordings were
used, as previously described (Obermayer et al., 2018): Borosilicate glass patch-pipettes (3-6
MΩ), Multiclamp 700/B amplifiers (Molecular Devices), and data was collected at 10 kHz
sampling and low-pass filtering at 3 kHz (Axon Digidata 1440A and pClamp 10 software;
Molecular Devices).
Recordings from animals injected with ChR2 were made at 32°C in oxygenated aCSF
containing in mM: NaCl 125, KCl 3, NaH2PO4 1.25, MgSO4 1, CaCl2 2, NaHCO3 26, Glucose 10.
In all of these recordings antagonists to block AMPA receptors 6,7-dinitroquinoxaline-2,3dione (DNQX, 10 µM), receptors (2R)-amino-5-phosphonovaleric acid; (2R)-amino-5phosphonopentanoate (AP5, 25µM) and muscarinic receptors Atropine (400 nM) were bath
applied. For blocking nAChRs the following antagonists were bath applied: Mecamylamine
(MEC, 10µM), DHßE (10µM), and Methyllycaconitine (MLA, 100nM). GABAA receptor
mediated responses were blocked by bath application of the antagonist Gabazine (10µM). For
whole-cell recordings of EYFP-positive ChAT-VIP interneurons, L1 interneurons in Fig 2.4 E,G,
F, H, I, L1 interneurons in Supplemental Fig 2.3 and other L2/3 interneurons, a low chloride
potassium-based internal solution was used to be able to record IPSPs. This solution contained
(in mM): K-gluconate 135, NaCl 4, Hepes 10, Mg-ATP 2, K2Phos 10, GTP 0.3, EGTA 0.2. During
recordings, ChAT-VIP interneurons were kept at a membrane potential of -70 mV. The
recorded values were not corrected for junction potential. The estimated junction potential is
16.3 mV. Whole-cell recordings of L1 interneurons and pyramidal neurons were made using a
cesium gluconate-based intracellular solution containing in mM: Cs gluconate 120, CsCl 10,
NaCl 8, MgATP 2, Phosphocreatine 10, GTP 0.3, EGTA 0.2, HEPES 10. Interneurons and
pyramidal neurons were identified by their morphology under IR-DIC, the distance of the
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soma to the pia and their spiking profile. Membrane potentials were kept at -70 or 0 mV to
investigate nAChR or GABAR currents.
Opsins were activated by green (530 nm, eARCH3.0) or blue light (470 nm, ChR2)
using wide-field illumination. Light pulses with the specific wavelengths were applied to
activate ChR2 to the slices by using a Fluorescence lamp (X-Cite Series 120q, Lumen
Dynamics) or a DC4100 4-channel LED-driver (Thorlabs, Newton, NJ) as light source.
Experiments done with a fluorescence lamp or LED-driver did not show systematic
differences, therefore data from these experiments was pooled. In experiments where the
fluorescence lamp was used, specific excitation filters were installed to deliver the light with
the correct wavelength (470nm, or 530nm (MF469-35 or MOF 497-16, Thorlabs Newton, NJ).
During recordings from brain slices from animals injected with eARCH3.0, 20 sweeps, each
10s apart were applied. One sweep consists of a 1-s long light pulse. The intensity of the light
source was adjusted before the start of the experiments to an intensity at which we could
observe reliable excitatory or inhibitory postsynaptic inputs in 10 consecutive sweeps.
2.2.4 Immunohistochemistry
Brains from AAV5.EF1a.DIO.EYFP-injected ChAT-cre rats were sectioned in 30 µm-thick slices.
BF and mPFC slices were stored in PBS overnight and subsequently incubated in citrate buffer
pH 6.0 for 3x 10 min. Thereafter sections were incubated with heated citrated buffer with
0.05% Tween-20 at 90oC for 15 min, left to cool down, and subsequently, rinsed with 0.05M
TBS. Next, sections were incubated overnight in 0.05 M TBS with 0.5% triton (Tx) containing
all 5 primary antibodies as a cocktail at room temperature. After rinsing slices with TBS (3x 10
min), sections were incubated for 2 hours with secondary antibodies in TBS-Tx. Finally, slices
were rinsed in Tris-HCL and mounted on glass slides in 0.2% gelatin, dried, mounted with
Mowiol (hecht assistant 1.5H coverslips). As controls, single stained adjacent sections were
included for all 5 labels.
ChAT staining (Supplemental Figure 1) was performed with anti-ChAT raised in
goat (1:300, AB144P, Chemicon Millipore, France) and Alexa Fluor-568-conjugated donkey
anti-goat (1:400; A11057, Molecular Probe, Fisher Thermo Scientific, Waltham, MA). GAD67
staining was performed with primary antibody anti-GAD67 (1:1200, MAB5406 clone 1G10.2,
Chemicon Millipore) and visualized using donkey anti mouse alexa 546 (1:400, A10036,
Molecular probe). VIP staining was performed with rabbit anti-VIP (1:1200, 20077
ImmunoStar, Hudson, WI) and donkey alexa-anti-rabbit 594 (1:400, A21207 Molecular probe)
as secondary antibody. Further, guinea pig-anti-calretinin (1:4000, 214104, Synaptic systems,
Goettingen, Germany) together with donkey-anti-guinea pig alexa 647 (1:400, Jackson 706605-148).
2.2.5 Cell counts in basal forebrain
To quantify potential retrograde labeling by AAV5 from the mPFC to the BF (Supplemental
Figure 2), rats were injected with AAV5-DIO::eYFP either in the mPFC or the BF at the
coordinates used for behavioral and physiological experiments. 50 µm slices of the brains
were cut using a vibratome (Leica, 1200T, Germany). Slices were stained for eYFP and
mounted on glass slides covered by 2% Mowiol, anti-fading mounting agent and cover slip.
Images were acquired using a confocal laser scanning microscope (CLSM; Zeiss LSM 510 Meta)
with an excitation wavelength of 514 nm (bandpass 530-600 nm). Cell counting was
performed using the cell count function of ImageJ.
2.2.6 Attention behavior
After one week of recovery from surgery and 1 week of habituation in the reversed light/dark
cycle, rats started training in the 5-CSRTT in operant cages (Med Associates Inc., St. Albans, VT,
USA). Training and optical inhibition procedures were analogous to our previously published

27

2

Chapter 2
work with minor adaptations (Luchicchi et al., 2016) (Supplemental Fig 4). In short,
following the initial training phase, progression was based on individual performance of each
rat, and was reduced from 16 s to 1 s. Criteria to move to a shortened stimulus duration were
the percentage of accuracy (>80%) and omitted trials (<20%). When the criterion of 1 s
stimulus duration was reached animals were moved to the pretesting phase. In the pretesting
phase, a green custom-made LED replaced the normal house-light of the operant cages, (<1
mW intensity) to mask reflections by the laser light used for the experiments.
After three consecutive sessions during which rats performed according to criteria
with the LED on in the operant cage, three additional baseline sessions were conducted.
During these sessions rats were connected to the patch-cable (Doric Lenses, Quebec city,
Canada) used to deliver the light into the brain. In this condition, percentage accuracy was
above 80%. However, rats often did not show less than 20% omissions within sessions. This
was most likely due to the fact that the animals were connected to the optic fiber patch cable
and therefore less free to move in combination with the short time window for the animal to
respond (i.e. within two seconds after the cue light went off). Therefore, in line with previous
work (Luchicchi et al., 2016), the omission criterion was increased to less than 40% omissions.
Following acquisition of baseline performance, rats were assigned to the testing
phase where the task comprised 100 consecutive trials with a random assignment of laser ON
or laser OFF trials. For the testing phase, the following parameters were acquired and
analyzed through a box-computer interface (Med-PC, USA) and custom-written MATLAB
scripts (Mathworks): accuracy on responding to cues (ratio between the number of correct
responses per session over the sum between correct and incorrect hits, expressed as
percentage); absolute and percentage of correct, incorrect responses and errors of omission;
correct or incorrect response latency; latency to collect reward; number of premature and
perseverative responses. Percent of correct, incorrect and omissions were calculated based on
the number of started trials (Semenova et al., 2007) to allow a more sensitive evaluation of the
parameters.
2.2.7 Optical inhibition during behavior
To light-activate the opsins in vivo, we used a diode-pumped laser (532 nm, Shanghai Laser &
Optics Century Co, China) directly connected to the rat optic glass fiber implant. Light was
delivered at 7-8 mW from the fiber tip for experiments carried out with eARCH3.0. These
stimulation regimens are able to produce a theoretical irradiance which ranges between 7.59
and 8.68 mW/mm2 (http://web.stanford.edu/group/dlab/cgi-bin/graph/chart.php). Light
was delivered according to scheduled epochs by a stimulator (master 9, AMPI Jerusalem,
Israel) connected to the computer interface, which semi-randomly assigned the different trials
to laser-OFF or laser-ON conditions (50% of each). In the laser-ON condition, light was
delivered during the whole preparatory period (5 s) that precedes stimulus presentation.
Optical inhibition sessions were repeated 2 times per rat with a baseline session in between to
control for potential carry-over effects.
Moreover, reported data for the majority of rats refer to the first two optical inhibition
sessions after establishment of stable baseline performance. Power analysis based on the
effect size determined the minimal sample size to detect a statistical significance (7 or more)
with a power of β=0.9.
2.2.8 Histological verification
After behavioral testing, brains were checked for fiber placement and viral expression. For
this, rats were anesthetized with isoflurane and a mix of ketamine (200 mg/kg i.p.) and
dormitol (100 mg/kg i.p.) and then transcardially perfused (50-100 mL NaCl and 200-400 mL
PFA 4%). Brains were removed and maintained in 4% PFA for at least 24 h. After that, brains
were sliced with a vibratome (Leica Biosystems, Germany) into 50-100 µm coronal sections
and mPFC slices were mounted on glass slides covered by 2% Mowiol, anti-fading agent and
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cover slip. Images were taken with a CLSM (LSM 510 Meta; Zeiss, Germany) with excitation
wavelength of 514 nm bandpass filtered between 530-600 nm, and further analyzed using
ImageJ (NIH, USA).
2.2.9 Quantification and Statistical Analysis
To evaluate behavioral performance between the ARCH3.0 groups and EYFP control group,
two-way ANOVAs for repeated measures were performed. Corrected values for multiple
comparison with Sidak’s test were used when the interaction between light and virus was
significant. In all cases, the ANOVAs were preceded by the Kolmogorov-Smirnov (KS) test for
normal distribution. In cases when the KS p-value was >0.05, factorial analysis was performed
on the raw data per parameter. In other cases, raw data were first transformed with squareroot or arcsin transformation. Analysis of other parameters were performed with student’s t
test, Wilcoxon test and always preceded by KS test to check for normal distribution of the
sample. Data were analyzed by MATLAB 2016a (Mathworks), Microsoft Excel (Office) and
graphs were plotted by GraphPad Prism. In all cases the significance level was p<0.05.
To statistically evaluate the results between nAChR blockers and aCSF conditions in
acute slice experiments, two-tailed paired Student’s t-test was employed. To evaluate
differences with GABAR blockers two-way ANOVA for repeated measures was used. To
quantify the spike delay time and probability two-tailed paired student´s t-test was used.
Significance level was set to p<0.05.

2.3 Results
2.3.1 Layer 1 interneurons receive fast cholinergic inputs from ChAT-VIP interneurons
Previous studies in mice have shown that activation of ChAT-VIP interneurons increases
spontaneous excitatory postsynaptic potentials (EPSPs) in layer 5 pyramidal neurons (von
Engelhardt et al., 2007). However, it is unresolved whether ChAT-VIP interneurons directly
innervate other neurons in the cortex. To address this, we first expressed channelrhodopsin-2
(ChR2) in ChAT-VIP interneurons in the mPFC of ChAT-cre mice (Fig 2.1A) and recorded from
L1 interneurons since these neurons are known to reliably express nicotinic acetylcholine
receptors (nAChRs) in other neocortical areas (Bennett et al., 2012; Letzkus et al., 2011;
Poorthuis et al., 2018). All brain slice physiology experiments in this study were done in the
presence of glutamate receptor blockers (DNQX, 10 µM; AP5, 25µM). We made simultaneous
whole-cell patch-clamp recordings of EYFP-positive ChAT-VIP neurons in L2/3 and nearby L1
interneurons in mouse mPFC (Fig 2.1B). EYFP-positive neurons showed similar morphology,
ChAT, VIP, CR, GAD expression patterns (Fig 2.1A; Supplementary Fig 2.1) and action
potential profiles (Fig 2.1B) as reported previously,(von Engelhardt et al., 2007). Single action
potentials in presynaptic ChAT-VIP interneurons triggered by short (1 ms) electrical
depolarization of the membrane potential (Fig 2.1C) induced fast inward currents in
postsynaptic L1 interneurons that lasted up to 10 milliseconds. These fast currents were fully
blocked by a combination of nicotinic acetylcholine receptor (nAChR) antagonists, DHßE (10
µM), mecamylamine (MEC, 10 µM) and methyllycaconitine (MLA, 100 nM) (Fig 2.1C, grey
trace). Postsynaptic currents occurred time-locked to the presynaptic action potential with an
onset delay of about 2 milliseconds (Fig 2.1C, bottom graph), suggesting synaptic
transmission. In the same recordings, we induced action potentials in presynaptic ChAT-VIP
neurons by activating ChR2 with one or two brief blue light pulses, which induced similar fast
inward currents in the postsynaptic L1 interneurons that were also blocked by nicotinic
receptor antagonists (Fig 2.1D). Overall, we found in three paired recordings of L2/3 ChATVIP and L1 interneurons a unitary synaptic connection that was mediated by nAChR currents.
Furthermore, in 67% (n=8 of 12) of mouse L1 interneurons fast synaptic inward currents
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occurred time-locked to ChR2-induced presynaptic APs in ChAT-VIP interneurons (Fig
2.1D,J).
In mouse cortex, about 15% of VIP neurons express ChAT (Tasic et al., 2017). In contrast, in
the PFC of rats about 30% of VIP neurons express ChAT (Bayraktar et al., 1997). To test
whether ChAT-VIP neurons more reliably innervate L1 interneurons in rat neocortex, we
expressed ChR2 in ChAT-VIP interneurons in the mPFC of ChAT-cre rats (Witten et al., 2011).
Following mPFC injections, we did not observe significant retrograde labelling of cells in the
basal forebrain (Supplementary Fig 2A,B). In rat prefrontal cortex, EYFP-positive L2/3
ChAT-VIP neurons also had a bipolar morphological appearance (Fig 2.1E), as reported
(Bayraktar et al., 1997). Upon activation of ChR2, ChAT-VIP interneurons fired action
potentials and simultaneously recorded L1 interneurons showed postsynaptic inward
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Figure 2.1 ChAT-VIP interneurons release ACh and GABA
A, EYFP-labeled ChAT-VIP interneurons. Labeled cells in L2/3 have predominantly bipolar
morphology. B, Top: Schematic illustration of the experiment: simultaneous recording of
presynaptic ChAT-VIP interneurons and postsynaptic L1 interneurons in mouse mPFC. Bottom:
Voltage responses of a L2/3 ChAT-VIP interneuron to depolarizing (+200pA) and hyperpolarizing (150 pA) somatic current injection. C, Example traces of synaptically connected ChAT-VIP and L1
interneuron in the mouse mPFC. Top trace: short step depolarization of ChAT-VIP interneuron to
induce an action potential. Middle trace: Presynaptic action potential in ChAT-VIP interneuron.
Bottom trace: postsynaptic response of the L1 interneuron showing an inward current (Blue trace)
that blocked by nAChR antagonists (DHßE 10 µM, MLA 100 nM and MEC 10 uM, grey trace).
Bottom graph: histogram of onset delays of the postsynaptic current relative to the
depolarization-induced presynaptic action potential. D, Recordings from the same neurons as in
(C) but now AP firing by the presynaptic ChAT-VIP interneuron was induced by activating ChR2
using a brief blue light flash. Traces and graph as in (C). E, Digital reconstruction of an EYFPpositive ChAT-VIP interneuron in the rat mPFC. Scale bar 200µm. F, Response to blue lightinduced ChR2 activation (470nm, 10ms, 25Hz) of a rat mPFC ChAT-VIP neuron (black trace, top
panel, voltage response). Middle trace: postsynaptic response in a simultaneously recorded L1
interneuron. Bottom: blue light stimulation protocol applied. G, L1 interneuron is depolarized by
blue light ChR2-mediated activation of ChAT-VIP cells. A a single component inward current
underlies the depolarization. Both the inward current and the depolarization are blocked by
nAChR blockers (MLA 100 nM and MEC 10 µM, grey traces). H, L1 interneuron recording showing
light-evoked biphasic synaptic input currents at -70mV in aCSF (blue trace) or with nAChR blockers
(MLA 100 nM and MEC 10 µM, grey trace). Inset: same L1 interneuron recording at 0 mV showing
light-evoked synaptic currents in the presence of nAChR blockers (grey trace) or Gabazine (10 µm,
black trace). I, Left: current amplitudes at -70mV in aCSF and with nAChR blockers (aCSF:
17.97±4.235 pA, nAChR blockers: 2.55±0.6915 pA, p=0.0012, paired t-test, two-tailed, t=3.888,
df=17, n=18). Right: amplitudes recorded at 0mV (aCSF: 20.18±5.794 pA, nAChR blockers:
22.77±7.932 pA, Gabazine: 1.803±0.6177 pA, One-way ANOVA:F(6, 12)=2.256, p=0.0220, n=7). J,
Left: Pie chart showing the percentage of mouse L1 interneurons receiving direct nAChR-mediated
synaptic input from ChAT-VIP interneurons. Right: Same as left, but for rat L1 neurons receiving
nAChR and GABAAR-mediated synaptic inputs from ChAT-VIP interneurons.
currents (Fig 2.1F). In all recorded L1 interneurons, blue light activation of ChR2 expressed by
ChAT-VIP neurons generated postsynaptic depolarizations and inward currents that were
blocked by the mix of nAChR blockers (Fig 2.1G). These currents were either mono-phasic,
consisting of only a fast (Fig 2.1D) or slow component (Fig 2.1G), or were biphasic, consisting
of a fast and a slow component (Fig 2.1H), reminiscent of synaptic fast α7-containing nAChR
and slow β2-containing nAChR currents expressed by L1 interneurons in sensory cortical
areas (Bennett et al., 2012; Letzkus et al., 2011). The nAChR antagonists MLA and MEC
blocked both current components (Fig 2.1H), showing that in rat mPFC L1 interneurons
received direct excitatory fast cholinergic inputs from ChAT-VIP interneurons.
Since ChAT-VIP interneurons can co-express the acetylcholine (ACh) synthesizing
enzyme ChAT and the GABA synthesizing enzyme GAD (Supplementary Fig 2.1) (von
Engelhardt et al., 2007), we asked whether these neurons release GABA in addition to ACh. To
test this, the membrane potential of rat mPFC L1 interneurons was held at 0 mV in the
presence of nAChR blockers (Fig 2.1H inset). Blue light activation of ChR2-expressing ChATVIP cells evoked fast outward currents in 11% of the cells (n=13/119), which were blocked by
gabazine (10 µM; Fig 2.1H,I). In mouse mPFC, we did not observe GABAR currents in layer 1
interneurons (Fig 2.1J). In rat mPFC, all L1 interneurons received fast cholinergic inputs from
ChAT-VIP cells and a minority received both ACh and GABA (Fig 2.1J).
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Figure 2.2 ChAT-VIP
interneurons do not
disinhibit
L2/3
pyramidal neurons
A, Example traces of
postsynaptic responses in
recorded
in
a
L2/3
pyramidal neuron upon
ChR2-mediated activation
of ChAT-VIP interneurons
with blue light (470nm,
10ms, 25Hz, top trace). The
postsynaptic
responses
were blocked by nAChR
antagonists (MLA 100 nM
and MEC 10 µM, grey
trace). The majority of L2/3
pyramidal neurons did not
show
a
postsynaptic
response
to
ChAT-VIP
neuron activation (light
blue trace). Pie chart
showing the percentages of
L2/3 pyramidal neurons
with
nAChR-mediated
postsynaptic
response
(dark blue) and without
(light blue). B, Comparison
of the spontaneous IPSC
frequency (average from 10
sweeps per cell) in L2/3
pyramidal neurons before
(5s) and after (5s) ChR2mediated activation of ChAT-VIP interneurons with five blue light pulses (25Hz, 10ms),(IPSC
frequency pre stimulus: 1.809±0.389Hz, post stimulus: 1.732±0.411Hz, p=0.2310, paired t-test,
two-tailed, t=1.245, df=16; n=17; mean±S.E.M.). C, Example traces of L2/3 pyramidal neurons
recorded at 0mV receiving spontaneous GABAergic IPSCs. Five blue light pulses were applied (25
Hz, 10ms). D, Action potential profile of a rat mPFC L2/3 FS interneuron in response to somatic
step current injection (+200pA and -150 pA). E, Left: Example traces of postsynaptic responses in
an FS interneuron upon ChR2-mediated activation of ChAT-VIP interneurons with blue light
(470nm, 10ms, 25Hz, top trace). Middle trace: example trace recorded at 0 mV showing absence
of an IPSC (n=0/6). Bottom traces: light-evoked postsynaptic currents (n=4/6) in absence (blue
trace) or presence of nAChR blockers (MLA 100 nM and MEC 10 µM, grey trace). Right: Summary
plot of the postsynaptic current amplitudes of FS cells that showed a response to ChAT-VIP
activation. These responses were blocked by nAChR blockers. F, Action potential profile of a L2/3
LTS interneuron. G, As in (E) but for a rat mPFC L2/3 LTS interneuron. No GABAergic IPSCs at 0 mV
were observed following light evoked activation of ChAT-VIP interneurons (n=0/8). A subgroup of
LTS neurons showed light-evoked postsynaptic currents (n=5/8) at -70 mV (blue trace) that was
blocked by nAChR antagonists (MLA 100 nM and MEC 10 µM, grey trace). Right: Summary plot of
the postsynaptic current amplitudes of LTS cells that showed a response to ChAT-VIP activation.
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2.3.2 No disinhibition of L2/3 pyramidal neurons by ChAT-VIP interneurons
VIP interneurons have been shown to disinhibit L2/3 pyramidal neurons by inhibiting activity
of fast spiking (FS), Parvalbumin-expressing (PV) interneurons and low threshold spiking
(LTS), Somatostatin-expressing (SST) interneurons (Karnani et al., 2016; Lee et al., 2013; Pi et
al., 2013). To address the question whether ChAT-VIP interneurons form disinhibitory circuits
in L2/3, we made whole cell patch-clamp recordings of L2/3 pyramidal neurons and triggered
activity in ChR2-expressing ChAT-VIP interneurons by applying blue light pulses. Lightinduced activation of ChAT-VIP interneurons did not induce GABAergic
synaptic currents in pyramidal neurons, but induced depolarizing inward currents in some
pyramidal neurons (n=3 of 18; Fig 2.2A). These inward currents were blocked by nAChR
blockers DHßE, MEC and MLA. Next, we analyzed spontaneous inhibitory postsynaptic
currents (sIPSCs) received by L2/3 pyramidal neurons. Light-induced activation of ChAT-VIP
interneurons did not alter the frequency of sIPSCs received by L2/3 pyramidal neurons (Fig
2.2B,C), indicating that activity of ChAT-VIP neurons did not change inhibition received by
L2/3 pyramidal neurons. To test whether ChAT-VIP target and inhibit other local interneuron
types, we recorded from rat mPFC fast spiking (FS, Fig 2.2D) and low threshold spiking (LTS,
Fig 2.2F) interneurons while triggering activity in ChR2-expressing ChAT-VIP interneurons by
applying blue light pulses (Fig 2.2E,G). We did not observe any GABA-mediated inhibitory
postsynaptic currents in both interneuron types following activation of ChAT-VIP
interneurons (Fig 2.2E,G). However, a subgroup of FS (n=4/6) as well as LTS (n=5/8)
interneurons showed inward currents at -70 mV that were mediated by fast α7-containing or
slow β2-containing nAChRs and were blocked after application of the nAChR antagonists
disinhibitory circuits in L2/3, as has been reported for other VIP interneurons, but we do find
evidence that ChAT-VIP interneurons directly excite subgroups of local interneurons as well as
a minority of L2/3 pyramidal neurons.
2.3.3 Layer 6 pyramidal receive direct synaptic input from ChAT-VIP interneurons
Previous studies have shown that a majority of layer 6 pyramidal neurons express nAChRs
(Kassam et al., 2008; Poorthuis et al., 2013a) and these neurons can be activated by
cholinergic inputs from the BF (Hay et al., 2015; Hedrick and Waters, 2015; Verhoog et al.,
2016). We asked whether L6 pyramidal neurons receive direct inputs from ChAT-VIP
interneurons. To test this, we made whole cell patch-clamp recordings from rat mPFC L6
pyramidal neurons combined with activation of ChR2-expressing ChAT-VIP interneurons by
applying blue light pulses (Fig 2.3A,B). Seventy-one percent (n=20/28) of recorded L6
pyramidal neurons showed nAChR antagonist sensitive inward currents (Fig 2.3B,D).
Although the amplitude of these currents was on average about 5 pA, ChAT-VIP activation
resulted in a significant depolarization of the membrane potential due to the relatively high
membrane resistance of these cells (Verhoog et al., 2016),(Letzkus et al., 2011). Six of the L6
pyramidal cells showed an additional gabazine-sensitive fast outward current at 0 mV in the
presence of nAChR blockers (Fig 2.3C,D). These findings show that more than two thirds of
the L6 pyramidal neurons receive direct cholinergic inputs from local ChAT-VIP interneurons,
and a fifth of L6 pyramidal neurons received both ACh and GABA (Fig 2.3E).
2.3.4 Consequences of co-transmission of ACh and GABA.
ChAT-VIP cell-induced activation of postsynaptic nAChRs by ACh results in depolarization of
postsynaptic cells in L1, L2/3 and L6 as shown above. It is somewhat surprising that some
postsynaptic neurons also receive GABA and show inhibitory GABAR currents. Release of
GABA in addition to ACh and activation of GABAR currents could lead to shunting inhibition,
preventing AP firing. Alternatively, it could result in rebound excitation and augment the
excitation provided by nAChR activation (Saunders et al., 2015a; Tritsch et al., 2016). The
majority of excitatory nAChR-mediated synaptic responses had slow kinetics with rise
times of 155.5±26.5 ms (Fig 2.4A,C). The subset of combined nAChR and GABAR-mediated
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Figure 2.3 Direct synaptic inputs from ChAT-VIP to L6 pyramidal neurons
A, Schematic illustration of recording set up. B, Example traces from a rat L6 pyramidal neuron
showing depolarization and an inward current at -70mV in response to blue light ChR2-mediated
activation of ChAT-VIP neurons (470nm, 10ms, 25Hz) in absence (blue trace) or in the presence of
nAChR antagonists (grey trace). C, Same L6 pyramidal neuron recorded at 0mV membrane
potential showing light-evoked synaptic current in the presence of nAChR blockers (grey trace)
and Gabazine (black trace). D, Left: summary chart showing the current amplitudes at -70mV
membrane potential without and with nAChR blockers (aCSF: 4.820 ± 0.6853 pA, nAChR blockers:
1.483 ± 0.4594 pA, p=0.0002, paired t-test, two-tailed, t=5.051, df=13; n=14, mean±S.E.M.). Right:
amplitudes recorded at 0mV with nAChR blockers and Gabazine (aCSF: 40.85 ± 10.35 pA, nAChR
blockers: 50.65 ±15.47 pA, Gabazine: 1.403 ± 0.8461 pA, One-way ANOVA:F(5, 10)=2.949, p=0.0148;
n=6, mean±S.E.M.) E, Pie chart showing percentages of L6 pyramidal neurons with nAChRmediated, combined nAChR and GABAAR-mediated, and no synaptic currents.
postsynaptic responses showed that the GABAergic current had much faster kinetics that
decayed back to baseline in about 30 ms (Fig 2.4B,C). In only four L1 interneurons that
showed a combined nAChR and GABAR-mediated current (n=4/13) we found both the fast
MLA-sensitive nAChR current that would match the activation kinetics of the fast GABAR
current
Hyperpolarizing GABAergic inputs can give rise to rebound excitation by deinactivation of intrinsic voltage-gated conductances (Cobb et al., 1995). The excitation induced
by slow inward nAChR currents may theoretically be amplified by rebound excitation induced
by GABAergic hyperpolarization. To test this, we recorded from L1 interneurons and
monitored action potential timing in response to monotonic ramp depolarizations with and
without blue light activation of ChR2 expressing ChAT-VIP interneurons (Fig 2.4E,F). First, to
test the effect of the cholinergic component of ChAT-VIP input, only recordings with nAChRmediated postsynaptic currents without GABAR currents were included (Fig 2.4E). Activation
of ChAT-VIP interneurons advanced the timing of the first AP (Fig 2.4F), reducing the AP onset
delay (Fig 2.4I). Next, we investigated whether co-transmission of GABA facilitates the
advancement of first AP firing, or postpones it. Now, only recordings with combined
nAChR/GABAR-mediated postsynaptic currents were included (Fig 2.4G). Blocking GABAergic
inhibition with the GABAA receptor antagonist Gabazine resulted in a shortening of the delay
to the first AP in L1 interneurons (Fig 2.4H), suggesting that the postsynaptic GABAR currents
provided shunting inhibition that postponed AP firing. Gabazine did not alter excitability and
did not advance spiking in L1 neurons that did not show co-transmission of GABA (not
shown). In line with these findings, at near-AP threshold membrane potentials in L1
interneurons, blue light activation of ChR2-expressing ChAT-VIP interneurons augmented AP
firing probability much more when GABARs were blocked by Gabazine (Supplemental Fig
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Figure 2.4 Co-transmission of
GABA with ACh postpones AP
spiking
A, Postsynaptic nAChR-mediated
current (blue) recorded at -70mV,
with fitted trace (orange). B, Same
cell at 0mV in the presence of
nAChR blockers showing the
GABAR-mediated
postsynaptic
current. C, Summary plots of
amplitude and time to peak of
recorded nAChR and GABAR
currents. D, Summary plots of rise
and decay kinetics of recorded
nAChR and GABAR currents. E, L1
interneuron as in showing an
inward current at -0 mV in
response to light-evoked ChR2mediated activation of ChAT-VIP
neurons. F, Example traces
showing action potential firing in
response to a voltage ramp
(ramping current injection 1pA/ms
for 500ms) in control (grey trace)
and with ChR2-mediated activation
(13 blue light pulses, 10ms, 25Hz)
of ChAT-VIP interneurons (blue
trace).
G,
Light-evoked
postsynaptic current response in a
L1 interneuron held at 0 mV in the
absence (blue trace) or presence of
Gabazine (black trace). H, As in (F)
but either with blue light
stimulation (blue trace) or blue
light stimulation in the presence of
Gabazine (black trace). I, Summary plots of the time to first AP in cells without and with blue lightevoked activation of ChAT-VIP interneurons (Left; aCSF: 136±37.06 ms, aCSF+light: 114.2±34.25,
p=0.0159, paired t-test, two-tailed, t=3.326, df=6, n=7) Right: summarizing the time to first AP in
cells containing both nAChR and GABAAR-mediated postsynaptic currents in absence or presence
of Gabazine (aCSF+light: 96.07±18.7 ms, Gabazine: 83.65±16.28, p=0.03, paired t-test, two-tailed,
t=3.268, df=4, n=5, mean±S.E.M.).
2.3). Taken together, these results show that postsynaptic nAChR currents induced by ChATVIP interneurons directly excited L1 interneurons, increasing AP firing probability and
shortening delays to first AP firing. Co-transmission of GABA provided shunting inhibition,
postponing AP firing rather than facilitating rebound excitation.
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Figure 2.5 ChAT-VIP interneurons and ChAT-BF neurons control distinct phases of
attention
A, Locations of virus injections in BF (left) and mPFC (right). In both cases optic fibers were
implanted over the PrL mPFC (Fig S2.4B). B, Schematic representation of the 5-CSRTT (left) and
trails during the task (right). Green bar indicates the period of optogenetic inhibition during the 5
seconds before cue presentation. Laser-on and laser-off trails were assigned randomly in each
session (50 ON, 50 OFF). Behavioural performance was constant across multiple sessions on
consecutive days (see Methods and Supplemental Figure 2.4). C, Accuracy of responding in rats
injected either in BF or mPFC (CHAT-VIP), or control littermates that received only AAV5::DIOEYFP injections [CTRL: n=9; ChAT-VIP: n=7; BF: n=11; two-way ANOVA, effect of interaction light x
virus F(2,24)=5.920; p=0.0081; Sidak`s correction ChAT-VIP: p=0.0102 ON vs.OFF; Sidaks
correction BF: p=0.0030 ON vs. OFF, statistics of a single session consisting of 100 trials]. Black
bars represent laser-OFF trials. D, Percent of correct responses underlying ‘Accuracy’ in (C). (twoway ANOVA; effect of interaction light x virus F(2,24)=4.088; p=0.0297; Sidak`s correction ChATVIP: p=0.0214, BF: p=0.0288 ON vs. OFF). E, Percent of incorrect responses underlying ‘Accuracy’
in (C). (two-way ANOVA; effect of interaction light x virus F(2,24)=3.835; p=0.0359; Sidak`s
correction ChATVIP: p=0.0314, BF: p=0.0254 ON vs. OFF). F, Time to respond to light cues and to
collect reward at the magazine of the same animals in (C-E) [latency correct latency ChAT-VIP:
t=1.389; p=0.2141; BF: t=1.576; p=0.142. Incorrect latency ChAT-VIP: t=1.173; p=0.2851; BF:
Wilcoxon matched-pairs signed rank test; p=0.6523, ON vs. OFF). Grey shaded area represents the
duration of the stimulus light presentation. G, As (F), ChAT-VIP: Wilcoxon matched-pairs signed
rank test; p=0.9063; BF: Wilcoxon matched-pairs signed rank test; p=0.4785; ON vs. OFF). Grey
shaded area represents the duration of the stimulus light presentation. H, Accuracy of responding
during the first half of the session (trails 1-50) and second half of the session (trails 51-100) [twoway ANOVA effect of interaction light x virus: F(2,24)=3.744; p=0.0385; Sidak`s correction BF:
p=0.0022 ON vs. OFF], ChAT-VIP cells take over its effect in the second half [two-way ANOVA
effect of interaction light x virus F(2,24)=3.744; p=0.0161 Sidak`s correction ChATVIP: p=0.0125
ON vs. OFF]. Green bars represent trails with laser-ON. Black bars represent laser-OFF trials Values
are expressed in percent as mean mean±S.E.M. *p<.05, **p<.01, ***p<.001.
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2.3.5 ChAT-VIP interneurons are required for attentional performance
Is activity of ChAT-VIP interneurons relevant for mPFC function? To test this, we
optogenetically inhibited ChAT-VIP cells during a well-validated task for quantifying attention
behavior, the 5 choice serial reaction time task (5CSRTT) (Robbins, 2002) (Fig 2.5;
Supplemental Fig. 2.4). Since ChAT-VIP cells release ACh in the mPFC, similar to basal
forebrain (BF) cholinergic inputs, we also tested whether inhibiting ChAT-VIP interneurons
affected attention behavior distinct from inhibiting BF cholinergic inputs to mPFC. Therefore,
ChAT::cre rats received AAV5::DIO-EYFP-ARCH3.0 (or AAV5::DIO-EYFP in controls) injections
either in the mPFC or the BF and optic fibers were placed over the PrL mPFC in all groups (Fig
2.5A; Supplemental Figs 2.2C-E, and 2.4). By randomly assigning half of the trials to green laser
light ON and the other half to laser OFF (50 trials each), ChAT-VIP cells or BF-to-mPFC
projections were either free to fire action potentials or were inhibited in the same animals for five
seconds during the pre-cue period when rats show preparatory attention for the upcoming stimulus
presentation (Fig 2.5B). For each animal, behavioral performance during laser ON trials was
compared to its own behavioral performance during laser OFF trials. Inhibiting ChAT-VIP cells or
BF-to-mPFC projections impaired response accuracy (Fig 2.5C), and both inhibition of BF
cholinergic neurons as well as inhibition of ChAT-VIP interneurons reduced correct responses and
increased errors in each animal (Fig 2.5D,E). Interestingly, no changes in any of the other
behavioral parameters were observed, including motor behavior or motivation to respond as
quantified by their response latency and latency to collect the reward (Fig 2.5F,G; Supplemental
Fig 2.4), These results show that the activity of BF cholinergic projections to the mPFC and the
activity of local ChAT-VIP cells are required for proper attention performance.
Interference with the cholinergic system can produce fluctuations in attentive
performance in distinct temporal phases of 5CSRTT sessions showed that inhibiting
cholinergic BF-to-mPFC projections reduced accuracy of responding only during the first half
of the session (early trials 0-50), but not the second half of the session (late trials 51-100) (Fig
2.5H). In contrast, inhibiting mPFC ChAT-VIP interneurons significantly reduced attention
performance in the second half of the session (Fig 2.5H). These results indicate that BF ChAT
neurons and mPFC ChAT-VIP interneurons affect attention performance distinctly: BF
cholinergic neurons support early phases of attention performance, while activity of mPFC
ChAT-VIP interneurons is required to sustain attention during the late phase of the session.

2.4 Discussion
In this study, we asked how cortical ChAT-VIP interneurons affect local circuitry in the mPFC,
whether they function similar to other cortical VIP cells and whether they are involved in
attention behavior. We found that ChAT-VIP interneurons release ACh locally in both mouse
and rat mPFC and directly excite interneurons and pyramidal neurons in different layers via
fast synaptic transmission. In contrast to regular VIP interneurons, this ChAT-expressing
subtype of VIP interneurons does not inhibit neighboring fast spiking and low threshold
spiking interneurons. Our experiments revealed that activity of ChAT-VIP interneurons
contributes to attention behavior in a distinct manner from activity of basal forebrain ACh
inputs to mPFC: ChAT-VIP neurons support sustained attention. These findings challenge the
classical view that behaviorally relevant cholinergic modulation of neocortical circuits
originates solely from BF cholinergic projections in rodent brain (Woolf and Butcher, 2011).
2.4.1 ChAT-VIP interneurons target local circuitry with fast cholinergic transmission
Various reports over the last thirty years identified neocortical ChAT-expressing VIP
interneurons and these were suggested as a local source of ACh in the cortex (Eckenstein and
Baughman, 1984; Eckenstein and Thoenen, 1983; von Engelhardt et al., 2007; Levey et al.,
1984; Tasic et al., 2016). Simultaneous recordings from cortical ChAT-VIP interneurons and
pyramidal neurons showed an AChR-dependent increase of excitatory inputs received by
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pyramidal neurons following high frequency stimulation of ChAT-VIP interneurons (von
Engelhardt et al., 2007). However, no evidence was found for direct cholinergic synaptic
transmission between ChAT-VIP and other neurons in cortical L2/3 (Ballinger et al., 2016).
We took a different approach from previous studies by recording from neuron populations
that have strong nAChR expression (Poorthuis et al., 2013a), i.e. L1 interneurons and L6
pyramidal neurons in both mouse and rat mPFC, as well as using ChR2-mediated activation of
ChAT-VIP neurons. Our result suggest that ChAT-VIP interneurons form fast cholinergic
synapses onto local neurons, since in unitary synaptic recordings the delay between
presynaptic action potential and postsynaptic response was about 2 milliseconds, suggesting
mono-synaptic connections. Therefore, it is unlikely that ChAT-VIP interneurons triggered
poly-synaptic events, exciting terminals of BF neurons and triggering ACh release from these
terminals. Fast cholinergic inputs from ChAT-VIP neurons are more abundant in rat mPFC L1
interneurons than in mouse mPFC, in line with a larger percentage of VIP cells expressing
ChAT in rat cortex. Von Engelhardt et al. (2007) did not observe nAChR currents activated by
mouse ChAT-VIP cells in other L3 interneurons, which we did find in rat mPFC. This may be
due to species differences or brain region difference in the two studies. Nevertheless, our
findings show that in addition to cholinergic fibers from the BF, ChAT-VIP interneurons act as
a local source of ACh modulating neuronal activity in mPFC.
2.4.2 ChAT-VIP interneurons do not form disinhibitory circuits
Regular cortical VIP interneurons disinhibit local pyramidal neurons by selectively inhibiting
somatostatin (SST) and parvalbumin (PV)-expressing interneurons (Kamigaki and Dan, 2017;
Lee et al., 2013; Pi et al., 2013; Tremblay et al., 2016). In contrast, we did not find evidence
that ChAT-VIP neurons form disinhibitory circuits. Low-threshold spiking and fast spiking
interneurons receive exclusively cholinergic excitatory inputs and no GABAergic inhibitory
input from ChAT-VIP interneurons. Prefrontal cortical ChAT-VIP neurons also did not
indirectly disinhibit L2/3 pyramidal neurons through excitation of L1 interneurons (Letzkus
et al., 2011).In mouse auditory cortex, fear-induced activation of L1 interneurons by
cholinergic inputs from the BF results in feed-forward inhibition of L2/3 FS interneurons and
disinhibition of L2/3 pyramidal neurons (Letzkus et al., 2011). ChAT-VIP interneurons in the
mPFC might in principle play a similar role exciting L1 interneurons as BF cholinergic inputs
do in mouse auditory cortex. However, in our experiments we did not find evidence that ChR2mediated activation of ChAT-VIP neurons altered ongoing inhibition and spontaneous
inhibitory inputs to L2/3 pyramidal neurons. In contrast, we found that ChAT-VIP
interneurons directly targeted a subgroup of L2/3 pyramidal neurons and provided direct
excitation to these pyramidal neurons.
Recent anatomical and functional evidence shows that VIP interneurons in rodent
brain are morphologically and functionally diverse and that prefrontal cortical VIP cells can
directly target pyramidal neurons (Garcia-Junco-Clemente et al., 2017; Prönneke et al., 2015;
Zhou et al., 2017). Both multipolar and bipolar VIP cells form synapses on apical and basal
dendrites of pyramidal neurons in superficial and deep layers and VIP neurons directly inhibit
pyramidal neuron firing (Garcia-Junco-Clemente et al., 2017; Zhou et al., 2017). Frontal
cortical VIP cells rapidly and directly inhibit pyramidal neurons, while they can also indirectly
excite these pyramidal neurons via parallel disinhibition. These findings suggest that not all
VIP cell subtypes adhere to targeting only other types of interneurons, and regulating cortical
activity through disinhibition only. VIP interneurons represent about 15% of all cortical
interneurons in mouse brain, and recent RNAseq profiling identified 12 different molecular
VIP-positive subtypes, of which 2 types express ChAT (Tasic et al., 2016, 2017). Our findings
show that ChAT-VIP interneurons project to both interneurons as well as pyramidal neurons
and directly excite them, in contrast to most regular VIP interneurons. Thereby, activation of
ChAT-VIP interneurons in L2/3 of the mPFC can lead to increased excitability of inhibitory as
well as excitatory neurons.
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2.4.3 Co-transmission of GABA does not facilitate rebound excitation
In mouse brain, cholinergic fibers from BF neurons can co-transmit the excitatory
neurotransmitter ACh with the inhibitory neurotransmitter GABA in the cortex (Saunders et
al., 2015a, 2015b; Tritsch et al., 2016). We find here that in rat mPFC, a minority of L1
interneurons (11%) and L6 pyramidal neurons (21%) receive co-transmission of GABA and
ACh from ChAT-VIP interneurons. How these two neurotransmitter interact with each other
and what the effect on postsynaptic neurons is, was under debate (Ma et al., 2018; Tritsch et
al., 2016). Nicotinic AChRs show a range of activation kinetics. Heteromeric 2-subunitcontaining nAChR currents have relatively slow activation kinetics with 20-80% rise time of
150 milliseconds, while homomeric 7-subunit-containing nAChR currents activate rapidly
with time constants of 2.6 milliseconds and decay time constants of 4.9 milliseconds in
neocortical L1 interneurons (Arroyo et al., 2012), comparable to kinetics of synaptic
GABAergic currents. This suggests that when the fast 7-subunit-mediated nAChR currents
are induced in L1 interneurons by activation of ChAT-VIP cells, the additional GABAR currents
that have similar kinetics will shunt the cholinergic depolarization. In case L1 interneurons
express only the slower 2-subunit-containing nAChR currents, co-transmission of GABA
could augment the excitatory action of ChAT-VIP neurons by rebound excitation. However,
depolarizing ramps or near-threshold action potential firing probabilities revealed that GABA
acted inhibitory in both cases, decreasing spiking probability. Therefore, co-transmission of
GABA in addition to ACh postpones action potential firing in postsynaptic neurons compared
to synaptic transmission of only ACh, forcing a temporal window of inhibition followed by
excitation.
This scheme of postsynaptic GABAR current and AChR current interaction will
depend on the physical mode of release, whether these neurotransmitters are release from the
same ChAT-VIP cell and the same terminals or not (Saunders et al., 2015b; Tritsch et al., 2016).
In our experiments using wide-field illumination to activate ChR2 on multiple ChAT-VIP
neurons simultaneously, we could not distinguish whether ACh and GABA were release from
the same nerve terminals or from the same ChAT-VIP neuron even. It is also not known
whether GABA and ACh are packaged in the same vesicles or separately. As such, it is not clear
whether co-transmission of GABA and ACh occurs from single ChAT-VIP neurons. However, it
is unlikely that ChAT-VIP neurons release only GABA, since we never observed isolated
postsynaptic responses mediated only by GABARs, whereas eighty to ninety percent of the
postsynaptic responses following ChAT-VIP neuron activation consisted of only AChR
currents. So, regardless of the mode of co-transmitter release, ChAT-VIP activity results in
excitation and increased spiking probability throughout the mPFC layers.
2.4.4 ChAT-VIP interneurons support sustained attention performance
Cholinergic signaling in the mPFC controls cognitive attention and task-related cue detection
(Ballinger et al., 2016; Gritton et al., 2016; Howe et al., 2013; Parikh et al., 2007). In contrast to
the general view that ACh is solely released in the mPFC from cholinergic projections from
neurons located in the BF, we present here evidence that there is a second source of ACh that
supports cognitive attentional performance. The different temporal requirements of activity of
BF-mPFC projections and ChAT-VIP interneurons in attention suggests that the two sources of
cortical ACh interact in shaping cortical network activity during attentional processing. Our
findings indicate that activity of cholinergic projections from the BF is required for early
phases of attention performance. In contrast, activity of ChAT-VIP interneurons supports later
phases of the attention task. Given the sparseness of these neurons, only 15-30% of VIP
interneurons express ChAT (Tasic et al., 2017), it is surprising that inhibition of this small
population in a single brain region has an effect on brain function and behavior. Even though
activation of ARCH expressed by ChAT-VIP cells or axons may lead to increased activity (Mahn
et al., 2016) or suppression of activity, our experiments do show that specific manipulation of
these cell populations affect attention.
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Recent findings indicate that BF cholinergic neurons are preferentially activated by
reward and punishment, rather than attention (Hangya et al., 2015). Hangya et al. suggested
that the cholinergic basal forebrain may provide the cortex with reinforcement signals for fast
cortical activation, preparing the cortex to perform a complex cognitive task in the context of
reward. Still, rapid transient changes in ACh levels in the mPFC may support cognitive
operations (Sarter et al., 2009b) and may mediate shifts from a state of monitoring for cues, to
generation of a cue-directed response (Gritton et al., 2016; Howe et al., 2013). Since we find
that activity of ChAT-VIP neurons is required during sustained attention, it remains to be
determined whether ACh release from local ChAT-VIP interneurons is responsible for or
contributes to the generation of cue-directed responses.
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2.5 Supplementary Figures

2
Supplemental Figure 2.1 ChAT-VIP interneurons express ChAT, GAD, VIP and CR.
A, EYFP-positive interneurons in mPFC of ChAT-cre rats stain positive with antibodies against
choline-acetyl transferase ChAT and GABA-synthesizing enzyme GAD67, as reported by Bayraktar
et al., 1997 and for mouse by Von Engelhardt et al., 2007. B, EYFP-positive interneurons in mPFC
of ChAT-cre rats also stain positive with antibodies against VIP and CR, as reported by Eckenstein
and Baughman, 1984, Bayraktar et al., 1997 and for mouse by Von Engelhardt et al., 2007. C, In
mPFC of ChAT-cre rats, 90% of EYFP positive cells were found positive for ChAT antibody staining
(n=192, 6 animals).
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Supplemental Figure 2.2 Basal Forebreain cells are not regrogradely labeled by virus
injections in the mPFC.
A, Basal forebrain (BF) expression of EYFP following AAV5 injection either in BF (left) or in the
mPFC (right). B, Number of fluorescent BF cells in BF injected vs mPFC injected ChAT::cre rats
[effect of injection location: F(1,2)= 518.1; p=0.001]. Scale bars: 1 mm (1A; 1C left panel); 500 μm
(1C right panel); 200μm (E); 70μm (1D). Data are expressed as mean ± S.E.M, ** p<0.01. C-E, AAV5
injections at the level of the HDB and SI (left panel and inset), labels ChAT-positive neurons and
fibers in the mPFC. HDB: horizontal limb of diagonal band of Broca, SI: substantia innominata
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Supplemental Figure 2.3: Co-transmission of GABA with ACh reduces spike probability
of L1 interneurons.
A, Schematic representation of the recording set up. B, Light-evoked ChR2-mediated activation of
ChAT-VIP cells generates an inward postsynaptic current response in a L1 interneuron recorded at
-70 mV. Inset: same L1 interneuron recording showing a light evoked response at 0 mV in aCSF
(blue trace) or Gabazine (black trace). C, Example traces of a recording from a layer 1 interneuron.
A short electrical stimulation (1ms) was combined with light evoked activation of ChAT-VIP
interneurons. The electrical stimulation was adjusted in that way that the firing probability was
~30% in aCSF (blue trace). The spiking probability was measured again following wash in of
Gabazine (black trace). D, Summarizing the spiking probability in aCSF or Gabazine condition (aCSF
33.33±3.33%, Gabazine 90±5.77%, p=0.0234, paired t-test, two-tailed, t=6.425, df=2, n=3). E, As in
(D) summarizing the time to the first spike (aCSF 87.31 ±22.42ms, Gabazine 77.82 ±23.27ms,
p=0.0179,paired t-test two-tailed, t=7370, df=3, n=3, mean ± S.E.M).
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Supplemental Figure 2.4: ChAT-VIP or BF projection inhibition during the 5 choice
serial reaction time task (5-CSRTT) does not affect omissions, impulsive or compulsive
responses.
A, Timeline of the behavioral experiments. Following surgery and recovery, rats were trained in
the standard version of the 5-CSRTT to stable baseline performance. Next, rats were tested for
two sessions with random exposure to green light stimulation in the mPFC (S1 and S2). Between
S1 and S2 rats underwent a session of the task without any laser light to test for potential carryover effects of the light during the former session (BAS). B, Optic fiber location for behavioral
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experiments. The asterisk indicates the optic fiber tip. In all animals, optic fibers were placed at
the border of L2/3 and L5 of the mPFC. Scale bar: 200 μm. C, Whole-cell patch clamp
experiments in acute brain slices of ChAT::cre rats injected with AAV5::DIO-ARCH3.0-EYFP used
in behavioral experiments show prolonged inhibition upon green light stimulation. Left:
voltage-clamp recording of a ChAT-VIP interneuron shows a sustained inhibitory current upon
green light exposure. Right: green light evoked hyperpolarization suppressed spiking activity.
D, Response types during a trial in the 5-CSRTT. Only correct hits are rewarded with food
pellets while all the other responses baseline (accuracy and omission, F) differ between the 3
groups (see inset in F). F, Neither training duration across the different steps, nor the baseline
(accuracy and omission, F) differ between the 3 groups (EYFP control, mPFC injected labeling
ChAT-VIP neurons, BF injected). G, Errors of omission did not differ when comparing laser-OFF
and laser-ON trials, suggesting that both the BF and the ChAT-VIP interneurons play a
negligible role in motivational aspects related to attentional performance. H, Similar for
premature responses, I, and perseverative responses following correct trials and perseverative
responses following incorrect trials, which were not different in laser-OFF and laser-ON trials.

45

2

3
Layer-specific cholinergic control of human and
mouse cortical synaptic plasticity

Matthijs B. Verhoog, Joshua Obermayer*, Christian A. Kortleven*, René Wilbers, Jordi Wester,
Johannes C. Baayen, Christiaan P. J. De Kock, Rhiannon M. Meredith, and Huibert D.
Mansvelder*

Contributions: Conceptualization and study design, M.B.V. and H.D.M.; Investigation, M.B.V.,
J.O., C.A.K., R.W., and J.W.; Resources, J.C.B., C.P.J.d.K., and R.M.M; Data analysis, M.B.V., J.O.,
C.A.K., R.W., J.W., and H.D.M.; Writing, M.B.V. and H.D.M.; Funding Acquisition, H.D.M.
*Equal contribution
Published in Nat Commun. 2016 Sep 8;7:12826. doi: 10.1038/ncomms12826.

Chapter 3

Abstract
Individual cortical layers have distinct roles in information processing. All layers receive
cholinergic inputs from the basal forebrain (BF), which is crucial for cognition. Cholinergic
receptors are differentially distributed across cortical layers, and recent evidence suggests that
different populations of BF cholinergic neurons may target specific prefrontal cortical (PFC)
layers, raising the question of whether cholinergic control of the PFC is layer dependent. Here
we address this issue and reveal dendritic mechanisms by which endogenous cholinergic
modulation of synaptic plasticity is opposite in superficial and deep layers of both mouse and
human neocortex. Our results show that in different cortical layers, spike timing-dependent
plasticity is oppositely regulated by the activation of nicotinic acetylcholine receptors
(nAChRs) either located on dendrites of principal neurons or on GABAergic interneurons.
Thus, layer-specific nAChR expression allows functional layer specific control of cortical
processing and plasticity by the BF cholinergic system, which is evolutionarily conserved from
mice to humans.

3.1 Introduction
Cortical acetylcholine (ACh) signaling shapes neuronal circuit development and underlies
specific aspects of cognitive functions and behaviors, including attention, learning, memory
and motivation (Hasselmo, 2006; Kilgard and Merzenich, 1998; Morishita et al., 2010;
Poorthuis et al., 2014; Sarter et al., 2009b). On the basis of anatomical findings, control of
cortical processing by projections from sparse cholinergic nuclei in the basal forebrain (BF)
could be much more specific than classically thought (Bloem et al., 2014; Zaborszky et al.,
2015). Within the mouse BF, a topographic organization exists by which different areas of the
medial prefrontal cortex (mPFC) are innervated by different BF cholinergic neurons (Bloem et
al., 2014). Moreover, these neurons preferentially target superficial or deep cortical layers
(Bloem et al., 2014). Both muscarinic and nicotinic ACh receptors (mAChRs and nAChRs) are
expressed in a layer-dependent fashion as well (van Aerde et al., 2009; Gulledge et al., 2007;
Poorthuis et al., 2013a), opening the possibility that cholinergic control of cortical processing
is layer specific. Indeed, the distinct, layer-dependent expression of nAChRs in the mPFC could
support a layer-dependent control of excitability of pyramidal neurons by cholinergic
projections from the BF (Poorthuis et al., 2013a, 2013b). Applications of ACh show that
superficial layer 2/3 (L2/3) pyramidal neurons are inhibited by nAChR activation on
interneurons, while deep L6 pyramidal neurons are excited by postsynaptic nAChRs (Bailey et
al., 2012; Kassam et al., 2008; Poorthuis et al., 2013a; Tian et al., 2014).
The cellular and sub-cellular location of nAChRs may not only determine how
excitability in neuronal circuitries is affected, but may also decide how plasticity of
glutamatergic synapses is affected by cholinergic inputs. Activation of nAChRs located on
presynaptic terminals can increase glutamate release from synapses (Gray et al., 1996;
McGehee et al., 1995). In particular, presynaptic nAChRs containing α7 subunits, which have
high calcium permeability (Fucile, 2004), can cause long-term potentiation of glutamatergic
synapse strength in different brain regions (Griguoli et al., 2013; Gu and Yakel, 2011;
Mansvelder and McGehee, 2000). In the PFC, despite the expression of α7-containing nAChRs
on L5 pyramidal neurons and strong transient modulation of thalamic excitatory inputs by
nAChR activation (Couey et al., 2007; Lambe et al., 2003; Poorthuis et al., 2013a), nAChRs
located on GABAergic interneurons augment inhibitory synaptic transmission and reduce
excitability of L5 pyramidal neuron dendrites, thereby suppressing long-term potentiation of
glutamatergic synapses (Couey et al., 2007; Goriounova and Mansvelder, 2012). In contrast to
L5, inhibitory GABAergic and excitatory glutamatergic transmission onto PFC L6 pyramidal
neurons are not modulated by nAChRs (Poorthuis et al., 2013a). Instead, L6 pyramidal
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neurons express nAChRs themselves and are therefore directly activated by ACh (Bailey et al.,
2012; Kassam et al., 2008; Poorthuis et al., 2013a). These findings suggest that the
mechanisms by which nAChRs alter synaptic plasticity of glutamatergic synapses in L5
pyramidal neurons may not be in place in L6.
It is not known whether postsynaptically located nAChRs in the PFC modulate longterm plasticity of glutamatergic synapses and whether this can be induced by endogenous ACh
release. Here we find that endogenous ACh release modulates cortical plasticity rules with
layer specificity: in L6 endogenous ACh release modulates plasticity in the opposite direction
from superficial layers. Endogenous ACh augments long-term strengthening of glutamatergic
synapses on L6 pyramidal neurons by activating heteromeric postsynaptic nAChRs containing
ß2 and α5 subunits. In addition, we find these mechanisms also operate in the human
neocortex, where layer-specific expression of functional nAChRs supports opposite cholinergic
modulation of synaptic plasticity in superficial and deep cortical layers.
DOI.3ncomm

3.2 Methods
3.2.1 Human neocortical brain tissue.
All procedures on human tissue were performed with the approval of the Medical Ethical
Committee of the VU University Medical Centre and in accordance with Dutch license
procedures and the declaration of Helsinki. Human anterior medial temporal cortex and
frontal cortex tissue that had to be removed for the surgical treatment of deeper brain
structures was obtained with written informed consent of the patients before surgery. Nonpathological neocortical tissue showing no abnormalities on preoperative MRI was obtained
from a total of 33 patients (32 adults (17 females, 16 males, aged 19–55 years) and one 9 yearold male), operated for medial temporal lobe epilepsy (15 cases), to remove hippocampal
tumors (2 cases), cavernomas (4 cases) or for other reasons (12 cases). Our sample of human
patients contained 7 smokers (11.5±3.7 pack years), 23 non-smokers and 3 ex-smokers in
abstinence for ≥2 years (Table 1).
3.2.2 Human and mouse neocortical brain slice preparation.
Human brain slices were prepared following the same routines as described previously
(Mohan et al., 2015; Testa-Silva et al., 2010, 2014; Verhoog et al., 2013). Briefly, resected
cortical tissue blocks where transported to the laboratory in ice-cold slicing solution
containing (in mM): 110 choline chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium ascorbate, 7
MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4 and 0.5 CaCl2. Transition time between
resection of tissue and slice preparation was less than 10 min. Cortical slices (350–400 µm)
were prepared in the same ice-cold solution as used for transport, and then transferred to
holding chambers containing (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, 26
NaHCO3 and 10 glucose (solution referred to as artificial cerebrospinal fluid (aCSF)
throughout this paper). Here they were stored for B30 min at 34°C and subsequently for at
least 1 h at room temperature before recording. All solutions were continuously bubbled with
carbogen gas (95% O2, 5% CO2), and had an osmolarity of B300 mOsm. All animal
experimental procedures were approved by the VU University’s Animal Experimentation
Ethics Committee and were in accordance with institutional and Dutch license procedures.
Mouse brain slices were prepared from P19–35 male or female C57BL/6 mice (referred to as
WT throughout this paper), from mice lacking either a7-nAChR subunits (α7-/-), ß2-nAChR
subunits (ß2-/-), or a5-nAChR subunits (α5-/-), or from Chat-ChR(N6) or Chat-Cre/Ai32 mice.
Following decapitation, the brain was swiftly removed from the skull and placed in ice-cold
slicing solution containing (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 3 MgSO4, 1 CaCl2, 26
NaHCO3 and 10 glucose. Coronal slices (350 µm) of mPFC were then cut and transferred into
holding chambers and allowed to recover in aCSF for at least an hour.
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3.2.3 Electrophysiology in human and mouse neocortical slices.
Following recovery, slices were placed in a recording chamber and perfused with aCSF (3–4
ml min -1 , 31–34°C). Layer 6 and layer 2/3 pyramidal neurons in human and mouse tissue
were identified with oblique illumination or differential interference contrast microscopy. All
experiments in mouse tissue were performed in the prelimbic area of mPFC. Whole-cell patchclamp recordings were then made using standard borosilicate glass pipettes with fire-polished
tips (4.0–6.0MΩ resistance) filled with intracellular solution containing (mM): 110 Kgluconate; 10 KCl; 10 HEPES; 10 K2Phosphocreatine; 4 ATP-Mg; 0.4 GTP, biocytin 5 mg ml _1
(pH adjusted with KOH to 7.3; 280–290 mOsm). Recordings were made using MultiClamp 700
A/B amplifiers (Axon Instruments, CA, USA), sampling at 10 kHz and low-pass filtering at 3–4
kHz. Recordings were digitized with an Axon Digidata 1440A and acquired using pClamp
software (Axon). After experiments were completed, slices were stored in 4% PFA for
subsequent neuronal visualization and reconstruction as described in detail in Mohan et al
(Mohan et al., 2015).
3.2.4 Spike timing-dependent plasticity.
Spike timing-dependent plasticity experiments were performed using procedures described
previously (Couey et al., 2007; Verhoog et al., 2013). Excitatory postsynaptic potentials
(EPSPs) were evoked every 7s (0.14 Hz) using bipolar stimulating electrodes in glass pipettes
filled with aCSF positioned ~100–150 µm along the cell’s apical dendrite (Fig. 1a). Duration
(50 µs) and amplitude (40–80 µA) of extracellular stimulation were controlled by Isoflex
stimulators (A.M.P.I., Jerusalem, Israel). After obtaining a stable baseline of 30–70 EPSPs, spike
timing-dependent plasticity was induced within 15 min. of whole-cell by pairing EPSPs to a
single postsynaptic AP (50 times, 0.14 Hz, +3 to +8 ms delay), evoked by whole-cell current
injection. Timing of EPSPs and APs was controlled by a Master-8 stimulator (A.M.P.I.). The
slope of the initial 2 ms of the EPSP was taken as measure of EPSP strength. Change in synaptic
strength was defined as percent change in EPSP slope 25–35 min. after onset of pairing
relative to baseline. In case recordings lasted less than 20 min. after pairing, the whole postpairing period (415 min after pairing to end) was compared with baseline (9 out of 178
included plasticity experiments). Cell input resistance was monitored by applying a
hyperpolarizing pulse at the end of each sweep (-30 pA in mouse and human L6 neurons, -100
pA in human L2/3 neurons, 500 ms duration). After pairing, membrane potential was
returned to approximate baseline value by modest current injection. Criteria for inclusion of
recordings in STDP dataset were: (1) baseline resting membrane potential <-60 mV, (2)
smooth rise of EPSP and clear separation from stimulation artefact, (3) stable baseline EPSP
slope, (4) less than 30% change in input resistance, (5) no AP-firing evoked by extracellular
stimulation in post-pairing period. Two cases of extreme EPSP rundown (slope <20% of
baseline) were excluded from analysis.
3.2.5 Light-evoked endogenous ACh release.
Endogenous ACh release in Chat-Cre/Ai32 and Chat-ChR(N6) mice was evoked from
prefrontal cholinergic fibers with pulses of blue light (470 nm) using a DC4100 4-channel
LED-driver (Thorlabs, Newton, NJ). tLTP experiments with light-evoked endogenous ACh
release (Figure 3.2B–G) were performed in L2/3 and L6 pyramidal neurons of Chat ChR2(N6)
mice. Only L6 neurons that depolarized in response to a test pulse of blue light (10 ms
duration) were included. The same tLTP protocol as described above was used in these
experiments, with the exception that short bursts of light pulses (10 ms duration, 25 Hz) were
given before each EPSP+AP pairing (L2/3: five light pulses, starting 200 ms before; L6: 2
pulses, starting 80 ms before). In L6 pyramidal neurons, this caused the EPSP+AP pair to
approximately coincide with the peak of the light-evoked nAChR-mediated depolarization. To
test whether cholinergic fibers target dendritic nAChRs (Figure 3.4D), ChR2 was activated
along the dendrites of layer 6 pyramidal neurons of Chat-Cre/Ai32 mice using an insulated
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optic fiber (core/cladding Ø 50/125 µm) held within a glass pipette (tip Ø 150 µm). To
determine how spatially restricted ChR2 excitation was with optic fiber delivery of light, lightevoked ChR2 currents in ChR2-positive cells were recorded with the light spot at different
distances from the cell. These measurements showed that there was a steep drop off of lightinduced ChR2 currents when moving the light spot away from the cell. At 400 µm distance
from the cell, less than 10% of the ChR2 current remained (data not shown).
3.2.6 Pharmacology.
In all experiments, recording aCSF contained atropine (400 nM; Sigma-Aldrich) to block the
actions of muscarinic ACh receptors when ACh was applied, or in case of nicotine application,
to prevent muscarinic receptor activation by nicotine-induced endogenous ACh release
(Ochoa and O’Shea, 1994). This ensured only the actions of nAChRs were measured and
provided standardized background experimental conditions for both nicotine and ACh
experiments. Other bath-applied drugs were similarly dissolved in aCSF at the desired
concentration (nicotine (300nM in tLTP experiments, 10 µM in two-photon imaging
experiments; Sigma-Aldrich), ACh (1 mM; Sigma-Aldrich), Galanthamine (0.1 or 1 µM; Tocris
Bioscience), DHßE (10 µM; Tocris Bioscience)). All experiments were performed in the
absence of synaptic blockers, except the experiments with light-evoked endogenous ACh
release on L2/3 interneurons (Figure 2A, top traces), the DHßE pharmacology on L6
pyramidal neurons (Figure 3.2B), the experiments investigating dendritic expression of
nAChRs (Figure 3.4) and the DHbE pharmacology experiments on human L6 pyramidal
neurons (Figure 3.6D), where gabazine (10 µM; Tocris Bioscience) and DNQX (10 µM; Tocris
Bioscience) were included in the aCSF. In the BAPTA-tLTP Spike timing-dependent plasticity
experiments (Figure 5A,B), BAPTA (1 mM; Sigma-Aldrich) was added to the intracellular
solution.
3.2.7 Local application of nAChR agonists.
Locally applied nAChR agonists were dissolved in aCSF including atropine (400 nM), loaded
into glass pipettes and locally applied to neurons by pressure ejection. Three distinct methods
of local application were employed in this study. Local application protocol I: ACh (1mM) was
applied for 10 ms using a custom built pulse generator attached to a pressure valve. Local
application pipettes had a tip opening of ~1 mm and were positioned ~30 µm lateral from
soma. Local application protocol II: ACh (1 mM) or nicotine (10 µM) was applied by syringe
connected to a local application pipette, continuously at 30–40 mbar pressure for 10–350 s
(durations vary per experiment and are specified in main text). Local application pipettes had
a tip opening of ~2 µm and were positioned ~80 µm lateral from soma. Local application
protocol III: ACh (1mM) was applied for 10 s using a Picospritzer III (General Valve
Corporation, Fairfield, NJ). Local application pipettes had a tip opening of ~1 µm and were
positioned ~30 µm lateral from soma, or 200–300 µm away in the direction of pia, along the
apical dendrite. Local application of the fluorescent dye Alexa Fluor 488 showed that the
radius of the spread of this type of application in the slice tissue was around 40 to 50 µm. In
tLTP experiments on human L6 pyramidal neurons, neurons were categorized as nAChRpositive if the response to ACh using local application protocol I/II was larger than twice the
baseline s.d., or - in tLTP+ACh experiments- if neurons depolarized more than 2mV in the
initial phase of plasticity induction in response to local ACh application.
3.2.8 Two-photon Ca2. imaging
Fluorescent dyes Alexa Fluor 594 (80 µM; Invitrogen) and Fluo-4 (100 µM; Invitrogen) were
added to the intracellular solution to visualize morphology and measure [Ca2+], changes
respectively within the dendrites. After establishing whole-cell configuration in layer 6
pyramidal neurons, dyes were allowed to diffuse into the dendritic tree for 20 min before
imaging. Single APs or bursts of 3 APs (40 Hz) were triggered by somatic current injection (1–
2 nA) to induce back-propagating APs (bAPs). bAP-induced Ca2+ influx was assessed by the
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fluorescence change in the Fluo-4 signal relative to the corresponding constant Alexa Fluor
594 signal after background was subtracted from each signal (Meredith et al., 2007).
Fluorescence was measured using a LEICA RS2 two-photon laser scanning microscope with a
x40 (0.8 numerical aperture (NA)) or x63 (0.9 NA) water-immersion objective and a
Ti:Sapphire laser tuned to 830 nm excitation at a bidirectional scanning frequency of 8 kHz.
Line scans (500 ms duration, 8 bit signal) synchronized with AP stimulation were made at a
dendritic region of interest (ROI) 100–200 µm from soma. To assess the effect of nicotine on
dendritic bAPs in layer 6 neurons, nicotine (10 µM) was bath applied and identical stimulus
protocols and line scans were repeated. Line scans were repeated 3–6 times per stimulus
protocol per ROI and were averaged for analysis. Amplitude (mean ∆G/R within 50 ms of
(last) AP) and area (integral of trace (%∆G/R*ms) from (first) AP to end of line scan (total
window: 420 ms)) of fluorescence signal running average were calculated offline.
Fluorescence signals with >0.5%∆G/R baseline s.d. were excluded from the analysis.
3.2.9 Analysis and statistics
All raw data was analyzed using custom Matlab scripts (R2009a, MathWorks) or Clampfit 10.2.
Statistical analysis was performed using IBM SPSS statistics 21. Data were tested for normality
using the Shapiro–Wilk test. In case of a significant deviation from normal distribution, nonparametric statistical tests were used. Otherwise, the appropriate parametric statistical test as
mentioned in main text was used. In all statistical comparisons, P<0.05 was taken as level of
significance.

3.3 Results
3.3.1 Nicotine facilitates tLTP of L6 pyramidal neuron synapses.
Nicotinic ACh receptors located at presynaptic locations can alter synaptic plasticity of
glutamatergic synapses (Couey et al., 2007; Goriounova and Mansvelder, 2012; Mansvelder
and McGehee, 2000). To test whether postsynaptic nAChRs affect synaptic plasticity of
glutamatergic synapses, whole-cell recordings were made from L6 pyramidal neurons of
mouse prelimbic (PrL)-mPFC (P21–30) that express nAChRs (Figure 3.1A,B). Layer 6 was
identified under oblique illumination as a layer containing relatively densely packed neurons
with small somata at a perpendicular distance of >~650 µm from the pia. These neurons
generally had regular spiking properties (Figure 3.1B) and displayed strong inward currents
in response to a local application of ACh (1 mM, 10 ms, in presence of 400nM atropine, local
application protocol I, Methods section) aimed at the cell body (Figure 3.1B), as was shown
previously (Poorthuis et al., 2013a).
To investigate the effect of postsynaptic nAChR stimulation on long-term plasticity of
glutamatergic synapses, excitatory postsynaptic potentials (EPSPs) were evoked every 7 s by
extracellular stimulation 100–150 µm from soma along the apical dendrite (Figure 3.1A,C).
After obtaining a stable baseline measure of the EPSP waveform, EPSPs were repeatedly
paired to postsynaptic action potentials (APs) evoked by brief somatic current injection with a
delay of 3–8 ms (Figure 1C; see Methods section for more details on the spike-timingdependent long-term potentiation (tLTP) induction protocol). After pairing, EPSPs were
recorded for up to 30 min to measure changes in EPSP slope. This protocol elicits robust tLTP
in L5 pyramidal neurons of mouse PrL-mPFC (Couey et al., 2007). In L6 pyramidal neurons
however, only a mild potentiation of EPSPs was induced (Figure 1D,F,G; ΔEPSP slope:
+7±13%, n=8). To activate nAChRs, nicotine (300 nM) was washed into the bath 2 min before
and during the first 3 min of plasticity induction, which resulted in a clear postsynaptic
depolarization (4.1±1.0 mV, n=9, Figure 3.1F bottom panel). Following these conditions, a
strong lasting increase in EPSP slope was observed in response to pairing (Δslope: +65±17%,
n=9), which was significantly larger than that observed in control conditions (Figure 3.1E–G;
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Figure 3.1 Nicotinic facilitation of tLTP in L6 pyramidal neurons.
A, Biocytin reconstruction of layer 6 pyramidal neuron from coronal slice of mouse prelimbic
mPFC showing relative positions of recording and stimulating electrodes, and local application
pipette. B, Voltage responses to hyperpolarizing (-120 pA) and depolarizing (+330 pA) somatic
current injections (top traces) and current response to local application of acetylcholine (1 mM,
10 ms, bottom trace) to soma of neuron in A. C, Plasticity induction protocol. EPSPs were evoked
by extracellular stimulation 100-150 µm from soma along the apical dendrite (A). After obtaining
a baseline measure of EPSP (left trace), tLTP was induced by repeatedly pairing EPSPs to APs
(middle traces; +3 to 8 ms delay, 50 repetitions). EPSPs were then recorded for up to 30 min. to
observe changes in EPSP slope (right trace). D, Example of a tLTP experiment in control conditions
showing slope and input resistance (top and bottom panels, respectively) versus time. Grey
shading indicates time of EPSP+AP pairing, open circles represent single EPSPs, filled circles mean
of 7 EPSPs. E, As D, for a tLTP experiment where nicotine (300 nM) was bath-applied during
pairing (red bar). F, Top: Example EPSP waveforms recorded during baseline (light color) and 2025 min. after pairing (dark color), for control and nicotine tLTP experiments shown in D and E,
respectively (scale bars: 3 mV, 30 ms). Bottom: membrane potential change relative to baseline
over the course of pairing (grey shading) for STDP experiments where nicotine was applied during
pairing (average of 8 experiments, mean ± SEM in 14 s bins). G, Summary bar chart of control and
nicotine tLTP experiments, showing percentage change in EPSP slope for both conditions (mean ±
SEM; one-way ANOVA: F(1,15) = 7.242, p = 0.017).
P=0.017). Omission of the postsynaptic AP during pairing in presence of nicotine did not result
in a significant change in EPSP slope (Δslope: +11±16%, n=4; paired samples t-test, P=0.791).
These results show that in contrast to L5, acute exposure to nicotine at smoking-relevant
concentrations facilitates tLTP of layer 6 pyramidal neuron synapses.
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Figure 3.2 Endogenous ACh oppositely regulates STDP in superficial and deep
neocortical layers.
A, Top: Two examples of post-synaptic nAChR-mediated currents observed in L2/3 non-FS
interneurons in response to activation of prefrontal cholinergic fibers with a pulse of blue light
(470 nm, 100 ms). Response kinetics are consistent with a β2-nAChR-mediated current (dark blue)
and an α7-nAChR + β2-nAChR-mediated current (light blue). Scale bars: 20 pA, 500 ms.
Bottom: examples of post-synaptic responses in L2/3 pyramidal neurons to activation of
prefrontal cholinergic fibers by 2 pulses of blue light (470 nm, 10 ms, 25 Hz). Most L2/3
pyramidal neurons did not display nAChR-mediated currents (grey traces; light: single trial,
dark: average of 5 trials), but 2 out of 15 neurons tested exhibited clear post-synaptic
currents in response to light (blue traces; light: single trial, dark: average of 5 trials). Scale
bars: 3 mV, 100 ms. B, Typical post-synaptic nAChR-mediated current observed in L6
pyramidal neuron in response to activation of prefrontal cholinergic fibers by 2 pulses of blue
light (470 nm, 10 ms, 25 Hz) in aCSF conditions (blue trace), and in the presence of DHβE (10
µM, grey trace) in Chat-ChR2(N6) and Chat-Cre/Ai32 mice. Right: summary of cholinergic
response amplitudes in aCSF and in presence of DHBE, with individual experiments
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in grey and mean ± SEM in blue (n = 5 (2 animals), paired t-test, p = 0.009). Scale bars: 20pA, 200
ms. C, nAChR-EPSPs evoked in Chat-ChR2(N6) mouse layer 6 pyramidal neurons by 2 light pulses
(10 ms, 25 Hz), repeated 50 times at 0.14 Hz. Mean nAChR-EPSP of all 50 trials is superimposed in
black. Scale bars: 3 mV, 200 ms. D, tLTP induction in L2/3 pyramidal neurons. Left: Individual
components of pairing protocol and their relative timing. Right: Summary of EPSP slope and input
resistance data, normalized to baseline, for tLTP experiments in control conditions () and
experiments where EPSP+AP pairing coincided with light-evoked endogenous ACh release ().
Symbols are group mean ± SEM in 30 s bins. E, Top: Example EPSP waveforms recorded during
baseline (light color) and 20-25 min after pairing (dark color), for experiments with and without
light-evoked ACh release during pairing in L2/3 pyramidal neurons. Scale bars: 3 mV, 30 ms.
Bottom: Membrane potential at onset of EPSP over course of pairing period (grey shading),
relative to baseline (n = 12 (7 animals), mean ± SEM, 14 s bins). Scale bars: 5 mV, 2 min. F,
Summary bar chart of control tLTP experiments and tLTP experiments with light-evoked
endogenous ACh release in L2/3 pyramidal neurons, showing change in EPSP slope for both
conditions (mean ± SEM). EPSP+AP pairing with light (n = 12 (7 animals)): -7.0 ± 14.9%; EPSP+AP
pairing without light (n = 12 (8 animals)): +45.8 ± 19.6%. Independent samples t-test: p = 0.044. G,
As D, for L6 pyramidal neurons. H, As e, for L6 pyramidal neurons. I, As F, for L6 pyramidal
neurons. EPSP+AP pairing with light (n = 14 (12 animals)): Median = +27 %, IQR = 43 %; EPSP+AP
pairing without light (n = 16 (10 animals)): Median = -20 %, IQR = 60 %. Independent samples
Mann-Whitney U test: U(30) = 165, p = 0.028.
3.3.2 Endogenous ACh modulates STDP with layer specificity.
Cortical nAChRs are activated by endogenous cholinergic projections from the BF (Arroyo et
al., 2012; Bennett et al., 2012; Letzkus et al., 2011). To specifically activate cholinergic
projections we used transgenic mice that expressed channel rhodopsin (ChR2) in Chatpositive neurons (Zhao et al., 2011), which allows for light-evoked ACh release from
cholinergic terminals. We have previously shown that in L2/3, nAChRs are expressed
predominantly by interneurons and only by a small fraction of pyramidal neurons (Poorthuis
et al., 2013a). Consistent with these reports, we observed nAChR-mediated currents in
response to light in all L2/3 non-FS interneurons (10 out of 10) and in only a few L2/3
pyramidal neurons (2 out of 15; Figure 3.2A). Conversely, in L6, light-evoked responses were
observed in all pyramidal neurons. These currents were blocked by DHßE (Figure 3.2B; aCSF:
30.0±5.5 pA versus DHßE: 8.8±2.7 pA, n=5, paired t-test, P=0.009), consistent with earlier
reports that cholinergic fibers activate postsynaptic ß2-containing nAChRs in L6 pyramidal
neurons (Hay et al., 2015; Hedrick and Waters, 2015).
To test whether the layer- and cell type-specific modulation of neuronal excitability
by endogenous ACh results in layer-specific modulation of mPFC spike timing-dependent
plasticity (STDP) rules, we performed tLTP experiments in L2/3 and L6 with light evoked ACh
release during plasticity induction. BF cholinergic neurons fire in short bursts in vivo during
wakefulness (Hangya et al., 2015; Lee et al., 2005). To mimic naturalistic firing patterns of
these neurons, blue light pulses of 10 ms each were delivered at 25 Hz (Figure 3.2C), which is
within the range of natural firing frequencies of BF cholinergic neurons observed in vivo (Lee
et al., 2005). In L2/3, EPSP+AP pairing without light resulted in a robust tLTP (+46±20%,
n=12). However, endogenous ACh, released with a burst of blue light pulses preceding
EPSP.AP pairing, prevented tLTP (-7±15%, n=12; Independent samples t-test: P=0.044; Figure
3.2D–F).
In L6, activation of cholinergic fibers evoked robust nAChR-mediated EPSPs (nAChREPSPs) with limited rundown or desensitization over the course of 50 trials with a 7s trial
interval (Figure 3.2C). To investigate whether endogenous ACh could modulate tLTP, lightinduced ACh release was evoked shortly before each EPSP+AP pairing trial during plasticity
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Figure 3.3 Facilitation of tLTP in L6 depends on nAChRs with β2 and α5 subunits.
A, Schematic of recording configuration for plasticity experiments where nicotine (10 µM) was
delivered by a continuous local application aimed at somato-dendritic regions of the cell. Right
traces: examples of voltage (top) and current (bottom) responses to local application in L6
pyramidal neuron of wildtype mouse. Scale bars: 4 mV (top), 20 pA (bottom), 30 s. B, Summary of
experiments showing that in L6 pyramidal neurons of wild type mice, nicotine application during
EPSP-AP pairing induced larger tLTP than in control conditions with nicotine (One-way ANOVA:
F(1,13) = 10.129, p = 0.007; control: n = 8 (7 animals), nicotine: n = 7 (5 animals)). Left: schematics of
predominant types of nAChRs in cerebral cortex; α4β2*-nAChRs (top), α7-nAChRs (middle) and
α4β2α5*-nAChRs (bottom). Middle panels: EPSP slope (top) and input resistance (bottom) of
control () and nicotine () tLTP experiments, normalized to baseline (mean ± SEM, 30 s bins).
Right traces, top: example EPSP waveforms recorded during baseline (light color) and 20-25 min.
after pairing (dark color), from individual control and nicotine tLTP experiments (scale bars: 3 mV,
30 ms). Right traces, bottom: membrane potential change relative to baseline induced by local
nicotine application over the course of the pairing period (grey shading) for tLTP experiments
where nicotine was applied during pairing (mean ± SEM, 14 s bins). Scale bars: 5 mV, 2 min. C, As
B, for mice lacking α7-nAChRs (α7-/-). One-way ANOVA: F(1,14) = 6.418, p = 0.024; control: n = 8 (4
animals), nicotine: n = 8 (6 animals). D, As B, for mice lacking β2 subunit-containing nAChRs (β2-/). One-way ANOVA: F(1,11) = 0.316, p = 0.585; control: n = 6 (5 animals), nicotine: n = 7 (4 animals).
E, As B, for mice lacking α5 subunit-containing nAChRs (α5-/-). control: Median = 13 %, IQR = 60
%; nicotine: Median = +2 %, IQR = 40 %; Mann-Whitney U test: U(17) = 31, p = 0.884; control: n = 6
(5 animals), nicotine: n = 11 (6 animals). F, Summary bar chart of control tLTP and nicotine tLTP
experiments, showing change in EPSP slope for experiments in WT animals and the three nAChR
knock-out mouse lines tested (mean ± SEM).
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Figure 3.4 α5-nAChRs are expressed at the soma and in the dendrites of L6 pyramidal
neurons
A, Schematic of recording configurations. Left side shows where acetylcholine (1 mM) was applied
with a short local application (10 s) aimed at the apical dendrite, 200-300 µm from soma (local
application protocol III, see Methods). These experiments were done in either wild type or α5-/animals (B). Right side shows positions of the optic fiber used for localized light-induced
optogenetic release of endogenous acetylcholine along apical dendrite of layer 6 pyramidal
neurons of Chat-Cre/Ai32 mice (D). B, Examples of current responses to bath application of ACh
(top), and to a local application of ACh at the apical dendrite in wild type (middle) or α5-/- animals
(bottom), in aCSF conditions (light green) and in presence of galanthamine (1 µM, dark green).
Top and middle traces were recorded from the same neuron. Shaded areas indicate window for
calculating charge transfer (c). Top scale bars: 40 pA, 50 s. Bottom scale bars: 20 pA, 10 s. C, AChinduced charge transfer in aCSF vs. galanthamine for ACh bath application (top left panel, n = 7 (4
animals), paired t-test, p = 0.043), and dendritic application in wild type animals (top right panel, n
= 15 (9 animals), paired t-test, p = 0.002) and α5-/- animals (bottom left panel, n = 7 (4 animals),
paired t-test, p = 0.194). Individual experiments shown in grey, mean ± SEM in green. Bottom right
panel: percentage change in charge transfer induced by galanthamine in wild type and α5-/animals (mean ± SEM; independent samples t-test, p = 0.041). D,Augmentation of light-evoked
nAChR-mediated currents by galanthamine. Top traces: current responses to light-evoked ACh
release (2 pulses, 25Hz) in aCSF (light green) and in presence of galanthamine (0.1 µM, dark
green). Traces are averages of 2-3 trials. Scale bars: 40 pA, 1 s. Bottom panel: summary of
experiments showing current amplitude (mean ± SEM ) for whole field light stimulation (n = 10 (3
animals), paired t-test, p = 0.001), and light from optic fiber aimed at soma (n = 11 (3 animals),
paired t-test, p = 0.005), proximal dendrites (n = 11 (3 animals), paired t-test, p = 0.006), or distal
dendrites (n = 11 (3 animals), paired t-test, p = 0.002). Note that the whole field stimulation
response is lower than the sum of the currents from the individual cell compartments, which is
likely due to different methods of light-delivery; with whole field stimulation, blue light was
delivered through the objective of the microscope, while illumination of distinct cell
compartments was achieved through an optic fibre. The effective intensity of the light illuminating
the slice via these two methods was therefore not necessarily the same and may have resulted in
different degrees of endogenous ACh release.
induction, which caused the EPSP+AP to approximately coincide with the peak of the nAChREPSP (Fig. 3.2G). EPSP+AP pairing with coincident light-evoked ACh release resulted in tLTP
(+23±10%, n=14), which was not seen in the control group of L6 pyramidal neurons from
Chat-ChR2 mice that was not light-stimulated during pairing (Figure 3.2G–I; -7±11%, n=16
Mann–Whitney U-test, P=0.028). Altogether, these results show that brief cholinergic signals
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on naturalistic timescales (Lee et al., 2005) are sufficient to prevent tLTP of glutamatergic
synapses in L2/3 pyramidal neurons, and to facilitate tLTP in L6 pyramidal neurons. Thus,
endogenous cholinergic inputs modulate mPFC plasticity rules with layer specificity, having
opposite effects in superficial versus deep cortical layers.
3.3.3 Facilitation of tLTP in L6 requires α5 nAChR subunits.
Previous work has shown that L6 pyramidal neurons express nAChRs that contain ß2 and α5
subunits (Kassam et al., 2008; Poorthuis et al., 2013a; Tian et al., 2014). However, a small
fraction (20%) of L6 pyramidal neurons additionally express α7 nAChRs (Poorthuis et al.,
2013a). To test which type of nAChR mediates the effect of nicotine on tLTP, we made use of
three strains of nAChR-knockout mice, each lacking a specific nAChR subunit. Nicotine (10
µM) was applied locally at somato-dendritic regions of the recorded cell from onset to offset of
the pairing period (local application protocol II, Methods section), which resulted in a postsynaptic depolarization of similar magnitude during pairing as was observed on wash-in of
nicotine (Figure 3.1F and 3.3A,B; wash: 4.1±1.0 mV, n=9, versus local application: 5.1±1.2
mV, n=7). In L6 pyramidal neurons from wild-type (WT) animals, EPSP+AP pairing in the
presence of locally applied nicotine resulted in a significantly larger change in EPSP slope
(+40±11%, n=7) than in control experiments where nicotine was not applied (Figure 3.3B,F; 2 ± 8%, n=8; one-way analysis of variance (ANOVA): F(1,13)=10.129, P=0.007).
In neurons from mice lacking α7-nAChR subunits (α7-/-), the depolarization induced
by local application of nicotine during pairing was only marginally and not significantly
smaller than in WT neurons (Figure 3B,C; WT: 5.1±1.2 mV; α7-/-: 4.9±1.4 mV, n=8). In cells
lacking α7 nAChRs, the nicotinic facilitation of tLTP was not different from tLTP facilitation in
WT control cells (Figure 3.3C,F; control: +16±6%, n=8; nicotine: +46±11%, n=8; one-way
ANOVA: F(1,14)=6.418, P=0.024). In contrast, in mice lacking ß2-nAChR subunits (ß2-/-),
postsynaptic responses to nicotine were completely abolished (Figure 3.3D; depolarization
1.2±0.7 mV, n=3), confirming that ß2-containing nAChRs are indeed the principal nAChRs
mediating the postsynaptic depolarizing response to nicotine, as shown previously (Poorthuis
et al., 2013a). In the absence of ß2 subunits, the effect of nicotine on tLTP was absent as well
(Figure 3.3D,F; control: +22±8%, n=6; nicotine: +14±10%, n=7; one-way ANOVA:
F(1,11)=0.316, P=0.585), indicating that facilitation of tLTP at L6 synapses relies on ß2containing nAChRs and does not require α7-containing nAChRs.
PFC L6 pyramidal neurons also express α5 nAChR subunits (Poorthuis et al., 2013a).
The α5 subunit confers a higher Ca2+ permeability (Tapia et al., 2007) and reduced
desensitization by nicotine to the receptor (Grady et al., 2012; Kassam et al., 2008; Poorthuis
et al., 2013b). L6 pyramidal neurons of mice lacking α5-nAChR subunits (α5-/-) were still
responsive to nicotine via remaining ß2-containing nAChRs, but depolarizations were severely
reduced compared with WT animals (Figure 3.3B,E; WT: 5.1±1.2 mV, n=7; a5-/-: 2.8±0.6 mV,
n=11). Nicotine application during EPSP+AP pairing no longer led to facilitation of tLTP in
these neurons (Figure 3.3E,F; control: +5±12%, n=6; nicotine: +15±15%, n=11; Mann–
Whitney U-test, P=0.884). Altogether, these results show that ß2- and α5-containing nAChRs

mediate nicotinic facilitation of tLTP in L6 pyramidal neuron synapses.
3.3.4 α5-nAChRs are expressed at soma and dendrites of L6 neurons.
Since in the experiments above glutamatergic synaptic inputs were stimulated along the apical
dendrite, and since the facilitation of tLTP depended on α5-containing nAChRs, we wondered
whether α5-containing nAChRs are actually expressed at apical dendrites. To test this, local
applications of ACh (1 mM, 10 s) were delivered either to the soma or to the apical dendrite at
200–300 µm distance from the soma of L6 pyramidal neurons (Figure 3.4A; local application
protocol III, Methods section). With synaptic transmission blocked (gabazine (10 µM), DNQX
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Figure 3.5 Nicotine amplifies APinduced dendritic calcium signals in
L6 pyramidal neurons.
A, Summary of normalized EPSP slope (top
panel) and input resistance (bottom panel)
data of control () and nicotine () tLTP
experiments where BAPTA (1 mM) was
added in the intracellular solution. B,
Summary bar chart of tLTP experiments
with intracellular BAPTA (mean ± SEM).
One-way ANOVA: F(1,10) = .023, p = 0.882;
aCSF: n = 6 (4 animals), nicotine: n = 6 (4
animals). C, 2-photon Z-stack of a layer 6
pyramidal neuron loaded with Alexa-594.
Boxed is the line scan location for this
neuron. Scale bar: 20 µm. D, Mean
2+
waveform of dendritic Ca transients
evoked by back-propagation of single APs
in aCSF (n = 16 (7 animals); grey trace) and
in presence of bath-applied nicotine (10
µM, n = 13 (6 animals); red trace). Scale
bars: 1% ΔG/R, 100 ms. E, As D, for bursts
of APs (aCSF: n = 15 (7 animals); nicotine:
2+
n = 14 (6 animals)). Scaling as D. F, Ca
transient amplitude (mean ± SEM) in
response to single APs during baseline,
aCSF or nicotine application, and after >10
min. of wash-out. Univariate ANOVA F(1,26)
= 8.265, p = 0.008; aCSF: n = 16 (7
animals), nicotine: n = 13 (6 animals). G,
2+
As F, for the area of dendritic Ca
transient. Univariate ANOVA F(1,26) =
8.183, p = 0.008 . H, As F, for bursts of
APs. Univariate ANOVA F(1,26) = 8.847, p
= 0.006; aCSF: n = 15 (7 animals), nicotine:
n = 14 (6 animals). I, As H, for area.
Univariate ANOVA F(1,26) = 3.425, p =
0.076.
(10 µM)), ACh-induced current responses in aCSF were then compared with those measured
in the presence of bath-applied galanthamine (1 mM), which is an allosteric modulator of α5subunit containing nAChRs that potentiates their currents (Kassam et al., 2008; Kuryatov et
al., 2008; Poorthuis et al., 2013b; Samochocki et al., 2003). In line with these reports,
postsynaptic currents evoked by brief bath application of ACh (1 mM, 30 s) were significantly
larger in the presence of galanthamine than in aCSF conditions (Figure 3.4B (top traces) and
Figure 3.4C (top left panel); aCSF: 41.5±9.8x10-4C versus galanthamine: 62.8±15.4x10-4C, n=7;
P=0.044). Galanthamine amplified currents evoked by local ACh applications aimed at the
apical dendrite as well (Figure 3.4B (middle traces) and Figure 3.4C (top right panel); aCSF:
34.9±6.8x10-5C versus galanthamine: 69.1±13.1x10-5C, n=15, P=0.002). To verify whether this
amplification was truly due to galanthamine acting on α5-subunit containing nAChRs, we
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performed the same dendritic application experiments in mice lacking the α5 subunit. In these
animals, galanthamine did not significantly enhance dendritic currents (Figure 3.4B (bottom
traces) and Figure 3.4C (bottom left panel); aCSF: 29.6±9.1x10-5C versus galanthamine:
38.4±13.7x10-5C, n=7, P=0.194), and the potentiation by galanthamine was strongly and
significantly reduced (WT: +117.4±24.4% versus α5-/-: +33.6±19.0%, P=0.041), indicating
that galanthamine modulation indeed involves the α5 nAChR subunit. Altogether, these results
show that α5-containing nAChRs are expressed along the (apical) dendrites of L6 pyramidal
neurons.
To test whether dendritic α5-containing nAChRs are activated by endogenous ACh
sources in the mPFC, we used Chat-Cre/Ai32 mice that express ChR2 in chat-positive neurons
(Madisen et al., 2012) and evoked ACh release with light in control conditions and in the
presence of galanthamine (0.1 µM; Figure 4A,D). Exposing the whole slice to two pulses of
blue light (25 Hz) evoked strong inward currents, which were significantly enhanced by
galanthamine (Figure 3.4D; aCSF: 80.5±14.7pA versus galanthamine: 110.7±20.1 pA (37.4%
increase), n=10, P=0.001), indicating that cholinergic fibers in mPFC can recruit α5-containing
nAChRs. To examine whether cholinergic fibers also targeted α5-containing nAChRs in the
dendrites, we next delivered a restricted spot of blue light through an optic fiber placed at a
perpendicular angle to the neuron’s apical dendrite, for localized activation of endogenous
ACh release (Hedrick and Waters, 2015)(Figure 3.4A, Methods section). Blue light was then
delivered to apical dendrites at distinct locations along the soma-pia axis of L6 pyramidal
neurons (Figure 3.4A,D). Galanthamine significantly amplified currents evoked by light aimed
at soma (aCSF: 82.8±14.0 pA versus galanthamine: 109.9±20.5 pA (32.1% increase), n=11,
P=0.005), proximal dendrites (aCSF: 59.5±8.7 pA versus galanthamine: 79.6±13.7pA (29.2%
increase), n=11, P=0.006), and distal dendrites (aCSF: 35.5±5.6 pA versus galanthamine:
54.1±9.6 pA (54.8% increase), n=11, P=0.002). Taken together, both the local, dendritic ACh
application and the local light delivery experiments indicate that cholinergic fibers in the
mPFC can activate α5-containing nAChRs on apical dendrites of L6 pyramidal neurons.
3.3.5 nAChR activation enhances dendritic AP propagation in L6.
Induction of tLTP depends on intracellular calcium signaling (Couey et al., 2007; Nevian and
Sakmann, 2006). To investigate whether nicotinic facilitation of tLTP in L6 pyramidal neurons
depends on postsynaptic calcium signaling, we added the fast calcium chelator 1,2-bis (oaminophenoxy)ethane-N,N,N,´N-tetra acetic acid (BAPTA) (1mM) to the intracellular medium
of the recording electrode and tested its effect on L6 tLTP. In the presence of intracellular
BAPTA, no tLTP was induced either in control conditions (+8±13%, n=6) or in the presence of
nicotine during EPSP-AP pairing (Figure 3.5A,B; 5±16%, n=6; F(1,10)=0.023, P=0.882). These
findings show that in L6 pyramidal neurons, tLTP and its facilitation by postsynaptic nAChRs
depend on postsynaptic calcium signaling.
When α5-containing nAChRs are activated, they depolarize the cell membrane
potential (Figs 1 and 3). Since α5-containing nAChRs are expressed along the apical dendrite
and they enhance tLTP of glutamatergic synapses, activation of α5-containing nAChRs may
facilitate AP propagation along dendrites and increase dendritic calcium influx. To test
whether nicotine affects dendritic AP propagation, we investigated dendritic calcium signaling
using two-photon calcium imaging. L6 pyramidal neurons were loaded with Alexa 594 (80
µM) to visualize neuronal morphology and the calcium indicator Fluo-4 (100 µM) to measure
changes in dendritic calcium levels. Sections of primary apical dendrites were line scanned at
a distance of 100–150 µm away from the soma towards pia (Figure 3.5C) before, during and
after nicotine application. To control for possible bleaching of the calcium indicator as a result
of repeated line scanning, control experiments were performed, in which aCSF was washed-in
instead of nicotine. Baseline dendritic calcium levels did not change significantly more in
response to nicotine wash-in than aCSF (Median change nicotine: +0.53%, interquartile
range=1.33%; Median change aCSF: 0.21%, interquartile range=2.49%, independent samples
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Figure 3.6 Functional nAChR distribution in human frontal and temporal cortex.
A, Example reconstructions of biocytin labeled human L2/3 and L6 pyramidal neuron (obtained
from two different patients). B, Example of the voltage response of human L2/3 pyramidal
neuron to local application of ACh (1 mM, 30 s; green bar). Scale bar: 3 mV. C, Examples of voltage
responses obtained from different human L6 pyramidal neurons to a local application of ACh. Top
inset: magnification of initial segment of AP-firing response. Scale bar: 30 mV (top trace) and 3 mV
(middle and bottom trace). D, Pharmacology of human ACh-induced currents. Left traces: current
responses to local ACh application recorded from one neuron in aCSF (top trace), in presence of
DHβE (middle trace), and after >15 min. wash-out of DHβE (bottom trace). Scale bar: 40 pA. Right
panel: amplitude of ACh-induced inward currents in control aCSF, in presence of DHβE, and after
wash-out, for individual experiments (grey) and sample mean (green, mean ± SEM). Repeatedmeasures ANOVA: F(2,10) = 6.675, p = 0.014; n = 6 (2 patients). E, Cumulative distribution of nAChRmediated postsynaptic potential (PSP) amplitudes recorded in L6 pyramidal neurons of smoking
patients (green; n = 14 (3 patients)) and non-smoking patients (grey; n = 67 (17 patients)). Note
the shift to higher response amplitudes in brains of smokers, consistent with increased surface
expression of nAChRs.
Mann–Whitney U-test: U(32)=118, P=0.719). However, in presence of nicotine, fluorescence
transients following AP back-propagation were increased compared with aCSF, having both a
greater amplitude (Figure 3.5D,F; nicotine: 0.83±0.11%∆G/R, n=13; aCSF: 0.41±0.10%∆G/R,
n=16; P=0.008) and larger area (Figure 3.5D,G, P=0.008). Fluorescence transients following
bursts of somatic APs were increased in amplitude (Figure 3.5E,H; nicotine:
1.95±0.13%∆G/R, n=15; aCSF: 1.39±0.14%∆G/R, n=14, P=0.006), but not in area (Figure
3.5E,I; P=0.076). These results show that activation of nAChRs in L6 pyramidal neuron
dendrites amplify dendritic calcium signals associated with dendritic AP propagation. Since
61

Chapter 3
dendritic calcium signaling is required for tLTP induction, enhanced dendritic calcium signals
are likely the mechanism underlying the nicotine-induced facilitation of tLTP.
3.3.6 nAChR distribution in human frontal and temporal cortex.
Do any of the mechanisms of nicotinic modulation of tLTP occur in the neocortex of the human
brain? The laminar pattern of nAChR modulation of mouse cortical pyramidal neurons has
now been reported in many cortical areas, including prefrontal, motor, entorhinal and visual
cortex (Hedrick and Waters, 2015; Poorthuis et al., 2013a; Tian et al., 2014; Tu et al., 2009),
showing that nAChRs more strongly excite pyramidal neurons of the deeper layers (L6
mostly) than those of the superficial layers. Autoradiography studies have shown a laminar
distribution of nAChRs in human cortex as well (Sihver et al., 1998), but until now only cortical
interneurons of the human frontal and temporal cortex were shown to express functional α7
containing and ß2-containing nAChRs (Albuquerque et al., 2000; Alkondon et al., 2000). To
test whether human cortical pyramidal neurons share a similar nAChR expression profile to
rodents, we recorded from L2/3 and L6 pyramidal neurons (Figure 3.6A) of human frontal
and temporal cortex tissue resected during epilepsy surgery (Verhoog et al., 2013)(see
Methods section and Table 1) and tested them for nAChR expression using direct applications
of ACh (1 mM, >20 s; local application protocol II, in the presence of atropine) aimed at
somato-dendritic regions of the cell (Figure 3.6B). In L2/3, none of the recorded pyramidal
neurons responded to ACh (0 out of 6 cells; Figure 3.6A,B), similar to mouse L2/3 pyramidal
neurons (Poorthuis et al., 2013a). In L6, however, a subset of pyramidal neurons responded to
ACh, with responses varying from modest 2–3mV depolarizations to suprathreshold AP firing
(Figure 3.6A,C). The corresponding inward currents in response to ACh application were
sensitive to the ß2-containing nAChR antagonist DHßE (Figure 3.6D), similar to mouse cortex
(Poorthuis et al., 2013a). These results suggest a similar laminar expression profile of nAChRs
by pyramidal neurons as observed in the mouse brain.
Autoradiography studies have shown that nAChR expression depends on a person’s
smoking history (Benwell et al., 1988; Breese et al., 1997; Perry et al., 1999); smoking
increases nAChR levels in the brain, and after quitting smoking these return to pre-smoking
levels (Benwell et al., 1988; Perry et al., 1999). It is however not known whether the upregulation of nAChRs in smokers in fact leads to increased surface expression of nAChRs. To
investigate this, we compared the data obtained from patients who smoked with that of nonsmokers, pooling ex-smokers in our patient sample (three patients, all ≥2 years of abstinence)
with non-smokers. We found that in smokers, the distribution of nAChR-mediated
postsynaptic potentials was significantly shifted towards higher amplitudes (non-smokers:
n=67 (seventeen patients); smokers: n=14 (three patients); Kolmogorov-Smirnov test:
P=0.004, Figure 3.6E). This suggests that the increased abundance of nAChRs found in the
brains of smokers, particularly in cortical L6, indeed leads to increased surface expression of
functional nAChRs by pyramidal neurons in this layer.
3.3.7 Layer-specific modulation of tLTP in human cortex by nAChRs.
To test whether the laminar expression of nAChRs in human neocortex translates into layerspecific nicotinic modulation of synaptic plasticity, similar to mouse PFC, we performed tLTP
experiments in L2/3 and L6 of human temporal and frontal cortex. In L2/3 pyramidal
neurons, wash-in of ACh (1 mM, in presence of atropine (400 nM)) during pairing resulted in a
complete blockade of tLTP compared with control conditions (Figure 3.7A,B,D; ∆slope ACh: 5±11%, n=9; ∆slope aCSF: +44±16%, n=8; one-way ANOVA, P=0.019). These results indicate
that tLTP is blocked by nAChR activation in cortical pyramidal neurons of superficial cortical
layers, similar to L2/3 and L5 pyramidal neurons in mice (Couey et al., 2007; Goriounova and
Mansvelder, 2012). In mouse L5, nicotine increased the threshold for tLTP by activation of
presynaptic interneurons and correspondingly, L5 neurons displayed a mild
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Figure 3.7 Modulation of synaptic plasticity by nAChRs in human neocortex is layerspecific.
A, Summary of tLTP experiments in human L2/3 pyramidal neurons in control conditions () and
experiments where ACh was present in the bath during pairing (). Control: n = 8 (6 patients),
Ach: n = 9 (6 patients). B, Top right traces: Example EPSP waveforms recorded during baseline
(light color) and 20-25 min. after pairing (dark color), for tLTP experiments with and without ACh
present in bath during pairing. Scale bars: 3 mV, 30 ms. C, Membrane potential change over
course of pairing period (grey shading) relative to baseline for experiments where ACh was
washed-in during pairing (mean ± SEM, 14 s bins). Scale bars: 5 mV, 2 min. D, Summary bar chart
showing change in EPSP slope of control tLTP and ACh tLTP experiments in human L2/3 neurons
(mean ± SEM). One-way ANOVA: F(1,15) = 6.857, p = 0.019; control: n = 8 (6 patients), Ach: n = 9 (6
patients). E-H, As A-D, for nAChR-bearing human L6 pyramidal neurons. In these experiments, ACh
was applied using a continuous local application aimed at somato-dendritic regions of the neuron,
from onset to offset of pairing period. One-way ANOVA: F(1,11) = 5.72, p = 0.036; control: n = 7 (7
patients), Ach: n = 6 (4 patients).
hyperpolarization of the resting membrane potential following nicotine application (Couey et
al., 2007). In contrast to mouse L5 neurons, human L2/3 pyramidal neurons slowly
depolarized with bath-application of ACh (Figure 3.7C; 2.5±0.4 mV, n=9), suggesting that
distinct mechanisms may be involved in nAChR modulation of tLTP in human L2/3 pyramidal
neurons.
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Finally, we tested whether tLTP in human L6 pyramidal neurons is subject to
modulation by nAChRs by performing plasticity experiments in the subpopulation of nAChRexpressing L6 pyramidal neurons. In control conditions, no tLTP was observed on average
(Figure 3.7E,F,H; ∆slope: -8±5%, n=7). Local application of ACh during pairing, which led to a
modest but lasting depolarization (Figure 3.7G; 2.9±1.7 mV, n=6), resulted in an increase of
EPSP slope (∆slope: +30.3±16.6%, n=6) significantly larger than observed in control
conditions (Figure 3.7E,F,H; one-way ANOVA, P=0.036). Altogether, these results show that
the laminar excitation of pyramidal neurons by nAChRs supports layer-specific modulation of
human cortical STDP rules.

3.4 Discussion
In this study, we addressed the question whether endogenously released ACh controls
plasticity of glutamatergic synapses in a layer-specific manner and what the underlying
mechanisms are. We found that (1) in contrast to a suppression of plasticity in layer 5 (ref.
(Couey et al., 2007)), postsynaptic ß2 and α5 subunit-containing nAChRs expressed by PFC L6
pyramidal neurons facilitate LTP of glutamatergic synapse strength. (2) Endogenous release of
ACh can modulate cortical plasticity rules in a layer-dependent manner: tLTP is facilitated in
L6 pyramidal neurons, but is suppressed in L2/3 pyramidal neurons. (3) α5 subunitcontaining nAChRs are expressed at L6 pyramidal neuron dendrites, are activated by
endogenous ACh and increase dendritic calcium influx and AP propagation, which is required
for synaptic potentiation in these neurons. (4) In adult human neocortex, nAChRs are also
expressed in a layer-dependent fashion in pyramidal neurons. (5) Similar mechanisms that
result in layer specific control of synaptic plasticity by nAChRs in mouse PFC also generate
layer-specific modulation of synaptic potentiation in human neocortex. Together, these results
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show that the innervation of the prefrontal cortex by BF cholinergic neurons and the layerdependent expression of nAChRs result in a layer specific control of synaptic plasticity by
endogenous ACh. This functional organization of the cortical cholinergic input system is most
likely also in place in the adult human neocortex (Poorthuis et al., 2009).
Presynaptic nAChRs located on glutamatergic synaptic terminals have been wellknown to directly modulate excitatory transmission and plasticity in several brain areas (Ge
and Dani, 2005; Genzen and McGehee, 2003; Gray et al., 1996; Jones and Wonnacott, 2004;
Mansvelder and McGehee, 2000; McGehee et al., 1995). In L5 of the PFC, presynaptic non- α7
nAChRs located on GABAergic interneurons alter synaptic plasticity of glutamatergic synapses
on pyramidal neurons by reducing dendritic calcium influx during dendritic AP propagation
(Couey et al., 2007; Goriounova and Mansvelder, 2012). In mouse hippocampus, timingdependent plasticity can be modulated through a similar recruitment of inhibition by
presynaptic nAChRs (Ji et al., 2001). nAChR activity could bi-directionally modulate plasticity,
and the sign of synaptic change was critically dependent on the timing and localization of
nAChR activation. Stimulating α7-subunit-containing nAChRs with a local application of ACh to
dendritic regions of the cell during plasticity induction boosts short-term into long-term
plasticity (Ge and Dani, 2005; Ji et al., 2001). If however, neighboring interneurons were
activated by nAChRs, the same protocol could no longer induce plasticity (Ji et al., 2001). In
deep layers of the entorhinal cortex, stimulation of non- α7 nAChRs also boosted short-term to
LTP (Tu et al., 2009), but neither mechanisms nor nAChR locations were identified. Here, we
find that in PFC L6, dendritically located heteromeric nAChRs containing ß2 and α5 subunits
strongly augment synaptic potentiation of glutamatergic synapses by increasing dendritic
calcium influx during dendritic AP propagation. Thus, in different layers of the PFC, dendritic
calcium influx in pyramidal neurons is oppositely regulated by endogenous activation of
nAChRs either located on the dendrites themselves, in the case of L6 pyramidal neurons, or on
presynaptic GABAergic interneurons, in the case of the L5 circuitry. Given that in the mouse
and human PFC L2/3 pyramidal neurons typically do not express nAChRs, in contrast to L2/3
interneurons (Alkondon et al., 2000; Poorthuis et al., 2013a), activating cholinergic fibers in
L2/3 most likely increases interneuron activity and inhibition of L2/3 pyramidal neuron
dendrites, thereby inhibiting LTP, similar to L5.
In a study of the dendritic properties of L6 pyramidal neurons of rat somatosensory
cortex, it was found that the amplitude of back-propagating APs in apical dendrites of L6
neurons is particularly sensitive to the dendritic resting membrane potential (Ledergerber
and Larkum, 2010) In light of this, our finding that L6 pyramidal neurons express the tLTPfacilitating nAChRs along their dendrites is interesting, as dendritic nAChRs may well
represent a source for such dendritic depolarizations, thereby acting as a physiological on/off
switch for bAP enhancement and the induction of tLTP. Note that since the depolarization
observed in α5-/- animals in response to local application of ACh in dendritic regions is quite
similar to that observed in WT animals (Figure 3.4C), bAP-induced calcium signaling may be
similarly amplified in α5-/- animals. In that case, increased calcium influx through the α5nAChRs expressed by WT animals may act to boost LTP directly.
In the PFC, L6 pyramidal neurons receive fast synaptic cholinergic transmission, but
mediated by non- α7 nAChR containing ß2 and possibly also α5 subunits (Hay et al., 2015). We
found here that optogenetic release of ACh at somatic, proximal dendritic and distal dendritic
locations activates nAChRs with ß2 and α5 subunits that enhance synaptic plasticity. Thus,
glutamatergic synaptic plasticity may be augmented by fast cholinergic synapses on L6
pyramidal neurons. Given that distinct BF nuclei may preferentially target either superficial or
deep layers of the PFC (Bloem et al., 2014), L1 and L2/3 interneurons may be innervated by a
different population of BF cholinergic neurons than L6 pyramidal neurons. With the layerspecific and neuron-type specific distribution of nAChRs in the PFC (Poorthuis et al., 2013a)
that can take part in fast synaptic cholinergic transmission (Arroyo et al., 2014; Hay et al.,
2015), a spatially detailed and millisecond scale temporal control of PFC glutamatergic and
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GABAergic signaling and plasticity by the BF cholinergic system is possible.
Although the human neocortex shows structural similarities to the rodent neocortex,
many striking differences in cellular and synaptic structure and function have been uncovered
in recent years (Mohan et al., 2015; Molnár et al., 2008; Oberheim et al., 2009; Testa-Silva et
al., 2014; Verhoog et al., 2013). Very little is known about whether cholinergic control of
cortical processing in the human brain occurs through similar mechanisms as found in the
rodent brain. In electron micrographs of the human temporal cortex, 67% of all varicosities on
cholinergic axons formed identifiable synaptic specializations on spiny dendrites or spines
(Smiley et al., 1997), which may suggest that fast cholinergic signaling could exist in human
neocortex as well. Nicotinic AChRs are abundantly expressed in the human neocortex
(Benwell, 1985; Breese et al., 1997; Perry et al., 1999; Sihver et al., 1998) and show a laminar
distribution with the most dense staining in deep layers (Perry et al., 1999; Sihver et al., 1998).
Cortical interneurons of human frontal and temporal cortex were shown to express functional
α7-containing and ß2-containing nAChRs (Albuquerque et al., 2000; Alkondon et al., 2000),
but whether human pyramidal neurons express functional nAChRs was not known. We found
here that similar to mouse PFC, nAChR expression in human pyramidal is layer-dependent. In
response to local ACh application, pyramidal neurons in L2/3 did not show nAChR currents,
whereas a substantial subset of L6 pyramidal neurons showed prominent inward currents
carried by non- α7 nAChRs. Most likely, this layer-specific pattern of nAChR expression
underlies the distinct effects of nAChR activation on glutamatergic synaptic plasticity in the
human neocortex: suppression in superficial layer pyramidal neurons and augmentation in L6,
similar to mouse PFC.
In tLTP experiments in human cortex where ACh was applied during plasticity
induction, a reduction in EPSP slope was observed in the first minutes after EPSP+AP pairing
(Figure 3.7A,E). It is known that in mice, nicotine enhances spontaneous and evoked
inhibitory synaptic transmission to L5 pyramidal neurons. The apparent reduction in EPSP
amplitude observed during recovery from exposure to ACh may therefore follow from such
changes in inhibition/excitation ratio of PSPs evoked by extracellular stimulation. This
reduction was most prominent in L2/3 pyramidal neurons; increased inhibition by ACh may
therefore underlie the blockade of tLTP in these neurons, as was shown to be the case in
mouse L5 pyramidal neurons (Couey et al., 2007).
Layer 6 has a prominent role in cortical function. In visual area V1, layer 6 controls
the gain of visually evoked activity in neurons of the upper layers (Olsen et al., 2012). This
gain modulation depends on intracortical projections from L6 pyramidal neurons to
superficial layers as well as projections to the thalamus (Olsen et al., 2012; Vélez-Fort and
Margrie, 2012; Vélez-Fort et al., 2014). PFC L6 pyramidal cells also connect to thalamic nuclei
(Gabbott et al., 2005) and play a role in attention and top–down control (Proulx et al., 2014).
How glutamatergic synaptic plasticity in L5 and L6 relates to attention performance and topdown control in mice is not understood at this point. Nevertheless, fast ACh signaling in the
PFC at sub-second time scales relevant for nAChR activation during attending and detecting
sensory cues (Parikh et al., 2007) is directly involved in cognitive processing and mediates a
shift from monitoring for cues towards the generation of a cue-directed response (Howe et al.,
2013). It is likely these cognitive processes depend on a balanced laminar control of PFC
function by ACh.
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Chapter 4

Abstract
A variety of inhibitory pathways encompassing different interneuron types shape activity of
neocortical pyramidal neurons. While Basket cells (BCs) mediate fast lateral inhibition
between pyramidal neurons, Somatostatin-positive Martinotti cells (MCs) mediate a delayed
form of lateral inhibition. Neocortical circuits are under control of acetylcholine, which is
crucial for cortical function and cognition. How cholinergic inputs affect cortical lateral
inhibition is not known. Here, we find that cholinergic inputs selectively augment and speed
up lateral inhibition between pyramidal neurons mediated by MCs, but not by BCs.
Optogenetically-activated cholinergic inputs depolarize MCs through activation of ß2 subunitcontaining nicotinic AChRs, not muscarinic AChRs, without affecting glutamatergic inputs to
MCs. We find that these mechanisms are conserved in human neocortex. Cholinergic inputs
thus enable cortical pyramidal neurons to recruit more MCs, and can thereby dynamically
highlight specific circuit motifs, favoring MC-mediated pathways over BC-mediated pathways.

4.1 Introduction
Inhibition of pyramidal neurons by GABAergic interneurons is essential for cortical
computation. Several circuit motifs have been identified by which interneurons shape
cortical signal propagation, among which are feedforward inhibition, feedback inhibition and
disinhibition (Fino et al., 2013; Tremblay et al., 2016) . In each of these motifs, several distinct
types of interneurons can be involved. For instance, lateral inhibition, a form of feedback
inhibition generated by activity in local circuits of pyramidal neurons and interneurons, can be
mediated by parvalbumin (PV)-positive fast-spiking basket cells as well as somatostatin
(SOM)-positive interneurons (Kapfer et al., 2007; Pouille and Scanziani, 2004; Silberberg and
Markram, 2007). Because of the profound difference in projection targets on pyramidal
neuron dendrites between PV and SOM axons, whereby PV neurons innervate perisomatic
regions and SOM neurons generally target distal dendrites, lateral inhibition by PV neurons
may be more involved in rapidly silencing action potential firing in neighboring pyramidal
neurons, while lateral inhibition through SOM neurons will control synaptic integration, burst
firing and dendritic regenerative phenomena (Gentet et al., 2012; Gidon and Segev, 2012;
Pouille and Scanziani, 2004; Tremblay et al., 2016). What the precise impact will be of lateral
inhibition by a given interneuron type at any point in time will depend among other things on
neuromodulatory conditions, but this is poorly understood. Both PV and SOM interneurons
are modulated by various neurotransmitters and in particular SOM interneurons are strongly
modulated by acetylcholine (Beierlein et al., 2000; Chen et al., 2015; Couey et al., 2007;
Fanselow et al., 2008; Poorthuis et al., 2013a; Xu et al., 2013). The cortex receives cholinergic
inputs mainly from the basal forebrain (Bloem et al., 2014; Do et al., 2016). How cholinergic
inputs affect lateral inhibition is not known. It is also not known whether lateral inhibition
between pyramidal neurons exists in human neocortical circuits. Here, we address these
issues. Both PV-positive basket cells (BCs) and SOM-positive Martinotti cells (MCs) form
disynaptic inhibitory microcircuits with pyramidal neurons that enable them to alter activity
of surrounding pyramidal cells (Berger et al., 2009; Silberberg and Markram, 2007). A single
pyramidal cell can activate BCs and MCs when spiking at high frequencies, which in turn leads
to lateral inhibition of neighboring pyramidal cells (Silberberg and Markram, 2007). Whereas
only a subgroup of BCs show a response to acetylcholine, it induces strong action potential
firing in MCs via both muscarinic and nicotinic acetylcholine receptors (Beierlein et al., 2000;
Couey et al., 2007; Fanselow et al., 2008; Poorthuis et al., 2013a; Xu et al., 2013), which has
been implied to be involved in cholinergic modulation of cortical function (Demars and
Morishita, 2014; Fanselow et al., 2008; Hasselmo and Sarter, 2011; Kawaguchi and Kubota,
1997). Here, we investigate the mechanisms by which cholinergic inputs from the basal
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forebrain affect fast and delayed disynaptic inhibition between pyramidal cells (PCs). In
simultaneous recordings from synaptically connected neocortical neurons we find that only
delayed lateral inhibition via MCs is modulated by cholinergic inputs, while fast lateral
inhibition via BCs is not. We demonstrate that somatic depolarization of MCs, rather than
changes in synaptic strength, induced by endogenously released ACh from basal forebrain
projections augments lateral inhibition in both supragranular and infragranular layers in both
the medial prefrontal cortex (mPFC) and the somatosensory cortex. In addition, we show that
lateral inhibition is evolutionary conserved in the human neocortex and is facilitated by ACh
through similar mechanisms.

4.2 Methods
4.2.1 Mouse brain slice preparation
Coronal medial prefrontal cortex (mPFC) or parasagittal somatosensory (S1) slices were
prepared from P14-25 male or female C57Bl/6 mice, Gin mice [FVBTg(GadGFP)45704Swn/J
from the Jackson Laboratory] (Ma et al., 2006) or the F1 of matings between Gin mice with
Chat-Chr2-EYFP mice [B6.Cg-Tg(Chat-COP4*H134R/EYFP)6Gfng/J from the Jackson
Laboratory (Jax, USA). Following decapitation, the brain was carefully removed from the skull
and maintained and sliced in carbogen buffered (95 % O2, 5 % CO2 at pH 7.4) ice cold slicing
solution containing (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 7 MgSO4, 0.5 CaCl2, 26 NaHCO3,
and 10 glucose. Acute brain slices (350 µm) were incubated for one minute at 34°C in NMethyl-D-glucamin solution (NMDG solution; in mM: NMDG 93, KCl 2.5, NaH2PO4 1.2,
NaHCO3 30, HEPES 20, Glucose 25, NAC 12, Sodium ascorbate 5, Sodium pyruvate 3, MgSO4
10, CaCl2 0.5, at pH 7.4 adjusted with 10M HCl). For recovery, slices were maintained at room
temperature in artificial cerebrospinal fluid (aCSF) containing (in mM) 125 NaCl, 3 KCl, 1.25
NaH2PO4, 1 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 glucose in a holding chamber for at least one
hour prior to recordings.
4.2.2 Human brain slice preparation
All performed procedures on human tissue were in line with the Dutch license procedures and
the declaration of Helsinki and approved by the Medical Ethical Committee of the VU
University Medical Centre. To reach deeper brain regions for surgical treatment, human
anterior and medial temporal cortex had to be removed. For this study, we obtained tissue
from the temporal lobe from five patients (3 females, 2 males, aged 32-52 years) with written
informed consent. The dissected temporal tissue showed no abnormalities on preoperative
MRI and was classified by neuropathologists as non-pathological. All patients were diagnosed
with meso-temporal epilepsia and had mild to severe forms of epilepsy.
Slice preparation from human brain tissue followed the same procedures as
described previously (Eyal et al., 2016; Mohan et al., 2015; Testa-Silva et al., 2010, 2014,
Verhoog et al., 2013, 2016). Resected cortical tissue blocks from the temporal cortex were
transported and sliced in ice-cold choline slicing solution containing (in mM): 110 choline
chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium ascorbate, 7 MgCl2, 3.1 sodium pyruvate, 2.5
KCl, 1.25 NaH2PO4 and 0.5 CaCl2. The slice preparation started maximal 10 minutes after the
tissue resection. Human cortical slices with a thickness of 350 µm were prepared and
transferred to a holding chamber with aCSF for 30 min at 34 °C. Subsequently the slices were
incubated for recovery at room temperature for at least one hour before starting recordings.
The recordings were performed in aCSF at 32°C and a flowrate of 2-3ml per minute.
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4.2.3 Electrophysiology
Simultaneous whole cell recordings from up to four connected pyramidal (PC) and Martinotti
cells (MCs) in L5 of the mPFC or L2/3 of the somatosensory cortex (S1) or slices from the
human temporal cortex were made in oxygenated aCSF (flow rate of 3-4ml/min, 32°C). For
recordings, borosilicate glass pipettes (3-6 MΩ) filled with a potassium based internal solution
(in mM): K-gluconate 135, NaCl 4, Hepes 10, Mg-ATP 2,K2Phos 10, GTP 0.3, EGTA 0.2 were
used. The recorded values were not corrected for junction potential. The estimated junction
potential is 16.3 mV. Pyramidal neurons were identified under the DIC by the typical triangle
shape and following untargeted patch by their spiking profile. MCs were identified in the GIN
mice by expression of GFP (Ma et al., 2006), spike profile and bipolar morphology. We
minimized the exposure to blue light to avoid long lasting activation of ChR2 and let the tissue
recover for at least 5 minutes before recording. In recordings without MCs, there was no
exposure to blue light preceding the recordings. During recordings, PC and MCs were kept at
holding membrane potentials close to -60 mV. To quantify disynaptic or monosynaptic
connections, presynaptic neurons were injected with 2nA pulses of 2 ms to evoke a train of 15
APs at a frequency of 100Hz with an inter-train interval of 7s. Following electrical stimulation
in 23.36% and in 0.4% of the recordings were respectively delayed disynaptic inhibitory loops
or fast disynaptic inhibitory loops observed between layer 5 pyramidal neurons. Fifteen APs
per train were also used for experiments where presynaptic cells were stimulated to fire AP
trains at different frequencies. In multiple cell recordings, each cell was stimulated with an
interval of 60s in an alternating manner. The postsynaptic excitatory or inhibitory response
were analyzed and quantified by averaging 5-20 traces. Amplitudes were calculated as the
difference between the peak value and the average baseline of 100 ms before the stimulation
onset. The onset latency was calculated from the start of the stimulation in the pre-synaptic
cell to the threshold of the response at 20% of the maximum amplitude, response duration
was calculated as the time difference between the onset threshold and the offset threshold at
20% of the maximal amplitude.
4.2.4 Optogenetically evoked endogenous acetylcholine release
In Gin/Chat-ChR2-EYFP-crossed mice, cholinergic fibers were stimulated by blue light
activation of channelrhodopsin (ChR2) (five light pulses, 470 nm, @ 25 Hz) using a DC4100 4channel LED-driver (Thorlabs, Newton, NJ) or a Fluorescence lamp (X-Cite Series 120q, Lumen
Dynamics). In experiments where light stimulation was combined with presynaptic electrical
stimulation the first light pulse started 100 ms before the first AP in the presynaptic neuron.
The pre-synaptic stimulation was either with light off or with light on, alternating with 60 s
interval. In some experiments we observed feedforward inhibitory responses by blue light, as
was reported previously (Arroyo et al., 2012). These recordings were excluded from analysis.
In layer 5, we sometimes observed feedforward excitatory responses by blue light, which was
prevented by reducing the field of illumination.
4.2.5 Pharmacology
All drugs used were dissolved in aCSF at the final concentration and bath applied during the
experiments. Drug concentrations used were: acetylcholine (1 mM, Sigma-Aldrich), atropine
(400nM; Sigma-Aldrich), DHßE (10µM; Tocris Bioscience). All experiments were performed
without application of synaptic blockers.
4.2.6 Cluster analysis
To distinguish between fast and delayed lateral inhibition a K-means cluster analyses were
performed using MATLAB (R2017b). The clusters were formed based on the data “Delay” and
“Time to peak”(fig S1).
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4.2.7 Analysis and statistics
Raw data was analyzed using Clampfit 10.4. or custom-written Igor Pro scripts (Igor Pro 7
waveMetrics). The junction potential was calculated using pCLAMP (version 10.7.0.).
Statistical analysis was performed using Prism 6 (GraphPad software). The D´AgostinoPearson omnibus normality test was used to investigate whether the data was normally
distributed. Statistical tests used to evaluate the data are mentioned in the figure legends, data
shown are mean±sem, and p<0.05 was taken as level of significance.

4.3 Results
4.3.1 Delayed lateral inhibition is selectively enhanced by basal forebrain cholinergic
inputs.
Pyramidal neurons in the neocortex can inhibit neighboring pyramidal cells (PCs) by
feedforward activation of inhibitory interneurons (Berger et al., 2009; Silberberg and
Markram, 2007). This process of disynaptic inhibition has been observed in several cortical
areas and in different cortical layers (Kapfer et al., 2007; Tremblay et al., 2016). As the
majority of interneurons in the cortex express acetylcholine receptors (AChRs) (Christophe et
al., 2002; Couey et al., 2007; Gulledge et al., 2007; Poorthuis et al., 2013a; Porter et al., 1999;
Rudy et al., 2011), we tested whether acetylcholinergic (ACh) inputs that come mainly from
the basal forebrain (BF) modulate disynaptic lateral inhibition between pyramidal neurons.
We recorded from up to four pyramidal cells simultaneously in layer 2/3 (L2/3) or L5 in acute
brain slices of the mPFC or the somatosensory cortex (Fig. 4.1A). To recruit disynaptic
inhibitory loops, presynaptic pyramidal cells (Pre-PC) were triggered to fire 15 action
potentials (APs) at 100 Hz, which induced stereotypic fast or delayed inhibitory postsynaptic
responses (IPSPs) in pyramidal cells (Post-PC), as reported by Silberberg et al. (Silberberg and
Markram, 2007) and Kapfer et al. (Kapfer et al., 2007) (Fig. 4.1B–D, Pre-PC and Post-PC
traces). Fast and delayed inhibitory responses were identified with K-means cluster analysis
on onset latency and latency to peak (Supplementary Figure 4.1). Cholinergic projections
were stimulated optogenetically by blue light activation of channelrhodopsin (ChR2)
expressed by ChAT positive neurons (see Methods). Since cholinergic neurons of the basal
forebrain fire in bursts during wakefulness (Hay et al., 2015; Lee et al., 2005), and to
approximate physiologically relevant rates of ACh release, we used five blue light pulses with a
frequency of 25 Hz to release endogenous ACh. Previous results showed that optogenetically
released ACh can induce feedforward inhibitory responses in pyramidal neurons (Arroyo et
al., 2012). In a few cases, we also observed feedforward inhibitory events following
optogenetically triggered ACh release. These recordings were excluded from analysis. One
hundred milliseconds after the first blue light stimulus, the Pre-PC cells were triggered to fire
15 APs with a frequency of 100 Hz (Fig. 4.1B). Optogenetic activation of cholinergic inputs
resulted in a shorter onset latency of delayed, but not fast disynaptic IPSPs in postsynaptic L5
pyramidal cells of the mPFC (Fig. 4.1C, D). Furthermore, optogenetic stimulation of
cholinergic inputs altered the kinetics of delayed disynaptic inhibition, increasing both the
time course (Fig. 4.1C, E) and the amplitude (Fig. 4.1C, E) of delayed disynaptic IPSPs. In
contrast, cholinergic inputs did not affect the duration (Fig. 4.1D, F) or amplitude (Fig. 4.1D,
F) of fast disynaptic inhibition. In L2/3 of the primary sensory cortex (S1) we observed
qualitatively and quantitatively similar modulation of delayed disynaptic IPSPs following
optogenetic activation of cholinergic projections (see Supplementary Figure 4.2 below). This
shows that cholinergic inputs to the neocortex modulate delayed but not fast lateral inhibition
between pyramidal neurons.
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Figure 4.1 Cholinergic inputs selectively enhance delayed lateral inhibition.
A, Digital reconstruction of two Biocytin-filled layer 5 (L5) pyramidal neurons in coronal slices of
the mouse medial prefrontal cortex (mPFC). B, Example trace of APs induced in a presynaptic L5
pyramidal neuron (Pre-PC). Gray trace: the Pre-PC cell is stimulated to fire 15 APs at 100 Hz. The
presynaptic AP train coincides with optogenetic activation of ChR2-expressing cholinergic fibers
with five short blue light flashes at 25 Hz, 100 ms preceding the first AP (blue bars). C, Example
trace of a delayed disynaptic inhibitory response in the postsynaptic pyramidal cell (Post-PC) in
absence (OFF, black trace) or presence (ON, blue trace) of endogenous ACh release. D, As c but in
contrast a typical fast disynaptic inhibitory response in the Post-PC. E, Summary charts showing
that activation of cholinergic projections shortens the onset delay, increases the time course and
amplitude of delayed disynaptic inhibition in mPFC L5 (Delay: light OFF 104 ± 9 ms, light ON 87 ± 8
ms, paired t-test, two-tailed, p=0.0009, t= 4.8, df=9; Duration: light OFF 141 ± 16 ms, light ON 274
± 41 ms, Wilcoxon signed-rank test, p =0.002; Amplitude: light OFF 1.01 ± 0.16 mV, light ON 1.40 ±
0.19 mV; paired t-test, two-tailed, p= 0.0002, t= 5.9, df=9; n=10, mean ± s.e.m.). f As e, showing
that in mPFC L5 fast disynaptic lateral inhibition is not affected by optogenetic activation of
cholinergic projections (Delay: light OFF 5.58 ± 0.356 ms, light ON 5.88 ± 0.3 ms, p=0.1249, paired
t-test, two-tailed, t =1.783, df=6; Duration: light OFF 140 ± 29.12 ms, light ON 136.9 ± 28,3 ms,
p=0.7733, paired t-test, two-tailed, t =0.3014, df= 6; Amplitude: light OFF 1.316 ± 0.26 mV, light
ON 1.36 ± 0.24 mV, p= 0.6425, paired t-test, two-tailed, t =0.4885, df=6; n =7; mean ± s.e.m.).
Previous work has shown that induction and kinetics of lateral inhibitory
postsynaptic potentials correlate with firing frequencies of presynaptic pyramidal neurons
(Silberberg and Markram, 2007). We asked whether the modulation of lateral inhibition by
cholinergic projections is less pronounced when presynaptic pyramidal cells (Pre-PC) are
firing trains of APs at lower frequencies. To address this question, we stimulated presynaptic
pyramidal neurons to fire trains of 15 APs at different frequencies (40, 60, 80, 100 Hz) and
simultaneously recorded inhibitory responses in postsynaptic pyramidal cells (Fig. 4.2A, B).
Independent from the firing frequency of presynaptic pyramidal neurons, optogenetic
activation of cholinergic projections led to a shorter onset delay (Fig. 4.2C), an increased
duration (Fig. 4.2C) and a larger amplitude (Fig. 4.2C) of disynaptic IPSPs. Facilitation by
cholinergic projections of onset (Fig. 4.2C), duration (Fig. 4.2C) and amplitude (Fig. 4.2C) of
disynaptic inhibition was not different between applied frequencies. These results indicate
that cholinergic projections facilitate lateral inhibition independent of pyramidal neuron firing
frequencies.
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Figure 4.2 ACh enhances lateral inhibition independent of presynaptic firing rate.
A, Schematic representation of the experiment with the presynaptic (Pre-PC) and postsynaptic
(Post-PC) pyramidal neurons, as well as cholinergic projections to an interneuron. B, Example
traces of an AP train fired by a presynaptic L5 mPFC pyramidal neuron and the resulting lateral
inhibition received by the postsynaptic pyramidal neurons. Top trace: Current is injected in the
Pre-PC neuron to induce trains of 15 AP with different frequencies (40, 60, 80, 100 Hz). The
presynaptic stimulation is combined with or without five short blue light flashes at 25 Hz starting
100 ms before the first AP (blue bars) for optogenetic activation of cholinergic projections.
Bottom trace: Example traces of delayed disynaptic inhibitory response in Post-PC either in
absence (OFF, black trace) or presence (ON, blue trace) of cholinergic projection activation. C,
Summary charts showing that activation of cholinergic projections shortens the onset delay (F(3,
22) =22.80, One-way ANOVA, p < 0.05), increase the time duration (F(3, 22), = 11,60, One-way
ANOVA, p < 0.01) and amplitude (F(3, 22) = 11.53, One-way ANOVA, p < 0.05)of the delayed
disynaptic IPSP independent from the firing frequency of the Pre-PC (n = 7). The ratio of the
cholinergic facilitation is not dependent from different frequencies (Delay: F(3, 22) = 1.622, Oneway ANOVA, p = 0.2105; Duration: F(3, 22) = 1.466, One-way ANOVA, p = 0.2510; Amplitude: F(3,
22) = 1260, One-way ANOVA, p= 0. 3125; n = 7, mean ± s.e.m.).
The neuromodulator ACh can shape neuronal circuits by activation of muscarinic and
nicotinic acetylcholine receptors (mAChRs, nAChRs, respectively), and cortical interneurons
have been shown to express both types of receptors (Beierlein et al., 2000; Couey et al., 2007;
Fanselow et al., 2008; Poorthuis et al., 2013a; Xu et al., 2013). To determine whether the
modulation of delayed disynaptic inhibitory loops by cholinergic projections is mediated by
mAChRs, nAChRs, or both, we applied the mAChR antagonist atropine followed by the
application of both the heteromeric nAChR antagonist DHßE and atropine (Fig. 4.3A, B).
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Figure 4.3 Cholinergic inputs facilitate lateral inhibition via heteromeric nAChRs.
A, Recording from two layer 5 pyramidal neurons in the mPFC showing disynaptic inhibition. Top
trace: Example trace of AP firing by the Pre-PC (15 AP at 100 Hz) combined with or without blue
light for optogenetic activation of cholinergic projections (blue bars), starting 100 ms before the
electrical stimulation. Second trace: Example trace of an inhibitory response in the Post-PC
neuron in absence (OFF, black trace) or presence (ON, blue trace) of cholinergic projection
activation. Third trace: As second trace, in presence of atropine (400 mM). Fourth trace: As
second trace, in presence of atropine (400 mM) and DHßE (10 μM). B, Summary chart showing
that ACh shortens the onset delay of lateral inhibition. Modulation of lateral inhibition by
cholinergic projection activation is unaffected by mAChR antagonist atropine. Modulation of
lateral inhibition by cholinergic projection activation is blocked by DHßE, an antagonist of
heteromeric nAChRs (F(12,24) =2.068, p < 0.01; One-way ANOVA, n = 13, mean ± s.e.m.). C As in
B showing that the increase in duration of lateral inhibition does depend on activation of
heteromeric nAChRs but not mAChRs ((F(12,24) =2.355, p= 0.0082; One-way ANOVA, n= 13,
mean ± s.e.m.). d As in b and c showing that the cholinergic modulation of the amplitude of
lateral inhibition depends on activation of heteromeric nAChRs (F(12,24) = 2.288, p = 0.0012;
One-way ANOVA, n= 13, mean ± s.e.m.).
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Atropine (400 nM) did not affect the modulation of disynaptic inhibition by optogenetic
activation of cholinergic projections (Fig. 4.3B, C). In the presence of atropine, optogenetic
activation of cholinergic projections sped up the onset latency and the amplitude of the IPSPs
in the postsynaptic pyramidal cells similar to control conditions (Fig. 4.3B, C). In contrast to
atropine, the nAChR antagonist DHßE (10 μM) abolished the modulatory effects of
endogenous ACh on onset delay, duration, and amplitude (Fig. 4.3B, C). These
pharmacological manipulations show that modulation of disynaptic inhibitory loops by
cholinergic inputs is mediated almost exclusively by heteromeric nAChRs and not by mAChRs.
4.3.2 Cholinergic inputs directly depolarize Martinotti Cells.
Previous studies have shown that Martinotti Cells (MCs) in the neocortex mediate lateral
inhibition through disynaptic loops between pyramidal neurons (Hilscher et al., 2017; Kapfer
et al., 2007; Pouille and Scanziani, 2004; Silberberg and Markram, 2007). In addition, MCs
express a mixed population of somatic α7 and non-α7 nAChRs, but nicotinic receptor currents
are dominated by heteromeric nAChRs containing ß2 subunits (Couey et al., 2007; Poorthuis
et al., 2013a). To address the question whether a change in MC activity caused by ACh release
is responsible for the modulation of disynaptic inhibition between pyramidal neurons, we
recorded from GFP-expressing MCs in the “GIN” mouse line (Ma et al., 2006) and either
optogenetically activated cholinergic projections or bath applied ACh (1 mM) (Methods; Fig.
4.4A). For optogenetic activation of cholinergic projections, acute mPFC slices of CHAT-ChR2
mice crossed with “GIN” mice were used and five short (10 ms duration) blue light pulses (25
Hz) were applied. In the experiments using ACh bath application, ACh was washed in for 15
min in the presence of atropine (400 nM). Optogenetic activation of cholinergic projections
resulted in a depolarization of the membrane potential in the MCs (Fig. 4.4C, D). During the
five light pulses at 25 Hz, the cholinergic postsynaptic depolarization in the Martinotti cell
continued to increase (Fig. 4.4C). The depolarization ended only after the final light pulse.
This suggests that with each light pulse additional ACh was released, and may suggest that
cholinergic fibers were activated by each light pulse in the five pulse train. The depolarization
was completely abolished by bath application of DHßE (10 μM) (Fig. 4.4C, D). Bath application
of ACh (1 mM) depolarized MCs to a similar degree (Fig. 4.4D), which was reversed following
washout (Fig. 4.4D, p < 0.001). These results show that both in S1 L2/3 and mPFC L5, ACh
from projections depolarizes MCs by activation of postsynaptic heteromeric nAChRs.
Next, we simultaneously recorded from synaptically connected pyramidal-Martinotti
cell pairs, and tested whether MC depolarization by cholinergic projections linearly summates
with the depolarizations induced by synaptic inputs received from presynaptic pyramidal cells
(Pre-PC, Fig. 4.4E). Excitatory postsynaptic potentials (EPSPs) received by MCs in response to
AP firing of presynaptic pyramidal cells were compared with EPSPs that co-occurred with
optogenetic activation of cholinergic projections. Optogenetic activation of cholinergic
projections occurred 100 ms before the onset of AP firing of presynaptic pyramidal cells. MC
depolarizations were strongly increased by combined optogenetic activation of cholinergic
projections and EPSPs received from Pre-PCs (Fig. 4.4E). The nAChR antagonist DHßE
blocked the ACh induced increase of the depolarization of the MC (Fig. 4.4E). To determine
whether these depolarizations summate linearly, we calculated the linear sum of the
depolarization induced by the EPSPs and cholinergic inputs separately (Fig. 4.4F), and
compared this with the recorded depolarization when these events occurred simultaneously.
We observed no significant difference between the recorded (green trace) and expected
amplitude (purple trace) of depolarizations (Fig. 4.4F). These findings indicate that
depolarizations by cholinergic inputs and synaptic EPSPs summate linearly to depolarize MCs.
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Figure 4.4 Cholinergic inputs depolarize Martinotti cells.
A, GFP-labeled SOM+ interneurons in a GIN mouse (scale bar 200 μm). B, Digital reconstruction of
a GFP-expressing MC. C, Top trace: Action potential profile of a L5 MC in a GIN/Chat-ChR2-EYFP
mouse in response to somatic current injection (+100 pA and −150 pA). Bottom trace: Example
trace (Blue trace) of a nAChR-mediated response in a L5 MC in the mPFC. The postsynaptic
response was blocked by DHßE (10 μM, gray trace). D, Left: Summary chart showing the maximum
amplitude of nAChR-EPSPs in L5 MCs in the mPFC evoked by optogenetic triggered ACb release
(light OFF −60.68 ± 0.82 mV, light ON −58.00 ± 0.76 mV, DHßE −60.60 ± 1.00 mV, F(2, 52) = 3.488,
one-way ANOVA, p = 0.038, n = 23; mean ± s.e.m.). Right: Summary chart indicating the
depolarization of L2/3 MCs of S1 by application of ACh (1 mM) (Ctrl. −61.8 ± 0.75 mV, ACh −57.2 ±
0.94 mV, wash −61.0 ± 1.48 mV, paired t-test, two-tailed, p = 0.0005, t = 8.288, df = 11, n =12). E,
Right: Setup of the experiment. Middle: Example traces of synaptically connected pre-PC and
postsynaptic MC (Post-MC). Middle top: Pre-PC fired a train of 15 APs at 100 Hz. Optogenetic ACh
release was induced by five light pulses at 25 Hz starting 100 ms preceding the first AP. Middle
bottom: Postsynaptic responses recorded in a mPFC L5 Post-MC in absence (Black trace) or
presence of optogenetic triggered ACh release (Blue trace). The potentiation that is induced by
ACh is blocked by DHßE (Gray trace). Right: Summary plot. The combination of glutamatergic
EPSPs from the PC and cholinergic excitatory input leads depolarizes the membrane potential
(light OFF 1.54 ± s.e.m. mV, light ON 3.30 ± s.e.m. mV). This is blocked by application of DHßE
(1.07 mV, One-way ANOVA F(2,13) =16.81, p = 0.0002, n = 6). F, Left: Example trace of a
glutamatergic EPSP (Black trace) and nAChR-mediated (Blue trace) EPSPs. The co-occurring of
glutamatergic and cholinergic EPSPs (Green trace) leads to larger depolarization. Right:
summation of single glutamatergic and nAChR-mediated EPSPs (Expected value, Purple trace, 2.54
mV ± s.e.m.) did not differ from the recorded combined EPSP (2.88 mV ± s.e.m., p = 0.2766, paired
t-test, two-tailed, t = 1.221, df= 5, n = 6; mean ± s.e.m.).
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Figure 4.5 Cholinergic inputs do not affect synaptic strength between PCs and MCs.
A, Left: schematic representation of the simultaneous recording of a presynaptic pyramidal cell
(Pre-PC) and a postsynaptic Martinotti cell (Post-MC). Example trace recorded from a PC-Pre cell
injected with current to evoke 8 APs at a frequency of 30 Hz (Black trace) and the EPSPs in the
Post-MC cell (Gray trace). B,Summary plot of the normalized amplitude of EPSPs recorded in postMCs. The amplitude was normalized to the last EPSP. Bath application and washout of ACh (1
mM) did not alter synaptic strength between the Pre-PC and Post-MC (F(2, 21) = 0.2511, p
=0.7802, One-Way ANOVA; n =6, mean ± s.e.m.). C, Simultaneous recording of a presynaptic
Martinotti cell (Pre-MC) and a postsynaptic pyramidal cell (Post-PC). A 30 Hz AP train was induced
in the Pre-MC cell (Black trace) that induced a series of IPSPs in the Post-PC cell (Gray trace). D,
Summary plot showing the normalized amplitude of the IPSP in the Post-PC cell. The amplitude is
normalized to the first IPSP. The amplitude of the IPSP is not changed in the presence of ACh (1
mM) or during ACh washout (F(2,21) =0.2705, p = 0.7656; One-way ANOVA; n =7, mean ± s.e.m.).
4.3.3 ACh does not affect synaptic strength between pyramidal and Martinotti cells.
Somatic depolarization of MCs may be sufficient to explain cholinergic modulation of lateral
inhibition between pyramidal neurons. However, nAChRs can also be expressed on
presynaptic terminals directly affecting neurotransmitter release and synaptic strength (Gray
et al., 1996; Mansvelder and McGehee, 2000; McGehee et al., 1995). In recordings from
synaptically connected pyramidal neurons and MCs in L2/3 of the somatosensory cortex, we
tested whether ACh affected synaptic strength between pyramidal neurons and MCs (Fig.
4.5A, C). Presynaptic pyramidal neurons were driven with current pulses to trigger 8 APs at a
frequency of 30 Hz, a frequency at which postsynaptic MCs are unlikely to fire APs, and
recorded EPSPs in post-MCs in the presence or absence of ACh. We observed no difference in
EPSP amplitudes, kinetics or facilitation of EPSPs in postsynaptic MCs between control, ACh
wash-in and washout conditions (Fig. 4.5B). Similarly, the IPSP amplitudes recorded in
postsynaptic pyramidal cells that were induced by presynaptic MC stimulation were not
significantly affected by ACh application (Fig. 4.5D). Next, we investigated whether
endogenous released ACh has an effect on the strength of the synaptic connection between
pyramidal neurons and MCs in L5 of the mPFC. For this, we electrically excited the presynaptic
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Figure 4.6 Cholinergic inputs facilitates AP firing by Martinotti cells.
A, Simultaneous recording from a presynaptic pyramidal (Pre-PC) and a postsynaptic Martinotti
cell (Post-MC) in L5 of the mPFC. A 100 Hz AP train by the Pre-PC cell induces AP firing in the PostMC cell (Black trace, OFF condition). Cholinergic inputs are optogenetically activated by five short
blue light pulses at 25 Hz preceding the first induced AP by 100 ms (Blue trace). Simultaneous
stimulation of the pre-PC and cholinergic inputs leads to a shorter onset delay and increased
number of spikes in the MC-Post cell (Blue trace). However, we observed no change of the
presynaptic membrane potential following activation of cholinergic fibers (light OFF −69.5 ± 4.47
mV, light ON 68.89 ± 3.60 mV, paired t-test, two-tailed, p = 0.536; t = 0.6406, df = 10, n = 11, mean
± s.e.m.). B, Simultaneous recordings of a PC and MC recorded in L2/3 of the somatosensory
cortex (S1). Representative traces of Post-MC APs in presence or absence of ACh (1 mM) (orange
and black traces). Bath application of ACh did not lead to a depolarization of the presynaptic
pyramidal neuron (Ctrl. −59.85 ± 5.422 mV, ACh −59.56 ± 5.067 mV, paired t-test, two-tailed, p =
0.3904; t = 0.8729, df = 27, n = 28). C, Left: Summary plot of onset delay of the first AP. Right: the
number of APs in the Post-MC cell. Optogenetic activation as well as bath application of ACh leads
to a significant shortening of the onset delay time of Post-MC APs (light OFF 102.1 ± 10.79 ms,
light ON 85.73 ± 10.18 ms, paired t-test, two-tailed, p =0.026, t =3.131, df= 5, n = 6; Ctrl. 99 ± 1
ms, ACh 69 ± 1 ms, paired t-test, two-tailed, p = 0.01, t = 3.4, df= 7, n = 8) and increase in number
of APs during lateral inhibition (light OFF 3.429 ± 0.9724 APs, light ON 7.571 ± 1.744 APs, paired ttest, p = 0.042, t = 2.573, df= 6, n = 7; Ctrl. 2.1 ± 0.4 APs, ACh 3.8 ± 0.6 APs, paired t-test, twotailed, p =0.0045, t = 4.1, df = 7, n = 8). However, we observed no change of the AP threshold
potential (light OFF −50.08 ± 4.127 mV, light ON 50.23 ± 4.562 mV, paired t-test, two-tailed, p
=0.82; t = 0.2348, df= 7, n = 8), or of the frequency of AP firing (light OFF 20.76 ± 10.28 Hz, light
ON 20.97 ± 8.938 Hz, paired t-test, two-tailed, p= 0.8656; t = 0.1842, df =3, n = 4).
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pyramidal neuron to fire 15 APs with a frequency of 100 Hz and triggered simultaneously ACh
release from cholinergic fibers by applying five blue light pulses at 25 Hz starting 100 ms
before the electrical stimulation (Supplementary Figure 4.3A). Combining presynaptic
electrical stimulation with optogenetic induced ACh release did not affect the synaptic
strength between the pyramidal neurons and MC (Supplementary Figure 4.3B). These data
indicate that augmentation of disynaptic inhibitory loops by ACh is neither due to altered
synaptic strength (or efficacy) between pyramidal and MCs, nor due to changes in the release
machinery that would affect the time course of IPSP depression and EPSP facilitation.
4.3.4 Cholinergic inputs advance and prolong Martinotti cell AP firing.
Since depolarization of MCs is the most likely mechanism by which cholinergic projections
modulate lateral inhibition between pyramidal cells, we tested whether cholinergic
projections alter action potential firing of MCs in response to activation of presynaptic
pyramidal cells. In simultaneous recordings from synaptically connected presynaptic
pyramidal cells (Pre-PC) and MCs (Post-MC) in the mPFC, we tested whether ACh modulates
the delay, number, and frequency of APs in MCs. Similar to previous experiments, presynaptic
pyramidal cells were driven to fire 15 APs at 100 Hz and APs were recorded in the
postsynaptic MCs (Fig. 4.6A, B example traces). Optogenetic activation of cholinergic
projections was induced by five blue light pulses at 25 Hz starting 100 ms before the
presynaptic pyramidal neuron stimulation. Only recordings were included for analysis in
which the postsynaptic MC reliably fired APs in all experimental conditions (Fig. 4.6A, B).
Combining presynaptic stimulation with light-evoked activation of cholinergic projections
resulted in shortening of the latency to post-MC AP firing (Fig. 4.6A, C) and an increased
number of APs in Post-MCs compared to Pre-PC stimulation alone without cholinergic
projection activation (Fig. 4.6A, C). Similarly, bath application of ACh in L2/3 of the
somatosensory cortex led to a significant decrease of the delay time from the start of the PrePC AP firing until the first AP in the postsynaptic MC (Fig. 4.6B, C). In addition, the number of
APs fired by the postsynaptic MC following ACh application increased significantly (Fig. 4.6B,
C). However, we observed no change of the AP threshold potential or of the frequency of AP
firing. These results show that ACh reduces the delay time for the first AP in MCs, which can
explain the advanced disynaptic inhibition upon ACh release, as well as an increase in the
number of APs fired, which can account for the increase in time course and amplitude of the
lateral inhibition.
4.3.5 Lateral inhibition in human temporal cortex.
The concept of lateral inhibition between pyramidal neurons is reported in rat and mouse
cortices (Roux and Buzsáki, 2015; Silberberg and Markram, 2007). However, it is not known
whether this mechanism also exists in the human brain. To test this, we simultaneously
recorded from up to four neighboring L2/3 pyramidal neurons in acute human neocortical
slices (Fig. 4.7A) from temporal cortex tissue resected during surgical treatment of epilepsy
patients to gain access to deeper structures (Testa-Silva et al., 2010, 2014, Verhoog et al.,
2013, 2016). Electrical stimulation of pyramidal neurons (Pre-PC) to induce 15 APs at
different frequencies (50–150 Hz) induced characteristic lateral inhibition in postsynaptic
pyramidal neurons (Post- PC) (Fig. 4.7B, blue traces). With increasing AP frequency, the onset
delay decreased, the duration of the inhibition increased as well as the amplitude (Fig. 4.7B,
C). Presynaptic electrical stimulation with a frequency below 50 Hz rarely resulted in
disynaptic IPSPs in postsynaptic pyramidal neurons. Our results indicate that disynaptic
lateral inhibition exists between pyramidal neurons in layer 2/3 of the human neocortex.
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Figure 4.7 Lateral inhibition between pyramidal neurons in human temporal cortex
A, Digital reconstruction of two biocytin-filled L2/3 pyramidal neurons in human temporal cortex.
B, Lateral inhibition between two pyramidal neurons in layer 2/3 of the human temporal cortex.
Top trace: The Pre-PC fires 15 APs at 100 Hz. Middle traces: Example traces of disynaptic
inhibitory responses in the Post-PC neuron following Pre-PC APs at 50, 100, and 150 Hz (50 Hz n =
4, 60–100 Hz n = 5, 120–150 Hz n = 6). (Bottom) Summary plot showing that the amplitude of
lateral inhibition increased depending on the Pre-PC AP frequency (50 Hz 0.14 ± 0.05 mV, 100 Hz
0.29 ± 0.06 mV, 150 Hz 0.52 ± 0.09 mV, mean ± s.e.m.). C, Summary plots showing that lateral
inhibition decreased in latency (Top panel, 50 Hz 277.2 ± 66.98 ms, 100 Hz 131.5 ± 17.83 ms, 150
Hz 102.1 ± 15.08 ms) and increased in duration (Bottom panel, 50 Hz 76.04 ± 9.36 ms, 100 Hz
189.2 ± 26.21 ms, 150 Hz 254.1 ± 18.63 ms) depending on the firing frequency of the PrePC,(mean ± s.e.m.).
Since lateral inhibition in the neocortex of rodents is mediated by somatostatinpositive MCs (Berger et al., 2009; Kapfer et al., 2007; Silberberg and Markram, 2007), we
asked whether this specific inhibitory cell type is also mediating disynaptic inhibitory loops in
the human neocortex. In rodents, MCs have unique morphological and cellular properties that
distinguishes them from other interneuron types, such as axonal projections to L1 and marked
rebound APs (Goldberg et al., 2004; Karube, 2004; Kozloski, 2001; Silberberg and Markram,
2007; Wang et al., 2004). In our recordings, we found interneurons that share similar
morphological and cellular characteristics as MCs in rodent neocortex (Fig. 4.8)(Karube,
2004; Kawaguchi et al., 2006; Silberberg and Markram, 2007; Wang et al., 2004). These human
interneurons had axons projecting to L1, a bipolar dendritic morphology where the dendritic
tree is significantly smaller than the axonal tree and an oval soma (Fig. 4.8A). Furthermore,
these interneurons also had a low spiking threshold with a prominent rebound spike (Fig.
4.8C), responded with a sag to hyperpolarizing current steps and showed AP accommodation
to depolarizing current steps (Fig. 4.8C). Excitatory EPSPs from Pre-PCs showed facilitation
and summated to supra-threshold AP firing (Fig. 4.8B, blue arrows). These findings indicate
that in layer 2/3 of the human cortex, low-threshold spiking cells exist that share numerous
morphological and physiological characteristics with MCs in rodents. In addition, when
recording from all three components of a disynaptic lateral inhibition loop in human L2/3 we
found the same features of disynaptic lateral inhibition as described in rodent cortex:
(Silberberg and Markram, 2007) as in rodent cortex, high frequency AP firing (100 Hz, 15 APs)
by presynaptic pyramidal neurons (Pre-PC), (Fig. 4.8E black trace) led to facilitating EPSPs in
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Figure 4.8 Lateral inhibition in the human cortex is mediated by putative Martinotti
interneurons.
A, Digital reconstruction of a complete disynaptic loop in human neocortex between two biocytinfilled pyramidal neurons and a putative Martinotti interneuron (PC (black)-MC (axon (blue),
dendrites (purple)-PC (gray)). B, Left: Schematic representation of the experiment: a presynaptic
pyramidal (Pre-PC) and a postsynaptic low-threshold spiking interneuron (Post-MC) recorded in
L2/3 of the human temporal cortex. Right: Example trace from a PC-Pre cell firing 15 APs at 100 Hz
(Gray trace) and facilitating EPSPs (blue arrows) in the synaptically connected Post-MC cell (blue
trace). C, Left: Schematic representation of the experiment: simultaneous recording from a
presynaptic MC and postsynaptic Post-PC. Right: Example trace showing a firing pattern
characteristic of MCs, with rebound spiking, the sag in response to hyperpolarization and spike
frequency accommodation in a response to depolarizing current injection. D, Simultaneous
recording of a Pre-MC and a Post-PC in L2/3 of the human temporal cortex. The Pre-MC was
stimulated to fire 100 Hz AP trains (15 APs) (Blue trace) resulting in the postsynaptic inhibition in
the Post-PC cell (Gray trace, average shown in black). E, A complete disynaptic lateral inhibitory
loop in layer 2/3 of the human temporal cortex. Triggering a train of APs (100 Hz, 15 APs) in the
presynaptic pyramidal neuron (Pre-PC, black trace) led to the activation of a facilitating
connection in the postsynaptic MC (Mid-MC, blue trace). The excitatory inputs evoked an AP in
the mid-MC that resulted in IPSPs in the synaptically connected pyramidal neuron (Post-PC, gray
trace, average indicated in black).
low-threshold spiking interneurons, which in its turn, resulted in AP firing (Fig. 4.8E blue
trace) that caused time-locked IPSPs in the postsynaptic pyramidal neuron (Fig. 4.8E gray
trace). Our findings show that disynaptic lateral inhibition exists in the human neocortex and
is mediated by low-threshold spiking interneurons that share several features with rodent
MCs.
4.3.6 Acetylcholine enhances lateral inhibition by activating nAChRs in human temporal
cortex.
Since ACh is facilitating disynaptic lateral inhibition in rodent neocortex, we asked whether
cholinergic modulation of lateral inhibition is conserved in human cortex. To test this, we
induced lateral inhibition by electrically stimulating presynaptic pyramidal neurons (Pre-PC)
to fire 15 APs with 100 Hz while recording IPSPs in the postsynaptic pyramidal cell (Post-PC,
Fig. 4.9A). Following wash-in of ACh (1 mM), the onset delay time of disynaptic IPSPs in PostPCs was reduced and the duration of inhibition increased, while the amplitude was not
affected (Fig. 4.9A, B). Bath application of DHßE (10 μM) blocked these effects by ACh (Fig.
4.9A, B, light green trace). Blocking muscarinic acetylcholine receptors by bath application of
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Figure 4.9 ACh facilitates lateral inhibition in human neocortex
A, Left: schematic illustration of the experiment: simultaneous recording of pyramidal neurons in
L2/3 of the human temporal cortex showing lateral inhibition. Right: top trace: 15 APs at 100 Hz
(black trace) in the Pre-PC. Middle trace: Example trace of lateral inhibitory response in the PostPC neuron in ACSF (gray trace) or in presence of ACh (1 mM) (green trace). Bottom trace: as
middle traces, ACh (1 mM) was bath applied in presence of DHßE (10 μM) (light green trace) or
DHßE (10 μM) and Atropine (400 nM) (dark green trace). B, Summary plots showing that the
onset delay time of lateral inhibition in the Post-PC is decreased (F(5, 15)= 24,37, p = 0.001; Twoway ANOVA, n = 6, mean ± s.e.m.) and the duration increased following ACh application F(5, 15) =
4.669, p = 0.009; Two-way ANOVA, n = 6). The heteromeric nAChR blocker DHßE blocks these
effects. The combined bath application of DHßE and atropine had no additional effect on lateral
inhibition. The amplitude was not affected by ACh (F(5, 15) = 7.153, p =0.09; Two-way ANOVA, n =
6, mean ± s.e.m.).
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Figure 4.10 ACh facilitates AP firing by human putative Martinotti cells
A, Schematic illustration of the experiment: recording of synaptically connected human pyramidal
(Pre-PC) and putative Martinotti cell (Post-MC). B, Spiking profile of the Post-MC. C, Example trace
showing that Post-MCs can start to firing APs upon ACh (1 mM) application (n = 2 of 8). D,
Recording of synaptically connected human pyramidal cell (Pre-PC) and putative MC (Post-MC).
Top-trace: The pyramidal neuron is electrically stimulated to fire a train of 15 APs at 100 Hz.
Bottom trace: Typical traces showing the excitatory input in the Post-MC without (gray trace) and
with ACh (green trace) application. E, Summary plots showing that ACh depolarized putative MCs
(from −63.54 ± 0.85 mV to −60.15. ± 0.88 mV, p = 0.03; paired t-test; two-tailed; t = 3.699, df = 7;
n = 8, mean ± s.e.m.), decreased the spike delay (from 76.12 ± 17.51 ms to 51.43 ± 12.21, p =
0.023; paired t-test; two-tailed; t = 2.89, df= 7; n = 8, mean ± s.e.m.) to the first spike and
increased the number of APs (from 1.713 ± 0.48 APs to 2.531 ± 0.41 APs, p = 0.045; paired t-test;
two-tailed, t = 2.427, df =7; n =8, mean ± s.e.m.). The spiking threshold and firing frequency was
not affected by ACh (p = 0.439, paired t-test; two-tailed, t = 0.8199, df= 7, n = 8; p = 0.094, paired
t-test; two-tailed, t = 2.185, df =4, n =5, mean ± s.e.m.).
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atropine (400 nM) did not affect the onset, duration or amplitude of lateral IPSPs (Fig. 4.9A, B,
dark green trace). We observed no additional effects on lateral inhibition between pyramidal
neurons following combined bath application of DHßE and atropine. These findings suggest
that lateral inhibition in L2/3 of the human temporal neocortex is facilitated by activation of
heteromeric nAChRs and not muscarinic acetylcholine receptors.
4.3.7 ACh depolarizes human putative Martinotti cells and alters AP firing properties.
As we showed above, cholinergic facilitation of lateral inhibition in rodent neocortex is
mediated by heteromeric nAChRs that depolarize MCs. Since interneurons in the human
neocortex express also various types of nAChRs (Alkondon et al., 2000; Obermayer et al.,
2017), we asked whether depolarization of putative MCs by ACh mediates cholinergic
facilitation of lateral inhibition in human neocortex. To test this, we recorded from human
putative MCs in L2/3 (Fig. 4.10A), identified by the morphological and electrophysiological
criteria described above (Fig. 4.10B). Bath application of ACh (1 mM) for 15 min depolarized
these neurons (Fig. 4.10C, E). In 2 out of 8 recordings, ACh application induced spontaneous
AP firing in putative MC (Fig. 4.10C). This suggests that somatic depolarization of putative MC
facilitation of lateral inhibition in human neocortex. To test this, we recorded from human
putative MCs in L2/3 (Fig. 4.10A), identified by the morphological and electrophysiological
criteria described above (Fig. 4.10B). Bath application of ACh (1 mM) for 15 min depolarized
these neurons (Fig. 4.10C, E). In 2 out of 8 recordings, ACh application induced spontaneous
AP firing in putative MC (Fig. 4.10C). This suggests that somatic depolarization of putative MC
interneurons may mediate facilitation of lateral inhibition in the human cortex.
To test whether ACh modulates AP firing in putative MCs during lateral inhibition, we
simultaneously recorded from synaptically connected pyramidal neurons and putative MCs in
L2/3 of the human temporal cortex. We electrically stimulated the presynaptic pyramidal cell
(Pre-PC) to fire 15 APs at a frequency of 100 Hz and recorded AP firing by the postsynaptic
putative MC. Recordings were only included for analyses in which the postsynaptic
interneuron reliably fired APs following presynaptic stimulation in all experimental
conditions. Presynaptic stimulation combined with ACh application (1 mM) led to a shorter
latency of the first AP (Fig. 4.10D, E) and more APs in the postsynaptic interneuron compared
to presynaptic stimulation alone (Fig. 4.10D, E). The AP threshold potential and frequency of
APs in the postsynaptic interneuron was not changed. Our findings show that ACh depolarizes
human putative MCs mediated by heteromeric nAChRs, advancing both AP firing in MCs and
lateral inhibition between human pyramidal neurons.

4.4 Discussion
In this study, we addressed the question whether cholinergic projections from the basal
forebrain modulate cortical lateral inhibition between pyramidal neurons. We find that (1) in
L2/3 and L5, optogenetic activation of mainly BF projections shortens the delay time and
increases the duration of delayed lateral inhibition via Martinotti cells of neighboring
pyramidal neurons, while fast lateral inhibition is not affected by cholinergic inputs. (2)
Cholinergic facilitation of lateral inhibition is independent of firing frequencies of presynaptic
pyramidal neurons. (3) We show that heteromeric nAChRs containing ß2 subunits, rather than
muscarinic AChRs, mediate this cholinergic modulation. (4) The mechanism of cholinergic
facilitation of lateral inhibition between pyramidal neurons relies on direct depolarization of
MCs mediated by postsynaptic heteromeric nAChRs. Co-occurrence of glutamatergic and
cholinergic excitatory inputs summate linearly. Strength of synapses between pyramidal cells
and MCs is not affected by ACh. (5) ACh leads to a significant decrease of the onset delay of AP
firing and increases the number of AP fired in MCs, which can account for the earlier onset and
prolonged duration of disynaptic inhibition. (6) In addition, we show that delayed disynaptic
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lateral inhibition between pyramidal neurons is conserved in the human cortex and is
modulated by putative MCs. (7) In the human cortex, mechanisms of cholinergic modulation of
lateral inhibition are similar to rodent cortex. In short, cholinergic inputs selectively augment
disynaptic lateral inhibition via MCs in rodent and human cortex by increasing excitability of
MCs.
Pyramidal neurons in the cortex can suppress activity of surrounding pyramidal
neurons through lateral inhibition mediated by MCs and PV-positive interneurons (Kapfer et
al., 2007; Pouille and Scanziani, 2004; Silberberg and Markram, 2007). Excitatory synapses
between pyramidal neurons and most types of interneurons are depressing, but excitatory
synapses between pyramidal neurons and SOM-positive MCs are facilitating (Kapfer et al.,
2007; Pouille and Scanziani, 2004; Silberberg and Markram, 2007; Thomson and Bannister,
2003; Xu et al., 2013). With increasing firing frequencies of pyramidal neurons, stronger
synaptic facilitation occurs in MCs and the probability of generating action potentials
increases. As a consequence, higher firing frequencies of presynaptic pyramidal neurons speed
up the discharge of MCs, which leads to earlier onset of AP firing and more APs (Berger et al.,
2010; Silberberg and Markram, 2007). Glutamatergic synapses can be facilitated by nAChRs
located on presynaptic glutamatergic terminals (Gray et al., 1996; Mansvelder and McGehee,
2000; McGehee et al., 1995), and BF cholinergic inputs can alter the strength of glutamatergic
synapses in a layer dependent fashion (Verhoog et al., 2016). Furthermore, depolarization of
presynaptic pyramidal cells can increase glutamatergic facilitation in the pyramidal cell to MC
synaptic pathway, which augments lateral inhibition between pyramidal neurons (Zhu et al.,
2011). In our experiments, ACh did not affect the membrane potential of presynaptic
pyramidal neurons or alter presynaptic facilitation of EPSPs between pyramidal and MCs. We
did find that cholinergic inputs depolarize MCs, giving rise to an earlier onset and a higher
number of APs in MCs. Furthermore, we showed that cholinergic inputs speed up the onset
and increase the duration of disynaptic inhibition in neighboring pyramidal neurons. The
increased amplitude of disynaptic IPSPs following optogenetically triggered release from
cholinergic inputs but not bath applied ACh in the PFC might therefore be the result of a larger
number of MCs that reach firing threshold and take part in lateral inhibition. Since bath
application of ACh can lead to desensitization of nicotinic receptors it is most likely that the
observed discrepancy in the modulation of the amplitude is caused by the difference between
optogenetically triggered and ACh bath application. Disynaptic inhibition produced by MCs
can affect a substantial fraction of neighboring pyramidal neurons as a result of high
connection probability between MCs and pyramidal neurons, reported in both juvenile and
adult rodent neocortex (Berger et al., 2009; Fino et al., 2013; Jiang et al., 2015). By
depolarizing MCs, cholinergic inputs can dynamically facilitate recruitment of MCs by
pyramidal neurons to take part in lateral inhibition.
Synchronized firing by pyramidal neurons is controlled by interneuron activity
(Hilscher et al., 2017; Tremblay et al., 2016). Lateral inhibition mediated by Martinotti cells
can synchronize and maintain firing activity of pyramidal neurons in the cortex (Hilscher et al.,
2017). Since ACh facilitates delayed lateral inhibition mediated by MC, cholinergic signaling
may amplify the synchronization of the firing behavior of pyramidal neurons.
Lateral inhibition between pyramidal neurons is specifically mediated by MCs, a
specific subtype of SOM expressing interneurons (Silberberg and Markram, 2007; Tremblay et
al., 2016). Recently it was reported that in vivo, synapses between pyramidal neurons
activated at low frequencies and SOM neurons have a high failure rate that is reduced by ACh
acting via a PKA signaling pathway (Urban-Ciecko et al., 2018). In contrast, we found that
synapses from pyramidal neurons to MCs mediating disynaptic lateral inhibition, are not
affected by ACh application or optogenetically induced ACh release. Since lateral inhibition is
specifically mediated by MCs (Silberberg and Markram, 2007) and Urbano-Ciecko et al.
(Urban-Ciecko et al., 2018) did not focus on a specific SOM interneuron subtype, it is possible
that ACh differentially modulates synapses from pyramidal neurons to subtypes of SOM
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interneurons.
Fast lateral inhibition is mediated by PV-positive interneurons (Silberberg and
Markram, 2007). A subgroup of these interneurons express fast nAChR currents mediated by
α7-containing nAChRs in mPFC L5 (Poorthuis et al., 2013a). These nicotinic currents act on PV
interneurons on a time scale similar to currents acting at glutamatergic synapses, and they can
be activated by optogenetic activation of basal forebrain ACh inputs (Arroyo et al., 2014). We
showed that fast lateral inhibition is not affected by cholinergic projections. Possibly in lateral
inhibition, PV-positive interneurons are recruited that do not express nAChRs (Poorthuis et
al., 2013a). PV-positive interneurons target perisomatic regions of pyramidal neurons, and are
well-suited to control timing of action potentials, whereas SOM-positive MCs target distal
areas of pyramidal neuron dendrites, affecting dendritic integration (Gentet, 2012; Gidon and
Segev, 2012; Murayama et al., 2009; Pouille and Scanziani, 2004). Since lateral inhibition via
MCs is ACh sensitive, cholinergic inputs can selectively alter inhibitory pathways between
pyramidal neurons, shifting the balance between somatic and dendritic processing.
Cholinergic receptors are widely distributed among different cell types in the cortex
(Ballinger et al., 2016; Gulledge et al., 2007; Obermayer et al., 2017; Poorthuis et al., 2013a). In
the neocortex, optogenetic ACh release from projections predominantly activate nicotinic
AChR currents (Arroyo et al., 2012; Bennett et al., 2012; Hay et al., 2015; Hedrick and Waters,
2015; Verhoog et al., 2016). A prominent feature of SOM-positive interneurons is the strong
membrane depolarization caused by agonists of both muscarinic and nicotinic AChRs
(Beierlein et al., 2000; Chen et al., 2015; Couey et al., 2007; Fanselow et al., 2008; Poorthuis et
al., 2013a; Xu et al., 2013). ACh from the basal forebrain could in principle activate both types
of receptors expressed by MCs. In the thalamus, endogenous release of ACh by optogenetic
stimulation results in a biphasic response caused by activation of both nicotinic and
muscarinic ACh receptors (Pita-Almenar et al., 2014). We did not observe this in MCs.
Furthermore, cholinergic projections induced a prominent depolarization in MCs, which was
completely abolished by nicotinic AChR blockers. This suggests that although MCs express
muscarinic AChRs, cholinergic inputs preferably activate nicotinic AChRs and not muscarinic
AChRs.
The activation of nAChRs by cholinergic inputs does not have to reach firing
threshold by itself, unlike in the visual cortex, where supra-threshold cholinergic recruitment
of SOM-positive interneurons alters local network activity to a more desynchronized state
(Chen et al., 2015). Cholinergic modulation of lateral inhibition by cholinergic inputs can occur
without supra-threshold cholinergic activation of the SOM-positive interneurons. Subthreshold depolarization by cholinergic inputs is sufficient to facilitate lateral inhibition
between pyramidal neurons, and advance action potential firing of SOM-positive interneurons
induced by pyramidal neuron inputs.
Recently, several studies highlighted similarities and differences in cellular and
synaptic function between rodent and human neocortical circuitry (Eyal et al., 2016; Mohan et
al., 2015; Molnár et al., 2008, 2016; Szegedi et al., 2017; Testa-Silva et al., 2014; Verhoog et al.,
2013, 2016). Although inhibition mediated by fast-spiking interneurons is described (Szegedi
et al., 2017), we found here that layer 2/3 pyramidal neurons in the human cortex modulate
activity of surrounding pyramidal neurons through delayed lateral inhibition mediated by
putative MCs. Although it was reported that single AP firing in the presynaptic pyramidal
neuron can trigger complex events in the human cortex (Molnár et al., 2008; Szegedi et al.,
2017), we did not observe complex events or fast lateral inhibition between pyramidal
neurons in our recordings. We did find some variation in amplitudes of disynaptic IPSPs in
human pyramidal neurons. Possibly, this results either from variation in the number of MCs
that are recruited by presynaptic pyramidal neurons, or variation in the strength of synapses
involved. Nevertheless, we found consistently that in the presence of ACh, the amplitude of
IPSP amplitudes was increased. Given that MCs are depolarized by ACh while synaptic
strength is unchanged, this suggests that the likelihood of MCs being recruited was increased.
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Various reports show that fast cholinergic signaling plays an important role in
modulating cellular activity and microcircuits in the rodent brain (Poorthuis et al., 2013a,
2014). However, little is known about whether cholinergic modulation of information
processing in the human neocortex follows similar mechanisms. EM studies show that 67% of
all varicosities on cholinergic axons in the human temporal cortex can be identified as pointto-point synapses, in contrast to only 15% in rodent cortex, which suggests that in human
neocortex fast cholinergic signaling may be more abundant (Smiley et al., 1997). Pyramidal
neurons and interneurons in the human cortex express α7-containing and β2-containing
nAChRs acting on a fast time scale (Alkondon et al., 2000; Obermayer et al., 2017; Verhoog et
al., 2016). Our results show that ACh facilitates the onset and duration of delayed disynaptic
lateral inhibition by activating heteromeric nAChRs. Cholinergic depolarization, advancement
of spiking onset, and higher spiking rate of putative MCs appear to be conserved in human
neocortex.
Cholinergic modulation of interneurons is important for cortical processing (Chen et
al., 2015; Demars and Morishita, 2014; Fanselow et al., 2008; Hangya et al., 2015; Hasselmo
and Sarter, 2011; Kawaguchi and Kubota, 1997). For example, disinhibitory pathways
activated by cholinergic inputs to interneurons in superficial layers of the auditory cortex
control auditory fear conditioning (Letzkus et al., 2011). Whether similar mechanisms are in
place in the mPFC is not known. However, cholinergic control of mPFC circuits is behaviorally
relevant. In mice lacking nAChR ß2 subunit attentional performance is reduced (Guillem et al.,
2011), and during attention behavior the amount of ACh in the mPFC rapidly increases to
make a shift from monitoring cues towards a cue evoked goal directed response (Howe et al.,
2013; Parikh et al., 2007). Lateral inhibition and its modulation may also be important during
sensory processing since MCs in somatosensory cortex are activated during whisking in a
layer-specific manner (Horikawa and Armstrong, 1988). Thereby, modulation of lateral
inhibition may serve sensory and cognitive processes to enhance, on demand, signal-to-noise
ratio in pyramidal neuron activity.
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4.5 Supplementary Figures

Supplementary Figure 4.1 K-means cluster analysis
A, Two clusters of disynaptic IPSPs identified by K-means cluster analyses (C= 5.582, 15,01;
sumd=43.3525). The two clusters are clearly distinguishable and represent fast (cluster 1, the grey
dot indicates the data from Fig. 1D) and delayed lateral inhibition (cluster 2, the purple dot
indicates the data from Fig. 1C).
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Supplementary Figure 4.2 Bath application of ACh facilitates lateral inhibition.
A, Schematic illustration of the experiment showing a recording from two pyramidal neurons in
S1. B, Summary chart showing that ACh shortens the onset delay of lateral inhibition. Bath
application of ACh leads to decreased onset latency (Ctrl. 96±11 ms, ACh 77±6 ms, wash 90±8 ms,
paired t-test, two-tailed, p<0.05, t=2.895, df=5, n=6, mean±s.e.m.) similar to BF cholinergic
projection activation. In somatosensory cortex(S1) cholinergic inputs decrease the onset delay of
lateral inhibition (light OFF 81±7 ms, light ON 56±8 ms ; paired t-test, two-tailed, p<0.05, t=4.5,
df=5, n=6, mean±s.e.m.). C, As in (B) showing that ACh increases the duration of lateral inhibition.
Bath application of ACh leads to an increase in the duration (Ctrl. 148±24 ms, ACh 223±50 ms,
wash 145±18 ms, Wilcoxon signed-rank test, p<0.05, n=6, mean±s.e.m). In S1 we observed also a
modulation of duration of the lateral inhibition (light OFF 171±23 ms, light ON 284±18 ms,
Wilcoxon signed-rank test, p<0.01, n=6, mean±s.e.m). D, As in (B) and (C) showing that ACh
increases the amplitude of lateral inhibition in S1. Bath application: paired t-test, two tailed,
p=0.3648, t=0.9963, df=5, n=6; S1: light OFF 1.27±0.42 mV, light ON 1.56±0.46 mV; paired t-test,
two-tailed, p<0.05, t=2.8, df=5, n=6, mean±s.e.m.).

89

4

Chapter 4

A

B

PC-Pre

100 ms

ACh
1 mV

Normalized EPSP amplitude

1.5
50 mV

OFF
ON

1.0

0.5

0.0
1
Post-MC

2

3

4

5

6

7 8 9 10 11 12 13 14 15
AP number

Supplementary Figure 4.3 Endogenous ACh does not affect the synaptic strength
between PCs and MCs.
A, Left: schematic representation of the simultaneous recording of a presynaptic pyramidal cell
(Pre-PC) and a postsynaptic Martinotti cell (Post-MC). Example trace recorded from a PC-Pre cell
injected with current to evoke 15 APs at a frequency of 100 Hz (Blue trace) and the EPSPs in the
Post-MC cell (Black trace). B, Summary plot of the normalized amplitude of EPSPs recorded in
post-MCs. The amplitude was normalized to the EPSP with the in average largest amplitude.
Endogenous ACh released from cholinergic fibers by applying blue light pulses did not alter
synaptic strength between the Pre-PC and Post-MC (F(14, 180)=1.627, p=0.0756 Two-Way ANOVA;
n=7 mean±s.e.m.).
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5.1 Introduction
Cholinergic signaling in the cortex shapes activity of cortical neurons and is crucial for
complex cognitive processing (Hangya et al., 2015; Parikh et al., 2007). It was previously
thought that cholinergic signaling from projections originating in the BF were solely
responsible for the modulation of neuronal activity during attention demanding behavior
(Dunnett et al., 1991; Everitt et al., 1995; Gritton et al., 2016; Mcgaughy et al., 2002; Parikh et
al., 2007; Risbrough et al., 2002). Our findings presented in chapter 2 challenge this view by
demonstrating that ChAT-VIP interneurons act as a local source of ACh in the cortex and
control attention behavior. In chapters 3 and 4 we found that endogenously released ACh,
which acts on a fast time-scale via cholinergic synapses, modulates synaptic plasticity in a
layer specific fashion and facilitates specifically delayed lateral inhibition mediated by MCs
between pyramidal neurons in the cortex. In this final chapter, I discuss the relevance and
implications of these results in a broader perspective.

5.2 Contribution of acetylcholine
interneurons to attention behavior

released

by

ChAT-VIP

The availability of novel methods that are less invasive made it possible to investigate the
actual firing behavior of cholinergic neurons in the BF while animals perform a sustained
attention task. These recordings show that the activity of cholinergic BF neurons is related to
reward and punishment, rather than with attention (Hangya et al., 2015). Hangya suggested
that ACh released from cholinergic fibers with an origin in the basal forebrain may provide the
cortex with reinforcement signals for fast cortical activation and through this mechanism
prepare the cortex to perform a complex cognitive task in the context of reward (Hangya et al.,
2015). In our experiments, we found that cholinergic BF signaling only affected the attention
performance at the early phase of a task, which could be a hint that the preparation of the
cortex to perform a complex task in the context of reward is specifically crucial at early phases
of a task. Contradictory to that, local recordings in the mPFC did show that rapid changes of
ACh levels before cue presentation are correlated with correct cue detection that needs
attention performance (Parikh et al., 2007). Since we show that ChAT-VIP interneurons
release ACh and cholinergic signaling coming from the BF is not correlated with correct cue
detection (Hangya et al., 2015), the fast changes of ACh levels reported by Parikh et al. (2007)
could origin from activity of local ChAT-VIP interneurons. Interestingly, in our experiments,
blocking ChAT-VIP interneurons had only an effect on accuracy in the later phase of the task.
Since cholinergic projections from the BF and ChAT-VIP interneurons project to the same type
of neurons in the mPFC layers, it might be that ACh that is released from cholinergic fibers
coming from the BF and ChAT-VIP interact to a certain amount. It could be that ACh released
from BF projections at the beginning of the behavioral task compensates to a certain amount
for the missing ACh release from ChAT-VIP interneurons. To really determine what the
specific role of these two separate networks is in attention demanding behavior and whether
they actually affect different phases of the task, there are three open questions that need to be
answered. First: what exact phases of behavior performance are modulated by BF cholinergic
and ChAT-VIP interneurons? For example, shifting from a state of monitoring cues to a state
were the animal responds to a cue. Second: when and with what activity pattern are BF
cholinergic neurons and ChAT-VIP interneurons exactly firing over the whole duration of an
attention demanding behavior task? And third: do the two different sources of ACh affect the
network activity in the mPFC in different ways? Considering the strong innervation of the
superficial layers by fibers coming from ChAT-VIP interneurons it could be feasible to answer
these questions by using fiber photometry, recording either the activity from fibers projecting
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from cholinergic neurons in the BF, or ChAT-VIP interneurons in the PFC while an animal is
performing a sustained attention demanding behavioral task.
Our data indicates that while ChAT-VIP interneurons and BF cholinergic neurons
both release ACh they distinctively modulate attention performance. Since AChRs are
abundantly expressed among layers in both excitatory as well as inhibitory neurons in the
mPFC (Poorthuis et al., 2013a), the question arises whether the two different cholinergic
networks target different layers or cell types. In that way they could modulate neuronal
activity and process information in the mPFC in a different way. We found cholinergic
mediated postsynaptic currents in all recorded layer 1 interneurons, independent from
whether cholinergic fibers from the BF or the ChAT-VIP interneurons were stimulated. In
contrast, only a small group of layer 6 pyramidal neurons receive input from cholinergic fibers
coming from the BF whereas the majority (71%) of pyramidal cells form active cholinergic
point-to-point synapses with ChAT-VIP interneurons. Given these findings, one could
speculate that activation of both cholinergic networks leads in superficial layers to an
increased inhibition during sustained attention performance. In contrast, in layer 6 ChAT-VIP
interneuron activation most likely results in an increase of pyramidal cell activity that is
higher than what would be caused by activation of cholinergic BF neurons. Since layer 6
pyramidal neurons project mainly to the thalamus and striatum (Gabbott et al., 2005), ChATVIP interneuron activity could lead to an increase of information flow to these sub-cortical
areas during sustained attention performance. It remains to be determined how this could link
to sustained attention performance.

5.3 The role of ACh and GABA co-transmission from ChAT-VIP
interneurons on the neuronal network
Synaptic communication between neurons based on release of neurotransmitters is crucial for
cortical information processing. In recent years there has been an increasing number of
studies showing co-release of different neurotransmitters in multiple areas of the neocortex
(Tritsch et al., 2016; Vaaga et al., 2014). However, only recently it has been shown that fibers
from cholinergic neurons located in the BF can release both ACh and GABA that binds
respectively on nAChRs and GABAARs (Saunders et al., 2015b). In chapter 2, we show that a
subgroup of ChAT-VIP interneurons co-transmit ACh and GABA. There are multiple
presynaptic mechanisms by which co-release can occur (Tritsch et al., 2016). First, the two coreleased neurotransmitters can be packaged in the same vesicle to ensure that both
neurotransmitters are released at the same time point (Vaaga et al., 2014). Second, the two coreleased neurotransmitters can be packed into separate vesicles but located in the same
presynaptic terminal. Through this mechanism, the release of the two separate
neurotransmitters could be modulated in time or amount (Vaaga et al., 2014). Last, the two coreleased neurotransmitters can be located in different vesicles that are released from different
synapses. In that way the two neurotransmitter can differentially target specific postsynaptic
compartments (Tritsch et al., 2016). The way that neurotransmitters are co-released can
significantly alter the postsynaptic effect of the co-released neurotransmitter (Ma et al., 2018;
Tritsch et al., 2016; Vaaga et al., 2014). In our experiments, we could not discriminate between
these different mechanisms for co-release. As a matter of fact, since we used wide-field
illumination to activate ChR2 throughout the brain slice, we could not determine whether
GABA and ACh were released from the same ChAT-VIP neurons. It is unlikely that ChAT-VIP
neurons released only GABA, since we never observed postsynaptic responses consisting only
of GABAR currents. In L1 all postsynaptic responses consisted of nAChR currents, and in L6
this was 71%. We also did not test whether increased spiking activity of ChAT-VIP neurons
would alter the amount of co-transmission. In other brain areas, co-release of glutamate and
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ACh depends on firing frequencies (Ren et al., 2011). With single APs, only glutamate is
released. With repeated firing, ACh is co-released from the same neuron. Whether GABA
release from ChAT-VIP neurons would be increased by repeated firing is not clear. Future
experiments should address the exact mechanisms of co-transmission of ACh and GABA,
possibly by using electron microscopy immunogold cytochemistry and by labeling the
neurotransmitter with antibodies that can detect ACh, GABA and VIP (Stensrud et al., 2013).
By measuring the distance between the different gold particles that are bound to GABA and
ACh it would be possible to get a strong indication whether these neurotransmitters are
located at the same or at different synapses and vesicles. This would help to understand the
implication of co-release for the modulation of the postsynaptic neuron.
Since ChAT-VIP interneurons release ACh and GABA simultaneously, we asked what
the advantage could be of co-releasing an excitatory (ACh) and inhibitory (GABA)
neurotransmitter. In silico simulations predicted that the GABA-mediated hyperpolarization of
the membrane potential that is followed by the ACh-mediated depolarization could lead to
rebound excitation through de-inactivation of voltage gated sodium channels. This could lead
to increased and advanced spiking activity in the postsynaptic neuron. In contrast to these
predictions, we found that co-release of ACh and GABA decreases spiking probability of
neurons. Since co-release of GABA and ACh has only been demonstrated recently in the cortex
(Saunders et al., 2015b), it is still not clear how these two neurotransmitter interact and affect
network activity. However, since both cholinergic and GABAergic neurotransmission play an
important role in the induction or blocking of synaptic plasticity (see chapter 3) (Couey et al.,
2007; Kang et al., 2014; Tritsch et al., 2016), co-release could be involved in defining the
direction of synaptic plasticity. Previously it has been shown that there is a correlation
between increased GABAergic activity and a reduced Ca2+ influx through voltage gated
calcium channels and NMDA receptors and in that way reduce or block induction of synaptic
plasticity (Chalifoux and Carter, 2011; Couey et al., 2007; Sabatini and Svoboda, 2000). Since
co-transmission of neurotransmitters is not necessarily uniform over all synapses of a neuron
(Tritsch et al., 2016), co-release could enable ChAT-VIP interneurons to highlight specific
synaptic connections among others by blocking synaptic plasticity on specific synapses.
Further research, for example using short hairpin RNA to prevent the expression of GABA or
ACh and in that way block the presynaptic release of only one of the two co-released
neurotransmitters, would help to understand the functional impact on a network level of
GABAergic and cholinergic co-release.

5.4 Cholinergic signaling is associated with cerebral cortical
microvessels
Neuronal activity is closely linked with local perfusion of blood and many cellular mechanisms
are part of this neurophysiological response. This response forms the basis for the signal that
is used in functional neuroimaging (Iadecola, 2004; Logothetis et al., 2001). It has been shown
that an increased ACh concentration in the cortex leads to vasodilation (Galea et al., 1991;
Scremin et al., 1982) and an increased blood flow in the cortex (Kurosawa et al., 1989; Sato et
al., 2001), which could affect neuronal activity in the brain. Lesion studies showed that
cholinergic signaling which leads to vasodilation is not coming from cholinergic neurons
located in the BF (Galea et al., 1991). Recently Cauli et al., suggested that, among other
neurons, ChAT-VIP interneurons project directly to cortical microvessels and modulate their
diameter by releasing ACh (Cauli et al., 2004). Since we found that ChAT-VIP interneurons
release ACh locally in the mPFC it could be indeed that this is the source of the cholinergic
signaling that modulates blood vessels (Galea et al., 1991; Scremin et al., 1982). In that way,
activity of ChAT-VIP interneurons could increase the rate of blood flow during attention
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demanding behavior and change the neuronal activity in a broader way. To test this
hypothesis, it would be necessary to specifically express an excitatory opsin in ChAT-VIP
interneurons and trigger ACh release from specifically these neurons by applying light pulses
combined with imaging of the blood vessels. Then it would be possible to analyze whether the
blood vessels change their diameter following activation of ChAT-VIP interneurons in the
mPFC.

5.5 The role of cholinergic signaling in information processing in
the PFC
Cholinergic signaling plays an important role in behavior that requires cortical information
processing such as in attention (Thiele and Bellgrove, 2018). Synaptic plasticity in the PFC is
crucial for cognitive processing and is associated with working memory and attention
(Laroche et al., 2000). Neuromodulators such as ACh control information processing in the
cortex in a layer specific manner temporal and spatial fashion. Since recent studies showed
that cholinergic neurons from the BF project to distinct layers based on their location in the BF
(Bloem et al., 2014) and nAChR expression is cell type and layer specific in the mPFC
(Poorthuis et al., 2013a), we asked whether STDP in pyramidal neurons in the mPFC is
modulated by ACh in a layer specific fashion. We found indeed that activation of nAChR by
cholinergic signaling on the one hand blocks STDP induced LTP in layer 2/3 pyramidal
neurons and on the other hand strengthens LTP in layer 6 pyramidal neurons.
Previously it has been shown that activation of nAChRs in layer 5 results in an
increase of inhibitory inputs coming from interneurons which reduces the dendritic bAP
signaling in pyramidal neurons (Couey et al., 2007). The reduced dendritic signaling most
likely leads to a decrease of the activation of voltage gated Na + and Ca2+ channels and because
of that does the dendritic signaling not reach the threshold to induce LTP, leading to the
observed block of plasticity following ACh application. Previous studies showed that the
blockade of LTP in layer 5 pyramidal neurons is caused by an increase of inhibitory inputs
(Couey et al., 2007; Toyoda, 2018a). In layer 2/3 activation of nAChRs also leads to an increase
of IPSCs in pyramidal neurons (Poorthuis et al., 2013a) this may lead to a reduced dendritic
bAP signaling that does not reach the threshold to induce LTP following the same mechanism
as in layer 5 pyramidal neurons. Which interneuron type is activated by cholinergic signaling
and causes the increase of inhibitory inputs in layer 2/3 and 5 pyramidal is not clear yet. One
likely candidate are SOM-expressing MCs, which express nAChRs and have to be shown to get
directly activated by endogenous released ACh (Chen et al., 2015). MCs specifically target the
distal dendrites of layer 5 pyramidal neurons and affect the occurrence of dendritic calcium
spikes that are crucial for the induction of plasticity (Couey et al., 2007; Gentet et al., 2012;
Gidon and Segev, 2012; Murayama et al., 2009; Rubin, 2005; Verhoog et al., 2013). Since
dendritic Ca2+ signaling is correlated with induction of plasticity (Poorthuis et al., 2013b;
Rubin, 2005; Zhou et al., 2005), MCs could, by modulating the signaling, prevent the induction
of LTP. This could be tested using optogenetic methods by expressing an opsin specifically in
MCs, hyperpolarizing these cells following light stimulation. By performing the same
experiment as we did, combined with the inhibition of MCs using optogenetics, this could
clarify whether specifically MCs are responsible for the reduced dendritic Ca 2+ signaling. y
Our research shows that activation of nAChRs in layer 6 pyramidal neurons leads to a
depolarization of the somatic and dendritic membrane potential and an enhancement of bAP
signaling in the dendrites that leads to a facilitation of LTP. It has been shown that a slight
depolarization of the dendrites in layer 6 pyramidal neurons result in a strong increase of the
bAP signaling by recruiting more voltage gated Na+ channels (Ledergerber and Larkum, 2010).
The depolarization of the somatic and dendritic area of the layer 6 pyramidal neurons caused
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by activation of nAChRs that we found, could increase the bAP signaling and by this facilitate
the induction of LTP. Thus, cholinergic signaling can, by activating nAChR, modulate synaptic
plasticity in a temporal and spatial specific fashion that might contribute to the reported
impact of ACh release on higher cognitive functions (Hasselmo, 2006; Parikh et al., 2007;
Poorthuis et al., 2014; Toyoda, 2018b; Xu et al., 2013).

5.6 Cholinergic modulation of lateral inhibition in the cortex
Cortical function depends on the balance between excitation and inhibition (Isaacson and
Scanziani, 2011). It is suggested that an altered excitation-inhibition ratio underlies
psychiatric disorders, for instance autism (Rubenstein and Merzenich, 2003). However, shortlasting temporal changes of the excitation-inhibition ratio is thought to improve learning
(Isaacson and Scanziani, 2011). It is suggested that disynaptic inhibitory microcircuits, where
a pyramidal neurons projects to an interneuron that projects to another pyramidal neuron,
are crucial to keep the balance between excitation and inhibition (Berger et al., 2010; Isaacson
and Scanziani, 2011; Silberberg and Markram, 2007). Since PV-expressing basket cells and
SOM-expressing MCs mediate fast or delayed lateral inhibition, respectively (Silberberg and
Markram, 2007) and both interneuron types express AChRs (Couey et al., 2007; Poorthuis et
al., 2013a), we asked the question how cholinergic signal affects lateral inhibition. We found
that specifically delayed lateral inhibition is facilitated by activation of nAChRs in both layer
2/3 and layer 5 of the cortex. The mechanism by which cholinergic signaling facilitates lateral
inhibition between pyramidal neurons, is by directly depolarizing the membrane potential of
the MCs through activation of postsynaptic nAChRs. This membrane depolarization summates
linearly with glutamatergic excitatory inputs coming from pyramidal neurons. Thus, ACh
release leads through depolarization of the membrane potential of the MCs to a significant
decrease of the onset delay of AP firing. Also, it increases the amount of APs fired in MCs,
which most likely explains the earlier onset and extended duration of lateral disynaptic
inhibition. The change in amplitude of the IPSP in the postsynaptic pyramidal neuron is
probably caused by recruitment of more MCs rather than a change of firing activity of MCs
(Berger et al., 2010; Silberberg and Markram, 2007). Disynaptic inhibition produced by MCs
can affect a substantial fraction of neighboring pyramidal neurons as a result of high
connection probability between MCs and pyramidal neurons, reported in both juvenile and
adult rodent neocortex (Berger et al., 2009; Fino et al., 2013; Jiang et al., 2015). By
depolarizing MCs, basal forebrain ACh inputs may increase the fraction of pyramidal neurons
that are affected by lateral inhibition. Since it was recently shown that lateral inhibition via
MCs enables pyramidal neurons to synchronize the firing behavior of surrounding pyramidal
neurons (Hilscher et al., 2017), cholinergic signaling could facilitate this effect. Kim et al.;
showed that an increased synchronized firing activity of pyramidal neurons in the frontal
cortex is related with sustained attention demanding behavior (Kim et al., 2016). In addition,
rhythmic synchronous firing activity in the human cortex is related with sustained attention
performance (Helfrich et al., 2018; Steinmetz et al., 2000). It is suggested that these
phenomena enable the brain to highlight networks that represent relevant information
important for attention demanding performance (Thiele and Bellgrove, 2018). It has been
shown that during attention performance the level of ACh in the mPFC increases significantly
(Parikh et al., 2007). Through the facilitation of lateral inhibition, cholinergic signaling could
therefore increase synchronized firing activity of specific neuronal networks and facilitate the
signal-to-noise ratio in pyramidal activity on a fast time scale. As the synchronous firing
activity is correlated with attention performance (Helfrich et al., 2018; Steinmetz et al., 2000),
this suggests that acetylcholine might be affecting attentional performance through this
mechanism.
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5.7 The role of phasic and volume ACh signaling in lateral
inhibition
Previous studies showed that SOM-expressing MCs in the cortex are expressing both nAChRs
and mAChRs (Couey et al., 2007; Tremblay et al., 2016). This suggests that MCs are modulated
by both ionotropic as well as metabotropic signaling. However, we found that the
depolarization of the membrane potential of MCs that causes the facilitation of lateral
inhibition is specifically dependent on the activation of nAChRs and not mAChRs. In contrast
to previous studies, which used either micro puff systems or bath application methods to
apply ACh, we used optogenetic methods to release endogenous ACh. While by using a micro
puff or bath application the whole slice gets loaded with ACh, optogenetic activation of
cholinergic fibers leads most likely only to a local increase of ACh on cholinergic terminals.
These inputs probably activate mainly nAChRs, while bath or micro puff application is
mimicking volume release that activates also mAChRs. Indeed, Letzkus et al. showed that short
light pulses that triggered cholinergic synaptic responses were specifically mediated by
nAChRs whereas repetitive long lasting activation of cholinergic fibers engaged mAChRs in
L2/3 interneurons in S1 (Kimura et al., 2014; Letzkus et al., 2011).
Given these findings, one could speculate about the different effects of phasic and
volume ACh signaling on lateral inhibition. In contrast to the fast short-lasting nAChR
mediated depolarization of Martinotti cells activation of muscarinic receptor in hippocampal
Martinotti cells leads to a depolarization of the membrane potential lasting multiple seconds
(Van Der Zee and Luiten, 1993; van der Zee et al., 1991). These findings suggest that
cholinergic signaling could define; dependent on whether it is phasic or tonic, the duration of
the possible facilitation of lateral inhibition.
One way to test whether phasic cholinergic release through the activation of mAChRs
would open an elongated window for the facilitation of lateral inhibition would be by
increasing the number of light pulses in the stimulation pattern. By combining this stimulation
pattern with multiple electrical stimulations of the presynaptic pyramidal neuron, we could
answer the question whether activation of mAChRs at the MCs results in an elongated window
for the facilitation of lateral inhibition.
In the experiments presented in this thesis we focused on how phasic cholinergic
signaling modulates microcircuits in the cortex. Previous findings indicated that phasic ACh
signaling is correlated with cue detection (Parikh et al., 2007). These experiments showed that
only when an animal correctly detected a cue, there was a phasic increase of the ACh
concentration in the mPFC cortex (Parikh et al., 2007). In addition, produce or block the
generation of phasic cholinergic signaling led respectively to false alarm responses (cue
associated response without that the cue had been presented) or a decrease in correct
responses (Gritton et al., 2016; Pinto et al., 2013). On a network level, cue-evoked phasic
cholinergic signaling induces high frequency oscillations in the mPFC and leads to a
synchronization of the firing activity of neuronal networks (Howe et al., 2017). This
phenomena is disrupted by blocking postsynaptic cholinergic receptors, which is correlated
with a decrease in the cue detection rate (Howe et al., 2017). These findings link attention
demanding cue detection directly to phasic ACh release.
In contrast, volume released ACh is not linked to cue detection and occurs during a
sustained attention task even when the correct hit rate decreases (Kozak et al., 2006; St.
Peters et al., 2011). It is suggested that volume cholinergic signaling leads to an extracellular
increase of the ACh concentration when a rodent is switching from no action into task mode
(Kozak et al., 2006; St. Peters et al., 2011; Sarter and Lustig, 2019). This increase of
extracellular ACh based on volume release occurs even when a task is only expected based on
previous experience (Paolone et al., 2012). How volume ACh signaling modulates neuronal
networks and affects firing activity is still a matter of debate and needs to be investigated to
understand the distinct effects of phasic and volume ACh signaling.
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5.8 Cholinergic signaling modulates specifically delayed lateral
inhibition
The firing activity of pyramidal neurons in the cortex can be modulated by other pyramidal
neurons by fast or delayed lateral inhibition that is mediated by PV-positive basket cells or
SOM-expressing MCs, respectively (Silberberg and Markram, 2007). In layer 5 of the mPFC a
subgroup of PV-positive interneurons express α7-containing nAChRs (Poorthuis et al., 2013a).
The currents of these receptors act on a time scale similar to glutamatergic synapses (Arroyo
et al., 2014; Poorthuis et al., 2013a). We found that cholinergic signaling does not modulate
fast lateral inhibition mediated by PV-positive interneurons. Since a subgroup of PV-positive
interneurons do not express nAChRs it is likely that specifically this group of PV-positive
interneurons is recruited in fast lateral inhibition (Poorthuis et al., 2013a). PV-positive and
SOM-positive interneurons project to distinct regions of pyramidal neurons: axons from PVpositive interneurons target the perisomatic regions, whereas SOM-positive MCs axons
targeting the distal dendritic areas of pyramidal neurons (Gentet, 2012; Gidon and Segev,
2012; Murayama et al., 2009; Pouille and Scanziani, 2004). Activity of PV-interneurons is
suitable for the timing of AP firing and synchronization of network activity, whereas SOMpositive MCs affect dendritic integration of inputs, dendritic calcium spikes and action
potential burst generation (Gentet, 2012; Gidon and Segev, 2012; Kim et al., 2016; Murayama
et al., 2009; Pouille and Scanziani, 2004). Since only delayed lateral inhibition is facilitated this
might be a mechanism to shift the inhibition from somatic to dendritic areas of the pyramidal
neurons.

5.9 Putting the human data into context
To perform recordings from human neurons we used tissue obtained from brains of epilepsy
patients. The resected tissue was judged as non-pathological from the neurosurgeons based
on pre-operative MRIs testing and originated from cortical regions away from the epileptic
focus. Recent studies showed that there is no correlation between epileptic disease history of
patients and both short term plasticity as well as dendritic morphology in human neurons
(Mohan et al., 2015; Testa-Silva et al., 2014). However, since epilepsy affects the memory
performance of patients and excitatory connections in layers 5of the cortex (Jin, 2006;
Kotloski et al., 2002) the question arises whether the reported findings were affected by
pathological processes that happened in the brains during the disease. To address this
question we investigated whether our findings were correlated with the disease history of the
patients. We did not observe any correlation between duration of epilepsy or seizure
frequency of the patients with the results on synaptic plasticity. This suggests that the
reported features are translatable to the non-pathological healthy human brain. However, to
completely exclude the possibility that the disease state of the patient would influence the
findings, it would be necessary to perform the experiments in brain tissue from healthy nonpathological human beings. For obvious reasons, tissue from healthy non-epileptic patients is
hardly available. A possible solution could be to use post-mortem tissue in the future since a
recent study indicated that whole-cell patch clamp recordings are possible (Kramvis et al.,
2018). Since post-mortem slice quality is still not good enough to perform for example paired
recordings from multiple neurons at the same time or long lasting plasticity experiments
(Kramvis et al., 2018), there are still some obstacles to overcome before post-mortem tissue
can be used for experiments as presented in this thesis. But then it would be possible to
compare our datasets with data obtained from post-mortem tissue and in that way exclude
any possible disease-dependent effects in our results.
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Cholinergic signaling in the cortex is associated with neurodegenerative disorders,
impairment of cognitive control and Alzheimer disease (Bartus et al., 1982; Drachman and
Leavitt, 1974; Pabst et al., 2016; Wallace and Porter, 2011). Therefore, it is of interest to
investigate whether our findings of the modulation of neuronal networks by cholinergic
signaling can be translated to the human cortex. Minor knowledge exists about cholinergic
signaling and how it affects information processing in the human cortex. However, there is a
growing number of studies showing that both pyramidal neurons as well as interneurons in
the human cortex express functional nAChR (Alkondon et al., 2000; Obermayer et al., 2017;
Poorthuis et al., 2018). Furthermore, EM-studies in the human temporal cortex identified 67%
of all varicosities on cholinergic axons as cholinergic point-to-point synapses in contrast to
only 15% in the rodent cortex, indicating a more abundant role of fast, point-to-point synapses
mediated cholinergic signaling in the human cortex (Smiley et al., 1997). Therefore, we asked
whether the facilitation of lateral inhibition and layer specific modulation of STDP that we
observed in the rodent brain also occurs in the human cortex. We indeed found that the
described mechanisms in chapter 3 and 4 are evolutionary conserved in the human cortex.
These findings provide a better understanding of the cellular process that underlie lateral
inhibition in the human cortex and the nicotinic modulation of neuroplasticity reported in
human subjects following non-invasive brain stimulation (Batsikadze et al., 2015; Grundey et
al.,2012).

5.10 Conclusion
Neuromodulators enable the brain to change the activity of neuronal networks and their
output in a spatially and temporally precise manner. The work presented in this thesis shows
that in addition to the cholinergic afferent input from the BF, ChAT-VIP interneurons act as a
local source of ACh and control attention. Since ChAT-VIP neurons are found in rodent cortex,
but not in human neocortex, this suggests that cholinergic systems that shape attention
behavior rely on different mechanisms in rodent and human brain. When ACh is released in
the cortex it modulates synaptic plasticity in a layer specific fashion and enhances lateral
inhibition between pyramidal neurons. We provide direct evidence that cholinergic
modulation of layer specific synaptic plasticity and lateral inhibition also occur in the human
cortex. This indicates that cholinergic modulation of these phenomena is a conserved
mechanism across species, which underscores its relevance for cognitive processing.
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English summary
In our daily lives we are continuously bombarded with an overwhelming amount of inputs
from our eyes, ears, nose and many more sensory organs. It is even for our brain, which is
thought to be the most powerful information processor, not possible to process all this
information at once and respond to all these inputs in an appropriate manner. Because of that,
our brain has a mechanism called attention that enables it to focus and highlight relevant
information. For example, I need attention to stay focused on writing these lines while next to
me somebody is loudly speaking with his wife on the phone. Our brain has to determine at any
given time point what item to focus on and for this it has to combine external inputs with our
internal goals. Since human beings with a damaged medial prefrontal cortex (mPFC) have a
reduced capability to stay focused and are easily distracted by external inputs it is thought
that this brain area plays an important role for information processing in attention demanding
behavior.
When information reaches our brain, it is processed in neuronal networks that are
formed by highly interconnected excitatory and inhibitory neurons. The activity of each
neuron in these networks is modulated by both excitatory (glutamatergic) and inhibitory
(GABAergic) neurotransmission. Also, neuromodulators such as acetylcholine can change the
excitability of these networks during cognition and neuronal signal processing. Multiple
studies showed that there is a significant increase of acetylcholine concentration in the mPFC
when animals perform a task that requires attention demanding behavior. These findings
indicate that ACh release in the mPFC is important for attention. Acetylcholine in the cortex is
mainly released by cholinergic projections coming from neurons in the basal forebrain.
However, there are also local interneurons which express ChAT: an enzyme that is only
expressed in neurons that release acetylcholine. There is still a debate whether these
cholinergic interneurons could be a local source of ACh.
We found that these interneurons innervate both superficial and deep layers in the
mPFC and release ACh and GABA in the mPFC. Activation of these neurons leads as net
outcome to an increased excitability of interneurons as well as pyramidal neurons. Since we
could see that there are two different sources for acetylcholine in the mPFC, we asked
whether these sources might have a different role in the modulation of attention demanding
behavior. To answer this question, we used a specific behavioral paradigm with which it is
possible to test the attention performance of an animal. By blocking either the release of
acetylcholine from projections coming from the BF or from local cholinergic interneurons
while the animal was performing the test, we showed that the two sources are in distinct
phases relevant for attention behavior.
To understand how cholinergic signaling influences computational processing in the
cortex, we investigated whether released acetylcholine modulates different types of
microcircuits. We therefore investigated whether synaptic plasticity, a mechanism that is
thought to be important for information processing, is modulated by cholinergic signaling. We
found that acetylcholine modulates synaptic plasticity differently among the different layers
in the mPFC. In the superficial layers, acetylcholine prevents synaptic plasticity, whereas in
the deepest layer it augments synaptic strength. We revealed that the augmentation depends
on a specific acetylcholine receptor subunit, whose activation leads to increased dendritic
depolarization.
In a next step, we wanted to understand how cholinergic signaling is modulating
inhibitory microcircuits, which shape the firing behavior of excitatory neurons, a mechanism
which is thought to be crucial for cortico-cortical signal processing and cognition. Several
circuit motifs have been identified by which interneurons influence the firing behavior of
excitatory pyramidal neurons. One of these circuits is called lateral inhibition and enables
excitatory neurons to modulate the firing behavior of surrounding excitatory cells. For this,
the presynaptic excitatory neuron projects to an interneuron which then projects to the
postsynaptic pyramidal neuron. If the presynaptic cell is highly active it can trigger activity in
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the interneuron and by this shape the firing activity of the postsynaptic pyramidal neuron.
This circuit motif can be modulated by fast spiking- as well as by low threshold spiking
interneurons. These two interneuron types project to different areas at excitatory neurons
and because of that, they have a different inhibitory effect. Firing activity of interneurons is
strongly modulated by acetylcholine and specifically low threshold spiking interneurons are
strongly modulated by cholinergic signaling. This raised the question whether cholinergic
signaling modulates lateral inhibition. We found that cholinergic signaling augments
specifically lateral inhibition that is mediated by low threshold spiking interneurons. This
finding indicates that cholinergic signaling can highlight specific inhibitory motifs that
modulate the firing behavior of excitatory neurons. Furthermore, we found that the
cholinergic modulation of both synaptic plasticity as well as lateral inhibition is evolutionary
conserved from mice to human.
In summary, the findings presented in this thesis demonstrate that cholinergic
signaling in the mPFC coming from projections from cholinergic neurons in the basal
forebrain or from local cholinergic interneurons is relevant for attention demanding behavior.
When ACh is released in the mPFC it affects both excitatory and inhibitory circuit motifs which
are thought to be relevant for cognitive signal processing for example in memory or attention
demanding behavior.
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In ons dagelijks leven worden we continu gebombardeerd met een overvloed aan sensorische
input. Bijvoorbeeld wanneer we aan het fietsen zijn krijgen we een constante stroom aan
informatie over onze omgeving van onze ogen, oren, neus en vele andere sensorische organen.
Zelfs voor onze hersenen, welke gezien wordt als een zeer snelle computer, is het niet
mogelijk om al deze informatie tegelijkertijd te verwerken. Om deze stroom aan informatie
toch te kunnen verwerken heeft het brein een mechanisme genaamd aandacht. Dit zorgt
ervoor dat het zich kan concentreren en alleen relevante informatie kan belichten. Het
schrijven van deze tekst terwijl naast mij iemand luidruchtig met zijn vrouw zit te praten over
te telefoon, bijvoorbeeld. Ons brein moet op elk tijdstip bepalen waarop te focussen en moet
daarvoor externe input met interne doelen combineren. Mensen met een beschadigde mediale
prefrontale cortex (mPFC) hebben een verminderd vermogen om geconcentreerd te blijven en
zijn dus makkelijk afgeleid door externe signalen. Het wordt algemeen aangenomen dat de
mPFC een belangrijke rol speel bij informatie verwerking en aandacht.
Wanneer informatie onze hersenen bereikt wordt het verwerkt in neuronale netwerken van
activerende pyramidale neuronen en inhiberende interneuronen die erg sterk verbonden zijn
met elkaar. De activiteit van elk neuron in dit netwerk wordt gemoduleerd door activerende
(glutamaterge) en inhiberende (GABAerge) neurotransmissie. Maar ook een neurotransmitter
als acetylcholine (ACh) kan de kans op activatie van deze neuronale netwerken vergroten
tijdens cognitie en signaalverwerking. Verschillende studies laten zien dat ACh concentraties
laten zien dat er een significante verhoging van ACh is in de mPFC terwijl dieren een
aandachtstaak doen. Deze bevindingen laten zien dat Ach in de mPFC belangrijk is voor
aandacht. ACh in de cortex wordt voornamelijk gemaakt door verbindingen cholinerge
projecties vanuit het basale voorbrein. Maar er zijn ook enkele lokale interneuronen in de
cortex die ChAT, een enzym dat alleen voorkomt in neuronen die ACh maken, tot expressie
brengen. Het is nog onduidelijk of deze cholinerge interneuronen een lokale bron van ACh
zijn.
We hebben gevonden dat deze interneuronen in de mPFC zowel de oppervlakkige als diepere
lagen beïnvloeden en ACh samen met GABA vrijlaten. Activatie van deze neuronen leidt
uiteindelijk tot een verlaagde drempel tot activatie van interneuronen en pyramidale
neuronen. Omdat we hebben aangetoond dat er twee verschillende bronnen van ACh in de
mPFC zijn was onze volgende vraag of ze een verschillende rol hebben in modulatie van
aandacht gedrag. Hiervoor hebben we een specifieke gedragstaak gebruikt die aandacht
gedrag kan meten van een rat. Door of het vrijlating van ACh van projecties vanuit het basale
voorbrein of vanuit corticale cholinerge interneuronen te blokkeren terwijl de dieren een
aandachtstaak deden konden we laten zien dat deze twee bronnen van ACh op verschillende
momenten fases van aandacht gedrag betrokken waren.
Om te begrijpen hoe ACh informatieverwerking in het neuronale netwerk beïnvloed hebben
we onderzocht of ACh verschillende soorten microcircuits van neuronen beïnvloed. We zijn
begonnen met kijken of synaptische plasticiteit, een mechanisme dat belangrijk is bij
informatieverwerking, gemoduleerd wordt door ACh. Het bleek dat Ach zorgt voor
verschillende soorten synaptische plasticiteit in verschillende corticale lagen in de mPFC. In
de oppervlakkige lagen zorgt ACh voor minder plasticiteit, maar in de diepere lagen zorgt het
voor meer plasticiteit. We hebben laten zien dat deze verhoging in plasticiteit komt door een
specifieke ACh receptor onderdelen waarvan activatie leidt tot meer dendritische
depolarisatie.
In een volgende stap wilden we begrijpen hoe ACh microcircuits van inhiberende
interneuronen beïnvloed, welke betrokken zijn bij het vormen van activiteit van exciterende
pyramidale neuronen. Verschillende circuit motieven zijn bekend waarbij interneuronen de
activiteit van pyramidale neuronen beïnvloedt. Een van deze motieven heet laterale inhibitie
en zorgt er voor dat pyramidale neuronen de activiteit van omliggende pyramidale neuronen
kan beïnvloeden. Dit kan doordat een pre-synaptisch pyramidaal neuron een interneuron
activeert, welke andere post-synaptische pyramidaal neuronen op zijn beurt inhibeert. Deze
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circuit motieven kunnen gemoduleerd worden door zogenaamde snel vurende en makkelijk
vurende interneuronen. Deze twee typen interneuronen grijpen op verschillende plekken aan
op een pyramidaal neuron en zorgen daardoor voor ander soort inhiberende effecten.
Activiteit van interneuronen, en vooral makkelijk vurende interneuronen, wordt sterk
gemoduleerd door ACh. Dit riep bij ons de vraag op of laterale inhibitie gemoduleerd werd
door ACh. We vonden inderdaad dat ACh laterale inhibitie beïnvloed dat gedaan wordt door
makkelijk vurende en niet door snel vurende interneuronen. Deze bevinding geeft aan dat ACh
specifieke inhiberende circuit motieven kan beïnvloeden welke de activiteit van activerende
pyramidaal neuronen kan veranderen. Bovendien vonden we dat ACh effecten op zowel
synaptische plasticiteit en laterale inhibitie evolutionair geconserveerd waren van muis tot
mens.
In conclusie, de bevindingen in deze thesis laten zien dat cholinerge mechanismen in de mPFC,
komende van het basale voorbrein of lokale interneuronen relevant zijn voor aandacht
gedrag. Wanneer ACh vanuit de mPFC komt heeft het effect op zowel activerende als
inhiberende circuit motieven, waarvan gedacht wordt dat ze betrokken zijn bij cognitieve
signaalverwerking, zoals in geheugen of aandacht gedrag.
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