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Abstract
Decision-making is impaired in Parkinsonian patients. One brain area that shows disrupted activity in Parkinson's disease are the ventral motor thalamic nuclei. Input from
the ventral motor thalamic nuclei to prelimbic cortical layer 1 may excite and inhibit corticostriatal neurons in deeper layers of prelimbic cortex. Prelimbic corticostriatal neurons
are important in cost-benet decision-making. Hence, ventral motor thalamic input to
prelimbic cortex may also be involved in cost-benet decision-making and disruption of
their activity in Parkinsonian patients may play a crucial role in impaired decision-making.
This thesis addresses the rst of these two hypotheses. In particular, I aimed to (1) investigate the innervation pattern of ventromedial projections to prelimbic cortical layer
1, and (2) to determine whether optogenetic inhibition of ventral motor thalamic axon
terminals in prelimbic cortical layer 1 changes choice behavior of rats on a cost-benet
decision-making paradigm.
A combination of anterograde tracing, immunohistochemistry and light microscopy
revealed that ventromedial thalamic axon terminals in prelimbic cortical layer 1 make contacts onto dendrites of pyramidal neurons, corticostriatal neurons and layer 1 inhibitory
interneurons. Systematic random sampling further indicated that the majority of contacts
onto dendritic tufts of pyramidal neurons are made on those of corticostriatal neurons,
and that layer 1 inhibitory interneurons receive less input from ventral motor thalamic
nuclei than pyramidal neurons.
Optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical
layer 1 signicantly changed choice behavior of rats on a cost-benet decision-making
paradigm. Sprague-Dawley rats were oered a choice between a high benet-high cost
and a low benet-low cost option. Optogenetic inhibition induced a bias towards the high
benet-high cost option, even though the perception of benet and cost values of animals
remained unchanged.
The results indicate that ventral motor thalamic nuclei are critical in cost-benet
decision-making and that they may modulate the activity of prelimbic pyramidal neurons
on this paradigm. The idea that ventral motor thalamic nuclei are primarily involved in
motor control must be reevaluated and their potential role in choice behavior should be
explored further in future studies.
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Chapter 1
Introduction
The frontal lobe in humans and non-human primates has long been associated with higher
cognitive functions (Nauta, 1993). Pribram (1969) reviewed studies that implicated the
frontal lobe of non-human primates in attention, working memory and choice behavior.
Recent studies in rodents have dissociated the involvement of several prefrontal cortical
areas in a range of distinct decision-making paradigms. For example, anterior cingulate cortex (ACg) has been implied in a decision-making paradigm named eort-based
decision-making that oers rats a choice between expending physical eort to receive a
larger reward, i.e. climbing a barrier to receive several food pellets, and not expending any
physical eort for a smaller reward (Walton, Bannerman, Alterescu, & Rushworth, 2003).
This decision-making paradigm has been modied to study the role of prefrontal cortical
areas in accessing a choice to expend more mental eort for a larger reward, or a choice
to endure an aversive stimulus for a larger reward. The later has been named cost-benet
decision-making and usually oers rats a choice between a high benet-high cost option,
i.e. a bright light paired with a large reward, and a low benet-low cost option, i.e. a dim
light paired with a smaller reward. This kind of trade-o, i.e. endurance of an aversive
stimulus for a larger reward, has been attributed to prelimbic cortex. Optogenetic inhibition of prelimbic corticostriatal axon terminals increases and optogenetic stimulation
decreases the choice of the high benet-high cost option, even though the perception of
benet and cost value of animals remains unchanged (Friedman et al., 2015). Prelimbic
cortex receives extensive input from the ventral motor thalamic nuclei, i.e. the ventromedial, ventral anterior and ventrolateral thalamic nuclei, that can excite pyramidal neurons
in deeper layers (Arbuthnott, MacLeod, Maxwell, & Wright, 1990; Collins, Anastasiades,
Marlin, & Carter, 2018; Herkenham, 1979; Kuramoto et al., 2009, 2015; Rubio-Garrido,
Pérez-De-Manzo, Porrero, Galazo, & Clascá, 2009) and may also be able to inhibit them
(Cruikshank et al., 2012). Hence, ventral motor thalamic projections to prelimbic cortex may modulate the activity of prelimbic pyramidal neurons and may themselves be
involved in cost-benet decision-making (Sieveritz, García-Muñoz, & Arbuthnott, 2019);
an idea that I will further examine in this thesis by addressing two aims:
1. To investigate the innervation pattern of VM projections to prelimbic cortical layer
1 using anatomical methods to determine whether VM axon terminals in uppermost
prelimbic cortical layer 1 target dendrites of pyramidal neurons, corticostriatal neurons and layer 1 inhibitory interneurons.
1

2
2. To study whether ventral motor thalamic projections to prelimbic cortex are involved in cost-benet decision-making, specically to behaviorally test whether optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical
layer 1 changes choice behavior of rats that were previously trained on a cost-benet
decision-making paradigm.
Chapter 2 will present a literature review aggregating evidence that ventral motor
thalamic-prefrontal cortical loops are involved in cost-benet decision-making. Chapter 3
will in more detail discuss the motivation to address the two presented aims. Chapter 4
will report the experimental design and methods. Chapter 5 will present neuroanatomical
results that address the rst aim followed by a discussion of these results, while chapter 6
will discuss behavioral and preliminary in-vivo electrophysiology results that address the
second aim. Chapter 7 will provide a general discussion and conclusion.

Chapter 2
Literature Review
This chapter will start with an overview of the anatomical connections of the ventral motor
thalamic nuclei, specically of input from the basal ganglia and output to prefrontal cortical areas. Next, several decision-making paradigms that are commonly used in rodents
will be introduced followed by a review of the prefrontal cortical areas associated with
these decision-making paradigms. The chapter will end reviewing evidence that suggests
that basal ganglia output, ventral motor thalamic nuclei and, most importantly, ventral
motor thalamic-prefrontal cortical loops are involved in decision-making. The majority of
literature reviewed in this chapter has recently been discussed by Sieveritz et al. (2019)1
2.1

Anatomical Connections of the Ventral Motor Thalamic Nuclei

A group of thalamic nuclei that receive input from basal ganglia and cerebellum were
termed the motor thalamus, because of their extensive innervation of motor cortex (Macpherson, Rasmusson, & Murphy, 2017). Extracellular recordings of motor thalamic units on
a task that required non-human primates to initiate movement after presentation of a
visual cue or visual/somatic disturbances revealed that some responses to stimuli in less
than 100 ms, indicating that these units may relay earliest responses to stimuli to the
motor cortex. Furthermore, one group of motor thalamic units responded specically to
one direction of wrist movement, revealing a potential role of motor thalamus in movement initiation (Macpherson et al., 2017). The homologue of motor thalamic nuclei in
rats was dened as the ventral anterior (VA), ventrolateral (VL) and ventromedial thalamic nucleus (VM; Kuramoto et al. 2011). However, in rats these nuclei do not only
send projections to motor areas but also provide substantial input to other cortical areas,
primarily frontal cortical areas (Arbuthnott et al., 1990; Herkenham, 1979). Hence, it
was recently suggested to refer to these nuclei as ventral motor thalamic nuclei in rodents
(Sieveritz et al., 2019), a recommendation that I will follow in this thesis.
The ventral motor thalamic nuclei receive input from the basal ganglia (see Chapter
2.1.1) and cerebellum (Bosch-Bouju, Hyland, & Parr-Brownlie, 2013), and send projec1 Because this review draws on the same material as a journal article that I recently published together
with M. Garcia-Munoz and G. W. Arbuthnott (Sieveritz et al., 2019), similarities may occur.

3

2.1 Anatomical Connections of the Ventral Motor Thalamic Nuclei

4

tions to a majority of cortical areas (Arbuthnott et al., 1990; Herkenham, 1979; Kuramoto
et al., 2009, 2015). VA and VL are dicult to discriminate in coronal brain sections and
were initially known as the VA-VL complex, but from a Golgi study in mice, rats and cats
Scheibel and Scheibel (1966) noted that in sagittal sections VA is distinguishable from VL
since projections that originate in entopeduncular/internal globus pallidus (GPi) terminate primarily in VA. Tracing studies conrmed that inputs to VA and VL dier. Deniau,
Kita, and Kitai (1992) reported that innervation patterns from basal ganglia and cerebellum to ventral motor thalamic nuclei do not overlap, indicating that each contact separate
areas. Kuramoto et al. (2011) showed that ventral motor thalamic nuclei are divisible on
the basis of their immunoreactivity with an abundance of vesicular glutamate transporter
2 (VGluT2) present in the caudodorsal portion of the VA-VL complex (that roughly corresponds to VL) and intense immunoreactivity to glutamate decarboxylase 67 (GAD67)
in VM and the rostroventral portion of the VA-VL complex (that roughly corresponds to
VA). The main reason for these dierences in immunoreactivity is that the caudodorsal
portion of the VA-VL complex is primarily innervated by aerents from deep cerebellar
nuclei that express VGluT2, while VM and the rostroventral VA-VL complex mainly receive basal ganglia aerents that express GAD67. Interestingly, VM and VA projections
to cortex mostly innervate layer 1 and send collaterals to striatum, while VL projections
predominantly terminate in deeper cortical layers (Kuramoto et al., 2009, 2015).
Ventral motor thalamic neurons have two distinct ring patterns: tonic and burst
mode. The biophysical mechanisms underlying these patterns are as follows. Tonic ring
activity sustained by sodium conductance is observed in ventral motor thalamic neurons
when T-type calcium channels are inactivated and low-threshold calcium conductance is
absent. Prolonged hyperpolarization of thalamocortical cells is initiated by an outward
cationic Ih-current that results in the de-inactivation of T-type calcium channels. Ca2+ inux leads to depolarization of the cell, voltage-gated Na+ -channels are activated and
low-threshold calcium spiking burst activity is initiated. Reduction of low-threshold calcium conductance and activation of the K+ -current allows for repolarization of the cell to
its resting membrane potential. Depolarization of the cell membrane deactivates the Ih current (Bosch-Bouju et al., 2013; Sherman & Guillery, 1996). Even though tonic activity
prevails in awake animals and burst activity is dominant in drowsy (Joroy & Lamarre,
1974; Schmied, Bénita, Condé, & Dorment, 1979) and asleep animals (Hirsch, Fourment,
& Marc, 1983; Livingstone & Hubel, 1981; Llinás & Steriade, 2006), burst activity has
also been observed in awake animals (Guido & Weyand, 1995; Swadlow & Gusev, 2001).
It was proposed that these two distinct ring modes are respectively involved in detection and processing of stimuli (Destexhe & Sejnowski, 2015; Sherman, 2001; Sherman &
Guillery, 1996), providing a rst hint that ventral motor thalamic nuclei may be involved
in sensory processing, a prerequisite for many decision-making paradigms.
To outline a role of ventral motor thalamic projections to prelimbic cortex in costbenet decision-making, basal ganglia inputs to and projections from ventral motor thalamic nuclei to prefrontal cortex must be considered. Basal ganglia have been implicated
in reward processing (Schultz, 2016) and prelimbic corticostriatal neurons are associated
with cost-benet decision-making (Friedman et al., 2017, 2015). Hence, I will now discuss
basal ganglia inputs to and projections from ventral motor thalamic nuclei to prefrontal
cortex, specically considering those to prelimbic cortex.
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2.1.1 Input from the Basal Ganglia to Ventral Motor Thalamic
Nuclei
The basal ganglia describe a group of subcortical nuclei that have been implicated in
movement execution: striatum, nucleus accumbens, substantia nigra pars reticulata (SNr)
and substantia nigra pars compacta, the external segment of globus pallidus and globus
pallidus internal (Albin et al., 1989, Lanciego, 2012). In mice and rats, the GPi is known as
the entopeduncular nucleus, but newer publications are replacing the term entopeduncular
with the term GPi. Hence, to maintain nomenclature I will refer to this brain area as
entopeduncular/GPi. In rats and mice, the input nuclei of the basal ganglia consist of
striatum and nucleus accumbens, while the entopeduncular/GPi and SNr are the output
nuclei (Lanciego, Luquin, & Obeso, 2012).
Both the entopeduncular/GPi and SNr project to the ventral motor thalamic nuclei
(Beckstead, Domesick, & Nauta, 1979; Carter & Fibiger, 1978; Cebrián, Parent, & Prensa,
2005; Clavier, Atmadja, & Fibiger, 1976; Di Chiara, Porceddu, Morelli, Mulas, & Gessa,
1979; Gulcebi et al., 2012; Herkenham, 1979; H. Kha et al., 2001; H. T. Kha, Finkelstein,
Pow, Lawrence, & Horne, 2000; Van Der Kooy & Carter, 1981) with bilateral projections
from SNr to VM (Gerfen, Staines, Arbuthnott, & Fibiger, 1982). Projections from the
entopeduncular/GPi to VM and VL are gabaergic and cholinergic (H. T. Kha et al.,
2000) and as such input from the basal ganglia to ventral motor thalamic nuclei is mainly
inhibitory. Entopeduncular/GPi further projects to mediodorsal thalamus (H. T. Kha
et al., 2000), parafascicular nucleus and the lateral habenula (Carter & Fibiger, 1978;
H. T. Kha et al., 2000; Van Der Kooy & Carter, 1981), the pedunculopontine nucleus
of the brain stem (H. T. Kha et al., 2000; Van Der Kooy & Carter, 1981), the superior
colliculus, the parabrachial area as well as paravicellular, dorsal and ventral reticular nuclei
(Takada, Tokuno, Ikai, & Mizuno, 1994). SNr also projects to the parafascicular nucleus
(Beckstead et al., 1979; Cebrián et al., 2005; Clavier et al., 1976; Gulcebi et al., 2012;
Tsumori, Yokota, Ono, & Yasui, 2002), the peribrachial area (Gerfen et al., 1982), the
pedunculopontine nucleus (Cebrián et al., 2005; Gerfen et al., 1982), the superior colliculus
(Cebrián et al., 2005; Di Chiara et al., 1979; Gerfen et al., 1982) and the mediodorsal
thalamus (Cebrián et al., 2005; Gerfen et al., 1982; Gulcebi et al., 2012) with a preference
for the paralamellar zone of mediodorsal thalamus (Beckstead et al., 1979). Furthermore,
SNr targets the centromedian, paracentral, centrolateral and thalamic reticular nucleus
(Gulcebi et al., 2012), the reticular formation (Di Chiara et al., 1979; Gerfen et al., 1982),
striatum, globus pallidus, subthalamic nucleus and the lateral dorsal thalamic nucleus
(Gerfen et al., 1982), the periaqueductal gray matter (Cebrián et al., 2005; Gerfen et al.,
1982) and deep mesencephalic nucleus (Cebrián et al., 2005).

2.1.2 Ventral Motor Thalamic Projections to Prefrontal Cortex
In rodents, the extent of the prefrontal cortex was initially dened by the cortical projection area of mediodorsal thalamus and roughly includes the region anterior to premotor
and motor cortical areas (Rose & Woolsey, 1948). Retrograde tracing identied three
neuronal populations in mediodorsal thalamus that project to prefrontal cortex (Groenewegen, 1988; Preuss & Goldman-Rakic, 1987). These neuronal populations correspond
to three separate projection pathways with little overlap that run from mediodorsal tha-
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lamus to cingulate and infralimbic, to prelimbic and to orbitofrontal cortex (Alcaraz,
Marchand, Courtand, Coutureau, & Wol, 2016). Mediodorsal projections to prefrontal
cortex mainly innervate the dendrites of pyramidal neurons (Delevich, Tucciarone, Huang,
& Li, 2015; Kuroda, Yokofujita, & Murakami, 1998) and can induce a response in layer
2/3 corticocortical neurons (Collins et al., 2018). Mediodorsal axon terminals sparsely
innervate prefrontal cortical layer 1 (Collins et al., 2018; Kuroda et al., 1998). Even
though extensive mediodorsal input to prefrontal cortex is important for its function, it
has been argued that other characteristics such as cytoarchitecture or functionality of
brain areas should be taken into account when dening the extent of prefrontal cortex
in rats (Markowitsch & Pritzel, 1979; Uylings, Groenewegen, & Kolb, 2003). Uylings et
al. (2003) conclude that "the present anatomical and functional data indicate that rats
have a prefrontal cortex, in which [second frontal area] Fr2 and [dorsal agranular cingulate
area] ACd are incorporated" and that prefrontal cortex in rats can be dierentiated into
subdivisions based on their function. In the following, I will review anatomical evidence
that ventral motor thalamic projections innervate prefrontal cortical layer 1 and electrophysiological evidence that ventral motor thalamic input to prefrontal cortical layer 1 may
modulate activity of neurons in deeper layers (for review see Sieveritz et al. 2019). Because prelimbic cortex has previously been associated with cost-benet decision-making
(Friedman et al., 2017, 2015), the decision-making paradigm used in this thesis, I will
focus on this brain area.

Ventral Motor Thalamic Projections Innervate Cortical Layer 1 - Anatomical
Evidence
In rats, projections from all three ventral motor thalamic nuclei innervate cortical layer
1 (Kuramoto et al., 2009, 2015). However, innervation of layer 1 by VL projections is
less dense than innervation by VM or VA projections; only 2-15% of VL axon terminals
are found in cortical layer 1 as compared to deeper layers, while about 47-66% of VA
and about 79% of VM projections terminate in cortical layer 1 (Kuramoto et al., 2009,
2015). The VM terminal eld is characterized by varicosities along incoming bers from
VM that run across cortical layer 1 (Arbuthnott et al., 1990; Herkenham, 1979; RubioGarrido et al., 2009). In addition, in motor cortex some VM axon terminals are located
in layer 2/3 (Arbuthnott et al., 1990) and in dorsal-lateral cortex rostral of the genu in
layers 3 and 5 (Herkenham, 1979). Electron microscopy revealed that VM axon terminals
in cortical layer 1 make synaptic contacts on dendritic spines (Arbuthnott et al., 1990).
These dendritic spines most likely belong to cortical pyramidal neurons in layers 2/3,
5 and 7 (now known as layer 6B) that, using retrograde tracing, were proven to have
dendrites that extend into layer 1 (B. D. Mitchell & Cauller, 2001). Moreover, some of
these cortical pyramidal neurons that extend dendrites to layer 1 also project back to VM
(B. D. Mitchell & Cauller, 2001), forming a feedback loop.
Using anterograde and retrograde tracing Herkenham (1979) reported that innervation
of VM projections is most dense in frontal cortical areas rostral to the genu with a majority
of axon terminals found in the outer one-quarter of layer 1, i.e. in the uppermost 40
µm, while fewer VM projections innervate parietal and occipital cortical areas. Using
anterograde tracing and recordings of antidromic activity of cortical layer 1 stimulation
in VM, Arbuthnott et al. (1990) corroborated these results and reported that VM axon
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terminals in cortical layer 1 are found as far posterior as parietal cortex, "as far anterior
as the frontal pole and as far lateral as the rhinal sulcus". Rubio-Garrido et al. (2009)
further reported that a small deposit of a retrograde tracer, biotinylated dextran amine,
labeled about 150 neurons in VM with axons clearly visible in frontal cortical layer 1.
Frontal cortical areas that receive projections from VM in rats include the agranular
insular areas, frontal association cortex, cingulate cortex, prelimbic cortex, infralimbic
cortex, dorsolateral orbital area, lateral orbital area, medial orbital areas, ventrolateral
orbital area, ventral orbital area, primary and secondary motor cortex (Kuramoto et
al., 2015). VA and VL project to the frontal association cortex, primary and secondary
motor cortex, the forelimb and hindlimb area, and primary somatosensory cortex with
VA additionally sending projections to cingulate cortex (Kuramoto et al., 2009). The
majority of VA axon terminals are found in layer 1 with some present in layers 2/3
and 5, while VL terminals are mostly located in layer 2/3 or 5 with a small number in
cortical layer 1 (Kuramoto et al., 2009). Anatomical connections of VA, i.e. input from
entopeduncular/GPi and projections to cortical layer 1, had previously been reported
in mice, rats and cats (Scheibel & Scheibel, 1966) and were later corroborated in cats
(Jinnai, Nambu, & Yoshida, 1987).
Pyramidal neurons in prefrontal cortical areas project to striatum (Gerfen, Paletzki,
& Heintz, 2013; Kawaguchi, 2017), one of the input nuclei of the basal ganglia in rodents.
Intermediate nuclei of the basal ganglia transfer information to the output nuclei of the
basal ganglia, GPi and SNr, that project back to ventral motor thalamic nuclei, forming a
second feedback loop that operates in addition to direct projections back from pyramidal
neurons in prefrontal cortices to ventral motor thalamic nuclei (for illustration of feedback
loops see Figure 2.1).

Ventral Motor Thalamic Input Modulates Pyramidal Neurons - Electrophysiological Evidence
Electrophysiological evidence suggesting that ventral motor thalamic input to cortical
layer 1 modulates activity of neurons in deeper layers is sparse and mostly originates
from recordings in sensorimotor and motor areas, even though more recent studies have
accrued evidence in prefrontal cortical areas. In general, ventral motor thalamic input to
cortical layer 1 can generate calcium-dependent regenerative action potentials mediated
by M-methyl-D aspartate (NMDA) in the dendritic tuft of deeper layer pyramidal neurons
that can, in turn, induce sodium axosomatic action potentials (Larkum, Nevian, Sandier,
Polsky, & Schiller, 2009; Larkum & Zhu, 2002). Shlosberg, Amitai, and Azouz (2006)
provide evidence that inputs to cortical layer 1 can evoke responses in deeper layers in
a study, in which local eld potentials in layers 2, 3 and 5 in response to a whisker
deection followed by brief electrical stimulation of somatosensory cortical layer 1 were
recorded. Modulation of local eld potentials depends on the timing of layer 1 stimulation.
Responses in layers 2, 3 and 5 are amplied if layer 1 is stimulated within 10 ms of whisker
deection, but inhibited if stimulation is performed 20-40 ms after whisker deection
(Shlosberg et al., 2006).
After studying forelimb motor cortex circuits and its connections with VL, Yamawaki
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Cortex
projects back to ventral motor thalamic nuclei providing direct feedback. However, cortex further projects to the basal ganglia that output to ventral motor thalamic nuclei,
specically to VM and rostalventral VA-VL complex, providing indirect feedback.
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and Shepherd (2015) reported that optogenetic stimulation of VL axons in-vitro excited
pyramidal tract and intratelencephalic neurons that send collaterals to striatum and are
also known as corticocortical or corticostriatal neurons, but did not excite corticothalamic neurons. In contrast, optogenetic stimulation of VM and mediodorsal axon bers
in prelimbic cortical layer 1 evoked excitatory responses in corticothalamic and corticocortical. However, while mediodorsal input to prelimbic cortex is strong enough to drive
action potentials in layer 2/3 corticocortical neurons, VM input induces subthreshold and
possibly modulatory activity across multiple layers (Collins et al., 2018). Collins et al.
(2018) further conrmed that thalamocortical neurons in prelimbic cortical layers 5 and
6 send projections back to both, VM and mediodorsal thalamus, forming a reciprocal
feedback loop. Electrophysiological evidence further suggests that VM projections make
synapses onto layer 1 inhibitory interneurons in prefrontal cortical areas. Cruikshank et
al. (2012) injected adeno-associated virus conjugated with channelrhodopsin into midline thalamic nuclei and optical stimulation of the axons in secondary motor or cingulate
cortical layer 1 evoked excitatory postsynaptic potentials in layer 1 inhibitory interneurons. However, high-frequency optical stimulation (10 Hz) of midline thalamic bers had
the opposite eect causing short-term synaptic depression. Paired whole-cell recordings
revealed that, in turn, layer 1 inhibitory interneurons induce feedforward inhibition in
other layer 1 inhibitory interneurons or in layer 2/3 pyramidal neurons (Cruikshank et
al., 2012). Excitation of layer 1 inhibitory interneurons through VM input may further
induce feedforward inhibition in pyramidal neurons in deeper layers via a network of cortical inhibitory interneurons that spans across layers (X. Jiang, Wang, Lee, Stornetta, &
Zhu, 2013; Lee et al., 2015). Projections from ventral motor thalamic nuclei to cortex are
illustrated in Figure 2.2.
2.2

Decision-Making in Rodents

Higher cognitive functions such as decision-making have been attributed to the prefrontal
cortex (Bechara, Tranel, & Damasio, 2000; Coutlee & Huettel, 2012). Due to debates
whether rodents have a prefrontal cortex (Laubach, Amarante, Swanson, & White, 2018;
Uylings et al., 2003) as well as doubts that rodents are able to learn complex decisionmaking paradigms, most early studies on decision-making were performed in humans
or non-human primates (Damasio & Damasio, 1996). However, in recent years several
paradigms to study decision-making in rodents have been designed and studies in rodents
have contributed to a better understanding of the neurobiological processes underlying
decision-making (Ellenbroek2016). To provide an overview over the available paradigms
as well as to provide a review in the next section which prefrontal cortical areas have
been implicated in dierent decision-making paradigms, I will introduce some decisionmaking paradigms in this section. Since I have been using a cost-benet decision-making
paradigm in the work presented in this thesis, I will primarily focus on paradigms that
provide a trade-o between an unpleasant stimulus/task and a larger reward that has
been associated with this stimulus/task.
Risk-based decision-making oers animals a choice between a smaller but certain reward, e.g. receiving one food pellet on 8 out of 10 lever presses, or a larger but less certain
reward, e.g. receiving 3 food pellets on 3 out of 10 lever presses (Pais-Vieira, Lima, &
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Figure 2.2: Projections from Ventral Motor Thalamic Nuclei to Cortex. Projections from VM, VA and VL reach cortical layer 1 and make contacts onto pyramidal
neurons in deeper layers. Axon terminals from all three ventral motor thalamic nuclei are
also found in layers 2/3 and 5, and for VM in layer 6. The percentage of axon terminals
reaching cortical layer 1 diers across the ventral motor thalamic nuclei with 2-15% of
VL, 47-66% of VA and 79% of VM projections terminating in cortical layer 1 as opposed
to deeper layers. This dierence in the percentage of projections to layer 1 is indicated by
the width of the illustrated projections. VM provides input to corticothalamic and striatal projecting corticocortical neurons, while VL targets intratelencephalic and pyramidal
tract neurons. It remains unclear, which type of pyramidal neurons receive input from
VA. In addition, all three ventral motor thalamic nuclei may target layer 1 inhibitory
interneurons that make contacts onto and can induce feedforward inhibition in deeper
layer pyramidal neurons.
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Galhardo, 2007). Risk-discounting decision-making or probabilistic discounting provides
animals with the same choice between a smaller, certain and a larger, less certain reward.
However, probability that the larger reward is delivered slowly declines over trials, e.g.
4 pellets are delivered with a decreasing probability of 1, 0.5, 0.25 or 0.125 (Floresco &
Whelan, 2009).
Delay-based decision-making is often applied to test impulsivity of rodents. Animals
choose between two levers; pressing one will result in immediate delivery of 1 food pellet
but pressing the second lever will result in delivery of several food pellets after a delay
(Floresco, Tse, & Ghods-Shari, 2008). Delay-discounting decision-making builds upon
the same paradigm, but the delay time increases over trials.
Eort-based decision-making requires animals to choose between receiving a small reward
or exerting physical eort to receive a larger reward, e.g. climb a barrier to reach or press
a lever a specied number of times to receive a larger reward (Floresco & Ghods-Shari,
2007; Sokolowski & Salamone, 1998). Eort-discounting decision-making presents animals
with a similar choice, but while pressing one of two levers results in immediate delivery of
a small reward, animals have to press the second lever a specied number of times within
25 secs to receive a large reward and the number of presses necessary increases over trials
(Floresco et al., 2008).
Cost-benet decision-making is a variation of the previous paradigm and oers animals
a choice between a high cost-high benet or a low cost-low benet option. However, in
this paradigm the cost is usually mental rather than physical, e.g. overcoming fear of a
bright light or opting to perform a more dicult task to receive a larger reward (Cocker,
Hosking, Benoit, & Winstanley, 2012; Friedman et al., 2015). Most of the introduced
decision-making paradigms have been used in various variations, e.g. some have been
performed in a T-maze, radial arm maze or by oering animals a choice between two
levers. In radial arm mazes the location of rewards is changed between trials and animals
need to recall previous actions as well as environmental cues (Lapish, Durstewitz, Chandler, & Seamans, 2008).
Sensory discrimination requests animals to discriminate two dierent objects based on
sensory information, e.g. the texture (J. L. Chen, Carta, Soldado-Magraner, Schneider,
& Helmchen, 2013) or distance between two poles (Celikel & Sakmann, 2007). In order
to perform this task, animals need to acquire and process sensory information prior to
making a choice. Variations of this paradigm have been discussed by Gire, Whitesell,
Doucette, and Restrepo (2013).
2.3

Prefrontal Cortex in Decision-Making

Prefrontal cortex was one of the rst brain regions to be associated with higher cognitive functions such as working memory, mental imagery, willed actions, attention or
decision-making (Dalley, Cardinal, & Robbins, 2004; Frith & Dolan, 1996). As mentioned previously, it is highly discussed if rodents have a prefrontal cortex (Laubach et
al., 2018; Uylings et al., 2003) and if rodent prefrontal cortex can be divided into several areas based on the function of each of these areas (Brown & Bowman, 2002). In
addition, when dividing prefrontal cortex into subdivisions, naming of prefrontal cortical
areas remains inconsistent (Laubach et al., 2018). In humans and non-human primates,
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prefrontal cortex has been divided consists of the dorsal prefrontal cortex, the dorsomedial
prefrontal cortex, the dorsolateral prefrontal cortex, the ventrolateral prefrontal cortex,
the orbitofrontal cortex, the frontal pole, and the caudal prefrontal cortex that includes
the frontal eye eld (Murray, Wise, & Graham, 2017). In rats, Heidbreder and Groenewegen (2003) divided the prefrontal cortex into a dorsal compartment consisting of the
medial precentral area and ACg, and a ventral compartment consisting of the prelimbic,
infralimbic and orbitofrontal cortex (OFC). Most of these areas have been distinctively
associated with one or more of the decision-making paradigms presented in the previous
section as reported below. Because such a functional distinction exist, I will be using
the division proposed by Heidbreder and Groenewegen (2003). The extent of these areas
has been characterized in several brain atlases and I will be using the denition provided by Paxinos and Watson (2004). The ACg, OFC, prelimbic and infralimbic cortex
are interconnected, receive input from somatosensory and motor cortex (Bedwell, Billett,
Crofts, & Tinsley, 2014) and send projections to striatum (Hoover & Vertes, 2011; Sesack,
Deutch, Roth, & Bunney, 1989). Prefrontal projections to striatum have been implicated
in a range of behaviors and disorders, e.g. cost-benet decision-making (Friedman et
al., 2015), auditory discrimination (Znamenskiy & Zador, 2013) and obsessive-compulsive
disorder (Ahmari et al., 2013; Burguière, Monteiro, Feng, & Graybiel, 2013).
In humans and non-human primates ACg integrates the outcome of past actions to
guide future behavior (Sheth et al., 2012; Walton & Mars, 2007), encodes predictions on
the value or uncertainty of reward or punishment (Monosov, 2017), is involved in learning
action-outcome associations (Rushworth, Noonan, Boorman, Walton, & Behrens, 2011)
and has been implicated in risk-based decision-making (Ernst et al., 2002; Heilbronner,
2017). In rodents initial results were ambiguous. Performance of rats on a variety of
Pavlovian-conditioning tasks was not impaired by bilateral excitotoxic lesions, but when
oered a choice between a lever associated with a reward and one not associated with
reward animals would approach both levers equally often (Cardinal et al., 2003). This result suggests that rats with ACg lesions can acquire stimulus-reward associations, but are
unable to associate specic stimuli/actions with specic rewards. Furthermore, lesions of
the ACg, but not of prelimbic, infralimbic or orbitofrontal cortex, impair the performance
of rats on an eort-based decision-making task and animals will avoid climbing a barrier
for a larger reward by entering the arm of a T-maze that does not require to extend any
physical eort but provides a smaller reward (Walton et al., 2003). However, in an eortbased decision-making task that requires animals to press a lever more often for a more
attractive reward lesion of ACg did not impair the performance in rats, suggesting that
ACg is not necessarily involved in eort-based decision-making (Schweimer & Hauber,
2005).
ACg has also been associated with cost-benet decision-making tasks that require rats
to expend additional mental eort, i.e. to perform a more dicult task, to receive a larger
reward. In short, ACg inactivation reduced the willingness of rats to expend additional
mental eort to receive a larger reward and increased motor impulsivity (Hosking, Cocker,
& Winstanley, 2014). Single-unit recordings in rats performing a delayed-win-shift radial
arm-maze task that required animals to recall four out of eight radial maze arms that
were previously baited and visit the remaining four arms to receive a reward revealed a
more general role of ACg in decision-making: Dierent phases of the task such as action
selection, reward retrieval or context were coded by assemblies of ACg neurons (Lapish et
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al., 2008). Moreover, rats with ACg lesions tend to preferentially revisit previously baited
arms in this task, indicating a role of ACg in response exibility (Seamans, Floresco, &
Phillips, 1995). Recordings of neuronal activity in ACg further conrmed involvement
in eort-based decision-making with 94% of choice-selective units exhibiting signicantly
higher ring rates in response to choosing the high eort-high reward option, i.e. when
animals choose to climb a barrier to receive a larger reward (Hillman & Bilkey, 2010).
Moreover, an increase in ACg activity has been observed in response to errors (Bryden,
Johnson, Tobia, Kashtelyan, & Roesch, 2011; Totah, Kim, Homayoun, & Moghaddam,
2009), an unexpected change in reward value (Bryden et al., 2011) or when reevaluating
a response (Bryden et al., 2019).
Rodent OFC is involved in risk-based and delay-based decision-making. Mobini et al.
(2002) reported that rats with OFC lesions are impaired on risk-discounting and delaydiscounting decision-making and favor smaller, but more certain or immediately delivered rewards. In contrast, when presented with 90 trials of a risk-based decision-making
paradigm the behavior of rats with and without OFC lesions was initially similar, but in
the last 30 trials rats with OFC lesions became less sensitive to risk choosing the larger,
less certain reward more often (Pais-Vieira et al., 2007). OFC has also been implicated in
reversal learning and inactivation decreases rats ability to unlearn a previously acquired
task (Boulougouris, Dalley, & Robbins, 2007; Ghods-Shari, Haluk, & Floresco, 2008). Interestingly, OFC and dorsomedial striatal activity increase when performing goal-directed
actions, while activity of dorsolateral striatum decreases (Gremel & Costa, 2013). Performing goal-directed actions is necessary to acquire novel tasks such as decision-making
paradigms, supporting previous evidence that corticostriatal pathways are important for
decision-making.
Prelimbic and infralimbic cortex have both been implicated in planning future actions
based on previously acquired information. Delatour and Gisquet-Verrier (1999) reported
that acquisition of conditioned discrimination between the two arms in a Y-maze was
unaected by lesions of prelimbic and infralimbic cortex. However, when the response to
the conditioned stimulus was delayed animals had diculties to learn the task; a result
that was interpreted to implicate that prelimbic and infralimbic are important to plan
future actions based on information acquired in the past. Results presented by Seamans
et al. (1995) support this interpretation: When prelimbic cortex was lesioned prior to
the acquisition of a delayed spatial win-shift task that required animals to remember
the location of four rewards in a radial arm maze performance remained unaected, but
when prelimbic cortex was lesioned after acquisition of the task animals were unable to
perform the task. Prelimbic cortex is not necessary for the encoding of action-outcome
contingencies, but when lesioned after learning action-outcome contingencies retrieval is
impaired.
Prelimbic and infralimbic have also both been implicated in fear conditioning. However, while lesions of prelimbic cortex impair the acquisition of reward-seeking behavior
in response to reward cues, lesions of infralimbic cortex impaired the ability to discriminate between a fear cue that signals delivery of a footshock and a compound cue that
signals that the footshock will not be delivered (Sangha, Robinson, Greba, Davies, &
Howland, 2014). Moreover, inactivation of infralimbic cortex disrupts the extinction of a
previously learned fear response to a stimulus signaling an aversive outcome, while inactivation of prelimbic cortex impaired the fear response (Sierra-Mercado, Padilla-Coreano,
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& Quirk, 2011). For infralimbic cortex these results have been conrmed by studies that
demonstrate inhibition of infralimbic cortex activity to reinstate extinct fear responses
(Do-Monte, Manzano-Nieves, Quinones-Laracuente, Ramos-Medina, & Quirk, 2015; Laurent, Chieng, & Balleine, 2016) and stimulation to strengthen extinction (Do-Monte et al.,
2015; Lingawi, Holmes, Westbrook, & Laurent, 2018). In addition, bilateral inactivation
of infralimbic cortex increases fear and activation avoidance responses (Halladay & Blair,
2017).
Inactivation of prelimbic cortex but not of infralimbic cortex impairs place avoidance
conditioning, i.e. disrupts acquisition of a fear response (Z. C. Jiang et al., 2014), and
an increase in prelimbic cortex activity has been associated with extinction of a conditioned aversive response (Mears, Boutros, & Cromwell, 2009; Milad & Quirk, 2002).
Furthermore, prelimbic cortex participates in risk-discounting decision-making and, when
the probability that a large reward was delivered decreased over each session and uncertainty of reward delivery increased, inactivation of prelimbic cortex induced an increase in
choices of a larger but more uncertain reward. In contrast, when probability for the delivery of a larger reward increased over a session and uncertainty decreased, inactivation of
prelimbic cortex induced a decrease in choices of a larger but more uncertain reward (St.
Onge & Floresco, 2010). Similar observations were made after disruption of dopaminergic
receptor 2 modulation of the prelimbic-basolateral amygdala pathway. Rats were unable
to adjust their choice bias and choose the larger reward more often in later trials when
the probability for reward delivery decreased over a session, but less often when the probability increased over a session. In comparison, disruption of dopaminergic receptor 1 and
2 modulation of the prelimbic-nucleus accumbens pathway, overall decreased choices of
the larger but uncertain reward (Jenni, Larkin, & Floresco, 2017). In addition, prelimbic corticostriatal neurons are involved in cost-benet decision-making and optogenetic
inactivation of prelimbic axon terminals in cortex increased the choice of a high cost-high
benet as compared to a low cost-low benet option, while optogenetic stimulation had
the opposite eect (Friedman et al., 2015).
Anterior lateral motor cortex (ALM) refers to the cortical area centered around 2.5 mm
anterior and 1.5 mm lateral of bregma (T. W. Chen, Li, Daie, & Svoboda, 2017), and forms
extensive reciprocal loops with the ventral motor thalamic nuclei (Z. V. Guo et al., 2017).
In a sensory discrimination task that incorporates a delay period between sensing an object
and making a response, unilateral optogenetic inhibition of ALM during the delay period
biased responses to one side (Z. V. Guo et al., 2014). Some neurons in ALM are directionselective and ALM population activity ramps up during the delay period predicting the
movement direction (Li, Chen, Guo, Gerfen, & Svoboda, 2015), and some features of ALM
activity involved in movement preparation are similar in auditory and tactile sensory
discrimination tasks (Inagaki, Inagaki, Romani, & Svoboda, 2018). Helmchen, Gilad,
and Chen (2018) reviewed experiments on the participation of a network formed by the
primary somatosensory, secondary somatosensory and primary motor cortex in sensory
discrimination and reported that sensing relies on somatosensory input to primary motor
cortex. They further summarized that neurons in primary motor cortex code object
features, movement direction and performance on each trial, and that population activity
during the delay period predicts movement direction (J. L. Chen et al., 2013). Activity
of ALM neurons during movement preparation relies on sensory input from barrel cortex
(Z. V. Guo et al., 2014) and thalamic input from ventral motor thalamic nuclei (Z. V. Guo
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et al., 2017).
2.4

Ventral Motor Thalamic Nuclei and Basal Ganglia
Output Nuclei in Decision Making

Ventral motor thalamic nuclei as well as bansal ganglia output nuclei that provide input to them have been associated with choice behavior, indicating a role of the ventral
motor thalamic nuclei in decision-making. Gage, Stoetzner, Wiltschko, and Berke (2010)
recorded activity from medium spiny neurons and fast-spiking interneurons in striatum as
well as activity from globus pallidus in rats on a simple choice task, in which animals were
presented with a low- or high-pitched tone that indicated that they had to move either
left or right to receive a reward. While medium spiny neuron activity was not specic to
one component of the task, fast-spiking interneurons expressed a coordinated increase and
globus pallidus neurons a sharp decrease in activity as soon as the chosen action was initiated. These results indicate that the basal ganglia are involved in action initiation after
one of two options has been selected. Striatum has further been implicated in motivation
and goal-directed action in general (Carvalho Poyraz et al., 2016; Furlong, Supit, Corbit,
Killcross, & Balleine, 2017) and more particularly on a rat gambling task (Fitoussi et al.,
2018), in risk-based decision-making (Bercovici, Princz-Lebel, Tse, Moorman, & Floresco,
2018) and in cost-benet decision-making that requires rodents to exert more cognitive
eort for a larger reward (Friedman et al., 2015; Silveira, Tremblay, & Winstanley, 2018).
Even though further evidence for participation of entopeduncular/GPi in choice behavior is sparse, another part of globus pallidus, the habenula-projecting globus pallidus,
is involved in action selection (Stephenson-Jones, Kardamakis, Robertson, & Grillner,
2013) with excitatory and inhibitory inputs to the region being necessary to evaluate positive and negative feedback (Stephenson-Jones et al., 2016). Evidence for involvement in
choice behavior is more concrete for the second output nuclei of the basal ganglia: In a
stop-signal task the SNr responded to the 'stop' cue only if the action is cancelled, while
subthalamic nucleus responded regardless of whether the action was canceled, indicating
a role of SNr in controlling goal-directed behavior (Schmidt, Leventhal, Mallet, Chen,
& Berke, 2013). More importantly, in a task that required mice to modulate action duration to receive a reward, excitatory and inhibitory modulation was observed in both,
dopaminergic and gabaergic neurons in the SNr, in response to the start cue and when
performing the action (Fan, Rossi, & Yin, 2012). Moreover, activity of these neurons also
reected decision condence for the completed action and for receiving a reward (Fan et
al., 2012). Overall, these results suggest that two nuclei that provide a major input to
ventral motor thalamic nuclei play a role in decision-making.
Given that entopeduncular/GPi and SNr both provide a major input to ventral motor
thalamic nuclei (see chapter 2.1.1 Input from the Basal Ganglia to Ventral Motor Thalamic
Nuclei) and that optogenetic stimulation of SNr neurons can induce a response in ventral
motor thalamic nuclei (Edgerton & Jaeger, 2014), it is not surprising that ventral motor
thalamic nuclei have been implicated in action selection. First evidence for involvement
of ventral motor thalamic nuclei in action selection was provided by Tanaka (2007), who
reported that in non-human primates on a cued saccade task neurons in a delay phase prior
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to action selection VL neurons show ramp-up activity. Because such ramp-up activity is
observed prior to movement onset, it has been associated with integrating information to
make a decision rather than with the movement itself. Similar ramp-up activity in a delay
phase prior to action selection has been observed in secondary motor cortex on a riskbased decision-making task (Sul, Jo, Lee, & Jung, 2011) and in sensory discrimination in
ALM (Li et al., 2015; Li, Daie, Svoboda, & Druckmann, 2016), supporting the idea that
ventral motor thalamocortical networks may be involved in decision-making. Gaidica,
Hurst, Cyr, and Leventhal (2018) recorded ventral motor thalamic unit activity in rats
that performed a two-alternative forced-choice task and observed two distinct neuronal
populations: "Initiation" units that responded to instructional cues rather than movement
onset and did not code the movement direction of rats, and "execution" units with activity
that was coupled to movement onset instead of instructional cues and that predicted the
movement direction of rats. Even though this result does not necessarily indicate that
ventral motor thalamic nuclei are involved action selection prior to movement onset, it
clearly supports a role for ventral motor thalamic nuclei in action initiation following the
presentation of instructional cues.
Given that I am proposing a role of ventral motor thalamic projections to prelimbic
cortex in cost-benet decision-making, a recent study revealing an essential role of ventral
motor thalamic nuclei in reinforcement learning, i.e. learning based on a reward/benet,
is also of interest. Lalive, Lien, Roseberry, Donahue, and Kreitzer (2018) demonstrated
that mice will self-stimulate direct pathway medium spiny neurons implying that selfstimulation of these neurons reinforces behavior in the same manner as giving a reward
to the animal. Mice further learned to self-inhibit SNr, a nucleus inhibited when direct
pathway medium spiny neurons are stimulated, and to self-stimulate several nuclei that
receive input from SNr, i.e. VM, dorsal raphe nucleus and mesencephalic locomotor
region. However, while animals still learned to self-stimulate direct pathway medium spiny
neurons as reward when dorsal raphe nucleus or mesencephalic locomotor region were
inactivated with muscimol, mice did not learn to self-stimulate any longer when VM was
inactivated. This result indicates that VM, but not the other two brain areas, is necessary
in reinforcement learning and as such may be involved in evaluation of rewards/benets.
Therefore, VM may play an essential role in processing the reward value of a benet in
cost-benet decision-making.
2.5

Ventral Motor Thalamic Pro jections to Prefrontal
Cortex in Decision-Making

Acquisition of a decision-making paradigm in rodents heavily relies on animals learning
to associate specic actions with specic outcomes. Hence, plasticity of thalamocortical
connections after memory formation is an indicator that ventral motor thalamic projections to prefrontal cortex may play a crucial role in decision-making. Interestingly, Biane,
Takashima, Scanziani, Conner, and Tuszynski (2016) recorded in-vitro monosynaptic responses in rat primary motor cortex to optical stimulation of ventral motor thalamic
projections and reported that responses of some layer 5 neurons signicantly increased after skilled grasp training. Specically, response amplitudes of layer 5 neurons that control
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grasp-related muscles in the distal forelimb were signicantly larger compared to those
controlling grasp-related muscles in the proximal forelimb.
Recently, more direct evidence on an involvement of ventral motor thalamic projections to prefrontal cortex in decision-making was provided. ALM population activity has
been reported to predict the response in sensory discrimination (Li et al., 2016) and anticipatory activity for movement preparation on the task originates in deeper layers of ALM
(T. W. Chen et al., 2017). Z. V. Guo et al. (2017) demonstrated that in mice ALM receives input from and sends projections to ventral motor thalamic nuclei. Furthermore, in
a tactile discrimination task that incorporated a delay phase prior to responding unilateral
optogenetic inhibition of ALM or the ventral motor thalamic nuclei induced contralateral
neglect in mice, i.e. mice no longer responded to tactile stimuli presented on the site
contralateral to unilateral optogenetic inhibition. ALM activity was reduced to 6% of
control activity by optogenetic inhibition of ventral motor thalamic nuclei disrupting persistent activity of ALM during the delay phase. These results highlight the importance
of thalamocortical loops in decision-making paradigms such as sensory discrimination.
I recently proposed that ventral motor thalamic projections to other prefrontal cortical
areas may also be involved in decision-making paradigms that are associated with these
areas (Sieveritz et al., 2019). Such decision-making paradigms may include more complex
paradigms that require animals to choose between two options rather than simply having
to discriminate two objects. One option that is addressed in this thesis is the involvement
of ventral motor thalamic projections to prelimbic cortex in cost-benet decision-making.

Chapter 3
Aims
In this chapter, I will show how the reviewed literature relates to the two aims of this
thesis and discuss both aims in more detail.

1. To investigate the innervation pattern of VM projections to prelimbic
cortical layer 1 using anatomical methods to determine whether VM axon
terminals in uppermost prelimbic cortical layer 1 target dendrites of pyramidal
neurons, corticostriatal neurons and layer 1 inhibitory interneurons.

Knowledge on the innervation pattern of VM axon terminals in prelimbic cortical layer
1 will allow predictions on whether and to what extent VM projection neurons to prelimbic cortical layer 1 may modulate the activity of pyramidal neurons in deeper layers
of prelimbic cortex. For example, if VM axon terminals contact dendrites of pyramidal
neurons as well as layer 1 inhibitory interneurons, VM can provide excitatory as well
as inhibitory input to prelimbic cortex. However, VM innervation patterns dier across
cortical regions; e.g. VM axon terminals in somatosensory cortex target corticocortical, corticothalamic and pyramidal tract neurons (Thomson, 2010), while those in motor
cortex only target corticocortical and pyramidal tract neurons (Yamawaki & Shepherd,
2015). Electrophysiological evidence indicates that in prelimbic cortex VM input can
induce excitatory postsynaptic potentials in corticothalamic and corticocortical neurons
that also project to striatum (Collins et al., 2018). Striatal projecting pyramidal neurons
play an important role in several behaviors such as obsessive-compulsive disorder (Ahmari et al., 2013; Burguière et al., 2013), auditory discrimination (Znamenskiy & Zador,
2013) and cost-benet decision-making (Friedman et al., 2017, 2015). Because VM projections can modulate the activity of such corticostriatal neurons, VM projections may
themselves be involved in these behaviors. Thus, I aimed to corroborate the presented
electrophysiological evidence that VM input to prelimbic cortical layer 1 can induce excitatory postsynaptic potentials in corticocortical neurons that also project to striatum
(Collins et al., 2018) using anatomical methods to determine whether VM axon terminals
in prelimbic cortical layer 1 target the apical dendritic tuft of pyramidal and corticostriatal neurons. In addition, I estimated the percentage of contacts onto dendrites of
corticostriatal neurons as compared to the overall number of contacts onto dendrites of
pyramidal neurons.
I further aimed to investigate if VM axon terminals in uppermost prelimbic cortex contact layer 1 inhibitory interneurons. Sparse evidence indicates that input from midline
thalamic nuclei, e.g. VM, to prefrontal cortical areas drives layer 1 inhibitory interneurons
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that can induce feedforward inhibition in pyramidal neurons in layer 2/3 (Cruikshank et
al., 2012), 5 and 6 (X. Jiang et al., 2013; Lee et al., 2015). Hence, if VM projections to
prelimbic cortex contact layer 1 inhibitory interneurons, VM input can provide an excitatory as well as inhibitory input to pyramidal neurons in deeper layers. Furthermore, to
gain a better understanding of the balance between excitatory and inhibitory VM input to
prelimbic layer 1, the ratio of contacts onto dendrites of pyramidal neurons and dendrites
of layer 1 inhibitory interneurons in the uppermost 40µm of prelimbic cortical layer 1 was
estimated. In addition, to gain a better understanding of the properties of ventral motor
thalamic axon terminals in prelimbic cortex, I aimed to verify that their neurochemical
properties resemble those of other thalamocortical axon terminals, i.e. that axon terminals
are glutamatergic expressing VGluT2 and to less extent vesicular glutamate transporter 1
(VGluT1) but not the inhibitory neurotransmitter GAD67 (Fujiyama, Furuta, & Kaneko,
2001; Hur & Zaborszky, 2005; Kaneko & Fujiyama, 2002). I used anterograde tracing,
immunohistochemistry and systematic random sampling to address the rst aim.

2. To study whether ventral motor thalamic projections to prelimbic cortex
are involved in cost-benet decision-making, specically to behaviorally test
whether optogenetic inhibition of ventral motor thalamic axon terminals in
prelimbic cortical layer 1 changes choice behavior of rats that were previously
trained on a cost-benet decision-making paradigm.

Prelimbic cortex and in specic prelimbic corticostriatal neurons have been implicated
in cost-benet decision-making. Optogenetic stimulation of prelimbic corticostriatal neurons dereases and optogenetic inhibition increases the choices of rats for a high cost-high
benet option as opposed to a low cost-low benet option, even though their perception
of cost and benet values remains unchanged (Friedman et al., 2015). Similar changes
in choice behavior are induced by stress (Friedman et al., 2017). Results presented in
Chapter 5 Results and Discussion - Neuroanatomy as well as previous evidence presented
in Chapter 2 indicate that VM projection neurons to prelimbic cortex target pyramidal
neurons, corticostriatal neurons and layer 1 inhibitory interneurons. Hence, VM input to
prelimbic cortex can excite and inhibit pyramidal neurons and specically corticostriatal
neurons in deeper layers of prelimbic cortex (Gerfen et al., 2013). Thus, I previously suggested that VM or more general ventral motor thalamic projections may themselves be
involved in cost-benet decision-making (Sieveritz et al., 2019). This is even more likely
given evidence from recent studies presented in Chapter 2 that suggest a role for VM and
its projections to prefrontal cortex in action selection, action initiation, reinforcement
learning and sensory discrimination (Gaidica et al., 2018; Z. V. Guo et al., 2017; Lalive
et al., 2018). In order to test this hypothesis, I trained rats on a benet-benet, cost-cost
and cost-benet decision-making paradigm and recorded changes in their choice behavior
upon optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical
layer 1.

Chapter 4
Methods
4.1

Experimental Design

To investigate if VM projections contact pyramidal neurons, corticostriatal neurons and
layer 1 inhibitory interneurons as well as to verify that ventral motor thalamic axon terminals express VGluT2 and VGluT1 but not GAD67, an anterograde tracer was injected
in either VM or ventral motor thalamic nuclei to label their axon terminals in prelimbic
cortex. Animals were perfused after a survival period of 14-28 days and 80 µm coronal
sections were taken on a freezing microtome to perform immunohistochemistry for:
1. Microtubule associated protein 2 (MAP2), a marker expressed in dendrites of pyramidal neurons (Bernhardt & Matus, 1984), to visualize the dendrites of pyramidal
neurons in prelimbic cortex;
2. Regulator of G-protein signaling 14 (RGS14), a protein that in prelimbic cortex
was reported to be solely expressed in dendrites and somata of intratelencephalic
neurons (Gerfen et al., 2013), to visualize dendrites of striatal projecting pyramidal
neurons in prelimbic cortex;
3. Five-hydroxytryptamine 3a receptor (5HT3aR), a protein expressed by 99% of layer
1 inhibitory interneurons across cortex (Feldmeyer, Qi, Emmenegger, & Staiger,
2018; Rudy, Fishell, Lee, & Hjerling-Leer, 2011), to visualize layer 1 inhibitory
interneurons in prelimbic cortex;
4. VGluT2 and VGluT1, proteins expressed in glutamatergic synapses that have been
reported to be present in thalamocortical synapses to varying degrees (Fujiyama et
al., 2001; Hur & Zaborszky, 2005; Kaneko & Fujiyama, 2002);
5. GAD67, an enzyme present in GABAergic synapses that has been reported to be
absent in thalamocortical synapses (Fujiyama et al., 2001; Hur & Zaborszky, 2005;
Kaneko & Fujiyama, 2002).
To investigate if VM axon terminals in prelimbic layer 1 make contacts onto pyramidal
neurons, corticostriatal neurons or layer 1 inhibitory interneurons, image stacks with
optical slices with a thickness of 0.29 µm were taken in prelimbic layer 1. I veried in
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single optical slices whether the anterograde tracer expressed in VM axon terminals in
prelimbic layer 1 superimposes with markers for these three types of neurons, i.e. MAP2,
RGS14 and 5HT3aR. In addition, image stacks that spanned the uppermost 40µm of
prelimbic layer 1 and covered at least 10µm depth using a minimum of 5 optical slices
were taken to quantify the number of superimpositions using unbiased random sampling.
This approach allowed me to quantify the ratio of contacts of VM projection neurons onto
corticostriatal neurons out of the total number of contacts onto pyramidal neurons, as well
as the ratio of contacts onto layer 1 inhibitory interneurons as compared to contacts onto
pyramidal neurons. Similarly, to investigate if ventral motor thalamic axon terminals
express VGluT2 and to less extent VGluT1 but not GAD67, image stacks with optical
slices with a thickness of 0.58 µm were taken on a laser scanning confocal microscope and
co-expression of the anterograde tracer expressed in ventral motor thalamic axon terminals
with VGluT2, VGluT1 or GAD67 in maximum intensity projections taken across 10-11
optical slices or in single optical slices was examined. To qualify as a superimposition,
structures had to show a visual overlap of at least 4 voxels along the x- or y-axis, which
resembles an overlap of at least 500 nm in x- or y-direction. The resolution along the
z-axis for each single optical plane was 0.29 µm for superimpositions with MAP2, RGS14
and 5HT3aR, and 0.58 µm for superimpositions with VGluT1, VGluT2 or GAD67. As
such any axon terminals that were within 0.29 µm of MAP2, RGS14 and 5HT3aR or 0.58
µm of VGluT1, VGluT2 or GAD67 were treated as superimposed.
Although specicity of the used RGS14 and 5HT3aR antibody was conrmed by the
supplier using immunoblot and immunohistochemistry, the antibodies had not been used
in a comparable application, i.e. to identify dendrites and somata of corticostriatal neurons in prelimbic cortex or to label layer 1 inhibitory interneurons. Hence, I veried that
both antibodies were suitable for the specied application. Cortical inhibitory interneurons are immunoreactive to GAD67 (Retaux et al., 1993) and 99% of layer 1 inhibitory
interneurons express 5HT3aR (Feldmeyer et al., 2018; Rudy et al., 2011). Hence, to verify
that the used 5HT3aR antibody stains layer 1 inhibitory interneurons, I took 80-µm coronal sections from six 12-week-old Sprague-Dawley rats, performed immunohistochemistry
for GAD67 and 5HT3aR and visualized cell nuclei with DAPI.
If no false-negative staining occurs 99% of cortical inhibitory interneurons in layer 1
labeled with GAD67 will express 5HT3aR, and if no false-positive staining occurs none of
the cell nuclei in cortical layer 1 not labeled with GAD67 will express 5HT3aR. To verify
that no false-negative and false-positive staining occurred one image stack per animal was
taken in prelimbic layer 1 and single optical slices were analyzed. RGS14 is expressed in
the nuclei of a variety of cortical cells (López-Aranda, Acevedo, Carballo, Gutiérrez, &
Khan, 2006) but in prelimbic cortex somatic and dendritic expression is reportedly limited
to intratelencephalic neurons (Gerfen et al., 2013) that project to contralateral cortex and
striatum. To verify that in prelimbic cortex somatic and dendritic expression of RGS14
is limited to striatal projecting pyramical neurons, I retrogradely labeled corticostriatal
in seven and corticothalamic neurons in four 9-week-old Sprague-Dawley rats. Animals
were perfused after 14 days, 80-µm coronal section were taken from prefrontal cortex and
immunohistochemistry for RGS14 was performed. To control for false-negative staining
I veried that all retrogradely labeled corticostriatal neurons are RGS14-positive, and
to control for false-negative staining I vered that retrogradely labeled corticothalamic
neurons were RGS14-negative. For each animal two image stacks of retrogradely labeled
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corticostriatal and corticothalamic neurons were taken in prelimbic cortex and expression
was analyzed in single optical slices.
To address the second aim, i.e. to test if ventral motor thalamic projections are
involved in cost-benet decision-making, 4- to 5-week-old rats were trained on a benetbenet, cost-cost and cost-benet decision-making paradigm that oered animals a choice
between a high and low benet option, a high and low cost option, or a high benethigh cost and low benet-low cost option. Once animals had learned all three tasks and
reached 9 weeks of age, they received an injection of adeno-associated virus that expresses
archaerhodopsin (AAV5-CAG-ArchT-GFP) or of a control virus (AAV5-CAG-GFP) into
the ventral motor thalamic nuclei. In addition, in the same aseptic surgery a ber optic
with an integrated light emitting diode (LED), i.e. a LED ber optic, was implanted
into prelimbic cortical layer 1. After 12 days ventral motor thalamic axon terminals in
prelimbic cortex expressed the virus and could be optogenetically inhibited by delivering
590 nm light via the LED ber optic. After a recovery period of 12-16 days animals
performed 60 trials with and 60 trials without delivery of the 590 nm light on all three
decision-making paradigms over 9 days. Choice behavior was compared between both
conditions as well as between animals injected with the virus expression archaerhodopsin
and control animals.
I predicted that, similar to the eect reported by (Friedman et al., 2015) for optogenetic
inhibition of prelimbic corticostriatal projection neurons, on the cost-benet decisionmaking paradigm animals will start to choose the high benet-high cost option more often
upon optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic layer 1
by delivery of a 590 nm light in animals injected with a virus expressing archaerhodopsin.
Furthermore, I predicted that neither the perception of reward nor cost value will be
altered by optogenetic inhibition and that, therefore, choice behaviour on the benetbenet and cost-cost decision-making paradigm will not change. Because previous studies
have reported that prolonged optogenetic inhibition of axon terminals may induce rebound
spiking in postsynaptic cells upon termination of the light stimulus (Mahn, Prigge, Ron,
Levy, & Yizhar, 2016) and to conrm that optogenetic inhibition of ventral motor thalamic
axon terminals in prelimbic cortical layer 1 is eective, I am presenting preliminar data
obtained using in-vivo electrophysiology that suggests that 590 nm light does activate
the archaerhodopsin expressed in ventral motor thalamic axon terminals in prelimbic
cortex and induces optogenetic inhibition as well as that no rebound spiking occurs upon
deactivation of the 590 nm light stimulus. In addition, I would like to mention that the
adeno-associated virus conjugated with archaerhodopsin (AAV5-CAG-ArchT-GFP) used
in the experiments presented in this thesis as well as the same kind of virus construct, but
as serotype 2 (AAV2-CAG-ArchT-GFP), has previously been used to eciently inhibit
axon terminals in studies that observed behavioral eects (Stefanik & Kalivas, 2013;
Stefanik, Kupchik, & Kalivas, 2016) and, in part, also conrmed the suitability of this
virus to inhibit axon terminals (Ozawa et al., 2017).
4.2

Animals

49 male Sprague-Dawley rats (Charles River Laboratories, Japan) between 4 and 12 weeks
of age were used. Table 4.1 provides details on the age and number of animals used in each
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experiment. Animals were single housed in a climate-controlled vivarium, maintained on a
12h light/dark cycle. Animals that were used in behavioral experiments were housed on a
reversed light cycle (lights on at 2200h, lights o at 1000h). All other animals were either
housed on a regular light cycle (lights on at 0700h, lights o at 1900h) or on a reversed
light cycle (lights on at 2200h, lights o at 1000h). Food and water were available ad
libitum. Behavioral experiments were conducted within the last 4 hours of the light cycle
or during the dark cycle. Animals were excluded from the study, if tracer injections, viral
injections or LED ber implants were placed outside the target brain area. In addition,
animals used in behavioral experiments were excluded from the study, if they did not
reach criteria on the behavioral paradigm as specied in Chapter 4.4.3 Decision-Making
Paradigms.
Experiment
Antibody Verication
Systematic Random Sampling
Optogenetics
Electrophysiology

Age
9-10 weeks
12 weeks
10 weeks
4-5 weeks
8-9 weeks

Table 4.1: Overview of Used Animals.
experiment.

Number of Used Animals
11
6
7
22
3

Age and number of animals used in each

All experiments were approved by the Animal Care and Use Committee of the Okinawa
Institute of Science and Technology Graduate University (protocols #2016-131-00 and
#2018-212) and were conducted in accordance with Animal Experiment Regulations of
the Okinawa Institute of Science and Technology Graduate University, in compliance
with Japanese laws and the Public Health Service Policy on Humane Care and Use of
Laboratory Animals of the National Institutes of Health in the United States of America.
4.3

Tracer Injections, Viral Injections and LED Fiber
Implants

Tracer injections, virus injections, LED ber optics or a combination thereof were placed
in 8- to 10-week-old Sprague-Dawley rats. Animals were anaesthetized with 5% isourane delivered with room air (0.5-1 L/min; Small Animal Anaesthetizer, Muromachi,
#MK-A100). Animals were positioned in a stereotaxic frame (Narishige, #SR-5R-HT)
and anaesthesia was maintained at 2% isourane delivered with room air (0.5-1 L/min).
Tracer and virus injections were delivered with a Hamilton syringe (Neuros Syringe, 0.5
µL, Neuros Model 7000.5 KH, point style 3, Hamilton, #65457-01) at an injection speed of
100 nL/min. All experiments involving recombinant DNA were approved by the Biosafety
Committee of the Okinawa Institute of Science and Technology Graduate University (protocol #RDE-2017-003) and conducted in accordance with the Recombinant DNA Experiment Rules of the Okinawa Institute of Science and Technology Graduate University, in
compliance with Japanese laws.

4.4 Behavioral Paradigms

24

To retrogradely label prelimbic corticostriatal or corticothalamic neurons, 10-weekold animals received bilateral injections of 300 nL cholera toxin subunit B (1mg/mL,
Sigma Aldrich, #C9903) into the dorsomedial striatum (from interaural zero AP +9.89
to +13.15, ML +2.4/-2.4, from bregma DV -4.0 mm; in accordance with Paxinos and
Watson 2004) or an unilateral injection of 300 nL cholera toxin subunit B (1mg/mL,
Sigma Aldrich, #C9903) into ventral motor thalamic nuclei (from interaural zero AP
+8.23 to +9.55, ML -1.2, from dura DV -6.56 mm; in accordance with Paxinos and
Watson 2004). To anterogradely label VM axon terminals in prelimbic cortex, 10-week-old
animals received unilateral injections of 10-20 nL biotinylated dextran conjugated with
tetramethylrhodamine (mini-ruby; 10,000 molecular weight, 50mg/mL, Thermo Fisher
Scientic, #D3312) into VM (from interaural zero AP +7.14 to +8.74, ML -1.2, from
dura DV -6.56; in accordance with Paxinos and Watson 2004). Animals were perfused
after 14 days.
For in-vivo electrophysiology in anaesthetized animals and optogenetic inhibition of
ventral motor thalamic axon terminals in prelimbic cortical layer 1, unilateral injections
of 50-70 nL adeno-associated virus 5 expressing archaerhodopsin and green uorescent
protein (AAV5-CAG-ArchT-GFP; provided by Edward Boyden and purchased from UNC
Vector Core) were placed in ventral motor thalamic nuclei (from interaural zero AP +7.14
to +8.74, ML -1.2, from dura -6.6 mm; in accordance with Paxinos and Watson 2004).
In-vivo electrophysiology was performed 12-16 days after the injection and animals were
perfused after the experiment. For testing behavioral eects of optogenetic inhibition,
in some animals I instead injected 50-70 nL of a control virus only expressing green
uorescent protein (AAV5-CAG-GFP; provided by Edward Boyden and purchased from
UNC Vector Core) into ventral motor thalamic nuclei (from interaural zero AP +7.14 to
+8.74, ML -1.2, from dura -6.6 mm; in accordance with Paxinos and Watson 2004). In
addition, in animals used in behavioral experiments in the same aseptic surgery an LED
ber optics with a diameter of 250 µm emitting 590 nm (TeleLC-Y-8-250, Bio Research
Center Co., Ltd.) was chronically implanted into prelimbic layer 1 (from bregma AP
+0.898 mm at a 30◦ angle posterior, ML +1.084 mm at a 30◦ angle from midline, from
dura -3.58 mm; in accordance with Paxinos and Watson 2004) and xed to the skull
with dental cement (Super-Bond C&B, Sun Medical). Behavioral testing was conducted
after a recovery period of 12-16 days and animals were perfused after 26-28 days. Some
of the animals used in behavioral experiments were also used for anterograde tracing
experiments.
4.4

Behavioral Paradigms

Twenty-two 4- to 5-week-old Sprague-Dawley rats were trained on a benet-benet, costcost and cost-benet decision-making paradigm that have been modeled after decisionmaking tasks presented in Friedman et al. (2015). Animals were trained 6 to 7 days a
week for up to 24 days.

4.4 Behavioral Paradigms

25

4.4.1 Apparatus
Behavioral training and testing was conducted in three standard modular test chambers
for rats of which two had a drug infusion top (Med Associates, #ENV-008 and #ENV008CT). Each test chamber was enclosed in a custom made sound-attenuating cubicle
and connected to a personal computer by a SmartCtrl connection panel (Med Associates,
#SG-716B) and a SmartCtrl interface module (Med Associates, #DIG-716B). In each test
chamber a modied pellet/liquid drop receptacle (Med Associates, #ENV-200R3M) was
located at the front panel. The receptacle had two small food trays attached to the front
and two blunt needles were placed to deliver two dierent liquids into them. Liquids were
delivered using single speed syringe pumps (Med Associates, #PHM-100-3.33) with 50
ml lock type plastic syringes (Terumo). Two retractable levers (Med Associates, #ENV112CM) were placed on each side of the modied receptacle and a white stimulus light
(Med Associates, #ENV-221M) was mounted above each lever. Stimulus lights were
connected to a two level stimulus light fader controller (Med Associates, #ENV-226)
and could be used at full intensity (200 lx) or at reduced intensity (1 lx). Each test
chamber was further tted with a 2900 Hz sonalert module (Med Associate, #ENV223AM) that was mounted in the upper left corner of the front response panel. A 15W
LED light (12VMonster, #P-15W-E27-CW-12V85V) was placed above each test chamber
in a 12V lamp holder (12VMonster, #WIRE-E27-2.1MM-2.5M-BLACK) and connected to
a SmartCtrl connection panel (Med Associates, #SG-716B) by a custom-made electrical
circuit board. Each SmartCtrl connection panel was connected to a personal computer by
a SmartCtrl interface module (Med Associates, #DIG-716B). LED ber optics emitting
590 nm light (TeleLC-Y-8-250, Bio Research Center Co., Ltd.) that were chronically
implanted in prelimbic layer 1 were each controlled by wireless Teleopto Receiver (TeleR1-C, Bio Research Center Co., Ltd.) that was placed on the head of the animal and
connected to the LED ber optics prior to each behavioral testing session. Each wireless
Teleopto Receiver was remotely controlled by an infrared signal using a Teleopto Remote
(Bio Research Center Co., Ltd.) and a Teleopto Emitter (Bio Research Center Co.,
Ltd.) that were placed behind each test chamber. Teleopto Remotes were connected to a
personal computer by a passive TTL connection panel (Med Associates, #SG-726-TTL)
and a SuperPort TTL output interface module (Med Associates, #DIG-726TTL-G). Test
chambers, 15W LED lights and Teleopto Remotes were operated using the Med-PC IV
software suite (Med Associates,#SOF-735).

4.4.2 Habituation and Lever Pressing Training
Animals were put on a reversed light cycle (lights on at 2200h, lights o at 1000h) at
least 7 days prior to the start of behavioral training sessions, and were handled by the
experimenter for at least 3 days out of the 5 days prior to the start of behavioral training
sessions. Animals were rst trained to press one of two retractable levers using a modied
continuous reinforcement schedule. Each training session started with a 5-second-long
tone stimuli (2900 Hz, 65db) and 5 secs later one of the two retractable levers was presented
to the animal. Each lever press resulted in retraction of the lever, delivery of 0.1 mL of
20% sweetened condensed milk diluted in tap water and presentation of the stimulus light
above the lever at reduced intensity (1 lx) for 10 secs. After an additional 10 secs a 5-
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second-long tome stimulus (2900 Hz, 65db) was presented to the animal and after another
5 secs the same retractable lever was dispensed again. Animals were presented with one
40-minute-long training session each day for up to 12 days. In each training session only
one lever was presented to the animal. The presented lever was alternated each day,
unless animals had previously reached criterion on one of the two levers, i.e. performed
30 lever presses on the lever in 40 mins. In this case, on subsequent days animals were
solely trained on the lever that they had not reached criterion on previous. For each of
the two levers animals had a total of 6 days to reach criterion, i.e. a maximum of 12 days
in total. If animals did not press the presented lever at least one time on two consecutive
days, the behavior of animals was shaped by the experimenter. The animal's paw was
placed on the lever and moved downwards to press the lever. Afterwards the animal was
moved to the food tray to collect the reward. Shaping was performed for 5 lever presses.
Animals were habituated to 20% sweetened condensed milk diluted in tap water prior to
behavioral training. 20 mL per animal of 20% sweetened condensed milk diluted in tap
water were placed in the home cage on two consecutive days out of the ve days prior to
the start of behavioral training.

4.4.3 Decision-Making Paradigms
As soon as animals reached criterion on lever pressing training, they were trained to
perform the benet-benet, cost-cost and cost-benet decision-making paradigm. Animals were always trained rst on the benet-benet, then on the cost-cost, and last on
the cost-benet decision-making paradigm. Animals completed 40 trials per day of the
decision-making paradigm that they were currently being trained on. Each trial started
with a 5-second-long tone stimulus (2900 Hz, 65 dB) or, in the cost-cost and cost-benet
decision-making paradigm a 5-second-long tone stimulus paired with a 100-millisecondlong bright light ash (1.75 kLx). After an additional 5 secs both retractable levers were
presented to the animal for up to 10s or until a response was made. In each decisionmaking paradigm animals were oered a choice between dierent combinations of benet
and cost (Fig 4.1-A):

• In the benet-benet decision-making paradigm both levers were associated with
low cost and pressing any of the two levers resulted in presentation of a dim light,
i.e. the stimulus light above that lever at reduced intensity (1 lx). However, the
two levers were associated with dierent benets. One lever was always associated
with delivery of a high benet reward (0.1 mL of sweetened condensed milk diluted
at 20%), while pressing the other lever resulted in delivery of a low benet reward
(for training 0.1 mL of sweetened condensed milk diluted at 5%, for testing 0.1 mL
of sweetened condensed milk diluted at 1-19% or pure tap water).
• In the cost-cost decision-making paradigm both levers were associated with high
benet and pressing any of the two levers resulted in delivery of a high benet
reward (0.1 mL of sweetened condensed milk diluted at 20%). However, the two
levers were associated with dierent costs. One lever was always associated with a
high cost and pressing that lever resulted in the exposure to bright light, i.e. the
presentation of the stimulus light above that lever at full intensity in conjunction
with the 15W LED light bulb mounted above the test chamber (1.75 kLx in total).
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In contrast, the other lever was always associated with a low cost and pressing that
lever resulted in the presentation of a dim light, i.e. the stimulus light above that
lever at reduced intensity (1 lx).

• In the cost-benet decision-making paradigm one lever was always associated with
a high benet-high cost option and pressing that lever resulted in the exposure to
bright light, i.e. presentation of the stimulus light above that lever at full intensity
in conjunction with the 15W LED light bulb mounted above the test chamber (1.75
kLx in total), which was paired with the delivery of a high benet reward (0.1 mL of
sweetened condensed milk diluted at 20%). The other lever was always associated
with a low benet-low cost option and pressing that lever resulted in presentation
of the dim light (1 lx) paired with delivery of a low benet reward (for training 0.1
mL of sweetened condensed milk diluted at 2-13% or pure tap water, for testing 0.1
mL of sweetened condensed milk diluted at 1-19% or pure tap water).
Because the subjective reward value varied across animals for dierent concentrations
of sweetened condensed milk, I used data collected during training sessions on the costbenet decision-making paradigm to estimate the concentration of sweetened condensed
milk for each animal such that animals would choose both, the high benet-high cost and
the low benet-low cost option in approximately 50% of the cost-benet decision-making
trials. For each animal the concentration of sweetened condensed milk oered as low
benet reward was systematically varied over the 120 trials presented to animals on the
rst 3 days of training on the cost-benet decision-making paradigm. The concentration
was reduced every 20 trials starting at 13% concentration followed by 11%, 8%, 5%, 2%
and then pure tap water. For each concentration the percentage of trials that the animal
choose the low benet-low cost option out of the overall trials that were not omitted
was calculated and a psychometric curve was tted to the data to estimate the ideal
concentration of sweetened condensed milk for each animal. The psychometric curve
was tted using the FitWeibull function from the PsychoPy package (Peirce, 2007) with
Python 2.7. Guesses for threshold and slope of the psychometric curve were made by
the experimenter for each animal based on the collected data. Usually, the guess for the
threshold was equal to the concentration at which animals choose the low benet-low
cost option in about 50% of the trials. The initial guess for the slope was 2, but if the
function was unable to nd optimal parameters to t a psychometric curve this parameter
for the slope, it was increased to 5 and then doubled until optimal parameters could be
determined.
On each of the three decision-making paradigms levers were retracted, if the animal
did not make a decision within 10 secs, and the trial was counted as omitted. Each trial
was followed by an inter-trial interval of 25 secs. Animals were trained on each of the three
decision-making paradigms for at least 3 days and until criterion was reached. Because the
concentration of sweetened condensed milk for each animal such that animals would choose
both, the high benet-high cost and the low benet-low cost option in approximately
50% of the cost-benet decision-making trials was performed during training on the costbenet decision-making paradigm, this concentration could not be used for initial training
on the benet-benet decision-making paradigm. Thus, all animals were trained on the
benet-benet decision-making paradigm with a low benet reward of 0.1 ml sweetened
condensed milk diluted at 5%. Animals that did not reach criterion after 6 days on the
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Each trial started with a 5-secondlong tone stimulus (2900 Hz, 65 dB) or, in the cost-cost and cost-benet decision-making
paradigm a 5-second-long tone stimulus presented in conjunction with a 200-millisecondlong bright light ash (1.75 kLx). After an additional 5 secs both retractable levers were
presented to the animal for up to 10s or until a response was made. In the benet-benet
decision-making paradigm animals had a choice between a high and a low benet reward.
In the cost-cost decision-making paradigm a choice between a high cost and low cost
was oered. In the cost-benet decision-making paradigm animals choose between a high
benet-high cost and a low benet-low cost option. B- Timeline of training and testing
on the three decision-making paradigms.
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benet-benet and cost-benet decision-making paradigm, or after 8 days on the costcost decision-making paradigm were excluded from the experiment. Criterion on all three
decision-making paradigms was that animals made a response in 80% of the trials, i.e.
that less than a maximum of 20% of the trials were omitted. In addition, animals had
to choose the high benet reward in the benet-benet decision-making paradigm and
the low cost option in the cost-cost decision-making paradigm on at least 52% of the
trials. Using these criteria 48.7% of animals were able to acquire the task. Reported
animal numbers only include animals that reached criterion and were included in the
data analysis.
Once animals had reached criterion on all three decision-making paradigms and were 9
weeks of age, AAV5-CAG-ArchT-GFP or the control virus AAV5-CAG-GFP was injected
into ventral motor thalamic nuclei and a LED ber optics was placed in prelimbic layer 1
(for details see Chapter 4.3 Tracer Injections, Viral Injections and LED Fiber Implants).
As described above, LED ber optics were controlled by wireless a Teleopto Receiver that
was placed on the head of the animal and connected to the LED ber optics prior to
each behavioral testing session. The maximum light intensity that was reached using the
Teleopto Receivers and LED ber optics emitting 590 nm light was between 0.7-1.2 mW,
which results in approximately 3-6 mW/mm2 for the LED ber used. Previous studies
conrmed that 590 nm light at an intensity of 2 mW/mm2 can activate archaerhodopsin
and may already induce unexpected side eects (Mahn et al., 2016). However, many studies have used higher light intensities to activate archaerhodopsin and as such I decided to
use the maximum light intensity that could be reached, i.e. 0.7-1.2 mW, in behavioral experiments. Nevertheless, based on the results presented by Mahn et al. (2016) I assumed
a light intensity between 0.7-1.2 mW to be sucient to activate archaerhodopsin, but I
additionally conrmed that a 590 nm light stimulus delivered at 1.2 mW did induce optogenetic inhibition in ventral motor thalamic axon terminals expressing archaerhodopsin
using in-vivo electrophysiology. After 12 days the virus was expressed in ventral motor
thalamic axon terminals in prelimbic cortical layer 1 and preliminary results from in-vivo
electrophysiology experiments conrmed that delivery of a 590 nm light stimulus at an
intensity of 1.2 mW optogenetically inhibited a subset of axon terminals that expressed
AAV5-CAG-ArchT-GFP.
After a recovery period of 12-16 days behavioral testing was performed. For each
decision-making paradigm animals were presented with 20 trials without followed by 20
trials with delivery of the 590 nm light at an intensity between 0.7-1.2 mW to ventral
motor thalamic axon terminals in prelimbic layer 1 on 3 consecutive days, resulting in
the presentation of a total of 60 trials without and a total of 60 trials with delivery of
the 590 nm light to ventral motor thalamic axon terminals in prelimbic layer 1 for each
decision-making paradigm. The 590 nm light was turned on at the same time as the tone
stimulus and remained on until animals made a choice or until the levers were retracted,
i.e. a maximum of 20 secs. The maximum light intensity was restricted by the Animals
were always rst tested on the benet-benet, then on the cost-cost and last on the costbenet decision-making paradigm. A timeline for behavioral testing is provided in Figure
4.1-B.
Trials without and with optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical layer 1 were not randomized because of previous reports that
optogenetic inhibiton of axon terminals using opsins may induce unexpected side eects,
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e.g. after sustained activation of archaerhodopsin spontaneous neurotransmitter release
can be increased (Mahn et al., 2016). Even though I provide evidence that activation of
archaerhodopsin expressed in ventral motor thalamic axon terminals induces optogenetic
inhibition, previous reports on unexpected side eects raised concerns about potential
long term eects after repeated activation of archaerhodopsin for up to 20 secs. Hence,
the experiment was designed so that trials with optogenetic inhibition were always presented last, i.e. each testing day the rst 20 trials were without and the last 20 trials were
with delivery of the 590 nm light.
For lever pressing training either the left or right lever was presented to animals on
the rst day. For behavioral training and testing either the left or the right lever was
associated with the high benet, high cost and high benet-high cost option, while the
lever on the opposite side was associated with the other choice option. Assignment of
animals to either the left or right lever was pseudo-randomized for both, lever pressing
training and behavioral training/testing. In addition, animals were also pseudo-randomly
assigned to being injected with AAV5-CAG-ArchT-GFP or the control virus AAV5-CAGGFP.
4.5

In-vivo

Electrophysiology

12-16 days after an AAV5-CAG-ArchT-GFP injection had been placed into ventral motor thalamic nuclei, animals were anaesthetized with 5% isourane delivered with room
air (1.5-2 L/min, Classic T3 Vaporizer, SurgiVet) and positioned in a stereotaxic frame
(custom-build from a Model 1730 Intracellular Frame Assembly from David Kopf Instruments). Anaesthesia was maintained at 1.5-2% isourane delivered with room air (1.5-2
L/min). An optical ber with a diameter of 250 µm was connected to a 590 nm bercoupled LED (ThorLabs, #M590F2) that was powered by a high-power, 1-channel LED
driver with pulse modulation (ThorLabs, #DC2100). The optical ber was placed in
prelimbic layer 1 (from bregma AP +0.898 mm at a 30◦ angle posterior, ML +1.084 mm
at a 30◦ angle from midline, from dura -3.58 mm; in accordance with Paxinos and Watson
2004). A concentric bipolar platinum/iridium microelectrode with a wire diameter of 25
µm (FHC, #CBBPC75) was placed in close proximity to ventral motor thalamic nuclei
(from bregma AP -4.40 mm, ML -1.20 mm at a 20◦ angle posterior, from dura -6.98
mm; in accordance with Paxinos and Watson 2004) and was connected to a bi-phasic
current stimulator (Digitimer, #DS4) to stimulate ventral motor thalamic projections.
Both, the 1-channel LED driver and the bi-phasic current stimulator, were connected to
a personal computer by a low-noise data acquisition system (Molecular Devices, Axon
CNS Digidata 1440A) that was controlled by Clampex 10.3 to deliver light pulses for optogenetic inhibition and microstimulation using a set protocol. To perform extracellular
recordings from prelimbic pyramidal neurons, glass electrodes with an impedance between
50-110 MΩ were pulled on a P-1000 micropipette puller (Sutter Instrument, #P-1000)
and placed in prelimbic cortex in deeper layer 2/3, layer 4 or layer 5A. Glass electrodes
were lled with an internal solution of 3.0 molar potassium methanesulfonate (KMeSO4 )
that contained goat anti-rat AlexaFluor 594 at a concentration of 1:50, and were coated
with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate stain (DiI stain,
2.5 mg/ml, Thermo Fisher, #D282) diluted in one part of ethanol and 9 parts of water.
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Glass electrodes were connected to a personal computer by a low-noise data acquisition
system (Molecular Devices, Axon CNS Digidata 1440A), a Hum Bug Noise Eliminator
(Quest Scientic) and a computer-controlled microelectrode amplier (Molecular Devices,
Axon CNS, Axoclamp 900A) and recordings were performed using the Axoclamp 900A
software and Clampex 10.3. Glass electrodes were slowly lowered to the dorsal end of
prelimbic cortex in 10 µm steps and then slowly advanced to the ventral end of prelimbic
cortex in 0.2-1 µm steps using a micropositioner (David Kopf Instruments, Model 2660).
When spiking activity was observed, a protocol was run to stimulate ventral motor thalamic nuclei or their ascending projections. The protocol consisted of 10 sweeps and each
sweep started with ten 0.5 ms stimulations at -50 mA that were delivered over 1 sec at a
rate of 10 Hz followed by a 3-seconds-long pause before the next sweep started. Data was
digitized at 250000 Hz. If stimulation of ventral motor thalamic nuclei or their ascending
projection neurons induced spiking activity in recorded units in prelimbic layer 4 or 5A,
a second protocol was run to determine if activation of archaerhodopsin in ventral motor thalamic axon terminals in prelimbic cortical layer 1 reduces spiking activity in the
recorded units in prelimbic layer 4 or 5A. The protocol consisted of two sweeps. Both
sweeps started with 20 seconds of delivery of 590 nm light to activate archaerhodospin
and induce optogenetic inhibition in ventral motor thalamic axon terminals in prelimbic
layer 1. Light delivery was combined with ve iterations of ten 0.5 ms stimulations at -50
mA that were delivered over 1 sec at a rate of 10 Hz followed by a 3-seconds-long pause.
Twenty seconds of light delivery were followed by a 4 secs pause before the next sweep
started. Data was digitized at 20000 Hz. Data was recorded using a high-band pass lter
at 100 Hz and a lowpass bessel lter at 1 kHz. A schematic that illustrates positioning of
the LED ber, bipolar microelectrode and glass electrode in the experiment is provided
in Figure 4.2.
4.6

Perfusion

Rats were anaesthetized with approximately 10 ml isourane delivered on tissue in conjunction with medetomidine hydrochloride (1.0 mg/kg, intraperitoneal) and perfused with
100 mL 0.1M phosphate buer with 2 mg/100 mL heparin or with 100 mL of 10% sucrose diluted in Milli-Q, both followed by 150 mL Lana's xative (4% paraformaldehyde,
14% picric acid). 1L Lana's xative consisted of 500 mL 8% paraformaldehyde solution,
140 mL picric acid, 320 mL made up from one-third 0.5M NaH2 PO4 *H2 0 and two-thirds
0.5M Na2 HPO4 solution topped with 60 mL Milli-Q water. Brain tissue was post-xed
in Lana's xative for at least 36h, and afterwards stored in one-half Lana's xative and
one-half 20% sucrose in phosphate-buered saline (PBS) until sectioning, i.e. a minimum
of 36 h and up to two months.
4.7

Immunohistochemistry

80-µm coronal sections were taken from prefrontal cortex (interaural zero +11.52 to
+13.68; in accordance with Paxinos and Watson 2004), dorsomedial striatum (interaural
zero +8.40 to +11.28; in accordance with Paxinos and Watson 2004) and ventral motor
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Figure 4.2: Illustration of In-vivo Electrophysiology Experiment. An LED ber
that delivers a 590 nm light stimulus is positioned in prelimbic cortical layer 1. Delivery
of the light stimulus activates archaerhodopsin expressed in ventral motor thalamic axon
terminals and induces optogenetic inhibition. A bipolar microelectrode to stimulate ventral motor thalamic neurons and drive pyramidal neurons in deeper layers in prelimbic
cortex is positioned in close proximity of ventral motor thalamic nuclei. A glass electrode
to record extracellular activity if positioned in layer 4 or 5A of prelimbic cortex to record
changes in the activity of deeper layer pyramidal neurons upon stimulation of ventral
motor thalamic neurons or upon stimulation of these neurons combined with optogenetic
inhibtion of their terminals in prelimbic cortical layer 1.
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thalamic nuclei (interaural zero +4.80 to +8.76; in accordance with Paxinos and Watson
2004) using a freezing microtome (Yamato, #REM-710). Sections were washed in PBS for
3 x 5 min before being incubated for 1h at room temperature in 20% goat serum (Vector
Laboratories, #S-1000) diluted in PBS, containing 0.05% sodium azide and 0.15%-0.3%
Triton X-100 (Sigma Aldrich, #234729-100ML). Afterward, sections were incubated for
18h-36h at 4◦ C in primary antibodies diluted in PBS, containing 0.05% sodium azide and
0.15%-0.3% Triton X-100. Next, sections were washed in PBS for 3 x 5 min before being
incubated in secondary antibodies diluted in PBS, containing 0.05% sodium azide and
0.3% Triton X-100, at room temperature for 2h-3h. Finally, sections were washed in PBS
for 4 x 5 min. Concentrations of primary and secondary antibodies, the concentration of
Triton X-100 in primary antibodies, and the incubation time of sections varied depending
on the antibodies used. Details are provided in Table 4.2. Sections were mounted in UltraCruz Hard-set Mounting Medium with DAPI (Santa Cruz, #sc-359850) or Vectashield
HardSet Mounting Medium with DAPI (Vector Laboratories, #H-1500) for DNA counterstaining of cell nuclei, or if Alexa Fluor 405 was used as a secondary antibody with
VectaMount AQ (Vector Laboratories, #H-5501).
4.8

Microscopy

Laser confocal scanning microscopy was performed with a Zeiss LSM 780 microscope at
room temperature. Overview images and image stacks were taken with a plan apochromat 10x objective with a numerical aperture of 0.45 (#420640-9900-000), a plan apochromat 20x objective with a numerical aperture of 0.8 (#440640-9903-000), an alpha
plan-apochromat 63x oil objective with a numerical aperture of 1.46 (Zeiss #4207809070-000), or an alpha plan-apochromat 100x oil objective with a numerical aperture of
1.46 (Zeiss #420792-9800-000; Fig. 1c). The 63x oil objective and the 100x oil objective
were used with uorescence-free Immersol immersion oil 518F (Zeiss #444964-0000-000).
An overview of the excitation and emission peak of used urochromes, the light source
and lter set used for excitation, and the emission range used are provided in Table 4.3.
All overview images are tile scans with 10% overlap between tiles. Image stacks used
for systematic random sampling consist of 5 focal planes with 2.32 µm between planes.
Each plane consists of 1*18 tiles or 2*18 tiles with 10% overlap between tiles. The total
size of each image stack is 134.95*2199.70*11.60 µm or 256.41*2199.70*11.60 µm. The
voxel size is 0.1318*0.1318*2.32 µm per voxel. To quantify superimpositions between
ventral motor thalamic axon terminals in the uppermost 40 µm of prelimbic cortex and
the apical dendritic tuft of pyramidal neurons, the apical dendritic tuft of corticostriatal
neurons or layer 1 inhibitory interneurons we quantied superimpositions in all ve focal
planes of the image stack separately. Focal planes were not combined into a maximum
intensity projection. To corroborate expression of VGluT2 and VGluT1 but absence of
GAD67 in VM axon terminals in prelimbic cortex, image stacks consisting of 10 or 11
focal planes with 0.58 µm between planes were taken in prelimbic cortex. The total size
of each image stack is 134.9511*134.9511*5.22 µm or 134.9511*134.9511*5.80 µm. The
voxel size is 0.1318*0.1318*0.58 µm per voxel. Initially, to corroborate the absence of
GAD67 (methods adapted from Lei et al. (2013)) images shown were cropped from a
maximum intensity projection performed across the image stack. However, since traces
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Primary Antibody
Rabbit anti-choleratoxin subunit-B
(abcam, #ab34992): 1:1000 concentration, 0.15%-0.3%
Triton X-100, 18-36h incubation time
Mouse anti-GAD67 (Millipore, #MAB5406):
1:1000 concentration, 0.15%-0.3% Triton X-100,
18-36h incubation time
Guinea pig anti-VGluT1 (Millipore, #AB5905):
1:500 concentration, 0.3% Triton X-100,
18h incubation time
Rabbit anti-VGluT2 (Sigma Aldrich, #V2514):
1:1000 concentration, 0.3% Triton X-100,
18h incubation time
Rabbit anti-MAP2 (abcam, #ab32454):
1:500 concentration, 0.15% Triton X-100,
36h incubation time
Mouse anti-RGS14 (NeuroMabs, #73-170):
1:500 concentration, 0.15% Triton X-100,
36h incubation time
Rabbit anti-5HT3aR (Invitrogen, #PA1-41033):
1:500 concentration, 0.15% Triton X-100,
36h incubation time
Chicken anti-MAP2 (abcam, #ab5392):
1:1000 concentration, 0.15% Triton X-100,
36h incubation time
Rabbit anti-GFAP (biosensis, #R-1374-50):
1:1000 concentration, 0.3% Triton X-100,
18h incubation time
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Secondary Antibody
Alexa Fluor 594 goat anti-rabbit:
1:200 concentration, 2h incubation time
Alexa Fluor 488/594/633 goat anti-mouse:
1:200 concentration, 2-3h incubation time
Alexa Fluor 594 goat anti-guinea pig:
1:200 concentration, 3h incubation time
Alexa Fluor 405 goat anti-rabbit:
1:200 concentration, 3h incubation time
Alexa Fluor 488 goat anti-rabbit:
1:200 concentration, 2h incubation time
Alexa Fluor 488 goat anti-mouse:
1:200 concentration, 2h incubation time
Alexa Fluor 488 goat anti-rabbit:
1:200 concentration, 2h incubation time
Alexa Fluor 633 goat anti-chicken:
1:200 concentration, 2h incubation time
Alexa Fluor 594 goat anti-rabbit:
1:200 concentration, 3h incubation time

Table 4.2: Primary and Secondary Antibodies Used for Immunohistochemistry. Concentrations of primary and secondary antibodies, the concentration of Triton
X-100 in primary antibodies, and the incubation time of sections are provided.

of GAD67 were detected using this technique, to corroborate the presence of GAD67 in
axon terminals, images were instead cropped from single focal planes with a thickness of
0.58 µm. To determine if RGS14 is expressed in dendrites of prelimbic pyramidal neurons
an image stack consisting of three focal planes with 0.36 µm between planes was taken in
prelimbic cortex. The total size of this image stack was 85.02*85.02*1.08 µm. The voxel
size is 0.042*0.042*0.36 µm per voxel. Since the intensity of the primary antibody RGS14
and secondary antibody Alexa Fluor 488 was low, we performed a maximum intensity
projection across the 1.08 µm thick image stack. The image illustrating expression of
RGS14 along dendrites of pyramidal neurons in rat prelimbic cortex was cropped from
this maximum intensity projection. All other image stacks consist of 20 focal planes with
0.29 µm between planes. The total size of each image stack is 134.9511*134.9511*5.86 µm.
The voxel size is 0.1318*0.1318*0.2893 µm per voxel. To determine if VM axon terminals
in the uppermost 40 µm of prelimbic cortex superimpose with the apical dendritic tuft of
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Alexa
Fluor 488

Excitation Emission Light Source Filter Set
358 nm
461 nm
405-30
MBS 488/561/633
laser diode
dichroic beam
splitter; MBS -405
dichroic beam
splitter
401 nm
421 nm
405-30
MBS 488/561/633
laser diode
dichroic beam
splitter; MBS -405
dichroic beam
splitter
496 nm
519 nm
Argon laser MBS 488 dichroic
beam splitter

GFP

395 nm

509 nm

Argon laser

Tetramethyl- 557 nm
Rhodamine

576 nm

DPSS 56110 laser

Alexa
Fluor 594

590 nm

617 nm

DPSS 56110 laser

Alexa
Fluor 633

633 nm

647 nm

HeNe633
laser

Alexa
Fluor 405

MBS 488 dichroic
beam splitter
MBS 458/561
dichroic beam
splitter
MBS 458/561
dichroic beam
splitter
MBS 488/561/633
dichroic beam
splitter

Emission Range
Simultaneous use
of Alexa Fluor 488:
410-495 nm;
other: 410-579 nm
410-489 nm

Simultaneous use
of Alexa Fluor 594:
489-588 nm;
other: 493-630 nm
489-588 nm
568-691 nm
Simultaneous use
of Alexa Fluor 633:
587-633 nm;
other: 585-735 nm
638-747 nm

Table 4.3: Used Flurochromes.

Overview of the excitation and emission peak of used
urochromes, the light source and lter set used for excitation, and the emission range
used.

pyramidal neurons, the apical dendritic tuft of corticostriatal neurons or layer 1 inhibitory
interneurons I probed superimpositions in single focal planes of the image stack. Focal
planes were not combined into a maximum intensity projection and images shown below
that illustrate superimpositions were cropped from single focal planes of the image stack
that each had a thickness of 0.29 µm.
Images were acquired using the ZEN 2011 SP7 FP1 software (Zeiss, black edition,
version 14.0.8.201). Brightness and contrast were adjusted using ZEN 2011 SP7 FP1
software (Zeiss, black edition, version 14.0.8.201), Fiji with ImageJ 1.51n, and Adobe
Photoshop CS5 Extended (version 12.0.4 x64). Adjustments to brightness and contrast
were applied equally across the entire image but adjusted separately for each channel.
In addition, histological verication of AAV5-CAG-ArchT-GFP and AAV5-CAG-GFP
injections into ventral motor thalamic nuclei, placement of the LED ber optics into
prelimbic layer 1 and placement of the bipolar microelectrode for microstimulations in
in-vivo electrophysiology was performed with a xed stage BX51WI upright microscope
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from Olympus. A 100W mercury lamp was used as light source. Alexa Fluor 594 was
visualized using an excitation lter with a peak at 555 nm and a bandwidth of 25 nm, and
an emission lter with a peak at 605 nm and a bandwidth of 25 nm. GFP was visualized
using an excitation lter with a peak at 484 nm and a bandwidth of 15 nm, and an emission
lter with a peak at 517 nm and a bandwidth of 30 nm. DAPI was visualized using an
excitation lter with a peak at 350 nm and a bandwidth of 50 nm, and an emission lter
with a peak at 455 nm and a bandwidth of 17 nm. Images were acquired with a plan
apochromat 4x objective with a numerical aperture of 0.16 (Olympus, #NX1004X) using
the Neurolucida software (MBF Bioscience).
4.9

Systematic Random Sampling

Systematic random sampling was used to determine the total number of superimpositions
between VM axon terminals in the uppermost 40 µm of prelimbic cortex and the apical
dendritic tufts of pyramidal neurons, dendritic tufts of corticostriatal neurons or dendrites
of layer 1 inhibitory interneurons. Systematic random sampling combines systematic and
random aspects to reach an unbiased estimate of the number of occurrences of a specic
object or event in a a region of interest that had been dened a priori. In systematic
random sampling sections to sample from are chosen based on a previously dened xed
sampling interval (Altunkaynak, Önger, Altunkaynak, Ayranci, & Canan, 2012). For
each section the area to sample from is dened by an optical fractionator that combines
an optical dissector, a three-dimensional probe to dene the size of each sampling area,
with a fractionator, a grid with a xed size that the optical dissector is moved along
and that is randomly placed across the region of interest (Golub et al., 2015; Keuker,
Vollmann-Honsdorf, & Fuchs, 2001; Schmitz & Hof, 2005). Systematic random sampling
was performed using the corresponding workow in Stereo Investigator (MBF Bioscience).
The uppermost 40 µm of prelimbic cortex had been dened as a region of interest a
priori since previous study suggested that the majority of ventral motor thalamic axon
terminals innervate uppermost prelimbic cortical layer 1 (Arbuthnott et al., 1990) or more
precisely the outer one-quarter (Herkenham, 1979), i.e. approximately the outer 40 µm
of prelimbic cortical layer 1. Prelimbic cortex was dened in accordance with Paxinos
and Watson (2004). Each focal plane of image stacks with an overall thickness of 11.6
µm that consisted of ve focal planes with a distance of 2.32 µm between them and had
been acquired in 80-µm thick sections (for details see Microscopy ) was used for systematic
random sampling. I used a xed sampling interval and, hence, image stacks were acquired
in every third section. An optical fractionator with 15*15*8 µm was used as a probe and
was placed along a grid of 20*20 µm for sampling (Golub et al., 2015; Keuker et al., 2001;
Schmitz & Hof, 2005). The grid was randomly placed across the region of interest.
4.10

Statistical Analysis

The size of the optical dissector and fractionator were chosen so that the Gundersen
coecient of error (m=1) was smaller than or equal to 0.1 (Gundersen & Jensen, 1987;
Gundersen, Jensen, Kiêu, & Nielsen, 1999). The mean and standard error of the mean of
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estimated total numbers of superimpositions across all seven animals were calculated and
visualized in R (version 3.5.3). I further calculated the ratio of estimated contacts made
by VM projection neurons in the uppermost 40 µm of prelimbic cortex onto dendrites of
corticostriatal neurons or layer 1 inhibitory interneurons as compared to the number of
contacts onto the dendritic tufts of pyramidal neurons.
Data from behavioral paradigms were stored in a text document that was automatically generated by the program used to control the operant conditioning boxes that were
used for behavioral training and testing, the Med-PC IV software suite (Med Associates,
#SOF-735). For each animal the number of presses on the lever associated with the high
benet, high cost or high benet-high cost option, the number of presses on the lever associated with the low benet, low cost or low benet-low cost option, the number of omitted
trials and reaction times were extracted from these text documents using custom scripts
under Python 3.7. Reaction times were measured from presentation of the tone stimulus
that marked the beginning of each trial till the animal made a choice, but reaction times
extracted from the text documents were corrected to represent reaction times from the
time both levers were presented till the animal made a choice. For each of the three
behavioral tasks the choice behavior of animals as well as the dierence in reaction time
was compared. In particular, for choice behavior the percentage of trials that animals
choose the high benet, high cost or high benet-high cost option on the benet-benet,
cost-cost and cost-benet decision-making paradigm out of the total number of trials that
were not omitted, i.e. in which the animal responded and made a choice, were compared.
For each of the three decision-making paradigms and for each animal the dierence in
reaction time was calculated by subtracting the mean reaction time on low benet, low
cost or low benet-low cost choices from the mean reaction time on high benet, high cost
or high benet-high cost choices. In particular, for the benet-benet decision-making
paradigm the mean reaction time on low benet choices was subtracted from the mean reaction time on high benet choices, for the cost-cost decision-making paradigm the mean
reaction time on low cost choices was subtracted from the mean reaction time on high cost
choices, and for the cost-benet decision-making paradigm the mean reaction time on low
benet-low cost choices was subtracted from the mean reaction time on high benet-high
cost choices. Both values were calculated using the same custom scripts under Python
3.7 and data was stored in CSV format.
Statistical analysis of the data was performed in R (version 3.5.3). To verify that
optogenetic inhibition did not disrupt motor function six ANOVAs were applied to compare the number of omitted trials and mean reaction time of animals on the benetbenet, cost-cost and cost-benet decision-making paradigm using the injected virus,
adeno-associated virus conjugated with archaerhodopsin (AAV5-CAG-ArchT-GFP) or
control virus (AAV5-CAG-GFP), as between animal factor and delivery of the 590 nm
light stimulus to prelimbic cortex (light ON versus OFF) as within animal factor using
light ON versus OFF as within and archaerhodopsin versus control as a between animal
condition. To verify that choice behavior of animals was similar pre- and post-surgery for
archaerhodopsin and control animals and that behavior between both groups of animals
was comparable, three ANOVAs were performed. For each decision-making paradigm an
ANOVA to compare choice behavior on the last day of behavioral training across the rst
20 trials and the last day of behavioral testing in the light OFF condition was applied using archaerhodopsin versus control animals as between and pre- versus post-surgery choice
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behavior as within animal factor. Because the within animal factor had only two levels
(pre- versus post-surgery), the assumption that variances of dierences are equal between
conditions will always be met and applying Mauchly's test to conrm this assumption
was not necessary. If the main eect of pre- versus post-surgery or the interaction eect
of the between and within animal factor reached signicance (signicance level = 0.05),
posthoc testing was performed using two independent two-tailed t-test to conrm that
choice behavior pre-surgery on the last day of behavioral training or the post-surgery on
the last day of behavioral testing did not dier between archaerhodopsin and control animals. In addition, paired t-tests were used to compare the choice behavior pre-surgery on
the last day of behavioral training and post-surgery on the last day of behavioral testing
separately for both groups ofarchaerhodopsin and control animals. Since I performed four
t-tests on the data that were independent, the signicance level was corrected using the
bonferroni method, resulting in a bonferroni-adjusted signicance level of 0.0125. Similar
statistical tests were also performed to conrm that reaction times did not dier on any
of the decision-making paradigms between archaerhodopsin or control animals pre- or
post-surgery.
To explore changes in choice behavior induced by optogenetic inhibition of ventral
motor thalamic axon terminals in prelimbic cortex, three ANOVAs were performed. For
each decision-making paradigm an ANOVA to compare choice behavior was applied using
archaerhodopsin versus control animals as between and light ON versus OFF as within
animal factor. Because the within animal factor had only two levels (light ON versus
OFF), the assumption that variances of dierences are equal between conditions will always be met and applying Mauchly's test to conrm this assumption was not necessary.
If the main eect of light ON versus OFF or the interaction eect of the between and
within animal factor reached signicance (signicance level = 0.05), posthoc testing was
performed using an independent two-tailed t-test to conrm that choice behavior did not
dier between archaerhodopsin and control animals in the light OFF condition across all
three days of behavioral testing as well as using paired two-tailed t-tests to compare the
eect of light ON versus OFF separately for both groups of animals. Since I performed
three t-tests on the data that were independent, the signicance level was corrected using the bonferroni method, resulting in a bonferroni-adjusted signicance level of 0.017.
Similar statistical tests were also performed to explore changes in the dierence in reaction time for each decision-making paradigm. Because for some behavioral paradigms
eects on choice behavior in the light ON versus light OFF condition were observed in
animals injected with the archaerhodopsin-conjugated virus (archaerhodopsin animals)
and in animals injected with the control virus (control animals), data from the three
days of behavioral testing and the last three days of behavioral training from archaerhodopsin and control animals and separated between the light ON versus OFF condition
were visualized and choice behavior in the light ON versus OFF condition was compared
separately for archaerhodopsin and control animals for behavioral testing and training
days using paired two-tailed t-tests. Because t-tests are parametric, the assumptions of
data being normally distributed was accounted for using Levene's test and the assumption of homogenity of variances was controlled for using Shapiro's test. Next, I analyzed
the dierence in choice behavior on the light ON and OFF condition by subtracting the
later from the former. Levene's test was applied to test if these dierences were normally
distributed and Kolmogorov-Smirnov's test was applied to test for homogenity of vari-
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ances. Because neither of these assumptions for parametric tests were fullled for at least
a subset of these dierences, I used a non-parametric two-sided Mann-Whitney U test
to compare these dierences between archaerhodopsin and control animals separately for
each of the three behavioral paradigms under the assumption that the dierences will be
larger for archaerhodopsin animals.
In-vivo electrophysiology data was analyzed using custom scripts under Matlab 2019a.
When being recorded the data was ltered from 100 Hz to 1 kHz. No further ltering of
the data was conducted. To analyze the eect of optogenetic inhibition of ventral motor
thalamic axon terminals in prelimbic cortical layer 1 on pyramidal neuron activity driven
by thalamic stimulation, data was separated in segments starting 20 ms prior to the time
stimulations were delivered and ending 80 ms after. Thalamic stimulations induced an
artefact that was recorded in the absence of any cells. Activity from the artefact was averaged over 100 trials and data was normalized by subtracting this activity as well as mean
activity measured across the last 40 ms of each segment from each data point measured
for that segment. In addition, the artefact was truncated, i.e. data from delivery of the
stimulation till 2 ms after was removed from any gures presented. Extracellular spikes
were identied using the Matlab 'ndpeaks'-algorithm with a minimum peak prominence
of 0.6 mV and a maximum peak width of 6 ms. Using this data a peri-stimulus time histogram with 0.1 msec bins and a raster plot were constructed. Using data from the rst
20 ms after the stimulation, using a Wilcoxon ranked-sign test I compared the average
amount of spikes per millisecond for each 0.1 msec bin between stimualtions delivered
without and with the 590 nm light stimulus being delivered to prelimbic cortical layer 1.
To analyze if rebound spiking occurred upon turning the 590 nm light stimulus delivered to prelimbic cortical layer 1 o, segments reaching from 100 ms prior to 100 ms
after turning of the light stimulus were extracted from the data. Data was normalized by
subtracting the mean activity across the whole segment from each measured data point.
Extracellular spikes were identied using the Matlab 'ndpeaks'-algorithm with a minimum peak prominence of 0.6 mV and a maximum peak width of 6 ms, and a peri-stimulus
time histogram was constructed from the data.
4.11

Data Availability

Custom scripts written in Python 3.7, Python 2.7, R (version 3.5.3) and Matlab 2019a
are available at https://github.com/BiaDarkia/PhDThesis. Additional microscopy data is
accessible at https://figshare.com/s/547415c3a545ee9c1eee until the corresponding
paper has been published. Afterward, the data will be available under the DOI
10.6084/m9.gshare.7039376

Chapter 5
Results and Discussion - Neuroanatomy
The rst aim of this thesis was to investigate the innervation pattern of VM projections
to prelimbic cortical layer 1 using anatomical methods to determine whether VM axon
terminals in uppermost prelimbic cortical layer 1 target dendrites of pyramidal neurons,
corticostriatal neurons and layer 1 inhibitory interneurons. In this chapter, I will present
results suggesting that VM projections in uppermost prelimbic cortical layer 1 target dendrites of pyramidal neurons, corticostriatal neurons and layer 1 inhibitory interneurons.
5.1

Results

5.1.1 Ventral Motor Thalamic Axon Terminals in Prelimbic Cortex are Glutamatergic
Ventral motor thalamic axon terminals in prelimbic cortical layer 1 express VGluT2 and
to less extent VGluT1 but not GAD67. In order to gain a better understanding of the
properties of ventral motor thalamic axon terminals, I aimed to verify that their neurochemical properties resemble those of other thalamocortical axon terminals. Injections of
an anterograde tracer, AAV5 conjugated with green uorescent protein, into the ventral
motor thalamic nuclei (Figure 5.1-A) revealed that their axon terminals span the whole
length of medial prefrontal cortex and are present in ACg, prelimbic cortex and infralimbic cortex (Figure 5.1-B). Maximum intensity projections (Figure 5.1-C) and images
taken from single focal planes with a thickness of 0.58µm (Figure 5.1-D) conrmed that
axon terminals in prelimbic cortex express VGluT2 and VGluT1. Surprisingly, in maximum intensity projections I observed an overlap between ventral motor thalamic axon
terminals and GAD67 (Figure 5.1). However, when I tried to conrm these results in
single focal planes it was revealed that GAD67 did not superimpose with ventral motor
thalamic axon terminals but was only expressed in close proximity (Figure 5.1), indicating
that ventral motor thalamic axon terminals may make synaptic contacts onto GAD67positive inhibitory interneurons in prelimbic cortical layer 1 (Retaux et al., 1993). I have
illustrated expression for 1 animal, but raw data for a total of 5 animals that conrms
the presented conclusions are available. Details on how to access the data are provided
in chapter 4.11.
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Figure 5.1: VM Axon Terminals in Prelimbic Cortex express VGluT2 and to
less extent VGluT1 but not GAD67. A- Injection of an anterograde tracer (green)

into the ventral motor thalamic nuclei that were counterstained with GAD67 (magenta)
B- labeled ventral motor thalamic axon terminals (green) in a prefrontal cortical section
that was counterstained with DAPI (blue), in particular at the edge between ACg and prelimbic cortex (top) aa well as the edge between prelimbic and infralimbic cortex (bottom).
C- In maximum intensity projections taken over an image stack with 10 focal planes that
each had a thickness of 0.58 µm ventral motor thalamic axon terminals overlapped with
VGluT2 (magenta) and to less extent VGluT1 (magenta) and with GAD67 (magenta).
D- However, in single focal planes with a thickness of 0.58 µm ventral motor thalamic
axon terminals were only observed to express VGluT2 and to less extent VGluT1, but
not GAD67. Yellow arrows mark expression of VGluT2, VGluT1 and GAD67 and yellow
lines mark the midline.
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5.1.2 VM Projections Target Pyramidal Neurons, Corticostriatal
Neurons and Layer 1 Inhibitory Interneurons
Because information on the innervation pattern of VM projections in prelimbic cortex will
allow me to make predictions on the connectivity, I aimed to determine if VM axon terminals in the uppermost 40 µm of prelimbic cortical layer 1 contact dendrites of pyramidal
neurons, corticostriatal neurons and layer 1 inhibitory interneurons. A combination of
anterograde tracing, immunohistochemistry and light microscopy revealed that VM axon
terminals in the uppermost 40 µm of prelimbic cortical layer 1 indeed make contacts onto
dendrites of pyramidal neurons, corticostriatal neurons and layer 1 inhibitory interneurons
(Figure 5.4). The anterograde tracer mini-ruby was injected into VM in seven 9-week-old
Sprague-Dawley rats (Figure 5.2-A). Injections were mostly conned to VM with minor
expression along the needle track in ve out of seven animals, and minor spillage into
the mammillothalamic tract and submedius thalamic nucleus in two out of seven animals (Figure 5.2-B). VM axon terminals in prelimbic cortex expressed mini-ruby (Figure
5.2-A) and the neuronal markers MAP2, RGS14 and 5HT3aR were expressed throughout prelimbic cortex (Figure 5.3-A, -B and -C). I conrmed in single focal planes with a
thickness of 0.29 µm taken in the uppermost 40 µm of prelimbic cortical layer 1 that VM
axon terminals in the uppermost 40 µm of prelimbic cortical layer 1 superimpose with all
three neuronal markers (Figure 5.4), indicating that VM projection neurons in prelimbic
cortical layer 1 indeed target dendrites of pyramidal neurons, corticostriatal neurons and
layer 1 inhibitory interneurons.
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Figure 5.2: Mini-Ruby Injections into VM Were Mostly Conned to Ventromedial Thalamic Nucleus. A- The anterograde tracer mini-ruby (magenta) was

injected into VM that was labeled with GAD67 (green) and counterstained with DAPI
(blue) to visualize cell nuclei. B- The spread of injections is illustrated for all seven animals. Injections were mostly conned to VM. Illustrations of VM and surrounding brain
areas are replicated from (Swanson, 2004), an open-access brain atlas.
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Figure 5.3: Mini-Ruby, MAP2, RGS14 and 5HT3aR Expression in Prelimbic
Cortex. A- The anterograde tracer mini-ruby (magenta) labeled VM axon terminals in
prelimbic cortex outlined in yellow. B- MAP2 (green), C- RGS14 (green) and D- 5HT3aR

(green) are expressed throughout prelimbic cortical slices that were counterstained with
DAPI (blue) to visualize cell nuclei. Yellow arrows mark sites imaged to obtain the data
presented in Figure 5.4.
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Figure 5.4: VM Axon Terminals in Prelimbic Cortex Target Pyramidal Neurons, Corticostriatal Neurons and Layer 1 Inhibitory Interneurons. A- Imaging

data were obtained in three animals at sites in the uppermost 40 µm of prelimbic cortical
layer 1 at 0.3 mm, 0.7 mm and 1.1 mm ventral from the dorsal end of prelimbic cortex.
Depths of imaging sites are marked with yellow arrows in Figure 5.3. VM axon terminals
in uppermost prelimbic cortical layer 1 (magenta) superimpose with MAP2 that labels
dendrites of cortical pyramidal neurons (green), B- RGS14 that labels somata and dendrites of corticostriatal neurons (green), and C- 5HT3aR that labels layer 1 inhibitory
interneurons (green). Yellow arrows indicate superimpositions. Images illustrating superimpositions have been cropped from single focal planes of image stacks. Each focal
plane is 0.29 µm in thickness. Animal identiers correspond to those in Figure 5.2 that
illustrates the spread of injections in all seven animals.
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5.1.3 VM Preferentially Contacts Corticostriatal Neurons
To make predictions on the magnitude of VM input to prelimbic corticostriatal neurons
as well as on the strength of excitatory versus inhibitory VM input to prelimbic cortex,
I estimated the total number of contacts of VM axon terminals in the uppermost 40 µm
of prelimbic cortical layer 1 onto dendrites of (1) pyramidal neurons, (2) corticostriatal
neurons, and (3) layer 1 inhibitory interneurons using systematic random sampling. Mean
and the standard error of the mean of the estimated total number of superimpositions
(Figure 5.5) were derived from totals shown in Table 5.1. VM axon terminals in the uppermost 40 µm of prelimbic cortex made an average of 16673 contacts onto dendrites of
pyramidal neurons with a range from 6650 to 29393, 13426 contacts onto corticostriatal
neurons with a range from 6270 to 23566, and 11650 contacts onto layer 1 inhibitory
interneurons with a range from 5413 to 18251. Overall, about 80% of the dendritic tufts
of pyramidal neurons targeted by VM projection neurons in uppermost cortical layer 1
belong to corticostriatal neurons. In addition, For every 10 contacts of VM projection neurons onto the tufts of pyramidal neurons in uppermost prelimbic layer 1 about 7 contacts
are made onto dendrites of layer 1 inhibitory interneurons, suggesting that VM provides
less input to prelimbic layer 1 inhibitory interneurons as compared to pyramidal neurons.
Even though the estimated total contacts made upon each kind of cell type varies widely
across animals, most likely due to variations in the size of the injection site and subsequent
variation in the amount of axon terminals labeled in prelimbic cortex, ratios of contacts
onto dendrites of corticostriatal neurons or layer 1 inhibitory interneurons as compared
to contacts onto dendrites of pyramidal neurons were stable across animals.

Animal 1
Animal 2
Animal 3
Animal 4
Animal 5
Animal 6
Animal 7
Mean

Pyramidal Neurons (MAP2)

Corticostriatal
Neurons (RGS14)

Layer 1 inhibitory
interneurons
(5HT3aR)

10391
12896
12530
14376
29393
6650
30477
16673±3548.91

9108
12880
11175
10225
23566
6270
20757
13426±2400.54

8284
10878
10980
9120
18251
5413
18624
11650±1889.10

Table 5.1: Estimated Total Contacts between VM Axon Terminals in Prelimbic Cortical Layer 1 and dendritic tufts of pyramidal neurons marked with MAP2,

tufts of corticostriatal neurons marked with RGS14 and dendrites of layer 1 inhibitory
interneurons marked with 5HT3aR for all seven animals. The mean is given in the bottom
row.
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I used systematic random sampling to
estimate the total number of contacts between VM axon terminals in the uppermost 40 µm
of prelimbic cortical layer 1 and dendritic tufts of pyramidal neurons marked with MAP2,
tufts of corticostriatal neurons marked with RGS14 and dendrites of layer 1 inhibitory
interneurons marked with 5HT3aR. The estimated number of contacts is indicated by
black dots for all seven animals. The mean and standard error of the mean are indicated
in red.
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5.1.4 The Antibodies Used Are Specic
First, we veried that antibodies for RGS14 and 5HT3aR labeled somata and dendrites
of corticostriatal neurons and layer 1 inhibitory interneurons. Such conrmation was necessary since both antibodies label membrane proteins expressed in somata and dendrites.
Immunohistochemistry is observed as a small localized dot pattern across the somata
and along the dendrites. Due to extensive expression of the antibodies along dendrites,
background of immunostaining is high. No cytoplasmic staining was seen with either
antibody.
To verify that somatic and dendritic expression of RGS14 in prelimbic cortex is mostly
restricted to corticostriatal neurons, corticostriatal neurons (Figure 5.6-A and -E) or corticothalamic neurons (Figure 5.6-F) in prelimbic cortex were retrogradely labeled by placing
injections of the retrograde tracer choleratoxin subunit B in dorsomedial striatum (Figure
5.6-B) or in the ventral motor thalamic nuclei (Figure 5.6D). Expression of RGS14 in
retrogradely labeled corticostriatal neurons was used as a positive control, while absence
of RGS14 expression in corticothalamic neurons served as a negative control. Dendrites of
pyramidal neurons, but not synapses along them, were stained with MAP2 and dendritic
expression of RGS14 in prelimbic cortex was clearly restricted to pyramidal neurons (Figure 5.6-A and -C). More importantly, while RGS14 was expressed in the nuclei of most
pyramidal neurons, in prelimbic cortex somatic expression of RGS14 was mostly restricted
to corticostriatal neurons (Figure 5.6-E). Some prelimbic corticothalamic neurons that
were retrogradely labeled from ventromedial thalamic nuclei with choleratoxin subunit B
sparsely expressed RGS14 along the outer membrane of the cell nuclei (Figure 5.6-F). In
addition, in very rare cases extremely sparse expression of RGS14 was observed in the
somata, but the majority of prelimbic corticothalamic neurons did not show any somatic
expression of RGS14 (Figure 5.6-F). Somatic expression in these rare cases may be due to
dierent factors that are discussed below. Specicity for corticostriatal neurons is illustrated in 3 animals (Figure 5.6-E) and for corticothalamic neurons in 2 animals (Figure
5.6-F), but raw data replicating the results in a total of 7 and 4 animals respectively are
available. Details on how to access the data are provided in chapter 4.11.
Inhibitory interneurons in layer 1 of rat medial frontal cortex express GAD67, a neurochemical marker for most inhibitory interneurons (Retaux et al., 1993). To verify that
5HT3aR labels the majority of layer 1 inhibitory interneurons in rat prelimbic cortex, we
labeled layer 1 inhibitory interneurons with GAD67 and conrmed that GAD67-positive
neurons in rat prelimbic layer 1 also express 5HT3aR (Figure 5.7),. Neuronal cells in rat
prelimbic layer 1 that expressed GAD67 in their somata also expressed 5HT3aR, while
neuronal cells that did not express GAD67 in their somata also failed to express 5HT3aR
(Figure 5.7-B). Herein results replicated in 3 animals are presented to illustrate specicity
(Figure 5.7), but raw data from a total of 6 animals are available. Details on how to
access the data are provided in chapter 4.11.
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Figure 5.6: RGS14 Expression in Prelimbic Cortex. A- corticostriatal neurons
that were retrogradely labeled with choleratoxin subunit B (red) express RGS14 (green)
and MAP2 (magenta) in prelimbic cortex that is outlined in yellow. B- Injection site
of choleratoxin subunit B (red) in dorsomedial striatum. C- RGS14 (green) is expressed
along dendrites of cortical pyramidal neurons labeled with MAP2 (magenta). D- Injection site of choleratoxin subunit B (red) in ventromedial thalamus. E- corticostriatal
neurons in prelimbic cortex that were retrogradely labeled with choleratoxin subunit B
(ChTx; red) from dorsomedial striatum express RGS14 (green) and MAP2 (magenta),
while F- corticothalamic neurons do not express RGS14 (green). Yellow arrows mark
sparse expression of RGS14 along the outer membrane of the cell nuclei or in the somata
that was observed in very few corticothalamic neurons in prelimbic cortex. Cell nuclei are
counterstained with DAPI (blue).
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Figure 5.7: 5HT3aR Expression in Prelimbic Cortex. A- Expression of 5HT3aR
(green) and GAD67 (magenta) in prelimbic cortex that is outlined in yellow. B- In

prelimbic layer 1 inhibitory interneurons that were labeled with GAD67 (GAD-67-positive;
magenta) express 5HT3aR (green), while those that do not express GAD67 (GAD67
negative; magenta) do not express 5HT3aR (green). Cell nuclei were counterstained with
DAPI (blue).
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Discussion

In prelimbic cortex somatic and dendritic expression of RGS14 is present in and mostly
limited to corticostriatal neurons, even though in rare cases sparse expression was observed
in the somata of corticothalamic neurons that were retrogradely labeled from ventromedial
thalamus. Such rare somatic expression in corticothalamic neurons may be due to multiple factors. The retrograde tracer may have leaked into cortex along the injection track
and been taken up by axon terminals of some corticostriatal neurons. Besides, expression
could originate from dendrites of corticostriatal neurons that run in close proximity to
corticothalamic neurons and express RGS14 in synapses located along these dendrites.
Both explanations appear to be likely given that the specicity of the antibody has been
tested by the supplier using immunoblot and immunohistochemistry, and that in prelimbic cortex somatic and dendritic expression of RGS14 was previously reported to be
limited to intratelencephalic neurons to contralateral cortex and striatum (Gerfen et al.,
2013) that project to striatum. RGS14 expression in layer 6 neurons in visual cortex 2
promotes conversion of short-term, object-recognition memory (lasting 45 min) into longterm object-recognition memory that is still detectable after months (López-Aranda et
al., 2009). Furthermore, RGS14 is essential in development and is necessary for the rst
cell division in mouse embryos (Martin-McCarey et al., 2004). The protein binds to the
cell membrane and is present in the cytoplasm of cells (Hollinger, Taylor, Goldman, &
Hepler, 2001), but can localize to the nucleus (Sethakorn, Yau, & Dulin, 2010). RGS14 is
reportedly expressed in a variety of neuronal cell types as well as in astrocytes in layers
2 to 5 of rat cerebral cortex (López-Aranda et al., 2006), but in prelimbic and agranular
cortex somatic and dendritic expression was reported to be limited to intratelencephalic
neurons that send some projections to striatum (Gerfen et al., 2013). Overall, the presented data support this earlier observation that in prelimbic cortex RGS14 can be used
as a marker for the somata and dendrites of striatal projecting pyramidal neurons.
Results conrm that the 5HT3aR antibody used in this study is suitable to mark
prelimbic layer 1 inhibitory interneurons. Neurochemical markers provide a way to distinguish between three non-overlapping groups of cortical inhibitory interneurons, i.e.
paravalbumin-positive, somatostatin-positive and 5HT3aR-positive (Rudy et al., 2011).
While paravalbumin-positive and somatostatin-positive inhibitory interneurons are routinely identied with immunohistochemistry, usage of a 5HT3aR antibody has not been
reported previously. 99% of inhibitory interneurons in cortical layer 1 are 5HT3aR-positive
(Feldmeyer et al., 2018; Rudy et al., 2011). Hence, to verify that 5HT3aR is a suitable
marker for them, inhibitory interneurons in prelimbic layer 1 were marked with GAD67
and 5HT3aR expression was conrmed to be restricted to them. Importantly, in contrast
to GAD67, 5HT3aR does not only label the somata of layer 1 inhibitory interneurons but
also the dendrites and, therefore, can be used as a dendritic marker for layer 1 inhibitory
interneurons.
VM axon terminals in the uppermost 40 µm of prelimbic cortical layer 1 make contacts onto dendrites of pyramidal neurons, corticostriatal neurons and layer 1 inhibitory
interneurons. Tufts of pyramidal neurons were marked with MAP2, dendritic tufts of prelimbic corticostriatal neurons were marked with RGS14 and dendrites of layer 1 inhibitory
interneurons were marked with 5HT3aR. VM axon terminals in the uppermost 40 µm of
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prelimbic cortical layer 1 were shown to superimpose with all three markers. Previous
evidence that VM projections target layer 1 inhibitory interneurons in medial prefrontal
cortex has been sparse. Cruikshank et al. (2012) provided evidence that optical stimulation of midline thalamic axon terminals in secondary motor cortex and anterior cingulate
cortex can evoke a response in layer 1 inhibitory interneurons. Some injections of channelrhodopsin, the compound that was used to induce optical stimulation in midline thalamic
axon terminals, were placed in VM. However, the extent of the injections was not reported
in the article. The presented results extend this evidence using anatomical methods and
provide rst results that clearly indicate that VM projection neurons to prelimbic cortex
make contacts onto dendrites of layer 1 inhibitory interneurons in rats. Since layer 1
inhibitory interneurons can induce feedforward inhibition in pyramidal neurons (X. Jiang
et al., 2015, 2013), this result indicates that VM input to prelimbic cortex may not only
induce excitatory responses in prelimbic pyramidal neurons, but can also inhibit them.
Feedforward inhibition through VM input is not limited to prelimbic pyramidal neurons
innervated by VM axon terminals. VM input may further induce feedforward inhibition
in prelimbic pyramidal neurons that receive input from other thalamic or cortical regions,
i.e. mediodorsal thalamus, reuniens thalamus or contralateral orbitofrontal cortex. In addition, the presented results provide anatomical conrmation of previous results that were
based on in-vitro electrophysiology and demonstrated that VM projections induce strong
excitatory postsynaptic currents in striatal projecting corticocortical neurons (Collins et
al., 2018).
Even though the resolution of state-of-the-art confocal microscopes is good enough to
visualize superimpositions of axon terminals and small proteins with a diameter of 1-2
µm, our ndings have limitations. While MAP2 expression is limited to dendrites (Bernhardt & Matus, 1984), RGS14 and 5HT3aR could be expressed in presynaptic terminals
of incoming VM axon terminals or in postsynaptic terminals of corticostriatal neurons
and layer 1 inhibitory interneurons. However, previous studies using transgenic mice expressing RGS14 and 5HT3aR have not reported presynaptic expression of these neuronal
markers in axon terminals along incoming projection neurons to prelimbic cortex (Gerfen et al., 2013; Rudy et al., 2011), suggesting that they are most likely expressed in
corticostriatal neurons or layer 1 inhibitory interneurons.
I further veried that ventral motor thalamic axon terminals express VGluT2 and to
less extent VGluT1 but not GAD67, but similar limitations apply to these results. VGluT2
expression in cortex has previously been reported to be limited to thalamocortical axon
terminals(Fujiyama et al., 2001; Hur & Zaborszky, 2005), but VGluT1 could be expressed
in postsynaptic terminals, e.g. of cortical pyramidal neurons (Fremeau et al., 2001), and
mark superimpositions between incoming VM axon terminals and these cortical pyramidal
neurons.
Since I applied quantitative anatomical methods, I was able to estimate the approximate number of contacts between VM axon terminals located in the uppermost 40 µm
of prelimbic cortical layer 1 and dendrites of layer 1 inhibitory interneurons, corticostriatal neurons and pyramidal neurons. For every 7 contacts made onto dendrites of
layer 1 inhibitory interneurons, 10 contacts are made onto the dendritic tuft of deeper
layer pyramidal neurons, indicating that VN provides slightly more input to excitatory
than to inhibitory neurons in prelimbic cortex. Thalamic input to cortical inhibitory interneurons, specically from posterior medial thalamic complex to primary somatosensory
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cortex, was recently suggested to be critical for the induction of long-term depression in
cortical pyramidal neurons (Williams & Holtmaat, 2019). Given the extensive input to
layer 1 inhibitory interneurons, VM input to prelimbic cortex may play a role in similar
mechanisms and as such may be implied in memory formation or learning.
Results further imply that about 80% of contacts of VM axon terminals onto dendritic
tufts of prelimbic cortical pyramidal neurons are made onto dendritic tufts of corticostriatal neurons, a specic kind of pyramidal neurons. Innervation patterns of VM projection
neurons and specically the kind of pyramidal neurons that are targeted reportedly dier
across cortical areas, e.g. VM projection neurons to somatosensory cortex target corticocortical, corticothalamic and pyramidal tract neurons (Thomson, 2010), while those in
motor cortex only target corticocortical and pyramidal tract neurons (Yamawaki & Shepherd, 2015). Previous results showed that optical stimulation of VM axon terminals in
prelimbic cortex evokes strong responses in layer 2/3 and layer 5 corticocortical neurons,
which project to contralateral cortex and striatum, and weaker responses in layer 5 corticothalamic neurons (Collins et al., 2018). The presented results extend these ndings and
provide further insight into the innervation pattern of VM projection neurons in prelimbic
cortex demonstrating that the majority of pyramidal neurons targeted by VM projection
neurons are corticostriatal neurons. In contrast, VM projection neurons to ALM, a dierent prefrontal cortical area, provide input to layer 5B pyramidal tract and weaker input
to layer 2/3 corticocortical neurons, but not to identied corticothalamic neurons in layer
6 (K. Guo, Yamawaki, Svoboda, & Shepherd, 2018). Given such dramatic dierences in
VM innervation patterns even within prefrontal cortical areas, the presented results provide important insights for further studies. In addition, because prelimbic corticostriatal
neurons are involved in cost-benet decision-making (Friedman et al., 2017, 2015), the
presented results provide neuroanatomical evidence for an involvement of ventral motor
thalamic input to prelimbic cortex in cost-benet decision-making. I have tested this idea
and results are presented in the following chapter.

Chapter 6
Results and Discussion - Behavior and
In-vivo Electrophysiology
The second aim of this thesis was to behaviorally test if optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortex changes choice behavior of rats
that were previously trained on a cost-benet decision-making paradigm. I hypothesized
that otpogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical
layer 1 changes the choice behavior of rats in a cost-benet decision-making paradigm. I
predicted that upon optogenetic inhibition animals will choose the high benet-high cost
option more often, but that choice behavior in a benet-benet and a cost-cost decisionmaking paradigm will remain unaected. In this chapter, I present results that support
this prediction.
6.1

Results

6.1.1 Virus Injections and LED Fiber Optics Were Placed Correctly
Injections of the adeno-associated virus conjugated with archaerhodopsin (AAV5-CAGArchT-GFP, n=10 animals) or the control virus (AAV5-CAG-GFP, n=12 animals) were
mostly conned to ventral motor thalamic nuclei as illustrated in one animal with minor
spreading into ventral reunions thalamic nucleus (n=4 animals), reticular thalamus (n=4
animals), zona incerta (n=3 animals), the peduncular part of the lateral hypothalamus
(n=1 animal) and into the medial forebrain bundle/superior cerebellar peduncle (n=1
animal; Figure 6.1-A). Ventral motor thalamic axon terminals were clearly labeled in
prelimbic cortex and the tip of the LED ber optic was located in prelimbic layer 1 in
close proximity to ventral motor thalamic axon terminals (Figure 6.1-B).
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Figure 6.1: Virus Injection into Ventral Motor Thalamic Nuclei and Placement of LED Fiber Optics in Prelimbic Cortical Layer 1. A- The injection

of the adeno-associated virus AAV5-CAG-ArchT-GFP (green) was conned to ventral
motor thalamic nuclei that were counterstained with GAD67 (magenta). B- The virus
(green) was expressed in ventral motor thalamic axon terminals in prelimbic cortical layer
1. Positioning of the LED ber optic was conrmed based on its track as well as by
immunohistochemistry for GFAP (magenta), a neuronal marker for gliosis. The approximate span of prelimbic cortical layer 1 is marked by a yellow dashed line and the position
of the tip of the LED ber is indicated by a yellow arrow. The tip of the LED ber
was clearly located in prelimbic cortical layer 1 and in close proximity to ventral motor
thalamic axon terminals (green).
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6.1.2 Behavior of Control and Archaerhodopsin Animals is Comparable Pre- and Post-Surgery
The behavior of archaerhodopsin animals was comparable to that of control animals before and after surgery. The percentage of high benet choices on the benet-benet
decision-making paradigm, high cost choices on the cost-cost decision-making paradigm
and high benet-high cost choices on the cost-benet decision-making paradigm did not
dier signicantly between control and archaerhodopsin animals on the last day of training pre-surgery, the last day of behavioral testing post-surgery (Figure 6.2, 6.3, 6.4), or
across all three days of behavioral testing post-surgery (Figure 6.9). In addition, reaction
times of archaerhodopsin animals were also comparable to that of control animals preand post-surgery (Figure 6.2, 6.3, 6.4 and 6.9). Therefore, random assignment of animals to either the archaerhodopsin or control group did not bias the behavior of any of
the two groups in any way. In addition, when the percentage of high benet choices on
the benet-benet decision-making paradigm, the percentage of high cost choices on the
cost-cost decision-making paradigm, the percentage of high benet-high cost choices on
the cost-benet decision-making paradigm or reaction times on any of the three decisionmaking paradigms were compared between the last day of behavioral training and the last
day of behavioral testing for either archaerhodopsin or control animals, behavior of archaerhodopsin and control animals did not dier signicantly pre- and post-surgery with
one minor exception. The reaction time of control animals on the benet-benet decisionmaking paradigm diered signicantly, representing a minimal decrease in reaction time
of less than one second from 2.29 secs to 1.48 secs (p = 0.002, r = 0.77). However, because
the decrease in reaction time was minimal and reaction times of archaerhodopsin animals
were comparable with those of control animals before as well as after the surgery, I do
not believe that this dierence has any impact on interpretation of the presented data.
Since the rst three days of behavioral training on the cost-benet decision-making
paradigm were used to collect data necessary to estimate the individual dilution of sweetened condensed milk for each animal such that animals will choose both, the high benethigh cost option and low benet-low cost option, in about 50% of the trials, the comparison
discussed above and presented in Figure 6.4 could only be conducted for animals that underwent a fourth day of behavioral testing on the cost-benet decision-making paradigm.
Thus, to further investigate whether behavior of archaerhodopsin and control animals was
comparable on the cost-benet decision-making paradigm and whether the individual dilution of sweetened condensed milk did aects behavior on the paradigm, I plotted the
dilution of sweetened condensed milk estimated for each animal against the percentage
of high benet-high cost choices or against reaction times of animals on the last day of
behavioral testing on the cost-benet decision-making paradigm. Even though the range
of dilutions of sweetened condensed milk is much wider for control animals than for archaerhodopsin animals, the range of the percentage of high benet-high cost choices and
reaction times was comparable between both groups post-surgery. These results further
conrm that neither choice behavior nor reaction times were biased by random assignment
of the animals to the archaerhodopsin or control goup.
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Figure 6.2: Comparison of Animal Behavior Pre- Versus Post-Surgery on the
Benet-Benet Decision-Making Paradigm. A- Comparison of high benet choices
and B- reaction times on the benet-benet decision-making-paradigm on the last day of

behavioral training pre- versus the last day of behavioral testing post-surgery for control
(blue) and archaerhodopsin animals (red). Animals that post-surgery across all three days
of behavioral testing showed an increase or decrease in high benet choices from the light
OFF to the light ON condition larger than 0.5 interquartile ranges are shown in dark blue
and dark red.

6.1 Results

59

Figure 6.3: Comparison of Animal Behavior Pre- Versus Post-Surgery on the
Cost-Cost Decision-Making Paradigm. A- Comparison of high cost choices and B-

reaction times on the cost-cost decision-making-paradigm on the last day of behavioral
training pre- versus the last day of behavioral testing post-surgery for control (blue)
and archaerhodopsin animals (red). Animals that post-surgery across all three days of
behavioral testing showed an increase or decrease in high cost choices from the light OFF
to the light ON condition larger than 0.5 interquartile ranges are shown in dark blue and
dark red.
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Figure 6.4: Comparison of Animal Behavior Pre- Versus Post-Surgery on the
Cost-Benet Decision-Making Paradigm. A- Comparison of high benet-high cost
choices and B- reaction times on the cost-benet decision-making-paradigm on the last

day of behavioral training pre- versus the last day of behavioral testing post-surgery
for control (blue) and archaerhodopsin animals (red). Only animals that went through a
fourth day of behavioral training on the cost-benet decision-making paradigm are shown.
Animals that post-surgery across all three days of behavioral testing showed an increase
or decrease in high benet-high cost choices from the light OFF to the light ON condition
larger than 0.5 interquartile ranges are shown in dark blue and dark red.
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Figure 6.5: Relation between Dilution of Sweetened Condensed Milk and PostSurgery Behavior on the Cost-Benet Decision-Making Paradigm. A- Relation

between dilution of sweetened condensed milk estimated based on data collected on the
rst three days of behavioral training on the cost-benet decision-making paradigm presurgery and the percentage of high benet-high cost choices or B- reaction times on the
last day of behavioral testing post-surgery on the cost-benet decision-making paradigm
for control (blue) and archaerhodopsin animals (red). Animals that post-surgery across
all three days of behavioral testing showed an increase or decrease in high benet-high
cost choices from the light OFF to the light ON condition larger than 0.5 interquartile
ranges are shown in dark blue and dark red.
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6.1.3 Motor Function Was Not Impaired by Optogenetic Inhibition
Results indicate that motor function of animals was not impaired by optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical layer 1. In animals
that had received an injection of the adeno-associated virus conjugated with archaerhodopsin, AAV5-CAG-ArchT-GFP, into ventral motor thalamic nuclei and in which the
virus was expressed in ventral motor thalamic axon terminals in prelimbic cortex, these
axon terminals were inhibited upon delivery of a 590 nm light stimulus to prelimbic cortial
layer 1. Because optogenetic inhibition was performed on axon terminals of the ventral
motor thalamic nuclei that are involved in motor function, one main concern was that
optogenetic inhibition may impair motor function of animals. Given the assumption that
the number of omitted trials will change signicantly if the motor function of animals is
impaired, I performed separate ANOVAs for each decision-making paradigm comparing
the percentage of omitted trials performed by animals injected with the adeno-associated
virus conjugated with archaerhodopsin (archaerhodopsin animals) and animals injected
with the control virus (control animals) using light ON versus OFF as a within animal
factor. Such exploratory statistical testing indicated a signicant main eect for the light
ON versus OFF condition on the cost-benet decision-making task (p = 0.035, Cohen's
F = 0.506), but posthoc testing did not conrm any signicant change in the percentage of omitted trials for archaerhodopsin or control animals. However, the change in the
percentage of omitted trials between the light ON versus OFF condition did approach
the bonferroni-corrected signicance level of 0.017 for control animals (p = 0.044, r =
0.56); most likely because two control animals omitted about 15%, or 9-10 trials, more on
the light ON versus OFF condition (Figure 6.6). Nevertheless, overall the percentage of
omitted trials did not change signicantly between conditions.
A further indicator that motor function was not impaired, is the absence of a consistent
change in overall reaction time for archaerhodopsin animals on the light ON as compared
to the light OFF condition. Reaction time was originally recorded as an additional marker
of changes in choice behavior on the three decision-making paradigm. However, to test if
the overall reaction time changed upon optogenetic inhibition of ventral motor thalamic
axon terminals in prelimbic layer 1, the mean reaction time across all trials that were not
omitted was calculated for each animal and each decision-making paradigm. Next, three
separate ANOVAs were applied to compare the mean reaction time on each decisionmaking paradigm using archaerhodopsin versus control animal as between and light ON
versus OFF as within animal factor. Solely in the cost-cost decision-making paradigm,
but not in any other decision-making paradigm, a main eect of light ON versus OFF
(p = 0.013, Cohen's F = 0.607) as well as an interaction eect (p = 0.025, Cohen's F =
0.542) were observed. Posthoc testing and visualization of the data (Figure 6.7) revealed
that this eect was due to a negligible increase in mean reaction time of archaerhodopsin
animals on the light ON as compared to the OFF condition of about 0.5 secs (p = 0.01,
r = 0.73). In addition, a main eect of the light ON versus OFF condition was observed
on the benet-benet decision-making paradigm (p = 0.001, Cohen's F = 0.855), because
archaerhodopsin (p = 0.007, r = 0.75) as well as control animals (p = 0.04, r = 0.57)
reacted slightly slower in the light ON versus OFF condition. However, this increase in
mean reaction time was again minimal at about 0.5 secs. To conclude, changes in the
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Figure 6.6: Percentage of Omitted Trials of Individual Animals on A- the
cost-benet, B- the benet-benet and C- the cost-cost decision-making paradigm for
archaerhodopsin and control animals on the light ON versus OFF condition. Each dot
depicts the percentage of omitted trials for an individual animal. Boxplots depict the 1.
quartile, medial and 3. quartile. Whiskers mark the 1. quartile minus 1.5 interquartile
ranges and the 3. quartile plus 1.5 interquartile ranges, respectively.
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mean reaction time were negligible and only in one of the three decision-making paradigms
specic to archaerhodopsin animals. If optogenetic inhibition did impair motor function,
I would expect to observe a much larger increase in mean reaction time. In addition, I
would expect that the eect is specic to archaerhodopsin animals and has approximately
the same magnitude in all three decision-making paradigms. Hence, I do not believe
that these changes support the idea that motor function is impaired due to optogenetic
inhibition of ventral motor thalamic axon terminals in prelimbic cortical layer 1.
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Figure 6.7: Mean Reaction Time of Individual Animals on A- the cost-benet,
B- the benet-benet and C- the cost-cost decision-making paradigm for archaerhodopsin
and control animals on the light ON versus OFF condition. Each dot depicts the percentage of omitted trials for an individual animal. Boxplots depict the 1. quartile, medial
and 3. quartile. Whiskers mark the 1. quartile minus 1.5 interquartile ranges and the 3.
quartile plus 1.5 interquartile ranges, respectively.
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6.1.4 Optogenetic Inhibition Changes Choice Behavior on the
Cost-Benet Decision-Making Paradigm
Animals acquired lever pressing in an average of 5.6±2.8 days, the benet-benet decisionmaking paradigm in an average of 3.4±0.7 days, the cost-cost decision-making paradigm
in an average of 4.3±1.6 days, and the cost-benet decision-making paradigm in an average of 3.8±1.0 days (mean±standard deviation). To compare changes in choice behavior
the dierence between choice behavior in the light ON as compared to the light OFF condition was calculated for each animal and each decision-making paradigm. Comparison of
these changes in choice behavior between archaerhodopsin and control animals revealed
that on the cost-benet decision-making paradigm optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical layer 1 induced a signicant change in
choice behavior. Because Levene's test indicated that these changes in choice behavior
were not normally distributed for the cost-benet decision-making task (p = 0.025) and
a Kolmogorov-Smirnov test revealed that data further violated the assumption of homogeneity of variances (p = 0.028), a non-parametric one-sided Mann-Whitney U test
was applied to compare changes in choice behavior between archaerhodopsin and control
animals. In alignment with the initial hypothesis, changes in choice behavior were signicantly larger for archaerhodopsin as compared to control animals (p = 0.05, r = 0.41) and
posthoc testing revealed that archaerhodopsin animals had chosen the high benet-high
cost option signicantly more often in the light ON versus the light OFF condition (p
= 0.00004, r = 0.93), while the percentage of high benet-high cost choices remained
unchanged for control animals in the light ON condition (p = 0.55, r = 0.18). However,
neither changes in choice behavior on the benet-benet (p = 0.92, r = 0.02) nor on the
cost-cost decision-making paradigm (p = 0.77, r = 0.06) diered signicantly between
archaerhodopsin and control animals. Changes in choice behavior on the light ON as
compared to the light OFF condition for each individual animal as well as a 1. quartile,
median and 3. quartile for each of the three decision-making paradigms is illustrated in
Figure 6.8. Overall, these results indicate that optogenetic inhibition of ventral motor
thalamic axon terminals in prelimbic cortical layer 1 induced an increase in high benethigh cost choices on the cost-benet decision-making paradigm, whereas choice behavior
on the benet-benet and cost-cost decision-making paradigms remained unaected.
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Figure 6.8: Changes in Choice Behavior between the Light ON versus OFF
Condition for archaerhodopsin and control animals on the A- cost-benet, B- benetbenet and C- cost-cost decision-making paradigm. Dots mark changes for individual

animals. Boxplots depict the 1. quartile, medial and 3. quartile. Whiskers mark the 1.
quartile minus 1.5 interquartile ranges and the 3. quartile plus 1.5 interquartile ranges,
respectively. P-values right above boxplots mark signicant changes for that group of
animals between the light OFF and ON condition.
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6.1.5 Optogenetic Inhibition Increases High Benet-High Cost
Choices
On the cost-benet decision-making paradigm archaerhodopsin animals choose the high
benet-high cost option signicantly more often in the light ON as compared to the
OFF condition. The percentage of high benet, high cost and high benet-high cost
choices out of the total number of trials that were not omitted on the benet-benet,
cost-cost and cost-benet decision-making paradigm were compared with three separate
ANOVAs that used light ON versus OFF as within animal factor and the injected virus,
i.e. archaerhodopsin versus control animals, as between animal factor. Surprisingly, a
main eect for light ON versus OFF was not only observed on the cost-benet decisionmaking paradigm (p = 0.005, Cohen's F = 0.707), but also on the benet-benet (p =
0.001, Cohen's F = 0.903) and cost-cost decision-making paradigm (p = 0.014, Cohen's
F = 0.605). However, an interaction eect between the injected virus and the light ON
versus OFF condition was only observed in the cost-benet decision-making paradigm
(p = 0.031, Cohen's F = 0.517). To explore the eects further posthoc testing was
performed. For each decision-making paradigm 2 paired two-sided t-tests (bonferroniadjusted signicance level = 0.017) were applied to compare choice behavior on the light
ON versus OFF condition separately for archaerhodopsin and control animals. Most
importantly, on the cost-benet decision-making paradigm for archaerhodopsin animals
choice behavior diered signicantly between the light ON and OFF condition (p =
0.00004, r = 0.93), while choice behavior of control animals remained unaected (p = 0.55,
r = 0.18), indicating that optogenetic inhibition of ventral motor thalamic axon terminals
in archaerhodopsin animals induced an increase in high benet-high cost choices that was
not observed in control animals. Posthoc testing further revealed that on the benetbenet decision-making paradigm choice behavior diered signicantly between the light
ON and OFF condition for control (p = 0.016, r = 0.65) and approached signicance
for archaerhodopsin animals (p = 0.019, r = 0.69). On the cost-cost decision-making
paradigm posthoc testing indicated that choice behavior neither signicantly diered for
archaerhodopsin (p = 0.09, r = 0.53) nor for control animals (p = 0.08, r = 0.51). Data
on the choice behavior for archaerhodopsin and control animals for all three decisionmaking paradigms was visualized, conrming that in the cost-benet decision-making
paradigm changes in choice behavior were due to an increase of high benet-high cost
choices for archaerhodopsin animals and revealing that in the benet-benet decisionmaking paradigm eects in all animals were observed due to an increase of high benet
choices (Figure 6.9).
One possible explanation for observing changes in choice behavior on the benetbenet decision-making paradigm in both, archaerhodopsin and control animals, may be
a within-session retention eect that is observed in all animals. Light OFF and ON trials
were each bundled in a block of 20 trials each and light OFF trials were always presented
prior to light ON trials. Thus, if each day over a session animals gradually remembered
that the high benet option is preferable to the low benet option, a within-session retention eect occurs. Such an eect should be observable each day that eects of optogenetic
inhibition on behavior are tested, but also during late stages of behavioral training, e.g.
the last three days. More specic, animals must have acquired the benet-benet decisionmaking paradigm on the last day of behavioral training, since they will only be advanced
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Figure 6.9: Choice Behavior of Individual Animals in A- the cost-benet, Bthe benet-benet and C- the cost-cost decision-making paradigm for archaerhodopsin
and control animals on the light ON and OFF condition. Each dot depicts the choice
behavior of an individual animal. Boxplots depict the 1. quartile, medial and 3. quartile.
Whiskers mark the 1. quartile minus 1.5 interquartile ranges and the 3. quartile plus 1.5
interquartile ranges, respectively.
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to training on the cost-cost decision-making paradigm once they reached criterion on
the benet-benet decision-making paradigm. Therefore, a within-session retention eect
should certainly be observed on the last day of behavioral training. Hence, to investigate if a within-session retention eect can explain the unexpected eect reported above,
I compared changes in choice behavior on the benet-benet decision-making paradigm
between the rst 20 and last 20 trials each session for the last three days of behavioral
training as well as the light OFF versus ON trials across the three days of behavioral
testing. In addition, I performed a similar comparison for changes in choice behavior on
the cost-cost decision-making paradigm to explore if a within-session retention eect may
also explain the main eect of the light ON versus OFF condition in this decision-making
paradigm.
This kind of data analysis conrmed that a within-session retention eect is observed
on the benet-benet as well as on the cost-cost decision-making paradigm. Levene's
test revealed that data on choice behavior from behavioral training and testing days from
the benet-benet or cost-cost decision-making paradigm were normally distributed for
archaerhodopsin as well as control animals (p > 0.05). Shapiro's test conrmed homogeneity of variances for data on choice behavior from the rst and last 20 trials, i.e. for
behavioral testing days for data from light OFF versus ON trials (p > 0.05). Since assumptions for parametric tests were fullled, choice behavior between the rst and last
20 trials on the last three days of behavioral training and all three days of behavioral
testing on the benet-benet and cost-cost decision-making paradigm was compared using paired two-sided t-tests. P-values and eect sizes (Pearson r) are provided in Table
6.1. Each t-test, with exception of those testing changes in choice behavior on the costcost decision-making paradigm on behavioral testing days, reached signicance, indicating
that a within-session retention eect most likely exists in both, the benet-benet and
cost-cost decision-making paradigm. Such an eect explains the observation that on the
benet-benet decision-making paradigm the change in choice behavior between the light
ON and OFF condition does not dier for archaerhodopsin and control animals as well as
the absence of an interaction eect, even though choice behavior does dier signicantly
between the light ON and OFF condition for both, archaerhodopsin and control animals.
Figure 6.10 shows means and standard errors for choice behavior across animals on the
last three days of behavioral training on the benet-benet and cost-cost decision-making
paradigm as well as for all three days of behavioral testing on all three decision-making
paradigms.
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Figure 6.10: Mean Choice Behavior for Behavioral Training and Testing for the
last three days of behavioral training (day -3, -2 and -1) and all three days of behavioral
testing (day 1, 2 and 3) for archaerhodopsin and control animals and separated for the light
ON and OFF condition on A- the benet-benet and B- the cost-cost decision-making
paradigm. C- For the cost-benet decision-making paradigm only days of behavioral
testing are shown. Mean and the standard error of the mean are illustrated for each data
point.
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Animals

p-value Eect Size (Pearson r)

Control animals

0.0003

0.56

Archaerhodopsin animals

0.3 e-6

0.68

Control animals

0.0004

0.55

Archaerhodopsin animals

0.003

0.51

Control animals

0.0007

0.53

Archaerhodopsin animals

0.01

0.45

Control animals

0.01

0.41

Archaerhodopsin animals

0.06

0.35

Table 6.1: P-Values and Eect Sizes (Pearson r) for comparing choice behavior on

the rst 20 and last 20 trials for behavioral training or between the light ON and OFF
condition for behavioral testing for control or archaerhodopsin animals across the last
three days of behavioral training or all three days of behavioral testing.
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6.1.6 Changes in Choice Behavior of Archaerhodopsin Animals
Are Within the Range of Choice Behavior of Control Animals
The increase in the percentage of high benet-high cost choices from the light OFF to the
light ON condition on the cost-benet decision-making paradigm that was presented in
Figure 6.8 for archaerhodopsin animals lies within the range of increase of high benet-high
cost choices of control animals. This is primarily due to two control animals that show a
particular larger increase of high benet-high cost choices from the light OFF to the light
ON condition on the cost-benet decision-making paradigm. These two control animals
do not qualify as outliers per se, because the increase lies well within 1.5 interquartile
ranges from the median, but their behavior appears to still dier quite a bit from those
of other control animals. Thus, to gain a better understanding whether their is any
explanation for these two control animals behaving dierent from other control animals,
I separately plotted the choice behavior of control and archaerhodopsin animals across
all three decision-making paradigms and highlighted the traces of animals that showed
changes of high benet-high cost choices on the cost-benet decision-making paradigm
between the light OFF and ON condition larger than 0.5 interquartile ranges from the
median. In addition, I did the same for control and archaerhodopsin animals that showed
changes in choice behavior on the benet-benet or cost-cost decision-making paradigm
from the light OFF to the light ON condition that were larger than 0.5 interquartile
ranges from the median. To compare whether based on this criteria any animals qualied
as "outliers" across several decision-making paradigms, traces of the same animals were
color-coded in the same color across plots.
In the benet-benet (Figure 6.11) and cost-cost decision-making paradigm (Figure
6.12) large changes in choice behavior from the light OFF to the light ON condition
appear to be mainly due to a particular large change in choice behavior between the light
OFF and ON condition on one specic day of behavioral training. However, on the costbenet decision-making paradigm choice behavior of the two control animals that show an
increase in high benet-high cost choices between the light OFF and ON condition, which
lies outside of 0.5 interquartile ranges from the median, displays a specic pattern. Both
control animals show a slow, but steady increase of the percentage of high benet-high
cost choices across days and blocks. Such a steady increase could be due to desensitization
of animals to the bright light used as high cost, or due to devaluation of the low benet
option. Interestingly, the two control animals that show a particular large increase in high
benet-high cost choices between the light OFF and ON condition on the cost-benet
decision-making paradigm are not the same animals that show a particular increase in
high cost choices between the light OFF and ON condition on the cost-cost decisionmaking paradigm. Thus, it is unlikely that the steady increase in high benet-high cost
choices over days and block in the cost-benet decision-making paradigm is solely due
to desensitization towards the bright light, since such a desensitization would most likely
already have happened in the cost-cost decision-making paradigm. Hence, the steady
increase of high benet-high cost choices on the cost-benet decision-making paradigm is
most likely caused by a combination of devaluing the low benet and becoming insensitive
to the bright light. However, the available data does not allow for further testing of this
assumption.
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Even though the increase in the percentage of high benet-high cost choices from
the light OFF to the light ON condition on the cost-benet decision-making paradigm
that was presented in Figure 6.8 for archaerhodopsin animals lies within the range of
increase of high benet-high cost choices of control animals, I would like to emphasize
that for control animals the percentage of high benet-high cost choices increases and
decreases in a random fashion between the light OFF and ON condition. In contrast,
archaerhodopsin animal show a very systematic and highly signicant increase in high
benet-high cost choices that can be observed for every animal. Thus, even tough the
increase in the percentage of high benet-high cost choices from the light OFF to the light
ON condition on the cost-benet decision-making paradigm that was presented in Figure
6.8 for archaerhodopsin animals lies within the range of increase of high benet-high cost
choices of control animals, can most likely still be attributed to optogenetic inhibition of
ventral motor thalamic axon terminals in prelimbic cortex in the light ON condition and
not to a random increase of high benet-high cost choices on a group level.
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Figure 6.11: Outliers on the Benet-Benet Decision-Making Paradigm and
Their Choice Behavior Across All Three Decision-Making Paradigms. A-

Choice behavior across all three decision-making paradigms for control animals and Barchaerhodopsin animals that showed a change in high benet choices between the light
OFF and ON condition larger than 0.5 interquartile ranges on the benet-benet decisionmaking paradigm. Animals that based on this criteria qualied as outliers across multiple
decision-making paradigms are color-coded across Figures 6.11, 6.12 and 6.13.
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Figure 6.12: Outliers on the Cost-Cost Decision-Making Paradigm and Their
Choice Behavior Across All Three Decision-Making Paradigms. A- Choice

behavior across all three decision-making paradigms for control animals and B- archaerhodopsin animals that showed a change in high cost choices between the light OFF and ON
condition larger than 0.5 interquartile ranges on the cost-cost decision-making paradigm.
Animals that based on this criteria qualied as outliers across multiple decision-making
paradigms are color-coded across Figures 6.11, 6.12 and 6.13.
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Figure 6.13: Outliers on the Cost-Benet Decision-Making Paradigm and
Their Choice Behavior Across All Three Decision-Making Paradigms. A-

Choice behavior across all three decision-making paradigms for control animals and Barchaerhodopsin animals that showed a change in high benet-high cost choices between
the light OFF and ON condition larger than 0.5 interquartile ranges on the cost-benet
decision-making paradigm. Animals that based on this criteria qualied as outliers across
multiple decision-making paradigms are color-coded across Figures 6.11, 6.12 and 6.13.
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6.1.7 Reaction Time Does Not Reect Changes in Choice Behavior
To investigate if reaction time reects changes in choice behavior, i.e. if it changes for
the high benet-high cost condition when compared to the low benet-low cost condition,
the dierence in reaction time between choice options was calculated. For each animal,
for the benet-benet decision-making paradigm the mean reaction time on low benet
choices was subtracted from the mean reaction time on high benet choices, for the costcost decision-making paradigm the mean reaction time on low cost choices was subtracted
from the mean reaction time on high cost choices, and for the cost-benet decision-making
paradigm the mean reaction time on low benet-low cost choices was subtracted from the
mean reaction time on high benet-high cost choices. Next, the resulting dierence in
reaction time for each decision-making paradigm was compared between the light ON
and OFF condition applying three independent ANOVAs that used the injected virus,
i.e. archaerhodopsin versus control animals, as a between animal factor. For the cost-cost
decision-making task a main eect for the light ON versus OFF condition was observed
(p = 0.045, Cohen's F = 0.479), but posthoc testing did not conrm that the dierence
in reaction time changed signicantly between the light ON and OFF condition for either
archaerhodopsin (p = 0.102, r = 0.47) or control animals (p = 0.209, r = 0.41). Figure
6.14 provides an overview of the dierence in reaction time for each individual animal and
each decision-making paradigm. Overall, results indicate that changes in choice behavior
are not accompanied or reected by changes in reaction time.
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Figure 6.14: Dierence in Reaction Time for Each Individual Animal is illustrated for A- the cost-benet, B- the benet-benet and C- the cost-cost decision-making
task. The dierence in reaction time is illustrated separately for archaerhodopsin and control animals as well as for the light ON and OFF condition. Each dot depicts the dierence
in reaction time of an individual animal. Boxplots depict the 1. quartile, medial and 3.
quartile. Whiskers mark the 1. quartile minus 1.5 interquartile ranges and the 3. quartile
plus 1.5 interquartile ranges, respectively.

6.1 Results

80

6.1.8 Optogenetic Inhibition Down-Regulates Activity of Pyramidal Neurons
Preliminary data obtained using in-vivo electrophysiology in anaesthetized animals indicates that optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic
cortical layer 1 down-regulates the activity of pyramidal neurons in deeper layers of prelimbic cortex. Similar to injections for behavioral experiments, AAV5-CAG-ArchT-GFP
injections were conned to ventral motor thalamic nuclei (an example of an injections
site is presented in Figure 6.1) and stimulating electrodes were also positioned in ventral
motor thalamic nuclei (Figure 6.15-A). Optical bers that were connected to a 590 nm
ber-coupled LED were placed in prelimbic cortical layer 1 and glass electrodes to record
extracellular potentials were located in prelimbic cortex in deep layer 2/3, layer 4 and
layer 5A (Figure 6.15-B). Recordings from two dierent clusters of neurons are shown in
Figure 6.15-C. Identied spikes are marked with black bars, indicating that the chosen
approach for spike detection worked reasonable well. However, because no spike sorting
was performed, recordings of clusters of neurons that are presented here may combine
recordings from more than one neuron and contain overlapping action potentials from
multiple neurons. The raster plot does not clearly depict whether optogenetic inhibition
of ventral motor thalamic axon terminals in prelimbic cortical layer 1 reduced activity of
pyramidal neurons in deep layer 2/3, layer 4 and layer 5A. However, a peri-stimulus time
histogram that illustrates neuronal activity 10 ms prior to the thalamic stimulation till 30
ms after indicates that optogenetic inhibition reduces neuronal activity recorded within
the rst 20 ms after the stimulation by approximately 40% (Figure 6.16) and a Wilcoxon
ranked-sign test suggests that this dierence reaches statistical signicance (p = 1.9e-20).
Data within 2 ms after the stimulation was truncated. In total, 2000 segments of data
were recorded from 20 clusters of neurons. Segments started 20 ms prior to the thalamic
stimulation and ended 80 ms after. Data were recorded in 3 animals with 13, 5 and 2
clusters recorded, respectively. For each cluster of neurons, 100 segments were recorded
without and with the 590 nm light stimulus being delivered to prelimbic cortical layer 1.
Figure 6.15-C shows 2-second-long traces of extracellular multi-unit activity recorded
in two dierent animals. Usually, action potentials have a duration between 0.5-1 ms.
However, the presented traces show very wide and in parts also particular large spikes.
Two explanations that are both supported by previous studies come to mind: (1) The
spikes may represent overlapping action potentials from multiple neurons with synchronized activity. Activity of prelimbic cortical pyramidal neurons was previously found
to synchronize under isourane-induced anesthesia (Stegeman, de Boer, van der Roest,
& Mulder, 2009), indicating that spikes may be wider and larger since they represent
overlapping action potentials of multiple prelimbic pyramidal neurons that show synchronized activity under isourane-induced anesthesia. (2) Because calcium-dependent
spikes are usually wider than sodium-dependent spikes (Stafstrom, Schwindt, Chubb, &
Crill, 1985), the presented action potentials may be mediated by low threshold calcium
currents. Wide spikes that were presumably were mediated by low threshold calcium
currents have previously been observed in cortical pyramidal neurons (Pockberger, 1991)
and calcium-dependent spikes with similar properties have previously reported in-vitro
in frontal cortical neurons in guinea pig (De La Peña & Geijo-Barrientos, 2000). Thus,
extracellular multi-unit activity presented and analyzed here likely feature overlapping,
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calcium-dependent action potentials from multiple neurons with synchronized activity.
Preliminary data obtained using in-vivo electrophysiology in anaesthetized animals
also conrms that optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical layer 1 does not induce rebound spiking in pyramidal neurons in deep layer
2/3, layer 4 and layer 5A. Optogenetic inhibition of axon terminals with archaerhodopsin
was previously reported to increase spontaneous neurotransmitter release after sustained
inhibition (Mahn et al., 2016). However, a peri-stimulus time histogram that summarizes
the average number of spikes recorded per millisecond from pyramidal neurons in deep
layer 2/3, layer 4 and layer 5A from 100 ms prior until 100 ms after deactivation of the 590
nm light stimulus delivered to ventral motor thalamic axon terminals in prelimbic cortical layer 1 indicates that no rebound spiking occurs upon inactivation of archaerhodopsin
after 20 seconds. Horizontal dotted red lines indicate the average number of spikes per
millisecond before and after inactivation of the 590 nm light and clearly illustrate that
average activity does not increase when archaerhodopsin is inactivated after 20 seconds.
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Figure 6.15: Positioning of Stimulating Electrodes, Optical Fibers and Glass
Electrodes. A- Blue diamonds indicate the position of the tip of stimulating electrodes.
B- Orange dots mark the position of the tip of optical bers, and green lines mark
the track of glass electrodes. C- Response to ventral motor thalamic stimulation of

two dierent clusters of neurons recorded in prelimbic cortex with black lines marking
identied spikes (left), and 2-second-long traces from the same cluster of neurons recorded
between stimulation of ventral motor thalamic nuclei (right).
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Figure 6.16: Reduced Activity During Optogenetic Inhibition and Absence of
Rebound Spiking. A- Peri-stimulus time histogram of the activity of 20 clusters of

neurons recorded in prelimbic cortical deep layer 2/3, layer 4 or layer 5A after stimulation
of ventral motor thalamic nuclei. Because thalamic stimulations induced an artefact, data
from the beginning of the stimulation at 0 ms till 2 ms after is truncated. B- Raster plot
displaying activity across the 2000 segments that were used to create the peri-stimulus
time histogram shown in A. Because thalamic stimulations induced an artefact, data from
the beginning of the stimulation at 0 ms till 2 ms after is truncated. C- Peri-stimulus
time histogram summarizing the average number of spikes per millisecond recorded from
neurons in deep layer 2/3, layer 4 and layer 5A from 100 ms before till 100 ms after
inactivation of the 590 nm light delivered to ventral motor thalamic axon terminals in
prelimbic cortical layer 1. Horizontal dotted red lines indicate the average number of
spikes per millisecond before and after inactivation of the 590 nm light, and the vertical
solid red line indicates the time that the 590 nm light was inactivated.
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Discussion

The presented results suggest that ventral motor thalamic projections to prelimbic cortex are involved in cost-benet decision-making. Optogenetic inhibition of ventral motor
thalamic axon terminals in prelimbic cortical layer 1 changes choice behavior of rats on
a previously acquired cost-benet decision-making paradigm and increases the percentage of high benet-high cost choices. Choice behavior on a benet-benet and cost-cost
decision-making paradigm remains unaected by optogenetic inhibition, indicating that
ventral motor thalamic projections to prelimbic cortex are not involved in benet or cost
processing as such. Instead ventral motor thalamic input to prelimbic cortex appears to
be solely necessary to perform correct integration of benet and cost to make sensible
choices in cost-benet decision-making. Reciprocated projections between ventral motor
thalamic nuclei and ALM have previously been associated with sensory discrimination
(Z. V. Guo et al., 2017), and ventral motor thalamic nuclei have been associated with
action initiation (Gaidica et al., 2018). However, the presented results suggest that the
role of ventral motor thalamic nuclei reaches beyond sensory discrimination or action initiation and that these nuclei and their projections are also involved in action selection.
Previously, similar changes in choice behavior, i.e. an increase in high benet-high cost
choices but no changes in the perception of benet or cost values, were observed upon optogenetic inhibition of prelimbic corticostriatal axon terminals and it had been suggested
that activity of corticostriatal neurons suppresses alternative choices when a trade-o between cost and benet is necessary (Friedman et al., 2015). Changes in choice behavior
were not accompanied or reected by changes in the mean reaction time of animals. Nevertheless, the presented results indicate that regulation of choice behavior in cost-benet
decision-making rely on nuclei that provide input to prelimbic cortex, specically the ventral motor thalamic nuclei, and further suggest that regulation of corticostriatal neurons
in this paradigm may depend on ventral motor thalamic input.
One of the ventral motor thalamic nuclei, VM has previously been associated with
reinforcement learning (Lalive et al., 2018). In contradiction to the results presented here,
this does imply that VM may be involved in benet processing. Two possible explanations
for these contradictory results come to mind: (1) Here, axon terminals from all three
ventral motor thalamic nuclei and not only VM were optogenetically inhibited. The
function of VM, VA and VL input to prelimbic cortex in cost-benet decision-making may
dier with VM input being primarily associated with evaluating benets. More research
that dissociates between prelimbic input from these three nuclei will be necessary to
address this possibility. (2) Reinforcement learning may not only rely on benet processing
but rather on evaluating a trade-o between benet and cost, i.e. the benet received for
pressing a lever. Both explanations are possible and more work will need to be done to
clarify dierences between the results presented here and those presented by Lalive et al.
(2018).
Even though the experiment applied optogenetic inhibition of ventral motor thalamic
axon terminals, motor function of animals was not impaired. The percentage of omitted
trials did not dier signicantly between the light ON and OFF condition for all animals,
and eects on the reaction time were negligible and not consistent across decision-making
paradigms. Initial data analysis indicated a signicant increase of high benet choices in
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the benet-benet decision-making paradigm in the light ON versus OFF condition for
archaerhodopsin and control animals, but further data analysis revealed that this eect is
most likely due to a within-session retention eect that occurs in all animals rather than
due to exposure to the 590 nm light stimulus. Nevertheless, I would like to discuss the
possibility that the 590 nm light stimulus may alter brain physiology independent of the
activation of archaerhodopsin. Since I have been using relatively low light intensities of
1.2 mW and relatively short delivery times of a maximum of 20 secs, such changes are
unlikely. For example, Stujenske, Spellman, and Gordon (2015) demonstrated that even
after exposing cortical brain tissue to a 532 nm light stimulus delivered at 1 mW for 30
secs no changes in the ring rate of pyramidal neurons was observed. In addition, I would
like to highlight that light intensity is reduced to as little as 0.14 mW/mm2 at only 1
mm distance from the ber tip (Deisseroth, 2019). Hence, concerns that light reaching
adjacent cortical areas such as orbitofrontal cortex will induce optogenetic inhibition in
ventral motor axon terminals in these regions are also unjustied, since the intensity of
the light reaching them will not be strong enough to induce optogenetic inhibition.
Preliminary in-vivo electrophysiology data conrms that optogenetic inhibition of ventral motor thalamic axon terminals reduces the number of spikes recorded in deep layer
2/3, layer 4 and layer 5 pyramidal neurons upon anterograde stimulation from the ventral motor thalamic nuclei. Optogenetic inhibition does not completely silence activity of
these pyramidal neurons, but merely reduces it by about 40%. In contrast to previous
studies (Mahn et al., 2016), I did not observe any rebound spiking in cells postsynaptic of
the inhibited axon terminals, i.e. pyramidal neurons in deep layer 2/3, layer 4 or layer 5A
in prelimbic cortex, upon inactivation of archaerhodopsin after 20 seconds. This result is
in line with previous studies that either used the same adeno-associated virus conjugated
with archaerhodopsin (AAV5-CAG-ArchT-GFP) or the same virus construct as serotype
2 (AAV2-CAG-ArchT-GFP) to inhibit axon terminals, and observed behavioral eects
(Stefanik & Kalivas, 2013; Stefanik et al., 2016) as well as did in part conrm that this
virus is suitable to inhibit axon terminals (Ozawa et al., 2017).

Chapter 7
General Discussion and Conclusion
VM projections in uppermost prelimbic cortical layer 1 make contacts onto dendrites of
pyramidal neurons, corticostriatal neurons and layer 1 inhibitory interneurons. Hence,
VM can provide an excitatory drive to and induce feedforward inhibition in pyramidal
neurons that are located in deeper layers of prelimbic cortex. I further demonstrated that
VM projections in prelimbic cortical layer 1 primarily target dendrites of corticostriatal
neurons that have been associated with cost-benet decision-making (Friedman et al.,
2015). Approximately 80% of contacts onto dendritic tufts of deeper layer pyramidal neurons are made onto tufts of corticostriatal neurons. In addition, approximately 7 contacts
are made onto dendrites of layer 1 inhibitory interneurons for every 10 contacts made onto
dendritic tufts of pyramidal neurons, implying that ventral motor thalamic projections to
prelimbic cortex provide more input to excitatory than to inhibitory neurons. However,
in-vitro and in-vivo electrophysiological studies will be necessary to corroborate these
results. Because VM projections can theoretically modulate the activity of prelimbic corticostriatal neurons by providing excitatory and inhibitory input, I recently hypothesized
that VM or more generally ventral motor thalamic projections to prelimbic cortex may
themselves be involved in cost-benet decision-making (Sieveritz et al., 2019). Optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortical layer 1
induced changes in choice behavior on a cost-benet, but not on a benet-benet or costcost decision-making paradigm. Hence, most likely ventral motor thalamic projections to
prelimbic cortical layer 1 are indeed involved in cost-benet decision-making. However,
results further suggest that ventral motor thalamic input to prelimbic cortex is not involved in evaluating benet or cost as such, but is only necessary when cost and benet
need to be integrated to reach a decision. Ventral motor thalamic nuclei have previously
been associated with motor control (Macpherson et al., 2017) and were reported to be
active upon action initiation (Gaidica et al., 2018), but the presented results demonstrate
that the idea of ventral motor thalamic nuclei as a region tat is primarily involved in
motor control and action initiation must be reevaluated. Under specic conditions, i.e.
when cost is evaluated against benet to reach a decision, these nuclei are also involved
in action selection.
In particular, I observed an increase in high benet-high cost choices upon optogenetic
inhibition of ventral motor thalamic axon terminals in prelimbic cortical layer 1. Friedman et al. (2015) reported similar changes in choice behavior observing an increase of
the percentage of high benet-high cost choices upon optogenetic inhibition of corticostri86
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atal axon terminals. Therefore, the presented results suggest that optogenetic inhibition
of ventral motor thalamic input to prelimbic cortex may down-regulate the activity of
corticostriatal neurons. This prediction is in line with the assumption that ventral motor thalamic projections to prelimbic cortex provide more input to excitatory than to
inhibitory neurons and preliminary results obtained using in-vivo electrophysiology in
anaesthetized rats indicate that optogenetic inhibition of ventral motor thalamic axon
terminals in prelimbic cortical layer 1 down-regulates activity of deeper layer pyramidal neurons. Taken together, these results suggest that ventral motor thalamic input to
prelimbic cortex is involved in regulating activity of deeper layer pyramidal neurons on
a cost-benet decision-making paradigm. However, the underlying mechanisms remain
unclear.
VM input to prelimbic cortex does not evoke excitatory action potentials in deeper
layer pyramidal neurons but does instead induce subthreshold excitation (Collins et al.,
2018). Hence, ventral motor thalamic input may modulate activity of deeper layer pyramidal neurons in prelimbic cortex by regulating their subthreshold excitation and thereby
gating input from other subcortical nuclei. Other thalamic nuclei such as the mediodorsal
thalamus were previously shown to gate subcortical inputs to prefrontal cortex. Burst
stimulation of mediodorsal thalamus can inhibit or facilitate ring of prefrontal cortical
neurons that was evoked by stimulation of the hippocampal output tract, known as the
mbria/fornix (Floresco & Grace, 2003). Another mechanism for ventral motor thalamic
nuclei input to modulate the activity of deeper layer pyramidal neurons in prelimbic cortex would be participation in long-term potentiation or depression. Such a mechanism
has recently been demonstrated for posterior medial thalamic input to the barrel cortex.
Williams and Holtmaat (2019) simultaneous activation of posterior medial thalamic ber
bundles and layer 4 in barrel cortex increased the activity of vasoactive intestinal peptide and paravalbumin-positive interneurons and decreased the activity of somatostatinpositive interneurons. In turn, these changes disinhibited layer 2/3 pyramidal neurons
and induced long-term potentiation. Both, posterior medial thalamic input and changes
in vasoactive intestinal peptide interneuron activity were essential for the induction of
long-term potentiation, indicating that thalamic input to cortex and more specically
thalamic input to cortical interneurons may be critical for the induction of long-term potentiation. Nevertheless, further studies using in-vitro and in-vivo electrophysiology will
be necessary to understand the precise mechanism involved in ventral motor thalamic
input modulating activity of deeper layer pyramidal neurons in prelimbic cortex.
Given that ventral motor thalamic input to prelimbic cortex is most likely involved
in modulating the activity of deeper layer pyramidal neurons such as corticostriatal neurons, it may be relevant for a variety of neurological and neuropsychiatric disorders.
Chronic stress has been reported to cause aberrant decision-making (Schwabe & Wolf,
2009; Soares et al., 2012; Sousa & Almeida, 2012) and can induce the same behavioral
eect on a cost-benet decision-making paradigm, i.e. an increase in high benet-high
cost choices, that were observed upon optogenetic inhibition of prelimbic corticostriatal
axon terminals (Friedman et al., 2015) and ventral motor thalamic axon terminals in
prelimbic cortex. Moreover, abnormal decision-making is a symptom of variety of neurological and neuropsychiatric disorders such as anxiety, depression, schizophrenia, bipolar
disorder, suicidal ideation or Huntington's disease (Amemori & Graybiel, 2012; Aupperle
& Paulus, 2010; Gleichgerrcht, Ibáñez, Roca, Torralva, & Manes, 2010; Szanto et al.,
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2015) and exposure to chronic stress may increase the risk to develop these disorders
(Pittenger & Duman, 2008). Because optogenetic inhibition of ventral motor thalamic
axon terminals in prelimbic cortex induces one of the behavioral phenotypes observed under chronic stress, ventral motor thalamic nuclei may be important in these neurological
and neuropsychiatric disorders.
Moreover, ventral motor thalamic input to other prefrontal cortical areas may be involved in modulating activity of deeper layer pyramidal neurons and/or layer 1 inhibitory
interneurons in these brain regions (Sieveritz et al., 2019) and as such may also be associated with neurological and neuropsychiatric disorders that have been attributed to
these cortical areas. For example, abnormal medial prefrontal cortical activity has been
associated with post-traumatic stress disorder (Kasai et al., 2008), addictive states (Goldstein et al., 2009) or obsessive-compulsive disorder (Fitzgerald et al., 2005). Optogenetic
stimulation of corticostriatal neurons in OFC increases the activity of medium spiny neuron activity in dorsomedial striatum and consecutive optogenetic stimulation over 6 days
has been shown to induce obsessive-compulsive behavior in mice (Ahmari et al., 2013).
Furthermore, optogenetic stimulation of OFC corticostriatal neurons in a mouse model of
obsessive-compulsive disorder restores behavior to normal, reinstates down-regulation of
medium spiny neurons and reestablishes synchronisation of fast-spiking interneuron activity inducing long-lasting inhibition of medium spiny neurons (Burguière et al., 2013).
Interestingly, these mechanisms are similar to those observed in alteration of choice behavior on a cost-benet decision-making paradigm under chronic stress. Friedman et al.
(2017) reported that under chronic stress activity of medial prefrontal corticostriatal neurons is altered, medium spiny neuron activity is increased and peak activity of fast-spiking
interneurons is delayed. Because optogenetic inhibition of ventral motor thalamic axon
terminals in prelimbic cortical layer 1 induces the same behavioral eects as chronic stress
on a cost-benet decision-making paradigm, it is likely that upon optogeneic inhibition
of ventral motor thalamic axon terminals in prelimbic cortical layer 1 neuronal activity
is altered in a similar way as reported by Friedman et al. (2017). Since these alterations
of neuronal activity are similar to those observed in OFC in obsessive-compulsive disorder, ventral motor thalamic input to OFC could be important in obsessive-compulsive
disorder.
Initial eorts to prove a role of ventral motor thalamic nuclei beyond motor control
linked VM to reinforcement learning (Lalive et al., 2018). Other work on thalamic involvement in reward-based decision-making primarily focused on mediodorsal thalamus.
A prominent study (Watanabe & Funahashi, 2004) that was conducted in non-human
primates required animals to either perform a delayed saccade to a previously cued target
or to perform the delayed saccade at 90◦ clockwise to the previously cued target, while
neuronal activity was recorded from mediodorsal thalamus. The second task allowed to
dissociate activity that was related to the sensory cue from activity that occurred in
preparation of the motor response, i.e. the saccade. Interestingly, activity related to
the sensory cue decreases over the delay period, while activity related to motor preparation slowly increases. Thus, mediodorsal thalamus has been suggested to participate
in sensory-to-motor information processing. Moreover, mediodorsal thalamus has been
implied in regulating the plasticity or prefrontal cortical areas in relation to updating information on expected action-outcome relationships, when the outcome changes (Baxter,
2013; A. S. Mitchell, Browning, & Baxter, 2007). Non-human primates with a neurotoxic
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lesion of the medial, magnocellular part of the mediodorsal thalamus that were satiated
on a specic kind of reward prior to behavioral testing did not adjust their behavior to
avoid receiving that kind of devalued reward (A. S. Mitchell et al., 2007), indicating that
such neurotoxic lesions impair updating of reward values for action-outcome relationships. Taken together, these results suggest that mediodorsal thalamus may be involved
in updating rewards attached to specic outcomes in cue-reward or action-outcome relationships. In contrast, ventral motor thalamic nuclei may be responsible to integrate the
value of benets and costs to inform decisions.
Much work remains to be done to further understand the role of ventral motor thalamic nuclei and their inputs to prefrontal cortical areas in decision-making. For example,
a clear understanding of the mechanisms that induce altered choice behavior upon optogenetic inhibition of ventral motor thalamic axon terminals in prelimbic cortex on a
cost-benet decision-making paradigm, dissociation of VM, VA and VL involvement in
decision-making or reinforcement learning, and insight on whether ventral motor thalamic
input to other cortical areas participates in behavior associated with those brain regions
is missing. Possible experiments that come to mind to address these questions are invivo electrophysiological recordings ventral motor thalamic nuclei of animals performing
the cost-benet decision-making paradigm or being trained on reinforcement learning,
in-vivo electrophysiological recordings of prelimbic cortical pyramidal neurons upon optogenetic inhibition of VM, VA or VL in animals performing the cost-benet decision-making
paradigm or being trained on reinforcement learning, or evaluating changes in choice behavior upon optogenetic inhibition of ventral motor thalamic axon terminals in ACg on an
eort-based decision-making paradigm, a task that was previously associated with ACg
(Walton et al., 2003). The last could possibly be paired with in-vivo electrophysiological
recordings from ventral motor thalamic nuclei or ACg.
Overall, the results presented in this thesis support that ventral motor thalamic input
to prelimbic cortex is critical in cost-benet decision-making. Optogenetic inhibition of
ventral motor thalamic axon terminals in prelimbic cortical layer 1 induces an increase of
high benet-high cost choices on a cost-benet decision-making paradigm, indicating that
ventral motor thalamic input to prelimbic cortex is necessary for correct integration of
benet and cost values. Taking into account results from previous studies, ventral motor
thalamic nuclei are most likely not only involved in diseases related to motor control such
as Parkinson's disease (Brazhnik, McCoy, Novikov, Hatch, & Walters, 2016), but rather
in a wide range of mood-related neurological/neuropsychiatric disorders that induce abnormal choice behavior. In fact, more recent studies have demonstrated that Parkinson
patients express altered choice behavior (Herz, Bogacz, & Brown, 2016). These changes
may be caused because disruption in the activity of ventral motor thalamic nuclei in
Parkinson's disease (Bosch-Bouju et al., 2013) alters ventral motor thalamic input to prefrontal cortices and, hence, activity of prefrontal cortices. Thus, the role of ventral motor
thalamic nuclei in complex behaviors such as decision-making and diseases needs to be
reevaluated. The work presented here is a rst eort to enhance the current understanding of ventral motor thalamic nuclei, but further work is necessary. Exploring a possible
involvement of ventral motor thalamic input to other cortical areas in complex behaviors
associated with those brain regions as well as examining a more general role of ventral
motor thalamic nuclei in action selection or mood-related neurological/neuropsychiatric
disorders appear to be promising starting points.

References
Ahmari, S. E., Spellman, T., Douglass, N. L., Kheirbek, M. A., Simpson, H. B., Deisseroth, K., . . . Hen, R. (2013). Repeated cortico-striatal stimulation generates
persistent OCD-like behavior. Science , 340 (6137), 12341239.
Alcaraz, F., Marchand, A. R., Courtand, G., Coutureau, E., & Wol, M. (2016). Parallel
inputs from the mediodorsal thalamus to the prefrontal cortex in the rat. European
Journal of Neuroscience , 44 (3), 19721986.
Altunkaynak, B. Z., Önger, M. E., Altunkaynak, M. E., Ayranci, E., & Canan, S. (2012).
A brief introduction to stereology and sampling strategies: Basic concepts of stereology. NeuroQuantology , 10 (1), 3143.
Amemori, K. I., & Graybiel, A. M. (2012). Localized microstimulation of primate pregenual cingulate cortex induces negative decision-making. Nature Neuroscience , 15 (5),
776785.
Arbuthnott, G. W., MacLeod, N. K., Maxwell, D. J., & Wright, A. K. (1990). Distribution and synaptic contacts of the cortical terminals arising from neurons in the rat
ventromedial thalamic nucleus. Neuroscience , 38 (1), 4760.
Aupperle, R. L., & Paulus, M. P. (2010). Neural systems underlying approach and
avoidance in anxiety disorders. Dialogues in Clinical Neuroscience , 12 (4), 51731.
Baxter, M. G. (2013). Mediodorsal thalamus and cognition in non-human primates.
Frontiers in Systems Neuroscience , 7 (38), 15.
Bechara, A., Tranel, D., & Damasio, H. (2000). Characterization of the decision-making
decit of patients with ventromedial prefrontal cortex lesions. Brain , 123 (11), 2189
2202.
Beckstead, R. M., Domesick, V. B., & Nauta, W. J. (1979). Eerent connections of the
substantia nigra and ventral tegmental area in the rat. Brain Research , 175 (2),
191217.
Bedwell, S. A., Billett, E. E., Crofts, J. J., & Tinsley, C. J. (2014). The topology
of connections between rat prefrontal, motor and sensory cortices. Frontiers in
Systems Neuroscience , 8 (177), 177.
Bercovici, D. A., Princz-Lebel, O., Tse, M. T., Moorman, D. E., & Floresco, S. B. (2018).
Optogenetic Dissection of Temporal Dynamics of Amygdala-Striatal Interplay during Risk/Reward Decision Making. eNeuro , 5 (6), ENEURO.042218.2018.
Bernhardt, R., & Matus, A. (1984). Light and electron microscopic studies of the distribution of microtubule-associated protein 2 in rat brain: A dierence between dendritic
and axonal cytoskeletons. Journal of Comparative Neurology , 226 (2), 203221.
Biane, J. S., Takashima, Y., Scanziani, M., Conner, J. M., & Tuszynski, M. H. (2016).
Thalamocortical Projections onto Behaviorally Relevant Neurons Exhibit Plasticity
90

91
during Adult Motor Learning. Neuron , 89 (6), 11731179.
Bosch-Bouju, C., Hyland, B. I., & Parr-Brownlie, L. C. (2013). Motor thalamus integration of cortical, cerebellar and basal ganglia information: implications for normal
and parkinsonian conditions. Frontiers in Computational Neuroscience , 7 (163),
121.
Boulougouris, V., Dalley, J. W., & Robbins, T. W. (2007). Eects of orbitofrontal,
infralimbic and prelimbic cortical lesions on serial spatial reversal learning in the
rat. Behavioural Brain Research , 179 (2), 219228.
Brazhnik, E., McCoy, A. J., Novikov, N., Hatch, C. E., & Walters, J. R. (2016). Ventral Medial Thalamic Nucleus Promotes Synchronization of Increased High Beta
Oscillatory Activity in the Basal Ganglia-Thalamocortical Network of the Hemiparkinsonian Rat. Journal of Neuroscience , 36 (15), 41964208.
Brown, V. J., & Bowman, E. M. (2002). Rodent models of prefrontal cortical function.
Trends in Neurosciences , 25 (7), 3403.
Bryden, D. W., Brockett, A. T., Blume, E., Heatley, K., Zhao, A., & Roesch, M. R. (2019).
Single neurons in anterior cingulate cortex signal the need to change action during
performance of a stop-change task that induces response competition. Cerebral
Cortex , 29 (3), 10201031.
Bryden, D. W., Johnson, E. E., Tobia, S. C., Kashtelyan, V., & Roesch, M. R. (2011). Attention for Learning Signals in Anterior Cingulate Cortex. Journal of Neuroscience ,
31 (50), 1826618274.
Burguière, E., Monteiro, P., Feng, G., & Graybiel, A. M. (2013). Optogenetic stimulation
of lateral orbitofronto-striatal pathway suppresses compulsive behaviors. Science ,
340 (6137), 12431246.
Cardinal, R. N., Parkinson, J. A., Marbini, H. D., Toner, A. J., Bussey, T. J., Robbins,
T. W., & Everitt, B. J. (2003). Role of the anterior cingulate cortex in the control
over behavior by Pavlovian conditioned stimuli in rats. Behavioral Neuroscience ,
117 (3), 566587.
Carter, D. A., & Fibiger, H. C. (1978). The projections of the entopeduncular nucleus
and globus pallidus in rat as demonstrated by autoradiography and horseradish
peroxidase histochemistry. Journal of Comparative Neurology , 177 (1), 113123.
Carvalho Poyraz, F., Holzner, E., Bailey, M. R., Meszaros, J., Kenney, L., Kheirbek,
M. A., . . . Kellendonk, C. (2016). Decreasing Striatopallidal Pathway Function
Enhances Motivation by Energizing the Initiation of Goal-Directed Action. The
Journal of Neuroscience , 36 (22), 59886001.
Cebrián, C., Parent, A., & Prensa, L. (2005). Patterns of axonal branching of neurons
of the substantia nigra pars reticulata and pars lateralis in the rat. Journal of
Comparative Neurology , 492 (3), 349369.
Celikel, T., & Sakmann, B. (2007). Sensory integration across space and in time for
decision making in the somatosensory system of rodents. Proceedings of the National
Academy of Sciences , 104 (4), 13951400.
Chen, J. L., Carta, S., Soldado-Magraner, J., Schneider, B. L., & Helmchen, F. (2013).
Behaviour-dependent recruitment of long-range projection neurons in somatosensory
cortex. Nature , 499 (7458), 336340.
Chen, T. W., Li, N., Daie, K., & Svoboda, K. (2017). A Map of Anticipatory Activity in
Mouse Motor Cortex. Neuron , 94 (4), 866879.e4.

92
Clavier, R. M., Atmadja, S., & Fibiger, H. C. (1976). Nigrothalamic projections in the rat
as demonstrated by orthograde and retrograde tracing techniques. Brain Research
Bulletin , 1 (4), 379384.
Cocker, P. J., Hosking, J. G., Benoit, J., & Winstanley, C. A. (2012). Sensitivity to cognitive eort mediates psychostimulant eects on a novel rodent cost/benet decisionmaking task. Neuropsychopharmacology , 37 (8), 18251837.
Collins, D. P., Anastasiades, P. G., Marlin, J. J., & Carter, A. G. (2018). Reciprocal
Circuits Linking the Prefrontal Cortex with Dorsal and Ventral Thalamic Nuclei.
Neuron , 98 (2), 366379.e4.
Coutlee, C. G., & Huettel, S. A. (2012). The functional neuroanatomy of decision making:
Prefrontal control of thought and action. Brain Research , 1428C , 312.
Cruikshank, S. J., Ahmed, O. J., Stevens, T. R., Patrick, S. L., Gonzalez, A. N., Elmaleh,
M., & Connors, B. W. (2012). Thalamic Control of Layer 1 Circuits in Prefrontal
Cortex. Journal of Neuroscience , 32 (49), 1781317823.
Dalley, J. W., Cardinal, R. N., & Robbins, T. W. (2004). Prefrontal executive and
cognitive functions in rodents: Neural and neurochemical substrates. Neuroscience
and Biobehavioral Reviews , 28 (7), 771784.
Damasio, A. R., & Damasio, H. (Eds.). (1996). Neurobiology of Decision-Making. Berlin,
Heidelberg: Springer-Verlag.
De La Peña, E., & Geijo-Barrientos, E. (2000). Participation of low-threshold calcium
spikes in excitatory synaptic transmission in guinea pig medial frontal cortex. European Journal of Neuroscience , 12 (5), 16791686.
Deisseroth, K. (2019). Predicted irradiance values: model based on direct measurements in
mammalian brain tissue. Retrieved 2019-07-02, from https://web.stanford.edu/

group/dlab/cgi-bin/graph/chart.php

Delatour, B., & Gisquet-Verrier, P. (1999). Lesions of the prelimbic-infralimbic cortices in
rats do not disrupt response selection processes but induce delay-dependent decits:
Evidence for a role in working memory? Behavioral Neuroscience , 113 (5), 941
955.
Delevich, K., Tucciarone, J., Huang, Z. J., & Li, B. (2015). The Mediodorsal Thalamus
Drives Feedforward Inhibition in the Anterior Cingulate Cortex via Parvalbumin
Interneurons. Journal of Neuroscience , 35 (14), 57435753.
Deniau, J. M., Kita, H., & Kitai, S. T. (1992). Patterns of termination of cerebellar and
basal ganglia eerents in the rat thalamus. Strictly segregated and partly overlapping
projections. Neuroscience Letters , 144 (1-2), 202206.
Destexhe, A., & Sejnowski, T. J. (2015). Interactions Between Membrane Conductances
Underlying Thalamocortical Slow-Wave Oscillations. Physiological Reviews , 83 (4),
14011453.
Di Chiara, G., Porceddu, M. L., Morelli, M., Mulas, M. L., & Gessa, G. L. (1979).
Evidence for a gabaergic projection from the substantia nigra to the ventromedial
thalamus and to the superior colliculus of the rat. Brain Research , 176 (2), 273
284.
Do-Monte, F. H., Manzano-Nieves, G., Quinones-Laracuente, K., Ramos-Medina, L., &
Quirk, G. J. (2015). Revisiting the Role of Infralimbic Cortex in Fear Extinction
with Optogenetics. Journal of Neuroscience , 35 (8), 36073615.
Edgerton, J. R., & Jaeger, D. (2014). Optogenetic activation of nigral inhibitory inputs

93
to motor thalamus in the mouse reveals classic inhibition with little potential for
rebound activation. Frontiers in Cellular Neuroscience , 8 (36), 111.
Ernst, M., Bolla, K., Mouratidis, M., Contoreggi, C., Matochik, J. A., Kurian, V., . . .
London, E. D. (2002). Decision-making in a risk-taking task: A PET study. Neuropsychopharmacology , 26 (5), 682691.
Fan, D., Rossi, M. A., & Yin, H. H. (2012). Mechanisms of Action Selection and Timing
in Substantia Nigra Neurons. Journal of Neuroscience , 32 (16), 55345548.
Feldmeyer, D., Qi, G., Emmenegger, V., & Staiger, J. F. (2018). Inhibitory interneurons
and their circuit motifs in the many layers of the barrel cortex. Neuroscience , 368 ,
132151.
Fitoussi, A., Renault, P., Le Moine, C., Coutureau, E., Cador, M., & Dellu-Hagedorn,
F. (2018). Inter-individual dierences in decision-making, exible and goal-directed
behaviors: novel insights within the prefronto-striatal networks. Brain Structure
and Function , 223 (2), 897912.
Fitzgerald, K. D., Welsh, R. C., Gehring, W. J., Abelson, J. L., Himle, J. A., Liberzon, I.,
& Taylor, S. F. (2005). Error-related hyperactivity of the anterior cingulate cortex
in obsessive-compulsive disorder. Biological Psychiatry , 57 (3), 287294.
Floresco, S. B., & Ghods-Shari, S. (2007). Amygdala-prefrontal cortical circuitry regulates eort-based decision making. Cerebral Cortex , 17 (2), 251260.
Floresco, S. B., & Grace, A. A. (2003). Gating of hippocampal-evoked activity in
prefrontal cortical neurons by inputs from the mediodorsal thalamus and ventral
tegmental area. The Journal of Neuroscience , 23 (9), 393043.
Floresco, S. B., Tse, M. T. L., & Ghods-Shari, S. (2008). Dopaminergic and glutamatergic
regulation of eort- and delay-based decision making. Neuropsychopharmacology ,
33 (8), 19661979.
Floresco, S. B., & Whelan, J. M. (2009). Perturbations in dierent forms of cost/benet
decision making induced by repeated amphetamine exposure. Psychopharmacology ,
205 (2), 189201.
Fremeau, R. T., Troyer, M. D., Pahner, I., Nygaard, G. O., Tran, C. H., Reimer, R. J.,
. . . Edwards, R. H. (2001). The Expression of Vesicular Glutamate Transporters
Denes Two Classes of Excitatory Synapse. Neuron , 31 (2), 247260.
Friedman, A., Homma, D., Bloem, B., Gibb, L. G., ichi Amemori, K., Hu, D., . . . Graybiel, A. M. (2017). Chronic Stress Alters Striosome-Circuit Dynamics, Leading to
Aberrant Decision-Making. Cell , 171 (5), 11911205.e28.
Friedman, A., Homma, D., Gibb, L. G., Amemori, K. I., Rubin, S. J., Hood, A. S.,
. . . Graybiel, A. M. (2015). A corticostriatal path targeting striosomes controls
decision-making under conict. Cell , 161 (6), 13201333.
Frith, C., & Dolan, R. (1996). The role of the prefrontal cortex in higher cognitive
functions. Cognitive Brain Research , 5 (1-2), 175181.
Fujiyama, F., Furuta, T., & Kaneko, T. (2001). Immunocytochemical localization of
candidates for vesicular glutamate transporters in the rat cerebral cortex. The
Journal of Comparative Neurology , 435 (3), 379387.
Furlong, T. M., Supit, A. S., Corbit, L. H., Killcross, S., & Balleine, B. W. (2017). Pulling
habits out of rats: adenosine 2A receptor antagonism in dorsomedial striatum rescues meth-amphetamine-induced decits in goal-directed action. Addiction Biology ,
22 (1), 172183.

94
Gage, G. J., Stoetzner, C. R., Wiltschko, A. B., & Berke, J. D. (2010). Selective Activation
of Striatal Fast-Spiking Interneurons during Choice Execution. Neuron , 67 (3), 466
479.
Gaidica, M., Hurst, A., Cyr, C., & Leventhal, D. K. (2018). Distinct Populations of Motor
Thalamic Neurons Encode Action Initiation, Action Selection, and Movement Vigor.
The Journal of Neuroscience , 38 (29), 65636573.
Gerfen, C. R., Paletzki, R., & Heintz, N. (2013). GENSAT BAC Cre-Recombinase Driver
Lines to Study the Functional Organization of Cerebral Cortical and Basal Ganglia
Circuits. Neuron , 80 (6), 13681383.
Gerfen, C. R., Staines, W. A., Arbuthnott, G. W., & Fibiger, H. C. (1982). Crossed Connections of the Substantia Nigra in the Rat. The Journal of Comparative Neurology ,
207 (283), 303.
Ghods-Shari, S., Haluk, D. M., & Floresco, S. B. (2008). Dierential eects of inactivation of the orbitofrontal cortex on strategy set-shifting and reversal learning.
Neurobiology of Learning and Memory , 89 (4), 567573.
Gire, D. H., Whitesell, J. D., Doucette, W., & Restrepo, D. (2013). Information for
decision-making and stimulus identication is multiplexed in sensory cortex. Nature
Neuroscience , 16 (8), 991993.
Gleichgerrcht, E., Ibáñez, A., Roca, M., Torralva, T., & Manes, F. (2010). Decisionmaking cognition in neurodegenerative diseases. Nature Reviews Neurology , 6 (11),
611623.
Goldstein, R. Z., Alia-Klein, N., Tomasi, D., Carrillo, J. H., Maloney, T., Woicik, P. A., . . .
Volkow, N. D. (2009). Anterior cingulate cortex hypoactivations to an emotionally
salient task in cocaine addiction. Proceedings of the National Academy of Sciences ,
106 (23), 94538.
Golub, V. M., Brewer, J., Wu, X., Kuruba, R., Short, J., Manchi, M., . . . Reddy, D. S.
(2015). Neurostereology protocol for unbiased quantication of neuronal injury and
neurodegeneration. Frontiers in Aging Neuroscience , 7 (196), 114.
Gremel, C. M., & Costa, R. M. (2013). Orbitofrontal and striatal circuits dynamically encode the shift between goal-directed and habitual actions. Nature Communications ,
4 (2264), 112.
Groenewegen, H. J. (1988). Organization of the aerent connections of the mediodorsal thalamic nucleus in the rat, related to the mediodorsal-prefrontal topography.
Neuroscience , 24 (2), 379431.
Guido, W., & Weyand, T. (1995). Burst responses in thalamic relay cells of the awake
behaving cat. Journal of Neurophysiology , 74 (4), 17826.
Gulcebi, M. I., Ketenci, S., Linke, R., Hacioglu, H., Yanali, H., Veliskova, J., . . . Çavdar,
S. (2012). Topographical connections of the substantia nigra pars reticulata to
higher-order thalamic nuclei in the rat. Brain Research Bulletin , 87 (2-3), 312
318.
Gundersen, H. J., & Jensen, E. B. (1987). The eciency of systematic sampling in
stereology and its prediction. Journal of Microscopy , 147 (3), 229263.
Gundersen, H. J., Jensen, E. B., Kiêu, K., & Nielsen, J. (1999). The eciency of
systematic sampling in stereology - Reconsidered. Journal of Microscopy , 193 (3),
199211.
Guo, K., Yamawaki, N., Svoboda, K., & Shepherd, G. M. (2018). Anterolateral Motor

95
Cortex Connects with a Medial Subdivision of Ventromedial Thalamus through Cell
Type-Specic Circuits, Forming an Excitatory Thalamo-Cortico-Thalamic Loop via
Layer 1 Apical Tuft Dendrites of Layer 5B Pyramidal Tract Type Neurons. The
Journal of Neuroscience , 38 (41), 87878797.
Guo, Z. V., Inagaki, H. K., Daie, K., Druckmann, S., Gerfen, C. R., & Svoboda, K.
(2017). Maintenance of persistent activity in a frontal thalamocortical loop. Nature ,
545 (7653), 181186.
Guo, Z. V., Li, N., Huber, D., Ophir, E., Gutnisky, D., Ting, J. T., . . . Svoboda, K.
(2014). Flow of cortical activity underlying a tactile decision in mice. Neuron ,
81 (1), 179194.
Halladay, L. R., & Blair, H. T. (2017). Prefrontal infralimbic cortex mediates competition between excitation and inhibition of body movements during pavlovian fear
conditioning. Journal of Neuroscience Research , 95 (3), 853862.
Heidbreder, C. A., & Groenewegen, H. J. (2003). The medial prefrontal cortex in the
rat: Evidence for a dorso-ventral distinction based upon functional and anatomical
characteristics. Neuroscience and Biobehavioral Reviews , 27 (6), 555579.
Heilbronner, S. R. (2017). Modeling risky decision-making in nonhuman animals: shared
core features. Current Opinion in Behavioral Sciences , 16 , 2329.
Helmchen, F., Gilad, A., & Chen, J. L. (2018). Neocortical dynamics during whisker-based
sensory discrimination in head-restrained mice. Neuroscience , 368 , 5769.
Herkenham, M. (1979). The aerent and eerent connections of the ventromedial thalamic
nucleus in the rat. Journal of Comparative Neurology , 183 (3), 487517.
Herz, D. M., Bogacz, R., & Brown, P. (2016). Neuroscience: Impaired Decision-Making
in Parkinson's Disease. Current Biology , 26 (14), R6713.
Hillman, K. L., & Bilkey, D. K. (2010). Neurons in the Rat Anterior Cingulate Cortex
Dynamically Encode Cost-Benet in a Spatial Decision-Making Task. Journal of
Neuroscience , 30 (22), 77057713.
Hirsch, J. C., Fourment, A., & Marc, M. E. (1983). Sleep-related variations of membrane
potential in the lateral geniculate body relay neurons of the cat. Brain Research ,
259 (2), 308312.
Hollinger, S., Taylor, J. B., Goldman, E. H., & Hepler, J. R. (2001). RGS14 is a bifunctional regulator of Gαi/o activity that exists in multiple populations in brain.
Journal of Neurochemistry , 79 (5), 941949.
Hoover, W. B., & Vertes, R. P. (2011). Projections of the medial orbital and ventral
orbital cortex in the rat. Journal of Comparative Neurology , 519 (18), 37663801.
Hosking, J. G., Cocker, P. J., & Winstanley, C. A. (2014). Dissociable contributions of
anterior cingulate cortex and basolateral amygdala on a rodent cost/benet decisionmaking task of cognitive eort. Neuropsychopharmacology , 39 (7), 15581567.
Hur, E. E., & Zaborszky, L. (2005). Vglut2 aerents to the medial prefrontal and primary somatosensory cortices: A combined retrograde tracing in situ hybridization.
Journal of Comparative Neurology , 483 (3), 351373.
Inagaki, H. K., Inagaki, M., Romani, S., & Svoboda, K. (2018). Low-Dimensional and
Monotonic Preparatory Activity in Mouse Anterior Lateral Motor Cortex. The
Journal of Neuroscience , 38 (17), 41634185.
Jenni, N. L., Larkin, J. D., & Floresco, S. B. (2017). Prefrontal Dopamine D1 and D2 Receptors Regulate Dissociable Aspects of Decision Making via Distinct Ventral Stri-

96
atal and Amygdalar Circuits. The Journal of Neuroscience , 37 (26), 62006213.
Jiang, X., Shen, S., Cadwell, C. R., Berens, P., Sinz, F., Ecker, A. S., . . . Tolias, A. S.
(2015). Principles of connectivity among morphologically dened cell types in adult
neocortex. Science , 350 (6264), aac9462aac9462.
Jiang, X., Wang, G., Lee, A. J., Stornetta, R. L., & Zhu, J. J. (2013). The organization
of two new cortical interneuronal circuits. Nature Neuroscience , 16 (2), 210218.
Jiang, Z. C., Pan, Q., Zheng, C., Deng, X. F., Wang, J. Y., & Luo, F. (2014). Inactivation
of the prelimbic rather than infralimbic cortex impairs acquisition and expression of
formalin-induced conditioned place avoidance. Neuroscience Letters , 569 , 8993.
Jinnai, K., Nambu, A., & Yoshida, S. (1987). Thalamic aerents to layer I of anterior
sigmoid cortex originating from the VA-VL neurons with entopeduncular input.
Experimental Brain Research , 69 (1), 6776.
Joroy, A. J., & Lamarre, Y. (1974). Single cell activity in the ventral lateral thalamus
of the unanesthetized monkey. Experimental Neurology , 42 (1), 116.
Kaneko, T., & Fujiyama, F. (2002). Complementary distribution of vesicular glutamate
transporters in the central nervous system. Neuroscience Research , 42 (4), 243
250.
Kasai, K., Yamasue, H., Gilbertson, M. W., Shenton, M. E., Rauch, S. L., & Pitman,
R. K. (2008). Evidence for Acquired Pregenual Anterior Cingulate Gray Matter Loss
from a Twin Study of Combat-Related Posttraumatic Stress Disorder. Biological
Psychiatry , 63 (6), 550556.
Kawaguchi, Y. (2017). Pyramidal cell subtypes and their synaptic connections in layer 5
of rat frontal cortex. Cerebral Cortex , 27 (12), 57555771.
Keuker, J. I., Vollmann-Honsdorf, G. K., & Fuchs, E. (2001). How to use the optical
fractionator: An example based on the estimation of neurons in the hippocampal
CA1 and CA3 regions of tree shrews. Brain Research Protocols , 7 (3), 211221.
Kha, H., Finkelstein, D., Tomas, D., DragoJ., Pow, D., & Horne, M. (2001). Projections
from the substantia nigra pars reticulata to the motor thalamus of the rat: Single axon reconstructions and immunohistochemical study. Journal of Comparative
Neurology , 440 (1), 2030.
Kha, H. T., Finkelstein, D. I., Pow, D. V., Lawrence, A. J., & Horne, M. K. (2000). Study
of projections from the entopeduncular nucleus to the thalamus of the rat. Journal
of Comparative Neurology , 426 (3), 366377.
Kuramoto, E., Fujiyama, F., Nakamura, K. C., Tanaka, Y., Hioki, H., & Kaneko, T.
(2011). Complementary distribution of glutamatergic cerebellar and GABAergic
basal ganglia aerents to the rat motor thalamic nuclei. European Journal of Neuroscience , 33 (1), 95109.
Kuramoto, E., Furuta, T., Nakamura, K. C., Unzai, T., Hioki, H., & Kaneko, T. (2009).
Two types of thalamocortical projections from the motor thalamic nuclei of the rat:
A single neuron-tracing study using viral vectors. Cerebral Cortex , 19 (9), 2065
2077.
Kuramoto, E., Ohno, S., Furuta, T., Unzai, T., Tanaka, Y. R., Hioki, H., & Kaneko, T.
(2015). Ventral medial nucleus neurons send thalamocortical aerents more widely
and more preferentially to layer 1 than neurons of the ventral anterior-ventral lateral
nuclear complex in the rat. Cerebral Cortex , 25 (1), 221235.
Kuroda, M., Yokofujita, J., & Murakami, K. (1998). An ultrastructural study of the

97
neural circuit between the prefrontal cortex and the mediodorsal nucleus of the
thalamus. Progress in Neurobiology , 54 (4), 417458.
Lalive, A. L., Lien, A. D., Roseberry, T. K., Donahue, C. H., & Kreitzer, A. C. (2018).
Motor thalamus supports striatum-driven reinforcement. eLife , 7 (e34032), 122.
Lanciego, J. L., Luquin, N., & Obeso, J. A. (2012). Functional neuroanatomy of the basal
ganglia. Cold Spring Harbor Perspectives in Medicine , 2 (12), a009621.
Lapish, C. C., Durstewitz, D., Chandler, L. J., & Seamans, J. K. (2008). Successful choice
behavior is associated with distinct and coherent network states in anterior cingulate
cortex. Proceedings of the National Academy of Sciences , 105 (33), 1196311968.
Larkum, M. E., Nevian, T., Sandier, M., Polsky, A., & Schiller, J. (2009). Synaptic
integration in tuft dendrites of layer 5 pyramidal neurons: A new unifying principle.
Science , 325 (5941), 756760.
Larkum, M. E., & Zhu, J. J. (2002). Signaling of layer 1 and whisker-evoked Ca2+ and
Na+ action potentials in distal and terminal dendrites of rat neocortical pyramidal
neurons in vitro and in vivo. The Journal of Neuroscience , 22 (16), 69917005.
Laubach, M., Amarante, L. M., Swanson, K., & White, S. R. (2018). What, If Anything,
Is Rodent Prefrontal Cortex? eNeuro , 5 (5), ENEURO.031518.2018.
Laurent, V., Chieng, B., & Balleine, B. W. (2016). Extinction Generates Outcome-Specic
Conditioned Inhibition. Current Biology , 26 (23), 31693175.
Lee, A. J., Wang, G., Jiang, X., Johnson, S. M., Hoang, E. T., Lanté, F., . . . Julius Zhu,
J. (2015). Canonical Organization of Layer 1 Neuron-Led Cortical Inhibitory and
Disinhibitory Interneuronal Circuits. Cerebral Cortex , 25 (8), 21142126.
Lei, W., Deng, Y., Liu, B., Mu, S., Guley, N. M., Wong, T., & Reiner, A. (2013).
Confocal laser scanning microscopy and ultrastructural study of VGLUT2 thalamic
input to striatal projection neurons in rats. Journal of Comparative Neurology ,
521 (6), 13541377.
Li, N., Chen, T.-W., Guo, Z. V., Gerfen, C. R., & Svoboda, K. (2015). A motor cortex
circuit for motor planning and movement. Nature , 519 (7541), 516.
Li, N., Daie, K., Svoboda, K., & Druckmann, S. (2016). Robust neuronal dynamics in
premotor cortex during motor planning. Nature , 532 (7600), 459464.
Lingawi, N. W., Holmes, N. M., Westbrook, R. F., & Laurent, V. (2018). The infralimbic
cortex encodes inhibition irrespective of motivational signicance. Neurobiology of
Learning and Memory , 150 , 6474.
Livingstone, M. S., & Hubel, D. H. (1981). Eects of sleep and arousal on the processing
of visual information in the cat. Nature , 291 (5816), 554561.
Llinás, R. R., & Steriade, M. (2006). Bursting of Thalamic Neurons and States of
Vigilance. Journal of Neurophysiology , 95 (6), 32973308.
López-Aranda, M. F., Acevedo, M. J., Carballo, F. J., Gutiérrez, A., & Khan, Z. U.
(2006). Localization of the GoLoco motif carrier regulator of G-protein signalling
12 and 14 proteins in monkey and rat brain. European Journal of Neuroscience ,
23 (11), 29712982.
López-Aranda, M. F., López-Téllez, J. F., Navarro-Lobato, I., Masmudi-Martín, M.,
Gutiérrez, A., & Khan, Z. U. (2009). Role of layer 6 of V2 visual cortex in objectrecognition memory. Science , 325 (5936), 8789.
Macpherson, J. M., Rasmusson, D. D., & Murphy, J. T. (2017). Activities of neurons
in "motor" thalamus during control of limb movement in the primate. Journal of

98

Neurophysiology , 44 (1), 1128.

Mahn, M., Prigge, M., Ron, S., Levy, R., & Yizhar, O. (2016). Biophysical constraints
of optogenetic inhibition at presynaptic terminals. Nature Neuroscience , 19 (4),
5546.
Markowitsch, H. J., & Pritzel, M. (1979). The prefrontal cortex: Projection area of the
thalamic mediodorsal nucleus? Physiological Psychology , 7 (1), 16.
Martin-McCarey, L., Willard, F. S., Oliveira-dos Santos, A. J., Natale, D. R., Snow,
B. E., Kimple, R. J., . . . D'Souza, S. J. (2004). RGS14 is a mitotic spindle protein
essential from the rst division of the mammalian zygote. Developmental Cell , 7 (5),
763769.
Mears, R. P., Boutros, N. N., & Cromwell, H. C. (2009). Reduction of Prelimbic Inhibitory Gating of Auditory Evoked Potentials After Fear Conditioning. Behavioral
Neuroscience , 123 (2), 315327.
Milad, M. R., & Quirk, G. J. (2002). Neurons in medial prefrontal cortex signal memory
for fear extinction. Nature , 420 (6911), 704.
Mitchell, A. S., Browning, P. G. F., & Baxter, M. G. (2007). Neurotoxic Lesions of
the Medial Mediodorsal Nucleus of the Thalamus Disrupt Reinforcer Devaluation
Eects in Rhesus Monkeys. Journal of Neuroscience , 27 (42), 1128911295.
Mitchell, B. D., & Cauller, L. J. (2001). Corticocortical and thalamocortical projections
to layer I of the frontal neocortex in rats. Brain Research , 921 (1-2), 6877.
Mobini, S., Body, S., Ho, M. Y., Bradshaw, C., Szabadi, E., Deakin, J., & Anderson, I.
(2002). Eects of lesions of the orbitofrontal cortex on sensitivity to delayed and
probabilistic reinforcement. Psychopharmacology , 160 (3), 290298.
Monosov, I. E. (2017). Anterior cingulate is a source of valence-specic information about
value and uncertainty. Nature Communications , 8 (1), 134.
Murray, E. A., Wise, S. P., & Graham, K. S. (2017). The evolution of memory systems:
ancestors, anatomy, and adaptations. New York: Oxford University Press.
Nauta, W. J. (1993). The problem of the frontal lobe: A reinterpretation. In Neu-

roanatomy. contemporary neuroscientists (selected papers of leaders in brain research). (pp. 540600). Boston, MA: Birkhäuser.

Ozawa, T., Ycu, E. A., Kumar, A., Yeh, L. F., Ahmed, T., Koivumaa, J., & Johansen,
J. P. (2017). A feedback neural circuit for calibrating aversive memory strength.
Nature Neuroscience , 20 (1), 9097.
Pais-Vieira, M., Lima, D., & Galhardo, V. (2007). Orbitofrontal cortex lesions disrupt
risk assessment in a novel serial decision-making task for rats. Neuroscience , 145 (1),
225231.
Paxinos, G., & Watson, C. (2004). The Rat Brain in Stereotaxic Coordinates - The New
Coronal Set 5th Edition. Cambridge: Academic Press.
Peirce, J. W. (2007). PsychoPy-Psychophysics software in Python. Journal of Neuroscience Methods , 162 (1-2), 813.
Pittenger, C., & Duman, R. S. (2008). Stress, depression, and neuroplasticity: A convergence of mechanisms. Neuropsychopharmacology , 33 (1), 88109.
Pockberger, H. (1991). Electrophysiological and morphological properties of rat motor
cortex neurons in vivo. Brain Research , 539 (2), 181190.
Preuss, T. M., & Goldman-Rakic, P. S. (1987). Crossed corticothalamic and thalamocortical connections of macaque prefrontal cortex. Journal of Comparative Neurology ,

99

257 (2), 269281.

Pribram, K. H. (1969). The primate frontal cortex. Neuropsychologia , 7 (3), 259266.
Retaux, S., Caboche, J., Rogard, M., Julien, J. F., Penit-Soria, J., & Besson, M. J. (1993).
GABA interneurons in the rat medial frontal cortex: characterization by quantitative in situ hybridization of the glutamic acid decarboxylase (GAD67) mRNA. Brain
Research , 611 (2), 187196.
Rose, J. E., & Woolsey, C. N. (1948). The orbitofrontal cortex and its connections with the
mediodorsal nucleus in rabbit, sheep and cat. Research Publications - Association
for Research in Nervous and Mental Disease , 27 (1), 210232.
Rubio-Garrido, P., Pérez-De-Manzo, F., Porrero, C., Galazo, M. J., & Clascá, F. (2009).
Thalamic input to distal apical dendrites in neocortical layer 1 is massive and highly
convergent. Cerebral Cortex , 19 (10), 23802395.
Rudy, B., Fishell, G., Lee, S. H., & Hjerling-Leer, J. (2011). Three groups of interneurons account for nearly 100% of neocortical GABAergic neurons. Developmental
Neurobiology , 71 (1), 4561.
Rushworth, M. F., Noonan, M. A. P., Boorman, E. D., Walton, M. E., & Behrens, T. E.
(2011). Frontal Cortex and Reward-Guided Learning and Decision-Making. Neuron ,
70 (6), 10541069.
Sangha, S., Robinson, P. D., Greba, Q., Davies, D. A., & Howland, J. G. (2014). Alterations in reward, fear and safety cue discrimination after inactivation of the rat
prelimbic and infralimbic cortices. Neuropsychopharmacology , 39 (10), 24052413.
Scheibel, M. S., & Scheibel, A. B. (1966). The organization of the ventral anterior nucleus
of the thalamus. A golgi study. Brain Research , 1 (3), 250268.
Schmidt, R., Leventhal, D. K., Mallet, N., Chen, F., & Berke, J. D. (2013). Canceling
actions involves a race between basal ganglia pathways. Nature Neuroscience , 16 (8),
11181124.
Schmied, A., Bénita, M., Condé, H., & Dorment, J. F. (1979). Activity of ventrolateral
thalamic neurons in relation to a simple reaction time task in the cat. Experimental
Brain Research , 36 (2), 285300.
Schmitz, C., & Hof, P. R. (2005). Design-based stereology in neuroscience. Neuroscience ,
130 (4), 813831.
Schultz, W. (2016). Reward functions of the basal ganglia. Journal of Neural Transmission , 123 (7), 679693.
Schwabe, L., & Wolf, O. T. (2009). Stress prompts habit behavior in humans. The
Journal of Neuroscience , 29 (22), 71918.
Schweimer, J., & Hauber, W. (2005). Involvement of the rat anterior cingulate cortex
in control of instrumental responses guided by reward expectancy. Learning and
Memory , 12 (3), 334342.
Seamans, J. K., Floresco, S. B., & Phillips, A. G. (1995). Functional Dierences Between the Prelimbic and Anterior Cingulate Regions of the Rat Prefrontal Cortex.
Behavioral Neuroscience , 109 (6), 10631073.
Sesack, S. R., Deutch, A. Y., Roth, R. H., & Bunney, B. S. (1989). Topographical
organization of the eerent projections of the medial prefrontal cortex in the rat:
An anterograde tract-tracing study with Phaseolus vulgaris leucoagglutinin. Journal
of Comparative Neurology , 290 (2), 213242.
Sethakorn, N., Yau, D. M., & Dulin, N. O. (2010). Non-canonical functions of RGS

100
proteins. Cellular Signalling , 22 (9), 12741281.
Sherman, S. M. (2001). A wake-up call from the thalamus. Nature Neuroscience , 4 (4),
344346.
Sherman, S. M., & Guillery, R. W. (1996). Functional organization of thalamocortical
relays. Journal of Neurophysiology , 76 (3), 136795.
Sheth, S. A., Mian, M. K., Patel, S. R., Asaad, W. F., Williams, Z. M., Dougherty, D. D.,
. . . Eskandar, E. N. (2012). Human dorsal anterior cingulate cortex neurons mediate
ongoing behavioural adaptation. Nature , 488 (7410), 218221.
Shlosberg, D., Amitai, Y., & Azouz, R. (2006). Time-Dependent, Layer-Specic Modulation of Sensory Responses Mediated by Neocortical Layer 1. Journal of Neurophysiology , 96 (6), 31703182.
Sierra-Mercado, D., Padilla-Coreano, N., & Quirk, G. J. (2011). Dissociable roles of
prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala
in the expression and extinction of conditioned fear. Neuropsychopharmacology ,
36 (2), 529538.
Sieveritz, B., García-Muñoz, M., & Arbuthnott, G. W. (2019). Thalamic aerents to
prefrontal cortices from ventral motor nuclei in decision-making. European Journal
of Neuroscience , 49 (5), 646657.
Silveira, M. M., Tremblay, M., & Winstanley, C. A. (2018). Dissociable contributions
of dorsal and ventral striatal regions on a rodent cost/benet decision-making task
requiring cognitive eort. Neuropharmacology , 137 , 322331.
Soares, J. M., Sampaio, A., Ferreira, L. M., Santos, N. C., Marques, F., Palha, J. A., . . .
Sousa, N. (2012). Stress-induced changes in human decision-making are reversible.
Translational Psychiatry , 2 , 131.
Sokolowski, J. D., & Salamone, J. D. (1998). The role of accumbens dopamine in lever
pressing and response allocation: Eects of 6-OHDA injected into core and dorsomedial shell. Pharmacology Biochemistry and Behavior , 59 (3), 557566.
Sousa, N., & Almeida, O. F. (2012). Disconnection and reconnection: The morphological
basis of (mal)adaptation to stress. Trends in Neurosciences , 35 (12), 742751.
St. Onge, J. R., & Floresco, S. B. (2010). Prefrontal cortical contribution to risk-based
decision making. Cerebral Cortex , 20 (8), 18161828.
Stafstrom, C. E., Schwindt, P. C., Chubb, M. C., & Crill, W. E. (1985). Properties of
persistent sodium conductance and calcium conductance of layer V neurons from
cat sensorimotor cortex in vitro. Journal of Neurophysiology , 53 (1), 153170.
Stefanik, M. T., & Kalivas, P. W. (2013). Optogenetic dissection of basolateral amygdala projections during cue-induced reinstatement of cocaine seeking. Frontiers in
Behavioral Neuroscience , 7 , 213.
Stefanik, M. T., Kupchik, Y. M., & Kalivas, P. W. (2016). Optogenetic inhibition
of cortical aerents in the nucleus accumbens simultaneously prevents cue-induced
transient synaptic potentiation and cocaine-seeking behavior. Brain Structure and
Function , 221 (3), 16811689.
Stegeman, M., de Boer, M., van der Roest, M., & Mulder, A. B. (2009). Synchrony
of the Rat Medial Prefrontal Cortex Network During Isourane Anaesthesia. In
H. Groenewegen, P. Voorn, H. Berendse, A. Mulder, & A. Cools (Eds.), The basal
ganglia ix. advances in behavioral biology (Vol. 58 ed., pp. 131142). New York, NY:
Springer.

101
Stephenson-Jones, M., Kardamakis, A. A., Robertson, B., & Grillner, S. (2013). Independent circuits in the basal ganglia for the evaluation and selection of actions.
Proceedings of the National Academy of Sciences , 110 (38), E3670E3679.
Stephenson-Jones, M., Yu, K., Ahrens, S., Tucciarone, J. M., Van Huijstee, A. N., Mejia,
L. A., . . . Li, B. (2016). A basal ganglia circuit for evaluating action outcomes.
Nature , 539 (7628), 289293.
Stujenske, J. M., Spellman, T., & Gordon, J. A. (2015). Modeling the Spatiotemporal
Dynamics of Light and Heat Propagation for InVivo Optogenetics. Cell Reports ,
12 (3), 525534.
Sul, J. H., Jo, S., Lee, D., & Jung, M. W. (2011). Role of rodent secondary motor cortex
in value-based action selection. Nature Neuroscience , 14 (9), 12028.
Swadlow, H. A., & Gusev, A. G. (2001). The impact of 'bursting' thalamic impulses at
a neocortical synapse. Nature Neuroscience , 4 (4), 402408.
Swanson, L. W. (2004). Brain maps: structure of the rat brain. A laboratory guide
with printed and electronic templates for data, models and schematics (3rd ed.).
Amsterdam: Elsevier.
Szanto, K., De Bruin, W. B., Parker, A. M., Hallquist, M. N., Vanyukov, P. M., &
Dombrovski, A. Y. (2015). Decision-making competence and attempted suicide.
Journal of Clinical Psychiatry , 76 (12), e1590e1597.
Takada, M., Tokuno, H., Ikai, Y., & Mizuno, N. (1994). Direct projections from the
entopeduncular nucleus to the lower brainstem in the rat. Journal of Comparative
Neurology , 342 (3), 409429.
Tanaka, M. (2007). Cognitive Signals in the Primate Motor Thalamus Predict Saccade
Timing. Journal of Neuroscience , 27 (44), 1210912118.
Thomson, A. (2010). Neocortical layer 6, a review. Frontiers in Neuroanatomy , 4 (13),
114.
Totah, N. K. B., Kim, Y. B., Homayoun, H., & Moghaddam, B. (2009). Anterior Cingulate
Neurons Represent Errors and Preparatory Attention within the Same Behavioral
Sequence. Journal of Neuroscience , 29 (20), 64186426.
Tsumori, T., Yokota, S., Ono, K., & Yasui, Y. (2002). Synaptic organization of GABAergic
projections from the substantia nigra pars reticulata and the reticular thalamic
nucleus to the parafascicular thalamic nucleus in the rat. Brain Research , 957 (2),
231241.
Uylings, H. B. M., Groenewegen, H. J., & Kolb, B. (2003). Do rats have a prefrontal
cortex? Behavioural Brain Research , 146 (1-2), 317.
Van Der Kooy, D., & Carter, D. A. (1981). The organization of the eerent projections
and striatal aerents of the entopeduncular nucleus and adjacent areas in the rat.
Brain Research , 211 (1), 1536.
Walton, M. E., Bannerman, D. M., Alterescu, K., & Rushworth, M. F. S. (2003). Functional specialization within medial frontal cortex of the anterior cingulate for evaluating eort-related decisions. The Journal of Neuroscience , 23 (16), 64759.
Walton, M. E., & Mars, R. B. (2007). Probing human and monkey anterior cingulate
cortex in variable environments. Cognitive, Aective and Behavioral Neuroscience ,
7 (4), 413422.
Watanabe, Y., & Funahashi, S. (2004). Neuronal Activity Throughout the Primate
Mediodorsal Nucleus of the Thalamus During Oculomotor Delayed-Responses. II.

102
Activity Encoding Visual Versus Motor Signal. Journal of Neurophysiology , 92 (3),
17561769.
Williams, L. E., & Holtmaat, A. (2019). Higher-Order Thalamocortical Inputs Gate
Synaptic Long-Term Potentiation via Disinhibition. Neuron , 101 (1), 91102.e4.
Yamawaki, N., & Shepherd, G. M. G. (2015). Synaptic Circuit Organization of Motor
Corticothalamic Neurons. Journal of Neuroscience , 35 (5), 22932307.
Znamenskiy, P., & Zador, A. M. (2013). Corticostriatal neurons in auditory cortex drive
decisions during auditory discrimination. Nature , 497 (7450), 4825.

