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Abstract

The posterior parietal cortex (PPC) in the rat is a multimodal association area, implicated in
spatial processing, decision-making, working memory and directed attention. PPC is commonly
divided into a medial (mPPC), a lateral (IPPC) and a posterior (PtP) region, all reciprocally
connected to specific parts of the thalamus. The orbitofrontal cortex (OFC) is part of the ventral
prefrontal cortex and is commonly divided into the medial orbital (MO), ventral orbital (VO),
ventrolateral orbital (VLO), lateral orbital (LO) and dorsolateral orbital (DLO) cortices. The
subregions of OFC have distinct connectivity patterns and are functionally different regarding

spatial information processing, value-based decision-making and behavioural flexibility.

Reciprocal connections between PPC and OFC have previously been described, but variations in
delineation of both cortical regions and difficulties in distinguishing PPC from the secondary
visual cortex (V2) hampered a clear understanding of the connections. Moreover, no study has
addressed PPC-OFC projections, differentiating the origins in the three posterior parietal

subdivisions.

The aim of this study was therefore to describe the projections of PPC to the subregions of OFC,
with a special focus on the differences in projection patterns arising from the three subregions of
PPC. To this end, weinjected the anterograde tracers 10 KD biotinylated dextran amine (BDA) and
phaseolus vulgaris-leucoagglutinin (PHA-L) into the subregions of PPC. The retrograde tracers
Fast Blue (FB) and Fluorogold (FG) were injected into VO and VLO to study the layers of origin of
these projections. The brains were cut in the coronal plane and cortical areas were delineated
based on Nissl stains with Cresyl Violet. Anterograde tracers were visualised using either 3.3’-
diaminobenzidin tetrahydrochloride (DAB) or AlexaFluor® dyes, and their distribution, as well
as that of the retrograde fluorescent tracers was analysed with conventional microscopical

techniques.

Anterograde tracing showed that the projections from PPC to OFC are not strong, which is
supported by the retrograde tracer cases that showed an overalllow number of labelled neurons
in layers V and VI of PPC. mPPC projects mainly to lateral VO and medial VLO, with some sparse
projections to MO. Projectionsfrom IPPC terminate in medial VLO, while the most lateral part of
PPC, PtP, projects to central to lateral VLO. The results indicate that projections from PPC target
OFC, showing a subtle topographical pattern within MO, VO and VLO, with a clear preference for
VO and VLO and excluding L.O and DLO.
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Chapter 1

Introduction

‘Planning of movements requires information about the intended act and also information about

actions, including thegoal and value of reward related to thataction’ (Kandelet al,2012: p. 866).

The posterior parietal cortex (PPC) is a multimodal association area involved in several cognitive
functions such as movement planning, visual attention, decision-making and working memory
(Whitlock, 2014). The literature about PPC in primates and rodents is divergent, in which primate
studies have focused on cognitive functions, while rodent studies mainly have focused on spatial
navigation. Recently, development of new tasks to isolate cognitive functions also in rodents has
extended the knowledge about PPC.In the rat, one proposed role of PPCin movement planning is
the synthesis of goal-directed sequences, and neurons in PPC have been shown to be active 250
ms in advance of a movement, also called ‘readiness potential’ (Whitlock, 2014). However, to be
able to plan movements, one needs information not only about the intended act that PPC may
provide, but also information about the goal of the act and the value of reward related to that
particular action (Kandel et al., 2012: p. 866). This is a suggested role of the orbitofrontal cortex
(OFC), an area in the ventral prefrontal cortex involved in reward processing and value-based

decision-making (Rolls, 2000; Wallis, 2012).

Previous studies have shown that PPC is reciprocally connected with OFC and the secondary
motor cortex (M2), connections suggested to constitute a neural circuit for directed attention
(Chandler et al., 1992). Further, lesion studies have implicated that both PPCand OFCare involved
in spatial processing (King and Corwin, 1992; Corwin et al., 1994). Although there is convincing
neuroanatomical evidence on reciprocal connections between PPC and OFC in the rat, the
delineation of PPC has varied among studies, leaving the precise circuitry still undefined.
Moreover, details on which part of the functionally heterogeneous OFC are connected with PPC

are also lacking. This implies that the functional circuitry cannot yet be fully appreciated.

Topographic organisation of connections is considered necessary and a hallmark of higher order
brain functions, and is observed in several brain areas including OFC (Thivierge and Marcus, 2007;
Kondo and Witter, 2014). Therefore, it will be relevant to assess whether there are noticeable
topographical differences in the projection pattern of the subregions of PPC to the subregions of
OFC. The present study aims to provide data contributing to a broader knowledge about the
cortico-cortical projections from PPC to OFC by use of traditional anterograde and retrograde

tracers.






1.1 The posterior parietal cortex

The parietal cortex is considered the area underlying the parietal bone and can be divided into
two subregions; the anterior part called the somatosensory cortex (S1) and a posterior
multimodal association area called the posterior parietal cortex (PPC; Krieg, 1946). Based on
cytoarchitecture, myeloarchitecture, expression pattern of neurotransmitters, thalamic and
cortical connections as well as physiological studies, PPCcan be described in almost any species
(Whitlock et al., 2008). In humans, PPC consists of Brodmann areas 5 and 7 (Brodmann, 1909),
and corresponding areas 5 and 7 have been described in the rhesus monkey (Cavada and
Goldman-Rakic, 1989; Cappe et al., 2007). Krieg (1946) was the first to define an area 7 in the rat
brain, which was described as ‘parietal region’ based on its anatomical position between the
somatosensory and visual cortices as shown in primates. Later studies have shown that Krieg's
area 7 likely has similar functions in the rat as in primates (Kolb and Walkey, 1987), and today
area 7 is better known as PPC. However, the existence of PPC in the rat was for a long time
questioned, which lead to a variety of delineations. The biggest difference among studies was the

border between the secondary visual cortex (V2) and PPC (Figure 1; Whitlock et al., 2008).

Today, the rat PPC is commonly divided into three subregions based on thalamic and cortico-
cortical connections. In this thesis, the terms medial posterior parietal cortex (mPPC) and lateral
posterior parietal cortex (IPPC) correspond to the medial parietal association cortex (MPtA) and
lateral parietal association cortex (LPtA), respectively, as described by Paxinos and Watson
(2007). Ventrolateral to these areas is the posterior part of posterior parietal cortex (PtP). The
anterior, posterior and dorsal subdivisions of PtP, described by Paxinos and Watson (2007), are

here considered one region.

Figure 1. The right hemisphere of a rat brain seen from the dorsal side illustrating the different delineations of the parietal
cortex reported by Krieg (1946) in red, Miller and Vogt (1984) in magenta, Palomero-Gallagher and Zilles (2004) in yellow
and Burwell and Amaral (1998) in blue. Reproduced from Whitlock et al. (2008). Scale bar, 1 mm.



1.1.1 Delineation and cytoarchitecture of PPC in the rat

PPCin the rat has previously been described based on cyto- and myeloarchitecture (Krieg, 1946;
Kolb and Walkey, 1987; Reep et al., 1994). However, the delineation of PPChas been extensively
debated. In the present study, delineation criteria resulting from an anatomical tracer study by
Olsen and Witter (pers. com.) will be used, in which cytoarchitecture of the subregions of parietal
and occipital domains and their thalamic connection patterns were taken into account. The main
difference of the latter study from the Rat Brain Atlas (Paxinos and Watson, 2007) and other
studies (Chandler et al., 1992; Reep et al., 1994; Wilber et al., 2015) is the existence of the medial
secondary visual cortex (V2M) between the retrosplenial cortex (RSC) and mPPC in posterior
portions of PPC. Thereby, V2M replaces some of the cortex that in other studies is considered

mPPC.

In the following account, I will describe cytoarchitectonic features and borders of PPC and its
neighbouring cortical areas, as seen in coronal sections. As stated above, this accountis based on
the work of Olsen and Witter (pers. com.). In a coronal section, taken through the most anterior
level of PPC, mPPCborders medially with M2 and laterally with the primary somatosensory cortex
(S1; not illustrated). Moving posteriorly, V2M replaces M2 and IPPC comes in on the lateral side
of mPPC (Figure 2, A). PtP appears on the lateral side of IPPC and borders S1 laterally (Figure 2,
B-C). Posteriorly, V2M extends more laterally, and together with the primary visual cortex (V1),
replaces mPPCand IPPC. The lateral secondary visual cortex (V2L) comes in on the lateral side of
V1 and PtP is shifted to a more lateral position (Figure 2, D-E). Here, PtP borders auditory cortex

(AuD). Through the whole extent of PPC, the corpus callosum defines its ventral border.

Cytoarchitectonically, PPC is less laminated than the surrounding areas. S1 has a well
differentiated, granular layer IV that is easy to distinguish from the more homogenous PPC.
Further, layers Il and III are wide, and layer V has a cell-sparse zone deeply and superficially. V1
also has a granular layer IV that makes it easy to distinguish V1 from PPC, with a cell-sparse zone
deeply and superficially in layer V as in S1. In anterior sections, mPPCborders M2. Layer V of M2
is densely packed, whereas layer III is weakly stained and superficial layers are narrow, which
makes it possible to distinguish M2 from the adjacent, more homogenous PPC.IPPCshows a more
distinct lamination than mPPC, although the density of cells in layer V is lower than in mPPC
Especially layer II of IPPCis denser and easier to distinguish from layer III compared to mPPC.
Cells in PtP are less densely packed than in the rest of PPC, with a weakly stained layer 111 and a
less densely packed layer V than the surrounding areas. In posterior sections, V2M can be
distinguished from mPPC by having a more densely packed layer V and narrower layers II/IIL
Similar to V2M, V2L has a homogenous appearance with a diffuse transition between layers V and

VI, and is difficult to distinguish from PPC.
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Figure 2. Delineation of the parietal cortex illustrated in coronal sections of the right hemisphere from anterior to posterior
(A-E). In the most anterior sections, mPPC and IPPC are present (A). At intermediate anterior-posterior levels, all three
subregions of PPC are present (B-C), while only PtP extends posteriorly together with the visual domains (D-E). Scale bars
2000um (left) and 1000um (right). For abbreviations, see list of abbreviations.



1.1.2 Connections of PPC in the rat

Together with cytoarchitecture, the use of topography of thalamic connections when defining
cortical areas is widely accepted. In a retrograde tracer study, Chandler et al. (1992) described
thalamic and cortical connections of PPC. They found retrogradely labelled cells in the lateral
posterior nucleus (LP), lateral dorsal nucleus (LD) and posterior nucleus (Po) of the thalamus. No
labelling was seen in the lateral geniculate nucleus (LGN) or the ventrobasal complex (VB), nuclei
connected with V1 and S1, respectively. A recent, unpublished study aimed to map thalamic
connectivity of the subregions of PPCand the visual cortices (Olsen and Witter, pers. com.). Their
results showed that mPPC preferentially connected with LP, in particular the mediorostal
component (mr) with weaker connections with Po, while IPPC had the opposite preferences
(Figure 3). PtP projected mainly to Po, and all PPCareas had few projections to LD. Further, they
found that V2M was reciprocally connected with LP and LD, and V2L projected to LP. Strong
labelling in the lateral part of LP (LP1) was seen for cases of anterograde tracer injections in both

V2M and V2L.

VP Po Rostromedial Lateral LD DLG
complex complex LP nucleus LP nucleus nucleus nucleus

Figure 3. Thalamic projections of the subregions of PPC and adjacent areas. The thickness of the arrow illustrate the
strength of projections. Modified from Olsen and Witter (pers. com.). For abbreviations, see list of abbreviations.

PPC is regarded to be a multimodal associative area based on its extensive connectivity with
subcortical and other cortical areas (Figure 4; Save and Poucet, 2009). Note that additional
connections have been reported and the most relevant for this thesis have been added to Figure
4. PPC receives input from multiple sensory cortices such as S1 and AuD as well as from visual
areas V1 and V2. Input from the cerebellum and vestibular input via the thalamus suggests
involvement with the motor system (Giannetti and Molinari, 2002; Smith et al, 2005). The
anterior cingulate cortex (ACC) and M2, as well as the ventrolateral orbitofrontal cortex (VLO) are
reciprocally connected with PPC and have been proposed to constitute a neural network
implicated in directed attention (Kolb and Walkey, 1987; Chandler et al., 1992; Conte et al., 2008).
Involvementin directed attention is based on the findings that lesions to either of M2, PPCor VLO,
or the connection between M2 and PPCtypically lead to a dysfunctional state, contralateral neglect

(King et al, 1989; Chandler et al., 1992; Burcham et al., 1997). Further, PCC has a minor



connections with the medial entorhinal cortex (MEC), while indirect connections with MEC via
RSC and the postrhinal cortex (POR) are likely stronger (Burwell and Amaral, 1998; Agster and
Burwell, 2009).

Primary and secondary
visual cortex Orbitofrontal cortex

Auditory cortex / Anterior cingulate cortex
\ v

Cerebellum P P c

v \

Retrosplenial cortex Postrhinal cortex

¢ v

Entorhinal cortex [€—| Hippocampus

Somatosensory cortex

Thalamus

Figure 4. A simplified illustration of the main cortical and subcortical connections of the rat PPC. Modified from Save and
Poucet (2009). Additional, relevant connections are added from Agster and Burwell (2009) and Burwell and Amaral
(1998).

Kolb and Walkey (1987) were the first to report input to PPC from M2, which was confirmed by
Chandler et al. (1992), additionally showing that these inputs were reciprocated. The latter
authors used retrograde tracers injected into M2, VLO and PPCand found that all three areas are
reciprocally connected with each other. PPC receives input from the whole extent of M2, whereas
projections targeting V2M originate only in the posterior portions of M2 (Reep et al., 1990).
Another retrograde tracer study showed input to PPC from the medial orbitofrontal cortex (MO),
VLO, M2, RSC, S1, V2 and auditory areas (Reep et al., 1994). Studies investigating potential
connectional differences between the subregions of PPCare sparse. A recent study (Wilber et al.,
2015) reported that input to PPC from cortical and subcortical regions is topographically
organised along the mediolateral axis, but not along the anterior-posterior axis, suggesting that
connectivity patterns of medial and lateral PPC resemble those of medial and lateral V2M,
respectively. Another, anterograde tracing study reported differences in the connection pattern
of mPPC and IPPC, with mPPC projecting to more medial portions of dorsocentral striatum than
IPPC (Reep et al., 2003). The same authors showed that V2ZM projected to more dorsal parts of the
striatum than both mPPC and IPPC. Since Wilber et al. (2015) suggest that V2M and PPC have
similar connectivity pattern, while dissimilar projections to the striatum as well as thalamus
dispute this notion, it is relevant to investigate whether V2M as well as V2L projection patterns to

OFC differ from those of PPC.

1.1.3 Functions of PPC in the rat
Most functional studies on PPC carried out in monkeys typically focused on cognitive functions

such as decision-making and movement planning, in which the animal typically is head-restrained,
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solving tasks via precise movements of the arm, hand or eyes (Whitlock, 2014). Rats, on the other
hand, are usually completing navigational tasks without any restraint. Therefore, the literature
for primates and rats is diverse and may be difficult to compare directly because of differences
between species. However, recent studies have tried to overcome the differences by designing
tasks that isolate cognitive functionsin rodents such as motor planning (Erlichetal.,, 2011), visual
attention (Broussard et al., 2006), decision-making (Raposo et al., 2012; Brunton et al., 2013) and
working memory (Harvey et al.,, 2012). The majority of studies in rats have largely focused on
spatial navigation and Whitlock (2014) recently suggested that one of PPC’s roles is ‘the synthesis
of goal-directed behavioural sequences’. In another study (McNaughton et al.,, 1994), 30-50% of
neurons in PPC was found to conjointly encode specific types of movements together with
particular spatial trajectories, such as straight running followed by a right or left turn, also called
two-part movement motifs. In a later study, PPC neurons were found to have the ability to map
single and multiple navigational epochs according to their order in a route (Nitz, 2006).
Importantly, the mapping was found to be independent from the direction of motion or spatial
position, and equally functional in darkness, suggesting an involvement in path integration.
Further, it has been shown that PPC is more linked to the reference frame of the animal’s route
instead of a world-based frame, based on the observation that PPC neurons, in contrast to
hippocampal place cells, scaled to match the maze segment if it was shortened orlengthened (Nitz,

2006).

In a recent review (Whitlock, 2014), the role of neurons in PPC with respect to the so-called
‘readiness potential’ was described. In both humans and primates, a group of PPCneurons as well
as frontal motor area neurons have been shown to be active prior to movements. This ‘readiness
potential’ has also been described in the rat, in which neurons on average showed tuning 250 ms
in advance of a movement. This ability to predict movement may imply that PPC is involved in
planning of movements, whichis supported by a human study where stimulation of PPCresulted
in intention to move (Desmurget et al., 2009). Another proposed function of PPC neurons is goal
action modulation, which is well described in primates as different levels of activation depending
on whether the monkey was ‘grasping to eat’ or ‘grasping to place’ (Whitlock, 2014). In Whitlock
et al. (2012), a similar phenomenon in rats was described, in which neurons showed different
tuning depending on whether the rat was foraging in an open area, or if they were moving in a
goal-directed manner through a hairpin maze. A recent study using two-photon calcium imaging,
showed that PPCneurons in rodents are involvedin all phases of a virtual T-maze task (Harvey et
al, 2012). This suggests that the rat PPC also is involved in decision-making and sensory
processing similarly to the primate PPC. Taken together, it seems clear that PPC plays a role in

movement planning and goal-directed behaviour.



1.2 The orbitofrontal cortex

The orbitofrontal cortex (OFC) comprisesa large and heterogeneous cortical region located on the
ventral surface of the frontal lobe and is considered part of the prefrontal cortex (PFC; Figure 5;
Price, 2007). Brodmann (1909) delineated the human PFC into areas 10, 11, 24, 25 and 32 (Price,
2007). He did notstudy OFC in detail, but included most of it in his area 11. Further he did not use
the word ‘prefrontal cortex’ but he considered the areas anterior to motor areas as ‘frontal cortex’.
Later, Walker (1940) aimed to map this region in the macaque monkey, and recognised areas 10
and 11 anteriorly, 12 laterally, 13 centrally and 14 medially, which made the basis of what is
known in primates today (Price, 2007). In primates, including humans, PFC varies in a distinct
pattern along the anterior-posterior axis; near the frontal pole, the cortexis granular, changing to
dysgranular cortex in the central region, while the posterior part close to the insular cortex is
agranular (Figure 5; Wallis, 2012). In rodents, however, PFC consists exclusively of agranular
cortex, and for that reason, it was for a long time questioned if rodents have a PFC. This question
was revised after a study by Rose and Woolsey (1948), who suggested that PFC could be defined
based on connections with the mediodorsal (MD) nucleus of thalamus. OFC in rodents is situated
in the ventral prefrontal domain, which together with the medial prefrontal cortex (mPFC) and

anterior insular regions, makes up PFC (Price, 2007).

b Macaque monkey

Allocortex Agranular cortax Dysgranular cortex Thin, lightly granular cortex | Granular, homatypical cortex

Figure 5. Comparison of PFC in the human (a), the macaque monkey (b) and the rat (c). Adapted from Wallis (2012).



1.2.1 Architecture of OFCin the rat

OFC in the rat is commonly divided into the medial orbitofrontal (MO), the ventral orbitofrontal
(VO), the ventrolateral orbitofrontal (VLO), the lateral orbitofrontal (LO) and the dorsolateral
orbitofrontal (DLO) cortices (Krettek and Price, 1977; Ray and Price, 1992; Price, 2007; Van De
Werd and Uylings, 2008). It is noteworthy that the delineations of the subregions vary among
studies. Van De Werd and Uylings (2008) used Nissl, parvalbumin, dopamine, calbindin and SMI-
32 stains to describe the cytoarchitecture of OFCindetail. They included MO through the anterior-
posterior extent of OFC, while other mentioned studies did not. Another discrepancy in the same
study is the presence of agranular insular cortex (Al) between VLO and LO, which has not been
described in any other study and was not found in the mouse (Van De Werd et al,, 2010). There is
an ongoing debate whether DLO belongs to OFC or not. DLO can be described as the area lateral
to LO, on the lip of the anterior rhinal fissure, and was found to extend posteriorly until the merger
of the dorsal part of the anterior olfactory nucleus (AOD) with OFC (Van De Werd and Uylings,
2008). Kondo and Witter (2014) suggested that DLO extends more posteriorly, but they decided
not to include it in their study since the chemoarchitecture (SMI-32 stain) looks more similar to
that seen for Al. Since the delineation and cytoarchitectural features of OFC have varied among

papers, the cytoarchitectonical criteria used in this thesis will be described in the results.

1.2.2 Connections of OFC in the rat

The different subregions of OFChave been found to have different projection patterns both when
it comes to thalamic connections and cortico-cortical connections (Reep et al., 1996). By use of
retrograde tracers these authors showed that OFC receives afferents from MD and the submedial
nuclei of the thalamus, and that each subregion of OFC is connected to a different part of MD.
Further, they showed that MO is connected to the cingulate cortex, secondary motor cortex and
PPC (Figure 6). VO receives projections from the anterior cingulate cortex, secondary motor
cortex, agranular insular cortex, secondary somatosensory cortex, PPC and secondary visual
areas. VLO receives cortical input from secondary motor cortex, agranular insular cortex, primary
and secondary somatosensory cortices, PPC and secondary visual cortices, while the origins of
projections to LO are limited to agranular insular and the secondary somatosensory cortices. The
same study reported that VO and VLO have more extensive cortico-cortical connections than LO

and MO.
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ACC, M2, PPC E— MO
ACC, M2, Al, S2, PPC, V2M, V2L E— VO
M2, Al, $1, S2, PPC, V2M, V2L B VLO
Al, S2 — LO

Figure 6. Cortico-cortical projections to the different subregions of OFC. AAC: anterior cingulate cortex; M2: secondary
motor cortex; Al: anterior insular cortex; S2: secondary somatosensory cortex; V2M: medial secondary visual cortex; V2L:
lateral secondary visual cortex; S1: primary somatosensory cortex. For other abbreviations, see list of abbreviations.
Abbreviations are modified from Reep et al. (1996).

Another study used anterograde and retrograde tracers and described the connections of MO and
VO in more detail (Hoover and Vertes, 2011). The authors showed that cortical targets of MO
projections are the prelimbic (PL) and infralimbic (IL) cortices, Al, the piriform cortex, the lateral
agranular RSC, the parahippocampal and the temporal association cortices. VO has strong
projections to M2, ACC, sensorimotor cortices, PPC, the lateral agranular RSC, the temporal

association cortices and the perirhinal and lateral entorhinal cortices.

A recent study by Kondo and Witter (2014) investigated the projections of the different
subregions of OFCto the subregions of the parahippocampal region by using anterograde tracers.
They described that all subregions of OFC studied (MO, VO, VLO, LO) were connected with parts
of perirhinal and the lateral entorhinal cortex, while projections to POR, the presubiculum (PrS)

and MEC mainly originated in VO.

1.2.3 The medial and orbital prefrontal networks

PFCcanbe divided into two functional networks called the medial and orbital prefrontal networks
in humans, primates and rats, which do not fully overlap with the medial and orbital prefrontal
cortices (Price, 2007). Thatis, parts of OFC belong to the medial prefrontal network and not to the
orbital prefrontal network. The networks are originally based on studies in primates in which the
medial prefrontal network projects to the brainstem and hypothalamus (visceromotor
information), and is connected with the superior temporal sulcus, RSC and the cingulate cortex,
the entorhinal cortex, the posterior parahippocampal cortex and dorsomedial prefrontal cortex
(dmPFC; Price, 2007). The orbital prefrontal network receives input from the olfactory, somatic
association and taste cortices and is connected with the perirhinal and the ventrolateral prefrontal
cortex (VIPFC; Price, 2007). In rats, the networks are based on connectivity studies with the
periaqueductal gray (PAG) and hypothalamus (Floyd et al., 2000; Floyd et al., 2001). The medial
prefrontal network consists of PL, IL, ventral and dorsal part of the anterior cingulate cortex
(ACCv/d), the dorsal part of agranular insular cortex (Ald) and DLO, while the orbital prefrontal
network comprises the ventral agranular insular cortex (Alv), VLO and LO. MO and VO are thought

to functionin both networks, similar to the areas on the gyrus rectus in the primate (Price, 2007).
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1.2.4 Functions of OFC

OFC has been studied extensively with respect to behavioural flexibility, value-based and goal-
directed decision-making, reversal learning, odour processing and reward (Schoenbaum et al.,
1998; Rolls, 2000; Feierstein et al., 2006; Wallis, 2012). Because of its extensive connections with
sensory cortices, it is regarded a multisensory receiving area, thought to be linking sensory cues
with outcomes (reward; Schoenbaum et al., 2007). mPFC on the other hand, is thought to associate
responses with outcomes (Ostlund and Balleine, 2007), and integration of information from the
two areas is necessary for successful goal-directed behaviour. Goal-directed behaviour requires
that a decision about the final goal is made, and OFChas been shown to encode for many variables
necessary for decision-making, in which OFC’s core functionis to value many alternatives in order
to determine the best choice (Wallis, 2012). OFC has been extensively studied the last decades,
yet it is not clear what the precise role of OFC is (Stalnaker et al., 2015). Although many lesion
studies include big areas of lateral OFC or the whole OFC (Schoenbaum et al., 2002; Schoenbaum
et al, 2003; Boulougouris et al., 2007), others have shown that subregions of OFC have distinct
functions. More specifically, lesions to VLO resulted in allocentric deficits while lesions to LO did

not (Corwin et al., 1994).

1.3 Aim

The delineation of PPChas been under debate forthe last decades and many functional studies do
not subdivide this area at all. However, it is possible to delineate and subdivide PPC based on
cytoarchitectonic criteria and patterns of thalamic projections. To be able to understand higher
brain functions, such as goal-directed behaviour and directed attention, it is necessary to know
the connectivity of the brain areas possibly involved. Even though previous studies have
investigated projections of PPC to OFC, no one has to my knowledge looked at the projections
arising fromthe three different subregions of PPCseparately. Furthermore, previousstudies have
not been able to distinguish V2 from PPC cytoarchitectonically, and the delineation of OFChas also

varied among studies making the results difficult to interpret.

The aim of this study was to describe the projections of the three subregions of PPC(mPPC,1PPC
and PtP) to the subregions of OFC (MO, VO, VLO, LO, DLO) by use of anterograde tracers.
Retrograde tracers have been used to support the findings and to analyse the cells of origin of the

projections from PPC to OFC.
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Chapter 2

Materials and methods

Alist of chemicals and antibodies is included in Appendix A. Recipes for solutions are included in
Appendix B. A detailed surgical procedure is included in Appendix C. Full histology protocols are
foundin Appendix D. Delineations of injection sites, table of anterograde labelling and an example
of how the representative anterograde labelling figures are made are included in Appendix E.
Additional retrograde labelling figures are included in Appendix F. Finally, a comparison of

delineations of OFC is available in Appendix G.

2.1 Animals

The experiments included in this study were performed at the Kavli Institute for Systems
Neuroscience/Centre for Neural Computation, at the Norwegian University of Science and
Technology (NTNU). All animals were housed and treated according to the regulations of the
Norwegian Animal Research Authority (Forsgksdyrutvalget), with a 12-hours day-night cycle,
stabilised room temperature (21°C * 2°C) and humidity level (60% * 5%) and with freeaccess to
food and water. All surgeries and perfusions were performed using established procedures

approved by the Animal Welfare Committee at NTNU.

Injections from 21 female Sprague Dawley rats (Charles River, Germany, weighing 180-250g at
the time of surgery) from a previous study were analysed (Olsen and Witter, pers. com.). An
additional number of 18 female Sprague Dawley rats (Charles River, Germany, 203-237g) were
prepared for this study. Among these, 10 yielded useful results, meaning that the injections were
in PPCor OFC and had good transport of the tracer. These injections were added to the analysed

material.

2.2 Tracers

Neuroanatomical tracing is a method to study the anatomical wiring of neuronal populations by
use of intrinsic cellular transport systems for macromolecules in live neurons (Lanciego and
Wouterlood, 2011). In this way, itis possible to identify the route and termination of axons and
the cell bodies from which they originate. Transport of molecules away from the soma to the
periphery is called anterograde transport, while transport in the opposite direction is called
retrograde transport. Anterograde tracers are taken up by the soma and are transported towards

the axons terminals, revealing labelled axons. Retrograde tracers are taken up by axons and are
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transported back to the some revealing cell bodies. Retrograde tracing can be used to establish

the layer of origin of projections seen with anterograde tracers (Lanciego and Wouterlood, 2011).

In this study two anterograde tracers and two retrograde tracers were used. The anterograde
tracers were 10 KD biotinylated dextran amine (BDA; Vectorlaboratories, Inc., Burlingame, USA),
5% solution in 0.125M phosphate buffer (PB), and phaseolus vulgaris-leucoagglutinin (PHA-L;
Vector laboratories, Inc., Burlingame, USA), 2.5% solution in 10mM PB. Retrograde tracers used
were Fast Blue (FB; EMS-grivory), 2% solution in 0.125M PB, and Fluorogold (FG; Fluorochrome)
2.5% diluted in H:0. Both tracers were fluorescent so no further processing was necessary for
visualising the injections site and labelling under a fluorescence microscope. FB binds to adenine-
thymine rich nucleic acids and makes their cytoplasm appear blue, while FG accumulates in tiny
punctate structures in the neuronal cell bodies (Lanciego and Wouterlood, 2011). Because of the
challenge of photo bleaching of these tracers (Shaner et al., 2005), the tissue washidden fromlight

as much as possible and stored in a freezer at -23°C when not in use.

2.3 Stereotaxic surgeries

A stereotaxic surgery is a procedure to precisely target a specific region of the brain by fixing the
animal’s head into a three-dimensional coordinate system (Carter and Shieh, 2010). Calculated
coordinates obtained from the Rat Brain Atlas (Paxinos and Watson, 2007) were adapted to each
animal (depending on size and age). Bregma, the intersection between the sagittal and coronal
sutures of the skull (Carter and Shieh, 2010), was used as a reference to position injections in the
anterior-posterior axis (Figure 7). The height of the skull was measured at the level of bregma and
lambda, which is the intersection between lines of best fit thought the lambdoid and sagittal
sutures, in order to assure that those two points were similarly positioned in the horizontal plane.
The sagittal sinus (not illustrated) was used as a reference to position injections along the

mediolateral axis.
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Figure 7. The positions of bregma and lambda are illustrated on the skull of a male Wister rat. Adapted from Paxinos and
Watson (2007).
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2.3.1 Anaesthesia and analgesia

The animals were anaesthetist in a pre-filled chamber with oxygen and isoflurane (5%) with an
airflow at 1L/min. Throughout the surgery, the isoflurane concentration was slowly reduced
starting from 3% when the animal was moved to the stereotaxic apparatus, to 2% after
approximately 25 min and eventually 1.5% after 45 min, all in accordance to the breathing of the
animal. The local anaesthetic Marcain (Bupivacaine, 2.5mg/mL, 1mg/kg) was injected
subcutaneously on the head 10 min prior to making the incision. The analgesics Temgesic
(Buprenorphine, 0.03mg/mlL, 0.05-0.1mg/kg), Metacam (Meloxicam, 2mg/mL, 1mg/kg) were
injected subcutaneously to ensure that anaesthesia was fully reached and no pain was
experienced. To prevent dehydration, a saline solution was given subcutaneously (5mL on each

side) every second hour. The day post-surgery, oral Metacam (1.5 mg/mL, 1 mg/kg) was given.

2.3.2 Surgical procedure

All animals were weighed prior to surgery. The surgery table was cleaned with soap and
disinfected with ethanol (70%) and surgical equipment were placed in a bowl containing ethanol
(70%) on sterile paper. The induction chamber was pre-filled with oxygen (air flow 1L/min) and
isoflurane (5%) and the animal was placed in the chamber. When the animal anesthetised, it was
moved to the surgery table where isoflurane (3%) was given via a surgical mask. A heating pad at
37°C prevented the animal from hypothermia during the surgery. The toe-pinch reflexes were
regularly checkedto ensure that the animal was sufficiently anaesthetised before and during the
surgery. Ear bars were used to fix the skull in the stereotaxic frame (David Kopf Instruments, USA)
and Simplex (Tubilux Pharma S.p.A., Italy) was applied to avoid the rat’s eyes from drying out.
After injecting analgesics, the head was shaved and disinfected with ethanol (70%) and iodine. By
use of a scalpel, an incision was made along the midline and the periost was scraped to the sides
revealing bregma and lambda (Figure 7), and the height at each position was measured and
adjusted to the same level. To reveal the sagittal sinus, a rectangular window was drilled in
between bregma and lambda, perpendicular to the midline. Bregma and the sagittal sinus were
used as reference points forthe coordinates of injections, and a circular hole was drilled to reveal
the brain. A glass capillary (Borosilicate Glass Capillaries) was filled with tracer, the dura was
removed by use of a bent needle and the horizontal level of the cortical surface was measured.
After lowering the capillary to a given depth, BDA or PHA-L were iontophoretically injected by
applying pulses of positive DC-current (6s on/off alterations, 6pA for BDA and 7pA for PHA-L) for
10 min. Retrograde tracers were injected by use of pressure on a capillary with a plunger (approx.
150nl FB or 100nl FG) in two sessions, and the capillary was left to rest for 10 min to avoid
diffusion of the tracer. The capillary was carefully removed fromthe brain and the skull and skin

were cleaned with sterile saline before suturing the wound. To avoid infections, iodine was

15



applied to the skin and the animal was placed in a heating chamber to recover. The animal was
moved back to its cage when awake and active, and it was checked after one hour to ensure that
it was doing well. The animal’s health was monitored and registered the followingdays to ensure

that the weight was re-gained and the animal was healthy.

2.4 Tissue collection and preparation

2.4.1 Perfusion

After surgery, the animal survived for seven to nine days before perfusion. The animal was
weighed and deeply anaesthetised by use of a pre-filled chamber with oxygen (1L/min) and
isoflurane (5%) and given an overdose of pentobarbital (0.2mL/100g) intraperitoneally. Both toe-
pinch reflexes and breathing level (deep and slow) were monitored before proceeding to ensure
that the animal was unconsciousand not experiencing any pain. The animal was moved to a table
were oxygen was administered through a mask before the animal was transcardially perfused
using a Peri-Star Pro 4-channel low rate pump (World Precision Instruments Inc., USA). The skin
was opened along the abdomen and ribs, the diaphragm was removed, and a needle (25 gauge)
with running ringer solution was placed into the left ventricle at the same time as the right atrium
was cut. After removing the blood, a solution of freshly depolymerised paraformaldehyde (PFA,
4% in 125mM PB) was used to fixate the tissue. The brain was carefully removed from the skull
and kept in a container with PFA for post-fixating overnight. Subsequently, the brain was stored
in a cryoprotective solution containing 2% dimethyl sulfoxide (DMSO) in the fridge for at least 24

hours before sectioning,

2.4.2 Sectioning

The brain was fixed onto a freezing microtome (Microm HM430, Thermo Scientific, Waltham,
USA) with a sucrose solution (30%). Dry ice was applied around the brain to keep it sufficiently
frozen (approximately at -40°C) throughout the sectioning. The brain was cut coronally in 50um
sections in six alternating series, where the firstseries was mounted directly onto Superfrost Plus
microscope slides (Gerhard Menzel GmbH, Braunschweig, Germany) using a Tris-
(hydroxymethyl)aminomethane buffer solution (Tris; Merck KGaA, Darmstadt, Germany)
adjusted to pH 7.6 with HCl, and the slides were left on a heating pad to dry overnight. The
followingday, the first series was either stained with Cresyl Violet (Sigma-Aldrich, St. Louis, USA)
and coverslipped for anterograde tracer cases, or coverslipped and analysed with a fluorescence
microscope (Axio Imager M2, Carl Zeiss Microlmaging, Jena, Germany) for retrograde tracer cases.
The remaining series were put into tubes with cryoprotective solution and stored in a freezer at -

23°C.
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2.5 Histology

2.5.1 Cresyl Violet

Cresyl Violet (Sigma-Aldrich, St. Louis, USA) is a staining method that visualises Nissl bodies in the
cytoplasm of neurons and isused to accurately delineate cytoarchitectonical borders. Cresyl Violet
is often referred to as Nissl staining. Shortly, the sections were dehydrated in ethanol with
increasing percentage and cleared in xylene (VWR International, Fontenay-sous-Bois, France) for
2 min, before rehydration and staining with Cresyl Violet (0.1%) on a shaker. Duration of staining
varied from 3-5 min depending on the desired darkness of the sections and the age of the solution.
The sections were differentiated in a solution of ethanol and acetic acid (VWR International,
Fontenay-sous-Bois, France) and in water to remove excess colour, dehydrated and cleared in
xylene before coverslipping with entellan and xylene (Merck KGaA, Darmstadt, Germany). A
detailed protocol is included in Appendix D.

2.5.2 BDA

For brains injected with BDA, the first series of sections was stained with 3.3’-Diaminobenzidine
tetrahydrochloride (DAB; Sigma-Aldrich, St. Louis, USA). Briefly, the sections were incubated with
a Vector ABC kit (Vector laboratories, Inc., Burlingame, USA) for 90 min at room temperature,
reacted with DAB until desired staining level was reached (15-20 min), and mounted onto non-
frost microscope slides (Menzel glass slides, Gerhard Menzel GmbH, Braunschweig, Germany)
with a 0.2% gelatine solution. After drying overnight, the slides were coverslipped with entellan

and xylene.

Another series was incubated with streptavidin 546 or 488 (1:200; Invitrogen, Ltd., Paisley, UK)
in TBS-Tx for 90 min at room temperature. The sections were mounted onto non-frost microscope
slides using a 0.2% gelatine solution and coverslipped with entellan and toluene (Merck KGaA,
Darmstadt, Germany) the following day. Detailed protocols for both staining methods are included

in Appendix D.

2.5.3 PHA-L

For brains injected with PHA-L, the first series of sections was stained with DAB by incubating
with goat anti-PHA-L (1:1000; Invitrogen, Ltd., Paisley, UK) for 24 hours before incubating with
unconjugated donkey anti-goat (1:100; Invitrogen, Ltd., Paisley, UK) on a shaker for 2 hours.
Further, the sections were incubated with goat PAP (1:200; Invitrogen, Ltd., Paisley, UK) for 2
hours and DAB until desired staining level, all at room temperature. The sections were mounted
onto Superfrost Plus microscope slides with a Tris-HCl solution and coverslipped with entellan

and xylene.
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Another series was incubated with goat anti-PHA-L (1:1000; Invitrogen, Ltd., Paisley, UK) in Tris-
buffered saline with triton X-100 (TBS-Tx; Merck KGaA, Darmstadt, Germany) for 24 hours, before
incubating with Alexa 488 or 546 anti-goat (1:400) for 2 hours, all at room temperature. The
sections were mounted onto non-frost microscope slides with a 0.2% gelatine solution and
coverslipped with entellan with toluene. For brains with injections of both BDA and PHA-L, a
double fluorescent staining was performed. Detailed procedures for all staining methods are

found in Appendix D.

2.5.4 FB and FG

No staining method was necessary for visualising the injection site and labelled cell bodies for
brains with injections of FB or FG since the tracers were fluorescent. After digitalising the slides,
coverslips wereremoved in a bath with toluene (VWR International, Fontenay-sous-Bois, France)
and the slides were stained with Cresyl Violet to accurately delineate the cytoarchitectonic

borders of areas of interest.

2.6 Data analysis

All slides stained with Cresyl Violet or DAB were digitalised with a brightfield scanner (Zeiss Mirax
Midi, Merlin Camera F-146 IERF MEDICAL, Vision Technologies Medial) for further analyses.
Pannoramic Viewer software (1.15.3 RTM, 3DHHISTECH) was used to look at the slides and
relevant sections were exported for use in Adobe Photoshop CS6 (Adobe Systems Inc.) and Adobe
illustrator CS6 (Adobe Systems Inc.) for further processing. For brains with injections of
retrograde tracers, or injections of anterograde tracer made fluorescent, a fluorescence
microscope (Zeiss Axioimager M2) was used to look at the injection site and labelling before the
slides were scanned with a fluorescence scanner (Zeiss Midi, with HXP 120 illuminator and
AxioCam Mrm Rev. 3 Camera). FB and FG labelled cells were visualised with the BP 365/12 filter,
while fibres stained with AX488 or AX546 were visualised with BP450-490 and BP546/12 filters,

respectively.

For anterograde tracer cases, the first series was stained with Cresyl Violet and used for
delineation. An adjacent series was stained either with DAB or with a fluorophore. Overlays of the
digitised images of the two series were made in Adobe Photoshop CS6, which made it possible to
precisely decide the positions of the injection sites. For the representative cases, figures were
made in Adobe [llustrator CS6 to illustrate the distribution of anterograde labelling. The fibres
were drawn onto a DAB or fluorescent stained series and subsequently overlayed with the
corresponding Nissl stained sections (see Appendix E). Forretrograde tracer cases, the first series

was used for analysis and later stained with Cresyl Violet for delineation purposes.
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2.6.1 Injection sites
Anterograde tracer injections were made into the right hemisphere with the exception of cases
20546B and 12551P. To reduce the number of animals used, two or more tracer injections were

performed in each brain when possible.

The site and size of the injections of anterograde tracers in this study varies from big injections,
covering all layers of an area, to tiny injections in a single or two layers (for delineations, see
Appendix E). The exact spread of the injection is often difficult to establish, but the core of the
injection, i.e. the section with the densest deposit of tracer, is referred to as the ‘injection site’.
When deciding the injection site, all sections with deposit of tracer were delineated and evaluated
so that possible leakage into other areas could be included in the analyses. For retrograde tracer
cases, the injection extended over a few sections. The core, however, was considered the section

where the needle tract was visible and the deposit the densest.

2.6.2 Neurolucida

Neurolucida (MBF Bioscience, MicroBrightfield Inc.) was used to make a 3D overview figure of
anterograde tracer injections (Figure 9). I used a neurolucida file containing an outlined and
delineated rat brain with previously mapped injections (adapted from Olsen and Witter (pers.
com.)) to add the injections performed in the present study. | made a 3D-construction and edited
the file before exporting pictures viewed in a desired rotation. The picture was overlayed with a
real image of a rat brain in Adobe Illustrator CS6 and the delineation of areas and the injections

were mapped onto the brain image.

2.6.3 Analysis of labelling

When analysing the anterograde tracer cases, itis important to distinguish between passing axons
and terminating axons. Passing axons generally have a smooth and fairly straight appearance
while terminating axons show labelling thickenings called varicosities, are generally thin,
somewhat tortuous and branching. Passing axons or fibres are smooth and straight, and can easily
be distinguished from terminating fibres, which are branching and have large varicosities
(terminal boutons). However, the plane of cutting can make fibres look different, depending on if
they are in the plane or are cut. Retrogradely labelled neurons show a clearly cell shaped soma

with a blue colour for FB and yellow colour for FG.
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Chapter 3

Results

3.1 Delineation of OFC

The delineations of both OFC and PPC have varied over the last years, and for PPC, delineation
criteria from Olsen and Witter (pers. com.) were agreed on and presented in the introduction. For
OFC, we have delineated the subregions slightly different from previous studies based on
cytoarchitectonical features that will be presented below. The differences between the present
study and among previous studies are mainly found in posterior sections (see Appendix G). OFC

is commonly subdivided into MO, VO, VLO, LO and DLO from medial to lateral.

MO

MO makes up the medioventral part OFC and borders VO laterally and medially to PL in anterior
sections and IL in posterior sections (Figure 8). MO fades away at the level where OFC merges
with AOD (Figure 8, E-F). This is different from Van De Werd and Uylings (2008) where MO
extended through the whole extent of OFC, but similar to what is described by Linley et al. (2013).
Cytoarchitectonically, MO can be distinguished from PL by layers I, Il and III. Cells in PL layer III
are sparsely packed appearing like a “light band” ending at the border to MO. Layer II of PL is
homogenously packed and looks denser compared to MO layer II, which is more loosely packed
with ‘patches’ of cells. Layer I1 of MO also has a more diffuse transition into layer III. MO layer III
has bigger cells compared to VO. Area IL appears as the least differentiated of all areas, making
the distinction between layers II and Il almost impossible, whichis in agreement with Kondo and

Witter (2014).

Vo

VO is situated on the dorsal bank of the anterior rhinal fissure and borders MO medially and VLO
laterally (Figure 8, A-E). VO fades away at the level where OFC merges with AOD (Figure 8, E),
while in Linley et al. (2013), VO extended more posteriorly (Figure 8, F). Cytoarchitectonically,
layer Il of VO is wider with smaller, more densely packed than in MO. VO layer III is more sparsely
packed with smaller, rounder cells compared to MO. Layers Il and III of VO are more

heterogeneous than in MO.
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VLO

VLO is situated around the ‘notch’ of the anterior rhinal fissure, which was described by Van De
Werd and Uylings (2008) as ‘the dorsally directed indentation in the orbital cortical surface, which
occurs in the middle of the line between the medial and lateral side of the frontal lobe’. VLO
borders VO medially and LO laterally (Figure 8), having a balloon-formed shape. In anterior
sections, the frontal association cortex and secondary motor cortex make up its dorsal border
(Figure 8, A-C; Paxinos and Watson, 2007). In posterior sections, where the forceps minor of the
corpus callosum comes in, a thin stripe of the anterior blade of the claustrum (Cl) defines VLO’s
dorsal border (Figure 8, E-H). The anterior rhinal fissure defines its ventral border and as one
moves more posteriorly, VLO follows the fissure maintaining its balloon-formed shaped.
Compared to Kondo and Witter (2014), VLO is a bit broader in both the medial and lateral extent.
The main characteristic of VLO is in the layer II cells, whichlie in vertical columns towards the pial
surface, as previous described by Van De Werd and Uylings (2008). Layer II of VLO is thicker
compared to that in VO, and the border between layers Il and Il is less sharp. Layer 1l and V cells
in VLO are less densely packed than in VO. In posterior sections, cells of Cl are small and densely

packed, making a clear contrast to deep layers of VLO.

LO

LO s situated laterally on the dorsal bank of the anterior rhinal fissure and borders VLO medially.
In anterior sections, LO borders laterally to DLO. Posteriorly to the appearance of the forceps
minor of the corpus callosum, DLO is replaced by Al (Figure 8, E). This is commonly agreed on
among authors expect of in Van De Werd and Uylings (2008), in which Al appears between VLO
and LO. Cytoarchitectonically, layer Il of LO is narrow with dark, clustered cells, making a visible

border to the columnar arranged cells in VLO. Layers II and III are somewhat easier to separate
compared to VLO and DLO.

DLO

DLO makes up the most lateral part of the ventral bank of the anterior rhinal fissure, and borders
LO medially and Al laterally (Figure 8, A-D). At the level where the forceps minor of the corpus
callosum appears, DLO isreplaced by Al, which s similar to what Van De Werd and Uylings (2008)
described. In contrast, in Kondo and Witter (2014), DLO extends more posteriorly.
Cytoarchitectonically, layers II and III of DLO are more difficultto distinguish compared to in LO.
Cells in layer Il of DLO are larger compared toin LO,and layer V of DLO has large, loosely packed

cells. Compared to DLO, Al has clearer lamination.
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Figure 8. Delineation of the whole anterior-posterior extent of OFC in coronal sections including only the right hemisphere
(A-I). Scale bar 1000 um. For abbreviations, see list of abbreviations.
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3.2 Injection sites of anterograde tracers

26 animals with a total number of 31 anterograde tracer injections were analysed. Based on
cytoarchitecture and thalamic patterns, six injections were into mPPC (purple), eight into IPPC
(blue) and six into PtP (yellow; Figure 9). In addition, control injections were made into the
neighbouring areas to illustrate possible projections to OFC. Three injections were into V2ZM
(green), one into V1 (brown), one into V2L (green) and five into S1 (orange). The figure below
illustrates the core of the injections. That means that the halo may extend into adjacent areas,
whichis addressed when describing the injections in detail. All injections were made into the right
hemisphere, except of 20546B and 12551P, which were mirrored to be analysed together with
the other cases. All injection sites of anterograde tracers into PPCwere delineated, which together

with a table of labelling, are included in Appendix E.

12948P
14353P
14016P

13594B
13236P

13765P

13187B 162778
141228 160828

13234P
14355P

12951P

20546B

12551P

162798

129488
14121P
132348

13702P

13080P

141229

132368

13187P

203528 12906P

202198 / / 128778

204198 ~ 204208

Figure 9. The distribution of anterograde tracer injection sites of BDA and PHA-L into mPPC (purple), IPPC (blue), PtP
(vellow), V2M (green, medially), V1 (brown), V2L (green, laterally) and S1 (orange). Each elipsoid illustrates the core of
the injection, implying that the halo may extend into adjacent areas. Modified from Olsen and Witter (pers. com.).

The results from three representative cases with injections of anterograde tracers, one for each
subregion of PPC, will be presented to illustrate the projection patterns to OFC. In addition, two
additional injections for each subregion will be presented at two different anterior-posterior

levels to compare the labelling resulting from different injection sites.
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3.3 Injection sites of retrograde tracers

In eight animals, [ obtained 10 injections of retrograde tracers in OFC. Out of those, fiveinjections
resulted in sufficient uptake and transport and were analysed in order to establish the layer of
origin of the cells projecting in the anterograde tracer cases (Figure 10). The injections varied in
size, extended over three to four sections and included VLO and the lateral part of VO. One
injection was chosen as the representative case based on location and good uptake and transport
of the tracer (20461FB). One section from each of the other cases, illustrating the retrograde

labelling in PPC, is included in Appendix F.

C

Figure 10. Microphotographs of the injection sites of retrograde tracers into OFC from anterior to posterior for case
20705FG (A), case 20545FB (B), case 20560FB (C), case 20705FB (D) and case 20461FB (E). The injections in A, C and E
are mirrored along the vertical axis. Scale bar 1000um.

3.4 Description of distribution in OFC

In order to describe anterograde labelling within subregions of OFC, a mediolateral axis wasused
(Figure 11, A). Unless specified otherwise, central refers to the mediolateral axis and indicates
labelling in the mid part of VLO or VO. The notch, dorsal and ventral bank of the anterior rhinal

fissure were used to locate labelling in posterior sections of OFC (Figure 11, B).
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Figure 11. Mediolateral axis used to describe labelling in anterior sections within the subregions of VO and VLO (A).
Location of the notch of the anterior rhinal fissure, ventral bank and dorsal bank used to describe labelling in posterior
sections of OFC (B). The dashed lines indicate the approximate border between superficial and deep layers and the contour
of Cl. For abbreviations, see list of abbreviations.
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3.5 Anterograde tracer injections into mPPC

Injections into mPPC generally resulted in labelling in MO, VO and VLO (see Appendix E). One
representative case will be presented illustrating the pattern of labelling over the entire extent of
OFC (Figure 12, A). Two supporting cases (Figure 12, B and C), with injection sites located at
different anterior-posterior levels, will be presented at one intermediate and one posterior level

to compare the pattern of labelling.

A case representative for injections into mPPC had a PHA-L injection in anterolateral mPPC,
mainly within one section, covering all layers with its core in layer V and VI (13234P; Figure 12,
A). I observed a few retrogradely labelled cells in mPPCin the directly adjacent sections. Since
anterograde thalamic labelling was not only found in LPmr and Po, but also in VP,S1 might have
been weakly involved by way of retrograde transport (Olsen and Witter, pers. com.). In anterior
sections, sparse labelling was seen in MO and VO, mainly in superficial layers (Figure 13, A-C). At
a more posterior level, fibres were seen in superficial layers of VO, extending into medial VLO.
Fibres were also seen in deep layers, extending from lateral VO to central VLO (Figure 13, D). At
the level right anterior to the merging of OFC with AOD (Figure 13, E), dense labelling was seen in
superficial layers of medial VLO at the border to VO. Labelling extended into deep layers from
medial to central VLO (Figure 13, E). Sparse labelling was also seen in deep layers of VO. Further
posteriorly, dense labelling was seen in deep layers of VLO extending into Cl, focused medially,

while labelling in superficial layers gradually faded off (Figure 13, F-H).

C vam ,TPPC

Figure 12. Injection sites of three injections into mPPC arranged from anterior to posterior. A) The representative case,
13234P, having a PHA-L injection positioned anterolaterally in mPPC. B) One additional case, 13765P, showing an injection
of PHA-L injection at an intermediate anterior-posterior level, medially in mPPC. C) The second additional case, 13594B, a
BDA injection positioned medially in a posterior section of mPPC. Scale bar 1000um. For abbreviations, see list of
abbreviations.
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Figure 13. Labelling in the anterior-posterior extent (A-H) of OFC resulting from arepresentative injection into mPPCwith
PHA-L (13234P). The boxed areas in the left panels illustrate precisely the areas shown with higher magnification to the
right. The dashed lines indicate the approximate border between superficial and deep layers and the contour of Cl. Scale
bars 1000um (left) and 500um (right). For abbreviations, see list of abbreviations.
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Another case had a PHA-L injection positioned at an intermediate anterior-posterior level in
mPPC, in particular more medially than the representative case, close to the border to V2M
(13765P; Figure 12, B). The injection had its core in the deep layers and was mainly confined to
one section with only a few labelled cells in the adjacent anterior section. Thalamic labelling was
strongest in LPmr but also involved Po (Olsen and Witter, pers. com.). Similarly to the
representative case, labelling in OFC was found in MO, VO and VLO. A few fibres were seen in
superficial MO in anterior sections, while the strongest labelling was seen in superficial layers in
lateral VO and medial VLO (Figure 14, A, a), extending more laterally in the next sections. Some
fibres were seen in deep layers. In posterior sections, some fibres were seen medially in VLO, on
the ventral bank of the notch of the anterior rhinal fissure, with some extending into deep layers
and medially into Cl (Figure 14, B, a). Labelling in superficial layers of VLO gradually faded off
more posteriorly, where only a couple of labelled fibres were observed. In deep layers of VLO and

Cl, weak labelling was observed.

A third injection of BDA, positioned more posteriorly in mPPC, showed a slight extension into V2M
(13594B; Figure 12, C). The injection extended over two section and covered all layers but had a
core layer V. Thalamic labelling was seen in LPmr with some fibres in LDI. Labelling was also
present in Po, but not in VP (Olsen and Witter, pers. com.). The labelling in OFC was similar to the
latter case (13765P), having the strongest labelling in superficial layers from central VO and to
medial VLO (Figure 14, A, b). However, in contrast to the previous case, very few fibres were seen
in deep layers. Comparably, fibres were seen medially in VLO, on the ventral bank of the notch of
the anterior rhinal fissure with some involvement of deep layers of VL.O and medial Cl (Figure 14,
B, b). Labelling in superficial layers of VLO and in deep layers of VLO and Cl gradually faded off

more posteriorly.

In addition to the injections already mentioned, three other injections into mPPC (14122B,
13187B, 13765P) resulted in similar labelling as the representative case. The strength of labelling
was weak or very weak. A fourth case showed stronger labelling in MO than the other cases and it
also had fibres in LO (13236P). This case had overall extensive cortical labelling not comparable

to other cases.
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Figure 14. Labelling atone anterior and one more posterior level of OFC resulting from two additional injections into mPPC.
The boxed areas to the left indicate the approximate size and position of the areas shown with higher magnification to the
right. Pictures a in A and B illustrate labelling from case 13765P, while pictures b are from case 13594B. Pink and green
boxes shows higher magnification of the labelling in the corresponding areas. Small arrows indicates the position of fibres
and the big arrow the border between VO and VLO. The dashed lines indicate the approximate border between superficial

and deep layers and the contour of Cl. Scale bars 1000um (left), 500um (right), 100um (pink, green). For abbreviations, see
list of abbreviations.
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3.6 Anterograde tracer injections into IPPC

Injections into IPPC mainly resulted in labelling in VLO, with some occasional fibres in VO. A
representative case had a PHA-L focused in layers V and VI of IPPC (13187P; Figure 15, B). The
core of the injection was mainly confined to IPPCand extended over two sections. However, there
were a few retrogradely labelled cells in mPPC and S1. The injection resulted in strong thalamic
labelling dorsolaterally in Po, spanning several sections. Minor labelling was seen in LPmr in
addition to sparse fibres in VP (Olsen and Witter, pers. com.). In OFC, moderate labelling was
observed mainly in VLO showing a central position throughout most of the anterior-posterior
extent of VLO and Cl, with some occasional fibres in VO (Figure 16). In anterior sections, labelling
was focused in superficial layers of central VLO, with some labelling in deeper layers extending
frommedial to central VLO (Figure 16, A-D). Right anterior to the merger of OFC with AOD (Figure
16, E), labelling was seen in superficial layers of VLO, from medial to lateral. The labelling
extended into deep layers, covering the same mediolateral extent. Also, a few short fibres were
seen in lateral VO, in both superficial and deep layers. Further posteriorly, labelling was seen in
VLO on the notch of the anterior rhinal fissure, mainly in superficial layers (Figure 16, F). Fibres
were also seen in deep layers of VLO, extending medial to lateral and also into Cl. Labelling in
superficial layers faded off in the most posterior sections (Figure 16, G-H), while labelling in deep

layers of VLO and Cl was still present, showing a clear central position.

mPPC  |ppc

Figure 15. Injection sites for three injections into IPPC arranged from anterior to posterior. A) One injection, 14122P,
positioned anterolateral in IPPC. B) The representative case, 13187P, positioned at an intermediate anterior-posterior
level, medially in IPPC. C) A third case, 12948B, positioned medially in a posterior level of IPPC. Scale bar 1000um. For
abbreviations, see list of abbreviations.
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Figure 16. Labelling in OFC along the anterior-posterior extent (A-H) resulting from a representative injection into IPPC
with PHA-L (13187P). The boxed areas in the left panels indicate the areas shown with higher magnification to the right.
The dashed lines indicate the approximate border between superficial and deep layers and the contour of Cl Scale bars
1000pm (left) and 500um (right). For abbreviations, see list of abbreviations.
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Another case had a PHA-L injection positioned more anteriorly in IPPC than the representative
case, mainly confined within one section, with a few labelled cells in the two adjacent sections
(14122P; Figure 15, A). The injection coveredall layers, having its core in deep layers. Strongest
thalamic labelling was found in Po in addition to moderate labelling in LPmr and LDm (Olsen and
Witter, pers. com.). Overall, the injection resulted in strong OFC labelling with a distribution
pattern similar to the representative case, with the strongest labelling in VLO in addition to some
labelled fibres in VO. In anterior sections, strong labelling was seen in superficial layers of medial
VLO, extending into deep layers from lateral VO to central VLO (Figure 17, A, a). In posterior
sections, labelling was seen in superficial layers around the notch of the anterior rhinal fissure. It
extended from the ventral bank, including AOD, to the dorsal bank, moving laterally towards LO
(Figure 17, B, a). Moderate labelling was also seen in deep layers, extending from medial to central
VLO and Cl. In the most posterior sections, labelling in deep layers of VLO and Cl was still present,
having a slightly more lateral position than in more anterior sections. Like the representative case,

labelling in the superficial layers ceased at the most posterior levels of VLO.

A BDA injection was positioned in the posterior part of IPPC, with possibly a slight extension into
mPPC (12948B; Figure 15, C). The injection extended over two sections, and its core covered all
layers. Strongest thalamic labelling was seen in Po, while LPmr and LDm had very sparse labelling
(Olsen and Witter, pers. com.). In general, the labelling in OFC followed the same pattern as for the
representative case, though the labelling was weaker. Intermediate labelling was seen in
superficial layers of medial VLO in anterior sections (Figure 17, A, b). Some fibres were seen in
deep layers, extending from lateral VO to central VLO. At the level of merging of OFC with AOD,
dense labelling was focused centrally on the notch, continuing more posteriorly. Different from
case 14122P, labelling did not extend laterally on the dorsal bank (Figure 17, B, b). Similar to the
representative case, labelling in superficial layers faded off posteriorly, while deep layers of VLO

and Cl still had labelled fibres.

Five additional injections into IPPC were analysed (13702P, 13234B, 13236B, 13089P and
14121P) and all of them showed a labelling pattern similar to that described for the representative
case. However, labelling in OFCwas weak for all cases. Insummary forall IPPC cases, labelling was
present mainly in VLO and Cl, and compared to cases with injections into mPPC, labelling showed

a shift to a more lateral position.

35



36



Figure 17. Labelling at one anterior and one more posterior level of OFC resulting from two additional injections into I[PPC.
The boxed areas to the left indicate the approximate size and position of the areas shown with higher magnification to the
right. Pictures a in A and B illustrate labelling from case 14122P, while pictures b are from case 12948B. Pink and green
boxes shows higher magnification of the labelling in the corresponding areas. Small arrows indicates the position of fibres.
The dashed lines indicate the approximate border between superficial and deep layers and the contour of Cl. Scale bars
1000pm (left), 500um (right), 100um (pink, green). For abbreviations, see list of abbreviations.
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3.7 Anterograde tracer injections into PtP

Injections into PtP generally resulted in labelling in VLO, and compared to injections into IPPC, the
labelling had a slightly more lateral position in VLO. A representative case had a PHA-L injection
into PtP at an intermediate anterior-posterior level, positioned next to the border to V2L. The
injection covered all layers with its core focused in layers V and VI (12906P; Figure 18, B). Only a
few stained cells were seen in the directly adjacent sections. The strongest thalamic labelling was
seen dorsolaterally in Po. Noteworthy is also some labelling ventrally in LP1 (Olsen and Witter,
pers. com.). In anterior sections, labelling was focused in central VLO, mainly in superficial layers
(Figure 19, A-C), with a few labelled short fibres in superficial LO. More posteriorly (Figure 19, D),
sparse labelling was seen in superficial and deep layers of central VLO, in which the labelling in
deep layers extended more medially. Slightly posterior to the level of merging of OFC with AOD,
labelling was seen in VLO around the notch of the anterior rhinal fissure, extending from the
ventral bank including AOD to the dorsal bank, moving laterally into LO, focused in layers I and Il
(Figure 19, F). Moderate labelling was seen in deep layers of VLO and Cl, being most prominent
laterally in VLO. In the most posterior sections, a couple of labelled fibres were seen in VLO layers
[-II], in addition to a few short fibres in deeper layers and in Cl (Figure 19, G). Labelling in
superficial layers faded off posteriorly, while sparse labelling was still present in deep layers of

VLO and CI (Figure 19, H).

A vam mPPC

Figure 18. Injection sites for three injections into PtP arranged from anterior to posterior. A) A BDA injection, positioned
anterolaterally in PtP (12877B). B) The representative case (12906P), a PHA-L injection positioned at an intermediate
anterior-posterior level, medially in PtP. C) A more posteriorly positioned BDA injection (20219B). Scale bar 1000um. For
abbreviations, see list of abbreviations.
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Figure 19. Distribution of anterograde labelling along the anterior-posterior extent (A-H) of OFC resulting from a
representative injection into PtP with PHA-L (12906P). The boxed areas in the left panels indicate the areas shown with
higher magnification to the right. The dashed lines indicate the approximate border between superficial and deep layers
and the contour of Cl. Scale bars 1000um (left) and 500um (right). For abbreviations, see list of abbreviations.
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A second injection of BDA was positioned anteriorly in PtP, covered all layers having its core in
layer V (12877B; Figure 18, A). A few cells were labelled in the two directly adjacent sections. In
this case, thalamic labelling was strongest in Po. A tiny cluster of fibres was present in VPm (Olsen
and Witter, pers. com.). At anterior levels of OFC, fibres were seen in superficial layers of central
VLO, some extending laterally (Figure 20, A, a). Weak labelling was seen in deep layers from
medial to central VLO, extending posteriorly. At the level posterior to the merging of OFC with
AOD, differently from the representative case, labelling was focused intermediately on the notch
(Figure 20, B, a). Labelling in deep layers extended from medial to lateral VLO, including CL

Labelling in posterior sections was similar to the representative case but weaker.

The third case was selected because it had an involvement of V2L in the section posterior to the
injection site (20219B; See Appendix E for delineation). The core of the injection was in deep
layers of posterior PtP (Figure 18, C). Thalamic labelling was dense in Po across several sections,
posteriorly in thalamus a plexus of labelled fibres was also seen laterally in LP1 (Olsen and Witter,
pers. com.). The injection further resulted in moderate labelling in OFCwith labelling slightly more
medially positioned, though overall comparable pattern to what was described for the
representative case. At anterior levels, very little labelling was seen, with some fibresin superficial
layers of the medial to lateral extent VLO and a couple of short, straight fibresin VO and LO (not
illustrated). Sparse labelling in deep layers of VLO continued and increased in density slightly
more posteriorly. At an intermediate anterior-posterior OFC level, fibres were mainly seen in
superficial layers of medial to central VLO with an extension into deep layers (Figure 20, A, b). A
few short fibres were also labelled in lateral VO. Labelling in both superficial and deep layers of
VLO got denser posteriorly with the strongest labelling in layer I at a medial portion, while the
strongest labelling in layers II and III was positioned more laterally (not illustrated). At the level
posterior to the merging between OFC and AOD, the most prominent labelling was found in
superficial layers on the central part of the notch, extending into deep layers and Cl, from central
to lateral positions (Figure 20, B, b). A couple of short fibres were seen in superficial layers on the
dorsal bank of the anterior rhinal fissure. As for the other cases, labelling in deep layers and Cl

continued posteriorly, while superficial labelling disappeared.

Two additional injections into PtP,a small injection covering layers V-VI only (20420B) and a big
injection coveringall layers (20352B), both had a small involvement of S1 and resulted inlabelling
similar to the representative case. A third additional case (20419B), which had a bigger S1

component, showed more extensive labelling in Cl than the other injections into PtP.
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Figure 20. Anterograde labelling at one anterior (A) and one more posterior level of OFC (B) resulting from two additional
injections into PtP. The boxed areas to the left indicate the approximate size and position of the areas shown with higher
magnification to the right. Pictures a in A and B illustrate labelling from case 12877B, while pictures b are from case
20219B. Pink and green boxes shows higher magnification of the labelling in the corresponding areas. Small arrows
indicates the position of fibres. The dashed lines indicate the approximate border between superficial and deep layers and
the contour of Cl. Scale bars 1000um (left), 500um (right), 100um (pink, green). For abbreviations, see list of abbreviations .
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3.8 Control cases with anterograde tracers into S1, V1, V2M and V2L

Anterograde tracer injections were placed into neighbouring areas of PPC in order to check if
leakage of tracers into these areas might have contributed to the anterograde labelling in OFC,
when injecting in PPC. Injections into V2ZM and V2L resulted in labelling in OFC and will be
presented at one anterior and one posterior level for comparison with labelling resulting from
injections into PPC. Anterograde tracer injections into S1 did notresult in any labelling in OFC, but
some fibres were observed in Cl in forall cases (12551P, 16082B and 16277B). An exception was
an injection that was positioned more posteriorly in S1 on the border to PPC (14355P). The latter
case had a few labelled fibres in VLO in addition to a plexus in Cl. An injection into V1 did not result

inlabelling in OFC and will therefore not be discussed further (12951P).

A representative case for V2ZM had a PHA-L injection positioned at an intermediate anterior-
posterior level on the border to V1, extending over two sections (14016P; Figure 21). The
injection covered all layers but had its core in layer [-11I. Thalamic labelling was moderate in LD
and strong in LPm and LP1 (Olsen and Witter, pers. com.). This injection resulted in very dense
labelling in layer [ from central VO to medial VLO in anterior sections (Figure 22, A). Labelling was
also strong in layer III, while there were few labelled fibres in deep layers of VLO. A few short
fibres were also seen in MO. The pattern was similar to injectionsinto mPPC, except that injections
into mPPC may result in more labelling in deep layers and less dense labelling in layer I. Strong
superficial labelling continued more posteriorly, moving slightly more lateral towards medial
VLO, but faded off at the level of merging of OFC with AOD. At this level, less dense labelling was
seen in superficial layers, extending from AOD to VLO (Figure 22, B). Compared to the amount of
labelling in anterior sections, few fibres were seen in deep layers of VLO and in Cl. Differently,
injections into mPPChad more labelling in deep layers that extended into Cl. Two other injections

into V2M showed similar projection patterns (12948P, 14353P; not illustrated).

Figure 21. A representative PHA-L injection into anterior V2M (14016P). Scale bar 1000um. For abbreviations, see list of
abbreviations.
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Figure 22. Labelling at one anterior (A) and one more posterior level of OFC (B) resulting from a PHA-L injection into V2M
(14016P). The boxed areas to the left indicate the approximate size and position of the areas shown with higher
magnification to the right. Pink and green boxes shows higher magnification of the labelling in the corresponding areas.
Small arrows indicates the position of fibres. The dashed lines indicate the approximate border between superficial and
deep layers and the contour of Cl. Scale bars 1000um (left), 500um (right), 100um (pink, green). For abbreviations, see list
of abbreviations.
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One injection of BDA was made into anterior V2L covering mainly deep layers, having its core in
layer V (Figure 23). Thalamic labelling was moderate in LD and strong in LPmr and LP1 (Olsen and
Witter, pers. com.). At anterior levels of OFC, sparse labelling was seen in superficial layers of
medial to central VLO. At the level anterior to the merger of OFC with AOD, labelling in superficial
layers was dense, while deep layers of VLO showed sparse labelling (Figure 24, A). Posteriorly,
branching fibres were seen in layer I from extending from AOD around the notch of the anterior
rhinal fissure, with a couple of short fibres labelled in medial LO (Figure 24, B). Strong labelling
was also seen in Cl with a possible extension into medial to central portions of deep VLO. The
pattern was similar to that resulting from the representative injection into PtP, except that in the

V2L case, more labelling was seen in medial VLO.

Figure 23. A BDA injection made into anterior V2L (20546B). The section is mirrored. Scale bar 1000um. For abbreviations,
see list of abbreviations.
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Figure 24. Labelling at one anterior (A) and one more posterior level of OFC (B) resulting from a BDA injection into V2L
(20546B). The boxed areas to the left indicate the approximate size and position of the areas shown with higher
magnification to the right. Pink and green boxes shows higher magnification of the labelling in the corresponding areas.
Small arrows indicates the position of fibres. The dashed lines indicate the approximate border between superficial and
deep layers and the contour of Cl. Scale bars 1000um (left), 500um (right), 100um (pink, green). For abbreviations, see list
of abbreviations.
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3.9 Retrograde tracer injections into VLO and VO

In order to assess the distribution of PPCneurons projecting to OFC, I injected retrograde tracers
into OFC. A representative injection was positioned at an intermediate anterior-posterior level,
medially close to the border of VO, continuing ventrally into AOD (20461FB; Figure 10, E). The
injection site was ellipsoid and extended over approximately 900um anterior-posteriorly, 300-
660pum mediolaterally and 540-1300um in the dorsal-ventral axis. The injection site might have
had a tiny Cl component (See Appendix E for Nissl stained section). Retrogradely labelled cells
were mainly seen in layers V and VI of mPPC, IPPCand PtP (Figure 25). Some labelled cells were
observed in superficial layers of mPPC and IPPC. The adjacent areas V2M and V2L had more, or
approximately the same amount of labelled neurons as PPC, respectively. Only a few labelled cells

were observed in S1.

The remaining retrograde tracer injections into more anterior levels of VO and VLO also showed
labelling in layers V and VI of all subregions of PPC. Labelling was for three of the cases very
sparse, while the last one had a higher density of labelled neurons (20545FB). Pictures of labelling
for one section from each of the additional retrograde tracerinjections are presented in Appendix
F. Notably, only a couple or no cells were seen in S1 when the injections were positioned into

anterior parts of OFC.
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Figure 25. Retrograde labelling in PPC at four different anterior-posterior levels resulting from a FB injection into medial
VLO (20461FB). Scale bars 2000um (left) and 500um (right). For abbreviations see list of abbreviations.
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Chapter 4

Discussion

4.1 Summary of the main findings

This study aimed to describe the projections of three subregions of PPC, mPPC, IPPC and PtP to
the five subregions of OFC, MO, VO, VLO, LO and DLO in the rat (Figure 26). My anterograde tracer
data showed that the projections from PPC to OFCare not strong. This notion is supported by the
retrograde tracer cases that showed overall low numbers of retrogradely labelled neurons in
layers V and VI of PPC. The results further indicate that projections from PPC target exclusively
MO, VO and VLO. I did not observe projections to LO nor to DLO. The projections showed a subtle
topographical organisation within MO, VO and VLO, such that mPPC preferentially projects to
lateral VO and medial VLO, with only a weak involvement of MO. Projections from IPPC reach
medial VLO, while those originating in the most lateral part of PPC, PtP, reach central and lateral

VLO.

mPPC IPPC PtP

layer V/VI

MO VO VLO

Figure 26. Summary of the projections from the different subregions of PPC to the subregions of OFC. Thickness of the
arrows indicate the approximate strength of projections.
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4.2 Methodological considerations

4.2.1 Tracers

In the present study, traditional neuroanatomical tracer techniques were used. 10 KD BDA is one
of the most used and preferred anterograde tracers because it is reliable, efficient for combination
with other tracing methods and it is easily visualised with a two-step histochemical staining
procedure (Lanciego and Wouterlood, 2011). However, retrograde uptake of the tracer by cells
that project to the area of injection may occur, and this could lead to ‘indirect’ anterograde
labelling. In cases where retrogradely labelled cells were seen in superficial layers of adjacent
areas next to the injection sites (V2M, V2L), no precaution was needed since retrograde tracer
cases showed that superficial layers do not project to OFC. Retrogradely labelled cells that
occurred in layers V and VI, on the other hand, were taken into account when analysing the cases
by comparing the resulting labelling to cases without retrogradely labelled cells. Fortunately,
retrograde labelling was only seen in a few cases and was minor compared to the injection site.
Therefore, I am confident that it did not contribute to the anterograde labelling to any extent.
Visualisation of the other anterograde tracer used, PHA-L, required more extensive
immunohistochemical procedures, and in many cases the procedure resulted in high background
DAB labelling, which in some cases could be overcome by analysing with higher magnification
(30x). Staining different series from the same case using different visualisation methods (DAB
versus fluorescent dyes) to reveal labelled fibres sometimes resulted in varying amounts of
labelling. This could be a result of the incubation or blocking time, age of solution and incubation
temperature. In all cases, labelling was seen in the same areas independent of visualisation
method, although very sparse labelling seen in one series could be absent in another series from
the same case. However, by comparing the anterograde labelling resulting from several injections
for each subregions of PPC, each having a different injection size, tracer type and involved layers,

[ am confident that the labelling presented in the results is representative.

The retrograde tracers FB and FG were used in the present study to confirm the anterograde
tracer results and yielded labelling in layers V and VI of all subregions of PPC. The injection sites
of the retrograde tracers in OFC tended to be bigger than for anterograde tracer injections in PPC.
However, the core of the retrograde tracer injections were mostly within VO and VLO and leakage
of tracer did not seem to influence the retrograde labelling pattern to any extent; the labelling
looked very similar forall cases and was in general weak. One disadvantage of retrograde tracers
is possible uptake by passing fibres (Lanciego and Wouterlood, 2011). However, there are likely
very few passing fibres through OFC that continue to the olfactory domains (olfactory bulb and
anterior AOD), as supported by the present study. No labelled fibres were seen in these areas (not

illustrated). In any case, projections from PPC to these areas would be a lot weaker or absent,
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concluding that the labelled cells in layer V, and to a lesser degree layer VI of PPC project to OFC.
Another disadvantage of retrograde tracers is that they are vulnerable to photo bleaching, but as
described in the methods, precautions were taken to protect the sections from extensive exposure

to light.

4.2.2 Control cases and retrograde tracer cases

I compared the projection patterns of PPCto those that originate from the directly adjacent areas,
including S1, V1, V2M and V2L, in order to investigate if leakage of tracer into these regions could
contribute to the anterograde labelling in OFC. In summary the results indicated that S1 and V1
do not project to OFC at all, while V2M and V2L project to the same subregions of OFC as PPC,

however, there are laminar differences of the termination patterns.

In more detail, S1 borders medially with all three subregions of PPCat different anterior-posterior
levels and canbe subdivided into different areas processing information related to different body
parts. Control injections were made into S1, more specifically into the trunk area and the barrel
cortex (Paxinosand Watson, 2007). Injections into either of the two subregions of S1 did not result
in any labelling in OFC, which s partially in agreement with Zakiewicz et al. (2014) who reported
on the barrel part of S1. In contrast, Reep et al. (1996) reported labelling S1 (their Parl) after
retrograde tracer injections in OFC. Notably, their Par1l comprises a very big part of cortex and is
not directly comparable with delineations made in this study (Paxinos and Watson, 2007). Also,
one may argue that leakage of tracer into Cl could be the explanation for retrograde labelling in
S1 since the barrel cortex has been found to have weak projections to the anterior part of
claustrum (Zakiewicz et al., 2014). This is supported by the present study, and may explain why
case 20419B, which had a S1 component, had more extensive Cl labelling than the other injections
into PtP.Zakiewicz et al. (2014) also described projections from PPClayers V and VI to Cl, which
is supported by the present study. Leakage of tracer into Cl may also be the explanation for why
retrogradely labelled cells where observed in S1 in the representative retrograde tracer case in
the present study (20461FB; Figure 25). The other retrograde tracer cases were situated more
anteriorly, where Cl is not present, and did not show any or only a few labelled cells in S1. The
involvement of Cl might also explain why this injection (20461FB) resulted in stronger labelling
than that in the other cases. However, the overall labelling pattern was similar even when
considering this possibility. Involvement of AOD in some of the injection sites of retrograde
tracers, situated in anterior sections of OFC, did likely not contribute to retrograde labelling in

PPC since no anterograde tracer injections into PPC yielded labelling in AOD in anterior sections.

Two other adjacent areas of PPC are V2M, which borders mPPC, and V2L that borders PtP. The
results of the control cases with anterograde tracer injections into V2M indicated the presence of

substantial projections to central-lateral VO and medial VLO, in addition to sparse projections to
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MO. The single injection into V2L also showed projections to OFC, specifically VO and VLO.
Connections between V2 and OFC have previously been reported (Vogtand Miller, 1983; Miller
and Vogt, 1984; Reep et al,, 1994; Reep et al., 1996). However, the laminar distribution was not
considered in these studies and, as mentioned before, the delineations were different from the
present study. Although V2M and V2L project to OFC, cases that had a small involvement of either
of the areas did not show any prominent difference in projection pattern to OFC when comparing

them to injections confined to PPC.

AuD is another neighbouring area of PtP, which was not included in the control injections in this
study. The reason for this is that no injections were directly available for analysis and also that
only one of the injections into PtP was close to AuD (20219B). The representative retrograde
tracer case showed some labelled cells in deep layers of AuD, in line with a previous report (Reep
et al, 1996). However, the latter study reported that retrograde labelling in auditory areas was
inconsistent among cases with injections into OFC (Reep et al.,, 1996), which is in line with my
results. Another study injected PHA-L into auditory areas (Tel, Te2, Te3) and found labelling in
deep portions of VLO (Mascagni et al., 1993). However, no illustrations of the labelling was shown
in the article, making itimpossible to asses which part of OFCthey were describing. In conclusion,
possible leakage of tracer into AuD did not contribute to the PPC projection pattern to OFC to any

extent.

4.2.3 Data analysis

When making the figures for the representative anterograde tracer cases, too much background
staining made it impossible to show pictures directly. Therefore, DAB or fluorescent stained series
were overlaid with Nissl stained series and fibres were drawn onto the Nissl-images to better
visualise the distribution of fibres. Since two different series were used, they did not overlap
perfectly, which might have resulted in some small differences fromthe ‘real’ labelling. However,
the series were often adjacent (e.g. series one and two) and much effort was put into overlaying
the images as precisely as possible. The figures show the distribution and density of labelling in
the representative case. However, the amount of labelling varied between cases that may be due
to the type of tracer, volume of tracer injected, whichlayers the injection covered, and how good
the uptake and transport of the tracer were (Lanciego and Wouterlood, 2011). Important to
mention is that the projections from PPCto OFCare generally not strong, which means that ‘strong
labelling’ described in the results of this study is relative to this study and is not comparable to

other studies.
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4.3 Discussion of the main findings

4.3.1 Connectivity of PPC with OFC

The present study showed that mPPC projects to MO, VO and VLO, while IPPC and PtP project to
VLO. Reciprocal connections between PPCand VLO have been reported by Chandler et al. (1992),
however, they did not consider the other regions of OFC in their study. Reep et al. (1994) and Reep
etal. (1996) injected retrograde tracers into the subregions of PPCand OFC, respectively. The two
studies taken together showed that PPC has reciprocal cortical connections with areas
corresponding to MO, VO and VLO in the present study. The results from the present study are in
line with these previously published results and provide additional details in that only mPPC
projects to MO, and these projections are sparser than to VO and VLO. It is of interest to note that
the projections from MO and VO apparently show a similar preference, that is, the projections to
PPC originating in MO are sparser than those originating in VO (Hoover and Vertes, 2011). I did
not observe projections originating from different parts of mPPC having different terminal
patterns in OFC. In line with this, even though head-directional cells only have been observed for
cells in the anterior part of mPPC (Chen et al., 1994), two other recording studies did not see any
functional topography within mPPC (Nitz, 2012; Whitlock et al., 2012). Further, I did not observe
projections from PPC to LO or DLO, which is in agreement with previous studies (Chandler et al.,

1992; Reep et al.,, 1996).

The observation that projections from PPC to OCF arise mainly from neurons in layers Vand VI,
and that OFC projections from V2M originate in the same layers, is in line with what was reported
by Reep et al. (1996). Noteworthy, neither of the last three papers discussed above distinguished
between the different subregions of PPC.In addition, when observing their delineations, parts of
what they call PPCare considered V2M in the present study. Difficulties in distinguishing V2ZM
from PPC based on cytoarchitecture was reported by the authors themselves. Reep et al. (1994)
also pointed out that no effort was made to distinguish VO from MO and VLO, whichimplies that

their projections to MO and VLO also include VO, as discussed above.

The present study showed that PPC projections have a subtle topographical pattern within MO,
VO and VLO. That is, mPPC projects to lateral VO and medial VLO, IPPC projects to medial VLO,
while PtP projects to central to lateral VLO. A comparable medial-to-lateral topographical
organisation of projections have been reported for projections from mPPC and IPPC to the
dorsocentral striatum, that is, mPPC projects to more medial parts than IPPC does (Reep et al,,
2003). A similar topographic relationship has also been observed for projections from OFC to the

striatum (Berendse et al., 1992; Reep and Corwin, 2009). Particularly, projections originating in
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medial to lateral parts of OFC showed a (dorso)medial to ventro(lateral) gradient within the

dorsocentral striatum.

The delineation of PPC has varied among studies, in which the border between PPC and V2 has
been particularly unclear. Based on a proposed functional similarity between V2M and PPCin the
rat (Wilber et al., 2014), a recent tracer study considered V2M together with PPC as one region
defined ‘parietal cortex’ (Wilber etal., 2015). However, the results of the present study supports
the division between PPCand V2M because of differencesin projection pattern with OFC. PPCand
V2M project to the same subregions of OFC, however, they target different layers. In particular,
mPPC, whichborders V2M, projects more strongly to deeper layers of VLO and Cl than V2M, which
preferentially targets superficial layers. Therefore, the present study shows that it is useful to
distinguish V2M and PPC based on anterograde projection patterns, which is also supported by
distinct projections to the thalamus (Figure 3; Olsen and Witter, pers. com.). The distinction is
further supported by the retrograde tracer cases in the present study, which showed that there
were clearly more OFC-projecting cells in V2M than in PPC, supporting the cytoarchitectonical
border (see Appendix F). Whether V2M and PPC are similar in terms of function in the rat is yet

to be discovered.

4.3.2 The orbital and medial prefrontal networks

OFC and mPFC have been divided into two functional networks called the medial prefrontal and
orbital networks, which are considered to process visceromotor and multisensory information,
respectively. In the rat, the medial network consists of PL,IL, ACCv/d and Ald and DLO, while the
orbital network consists of Alv, VLO and LO (Price, 2007). MO and VO were regarded to function
in both networks by the latter author, however, Hoover and Vertes (2011) proposed them to
function predominately in the medial network based on their results that showed strong
connections with the limbic system. Irrespective of which definition one follows, the projections
from PPCto OFC described in the present study lead to the conclusion that IPPC and PtP would
function in the orbital network, while mPPC would be more strongly, though not exclusively,
connected with the medial network. There are some questionable aspects of the Price (2007)
article. When it comes to the networks in the rat, drawing the conclusion that there are two
networksbased on connections with only the hypothalamus and PAG might be a bit simplified. To
further complicate matters, Price (2007) did not report the results from Floyd et al. (2001)
correctly. In fact, the latter authors did not examine connections of the orbital network with
hypothalamus, as is claimed by Price (2007). Further, in Floyd etal. (2000), the medial part of VLO
is included in the medial network based on connections with PAG. The latter would make more
sense regarding mPPC projections that also involve medial parts of VLO in addition to MO and VO.

However,|PPCwouldbe connected to both networks and PtP to the orbital network. To conclude,
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if there are two functionally distinct networks in the prefrontal cortex, PPC is connectionally

related to both by way of its projections to OFC.

4.4 Functional implications

PPC and OFC are both association cortices, indicating that their functions are likely complex.
Functional studies on PPC in rats have mainly focused on spatial navigation, including goal-
directed action (McNaughton et al., 1994; Nitz, 2006; Whitlock et al., 2012), while OFC has been
implicated in many cognitive functions such as behavioural flexibility and value-based decision-
making (Rolls, 2000; Wallis, 2012). Functional interpretations are strongly dependent on the
context in whichboth OFCand PPCare analysed. Common to both areas are the observations that
lesions result in contralateral neglect, a deficit in directing attention in the hemifield contralateral
to the lesion (Husain, 2008). For this reason, they are thought to be involved in directed attention,
that is a voluntary allocation of attention to a spatial location relevant for a specific task
(Prinzmetal et al., 2009). Additionally, both areas are thought to be involved in goal-directed
behaviour, which can be described as when a subject ‘desires the goal and believes that the
behaviour in question will achieve the goal’ (de Wit and Dickinson, 2009). Therefore, connections
between PPC and OFC will be discussed further in relation to their possible involvement in

directed attention and goal-directed behaviour including spatial navigation.

4.4.1 Directed attention

In humans, the inferior parietal lobule, cingulate cortex and the frontal eye fields have been
suggested to constitute a network mediating directed attention because lesions to the areas
involved typically lead to a dysfunctional state, contralateral neglect (Mesulam, 1999). A similar
cortical network in rodents was first thought to be formed by reciprocal connections between
PPC,VLO and M2 (Chandler et al., 1992). The hypothesis is based on findings that lesions to either
of PPC, VLO or M2, or the connections between PPC and M2, produce severe neglect of auditory,
visual and tactile stimulation in rats similar to human neglect (King et al., 1989; Chandler et al.,
1992; Burcham et al., 1997). Recently, other areas have been implemented in the circuitincluding
LPmr nucleus of the thalamus and the dorsocentral striatum (Cheatwoodet al., 2003; Reep et al,,
2003; Kamishina et al., 2009). Projections from PPC, VL.O and M2 have been shown to converge in
the dorsocentral striatum (Reep et al., 2003). Adding VLO to the directed attention illustration of
Kamishina et al. (2009) would therefore yield a more complete picture of the circuitry implicated
in directed attention (Figure 27). The results from the present study showed that all subregions

of PPC project to VLO, suggesting that all subregions may be involved in directed attention.
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Figure 27. A proposed circuit for directed attention in the rat. Connections with VLO have been added to the circuit. Areas
in purple: central and dorsal part of the dorsocentral striatum (DCS). Areas in red: specific parts of the mediorostral lateral
posterior (LPMR) and the central lateral (CL) nuclei of the thalamus. For other abbreviations, see list of abbreviations.
Modlified from Kamishina et al. (2009).

4.4.2 Spatial navigation and goal-directed behaviour

Both PPCand OFC have been implicated in goal-directed action. Goal-directed action requires that
one isable to navigate in the environment and involve approach, orientation and otherlocomotion
behaviour to reach a specific goal, actions often referred to as ‘spatial navigation’ (Feierstein et al.,
2006). VLO is anatomically situated in a network that processes spatiomotor information together
with M2 and PPC. Functionally, this has been illustrated by lesion studies. Bilateral lesions of areas
of OFC described in the present study as VO and VLO, resulted in deficits in an allocentric ‘cheese
board task’ but not in the egocentric ‘adjacent arm maze task’ (Corwin et al., 1994). Lesions to LO,
on the other hand, did not result in impairments in the same tasks, indicating that the subregions
of OFC are functionally different. Similarly to lesions to VO and VLO, bilateral lesions to PPC
resulted in severe deficits in the same allocentric task (King and Corwin, 1992), as well as
egocentric tasks (Kolb et al, 1983; Rogers and Kesner, 2006). PPC is involved in movement
planning, as it encodes two-part movement motifs like straight running followed by a right turn
(McNaughton et al., 1994) and it tracks progress of the movement along routes (Nitz, 2006). A
recent study by Whitlock et al. (2012) reported that PPC neurons showed tuning to movements
250 ms in advance, and that tuning of neurons was different according to whether the states
happened during structured, goal-directed movement sequences or random foraging. Similar
indications of involvement in movement planning have been shown in humans where stimulation
of PPCtriggered astrong intention and desire to move (Desmurget et al., 2009). The hippocampal-

parahippocampal region has proved important in spatial processing; creating an allocentric
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cognitive map of the environment (0'Keefe and Dostrovsky, 1971; Fyhn et al., 2004; Hafting et al.,
2005). However, in order to navigate in space, the animal must convert these allocentric
coordinates into egocentric coordinates necessary for route planning. PPC has been proposed to
be an essential node for this translation and has, with its connections with the motor cortices, a
suitable anatomical position for guiding execution of movement (Whitlock et al., 2008). Direct
connections between MEC and PPC are, however, very weak. The prefrontal cortex (including
OF(), together with RSC and POR, have been suggested to be alternative connectional pathways
between MEC and PPC (Whitlock et al., 2008). Kondo and Witter (2014) showed that projections
of OFC with MEC, PrS and POR arise mainly from VO and this is likely a reciprocal pathway
(Delatour and Witter, 2002; Agster and Burwell, 2009). The results from Kondo and Witter (2014)
thus strongly supports VO’s involvement in spatial processing. As presented in the present study,
PPC projects to MO, VO and VLO, and these connections have also been proven to be reciprocal
with return projections arising from layers II and III of OFC (Sakshaug, 2015). The latter study

also corroborates that connections between MO and PPC are very weak and only with mPPC.

PPC |<«—>»| RSC

VO <&—>» POR &> MEC

1 )

Figure 28. Schematic representation of the relevant connections between PPC and MEC via VO, RSC and POR. The
illustration is based on Kondo and Witter (2014), Burwell and Amaral (1998), Agster and Burwell (2009), Sakshaug (2015)
and the present study. Sakshaug (2015) and the present study showed that connections between VO and PPC are mainly
with mPPC. For abbreviations, see list of abbreviations.

As previously mentioned, OFC is thought to be involved in value-based decision-making, choosing
the goal that gives the best reward, and it has further been proposed that OFC monitors goal-
directed choices rather than executing them (Feierstein et al., 2006). By use of a two-alternative
choice discrimination task with odour, the latter authors showed that OFC not only assigns the
economic value of the options, but also encodes the spatiomotor variables necessary to obtain
them. Reciprocal connections between OFCand PPCcould be a possible link in the circuit for goal-
directed behaviour, in which OFC decides on the most suitable goal and signals it to PPC, which in
turn has strong connections with the motor cortices for guiding and execution of movements
(Whitlock et al., 2008). Taken together, it is likely that the reciprocal connections between
VO/VLO and PPC are involved in goal-directed behaviour.
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The projections from layers V and VI of PPC to superficial and deep layers of OFC, found in the
present study, may be considered as feedback projections according to ‘the classic view’ (Kandel
et al, 2012: p. 348)1, contributing a copy of PPC signals as input to OFC. Processed spatial
information could be sent back to the hippocampal-parahippocampal region via VO where it is
integrated and used to update position information on the cognitive map (Chen et al., 1994;
McNaughton et al.,, 1994; Goodrich-Hunsaker et al., 2005). Since PPCis also involvedin decision-
making regarding movement planning, it is possible that PPC projections to OFC contribute to

modulation of the decision-making in OFC and influence how rewarding different choices are.

4.5 Future directions

The results presented in this study as well as the thalamic projection pattern of PPC (Olsen and
Witter, pers. com.) indicate that there are functional differences between the subregions of PPC.
This has been shown in primates where different parts of PPChave been suggested to be involved
in different functions, such as control of eye-movements and planning of reaching (Andersen and
Cui, 2009). However, recording studies in PPChave been confined to mPPC (Chen et al., 1994; Nitz,
2006; Nitz, 2012; Whitlock et al., 2012) and lesion studies specific to the subregions of PPC are
lacking (Kolb and Walkey, 1987; DiMattia and Kesner, 1988; Save and Moghaddam, 1996; Save
and Poucet, 2000). More research is needed in order to derive valid conclusions about the

functional differentiation in the rat PPC and how this might compare to that in primates.

One way to study the functional aspects of the connections of PPCwith OFC would be to do dual
recordings during a task to see if they are active in the same part of a given task, or if one is
activated before the other. Another option could be to optogenetically inhibit one of the areas and
record from the other. This would allow to see if changes in neuronal responses occur that could

be correlated to changes in behaviour.

1 In the ‘classic view’, feedforward projections originate in superficial layers (II and III) and terminate in
layer 1V, while feedback projections originate in deep layers (V and VI) and terminate in layers I, Il and VI
(Kandel et al., 2012: p. 348). This was establish in the primate visual cortex, and lateral projections have
also been described in higher order visual areas as projections originating in agranular layers terminating
in all layers (David et al., 2005). According to the latter statement, the PPC-OFC projections could also be
considered lateral projections, since both PPC and OFC are high up in the hierarchy. However, since the
concept of hierarchical organisation of projections have been based on studies of the primate visual cortex,
itis not directly comparable to the rat and other cortical areas. Therefore, it will not be further discussed in
this thesis.
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Chapter 5

Conclusion

The aim of this thesis was to investigate the projections of the three subregions of PPCto the
subregions of OFC. The projections from PPC to OFC are not strong and arise from neurons in
layers Vand VI. The projections from PPCtarget only MO, VO and VLO, avoiding LO and DLO. More
specifically, the projections to OFC show a subtle topographical pattern within MO, VO and VLO,
in which mPPC projects to MO, VO and medial VLO with a preference for the latter two. IPPC
projects to medial VLO, while PtP projects to central to lateral VLO. Based on previous functional
studies, one may suggest that the projections form part of cortico-cortical networks involved in

spatial processing and directed attention, yet, the definitive functions remain to be discovered.
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Appendix A

Chemicals and suppliers

Tracer and antibodies

10 KD Biotinylated dextran amine (BDA)
3,3'-Diaminobenzidin tetrahydrochloride (DAB)
Donkey anti-goat

Fast Blue (FB)

Fluorogold (FG)

Goat anti-PHA-L

Goat Peroxidase Anti-Peroxidase (PAP)
Phaseolus vulgaris-leucoagglutinin (PHA-L)
Streptavidin AX546, AX488

Vector ABC-kit

Chemicals

Acetic acid

Cresyl Violet

Dimethyl sulfoxide (DMSO)

Entellan

Ethanol

Gelatine

Glycerine

Hydrogen chloride (HCI)

Hydrogen dioxide (H202)
Paraformaldehyde (PFA)

Phosphate buffer (PB)

Potassium chloride (KCI)

Sodium chloride (NaCl)

Sodium hydrogen carbonate (NaHCO3)
Sucrose

Toluene
Tris(hydroxymethyl)aminomethane (Tris)
Triton-X-100

Xylene
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Manufacturer

Vector laboratories
Sigma-Aldrich
[nvitrogen
EMS-grivory
Fluorochrome
Invitrogen
Sigma-Aldrich
Vector laboratories
Invitrogen

Vector laboratories

Manufacturer

VWR
Sigma-Aldrich
VWR

Merck
Kemetyl Norge A/S
Oxoid

VWR

Merck
Sigma-Aldrich
Merck

Merck

Merck

Merck

Merck

VWR

VWR

Merck

Merck

VWR
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Appendix B

Solutions

Ringer

0.85% NaCl (4.25g/500mL H,0)
0.025% KCl (0.125g/500mL H.0)
0.02% NaHCO3 (0.1g/500mL H,0)

Add the water in a container with a magnet and place it on a stirrer. Measure the salts, add them
to the water and stir it until they are dissolved. Filtrate the solution and heat it to about 40°C
before use. Set the pH to 6.9 using O2. Fresh ringer is made before every perfusion.

Phosphate buffer (PB) 0.4M pH 7.4

A: NaH:PO4H20 27.6g/500mL H20
B: Na;HPO.H:0 35.6g/500mL H:0

Make solutions A and B (start with B as it needs longer time). Add solution A to solution B until
the pH is 7.4 (= 0.4M). Store in a dark place at room temperature for up to one month.

Phosphate buffer (PB) 0.125M pH 7.4

Dilute a 0.4M PB. The solution can be stored in the fridge for up to 1 week.

100mL: 31.25mL 0.4M PB + 68.75mLH-0
500mL: 15 mL 0.4M PB + 344mL H-0

10% paraformaldehyde (PFA)

200mL H.0
20g PFA
A few drops sodium hydroxide (NaOH)

Heat the water to 60°C in the microwave oven. Measure PFA and add it to the water. Add a few
drops of NaOH and leave the solution on a hot stirrer until the solution is clear. Everything is
carefully carried out in a ventilated hood.

Fixative 4% paraformaldehyde (PFA) 500mL

200mL 10% PFA (see above)
156mL 0.4 M PB
144mL H20

Add water and PB to the 10% PFA solution. Set the pH to 7.4 using HCl and filtrate the solution.
Everything is carefully carried out in a ventilated hood. New fixative is made for every perfusion.
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TBS buffer pH 8.0

Tris 3.03g/500mL H:0
NaCl 4.48g/500mL H-0

Measure the water and add Tris and NaCl. Use HCl to adjust the pH to 8.0. The solution can be
stored in the fridge for up to one week.

0.5% TBS-Tx buffer pH 8.0

Tris 3.03g/500mL H:0
NaCl 4.48g/500mL H:0
Triton-X-100 2.5mL/500mL H:0

Measure the water and add Tris, NaCl and Triton-X-100. Use HCl to adjust the pH to 8.0. The
solution can be stored in the fridge for up to one week.
Tris-HCl pH 7.6

Tris 3.03g/500 H,0

Measure the water and add Tris. Use HCl to adjust the pH to 7.6. The solution can be stored in the
fridge for up to one week.

Gelatine

Heat Tris-HCI solution to 60°C in the microwave oven. Add 0.2g gelatine per 100mL Tris-HCI and
stir the solution on stirrer until the gelatine has dissolved.

The solution can be stored in the fridge for up to one week.

Sucrose solution

Dissolve 30g sucrose in 31.25mL 0.4M PB and 68.75mL H:0 (or in 100mL 0.125M PB).

Cryoprotective solution

31.25mL 0.4 M PB
46.75mL H.0

20mL glycerine
2mL dimethyl sulfoxide (DMSO)
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Appendix C

Full surgery procedure

C.1 Surgery equipment

e Surgery table

e Stereotaxic frame with tower » Tubing connecting the induction

e Induction chamber chamber or the mask with the

* Heating pad vaporiser unit

e Vaporiser unit for isoflurane ¢ Drill (0.9mm burr, Foredom Micro

e Mask for isoflurane Motor FM3545 control and MH-145

e Electric razor Micro Motor Handpiece)

e Two tweezers ¢ lontophoresis pump (Digital Midgard
e Ear bars Precision Current Source, Stoelting Co,
e Small surgery scissor USA)

e Clamper

 Reference scale (millimetre sheet)

» Stereomicroscope

C.2 Disposables

e Scalpel (blade 10)  Ethanol

e [soflurane e [odine

» Sterile saline e Marcain

e Q-tips e Metacam

« Suture kit e Temgesic

« Syringes e Glass capillaries
e 27 and 25 gauge needles e H20:

« Cotton swabs (Sugi absorbent swabs,
Kettenbach GmbH & Co)

C.3 Tracers

10 KD Biotinylated dextran amine (BDA)

e Phaseolus vulgaris-leucoagglutinin (PHA-L)

« Fast Blue (FB, Blue fluorescent, 2%, diluted in 0.125M PB)
* Fluorogold (FG, Blue fluorescent, 2.5 %, diluted in H20)
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C.4 Detailed surgery procedure

Preparation

1. Coordinates for injections are calculated using the Rat Brain Atlas (Paxinos & Watson, 2007)
as areference and are further adjusted according to previous surgeries

2. Glass capillaries (Borosilicate Glass Capillaries) are pulled with single stage glass
microelectrode puller (Narishige PP-830) to tips with an inner diameter of 25-30um for
anterograde tracers, 40-50um for FG, 80-100um for FB.

3. Disinfect the surgery table, stereotaxic tower and the microscope with ethanol (70%)

4. Placea sterile sheet of paper on the table, fill up a container with ethanol (70%) and place all
the equipment in it for disinfection

5. Putcotton swabs, Q-tips, suture and the rest of the equipment on the sheet ready for use

6. Prepare small containers of H20: and saline and sterile water

7. Prepare a syringe (5mL) with sterile saline (injected subcutaneously two times during the
surgery, with 2 hours in between, 2.5mL on each side of the back to prevent dehydration)

8. Prepare syringes with 25 gauge needles for Metacam (Meloxicam, 1mg/kg, Boehringer
Ingelheim Vetmedica GmbH, Germany), Marcain (Bupivacaine, 1mg/kg, AstraZeneca, UK) and
Temgesic (Buprenorphine, 0.05-0.1mg/kg, RB Pharmaceuticals Ltd, USA).

9. Turn on the heating pad and place a piece of paper on it

10. Fill up the vaporiser with isoflurane and make sure all the tubes are in the right place (turned
to chamber when filling it up)

Surgery

1. Collect the animal from the animal room and weigh it

2. Turn on the oxygen flow (1L/min) and isoflurane (5%) and wait until the chamber is filled up
(ca. 10 min)

3. Place the animal in the induction chamber and wait until it is breathing slowly and deeply

4. Placethe animal in the stereotaxic frame, adjust the isoflurane flow to 3% and administer via
the stereotaxic anaesthesia mask

5. Make sure the animal is fully anesthetised by checking the toe-pinch reflexes

6. Apply Simplex (Tubilux Pharma S.p.A,, Italy) to prevent the animal’s eyes from drying out

7. Inject Marcain subcutaneously on the head and Metacam and Temgesic subcutaneously on
each side of the back

8. Fixate the skull by use of ear bars, adjust the frame, and make sure that the ear bars are on the
same height

9. Reduce the isoflurane level gradually during the surgery to 1.5%, depending on the animal’s
breathing rate

10. Shave the head and clean it with sterile saline, ethanol (70%) and iodine

11. Check for reflexes

12. Make an incision along the midline with a scalpel and remove the periosteum on each side of
the skull

13. Use two bent needles to keep the skin to each side to reveal the skull

14. Use a painted capillary to measure the height level of bregma and lambda and adjust the skull

so that they align in the horizontal plane
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15.

16.
17.
18.
19.
20.
21.
22.
23.
24,

25.

26.

27.

28.
29.

Drill across to the midline, in the middle of bregma and lambda on an anterior-posterior level
to expose the sagittal sinus

Calculate the anterior-posterior coordinate based on the position of bregma

Calculate the lateral coordinate

Drill a hole and remove the dura carefully by use of a bent, 27 gauge needle

Fill up a new capillary with tracer

Secure the capillary in the tower and prepare for injections

Re-calculate the coordinates

Lower the capillary to the surface of the brain and measure the height

Lower the capillary to the desired level

For BDA;lower the capillary and start injecting, slowly raise the capillary after the injection is
completed

For retrograde tracers; wait for 5 min for the tissue to adapt, inject half of the volume, wait 3
min, inject the rest of the volume, wait 10 min, raise the capillary 2um and wait for 5 min,
slowly raise the capillary

When the capillary is out, clean the skull with sterile saline

Suture the wound with small stitches making sure that there are no openings between the
stiches

Rinse with sterile saline and apply iodine on the wound to avoid infections

Turn off the isoflurane and remove the ear bars

Post-surgery

1.

AR

Move the animal to a heating-chamber and wait for the animal to recover from anaesthesia
(15-50 min)

Make sure the animal is able to move around and eat

Return the animal to its cage and place it in the animal room

Check the animal after an hour to make sure it is doing well

Oral Metacam (1 mg/kg, Boehringer Ingelheim Vetmedica GmbH, Germany) is given the first
day post-surgery to reduce potential pain

The overall health and weight of the animal was monitored and registered the followingdays
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Appendix D

Histology protocols

D.1 Cresyl Violet

1

2)
3)

4)
5)

6)
7)

8)
9)

To hydrate the mounted sections, dip the sections 10 times in each container with ethanol:
50-, 70-, 80-, 90-, 100-, 100- and 100% ethanol

Leave the sections for two min in xylene for clearing

Move the sections back for rehydration. 10 dips in each container with 100-, 100-, 100-, 90-,
80-, 70- and 50% ethanol

Wash the sections quickly under running water

Let sections sit in Cresyl Violet on a shaker in dark (time depends on the age of the solution,
however about three min is normally good)

Wash the sections under running water until all excess colouris washed away

Move sections into a container with ethanol + acetic acid solution fora few seconds (three
dips)

Leave the sections under running water until all excess colouris washed away

Repeat point 7) and 8) until the sections have a light, purple colour. Make sure the contrast
between white and grey matter is good

10) Dehydrate the sections as in step 1): dip them 10 times in each container with 50-, 70-, 80-,

90-, 100-, 100- and 100% ethanol

11) Move the sections to container of xylene for clearing; leave them for minimum two min in

the first container and five (up to 60 min) forthe second container

12) Use entellan/xylene solution to coverslip the sections

D.2 DAB stain for BDA

1) Rinse 3x10 minin 0.125M PB

2) Rinse 3x10 minin TBS-Tx

3) Incubate with ABC on a shaker for 90 min at room temperature or overnight at 4°C

4) Rinse 3x10 min in TBS-Tx

5) Rinse 2x5 minin Tris-HCl

6) Incubate with DAB

7) Rinse 2x5 min in Tris-HCI

8) Mount the sections on microscope slides

ABC DAB

ABC must be mixed welland Stir with magnet at 50°C for 2 hours

made 30 min before use. (in the dark).Before use, add 12pl Hz0;
and filtrate.

5mL TBS-Tx

1drop A 1 tablet DAB (10mg)

1drop B 15mL Tris-HCI
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D.3 DAB stain for PHA-L

1) Rinse 3x10 minin 125 mM PB

2) Rinse 2x10 min in H202/methanol

3) Rinse 3x10 minin 125 mM PB

4) Rinse 3x10 min in TBS-Tx

5) Incubate with superblock on a shaker for one hour at room temperature

6) Incubate with goat anti-PHA-L on a shaker 24 hours (overnight is usually sufficient) at room
temperature or 48 hours at 4°C

7) Rinse 3x10 min in TBS-Tx

8) Incubate with unconjugated donkey anti-goat on a shaker for two hours in room
temperature or overnight at 4°C

9) Rinse 3x10 min in TBS-Tx

10) Incubate with goat PAP on a shaker for 90 min in room temperature or overnight at 4°C

11) Rinse 3x10 min in TBS-Tx

12) Rinse 2x5 min in Tris-HCl

13) Incubate with DAB

14) Rinse 2x5 min in Tris-HCl

15) Mount the sections on microscope slides

Superblock 10mL H,0,/methanol

75ul Triton X-100 1mL 30% H:0-

15mL Superblock 1mL 100% methanol
8mL 125mM PB

Goat anti PHA-L (1:1000) Donkey anti-goat (1:100)

12pl goat anti PHA-L 120pl donkey anti-goat

12mL TBS-Tx 11.88mL TBS-Tx

PAP (1:200) DAB

60ul goat PAP 1 tablet (10mg) DAB

11.94mL TBS-Tx 15mL Tris-HCI

Stir for two hours in darkness. Add 12ul 30% H:0: before use and filtrate.
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D.4 Double stain BDA and PHA-L (fluorescent)

1)
2)
3)

4)
5)

6)
7)
8)

Rinse sections 3x10 min in 125mM PB on a shaker

Rinse sections 3x10 min in TBS-Tx on a shaker

Incubate sections in goat anti-PHA-L (1:1000) on a shaker for 24 hours at room temperature
or 48 hours in the fridge

Rinse sections 3x10 min in TBS-Tx on a shaker

Incubate with streptavidin (1:200) and donkey anti-goat (1:400) on a shaker for 90-120 min
at room temperature or overnight in the fridge

Rinse sections 1x10 min in Tris-HCl on a shaker

Mount the sections on slides in 0.2% gelatine/Tris-HCl

Coverslip the section

Anti-PHA-L

4l goat anti-PHA-L (undiluted 2pl/vial in freezer)
4mL TBS-Tx

Streptavidin and donkey anti-goat

20ul donkey anti-goat (diluted 1:2 in glycerol, 20ul/vial in freezer)

40ul streptavidin (diluted 1:2 in glycerol, 20ul/vial in freezer)

3940ul TBS-Tx

Note: Streptavidin and donkey anti-goat need to have different fluorescent conjugates.

D.5 Fluorescent stain for BDA

1)
2)
3)

4)
5)
6)

Rinse sections 3x10 min in 0.125M PB

Rinse 3x10 min in TBS-Tx

Incubate with streptavidin (conjugated with Alexa 488, 546 or 635) forone to two hours in
room temperature. Concentration: 1:200 in TBS-Tx

Rinse 2x5 min in Tris-HCI

Mount sections in gelatine and dry overnight

Coverslip sections with toluene and entellan

D.6 Fluorescent stain for PHA-L

1)
2)
3)

4)
5)

6)
7)
8)

Rinse sections 3x10 min in 0.125M PB

Rinse 3x10 min in TBS-Tx

Incubate with goat anti-PHA-L for 24 hours in room temperature or 48 hours in the fridge.
Concentration: 1:1000 in TBS-Tx

Rinse 3x10 min in TBS-Tx

Incubate with Alexa 488, 546 or 645 conjugated anti-goat for one to two hours in room
temperature

Rinse 2x5 min in Tris-HCI

Mount sections in gelatine and dry overnight

Coverslip sections with toluene and entellan
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Appendix E

Supplementary figures and table of anterograde labelling

The main injection sites were delineated and presented for all cases with injections into PPC. For
the injections into PtP, the main injection site was delineated for the three first cases illustrated.

For the three last cases, all performed in this study, the sections directly adjacent to the core of

the injection site were also delineated to illustrate the extent of the injection site.

E.1 Injections into mPPC

Case 13234P Case 13187B Case 14122B

V2M mPPC
IPPC rsc V2M mPPC

M ‘\M
" i '.'jé

Case 13765P Case 13236P Case 13594B

mPPC
V2M mPPC vam IPPC

RSC IPPC

\ e

RSC

iy

"wﬁt ) \

PP V2M mPPC
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E.2 Injections into IPPC

Case 14121P

V2M mPPC
RSC 3

IPPC
s1

S !
= 4
L) {

Case 13234B

Case 13702P

sz
RSC "‘PPC IPPC

’ PtP

Case 13089P

rsc_ VM mppc

Case 14122P

vam mPPC IPPC

AL

Case 13236B

c V2M mPPC ppe

\\|/
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Case 1 31 87P

mPPC
IPPC

I‘/

Case 12948B

vam mPPC
IPPC pip
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E.3 Injections into PtP

Case 12877B

V2M mPPC

Al

Case 20352B section 1

V2M mPPC |ppc

AL g

e

Case 20219B section 1

RSC V2M
V1 vaL

/ /&

“w

Case 20419B section 1

V2M mPPC |ppc

RSC \

Case 12906P

va2m V1 yaL

o™ ['/

Case 20352B section 2

vam
RSC Vi yaL

Case 20219B section 2

RSC VM 4

Case 20419B section 2

RSC , V2m
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Case 20420B

v2Mm
V1 ovaL

I // ‘PtP\S1

Case 20352B section 3

RSC Vam Vi o

g

Case 20219B section 3

RsC \vzwl' v1/£\

Case 20419B section 3

Rsc, V2M Vi vaL
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E.4 Anterograde labelling in OFC

Semiquantitative representation of the anterograde labelling in OFC in total and in the subregions
MO, VO and VLO separately resulting from injections into mPPC, IPPC, PtP, V2M and V2L. The
density of anterograde labelling in OFC in total is indicated by four levels: ++++, strong labelling;
+++ moderate labelling; ++ weaklabelling; + very weak labelling. Density within MO, VO and VLO
are indicated by three levels; X strong labelling; x weak labelling; - no labelling or only a couple of
fibres. Note that projections from PPC to OFC are generally not strong so that ‘strong labelling’

refers to the strongest labelling seen in the present study.

Animal | Tracer | Layers Thalamus Density in MO VO VLO
OFC
mPPC
13187B BDA V-VI LPmr, Po + - X X
13234P | PHA-L I-VI LPmr, Po, (VP) ++++ X X X
13236P | PHA-L I-VI LPmr, Po, (VP) ++++ X X X
13594B BDA [-VI LPmr, Po, (LDI) ++ X X X
13765P | PHA-L V-VI LPmr, Po ++ - X X
14122B BDA [-VI LPmr, Po + - - X
IPPC
12948B BDA I-VI Po, (LPmr), (LDm) +++ - X X
13089P | PHA-L [-VI Po, LPmr, (VP) e+ - - X
13187P | PHA-L I1-VI Po, LPmr, (VP) +++ - X X
13234B BDA I-VI Po, LPmr ++ - - X
13236B BDA I-VI Po, LPmr +++ - - X
13702P | PHA-L I-VI Po, (LPmr) ++ - - X
14121P PHA-L [-VI Po, VP + - - X
14122P | PHA-L I-VI Po, LPmr, LDm 4+ - - X
PtP
12877B BDA II-VI Po, (VPm) ++ - - %
12906P | PHA-L I-VI Po, (LPI) +++ - - X
20219B BDA II-VI Po, LPIl 4+ - - X
20352B BDA I-VI Po, VP ++++ - - X
20419B BDA II-VI Po, VP +++ - - X
20420B BDA V-VI Po, LP1 + - - X
%4
14016P | PHA-L I-VI LPI, LPm, LD ++++ X X X
20546B BDA I-VI LPL, LPm, LD +++ - X X
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E.5 Example of how the representative anterograde labelling figures were made

The figure below illustrates how the representative anterograde labelling figures were made in
Adobe Illustrator CS6. The example is from case 13234P.
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Appendix F
Supporting retrograde tracer figures
F.1 Nissl stain for the representative retrograde tracer case

Case 20461FB. Nissl stained section for the main injection site. The section is mirrored along the

vertical axis.

F.2 Retrograde labelling in PPC

Sections from four brains, taken at a comparable anterior-posterior level illustrating the labelling
resulting from four different retrograde tracer injections into VO and VLO (Figure 10, A-D), are
shown on the next page. Retrogradely labelled cells were seen in layers V and VI in mPPC, IPPC
and PtP for all cases. Arrows indicate the position of cells. A) Case 20705FG, B) case 20545FB, C)
case 20560FB, D) case 20705FB. Scale bar 1000 um.
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Appendix G

Comparison of delineations of OFC

The figure below shows one anterior (left panel) and one posterior (right panel) level of OFC with
delineations from the present study (A), Van De Werd and Uylings (2008) (B), Kondo and Witter
(2014) (C) and Linley et al. (2013) (D) as described in the result section. The figure shows that
differencesin delineation of OFC are mainly in the posterior sections. Other adjacent areas are not

discussed in this thesis.

Anterior Cingulate
Prelimbic

Infralimbic

Medial Orbital

Ventral Orbital
Ventrolateral Orbital
Lateral Orbital
Dorsolateral Orbital
Agranular Insular (dorsal)

Dysgranular Insular
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The figure below shows the cytoarchitecture of the five subregions of OFC where the black

arrows point at the approximate borders used in this thesis.
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