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Abstract

The posteior parietal cortex (PPC) in the rat is a multimodal association area, implicated in
spatial processing decisiorrmaking, working memory and directed attention.PPC is commonly
divided into a medial (mPPC), a lateral (IPPC) and a posterior (PtP) region) eeciprocally

connected to specific parts of the thalamus. The orbitofrontal cortefOFC)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 processng, valuebased decisioamaking and behavioural flexibility.

Reciprocal connections btween 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. Mareer, no study has
addressed PPE@FC 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 projeadin patterns arising from the three subregions of

PPC. To this end, we injected the anterograde tracers 10 KD biotinylated dextran amine (BDA) and
phaseolus vulgarideucoagglutinin (PHAL) into the subregionsof PPC. The retrograde tracers

Fast Blue (FB) ad Huorogold (FG) were injected into VO and VLO to study the layeo$ origin of

these projections. The brains were cut in the coronal plane and corticateas were delineated

based on Nissl stains with Cresyl ilet. Anterograde tracers were visuali®d WET ¢ AEOEAO
diaminobenzidin tetrahydrochloride (DAB) or AlexaFluor® dyes, and their distribution, as well

as that of the retrograde fluorescent tracerswas analysed with conventional microscopical

techniques.

Anterograde tracing showed that the projetions from PPC to OFC are not strong, which is
supported by the retrogradetracer caseshat showed an overall low numberof labelled neurons
in layers Vand VI of PPGnPP Qorojects mainly to lateral VO and medial VLO, with somsparse
projections to MO. Projections from IPPC terminate irmedial VLO, while the most lateral part of
PPC, PtRprojects to centralto lateral VLO. The results indicate that projections from PPC target
OFC, showing a subtle topographical pattern within MO, VO and VLO, witblear preference for
VO and VLO andxeluding LO and DLO.
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Chapterl

Introduction
001 AT T ET e@ntsrefuirésiinforfnbition about the intended act and also information about
AAOQOET 1T Oh ETAI OAET ¢ OEA cCi1 Al A(Kahdeketal, 20A2: 0. 866)0OA x AOA

The posterior parietal cortex (PPC) is a multimodal association area involvéuseveral cognitive
functions such as movement planimg, visual attention, decisioamaking and working memory
(Whitlock, 2014). The literature about PPC in primates and rodents is divergent, in which primate
studies have focused on cognitive functions, wle rodent studies mainly have focused on spatial
navigation. Recently, development of new tasks to isolate cognitive functions also in rodeititas
extendedthe knowledge about PPC. In the rat, one proposed role of PPCin movement planning is
the synthess of goaldirected sequences, and neurons iIRPC have been shown to be active 250
msin advance ofam OAT AT Oh Al Ol pdtehtiaB(WHitlodR QH 4 AHeedettObe
able to plan movements, one neegdinformation not only about the intended actthat PPC may
provide, but also information about the goal othe act and the value of reward related to that
particular action (Kandel et al., 2012: p. 866)This is a suggested role ofe orbitofrontal cortex
(OFC) an area in the ventral prefrontal corexinvolved in reward processing andvalue-based
decisiorrmaking (Rolls, 2000; Wallis, 2012)

Previous studies have shown thaPPCis reciprocally connectedwith OFC and the secondary
motor cortex (M2), connections suggested t@onstitute a neural circuit for directed attention
(Chandler et al., 1992) Further, lesionstudies have implicated that both PPC and OFC are involved
in spatial processing(King and Corwin, 1992; Corwin et al., 1994)Although tere is convincing
neuroanatomical evidence on recipreal connections béveen PPC and OFC in the rathe
delineation of PPC has varied among studiedeaving the precise circuitry still undefined.
Moreover, details on which part of the functionally heterogeneous OFC are connected with PPC

are also lacking. Tis implies that the functional circuitry cannot yetbe fully appreciated.

Topographic organisation of connections is considered necessary and a hallmark of higher order
brain functions, and is observed ineveral brain areas includingOFQThivierge 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 coiituting 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 anthn be divided into

two subregions; the anterior part called the somatosensory cortex (S1) and a posterior
multimodal association area called theposterior parietal cortex (PPCKrieg, 1946). Based on
cytoarchitecture, myeloarchitecture, expression pattem of neurotransmitters, thalamic and

cortical connections as well as physiological studies, PPC can be described in almost any species
(Whitlock et al., 2008). In humans, PPC consists of Brodmann areas 5 angBfodmann, 1909),

and corresponding areas 5 ath 7 have been described in the rhesus monkefCavada and
GoldmanRakic, 1989; Cappe et al., 200:Krieg (1946) was the first to define an area 7 in the rat

AOAET h xEEAE xAO AAOAOEAAA A0 ObdioEnki@den theOACET T
somatoOAT OT OU AT A OEOOAI AT OOEAAO AO OEiI x1 ET PDOEI
area 7 likely has similar functions in the rat as in primategKolb and Walkey, 1987) and today

area 7 is better known as PPC. However, the existence of PPC in thewas for a long time

guestioned, which lead to a variety of delineations. The biggest difference amgpstudies was the

border between the secondary visual corteXVV2) and PPCigure 1; Whitlock et al., 2008)

Today, the rat PPCsi 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 corkg MPtA) and
lateral parietal association cortex (LPtA), respectively, as described bjaxinos and Watson
(2007). Ventrolateral to these areass the posterior part of posterior parietal cortex (PtP). The
anterior, posterior and dorsal subdivisions of PtPdescribed by Paxinos and Watson (2007) are

here considered one region.

Figure 1. The right hemisphere of a rat braineen from the dorsal side illustratinghe different delineations of the parietal
cortex reported byKrieg (1946) in red, Miller and Vogt (1984)in magenta,PalomercGallagher and Zilles (2004)n yellow
and Burwell and Amaral (1998)in blue. Reproduced from Whitlock et al. (2008). Scale bar, 1 mm.



1.1.1 Delineation and cytoarchitecturef PPC in the rat

PPQdn the rat has previously been described based on cytand myeloarchitecture(Krieg, 1946;

Kolb and Walkey, 1987; Reep et al., 1994bwever, the delineation ofPPC hadbeen extensively
debated In the present study, delineation criteria resulting from an an@mical tracer study by

Olsen and Witter (pers. com.yvill be used, in which cytoarchitecture of the subregions of parietal
and occipital domains and their thalamic connection patternsvere 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}he existence of the medial
secondary visual cortex (V2M)between the retrosplenial cortex (RSC) and miPC in posterior

portions of PPCThereby, V2M replacessome of the cortex that in otler studies is considered
mPPC.

In the following account, | will describe cytoarchitectonic features and borders of PPC and its
neighbouring cortical areas, as seen in coronal sections. Aststhabove, this accountis based on
the work of Olsen and Witter (pers. com.)in a coronal section, taken through the most anterior
level of PPC, mPPC borders medially with M2 and laterally withe primary somatosensory cortex
(S not illustrated). Moving posteriorly, V2M replaces M2 and IPPC comes in on the lateral side
of mPPQFigure 2, A).PtP appears on the latral side of IPPC and borderS1 laterally (Figure 2,
B-C). Posteriorly, V2M extends more latetly, and together with the primary visual cortex (V1),
replaces mPPC and IPPC. The lateral secondary visual cort&2() comes in on the lateral side of
V1 and PtP ishifted to a more laterd position (Figure 2, D-E). Here, PtP bordersuditory cortex

(AuD). Through the whole extent of PP@he corpus callosim defines its ventral border.

Cytoarchitectonically, PPC is less laminatedhan the surrounding areas. S1 hasa well
differentiated, granular layer IV that is easy to distingush from the more homogenous PPC
Further, layers Il and Il are wide, and layer V has a cedparse zone deeply and superficially. V1
also has a granular layelV that makes it easy to dishguish V1from PPC with acell-sparse zone
deeply and superficiallyin layer V as in S1In anterior sections, mPPC borders M2. Layer V of M2
is densely packedwhereas layer Il is weakly stained and superficial layers are narrow, which
makes it possibk to distinguish M2 from the adjacent, more homogenous PPIEPC shows a more
distinct lamination than mPPC, although the density of cellsilayer V is lower than in mPPC.
Especially layer Il of IPPC is denseand easier to distinguish from layer llicompared to mPPC
Cells in PtP are less densely packed than in the rest of PPC, with a weakly stained layent a
less densely packedayer V than the surrounding areas In posterior sections, V2M can be
distinguished from mPPC by having a more densely peed layer V and narrower layes Il/IlI.
Similar to V2M, V2L has a homogenous appearance with a diffuse transition between lag/érand

VI, and is difficult to distinguish from PPC.



RSC V2M ., ppc

A 7 IPPC

( Interaural
+15 +10
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Figure 2. Delineation of the parietal cortexllustrated 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 intermeafieior-posterior levels, all three
subregions of PPC are present-(8, while only PtRxtends posteriorly together with the visual domains {B). Scale bas
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 comections when defining
cortical areas is widely accepted. In a retrograde tracer studg;handler et al. (1992)described
thalamic and cortical connections of PPC. They found retrogradely labelled cells in the lateral
posterior nucleus (LP), lateral dorsahucleus (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
connectvity of the subregions of PPC and the visual corticd®©lsen and Witter, pers. com.)lheir
results showed that mPPC prerentially connected with LP,in particular the mediorostal
component (mr) with weaker connections with Pq while IPPC had the oppsite preferences
(Figure 3). PtP projected mainly to Po, and aPPCareas had few projections to LD. Furtherthey
found that V2M wasreciprocally connectedwith LP and LD, ad V2L projectedto LP. Strong
labelling in the lateral part of LP(LPI) was seen for cases @nterograde 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 aréae. thckness of the arrow illustrate the
strength of projectionsModified fromOlsen and Witter (pers. com.fror 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-igure

4. PPC receives input frommultiple sensory cortices such as S1 anéuD as well as from visual
areas V1 and V2Input from the cerebelum 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) andM2, as well aghe ventrolateral orbitofrontal cortex (VLO) are
reciprocally connected with PPC and have been proposed to constitug neural network
implicated in directed attention (Kolb and Walkey, 1987; Chandler et al., 199Zonte et al., 2008)
Involvement in directed attention is based on the findings thatesions to either ofM2, PPC or VLO
or the connection between M2 and PPC typically lead to a dysfunctional state, contralateral neglect
(King et al., 1989; Chandler etl., 1992; Burcham et al., 1997)Further, PCC has a minor



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

Primary and secondary
visual cortex Orbitofrontal cortex

Somatosensory cortex Auditory cortex / Anterior cingulate cortex
\ 1

Cerebellum P P c

v \

Retrosplenial cortex Postrhinal cortex

¢ v

Entorhinal cortex [€—| Hippocampus

Thalamus

Figure 4. A simplified llustration of the main cortical and subcortical connectionsf the rat PPC. Modified fror8ave and
Poucet (2009) Additional, relevant connections are added froAgster 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 M2yLO and PPC and found that all three areas are
reciprocally connectedwith 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 fronthe medial orbitofrontal cortex (MO),
VLO, M2, RSC, S1, V2 and auditory argd@eep et al., 1994) Studies investigating potential
connectional differences between the subregions of PPC are sparse. A recent s{ilitber et al.,
2015) reported that input to PPC from cortical and subcortical regions is topographically
organised along the mediolateral axis, but not along the anterigposterior axis, suggesting that
connectivity patterns of medial and lateral PPC resenid 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
IPPQReep et al., 2003)The same authors showed that V2M projected to more dorsal parts of the
striatum than both mPPC and IPPC. Sin&¥ilber et al. (2015) suggest that V2Mand PPC hae
similar connectivity pattern, while dissimilar projections to the striatum as well as thalamus
dispute this notion, it is relevant to investigate whether V2Mas well asv2L projection patterns to
OFC differ from those of PPC.

1.1.3 Functions of PPC in the rat
Most functional studies on PPC carriedut in monkeys typically focugd on cogniive functions

such as decisiormaking and movement planning, in which the animal typically is heatestrained,
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solving tasks via precise movements of the arm, hand or ey@¥hitlock, 2014). Rats, on the other

hand, are usually completing navigational tasks without anyestraint. 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 éinctions in rodents such as motor planning(Erlich et al., 2011) visual

attention (Broussard et al., 2006) decisionrmaking (Raposo et al., 2012; Brunton et al., 2013nd

working memory (Harvey et al., 2012) The majority of studies in ratshavelargely focused on

spatial navigation andWhitlock (2014) OAA AT O1 U OOCCAOOAA theksykibesis T A 1T £
of goakdirected behaviaural O A N O A infadbBeés study (McNaughton et al., 1994) 30-50% of

neurons in PPC was found to conjointly encode spéi 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.
&OOOEAOh EO EAO AAAT OEI x1 OEAO oo0o# EO i1 OA 1TEI
instead of a worldbased frame, based on the observation that PPC neurons, in contrast to
hippocampal place cells, scaled to match the maze segment if it wasisened or lengthened(Nitz,

2006).

In a recent review (Whitlock, 2014), the role of neurons in PPC with respect to the socalled
OOAAAET AOGO bi OAT Gdhhingans andl GrimAtds Gaiyroup &f RB@neuyohs as well
as frontal motor area neuror0 EAOA AAAT OET x1 OF AA AAOEOA DOEI
bl OAT OEA1T 8 EAO Al 01 AAAT AROGAOEAAA ET OBW OAON
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 PPC resulted

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 differenfevels of activation depending

T xEAOEAO OEA | TGTE AMAOGSAG OO OEIOHEERAG)CINinitlocko | A A A &
et al. (2012), a similar phenomenon in rats was described, in which neurons showed different

tuning depending on whether the rd was foraging in an open area, or if they were moving in a
goaldirected manner through a haipin maze. A recent study using twoephoton calcium imaging,

showed that PPC neurong rodents are involved in all phases of a virtual Imaze task(Harvey et

al., 2012). This suggests that the rat PPC also is involved in decistomking and sensory

processing similarly to the primate PPC. Taken together, it seems clear that PPC plays a role in

movement planning and goaldirected behaviour.



1.2 The orbitofrontal cotex

The orbitofrontal cortex (OFC) comprises a large and heterogeneous cortical region located on the
ventral surface of the frontal lobeand is considered part of the prefrontal caex (PFC;Figure 5;
Price, 2007). Brodmann (1909) delineated thehuman PFQnto areas 10, 11, 24, 25 and 3¢Price,
2007). Hedid not study OFC in detail, but included most of it in hiarea 11. Further he did not use
thA xT OA Ob OA e tolsilldred thd at@ésAedior to motorareas &8 £0T T OAT AT OC
Later, Walker (1940) aimed to map this region inthe macaque monkey, and recogresl areas D

and 11 anteriorly, 12 laterally, 13 centraly and 14 medially, which made the basis ai/hat is
known in primates today (Price, 2007). In primates including humans,PFCvaries in a distinct
pattern along the anterior-posterior axis; near the frontal pole, the cortex is 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,PFCconsists 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 byRose and Woolsey1948), who suggested that PFC could be defined
based on connections with the mediodorsal (MD) nucleus of thalamu®FC in rodents is situated

in the ventral prefrontal domain, which together with the medial prefrontal cortex (mPFC) and

anterior insular regions, makes upPFC(Price, 2007).

b Macaque monkey

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

Figure 5. Comparison ofPFC in the human (a), the macaque monkey (b) and the rat (c). Adaftech Wallis (2012).



1.2.1 Achitecture of OFC ithe rat

OFC in the rat is commonly divided intahe 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 (2008used Nssl, parvalbumin, dopamine, calbindin and SMI
32 stains to descibe the cytoarchitecture of OFC in detail. They included K through theanterior -
posterior extent of OFC, while other mentioned studies did not. Another discrepancy in the same
study is the presence of agranair insular cortex (Al) betweenVLO and LO, which has not been
described in any other study and was not fond in the mouse(Van De Werd et al., 2010)There is
an ongoing etbate whether DLO belongs t&©FC or not. DLO can be described as the area lateral
to LO, on the lip of thanterior rhinal fissure, and wagoundto extend posteriorly until the merger

of the dorsal part of the anterior dfactory nucleus (AOD) withOFC(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 (SMB2 stain) looks more similar to
that seenfor Al. Since the delineation and cytoarchitectwal features ofOFChave varied among

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

1.2.2 Connectionsf OFC in the rat

Thedifferent subregions of OFC have been found to have different projection patterns both when
it comes to thalamic connections and corticecortical connections(Reep et al., 1996)By use of
retrogr ade tracers these authors showed thaDFCreceives afferentsfrom MD and the submedial
nuclei of the thalamus, ad that each subregion of OFC isonnected to a different part of MD.
Further, they showed that MO is connected to the cingulate cortegecondary motor cortexand
PPC Figure 6). VO receives projections from theanterior cingulate cortex, secondary motor
cortex, agranular insular cortex, seconday somatosensory cortex PPC and secondary visual
areas. VLO receives cortical input frorsecondary motor cortex agranular insular cortex, primary
and secondarysomatosensol cortices, PPC andecondary visual cortices while the origins of
projections to LO are limited toagranular insular and the secondary somatosensory corticeghe
same study reported that VO and VLO have more extensicortico-cortical connectionsthan 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 subregi® of OFCAAC: anterior cingulate cortex; M2: secondary
motor cortex; Al: anterior insular cortex; S2: secondary satmsensory cortex; V2M: medial secondary visual cortex; V2L:
lateral secondary visual cortex; S1: primary somatosensory cortex. For other abbreviations, see list of abbreviations.
Abbreviations are modifiedrom Reep et al. (1996)

Another study used anteograde and retrograde tracers and described the connectisof 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
aganular RSC the parahippocampal and the temporal association cortices. VO has strong
projections to M2, ACC,sensorimotor cortices, PPCthe lateral agranular RSC the temporal

associationcortices and theperirhinal and lateral entorhinal cortices.

A recent study by Kondo and Witter (2014) investigated the projections of the different
subregions of OFQo the subregions of he parahippocampal region by usingnterograde tracers.
They described that all subregions of OF§tudied (MO, VO, YO,LO)were connected with parts
of perirhinal and the lateral entorhinal cortex, while projectionsto POR, theresubiculum (PrS)

and MEC mainly originated in VO.

1.2.3The medial and orbital prefrontal networks

PFC can bdivided into two functional networ ks called the medial and orbitaprefrontal networks

in humans, primates and rats, which do not fully overlap with the medial and orbitaprefrontal
cortices(Price, 2007). That is, 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 withthe superior temporal sulcus, RSC anthe cingulate cortex,
the entorhinal cortex, the posterior parahippocampal cortex and dorsonedial prefrontal cortex
(dmPFC;Price, 2007). The orbital prefrontal network receives input from the olfactory, somatic
association and taste corticeand is connectedvit h the perirhinal and the ventrolateral prefrontal
cortex (VIPFC Price, 2007). In rats, the networks are based on connectivity studies witkhe
periaqueductal gray(PAQ 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 orbitaprefrontal
network comprises the ventral agranular insular cortex (Alv), VLO and LO. M@Q&VO are thought

to function in both networks, similar to the areas on the gyrus rectus in the primatéPrice, 2007).
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1.2.4 Functions of OFC

OFChas been studied extensively with respect to behavioural flexibility, valudased and goal
directed decisionrmaking, reversal learning, odour processing and rewardSchoenbaum et al.,
1998; Rolls, 2000; Feierstein et al., 2006; Wallis, 2012Because of its extensive connections with
sensory cortices, it is regarded a multisensory receiving area, thought to beking sensry cues
with outcomes (reward; Schoenbaum et al., 2007jnPFC on the other hand, is thought to associate
responses with outcomeqOstlund and Balleine, 2007) and integration of information from the
two areas is necessaryor successful goadirected behaviour.Goatdirected behaviour requires
that a decision abouthe final goal is made, andDFC has been shown to encode for many variable
necessary fordecisiod AEET Ch ET xEEAE / &#80 AT OA A&O1T AQGEIT T E
to determine the best choicgWallis, 2012). OF(has been extensively studiedhe last decades,
yet it is not clear what the precise role of OFC (Stalnaker et al., 2015) Although many lesion
studies include big areas of lateral OF@ the whole OFGSchoenbaumet al., 2002; Schoenbaum
et al., 2003; Boulougouris et al., 2007)others have shown that subregions of GF-have distinct
functions. More specifically|esions to VLO resultedin allocentric deficits while lesions to LO did
not (Corwin et al., 1994)

1.3Aim

The delineation of PPC has been under debate for the 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 goatlirected behaviourand directed attention, it is necessary to know
the connectivity of the brain areas possibly involved. Even though previous studies V&
investigated projections of PPC to OFC, no one has to my knowledge looked at the projections
arising fromthe three different subregions of PPC separately. Furthermore, previous studies have
not been able to distinguish \2 from PPC cytoarchitectonically, anthe delineation of OFC haalso

varied among studies making the results difficult to interpret.

The aim of this study was to describe the projectiomof the three subregions oPPC (mPPC, IPPC
and PtP) to the subregions of OFC (MO, VO, VLO, LO, DLO)Yseyof 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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Chapter2

Materials and nethods

Alist of chemicals and antibodies is included iM\ppendix A. Recipes for solutions arencluded in
Appendix B. A detailed surgical procedure isicluded in Appendix C. Full fstology protocols are
found in Appendix D Delineations of injection sites, table of anterograde labelling and an example
of how the representative anterograde labellingfigures 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 atthe 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 (Forsgksgrutvalget), with a 12-hours day-night cycle,
stabilised room temperature (21° C + 2 C) and humidity level (60% + 5%) and with free access to
food and water. All surgeries and perfusions were performed using established procedures

approved by the Animal Welare Committee at NTNU.

Injections from 21 female Sprague Dawley rats (Charles River, Germany, weighing 1380g at

the time of surgery) from a previous study were analysedOlsen and Witter, pers. com.)An
additional number of 18 female Sprague Dawlesats (Charles River, Germany, 20237g) were
prepared for this study. Among these, 1§ielded 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 Tacers

Neuroanatomical tracing is a method to study the anatomical wiring of neuronal populations by
use of intrinsic cellular transport systems for macromolecules in live neuronglLanciego and
Wouterlood, 2011). In this way, it is possible to identify theroute 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. Anterogradetracers 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 tracergLanciego and Wouterlood, 2011)

In this study two anterograde tracers and two retrograde tracers were sed. The anterograde
tracers were 10 KD biotinylated dextran amine (BDA, Vector laborairies, Inc., Burlingame, USA),
5% solution in 0.125M phosphate buffer(PB), and phaseolusrulgaris-leucoagglutinin (PHAL,;
Vector laboratories, Inc., Burlingame, USA), 2.5% solution in 10mRB.Retrograde tracers used
were Fast Blue (FB; EM$rivory ), 2% lution in 0.125M PB, and Fluorogol@FG, Fluorochrome)
2.5% diluted in HO. Both tracers were fluorescent so no further proasing was necessary for
visualising the injections site and labelling under dluorescencemicroscope. 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 bodiegLanciego and Wouterlood, 2011) Because of the
challenge of ploto bleaching of these tracergShaner et al., 2005)thetissue was hidden from light

as much as possiblend stored in a freezer at23° C when not in use.

2.3 Stereotaxic sirgeries

A stereotaxic surgery is a procedure to precisely target a specific region of the brain by fixing the
AT ET Al 6 O E A Aditnengidnd toordinat©dysieifarter and Shieh, 2010) Calculated
coordinates obtained from the Rat Brain AtlagPaxinos and Watson, 2007yvere 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 intersecion 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 aloripe

mediolateral axis.

290 g Male Wistar

Figure 7. The positions of bregma and lambda are illustrated e skull of a male Wister rat. dapted fromPaxinos and
Watson (2007)
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2.3.1 Anaesthesia andrealgesia

The animals were anaesthetist in a prdilled chamber with oxygen and isoflurane (5%) with an
airflow at 1L/min. Throughout the surgery, the isoflurane concentration wasslowly reduced
starting from 3% when the animal was moved to thestereotaxic apparatus, to 2% after
approximately 25 min andeventually 1.5% after 45 min, all in accordance the breathing of the
animal. The local anaesthetic Marain (Bupivacaine, 2.5mg/mL 1mg/kg) was injected
subcutaneously on the head 10 min prior to making the incision. The analgesics nigesic
(Buprenorphine, 0.03mg/mL, 0.050.1mg/kg), Metacam (Meloxicam, 2mgmL, 1mg/kg) were
injected subcutaneously to ensure that anaesthesia was fully reached and no pain was
experienced. To prevent dehydration, a saline soluin was given subcutaneously (5mlon each
side) every second hour. The day possurgery, oral Metacam (1.5ng/mL, 1 mg/kg) was given.

2.3.2Surgical pocedure

All animals were weighed prior to surgery. The surgery table was cleaned with soap and
disinfected with ethanol (70%) and surgical equipment wee placed in a bowl containing ethanol
(70%) on sterile paper. The induction chamber was préilled with oxygen (air flow 1L/min) and
isoflurane (5%) and the animal was placed in the chambe¥hen the animal anesthetisedit was
moved to the surgery tablewhere isoflurane (3%) was given via a sungal mask. A heating pad at
37°C prevented the animal from hypothermia during the surgery. Théoe-pinch reflexes were
regularly checked to ensure that the animal was sufficiently anaesthetised e and during the
surgery. Earbars 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 @tyesfrom drying out.
After injecting analgesics, the head was shaved and disaefted 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 tisagittal sinus were
used as reference points for the coordinates of injections, and a circulaole 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 were iontophoretically injected by
applying pulsesof positive DGcurrent (6s on/off alterations, 6uA for BDA ad 7pA for PHAL) for

10 min. Retrograde tracers were injected by use of pressure on a capillary with a plunger (appt
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 wasarefully removed from the brain andthe skull and skin

were cleaned with sterile saline before suturing the wound.To avoid infections, iodine was
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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
twasdl ET C x Al 1 8 dtitvlas rohitbrediahd&redistdfedl thefollowing days to ensure

that the weight was regained and the animal was healthy.

2.4 Tissue collection and preparation

2.4.1 Perfusion

After surgery, the animal survived for seven to nine daybefore perfusion. The animal was
weighed and deefy anaesthetisedby use of a prefilled chamber with oxygen (1L/min) and
isoflurane (5%) and given anoverdose of pentobarbital (0.2mL100g) intraperitoneally. Both toe-
pinch reflexes and breathing level (deep and slow) were motored before proceeding to ensure
that the animal was unconscious and not experiencing any pain. The animal was moved to a table
were oxygen was administered througha mask lefore the animal was transcardally perfused
using a PeriStar Pro 4channel 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 cu. After removing the blood, a soltion 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 posfixating overnight. Subsequently the brain was stoed

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%). Dryde was applied around the brairto keep it sufficiently
frozen (approximately at-40° C) throughout the sectioning. The brairvascut coronally in 50um
sections in sixalternating series, where the first series was monted directly onto Superfrost Plus
microscope slides (Gerhard Menzel GmbH, Braunschweig, Germanysing a Tris-
(hydroxymethyl)aminomethane buffer solution (Tris; Merck KGaA, Darmstadt, Germany
adjusted to pH 7.6 with HCl,and the slides wereleft on a heting pad to dry overnight. The
following day, the first serieswas either stained with Cresyl Nblet (SigmaAldrich, St. Louis, USA)
and coverslippedfor anterograde tracer cases, or covalipped and analysed with a fluorescence
microscope (Axio Imager M2 Carl Zeiss Microlmaging, Jena, Germany) for retrograilacer cases.
The remaining serieswere 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 Wlet

Cresyl Violet (Sigma-Aldrich, St. Louis, USAs a $aining method that visualises Nssl bodies in the
cytoplasm of neurons and is used to accurately delineate cytaditectonical borders. Cresyl Nblet

is often referred to as Nissl staining. Shortly, the sections were dehydrated in ethanol with
increasing percentage and cleareth xylene (VWR International, Fontenaysous-Bois, France) for
2 min, beforerehydration and staining with Cresyl Molet (0.1%) on a shaker. Duration of staining
varied from 3-5 min depending on the desired darkness of the sgons and the age of the solution.
The sections were differentiated in a solution of ethanohnd acetic acid (VWR International,
Fontenay-sousBois, France) and in water to remove excess aulr, dehydrated and cleared in
xylene before coverslipping with eatellan 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 seriesT £ OAAOET 1T O x ADanhGbaEidinke A x EOQOE
tetrahydrochloride (DAB; SigmaAldrich, 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 (320 min), and mounted onto non

frost microscope sldes (Menzel glass slides, Gerhard Menzel GmbH, Braunschweig, Germany)

with a 0.2% gelatine solution. After drying overnight, theslides were coverslipped with etellan

and xylene

Another series was incubated with streptavidin 546 or 4881:200; Invitrogen, Ltd., Paisley, UK)
in TBS Txfor 90 min at room temperature. The sections were mounted onto noffrost microscope

slides using a 0.2% gelatinesolution and coverslipped with entellan and toluene (Merck KGaA,
Darmstadt, Germanythe following day. Detaile&l protocols for both staining methods are included

in Appendix D.

2.5.3 PHAL

For brains injected with PHAL,the first series of sections was stained with DAB by incubating
with goat anti-PHAL (1:1000; Invitrogen, Ltd., Paisley, UK) for 24 hourbefore incubating with
unconjugated donkey antigoat (1:100; Invitrogen, Ltd., Paisley, UK) on a shaker for 2 hours.
Further, the sections were incubated with goat PARL:200; Invitrogen, Ltd., Paisley, UK) for 2
hours and DAB until desired staining level, alltaroom temperature. The sections were mounted
onto Superfrost Plus microscope slidesvith a Tris-HCI solutionand coverslipped with entellan

and xylene
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Another series was incubated with goat antPHAL (1:1000; Invitrogen, Ltd., Paisley, UK) iffris-
buffered saline with triton X-100 (TBS Tx; Merck KGaA, Darmstadt, Germany) for 2dours, before
incubating with Alexa 488 or 546 antigoat (1:400) for 2 hours, all at room temperature. The
sections were mounted omo non-frost microscope slides with a 0.2% gelane solution and
coverslipped with entellan with toluene. For brains with injections of both BDA and PHAL, a
double fluorescentstaining was performed. Detailed procedures for all stainingnethods are

found in Appendix D

25.4 FB and FG

No staining method was necessary for visualigig the injection site and labelled cell bodies for
brains with injections of FBor FG since the tracers were fluorescent. After digitalisg the slides,

coverslips wereremoved in a bath with toluene ¥WR International, Fonteng-sousBois, Francé

and the slides were stained with Cresyl Violeto accurately celineate the cytoarchitectonic

borders of areas of interest.

2.6 Data analysis

All slides stained withCresyl Violetor DAB were digitalised with a brightfield scanner (Zess Mirax
Midi, Merlin Camera F146 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 C&&lobe 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 #te injection site and labelling before the
slides were scanned with a fluorescencescanner (Zeiss Midi, with HXP 120 illuminator and
AxioCam Mrm Rev. 3 Camera). FB ah¢ labelled cells were visualed with the BP 365/12 filter,
while fibres stained with AX488 or AX546 were visualisd with BP450-490 and BP546/12 filters,

respectively.

For anterograde tracer cases, the first series was stained with Cresyliolét and used for
delineation. An adjacent series was stained either with DAB or with a floophore. Overlays of the
digitised images of the two series were made in Adobe Photosh@$6 which made it possible to
precisely decide the positions of the injection sites. For the representative cases, figures were
made in Adobe lllustrator CS6to illustrate the distribution of anterograde labelling. The fibres
were drawn onto a DABor fluorescent stained series and subsequently oesrlayed with the
corresponding Nissl stained sections(see Appendix E). For retrograde tracer cases, the first series

was used foranalysis and later stained with Cresyl Wlet for delineation purposes.
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2.6.1Injection sites
Anterograde tracer injections weremade into the right hemispherewith the exception of cases
20546B and 12551P To reduce the number of animals used, two onore 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 layerdqr delineations, see
Appendix E). The exact spread of the injection isften difficult to establish, butthe core of the
ETEAAOEI T h E8A8 OEA OAAOEIT xEOE OEA AAT OAGO
When deciding the injection site, alkections with deposit of tracer were delineated and evaluated

so that possible leakage into other areas could be included in the analyses. For retrogradeer

cases, the injection extended over a few sections. The core, however, was considered the sectio

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

2.6.2Neurolucida

Neurolucida (MBF Bioscience, MicroBrightfield Inc.) was used to make a 3D overviegtie of
anterograde tracer injections (Figure 9). | used aneurolucida 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 studyl made a 3Bconstruction and edited
the file before exporing pictures viewed in a desired rotation.The picturewas overlayed with a
real image of a rat brain in Adobe lllustratorCS6and the delineation of areas and the injections

were mapped onto the brain image.

2.6.3Analysis of labelling

When analysing the anterogradetracer cases, it is 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 genetgl 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 makelres 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 ofOFC

The delineations of both OFC and PPC have varied over the last years, and for PPC, delineation
criteria from Olsen and Witter (pers. com.jvere agreed on and presented in the introduction. For
OFC, we have delineated the subregions slightly different from previous studidsased 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 GFC

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

MO

MO males up the medioventral part OFC and bordergO laterally and medially to PL in anterior
sections and IL in posterior sections Figure 8). MO fades away at the level where OFC rges
with AOD (Figure 8, EF). This is different fromVan De Werd and Uylings (2008where MO
extendedthrough the whole extent of OFC, but similar to what is described lyinley et al. (2013).
Cytoarchitectonically, MO can be distinguished from PL Bgyers|, Il and Ill. Cells in PL layer I
AOA OPAOOGAI U PAAEAA APPAAOEIC 1 EEA A Ol ECEO
homogenously packed and looks denser compared to MO layer Il, whiis more loosely packed

x EOE O brhdisi gyAr@ 6f MO also has a more diffuse transition into layer I1l. MO layer Il
has bigger cells compared to VO. Area IL appears as the least differentiated of all areas, making
the distinction between layers1l and Il almost impossible which is in agreenent with Kondo and
Witter (2014) .

VO

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

heterogeneous than in MO.
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VLO

6,/ EO OEOOAOAA A Qitdidr AinabfiEshre, @hidh @ds Be§crided®yWarEDE

Werd and Uylings (2008)A Ghe dbrsally directed indentation in the orbital cortical surface, which

occurs in the middle of the line between the medial andilOA OAT OEAA 1T £ OEA E£EO
borders VO medially and LO laterally Figure 8), having a balloorformed shape.In anterior

sections, the frontal association cortex and secondary motor cortex make up its dorsal border

(Figure 8, AC;Paxinos and Watson, 2007)In posterior sections, where the forceps minor of the

corpus callosum comesinA OEET OOOEDPA 1T &£ OEA AT OAOET O Al AAA
dorsal border (Figure 8, EH). The anterior rhinal fissure defines its ventral border and as one

moves more posteriorly, VLO follows the fissuremaintaining its balloon-formed shaped.

Compared toKondo and Witter (2014), VLO is a bit broader in both the medial and lateral extent.

The main characteristic of VLO is in the layer Il cells, which lie in vertical columns towards the pial

surface, as previous describé by Van De Werd and Uylings (2008)Layer Il of VLO is thicker

compared to that in VO, and the border between layeil and Ill is less sharp. Layer Il and V cells

in VLO are less densely packed than in Vi@ posterior sections, cells of Cl are small @densely

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

LO

LO is situated laterally on thedorsal bank of the anteror rhinal fissure and bordersVLO medially.

In anterior sections, LO borders laterally to DLOPosteriorly to the appearance of tle forceps
minor of the corpus callosum DLO is replaced by AlRigure 8, E). This is commonly agreed on
among authors expect of irvan De Werd and Uylings (2008)in which Al appearsbetween VLO
and LO Cytoarchitectonically,layer 1l of LO isnarrow with dark, clustered cells, making a visible
border to the columnar arranged cells in VLO. Layers Il and Il are somewhat easier to separate
compared to VLO and DLO.

DLO

DLO makes up the most lateral part of the ventral bank of thengerior rhinal fissur e, and borders
LO medially and Al laterally(Figure 8, AD). At the level where theforceps minor of the corpus
callosumappears, DLGsreplaced by Al, which is similar to whavan De Werd and Uylings (2008)
described. In contrast, in Kondo and Witter (2014), DLO extends more posteriorly.
Cytoarchitectonically,layers|l and Il of DLO are more difficult to distinguish compared ton LO.
Cells in layer Il of DLO are larger compared toin LO, and layer V of@has large, loosely packed

cells.Compared to O, Al has clearer lamination.
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Figure 8. Delineation of the whol@nterior-posterior extent of OFGnh coronal sections including only the right hemisphere
(A-l). Scale bar 1000 umFor abbreviations, see list of abbreviations.
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