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NORGES TEKNISK-NATURVITENSKAPELIGE UNIVERSITET
FAKULTET FOR MEDISIN OG HELSEVITENSKAP

Parietal-frontal arkitektur, forbindelser og representasjon av handlinger i gnagere

Posterior parietal korteks (PPC) og frontal-motoriske hjernebarkomrader er viktige for en rekke
kognitive prosesser, inkludert sensorimotorisk integrasjon, beslutningsprosesser, planlegging og
utfgrelse av malrettede handlinger. | samtlige pattedyr er PPC og frontal-motoriske
hjernebarkomrader koblet sammen med sterke nevrale forbindelser som danner det parieto-frontale
nettverket. Her er ‘speilnevroner’, som fgrst ble oppdaget i primater, kanskje det mest kjente
eksemplet pa sensorimotorisk integrasjon. Gnagere har en stadig stgrre rolle i studier av de celluleere
mekanismene i kognitive prosesser i PPC og frontale kortikale omrader. Denne avhandlingen tar sikte
pa & beskrive de anatomiske og funksjonelle egenskapene i dette nettverket i bade mus og rotter. Den
fgrste studien i avhandlingen gir en anatomisk beskrivelse av PPC i forhold til nzerliggende
ekstrastriatale omrader i musehjernen. Tidligere definisjoner av PPC i mus har vaert upresise, noe som
kompliserer tolkningen av funksjonelle studier. Min studie viser at PCC i mus er lik PPC i rotter og er
delt inn i tre forskjellige anatomiske omrader; medial, lateral og posterior PPC (henholdsvis mPPC,
IPPC og PtP). Hvert av disse omradene overlapper delvis med anteriore aspekter i flere extrastriate

omrader.

| den andre studien undersgkte jeg om forbindelsene mellom PPC og frontale cortices langs midtlinjen
i rottehjernen er topografisk organisert pd samme mate som rapportert i primater. Denne studien
viste at PPC har en sterk topografisk forbindelse til sekundaer motorisk cortex (M2), hvor mPPC
fortrinnsvis er koblet med den posteriore delen av M2, mens IPPC og PtP er forbundet med den
mellomliggende anterior-posteriore delen. Forbindelser med orbitofrontal cortex hadde en tendens
til & strekke seg fra medialt til lateralt, hvor mPPC fortrinnsvis er koblet til den mediale halvdelen,
inkludert det mediale og det ventrale underomradet. IPPC og PtP, derimot, er fortrinnsvis forbundet
med den mediale og sentrale delen av ventrolaterale orbitofrontal cortex. Funnene av topografisk
organiserte forbindelser med M2 indikerer heterogenitet i bade PPC og M2 i gnagere, noe som fgrte
til den siste studien i avhandlingen. Her ble det undersgkt om nevroner i M2 og PPC i musehjernen
koder for utfgrte sa vel som observerte handlinger slik som de gjgr i primater. Ved a bruke in vivo
kalsiumavbildning fant vi at bade M2 og PPC stabilt koder for en rekke naturalistiske atferder som
musen utfgrer, men at slike responser ikke forekommer nar den samme musen observerer lik atferd

hos en annen mus.



Oppsummert har jeg (i) definert PPC anatomisk i mus og (ii) vist at underregioner av PPC i rotte er
gjensidig forbundet med frontale hjernebarkomrader lang midtlinjen av hjernen pa en topografisk
mate, likt som i primater. (iii) | mus koder nevroner i M2 og PPC palitelig for utfgrte handlinger, men
ikke observasjon av lik atferd i andre mus, noe som tyder pa at det er begrensninger for den

funksjonelle likheten mellom PPC og frontale hjernebarkomrader i gnagere og primater.
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ABSTRACT

The posterior parietal cortex (PPC) and frontal motor cortices are important for a variety of cognitive
processes including sensorimotor integration, decision-making, planning and execution goal-directed
actions. Across mammals, PPC and frontal motor cortices are strongly connected and form the parieto-
frontal network, where ‘mirror’ neurons, perhaps the most famous example of sensorimotor
integration, were first discovered in primates. Since rodents are serving an ever-greater role in
studying the cellular mechanisms of cognitive processes in PPC and frontal cortical areas, the work in
this thesis aims to describe the anatomical and functional properties of this network in both mice and
rats. The first study in the thesis provides an anatomical description of the mouse PPC relative to the
neighboring extrastriate areas, since PPC in mice is poorly defined, which confounds the interpretation
of functional studies. | show that, like in rats, the mouse PPC is divided into anatomically
distinguishable medial, lateral and posterior subdivisions (mPPC, IPPC and PtP, respectively), and that
each of these areas partly overlaps with anterior aspects of multiple extrastriate areas. Second, |
investigate whether the connections of rat PPC with frontal midline cortices are topographically
organized as reported in primates. The results reveal that PPC is strongly connected with secondary
motor cortex (M2) in a topographical manner, such that mPPC is preferentially connected with the
most posterior portion of M2, whereas IPPC and PtP connect with the intermediate anterior-posterior
portion. Connections with orbitofrontal cortex showed a medial-to-lateral trend, where mPPC
preferentially connects with the medial half, including the medial and ventrolateral subregions. IPPC
and PtP are preferentially connected with the medial and central portion of the ventrolateral
orbitofrontal cortex. The topographical organization of connections with M2 indicates heterogeneity
in both PPC and M2 in rodents, which prompts the final study in the thesis probing whether neurons
in mouse M2 and PPC encode performed as well as observed actions like in primates. Using in vivo
calcium imaging, we show that both M2 and PPC stably encode a variety of naturalistic behaviors when
performed, but that such responses do not occur when the same animals observed the same
behaviors being performed by another animal. In summary, | have (i) defined PPC anatomically in the
mouse and (ii) shown that the rat PPC subregions are reciprocally connected with frontal midline
cortices in a topographical manner, like in primates. (iii) In mice, neurons in M2 and PPC reliably
encode performed but not observed behaviors, suggesting that that there are limits to the functional

similarity of PPC and frontal cortices in rodents and primates.
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ABBREVIATIONS

Cortical areas

e AGm, Medial agranular motor cortex

e Au, Auditory cortex

e (g, Cingulate cortex

e cM2, Caudal secondary motor cortex

e EC, Entorhinal cortex

e FEF, Frontal eye fields

e iM2, Intermediate secondary motor cortex
e |PL, Inferior parietal lobule

e IPS, Inferior parietal sulcus

e |PPC, Lateral posterior parietal cortex
e M1, Primary motor cortex

e M2, Secondary motor cortex

e MO, Medial orbitofrontal cortex

® MOs, Secondary motor cortex

e mPPC, Medial posterior parietal cortex
e POR, Postrhinal cortex

e PPC, Posterior parietal cortex

e PtP, Posterior part of parietal cortex

e M2, Rostral secondary motor cortex

e RSA, Agranular retrosplenial cortex

e RSC, Retrosplenial cortex

® RSG, Granular retrosplenial cortex

e S1, Primary somatosensory cortex

e S1B, Barrel fields of primary somatosensory cortex
e SPL, Superior parietal lobule

e STS, Superior temporal sulcus

e Te, Temporal association cortex

e V1, Primary visual cortex

e V2L, Lateral secondary visual cortex

e V2M, Medial secondary visual cortex

e VLO, Ventrolateral orbitofrontal cortex
e VO, Ventral orbitofrontal cortex



Extrastriate areas

A, Anterior area

AL, Anterolateral area

AM, Anteromedial area

LI, Laterointermediate area
LM, Lateromedial area
MM, Mediomedial area

P, Posterior area

PM, Posteriomedial area
RL, Rostrolateral area

Subcortical areas

DLG, Dorsal lateral geniculate nucleus

LD, Laterodorsal nucleus

LP, Lateral posterior nucleus

LPIr, Lateral posterior nucleus, anterolateral part
LPmr, Lateral posterior nucleus, anteromedial part
Po, Posterior thalamic nuclear group

SC, Superior colliculus

VPM, Ventral posterior nucleus, medial part

Orientation

A, Anterior
C, Caudal
D, Dorsal

L, Lateral
M, Medial
P, Posterior
R, Rostral
V, Ventral

Visualized protein and tracers

BDA, Biotinylated dextran amine 10KD

FB, Fast Blue

FG, Fluorogold

PHA-L, Phaseolus vulgaris leucoagglutinin

PV, Parvalbumin

M2AChR, Muscarinic acetylcholine receptor type 2
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INTRODUCTION

How the brain generates voluntary movements in a seemingly effortless way in everyday life, like
reaching for a cup of coffee, is one of the fundamental questions in neuroscience. To produce the
complex series of motor actions necessary to grasp the cup, the brain first needs to integrate and
combine multiple sensory information including visual, proprioceptive and somatosensory inputs. For
example, information such as the position of the cup relative to the hand, the shape of the cup’s
handle, as well as the posture, motion and location of your hand compared to the cup are crucial to
correctly execute the movement (Andersen and Buneo, 2002). These kinds of sensorimotor
transformations are essential to our daily life, and some of the best-studied computations take place
along the visuo-motor pathway, in the posterior parietal cortex (PPC) and frontal motor areas with

which it is connected.

Early in the processing stream of human and primates, visual information diverges from primary visual
cortex into dorsal and ventral visual processing pathways. The ventral stream, which projects towards
higher visual and temporal areas, is thought of as the ‘what’ pathway and subserves recognition and
discrimination of visual shapes and objects. The dorsal stream, which projects via higher visual areas
towards PPC and motor regions was originally called the ‘where’ or ‘action’ pathway, and is important
for integrating visual information into meaningful actions (Ungerleider et al., 1982; see Goodale, 2011
for review). This knowledge, like much of what is known about the human brain, came from lesion
studies in patients who suffered from brain injury or stroke. Damage to the temporal lobe was found
to produce deficits in the perception of objects, whereas damage to the parietal lobe often led to
difficulties in guiding spatial movements. These and other symptoms following PPC lesions were
summarized by the Austro-Hungarian neurologist Rezs6 Balint, who proposed that the parietal lobe
constructs a map of peripersonal space and the coordination of actions in it (Whitlock, 2017). One of
the symptoms he described following damage to the parietal lobe was optic ataxia, the inability to
reach for an object in front of oneself, which provided some of the earliest evidence that PPC is
involved in visual-motor integration. Several decades later, Goodale and Milner (1992) hypothesized
that the dorsal stream is a key cortical substrate supporting ‘vision for action’. This was mostly based
on the essential role played by the parietal lobe in extracting sensory information about one’s own
body and the external world in order to guide and plan movements, independently from or in parallel

with perceptional processing of the input.

PPC, together with the ventral premotor, primary and supplementary motor cortices are crucial for
planning and executing simple as well as more complex goal-directed actions (Andersen, 1997). It is in

the same parieto-frontal system that ‘mirror’ neurons are also found (Gallese et al., 1996;Rizzolatti et

1



al., 1996), which are neurons that fire both when an animal perform an action and when it observes
the same action performed by another. These neurons are thought to have the capacity to represent
the actions of others internally through the convergence of numerous inputs from several high-level
sensory and motor areas (Rizzolatti et al., 1996). Despite years of research, a simple biological model
for the mirror mechanism and knowledge about the neural pathways necessary for mirror neuron

properties to emerge, are still lacking, which could be easily addressed in another species like rodents.

In this thesis, | present studies on the anatomical connectivity and functional organization of the
parieto-frontal system in rodents, and test whether sensorimotor integration in this system in mice

generates mirror-like neurons as described in primates.

The location of the posterior parietal cortex in primates and rats

The parietal cortex derives its name from the overlying parietal bone and is commonly divided into a
posterior part, PPC and an anterior part, the somatosensory cortex. While the latter mainly processes
somatosensory and proprioceptive information from the peripheral nervous system, PPC combines
information from virtually all sensory modalities, as well as from motor and frontal cortices, and is
therefore considered an associative area (Whitlock et al., 2008). It supports a variety of cognitive
functions, including linking sensory cues with motor actions (sensorimotor integration), decision-

making, spatial navigation and early motor planning.

PPC has been described in many mammals including humans, monkeys and rats, and the comparative
location and anatomical organization is presented in Figure 1 (Whitlock, 2017). In humans, PPC
consists of four cytoarchitectonically defined regions surrounding the intraparietal sulcus
(IPS); Brodmann areas 5 and 7 on the superior parietal lobule dorsal to IPS, and areas 39 and 40 on
the inferior parietal lobule, ventrally (Brodmann, 1909). Brodmann also subdivided the macaque
PPC into two subdivisions: an area 5 dorsal to, and an area 7 ventral to, the IPS (Figure 1,
middle). Later, a homologue to monkey area 7 was found in the rat based on its location between
somatosensory and visual cortices and its similarity in cyto- and myeloarchitecture (Krieg, 1946). The
existence of PPC in rats was for a long time a matter of debate that led to diverse delineations of
PPC. In particular, PPC’s anterior-posterior and mediolateral extent greatly varied between
studies, and the border with secondary visual cortex was particularly challenging to demarcate

(see Whitlock et al., 2008).
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Figure 1. lllustration of the location of the posterior parietal cortex relative to neighboring areas in humans, macaques and
rats. Modified from Whitlock, 2017.

Several factors contribute to this variability between PPC studies. First, the rodent cortex is smooth
and lacks sulci and gyri, thus making it challenging to distinguish neighboring areas of cortex. Second,
PPC is characterized by poor cytoarchitectonic laminar differences, which contrasts with the
neighboring primary somatosensory (S1) and visual cortices. However, thalamocortical connectivity
has proven an additional useful tool for distinguishing cortical regions (Lashley, 1941). In the rat, PPC
has been shown to connect with the posterior complex (Po) and lateral posterior nucleus (LP) (Kolb
and Walkey, 1987;Chandler et al., 1992;Reep et al., 1994;Kamishina et al., 2009;Wilber et al., 2015),
which are considered homologue areas to the primate anterior and medial pulvinar complex,
respectively, with which the primate PPC is strongly connected (Jones, 2007). To better characterize
PPC, a comprehensive study by Olsen and Witter (2016) divided the rat PPC into three subregions — a
medial (mPPC), a lateral (IPPC) and a posterolateral posterior parietal cortex (PtP) — and differentiated
them from the neighboring cortical areas based on a combination of cyto- and chemoarchitecture and
thalamic connectivity (Figure 2). This study showed subregional differences in thalamic connectivity
pattern - mPPC is preferentially connected with Po and LP, whereas IPPC and PtP connect with Po,
suggesting that the rat PPC is a heterogenous region like in primates. This claim was supported in
another study by the same authors where they showed that the different subregions of PPC have
different preferential connectivity with the parahippocampal regions (Olsen et al., 2017), a part of the
brain important for spatial navigation (Moser et al., 2008). These connections have also been
described previously and are overall sparse (Reep et al., 1994;Burwell and Amaral, 1998a;Agster and

Burwell, 2009).



[mPPC|  [IPPC PP V2M/V2L

\\.,\ N\ et
VP Po Rostromedial Lateral LD DLG
complex| (complex| | LP nucleus | |LP nucleus| |nucleus| |[nucleus|

Figure 2. Location of PPC relative to neighboring areas in the rat (left) and the projections of PPC subregions and neighboring
areas to the thalamus (right). For abbreviations, see list of abbreviations. Modified from Olsen and Witter (2016).

Location of PPC relative to extrastriate areas in mice

As with rats, the posterior parietal cortex in mice is located between the visual and somatosensory
cortices. If the rodent visual streams resemble those of primates, PPC in mice should be at the ‘end’
of the dorsal stream. Researchers have indeed proposed analogs to the dorsal (‘where’/ ‘action’)
stream and ventral (‘what’/ ‘perception’) visual streams in mice by mapping the connectivity of
extrastriate areas (Wang et al., 2011;Wang et al., 2012). In rodents, the primary visual cortex (V1) has
been estimated to be surrounded by as many as 10 extrastriate areas based on extrinsic V1 projections
(Montero et al., 1973;0lavarria et al., 1982;Wang and Burkhalter, 2007), with each one processing
different spatial and temporal information (Marshel et al., 2011). Extrastriate areas medial and/or
anterior to V1 (PM, AM, A, RL and AL) are preferentially connected with parietal, motor and limbic
cortices, resembling a dorsal stream of visual information flow (Wang et al., 2012). Laterally and
posteriorly located areas (LM, LI, P and POR), in contrast, are strongly linked to temporal and
parahippocampal areas, forming a ventral stream. Based on this, PPC should participate in the dorsal
stream, however, the exact location of PPC relative to, and whether it overlaps with, extrastriate areas
is not known in mice. This is also of particular interest since retinotopic mapping of extrastriate areas
has been used to locate PPC functionally (Krumin et al., 2018;Mohan et al., 2018), and recent years
have seen a drastic increase in the number of functional studies of PPC in mice due to technological
advantages, such as large scale calcium imaging (see paper 3). However, studies in rodents do not
always agree on the anatomical location of PPC, and can rely on the locations of extrastriate areas to
approximate the location of PPC for neural recordings (Runyan et al., 2017). Thus, it would be of great
interest to establish a coherent anatomical definition of PPC and to establish the correspondence
between different nomenclatures and delineations from parallel lines of work (Paxinos and Franklin,
2012;0h et al., 2014), in addition to its position relative to extrastriate areas in mice. This would
provide as a resource applicable to any study to avoid confounding the interpretation of the wealth

of new literature.



The first paper therefore describes the mouse PPC based on cyto- and chemoarchitecture as well as
projections to the thalamus and cortico-cortical connectivity, and locates PPC relative to extrastriate

areas to establish correspondence between differing nomenclatures used to refer to PPC.

Connectivity of the parieto-frontal system

Connections of PPC in rodents

The rodent PPC is considered a multimodal association cortex based on its vast connectivity with other
cortical and subcortical regions (Figure 3). PPC receives input from many sensory cortices including
the somatosensory, auditory as well as primary and secondary visual cortices (Whitlock, 2017). Lesion
studies have suggested that reciprocally connected areas including PPC, the secondary motor cortex
(M2), the anterior cingulate cortex (ACC), and the ventrolateral orbitofrontal cortex (VLO) are involved
in directed attention (Kolb and Walkey, 1987;Chandler et al., 1992;Conte et al., 2008). Damage to
either PPC, M2, VLO or the connections between PPC and M2 typically produce contralateral neglect
— the inability to attend to the space contralateral to the lesion (King et al., 1989;Chandler et al.,
1992;Burcham et al., 1997). Further, PPC receives input from M2, S1, V2, auditory, VLO as well as the
medial orbitofrontal cortex (MO; Reep et al., 1994), and it is reciprocally connected with retrosplenial
cortex (RSC; Olsen et al., 2017). The orbitofrontal cortex (OFC) is important for value based decision-
making and behavioral flexibility (Rolls, 2000;Wallis, 2012), and could influence and inform PPC about
appropriate actions and their expected outcomes. The posterior parietal connections with the
parahippocampal system, a region important for spatial navigation, are weak, and the bulk of
functional interactions are likely via postrhinal cortex (POR), presubiculum (PrS), or RSC (Reep et al.,
1994;Burwell and Amaral, 1998b;Agster and Burwell, 2009;0lsen et al., 2017). Subcortical vestibular
and cerebellar input reaches PPC via the thalamus and suggests involvement in motor functions
(Giannetti and Molinari, 2002;Smith et al., 2005). PPC further projects to the intermediate layers of
the superior colliculus, which is involved in directing gaze and orienting behavior (Wang and
Burkhalter, 2013), and the dorsocentral striatum (Reep et al., 2003), important for directed attention

and action selection.
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Figure 3. Connectivity of PPC with cortical and subcortical areas in rodents. Adapted from Whitlock, 2017.

Connections of the frontal motor cortex in rodents

The primate frontal cortex can be divided into an anterior portion, involved in higher order cognitive
functions, and a posterior motor region that controls movements (Rizzolatti and Luppino, 2001). While
it is still a matter of debate if rodents have truly homologous prefrontal cortical subdivisions (Carlén,
2017), they most certainly have a prominent frontal motor cortex including the primary (M1) and
secondary motor cortices (M2), which are important for executing and voluntary control of actions,
respectively. Homologs to the prefrontal cortex in rodents are therefore based on location and
thalamic connectivity, in particular by receiving input from medial dorsal (MD) nucleus of the
thalamus, which is a defining feature of prefrontal cortex in primates (Rose and Woolsey, 1948;Carlén,
2017). In rodents, connections with the MD nucleus are found with M2 as well as OFC, prelimbic (PL),
infralimbic (IL), cingulate (ACC) and agranular insular regions, but not with M1 (Barthas and Kwan,
2017). Of these areas, M2 is of particular interest since it, similarly to PPC, is considered a critical area
for linking sensory cues with motor actions, and thereby constitutes an important node in the circuitry
for control of voluntary actions. M2 is also called medial agranular motor cortex (AGm) or secondary
motor cortex (MOs), and based on physiological and anatomical features is thought to be a
combination of or a precursor to the primate frontal eye fields and supplementary motor areas. As in
primates, the rat M2 has extensive cortical connectivity including connections with visual, parietal,
somatosensory, auditory, retrosplenial and orbital regions (Barthas and Kwan, 2017). The anterior

regions of M2 process more somatosensory input, whereas the posterior region of M2 receives other



sensory input including visual (Reep et al., 1990). M2 also plays a role in controlling motor behavior,
which is supported by projections along the cortico-spinal tract to the spinal cord, to the deep layers
of the superior colliculus (SC), and to subcortical brainstem oculomotor nuclei. Interestingly,
projections from PPC and M2 co-terminate in the same portions of the dorsocentral striatum, a region

crucial for motor control, directed attention and multimodal processing (Reep et al., 2003).

Topographical connectivity of PPC

In primates, the input of somatosensory and visual information is topographically organized within
the different subdivisions of PPC. Processing of visual information is more dominant in the posterior
medial area 7a, whereas somatosensory information in preferentially processed in anterior-lateral
areas 7b (Hyvérinen, 1981;Andersen et al., 1987;Cavada and Goldman-Rakic, 1989a;Andersen et al.,
1990;Rozzi et al., 2008). Furthermore, the different subregions of PPC are preferentially connected to
areas of motor cortex that control motor responses for corresponding body parts (Cavada and
Goldman-Rakic, 1989b;Andersen et al., 1990;Neal et al., 1990;Rizzolatti and Luppino, 2001;Rozzi et al.,
2006;Gharbawie et al., 2011a), which likely facilitates spatially-informed, goal-directed movements of
the eye, hand, arm, and possibly the whole-body (Johnson et al., 1996;Andersen, 1997;Wise et al.,
1997).

Similar to primates, recent studies have also shown that PPC and frontal cortices in rodents play a role
in guiding behavior, with the firing patterns of neurons in each region seem to predict upcoming
movements (Erlich et al., 2011;Whitlock et al., 2012;Raposo et al., 2014;Erlich et al., 2015;Hanks et al.,
2015). PPC-frontal connections have previously been described in rats (Reep et al., 1984;Kolb and
Walkey, 1987;Reep et al., 1987;Reep et al., 1990;Reep et al., 1994;Condé et al., 1995;Reep et al.,
1996;Hoover and Vertes, 2007;2011) and mice (Harvey et al., 2012;Wang et al., 2012;0h et al., 2014)
using anatomical tracers. However, it is yet not known whether these connections are topographically
organized like in primates, which limits functional analyses of PPC and frontal cortical areas. In
particular, if the different subregions of PPC relate to frontal cortices in an organized manner, it would
suggest heterogeneity in the parieto-frontal system in rodents, as seen in primates. Understanding
how these areas interconnect in rodents would thus allow for more informed comparisons of the

function of parieto-frontal network across species.

The second paper therefore aims to illuminate the topographical connectivity of the three different
PPC subregions (mPPC, IPPC and PtP) with the frontal midline and motor cortices (OFC, ACC, M2, M1)

in rats.



Neural representation of actions in the parieto-frontal system

More than a century of research in humans and primates has led to the identification of several brain
areas crucial to the planning of actions, including supplementary, pre- and primary motor cortices as
well as prefrontal and parietal areas (Wise, 1985;Andersen, 1997;Miller and Cohen, 2001). Among
these, PPC processes high-level cognitive functions related to actions, including early movement
planning, in the form of sensorimotor integrations and the formation of conscious intentions
(Andersen and Buneo, 2002). Primate studies are nearly always carried out with head-fixed subjects
that execute precise movements using their hands or eyes, and have traditionally focused on
attention, decision making or other higher-order cognitive functions. Efforts over the past 15 years
have made it possible to address similar questions using rodent paradigms, in which the subjects can
move freely, by designing tasks that isolate decision-making and goal-directed behaviors. These
include tests of visual attention (Broussard et al., 2006), working memory (Harvey et al., 2012),
decision-making (Raposo et al., 2012;Brunton et al., 2013) and motor planning (Erlich et al., 2011),

which have facilitated the unravelling of the neural circuit mechanisms supporting these functions.

One of the most remarkable properties of neurons in the primate parieto-frontal system is the ability
to not only encode first-person, but also third-person actions. That is, the posterior parietal and
premotor regions contain ‘mirror’ neurons, which fire both when an animal performs an action and
when it observes a conspecific performing the same action (Gallese et al., 1996;Rizzolatti et al.,
1996;Fogassi et al., 2005). Mirror neurons are thought to provide a cellular link between perception
and action, which could be critical for several cognitive functions including observational learning,
imitation and empathy. Mirror neurons were first discovered in monkeys, in a part of the ventral
premotor cortex, area F5 (Gallese et al., 1996;Rizzolatti et al., 1996), but were later found in the
monkey parietal lobe (Fogassi et al., 2005), in area HVC of swamp sparrows (Prather et al., 2008), as

well as in several cortical regions in humans (lacoboni and Mazziotta, 2007;Mukamel et al., 2010).



Figure 4. Lateral view of the macaque brain showing subdivisions of frontal motor and posterior parietal cortices. Boxed areas
show the areas located on the inside of the arcuate and intraparietal sulci. Mirror neurons were first found in area F5 and
PFG. Adapted from Rizzolatti et al. (2009).

The ventral premotor area F5 (Figure 4C) contains two different classes of visuo-motor neurons: 1)
canonical neurons that fire when a monkey observes an object-directed action (Rizzolatti and Luppino,
2001), and, 2) mirror neurons, which are active ‘both when the monkey performed a given action and
when it observed a similar action performed by the experimenter’ (Gallese et al., 1996). For mirror
neurons to fire, goal-directed interactions between the object and the agent of action are required,
and most commonly involves the hand and mouth as effective agents. In the classical studies, a
monkey was trained to reach and grasp a piece of food and to watch the experimenter do the same
task (Figure 4 A, B). Single neuron recordings showed that F5 neurons fired both when the animal
reached for an object, and when the monkey observed the action being performed by another monkey

or human.

Mirror neurons in inferior parietal lobule (IPL) area PFG (Figure 4C), which corresponds to Brodmann
area 7 (as denoted in Figure 1), were found to encode sequences of goal-directed actions such as
‘grasping-to-place’ and ‘grasping-to-eat’ (Figure 5), responding differently when the same action was
embedded in a different sequence of goal-directed behavior (Fogassi et al., 2005). It was concluded
that mirror neurons with these properties would allow the observer to predict the intention of an

action, enabling action recognition, and not only code for perceived motor acts per se.



B Motor responses of mirror neurons
Unit 67 Unit 161 Unit 158
o P |, -

- AT SV S T DO T

Grasp g |
toplace % 0] (o s | L.“

c Visual responses of mirror neurons
Unit 87 Unit 39 Unit 80

s

Grasp
to eat

SN e J

Grasp |

toplace i ol i e Y |
1s

Figure 5. Action-constrained neurons in the monkey IPL. A) Experimental set-up. Grasping-to-eat and grasping-to-place mirror
neurons fire during the performance of the action (B) and observation of the same actions being performed by the
experimenter (C). Adapted from Rizzolatti et al. (2009).

Despite years of research and considerable speculation on the function of mirror neurons, a simple
biological model for the mirror mechanism—of the neural pathways necessary for mirror neuron
properties to emerge—is still lacking. Interestingly, several studies have revealed that the rodent
parietal cortex and frontal motor cortices, as in primates, mediate functions consistent with the
presence of a higher motor system for action control (Erlich et al., 2011;Harvey et al., 2012;Whitlock
et al., 2012;Raposo et al., 2014), as well as the capacity for observational learning, basic forms of
empathy and social modulation of learning (Panksepp and Lahvis, 2011;Zentall, 2012). Considering
these similarities, in addition to comparable anatomical connectivity, it would be of interest to explore
whether the rodent M2 and PPC are involved in action recognition as shown in monkeys and humans.
That is, do rodents exhibit sensorimotor mirror matching in the parieto-frontal system in the form of
mirror neurons, or is mirroring a more recent adaptation suited to the needs of only a few specific
niches? Finding such representations in rodents would open the door to an array of investigations into
the cellular and circuit basis of the mirror neuron, beyond what is currently feasible in monkeys and

humans.

The third paper in this thesis aims to investigate whether the same neurons that represent first-person
actions also code for observed actions, and whether ‘mirror’ neurons occur in the homologue areas

M2 and PPC in mice as in primates.
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OBJECTIVES

Integrating sensory information with motor output is essential to create meaningful behaviors, and
the primate visuo-motor system is one of the best-studied examples of sensorimotor integration. Such
computations enable the generation of movement intentions prior to motor output, as well as mirror
neurons of the parieto-frontal system, at the end of the dorsal visual stream. In rodents, however, it
is still unclear exactly whether or how PPC fits into a similar regime, both in terms of function and
anatomy. For example, where PPC is located relative to the extrastriate areas in the dorsal stream,
and whether the connections of the parieto-frontal network are topographically organized, are yet to
be established. Similarities in anatomical connections would further suggest that sensorimotor
integration could be implemented in a similar manner in rodents as in primates. The objectives of this

thesis are thus threefold.

1) Paper 1 aims to characterize the mouse PPC based on cyto- and chemoarchitecture, thalamic
projections and cortico-cortical connectivity. Further, it aims to register the location of PPC
relative to extrastriate areas so as to establish correspondence between nomenclatures used to
describe mouse PPC.

2) Paper 2 aims to determine if the reciprocal connections between PPC subregions and frontal
midline and motor cortices are topographically organized rats as they are in primates.

3) Paper 3 aims to investigate whether neurons in mouse M2 and PPC encode both performed and
observed actions, as a critical test of whether sensorimotor mirroring occurs in the parieto-frontal

network, as described in primates.
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SYNOPSIS OF METHODS

Paper 1 | Architecture and organization of the mouse posterior parietal cortex relative to
extrastriate areas

In the first paper, | used 14 adult C57BL/6JBomTac mice to describe the anatomy of the posterior
parietal cortex (PPC), its positioning in relation to higher visual areas, and its connectivity with other
cortical areas. One mouse was perfused with PFA (4%) and the brain was cut in coronal sections to
describe and delineate PPC and surrounding cortices based on cyto- and chemoarchitecture as
revealed by nissl-, parvalbumin- (PV) and muscarinic acetylcholine receptor M2 (MAChR2)-staining.
Anterograde tracing was performed using the tracers 10KD Biotinylated dextran amine (BDA),
dextran-488 and dextran-546. Bilateral, triple injections were successfully made into the left and right
hemispheres of the primary visual cortex (V1; N=5) or PPC by iontophoresis (N=4). After one week, the
animals were transcardially perfused using ringer’s solution and freshly prepared PFA (1%). Shortly
after perfusion, the brains were cut in half along the midline and the right hemisphere was placed in
a container with PFA (4%) to fixate overnight, followed by cryoprotective solution the next night. The
hemisphere was cut in coronal sections (40um) in three series on a freezing microtome. The first series
was processed with nissl-staining, the second was stained histochemically against BDA (streptavidin-
633), and the third was stained against MAChR2. The left hemisphere of the brain was dissected, the
cortex was flattened and placed between two microscope glasses in PFA (4%) to fixate overnight,
followed by a cryoprotective solution. It was cut in 50um thick ‘flattened tangential’ sections in one
series, which underwent histochemistry against BDA (streptavidin 633). Retrograde tracing was
performed by first injecting a helper AAV virus into PPC (AAV1.CamKI10.4.Cre.SV40 + AAV5-syn-FLEX-
splitTVA-EGFP-B19G) and, after 12 days, the rabies virus (EnvA-pseudotyped SAD-DeltaG-mCherry)
was injected in the same location. After a survival time of 11 days, the animals (N=4) were perfused
and subsequently the brains were cut in coronal sections (40um). All brain sections were digitized with
a scanner and selected sections were scanned with a confocal microscope for higher resolution

images.
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Paper 2 | Organization of the posterior parietal-frontal cortical connections in the rat

We analyzed data from 74 injections of anatomical tracers (BDA, PHA-L, FB, FG) in 61 Sprague Dawley
rats. Most cases were obtained in previous work (65 cases), whereas some cases with successful
injections of anterograde and retrograde tracers were incorporated to supplement this study (9
cases). In short, animals were anesthetized with isoflurane and injected with anterograde and/or
retrograde tracers in orbitofrontal, posterior parietal and medial frontal cortices (Figure 6). After a
survival time of 1-2 weeks, the animals were transcardially perfused using ringer’s solution followed
by PFA (4%). The brains were kept in fixative overnight, moved to a cryoprotective solution and later
cut on a freezing microtome in 50um coronal sections in six series. Two or more series of sections
were processed to visualize the retrogradely labeled cells and anterogradely labeled fibers. Borders
between brain areas were established on the adjacent Nissl stained sections, which were delineated
based on the characteristic cytoarchitectonics of the areas. We carefully described the location and
topography of cells and fibers in posterior parietal, frontal midline and orbitofrontal cortices. | also
extrapolated digital flatmap representations of the locations of fibers in cingulate, secondary and
primary motor cortices originating from the three subregions of the posterior parietal cortex (mPPC,
IPPC and PtP). Cases with injections in the same areas were grouped together and average flatmaps

were made to compare the topography of labeling in frontal cortices across the three groups.

Retrograde FB, FG
—
Soma Axons
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Figure 6. Traditional retrograde and anterograde anatomical tracing. The retrograde FB and FG are taken up by axons and
transported back to the soma. The anterograde tracers BDA and PHA-L are taken up by dendrites and soma and transported
towards the axons. For abbreviations, see list of abbreviations. The figure is modified with permission from Hegstad (2019).
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Paper 3 | Action representation in the mouse parieto-frontal network

Data from eight wild type C57BL/6 female mice were included in the third paper. The animals were
injected with a GCaMP6m-virus (AAV1.Syn.GCaMP6m.WPRE.SV40) into the secondary motor cortex
(M2; Figure 7 A, left) or the posterior parietal cortex (PPC). GCaMP6ém is a calcium indicator that, under
the h-Syn promoter, expresses in all neuron types. One week post infection, a gradient refractive index
lens (GRIN) attached to a prism (Inscopix) was implanted into the brain at the same location, and a
headbar was cemented onto the skull to allow for head-fixation. The animals were trained gradually
to (i) perform a pellet-reaching task in which they had to reach for food pellets and turn in a circle
each time to get another, and (ii) be head-fixed in a tube during observation of the task. After
approximately ten days, animals with strong GCaMP6m expression had a baseplate cemented onto
the head above the craniotomy to hold the miniature microscope at a suitable distance from the prism
to image neural activity during unrestrained behavior (Figure 7A, right). During recordings, the
miniaturized microscopes shine LED-emitted blue light through the prism onto the cortical neurons
expressing the calcium indicator. When the calcium indicator binds intracellular calcium it changes
configuration and emits fluorescent light. In our experiments, this approach was used to approximate
neural spiking activity across performance and observation of the pellet-reaching task (Figure 7B) and
an open field/wheel-running task. On a given day, an animal would both perform and observe the task
twice, allowing us to track the activity of the same neurons across conditions and evaluate the stability
of their behavioral coding. In addition, the behavior of both animals and the pupil of three observers
was recorded with high-resolution infrared cameras. After the experiments were done, the animals
were perfused and the recording sites were confirmed. The neural activity, measured as calcium
events (Figure 7B), was determined during performance and observation of up to nine naturalistic
behaviors, allowing us to investigate whether the same neurons coded for both performed and

observed behaviors.
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Figure 7. Experimental and behavioral design for calcium imaging in M2. A) Virus injection in M2 and localization of virus
expressing neurons, prism probe, baseplate and miniature microscope. B, middle) Two mice performing and observing the
pellet-reaching task with miniature microscopes recording the neural activity from each of their brains (see field of view on
each side). Below) extracted calcium traces of single neurons across time for performance and observation.
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SYNOPSIS OF RESULTS

Paper 1 | Architecture and organization of the mouse posterior parietal cortex relative to
extrastriate areas

The technological advantages of rodent systems have led to a drastic increase in the number of studies
utilizing mice to investigate PPC-dependent behaviors. However, a coherent anatomical definition of
PPC in the mouse is still lacking. In the first paper, | delineate mouse PPC, as with rats, into three
subregions consisting of mPPC, IPPC and PtP using cyto- and chemoarchitectural markers. PPC can be
distinguished from neighboring regions by its very homogenous lamination in the niss| stain, with
subtle differences between PPC subregions. These delineations are strongly supported by a sharp drop
in parvalbumin and staining against the muscarinic acetylcholine receptor 2 in PPC compared
neighboring areas. Several research groups currently use extrastriate areas to locate PPC in the brain,
though the exact location of PPC relative to these areas is not known. | therefore performed bilateral
triple anterograde tracer injections in primary visual cortex (V1) and prepared flattened tangential
sections from one hemisphere (to locate extrastriate areas), and coronal sections from the other. This
approach allowed me to co-register the cytoarchitectural features of PPC with projections from V1,
revealing that extrastriate area A is largely contained within IPPC, that mPPC overlaps with the anterior
portion of area AM, and that PtP overlaps partly with anterior RL. Furthermore, triple anterograde
tracer injections in PPC showed strong projections to associative thalamic nuclei as well as higher
visual areas, orbitofrontal, cingulate and secondary motor cortices. Retrograde circuit mapping with
rabies virus further showed that all cortical connections are reciprocal. These combined approaches
provide a coherent definition of mouse PPC that incorporates laminar architecture, extrastriate
projections, thalamic and cortico—cortical connections, which is highly similar to rats and topologically

comparable to primates (Figure 8).
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Figure 8. Summary of the location, architectural characteristics and connectivity of mouse PPC. (Left) approximation of PPC
location relative to extrastriate areas. (Upper right) cyto- and chemoarchitectural characteristics of PPC. (Lower right) PPC
projections to the thalamus and connectivity with cortical and subcortical areas. For abbreviations, see list of abbreviations.
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Paper 2 | Organization of the posterior parieto-frontal cortical connections in the rat

Increasing evidence suggests that the rodent posterior parietal cortex (PPC) plays a role in guiding and
controlling actions together with frontal cortical areas. In the second paper | describe the topography
of anatomical connections between the three subregions of PPC, the medial (mPPC), the lateral (IPPC)
and the posterolateral subregion (PtP), with frontal midline cortices using anterograde and retrograde
tracers. | show that each PPC subregion projects to secondary motor cortex (M2), and that the
reciprocal connections are arranged similarly. The connections follow a topographical organization,
such that mPPC preferentially connects with anterior and caudal portions of M2, whereas lateral IPPC
and PtP connect with the mid portion of M2. PPCis further connected with the cingulate cortex, mostly
with the dorsal portion (24b), although these connections are sparser than those with M2. mPPC
connects with rostral 24b, whereas IPPC and PtP connect with the more caudal portion of 24b.
Connections with M1 and mPPC preferentially involve the caudal portions of M1, whereas IPPC
connects with the mid portion and PtP with more rostral levels of M1, around the level of the genu of
corpus callosum. In order to compare these topographical connections across cases and subregions,
cases with injections into each of the three PPC subregions were grouped together and average
flatmaps for each region were made to highlight the topography described above. | also show that
PPC connections with the orbitofrontal cortex (OFC) are organized topographically in a medial-to-
lateral manner. Specifically, mPPC is connected to the medial parts of OFC, including medial orbital
(MO), ventral orbital (VO) and medial part of ventrolateral orbital (VLO) cortex. IPPC is connected to
medial part of VLO, while PtP is preferentially connected with the central portion of VLO situated
around the orbital notch. PPC is neither connected with lateral parts of OFC nor the prelimbic or
infralimbic cortices. Taken together, these results demonstrate a topographical organization of
connections between the different subregions of PPC and the frontal cortices (Figure 9). This could
suggest functional differences between the subregions of PPC and the frontal areas to which they are
connected; if so, it would be comparable to the heterogeneity seen in the primate parieto-frontal

system.
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Figure 9. Summary diagram of PPC-frontal projections. Projections from mPPC are marked in purple, projections from IPPC
in blue and projections from PtP in yellow. The outer colored circle represents the relative proportion of projections, indicated
by the size of the color-coded areas, from the three PPC subdivisions to frontal cortical areas that are separated with black
lines. The outer edge indicates the total extent of OFC, ACC and M2, as well as their rostrocaudal (R-C) or mediolateral (M—
L) organization. The reciprocal projections from OFC and M2 to PPC show comparable patterns. For abbreviations, see list of
abbreviations.
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Paper 3 | Action representation in the mouse parieto-frontal network

The posterior parietal cortex (PPC), along with anatomically linked frontal areas, form a cortical
network that supports sensorimotor transformations and goal-directed behavior. In primates, this
network also links performed and observed actions via mirror neurons, which fire both when an
animal performs an action and when they observe the same action performed by a conspecific.
However, whether such sensorimotor mirror matching also happens in rodents is still unknown. In the
third paper we therefore imaged calcium responses in large neural ensembles in secondary motor
cortex (M2, four animals, 852 neurons) and PPC (four animals, 921 neurons) while mice performed
and observed several naturalistic behaviors in either a pellet reaching or wheel running task. We found
that large proportions of neurons in both brain regions robustly encoded a variety of behaviors
including grasping for food, eating, nose poke, rearing, grooming, turning clockwise and counter
clockwise. However, we found negligible neural tuning to the same actions when they were
observed—across both brain areas and across animals—irrespective of whether the neurons encoded
performed actions. An example of this is shown in Figure 10 for M2 neurons that discharged
significantly when animals grasped a food pellet. To determine whether the lack of observational
correlates of behaviors was due to low attention levels of observer mice, | estimated the attention
level of observer animals (N=3) by quantifying their pupil diameter during task observation, and
removed time intervals where the pupil was contracted (a proxy for low attentional levels), but this
did not reveal any observational correlates of observed behaviors. Statistical modeling with a
generalized linear model (GLM) also showed that performed actions, especially those that were task-
specific (grasping and eating), outperformed observed actions in predicting neural responses. We
conclude that performed and observed actions do not drive the same neurons in the parieto-frontal
network in mice. This suggests that sensorimotor mirroring in the mammalian cortex may have

evolved differently, or only in certain species.
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Figure 10. Paper 3 showed that cells with strong correlates for performed actions did not respond when the same actions
were observed. An example of this phenomenology is shown above, with neurons in M2 stably coding for grasping a food
pellet. Cells in ‘Performance 1 and 2’ do not respond when the animals watch a conspecific grasp for food in ‘Observation 1
and 2’. Average responses for 118 neurons significantly coding for grasping are aligned to the onset of grasping.
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METHODOLOGICAL CONSIDERATIONS

Anatomical tracing.

We used traditional anterograde and retrograde anatomical tracers and a retrograde, modified rabies
virus to study cortical and subcortical connectivity in rats (paper 2) and mice (paper 1). In paper 1, |
used combinations of the anterograde tracers Dextran amine 488, 546, 633 and 10 KD BDA for bilateral
triple injections into either PPC or V1. In paper 2, we used two sensitive anterograde tracers - 10 KD
biotinylated dextran amine (BDA) and Phaseolus vulgaris leucoagglutinin (PHA-L; Brandt and Apkarian,
1992;Veenman et al., 1992). Anterograde tracers are taken up by the neural dendrites and/or the
somata and are transported toward the axon terminals (Lanciego and Wouterlood, 2011). 10 KD BDA
is typically the preferred anterograde tracer since it is reliable, easy to combine with other tracers and
is visualized in an efficient two-step histochemical procedure (Lanciego and Wouterlood, 2011),
though in certain circumstances it may have a retrograde component. PHA-L also gives robust
anterograde labeling and less retrograde labeling than BDA, but it requires more extensive
immunohistochemical visualization procedures that often result in higher background signal, limiting
the visualization of labeled fibers. This was overcome by analyzing the fibers at high magnification. A
limitation of anterograde tracing is that retrograde uptake of the tracer by cells that project to the
injection area may happen, which could lead to ‘indirect’ anterograde labeling from cells not located
in the area where the injection was made (Chen and Aston-Jones, 1998). Precautions were made to
minimize this possibility for indirect labeling. First, we used 10 KD BDA, which is the molecular weight
version of BDA that is known to have the least retrograde component (Chen and Aston-Jones,
1998;Reiner et al., 2000), whereas PHA-L tends to have less retrograde labeling than BDA in general
(Chen and Aston-Jones, 1998). Second, the microcapillary tip widths were kept at the minimum (20-
25 um for BDA and dextran tracers and 15-20 um for PHA-L) to damage to the brain as little as possible.
In paper 2, in cases where retrograde labeling was seen, which occurred mostly around the injection
site, the possibility of indirect anterograde labeling was taken into account and the analysis was done
with caution. Overall, the anterograde labeling location reflected the expected locations based on the
placement of the injection sites and the volume of tracer injected, suggesting that true labeling was
stronger than the potential indirect. | am therefore confident that the projection patterns shown in
this study are from true PPC projections. The Dextran 633 used in paper 1 turned out to have a strong
retrograde component and weak anterograde labeling, and was therefore excluded from the study in
favor of BDA, which yielded robust and exclusively anterograde labeling. Dextran 488 and 546 both
had moderate anterograde labeling and some retrograde component was seen in the same areas as

the anterograde labeling, but not in other areas. Since we were looking at reciprocal connectivity
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between PPC and cortical areas, this retrograde component provided positive confirmation of the
projections seen from retrograde rabies tracing. The projection pattern was similar to the cases where
no retrograde labeling was present and was only observed in areas with known connectivity. For
injections in V1, some weak retrograde labeling was also seen in the extrastriate areas intermingled
with the anterograde labeling. However, this did not interfere with the conclusions of the study and
the connections were in accordance with those known from Montero (1993), who mapped the
extrastriate areas in rats employing retrograde tracers in V1. Some triple injections were done
bilaterally in the same area (PPC or V1), raising the question as to whether contralateral projections
could contribute to the projections studied in the other hemisphere (coronal sections). | showed that
there are weak contralateral projections between PPC in each hemisphere, but that contralateral
projections to other brain areas were very weak. A hallmark of V1 is that it does not project
contralaterally to itself, which is a feature used to locate V1 (Wang and Burkhalter, 2007), and | am

therefore confident that the ipsilateral projection patterns shown in the study are representative.

For retrograde tracing in paper 2, we used Fast Blue (FB) and Fluorogold (FG), which are taken up by
the axon terminals efficiently and transported retrogradely over long distances to fill the somata of
projection neurons (Lanciego and Wouterlood, 2011). Possible uptake by damaged fibers passing
through the area of the injection site and labeled cells that do not project to the injection site itself
might constitute a challenge (Lanciego and Wouterlood, 2011). To limit this possibility, | used thin
capillaries (40-50um for FG, 80-100um for FB) which were lowered very slowly into the brain. For
injections into OFC to study input from PPC, this was likely not an issue since few fibers pass through
OFC into olfactory domains as supported by our observations during the study. In all areas, the
retrograde tracers tended to spread and create larger injection sites than the anterograde ones. Thus,
for PtP, which is a very narrow area, no retrograde injections were successfully confined to PtP.
Connections with PtP were therefore based mainly on anterograde data. Projections to PtP were also
shown by anterograde tracer injections into M2 and VLO, whereas no such injections were done into
24b. However, since all other connections of PPC with frontal midline areas were reciprocal, it is very

likely that it is the case for PtP as well.

For the rabies virus tracing in paper 1, | used a helper virus expressing the g-protein
(AAV1.CamKIl0.4.Cre.SV40 + AAV5-syn-FLEX-splitTVA-EGFP-B19G) and modified monosynaptic rabies
virus (EnvA-pseudotyped SAD-DeltaG-mCherry), which were injected in the same location in PPC 12
days apart. The helper virus was under a CaMKIl promoter that restricts viral expression to principle
neurons, which constitute the majority of projecting neurons in cortex (Kirkcaldie, 2012). Rabies virus
often labels only a subset of projecting cells, however, this was not an issue since we did not look to

quantify the strength of projections, but merely show that the anterograde projections from PPC to
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other cortical areas were reciprocal. Our use of rabies virus instead of traditional retrograde tracers
also gave more confined injections in PPC, and the fact that this system requires both helper and rabies
viruses to co-express within the same cells greatly reduced potential confounds stemming from
uptake by passing fibers. The rabies tracing confirmed reciprocal connectivity between PPC and all

cortical areas examined.

Calcium imaging.

In paper 3, | used in vivo calcium imaging in freely behaving mice to measure correlates of neural
activity in M2 and PPC with the behaviors of the animals. Calcium imaging with miniaturized
microscopes (Inscopix) is a state-of-the-art technique to study neural activity of hundreds of cells
simultaneously in freely moving animals, and it allowed us to study naturalistic behaviors without the
need for head restraint as with primate studies or two-photon imaging in rodents. Recording large
numbers of neurons simultaneously allowed us to study the population activity of neurons while the

animals performed and observing the tasks in addition to quantifying activity at the single-cell level.

For calcium imaging using a genetically encoded calcium indicator (GECI), a virus, typically an AAV, is
injected into the area of interest to deliver the cDNA for the GECI into specific cell types. The GECI
used in this study was GCaMP6ém (Chen et al., 2013). Once the expression levels of the GECI are
sufficiently high (2-3 weeks post-transfection), neural activity is measured indirectly via fleeting
changes in calcium concentration when neurons are active. Specifically, during bouts of heightened
spiking activity, calcium ions flow into the cell where they are bound by a calcium indicator that, upon
calcium binding, changes conformation and fluoresces green light when excited by blue light from the
LED in the microscope. The calcium events are recorded by the microscope and are distinguished by
their sharp rise and a slow decay kinetics. For the present study, | injected a GCaMP6m-virus
(AAV1.Syn.GCaMP6m.WPRE.SV40) into M2 (Figure 7A, left) or PPC of adult female mice; since
GCaMP6 was under the h-Syn promoter it expressed in all neuron types. After testing many different
AAV serotypes and configurations (e.g. Cre-dependent variants), this was the virus that gave the
strongest and most reliable expression. To minimize photo bleaching of the calcium indicator, the
recording sessions were separated by at least 4 hours to allow GaMP6m to recover. The sessions lasted
no longer than 40 min and were recorded with a pre-tested LED power that was sufficiently high to

detect calcium signals, but low enough to keep the cells throughout the sessions.

The miniaturized microscopes were one-photon, epifluorescent microscopes, meaning that photons
from more than one focal plane were collected by the sensor, making it hard to distinguish cells that

partly overlapped and/or were in different z-planes. To overcome this problem, we used an
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established algorithm, CNMF-e (Pnevmatikakis et al., 2016;Zhou et al., 2018) that was specialized for
extracting calcium signals spatially and temporally in high-background images, and was proven
efficient at finding and distinguishing cells in miniature microscope recordings. Since the spatial
resolution of the one-photon microscopes was rather poor, the ideal technique would have been
miniaturized two-photon microscopes. Although prototypes of these microscopes now exist (Zong et
al., 2017), they are yet not commercialized. Unlike with fluorescent imaging, in two-photon imaging
the fluorophore is activated by the simultaneous absorption of two long wavelength photons, which
brings the advantage of no out-of-focus light, deeper penetration in the tissue and less damage to the
brain (Helmchen and Denk, 2005). The images are therefore much clearer than with the one-photon
fluorescent imaging we used, and it is easier to detect individual cells. However, a recent study sought
to compare the results from using a bench-top two-photon or a one-photon miniaturized microscope
(Glas et al., 2019). They imaged orientation tuned neurons in V1 using the two techniques, identified
the same neurons in image stacks and found that the tuning properties for each neurons was highly

correlated between the two techniques even if the spatial resolution of one-photon was poorer.

Another limitation of calcium imaging is the slow decay time of calcium. The GCaMP6m that | used
has a faster decay time than the ‘slow’ variant, GCaMP6s, but lower signal-to-noise, while having
higher signal-to-noise than ‘fast’ GCaMP6 variant, GCaMP6f (Chen et al., 2013). To account for
imperfect signal in our data, we applied a signal-to-noise algorithm to distinguish true calcium events
from noise based on the shape as well as the amplitude of the calcium traces. | am thus confident that

the calcium events in our analyses reflected the genuine calcium dynamics in the cells.

After perfusion, cutting and staining of the brains, | delineated the areas around the injection sites
and prism tract based on Nissl-stained adjacent sections. This confirmed that the calcium recordings

were done within M2 and PPC, as defined in the first paper of this thesis.
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GENERAL DISCUSSION

The results in paper 1 show that mouse posterior parietal cortex (PPC) has similar connectivity and
thalamic connections to rat PPC. It is divided into a medial, a lateral and a posterior subdivision (mPPC,
IPPC and PtP), which partly overlap with anterior parts of extrastriate areas AM, A and RL, respectively.
Although not studied in detail, our approach of using triple tracer injections revealed apparent
gradients in some of the projections of PPC to other cortical areas. In paper 2, we confirm this to be
the case in frontal cortex in rats, where the results showed that PPC subregions are differently
connected with frontal midline cortices. In particular, mPPC is more strongly connected to the caudal
portion of M2 and to MO and VO of the orbitofrontal cortex (OFC), whereas IPPC and PtP preferentially
connect with the intermediate anterior-posterior portion of M2 (iM2) and the medial and central parts
of ventrolateral orbitofrontal cortex (VLO). In terms of connectivity and architecture, the rodent PPC
seems to be heterogeneous as it is in primates, strengthening the idea that parieto-frontal network in
rodents may be homologous to those in primates. With this anatomical similarity in mind, in paper 3
we tested whether neurons in these areas in mice code for both performed and observed actions like
in primates. The results showed that both M2 and PPC stably encode a variety of performed actions
similar to primate areas, but we found no correlates for observed behaviors in either area. Thus, the
capacity for PPC and pre-motor areas to code for observed actions may constitute a functional

difference between species.

Organization of the rodent PPC

To my knowledge, paper 1 in this thesis is the first to systemically describe the cyto- and
chemoarchitectural features of the mouse PPC that distinguishes it from neighboring areas, and
investigate whether its anatomically defined subdivisions overlap with extrastriate areas. Since the
mouse cortex is smooth and lacks gross anatomical landmarks, retinotopic mapping has become an
important tool for locating higher visual areas (Garrett et al., 2014) and associative regions in the
posterior cortex including PPC (Olcese et al., 2013;Driscoll et al., 2017). This functional mapping is not
possible without intrinsic optical imaging or a broadly expressed calcium indicator, and the location of
PPC relative to these areas has not been defined. Using anterograde anatomical tracing, | found that
the anatomically defined mPPC overlaps with the anterior extrastriate area AM, that IPPC overlaps
with area A, and PtP with the anterior part of area RL. This fits with PPC being part of the rodent ‘dorsal
stream’, which includes areas PM, AM, A, RL and AL (Wang et al., 2011).
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The extrastriate areas are known to have different functional responses, with AM and RL preferring
fast temporal frequencies and lower spatial frequencies than V1 (Marshel et al., 2011). Retinotopic
mapping of A has proven difficult (Zhuang et al., 2017), as the input from V1 is weaker and, likely, less
topographically organized than other areas (Wang and Burkhalter, 2007). This view is supported by
our study, which points to area A being largely contained within PPC, which itself supports a variety
of movement-related (McNaughton et al., 1994;Whitlock et al., 2012), navigational (Nitz, 2006;2012)
and cognitive functions (Harvey et al., 2012;Morcos and Harvey, 2016;Hwang et al., 2017;Akrami et
al., 2018) that do not depend on visual stimuli. Microelectrode recordings have also shown that cells
in the posterior extent of the rat PCC, which likely coincide with area AM, encode multipart movement
motifs, for example running followed by a right or left turn (McNaughton et al., 1994), or track an
animals’ progress along navigational routes (Nitz, 2006). Others have used in vivo calcium imaging to
demonstrate that more anterior sectors of mouse PPC are involved in higher-level sensory processing
and decision making, as neurons in PPC were engaged during all phases of a virtual decision making T-
maze task (Harvey et al., 2012). Together, these studies make it clear that PPC is involved in behaviors

beyond visual processing, although it overlaps partly with several extrastriate areas.

To my knowledge, the only prior attempt to define PPC in the mouse was by Harvey and colleagues
(2012), who located mouse PPC based on retrograde anatomical tracing and Bregma coordinates.
Aside from showing that the anatomical afferents matched those known in rats, however, the work
did not provide further specifications for locating or distinguishing PPC from neighboring areas.
Different mouse atlases also refer to PPC area with different nomenclatures (e.g. PTLp, VISa, VISam,
VISrl) and the anterior-posterior extent varies between them (Paxinos and Franklin, 2012;0h et al.,
2014). For this reason, referring to Bregma coordinates as the location of function recordings appears
insufficient. This is why paper 1 provides simple anatomical criteria that can be used post-hoc to define
where functional recordings were performed, which is increasingly important since many studies do
not show their recording locations and may refer to different parts of cortex. This could result in
allocating results to incorrect cortical positions, thus hampering a consistent interpretation and usage

of individual datasets.

Based on our results, mouse PPC is organized similarly as rat PPC (Olsen and Witter, 2016).
Furthermore, it has the preferred thalamic projections to the lateral posterior (LP), the lateral dorsal
(LD) and the posterior complex (Po) of the thalamus, although mouse PPC is smaller and does not
extend as far posterior as rat PPC in which PtP extends posteriorly lateral to V2L. Whether there are
functional differences between PPC and posterior AM and RL is yet to be discovered. In a recent study,
mice were head-fixed in a virtual reality environment to study their visual and navigational networks

in posterior cortex (Minderer et al., 2019). The results showed that behavioral feature encoding is not
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confined by retinotopic borders, but rather varies smoothly across the association regions. Another
study showed that area RL contains a gradient of visual and somatosensory input, in which the
whiskers are dominantly represented in the most anterior part that may overlap with PtP, whereas
visual information is represented posteriorly in RL (Olcese et al., 2013). Thus, to use retinotopic
mapping to characterize brain areas may be insufficient, and anatomical examination of recordings

sites is therefore crucial to map functional specialization in cortex.

Topographical organization of the parieto-frontal cortices in rodents

Lesion studies in rats have typically included the whole PPC, thus do not allow to draw conclusions
about potential functional differences between subregions (Kolb and Walkey, 1987;DiMattia and
Kesner, 1988;Save and Moghaddam, 1996;Save and Poucet, 2000). Neurophysiological studies in PPC,
on the other hand, have either been confined to mPPC (Chen et al., 1994;Nitz, 2006;2012;Whitlock et
al., 2012) or did not find differences in coding properties between mPPC and IPPC (Wilber et al., 2014).
More recent work, however, has started to shed light on functional differences in different sectors of
PPC in rats. Specifically, Mimica et al. (2018) described a functional the distribution of body posture
across PPC. The authors showed that neurons in PPC and M2 encode posture for the head and back
in 3D, which was organized in a topographical manner, such that representations of the back were
found mainly in the medial and anterior portions of PPC and the posterior portions of M2, whereas
the lateral-posterior PPC and intermediate M2 shared a predominant sensitivity to the animals’ head
posture (Mimica et al., 2018). This gradient of responses appears to match the preferential
connectivity of mPPC subregions with posterior M2 versus IPPC and PtP with intermediate M2, as
described in Paper 2. Furthermore, a very recent study by Mohan et al. (2019) reported a coarse
medial-to-lateral somatotopic correspondence between specific barrel fields in S1 and the location of

electrophysiological responses in PPC evoked by whisker deflections.

Though functional studies are just beginning to report subregional differences in the rodent PPC, such
differences have been proposed based on differences in anatomical connectivity patterns. The
connectivity of mPPC with several cortical and subcortical regions hints at it being involved in
visuospatial processing. First, it is strongly connected with the posterior portion of M2, which receives
more visual input than the rostral portion (Reep et al., 1990), and lesions to the posterior M2 result in
spatial neglect (King and Corwin, 1990). Furthermore, microstimulation of the posterior M2 elicits
oculomotor movements as well as movement of the whiskers (Donoghue and Wise, 1982;Neafsey et

al., 1986;Brecht et al., 2004). Second, it is connected with cingulate area 24b, which when stimulated
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elicits eye, periocular and nose movements (Brecht et al., 2004). Third, it is connected with VO, a
region of the OFC that receives strong visual input and is the only subregion of the OFC that is
reciprocally connected with POR (Delatour and Witter, 2002;Agster and Burwell, 2009;Kondo and
Witter, 2014). The POR relays processed visual information to the medial entorhinal cortex (MEC)(Kerr
etal., 2007), a region known for spatial processing (Fyhn et al., 2004;Moser et al., 2008). Finally, mPPC
is connected with the lateral posterior nucleus of the thalamus (LP), a higher order visual nucleus
connected to several regions involved in spatial visual processing (Reep et al., 1994;Reep and Corwin,
1999;Reep et al., 2004;Conte et al., 2008;Kamishina et al., 2008;Kamishina et al., 2009;Juavinett et al.,
2019). Based on these connections and other connections, PPC has been postulated as a critical node
in a circuit for directed spatial attention that includes M2 and VLO in cortex (King et al., 1989;Chandler
et al., 1992;Burcham et al., 1997), the LP nucleus of the thalamus (Kamishina et al., 2009) and the
dorsocentral striatum (Cheatwood et al., 2003;Reep et al., 2003). Lesions to these regions or the fiber

tracts between them also result in polymodal contralateral neglect (Reep and Corwin, 2009).

Less is known, however, about specific functions distinguishing IPPC and PtP which appear to have
similar connection patterns, differing from those of mPPC, with the thalamus, the parahippocampal
region (Olsen et al., 2017), and frontal cortices (paper 2). Both areas preferentially connect with the
intermediate portion of M2 (paper 2), where somatosensory and visual information are intermingled
(Reep et al., 1990). Interestingly, the projections from IPPC and PtP appeared to terminate in the
transition zone on the border between M2 and M1, a sensory-input region that has been shown to
respond to whisker deflections (Smith and Alloway, 2013). mPPC, in contrast, projects to M2 proper,

which does not respond to whisker reflections but is rather effective at evoking whisking.
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Topographical organization and the integrated representation of actions
across parietal and frontal cortices in primates

Brodmann (1909) was the first to describe the anatomy of the macaque PPC, which surrounds the
intraparietal sulcus and consists of an area 5, which is the superior parietal lobule (SPL), and area 7 on
the inferior parietal lobule (IPL). Since then, several researchers have further subdivided PPC into finer
subregions based on connectivity, microstimulation and functional recordings (Figure 11). While areas
5 and area 7b (PF) are predominately involved in somatosensory processing, area 7a (PG) is involved
in oculomotor and visual responses (Hyvarinen, 1981). A recent study showed that there is a further
topography of somatosensory, visual and motor representations within the cytoarchitecturally
different areas on the IPL and that these regions are involved in motor control as well as being
responsive to different sensory stimuli (Rozzi et al., 2008). Anteriorly on the IPL in area PF, motor acts
related to the mouth and orofacial somatosensory responses area most prominent. Representations
of hand motor acts and somatosensory responses of arm and trunk are dominant in PFG, whereas
reaching movements and somatosensory responses of arm and hand are most prominently presented
in the posterior area PG. There are also several specialized subregions inside the intraparietal sulcus,
including area MIP, which is predominantly active during reaching, LIP, which is active during saccade
planning and fixation and AIP, where visuomotor and motor neurons for grasping present (Andersen

and Buneo, 2002;Rozzi et al., 2008).

Based on what is known about the heterogeneity of the primate PPC, IPPC and PtP in rodents may be
comparable to area 7b, which processes somatosensory information. This idea is supported by the
connectivity of IPPC and PtP with the transition zone of the motor cortex and their projections to
intermediate M2, which receives mainly somatosensory input (paper 2). Also, IPPC and PtP are
preferentially connected with the Po complex of the thalamus, which is also strongly connected with
somatosensory cortices (Vertes et al., 2015;0lsen and Witter, 2016). mPPC, contrarily, could be more
similar to the predominantly visual area 7a in primates, which is supported by its preferential
connectivity with posterior M2 (paper 2) and connections with LP nucleus of the thalamus (Olsen and
Witter, 2016). However, functional recordings targeting the specific subregions of PPC and testing

these ideas specifically will be necessary in the future to draw firm conclusions.
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Figure 11. Different delineations of the posterior parietal cortex of primates by Brodmann (1909), Vogt and Vogt (1919), Von
Bonin and Bailey (1947) and Pandya and Seltzer (1982). Adapted from Cavada and Goldman-Rakic (1989a).
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Decades of anatomical and functional investigation have found that areas of PPC processing effector-
specific information are linked anatomically with frontal motor areas which control the same parts of
the body (see Wise et al., 1997 for review), and which show contemporaneous co-activation before
or during specific movements such as reaching (Johnson et al., 1996) or moving the eyes (Pesaran et
al., 2008). The macaque ventral premotor cortex (PMv) provides a classic example of this anatomical
and functional pairing. It is located ventrally in front of the precentral sulcus and posterior to the
arcuate sulcus, and can be subdivided into anterior and posterior areas termed ‘F5’ and ‘F4’,
respectively (Matelli et al., 1985;Belmalih et al., 2009). Area F5 is strongly connected with PPC, and
controls movements of the hand, arm and mouth as shown by focal electrical stimulation (Rizzolatti
et al., 1988;Rizzolatti and Luppino, 2001). It consists of three cytoarchitectonically different subregions
including anterior F5 (F5a), posterior F5 (F5p) and “convexity” F5 (F5c; Belmalih et al., 2009), which
contain motor representations of the mouth (laterally) and hand (medially), and is important for goal-
directed actions such as biting or grasping (Ferrari et al., 2017). Of particular interest is that mirror
neurons were first found in the medial part of F5, which is anatomically connected with parietal areas
PFG and AIP, which themselves represent reaching and grasping movements of the hand and also
exhibit mirror properties. In the case of both first- and third-person action representation in the higher
motor system in primates, high-order visual information enters the system via input from the superior
temporal sulcus (STS), an area that encodes biological motion but does not contain the corresponding
motor responses. This area feeds into posterior parietal areas PFG and AIP in the inferior parietal
sulcus (IPS), which in turn project to the ventral premotor cortex. Furthermore, both F5 and AIP are
connected with the prefrontal cortex, which is a region involved in the selection of stimulus and self-
driven actions (Rizzolatti and Sinigaglia, 2010). A recent study recorded mirror neurons in macaque F5
and PFG (Bonini et al., 2010) and subsequently placed retrograde tracers in the two areas to confirm

that they are reciprocally connected.

Although the rodent brain is less elaborate and much smaller than the macaque brain, the overall
topology of visual - PPC - premotor connectivity is similar across species (Figure 12). The monkey
parieto-frontal system contains a high number of subregions, of which each receives different inputs
and drives specific motor outputs. Less is known about the rodent connectivity and function, although
there is likely a similar, overall gradient of sensory and motor processing. In both species, higher order
visual input reaches PPC and the resulting output of PPC computations is likely communicated to
premotor cortex, with which it is strongly and reciprocally connected. The rodent premotor cortex/M2
seems to receive more direct visual input from higher visual areas than in the primate, which could be
a result of the smaller size of the brain and the fact that distance separating each area is therefore

smaller (Laramée and Boire, 2015).
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Figure 12. Topology of the visuo-parieto-frontal system in the macaque and rat. Higher visual areas are marked in pink,
posterior parietal areas in purple and frontal motor areas in cyan. For abbreviations, see list of abbreviations.

Action representation in the parieto-frontal network

Neural correlates of performed actions

One of the most iconic representations of how the brain represents the body is the homunculus in
primary motor and somatosensory cortices, in which the size of each body part is scaled according to
its relative representation on the cortical surface (Graziano, 2016). The homunculus was mapped
based on classic cortical microstimulation studies in the 1930’s (Penfield and Boldrey, 1937), but in
the early 2000s, Graziano and colleagues broke with this tradition and applied prolonged stimulation
to different parts of the primate motor cortex. To their surprise, the stimulations did not produce
individual muscular twitches, but instead resulted in complex, ethologically relevant, multi-effector
motions such as moving the hand to the mouth or reaching to grasp (Graziano et al., 2002;Graziano,
2016). Other common actions were discovered in distinct zones in which, for example, movements of
the upper body (e.g. hand-to-mouth, defense, chewing/licking) were represented in ventral motor
cortex and movements of the lower body (e.g. climbing, hand in lower space) in dorsal motor cortex.
This discovery led to a shift in belief from a purely somatotopic body map representation in motor
cortex to that of ‘ethological action maps’, which represent both the body and the actions available in
the animals’ behavioral repertoire. These action maps were later found in several primate species in
both motor- and posterior parietal cortices (Stepniewska et al., 2005;Stepniewska et al.,

2009a;Stepniewska et al., 2009b;Gharbawie et al., 2011a;Gharbawie et al., 2011b). Furthermore, they
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showed that the functionally mapped action zones in these areas are connected, including several

multi-region pathways mediating reaching (Gharbawie et al., 2011b).

Both simple and more complex action maps have also been studied in rodents, where distinct frontal
areas for whisking as well as grasping, reaching and other ethologically relevant actions have been
described (Graziano, 2016). In addition, Brecht et al. (2004) used microstimulation to show that
whisking behavior is contained in AGm (corresponding to M2), that head/body movements are
represented in AGI (M1), while stimulation of the anterior or posterior cingulate cortices can evoke
nose and periocular/eye movements, respectively. Most of the action map studies in rodents have
focused on M1, while parallel work in M2 suggested an additional involvement in higher-order
functions, such as enabling choice behavior by mapping antecedent sensory cues onto motor actions
(Barthas and Kwan, 2017). This seems in line with the overall connectivity matrix known for M2, which
is reciprocally connected with visual, somatosensory, parietal and retrosplenial areas, projects to
several subcortical nuclei involved in motor behaviors, and has been linked to learning, decision-

making and the use of sequences of actions (Barthas and Kwan, 2017).

Since many of the previous investigations of motor actions in rodents were executed in anesthetized
animals or in the confines of restrictive tasks (Brecht et al., 2004;Rubin et al., 2019), paper 3 in this
thesis sought to add to this knowledge by recording neuronal population activity in freely behaving
mice that were allowed to engage in a variety of naturalistic actions. This allowed us to show that both
M2 and PPC in mice stably encode a variety of performed behaviors, including grasping a food pellet
(referred to as ‘grasping’), eating, nose poke, rearing, turning clockwise (CW) and turning
counterclockwise (CCW). In general, the proportions of cells coding for each behavior varied slightly
between M2 and PPC, such that turning was well represented in both brain areas, whereas grasping
was more prevalent in M2 and rearing was more prevalent in PPC, respectively. Due to limitations in
the temporal precision of calcium imaging, we did not distinguish between the reaching and grasping
components, and the fact that we did not image PPC and M2 simultaneously leaves open the question
as to whether PPC, M2 or both code for the various stages of such movements. The caudal forelimb
area, which is implicated in reaching, is located at the same anterior-posterior level as we recorded in
M2, however, it is positioned more laterally in M1 (Ramanathan et al., 2006), yet we nevertheless
found that the largest fraction of coding cells in M2 were tuned to reaching and grasping movements
in recordings. More detailed analyses will be needed to characterize whether the cells were tuned to
specific phases of reaching or grasping (e.g. raising the paw vs. bringing food to the mouth), or if the
cells were rather tuned to the positioning of the head or trunk associated with reaching behavior. For
the time being it remains an open question, as we counted ‘grasping’ events as beginning when the

paw was lifted off the floor of the box and ending just as the animal started to withdraw the food from
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the hole. We also found that around 15% of cells stably encoded more than one action, and that cells
encoding different actions were anatomically dispersed among each other (paper 3). The
heterogeneity of behavioral coding in PPC is also consistent with previous studies on decision-making

(Raposo et al., 2014) and multisensory integration (Lippert et al., 2013) in rodents.

Macroscopic functional clustering is a hallmark of motor cortex in mammals, in that different
subregions have been found to control different muscles (Asanuma and Rosen, 1972), the direction of
hand movements (Georgopoulos et al., 1982) or ethologically related behaviors (Graziano et al., 2002).
To study whether this holds at a cellular level in mice, a prior study by Dombeck et al. (2009) recorded
calcium transients in mobile, head-fixed animals and found evidence for spatial intermingling of
neurons in forelimb motor cortex during grooming and running. Consistent with this, we did not find
spatial clustering of neurons coding for different behaviors in M2 or PPC (paper 3) but, unlike the
Dombeck et al. (2009) study, we did not check for functional clustering of co-active cells. Whether or
not that is the case with our data remains an open question. Notably, the absence of spatial clustering
for the identified behaviors in these ‘higher’ motor areas is consistent with the absence of functional
clustering of orientation selectivity in the rodent primary visual cortex (Ohki et al., 2005) and olfactory

coding in the piriform cortex (Stettler and Axel, 2009).

Neural correlates of observed actions

One remarkable feature of mirror neurons in the primate parieto-frontal network, is the ability to
encode not only performed, but also observed actions (Gallese et al., 1996;Fogassi et al., 2005). The
parieto-frontal network supports a variety of functions necessary for goal-directed behaviors such as
action planning, sensorimotor integration and decision-making (Andersen and Cui, 2009;Suzuki et al.,
2015). An increasing number of studies has shown that the parieto-frontal network in rats and mice
also is involved in higher cognitive functions such as decision-making (Raposo et al., 2014;Erlich et al.,
2015), evidence accumulation (Hanks et al., 2015) and sensorimotor integration (Harvey et al., 2012),
which for decades were studied mainly in primates. As in primates, PCC in rodents is strongly and
reciprocally connected with M2 (Figure 12), and these connections are topographically organized
(paper 2), meaning the similarities between the parieto-frontal pathway in rodents and primates are
anatomical as well as functional. Also similar to primates, PPC and M2 both receive visual input from
higher visual areas (AL, RL, AM, PM) as part of the dorsal stream (Wang et al., 2012), and have
descending projections to the spinal cord and subcortical motor centers (Donoghue and Wise,
1982;Miller, 1987;Barthas and Kwan, 2017). The similarity of anatomical connections and the

involvement of these areas in cognitive tasks could hint toward a role for these areas in action
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recognition in rodents, similar to the representation of observed behaviors in primates (Gallese et al.,
1996;Fogassi et al., 2005). In testing this idea, we recorded from hundreds of neurons in PPC and M2,
specifically targeting the regions that interconnect with each other, while the animals performed and
observed different naturalistic actions in two behavioral tasks. Although we did not see any correlates
for observed behavior in either M2 or PPC (paper 3), and therefore no mirror neurons, it does not
necessarily mean that mice do not have mirror neurons. A recent paper did tetrode recordings and
reported emotional mirror-like neurons related to pain processing in the cingulate cortex of rats
(Carrillo et al., 2019). That is, these neurons were activated both when a rat experienced pain applied
by a laser to the paw and while observing another rat receive foot shocks (though it is notable that
the study did not control for the sound of pain-evoked squeaks emitted by observers and
demonstrators). It may conceivably be the case that the actions we studied were not appropriate to
elicit neural activity in the observer, or that representations of observed and performed actions
genuinely do not converge on the same neurons in PPC and M2 of mice. If the latter were the case,
sensorimotor observational learning as described in mice (Carlier and Jamon, 2006;Jurado-Parras et

al., 2012) may be facilitated by non-mirror-like associative mechanisms.

It is also possible that the negative results for action observation could stem from inappropriate task
design or the behaviors we considered, though we noted over the course of the project that grasping
to eat food was a natural behavior that the mice did without prior training in their home cages.
Moreover, this behavior was encoded by the highest percentage of neurons in M2. Alternative
experiments could have relied on more salient and basic behaviors like maternal caring behavior or
fighting. If we can assume that at least some of the behaviors studied were comprehensible to
observer animals, we are left with questions about the perceptual processing capacities of head-fixed
mice. For example, is it possible for mouse mice to distinguish fast and fine scaled movements? While
we did not task the observers with reporting behaviorally that they had observed an action, the
distance separating the performers and observers in both tasks (~10-20cm; Figure 1, paper 3) was
comparable to prior studies demonstrating sensorimotor observational learning in mice, including
lever-pressing (Jurado-Parras et al., 2012) or manipulating a metal tab to retrieve food from a box
(Carlier and Jamon, 2006). Moreover, at distances of 10-20cm, the relative size of the demonstrator
animals in the observers’ visual field was well above the measured threshold for visual behavioral
acuity in wild-type mice (Gianfranceschi et al., 1999;Prusky et al., 2000). Based on this, and the fact
that PPC cells responded reliably to forceps placing food in the pellet-reaching box, we conclude that
the demonstrated behaviors, particularly larger behaviors like rearing, turning, grooming or eating,

were likely within the perceptual capacity of the observers’ visual systems.
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Another factor is that the observer animals were head-fixed, which may have been stressful, and one
can argue that it is challenging to determine whether the animals were paying attention to the
behavior of the demonstrators. To rule out this possibility, | used the pupil diameter of three observer
animals as a proxy for attention (Hoeks and Levelt, 1993;Reimer et al., 2014), and redid the analysis
on only those parts of the recording when the pupils of the observers were dilating or at maximal
dilation (indicative of an aroused state), but this did not uncover any observational correlates. More
recent work demonstrated that the neural activity of socially interacting animals was synchronized
and correlated (Kingsbury et al., 2019), suggesting that it may be necessary for mice to interact
physically to show socially-driven neural responses. However, it would be very challenging in that case
to determine whether neural activity in one animal is due to its own movement or due to the
observation of another animal’s behavior. This is precisely why the paradigm with head-fixation was
utilized in paper 3. Yet another possibility is that the neural coding of observed actions happens in
other parts of the brain which were not recorded, such as area AL or the caudal extent of AM, which
also receive strong visual input and project in turn to M2 (Wang et al., 2012; paper 1). Another
candidate area could be the ACC, the neighboring region of M2 that also receives visual input and,
when stimulated, elicits eye, periocular and nose movements (Brecht et al., 2004). Such recordings

could indeed be the topic of future investigations.
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CONCLUDING REMARKS

In this thesis, | have shown that the mouse PPC is composed of three architectonically defined
subdivisions, which overlap with anterior portions of extrastriate areas. The mouse PPC projects to
the same thalamic nuclei and has the same reciprocal connectivity with other cortical areas as PPC of
the rat. | further showed that PPC-frontal connections are topographically organized in the rat, in
particular the connectivity with M2, which supports the notion of subdivisions within PPC. This
prompted the final study in the thesis that tested whether neurons in mouse M2 and PPC encode
performed as well as observed actions, like in primates. We found that neurons in M2 and PPC encode

several naturalistic performed, but not observed, behaviors.

Taken together, | conclude that the rodent PPCis a heterogeneous region, which although overlapping
partly with extrastriate areas, supports a variety of cognitive functions beyond visual processing. The
heterogeneity of connections between PPC and frontal areas is comparable to that of the primate.
Although rodents are capable of cognitive functions including basic forms of empathy and
sensorimotor learning, there are limits to the functional similarity of PPC and frontal cortices in
rodents and primates. This suggests that sensorimotor observational learning in mice may be
facilitated by non-mirror-like associative mechanisms, or may take place in networks that do not

include the parts of PPC and M2 recorded here.
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Abstract

The posterior parietal cortex (PPC) is a multifaceted region of cortex, contributing
to several cognitive processes, including sensorimotor integration and spatial navi-
gation. Although recent years have seen a considerable rise in the use of rodents,
particularly mice, to investigate PPC and related networks, a coherent anatomical
definition of PPC in the mouse is still lacking. To address this, we delineated the
mouse PPC, using cyto- and chemoarchitectural markers from Nissl-, parvalbumin-
and muscarinic acetylcholine receptor M2-staining. Additionally, we performed
bilateral triple anterograde tracer injections in primary visual cortex (V1) and pre-
pared flattened tangential sections from one hemisphere and coronal sections from
the other, allowing us to co-register the cytoarchitectural features of PPC with V1
projections. This revealed that extrastriate area A was largely contained within lat-
eral PPC, that medial PPC overlapped with the anterior portion of area AM, and that
anterior RL overlapped partially with area PtP. Furthermore, triple anterograde
tracer injections in PPC showed strong projections to associative thalamic nuclei as
well as higher visual areas, orbitofrontal, cingulate and secondary motor cortices.
Retrograde circuit mapping with rabies virus further showed that all cortical con-
nections were reciprocal. These combined approaches provide a coherent definition
of mouse PPC that incorporates laminar architecture, extrastriate projections, tha-

lamic, and cortico—cortical connections.
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anatomy, cortico—cortical connectivity, frontal cortex, parietal cortex, prefrontal cortex,

tract tracing, visual cortex
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1 | INTRODUCTION

The posterior parietal cortex (PPC) is one of the major associ-
ational cortical areas in the brain. Across mammalian species,
it receives inputs from virtually all sensory modalities, fron-
tal motor areas and prefrontal cortex (Krubitzer, 1995; Reep,
Chandler, King, & Corwin, 1994; Stepniewska, Cerkevich, &
Kaas, 2016; Wise, Boussaoud, Johnson, & Caminiti, 1997),
and it supports a variety of cognitive functions, including
sensorimotor transformations, spatial processing, decision-
making and movement planning. For several decades, the
monkey has served as the premiere model for investigating
the behavioral and neurophysiological contributions of PPC,
and while PPC in rodents is substantially smaller and less
differentiated, recent years have seen an increase in the use
of rats and mice. This has been motivated in part by the fact
that rodents can be trained to perform a variety of highly
specific, PPC-dependent tasks in real-world and virtual re-
ality settings (Brunton, Botvinick, & Brody, 2013; Goard,
Pho, Woodson, & Sur, 2016; Harvey, Coen, & Tank, 2012;
Hwang, Dahlen, Mukundan, & Komiyama, 2017; Nitz, 2006;
Raposo, Sheppard, Schrater, & Churchland, 2012; Whitlock,
Pfuhl, Dagslott, Moser, & Moser, 2012; Wilber, Clark,
Forster, Tatsuno, & McNaughton, 2014). The advantages of
mice in particular include their genetic tractability and com-
patibility with large-scale recording and imaging techniques,
leading to their widespread usage to study population coding
and circuit function in every major sector of cortex, including
PPC. Despite the popularity of the mouse for studying pari-
etal cortex, there is little consensus on a coherent anatomical
definition of PPC in the mouse, which is problematic because
it complicates the interpretation of the wealth of new data.

As with rats, PPC in the mouse is located between
visual and somatosensory cortices (Paxinos & Franklin,
2012), and the existing data suggests that it has similar
patterns of cortico—cortical and thalamic connectivity
(Harvey et al., 2012; Kolb & Walkey, 1987; Oh et al.,
2014; Olsen & Witter, 2016; Reep et al., 1994; Wilber,
Clark, Demecha et al., 2014). More detailed aspects of
mouse PPC anatomy, including the boundaries which
distinguish it from neighboring areas, its laminar organi-
zation and chemoarchitectural profile remain ill-defined.
Recent strategies for targeting PPC in mice have therefore
relied either on functionally mapping extrastriate areas
(Olavarria, Mignano, & Van Sluyters, 1982) near PPC,
or on stereotactic coordinates followed by post-hoc his-
tological comparison to one of several reference atlases
(e.g., Krieg, 1946; Paxinos & Franklin, 2012; Oh et al.,
2014; http://connectivity.brain-map.org). These conven-
tions may permit consistent anatomical targeting within
a study, but hamper the comparison of PPC across studies
since they are based on different labeling methodologies
and unrelated nomenclatures.

‘We sought to resolve these discrepancies by first delineat-
ing mouse PPC using cytoarchitectural and laminar criteria
obtained from Nissl-, parvalbumin (PV)-, and type-2 musca-
rinic acetylcholine receptor (M2AChR)-immunostained cor-
onal sections. We next performed bilateral, triple anterograde
tracer injections in mouse V1 as in earlier studies (Montero,
1993; Wang & Burkhalter, 2007), and prepared flattened sec-
tions from one hemisphere and coronal sections of the other.
By labeling extrastriate projections in both flattened and cor-
onal planes, and by comparing these alongside interleaved,
annotated Nissl- and M2AChR-stained coronal sections, we
located the mouse PPC with respect to the major projections
from V1. Based on these coordinates, we performed triple
anterograde tracer injections in PPC, revealing a previously
undescribed topography in parietal output to higher visual
areas. Additional monosynaptic retrograde tracing with ra-
bies virus showed that the inputs to PPC largely matched that
described in rats.

2 | MATRIALS AND METHODS

A total of 24 adult C57BL/6JBomTac mice (24-35 g,
Taconic) were used in the study. Twenty-three were injected
with tracers, of which 12 received injections in V1, and 11
were injected in PPC. Of these, 10 animals were excluded due
to poor tracer uptake, transport, or off-target injections. Nine
animals were used for anterograde tracing, and four animals
were used for retrograde tracing, and one mouse was used for
the architectural study (see Supportng information Table S1
for full listing). Mice were housed in separate cages with free
access to water and food, and were kept on a reversed light-
dark cycle. All surgical procedures were approved by the
Norwegian Food Safety Authority as well as the local Animal
Welfare Committee of the Norwegian University of Science
and Technology, and followed the European Communities
Council Directive and the Norwegian animal welfare act.

2.1 | Preparation and delineation of
“‘atlas” brain

A 7-month-old female mouse, weighing 30 g, was given
an overdose of pentobarbital and transcardially perfused
using Ringer’s solution (0.025% KCl, 0.85% NaCl, 0.02%
NaHCO3, pH 6.9) followed by a freshly prepared paraform-
aldehyde solution (PFA, 4% in 0.125 M phosphate buffer, pH
7.4). The brain was carefully removed from the skull and post-
fixed in 4% PFA overnight at 4°C. Subsequently, the brain
was moved to a cryoprotective solution (2% dimethyl sulfox-
ide, DMSO in 0.125 M phosphate buffer, VWR) and stored
again overnight at 4°C before sectioning. The brain was cut
in 40 pm coronal sections on a freezing microtome (Microm
HM430, Thermo Scientific, Waltham, USA) in three equally
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spaced series. One series was used for Nissl staining, and the
other two were used for immunohistochemistry against PV
and M2ACHhR, respectively. Nissl staining and immunohis-
tochemical procedures were the same for these and the ana-
tomical tracing experiments, and are explained in detail in
“Histology and immunochemistry” below. Delineations and
cortical field designations for this and all other brains in the
study were determined for each hemisphere individually in
each analysis.

2.2 | Anterograde anatomical tracing

The coordinates for initial injections were based on Paxinos
and Franklin (2012), and adjusted both to the size of the
animal and according to the histology of injection sites in
previous animals. All surgeries were performed under iso-
flurane anesthesia with the animal laying on a heating pad
maintaining the body temperature at 37°C. Briefly, the ani-
mal was anesthetized in a box prefilled with isoflurane be-
fore being placed in a stereotaxic frame (Kopf Instruments).
The analgesics Metacam (5 mg/kg, meloxicam, Boehringer
Ingelheim Vetmedica) and Temgesic (0.1 mg/kg, bu-
prenorphine, Indivior) were injected subcutaneously, as
was the local anesthetic Marcain (1-3 mg/kg, bupivacaine,
AstraZeneca) where the incision was to be made. The head
of the animal was shaved, disinfected with 70% ethanol and
iodine (TIodine NAF Liniment 2%, Norges Apotekerforening)
and a small incision was made along the midline. The skull
was cleaned with hydrogen peroxide (H,0,, 3%, Norges
Apotekerforening) and 0.9% saline, the height of bregma and
lambda were measured and adjusted to ensure the skull was
levelled, and a craniotomy was made with a high-speed den-
tal drill and 0.25 mm burr over the coordinates for injections.

The anterograde tracers used for triple injections were (a)
10 KD biotinylated dextran amine (BDA, Dextran, Biotin,
10,000 MW, Lysine Fixable (BDA-10,000), Thermo Fisher
Scientific Cat. No. D1956, RRID:AB_2307337in 5% solution
in 0.125 M phosphate buffer) or Dextran, Alexa Fluor™ 647
(ThermoFisher, 10,000 MW, Anionic, Fixable, Catalog num-
ber D22914), (b) Dextran, Alexa Fluor " 488 (ThermoFisher,
10,000 MW, Anionic, Fixable, Catalog number D22910) and
(c) Dextran, Alexa Fluor' 546 (ThermoFisher, 10,000 MW,
Anionic, Fixable, Catalog number D22911). Tracers were
injected iontophoretically by applying pulses of positive DC-
current (6 s on/off alterations, 6 pA) for 10 min using glass
micropipettes (20 pm tip, Harvard apparatus, 30-0044). In
later experiments BDA replaced Dextran, Alexa Fluor " 647
due to better transport and stronger signal. Different mice
were used for injections in V1 (five animals) and PPC (four
animals; see Table S1). Injections in V1 were spaced 0.3 mm
apart beginning 2.30 mm lateral of the midline, immediately
anterior to the transverse sinus. The injections in PPC were
spaced 0.37 mm apart, beginning 1.25 mm lateral from of the
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midline and —1.90 mm posterior to bregma. Following the
injections, the craniotomy was filled with Venus Diamond
Flow (Kulzer, Mitsui chemical group), the skull was cleaned
with saline, and the wound was stitched and disinfected with
iodine. Animals were then transferred to a heating chamber
until awake and active, before being moved back to its home
cage. Postoperative pain management included Metacam
(5 mg/kg) 12 hr postsurgery and, if deemed necessary, 24 hr
post-surgery.

23 |

Injections were made into PPC (B-2.00, L+ 1.50, D-0.50)
following the general surgical procedure as described above
(see Table S1 for injection details across animals). For the rep-
resentative case, 300 nl helper virus (AAV1.CamKII0.4.Cre.
SV40 + AAVS5-syn-FLEX-splitTVA-EGFP-B19G, in a 1:1
ratio; Cre virus from U. Penn Vector Core; TVA virus was
a generous gift from the laboratory of Cliff Kentros) was in-
jected, using glass capillaries (World Precision Instruments
(WPI), Cat. No. 4878), a Nanoliter2010 injector (WPI) and
a Nanoliter2000 pump (WPI), with the glass tip left in place
10 min after the injection. 12 days later, 230 nl of rabies
virus (EnvA-pseudotyped SAD-DeltaG-mCherry; gift from
Kentros lab) was injected in the same location, and the ani-
mal was kept alive for 11 days before perfusion.

Rabies tracing

2.4 | Tissue collection and preparation

Animals receiving anterograde tracers were perfused one
week after the injections. They were given an overdose of
pentobarbital and perfused transcardially with Ringer’s solu-
tion (0.025% KCl, 0.85% NaCl, 0.02% NaHCO3, pH 6.9) fol-
lowed by freshly prepared paraformaldehyde solution (PFA,
Sigma-Aldrich AS, 1% in 0.125 M phosphate buffer, pH 7.4).
For brains with bilateral tracer injections, the left hemisphere
was flattened and the right hemisphere was cut coronally (see
below). Such brains were carefully removed from the skull
and kept in a container with PFA (1%). Within one hour of
the perfusion, the brain was cut in two along the midline to
prepare coronal sections of the right hemisphere and tangen-
tial sections through flattened tissue (flat maps) from the left
hemisphere. Brains with unilateral anterograde tracer injec-
tions and brains that received rabies injections were perfused
and post-fixed with 4% PFA and always cut in the coronal
plane (see below).

24.1 | Coronal sections

Coronal sections were prepared from brains that received
(a) bilateral anterograde tracer injections, (b) unilateral an-
terograde injections, or (c) rabies injections. For bilateral in-
jections, coronal sections were always made from the right
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hemisphere. In all cases, brains were carefully removed from
the skull following perfusions and transferred to a screw-top
vial containing PFA (4%, 0.125 M phosphate buffer, pH 7.4),
postfixed overnight at 4°C and transferred to cryoprotective
solution (2% DMSO in 0.125 M phosphate buffer) the next
day, and again stored overnight at 4°C. The hemisphere was
then cut in 40 pm coronal sections on a freezing microtome
(see above) in three equally spaced series. The first series
was mounted directly onto Superfrost Plus microscope slides
(Gergard Menzel GmbH, Braunschweig, Germany), dried
overnight on a heating pad, and used for Nissl staining. Series
two and three were each stored in cryoprotective solution at
—20°C, and later used for visualizing anterograde tracers
or rabies, and the other for immunohistochemistry against
M2AChR.

242 |

The left hemisphere was flattened to make “flat maps” of
cortex, which first required that cortex was dissected from
the rest of the subcortical structures. This was done by first
resting the left hemisphere on the midline with the cortex up-
wards, and gently pressing the cortex flat. The brain was next
flipped over to expose the midline, and a cut was made in
fornix dorsal to the anterior commissure. Two brushes were
used to push and separate cerebellum, cortex and the under-
lying subcortical areas from each other. The brainstem was
held down with a brush, while dorsal cortex and hippocam-
pus were pushed away with dissection scissors, and cuts were
made at the same time along the white matter. The scissors
were held parallel to the cutting plane and special care was
taken to not damage ventral hippocampus. The brainstem
and cerebellum were cut out and removed. One relief cut was
made in the cingulate cortex and one ventral to the postrhinal
cortex to facilitate the unfolding of the cortex. The cortex
was then placed on a microscope glass covered with parafilm
(Laboratory film, Pechiney, Plastic packaging, Chicago), and
hippocampus and dorsal cortex were gently unfolded using
two brushes. Another covered microscope glass was placed
on top of the tissue and the two glasses were taped together.
The preparation was placed in a container with PFA (4%)
overnight at 4°C with a glass weight (52 g) on top to provide
extra pressure. The following day, the flattened tissue was
removed from the microscope glasses and kept in a screw-
top container with 2% DMSO in 0.125 M phosphate buffer
overnight at 4°C. One day later, the brain was mounted onto
a freezing microtome stage using a sucrose solution (20%)
with dorsal cortex facing down, and 50 pm thick sections of
flattened cortex were cut and collected in one tube containing
2% DMSO in 0.125 M phosphate buffer. The sections were
first used for studying projections from V1 to extrastriate
areas in flat maps, and were stained subsequently with DAB
against M2AChR for delineation purposes (as described in

Tangential flattened sections

the following section). We defined all cortical boundaries
based on myeloarchitecture and M2AChR staining in each
hemisphere individually.

2.5 | Histology and immunochemistry

2.5.1 | Nissl staining

Series one from the right hemisphere was stained with cresyl
violet (Sigma-Aldrich, St. Louis, MO). Briefly, the sections
were dehydrated in increasing percentages of ethanol (50%,
70%, 80%, 90%, 3 X 100%, 10 dips each), cleared in xylene
for 2 min, and rehydrated in decreasing concentration of eth-
anol. The sections were rinsed briefly in running water before
being stained with cresyl violet (0.1%) on a shaker for 3 min.
The sections were rinsed subsequently in running water and
differentiated in an ethanol-acetic acid solution (0.5% ace-
tic acid in 70% ethanol) until optimal staining was achieved.
The sections were again dehydrated in increasing percent-
ages of ethanol (as described above), cleared in xylene, and
coverslipped with xylene solution (Merck KGaA, Darmstadt,
Germany).

2.5.2 | Immunohistochemistry against BDA

Series two of the right hemisphere and all sections of the left
hemisphere were used for triple-anterograde tracing experi-
ments. Three of the tracers were conjugated with Alexa fluo-
rophores Dextran, Alexa Fluor™ 488, Dextran, Alexa Fluor™
546 and AlexaFluor " 647 whereas BDA was visualized, using
fluorophore-tagged streptavidin (Thermo Fisher Scientific).
This was done by first washing tissue sections 3 X 5 min in
0.125 M phosphate buffer (pH 7.4), followed by 3 X 5 min in
TBS-Tx (0.5% Triton-X-100, 0.606% Tris(hydroxymethyl)
aminomethane, 0.896% NaCl, pH 8.0). The sections were
then incubated with primary antibody Streptavidin, Alexa
Fluor 633 conjugate (1:400, Thermo Fisher Scientific Cat.
No. S-21375, RRID:AB_2313500) in TBS-Tx for 90 min
at room temperature, followed by 3 X 5 min rinsing in Tris
buffer 0.606% (Tris(hydroxymethyl)aminomethane, pH 7.6).
The tissue sections were then mounted on Menzel-glass
slides (Thermo Scientific) using a Tris-gelatin solution (0.2%
gelatin in Tris-buffer, pH 7.6), air dried overnight and cover-
slipped with an entellan-toluene solution the following day.

2.5.3 | DAB staining against
M2AChHR and PV

Tissue sections were stained with 3.3’-Diaminobenzidine
tetrahydrochloride (DAB, Sigma-Aldrich, St. Louis, USA)
to visualize M2AChR density in series three of the right
hemisphere and flat map sections for the anterograde tracer
experiments, as well as for series three of the “atlas” brain
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(Figure 1). DAB staining was also used to visualize PV in
series two of the “atlas” brain. The staining procedure for
coronal sections was the same across experiments except for
flat maps, for which staining was done on the slide, requiring
a longer incubation time.

In brief, for immunostaining against M2AChR and PV,
sections were first rinsed 2 X 5 min in phosphate buffer
(0.125 M) followed by 2 X 5 min rinses in TBS-Tx. The
sections were incubated with primary antibody (Rat anti-
muscarinic acetylcholine receptor M2 monoclonal anti-
body, unconjugated, clone m2-2-b3, 1:750, Millipore Cat.
No. MAB367, RRID:AB_94952; Mouse anti-parvalbumin
monoclonal antibody, unconjugated, clone PARV-19, 1:1000,
Sigma-Aldrich Cat. No. P3088, RRID:AB_477329) over-
night at room temperature. They were then washed 2 X 5 min
in TBS-Tx and incubated with mouse absorbed, rabbit-anti-rat

Nissl

FIGURE 1

Parvalbumin
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secondary antibody (Anti-rat 1gG (H+L), 1:300, Vector
Laboratories Cat. No. BA-4001, RRID:AB_10015300; Goat
anti-mouse IgG, biotin conjugated, 1:200, Sigma-Aldrich
Cat. No. B7151, RRID:AB_258604) for 90 min at room
temperature. The sections were then washed 2 X 5 min in
TBS-Tx, 2 X 5 min in PB, 2 X 5 min in H,0,-metanol solu-
tion (0.08%, Sigma-Aldrich), 2 X 5 min TBS-Tx and in-
cubated with a Vector ABC kit (Vector laboratories, Inc.,
Burlingame, USA) for 90 min at room temperature, per the
manufacturer’s instructions. Subsequently, the sections were
washed 2 X 5 min in TBS-Tx, then 2 X 5 min in Tris-buffer
before being incubated with DAB (10 mg in 15 mL Tris-
buffer, Sigma-Aldrich) at room temperature. Just before the
incubation, H,0, (2 pL, 30%, Sigma-Aldrich) was added to
the DAB solution and it was filtered. The sections were in-
cubated in DAB until they reached the desired color, rinsed

M2AChR
RSA M2M1 gy

I M

RSA mPPC g

e
9.

RSA MPPC ppg

o ¥

S1

P

RSA  mPPC |ppc
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Delineation of posterior parietal cortex and surrounding areas. Coronal sections of Nissl- (left), parvalbumin- (middle) and

M2AChR-stained (right) tissue from a single mouse are shown in 40 pm sections in three interleaved series. Approximate bregma levels, based on
Paxinos and Franklin (2012), are indicated at the far left, along with a hemispheric overview of where the sections on the right were taken from.
The nomenclature is also adapted from Paxinos and Franklin (2012); see list for abbreviations. Left scale bar = 1 mm, right scale bar = 500 pm
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in Tris-buffer solution, and mounted on Menzel glass slides
using a 0.2% gelatin solution. After drying overnight, the
slides were coverslipped with an entellan-xylene solution.

254 | Immunohistochemistry against rabies

For brains used for rabies tracing, series two was stained
against green fluorescent protein (GFP), and red fluores-
cent protein (RFP) to visualize the helper virus (AAVI.
CamKII0.4.Cre.SV40 + AAVS5-syn-FLEX-splitTVA-
EGFP-B19G) and the rabies virus (EnvA-pseudotyped
SAD-DeltaG-mCherry), respectively. In brief, the tissue was
rinsed 3 X 5 min in phosphate buffered saline (PBS, 0.1 M,
pH 7.4, Sigma-Aldrich) on a shaker at room temperature and
rinsed 2 X 10 min in a 0.3% Triton solution (PBS 0.1 M and
0.3% Triton). Further, it was incubated with primary antibod-
ies (Rabbit RFP Antibody Pre-adsorbed, 1:1000, Rockland

Cat. No. 600-401-379, RRID:AB_2209751; Chicken anti-
GFP, 1:500, Abcam Cat. No. ab13970, RRID:AB_300798)
in a PBS 0.1 M+ 0.3% Triton + 3% BSA solution on a
shaker at 4°C overnight. The tissue was rinsed 2 X 5 min
in 0.3% Triton solution and incubated with secondary anti-
bodies (F(ab)2-goat anti-rabbit IgG (H+L) cross-adsorbed,
Alexa Fluor 546, 1:1000, Thermo Fisher Scientific Cat.
No. A-11071, RRID:AB_2534115; Goat anti-chicken IgY
H&L, Alexa Fluor® 488, 1:1000, Abcam Cat# ab150169,
RRID:AB_2636803) in a PBS 0.1 M + 0.3% Triton + 3%
BSA solution on a shaker at room temperature for one hour.
Finally, the tissue was rinsed 2 X 10 min in PBS (0.1 M) and
mounted on gelatin-coated polysine slides (Thermo Scientific)
using PBS (0.1 M). After drying for one hour, a Hoechst so-
lution (1:5000 in PBS 0.1 M, bisBenzimid H 33258, catalog
No. B1155, Sigma-Aldrich) was applied on the sections for
5 min in the dark, the slides were carefully rinsed with PBS

FIGURE 2 Projections from V1 viewed in flattened (left) and coronal (right) sections. (a) Left hemisphere: Section through layer IV of

flattened cortex showing triple injections of anterograde tracers in V1 and the resulting projections to extrastriate areas. Insert: dark-field image

from an unprocessed section for overview. Nomenclature for the visual projection fields is based on Montero (1993), and cortical field boundaries

were established within-hemisphere. The outlines of V1 and barrels of S1 were drawn from M2AChR staining and myeloarchitecture from the

dark-field image (see insert, top left). To avoid signal saturation from the injection sites, a shorter exposure time was used for injection sites than

for projections as shown in the image (Methods). (b) Right hemisphere: triple injections of anterograde tracers in V1 (section 8, at bottom) as in a,

visualized in coronal sections, as well as the resulting projections to extrastriate areas. Anterior-posterior levels of the coronal section are indicated

by corresponding numbers (1 through 8) in a, the locations of which are estimates based on the similarity of labeling patterns and AP levels.

Projections from V1 to areas LM, LI and AL were topographically organized, whereas labeling was intermingled in other subfields. (c) Magnified

view of labeling from highlighted areas in coronal sections in b. The figure is for illustration purposes. See list for abbreviations. Scale bars in a and

b =500 pm, in ¢ = 200 pm
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FIGURE 3 Co-registration of
extrastriate areas with PPC and surrounding
cortices. (a) Tissue from the same triple
injections in V1 as in Figure 2 are shown,
along with Nissl- and M2-stained sections
from the same brain. Each panel consists

of three immediately adjacent sections,
with the series starting in PPC and
proceeding posteriorly (AP coordinates
estimated using Paxinos & Franklin, 2012).
The nomenclature for extrastriate areas

is based on Montero (1993) and Wang

and Burkhalter (2007), and the cyto- and
chemoarchitectonic labels are adapted

from Paxinos and Franklin (2012). (b) A
comparison of the three sections shows that
mPPC at this level does not overlap with any
extrastriate areas, whereas IPPC overlaps
with area A. The enlarged inset above shows
the fluorescent processes of area A/IPPC
(nomenclatures juxtaposed at bottom left).
(c—g) Similar comparisons from tissue
sections spanning approximately —2 to

—4 mm AP. Scale bar at bottom right of

g =500 pm; insert = 50 pm
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and coverslipped with ProLong® Gold antifade reagent (REF
P36934, Molecular probes, Life technologies ™).

2.6 | Imaging and analysis

All brain sections were digitized using a Zeiss Axio Scan.Z1
scanner. Selected fluorescent coronal sections and fluores-
cent flat maps were scanned with a Zeiss confocal microscope
(LSMB800) in z-stacks and compiled using the max projec-
tion function to project all stacks onto a single plane. The
scans were edited in Adobe Photoshop CC 2017 and figures
were made in Adobe Illustrator CC 2017. Nissl and DAB-
stained sections were optimized for brightness and contrast.
Fluorescent flat maps and coronal sections in Figures 2-6
were used for illustration purposes, and were optimized in
Adobe Photoshop for brightness and contrast levels for

(a) B3

the whole image. Masks were applied to avoid overexpos-
ing the injection sites when enhancing the labeling. These
were done to reduce background; no labeling was removed,
only enhanced for visualization purposes. For Figures 2 and
3, dark field images were taken of the same sections and
used as background underneath the fluorescent sections.
Artifacts from blood vessels were removed by making them
transparent against the background; see Figures 5 and 6 and
Supporting information Figures S1-S3 for examples of when
vascular artifacts were not removed. Descriptions of antero-
grade and retrograde labeling were intended to be descrip-
tive in nature. We did not quantify the density of labeling or
the injections, and therefore do not make assertions about the
relative strengths of the connections.

Delineations in Figure 3 were performed on series one
of the sections (Nissl) and series three (M2AChR stain).

(b)RSC_

FIGURE 4 Validation of coordinates for PPC using thalamic labeling. (a) A Nissl-stained section from the right hemisphere showing triple

injections of dextran amine tracers within cytoarchitectonic boundaries of PPC in that hemisphere, with the underlying thalamic nuclei delineated

(inset). (b) Fluorescent image of the same section, showing fluorescent anterograde labeling in the associative thalamic nuclei LP and Po, with

no staining in the DLG. (c) Overview of flattened cortex showing triple anterograde tracer injections in V1 in a different mouse, along with S1B,

S1, RSC and an estimation of where PPC should fall. (d) Triple anterograde injections at the same coordinates as A and B, in the left hemisphere

of the same animal, viewed in a flat map with the area estimated as PPC directly lateral to the & barrel field. In both (c) and (d), cortical area

boundaries are drawn based on within-hemisphere myeloarchitecture, and exposure times and saturation levels for the images were optimized to

highlight injections sites, not labeled projections. Scale bars at bottom right of a—d = 500 pm; insert = 100 pm
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(a) B-1.91

(b) B+2.57

FIGURE 5 Efferent and afferent
cortical connections anterior to PPC.
(a) (left) Coronal section showing triple
anterograde tracer injections in PPC of ik i 3 \
the right hemisphere; (right) injection 3 i )
site of TVAG and rabies viruses in the 0 4 VO,VLO
right hemisphere of a different mouse. ;
Cortical boundaries were drawn based on
cytoarchitectural features in Nissl-stained
sections adjacent to each section with
anterograde or retrograde labeling, in
correspondence with Paxinos and Franklin
(2012). (b) (left) Drawing of the right
hemisphere at +2.57 mm from bregma,
from which the middle and right panels

were taken. (middle) Fluorescent images
of PPC projections to VO and VLO,
(right) retrograde rabies labeling (red)

against Hoechst counterstaining (blue). (c) B-0.47
(left) Drawing of the right hemisphere at

+0.49 mm from bregma. (middle) Strong

anterograde labeling in Cg and M2, showing

arough topographical correspondence

with injection sites in PPC. (right) Rabies

labeling indicated dense monosynaptic

projections from dorsal Cg cortex and

medial M2 to PPC. (d) (left) Same as above,

toward the posterior extent of M2, (middle)

fluorescent anterograde projections from
medial and lateral PPC; (right) retrogradely
labeled neurons in posterior M2 and Cg
that project to PPC. (e) (left) Drawing of
the right hemisphere at —1.31 mm relative
to bregma. (middle) At this level, PPC

has robust projections to S1, and (right)
rabies labeling in S1 shows the connection
is reciprocal. Scale bars in b—e = 500 pm
in left panels, 200 pm in middle and right

panels
The sections were then overlaid on corresponding fluores-  subregions were performed for each experimental hemi-
cent sections from series two (anterograde or retrograde la-  sphere individually; laminar and chemoarchitectural labeling

beling) in Adobe Illustrator, and the borders where copied  in coronal sections was in correspondence with Paxinos and
onto fluorescent sections. Special care was taken to overlay ~ Franklin (2012); extrastriate areas in flattened sections were
the sections exactly. Demarcations of cortical and thalamic ~ labeled in correspondence with Wang and Burkhalter (2007),
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and in coronal sections with reference to D’Souza, Meier,
Bista, Wang, and Burkhalter (2016). Boundaries for tha-
lamic nuclei were in correspondence with Olsen and Witter
(2016). A similar approach was used with Nissl-stained sec-
tions directly neighboring the fluorescent sections shown in
Figures 5 and 6.

3 | RESULTS
3.1 | Architectural features of PPC and
neighboring areas

Similar to the rat, the mouse PPC lies between primary so-
matosensory and visual cortices, spanning approximately
600 pm anterior-to-posterior, and has distinguishable medial

FIGURE 6 Efferent and afferent
cortical connections posterior to PPC.
Anterograde and retrograde labeling
resulting from the same injections as in
Figure 5; cortical boundaries were drawn
based on adjacent Nissl-stained sections, in
correspondence with Paxinos and Franklin
(2012). (a) (left) Drawing of the right
hemisphere at —2.03 mm from bregma, from
which the middle and right panels were
taken. (middle) PPC projects to deep and
superficial layers of auditory cortex (Au);
(right) Au provides monosynaptic input
back to PPC, as indicated by rabies tracing.
(b) (left) Same as above, at —2.69 mm
relative to bregma. (middle) PPC projections
were present in superficial and deep layers
of RSC (top), but were stronger and clearly
topographical in AM and AL (lower panels).
(right) Deep and superficial RSC, as well

as areas AM and AL provide monosynaptic
input to PPC. Scale bar = 500 pm in

left panels, 200 pm in middle and right
panels

(mPPC), lateral (IPPC) and posterior (PtP) divisions (Olsen
& Witter, 2016; Paxinos & Watson, 2013). To define pre-
cisely the boundaries between PPC and neighboring cortical
regions, and to discern parietal subareas, we examined lami-
nar architecture using Nissl staining, and chemoarchitectonic
patterns using immunostaining against PV and M2AChRs.

3.1.1 | Nissl staining

Posterior parietal cortex is bordered anteriorly by second-
ary motor cortex (M2), lateral to which is a narrow band
of primary motor cortex (M1), and even more laterally by
primary somatosensory cortex (S1). While cell density is
mainly uniform in superficial and deep M2, M1 is conspic-
uous for a broad layer V with large pyramidal cell bodies,
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and more homogenous lamination in superficial layers than
M2. Lateral to M1, S1 is discernable by prominent lamina-
tion and a clearly distinguishable layer IV (Figure 1, top left).
Medial to these areas and M2 is agranular retrosplenial cortex
(RSA), which contains small, densely packed cell bodies in
layer II and a loosely packed layer V that contrasts with the
more homogenous distribution of cell bodies across layers
in M2. Medial PPC (mPPC; Figure 1, row 2) first emerges
at approximately —1.55 mm relative to bregma, and is ap-
parent by its homogeneous lamination relative to the neigh-
boring RSA, medially, and S1, laterally. Unlike mPPC, RSA
has visibly different cell densities across layers II and III,
with layer V having a sparse population of large cell bodies
(Figure 1, rows 1 and 2). Somatosensory cortex is discern-
able by a well-developed granular layer IV and clearly strati-
fied supragranular and infragranular layers.

The anterior tip of IPPC appears between mPPC and S1
(Figure 1, row 3). Unlike mPPC, IPPC has some discernable
lamination between layers II/III and layer V, with layer V
being less densely packed than superficial layers. Layer VI of
IPPC is also slightly narrower and more densely packed than
mPPC. The posterior part of the parietal cortex (PtP, from
Paxinos & Franklin, 2012) is the most lateral subarea, and
emerges between IPPC and S1 barrel cortex (Figure 1, row 4).
Layers II/III of PtP are homogenous with small cells, whereas
layer V cells are larger and more sparsely packed. Lateral to
PtP is barrel cortex (Figure 1, row 5), which is distinguished
by densely packed granular cells in layer IV forming the bar-
rel fields. Posterior to mPPC and IPPC is the medial second-
ary visual cortex (V2M, Figure 1, row 6), which appears very
similar to PPC in Nissl-staining. Considering the proximity
and similarity of V2M and PPC with Nissl staining, we found
that the emergence of V1, lateral to V2M, was the most useful
indicator for being posterior to PPC. Primary visual cortex is
characterized by a prominent, granular layer IV that is not
present in V2M, and, unlike V2M, V1 is clearly laminated.
Similar to S1, V1 contains large pyramidal cells in layer V,
and has both superficial and deep cell-sparse zones.

3.1.2 | PV staining

In the section anterior to PPC (Figure 1, row 1, middle col-
umn), layers Il and V of granular retrosplenial cortex (RSG)
have very dense staining of cell bodies and neuropil which ta-
pers into RSA and shows a gradual decrease in staining. The
border to M2 can be noted by the drop in superficial neuropil
staining, which becomes darker again in M1. Moving later-
ally, S1 has more pronounced stratification, with superficial
layer V appearing as a clear stripe between densely stained
deeper layers and layer II/IIL. Just posterior (Figure 1, row 2),
the appearance of mPPC is marked by a salient decrease in
PV staining in both cell bodies and the neuropil, which con-
trasts with the dense staining medially in layers II-V of RSA,
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and the darker staining in layers IV and V of S1. The neuropil
in layer V of 1PPC is slightly darker than mPPC (Figure 1,
row 3), though both divisions have distinctly less PV staining
than S1 and RSA. Laterally, PtP has slightly darker staining
in deep layer III and layer V than IPPC (Figure 1, row 4-5),
but it is markedly less than the neighboring S1 barrel fields,
which have very dark staining in the neuropil of layers IV
and V, and more PV+ cells in deeper layers (Figure 1, row
5). In posterior sections, V2M has even less PV staining than
the neuropil and cell bodies of PPC. The near-total absence
of PV staining is useful for distinguishing V2M from RSA,
medially, and V1, laterally, which has a distinct band of
staining in the layer V neuropil. Area V2L also has a darkly
stained layer V, with weaker staining in superficial layers
(Figure 1, row 6).

3.1.3 | M2AChR-stained sections

Similar to PV staining, RSG shows dense labeling for
M2AChRs superficially in layer IT as well as in deeper layers.
Layer II continues to show prominent staining through RSA,
but drops off abruptly at the border with M2 (Figure 2, top
row, right column). The superficial staining returns in M1,
remains clearly visible laterally through S1, and becomes
extremely dense in superficial barrel cortex. Just posterior
(Figure 2, row 2, right column), the appearance of mPPC is
evidenced by a pronounced decrease in M2AChR staining
in superficial layers relative to RSA, medially, and S1, lat-
erally. Posterior to S1 (Figure 1, row 3), the emergence of
IPPC is also indicated by a drop in M2AChR staining, and
again so with PtP (Figure 1, row 4). The staining in PtP is
slightly darker superficially than other parietal areas, but the
appearance of S1B, lateral to PtP, is marked by a sharp in-
crease in staining of the superficial barrel fields. Posterior to
PPC, V2M virtually lacks M2AChR staining in superficial
layers, and is bracketed by strong staining in RSA and V1
(Figure 1, row 6). Here, the emergence of V1 is marked by
strong M2AChR staining directly posterior to IPPC and PtP;
again the appearance of V1 is the best indicator of being pos-
terior to all PPC subfields in the coronal plane.

3.2 | Topography of V1 projections in
tangential flattened and coronal sections

Topographic maps of V1 projections were obtained in tan-
gential sections from flattened hemispheres containing triple-
tracer injections of dextran amines at the posterior pole of
V1 (Wang & Burkhalter, 2007). Tracer injections were per-
formed bilaterally in three mice and unilaterally in two, and a
representative example of a tangential section through layer
IV (Figure 2a) shows the injection sites and clusters of pro-
jections to extrastriate areas around the periphery of V1. The
relative strengths of these projections were not quantified
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here, but can be found in previous work (Wang & Burkhalter,
2007). The topography of the projections and delineations of
V1 and S1 are with respect to myeloarchitectonic patterns
(Figure 2, low-magnification inset) and M2AChRstaining
(not shown) from the same sections.

The projections were identified in line with previous
studies (Montero, 1993; Olavarria etal., 1982; Wang &
Burkhalter, 2007) based on fluorescent labeling, orientation
and topographical positioning, and were named using the
same nomenclature as these previous studies (see Supporting
information Table S2 for a nomenclatural comparison).
Similar to their findings, we report a particularly strong
projection from V1 to the lateromedial (LM) field, located
immediately lateral to V1, and to the laterointermediate (LI)
field lateral to LM (Figure 2a). Also consistent with prior
reports (Wang & Burkhalter, 2007), LM showed a mirrored
medial-to-lateral ordering of the labeling (Figure 2a), as did
the prominently labeled anterolateral (AL) field, just poste-
rior to the S1 barrels. The rostrolateral (RL) area contained a
mixture of all tracers and ran parallel to the posterior barrel
fields, while the anterior-most labeling was in the anterior
(A) field, with labeling from all injections in V1 visible at
higher magnifications (Figure 2c, top left). Posterior and me-
dial to area A was the anteromedial (AM) field, with patches
of labeling from each tracer stretched along the anterior—pos-
terior axis, followed by the posteromedial (PM) field. While
in this case the cyan labeling predominated at low magnifi-
cation in PM, all tracers were evident at higher magnification
(Figure 2c, bottom left).

Similar triple-injections were made in V1 of the right
hemisphere, from which coronal sections were cut along
the anterior-to-posterior extent of the extrastriate cortex
(Figure 2b). Importantly, we verified that projection labeling
from contralateral injections was negligible (Figure S1), indi-
cating that labeling in coronal or flattened sections came al-
most entirely from ipsilateral injections. We identified fields
in the coronal plane based on their labeling with respect to
flat maps, and at levels corresponding to prior descriptions
of extrastriate clusters in coronal sections (D’Souza et al.,
2016). Consistent with the flat maps, area A was labeled
sparsely following injections in V1, whereas the densest pro-
jections were to areas LM and AL, both of which exhibited
topographically distributed labeling. Each extrastriate area
(except LI) is shown at higher magnification in Figure 2c.

3.3 | Locations of extrastriate areas in
relation to PPC

The main goal of this study was to describe the location of ex-
trastriate areas described in classical studies (Montero, 1993;
Olavarria & Montero, 1989; Olavarria et al., 1982; Wang &
Burkhalter, 2007) in relation to the laminar, cyto- and chemo-
architectural features that distinguish PPC in the mouse. To

do this, we stacked images of Nissl-stained, annotated PPC
sections atop corresponding sections from the same animal
with fluorescent V1 projections, and a third series of sections
stained for M2AChR (Figure 3). As shown in Figure 3b, at
—1.91 mm posterior to bregma the entire complement of la-
beled fibers for area A is contained in IPPC, with no apparent
extrastriate labeling in mPPC. Proceeding posteriorly, area
A continues to overlap primarily with the lateral areas IPPC
and slightly with PtP, while AM overlaps mainly with mPPC
and to a lesser extent IPPC (Figure 3c). The bulk of labeling
in AM remained in mPPC along the full extent of PPC, while
area RL overlapped with PtP and the medial edge of the S1
barrel fields (Figure 3d).

Posterior to PPC, labelling in area, AM was contained en-
tirely in V2ZM (per the nomenclature of Paxinos & Franklin,
2012), and area RL continued to straddle the architectonic
boundary between V2L and S1 barrels (Figure 3e). Even
more posteriorly, at approximately —2.87 mm posterior to
bregma, labeling in PM overlapped completely with Paxinos
and Franklin’s (2012) V2M, whereas V2L totally enveloped
AL. We found that the splenium of the corpus callosum was
a useful landmark for locating the transition from RL to AL,
and that AL emerged at the level where the barrels disap-
peared in coronal sections. The farther posterior sections
(Figure 3g) showed that area LM overlapped completely
with posterior V2L, and area LI overlapped with the tempo-
ral association area (Te). Although we noted cross-reactivity
between antibodies against M2-receptors and BDA labeling
(Figures 3f-g), we confirmed that the patterns of M2AChR
labeling in other sections matched staining patterns in tissue
preparations without BDA injections (as in Figure 1).

3.4 | Thalamic and cortical connectivity of
mouse PPC

One of the defining features of PPC in rats and other mammals
is its connection with associative thalamic nuclei, namely the
lateral posterior (LP), lateral dorsal (LD), and posterior (Po)
nucleus (Bucci, Conley, & Gallagher, 1999; Cappe, Morel,
& Rouiller, 2007; Chandler, King, Corwin, & Reep, 1992;
Donoghue & Ebner, 1981; Kolb & Walkey, 1987; McDaniel,
McDaniel, & Thomas, 1978; Olsen & Witter, 2016; Padberg
& Krubitzer, 2006; Schmahmann & Pandya, 1990). Existing
evidence indicates that PPC in mice receives input at least
from LP (Harvey et al., 2012), so we used coordinates from
our prior annotations (Figures 1 and 3) to target triple anter-
ograde tracer injections in PPC (bilaterally in two animals,
and unilaterally in two others), and cut the right hemisphere
in coronal sections to investigate the patterns of thalamic
labeling. In the two bilateral cases, the left hemisphere was
used to prepare tangential flattened sections. The locations of
PPC projections in all cases were identified using anatomical
boundaries delineated in neighboring Nissl-stained sections,
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and fluorescent labeling of the projections came nearly exclu-
sively from injections in the ipsilateral hemisphere (Figure
S1). Thalamic and cortical projections from PPC are shown
for illustrative purposes, their densities were not quantified.

As seen in Figures 4a and b, tracer injections contained
wholly within the cytoarchitectonic boundaries of PPC pro-
duced robust anterograde labeling in LP and Po, and farther
anterior sections contained strong projections to LD (Figure
S2). In all cases, thalamic projections were specific to as-
sociative nuclei with no staining in the immediately adja-
cent dorsal lateral geniculate nucleus (DLG), which receives
projections from V1, nor in the ventral posterior medial nu-
cleus (VPM), which receives projections from S1. Thus, the
cortico-thalamic projections in the mouse appeared highly
similar to those described in rats (Chandler et al., 1992; Olsen
& Witter, 2016). To visualize the position of the injection
sites in PPC relative to other cortical areas, we examined flat-
tened sections from the left hemisphere, which had similar
triple injections at the same coordinates as the coronal sec-
tions. The myeloarchitecture in the flattened sections showed
that our coordinates for PPC fell anterior and largely medial
to V1, and tangential to the barrel fields of S1, in particular
the d barrel (Figure 4d).

To verify the projection targets of PPC, we next examined
labeling resulting from triple-injections in coronal sections of
the right hemisphere (Figure Sa, left), which showed prom-
inent labeling in several cortical and subcortical regions.
Anterior to PPC, this included projections targeting medial,
ventral and ventrolateral orbitofrontal cortex (MO, VO, VLO;
Figure 5b, left, MO not shown), with the most prominent
labeling in superficial layers of VLO. The injections also
produced strong labeling in cingulate (Cg) and secondary
motor (M2) cortices, which appeared to follow a coarsely
topographical distribution, with medial PPC projecting me-
dially toward Cg, and lateral PPC projecting more laterally
into M2 (Figure Sc—d, left). The projections from PPC to M2
were particularly strong posterior to bregma, though whether
labeling was topographical at this level varied across animals
(Figure S3). We also noted that the projections to M2 corre-
sponded well with prior descriptions of outputs from areas A
and RL (Wang, Sporns, & Burkhalter, 2012). These connec-
tions, along with robust projections to primary somatosensory
cortices (Figure 5e), and subcortical projections to the dorsal
striatum and intermediate layers of the superior colliculus
(Figure S2), are strongly consistent with the complement of
connections described in rats (Chandler et al., 1992; Kolb &
Walkey, 1987; Olsen & Witter, 2016; Wilber, Clark, Demecha
etal., 2014). To determine whether these cortical outputs of
PPC were reciprocal, we performed monosynaptic circuit
tracing with rabies virus in a parallel series of mice (n =4,
Figure 5a, right; Wickersham et al., 2007), which showed un-
equivocally that PPC received monosynaptic inputs from each
cortical area with anterograde labeling (Figure Sb—e, right).
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Posteriorly, PPC projections were labeled in both superfi-
cial and deep layers of primary auditory cortex (Figure 6a),
and in granular and agranular retrosplenial cortex (Figure 6b,
top), which is consistent with observations in rats (Kolb
& Walkey, 1987; Olsen & Witter, 2016; Reep et al., 1994;
Wilber, Clark, Demecha et al., 2014) and could correspond
to RSC projections from areas A and AM in mice (Wang
et al., 2012; Wilber, Clark, Demecha et al., 2014). The dens-
est projections from PPC were to extrastriate areas AM/V2M
and AL/V2L (Figure 6b, middle and bottom), with AM/V2M
showing a medial-to-lateral topography in line with the loca-
tion of tracer injections in PPC, and AL/V2L in some cases
showing a mirrored ordering (Figure 6b, bottom; Figure S3,
bottom). Although labeling from PPC was present more pos-
teriorly in areas PM and LM, it was weaker than in AM/V2M
and AL/V2L, and did not appear topographical (not shown).
As with cortical connections anterior to PPC, monosynaptic
tracing with rabies virus confirmed these connections were
reciprocal, originating from both deep and superficial layers
in all upstream areas (Figure 6a and b, right).

4 | DISCUSSION
In this study, we described laminar, cytoarchitectonic and
chemoarchitectonic criteria for defining the mouse PPC and
surrounding cortices which, to our knowledge, have not been
established previously. By providing a characterization of
PPC and its boundaries using intrinsic architectural features,
this study differs from previous, large-scale investigations of
the organization of mouse cortex based on functional con-
nectivity and projection patterns (Lim et al., 2012; Oh et al.,
2014; Zingg et al., 2014). Importantly, we reconciled widely
used but disparate nomenclatures that refer to PPC (Paxinos
& Franklin, 2012) versus the extrastriate areas around it
(Montero, 1993; Olavarria & Montero, 1989; Olavarria et al.,
1982; Wang & Burkhalter, 2007). We further confirmed our
coordinates for PPC on the basis of projections to associa-
tive thalamic nuclei, which corresponded to thalamic projec-
tion patterns in rats (Bucci et al., 1999; Chandler et al., 1992;
Kolb & Walkey, 1987; Olsen & Witter, 2016), mice (Harvey
et al., 2012) and several other mammalian species (Donoghue
& Ebner, 1981; Olson & Lawler, 1987; Padberg & Krubitzer,
2006; Schmahmann & Pandya, 1990).

Considering the growing use of mice to study PPC and
the networks with which it connects, advancing a straight-
forward cytoarchitectonic definition of the mouse PPC in
relation to nearby areas is increasingly critical. The two
major aims of this study were therefore (a) to provide a
resource for identifying mouse PPC with anatomical cri-
teria that are evident using ubiquitously available staining
methods, such as a Nissl stain, and (b) to define where
PPC falls in relation to extrastriate areas around V1. The
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first evidence for such areas in mice came from studies
of retinotopic processing in striate and extrastriate corti-
ces (Wagor, Mangini, & Pearlman, 1980), with subsequent
investigations characterizing them based on anatomical
projection patterns from V1 (Olavarria & Montero, 1989;
Olavarria et al., 1982). Later work established their connec-
tion strengths and retinotopic response properties system-
atically and at larger scales (Andermann, Kerlin, Roumis,
Glickfeld, & Reid, 2011; Garrett, Nauhaus, Marshel, &
Callaway, 2014; Marshel, Garrett, Nauhaus, & Callaway,
2011; Wang & Burkhalter, 2007), and their projections to
other cortical areas were also mapped (Wang et al., 2012).
Since the dorsal cortical surface in rodents lacks gross
anatomical landmarks, the pattern of responses in extra-
striate areas have provided increasingly-used functional
landmarks for locating higher visual (Garrett et al., 2014)
and associative regions in the posterior cortex (Driscoll,
Pettit, Minderer, Chettih, & Harvey, 2017; Olcese, lurilli,
& Medini, 2013). However, functional mapping of this
kind is not feasible in the absence of a broadly expressed
calcium indicator or intrinsic optical imaging, and the lo-
cation of these areas relative to PPC had not been defined
explicitly until now.

By characterizing the architectural boundaries of PPC and
cross-referencing them with projections from V1, we estab-
lished that the anterior pole of PPC does not overlap with any
extrastriate areas, whereas the posterior sectors of PPC over-
lap with areas A and AM (see Figure 7 for summary). The

most lateral and posterior extent of PPC, area PtP (Paxinos
& Franklin, 2012), overlapped partly with anterior area RL.
These areas are referred to as “extrastriate”, implying a pri-
macy of visual processing (Andermann et al., 2011; Garrett
et al., 2014; Marshel et al., 2011; Wang & Burkhalter, 2007),
though they overlap considerably with PPC, which has cog-
nitive (Akrami, Kopec, Diamond, & Brody, 2018; Harvey
etal., 2012; Hwang et al., 2017; Morcos & Harvey, 2016),
navigational (Nitz, 2006, 2012), and movement-related
(McNaughton et al., 1994; Whitlock et al., 2012) functions
that can be expressed independently of visual input. For ex-
ample, tetrode recordings in unrestrained rats targeting the
posterior extent of PPC—appearing to coincide with area
AM—showed widespread tuning to self-motion and angu-
lar head velocity in addition to visual landmarks (Chen, Lin,
Barnes, & McNaughton, 1994; Chen & McNaughton, 1988).
Subsequent work spanning similar cortical territory also re-
ported robust coding of self-motion and landmark positions in
egocentric coordinates (Wilber, Skelin, Wu, & McNaughton,
2017; Wilber, Clark, Forster et al., 2014), again indicating
roles in behavior beyond purely visual processing, though vi-
sual signals or optic flow could contribute to such representa-
tions. The exact functions of PPC and surrounding extrastriate
areas therefore merit further, systematic investigation outside
of passive perceptual tasks, with substantial information
likely to be gained from active or freely behaving animals.
Nevertheless, considerable portions of mouse PPC in-
deed receive input from V1, and its additional connections

Nissl staining

mPPC IPPC PtP

* Homogeneous + More laminated layer + Layer IVIll are
lamination across WYV than mPPC homegenous, with
layers + Layer V less dense than small cells

« Layer VI broader, superficial layers = Layer V cells larger

M2ACHR2 & PV staining
+ Particularly low expression in all subregions of PPC
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packed than IPPC

« Layer VI narrow and
more dense than mPPC

and more sparse

£ |mPPCIameriorAM IPPC/A PtPlanterior RL

LP Po LD
M2 S1 RSC
Au
Cg ,\\ 1 / ,{'/. Vi
orc« PPC :\—:AMNZM
Dorsal/l x iyl

: PM/V2M
striatum SC LMNV2L

FIGURE 7

Summary of the location, architectural characteristics and connectivity of mouse PPC. (left) Schematic of the dorsal cortical

surface with boundaries outlined for major sensory, motor and associative regions. The seven extrastriate areas considered in this study are drawn

around V1. Each of the PPC subareas, defined architectonically, are superimposed in color. The anterior pole of PPC does not overlap with any

extrastriate areas while, more posteriorly, mPPC overlaps with the anterior portion of area AM, IPPC overlaps extensively with area A, and PtP

overlaps with the anterior pole of area RL. Laterally, the posterior row of S1 barrel fields are drawn with the delta barrel labeled. Dimensions are

in millimeters and referenced to bregma (B). (right, top) Brief description of distinguishing laminar and cytoarchitectonic features for each PPC

subarea. (right, bottom) Summary of thalamic, cortical and subcortical connections of PPC described in the present study, including connections for

LM and PM as described by Wang and Burkhalter (2007)
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with auditory and somatosensory areas (Zingg et al., 2014)
are fully consistent with a role in multisensory processing
(Olcese etal., 2013; Raposo, Kaufman, & Churchland,
2014). The parietal connections with frontal cortex likely
support a role in elaborating movement, whereas connec-
tions with retrosplenial cortex and the dorsal presubiculum
(Olsen, Ohara, lijima, & Witter, 2017; Zingg et al., 2014;
Wilber et al., 2014) likely contribute to navigation (Save
& Poucet, 2009; Whitlock, Sutherland, Witter, Moser, &
Moser, 2008) and, possibly, transformations from first-
person to third-person reference frames (Alexander &
Nitz, 2015; Byrne, Becker, & Burgess, 2007). The general
topological relationship between PPC and these extrinsic
systems has been described to various extents across spe-
cies, including rats (Kolb & Walkey, 1987), cats (Olson
& Lawler, 1987), ferrets (Manger, Masiello, & Innocenti,
2002), galagos (Stepniewska et al., 2016), shrews (Remple,
Reed, Stepniewska, & Kaas, 2006), new world (Gharbawie,
Stepniewska, & Kaas, 2011) and old world monkeys
(Cavada & Goldman-Rakic, 1989), and humans (Kaas &
Stepniewska, 2016). Assuming that hodology is indicative
of information flow, the connections of PPC would enable it
to support potentially similar cognitive and behavioral func-
tions in different species (Brunton et al., 2013; Goldring &
Krubitzer, 2017; Kaas, 1995; Krubitzer, 1995; Raposo et al.,
2012; Whitlock, 2014, 2017), though the relative weight of
sensory inputs, for example, could vary according to evo-
lutionary niches. The size and differentiation of PPC also
differs substantially across species; in humans it consists of
four distinct Brodmann areas 5, 7, 39, and 40 (Brodmann,
1909), while in macaques it includes areas 5 and 7, and in
rats only an area 7 has been well described (Krieg, 1946;
Olsen & Witter, 2016). Since the vast majority of record-
ing studies in PPC have been in primates, and macaques in
particular, the true degree of functional homology across
species requires further recordings particularly in rodents,
and with a detailed consideration of the animals’ sensory
processing and behavior.

As for mice, it remains to be mapped more fully where inputs
from associative, motor, and sensory areas are integrated syn-
aptically within PPC, and whether graded topographies exists
for different sensory modalities, as shown for visual and vibris-
sal afferents in area RL (Olcese et al., 2013). While the present
study focused on characterizing PPC relative to extrastriate pro-
jections, comparable mapping could likely be performed in the
context of somatosensory, auditory or motor inputs.
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Organization of Posterior
Parietal-Frontal Connections
in the Rat

Grethe M. Olsen?, Karoline Hovde®, Hideki Kondo#*, Teri Sakshaug,
Hanna Haaland Semme, Jonathan R. Whitlock and Menno P. Witter*

The Faculty of Medicine, Kavii Institute for Systems Neuroscience, Centre for Neural Computation, Egil and Pauline
Braathen and Fred Kavli Centre for Cortical Microcircuits, NTNU—Norwegian University of Science and Technology,
Trondheim, Norway

Recent investigations of the rat posterior parietal cortex (PPC) suggest that this region
plays a central role in action control together with the frontal cortical areas. Posterior
parietal-frontal cortical connections have been described in rats, but little is known
about whether these connections are topographically organized as in the primate. Here,
we injected retrograde and anterograde tracers into subdivisions of PPC as well as
the frontal midline and orbital cortical areas to explore possible topographies within
their connections. We found that PPC projects to several frontal cortical areas, largely
reciprocating the densest input received from the same areas. All PPC subdivisions are
strongly connected with the secondary motor cortex (M2) in a topographically organized
manner. The medial subdivision (medial posterior parietal cortex, mPPC) has a dense
reciprocal connection with the most caudal portion of M2 (cM2), whereas the lateral
subdivision (lateral posterior parietal cortex, IPPC) and the caudolateral subdivision
(PtP) are reciprocally connected with the intermediate rostrocaudal portion of M2 (iM2).
Sparser reciprocal connections were seen with anterior cingulate area 24b. mPPC
connects with rostral, and IPPC and PtP connect with caudal parts of 24b, respectively.
There are virtually no connections with area 24a, nor with prelimbic or infralimbic cortex.
PPC and orbitofrontal cortices are also connected, showing a gradient such that mPPC
entertains reciprocal connections mainly with the ventral orbitofrontal cortex (OFC),

Abbreviations: Brain areas: 24a, anterior cingulate area 24a; 24b, anterior cingulate area 24b; ACC, anterior cingulate
cortex; Cl, claustrum; cM2, caudal secondary motor cortex; DLO, dorsolateral orbitofrontal cortex; iM2, intermediate
secondary motor cortex; IL, infralimbic cortex; Ins, insular cortex; LO, lateral orbitofrontal cortex; IPPC, lateral posterior
parietal cortex; M1, primary motor cortex; M2, secondary motor cortex; MO, medial orbitofrontal cortex; mPPC, medial
posterior parietal cortex; OFC, orbitofrontal cortex; PL, prelimbic cortex; PPC, posterior parietal cortex; PtP, caudolateral
posterior parietal cortex; rM2, rostral secondary motor cortex; RSC, retrosplenial cortex; S1, primary somatosensory cortex;
V1, primary visual cortex; V2, secondary visual cortex; V2L, lateral secondary visual cortex; V2M, medial secondary visual
cortex; VLO, ventrolateral orbitofrontal cortex; VO, ventral orbitofrontal cortex. Others: BDA, biotinylated Dextran amine;
C, caudal; DAB, 3,3'-diaminobenzidine tetrahydrocholoride; DMSO, dimethylsulfoxide; FB, Fast Blue; FG, Fluorogold;
L, lateral; M, medial; PHA-L, Phaseolus vulgaris agglutinin; R, rostral.
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whereas IPPC and PtP are preferentially connected with medial and central portions of
ventrolateral OFC, respectively. Our results thus indicate that the connections of PPC
with frontal cortices are organized in a topographical fashion, supporting functional
heterogeneity within PPC and frontal cortices.

Keywords: anterograde tracer injections, retrograde tracer injections, immunohistochemistry, cingulate cortex,
motor cortex, orbitofrontal cortex, posterior parietal cortex

INTRODUCTION

The posterior parietal cortex (PPC) is a multimodal association
area, proposed to play a role in a variety of higher cognitive
functions. In the rat, many functional studies of PPC have
focused on its role in spatial navigation (Kolb and Walkey,
1987; Chen et al, 1994a,b; Save and Moghaddam, 1996;
Save and Poucet, 2000; Save et al., 2005; Nitz, 2006, 2012).
In contrast, in the non-human primate, the focus has been
on a presumed function in action control and therefore on
the interaction between PPC and frontal cortices (Cavada
and Goldman-Rakic, 1989b; Andersen et al., 1990; Pesaran
et al, 2008; Gharbawie et al, 2011; Stepniewska et al,
2011). In humans, the early exemplary role of parts of PPC
were described in terms of contralateral neglect (Mesulam,
1999; Corbetta and Shulman, 2011) and, interestingly,
comparable deficits have been reported in monkeys (Deuel
and Regan, 1985) and rats (King and Corwin, 1993;
Burcham et al., 1997).

Probing and comparing the functional relevance of PPC has
been complicated by the fact that the physical location and
delineation of PPC in different species is disputed, and an overall
consensus on whether the PPC in different species actually is
a homologous area is lacking (Olsen and Witter, 2016). For
example, even within the rat, the delineation and functional
division of PPC has been variable (for a review, see Whitlock
et al, 2008). In a recent study, we defined PPC in the rat on the
basis of a combination of cyto- and chemo-architectonic criteria
and patterns of thalamic connectivity. This resulted in a reliable
subdivision into three domains: a medial (mPPC), lateral (IPPC)
and caudolateral (PtP) subdivision (Olsen and Witter, 2016). In
the mouse, the position and definition of the main borders of
PPC with its neighbors, the visual, somatosensory, and motor
cortices and the subdivisions used here are comparable (Hovde
et al,, 2018), although some authors additionally differentiate
nearby subareas in mice based on projections from primary
visual cortex and their specific visual properties (areas RL, A,
AM, Wang and Burkhalter, 2007; Wang et al.,, 2011).

Since early functional studies of the rat PPC focused on the
role of this region in spatial navigation, we recently investigated
the connections between PPC and the cortical regions most
critical for such behavior, the hippocampal and parahippocampal
regions, and found that this connectivity in general, was sparse,
with the exception of projections to the presubiculum. We
additionally described projections to retrosplenial cortex (RSC;
Olsen et al., 2017). It is therefore unlikely that PPC provides
a functional signal that is directly relevant for the emergence
of spatially modulated neurons found in the hippocampal-

projecting medial entorhinal cortex, such as grid cells, border
cells, head direction cells or speed cells (Fyhn et al, 2004;
Hafting et al., 2005; Sargolini et al., 2006; Solstad et al., 2008;
Kropff et al., 2015). In parallel, there has been an increasing
interest in the communication between PPC and frontal cortex
in rodents (King and Corwin, 1992, 1993; Burcham et al,
1997; Erlich et al,, 2015; Hanks et al,, 2015), especially their
respective roles in decision-making, which complements the
long history of work on similar topics in primates. Recent
work has also confirmed that similar projections link PPC and
frontal cortical areas in mice (Hovde et al., 2018). However,
in contrast to thorough analyses in the non-human primate,
where these connections have been found to be topographically
organized (Pandya and Kuypers, 1969; Petras, 1971; Mesulam
et al., 1977; Cavada and Goldman-Rakic, 1989b; Andersen et al.,
1990; Neal et al., 1990; Lewis and Van Essen, 2000; Rozzi et al.,
2006), data on posterior parietal-frontal cortical connectivity
in rodents is less detailed, confounding functional analyses of
their interactions. Reciprocal connections of PPC with frontal
midline and orbital cortices have been described (Reep et al,
1984, 1987, 1990, 1994, 1996; Kolb and Walkey, 1987; Condé
etal., 1995; Hoover and Vertes, 2007, 2011), but to our knowledge
no studies have systematically investigated the specificity of
the organization of these connections, in particular how the
three PPC subdivisions described previously (Olsen and Witter,
2016) relate to the frontal cortex. Thus, the present study aims
to illuminate the topographical organization of the posterior
parietal-frontal cortical connections in the rat.

MATERIALS AND METHODS

Animals and Surgeries
All experimental procedures followed approved protocols that
adhere to national and EU regulations. We analyzed 74 injections
of anatomical tracers in 61 Sprague-Dawley rats (58 females,
three males, 180-230 g at the time of surgery; Charles River,
Sulzfeld/Kisslegg, Germany). The majority of the material
(65 cases) described here was obtained in previous studies
and methods for tracer injections, perfusions and histology are
described in detail there (Kondo and Witter, 2014; Olsen and
Witter, 2016). To complement the already existing material, a
few cases were prepared with successful injections of anterograde
tracers in the dorsolateral part of the orbitofrontal cortex (DLO;
N =1) and M2 (N = 3), as well as injections of retrograde
tracers in the ventral and ventrolateral orbital cortex (VO/VLO
region; N = 5).

In short, animals were deeply anesthetized and injected
with retrograde and/or anterograde tracers in the parietal,
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orbitofrontal and medial frontal domains of the cortex. As
retrograde tracers, we used Fast Blue (EMS Chemie, Domat/Ems,
Switzerland, catalog number 9000002; 1% in 0.125 M phosphate
buffer), and Fluorogold (Fluorochrome, Denver, CO, USA;
2.5% in H,0). For anterograde tracing, Phaseolus vulgaris
Leucoagglutinin (PHA-L, Vector Laboratories, Burlingame, CA,
USA, catalog number L-1110; 2.5% in 0.01 M phosphate buffer)
and 10 kDa biotinylated dextran amine (BDA, Invitrogen,
Molecular Probes, Eugene, OR, USA, catalog number D1956,
RRID:AB_2307337; 5% solution in 0.125 M phosphate buffer)
were used.

Rats were anesthetized with Isoflurane and injected i.p.
with atropine (Nycomed, Ziirich, Switzerland, 0.04 mg/kg) and
rimadyl (Pfizer, New York, NY, USA, 5 mg/kg) and placed
in a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA).
During surgery, we maintained a constant body temperature of
37°C. Stereotaxic coordinates were determined using Bregma
and the mid-sagittal sinus as rostral-caudal and medial-lateral
reference points, respectively, using a stereotaxic atlas as a
guide (Paxinos and Watson, 2007). Retrograde tracers were
pressure-injected into the brain through 1 ul Hamilton syringes.
Iontophoretic injections of anterograde tracers were performed
using glass micropipettes with an outer tip diameter of 15-25 um
(alternating currents, 6 s on/6 s off, 6 pA for BDA and
7 wA for PHA-L). During the surgery, the rat was given
saline subcutaneously to avoid dehydration. Upon completion of
injections, the wound was cleaned and sutured, and the animal
was allowed to recover in a heat chamber before being returned
to its home cage.

Perfusion and Tissue Processing

After a survival time of 1-2 weeks to allow for complete transport
of the tracers, the animals were anesthetized and transcardially
perfused with Ringer solution (37°C) followed by freshly
depolymerized 4% paraformaldehyde (pH 7.4). The brains were
extracted and post-fixed in the perfusion fixative overnight.
After being cryoprotected in a DMSO/glycerol solution at
least overnight, six equally spaced series of 50 pm coronal
sections were prepared on a freezing microtome. One series
was mounted on Superfrost plus-slides and stained with cresyl
violet for cytoarchitectural orientation. For brains containing
fluorescent retrograde tracers, one series was mounted on
uncoated microscope slides for analysis of labeling without any
further processing, and one series of the brains containing
anterograde tracers was processed to reveal the transport of
BDA and PHA-L following standard (immuno)histochemical
protocols for free-floating sections. Fluorescent molecules or the
photostable molecule 3,3'-diaminobenzidine tetrahydrochloride
(DAB, Sigma-Aldrich, St. Louis, MO, USA; catalog number
D5905) were used as chromophores (for further details see Olsen
and Witter, 2016).

Imaging and Analyses

In order to delineate the PPC, the frontal midline cortex, and the
OFC, we used Nissl stained sections at appropriate levels. Images
were obtained using a Mirax-midi scanner with a white light
source (objective 20x, NAO0.8; Carl Zeiss Microlmaging, Jena,

Germany), or a Zeiss Axio Imager M2 microscope (Carl Zeiss
Microlmaging). Using Adobe Photoshop CS6 (Adobe Systems
Incorporated, San Jose, CA, USA), the images were converted to
grayscale images, and the images were adjusted using the Levels
function to improve the illustration of the cytoarchitecture of the
cortical areas. Mainly, the black point was set to higher values
whereas the gamma value was decreased to better visualize Nissl
labeled cell bodies. The adjusted images were imported to Adobe
Ilustrator CS6 (Adobe Systems Incorporated), and borders of
cortical areas were added.

Representative cases were selected for illustration of labeling
patterns. For all tracer injections, labeling patterns are shown
in the ipsilateral hemisphere, and for illustration purposes, all
injections are shown as being in the right hemisphere although a
few were in the left hemisphere. Retrogradely labeled cell bodies
were mapped using a microscope connected to a computer
with Neurolucida software (MicroBrightField, Colchester, VT,
USA). The resulting maps were overlaid with images of adjacent
Nissl-stained sections in Adobe Illustrator CS6 and the regions
of interest were delineated. To illustrate anterogradely labeled
fibers, images were obtained using a Mirax-midi scanner with
a fluorescent or white light source, or a Zeiss Axio Imager
M2 microscope. Pictures of DAB labeled fibers were turned into
pseudo-dark-field images or grayscale images, whereas images
of fluorescent labeled fibers were exported as grayscale images.
Brightness and contrast were adjusted in Adobe Photoshop
CS6 to improve visualization of the labeled fibers. Due to the
generally dim nature of the images, the white point was shifted
to lower values and the gamma value was increased. The position
of labeled elements was determined using adjacent Nissl stained
sections from the same brains allowing for the delineation of
regions of interest with the use of Adobe Illustrator CS6.

Flatmap lllustrations

To illustrate connections between PPC and frontal midline
cortex, three different representations were used. First, we
illustrated the location and density of labeled neurons and fibers
in actual histological sections, either as drawings or as images.
Second, a grayscale table was produced for each representative
case of retrograde tracer injected in PPC. To this end, every
section along the rostrocaudal axis of a specific cortical area
was delineated, and the density of retrogradely labeled cells
was scored subjectively for each cortical area with the densest
labeling in each experiment being indicated by the darkest gray.
The results were plotted in an Excel table, where each column
represents a coronal section and each row represents a cortical
area in that section. Third, standardized representations of the
location of projections/labeled fibers from each subregion of
PPC to the superficial layers of frontal midline cortex were
produced. These normalized “flatmaps” contained the average of
projections across five cases for each PPC subregion. Seven cases
were excluded from this analysis due to tilted cutting angle, poor
images or missing tissue. However, the overall labeling in the
excluded brains was the same as for the included cases. To create
the flatmap representations, every section along the rostrocaudal
axis of areas 24a, 24b, M2 and M1 was delineated. The distance
from the medial border to labeled fibers was measured through
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layer 2/3, and the density of labeling was subjectively scored
on a scale from 0 to 5 for each cortical area, 0 indicating no
labeling. Further, the scale was normalized for each brain such
that “5” corresponded to the strongest labeling in M2 in that
brain, since M2 contained the heaviest labeling in all cases. The
sections across brains were aligned using the level at which the
forceps minor, the genu of corpus callosum and CA3 appeared
in coronal sections. The sections were spaced 0.3 mm apart and
assigned corresponding Bregma levels that were then used by a
custom-made Matlab script to generate the flatmaps as described
in detail below.

Individual Flatmaps

Given that the thickness of each brain section was 50 wm
and the distance between brain sections was slightly variable,
the intermediate values for the total lengths of the region
borders were linearly interpolated using 50 pm intervals. In
order to use an equilateral square pixel as the basic unit of the
reconstructed flatmap of the regions, the total lengths at each
point in the rostro-caudal axis were divided by 50 pm units.
The intermediary product, the region outline flatmap, consisted
of a row of contiguous columns of pixels, with the number of
pixels in each column given by the total length of that region
at that rostrocaudal coordinate. Next, the region outline flatmap
was filled with the values of labeled fiber densities. Taking
into consideration that the density values were registered at
non-contiguous points in the rostrocaudal axis of the flatmap,
it was necessary to assign them at the corresponding columns in
the map and interpolate the values of the columns in between.
For the columns where labeled fiber intensity data were available,
the partial lengths for each block were divided by 50 pwm units,
and rounded to the nearest integer, which gave the number of
pixels that was assigned to the corresponding value of intensity
measured. The blocks were assigned starting at the unit nearest
to the region’s 24b/M2 border and moving laterally. Once the
assigned columns were filled, a three-step process was used to
fill the intermediary columns. (1) For each pair of consecutively
filled columns, the length of the longest column of the two
was taken as reference. The shortest of the two columns was
then stretched to the same length as the reference, using a
nearest neighbor interpolation algorithm with rounding to the
nearest integer, such that the proportional size of the blocks was
preserved in the stretched column. This step was tested with
examples in order to assure that the process is faithful during
reversal, i.e., the block distribution is similar to the original when
the column is set back to its original length. When both columns
were adjusted to the same length, they were set as the first and the
last column in a rectangle. This rectangle width was dependent
on the distance between two consecutive filled sections, divided
by the lateral length of the unitary pixel (50 wm). (2) A linear
interpolation algorithm was used to fill the intermediary pixels
on each row of the rectangle, followed by rounding each pixel
to the nearest integer. (3) Every column of the group being
processed was adjusted back to the length value calculated
previously for the corresponding position of the rostrocaudal axis
in the region outline flatmap. This step was achieved using the
same nearest neighbor interpolation algorithm, with rounding to

the nearest integer that was used on the first step of the process.
This process was repeated for all pairs of consecutively filled
columns. At the end of this iterative process, a region flatmap
with continuous values of labeled fiber density had been created.
The four regions (regions 24a, 24b, M2 and M1) were assembled
into a final flatmap. This was done by iteratively joining
the rostrocaudal coordinates of the corresponding columns of
each of the individual flatmaps, starting at the most medial
region at the bottom and proceeding through all the regions
to the most lateral at the top. White lines were plotted at
the junction points in order to visually separate the four
regions. Regions with the densest labeling in each experiment
are indicated by the brightest color. For individual maps,
see Supplementary Figure S1.

Two important arbitrary aspects were assumed in order to
calculate the average flatmaps. The first was that the process
of averaging was done individually for every region, and the
final result was the product of assembling the four region maps
together. The second was that the areas of the average region
maps did not reflect the mean of the areas of all the individual
maps. Rather, the largest of all the individual maps was used as
reference and the data from the smaller maps was stretched to its
size. This was done because stretching and interpolating a set of
two-dimensional data does not lead to loss of data, whereas the
opposite process can. Another reason was that there were small
variations in the shapes of the individual maps, so by doing this,
the average flatmaps were close to the ones of their origin. The
algorithm used is similar to that used for flatmaps in Sugar and
Witter (2016), where a graphical representation of the algorithm
is provided.

RESULTS

Topography and Delineations of Cortical

Areas

The PPC in the rat is situated dorsally in the brain, between
the somatosensory parietal and visual occipital domains, and
comprises three subdivisions, the medial (mPPC), lateral (IPPC)
and the caudolateral (PtP) PPC (Figure 1; Olsen and Witter,
2016). mPPC is characterized by a homogenous appearance,
whereas IPPC is perceived as slightly more laminated due to a
sparsely populated layer 5. A defining feature of area PtP is the
small and weakly stained cells of layer 3/4.

The medial surface of the rat frontal cortex comprises several
distinct areas (Figure 2; Jones et al., 2005; Vogt and Paxinos,
2014). At rostral levels, prelimbic cortex (PL) is found ventral
to the rostral secondary motor cortex (rM2) and dorsal to
orbitofrontal cortex (OFC). Throughout most of its rostrocaudal
extent, M2 is bordered laterally by primary motor cortex (M1).
Approximately at the level of the forceps minor of the corpus
callosum, the anterior cingulate cortical (ACC) area 24b is
wedged between PL and rM2, and infralimbic cortex (IL) is
seen ventral to PL (Figure 2B). At the level of the genu of the
corpus callosum, IL and PL disappear and ACC area 24a is
situated between the corpus callosum and area 24b (Figure 2D).
Caudally, at the level where the hippocampus appears, areas 24a
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FIGURE 1 | Delineation of posterior parietal cortex (PPC) and adjacent
areas. Coronal sections containing PPC, arranged from rostral to caudal
(indicated as R-C). Solid lines indicate borders between cortical areas and
dashed lines demarcate cortical layers. Insets outline the hemisphere of the
depicted coronal section and the area shown. Bregma levels are approximate
and according to Paxinos and Watson (2007). Scale bar: 500 pm.

and 24b are replaced by retrosplenial cortex (RSC, not shown).
The IL is the least differentiated of the frontal midline areas, it
is poorly laminated and the border between layers 1 and 2/3 is
particularly irregular. The dorsally adjacent PL is characterized
by large, darkly stained cells in layer 5 and densely packed cells
in layer 2. In area 24b, dorsal to PL in rostral sections, cells
in layer 2 are darkly stained. Layer 5 is broad and contains
a large number of pyramidal neurons. In area 24a, ventral to
24b at more caudal levels, cells are distributed homogenously
across layers and 24a thus appears less laminated than 24b. In
addition, superficial cells have larger somata in area 24a than in
area 24b. Lateral to 24b, M2 comprises narrow superficial layers
where layer 3 is weakly stained, and layer 5 appears homogenous
and densely packed. On the basis of differences in connectivity,
M2 has been divided into three parts along its rostrocaudal axis,
the rostral part (rM2) being situated rostral to the genu of the
corpus callosum, the intermediate part extending from the genu
to the anterior commissure (iM2), and the caudal M2 (cM2) that
extends from the anterior commissure until it is replaced caudally
by the medial secondary visual cortex (Reep et al., 1990; Olsen
and Witter, 2016). Similarly, area 24b has been hypothesized
to contain three rostrocaudal divisions, of which the rostral
portion is situated rostral to the genu of the corpus callosum
(Jones et al., 2005).

The OFC is situated ventrally and rostrally in the rat
brain, on the dorsal bank of the rostral extension of the
rhinal fissure. From medial to lateral, OFC comprises a
medial (MO), ventral (VO), ventrolateral (VLO), lateral (LO),
and dorsolateral (DLO) subdivision (Figure 3; Kondo and
Witter, 2014). MO and VO constitute the medial bank of
the rhinal fissure, VLO sits around the notch of the fissure,
and LO and DLO are situated on the lateral bank. MO is
bordered dorsally by PL at rostral levels and IL at caudal
levels, whereas the insular cortex constitutes the dorsolateral
border of DLO. OFC subdivisions are most easily distinguished
based on the morphology of their superficial layers, whereas
deep layers of this cortex are more homogenous and thus
difficult to separate. MO layer 2 is sparsely populated with
patches of cells, and the transition between layers 2 and 3 is
diffuse. In the laterally adjacent area VO, superficial layers
contain smaller cells than in MO. VO is overall more sparsely
populated than its neighboring areas, giving it a homogenous
appearance. VLO is densely packed with cells across layers
and is particularly characterized by columns of cells in layer
2, organized perpendicular to the pia. LO layer 2 contains
large, clustered cells, whereas layer 3 cells are small and densely
clustered. DLO is distinguished from LO by comparatively larger
cells in layer 3.

Characterization of Injection Sites

Tracer injections in the PPC were described in detail in a previous
study where the positions of the injections were characterized
based on the cytoarchitecture of the area as well as the resulting
thalamic labeling pattern (Olsen and Witter, 2016). A surface
representation of the cores of the retrograde and anterograde
injection sites is given in Figures 3G,P and Figures 5-7G,
respectively. In general, retrograde tracer injections tended to
diffuse more and were more likely to extend into adjacent cortical
areas compared to anterograde tracer injections.

Injections of anterograde tracers in MO, VO, VLO and LO
of OFC were part of a previous study, in which the injections
were described extensively (Kondo and Witter, 2014). However,
the latter study did not include tracer injections in DLO,
nor did it include injections of retrograde tracers in OFC.
Therefore, we supplemented the material with one injection of
anterograde tracer in DLO (not shown) as well as five injections
of retrograde tracers in the VO/VLO areas. In addition to the
surface representations of the injection sites illustrated here and
in previous studies, all illustrations of labeled neurons or fibers
in the present study include a representation of the core of the
tracer injection site as seen in a coronal section.

Connections of PPC with Frontal Midline
Areas
Input to PPC From Frontal Midline Areas

We analyzed seven injections of retrograde tracers in PPC, four in
mPPC and three in IPPC, since we, unfortunately, did not obtain
selective injections of retrograde tracers in PtP. All injections
resulted in highest densities of labeled cells in M2, with less
labeling in other frontal midline areas (mPPC; Figures 3A-E]I,
IPPC; Figures 3J-O,P). In a representative case, Fast Blue was

Frontiers in Systems Neuroscience | www.frontiersin.org

August 2019 | Volume 13 | Article 38


https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Olsen et al. Parietal-Frontal Connectivity

PR
R

FIGURE 2 | Delineation of the frontal midline and orbitofrontal cortices. Coronal sections containing the frontal midline cortex (A-F) and the orbitofrontal cortex
(OFC; G-l), arranged from rostral to caudal. Solid lines (A-F) and black arrowheads (G-1) indicate borders between cortical areas and dashed lines demarcate
cortical layers. Insets on the right outline the hemisphere of the depicted coronal section and the area shown. Bregma levels are approximate and according to
Paxinos and Watson (2007). Scale bar: 500 pm.

injected rostrally in mPPC (Figures 3G,H). Throughout the  was especially dense in the most caudal parts (Figure 3F). We
rostrocaudal length of the frontal midline cortex, retrogradely — observed labeled neurons across all layers but with a denser
labeled cells were seen in M2 (Figures 3A-E]I), though labeling  concentration in layer 5. Retrogradely labeled cells were also
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FIGURE 3 | Frontal midline cortical input to PPC. Retrogradely labeled cells in the frontal midline cortex resulting from an injection of Fast Blue in medial PPC
(mPPC; A-F, labeled cells represented with stars) and Fluorogold in lateral PPC (IPPC; J-0, labeled cells represented with triangles). (A-F) and (J-0O) Coronal
sections arranged from rostral (A,J) to caudal (F,0). Solid lines indicate borders between cortical areas and dashed lines demarcate cortical layers. Insets in panels
(D-F) and (M-0) indicate the rostrocaudal position of the section and the approximate area shown. Densest labeling was seen in area M2 throughout the
rostrocaudal axis for both injections. (G,P) The respective injection sites represented in a surface rendering of the brain. (H,Q) Drawings of the respective injection
sites in a coronal section of the brain. (I,R) Grayscale representation of the density of labeling in frontal midline areas from rostral to caudal (R-C), darker gray
indicates a denser cluster of labeled cells. Each row represents a cortical area and columns represent coronal sections along the rostrocaudal axis. Columns
representing sections visualized in the figure are boxed and indicated by their appropriate letter.
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found in area 24b but in much lower numbers than in M2
(Figures 3B-F). Occasionally labeled cells were encountered in
PL and 24a (Figures 3A,C,D,F).

Retrograde tracer injections in IPPC also resulted in
retrogradely labeled cells mainly in M2, showing a slightly
different pattern than seen in mPPC cases. In a representative
case, Fluorogold was injected caudally in IPPC on the border
with mPPC and impinging on visual areas (Figures 3P,Q).
Retrogradely labeled cells were found almost throughout the
rostrocaudal extent of M2 (Figures 3]-O,R) with the exception
of the part rostral to the forceps minor of the corpus
callosum, where only low numbers of neurons were labeled
(Figures 3],K,0). Similar to mPPC cases, the majority of the
labeled cells were encountered in layer 5, but in contrast,
their rostrocaudal position was different such that the densest
M2 labeling was concentrated at a slightly more rostral level in
the IPPC cases compared to the labeling seen in mPPC cases
(Figures 3LR). In area 24b labeled cells were found only at the
most caudal levels and no labeled cells were observed in PL, IL or
24a (Figures 3]-O,R).

In three animals, PHA-L was injected in M2 (Figure 4).
Although the cores of the injections were at different
rostrocaudal levels, all injections extended along the rostrocaudal
axis and partially overlapped. All injections covered deep layers,
which in our retrograde data were shown to be the main origin
of projections to PPC, whereas involvement of superficial layers
was more variable between cases. Although the injections were
largely confined to M2, they did impinge on the medially
adjacent 24b and laterally adjacent M1. All three cases resulted
in dense labeling in PPC. In the case with the most rostrally
located injection in iM2, one dense plexus of labeled fibers were
found in mPPC and another in IPPC (Figure 4A). Labeling was
particularly dense in layers 1 and 6, where the fibers appeared
to branch strongly, indicating that this was where the fibers
terminated. Fibers going through other layers were largely
straight with minimal branching but did show swellings and thus
showed a beaded morphology. These are believed to represent
mitochondria although en passant synapses cannot be excluded.
In the two cases with more caudally positioned injections, in
iM2 and on the border between iM2 and cM2, sparser labeling
was seen in mPPC and a dense plexus of labeled fibers spanning
across layers was observed in IPPC (Figures 4B,C). Similar to the
results from the more rostral case with the injection located in
M2, terminating fibers were particularly focused in layers 1 and
6 of PPC. In all three cases, labeling was sparser within area PtP
than in mPPC and IPPC. Also, in all three cases, labeled fibers
were observed in PPC of the hemisphere contralateral to the
injection, but the density was drastically reduced. Similar to the
ipsilateral labeling, labeled contralateral fibers terminated mainly
in layers 1 and 6 although sparse plexuses of labeled fibers were
seen stretching across the cortical layers at positions homotopic
to the ipsilateral plexuses (Supplementary Figure S2).

PPC Projections to Frontal Midline Areas
We analyzed 22 injections of anterograde tracers in PPC, seven
in mPPC, nine in IPPC and six in PtP. Injections of anterograde

VIM  mPPC

€ B-0.12

FIGURE 4 | M2 projections to PPC. Anterogradely labeled fibers in PPC and
nearby areas resulting from three injections of PHA-L, each at a different
rostrocaudal level of M2 (indicated by R-C). Although the cores of the
injections were located at different levels, all injections extended in the
rostrocaudal axis and partially overlapped. The most rostral injection in iM2
(A) resulted in dense plexuses of labeled fibers in mPPC and IPPC, whereas
the more caudal injections in iM2 (B) and at the border between iM2 and cM2
(C) resulted in densest labeling in IPPC. Solid lines indicate borders between
cortical areas and dashed lines demarcate cortical layers. Insets are images
of the core of the injection sites with the borders of M2 indicated by solid lines
(left) and outlines of the hemisphere of the depicted section and the area
shown containing labeled fibers (right). Bregma levels are approximate and
according to Paxinos and Watson (2007). Scale bar: 500 pm.

tracers in PPC resulted in dense anterograde labeling in M2, with
less labeling in other frontal midline areas (Figures 5-8).

mPPC

In a representative case, PHA-L was injected rostrally in mPPC,
covering all layers (Figures 5G,H). In the most rostral parts
of area rM2, sparse terminal labeling was present in superficial
layers (Figure 5A). More caudally, labeling was denser and
present across layers (Figure 5E). The densest labeling was
seen in cM2 (Figures 5EI), where terminal fibers branched
strongly in layers 1, 3, and deep 5. It is worth noting that this
densely labeled plexus appears to be located at approximately
the same rostrocaudal position as the dense patch of labeled
cells after injecting a retrograde tracer in mPPC (Figure 3F).
In area 24b, a restricted plexus of terminating fibers was found
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FIGURE 5 | mPPC projections to frontal midline cortex. Anterogradely labeled fibers in the frontal midline cortex resulting from an injection of PHA-L in mPPC. (A-F)
Coronal sections arranged from rostral (A) to caudal (F). Solid lines indicate borders between cortical areas and dashed lines demarcate cortical layers. Insets in all
panels indicate the rostrocaudal position of the section and the approximate area shown. Densest labeling was seen in area cM2. (G) PHA-L injection site in mPPC
shown as a filled circle in a surface rendering of the brain and all injection sites. (H) Drawing of the injection site in a coronal section with the borders of mPPC
indicated by solid lines. (I) Intensity representation of the density of labeling in frontal midline areas from rostral to caudal (R-C), Lighter color indicates a denser
plexus of labeled fibers. The scale bar relates the color code in the flatmaps to the density scores initially assigned to each pixel in the digitized sections (for details,
see “Materials and Methods” section). Bregma is indicated by an orange dot and the genu of the corpus callosum, which coincides with the border between

rM2 and iM2, by a green dot. Scale bar: 500 um.
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FIGURE 6 | IPPC projections to frontal midline cortex. Anterogradely labeled fibers in the frontal midline cortex resulting from an injection of BDA in IPPC. (A-F)
Coronal sections arranged from rostral (A) to caudal (F). Solid lines indicate borders between cortical areas and dashed lines demarcate cortical layers. Insets in all
panels indicate the rostrocaudal position of the section and the approximate area shown. Densest labeling was seen in area iM2. (G) BDA injection site in IPPC
shown as a filled circle in a surface rendering of the brain and all injection sites. (H) Drawing of the injection site in a coronal section with the borders of IPPC
indicated by solid lines. (1) Intensity representation of the density of labeling in frontal midline areas from rostral to caudal (R-C), lighter color indicates a denser plexus
of labeled fibers. The scale bar relates the color code in the flatmaps to the density scores initially assigned to each pixel in the digitized sections (for details, see
“Materials and Methods” section). Bregma is indicated by an orange dot and the genu of the corpus callosum, which coincides with the border between rM2 and

iM2, by a green dot. Scale bar: 500 pm.
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FIGURE 7 | PtP projections to frontal midline cortex. Anterogradely labeled fibers in the frontal midline cortex resulting from an injection of PHA-L in PtP. (A-F)
Coronal sections arranged from rostral (A) to caudal (F). Solid lines indicate borders between cortical areas and dashed lines demarcate cortical layers. Insets in all
panels indicate the rostrocaudal position of the section and the approximate area shown. Densest labeling was seen in area iM2. (G) PHA-L injection site in PtP
shown as a filled circle in a surface rendering of the brain and all injection sites. (H) Drawing of the injection site in a coronal section with the borders of PtP indicated
by solid lines. (I) Intensity representation of the density of labeling in frontal midline areas from rostral to caudal (R-C), lighter color indicates a denser plexus of
labeled fibers. The scale bar relates the color code in the flatmaps to the density scores initially assigned to each pixel in the digitized sections (for details, see
“Materials and Methods” section). Bregma is indicated by an orange dot and the genu of the corpus callosum, which coincides with the border between rM2 and
iM2, by a green dot. Scale bar: 500 pm.
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FIGURE 8 | Average projections from PPC to midline frontal cortices. (A-C) Top: average intensity representation of the density of labeling in frontal midline areas
from rostral to caudal (R-C), resulting from injections of anterograde tracers into mPPC (A), IPPC (B), and PtP (C). Lighter color indicates a denser plexus of labeled
fibers. The scale bar relates the color code in the flatmaps to the density scores initially assigned to each pixel in the digitized sections (for details, see “Materials and
Methods” section). Bregma is indicated by an orange dot and the genu of the corpus callosum, which coincides with the border between rM2 and iM2, by a green
dot. Bottom: surface representations of injection sites in cases that make up the average map.

in superficial layers at its most rostral level (Figures 5B,I) and
sparse labeling was observed in superficial and deep layers at
the most caudal level of area 24b (Figures 5E,EI), extending
ventrally into area 24a and caudally into RSC (not shown).
No labeled fibers were encountered in IL, and only a few
were observed in PL (Figures 5A-C). In the contralateral
hemisphere, sparse labeling reflected the ipsilateral labeling and
was most frequently found in M2 at the same rostrocaudal
levels as the strongest ipsilateral labeling (not shown). The
majority of the contralateral labeled fibers were located in layers
1 and 3, and comparably fewer fibers were observed in layer
5. Other cases of tracer injections in mPPC yielded similar
labeling patterns. In several cases, sparse to moderate labeling
was observed in rM2 rostral to the forceps minor, with some
fibers also located in area 24b, and comparably less labeling
was found in iM2. The densest labeling was most frequently
found caudal to the crossing of the anterior commissure although
the exact rostrocaudal level of the densest plexus could vary
between cases.

IPPC

A representative, small BDA injection in IPPC with a core
mainly in deep layers was centered at a mid rostrocaudal
level (Figures 6G,H). Similar to the results in case of the
injection in mPPC, dense labeling was observed in M2,
however, the labeling was shifted along the rostrocaudal axis
(Figures 6C-E,I). No labeling was encountered at the most
rostral levels (Figures 6A,I), and only sparse labeling was
observed in rM2 at the level of the forceps minor of the corpus
callosum (Figures 6B,I). A moderately dense plexus of terminal
fibers in layers 3 and 5 were present rostral to the level of the
genu of the corpus callosum, with fewer fibers in layers 1 and
6 (Figures 6C,I). At more caudal levels, another moderately
dense plexus of terminating fibers was seen in iM2 with a similar
laminar pattern (Figures 6E,I). This plexus was located at a
similar rostrocaudal level as the dense patch of labeled cells seen
after retrograde tracer injections in IPPC (Figures 3N,R), and
thus at a slightly more rostral level compared to the densest
plexus of labeled fibers in the above-described mPPC case.
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Labeled fibers were occasionally observed in area 24b, at the
most caudal level they extended into area 24a (Figures 6EI) and
extended caudally into RSC (not shown). No labeled fibers were
present in areas PL or IL (Figures 6A-C). Only a few labeled
fibers were observed contralaterally, mainly in layer 5 of iM2 (not
shown). Other cases with injections in IPPC produced similar
labeling patterns. In all cases, although the exact rostrocaudal
position varied slightly, the densest labeling in M2 was found
in iM2. In addition, injections involving more superficial layers
resulted in relatively more labeling in superficial layers of M2.

PtP

Similar to tracer injections in mPPC and IPPC, injections of
anterograde tracers into PtP resulted in labeled fibers in M2.
Following a representative injection impinging on the lateral
secondary visual cortex (V2L, Figures 7G,H), very few labeled
fibers were observed in rM2 at levels rostral to the genu of the
corpus callosum (Figures 7A-C,I). More caudally, a dense plexus
of labeled fibers were seen in area iM2, terminating mainly in
layers 1, 3, and 5 (Figures 7E,I). This plexus appeared at a level
similar to the dense plexus of labeled fibers that was seen after
injecting tracer in IPPC (Figures 6E,I). At the most caudal level
of the frontal midline cortex, a small but dense plexus of terminal
fibers was found in superficial layers of area 24b with a few
fibers extending into area 24a (Figures 7E,EI) and continuing
caudally into RSC (not shown). No labeled fibers were seen in
areas PL or IL (Figures 7A-C). Very sparse labeling was seen in
the contralateral hemisphere, homotopic to the densest ipsilateral
labeling in M2 and 24b. Other cases of anterograde tracer
injections into PtP yielded less labeling in M2, and although the
densest labeling was consistently found within the iM2, labeling
in several cases was shifted more rostrally, closer to the genu of
the corpus callosum. Most cases had sparse labeling at caudal
levels of area 24b/a continuing into RSC, however, two cases
failed to yield labeling in area 24. In both cases, the injection was
focused in layer 6 and deep layer 5 and overall cortical labeling
was sparse.

In order to verify that the projection patterns presented for
individual cases were representative of all animals, standardized
representations of the location of labeled fibers in cingulate and
motor areas were made in the form of flatmaps. Note that such
flatmaps were made to illustrate and compare the preferred
location of projections as well as relative strength. In each case,
strength throughout the flatmap was represented in relation to
the strongest labeling in M2, which was represented by a value of
5. The flatmaps were created by averaging the projection pattern
across five brains with injections into mPPC (Figure 8A), five
brains with injections into IPPC (Figure 8B) and five brains with
injections into PtP (Figure 8C). For individual case maps see
Supplementary Figure S1. The flatmaps confirmed the results
from the representative cases and showed that mPPC, IPPC
and PtP preferentially target different rostrocaudal portions of
cingulate and motor cortices. mPPC preferentially targets cM2,
with the strongest projections caudal to Bregma (Figure 8A).
M2 labeling is accompanied by labeling in M1, which is strongest
most caudally and tapers off rostral to Bregma. mPPC also has
moderate projections targeting the most medial rM2, as well as

to rostromedial 24b. Weak labeling was found on the medial
border of 24b extending from the genu of the corpus callosum
to the caudal extent of 24b. IPPC, in contrast, preferentially
targets iM2 with the strongest projection observed in sections
just rostral to Bregma, with moderate labeling continuing rostral
and laterally in M2 (Figure 8B). Weaker projections are also
seen medially in cM2, caudal to Bregma. Area 24b is labeled at
the level of Bregma, with labeling extending caudally to where
retrosplenial cortex appears. IPPC projections to M1 are weaker
than to iM2 and 24b and target the mid rostrocaudal portion
along the border of iM2. PtP also targets the iM2, though more
weakly than IPPC, while its strongest projections are to more
rostral levels near the genu of corpus callosum (Figure 8C). PtP
projects weakly to caudal 24b, mainly terminating lateral to the
projections from IPPC. Very weak labeling was also observed in
caudal 24a for both IPPC and PtP injections.

Connections of PPC With Orbitofrontal
Cortex

Orbitofrontal Input to PPC

To analyze the termination pattern of orbitofrontal input to
PPC, we analyzed our dataset of 36 anterograde tracer injections
(Kondo and Witter, 2014), supplemented with one injection in
DLO. Anterograde tracer injections in LO and DLO did not yield
labeled fibers in PPC.

MO

We analyzed seven anterograde tracer injections in MO, out of
which only one injection of BDA yielded anterogradely labeled
fibers in PPC (Figure 9A). This injection involved all layers and
covered a large portion of the rostrocaudal extent of MO. The
resulting labeling in PPC was sparse and mainly confined to
mPPC, with only occasional labeled fibers in IPPC. No labeled
fibers were encountered in PtP, whereas weak labeling was
observed in the medial secondary visual cortex (V2M).

VO

Seven out of 11 anterograde tracer injections in VO resulted
in labeled fibers in PPC. Generally, tracer injections situated
medially within VO vyielded less robust labeling in PPC
than injections located more laterally in this area. In one
representative case, PHA-L was injected laterally in VO on the
border with VLO, where the core of the injection was confined to
superficial layers (Figure 9B). The injection site slightly involved
the anterior olfactory nucleus, which according to our retrograde
data does not project to PPC. In this representative case, a
moderately dense plexus of terminal fibers was observed in
mPPC, sparser labeling was seen in IPPC, and only a few labeled
fibers were encountered in PtP (Figure 9B). V2M, as well as
primary visual cortex (V1), contained moderate labeling. In all
areas, the majority of the labeled fibers were located in layers
2 and 3, whereas sparser labeling was seen in layers 1 and 5.
Following a BDA injection in VO at the border with VLO,
a moderately dense cluster of terminating fibers was located
medially in mPPC, with clearly branching fibers in layers 2, 3,
and 5 (see Figure 11A for exemplary micrograph). Only a few
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DLO

FIGURE 9 | OFC projections to PPC. (A-D) Anterogradely labeled fibers at three different rostrocaudal levels of PPC (R-C, respectively) and adjacent areas
resulting from injections of anterograde tracers in MO (A, BDA), VO (B, PHA-L), rostral VLO (C, PHA-L), and caudal VLO (D, BDA). As injection sites shifted from
medial to lateral and caudal within OFC, anterogradely labeled fibers extended progressively more lateral and caudal in PPC. Solid lines indicate borders between
cortical areas and dashed lines demarcate cortical layers. Right insets indicate the position of the core of the injection and the borders of MO (A), VO (B), and VLO
(C,D) are marked by arrowheads. Left insets indicate the rostrocaudal position of the depicted area. (E) Retrogradely labeled cells in OFC, represented at three
different rostrocaudal levels (indicated by R-C), resulting from an injection of Fluorogold in mPPC (represented by gray triangles) and injection of Fast Blue in IPPC
(represented by blue stars) in the same animal. Both injections resulted in dense labeling in VLO, and the Fluorogold injection also resulted in dense labeling in VO
and MO. Arrowheads indicate borders between cortical areas and dashed lines demarcate cortical layers. Inset indicates the position of the cores of the injection
sites, with borders of mPPC and IPPC outlined with solid lines.
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scattered labeled fibers were observed in IPPC, whereas in PtP
labeling was absent.

VLO
Out of 13 injections of anterograde tracers in VLO, eight yielded
anterogradely labeled fibers in PPC. From the cases with no
labeled fibers in PPC, one injection was placed medially to the
notch of the rhinal fissure, and the remaining four were placed
lateral to the notch. A slight shift in the location of labeled
fibers was observed between injections placed rostrally in VLO
vs. injections situated at the more caudal portion of this area.
A representative injection of PHA-L rostrally in VLO on the
border with VO involved the medial bank of the rhinal fissure
(Figure 9C). In mPPC, a moderately dense cluster of terminal
fibers was observed, and more dispersed labeling was found in
IPPC and PtP. Moderate to dense labeling was seen in V2M,
whereas sparse labeling was encountered in V1 and V2L. Similar
to what was seen in case of injections into VO, the majority of
labeled fibers were located in layers 2 and 3, and labeling in layers
1 and 5 was somewhat sparser. An injection of BDA placed more
caudally in VLO yielded sparse anterograde labeling in mPPC,
IPPC, and PtP (Figure 9D). Only weak labeling was found in
V2M, and a moderately dense plexus of labeled fibers was seen
in V1. Terminating fibers were located mainly in layers 2 and 3,
with sparser labeling in layers 1 and 5. A large injection of PHA-L
placed caudally in VLO resulted in a moderately dense cluster
of labeled fibers in mPPC and adjacent medial portions of IPPC,
with sparser labeling more laterally in IPPC (Figure 11B) and PtP
(not shown). Fibers tended to branch mainly in layers 2, 3, and 5.
To investigate the origin of orbitofrontal input to PPC, we
reviewed the same dataset of retrograde tracers used to describe
the projections from frontal midline areas to PPC, four cases
of injections in mPPC and three cases of injections in IPPC
(Figures 3G,P). All injections resulted in strong retrograde
labeling in OFC, mainly in superficial layers. In one animal,
Fluorogold was injected in mPPC and Fast Blue was injected
in IPPC, with the cores of both injections located in superficial
layers (Figure 9E). Both tracer injections resulted in dense
labeling throughout the rostrocaudal extent of OFC. Cells labeled
after the injection in mPPC spanned a substantial medial-to-
lateral extent of OFC, from the medially located MO to the
centrally located VLO. In contrast, the injection in IPPC yielded
labeled cells mainly confined to VLO. Labeled cells from both
injections were spatially intermingled, and occasional cells were
found to be double-labeled. In view of the sparsity of these
double-labeled neurons, we did not quantify these results. We
observed very few labeled neurons in LO or DLO, in line with the
results of anterograde tracers injected in either of the two areas.

PPC Projections to Orbitofrontal Cortex

To analyze the distribution of PPC projections to OFC, we made
use of the anterograde dataset with injections in PPC, described
above (Figures 5-7G). Injections of anterograde tracers in PPC
resulted in sparse to moderately dense terminal labeling in OFC
with a distribution that matches that of retrogradely labeled
neurons in OFC following injections in PPC, in that anterograde
labeling was mainly found in MO, VO and VLO. Labeled

fibers were largely observed in the hemisphere ipsilateral to the
injection, although some fibers were encountered contralaterally
in cases with strong orbitofrontal projections, terminating
mainly in layer 1.

mPPC

In a representative case, PHA-L was injected rostrally in mPPC
(Figure 10A). Anterogradely labeled fibers were observed in MO,
VO and medially in VLO, across layers. At rostral levels of OFC,
terminal fibers were mostly located in superficial layers, and at
the most caudal level labeled fibers were seen to extend from the
claustrum into VLO. Following an injection of BDA caudally in
mPPC (Figure 11C), terminating fibers were mainly seen in the
lateral portion of VO, extending into the medial portion of VLO.
Fibers branched most densely in layer 3 but also extended into
layers 2 and 1.

IPPC

An injection of PHA-L laterally in IPPC at a mid rostrocaudal
position resulted in labeling largely confined to the medial half of
VLO with a few fibers extending into the medially adjacent VO
(Figure 10B). Terminating fibers were located mainly in layers 1,
3 and 6 throughout the rostrocaudal extent of VLO. Figure 11D
shows labeled fibers after injection of PHA-L in IPPC in another
case. A moderately dense cluster of terminal fibers was confined
to the part of VLO located on the medial bank of the rhinal
fissure. The fibers were seen to branch most densely in layer 1,
and labeled fibers were scarcer in layers 2, 3 and 6. A few labeled
fibers were also seen in deep layers of VO.

PtP

Similar to cases with injections in IPPC, injections of anterograde
tracers in PtP yielded anterogradely labeled fibers mainly in
VLO. In a representative case, PHA-L was injected rostrally and
medially in PtP, slightly impinging on V2L (Figure 10C). The
resulting labeled fibers were located mainly within VLO, with
a slightly more lateral position in VLO than was seen following
injections in IPPC. The labeled fibers were observed not only on
the medial bank and notch of the rhinal fissure but extended into
the lateral bank of the fissure as well. Terminating fibers were
seen in layers 1-3, and 5/6. In another case, BDA was injected ata
more caudal level of PtP (Figure 11E). As was seen following the
more rostral injection, anterogradely labeled fibers, in this case,
were mainly seen in medial VLO, with terminal branching largely
in superficial layers.

In order to investigate the origin of PPC projections to
OFC, retrograde tracers were injected in OFC in five cases.
In a representative case, a large injection of Fast Blue was
placed in the VO/VLO region, medial to the notch of the
rhinal fissure (Figure 10D). Tracer leaked into the claustrum
and the anterior olfactory nucleus, the latter was shown in our
anterograde data to not receive projections from PPC. Across
all subdivisions of PPC, retrogradely labeled cells were found
in large numbers in deep layers and only occasionally were
labeled cells found in superficial layers. In line with the sparse
contralateral PPC-OFC projections observed in the anterograde
tracer cases, very few labeled cells were observed in the
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A mPPC B IPPC C PP

FIGURE 10 | PPC projections to OFC. (A-C) Anterogradely labeled fibers at three different rostrocaudal levels (indicated by R-C) of OFC resulting from injections of
PHA-L in mPPC (A), IPPC (B), and PtP (C). As injections shifted from medial to lateral in PPC, anterogradely labeled fibers extended progressively more lateral and
caudal in OFC. Arrowheads indicate borders between cortical areas and dashed lines demarcate cortical layers. Top insets indicate the position of the core of each
injection with the borders of the mPPC (A), IPPC (B), and PtP (C) outlined with solid lines. (D) Retrogradely labeled cells represented by stars at three different
rostrocaudal levels (indicated by R-C) of PPC resulting from a big injection of Fast Blue in the VO/VLO region. Labeled cells were primarily located in layer 5 across all
PPC subdivisions. Solid lines indicate borders between cortical areas and dashed lines demarcate cortical layers. Bottom left inset shows a drawing of the injection
site in a coronal section, arrowheads indicate the medial border of VO and lateral border of VLO. Insets at the left of each section indicate the rostrocaudal position of

the depicted areas.
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FIGURE 11 | OFC-PPC connections. (A,B) Examples of labeled fibers in
PPC resulting from injections of anterograde tracer in VO (A, BDA) and VLO
(B, PHA-L). Insets indicate the position of the injection site in OFC with the
borders of VO (A) and VLO (B) marked by arrowheads (left) and the portion of
PPC containing the labeled fibers (right). (C-E) Examples of labeled fibers in
OFC resulting from injections of anterograde tracer in mPPC (C, BDA), IPPC
(D, PHA-L), and PtP (E, BDA). Insets indicate the position of the injection site
in PPC with the borders of mPPC (C), IPPC (D), and PtP (E) outlined with
solid lines (top) and the position in OFC of the depicted area (bottom).
Arrowheads indicate borders of cortical areas. All scale bars: 200 pm.

contralateral PPC following injection of retrograde tracer in OFC
(not illustrated).

DISCUSSION

The current data show that PPC projects to several frontal
cortical areas (summarized in Figure 12), largely reciprocating
the densest input received from the same areas. The laminar
connection patterns are summarized in Supplementary
Figure $3. Within the frontal midline areas, all PPC subdivisions
appear to be strongly connected with M2. mPPC preferentially
targets cM2 in addition to moderate labeling at rM2, whereas
IPPC and PtP target iM2. Sparser connections were found with
area 24b. mPPC projects to rostral 24b, whereas IPPC and PtP
project to caudal regions. There were virtually no connections
with area 24a, IL or PL. Within OFC, a gradient was revealed
in which medial areas of OFC connects with mPPC, and the
more central portion of OFC preferentially connects with lateral
PPC subdivisions IPPC and PtP. PPC connections with the more
lateral portions LO and DLO were absent. Our results are overall
in line with previous studies, but as detailed below, our data
uncover a topographical organization of the connections of the
three subdivisions of PPC.

Projections from

5 mPPC [PPC PP

™M2

N

FIGURE 12 | Summary. Diagram of parietal-frontal projections. The center of
the circle shows a color-coded representation of the three PPC subdivisions,
mPPC (purple), IPPC (blue), and PtP (yellow). The outer colored circle
represents the relative proportion of projections, indicated by the size of the
color-coded areas, from the three PPC subdivisions to frontal cortical areas
that are separated with black lines. The outer edge indicates the total extent
of orbitofrontal cortex (OFC), anterior cingulate cortex (ACC) and secondary
motor cortex (M2), as well as their rostrocaudal (R-C) or mediolateral (M-L)
organization. The reciprocal projections from OFC and M2 to PPC show
comparable patterns. rM2, rostral portion of M2; iM2, intermediate portion of
M2; cM2, caudal portion of M2.

Connections of PPC With Frontal Midline
Cortices

Area M2

The current data corroborate previous reports that M2 projects
to PPC, and that these projections originate from the entire
rostrocaudal extent of M2 (Kolb and Walkey, 1987; Reep
et al,, 1994). Regarding the laminar origin of the M2 to PPC
projections, we conclude that there is a slight preference for
a deep origin, which seems disparate from what can be seen
in the figures in the study of Reep et al. (1994), showing
a more even laminar origin, although this is not specifically
mentioned by the authors. The difference may be a result of the
lower detail provided in the latter study compared to ours. In
addition, our data showed that M2 projections to PPC originated
in superficial layers at specific rostrocaudal levels. Projections
from M2 to PPC have previously been shown to travel through
layer 6 of the cortex (Reep et al., 1987), which is confirmed
by our observations after injections of anterograde tracer in
M2. Further, our data show that these projections terminate
in layers 1 and 6 across mPPC and IPPC, with sparse, more
diffuse labeling in PtP although, interestingly, the bilaminar
labeling sometimes extends throughout all layers in a columnar
pattern in mPPC and IPPC. Such an alternating bilaminar and
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columnar termination pattern of cortical projections of M2 has
been described previously (Reep et al., 1987). With respect to
possible connectional differences between the three subdivisions
of PPC, the present data indicate that M2 projections to
PtP are weak, whereas IPPC and mPPC both receive dense
projections from M2. This differs from another study (Wilber
et al,, 2015), which reported that IPPC received much stronger
M2 input than mPPC. A close evaluation of the latter study
revealed that only one out of five retrograde tracer injections
in IPPC showed particularly dense input from M2, one showed
sparse input and the other three appeared to receive very little
input. We consider it likely that the results of the one case
showing strong labeling in M2 are due to the involvement
of layer 6 in the injection site, since, as mentioned above,
M2 projections to adjacent cortical areas have a preferred path
through layer 6.

To our knowledge, we are the first to describe the
laminar termination pattern of PPC projections within M2 and
potential differences between projections from the three PPC
subdivisions, although projections from PPC to M2 have
been described in previous studies following injections of
retrograde tracers in M2 in rats (Reep et al., 1984, 1990; Kolb
and Walkey, 1987; Condé et al, 1995; Hoover and Vertes,
2007). These studies showed that the projections originated
in layers 2/3 and 5 of PPC, however, one study found that
projections to rM2 arose from deep layers only (Hoover and
Vertes, 2007). Unfortunately, these studies provided little detail
regarding the question of whether the three subdivisions of
PPC contributed differentially to these projections, or whether
topographical differences might be present. Moreover, detailed
comparisons between the various studies are difficult since
applied cortical delineations differ between studies, including
our previous study in which we established the borders and
subdivisions of PPC used here (Olsen and Witter, 2016).
In mice, it was shown that extrastriate areas corresponding
to PPC (anterior parts of A, AM and RL) also project
to M2 (Wang et al, 2012) and, that the connectivity is
reciprocal (Zingg et al, 2014; Hovde et al, 2018). The
present results show that all PPC subdivisions project to
superficial and deep layers of M2. In a previous study,
it was reported that projections from nearby higher-order
visual areas terminate in superficial layers of M2 (Miller
and Vogt, 1984), but the authors did not include data on
PPC projections.

As mentioned previously, M2 has been divided into three
parts along its rostrocaudal axis. Injections of retrograde tracers
showed that the rostral part of M2, rM2, received extensive
somatosensory input whereas the caudal part, cM2, had an
overweight of visual cortical input and the mid-portion, iM2,
received a mixture of both (Reep et al., 1990). Our current
data add to this by showing that PPC projections terminate
at specific rostrocaudal levels within M2 as well. We further
show that the terminal distribution of the PPC-M2 projection
overlaps with the main origin of the reciprocating M2 projections
to PPC. Thus, mPPC has minor reciprocal connections with a
small portion at the rostral extreme of rM2, moderate reciprocal
connections with the mid-portion and strongest reciprocal

connections with the most caudal portion, cM2. IPPC is also
sparsely reciprocally connected with rM2, but at a level much
closer to the genu of the corpus callosum. In addition, strong
reciprocal connections were found between IPPC and iM2, as
well as a sparser connection with cM2. While we did not obtain
any retrograde tracer injections confined to PtP, considering
that PtP projects mainly to iM2, we expect that the densest
input from iM2 to PtP originates here. However, it should be
noted that, in our hands, three anterograde tracer injections
in M2, located at different rostrocaudal levels of iM2 and
cM2, yielded only sparse labeling in PtP compared to mPPC
and IPPC.

PL, IL and Area 24

Our observations indicate that reciprocal connections between
PPC and the prefrontal midline areas PL and IL are very sparse,
in line with previous studies (Reep et al., 1994; Condé et al,
1995; Vertes, 2004; Hoover and Vertes, 2007; Wilber et al., 2015).
Differing from the sparse or non-existent IL and PL connections,
our data indicate that PPC has slightly stronger connections with
ACC area 24, supporting previous reports (Condé et al., 1995;
Hoover and Vertes, 2007). According to these studies, area 24 has
corticocortical connections that overall are sparser than those
of M2. Moreover, within ACC, area 24b has more widespread
corticocortical connections than 24a (Vogt and Miller, 1983).
Both notions are supported by our results.

Interconnections have been found between the IL and PL
as well as the most rostral portion of area 24b (Condé et al,
1995; Fisk and Wyss, 1999; Jones et al., 2005; but see Vertes,
2004). These areas are only sparsely connected with the rest
of the ACC as well as other cortical areas and are thought to
constitute the medial prefrontal cortex in the rat. The mid-
and caudal portions of area 24b are reciprocally connected with
rostral and caudal area 24a in a complex manner (Jones et al,,
2005), and receive input from several cortical areas (Reep et al,,
1990). Data on connections between PPC and area 24 do not
emphasize a particular preference to connect with any of these
three rostrocaudal subdivisions. One might expect a relatively
weak connection with the very rostral part of area 24, in line
with the weak to absent connections with the connected PL
and IL. However, our data suggest that mPPC receives input
from the entire rostrocaudal extent of area 24b and has a small
projection to the rostral extreme of area 24b as well as a very
sparse projection to the most caudal portion that has been
shown to originate mainly in deep layers (Finch et al., 1984;
Condé et al., 1995; Hoover and Vertes, 2007). Regarding IPPC,
it receives input only from the most caudal level of area 24b,
and sends a minor reciprocating projection. The data on area
24 projections to PPC reported by us are in line with previously
published ones, showing that injections of retrograde tracers
in mPPC resulted in labeled cells throughout area 24b, and
injections in IPPC yielded labeled cells confined to the caudal
third of area 24b (Reep et al., 1994; see also Kolb and Walkey,
1987). PtP has a small projection to the caudal extreme of area
24b and currently, no data are available addressing a potential
reciprocating projection in rodents. Thus, among the PPC
subdivisions, mPPC appears to have the strongest connections
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with the ACC, including unique connections with the most
rostral part.

Connections of PPC With Orbitofrontal

Cortex

Our data suggest that PPC is reciprocally connected with OFC,
specifically to parts of OFC located medial to the orbital notch,
in line with previous studies in rats and mice (Kolb and Walkey,
1987; Reep et al., 1994; Hoover and Vertes, 2011; Zingg et al.,
2014; Wilber et al.,, 2015; Hovde et al., 2018). Retrograde tracer
injections in PPC yielded retrogradely labeled cells largely in
superficial layers of MO, VO and VLO, but not in the more
lateral parts, LO and DLO (Kolb and Walkey, 1987; Reep et al.,
1994; Wilber et al., 2015). Labeled cells in these three subdivisions
of OFC appeared to be dispersed throughout, irrespective of
whether the injection was placed in mPPC or IPPC (see especially
Reep et al., 1994 for details). This contrasts with our data, where
injections of retrograde tracer in mPPC resulted in labeled cells
that were most concentrated in VO but were observed also in
neighboring MO and medial VLO, and injections in IPPC yielded
labeled cells mainly confined to medial VLO. Corroborating the
retrograde data, our anterograde tracer data suggest that MO
projects sparsely to PPC since only one out of seven injections
yielded scattered anterogradely labeled fibers in PPC. In contrast,
VO and VLO project progressively more lateral and caudal
within PPC as injection sites shift from VO through rostral VLO
to caudal VLO. Our findings replicate the results of a previous
study where only a few labeled fibers were observed in layer
6 of PPC after injection of PHA-L in MO, whereas injections
in VO produced labeled fibers, albeit sparse, in superficial and
deep layers of PPC (Hoover and Vertes, 2011). Unfortunately,
these authors did not include injections of anterograde
tracers in VLO.

The topography of projections from PPC to OFC have not
been studied in detail previously. To our knowledge, only one
study employing retrograde tracers in OFC showed that MO, VO
and VLO subdivisions received input from PPC, whereas LO did
not (Reep et al., 1996). Our anterograde tracing data corroborate
these observations in showing that PPC projections are confined
to MO, VO and medial parts of VLO, with a strong preference for
VO and medial VLO. Moreover, in line with the figures shown
in the article by Reep et al. (1996), we showed that projections
to VO and MO originate mainly from mPPC, whereas IPPC
and PtP project almost exclusively to medial and central
parts of VLO.

Interconnectivity Between Frontal Midline

and Orbital Cortices

Areas M2 and the medial half of OFC not only have reciprocal
connections with PPC, they are also interconnected with each
other. In particular, the rostrocaudal extent of M2 receives
projections from superficial and deep layers of MO, VO, and
VLO (Reep et al, 1984, 1990; Condé et al, 1995; Hoover
and Vertes, 2007) that mainly terminate in layers 1 and 6 of
M2 (Hoover and Vertes, 2011). Reciprocating projections from
M2 to OFC target the same medial parts of OFC with preferred
termination in layers 1, 3 and 5 of VLO, whereas only sparse

projections were observed to LO (Reep et al, 1987). The
preferred M2 projection to VLO/VO over MO or LO/DLO
was corroborated by a retrograde study which showed that the
projection originates from neurons in preferentially superficial
but also deep layers of M2 along its rostrocaudal extent (Reep
etal.,, 1996). In conclusion, M2 is reciprocally connected with the
same portion of OFC as PPC is.

Whether or not connections between area 24 and OFC exist
has been debated. One retrograde tracing study failed to observe
projections from OFC to caudal parts of area 24a (Reep et al.,
1990), whereas other studies have found projections to rostral
area 24b that originate in MO, VO, and VLO (Condé et al,
1995; Hoover and Vertes, 2007). The first, negative report likely
is caused by the fact that connections between OFC and area 24a,
particularly its caudal portions, are overall very sparse (Hoover
and Vertes, 2011).

Retrograde tracing studies consistently show that sparse
reciprocal connections between area 24b and M2 exist, with
cells in superficial and deep layers of both areas projecting to
its neighbor, but details on their rostrocaudal topographical
organization are not known (Reep et al., 1984, 1990; Condé
et al.,, 1995; Hoover and Vertes, 2007). In an anterograde tracing
study, projections from rostral M2 to area 24b were shown
terminating sparsely across layers of 24b (Reep et al., 1987).
However, results should be interpreted with caution since the two
areas are adjacent to each other, and tracer injections in one area
are at risk of leaking into the other.

Functional Considerations

As mentioned previously, the focus of functional studies in the
rodent PPC, along with frontal cortical areas, has shifted towards
roles played by these areas in action control (Whitlock et al,
2008; Erlich et al., 2011; Harvey et al., 2012; Raposo et al., 2014),
evidence accumulation (Hanks et al., 2015) and decision making
(Raposo etal., 2014; Erlich et al., 2015). In the monkey, numerous
anatomical and functional studies have suggested that a coarse
somatotopy exists in sensory and motor responses within PPC,
such that visual representations are located caudomedially,
largely in area 7a, whereas somatic representations are dominant
more rostrolaterally, in area 7b (Hyvérinen, 1981; Andersen
et al, 1987; Rozzi et al,, 2008). Such an organization is also
reflected in the connections of areas 7a and 7b with respectively
visual and somatosensory cortical areas (Cavada and Goldman-
Rakic, 1989a; Andersen et al., 1990). Moreover, monkey PPC
subdivisions are preferentially connected with different areas of
the frontal cortex containing motor responses for the same part
of the body (Cavada and Goldman-Rakic, 1989b; Andersen et al.,
1990; Neal et al., 1990; Rozzi et al., 2006; Gharbawie et al., 2011;
Stepniewska et al., 2011). The thalamic connections of the rat
PPC suggest that mPPC may be homologous to monkey area 7a,
whereas IPPC and PtP may be homologous to monkey area 7b
(Olsen and Witter, 2016).

The results from the present study suggest that the
three subdivisions of the rat PPC have topographically
organized connections with frontal cortical areas which could
be homologous to those of the monkey. Particularly dense
connections exist with area M2, such that mPPC has strong
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reciprocal connections with ¢cM2 and IPPC is reciprocally
connected with iM2. Similarly, PtP projects to iM2 but details
of reciprocal projections are still lacking. Within the rat M2, the
distribution of somatosensory and visual input varies along its
rostrocaudal axis (Reep et al.,, 1990), but whether the topography
in somatic and visual sensory as well as posterior parietal
connections translates into a functional topography remains
unknown. Whisker, as well as eye motor responses, have been
elicited by microstimulation of this area (Donoghue and Wise,
1982; Neafsey et al., 1986; Brecht et al., 2004), and the entire
M2 has been suggested by some to be homologous to the primate
frontal eye field (Neafsey et al., 1986; Reep et al., 1990), which
is extensively interconnected with PPC. Another study examined
the functional organization of motor cortex relative to input from
S1,S2 and PPC (Smith and Alloway, 2013). By use of intracortical
microstimulations, these authors found that motor cortex can
be divided into a sensory processing zone and a motor-output
area. Neurons in the transition zone between M1 and M2 were
responsive to passive whisker deflections whereas M2 neurons
were not. In contrast, the latter were more adequate at evoking
whisker responses. Our results showed that IPPC and PtP partly
target the transition zone in iM2, which would support their role
in sensory integration and the homology to monkey area 7b.

Functional studies have also shown that activity in the rat
M2 predicts upcoming movements (Erlich et al, 2011), as
does activity in the rodent PPC (Whitlock et al., 2008; Harvey
et al,, 2012; Raposo et al,, 2014), suggesting that the two areas
are involved in similar functions. Interestingly, in a perceptual
two-choice decision-making task, PPC activity reflected the
upcoming action but was not essential for decision-making
itself (Hanks et al., 2015). Rather, PPC neurons were constantly
evaluating the sum of the presented stimulus. On the other hand,
M2 activity was crucial for transforming the total value of the
presented stimulus into a motor response (Erlich et al., 2015;
Hanks et al., 2015). Further evidence for a functional relationship
between PPC and M2 comes from a recent study in rats, which
showed that both areas represent posture of the head and back
and that spiking activity in PPC anticipates that of M2 (Mimica
et al., 2018). Interestingly, the postural representations showed a
strong topographical organization that appeared to correspond
to the anatomical organization described in our study. Namely,
the medial and rostral-most sectors of PPC and the caudal-most
regions of M2 shared a predominant sensitivity to the posture of
the animals’ backs, while the more lateral and caudal regions of
PPC were dominated by signals for 3D head position, which was
matched by similar tuning in mid-rostral coordinates in M2. This
functional organization is specifically in line with the preferred
connectivity of IPPC with iM2, and the strong connectivity of
mPPC with cM2.

Whether ACC area 24b in the rat is a pure motor area may
be debated, though microstimulation of neurons in this region
elicits periocular, eye, and nose movements (Brecht et al., 2004).
The most rostral part of area 24b is considered part of the medial
prefrontal cortex based on its extensive connections with other
medial frontal areas (Condé et al., 1995; Fisk and Wyss, 1999;
Vertes, 2004; Jones et al., 2005), and our results suggest that this
portion is connected exclusively with mPPC. This resembles the

organization of monkey PPC-ACC connections where only area
7a receives area 24b input (Pandya et al., 1981). It should be
mentioned that these authors described strong projections to area
7a as well as 7b from cingulate area 23, but a homolog of this area
has thus far not been found in rodents.

Our data further indicate that the rat PPC is reciprocally
connected with OFC medial to the orbital notch in a
topographical manner. Anatomical studies have suggested that
the connectivity of primate OFC subdivisions is organized
in two distinct networks, a medial prefrontal and an orbital
one, each of which subserves different functions, and these
observations have been extended to the rat OFC (Floyd et al,
2000, 2001; Ongur and Price, 2000; Price, 2007). However, the
interpretation of the functional relevance of these networks is
confounded by the fact that several OFC subdivisions have
connections within both networks. Nevertheless, it is interesting
to note in our results that the rat PPC is connected with only
a subset of OFC subdivisions located medial to the orbital
notch, suggesting a functional specialization of this portion of
OFC. It has been suggested that the lateral half of the OFC
evaluates individual options for choosing behavior, whereas the
medial half compares the choices according to their reward size
and probability (for review, see Rudebeck and Murray, 2014).
Functional studies in primates have indicated that (pre)frontal
cortices, in general, exert a top-down control over PPC during
goal-directed actions (Buschman and Miller, 2007; Crowe et al.,
2013). Thus, OFC could inform PPC about the value of expected
outcomes and perhaps influence the evaluation of appropriate
actions within PPC, which would then guide the execution of
actions along with motor regions. Even though PPC subdivisions
and frontal cortical areas may be interconnected within the
same networks, the topographical organization of connections
between them found in the present study suggests that
functional differences between PPC subdivisions exist. However,
further work is required to establish precisely what these
differences entail.
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Significance statement

The parieto-frontal network in mammals mediates several functions supporting goal-directed
behavior, which in primates can include representing the actions of conspecifics. Mirror neurons,
discovered in monkeys, are postulated to fulfill this role since they respond when the same actions
are performed and observed, but whether mirror neurons occur in other social mammals, such as
rodents, is unknown. Here we show that neural ensembles in the mouse posterior parietal and frontal
motor cortices robustly encode a variety of natural actions when they are performed, yet do not
respond when the same behaviors are observed. These findings invite further research into the
physiological basis of observational learning in rodents, and raise important questions about species-

specific adaptations in cortical circuits.



Abstract

The posterior parietal cortex (PPC), along with anatomically linked frontal areas, form a cortical
network which mediates several functions that support goal-directed behavior, including
sensorimotor transformations and decision making. In primates, this network also links performed
and observed actions via mirror neurons, which fire both when an individual performs an action and
when they observe the same action performed by a conspecific. Mirror neurons are thought to be
important for social learning and imitation, but it is not known whether mirror-like neurons occur in
similar networks in other species that can learn socially, such as rodents. We therefore imaged Ca?
responses in large neural ensembles in PPC and secondary motor cortex (M2) while mice performed
and observed several actions in pellet reaching and wheel running tasks. In all animals, we found
spatially overlapping neural ensembles in PPC and M2 that robustly encoded a variety of naturalistic
behaviors, and that subsets of cells could stably encode multiple actions. However, neural responses
to the same set of observed actions were absent in both brain areas, and across animals. Statistical
modeling analyses also showed that performed actions, especially those that were task-specific,
outperformed observed actions in predicting neural responses. Overall, these findings show that
performed and observed actions do not drive the same cells in the parieto-frontal network in mice,

and suggest that sensorimotor mirroring in the mammalian cortex may have evolved more recently,

and only in certain species.



Introduction

A key function of any motor system is the rapid and flexible production of actions in response to
external stimuli, including the behavior of other individuals. Having robust representations of
performed and observed behaviors has therefore been hypothesized to add survival value in a number
of species since it facilitates an array of behavioral functions, including optimal action selection,
gaining access to food sources or avoiding predators (1). However, which neural circuits integrate
performed and observed actions, and how, are not well understood. In different species of primates
and songbirds, a striking manifestation of such interactions has been described in the form of mirror
neurons. Mirror neurons, first characterized in pre-motor cortex (2, 3) then PPC (4) in monkeys, and
later reported in humans (5) and birds (6), respond reliably both when an individual performs a specific
action and when they observe the same action performed by a conspecific. Based on these properties,
they have been postulated to enable skills requiring conjoint coding of observed and performed
behaviors, such as imitation and action understanding (7, 8). The striking specificity of mirror coding
requires that sensory and motor processing streams are combined precisely at the level of single cells,
which prompts the question as to how such a mechanism arose originally. That is, did prototypical
sensory and motor processing pathways become linked early in evolution, in which case most species
should exhibit sensorimotor mirror matching, or is it a more recent adaptation suited to the needs of

a few specific niches?

To address this question, we tested whether neurons in PPC and frontal motor cortex (M2) of mice
encode the performance and observation of unrestrained motor behaviors. We chose rodents since
they fall between primates and avians phylogenetically, they can socially acquire both sensorimotor
and fear-based behaviors (9-14), and they have proven effective models for studying the neurobiology
of empathetic social learning (15-19). Emerging evidence also suggests that PPC and M2 in rodents,

like primates, comprise a cortical network supporting several aspects of goal-directed behavior,



including decision making (20, 21), sensorimotor transformations (22, 23), and movement planning
(24, 25). Rodent models also bring methodological advantages, including large-scale neural recordings
in unrestrained subjects, which enables the analysis of neural ensemble dynamics during any number
of self-initiated actions. In turn, it is possible to uncover intrinsic features of neural population activity

driven by behavior, such as state space structure (26), independently of experimenter bias.

Here, we used miniaturized, head-mounted fluorescent microscopes (27) to image the activity of
hundreds of individual neurons at a time while mice performed or observed pellet reaching and wheel-
running tasks. First, using dimensionality reduction (28), we saw clear differences in the structure of
ensemble responses during performed and observed behaviors. This motivated the subsequent
quantification of single-cell selectivity to specific behaviors using shuffling analyses as well as
statistical modeling with a generalized linear model (GLM). All tests indicated that PPC and M2 were
driven strongly by performed behaviors, similar to what has been shown in more stereotypical tasks
(26), but extended here to freely behaving animals. The neural coding of observed behavior, on the
other hand, was below chance levels in both brain areas, even in neurons with strong performance
correlates. These results indicate that the representation of the observed actions we tested occurs
outside the parieto-frontal circuit in mice, which suggests a divergence in action recognition
mechanisms between primates and rodents. By extension, this supports the view that sensorimotor

mirroring evolved independently in birds and primates.



Results

To determine whether neurons in the mouse PPC and M2 reliably responded to the performance and
observation of the same set of behaviors, we used one-photon epifluorescence microscopy to image
the activity of neuronal ensembles expressing the genetically encoded calcium indicator GCaMP6m
(AAV1.Syn.GCaMP6m.WPRE.SV40) via AAV-mediated transfection (921 neurons in PPC in 4 mice; 852
neurons in M2 in 4 mice; Fig. S1, Table 1). Cellular responses were monitored through a chronically
implanted gradient refractive index lens attached to a prism (Fig. 1 A and C). All animals were trained
to perform the pellet reaching task (29) in an 8.5 x 15 x 20 cm box (Fig. 1B), in which they were taught
to reach through a 1 cm diameter hole to grasp food pellets (Fig. 1B). They were trained to asymptotic
performance levels prior to experimental recordings (maximum of 10 days; Methods) and,
concurrently, were habituated to head-fixation and to observe a sibling perform the same task. In the
experiments, each animal’s cortical activity was imaged during four sessions, with performance (P)
and observation (O) conditions interleaved (following a P1-O1-P2-02 scheme). In parallel, we recorded
from each mouse while they behaved freely in a wall-less open arena (30 x 30 cm) with a running
wheel, and while they observed a sibling doing the same (Fig. 1B). The calcium imaging data were
paired with high-resolution behavioral recordings made during both performance and observation

sessions.

Having imaged large ensembles of neurons in PPC and M2, as a prelude to our analysis, we visualized
how performance and observation conditions affected the population activity. To this end, we applied
the uniform manifold approximation and projection (UMAP) method on downsampled population
activity vectors (Methods) (28). As shown in Fig. 2 A and B, this revealed structural discrepancies in
the dimensionally-reduced activity space between performance and observation sessions, with
population activity states being closer to each other for time points belonging to the same behavior
during performance, but not observation conditions (Movie S1). We measured the degree to which

time points labeled by the same behaviors were clustered using the Dunn Index (Methods), which



produced clustering indices between 2.4 and 10.9 times higher during performance than observation
sessions across animals (3 mice in PPC, 1 mouse in M2). This suggested that there were clear signatures
of the representation of performed behavior but not observed behavior in PPC and M2 activity. Due
to the dependence of the quantitative aspects of the UMAP results on several initial parameters, such
as the dimension of the projective space, a more careful quantification of these effect required going

beyond this visualization, which is what we report in the rest of the paper.

To determine if the UMAP results reflected behavioral selectivity at the single-cell level, we quantified
the tuning of individual neurons to different actions the animals engaged in while performing the
tasks. We labelled the onset and offset of discrete, recurring behaviors, including turning left or right,
nose poking, grasping to eat, eating, rearing or grooming (Fig. 3 A; Movie S2; Methods). A cell was
considered stably tuned to a behavior if its in-behavior event rate exceeded 95% of the shuffled in-
behavior rates in two consecutive performing sessions (Methods). Approximately half the neurons in
both PPC (430 of 921 cells; 46.6% in 4 mice) and M2 (439 of 852 cells, 51.5%, 4 mice) were reliably
driven by performed behaviors (Fig. 3 B and C; Table S1). While the majority of neurons were uniquely
tuned to individual behaviors, subsets of cells were selective for multiple actions, and in all cases,
tuning was invariant to the duration of the behavior (Fig. S2). In the open field task, 67 of 724 PPC cells
(9.3%; 3 mice) in PPC were stably tuned to clockwise (CW) and counter-clockwise (CCW) wheel
running, while 21 out of 216 neurons (9.7%, running CCW only; 1 mouse) were stably tuned in M2.
The proportion of cells representing each behavior varied between animals, with larger groups of cells
encoding turning in both PPC and M2, and a larger proportion of cells tuned to grasping in M2 than

PPC (Figs. 3 B-D, S2).

The heterogeneity of tuning properties, and the tuning of some cells to multiple behaviors, raised the
question as to whether cells with similar coding clustered anatomically, as suggested by prior work in

parietal and motor areas in different mammalian species (30-32). Ensemble imaging allowed us to



assess the spatial micro-organization of behaviorally responsive neurons according to their tuning
preference in each brain region of each animal. However, an analysis of the quality of clustering by
behavioral tuning (Dunn Index; Methods) showed no clear tendency of grouping between cells with
similar properties, nor any clear mapping based on cortical depth or location in the imaging field of

view (Fig. S3 and S4).

Since PPC and M2 showed robust tuning to a variety of performed behaviors, we next assessed
whether they responded during observation of the same actions. We compared trial-averaged
responses to specific behaviors across all four recording sessions: P1, O1, P2 and O2 (Fig. 4 A and B
upper panels). However, in both brain areas and across mice, we saw negligible neural tuning to
observed actions, irrespective of whether the cells stably encoded performed actions (Fig. 4 A and B
lower panels, Fig.S5). Specifically,15 of 921 neurons (1.6%) in PPC and 13 out of 852 neurons (1.5%) in
M2 exhibited stable observational correlates for the pellet reaching task, even though the total
amount of time the animals spent observing behaviors was comparable to the time spent performing
them (Table S1). To test whether the proportion of cells reliably tuned to observed behaviors
exceeded chance levels, we paired neural activity with behavior labels from the wrong sessions and
computed false positive rates in this manner for all sessions and all animals (Methods). This approach
identified 27/921 (2.9%) PPC cells and 32/852 (3.8%) M2 cells as stably tuned to mismatched observed
behaviors, demonstrating that the low number of stable observational correlates was less than
expected by chance (PPC: U= 286.5, p > 0.05, M2: U = 228, p > 0.05; Mann-Whitney U test). Similarly,
in the open field task, only three out of 724 neurons (0.4%) and one out of 216 neurons (0.5%) had
reliable observational tuning to running behaviors in PPC and M2, respectively. Fewer than 1% of cells
had stable, matched correlates for performed and observed actions in the pellet reaching task in
either area, which again was below mismatched data rates (U = 364, p > 0.05 for PPC; U = 287.5, p >
0.05 for M2). Moreover, no cells showed matched tuning for wheel-running behavior in the open field

task (Table S1).



To investigate whether the lack of neural responsiveness to observed actions stemmed from
fluctuations in arousal state, we measured variations in pupil diameter, a proxy for arousal and
attention (33), in a subset of mice. Since prior work established that contraction of the pupil is
associated with reduced attentiveness and neural responsiveness (34), we restricted our analyses of
observation sessions to exclude epochs when the pupil diameter was smallest (Fig. S6; n = 3 animals).
Consistent with our prior findings, however, this did not affect the number of cells showing stable
tuning (9 of 621 cells (1.5%) with all timepoints included, 8 cells (1.3%) when excluding pupil

contraction), indicating the lack of effect did not relate to low arousal of the observers.

To further assess whether activity patterns during performance sessions related to observation, we
sought to characterize how well cellular activity could be predicted from one task condition to
another. When cells were selected based on their behavioral tuning in the first performing session,
and their z-scored firing rates were correlated to those in the second performing session, we saw in
every case that the responses of cells correlated positively (Pearson’s correlations for same-behavior
comparisons ranged from 0.22 to 0.75 for PPC and 0.08 to 0.48 for M2; Fig. 4C). Likewise, selecting
cells based on their tuning in the second session and correlating those rates back to the first yielded
similar results (r-values ranged from 0.20 to 0.71 in PPC and 0.1 to 0.44 for M2; Fig. 4C). By comparison,
the correlations of activity rates between performance and observation sessions centered around zero

in all cases (r-values ranged from -0.09 to 0.12 for PPC and -0.24 to 0.22 for M2; Fig. 4C).

Lastly, we wished to determine the extent to which each of the behaviors explained the activity rates
of the cells during performance and observation conditions, for which we used a generalized linear
model (GLM) framework (Methods) (35). The model was designed to incorporate all labelled behaviors
as predictors of each neuron’s time-varying activity. To quantify how well the behavioral variables

accounted for the activity of the neurons, we computed cross-validated negative log-likelihood ratios



by normalizing the negative log-likelihoods of single variable models to that of the null-model
(Methods). For each of the behaviors considered, and in both pellet reaching and open field tasks, we
found that neural responses in PPC and M2 were better predicted by performed behaviors compared
to a model with only the constant term (i.e. the mean firing rate; Fig. 5 A and B). We also noted that
the proportions of neurons that were stably tuned to task-dependent behaviors such as grasping (10%
in PPC and 24% in M2) and eating (7% in PPC and 6% in M2) fared better than those with task-
independent behaviors, such as grooming or rearing. Predictions based on observed behaviors, on the
other hand, were in all cases worse than the null-model (Fig. 5 A and B), which was contrasted strongly

by the significant improvement in model performance for the observers’ own movements.
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Discussion

The results of our study demonstrate that PPC and M2 were reliably modulated by the execution of
various natural behaviors in both pellet-reaching and wheel-running tasks, which was juxtaposed
sharply by the low number of neurons responding to observed behaviors, which neither exceeded
chance levels nor aided in predicting neural activity. Our analysis was inspired by exploration of
dimensionally reduced network state dynamics across task conditions, which revealed that population
activity in both brain areas was more structured during performance than observation of behaviors.
We note that the behavioral clusters in the dimensionality-reduced manifold of performance sessions
were not fully separated, which could suggest that the population vectors do not lie completely on a
two-dimensional non-linear manifold, that other tunable parameters of UMAP were not ideally
chosen, or that variables which we did not measure, such as posture or decision-making, bind separate
behaviors more closely together. In contrast, action observation did not elicit any appreciable
structure in population activity. This led us to perform a GLM analysis which confirmed that action
observation does not predict neural activity. In fact, the bodily movement of the observers was the
most influential factor in the statistical model, which was consistent with results from the
performance sessions, and could have been part of a larger wave of neural activation in the brain, as

described in recent work in head-fixed animals (36,37).

The fact that the animals were freely moving when performing the tasks allowed us to measure how
cells responded to a variety of actions, revealing new features of behavioral coding in both PPC and
M2. First, just under 15% of cells in both areas stably represented more than one behavior (Fig. S2),
and cells coding for different behaviors were intermingled anatomically. This indicates that cell
ensembles in PPC or M2 are apt to participate in more than one behavioral representation, though
any overarching organization of tuning based on somatotopy (30), posture (38) or ethological
organization (31, 39) was not apparent at the microscales at which we were imaging. Furthermore,

while the exact proportion of represented behaviors varied per animal, we generally found turning

11



represented strongly in both PPC and M2, while rearing was more prevalent in PPC and grasping was
stronger in M2. In both areas, however, eating was the best predictor of population calcium events in
the GLM (Fig. 5), despite that it was coded by comparatively few neurons. Since this predictability
could not be attributed to the over-expression of eating epochs relative to other behaviors (Fig S2), it
could reflect the salience of the consumptive behavior. It could also imply a population coding strategy
where increased single-neuron selectivity compensates for the small population size or, conversely,
that a small population size is all that is used because the neurons are strongly tuned (40). On the
whole, the heterogeneous response selectivity of cells across distinct behavioral categories is
consistent with previous work on multisensory coding and decision making in the rodent PPC (41, 42),
while the absence of spatial clustering for similarly tuned neurons is consistent with the dispersed
anatomical organization of orientation tuning in primary visual cortex (43), and olfactory coding in the

piriform cortex (44).

As for mirror neurons, they have been best characterized across primate species in pre-motor cortex
and PPC which, together, comprise the parieto-frontal network (2, 4, 45, 46). This network supports
several functions required for goal-directed behavior including sensorimotor transformations, action
planning and decision making (47, 48). Although it was long thought that rodent brains lacked the
prerequisite complexity to subserve higher cognitive functions, a growing body of work shows that
both rats and mice exhibit accomplished performance in sensory-motor tasks such as virtual
navigation (49) and evidence-based decision making (20, 50), and they show stimulus history effects
(51-53). In terms of anatomy, although PPC and M2 are considerably less elaborate in mice than
primates, there are several features common to both species which could support action recognition,
including strong input from higher visual areas (54, 55) and dense reciprocal connectivity between
PPC and M2 (56-59). Given the anatomical and functional similarities, we reasoned that neurons in
the rodent PPC-M2 circuit might exhibit mirror-like responses to the observation and execution of the

same actions, and were surprised by the effective absence of observational tuning in both areas.
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To our understanding, there are at least two possibilities why this could be the case. One is that the
range of behaviors considered was of the wrong kind to elicit mirror responses in rodents. While the
pellet reaching task encapsulated the grasping and eating behaviors which evoked mirror neuron
activation in primates, it also allowed for the expression of several other natural behaviors, such as
grooming and rearing, and wheel running was strongly encoded, particularly in PPC. The absence of
observational responses in such tasks suggests that mice may be a species where representations of
observed and performed actions do not converge on the same neurons, at least not in the PPC-M2
network, and their capacity for sensorimotor observational learning (13, 14) may depend on non-
mirror associative mechanisms. This contrasts with affective learning paradigms, where, for example,
mirror-like responses have been shown for pain in the anterior cingulate of rats (19). Thus, distinct
anatomical pathways might utilize different neural mechanisms to support different forms of social
learning. Another possibility for our findings is that observed actions are encoded in areas outside or
upstream of where we imaged. For example, extrastriate areas AL and RL receive the same, if not
more, input from V1 as the more medial regions we imaged in PPC, and they project to frontal motor

cortices, and could be potential targets for similar experiments in the future.

If the cortical motor system in mice indeed lacks mirror neurons it could also have implications for the
evolutionary lineage of sensorimotor mirroring (60). To date, such a phenomenon has been shown in
songbirds (6), new (46) and old world monkeys (2, 45), and humans (5, 61). This variety of species
raises questions about the phylogenetic development of the capacity for mirroring, and the systems
supporting these functions. For example, neurons jointly encoding the vocalization of self and others
were found in the telencephalic nucleus HVC of swamp sparrows and zebra finches (6, 62), while
audio-vocal mirror neurons were shown in the human inferior frontal gyrus (63). Though avian and
primate circuits are not structurally homologous, the question of whether the capacity for mirroring
evolved independently or originated in a common ancestor has remained open. Our results suggest

the former scenario. Unlike sensorimotor mirroring, vicarious responses for affective states, such as
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disgust or pain, have been reported in corresponding areas in humans (64, 65) and rodents (19), which
is consistent with conserved mirroring involving more ancient sub-cortical systems. This suggests that
fundamentally different neural computations may support emotional vs. sensorimotor learning, at
least in rodents, and that the likelihood of finding mirror neurons within a system will vary depending

on the species in question.
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Materials and methods

Subjects and virus injection. All procedures were approved by and in accordance with the Norwegian
Animas Act and the European Convention for the Protection of Vertebrate Animals for Experimental
and Other Scientific Purposes. Experimental mice were 3 to 7 month old wild type C56BL/6 females (6
from Taconic Bioscience, 2 from The Jackson Laboratory), individually housed on a 12 hr inverted
light/dark cycle with ad libitum access to food and water. Surgeries were performed under sterilized
conditions and body temperature was maintained at 37°C with a heating pad. Anesthesia was induced
using isoflurane mixed with oxygen (5% for induction, 1-1.5% for maintenance) on a stereotactic frame
(David Kopf Instruments). Prior to surgery, mice were injected with analgesics subcutaneously
(Metacam 1 mg/kg, Temgesic 0.1mg/kg weight) and with a local anesthetic (Marcain 0.5mg/ml) under
the skin surface above the skull before making an incision. Following the initial induction and drug
administration, the dorsal surface of the head was shaved and ophthalmic ointment was applied to
the eyes. The incision area was scrubbed with cotton swabs dipped in 70% Ethanol followed by
betadine (2 x each), and a small incision was made along the midline. All measurements were made
relative to bregma for virus and prism probe implant surgeries. A craniotomy (1.2 x 1.2mm) was made
and each animal was injected with 300nl of AAV1.Syn.GCaMP6m.WPRE.SV40 (University of
Pennsylvania Vector Core; item # AV-1-PV2823) at multiple locations in the right hemisphere of the
posterior parietal cortex (AP: -1.95, ML: 1.5, DV: 0.35 and 0.7; AP: -1.95, ML: 1.9, DV: 0.35 and 0.7mm
relative to bregma) or secondary motor cortex (AP:+0.5, ML: 0.5, DV: 0.5; AP: +0.2, ML: 0.5, DV: 0.5mm
relative to bregma) using a Nanoject Il Injector (WPI, USA), delivering virus at a rate of 35nl per min
with a controller (Micro4; WPI). The glass injection pipette was left in place for 10 min post-injection,
after which it was slowly withdrawn. Following the viral injections, the craniotomy was filled with
Kwik-Sil silicone elastomer (WPI) and the incision was closed with nylon sutures. After surgery, mice

were kept in a heated chamber until they regained consciousness and began moving.
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Prism probe implantation. One week post virus-injection, a 1mm diameter gradient refractive index
lens (GRIN) attached to a prism (Inscopix) was lowered stereotaxically into the craniotomy at a rate of
10um/s while the tissue was treated constantly with saline to minimize desiccation. The prism lens
was positioned 1.2-1.3mm deep and 0.15 - 0.2mm away from the injection site. Lens implants were
secured to the skull with a thin layer of Kwik-Sil silicone elastomer, followed by a thick layer of adhesive
cement (super-bond C&B, Sun Medical). The lens cuff was filled with Kwik-Cast (WPI) for protection
during a 1-2 week interval to allow for viral expression. A custom made head bar was cemented to the

skull with dental acrylic for head fixation in behavioral experiments.

Once viral expression was confirmed, mice underwent anesthesia to secure a baseplate (Inscopix),
which was cemented on the prism probe to support the connection of the miniaturized microscope
during in vivo imaging under freely moving conditions. During the procedure, a baseplate was
attached to the miniature epifluorescence microscope (nVista HD, Inscopix) and stereotaxically
positioned to a desired focal plane with the help of visible landmarks (GCaMP6m-expressing neurons
and blood vessels) using 20-30% LED power, a frame rate of 5Hz and digital gain of 4. Once the focal
plane was identified, the microscope and baseplate were raised by ~50um to compensate for
shrinkage of the adhesive cement, and were subsequently fixed in place using the same compound,
followed by a thin layer of dental acrylic mixed with black carbon spherical powder (Sigma Aldrich) to
minimize the light interference of the imaging field. The baseplate was covered with a protective cap

(Inscopix), and imaging began within 1-2 days.

Behavioral training and recording. Animal training. Pairs of sibling animals were used in all
experiments, and were housed together for one week prior to the start of training. During this period,
each animal was habituated to the experimenter and handled extensively on a daily basis.
Subsequently, mice were housed individually and food restricted to maintain 90% initial body weight
throughout the training period. They were trained daily for 7-10 days in a modified version of the

pellet reaching task (29). The chamber used for the task was built from clear plexiglass (3mm thick, 20
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x 8.5 x 15cm) with a rectangular cylinder attached externally through which food pellets were
delivered (Fig.1). After one day of habituation to the box with no pellets, animals underwent 2 stages
of task acquisition; shaping and training. During shaping (2 days, 2 sessions per day), mice were
presented with multiple chocolate pellets (20mg per pellet, TestDiet) in the reaching compartment to
reinforce reaching behavior. During the subsequent training period (5 days, twice per day), a single
pellet was placed in the reaching compartment and the animals’ performance was monitored during
15 min sessions. In this task, each mouse learned spontaneously to turn in a circle in place to elicit
pellet delivery (leading to a turn-grasp-eat motif), though this was not explicitly shaped by
reinforcement. Trials in which animals retrieved the food pellet with their tongue were excluded from
the analysis. Experiments began once mice exceeded 40 successful trials in at least 2 consecutive

sessions.

Following head bar placement, the same cohort of animals was gradually habituated to head-fixation
over an 8-10 day period. First, they were allowed to move freely in and out of a 4.5 cm diameter acrylic
tube, and were subsequently head-fixed with their body in the tube for 15 min. Over 7 days this was
increased to 45 min until body movement was minimal. Finally, animals were habituated to head
fixation while another conspecific performed the pellet reaching task in front of them. This process

typically required ~10 days.

After the pellet reaching task, mice were placed in a wall-less, open, squared arena (30 x 30 cm) with
a running wheel, and allowed to behave freely during 20 min sessions. The animals were pre-trained
until they exhibited full coverage of the arena, and the same cohort was head-fixed in the tube and,

alternately, performed or observed siblings perform the open field task.

Behavioral recording setup. The animals’ behavior was recorded with 5 high-resolution, near-infrared
(NIR) cameras (4MP, 100fps, 850nm; Simi Reality Motion Systems GmbH, Germany): one capturing

both the performer and observer, one solely on the observer and three exclusively on the performer.
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The cameras were angled to minimize redundancy of view, and infrared illumination was aided by 8-
10 additional NIR LED lamps (850nm, 48 LEDs each; Banggood). All experiments were performed in

dim visible light with the experimenter hidden from the view of the animal.

Pupil measurements. To control for changes in arousal state and neural responsiveness during
observation sessions (Reimer et al., 2014), variations in pupil size were measured for 3 mice using
close-up video from the camera positioned specifically on the observer, with additional NIR (850nm)
illumination of the left eye (Fig. S6). ImagelJ software (NIH, version 1.52e) was used to trace a region
of interest (ROI) at the lateral edge where the pupil, which was black, met the lighter-colored sclera,
which changed dynamically when the pupil dilated or contracted (as in (66)). The mean pixel intensity
of the ROl was registered as a negative number that was closest to zero (i.e. largest) when the pupil
was dilated maximally, and was most negative when the pupil was contracted (Fig. S6). For each
mouse, a binary threshold was determined that captured periods when the pupil was contracting to
the smallest size; this was used to flank epochs when the pupil was most contracted, typically when

animals were quiescent and motionless.

Behavioral labeling. Videos were decompressed and downsampled by a factor of 5 (except for one
animal which had a 25fps image acquisition rate) to reduce file size and match calcium imaging
sampling frequency. The videos of several behavioral sessions were reviewed closely to determine
which behaviors were sufficiently frequent and reliable to label manually, including task-specific (e.g.
grasping a pellet) and non-specific (e.g. rearing) behaviors. The behaviors were manually labelled using
a Jython-based, custom-developed graphical user interface (GUI). For each recording session, videos
with different fields of view (with at least one of the performer and one of the observer) were loaded
into the GUI, and two experimenters scored behaviors from the same sessions frame by frame. The
behaviors used for subsequent neural analyses included nose poke, grasping, eating, grooming,
turning (with clockwise and counter-clockwise turning separated) and rearing (Movie S2). In the open

field we only quantified wheel-running behavior, but again discretized clockwise and counter-
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clockwise directions. We also labeled epochs when observer animals moved their limbs or bodies
during the observation experiments, allowing us to measure neuronal activity during observer

movement.

Calcium imaging. One photon imaging of intracellular calcium activity was acquired at a rate of 20-
25Hz, with LED power set to 20-30% and a gain of 1; the same image acquisition parameters were
maintained for a given set of sessions (4 x 10 min) to allow for comparison of neural activity (27).
Calcium imaging timestamps were synchronized with the behavioral recording system for offline
behavioral analyses. Synchronization was done using the nVista DAQ box (Inscopix), which enabled
triggering of external hardware (behavioral recording system; Simi) using a TTL system. GCaMP6m-
expressing C57BL/6 mice were imaged while performing the pellet reaching task (2 x 10 min), and
again while observing the task (2 x 10 min) while head-fixed. The following day, the same animals were
imaged while freely exploring the open field with the running wheel (2 x 10 min), and again while

head-fixed, observing a conspecific doing the same (2 x 10 min).

Image processing. Fluorescence movies were processed using Mosaic Software (v.1.1.2, Inscopix).
Raw videos were spatially downsampled by a factor of 4 to reduce file size and processing time;
temporal downsampling was not applied. Dropped frames were isolated and interpolated, and the
movies were cropped to remove regions lacking cells. For pellet-reaching and open field experiments,
performance and observation recordings of the same task were concatenated to generate a single 40
min recording. Motion artifacts were corrected using a single reference image (typically obtained by
drawing a border around a large blood vessel or selecting bright neurons) using the Turboreg image
registration algorithm within Mosaic software. The movies were further cropped to remove post-

registration black borders.

Fluorescence trace extraction. Motion-corrected, cropped recordings were saved as .tiff files for

subsequent signal extraction using the constrained non-negative matrix factorization algorithm for
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endoscopic recordings (CNMF-E) (67). CNMF-E was designed to isolate large fluctuations in
background fluorescence and facilitate the accurate extraction of cellular signals by simultaneously
denoising, deconvolving and demixing one photon calcium imaging data. The CNMF-E framework can
be summarized by the following steps: (1) initialize the spatial and temporal components of all
neurons without explicit estimation of the background, (2) approximate the background given the
activity of all neurons, (3) update spatial and temporal components by subtracting background from
the raw image using alternating matrix factorization, (4) delete neurons and merge neurons with high
temporal correlations, (5) repeat steps 2-4 (for quantitative detail see Zhou, et al., 2018). Similar
parameters (gSig = 3, gSiz = 13, mincorr = 0.9) were used across different data sets to extract
fluorescence signals. After calcium signal extraction with CNMF-E, fluorescence traces were
deconvolved to approximate relative firing rates in each imaging frame using ‘Online Active Set
methods for Spike Inference’ (OASIS) (68). For this, the fluorescence data was modelled using an
autoregressive (AR(1)) process due to the fast rising time of calcium. The decay time of the calcium
signal (g hyperparameter) was estimated from the autocorrelation, and the optimized g
hyperparameter was set to 0. Lastly, a strict threshold of 5 standard deviations from the mean event
was used for further calcium event estimation. All subsequent analyses used the inferred calcium

events to minimize the effect of decay kinetics of calcium signals.

Signal-to-noise ratio. A signal-to-noise ratio (SNR) analysis was performed to estimate the quality of
the deconvolved output relative to raw traces. Every raw trace value in the interval spanning one
second before to seven seconds after a registered calcium event (to accommodate the sharp rise and
slow decay of the calcium signal) was considered as signal, and everything outside that range was
considered as noise. The SNR was defined as the ratio of the mean of the traces related to calcium
events and the standard deviation of the noise. Any cell that failed to exceed or match the SNR

minimum value of 3.5 for all sessions was discarded from further analyses.
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Behavioral tuning and shuffling. Calcium event rates were calculated for each cell during each
behavior by dividing the total number of events within a behavior by the total time spent in that
behavior (in seconds). The calcium event trains were then offset by a random interval between 20 and
60 sec one thousand times, and event rates for each behavior were re-calculated for each
permutation, generating a shuffled distribution. The observed firing rates were z-scored relative to
the shuffled distribution, and a cell was considered significantly tuned if its z-scored rate was 2
standard deviations above its shuffled mean during a given behavior. Only cells meeting this criterion
for two of the same type of session were considered stably tuned. During observation sessions, the
observers’ body movements were registered in addition to the behavior of the performer. Cells tuned
to the observer’s movement in any session were discarded from the analysis as potentially showing

tuning to observed actions.

Peri-event time histograms. Calcium events were binned in 200 ms windows relative to the onset of
a given behavior, converted into rates and convolved with a Gaussian kernel with a width of 1 bin.
Behavioral epochs shorter than 100 ms were excluded from the analysis. For each bin, the mean and
the standard error of mean were calculated over epochs. After averaging over epochs, each cell was
normalized to its peak rate and cells were ordered according to the magnitude of their z-scored rate

in the first performing session (P1).

False positive estimations. For either brain area, we assessed whether the number of stably tuned
neurons across different conditions (performance, observation and matched) was statistically
different from chance (i.e. false positive) rates. The false positive rate was estimated empirically by
swapping behavioral labels between two sessions of the same kind (e.g. 01 and 02) and re-computing
calcium rates for each behavior, thus determining the “false” proportion of stably tuned cells across
all animals. The significance of the difference between the distributions of true and false positive

proportions was determined with the Mann-Whitney U test.
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Correlation matrices. To assess the predictability of representations across different session types,
data from all animals within a region were pooled and significantly tuned cells for each behavior (e.g.
rearing) in each session (e.g. P1) were selected. A given z-scored calcium rate series (e.g. all rearing
cells in P1) was then correlated with the series of z-scored rates of all the behaviors in all the other

sessions (e.g. all grooming cells in 01).

Cell registration. To identify discrete states in neuronal population activity using dimensionality
reduction (Uniform Manifold Approximation and Projection, UMAP; Mclnnes et al., 2018), the stability
and identity of cells across all sessions were first confirmed using methods recently published by
Sheintuch et al. (69), which uses a probabilistic approach to register the spatial location of cells across
sessions. After extraction of spatial components of the imaged data for each recording, spatial
footprints were loaded into a graphical user interface (GUI) provided by Sheintuch et al. (2017) for
further alignment and characterization of the similarity measure. For this analysis, a pixel value of
2.3um, maximal distance of 15um (due to sparsity) and Psame threshold of 0.95 (to be conservative)

were used.

Dimensionality reduction. The fast, non-linear dimensionality reduction algorithm, UMAP, was
applied to visualize the high-dimensional neural state space using a lower-dimensional manifold while
preserving high-dimensional local and global structures. To do this, cells were first registered across a
total of 60 minutes of combined pellet reaching and open field recordings (described in “Cell
registration”) to ensure similarity. The calcium event trains were then binned to the resolution of the
imaging sampling rate (20Hz for PPC, 25Hz for M2) and the activities were convolved using a Gaussian
kernel with a width of 2 bins. Neural data was downsampled to every 2 bins, then further
downsampled by keeping only the time points when >10% of the population for performing sessions
and >5% for observing sessions had non-zero convolved events. Dimensionality reduction with UMAP
was performed assuming a Manhattan distance metric, and the parameters (n_neighbors=5,

min_distance=0.5, spread=1.0) were kept the same for all neural data sets.
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Dunn Index. The compactness of the behavioral clusters (i.e., cluster of time points corresponding to
the same hand-labeled behavior) in the dimensionality-reduced representation was assessed using
the Dunn Index (DI) (70). To this end, the centroids were first calculated for every behavioral cluster.
Distances between each point within a behavioral cluster and the cluster’s centroid (intra-cluster
distances) and the distances between centroids of different clusters (inter-cluster distances) were
measured. The DI was then calculated as the ratio between the minimum inter-cluster distance and
the maximum intra-cluster distance (as defined above). The DI provides a measure of overall clustering

quality, i.e., a high Dunn index corresponds to tight clustering in the data.

Generalized linear model. For performed behaviors, the neural calcium event data from performing
sessions was fitted with generalized linear models (GLMs) to determine whether a given performed
behavior explained the calcium events better than the neurons’ mean calcium events rate. To do this,
the events were binned to the resolution of the imaging sampling rate (20Hz). The calcium event data
were then fitted with a Bernoulli GLM (35) assuming the neurons were independent. Each GLM
contained a parameter corresponding to a hand-labeled behavior (nose poke, pellet grasping, eating,
grooming, turning CW, turning CCW, rearing, running CW or running CCW) as well as a constant term.
The likelihood of the data given each of the models was maximized across 10 folds of the data. Calcium
events recorded from each neuron were also fitted with a Bernoulli GLM (which we call the null model)
with only the constant term, which corresponded to the neuron’s mean calcium event rate. The out-
of-sample likelihood was calculated for each fitted GLM. The cross-validated negative log-likelihood
ratio (cross-val nLLR) was then calculated as the difference between the out-of-sample model
likelihood, which was obtained from the GLM with a parameter attached to a hand-labeled behavior,
and the out-of-sample null model likelihood, which was from the GLM with only the constant term,

normalized over the out-of-sample null model likelihood and averaged over 10 folds of the data.

For observed behaviors, the neural calcium event data from observing sessions were also fitted with

Bernoulli GLMs to determine whether a given observed behavior could account for the calcium events
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beyond what can be explained with the observer’s own behavior (i.e., body movement). The cross-val
nLLRs were calculated as with performed behaviors, but with the out-of-sample model likelihood
obtained from the GLM with parameters attached to an observed behavior and to body movement,
plus the out-of-sample null model likelihood from the GLM with a parameter attached to only the

body movement.

Spatial clustering of behaviorally selective neurons. To calculate the spatial distribution of
significantly tuned neurons, each neuron’s centroid location was first identified using TrakEM2
software (71). To do this, neurons identified as responsive to any given behavior were stacked
together in ImageJ, and image stacks for each behavior were averaged to obtain a single image with
the physical locations of tuned neurons. These images were subsequently loaded into TrakEM2 and
the position of each cell in each image was manually traced as a circle. The XY location of each circle
was calculated to obtain the position of each cell in each animal. Next, Euclidean distances between
stably tuned cells in the imaging field for each mouse were calculated. To evaluate spatial clustering
of cells based on their behavioral correlates, the Dunn Index (DI; see Dimensionality reduction: Dunn
index) of each animal’s recorded dataset was compared against the distribution of DIs generated from
shuffled data. A behavioral cluster was defined as the cluster of cells that was stably tuned to a given
behavior. The shuffled distribution of DIs was obtained by randomly permuting cell IDs one thousand

times and recalculating the DI for each permutation.

Anatomical verification of imaging locations. For perfusions, animals were anaesthetized deeply
using isoflurane (5%) and subsequently injected with sodium pentobarbital (200 mg/kg;
intraperitoneal injection) and transcardially perfused using ~25 ml saline followed by ~50 ml of 4%
paraformaldehyde (PFA). Each mouse was decapitated and the brain was removed carefully from the
skull. Brains were kept in 4% PFA at 4 °C overnight, then transferred to 2% dimethyl sulfoxide (DMSO:
VWR, Radnor, PA) solution for cryoprotection for 1-2 days. The brains were cut in coronal sections in

3 series of 40um on a freezing sliding microtome (HM-430 Thermo Scientific, Waltham, MA). The first
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series was mounted directly onto the superfrost slides (Thermo Scientific) to perform Nissl-staining
for delineation purposes. The remaining series of sections were collected in vials containing 2% DMSO

and 20% glycerol in phosphate buffer (PB) and stored at -20° C until further usage.

For immunohistochemical staining, the second series of sections was used to visualize GCaMP6m viral
expression. The brain sections were first rinsed 3 x 5 min in PBS on a shaker, incubated in blocking
buffer (PBS plus 0.3% Triton, 2 x 10 min), followed by incubation in primary antibody solution (rabbit
anti-GFP, 1:1000, ThermoFisher Scientific, A-11122, in PBS and 0.3% Triton) overnight at 4 °C. Sections
were further washed in PBS containing 0.3% Triton and 3% bovine serum albumin (BSA; Sigma Aldrich)
for 2 x 5 min at room temperature (RT), and subsequently incubated in secondary antibody solution
(AlexaFluor 488-tagged goat anti-rabbit Ab, 1:1000, ThermoFisher Scientific, A-11008) for 1 h at RT.
Sections were washed 2 x 10 min in PBS and mounted on gelatin-coated polysine microscope slides
and dried in the dark overnight. Next, sections were treated with Hoechst solution (1:5000; Sigma
Aldrich) for 5 min in the dark and immediately rinsed with PBS. Slides were air dried overnight in the

dark at RT and cover-slipped using entellan-toluene solution (Merck Chemicals) the following day.

For anatomical delineation of recording locations, all brain sections were digitized using an automated
scanner for fluorescence and brightfield images at the appropriate illumination wavelengths (Zeiss
Axio Scan.Z1, Jena, Germany). Corresponding Nissl stained sections were used to delineate PPC, M2
and neighboring cortical regions in each animal in accordance with Hovde et al. (2018), the borders of
which were copied onto the GFP-stained images in Adobe lllustrator CC 2017. Bregma coordinates

were estimated in correspondence with Paxinos & Franklin (72).
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Figure legends

Fig. 1. Experimental paradigm for imaging neural populations in PPC and M2 in freely behaving mice.
(A) PPC and M2 were transfected virally to express GCaMP6m (Left), and miniature prism probes were
implanted to image tangentially across cortical layers (Right) during different behavioral tasks. (B) In
the experiments, mice alternated between performing and observing a conspecific in a pellet-reaching
task (Top) and wheel-running task in an open arena (Below). Dynamic calcium fluctuations were
monitored in each mouse during four 10-min recording sessions, two of which were during
performance and two during observation of each task. (C) (Left) Average of 500 images of the entire
FOV after image pre-processing. Scale bar, 100um. Shaded arrows indicate 6 cells whose calcium

traces are shown (Middle) during performance and (Right) observation of the pellet-reaching task.

Fig. 2. UMAP projections of population activity in both PPC and M2 reveal structural segregation for
performed but not observed behaviors. (A) PPC ensemble activity separated in the reduced
dimensional space during specific performed behaviors, including wheel-running (beige dots),
counter-clockwise turning (light green) and rearing (blue). By contrast, the distribution of points
during observed behaviors (Right) was spread homogenously in UMAP space. Each dot corresponds
to the activity state of the entire population of recorded neurons at a given time point; color-coding
for each behavior is shown at bottom. (B) Recordings from M2 were similar to A, showing a stronger

tendency to cluster during performed than observed behaviors.

Fig. 3. Cell populations in PPC and M2 robustly encode actions performed in the pellet-reaching task.
(A) Representative neural map (Left) and Ca?* transients of 7 PPC neurons (Right) tuned to each of the
behaviors in the pellet reaching task; color coding for each behavior is shown above. (B) (Top)
Temporal profiles of behaviorally evoked responses of single cells for each behavior are shown as heat
maps; immediately beneath are behaviorally aligned average activity rates for each cell over the entire
session. (Bottom) Normalized responses for all behaviorally tuned PPC neurons from all animals

aligned to behavior onset; population means are shown in the row underneath. Color bars indicate
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max event/s; blue shaded regions around averaged rates denote + SEM. (C) Same as B, for single cells
(Top row) and cell populations (Bottom row) imaged in M2. (D) Color coded pie charts indicating the
proportion of stably tuned neurons for each behavior; a total of 1674 cells were imaged in 4 mice in

PPC; 1082 cells were imaged in 4 mice in M2.

Fig. 4. Neural ensembles in PPC and M2 stably represent performed, but not observed actions. (A)
(Above) Session-averaged Ca?* responses of individual cells aligned to the onset of specific actions in
the pellet- reaching task, and ranked by z-scored firing rate during the first performance session (P1).
(Below) Population average (+ SEM) of responses of all cells for each behavior. Virtually none of the
cells with stable correlates across the two performance sessions responded when the same actions
were observed (Observation sessions 1 and 2), yielding a flat activity rate in the ensemble average. (B)
Same as A, but for cells recorded in M2. (C) Correlation matrices, with each square corresponding to
a particular behavior, show the sustained specificity of behavioral tuning in PPC across performance
sessions (P1 and P2). The conserved correlation structure is reflected by the red diagonal in P1 vs. P2,
which is notably absent across performance and observation conditions. (D) Same as C, for recordings

in M2.

Fig 5. Bar plots show the cross-validated negative log-likelihood ratios for single behavior Bernoulli
generalized linear model of calcium events from neural populations in the PPC (Top panels) and M2
(Bottom panels) of mice during pellet-reaching task (Left panels) and wheel running task (Right
panels). Hand-labeled behaviors from performance sessions are shown as empty boxes while
behaviors from observation sessions as hatched boxes. Bars represent the mean + SEM over animal
subjects (pellet-reaching task: 4 mice for PPC and 4 animals for M2; wheel-running task: 3 mice for

PPC and 1 mouse for M2).
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Supplementary figure legends

Fig. S1. (A) (Left) Histological sections (40um) showing GCaMP6m expression in M2, with prism probe
locations depicted by the white dashed line. (Right) Same, for animals in PPC. In both areas, schematics
of the tissue were drawn to show the extent of GCaMP6 expression in green. Anatomical boundaries
for PPC, M2 and surrounding regions were established using lamination and cytoarchitectural profiles
in adjacent, Nissl-stained sections. Scale bar denotes 200 um. (B) Dorsal view of estimated recording
planes in M2 (red rectangles) and PPC (blue) in all 8 animals. Bregma (”B”) is indicated on the midline,

and black dots indicate 1 mm.

Fig. S2. Subsets of cells in PPC and M2 were stably tuned to multiple behaviors. (A) Color-coded pie
charts show the proportion of PPC neurons significantly tuned to each behavior in the pellet reaching
task, with the number of cells in each category written around the ring periphery, and the total time
in each behavior (summed across both performance sessions) shown in the center. To display the
relative proportions graphically, cells tuned to multiple behaviors (e.g. “Nose poke” and “Grasping”)
appear in more than one pie chart. Cells stably tuned to three or more behaviors are denoted by dark

blue, while cells not tuned to the behavior of interest are shaded in grey. (B) Same as in A, but for M2.

Fig. S3. Behaviorally tuned neurons in PPC did not cluster anatomically. (A) Cell maps for each animal,
color-coded by their behavioral correlates (legend at bottom). Scale bars = 100um. (B) Matrices
showing pairwise Euclidean distances between neurons grouped by their tuning preferences (colored
boxes); shortest distances are shown in white and longer distances are darker. Functional-anatomical
clustering would produce lighter shading within-behavior and darker colors outside. (C) The quality of
clustering by behavior was quantified using the Dunn index (Methods), which assessed Euclidean
distances between cells with similar vs. different behavioral classifications. The distribution of actual
intra- vs. inter-cluster distances was compared against a shuffled distribution in which cell identities
were permuted, which indicated below-chance levels of clustering in each animal. Dashed lines
indicate the 99th percentile of the shuffled distribution; black circles denote the Dunn index value.
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Fig. S4. Behaviorally tuned neurons in M2 were not clustered anatomically. (A) Cell maps for each
animal, color-coded by their behavioral correlates (legend at bottom). Scale bars = 100um. (B) Same
matrices as for PPC cells in Figure S3, showing pairwise Euclidean distances between neurons grouped
by tuning preferences. (C) The quality of clustering by behavior was quantified using the Dunn index
(Methods), as with PPC neurons in the previous Supplementary figure; none of the animals showed
neural clustering exceeding the 99th percentile of the shuffled distribution (dashed lines); black circles

denote the observed Dunn index value.

Fig. S5. Additional behavioral conditions in relation to Figure 4 comparing PPC and M2 ensemble
activation during performance and observation sessions. (A) As with Figure 4, PPC cells responded
during performed, but not observed actions. (B) Same as A, but for cells recorded in M2; insufficient
data were collected to test for stable tuning for Running CW for recordings in M2, so that condition
was omitted. Note that the behaviors here are included in the cross-correlation matrices for

performance and observation sessions in Figure 4 C and D.

Fig. S6. Arousal state did not influence neural responses to observed actions. (A) Pupil size was
measured as a proxy for arousal state during observation of the pellet-reaching task in three mice with
prisms in M2. (Left) A region of interest (ROI) was drawn over a close-up video of the eye using Image)
software, and pupil size (red circle) was reported via pixel intensity inside the ROI (Right). For each
mouse, a threshold was determined to capture epochs when the pupil was constricting to its smallest
size (red line in graph), typically when animals were quiescent and motionless. (B) The number of cells
with stable correlates for observed behavior was below the false positive rate regardless of whether

epochs with small pupil diameter were included in the analysis.
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Supplementary movies

Movie S1. (left panel) The momentary state of neural population activity is indicated by the blue
cursor, while the dimensionally-reduced manifold of population activity for the entire session is shown
as grey dots. Darker areas correspond to denser regions in the reduced space. Note that the cursor
(i.e. the state of population activity) occupies a stable location when the animal performs clockwise
and counter-clockwise running, but that it moves unpredictably over the manifold when the same
animal observes a cohort running on the wheel. (right panel) Corresponding in-session videos of
wheel-running epochs from performance and observation sessions. For display purposes, calcium
events were convolved with a Gaussian kernel with width of 5 bins before down sampling and

manifold learning using UMAP (Methods).

Movie S2. Video showing a side-view of a mouse performing the pellet reaching task. Each behavior

included in the neural data analyses is demonstrated in the video.
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# cells performance observation matched
Animal 1 264 98 (37.1%) 4(1.5%) 1(0.4%)
Whole Animal 2 99 58 (58.6%) 1(1.0%) 0
Session Animal 3 249 151 (60.6%) 4(1.6%) 2(0.8%)
Total 612 307 (50.2%) 9(1.5%) 3(0.5%)
# cells performance observation matched
Animal 1 264 98 (37.1%) 4(1.5%) 0
Excluding pupil | Animal 2 99 58 (58.6%) 0 0
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Table S1. Summary of performance and observation
tuning in PPC and M2

PPC
# cells performance observation matched
Animal 1 177 85 (48%) 1 (0.6%) 0
Pellet Animal 2 268 111 (41.4%) 4 (1.5%) 0
Reaching | Animai3 179 80 (44.7%) 3 (1.7%) 1 (0.6%)
Animal 4 297 154 (51.9%) 7 (2.4%) 2 (0.7%)
Total 921 430 (46.7%) 15 (1.6%) 3 (0.3%)
# cells performance observation matched
Animal 1 149 20 (25.5%) 0 0
Whegl- Animal 2 337 37 (10.9%) 1(0.3%) 0
Running Animal 3 238 10 (4.5%) 2 (0.8%) 0
Total 724 67 (9.3%) 3 (0.4%) 0
M2
# cells performance observation matched
Animal 1 264 98 (37.1%) 4 (1.5%) 1 (0.4%)
Pellet Animal 2 99 58 (58.6%) 1(1.0%) 0
Reaching Animal 3 249 151 (60.6%) 4 (1.6%) 2 (0.8%)
Animal 4 240 132 (55%) 4 (1.7%) 0
Total 852 439 (51.5%) 13 (1.5%) 3 (0.4%)
# cells performance observation matched
Wheel- Animal 1 216 21 (9.7%) 1 (0.5%) 0
Running Total 216 21 (9.7%) 1 (0.5%) 0
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