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Norges teknisk-naturvitenskapelige universitet
Det medisinske fakultet

Retrosplenial connectivity with the (para)hippocampal region

Den hippocampale- og parahippocampale regionen (HF-PHR) mottar input fra flere cortikale og
subcortikale strukturer, og en av de cortikale strukturene som er sterkt koblet til HF-PHR er retrosplenial
cortex (RSC; Wyss and Van Groen, 1992). Studier i gnagere og primater har vist at bade RSC og HF-
PHR er viktig for visuospatiell kognisjon og hukommelse (Vann et al., 2009; Ranganath and Ritchey,
2012). De lignende funksjonelle egenskapene til RSC og HF-PHR samt de sterke forbindelsene,
indikerer at det er en funksjonell ssmmenheng mellom de to regionene. Men neyaktig hvilke subregioner
av HF-PHR som er koblet sammen med hvilke subregioner av RSC, topografiene til disse forbindelsen
innenfor hver subregion og hvordan informasjon som bruker disse forbindelsene blir integrert i den

mottakende region er hittil ukjent.

I denne avhandlingen ble de anatomiske forbindelsene mellom HF-PHR og RSC undersokt pé flere
nivaer. I den forste delen av avhandlingen re-analyserte jeg alle publiserte anatomiske tracerstudier som
omhandler forbindelser mellom HF-PHR og RSC. Projeksjonene innenfor og mellom HF-PHR og RSC
ble presentert i et interaktivt koblingskart.

I den andre delen av avhandlingen undersekte jeg den synaptiske organiseringen til en av disse
forbindelsene, nemlig forbindelsen fra RSC til medial entorhinal cortex (MEC), en subregion i PHR.
Jeg viste at RSC sender sterke projeksjoner til lag V av MEC, i tillegg til noen fa fibre til lag III av
MEC. En ultrastrukturell underseokelse av synapsene og optogenetisk stimulering av disse fibrene i in
vitro hjerneskiver indikerte at den sterste andelen av RSC-synapser i lag V av MEC er eksitatoriske.
Videre identifiserte jeg hvilke lag V nevroner som er postsynaptiske til disse synapsene. Data fra
elektron mikroskopi viste at den sterste andelen av postsynaptiske mal er dendrittiske spina. Data fra
konfokal mikroskopi og optogenetiske eksperimenter indikerer at blant de postsynaptiske mélene finnes

det pinsipalceller som har aksoner i superfisielle lag av MEC.

I den tredje og fjerde delen tok jeg en utviklingsmessig tilneerming for & studere hvordan forbindelsene
mellom de to regionene utvikles. For & oppna dette brukte jeg klassiske retro- og anterograde tracere
som ble injisert i rotter med forskjellig alder. Utviklingen og den topografiske distribusjonen til de
anatomiske forbindelsene fra postnatal dag (P)1 til P28 ble karakterisert. Jeg viste at de tidlig utviklede
forbindelsene mellom RSC og HF-PHR er organisert pd en topografisk mate, likt med hvordan
forbindelsene er organisert hos voksne og denne organiseringen er tilstede allerede nar de forste

aksonene ankommer sine terminalomrader.



Jeg konkluderte derfor med at informasjon fra RSC kan na frem til HF gjennom pyramidale nevroner i
lag V av MEC som projiserer til superfisielle lag av MEC. Nevroner i de sistnevnte lag kan videresende
denne informasjonen fra RSC til HF, fordi disse lagene inneholder nevroner som projiserer til HF.
Alternative multisynaptiske ruter som kobler RSC til HF via PHR inkluderer projeksjoner fra RSC til
henholdsvis postrhinal cortex og presubiculum. Begge strukturene mottar input fra RSC blant annet i de
superfisielle lag som inneholder nevroner som projiserer til MEC. Den tidlige utviklingen av
forbindelsene mellom RSC og HF-PHR allerede pa et tidlig postnatalt stadium for nevronene er
funksjonelt differensiert, tyder pa at forbindelsene mellom RSC og HF-PHR blir organisert uavhengig
av erfaring. Den tidlige utviklingen av topografisk organiserte koblinger mellom RSC og HF-PHR
foreslar at RSC og HF-PHR er deler av ett funksjonelt system og at koblingene mellom RSC og HF-

PHR er nedvendig for funksjonen av dette systemet.
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Summary

The hippocampal formation and parahippocampal region (HF-PHR) receives input from a variety of
cortical and subcortical structures, and one of the cortical regions which are heavily interconnected with
HF-PHR is the retrosplenial cortex (RSC; Wyss and Van Groen, 1992). RSC is known to be important
for a number of cognitive functions, and in both rodents and humans the RSC contribution to
visuospatial cognition and memory has recently been reviewed in detail (Vann et al., 2009; Ranganath
and Ritchey, 2012). The similar functional attributes of RSC and HF-PHR and the dense connections
between the regions suggest a relationship. However exactly which HF-PHR subdivisions are connected
with which part of RSC, the topographies of the connections within these subregions and how

information carried by these connections are integrated in the receiving subregion is unknown.

In this thesis I explored anatomical connections between HF-PHR and RSC at several levels. In the first
part of the thesis all published anatomical tract-tracing experiments which comprise HF-PHR — RSC
connections were reanalyzed. All reported projections within and between HF-PHR and RSC were

presented in an interactive connectome.

In the second part I explored the synaptic organization and postsynaptic targets of one of these
connections namely the projection originating in RSC and terminating in medial entorhinal cortex
(MEC), a subregion within PHR. I showed that RSC projects densely to layer V of MEC, with very few
fibers targeting layer III. An ultrastructural assessment of the synaptic complexes and optogenetic
stimulation of these fibers in an in vitro slice preparation indicated that the majority of RSC synapses in
MEC layer V are excitatory. I further identified the layer V neurons postsynaptic to these synapses. The
electron microscopical data show a striking dominance of spines of putative principal neurons as targets
for RSC inputs. Confocal data and optogenetic data indicate that among the postsynaptic targets are

spiny principal cells which project to superficial layers of MEC.

In the third and fourth part I took a developmental approach to study how the interconnections between
the two regions develop. To this end I used classical retro- and anterograde tracers injected in differently
aged rats. The development of the anatomical connections and the development of the topographical
distribution of these connections from postnatal day (P)1 to approximately P28 were characterized. 1
showed that developing RSC — HF-PHR interconnections are organized in a topographical manner,
similar to the adult situation and that this topographical organization is present already when the first

axons arrive their termination site.

I thus concluded that information from RSC may reach HF through pyramidal neurons in layer V of
MEC which issue projections to the superficial layers of MEC. Neurons in the latter layers may relay
information from RSC to HF since these layers harbor neurons projecting to HF. Alternative
multisynaptic pathways connecting RSC via PHR to HF likely include RSC projections to postrhinal

cortex and presubiculum. Both structures receive RSC inputs among others in superficial layers, which



harbor neurons projecting to superficial layers of MEC. The early development of the reciprocal
connections between RSC and HF-PHR, already at an early postnatal stage, before neurons are
functionally differentiated, suggests that RSC-PHR interconnections are organized by experience-
independent mechanisms. This experience independent topographic organization suggests that RSC and
HF-PHR are parts of one tightly coupled functional system and that RSC — HF-PHR interaction is

necessary for proper functioning of the two regions.
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Preface and overview of the thesis

How humans perceive, act, learn and remember has intrigued philosophers, scientists and lay people for
ages. Today we know that the central nervous system is responsible for cognition, behavior and for a
variety of processes throughout the body. However, to explain and understand these processes has
proven to be a challenging task, as the central nervous system comprises an enormous amount of neurons

and inconceivable amounts of connections between them.

Neurons are the elementary signaling and processing elements of the brain. They are commonly
polarized, with receptive or afferent dendrites and efferent axons, and they are organized into networks.
The cell membrane of neurons and complex molecular structures embedded in it create electrical
currents which make it possible to convey and transfer electrical- and chemical signals between neurons
in a network. An important aim for neuroscientists is to understand how neurons are organized into
signaling pathways, and how inputs are transferred and integrated and thereafter processed into relevant
outputs from the network. Such knowledge is pivotal for the understanding of both normal brain

functioning and how diseases affect our brain.

The cerebral cortex covers the white matter of the cerebral hemispheres and constitutes the outer surface
of the two hemispheres. The cerebral cortex has been subdivided in distinct areas, using either structural
or functional criteria. One of the first who formally delineated the cerebral cortex based on
morphological criteria was Brodmann (1909). He used distribution of cell bodies, the appearance of
cortical layers, and particularly used cell types and specific arrangements of cells in clusters and/or
columns as criteria. His division comprised about 50 different subdivisions, many of which have later
been attributed with specific functional connotations. Modern electrophysiological- and imaging
techniques reveal that different cortical areas perform different computations. These differences explain
the particular symptoms observed after damage of specific brain areas. For instance damage of the dorsal
precentral gyrus results in a selective impairment of muscles, while a lesion of the left superior temporal
gyrus results in a receptive aphasia (Wernicke, 1874). These differences can be explained by the
different afferents and efferents of each area. The primary motor cortex in the precentral gyrus is,
through the spinal cord connected to peripheral muscles, while Wernicke’s area, in the superior temporal
gyrus is connected to auditory and visual cortices, areas elementary for the understanding of written-
and spoken language (Demonet et al., 2005). Thus discrete inputs and the processing of these inputs

within neural networks make complex functions possible.

To understand how the cerebral cortex and subcortical structures contribute to complex cognitive
functions it is necessary to understand how different brain areas interact and how information are
processed within a neuronal network. Information processing depends among others on the architectural
composition- and termination of afferents in the network and the architectural composition and intrinsic

connectivity within the network. Knowledge about structural organization and connectivity at several



levels is essential for the understanding of brain functioning. For instance, knowledge about the main
interconnections between different brain areas can reveal or explain functional relationship of these
areas. Second, knowledge about the interconnectivity between identified neuronal populations can
reveal the mechanisms how specific cell groups contribute to distinct computations within the network.
Third, knowledge about the interconnections between neurons at the synaptic level gives us information
about how segments of dendrites can integrate inputs from single synapses used by the neuron to

compute a useful output.

The complex architecture of neurons and their inconceivable amount of interconnections make the
assessment of global network functioning a difficult task. It is therefore necessary to find models of
cortical networks that can be evaluated at smaller and more comprehensible scales. Model systems are
easier to assess and fundamental knowledge of elementary processes of these networks can hopefully
be obtained relatively more easily. In our experiments we have chosen to focus on the (para)hippocampal
region (HF-PHR) for two main reasons. First its contribution to declarative memory processes and
spatial cognition is easily accessible for behavioral studies both in humans and other animals such as
rodents and extensive data are available that provide insight in the functional contributions made by this
domain and the subdivisions within (Eichenbaum et al., 2007). The fascinating findings of several
different spatially modulated neurons within HF-PHR give us an excellent possibility to relate
anatomical findings with functional attributes. In addition, this region has been extensively studied at
the level of its intrinsic and extrinsic connectional architecture (Burwell et al., 2002). These features

make HF-PHR well suited to be used as a model for investigation of neural networks.

HF-PHR receives input from a variety of cortical and subcortical structures, and one of the cortical
regions which are heavily interconnected with HF-PHR is the retrosplenial cortex (RSC; Wyss and Van
Groen, 1992). RSC is known to be important for a number of cognitive functions, and in both rodents
and primates the contribution of RSC to visuospatial cognition and memory has been emphasized (Vann
et al., 2009; Ranganath and Ritchey, 2012). The similar functional attributes of RSC and HF-PHR and
the dense interconnections between the regions suggest a functional relationship. However exactly
which PHR subdivisions are interconnected with which part of RSC, the topographies of the connections

within these subregions and how the connections are integrated in the receiving subregion is unknown.

In this thesis anatomical connections between HF-PHR and RSC were analyzed. I have investigated the
connections at several of the levels mentioned above. In the first part of the thesis all published
anatomical tract-tracing experiments which comprise HF-PHR — RSC interconnections were reanalyzed.
All reported projections within and between HF-PHR and RSC were presented in an interactive

connectome.

In the second part I explored the synaptic organization and postsynaptic targets of one of these

connections namely the projection originating in RSC and terminating in MEC, a subregion within PHR.



In the third and fourth part I took a developmental approach to study how the connections between the
two regions develop. To this end classical retro- and anterograde tracers were injected in differently
aged rats. The development of the anatomical connections and the development of the topographical

distribution of these connections from postnatal day (P)1 to approximately P28 were characterized.

The new data on the organization of HF-PHR — RSC interconnectivity and on their postnatal
development provide insight in how information originating from different regions of RSC is likely
integrated in different parts of HF-PHR, leading to new hypotheses/inferences about the functional

relevance of such integration.
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Introduction and objectives

The rat hippocampal formation (HF) is a curved structure positioned posteriorly in the brain. Dorsally,
HF is positioned close to the midline directly dorsal to the septal complex of the basal forebrain and the
dorsal tip of HF is therefore often referred to as the septal tip of HF (Fig. 1A). The hippocampal
formation extends over the diencephalon towards a more posterior and ventrolateral position and the
ventral tip of HF, having a close association with the amygdala is often referred to as the temporal tip.
The parahippocampal region (PHR) is situated on the brain surface posterior and ventral to HF. HF-
PHR has attracted attention since the beginning of formal study of the nervous system. One of the
reasons for this interest is the characteristic cytoarchitecture of the region (Fig. 2). HF differs from all
other cortical areas since it is a three-layered cortex, comprising only one, very densely populated,
principal cell layer. Most proximally situated is the dentate gyrus (DG) with a principal cell layer made
up of granule cells. Distal to the DG is the Ammon’s horn or Cornu Ammonis (CA fields, CA1, CA2,
and CA3) and the subiculum (SUB) with a principal cell layer populated by pyramidal cells. PHR, which
is extensively interconnected with HF, is positioned distally to HF and differs from the latter since it
consists of multiple principle cell layers (Fig 2). It comprises the postrhinal cortex (POR), perirhinal
cortex (PER), parasubiculum (PaS), presubiculum (PrS), lateral entorhinal cortex (LEC) and medial
entorhinal cortex (MEC; (Witter and Amaral, 2004; Fig. 1).

Bilateral lesions of HF-PHR in humans and other animals have been associated with an inability to form
episodic memories (Scoville and Milner, 1957; Jarrard, 1978). However, this form of amnesia is
temporally graded, so that HF-PHR damaged patients and animals cannot encode new memories or
recall recent memories, but are largely unimpaired in remembering events from the past. These
observations lead researchers to hypothesize that episodic memories are formed and temporarily stored
in HF-PHR and eventually consolidated in the neocortex where they are retained and from where they
can be retrieved (Buzsaki, 1996). Others have suggested that the neocortex and HF-PHR serve different
roles in formation of episodic memories, HF-PHR being necessary for rich and detailed recall of remote
memories while the neocortex is necessary for more gist-like (semanticized) recall of remote memories
(Moscovitch et al., 2016). Common for both views is that interaction between HF-PHR and neocortex

is important for formation and recall of remote memories.

HF-PHR has for a long time been associated with the ability to recognize one’s own self-location and
the ability to navigate in space (Jarrard, 1978; Maguire et al., 2006). The contribution of individual
subareas of HF-PHR to spatial cognition has been evaluated in animals such as the rat. Initial recordings
of single neurons in HF-PHR lead to the discovery in CA1 of neurons which fire only when an animal
is situated in a particular location in space (O'Keefe and Dostrovsky, 1971). The discovery of these
‘place cells’ lead to the theory that HF contained a cognitive map of an animal’s local environment made

from the overlapping fields of multiple place cells, potentially covering the whole environment (O'Keefe
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Figure 1. Schematic representation of the position and cytoarchitectonic delineations of the retrosplenial cortex
(RSC), hippocampal formation (HF) and the parahippocampal region (PHR) in the rat brain.

Lateral (A1) and midsagital (A2) views of the rat brain. The RSC is subdivided into A29ab, A29¢ and A30. For
orientation purposes, rostrocaudal, dorsoventral, lateromedial and septotemporal axes are indicated (A1, A2, Bl,
C2 respectively). The hippocampal formation consists of the dentate gyrus (DG), CA3, CA2, CAl and the
subiculum (SUB). The parahippocampal region is subdivided into the presubiculum (PrS), parasubiculum (PaS),
the entorhinal cortex, which has a lateral (LEC) and a medial (MEC) subdivision, the perirhinal cortex (PER) and
the postrhinal cortex (POR). For orientation in HF the long or septotemporal axis is used (C2). The main axis
applied in case of PrS and PaS is also the septotemporal axis. Another commonly used axis is referred to as the
proximodistal axis which indicates a position closer to DG or closer to PHR, respectively (B4). The dashed
horizontal and vertical lines in panels Al and A2 indicate the levels of four horizontal- and four coronal sections,
which are shown in B1-4 and C1-C4. The gray stippled line in Al represents the position of the rhinal fissure (rf)
and in A2 it represents the global delineation of the dorsal surface of the brain with the midsagital and occipital
surfaces.

(B) Four horizontal sections of the rat brain; the levels of these sections are indicated in A1 and A2. The subfields
of HF, PHR and RSC are color-coded, see color panel below C.

(C) Four coronal sections of the rat brain; the levels of these sections are indicated in A1 and A2. The subfields
of HF, PHR and RSC are color-coded, see color panel below C.

and Nadel, 1978). However, the discovery of place cells lead to a discussion of where the origin of the
spatial signal in HF was located. An obvious possibility was that the spatial signal was computed in HF
itself. However, lesions of the upstream hippocampal fields, DG and CA3 do not change the firing
pattern of place cells in CA1 (McNaughton et al., 1989; Brun et al., 2008). These findings implied that
the spatial signal is either computed in CA1 itself or outside HF. Likely candidates for investigation
were therefore LEC and MEC, situated not only one synapse upstream of both DG and CA3, but also
one synapse upstream of the CA1 (Fig. 2). The first recordings were done in MEC since connectional
studies indicated that MEC was the most likely candidate to represent spatial information (Witter et al.,
1989). These recordings revealed that neurons in MEC represent multiple positions in space organized
in a regularly patterned grid-like structure, universally covering all environments of a moving animal
(Fyhn et al., 2004; Hafting et al., 2005). Neurons representing head-directionality (HD), borders of the
environment, conjunctive grid and HD representations and the speed of the animals were also discovered
in MEC, PrS and PaS (Taube et al., 1990; Sargolini et al., 2006; Boccara et al., 2010; Brandon et al.,
2011; Burgalossi et al., 2011; Yartsev et al., 2011; Killian et al., 2012; Krupic et al., 2014; Carpenter et
al., 2015; Hardcastle et al., 2015; Kropff et al., 2015). Further, if MEC is lesioned animals are impaired
in a spatial memory task and display altered place cell firing in HF (Miller and Best, 1980; Parron et al.,
2004; Steffenach et al., 2005; Van Cauter et al., 2008; Hales et al., 2014). These findings indicate that
MEC, PrS and PaS are parts of a system which supports spatial cognition (McNaughton et al., 2006).
On the other hand, LEC which is also directly connected to HF does not contain these spatially
modulated cells, but contains cells which are tuned to objects and odors (Hargreaves et al., 2005;
Deshmukh and Knierim, 2011; Tsao et al., 2013; Leitner et al., 2016). When LEC is lesioned, rats are
impaired in tasks where processing of the contexts, objects or non-spatial cues are necessary (Hunsaker

et al., 2013; Van Cauter et al., 2013; Wilson et al., 2013).

3



Figure 2. Schematic representation of the overall connectivity of the entorhinal cortex.

Horizontal section of HF-PHR. The medial entorhinal area (MEC) is targeted by inputs from the postrhinal
cortex. The lateral entorhinal area (LEC) receives an input from the perirhinal cortex. Neurons in layer II of
both subdivisions project to the dentate gyrus (DG) and CA3 and these projections are topographically
organized so that afferents from LEC terminate in the superficial part of the molecular layer of DG and stratum
lacunosum-moleculare of CA3, while the afferents from MEC terminate in deeper part of the same layers.
Neurons in layer I1l of EC project to CAI and the subiculum (SUB) and these projections are topographically
organized in a columnar fashion where inputs from LEC terminate in the distal CAl and the proximal SUB,
while the terminals originating from MEC are present in the proximal CAl and the distal SUB. A corresponding
topography can also be observed in CAl and SUB projections to the deep layers of EC projections. Neurons in
the proximal CA1 and distal SUB target MEC, while neurons in the distal CAI and proximal SUB target LEC.

Naturally, the same question originally posed for HF can now be posed for PHR; where is the origin of
the spatial signal observed in PrS, PaS and MEC? Some important observations can provide the
foundation for an educated guess. First of all, the appearance of the grid pattern is assumed to be

dependent on several sensory inputs such as proprioception, vestibular information and optic flow



(McNaughton et al., 2006), suggesting that the grid pattern most likely is produced in a high-order
multimodal cortex such as PHR. Second, the grid cell pattern is highly regular in a/l environments
maintaining the spatial scaling, orientation and relative spatial phases between environments (Hafting
et al., 2005), suggesting that a local connectivity similar to what can be found in MEC is important for
the production of the grid pattern (Couey et al., 2013). Third, local network properties in conjunction
with characteristic inputs of MEC are sufficient to create the characteristic structure of the grid pattern
(Burgess et al., 2007; Hasselmo et al., 2007; Garden et al., 2008; Couey et al., 2013). Lastly, in none of
the areas projecting to PrS, PaS and MEC, grid cell- or border cell representations have been observed.
Therefore, it is believed that the regular hexagonal arrangement of grid fields across an environment is
a result of computations within the networks of one or several of these areas. It is currently hypothesized
that information about velocity-, direction and speed of the animal is integrated into one universal
representation of current location, a process called path integration while allocentric sensory information
anchor the grid pattern to the external environment and continuously update the positional firing of the
spatially modulated cells in PHR (McNaughton et al., 2006; Hardcastle et al., 2015; Stensola et al.,
2015). An important challenge is to understand how HF-PHR networks are capable of integrating

afferent information and eventually use this to form a universal representation of space.

The presence of spatially modulated cells in one part of the HF-PHR circuit provides us with an excellent
tool to relate these specific functional firing patterns to the underlying connectional architecture. One of
several relevant cortical regions interconnected with PHR is RSC. This region is intriguing for a number
of reasons. First of all RSC has consistently been shown to be important for tasks in which spatial
navigation and (autobiographical) memory are necessary components (Maguire, 2001). Secondly, RSC
is preferentially connected with the regions of PHR involved in visuospatial processing, namely POR,
PrS, PaS and MEC (Wyss and Van Groen, 1992; Shibata, 1994; Jones and Witter, 2007). Finally the
RSC projections to MEC and PaS differs from most other cortical inputs since it targets layer V and not
the typical cortical input layers I-IIl of MEC and PaS (Jones and Witter, 2007). The overarching aim of
this thesis is therefore to detail the connections between RSC and HF-PHR and how the information

carried by these connections may interact with the various components of the local HF-PHR network.

Retrosplenial cortex

The RSC is the most caudal subdivision of the midline cortex which is generally referred to as the
cingulate cortex. In primates, the cingulate cortex is subdivided in three or four regions along the
rostrocaudal axis, The most caudoventral subdivision of the posterior cingulate which arches around the
splenium of the corpus callosum, is referred to as RSC (Vogt, 2015). In primates, RSC is often
considered a transitional cortex between the allocortex and the neocortex, with its poorly layered
appearance caudally towards PrS and its six-layered appearance rostrally towards the posterior cingulate
cortex (Kobayashi and Amaral, 2000). In primates, RSC is connected reciprocally with HF-PHR,

anterior-, lateral dorsal- and lateral posterior nuclei of the thalamus, prefrontal cortex, dorsal superior
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temporal sulcus, visual cortices V2 (afferent) and V4 (efferent) and cingulate areas 23, 24 and 31 (Morris

et al., 1999; Kobayashi and Amaral, 2003, 2007).

In humans, RSC activity is modulated in different tasks ranging from speech production and
comprehension, motivation, to pain (Small et al., 2001; Wik et al., 2006; Awad et al., 2007). However
RSC is consistently responsive to tasks for which spatial navigation and (autobiographical) memory are
necessary components (Maguire, 2001). Further, RSC is a component of the so-called default mode
network. The default mode network is an interconnected system of brain regions, involving the lateral-
and medial parietal areas, the medial frontal- and medial temporal lobe region and RSC (Buckner et al.,
2008; Greicius et al., 2009). This network of brain regions is not only active during retrieval of
autobiographical memories, but also when an individual is not focused on the outside world and instead
is performing internal tasks such as daydreaming, envisioning the future, retrieving memories, or
probing emotions and actions of others (Buckner et al., 2008). Although the function of the default mode
network and the role of RSC within it remain elusive, it has been argued that RSC is not activated by
spatial navigation per se, but serves a range of cognitive functions, some of which are crucial for spatial

navigation and episodic memory.

In the rodent, RSC comprises the entire posterior cingulate cortex (Vogt et al., 1981). It extends over
half the length of the cerebral hemispheres and is thereby one of the largest cortical regions in this group
of animals. It is bordered rostrally by the anterior cingulate cortex/midcingulate cortex, caudoventrally
by PHR and laterally by parietal and visual cortices. Based on cytoarchitectonic features, RSC can be
divided into four subdivisions, area (A)29a, A29b, A29¢ and A30 (Fig. 1; (Vogt et al., 2004). A29a is
the most ventral subdivision and it differs from the dorsally adjacent A29b since it lacks a fully
differentiated layered structure. Cytoarchitectonically, A29a has a homogenous layer II/III, while in
A29D this layer is divided into a thin superficial densely packed zone and a less dense deeper zone (Vogt
etal., 1981). Area 29b is distinguished from A29c based on differences in AchE staining, in which layer
IV is more densely labeled in A29¢ compared A29b (Jones and Witter, 2007). Cytoarchitectonically,
A30 shows an abrupt widening and a less dense packing of layer II/III compared to A29b and A29c
(Vogt et al., 1981; Sripanidkulchai and Wyss, 1987; van Groen and Wyss, 1992; Jones et al., 2005).
Also, layer IV of A30 is wider than in A29b/A29c¢ and in layer V neuron somata tend to be larger in
A30 than in all subdivisions of A29 (Krieg, 1946; van Groen and Wyss, 1992). The rodent RSC is
reciprocally connected to structures known to be involved in memory formation and in visuospatial
processing such as visual A17 (caudal A30) and A18b (A30 and A29c), anterior and lateral dorsal nuclei
of the thalamus, the mammillary bodies, posterior parietal cortex and the dorsolateral prefrontal cortex
(van Groen and Wyss, 1990c; Reep et al., 1994; van Groen and Wyss, 2003). In addition RSC is densely
connected to HF-PHR (Jones and Witter, 2007), and these connections are extensively reviewed in paper

1 (Sugar et al., 2011).



Functions of retrosplenial cortex

Based on the vast number of publications investigating the deficits in RSC lesioned rats and the
activation pattern of RSC in humans, it is now commonly thought that RSC is a key player in processing
of information important for spatial navigation and spatial cognition. There have been attempts to test
whether RSC of humans and rats is involved in processing of specific classes of spatial information.
Several studies have focused on the difference between allocentric (based on environmental cues such
as landmarks) and egocentric navigational strategies (based on internal cues such as proprioception and
vestibular information). RSC lesioned animals are impaired both in tasks depending on ‘internally’
generated cues (Cooper and Mizumori, 1999; Cooper et al., 2001; Whishaw et al., 2001; Elduayen and
Save, 2014), and in tasks requiring ‘external’ sensory information (Whishaw et al., 2001; Vann and
Aggleton, 2002, 2005; Pothuizen et al., 2008; Hindley et al., 2014a). This is also true for the human
since activation patterns of RSC are sensitive to tasks where the subjects are depleted for distal cues and
have to rely on internal path integration for successful navigation (Sherrill et al., 2013) and to tasks
relaying on external visual cues (Auger et al., 2012; Auger and Maguire, 2013; Sulpizio et al., 2013;
Marchette et al., 2014). With respect to the latter, RSC is more sensitive to permanent landmarks
compared to less reliable cues, possibly reflecting that RSC is more interested in cues important for the
calculation of a heading direction. These notions are also reflected in patients with lesions of RSC, who
commonly show learning deficits, difficulties in remembering recent autobiographical events and
topographical disorientation (Takahashi et al., 1997; Osawa et al., 2008). These patients can recognize
familiar landmarks which are visually present, but cannot use these landmarks to produce a sense of
direction or calculate the spatial relationship between familiar environments. In rats, there has been a
systematic attempt to single out whether RSC is involved in the processing of a specific class of cues to
produce an allocentric heading. When RSC lesioned rats are taught to alternate left/right in a cross-maze
and are subsequently depleted for both visual extra-maze cues and intra-maze cues, they show a
significant drop in performance compared to controls, suggesting that RSC lesioned animals are not able
to keep track of the heading direction when there are no visual cues available (Pothuizen et al., 2008).
These findings are supported by extra-cellular in vivo recordings, showing that in intermediate
rostrocaudal RSC ~10% of the neurons in RSC are modulated by the heading direction (Chen et al.,
1994; Cho and Sharp, 2001) and is in-line with the fact that RSC is interconnected with a series of brain
regions containing HD cells, such as anterior nuclei of the thalamus and PHR (van Groen and Wyss,

1990c, 1992, 2003).

Several authors have tried to single out contributions from each of the subdivisions of RSC. First, lesions
of A29c, but not A29ab disrupts performance during acquisition in the Morris water maze, while A30
lesions impair the use of visual allocentric cues in the radial-arm maze (van Groen et al., 2004; Vann
and Aggleton, 2005). Second, rats with lesions of A29 are as impaired as rats with both A29 and A30

lesioned when the rats are tested in a radial arm task. In the same task increased expression of immediate



early genes (IEG) is detectable in A29 if the radial arm maze-task is performed either in the dark or in
the light, while in A30 IEGs are only detected after performance in light (Pothuizen et al., 2009). Based
on these studies it can be concluded that A30 seems to be more involved in processing of visual cues
than A29. This observation is consistent with the anatomical connections of RSC in that the caudal A30
has more prominent connections with visual cortices compared to the subdivisions of A29. On the other
hand, A29 seems to play a more general role during spatial working memory and memory acquisition,

which is yet to be defined in more detail.

There are also functional differences between rostral and caudal RSC. In the Morris water maze, animals
with lesions in only caudal parts of RSC are impaired, suggesting that at least the caudal RSC is
important for the navigational attributes of RSC. If the same animals are tested in a 8-arm radial arm
maze which is rotated halfway during foraging (and the remaining food was rebaited to the same extra-
maze-position and to new intra-maze position), caudally lesioned animals were impaired suggesting that
the integrity of caudal RSC is also important for the use of extra-maze cues (Vann et al., 2003). However,

no experiments have directly compared the functional differences of rostral and caudal RSC.

The notion that RSC seems to be involved in several different navigational strategies has led to
suggestions that RSC has an integrative role during navigation. This is of particular interest since RSC
lesioned animals seems to be mostly impaired when distal environmental cues and internal information
is put in conflict with each other, for instance if a maze is rotated during an experiment (Vann and
Aggleton, 2002; Vann et al., 2003; Vann and Aggleton, 2004; Nelson et al., 2014). This hypothesis is
supported by the anatomical connections of rat RSC with the parietal cortex, known to contain neurons
representing spatial information in an egocentric reference frame and its connections to
parahippocampal structures known to contain spatial neurons that represent information in an allocentric
reference frame (Fyhn et al., 2004; Whitlock et al., 2012). In fact, neurons encoding space both in
egocentric and allocentric reference frames have also been observed in RSC (Alexander and Nitz, 2015).
Comparably, human RSC has also been found to integrate information from the parietal cortex and
information from HF-PHR (Guterstam et al., 2015). The idea that the human RSC integrates spatial
information from several reference frames is supported by the notion that RSC lesioned patients cannot
use familiar landmarks to produce a sense of directionality (Takahashi et al., 1997; Hashimoto et al.,
2010). Additionally several studies have revealed that RSC activity is increased not only during pure
navigational tasks, but also during visual scene perception (Epstein and Higgins, 2007; Park and Chun,
2009), scene imagination (Hassabis and Maguire, 2007), and looking at images of permanent objects
(Auger et al., 2012; Auger and Maguire, 2013). These observations do suggest that RSC is not
specifically important during navigation and spatial cognition, but more likely is involved in more
general information processing which is among others necessary for successful navigation and spatial

cognition.



A second line of experiments has investigated whether RSC is important for processing of spatial
contexts. If the rat RSC is lesioned, the animals cannot use the spatial context as a cue to guide a motor
response (Nelson et al., 2014) or use context as a CS to elicit a fear response (Keene and Bucci, 2008a).
Supporting these findings are reports that neuronal ensembles in RSC process contextual information in
a fear conditional paradigm (Cowansage et al., 2014). In humans, RSC has also been shown to encode
contextual information. If a subject is shown multiple different images from the same spatial context,
RSC activity differentiates images from different- and similar contexts (Park and Chun, 2009). Several
experiments have tried to reveal whether RSC encodes specific features of an event or context. To this
end, animals and humans have been exposed to contexts and events where non-spatial cues are
important. For instance, activity in RSC increases if subjects are exposed to non-spatial features of a
context (Burgess et al., 2001; Bar and Aminoff, 2003). In rabbits, in vivo extra-cellular recordings
revealed that RSC neurons are responsive to acoustic tones suggesting that RSC also plays a role in
processing of non-spatial features of events or contexts (Gabriel et al., 1991; Smith et al., 2002). RSC
lesioned animals are not able to use multimodal cues (such as a visual signal and a tone) either presented
simultaneously or in series as a conditional stimulus for a food-reward or an electric shock (Keene and
Bucci, 2008b; Robinson et al., 2011; Robinson et al., 2014). These results suggests that RSC plays a
role in forming initial associations between multiple sensory stimuli. Possibly, RSC could use these
associations to form a representation of an event. In support of this hypothesis are the results of a recent
study in which rats were exposed to the same objects in light and dark (Hindley et al., 2014b).
Importantly, in the light paradigm the animals were restricted from touching the objects leaving only
visual information available, while in the dark only somatosensory information was available for the
rats. This experiment revealed that RSC lesioned animals were able to recognize objects across sessions
if the animals had access to the same sensory modality as they had during the first exposure. However
if the animals were first presented with the object in the dark (only somatosensory information) and then
in the light (only visual information) RSC lesioned animals treated the objects as if they were new,
supporting the hypothesis that RSC is important to form initial associations between the sensory stimuli
and suggesting that RSC is important for integrating multiple sensory representations. RSC lesioned
animals are also impaired in experiments assessing more complex cognitive abilities where
environmental information is not important. For instance RSC lesioned rats are unable to discriminate
between temporal separable events suggesting that RSC is also involved in more complex sensory
processing (Todd et al., 2015). All in all, these findings suggest that RSC is not only restricted to process
pure spatial information, but has a general role in combining multimodal information, possibly necessary

to encode single events.

Another line of experiments has focused on the role of RSC during memory encoding. RSC neurons
play a role during spatial memory formation since single RSC neurons show increased activity during

learning in a spatial memory task, and if these active neurons are inhibited or stimulated the performance



of the subjects decreases or increases respectively (Czajkowski et al., 2014). Additionally, neurons in
rostral RSC have been reported to form place fields in parallel with improved performance in a
navigational task, showing that single RSC neurons change their firing patterns in parallel with encoding
(Smith et al., 2012). Importantly neural activity is not only limited to formation of spatial memory. In
rabbits, in vivo extra-cellular recordings have revealed that RSC neurons are responsive to acoustic
tones. Interestingly, the firing rate of the neurons increases if the tone is relevant for the animal, for
instance if a tone is used as a conditional stimulus before a foot-shock or a reward (Gabriel et al., 1991;
Smith et al., 2002). Conversely, if a tone is presented to the animal without being followed by a foot-
shock, the responsive neurons will reduce their responsiveness to the stimuli. These findings suggest
that neurons encode stimuli which predict an outcome. Interestingly, if SUB, the structure providing the
main output from HF-PHR to RSC, is lesioned, the responsiveness of RSC neurons is attenuated

suggesting that HF outputs are important for the RSC activity (Gabriel et al., 1987).

In the classical memory formation hypothesis, episodic memories are initially formed in HF and later
consolidated in the neocortex, implying that recent memories are transiently stored in HF and later
“moved” to the neocortex. There has been an increasing interest in the role of RSC during memory
consolidation. The idea that RSC is one of the cortical areas important for consolidation of HF-
dependent memories has recently been challenged. First, RSC is able to encode contextual memories
also when HF is transiently silenced suggesting that RSC is able to encode memories independently of
HF (Cowansage et al., 2014). Second, in contrast to other neocortical regions, metabolism in RSC (and
HF-PHR) declines as a function of time since encoding, thereby suggesting that RSC is not important
for memory consolidation (Bontempi et al., 1999). In addition, there are several studies which have
tested the importance of RSC during recall of recent unconsolidated memories. Expression of recent
memory depend on a functional RSC (Maviel et al., 2004; Corcoran et al., 2011; Katche et al., 2013a)
and if protein synthesis in RSC is inhibited during memory encoding, long term memories are abolished
(Katche et al., 2013a). Together these reports suggest that RSC is important for encoding of memories
and thus questions whether consolidation of HF-dependent memories into RSC occur. During memory
formation and consolidation, RSC seems to act more similar to HF-PHR and more different to other

cortical areas.

The similar functional attributes of HF-PHR and RSC have motivated investigations of functional
interactions between RSC and HF. In both humans and rodents, activity patterns in HF-PHR and RSC
are correlated, suggestive of functional interactions between the two regions (Bontempi et al., 1999;
laria et al., 2007). Additionally, the interaction between the regions has also been tested directly in the
rodent. First, HF-neurons temporarily change the location of their place fields if RSC is temporarily
inactivated (Cooper and Mizumori, 2001). Second, if HF is lesioned RSC neurons change their firing
patterns (Gabriel et al., 1987). Third, if HF neurons which are active during a contextual fear

conditioning task are silenced, the activity of RSC neurons which are targeted by these neurons is also
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decreased (Tanaka et al., 2014). Fourth, if c-fos expression is blocked either in RSC or HF during a fear
conditioning task, c-fos expression in the other region (HF or RSC respectively) is also decreased
(Katche et al., 2013b). Finally, theta rhythmicity in RSC and HF is coherent during explorative behavior
(Young and McNaughton, 2009). All in all, these findings support the notion that there is a functional
overlap between RSC and HF-PHR and that these areas also are critically dependent on each other for
proper functioning. The anatomical connections between RSC and HF-PHR ascertain that information
transfer between the areas can occur. However, how neural signals from RSC are integrated in HF-PHR
circuitry is still elusive. I therefore aimed to assess the anatomical substrate for interaction between these
areas. In the next section, I give a brief overview of the interconnections of the HF-PHR regions which

are connected with RSC, before I give an overview of the flow of information within the HF-PHR.

Subiculum

SUB is nearly devoid of cortical inputs except from the projections originating in EC and CAL.
Entorhinal inputs originating in LEC target the proximal SUB while inputs originating in MEC target
distal SUB (Honda and Ishizuka, 2015). In addition to the input from EC there are several subcortical
inputs to SUB. There are dense inputs originating from the medial septum, diagonal band of Broca and
supramamillary nucleus. Inputs also originate in amygdala and the midline nuclei of the thalamus
including the nucleus reuniens. Modulatory inputs from locus coerulus, ventral tegmental area and raphe

nuclei reach SUB as well (Cappaert et al., 2015).

SUB, in conjunction with CA1 is the main output structure of HF and projects to a number of cortical
and subcortical brain regions. The connectivity patterns of SUB are organized along its proximodistal
border where proximal and distal SUB seems to have clearly segregated connectivity patterns (Cappaert
et al., 2015). The proximal SUB targets deep layers of LEC, infralimbic- and prelimbic cortex and PER.
Subcortical projections from proximal SUB target nucleus accumbens, lateral septum and amygdala. On
the other hand, distal SUB targets all layers of PrS, superficial layers of PaS, deep layers of MEC and
RSC. The projection to PrS is also topographically organized such that within distal SUB, the most
distally located neurons target distal PrS while more proximal neurons of SUB target proximal PrS

(O'Reilly et al., 2013). Subcortically distal SUB projects to the ventromedial hypothalamus.

Presubiculum

Presubiculum is connected to several other PHR subdivisions. First of all, PrS is the ‘defining’ projection
of MEC. The projection originates in layer II and III and terminates in layer I and III. It stops abruptly
at the border between MEC and LEC. Even though the projection terminates mainly in superficial layers,
neurons in deep layers V-VI have dendritic arborizations in superficial layers and receive PrS input
(Canto et al., 2012). The PrS-MEC projection targets both spiny dendrites and smooth dendrites,
presumably of principal neurons and interneurons respectively (van Haeften et al., 1997). Across the

proximodistal axis there is a clear topography with respect to the location of terminal fibers in MEC;
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neurons in distal PrS project to medial MEC while neurons in proximal PrS project to more lateral parts
of MEC (Caballero-Bleda and Witter, 1994; Honda et al., 2011). Along the dorsoventral extend of PrS
the projection to MEC changes; in the ventral two thirds PrS-MEC projections are excitatory, while in

the dorsal third a large proportion of the ipsilateral projection is inhibitory (van Haeften et al., 1997).

PrS is devoid of neocortical inputs except for a weak neocortical input originating in the anterior midline
cortex and in visual cortices (Vogt and Miller, 1983; Jones and Witter, 2007) and reciprocal connections
with RSC. Single neurons in layer V issue collaterals to both SUB, RSC and short range axonal arbors
locally in PrS (Honda et al., 2011). With respect to the RSC projection, both deep and superficial layer
termination have been reported (van Groen and Wyss, 1990a; Honda et al., 2011). The RSC projection
is topographically organized, such that dorsal PrS project to rostral RSC while ventral PrS project to
caudal RSC (van Groen and Wyss, 1990b). PrS receives dense inputs from RSC layer V which
terminates in both deep and superficial layers (Jones and Witter, 2007). The RSC projection target
pyramidal neurons in layer III which project to superficial layers of MEC and thereby provide a second
pathway from RSC to the superficial layers of MEC (Kononenko and Witter, 2012), in addition to the
RSC to MEC layer V to MEC layer II pathway (Czajkowski et al., 2013).

PrS is reciprocally connected to the anterior nuclei of the thalamus and the medial septum (Cappaert et

al., 2015).

Parasubiculum

The most dense output originating from PaS is the projection terminating in layer II of EC and the
projection to PrS (van Groen and Wyss, 1990a; Caballero-Bleda and Witter, 1994). Similarly to PrS,
PaS only receives a weak neocortical input originating in the midline cortex and in visual cortices. These
projections target the deep layers of PaS (Vogt and Miller, 1983; Jones and Witter, 2007). There are also

reciprocal connections between the deep layers of PaS and RSC.

Subcortical connections exist since PaS projects weakly connected to the anterior nuclei of the thalamus
and the mammillary bodies and PaS receives a prominent input from amygdala (van Groen and Wyss,

1990a; Wright et al., 2010).

Entorhinal cortex

EC is commonly subdivided in a medial part and a lateral part. These two subdivisions can be easily
separated based on cytoarchitectonic differences (Insausti et al., 1997). Neurons in layer II are generally
clustered in diffuse islands in LEC while in MEC the layer II cells are homogeneously distributed and
are slightly larger compared to the layer II cells of LEC. Additionally, the border between layer II and
III is more clearly demarcated in MEC. In the deep layers, neurons in MEC tend to be arranged in

ordered columns while there is no clear columnar arrangement of neurons in the deep layers of LEC.
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LEC and MEC differ with respect to their connectivity with other parts of HF-PHR and with HF.
Whereas MEC is primarily targeted by inputs from POR, LEC receives a major cortical input from PER
(Burwell and Amaral, 1998). In addition, PrS projects exclusively to layer IIT of MEC while PaS projects
to layer II of both MEC and LEC, although the projections to LEC are much weaker (Caballero-Bleda
and Witter, 1994). In addition, they differ with respect to main cortical inputs. MEC and LEC are
connected differentially to other cortical areas. In contrast to LEC, which target cortical areas such as
piriform cortex, orbitofrontal cortex, ACC and insular cortex, MEC issues efferents to RSC, POR,
parietal cortex and visual areas. Return projections from the midline cortex arise in prelimbic,
infralimbic and orbitofrontal cortex and primary target LEC while neurons in layer V of RSC
predominantly target MEC (Burwell and Amaral, 1998; Jones and Witter, 2007; Kerr et al., 2007). Layer

II neurons of motor areas preliminary innervate MEC and avoid LEC (Burwell and Amaral, 1998).

It should be noted that the dorsomedial part of MEC differs from the remainder of MEC in a number of
inputs. Olfactory inputs avoid dorsomedial MEC and target more lateral and ventral parts of MEC and
LEC. Similarly, amygdalar inputs target mainly layers III and V of LEC and ventromedial MEC and
avoid dorsomedial MEC (Pitkanen et al., 2000). In contrast inputs originating in supramamillary nucleus
and tuberomamillary nucleus target mostly the dorsomedial MEC and avoid the rest of EC (Haglund et
al., 1984; Saper, 1985).

Postrhinal cortex

Another region involved in spatial information processing is POR. POR issues projections to subiculum,
mainly to its distal parts (Naber et al., 2001). POR is also projecting to superficial layers of MEC, most
densely to dorsomedial MEC and the projection is excitatory (Koganezawa et al., 2009). The main HF-
inputs to POR arise in CA 1, while PaS and MEC provide the most substantial parahippocampal input to
POR (Furtak et al., 2007).

With respect to extra-HF-PHR connections, POR is reciprocally connected to dorsal RSC, parietal
cortex and visual cortices and auditory cortices (Wyss and Van Groen, 1992; Furtak et al., 2007; Agster
and Burwell, 2009). A minority of the inputs is subcortical and arise mainly in dorsal thalamic nuclei

(Furtak et al., 2007).

Segregated and converging information streams within HF-PHR

PHR is the main gateway between the cortex and HF. In the classical model of HF-PHR connectivity,
sensory inputs converge on superficial layers of EC, either directly or indirectly through other
parahippocampal cortices. Neurons in the same layers are the origins of the perforant path, the largest
cortical input to HF (Fig. 2; Witter et al., 2000). Axons of neurons in layer II of EC terminate in DG and
CA3, while layer III neurons project to CAl and SUB. In HF there is more or less a unidirected
information flow where DG and CA3 are situated upstream of CA1 and SUB. Output from HF originates
in CA1 and SUB and targets the deep layers of EC, which are generally accepted to be the main origin
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of projections to the neocortex. However exceptions to these patterns are evident as olfactory projections
from EC originate from layer II and III, the cingulate cortex targets deep layers of EC and a weak
projection from the deep EC layers to HF is evident (Insausti et al., 1997; Gloveli et al., 2001; Jones and
Witter, 2007).

A number of experiments have suggested that different modalities of information is processed in distinct
parts of PHR. As reviewed in the section above, LEC and MEC differ from each other with respect to
their overall connectivity (Fig. 2). PrS, PaS, MEC and POR mainly receive inputs from areas known to
be important for visuospatial processing, such as RSC, parietal cortex and visual cortex. On the other
hand, LEC and PER are targeted by insular and olfactory cortices as well as the amygdala, areas known
to be important for context, odor-processing and emotions (Burwell and Amaral, 1998; Kerr et al., 2007).
These differences are concurrent with the single cell recordings and imaging in rats and primates since
there is spatially modulated activity in PrS, PaS and MEC, while in LEC and PER there is activity related
to processing of objects, contexts and odors (Fahy et al., 1993; Suzuki et al., 1997; Fyhn et al., 2004;
Hargreaves et al., 2005; Deshmukh and Knierim, 2011; Naya and Suzuki, 2011; Killian et al., 2012;
Ranganath and Ritchey, 2012; Tsao et al., 2013; Warburton and Brown, 2015; Leitner et al., 2016).

The spatial- vs non-spatial input streams through MEC and LEC, respectively, converge in DG and CA3
since projections from LEC terminate superficially in the molecular layer of DG and stratum lacunosum-
moleculare of CA3, while the afferents from MEC terminate in deeper parts of the same layers (Witter
et al., 1989). It is thus possible that the two information streams target different segments of the same
granule- and pyramidal cell dendrites and information conveyed by MEC and LEC could possibly be
integrated within DG and CA3.

On the other hand, the entorhinal inputs to CA1 and SUB are topographically organized in a columnar
fashion where inputs from LEC and MEC terminate in different parts of CAl and SUB. Inputs
originating in LEC terminate in distal CA1l and proximal SUB, while the terminals originating from
MEC are present in proximal CA1 and distal SUB (Naber et al., 2001). A corresponding topography
along the transverse axis can also be observed in the CA1 to SUB projections and in CA1/SUB to EC
projections (Fig. 2). Neurons in the proximal CA1 target the distal SUB and neurons in both proximal
CA1 and distal SUB project to deep layers of MEC. On the other hand, neurons in the distal CA1 target
the proximal SUB and neurons in both distal CA1 and proximal SUB project to deep layers of LEC
(Tamamaki and Nojyo, 1995; Naber et al., 2001). Recordings from CA1 and SUB support these findings
by reporting that spatial representation is organized along the transverse axis of CA1 and SUB with the
strongest spatial representation in the proximal CA1 and distal SUB (Sharp and Green, 1994; Henriksen
etal., 2010).

It is therefore generally thought that there are two pathways of information flow through the HF-PHR.

One concerned with visuospatial information mainly involving the POR, PrS, PaS, MEC, proximal CA1
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and distal SUB. The other concerns non-spatial information mainly involving PER, LEC distal CA1 and
proximal SUB (Witter et al., 2000; Eichenbaum et al., 2007; Ranganath and Ritchey, 2012). Interestingly

RSC is mainly interconnected with the HF-PHR areas involved in visuospatial information.

Objective 1

I have argued above that the similar attributes of RSC and HF—PHR strongly suggest that the two regions
are functionally related. However, how neural signals from the RSC are integrated in the HF-PHR
circuitry is still elusive. Details about the anatomical connectivity provide a solid basis to functionally
assess such integration and in the first two papers, I therefore aimed to assess the anatomical substrate

for interaction between these areas.

To investigate the anatomical substrate for RSC — HF-PHR interactions we first aimed to review all
written reports assessing anatomical connections between the rat RSC and the HF-PHR. An interactive
connectome integrated with a previously published connectome on rat HF-PHR connections was

presented in paper 1 (van Strien et al., 2009).

In paper 2, I aimed to investigate one of the most prominent connections between the RSC and the HF-
PHR, namely the projection from the RSC to MEC. Details about the synaptic organization of the RSC
projections to MEC are unknown, and most importantly it is currently not known how RSC inputs reach
HEF. Direct projections from RSC to HF do not exist, suggesting that alternative pathways must exist for
RSC to communicate with HF. One possibility is that RSC inputs reach superficial layers of MEC
indirectly through layer V of MEC. Layer II/IIl of MEC harbor neurons projecting to HF and could
thereby mediate RSC inputs to HF. Our first aim was therefore to characterize the RSC to layer V
projection at the synaptic level. Secondly, I asked whether its postsynaptic target cells include
superficially projecting pyramidal neurons in layer V. To this end, neuroanatomical and optogenetic in

vitro electrophysiological experiments were combined.

Development of HF-PHR and RSC

HF-PHR develops from distinct proliferative zones in the neuropeithelium. The HF and PrS/PaS/MEC
are derived from two anatomically distinct primordia (Bayer, 1990a; Abellan et al., 2014). The two
primordia are located close to each other in the medial pallium, adjacent to the cortical hem and have
similar gene expression patterns during early embryological development in both the chicken and in the
mouse (Abellan et al., 2014). Morphologically they can be identified and separated from the neocortex
in the rat from around E15-16 (Bayer, 1980b). The primordium of RSC is located in the dorsal pallium
directly dorsal to the medial pallium. However the RSC primordium shares most of the gene expression
patterns of the medial pallium (Abellan et al., 2014) which might be taken as an indication that (part of)
RSC actually originates from of the medial pallium. Directly ventral and posterior to the medial pallium
sits the dorsolateral caudal pallium which is the origin of the mouse LEC. Compared to the medial

pallium, the dorsolateral caudal pallium expresses a different set of transcription factors during early
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embryological development and has therefore been suggested to be distinct from the medial pallium
(Abellan et al., 2014). At early stages the ventricular wall is occupied by radial glial cells which undergo
asymmetrical cell division to form the principal cells of the HF-PHR and RSC. The cortical layers of
the rat HF-PHR form from E17 and there are two main gradients with respect to the corticogenesis in
HF-PHR. First, as in the rest of the cortex, neurons destined for deep layers are produced earlier than
superficially destined neurons. Second, there is a gradient along the transverse plane in HF-PHR so that
lateral parts of PHR form before medial parts and distal parts of HF-PHR form before proximal parts
(Fig 2). For instance, the cortical plate of LEC can be identified from E17, and the neuroepithelium deep
to EC disappears around E22 (Bayer, 1980b). On the other hand the principal cell layer in HF can be
identified from E19 and the HF neuroepithelium does not disappear until P1. There are exceptions from
these rules as neurons in layer III of EC appear after layer II neurons and the superficial layers of PrS
and PaS, even though located distally to HF, are organized affer HF (as late as E22; Bayer, 1980a, b).
Neurogenesis of the rat RSC neurons starts at E16 and is finished around E20, and is topographically
graded so that rostral A29 is slightly older than caudal A30 (Bayer, 1990b). The migration of A29 layer
II pyramidal cells is not finished until P7 and the neurons obtain adult-like dendritic morphology before

P10 (Zgraggen et al., 2012).

Intrinsic connectivity within HF-PHR develops in parallel with neurogenesis and neuronal migration
(for a summary see Table 1). There are two important features which should be stressed. First, in all
projections investigated, the first axons to arrive in their place of termination already are distributed
topographically according to the adult patterns. For instance the projection from EC to HF is organized
similar to adults both with respect to the distribution along the laminar-, transverse- and dorsoventral
axes (Fricke and Cowan, 1977; Borrell et al., 1999; O'Reilly et al., 2014). Second, several of the intrinsic
HF-PHR projections develop before the cells issuing the projection- and the future posts-synaptic cells
have migrated to their final location. For instance, axons originating in EC arrive in DG before the
dendrites of the future post-synaptic granule cells are developed, which suggest that cues on the
postsynaptic neurons are not important to direct axons into their field of termination (Jones et al., 2003).
Instead it has been suggested that certain early born neurons provide ‘scaffolds’ for the growing axons,
similar to what has been reported for thalamocortical projections (Allendoerfer and Shatz, 1994). For
instance, the EC-HF projection is dependent on calretinin- and reelin expressing Cajal-Retzius cells
located in the outer marginal zone of HF (Borrell et al., 1999). In both rats, mice, and humans, the Cajal-
Retzius cells are born before the principal neurons of HF, and make up a transient population which
disappears early in the postnatal period, possibly because of increased activity in the network (Del Rio
et al., 1996; Meyer and Goffinet, 1998; Deng et al., 2007). The Cajal-Retzius cells project ‘pioneer’
axons to EC and these axons are used as scaffolds for the HF-projecting neurons in EC which grow
along the Cajal-Retzius axons. Arriving in HF, the EC axons transiently synapse on the Cajal-Retzius

cells before they form synapses on their final postsynaptic targets. Similarly, to the EC-HF projection,
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commissural HF fibers and the septal-HF projection use distinct pioneer populations of neurons as a
scaffold to reach HF, suggesting that this phenomenon might be general for several HF afferents (Super

and Soriano, 1994; Super et al., 1998).

Even though axons are located in their final field of termination, several studies suggest that the majority
of synaptogenesis happens postnatally, several days after the first axons arrive (Crain et al., 1973;
Deguchi et al., 2011). In another set of experiments in our lab we investigated when these synapses
become functional. The first connections turning functional are the Schaffer collaterals and mossy fiber
projections which can be recorded from P6, followed by EC-HF and SUB-EC which can be recorded
from P9 (Koganezawa and Witter, 2010). In PHR, connections from PaS and PrS to EC are functional
from P8 and P9 respectively (Canto et al., 2011). Within EC, development of excitatory and inhibitory
circuits seems to be distinct. Excitatory connections from deep to superficial layers are functional
already from P7 (van Haeften et al., 2003; O'Reilly et al., 2010b). However stellate cells within layer II
of MEC do not display synchronized subthreshold membrane potentials until P22, a finding which likely
relates to the development of adult-like connectivity between stellate cells and fast-spiking interneurons
in the same period (Langston et al., 2010; Couey et al., 2013). These findings suggest that MEC circuits
involving inhibitory interneurons develop later than long- and short range excitatory connections. This
assumption is supported by the finding that excitatory depolarizations in MEC after stimulations of PrS
and PaS declines at the end of the second postnatal week, suggestive of overall increased inhibition late

in postnatal development (Koganezawa et al., 2010).
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Mouse | Rat Origin Termination Note Reference
Calretinint+ Cajal-
(Super et al., 1998;
Retzius cells issue the
<El4 | <E17 | HF OMZ | Ipsilateral EC o . Ceranik et al., 1999;
projection. Disappears
Deng et al., 2007)
by P15
Calbindin+, and
(Assumed:
HF GABA+ neurons issue
<El5 contralateral (Super et al., 1998)
IMZ+SR HE) the projection.
Disappears by P15
Ipsilateral HF (Super and Soriano,
E15 EC
WM 1994; Super et al., 1998)
Ipsilateral Disappears by E17 Super and Soriano,
1 HE p pp y (Sup
medial septum 1994)
Adult-like topography (Super and Soriano,
Ipsilateral CA 1994; Super et al., 1998;
El6 E17 EC
SLM Borrell et al., 1999;
Deng et al., 2007)
Ipsilateral (Super and Soriano,
E17 HF
lateral septum 1994)
(Super and Soriano,
E17 Septum Ipsilateral HF
1994)
Ipsilateral CA1
E18 CA3 (Super et al., 1998)
SR
Contralateral (Super and Soriano,
E18 EC
HF 1994)
E17 CAl Ipsilateral EC (Deng et al., 2007)
) (Super and Soriano,
Ipsilateral DG
E19 P2 EC 1994; Borrell et al.,
OLM
1999; Deng et al., 2007)
Contralateral (Fricke and Cowan,
PO <P6 HF
CA1 SR+SO 1977; Super et al., 1998)
Contralateral (Super and Soriano,
P2 EC
DG 1994)
<PO HF EC Adult-like topography (O'Reilly et al., 2010a)
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) Adult-like topography (Fricke and Cowan,
Ipsilateral DG .
<P2 EC 1977; O'Reilly et al.,
SM +CA

2014)

(Fricke and Cowan,
1977)
<P7 SUB PrS, PaS, EC Adult-like topography (O'Reilly et al., 2013)

<P3 DG Ipsilateral CA3

Table 1. Overview of reported connectivity in the developing rodent HF-PHR. The two leftmost columns
indicate the ages the connections have been observed in the mouse and rat. The third and fourth column
indicate the area of origin and termination. Abbreviations: hippocampal formation (HF), entorhinal
cortex (EC), dentate gyreus (DG), subiculum (SUB), outer/inner molecular zone (OMZ/IMZ), stratum
radiatum (SR), stratum oriens (SO), stratum radium moleculare (SLM), outer molecular layer (OLM),

white matter (WM).

Objective I1

The current knowledge about development of intrinsic HF-PHR circuitry suggests that there are several
temporally distinct periods of maturation. To study developmental changes in anatomy and functionality
within HF-PHR seems therefore to be a powerful approach to understand the relationship between

anatomical and functional features.

In paper III and IV I aimed to investigate the development of interconnectivity between RSC and HF-
PHR between PO and the third postnatal week. Anterograde- (paper 3) and retrograde tracers (paper 4)
were injected into RSC. I first asked when RSC is interconnected to HF-PHR. The second aim was to
investigate when these connections were organized in adult-like topographies and adult-like densities.
Since RSC has a functional overlap between HF-PHR and contains head-direction cells, I hypothesized
that RSC—HF-PHR interconnectivity is present and adult-like when the first head-direction cells can be
recorded by P11.
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Synopsis of methods
Paper 1

A search was performed on publications reporting tract-tracing studies on intrinsic RSC and RSC — HF—
PHR connections in PubMed and Embase (see www.temporal-lobe.com for queries and subsequent
search strategies). The following inclusion criteria were used: (1) tract-tracing studies or studies which
report intracellular filling of single neurons; (2) studies which used healthy, genetically un-altered,
untreated adult rats were included; (3) publications written or translated into English or in a language
using roman print. The database queries retrieved 816 papers of which 46 contained relevant
information. The connectional information was retrieved from these papers, including information from
tables and figures, using the following criteria: (1) it was clear where anterogradely filled terminals or
retrogradely labeled cell bodies were located; (2) the location of the injection site was clearly described;
(3) injection sites did not include multiple brain areas or fiber bundles; (4) only non-lesioned animals
were included; (5) explicitly reported non-excitatory projections were excluded; (6) contralateral
projections were excluded. The information about these connections was stored in a custom-made
relational database (Microsoft Access; Microsoft Corporation, WA, USA). Before data were entered
into this database, the accuracy was verified by at least two of the authors. Next, results from
independent retrograde and anterograde experiments were combined, such that both the layers of origin
and termination could be determined. The connections were added to the existing HF-PHR connectome
(van Strien et al., 2009) which was drawn in Visio (Microsoft Corporation, WA, USA) and exported to
PDF (Adobe Acrobat Pro; Adobe Systems Inc., CA, USA).

Paper 2

Sprague Dawley rats (n=30) were anesthetized with isoflurane and mounted in a stereotaxic frame.
Three different experimental methods were used. First, the anterograde tracer BDA was injected into
RSC, in 19 rats. Second, eight of the rats receiving BDA injections also received injections with the
retrograde tracer FB in superficial layers of MEC. Third, rAAV-CaMKIla-ChIEF-mCherry was injected
into RSC of 11 rats.

After 9 —21 days of survival, rats injected with BDA and FB were anesthetized and subsequently
transcardially perfused with Ringer’s solution followed by PFA. Brains only containing BDA injections
were horizontally cut with a vibratome at 50 pm. BDA positive axons in layer V of MEC were visualized
by tagging BDA with fluorescent markers for visualization in the light microscope or by tagging BDA
with an electron dense reaction product for visualization in the EM. Sections processed for light
microscopy were used to document the location of the injection, the location of the axonal plexus and
guide the dissection of MEC in the tissue processed for EM. In sections processed for EM, MEC was
dissected from the section and mounted in epoxy resin. Series of 60-70 nm thick sections were cut and

inspected with the use of a transmission electron microscope. Synapse properties in terms of presynaptic
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varicosities and postsynaptic targets were determined on the basis of their overall morphology in a series

of sections.

Brains containing both BDA and FB tracer injections, were horizontally cut in alternating 100 pm and
400 pm thick sections with a vibratome. The 100 pm thick sections were stained for the presence of
BDA and assessed with fluorescence microscopy to verify the location of the injection site and the
overlap of BDA positive axons and FB labeled neurons. In adjacent 400 um sections, randomly selected
FB-positive neurons in layer V of MEC were intracellularly injected with a fluorescent dye to visualize
the soma and its dendrites. Subsequently, the 400 um slices were incubated with Alexa-conjugated
streptavidin to visualize BDA positive axons originating in RSC. In case of four intracellularly filled
MEC layer V neurons, we stained for the presence of postsynaptic and presynaptic markers. The sections
were resliced to 50 pm sections, incubated with anti-PSD-95 antibody and anti-synaptophysin antibody,
and these antibodies were subsequently tagged with fluorescent markers. All sections were imaged with
the use of a confocal microscope to identify putative synaptic contacts between RSC axon terminals and

superficially projecting neurons in layer V.

After a survival time of up to six weeks after injections of rAAV, animals were anesthetized and
transcardially perfused with ACSF. The brains were quickly dissected, and horizontal slices of RSC and
MEC were cut with vibratome. Multiple whole-cell recordings were made with glass micropipettes.
Biocytin was included in the pipette for later anatomical verification of cell location and morphology.
Up to four neighboring neurons were targeted for whole-cell patch. Recordings were made in current-
clamp mode with the membrane potential maintained between 60 and 65 mV. Recorded responses to
steps of current injection allowed to electrophysiologically classify each cell. For photostimulation of
RSC afferents in layer V of MEC, a beam diameter of ~5 um was used. Stimuli were arranged in a
rectangular 8x6 grid with 20 pm spacing, positioned over the recorded cluster. Voltage deflections were
identified as a response at a threshold of 10 SDs beyond the average variation of the membrane potential.
The voltage responses obtained from stimulation of each unique location in the grid were averaged and
onset times and amplitudes were determined for each location. In several slices, action potentials were
blocked by adding tetrodotoxin. After each recording session, the slices were fixated in
paraformaldehyde and biocytin filled neurons, mCherry positive axons and neuronal cell bodies were

tagged with fluorescent markers. Stained sections were imaged with the use of a confocal microscope.

Paper 3 and 4

82 (paper 3) and 51 (paper 4) Long Evans rats aged between PO and P28 received multiple injections of
anterograde tracers (paper 3) or retrograde tracers (paper 4) in RSC. After a survival time of 18-30 hours,
the animals were anesthetized and transcardially perfused and the brains were left in fixative for 24
hours before they were cryoprotected. Brains were cut with a freezing microtome in horizontal sections

and the sections were processed to allow for visualization of retrogradely labeled neurons or
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anterogradely labeled axons in the fluorescent microscope. All subdivisions within PHR were delineated
using cytoarchitectonic characteristics of the different subdivisions. Borders were established in
fluorescent sections overlaid with the adjacent nissl-stained section. I carefully described the
anterogradely labeled fibers in HF-PHR (paper 3) or the retrogradely labeled neurons in HF-PHR (paper

4) after injections in different parts of RSC and in animals of different ages.

After injections of anterograde tracers (paper 3) I produced flatmaps of PHR and plotted the position of
the labeled fibers in a canonical average flatmap. Injections were grouped according to the localization
of the injections and/or the age of the animal. Projection patterns within different groups of interest were
pooled and the combined flatmaps of the different groups of interest were compared. Additionally I
calculated the center of mass of the projection pattern within layer I and IIT of PrS combined, layer V-
VI of PrS and PaS combined and layer V-VI of MEC and LEC combined. These values were used for
statistical testing with multiple regression. The average center of mass of different groups of interest

were compared.

Synopsis of results

Paper 1

There are strong intrinsic connections in RSC subdivisions. All rostrocaudal levels within both A29¢
and A30 issue projections to their respective rostrocaudal extents. A29b projections have a strict
topography from rostral-to-rostral and from caudal-to-caudal, A29a only has a caudal-to-caudal
projection. There are also strong reciprocal connections between RSC subdivisions. All rostrocaudal
levels of one subdivision project to all rostrocaudal levels of all other subdivisions, but there are some
exceptions: (1) caudal A29a projects only to caudal A29b, A29c, and A30; (2) caudal A29b does not
project to rostral A29c; (3) rostral A29c does not project to caudal A30; (4) rostral and midrostrocaudal
A30 only projects to caudal A29b and the return projection from A29b only terminates in caudal A30.

The RSC projects to all PHR subdivisions and SUB. Only the projections of RSC to PrS and SUB show
a topographical organization such that the rostrocaudal axis of origin in RSC correlates to a dorsoventral
terminal distribution in PrS and SUB. The projections to PrS are among the densest of RSC—PHR
connections (Jones and Witter, 2007) and this is particularly true for projections from caudal RSC
(Shibata, 1994). Areas 30 and 29c receive input from the whole PHR and SUB, while PrS and SUB are
the only areas which project to A29b and A29ab. Dorsal CA1 projects only to A29ab and A29c.

Paper 2

All injections in caudal RSC resulted in a densely labeled terminal plexus in layer V of the dorsal and
intermediate dorsoventral MEC and layer III and V of dorsal presubiculum. Sparse labeling was
observed in layer III of MEC. In series of ultrathin sections of MEC layer V, we observed both

presynaptic elements forming synapses with one postsynaptic element, so-called single synaptic boutons
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(SSBs) and presynaptic boutons forming multiple synapses, so-called multiple synaptic boutons
(MSBs). Boutons (n=262) making asymmetrical or symmetrical synapses (n=301) with dendritic shafts
and dendritic spines as post-synaptic targets were observed. The distribution of synapse types and post-
synaptic targets is presented in table 1.

No. of | No.of | Asymm. Asymm. Symm. Symm.

Undet.
boutons | synapses | - spine - shaft - spine - shaft

262 301 90% 8% 1% 1% 0%

Table 2. Distribution of asymmetrical and symmetrical synapses and their postsynaptic targets.

Of the asymmetrical synapses, 13% (n=34) were of the MSB type. These boutons made synapses with
two to four postsynaptic elements. The MSBs contacted either only dendritic spines (n=29) or both
dendritic spines and dendritic shafts (n=5). Furthermore, 22% (n=59) of the asymmetrical synapses were
of the perforated type, and they contacted dendritic spines (n=56) or dendritic shafts (n=3). In 36%
(n=10) of the synapses onto dendritic shafts, these shafts showed additional multiple unlabeled synaptic

contacts showing a circular arrangement around the shaft.

The morphological quantification of the majority of RSC synapses in MEC as asymmetrical onto spines
indicated the presence of a direct, primarily excitatory input from RSC into spiny neurons in layer V of
MEC (Gray, 1959; Eccles, 1964; Uchizono, 1965; Colonnier, 1968). To functionally validate this
morphologically based inference, an optogenetic in vitro approach by expressing ChIEF in RSC neurons
projecting to layer V of MEC was applied. In MEC, layer V neurons within the plexus were identified,
pseudo-randomly selected cells were patched, and main electrophysiological properties were
determined. The vast majority of the cells (n=66, 94% of total) was classified as layer V principal
excitatory cells. The postsynaptic cells responded with EPSPs after stimulation in a subset of grid
locations located over the basal dendrites. We reconstructed and analyzed the axonal trajectories of 22
principal cells after the optogenetic experiments to determine whether neurons post-synaptic to RSC
inputs have axons directed for the angular bundle or have axons directed towards the superficial layers.
All reconstructed cells had axons projecting toward angular bundle. In a substantial fraction of neurons

(n=11), axonal collaterals were present in superficial layers.

Next, we aimed to identify cells in layer V that project to superficial layers II and III in MEC and to
assess the overall distribution of RSC inputs onto the dendrites of these cells. In fixed slices containing
anterogradely labeled RSC axons, we identified retrogradely labeled superficially projecting layer V
neurons and filled pseudo-randomly selected cells intracellularly with fluorescent dye (n=27).
Consistent with the earlier studies, the majority of the cells were multidirectional pyramidal cells (n=22),
although several horizontal cells were included (n=5). After neuron reconstruction, the proximity of the

BDA-positive fibers was mapped onto the rendered dendritic surface. Each individual putative contact
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between presynaptic and postsynaptic label was then verified for the presence of a presynaptic bouton.
Of these putative presynaptic terminals, 84% (580 of 692) contacted spines, whereas the remaining 16%
(112 of 692) terminated on shafts. We performed additional immunostaining of marker proteins for
presynaptic terminals (synaptophysin) and for PSDs (PSD-95) and reconstructed 88 previously imaged
putative contacts from four neurons. Of these, 68 contacted spines and 20 contacted shafts. In 78% of
the putative spine contacts (n=53 of 68) and in 55% of the putative shaft contacts (n=11 of 20), both
presynaptic and postsynaptic markers were found, and these contacts could therefore be confirmed as
synaptic. Extrapolating these percentages to the entire pool of putative synaptic contacts implies that
88% (452 of 514) of the axon terminals originating in RSC contacted spines, whereas 12% (62 of 514)
contacted shafts. From these results, I conclude that RSC provides a major excitatory drive to neurons
in layer V. Further, superficially projecting principal neurons in layer V were identified as a main
postsynaptic target of RSC inputs. These neurons may relay information from RSC to HF since these

layers harbor neurons projecting to HF.

Paper 3

The postnatal RSC projects densely to all layers of PrS and posterior POR and deep layers of PaS and
MEC and weakly to deep layers of LEC and to SUB. Our retrograde experiments showed that the origin
of these projections were neurons located in superficial parts of layer V of RSC. These projection
patterns are in line with those reported for the adult (Wyss and Van Groen, 1992; Insausti et al., 1997;
Jones and Witter, 2007; Honda et al., 2011). Additionally, I report that the RSC projections to PrS, PaS
and EC in the youngest postnatal rats are organized similarly to adults. First, the rostral RSC projects to
dorsal PHR, while caudal RSC projects to additional more ventral parts of PHR. Second, dorsal RSC
(A30) projects preferentially to distal PrS, PaS and medial MEC, while more ventral parts of RSC (A29)

project significantly more to proximal PrS and more lateral parts of MEC, but not PAS.

During the postnatal period an overall increase in the density of labeled axonal branches in all PHR
subregions was observed. Even though I did not perform a formal quantification of the number of labeled
fibers in PHR, only single unbranching fibers were observed in animals aged P1-2. During the first
postnatal week, the number of axons generally increased, and the fibers displayed several branching

points.

Our temporal analysis revealed that RSC axons destined for PHR migrate directly into their area of
termination and thereafter keeps their position constant while the number of axonal branches and the
total axonal spread increases gradually until they reach adult-like plexus features. This observation is
supported by our center of mass analyses of the early perinatal RSC to PHR projections, showing that
projections originating in different parts of RSC show a striking terminal topography already during the

first postnatal week.
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Paper 4

The postnatal SUB, PrS, PaS and MEC project densely to RSC. Additional weak projections arise from
LEC, PER and CAl. The distal half of SUB is the main origin of HF-PHR outputs terminating in RSC.
HF-PHR projections to RSC in the rat pup are topographically organized along the dorsoventral axis of
HF-PHR. Projections from SUB and PrS are organized so that caudal A30 receives projections from the
entire dorsoventral SUB and PrS, while rostral A30 and the whole rostrocaudal extend of A29 receive
afferents from neurons in dorsal SUB and dorsal PrS, partly similar to what has been reported in adults

(van Groen and Wyss, 1990c, 1992, 2003; Aggleton et al., 2012).

We further report that the projections originating in SUB, PrS and PaS are topographically organized
along the transverse plane of HF-PHR. Distal SUB projects to dorsal RSC (A30), while more proximal
parts of SUB project to ventral RSC (A29). Distal PrS and whole PaS preferentially project to A30 while
more proximal PrS (but not PaS) preferentially projects to A29. The sparse projection from EC to RSC
are organized so rostral parts and the whole rostrocaudal extend of A29 receive projections from
dorsolateral EC, while caudal A30 receives projections from the intermediate dorsolateral-ventromedial

EC. To our knowledge these topographical organizations have not been reported in earlier work.

The retrogradely labeled neurons in PrS, PaS and EC were located in superficial layer V. Our
anterograde injections in SUB and PrS suggest that these neurons issue axons mainly to layer [ and IV

of RSC while a few fibers are present in layer V-VI.

Our temporal analysis shows that all of the individual HF-PHR projections to caudal RSC are present at
P1. Even though we did not perform a formal quantification of the number of retrogradely labeled
neurons in HF-PHR, it was obvious that in the youngest animals only a few retrogradely labeled neurons
were present in HF-PHR. During the first postnatal week, the number of retrogradely labeled neurons
increased reaching adult-like densities between P5 and P10. Since we were not able to show retrogradely
labeled neurons in HF-PHR in animals younger than P3 with injections in rostral RSC, we suggest that
the projections to rostral RSC seems to develop a few days later than the projections to caudal RSC. We
therefore conclude that HF-PHR projections to RSC are present very early during postnatal development
and that these early projections are topographically organized already when the first axons arrive in

RSC.
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General discussion

RSC plays a role in spatial cognition and episodic memory formation. Functionally, it shows a striking
overlap with the attributes of HF-PHR, suggesting a relationship between the areas. In this thesis, 1
explored the connections between RSC and HF-PHR and how the information carried by these
connections may interact with the various components of the local HF-PHR network. I first reviewed
the anatomical framework of how functional interactions between RSC and HF-PHR can occur (paper
1). One of the most dominant pathways, are the dense RSC projections to layer V of the medial
entorhinal cortex (MEC). In the first experimental paper, I explored the synaptic organization and the
postsynaptic targets of RSC to MEC connections and revealed that RSC afferents in MEC mainly target
principal neurons in layer V with excitatory synapses (paper 2). Among the postsynaptic layer V neurons
we identified a population of superficially projecting neurons, thereby providing a route for information
provided by RSC to reach the superficial layers of MEC, thus likely influencing the neurons providing
the main input to HF (Segal and Landis, 1974). Next, I used a developmental approach and revealed that
projections from RSC to HF-PHR, throughout development are organized similar to what has been
reported in adults (Jones et al., 2005). Already from the earliest postnatal ages specific parts of RSC
subdivisions are connected with specific parts of HF-PHR subregions (paper 3 and 4). A29 is
preferentially connected to more proximal parts of the distal half of SUB, proximal PrS, and lateral parts
of MEC, while A30 is preferentially connected to the most distal part of SUB, distal PrS and medial
parts of MEC.

Taken together, the experimental data reported in this thesis show that different parts of RSC are
connected to different parts of the HF-PHR circuitry. These results suggest that RSC and HF-PHR
interact through several parallel processing pathways. Since different parts of HF-PHR process
qualitatively different information, likely mediating different functions (Kerr et al., 2007; Knierim et
al., 2014), these findings suggest that also RSC is heterogeneous with respect to information processing,
which is in line with previously reported functional heterogeneity in RSC (Vann et al., 2009). Our
developmental experiments revealed that RSC axons migrate directly into their area of termination and
thereafter keep their position constant while the number of axonal branches increases gradually until
they reach adult-like plexus features. In the adult, the projection to MEC terminates partly on a
population of principal neurons which project to superficial layers of MEC. These neurons may relay
information from RSC to HF since the superficial layers of MEC harbor neurons projecting to HF. The
experience independent topographic organization of RSC — HF-PHR interconnections suggests that RSC
and HF-PHR are parts of one tightly coupled system and that RSC — HF-PHR interaction is necessary

for proper functioning of the two regions.
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Methodological considerations
Tract tracing

The data presented in all papers in this thesis involve the use of various tract tracing techniques. For
anterograde tracings I mostly used 10 kDa dextran amine (DA) which was either biotinylated (BDA) or
conjugated with an Alexa fluorochrome. These tracers were chosen since DA is reliably taken up by
dendrites and neuronal cell bodies within the injection site, eventually homogeneously filling the axonal
processes (Veenman et al., 1992). Therefore the biotinylated version of the molecule (together with
Phaseolus vulgaris leucoagglutinin, PHA-L) has for a long time been regarded as gold standard for

anterograde neuroanatomical tracing.

Even though DA is regarded as reliable anterograde tracers, there are some consideration with the use
of this class of tracers. First, it is not known whether they have any preference for certain types of
neurons, pathways or brain areas; it is assumed that all neurons within the injection site take up and
transport the tracer. However, the mechanisms of uptake are not yet exactly known (Lanciego and
Wouterlood, 2011). Even though the tracer efficacy is considered to be not depending on its neuronal
targets, there is a theoretical possibility that the axonal projections observed by the use of DA represents
only a part of the population of projecting neurons. For instance, small differences between two
commonly used anterograde tracers, PHA-L and BDA have been reported, which suggest that not all
classical anterograde tracers have similar mechanisms of uptake and transport, and might therefore
display different features of a neuronal pathway under investigation (Dolleman-Van der Weel et al.,
1994). Another example of tracers with heterogeneous transport mechanisms are the recently developed
viral tracers, which have revealed several anatomical pathways which has not been reported or
underappreciated in experiments using classical tract tracers (Rowland et al., 2013; Rajasethupathy et
al., 2015). These results exemplifies that different groups of tracers have different affinities for certain

neural pathways.

Second, the distance DA is transported is related to the survival time of the animal after injection.
Transportation speed has been estimated to be 15-20 mm per week (Lanciego and Wouterlood, 2011).
In paper 2, I used survival times of more than ten days, which were more than enough for transport to
MEC at a distance of about ~5 mm. However, in the developmental experiments, I used survival times
of 24 hours to obtain the necessary temporal resolution of my experiments. It could be argued that such
short survival times do not allow for visualization of the most distant projections, for example to the
most ventral part of PHR. However, in earlier publications from our lab, short survival times have
successfully been used to trace developing projections (O'Reilly et al., 2013; O'Reilly et al., 2014). In
addition, labeled axons were observed in the brainstem, which is further away from RSC compared to
PHR. I therefore regard 24 hours survival time in young postnatal animals as sufficient to label axons

throughout HF-PHR.
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Third, retrograde transport of DA may occur (Veenman et al., 1992; Wang et al., 2014). Some
retrogradely labeled neurons in anterior nuclei of the thalamus and in SUB were observed in some of
the experiments. This could potentially be an issue since the retrogradely labeled neurons could result
in “false” anterograde labeling of axon collaterals belonging to these retrogradely labeled neurons (Chen
and Aston-Jones, 1998). Therefore, it cannot be ruled out that DA is transported anterogradely from
retrograde labeled neurons in SUB, labeling axon collaterals terminating in the PrS and MEC, thus
biasing the results. However, I find this very unlikely as the number of retrogradely filled neurons in
SUB was very low, I never observed BDA filled axons leaving SUB towards the PHR and SUB neurons
seldom have divergent extrinsic axon collaterals, implying that retrogradely labeled cells, therefore

projecting to RSC, do not likely project to PrS or MEC as well (Naber and Witter, 1998).

Using flatmaps to analyze organization of anatomical connections

In paper 3 I decided to use flatmaps of RSC and PHR to obtain comparable measures of injection sites
and location of labeled fibers in all experiments. This is an efficient and schematic way of visually
representing large amount of anatomical data. In addition, the flatmaps allow for comparisons between

groups of experiments, for example between animals of different ages.

However there are several methodological issues with the use of flatmaps. In our procedure I averaged
each brain into one “average brain” and represented the projection patterns within this average brain.
However, care should be taken since averaging could mask unknown differences across groups of rats.
For instance, I noticed that the EC in young animals was positioned relatively more dorsally in the brain
compared to PrS and PaS, while in older animals the relative position of EC was more ventral. In fig 3,
I plotted the relative location of the border between MEC and LEC in the transverse plane (y-axis) as a
function of age (x-axis) and the different dorsoventral levels in the brain (the different panels). The
figure illustrates that in younger animals the dorsal pole of MEC, the dorsal pole of LEC and the ventral
pole of MEC appears relatively more dorsally in the brain compared to older animals. Therefore, EC
seems to “move” to a more ventral position relative to PrS and PaS, resulting in young animals having
a dorsal border of EC positioned more dorsally compared to PrS, while in older animals the dorsal border
of EC was positioned more ventrally (Fig 3). These differences likely reflect developmental growth
patterns since similar growth patterns have been observed also for the ventral HF which shifts its position
ventrally in the brain during postnatal development (O'Reilly et al., 2014). If the dorsoventral positions
of each subregion had been normalized to the total dorsoventral extend of PHR, I would most probably
see a relationship for older animals to have labeled fibers located more ventrally than in younger animals.
Such a result would be biased since the labeled fibers in reality are located at the same absolute position
within EC. To avoid such biases I decided to normalize each subregion separately, assuming that the
shape and composition of each subregion is constant throughout development. To produce flatmaps I
assumed that the PHR subregions (and RSC) were similarly organized in animals of different ages and

therefore averaged each of these areas.
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Second, in the algorithm to produce flatmaps, I used straight lines between defined cytoarchitectonic
borders to measure the sizes of the different brain regions. This is obviously an approximation since
most brain regions are to some extent curved. With our approach, the extent of curved structures will be
underestimated. However, in horizontal sections this effect is minimal for PrS, PaS and MEC since these
areas are relatively straight in the transverse plane. However, in horizontal sections, LEC is generally
more curved. A possible risk might be that structures located laterally in EC might be positioned more
lateral than calculated by our approach. However, I did not observe a substantial amount of labeled

fibers in LEC and such a bias is thus minimally relevant in our dataset.

Third, to measure the location of labeled fibers in PHR two different approaches were used. In animals
with a few labeled fibers, the position of each labeled fiber was measured, while in animals with a dense
plexus, I chose to measure the outlines by marking the borders of each plexus. In addition, I set the
density of each fiber plexus on a scale ranging from 1 to 3. Such an approach is based on several
subjective evaluations. First, plexus densities are continuous gradients and binning the densities of these
plexuses can be challenging. Second, the borders of plexuses are never absolute, often displaying
gradients from the densest core of a plexus to areas containing fewer fibers at the periphery of the plexus.
One might argue that the two approaches used to register data for the flatmaps cannot be directly
compared. With respect to the production of flatmaps, such an argument is to some extend true such that
experiments with more labeled bins will be overrepresented in the flatmaps. A better approach would
be to implement quantitative estimations of the number of fibers in each area of the plexus. Or even
better, to implement a synaptic stain and quantify the number of pixels containing both synaptic stains
and fluorescent tracer and use these numbers to calculate a 2D flatmap of the projections (Wouterlood
et al., 2008). Due to time constrains, a far simpler and less sophisticated method to quantify the location
of the labeled fibers was used; to calculate the centers of mass of each plexus. The centers of mass
represent point measures of the location of the labeled fibers in each structure and were independent of

the method used to register each plexus.

To convert histological data into flatmaps is a simplification, which can never represent the full
information present in histological sections. However the use of flatmaps has several advantages that
make up for the simplification (Van Essen and Maunsell, 1980; Van Essen, 2013). By calculating an
average flatmap across all ages, each experiment was morphed into one canonical representation of
PHR. This procedure allowed for quantification of the projection patterns by calculating the centers of
mass. The flatmaps were an important tool to statistically evaluate potential differences between the
distributions of connectivity. Even though the use of flatmaps of both the injection sites and PHR
involves many steps of transformations and calculations which potentially can mask details present in
the data, I feel confident that the analytical possibilities by using flatmaps outweigh possible biases
introduced. I therefore find the flatmaps an important tool to efficiently compare and pool large amounts

of data.
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Fig 3. Temporal development of EC

Each of the eight plots represents a dorsoventral level of the brain. The dorsoventral position is
normalized to the total dorsoventral extend of the entire PHR and is denoted in the bottom right of
each plot. Each dot represents a section from one brain (at the dorsoventral position denoted in the

bottom right), and is plotted as a function of age (x-axis) and the ratio between the mediolateral

extend of MEC divided by the mediolateral extend of the entire EC (%) The y-axis therefore

MEC

represents sections containing only MEC (1), sections containing MEC and LEC (between () and 1)
and sections only containing LEC (0). In dorsal sections only young animals have a MEC in their
sections (0.00 and 0.07). At intermediate dorsoventral levels all animals have sections containing a
MEC while young animals also have a LEC (0.39, 0.50 and 0.57). In more ventral sections young
animals display only LEC while older animals have sections comprising both MEC and LEC (0.57,
0.64 and 0.75). At the most ventral sections all animals have sections containing only LEC (1.00).
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Database of published interconnections within and between HF, PHR and RSC

In paper 1, we present all published tract tracing experiments where connections within or between HF,
PHR and/or RSC are reported. In our connectional database, we aimed to describe origin and termination
patterns of projections with a relatively high spatial resolution. There are several methodological
consideration with respect to sampling of the data and the data model of the database which is discussed
in paper 1. Of these, two are worth being highlighted. First, the data model of the database limits the
data which can be entered into the database. On the one hand, precise descriptions of connections which
are beyond the resolution of the data model may be lost when entered into the database. On the other
hand, data which are described in general terms cannot be entered to the database since again the data
model does not fit the data. Second, tract tracing experiments usually do not differentiate between
excitatory, inhibitory or modulatory connections, nor do they objectively characterize the strength of the
connection or the postsynaptic target of the connections. Such information is pivotal for understanding
the mechanisms of network functions and care should be taken if hypotheses on neural circuitry are
based on data from the database. For instance projections from CAl to RSC have been reported
(Meibach and Siegel, 1977; van Groen and Wyss, 1990d, c; Naber and Witter, 1998; van Groen and
Wyss, 2003; paper 4), however this projection differs from the SUB projection to RSC in several ways.
First, the CA1 projection is very sparse while the SUB projection is dense. Second, the CA1 projection
originates mainly from non-pyramidal cells while the SUB projection originates from pyramidal cells
(Miyashita and Rockland, 2007). In George ef a/ (2014) information from the database is used to argue
that pyramidal cells in CA1 project to RSC. Such a statement is obviously questionable if data from the
original references had been presented and the example clearly exemplifies that the database should be
used as a library of reported connectivity and not be used uncritically as a ground truth of existing
connections. In a recent publication, data on connectivity within the PHR are presented (Agster and
Burwell, 2013). In this manuscript the authors use the database to detect knowledge gaps and thereby
design their experiments. In addition, they use the database to identify reports of connectivity within the
region but clearly state discrepancies in the different reports and possible confounders in the original

manuscripts.

In papers 3 and 4, the connections between HF-PHR and RSC as observed in the developing rat brain
were described. I did not observe several of the adult connections which are represented in the database.
For example, connections between RSC to PER have been reported in the literature, but were not
observed by us. There are several possible reasons for this. First, an obvious possibility could be that
there are differences between postnatal, adolescent, and adult rats. However, I find this possibility
unlikely since I observed adult-like projections and topographies for several other connections. Second,
our database does not differentiate between strong and dense connections and our anterograde injections
may not have the sensitivity to pick up very sparse projections from a confined part of RSC. For

example, the RSC to PER projections are in the original paper reported as “Area 36 receives relatively
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little input from the cingulate cortex [ ...]. These meager cingulate projections arise from the dorsal [ ...]
retrosplenial cortex” (Burwell and Amaral, 1998). This exemplifies that even though a connection is
present in the database, it does not imply equal importance or equal density compared with other
connections. In this example, a very sparse projection from RSC might not have been picked up by our
injections in the postnatal brain. Finally, there could possibly be technical/experimental reasons for why
some projections are observed in one set of experiments, but not in others. For instance a prominent
projection from RSC to SUB has been reported in some studies (Shibata, 1994) but was neither seen in
our experiments nor in other studies in both the adult rat and monkey (Jones and Witter, 2007; Kobayashi
and Amaral, 2007). In all reports where dense RSC to SUB projections have been mentioned coronal
sections were used. In coronal sections, the exact border between PrS and distal SUB is in most sections
extremely difficult to identify. Therefore the putative SUB fibers observed could possibly be proximal
PrS fibers mistaken to be distal SUB fibers.

Our database is obviously not exhaustive and hence one could argue that the database is not a real
connectome. Full connectomes exist for instance for C. Elegans and for the local connectivity of 950
neurons in the inner plexiform layer of the mouse retina (White et al., 1986; Helmstaedter et al., 2013).
Even though efforts are made to sample the full connectome of the mouse brain, a complete connectome
of a higher developed brain is still beyond the horizon (Mikula and Denk, 2015). Although the database
presented in paper 1 is obviously not a complete connectome, it still provides an approximation of a
complete and unbiased connectional database of HF-PHR at a subregional level. Additionally the spatial
resolution of our database provides a potential for further meta-analysis, such as a graph analysis of the
organization of HF-PHR inter-connections (Binicewicz et al., 2015). These analysis revealed that
compared to other brain areas, HF-PHR connectivity has several clusters of interconnected subregions.
These clusters were organized along the dorsoventral extend of HF-PHR, which fits the observed
functional differences along the dorsoventral axis of HF-PHR (Moser et al., 1995). Across the transverse
axis of HF-PHR three main modules exist, one comprising HF and two comprising PHR. The PHR
modules consist of one module comprising PrS, PaS and MEC and parts of LEC and another module
comprising PER, POR, LEC and parts of MEC. These findings are interesting for several reasons. First
they confirm that HF is a separate network from PHR and that PrS, PaS and MEC form a functional
module concurrent with in vivo recordings (Boccara et al., 2010). Second, the authors question whether
PER and POR are strictly segregated into two information processing streams and suggest that
integration of the two pathways also occur at the level of PER and POR. Finally, the graph analysis
suggests that MEC and LEC are involved in both of PHR modules and point to EC as a central hub
within HF-PHR integrating information from all of the three modules. This example proves that the
database is not only a useful library, but can also be used to reveal patterns of connectivity within already
published data. It would thus be interesting to add the RSC-HF-PHR connections which are already

incorporated in the database (Sugar et al., 2011) to carry out comparable connectional analyses.
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Two routes for RSC to reach HF

The overlapping functional attributes of HF and RSC have been noted in a number of publications. First
the human RSC and HF are both simultaneously activated during several behavioral tasks (laria et al.,
2007). Further, episodic memory, classically attributed to HF, can also be mediated by RSC (Cowansage
et al., 2014). Additionally, in vivo recordings in rats have revealed that spatially modulated neurons are
present in both RSC and HF-PHR (O'Keefe and Dostrovsky, 1971; Taube et al., 1990; Cho and Sharp,
2001; Smith et al., 2012) and that inactivation of RSC leads to place-cell remapping in HF (Cooper and
Mizumori, 2001). These HF-RSC interactions are likely mediated partly by the dense projections from
SUB to RSC. However, reciprocal projections from RSC to HF do not exist, suggesting that alternative
pathways must exist for RSC to communicate with HF. In paper 2, this issue was addressed by
examining the possibility that RSC inputs to HF are mediated through the neurons in deep layers of
MEC to HF-projecting neurons in layer II/IIl of MEC. Anterograde transport of BDA and ChR-
expressing rAAV was used to identify axons and terminals in layer V of MEC originating in RSC. Our
assessments revealed that a majority of the presynaptic elements was excitatory and that the postsynaptic
targets were spiny principal neurons. The latter comprise neurons with at least two different projection
patterns, one that projects both superficially and extrinsically to a number of cortical and subcortical
areas, and one that projects extrinsically with only local collaterals in layer V (Insausti et al., 1997;
Quilichini et al., 2010; Canto and Witter, 2012a). The data presented in paper 2 lead us to conclude that
both types of layer V pyramidal neurons receive excitatory RSC input. EC layer II and III harbor neurons
projecting directly to HF, which possibly could be among the postsynaptic targets of the RSC-targeted
layer V neurons. We thus propose that the superficially projecting layer V neurons in MEC mediate one
of two pathways by which RSC information can reach superficial layers of MEC and thereby indirectly
reach the HF.

The other indirect route for RSC to reach MEC and HF is through PrS, the latter receiving a projection
from RSC as dense as that to MEC (Jones and Witter, 2007). A recent study examining RSC to PrS to
MEC projections concluded that more than half of the synapses target proximal shafts of dendrites of
sparsely spiny neurons in PrS layer III, which project to MEC (Kononenko and Witter, 2012). A small
fraction of RSC fibers contact non-spiny MEC-projection neurons, and these likely represent the
GABAergic neurons projecting to MEC (van Haeften et al, 1997). Both anatomical and
electrophysiological studies have shown that the PrS to MEC projection terminates on principal neurons
in layers II, III and V, exerting excitatory effects (van Haeften et al., 1997; Wouterlood et al., 2004;
Canto et al., 2012). Thus, the parallel projections ‘RSC to MEC layer V to MEC layer II/III’ and ‘RSC
to PrS layer I1I to MEC layer IL III, V “converge” in LII/IIl and in LV of MEC, possibly targeting HF
projecting neurons in these layers (Deller et al., 1996). These pathways are of interest for two reasons.
First, they are potential pathways for RSC to reach HF and thereby mediate the overlapping functionality

between HF and RSC. Second, these pathways may also modulate the firing properties of neurons within
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MEC. Neurons in PrS and in layer III-VI of MEC show remarkably similar spatial properties in vivo
(Sargolini et al., 2006; Boccara et al., 2010). This has initiated a debate on whether such properties might
be inherited from one structure to the next within PHR, or whether this may indicate a common input
that provides both PrS and MEC with the required information to generate these firing properties
independently from each other (Boccara et al., 2010; Giocomo and Moser, 2011; Tocker et al., 2015).
One such common input might be SUB, which projects to both layer V of MEC and PrS (Cappaert et
al., 2015) and contain spatially modulated neurons (Sharp and Green, 1994). Another plausible
candidate, as emerging from my studies, is RSC which has prominent projections to both PrS and layer
V of MEC. To reveal whether RSC is important for the spatially modulated cells in MEC, inactivation

of RSC in behaving animals, while recording neuronal responses of PHR neurons should be performed.

Principal neurons in layer V of EC are the integrating unit of entorhinal cortex

In the ‘traditional representation’ of the functional organization of MEC, layer V neurons are considered
as the output neurons, while neurons in layers II and III are the recipients of information, which is
forwarded to the HF (Fig 2A). In that perspective, the projections from RSC to layer V are particularly
intriguing. Above, it was argued that these layer V neurons could forward RSC information to superficial
layers, acting as an input pathway to HF. However, the principal neurons in layer V of MEC possess
key anatomical and physiological features to act as a local integrator of inputs to EC. Neurons in layer
V possess dendrites spanning all layers of EC. In contrast, principal neurons in layers II, III and VI
possess dendrites which are restricted to respectively superficial layers and layer VI. Principal neurons
in layer V are therefore the only principal neurons in EC with the potential to receive inputs terminating
in all EC layers. With respect to dendritic morphology, three main types of principal neurons exist in
layer V of MEC. First, the pyramidal cells, which come in two subtypes. Large pyramidal neurons
occupy the most superficial part of layer V directly underneath lamina dissecans (Hamam et al., 2000;
Canto and Witter, 2012a). They possess an apical dendrite reaching the pia and have a dendritic tuft in
layers I and II. They also have a set of basal dendrites which extends in all directions in layer V. Most
of these neurons have an axon directed for the angular bundle and/or superficial layers of EC
(Lingenhohl and Finch, 1991; Canto and Witter, 2012a). Small pyramidal cells are located deeper in
layer V and are morphologically similar to the large pyramids except that their basal dendrites extend
into deeper parts of layer V and into layer VI. These neurons have been reported to only have local
axonal harbors which do not leave MEC (Lingenhohl and Finch, 1991). In the mouse, pyramidal cells
in layer V have been subdivided in two groups based on molecular markers. Etv1 is expressed in large,
superficially located pyramidals, close to the lamina dissecans, while Ctip2 is expressed in smaller
pyramidals deeper in layer V (Surmeli et al., 2015). Interestingly, Ctip2 and Etv1 positive neurons have
different connectional schemes. The former receive input from layer II stellate cells and do not project
to other brain regions. Conversely, the latter do not receive input from layer Il stellate cells and project

to extra hippocampal brain regions. Based on the anatomical distribution of these markers, the
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morphology of the somata of the positive cells and the axonal arborization of neurons within each of
these populations, these markers probably label similar population of neurons in the mouse as the large

and small neurons observed in respectively superficial and deep layer V in the rat.

A second group of principal cells is formed by neurons having an apical dendrite similar to the pyramidal
cells and basal dendrites which extend in the laminar plane. Third, polymorphic multipolar neurons and
horizontal neurons do not have an apical dendrite. However, their dendrites cover long distances in the
laminar plane of layers V and VI and even reach areas outside of MEC, such as SUB. The pyramidal
neurons thus have the morphology to receive inputs terminating in all layers, while the polymorph and
horizontal cells seem to be uniquely positioned to integrate information that targets different parts of

layer V.

Layer V neurons receive inputs from axons within layers I-I111 (Medinilla et al., 2013), including those
from the parasubiculum and presubiculum (Canto and Witter, 2012a). Moreover, layer V principal
neurons receive hippocampal output, arising from CA1 and the subiculum (van Haeften et al., 1995).
The latter input has been shown to converge onto single EC layer V neurons with inputs from RSC
(Simonsen et al., 2012). The notion that both HF and RSC projections converge on layer V neurons is
of interest in view of the overlapping functional attributes of both HF and RSC as argued above.
Therefore, a possibility that has not yet been explored is whether the common phenotype seen after
lesions of HF and RSC respectively are not caused by the removal of the HF and RSC per se but are
caused by the loss of inputs to layer V of MEC. A possible way to test this alternative hypothesis is to
have optogenetic or pharmacogenetic access to populations of neurons in layer V. If achieved, the
phenotype seen after inactivation of layer V could be compared to the phenotype seen after inactivating
or lesioning HF or RSC. Pharmacogenetic or optogenetic access to layer V neurons can be achieved in
several ways. For instance by injection of viral vectors such as AAV directly into layer V, injection of
a retrogradely transported rabies virus into any of the areas receiving projections from layer V of EC or
by using a transgenic animal specific for populations of layer V neurons, similar to approaches used in
case of layer II or layer III or MEC (Suh et al., 2011; Rowland et al., 2013). Alternatively, a more
specific experiment would be to only target the projections to layer V originating in RSC and/or HF.
This could be done by transfecting SUB and RSC neurons with an optogenetic silencer such as
halorhodopsin, and simultaneously implanting a laser in deep layers of MEC. If both these layer V inputs
are equally important for memory encoding, irrespective of their origin, the same phenotype should be
seen if axon terminals in layer V originating in RSC and HF are inhibited. If the resulting similar
phenotype is also similar to that reported as the result of lesions in RSC and HF, neurons in layer V of

MEC are clearly implicated as the common/shared mediator of these shared functionalities.
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Topographies in HF-PHR — RSC interconnections

In paper 1, I review data indicating that RSC connects to all subdivisions of PHR and SUB, and in papers
3 and 4, I further describe the topographies of these projections in pups and adults, concluding that two
main organizational patterns, seen in the adult brain, are present already in the early postnatal period of
brain development. First, different rostrocaudal levels of RSC are connected with different dorsoventral
levels of HF-PHR. Rostral RSC projects to more dorsal parts of PHR, while caudal RSC projects to
more ventral parts of PHR. This finding is in line with earlier published work in the adult (Wyss and
Van Groen, 1992; Shibata, 1994; Jones and Witter, 2007). The projections originating in HF-PHR and
terminating in RSC are comparably organized such that caudodorsal RSC receives projections from the
entire dorsoventral SUB, PrS, and intermediate dorsolateral-ventromedial EC, while rostral and ventral
RSC receive afferents only from neurons in dorsal SUB, PrS, PaS, and dorsolateral EC. Such an
organization is partly similar to what has been reported for adult SUB/PrS to RSC projections (van
Groen and Wyss, 1990b; Wyss and Van Groen, 1992; van Groen and Wyss, 2003).

Second, I found that different dorsoventral levels of RSC are connected with different transverse levels
of HF-PHR. Dorsal RSC projects to distal PrS, PaS and medial MEC, while ventral RSC projects to
proximal PrS and lateral MEC. The SUB, PrS and PaS projections to RSC are similarly organized. Distal
SUB and distal PrS and PaS project to dorsal RSC, while more proximal parts of SUB and proximal PrS
project to ventral RSC. The EC projection to RSC seems to not share a directly comparable organization
since dorsolateral MEC projects to rostral A30 and the full rostrocaudal extend of A29 while more

ventromedial parts project to caudal A30.

These topographies have not been reported in earlier work in rodents, however Jones and Witter (2007)
summarize in fig. 13 the projections from RSC to PHR and report that A29 projects weakly to LEC
while A30 only projects to MEC. This finding is probably an effect of the same wiring-patterns reported
in paper 3. Hints of the existence of a similar topography have also been presented, although not
explicitly mentioned in the monkey. In fig. 6 in a paper by Kobayashi and Amaral (2007), two cases of
anterograde injections into RSC are reported. One injection located in rostral A29 displays anterograde
labeling in layers I and III of proximal PrS and layers V-VI of lateral parts of EC. The other injection,
located in caudal A30 displays anterograde labeling in layers I, III and V-VI of distal PrS and layers V-
VI of medial parts EC. Based on two injections it is not possible to differentiate whether the observed
projections are a result of the different rostrocaudal or dorsoventral positions of the injections. However,
the sparse description of these cases suggest that the topography observed in the rat is also present in

the monkey.

One could speculate why several of the topographies I have reported have not been reported in earlier
publications. Methodological issues are one possible reason. First of all most authors have subdivided

RSC into A29ab, A29c and A30 based on cytoarchitectonic features and analyzed the connection
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patterns of these areas individually without a focus on inter-areal differences. In most of the papers the
topography within each of these areas, i.e. along the rostrocaudal axis of RSC has been emphasized.
Potential differences across the dorsoventral axis might have been depreciated because each area has
been analyzed separately and since the dorsoventral extend of each subarea is too small for an evaluation
of topographies across this axis. Second, caudal RSC is curved both in the dorsoventral and mediolateral
plane. In many of the publications it is not clear whether the dorsoventral axis of RSC relates to the
dorsoventral axis of the brain or is defined as perpendicular to the rostrocaudal axis of RSC as in our
analyses. Third, an objective evaluation of the dorsoventral level of an injection is challenging, which
is alleviated by the use of a 3D-atlas or 3D-reconstruction to define the location of each injection site
(Boccara et al., 2015). The use of flatmaps of RSC is also a powerful tool to calculate the relative
positions of injections and probably increased the sensitivity of the analysis. A fourth reason for why
the topographies have not been reported could be that coronal sections have been used in most of the
previous studies. To evaluate the transverse termination pattern in PrS, PaS and EC in coronal sections
is, again, a challenging task. First of all, the plexus in deep layers of EC will only appear in one or two
coronal sections depending on section thickness and the number of series examined for tracer transport.
Additionally, the plexus appearance in the most caudal coronal sections is to a large extend dependent
on the cutting angle. If the cutting plane varies with only a few degrees between animals, the position
of the plexus relative to the section borders will be variable across animals. Therefore, the evaluation of
mediolateral termination pattern in EC has to depend purely on evaluation of cytoarchitectonic features.
In such cases the comparisons of the specific mediolateral distribution of projections across animals is
an extremely difficult exercise. In our experiments, horizontal sections were used. Since the labeled
structures and HF-PHR are mostly cut perpendicular to their long axis, our structure of interest is visible

in multiple sections and the transverse position of the plexus is therefore easier to evaluate.

All together, our investigations of topographical patterns of HF-PHR — RSC interconnections reveal a
clear pattern. A30 is preferentially connected to distal SUB, distal PrS, PaS and medial MEC, while A29
is connected preferentially more proximal SUB, proximal PrS and more lateral parts of MEC, but not to
PaS. These connectional schemes are interesting in view of reported functional differentiation of non-
spatial and spatial information streams within HF-PHR and the different wiring patterns, which exist
within HF-PHR. The PrS to MEC projection is topographically organized such that distal PrS projects
to medial MEC, while proximal PrS projects to more lateral parts of MEC (Fig 4; Shipley, 1975;
Caballero-Bleda and Witter, 1994; Honda and Ishizuka, 2004). Furthermore, these partner domains in
PrS and MEC are selectively innervated by different areas of SUB along its transverse axis such that
distal SUB projects to distal PrS and medial MEC, while more proximal parts of SUB, with the exclusion
of the very proximal part, project to proximal PrS and more lateral MEC (Fig 4; Witter, 2006; O'Reilly
etal., 2013). Regarding the EC to RSC projection, we related our observations to the known organization

of HF-EC interconnections which show a marked dorsolateral to ventromedial organization. In general,
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Figure 4. Schematic representation of connections between RSC and HF-PHR and within HF-PHR.

Dorsal RSC, distal SUB, distal PrS, PAS and medial MEC are preferentially connected, while ventral RSC, more
proximal parts of SUB, proximal PrS and more lateral parts of MEC are preferentially connected. For illustrative
purposes each subarea has been colorcoded in discrete colors even though the topographies are continuous
gradients.

neurons with a dorsolateral position in EC project to rostral and ventral parts of RSC, while neurons
located more ventromedially in EC project to more caudal and dorsal RSC. These observations thus
indicate the existence of a connectional route linking A30, medial MEC, distal SUB and distal PrS to
each other and a parallel route linking A29 with more lateral MEC, more proximal SUB and proximal
PrS. Although no clear transverse gradients in spatial modulation have been reported in MEC,
electrophysiological properties of neurons show a transverse gradient, which has been suggested to
relate to the levels of spatial tuning (Burgess et al., 2007; Canto and Witter, 2012a, b). Furthermore,
neurons in distal SUB are more spatially modulated compared to those in proximal SUB (Sharp and
Green, 1994). All observations thus point to a differentiation of A29 and A30 where A30 is connected

preferentially to more spatially modulated neurons in medial MEC and distal SUB.

Development of topographies

In papers 3 and 4 I explored the development of projections between HF-PHR and RSC and showed

that these projections are topographically organized already when the first axons arrive in their target
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regions. These findings imply that the final position of the RSC — HF-PHR axons are determined before
the axons arrive at their final destination. In early developmental experiments, Sperry and colleagues
investigated behavioral- and anatomical features in the newt, fish and tadpoles after a series of
manipulations of the retinotectal projections. By rotating and/or mirroring retinas, Sperry revealed that
regenerating axons grew into the originally correct area of the tectum even though retinal neurons were
located in new positions (Sperry, 1943, 1945; Attardi and Sperry, 1963). Thereby the visual scene
representation in the tectum was reflected and/or rotated. These experiments led to the conclusion that
the spatial organization of regenerating axons in the tectum was highly predetermined and experience
independent. Similar conclusions have been reported for developing axons in mammals. For instance,
thalamocortical projections in the visual system of both monkeys, cats and ferrets are topographically
organized very early during development. Already when the first axons arrive in visual cortex, the
projections seems to be topographically organized in ocular dominance columns (Horton and Hocking,
1996; Crowley and Katz, 2000; Crair et al., 2001). Comparable results also exist in the rodent for
thalamic projections to somatosensory cortex (Catalano et al., 1996) and for inputs from the nasal
epithelium to the olfactory bulb (Lin et al., 2000). These topographically organized projections, present
long before neurons encode a receptive field are also independent of activity in sensory receptors,

suggesting that the development of topographies in mammals are experience independent.

Whether the strict topographical organization of the first axons is a general phenomenon in the CNS, is
a matter of some controversy since in several brain systems projections have been reported to initially
be diffuse and later prune into an adult-like topography. This has for instance been observed in the
retinogeniculate connections in several species (Rakic, 1976; Linden et al., 1981; Shatz, 1983;
Godement et al., 1984), retinotectal projection in mice (McLaughlin et al., 2003) and in C. Elegans
(Kage et al., 2005). A possible explanation for why pruning of diffuse projections has been observed in
some systems, while early topographic organization without pruning has been observed in others could
be that there are different mechanisms governing circuit formation in different brain regions. However
this suggestion has, to my knowledge, not been yet been systematically tested. In my experiments, the
first RSC axons arriving in PHR are topographically organized similarly as adults. However, it still
remains to be determined whether the earliest axons are as precisely organized as the adult projections.
Unfortunately, our experiments do not have the resolution to answer such questions. Probably single
cell tracing is necessary to reveal whether young axons cover larger areas compared to adult axons (Mire
et al., 2012). The ideal experiment for addressing this issue would be to perform in vivo imaging of the
first RSC axons arriving in PHR, and investigate whether axons originating in different parts of RSC
will have spatially overlapping axonal branches during the perinatal period and whether these axons

prune into discrete plexi during the first postnatal week.

Independent of whether circuits are pruned or not into their adult state, it seems as if the topographic

organization of projections are formed by experience independent mechanisms. This suggests that
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genetic information sculpts the overall initial architecture of the brain. Thereafter, exposure of the
individual to the environment and the physical characteristics of the individual can further shape the
individual brain circuitry. For instance, visual deprivation leads to a change of initially organized ocular
dominance columns (LeVay et al., 1980) or more generally during so-called critical periods during

infancy in several brain regions (Hensch, 2004).

Mechanisms governing topographical organization of circuits

Several mechanisms governing axonal patterning have been suggested. Cajal who was inspired by
advances in microbiology suggested that some kind of attractants- and repellents played a role, or as he
stated it in one of his books published in 1890; "/The axons] adopt pre-determined directions and
establish connections with defined neural or extra neural elements [...] without deviations or errors, as
if guided by an intelligent force" (Sotelo, 2012). Sperry suggested that the neuronal specificity of the
retinotectal projections could be achieved through molecular labeling of pre- and postsynaptic elements
so that each neuron could recognize its synaptic partners. Later, Sperry’s hypothesis was expanded to
also involve gradients- and/or affinities for combinations of molecular markers, which are a more
efficient way of genetically encode such patterns. Today we know that several diffusible molecular
signals for attraction and repulsion of growing axons exist, probably involved in patterning of axonal
projections (Tessier-Lavigne et al., 1988; Alcantara et al., 2000), and for instance the Eph family of
receptor protein tyrosine kinases is one of several proteins which has been implicated in topographical
mapping of neuronal projections (Vanderhaeghen et al., 2000). In view of the here presented
topographies, it would be interesting to know whether molecules known to be important for patterning
of axonal projections are topographically organized along the dorsoventral and/or along the transverse
axis of PHR and SUB during the perinatal period. Such topographies have been reported in HF (Zhou,
1997; Galimberti et al., 2010). To our knowledge no such topographies have been reported for SUB,
PHR or RSC.

Alternatively, activity-patterns in interconnected brain regions have been postulated as crucial for
correct patterning of axonal projections. For instance segregation of ipsi- and contralateral
retinogeniculate projections in several species is disrupted if retinal activity is hampered/tempered with
(Chapman et al., 1986; Stellwagen and Shatz, 2002; Cang et al., 2005). The presence of intermixed
axons in early stages of development, followed by an activity dependent segregation, suggests a process,
which may include competitive interactions of axons for postsynaptic partners. Spontaneous waves of
activity in retinal ganglion cells are believed to induce activity dependent competition in the lateral
geniculate nucleus, possibly through classical spike time-dependent plasticity. Similar mechanisms are
also thought to be important in the developing neuromuscular junction where motor neurons display
activity dependent competition for postsynaptic acetylcholine receptors (Pittman and Oppenheim,
1978), and in induced column formations in the retinotectal projections in fish and xenopus (Boss and

Schmidt, 1984; Ruthazer et al., 2003; however see contradicting results for organization of retinotectal
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projections in the zebrafish; Gosse et al., 2008). It should be noted that internally generated spontaneous
activity is present in CNS long before primary sensory neurons become functional and can therefore not
be evoked by sensory stimuli. A possible activity-based competitive mechanism is therefore experience

independent.

It would be interesting to carry out electrophysiological recordings in RSC and HF-PHR at different
developmental stages to explore whether there are spontaneous waves of network-activity similar to
what has been reported in retina, thalamus and primary visual cortex (Hanganu et al., 2006). If such
activity is important for selective connectivity patterning in the RSC — HF-PHR system, the activity
should be present already before birth, since topographically organized projections are seen already
when the first axons arrive in PHR. I would further postulate that A29 displays desynchronized activity
patterns with A30 and synchronized activity patterns with proximal PrS and more lateral parts of EC. In
contrast, A30 should be synchronized with distal PrS and medial EC. It would also be interesting to
investigate whether manipulations of such putative activity in RSC during development could lead to

an altered topographical organization in PHR.

Such an induced altered topography would be in line with available data in the adult brain. Entorhinal-,
septal-, ipsilateral HF- and contralateral HF afferents terminate in distinct sublayers of the molecular
layer of DG. Selective lesions of each of these inputs result in a radial extension of the field of
termination of the other remaining inputs such that a larger area of the apical dendrite will be occupied
by the remaining terminal plexus (Gottlieb and Cowan, 1972; Cotman et al., 1973; Lynch et al., 1973).
These observations have led to the suggestion that there are competitive interactions between
presynaptic and postsynaptic partners governing the axonal patterning of HF-PHR projections. It would
be interesting to investigate whether RSC inputs to PHR show a similar competition with other
projections to PHR. For instance, it is known that single superficially projecting neurons in layer V of
MEC are postsynaptic targets of both RSC and SUB inputs (Simonsen et al., 2012). If we were to know
the distribution of synapses of both inputs on layer V neurons during development, one could assess a
potentially altered distribution if one of the inputs, for example that from RSC, was removed during
early development. If there are similar competitive interactions within MEC, I would expect that other
afferents, such as the one originating in SUB would take over the vacant spines formerly occupied by

RSC inputs.

Another important factor for connectional specificity is the temporal order of events during
development. Bayer and Altman noted that there was a correlation between time of neurogenesis and
termination patterns of the axonal projection (1987). Their neurogenetic hypothesis suggested that the
time of neurogenesis predicts which migratory routes will be followed, which position in the brain the
neuron will end up in, and where their axons will terminate. For instance, HF issues a topographically

organized projection to the septal complex where dorsal HF projects to more medial parts of septum
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compared with projections arising in ventral HF. Although neurons along the dorsoventral axis of HF
are generated during the same period of neurogenesis, the ones in the dorsal HF are located geometrically
closer to the septal complex than their ventral counterparts. Thus the dorsally originating axons may
arrive in the septum before the ventral ones. Interestingly more medial parts of the septum contain earlier
generated cells compared to more lateral parts of the septum. Therefore, the early arriving axons from
dorsal HF target the earlier generated septal neurons. Vice versa, neurons in progressively more ventral
parts of HF target the later formed neurons (Bayer, 1980a). Similar topographies exist for a manifold of
projections within CNS. For instance, thalamic projections to RSC seem to be organized as a function
of distance between the connected regions and the time of neurogenesis of both the pre- and postsynaptic
partners (Bayer, 1990b). Within HF, temporal order of neurogenesis seems to play a role, since time of
neurogenesis is the deciding factor for which neuronal populations within an area will become connected

(Deguchi et al., 2011).

The chronological birth date is not only important for the distance an axon can cover. Work in
Drosophila suggests that neurons born at different time points, express cell adhesion molecules in
distinct temporal windows (Petrovic and Hummel, 2008). Thus, different populations of axons are
sensitive to the same ligand at different time points, allowing different populations of axons to innervate
different postsynaptic targets at different times. All together, these data indicate that the chronological
sequence of neurogenesis is related to the patterns of anatomical interconnections in the adult brain.
Phrased in a more general way, one could postulate that neurons born at different time points are primed
with different genetically encoded programs and thereby, features such as adult connectivity might
already be defined when the neurons starts to migrate from the neuroepithelium (Zhu et al., 2006). In
paper 3, I show that A29 projects to more lateral parts of EC compared to A30. Interestingly, A29
neurons are formed earlier compared to A30 neurons (Bayer, 1990b). Neurons in more lateral parts of
EC, which preferentially connect with A29 axons, are formed earlier than neurons in more medial parts
of EC (Bayer, 1980a). The ontogenetic origin of RSC and EC neurons and the connectional organization
between these areas is therefore in line with the neurogenetic hypothesis of Bayer and Altman. It would
be of interest to see if the same gradient also holds for the projections to the superficial layers of PrS
and deep layers of PrS and PaS. Unfortunately, the data of Bayer does not have the spatial resolution to
identify ontogenic gradients within these areas. If the neurogenetic gradient hypothesis is correct, I
postulate that proximal PrS neurons are formed earlier than neurons in distal PrS and deep PaS. To
reveal possible mechanisms governing axonal patterning, an interesting experiment would be to
manipulate the birth date of selective groups of RSC neurons. During neurogenesis in several brain
areas, both in Drosophila and in rodents, neurons born at different time points express different sets of
zinc finger transcription factors (Zhu et al., 2006; Elliott et al., 2008). Likewise, future experiments
could manipulate the date of neurogenesis or the “temporal fingerprint” of certain populations of neurons

by manipulating the expression of zinc finger transcription factors. If such manipulation could
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specifically delay the time of neurogenesis for instance for neurons in A29 compared to A30 I would
expect that A29 neurons would display a topographical organization more similar to the later born A30

neurons.

Lastly, work done on development of connections between other brain regions has indicated that axons
may reside in the so-called subplate for days or even weeks depending on the species (Lund and Mustari,
1977; Rakic, 1977; Johnson and Casagrande, 1993). The subplate is a transient cortical structure, which
is a remnant of the preplate, the first cortical structure which can be observed in the developing brain.
Even though the exact function of the waiting period within the subplate is unknown, selective lesions
of the subplate disturb the formation of ocular dominance columns (Ghosh et al., 1990). It is therefore
suggested that interactions between ingrowing axons and the subplate are required for sorting axons into
their correct ocular dominance columns. In our material I did not see any signs of waiting periods where
developing RSC axons halts in the subplate and are thereby “sorted” into their correct topographical
position within the PHR, suggesting that interactions between RSC axons and the subplate are not

necessary for correct topographical organization of the axons.

Temporal development of RSC — HF-PHR connections

In paper 3, I showed that RSC axons are present already at birth. This is comparable to what other studies
from our- and other groups have found for projections to, from and within HF-PHR. Since I only
investigated postnatal animals it is possible that the first RSC axons arrive in PHR before birth. To reveal
earlier ingrowth of axons, it is necessary to perform prenatal injections or injections in prematurely born

rats.

In developing projections from EC to HF so-called Cajal-Retzius is present, a transient population of
calretinin positive neurons guiding later in-growing axons to HF (Super et al., 1998; Ceranik et al., 1999;
Deng et al., 2007). Similar transient populations of neurons also exist for other projection within HF-
PHR (Super et al., 1998). It would be interesting to reveal whether the pioneer RSC-axons arriving in
HF-PHR are also present in adolescent animals. It could be possible that the first axons arriving are
transient “guiding” axons which ultimately degenerates before the network are fully functional. It would
also be of interest to reveal whether these first axons make synapses. Our high-resolution images display
axons with bouton-like swellings which could possibly be presynaptic terminals. Alternatively the
swellings could be growth cones. Electron microscopy of these terminals or to perform a synaptic stain
against for instance the synaptic marker bassoon and/or the growth cone marker GAP-43 could reveal

whether swellings are actual synapses or growth cones.

In the present studies, I tried to reveal temporal differences between the growth of axons from different
subareas of RSC. However, such a measure might not be the most crucial with respect to maturation of
neural networks. A more interesting measure would be to reveal when the ingrowing fibers make

synapses with their postsynaptic targets. One way to measure such an effect could be to do a synaptic
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stain, as described above and measure the number of synapses per axon. Such a measure could reveal
temporal differences between synaptogenesis of afferents from different parts of RSC, and ultimately
also be compared with synaptogenesis of afferents from other (sub)cortical regions and synaptogenesis
in the local circuits of PHR. An indirect measure of synaptogenesis is to quantify the number of axons
in the terminal plexus. In our experiments, the axonal densities varied with a number of factors such as
size of injection, how much of the injection involved layer V of RSC, the tracer used and also the age
of the animal. One additional analysis to overcome this issue is to count the number of axons present in
the structure of interest normalized to the number of layer V cells involved in the injection. The latter
could be quantified by staining for a neuronal marker such as NeuN together with a stain for the tracer.
This number, for each tracer, could be compared across ages to quantify the development of the axonal

plexus.
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Conclusions

I conclude that there are strong intrinsic connections within and between the RSC subdivisions and there

are prominent reciprocal connections between PHR, SUB and RSC.

Further, I conclude that information from RSC could reach the HF through pyramidal neurons in layer
V of MEC, which issue projections to the superficial layers of MEC. Neurons in the latter layers may
relay information from RSC to HF since these layers harbor neurons projecting to HF. Alternative
multisynaptic pathways connecting RSC via PHR to HF likely include RSC projections to postrhinal
cortex, pre- and parasubiculum respectively. All three structures receive RSC inputs among others in

superficial layers, which harbor neurons projecting to superficial layers of MEC.

The RSC — HF-PHR interconnections are present at birth and the early arriving fibers in PHR display
an adult-like topographic organization. Around birth, these connections are very sparse, gradually
developing until they reach adult like organization around P12. At all ages, the projections are
topographically organized so that rostral RSC is connected with dorsal HF-PHR while caudal RSC is
connected with more ventral parts of HF-PHR. In addition, A30 is preferentially connected with distal
PrS, PaS and medial MEC, while A29 is preferentially connected with proximal PrS and more lateral

parts of MEC, and not PAS. These early postnatal patterns are similar to those observed in adult rats.

The early development of the reciprocal connections between RSC and HF-PHR, already at an early
postnatal stage, before neurons are functionally differentiated, suggests that RSC-PHR interconnections
are organized by experience-independent mechanisms. This experience independent topographic
organization suggests that RSC and HF-PHR are parts of one tightly coupled system and that RSC —

HF-PHR interaction is necessary for proper functioning of the two regions.
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A connectome is an indispensable tool for brain researchers, since it quickly provides
comprehensive knowledge of the brain's anatomical connections. Such knowledge lies at the
basis of understanding network functions. Our first comprehensive and interactive account of
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connections of this region, because of the interesting functional overlap between these brain
regions. The RSC is involved in a variety of cognitive tasks including memory, navigation, and
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providing an unprecedented interactive and searchable overview of all connections within and
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INTRODUCTION

A connectome is a comprehensive description of the network ele-
ments and connections that form the brain (Sporns et al., 2005). Such
clear and comprehensive knowledge of anatomical connections lies at
the basis of understanding network functions (Crick and Koch,2003).
For example, the existence of a connection between two brain regions
ascertains that information transfer can occur. Likewise, when inputs
from different brain regions converge onto another region, this can
be interpreted as an anatomical substrate for information integration
(Sporns and Tononi, 2007). Here, we review the current state of the
art knowledge on connectivity of the rat retrosplenial cortex (RSC)
with the hippocampal-parahippocampal region (HF-PHR). Apart
from this written account, the results will be presented graphically in
a comprehensive, interactive, and searchable connectome.

The RSC is the most caudal subdivision of the strip of cortex
around the corpus callosum that is generally referred to as the
cingulate cortex. In primates, the cingulate cortex is subdivided
into an anterior and a posterior part and the most caudoventral
subdivision of the posterior cingulate cortex is called RSC, whereas
in rodents the RSC comprises the entire posterior cingulate cor-
tex (Vogt and Peters, 1981). Compared to well-investigated brain
regions such as the hippocampus, relatively little research has been
carried out on the anatomy and functions of the RSC. Recently,
discoveries that suggest an important role for the RSC in cogni-
tive functions have sparked increased interest in its anatomy and
functions. In humans, the RSC is activated in (autobiographical)
memory tasks, navigation, and prospective thinking (Vann et al.,

ial cortex, hipp

I formation, parahipp npal region, i ive,

2009). These cognitive functions are also known to be affected in
patients with RSC lesions, in whom topographical disorientation
and learning deficits are commonly observed (Maguire, 2001).
Additional evidence for the involvement of the RSC in cognitive
functions stems from the observation that the RSC is a component
of the so-called default mode network. The default mode network is
an interconnected system of brain regions, involving the lateral and
medial parietal areas, the medial frontal and medial temporal lobe
region, and the RSC (Buckner et al., 2008; Greicius et al.,2009). This
network of brain regions is not only active during retrieval of auto-
biographical memories, but also when an individual is not focused
on the outside world and instead is performing internal tasks such
as daydreaming, envisioning the future, retrieving memories, and
probing emotions and actions of others (Buckner et al., 2008).
Although the function of the default mode network and the role
of the RSC within it remains elusive, it has been argued that the
RSC plays an active part in memory retrieval and visualization of
memories (Greicius et al., 2009).

The cognitive functions in which the RSC is engaged show a
striking similarity with those that engage the medial temporal lobe
system; a system that comprises the HF-PHR. The loss of cogni-
tive capabilities as seen in patients with RSC lesions is remarkably
similar to those seen in patients with HF-PHR damage (Scoville
and Milner, 1957; Henderson et al., 1989; Reed and Squire, 1997;
Maguire, 2001). Furthermore, in Alzheimer’s disease, both HF—
PHR as well as RSC show progressive atrophy (Villain et al., 2008;
Raji et al., 2009; Pengas et al., 2010).
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As in humans, the RSC of rats is thought to be important for
a variety of cognitive tasks. RSC lesions impair performance in
spatial memory tasks (Sutherland et al., 1988), allocentric working
memory tasks (Vann and Aggleton, 2004), egocentric memory tasks
(Cooper and Mizumori, 1999; Whishaw et al., 2001), and tasks in
which animals have to detect if a spatial arrangement is novel or
familiar (Vann and Aggleton, 2002). Particularly within the field
of spatial learning and memory, functional attributes of the RSC
show a large overlap with those of HF-PHR. The presence of so
called head direction cells in the RSC, which have been implicated
in navigation, provides strong support to the notion that the RSC
has arole in spatial cognition (Chen et al., 1994; Muller et al., 1996;
Cho and Sharp, 2001). Head direction cells fire when the animal’s
head points in a specific direction, and such neurons are also present
in a number of subdivisions of PHR, in particular in the presubicu-
lum, parasubiculum, and entorhinal cortex (Boccara et al., 2010).
These three areas of PHR are reciprocally connected with RSC
and in addition, they receive input from CAl (Cornu Ammonis;
see Nomenclature of HF and PHR) and subiculum (Insausti et al.,
1997; Naber et al., 2001; Jones and Witter, 2007), which are both
involved in navigation (O’ Keefe and Dostrovsky, 1971; Sharp and
Green, 1994). The RSC also receives direct input from CAl and
subiculum (Vogt and Miller, 1983; Van Groen and Wyss, 1990b,
1992, 2003; Insausti et al., 1997).

The functional relevance of the RSC and the striking overlap
with the functional connotations attributed to HF—PHR strongly
suggests a functional relationship between these areas. Knowledge
about the connectome that underlies this relationship is relevant,
but presently not available in an accessible format. In this review,
all reported anatomical connections within the RSC and between
the RSC and the HF-PHR in the rat are presented. The general
patterns of connectivity will be presented in a condensed writ-
ten form and specific connection patterns will be highlighted to
evaluate possible functional implications. Additionally, all pub-
lished connections between the RSC and HF-PHR and the intrinsic
connectivity of the RSC were integrated in the already published
interactive diagram of all published connections of the rat HFE-PHR
(Van Strien et al., 2009). The current version of the interactive
and now searchable diagram, represents without doubt the fullest
and most detailed account ever of the brain connections between
the HE, PHR, and RSC. We hope that this contribution will help
to further understanding of the functional interactions between
those brain structures.

MATERIALS AND METHODS

NOMENCLATURE OF THE RSC

Multiple definitions and nomenclatures for the rat cortical man-
tle exist. Krieg (1946) was the first to delineate the RSC in the rat,
based on the anatomical account of Brodmann, who subdivided
the RSC in rabbit and named it area (A)29 (Brodmann, 1909).
For this review, the nomenclature as described by Vogt et al.
(2004) is followed. According to this definition, the rat RSC is
subdivided into four areas referred to as A29a, A29b, A29c, and
A30. Most of the connectional papers do not separate A29a from
A29b and the combined region will be referred to as A29ab in
this paper (Figure 1). Where necessary, we converted the original
nomenclature used in individual papers into the nomenclature

of Vogt. For this purpose, a “Rosetta table” was created, which
allows easy conversion between different nomenclatures of the
RSC (Table 1).

DELINEATION OF RSC

The RSC is a neocortical structure situated in the midline of the
cerebrum. It arches around the dorsocaudal half of the corpus
callosum in the rat, where it is bordered rostrally by the anterior
cingulate cortex, caudoventrally by the PHR and laterally by the
parietal and visual cortices. The coordinate system that defines
position within the RSC is explained in Figure 1. The delinea-
tion of the subareas of RSC is based on cytoarchitectonic features
(Figure 2). A29a is the most ventral subdivision and it differs
from the dorsally adjacent A29b since it lacks a fully differentiated
layered structure. Cytoarchitectonically, A29a has a homogenous
layer II/TII, while in A29b this layer is divided into a thin superfi-
cial densely packed zone and a less dense deeper zone (Vogt and
Peters, 1981). A29a and A29b are distinguished from A29¢ most
strikingly in layer III, which in A29ab has cells arranged in bands
parallel to the pial surface, while in A29c¢ layer III is thinner and
the pyramidal cell bodies are randomly spaced (Van Groen and
Wyss, 1990b). An additional way to compare sub-regions is by
looking at chemoarchitectonic features. A29ab shows parvalbumin
stained cells in layers II, V, and VI, which are not as apparent in
A29c (Jones et al., 2005). In AChE stained sections A29¢ layer IV
shows a widening and increased strength of AChE staining com-
pared to layer IV of A29b (Vogt and Peters, 1981; Sripanidkulchai
and Wyss, 1987; Van Groen and Wyss, 1990b; Jones et al., 2005).
Cytoarchitectonically, A30 shows an abrupt widening and a less
dense packing of layer II/III compared to A29b and A29c¢ (Vogt
and Peters, 1981; Sripanidkulchai and Wyss, 1987; Van Groen and
Wyss, 1992; Jones et al., 2005). Also, A30 layer IV is wider than in
A29b/A29c and A30 layer V neuronal cell bodies tend to be larger
(Krieg, 1946; Van Groen and Wyss, 1992). In AChE stained sec-
tions, layer I-IV of A30 are evenly and darkly stained (Van Groen
and Wyss, 1992), whereas in A29¢ superficial and deep parts of
layer I and layer IV are most densely stained (Sripanidkulchai
and Wyss, 1987).

NOMENCLATURE OF HF AND PHR
The HF is a C-shaped structure situated bilaterally in the caudal
part of the brain. It is subdivided into the dentate gyrus (DG), the
Cornu Ammonis (subdivided into CA3, CA2, and CA1l), and the
subiculum (Sub). The HF consists of three layers, a deep polymorph
layer, a more superficial cell layer and on the outside a molecular
layer that is almost devoid of neurons. The deep layer is called hilus
in the DG and stratum oriens in CA and is not really differentiated
in Sub. In DG the cell layer consists of granule cell bodies. In CA
and Sub, the cell layer contains pyramidal cells. The superficially
positioned molecular layer in DG and Sub is not further subdi-
vided, whereas in CA3, it is divided into three sub-layers: stratum
lucidum, stratum radiatum, and stratum lacunosum-moleculare.
The lamination of CA2 and CAl is the same, with the exception
that the stratum lucidum is missing.

The PHR borders HF caudally and medially. It is subdivided
into the presubiculum (PrS), the parasubiculum (PaS), the entorhi-
nal cortex (EC), further subdivided into the medial and lateral
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FIGURE 1 | Rep of the plenial cortex (RSC),
hippocampal formation (HF) and the parahippocampal region (PHR) in
the rat brain. Lateral (A1) and midsagittal (A2) views of the rat brain. The RSC
is subdivided into A29ab, A29c, and A30. For orientation a rostrocaudal and
dorsoventral axis is indicated (A1). The HF consists of the dentate gyrus (DG),
CA3, CA2, CA1, and the subiculum (Sub). The PHR is subdivided into the
presubiculum (PrS), parasubiculum (PaS), the entorhinal cortex, which has a
lateral (LEA) and a medial (MEA) subdivision, the perirhinal cortex (PER;
consisting of Brodmann areas (A)35 and A36) and the postrhinal cortex (POR).
For orientation in HF the long or septotemporal axis is used [also referred to as
the dorsoventral axis; (A1,B2)]. Another commonly used axis is referred to as

Olfactory ctx

CA2 [ CA1
[0 MEA I LEA I A35 I A36 Bl POR B A29abll A29c I A30

Sub.

Sub W PrS M PaS

the proximodistal axis which indicates a position closer to DG or closer to PHR,
respectively (B1). The main axis applied in case of PrS and PaS is also the
septotemporal axis, in PER and POR a rostrocaudal axis and in the entorhinal
cortex is a dorsolateral-to-ventromedial axis [dl and vm; (A1,A2)]. The dashed
vertical lines in panels (A1,A2) indicate the levels of four coronal sections
(B1-B4), which are shown in (B). The gray stippled line in (A1) represents the
position of the rhinal fissure (rf) and in (A2) they represent the global
delineation from the dorsal surface of the brain with the midsagittal and
occipital surfaces. (B) Four coronal sections of the rat brain; the levels of these
sections are indicated in (A). The subfields of the HF, PHR and RSC are
color-coded, see color panel below (B).

entorhinal area (MEA and LEA respectively), the perirhinal cortex
(PER; divided into Brodmann’s areas 35 and 36) and the postrhinal
cortex (POR). The PHR is generally described as having six lay-
ers. The delineation and the HF-PHR connections are extensively
described in earlier publications (Witter and Amaral, 2004; Van
Strien et al., 2009). The coordinate system that defines position
within the HF and the PHR is explained in Figure 1.

DATA COLLECTION AND VISUALIZATION

A search was performed on publications reporting tract-tracing
studies on intrinsic RSC and RSC — HF-PHR connections in
PubMed' and Embase? (see www.temporal-lobe.com for queries).

'www.PubMed.gov

“www.embase.com

The following inclusion criteria were used: (1) tract-tracing studies
or studies which report intracellular filling of single cells; (2) stud-
ies which used healthy, genetically un-altered, untreated adult rats
were included; (3) publications written or translated into English
orin a language using roman print. The database queries retrieved
816 papers of which 46 contained relevant information. The con-
nectional information was retrieved from these papers, including
information from tables and figures, using the following criteria:
(1) it was clear where anterogradely filled terminals or retrogradely
labeled cell bodies were located; (2) the location of the injection site
was clearly described; (3) injection sites did not include multiple
brain areas or fiber bundles; (4) lesion studies were discarded; (5)
explicitly reported non-excitatory projections were excluded; (6)
contralateral projections were excluded. The information about
these connections was stored in a custom-made relational database
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Table 1| Comparison of nc es of the retrosplenial cortex (RSC).

Vogt et al. Brodmann Rose (1927)* Krieg (1946) Rose and Woolsey (1948)*
(2004) (1909)*
A30 A29d RSag (rostral and 29c Area cingularis
intermediate A30)
A29¢c A29¢c RSgp (caudal A30 and A29c) 29 Area cingularis
A29ab RSgo Retrosplenial area
A29b A29b
A29a A29a
Vogt et al. Meibach and Krettek and Price (1977)® Sripanidkulchai Van Groen and Wyss (1992) Shibata (1994)
(2004) Siegel (1977) and Wyss (1987)
A30 RSAG RsAg Rag Rdg RSA
A29¢c RSGd RsG Rgb Rgb RSG
A29ab RSGv RsG Rga Rga RSG
A29b
A29a

Vogt et al. (2004) Zilles and Wree (1995)

Burwell and Amaral (1998)

Jones et al. (2005) Shibata et al. (2009)

A30 RSA RSPd
A29c RSG RSPv
A29ab RSG

A29b

A29a

Rostral and intermediate Rsd 29d
RSv-b 29¢
RSv-a and caudal RSd
29b
29a

In the present paper, RSC is subdivided into A29a, A29b, A29c, and A30 according to Vogt et al. (2004).

"Rabbit.
*Mouse.
*Nomenclature described in Zilles and Wree (1995).

Rose (1927): RSag, retrosplenialis agranaluris; RSgp, retrosplenialis granularis dorsalis; RSga., retrosplenialis granularis ventralis; Meibach and Siegel (1977): RSAG,
retrosplenialis agranularis;, RSGd, retrosplenialis granularis dorsalis; RSGv, retrosplenialis granularis ventralis,; Krettek and Price (1977): RsAg, agranular retrosplenial
area; RsG, granular retrosplenial area; Sripanidkulchai and Wyss (1987): Rag, retrosplenial agranular cortex; Rgb, retrosplenial granular cortex b; Rga, retrosplenial
granular cortex a,; \Van Groen and Wyss (1992):Rdg, retrosplenial dysgranular cortex,; Rgb, retrosplenial granular b cortex; Rga, retrosplenial granular a cortex; Shibata
(1994): RSA, retrosplenial agranular area; RSG, retrosplenial granular area; Zilles and Wree (1995):RSA, agranular retrosplenial cortex; RSG, granular retrosplenial
cortex; Burwell and Amaral (1998): RSPd, dorsal retrosplenial area; RSPv, ventral retrosplenial area; Jones et al. (2005): RSd, dorsal retrosplenial cortex; RSv-b,
ventral retrosplenial cortex dorsal part; RSv-a, ventral retrosplenial cortex ventral part.

(Microsoft Access; Microsoft Corporation, WA, USA). Before data
was entered into this database, the accuracy was verified by at least
two of the authors.

Next, results from independent retrograde and anterograde
experiments were combined, such that both the layers of origin
and termination could be determined. The connections were added
to the existing HF-PHR connectome (Van Strien et al., 2009)
which was drawn in Visio (Microsoft Corporation, WA, USA) and
exported to PDF (Adobe Acrobat Pro; Adobe Systems Inc., CA,
USA), see Figure 3 for an overview of the connectome. In total,
the database now includes 223 references in 710 records, describing
approximately 2600 connections. Compared to the initial interac-
tive connectome, the usability of the current version is improved
by adding a search dialog, help section and a tutorial, developed
using AcroDialogs and AcroButtons (Windjack Solutions, Inc., OR,
USA). Updated and extended support information (e.g., manual,
references, and RSC nomenclature) is available on http://www.
temporal-lobe.com.

RESULTS

In the following section, the intrinsic connections between RSC
subdivisions and connections between RSC subdivisions and the
HF and PHR are summarized in a condensed written form (for
a condensed overview see Table 2). These connections are also
visually presented in the interactive connectome (Supplementary
Material).

CONNECTIONS WITHIN RSC

A29a and A29h

Intrinsic projections are those confined to a defined cytoarchitec-
tonic subarea. In case of A29a and A29b, reports either describe
those separately or the two areas have been combined into one
A29ab. We therefore deal with the two areas in this section together.
The intrinsic projections of A29a originate in layer III-VI and ter-
minate in layers I, II, III, and V. Those of A29b follow a rostral-to-
rostral and a caudal-to-caudal pattern. Rostral projections originate
inlayers II, IIL, V,and VI and terminate rostrally in all layers. Caudal
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A30
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ventral

FIGURE 2 | Cy hi of rat ret| ial cortex (RSC).
Photomicrograph of a coronal section stained for NeuN (high power image
taken from the section shown in Figure 1B2), illustrating the cytoarchitectonic
characteristics of A29a, A29b, A29c¢, and A30. A29a has a homogenous layer
1I/1ll and lacks fully differentiated deep layers. In A29b layer II/Ill is divided into
a thin superficial densely packed zone and a less dense deeper zone. A29c¢ has
a more differentiated layer V and a more equally dense layer II/Ill compared to
A29b and a thinner layer IV compared to A30. A30 shows a widening and a
less dense packing of layer II/Ill and layer V neuronal cell bodies tend to be
larger. Layer VI is mostly developed in A30 and A29c and almost absent in
A29a and b (for more details see \Vogt et al., 2004; Jones et al., 2005).

projections terminate caudally in layers I, II, III, and V (Shibata
etal.,2009). The A29a projection to rostral and caudal A29b origi-
nates in all cell layers and terminates in layers I, II, III,and V (Shibata
etal.,2009). Caudal A29b projects to caudal A29a and rostral A29b
projects to rostral A29a and the projections originate in all cell
layers and terminate in layers I, IL, III, and V (Shibata et al., 2009).
The terminal patterns, when combined, are essentially in line with
the reported terminal distribution in layers I, I1I, V, and VI for the
combined area A29ab (Van Groen and Wyss, 1990b; Jones et al.,
2005; Miyashita and Rockland, 2007).

Both A29a and A29b project to the entire rostrocaudal extent of
A29c (Vogt and Miller, 1983; Shibata et al., 2009). Projections that
arise from layer V of caudal A29a terminate in layers I, II, III,and VI
of the intermediate rostrocaudal and caudal parts of A29c¢. Rostral
A29b projects to rostral and intermediate rostrocaudal A29¢, and
caudal A29b projects to caudal A29c. Projections originate in layers
11,111, V, and VI and terminate in all layers of A29c. When described
together (Van Groen and Wyss, 1990b, 2003; Jones et al., 2005;
Miyashita and Rockland, 2007), the only striking deviation from
the combined separate patterns is that the terminal distribution of
the projection from A29ab to rostral A29¢ is restricted to layers II
and III (Van Groen and Wyss, 1990b).

Neurons in layers V and VI of the caudal part of A29a project to
caudal levels of A30, terminating in layers L, II, III, and V (Shibata
etal.,2009). In case of A29b these projections arise from the entire
rostrocaudal extent, but also target caudal portions of A30, showing
the same laminar distribution as those of A29a (Vogt and Miller,

1983; Shibata et al., 2009). In line with these observations, the
projections from A29ab originate caudally in layer VI and more
rostrally in layers III-V projecting to the midrostrocaudal por-
tion of A30 (Van Groen and Wyss, 1990b, 1992; Jones et al., 2005).

A29c

The intrinsic connections of A29c arise from the entire rostro-
caudal extent and project to the entire rostrocaudal extent (Vogt
and Miller, 1983; Van Groen and Wyss, 2003; Jones et al., 2005;
Miyashita and Rockland, 2007; Shibata et al., 2009). These projec-
tions originate in layers II, III, V, and VI and terminate in layers
I-V. Projections from A29c to caudal A29a exist (Shibata et al.,
2009) and the caudal and midrostrocaudal origin is in layer V and
that of the rostrally originating projections in layers V and VI. The
projections from A29¢ to A29ab or A29b arise from the entire ros-
trocaudal extent and project to the entire rostrocaudal extent (Van
Groen and Wyss, 1990b, 2003; Jones et al., 2005; Miyashita and
Rockland, 2007; Shibata et al., 2009). Rostrally, projections arise
from layers V and VI, whereas in caudal A29c projections arise
from layers II, III, V, and VI. Termination of these projections in
A29b occurs in layers I, II, IIT, and V. The projection from A29c¢ to
A30 originates and terminates in all layers (Vogt and Miller, 1983;
Sripanidkulchai and Wyss, 1987; Audinat et al., 1988; Van Groen
and Wyss, 1992, 2003; Jones et al., 2005; Shibata et al., 2009). A
topographical organization is present, such that rostral A29¢ pro-
jects to rostral and mid-rostrocaudal A30 and caudal A29c¢ projects
to the entire rostrocaudal extent of A30.

A30

The intrinsic connections of A30 arise from the entire rostrocaudal
extent and project to the entire rostrocaudal extent, whereby layers
1I-VI project to all layers (Vogt and Miller, 1983; Audinat et al.,
1988; Van Groen and Wyss, 1992; Jones et al., 2005; Shibata et al.,
2009). Projections to A29a arise from the entire rostrocaudal extent
of A30 and terminate caudally (Vogt and Miller, 1983; Shibata etal.,
2009). At rostral and intermediate rostrocaudal levels, the projec-
tions originate in layer V, whereas caudally the projections arise
from layer II-VI. A30 also projects to A29b (Vogt and Miller, 1983;
Shibata et al., 2009). This projection arises rostrally from layers V
and VIand caudally from layers II-VI. Termination in A29b occurs
inlayers I, IL, II, and V. The caudal and midrostrocaudal projections
of A30 to A29ab terminate in all layers (Van Groen and Wyss, 1992;
Jones et al., 2005). A30 projects to A29¢ and the projection does
not show a topographical rostrocaudal organization. Projections
arise from layers I1, II1, V, and VI and terminate in all layers of A29¢
(Vogt and Miller, 1983; Van Groen and Wyss, 1992, 2003; Jones
et al., 2005; Shibata et al., 2009).

RSC PROJECTIONS TO THE PHR

A29a and A29b

A29ab projects to all subdivisions of PHR. Dense projections exist
from A29ab to PrS (Van Groen and Wyss, 1990a,b,d; Shibata, 1994;
Jones and Witter, 2007). More specifically, layers Il and V of A29ab
target PrS layers I, III, V, and VI. The A29ab projection to PrS
is topographically organized, such that caudal A29ab targets the
entire septotemporal extent of PrS, whereas rostral A29ab targets
septal PrS only. The projection to Pa$ originates in layers II, III,
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The connectome (see ratbrain_connectome.pdf in Supplementary Material)
consists of 14 large, colorcoded boxes, which represent the sub-regions of the
hippocampal formation, parahippocampal region, and retrosplenial cortex. In this
figure, the user interface elements of the connectome are indicated with
colorcoded outlines and their meaning/purpose is explained. (A) In the white
outlines, the 14 anatomical sub-regions are displayed. (B) The 14 anatomical
sub-regions are three-dimensionally organized. However, the origin and
termination of connections are not always described in full detail in the literature.
Therefore, area boxes are divided into four quadrants. Quadrant | has full
topological information, whereas the other quadrants have less topological detail.
In quadrant |, the vertical axis in the connectome represents the septotemporal
axis of dentate gyrus (DG), Cornu Ammonis (CA3 and CA1), subiculum (Sub),
presubiculum (PrS) and parasubiculum (PaS), and the dorsoventral axis of medial
and lateral entorhinal area (MEA and LEA), retrosplenial cortex (A29 and A30),
perirhinal cortex (A35 and A36) and postrhinal cortex (POR). The sidebars (B)
display the dorsoventral and septotemporal axes of the anatomical sub-regions.
The horizontal axis within quadrant | and Il represents the proximodistal axis in
CA3, CA1, Sub, PrS, and PaS; the rostrocaudal axis in A29¢, A30, A35, A36, and
POR and the DG is subdivided into the inner/outer blades and crest region.
Within the area boxes, the layers for each specific subarea are outlined. In

@) search o showa K Cleara [l Tutorial [l Hep DR Contact & Oniine [ support

z

mlmﬁ

‘Warning: JavaScript Windc v

quadrant I, the information of the vertical axis and the layers are specified, but no
details of the horizontal axis are presented. In quadrant /Il the horizontal axis and
the layers are represented, while in quadrant IV, only layer information is present.
(C) The interactive connectome allows visualization of detailed connectivity
patterns within and between sub-regions. To search for connections, use the
search button on the toolbar (C). The toolbar has eight buttons (from left to right):
Search for connections, show all connections, clear all connections, a short
tutorial on how to search for connections, a help section, contact information, a
link to the project website www.temporal-lobe.com and information about how
to support this project. (D) If the toolbar is closed, clicking the “open toolbar”
button will restore it. (E) After a search is carried out, the retrieved connections
will be drawn in the diagram between the appropriate areas and quadrants.
Additionally, an eye-icon will appear in the layers panel on the left (E). This is an
alphabetically sorted list of “from — to” connection groups that can also be
switched on or off manually. In front of each group is a “+" icon. Clicking this icon
expands the list of individual connections that make up the group, allowing one to
select connections originating from a specific cortical layer or according to a
specific three-dimensional projection pattern. (F) The figure panel provides a
detailed anatomical description of the retrosplenial cortex, the hippocampal
formation and the parahipppcampal region, together with translation tables for
nomenclature. Use the buttons in this panel to switch between the figures.

and V and the caudal A29ab projects to the whole septotemporal
axis of the PaS (Van Groen and Wyss, 1990a,b; Shibata, 1994; Jones
and Witter, 2007). The projections to PER originate in caudal and

intermediate rostrocaudal A29ab and terminate in layers V and
VI (Shibata, 1994; Jones and Witter, 2007). The POR projection
originates in layer II and V and terminates in all layers (Jones
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Table 2 | Anatomical connections between subareas of the hippocampal
formation, the parahippocampal region and the retrosplenial cortex.

From
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Connections that are present are shown as black squares, absent connections
are shown as white squares. DG, dentate gyrus; CA, Cornu Ammonis 1 and 3;
Sub, subiculum; PrS, presubiculum; PaS, parasubiculum; MEA, medial entorhinal
area; LEA, lateral entorhinal area; A35: perirhinal cortex — Brodmann area 35;
A36: perirhinal cortex — Brodmann area 36; POR postrhinal cortex. Brodmann
area A29ab, A29a, A29b, A29c, and A30.

and Witter, 2007). The projection to LEA layers I, II, III, V, and
VI and MEA layers I, V, and VI originates in caudal A29ab (Jones
and Witter, 2007).

A29¢

A29c¢ also projects to all subdivisions of PHR. The projection
to PrS is topographically organized along the rostrocaudal axis,
such that caudal A29¢ projects to the entire septotemporal extent
of PrS, intermediate A29¢ projects to intermediate and septal
PrS, whereas rostral A29c only projects to septal PrS (Meibach
and Siegel, 1977; Vogt and Miller, 1983; Van Groen and Wyss,
1990a,d, 2003; Shibata, 1994; Gonzalo-Ruiz and Bayona, 2001;
Jones and Witter, 2007). Projections to temporal PrS originate in
layers II and V, whereas projections that terminate in septal PrS
are reported to originate only in layer V. Termination has been
reported in all layers of PrS. The projection to PaS originates
in layer V and terminates in all layers (Vogt and Miller, 1983;
Finch et al., 1984; Van Groen and Wyss, 1990a; Shibata, 1994;
Jones and Witter, 2007). Whether or not this projection shows a
topographical organization is unclear. The projection to PER that
arises from midrostrocaudal A29c terminates in layer V and VI
of PER, whereas the caudal A29¢ projection terminates in all lay-
ers of PER (Guldin and Markowitsch, 1983; Shibata, 1994; Jones
and Witter, 2007). The projection to POR originates in layers II
and V of A29¢ and terminates in all layers (Burwell and Amaral,
1998; Jones and Witter, 2007). Both MEA and LEA are targeted by

projections that originate in caudal A29¢. Termination in EC has
been reported to include both superficial layers and deep layers
(Shibata, 1994; Jones and Witter, 2007).

A30

Similar to A29ab and A29¢, A30 also projects to all subdivisions of
the PHR. The projections to PrS originate in layers II and V and
terminate in layers I, IL, III, V, and VI (Vogt and Miller, 1983; Van
Groen and Wyss, 1990a, 1992; Shibata, 1994; Jones and Witter, 2007).
The topographical organization of this projection is such that rostral
A30 projects to septal PrS, whereas caudal and midrostrocaudal A30
project to the entire septotemporal extent of PrS. The projection to
PaS originates along the entire rostrocaudal extent of A30 (Vogt and
Miller, 1983; Van Groen and Wyss, 1992; Shibata, 1994; Jones and
Witter,2007). The layers from which these projections originate have
not been determined, and the projections terminate in all layers of
PaS. The projections to PER originate from the rostrocaudal extent
of A30. Rostral A30 projections to PER show terminal labeling in
layers V and VI. Caudal projections originate in layers II, III, and V
and terminate in all layers of PER (Deacon etal., 1983; Shibata, 1994;
Burwell and Amaral, 1998; Jones and Witter, 2007). A30 projections
to POR originate in layers IT and V and terminate in all layers of
POR. No topographical organization has been reported (Burwell
and Amaral, 1998; Jones and Witter, 2007). A30 to EC projections
show the following pattern: Layer V of A30 projects to all layers of
MEA. However, caudal A30 was shown to project to LEA and MEA
layers V and VI, whereas intermediate rostrocaudal A30 was shown
to project to MEA layers I, II, and III (Van Groen and Wyss, 1992;
Shibata, 1994; Burwell and Amaral, 1998; Jones and Witter, 2007).

PHR PROJECTIONS TO THE RSC

A29a and A29h

Some PHR sub-regions send return projections to A29ab. Septal
and temporal PrS layer V neurons project to A29ab layers I-V
(Finch et al., 1984; Van Groen and Wyss, 1990a,b,d). A projection
from EC to A29ab has been reported, but topographical informa-
tion for this projection is absent (Miyashita and Rockland, 2007).
Although PaS, PER, and POR receive connections from A29ab,
return projections have not been described.

A29¢

Neurons in PrS§ layer V project to layers I and III of A29¢. Septal PrS
projections terminate in the whole rostrocaudal extent of A29¢ (Vogt
and Miller, 1983; Finch et al., 1984; Van Groen and Wyss, 1990a,d,
2003). Neurons in Pa$S layer V project to layer II and III of A29¢
(Vogt and Miller, 1983; Finch et al., 1984). Similarly, projections
from PER (A35, A36) and POR to A29¢ have been reported, but no
additional information about these projections is available (Agster
and Burwell,2009). Finally, layer V of both LEA (Agster and Burwell,
2009) and MEA (Frohlich and Ott, 1980; Insausti et al., 1997; Agster
and Burwell, 2009) project to A29c. MEA is known to project to layers
I II, and IV of A29c¢ (Frohlich and Ott, 1980; Insausti et al., 1997).

A30

Neurons in layers V and VI of septal PrS project to layers I,
111, IV, and V of A30 (Vogt and Miller, 1983; Finch et al., 1984;
Witter et al., 1990; Van Groen and Wyss, 1992). PaS layer V
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projects to A30, but the layers of termination are unknown
(Vogt and Miller, 1983). A35 and A36 also project to A30
(Agster and Burwell, 2009), where caudal A36 projects to cau-
dal A30. POR projects to A30, but layer specific information is
absent (Agster and Burwell, 2009). Finally, both LEA (Agster
and Burwell, 2009) and MEA (Insausti et al., 1997; Agster and
Burwell, 2009) have been reported to project to A30, but only for
MEA a termination in layers I and II of A30 has been described
(Insausti et al., 1997).

RSC PROJECTION TO THE HF

A29a and A29h

Neurons in layer V of A29ab project to Sub in the HF (Van Groen
and Wyss, 1990b; Shibata, 1994). This projection is topographi-
cally organized such that caudal A29ab projects to temporal Sub,
where termination occurs in the stratum moleculare and stratum
pyramidale, whereas rostral and intermediate A29ab projects to
intermediate septotemporal levels of Sub, where termination occurs
in the stratum pyramidale.

A29¢

Also for A29¢, Sub is the only HF target (Meibach and Siegel, 1977;
Shibata, 1994; Gonzalo-Ruiz and Bayona, 2001; Van Groen and
Wyss, 2003). This projection is topographically organized along
the rostrocaudal axis, such that rostral A29¢ projects to septal and
intermediate septotemporal levels of Sub, intermediate A29¢ pro-
jects to intermediate septotemporal levels and caudal A29¢ projects
to temporal and intermediate septotemporal levels of Sub. Caudal
projections to temporal Sub have been described to terminate in
stratum moleculare and stratum pyramidale, whereas projections
from rostral A29¢ to intermediate septotemporal Sub terminate in
stratum pyramidale.

HF PROJECTIONS TO THE RSC

A29a and A29b

The HF projections to A29ab originate in Sub and CA1. Sub projec-
tions to A29ab terminate in layers I, IT, and III and mimic the topo-
graphical organization of the retrosplenial projections to Sub. The
projection from CA1 to A29ab originates from the septal portion
(Van Groen and Wyss, 1990b; Naber and Witter, 1998; Miyashita
and Rockland, 2007).

A29c

The HF projections to A29¢ also originate in Sub and CAl.
The proximal part of the septal Sub projects to rostral A29c.
Intermediate septotemporal and distal Sub project to caudal A29¢
(Vogt and Miller, 1983; Finch et al., 1984; Naber and Witter, 1998;
Van Groen and Wyss, 2003; Miyashita and Rockland, 2007). These
projections typically terminate in layers II and III. No informa-
tion about temporal Sub to A29c projections has been published.
The distal portion of septal CA1 also projects to A29c. The pro-
jection originates in neurons in stratum pyramidale and at the
border between stratum moleculare and stratum radiatum and
terminates in layers II, III, and IV (Meibach and Siegel, 1977; Van
Groen and Wyss, 1990c¢, 2003; Naber and Witter, 1998; Miyashita
and Rockland, 2007).

A30

The HF projections to A30 only originate in Sub. The distal por-
tion of the septal Sub, as well as the intermediate proximodistal
portion of intermediate septotemporal Sub project to layers I and
IT of A30 (Vogt and Miller, 1983; Finch et al., 1984; Kohler, 1985;
Witter et al., 1990).

SUMMARY OF INTRINSIC RSC CONNECTIONS

There are strong intrinsic connections within the RSC subdivisions.
All rostrocaudal levels within both A29¢ and A30 issue projections
to their respective rostrocaudal extents. A29b projections have a
strict topography from rostral-to-rostral and from caudal-to-cau-
dal; A29a only has a caudal-to-caudal projection. There are also
strong reciprocal connections between the RSC subdivisions. All
rostrocaudal levels of one subdivision project to all rostrocaudal
levels of all other subdivisions, but there are some exceptions: (1)
caudal A29a projects only to caudal A29b, A29¢,and A30; (2) caudal
A29b does not project to rostral A29¢; (3) rostral A29¢ does not
project to caudal A30; (4) rostral and midrostrocaudal A30 only
projects to caudal A29b and the return projection from A29b only
terminates in caudal A30.

SUMMARY OF RSC — HF/PHR CONNECTIONS

The RSC projects to all PHR subdivisions and Sub. Only the pro-
jections of RSC to PrS and Sub show a topographical organization
such that the rostrocaudal axis of origin in RSC correlates to a
septotemporal terminal distribution in PrS and Sub. The projec-
tions to PrS are among the densest of RSC-PHR connections (Jones
and Witter, 2007) and this is particularly true for projections from
caudal RSC (Shibata, 1994). A topographical pattern for recipro-
cal connections has not been identified. Areas 30 and 29c receive
input from the whole PHR and Sub, while PrS and Sub are the only
areas which project to A29b and A29ab. Dorsal CA1 projects only
to A29ab and A29c.

DISCUSSION

The connectome of the rat brain should describe all network elements
and connections in a clear and comprehensible way. Compared to
the comprehensiveness that a connectome implies, current knowl-
edge is in its infancy. When considering the vast number of neurons
in the rat nervous system and their connections, together with the
currently available technologies to collect and handle information
about them, creating a connectome is an expensive, time consuming,
and complicated task. Scientists will eventually have a comprehen-
sive map of the rat brain available, and just like the usefulness of
an easily accessible map of all the roads in the world, such a con-
nectome will be an indispensible foundation for basic and applied
neurobiological research (Sporns etal., 2005). Therefore, regardless
of the complexity and duration of the undertaking to create a con-
nectome, the challenge to create a connectome of the mouse, rat,
monkey, and human brain has been readily accepted by scientists
[e.g., Brain Architecture Management System (BAMS), CoCoMac,
The Rodent Brain Workbench, BrainNavigator, Blue Brain Project,
The Allen brain atlas, Neuroscience Information Network (NIF). For
a complete overview of projects see the International Coordinating
Facility (INCF)].
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With this publication, we present the current version of our
partial rat brain connectome, which to the best of our knowledge
represents all current information on the ipsilateral pathways
within and between the HE, PHR, and RSC. A different approach
from that of a traditional meta-analysis was taken, to create this
connectome. In a traditional meta-analysis, typically only a sub-
set of data is selected, summarized, and organized according to
the author’s views. The resulting reduction in detail of anatomical
networks is useful for creating scientific hypotheses, but contra-
dicts with a fundamental characteristic of a connectome: to be an
exhaustive knowledge resource. Therefore, we chose the approach
to present the anatomical data of the selected regions in the fullest
available detail, which allows scientists to prune this information
themselves to match their hypotheses, or design competing ana-
tomical hypotheses.

We realize that the current state of knowledge is not exhaustive
and hence one could argue that the connectome presented here is
not a real connectome. Nevertheless, the connectome presented
here provides the best approximation of a full connectome at the
current point in time. With future publications we aim to continu-
ally update and expand the database. Still, users of connectomes
should always keep a perspective on where the current state of
knowledge stands compared to having absolute knowledge. For
this reason, this discussion will first touch upon some of the chal-
lenges of anatomical connectomes that remain to be resolved, after
which the potentials of connectomes will be exemplified using the
information presented in this review.

CHALLENGE 1: BORDERS IN THE BRAIN

Combining data produced by many researchers, over 100 years,
using many different techniques in a great number of tract-tracing
experiments, leads to a number of challenges on demarcation of
brain areas and designation of names in research reports. Such
nomenclature issues exist not only for the RSC, but for almost all
brain regions. These issues have arisen because different histological
techniques produce different definitions of borders in the brain, or
simply because researchers disagree on the demarcation.

Krieg (1946) was the first to delineate the RSC in the rat. Based
on the nomenclature of Brodmann (1909) who subdivided the
RSC in rabbit and dubbed it A29, Krieg divided it into a ven-
tral subdivision (A29b) and a dorsal subdivision (A29¢) in the
rat (Table 1). In the 1970s of the last century, Krettek and Price
(1977) divided the RSC in a granular and an agranular subdivi-
sion, the RsG and the RsAg. The granular part was further dif-
ferentiated into a dorsal and a ventral part by Meibach and Siegel
(1977). Vogt and Peters (1981) divided the granular subdivision
into three areas, A29a, b, and c based on termination patterns of
callosal fibers. In this century, Jones et al. (2005), Jones and Witter
(2007) delineated the RSC borders based on parvalbumin stain-
ings and classified the most caudal part of A29ab with A30 into
the dorsal retrosplenial cortex (RSd). Although no standardization
of nomenclatures has become apparent, dealing flexibly with the
diverse nomenclatures may allow to efficiently generate inspir-
ing insights into the organization of the RSC. Therefore, in the
current HF-PHR-RSC connectome, we selected one nomencla-
ture to express ourselves. For RSC we used the nomenclature of

Vogt et al. (2004) and for HF-PHR the nomenclature of Witter
and Amaral (2004). We provided what we call a “Rosetta table” of
nomenclatures. The “Rosetta table” of nomenclatures is a necessary
translation tool that lists all available nomenclatures (for a given
structure in a given species) and facilitates translating between
different nomenclatures. For such translations, different methods
have been developed, and we applied careful comparison of all
cyto- and chemoarchitectural features described in the original
publications (Bota and Swanson, 2010).

CHALLENGE 2: LEVEL OF DETAIL

Aspecific reporting

Even when using technically advanced methods to clarify projec-
tion patterns, the usefulness of a scientific report on anatomical
connections depends to a great extent on how detailed the authors
report their results and the way they present the data in figures
to support their observations. When reviewing the projections
from RSC to HF and PHR, only in a few studies information was
provided on the layers of origin or termination, or specific pro-
jection patterns. For example, projections from A29ab, A29¢c, and
A30 to LEA and MEA exist (Van Groen and Wyss, 1992; Burwell
and Amaral, 1998; Jones and Witter, 2007) and although LEA and
MEA show an overall dorsolateral-to-ventromedial connectional
and functional gradient, none of these reports provide comparable
termination information. Even less specific accounts inform us
that RSC projects to the EC, without indicating if the projections
terminated in the lateral or medial subdivision (Audinat et al., 1988;
Van Groen and Wyss, 1990b; Shibata, 1994). This is regrettable,
since more detailed information about the origin and termination
could be related to the function of a connection. It is known that
functional differences between the LEA and MEA exist. Neurons
in the MEA exhibit spatial selectivity, while LEA cells display only
weak spatial modulation (Fyhn et al., 2004; Hargreaves et al., 2005).
Since projections from RSC to EC mainly target MEA, it could be
hypothesized that this input is relevant to spatial firing properties
of MEA neurons. Unfortunately, the current level of detail is such
that almost nothing is known about the topography and lamina-
tion of the HF and PHR projections to the RSC and vice versa. In
our connectome, this information is displayed as connecting areas
with an unspecified origin or termination. This lack of detailed
information makes it difficult to predict the function of projec-
tions or small networks. Fortunately, more advanced methods to
explore brain networks are continuously being developed, making
it likely that future expansions of the connectome can include for
example, information about the nature of postsynaptic targets or
the distribution of synapses on the dendritic tree.

Displaying layer specificity

To obtain information about layer specificity of projections, ideally
anterograde and retrograde tract-tracing experiments are com-
bined. For example, an anterograde tracer injection is placed in
midrostrocaudal A30, thereby discovering regions of termination
including layers I, II, ITI, and V of rostral A29c. This experiment
should be completed by placing a retrograde tracer in rostral A29c,
to reveal the layers of origin of this projection in midrostrocaudal
A30, i.e., layer II, III, V, and VI (Shibata et al., 2009). A strength
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of our current approach is that a database of connections allows
easy combination of anterograde and retrograde experiments, even
across publications. But when representing this information in a
connectome, should one draw projections from all origin layers to
all target layers, or could it be that a more specific pattern exists,
e.g., that layer II cells only project to layer V of the target region?
Therefore, only when single cells are fully traced (e.g., Honda et al,,
2011), one can accurately describe layer specificity of projections.

Displaying projection topographies

Apart from layer specificity, projections may be topographically
organized. For example, the rostral RSC projects weaker to EC than
caudal RSC. Often, such topographies show a gradient in projec-
tion strength, but one cannot rigorously claim that only caudal
RSC projects to EC. In the current version of our connectome,
such topographies are not visible since no information on rela-
tive density is included. We chose this approach, in view of the
risk that by emphasizing some brain connections over others, the
less emphasized ones may be erased from the scientific working
memory. However, users should not forget that brain connections
typically have different strengths and may show topographical gra-
dients that are not apparent in the interactive connectome.

CHALLENGE 3: FUNCTIONAL CONNECTIVITY

When using our connectome, it is important to keep in mind that
two connections symbolized by two similar looking lines may be
different from one another for a number of reasons.

Excitatory — inhibitory, modulation

Our connectome is based on tract-tracing data and thus comes
with certain limitations related to this technique. One important
limitation is that tract-tracing does not reveal if a connection is
excitatory or inhibitory, whereas this information is of functional
relevance. By combining immunohistochemistry with either con-
focal or electron microscopy, it can be established if a projection
is excitatory or inhibitory (Van Haeften et al., 1997). Alternatively,
electrophysiological data can help determine this functional prop-
erty and such information will eventually be incorporated into the
connectome.

In our current connectome, known GABA-ergic connections
are not specifically included, although some projections are likely
GABA-ergic. There is a dense GABA-ergic projection from CAl
to the RSC, starting from all layers except the stratum lacunose-
moleculare (Miyashita and Rockland, 2007). Non-pyramidal cells,
which could be GABA-ergic, of the septal Sub are projecting to layer
I of the RSCas well (Van Groen and Wyss, 1992,2003; Miyashita and
Rockland, 2007). Hippocampal GABA-ergic neurons also project
intra-hippocampally (Jinno, 2009). Inhibitory GABA-ergic projec-
tions are involved in regulation of neural oscillations (Somogyi and
Klausberger, 2005). Theta oscillations (4-12 Hz) for instance, have
been postulated to support memory formation in the HF and the
cortex (Klausberger et al., 2003). Theta oscillations have also been
recorded in the RSC (Borst et al., 1987; Talk et al., 2004) and are in
coherence with oscillations in CA1 (Young and Mcnaughton, 2009).
Although this coherence may be a product of volume conduction
from the hippocampus, the GABA-ergic projections from CA1 and
Sub to RSC could play a role as well.

Weak — strong connections

Most anatomical reports contain subjective descriptions of the
strengths of projections. Such subjective reports are impossible to
quantify and therefore such information cannot be incorporated
in the connectome. Yet, in reality differences in strengths exist.
For instance, the projection from A29ab to MEA is reported to
terminate in both superficial and deep layers. When assessing
this connection in detail, clear differences between superficial
and deep layers exist. There is dense terminal labeling in layer V
of MEA, whereas terminal labeling in layer III is very light (Jones
and Witter, 2007). Therefore, it would be reasonable to suggest
that the major effect of A29ab on MEA is mediated through layer
V, not through layer III. Moreover a strong projection could arise
from a small number of neurons that supply a highly collateral-
ized terminal plexus, but a similarly strong projection may also
result from many cells sending less collateralized axons to the
target area. This type of information is almost never available
in the literature. Yet a connectome ideally would describe this
information.

CHALLENGE 4: NOT REPORTED OR NO CONNECTION?

Another challenge is how to interpret “negative information.” There
are two types of negative information: (1) there is data that indicate
that a connection between area A and area B is very unlikely, or
(2) a connection between area A and area B was not reported, but
may exist. For example, the current literature assessment shows that
A29c¢ and A29ab both project to Sub, whereas data on a projection
from A30 to Sub are lacking. Should one now conclude that a pro-
jection from A30 to Sub is not present in the rat brain, or could it
be that this projection is present, but perhaps remained undetected
or was detected but not reported? This issue has been dealt with in
other databases, where connections that are explicitly reported to
not exist have been collated (Stephan et al., 2000; Bota and Arbib,
2004). In a future version of our database we plan to implement a
similar solution. Currently, some caution is required when drawing
conclusions on the basis of the connectome alone.

CHALLENGE 5: INCLUSION OF INCORRECT DATA

Although it is assumed that researchers aim to report as accu-
rately as possible the results of their tract-tracing experiments,
it does not exclude the possibility that brain connections are
reported that do not exist. Tract-tracing techniques were much
refined over time, such that injections of modern tracers such
as Phaseolus Vulgaris-leucoagglutinin or biotinylated dextran-
amine can now be injected region or cell layer selective (Gerfen
and Sawchenko, 1984; Wouterlood and Jorritsma-Byham, 1993).
Compared to modern tract-tracing studies, many of the old
reports are coarse and provide little information for the current
connectome. Such reports are only of interest when they seem
valid and provide the only available source of knowledge about
a particular connection.

A bigger problem occurs when a report provides many connec-
tion details, but too little evidence is presented to confirm the claims
of authors. In such cases, one can only trust the author’s interpreta-
tion of the data, in the absence of proof against it. However, when
sufficient proof against the existence of a connection is available,
such information is registered in our connection database, but
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excluded or removed from the connectome. An example of a con-
nection that was reported but is not in the current connectome is
based on an injection in A30 and A29c with terminal labeling in
Sub, septal PrS and Pa$ (Vogt and Miller, 1983) or an injection in
Sub, PrS, and CA1 (Long et al., 1995). These data were excluded
from the connectome because the tracer injections covered more
than one defined region or targeted fiber bundles. Another possible
confounder occurs if described results do not match those in the
referred figures or tables. In such cases they were either corrected
to match the figure or table or if that was impossible, they were
excluded entirely. Nevertheless, such “false positive” reports are
taken up in the reference tables on our website, which displays in
which papers connections were reported, such that scientists can
evaluate such reports for themselves.

ADVANTAGE 1: EDUCATION

Apart from scientific value, a connectome is useful as an educational
tool to get an overview of an ever increasing amount of literature.
Instead of having to search through many papers, basic anatomi-
cal facts such as the three dimensional organization of a struc-
ture, but also complex issues such as differences in nomenclature
and perhaps most complex, the numerous connections between
brain regions, are neatly organized, such that users can easily get
an exhaustive overview of information at the level of detail that
they choose. This is useful for novice researchers who just started
to learn about the organization of the brain, as well as researchers
who wish to expand their research into new brain regions that are
charted in the connectome.

ADVANTAGE 2: SCIENTIFIC VALUE

There are several scientific uses of connectomes. A connectome can
help detect knowledge gaps, it will improve the interpretation of
experimental results and may facilitate the design of new experi-
ments. Depending on the level of detail of the available information,
the scientific value varies between these uses. If little information
is available, a connectome will mainly help detect knowledge gaps.
When a reasonable amount of details are known, it will help bet-
ter understand completed experiments. The true potential of a
connectome becomes apparent only when the level of detail of
information goes beyond the point where one can easily keep track
of all the known facts.

Detection of knowledge gaps

Even though the current connectome may look overwhelming
already, a close look immediately points to gaps in our knowl-
edge. For example, there are no experiments evaluating the topo-
graphical organization of the connections between A29a or A29b
and HF-PHR. Anterograde or retrograde injections in A29a or
A29b and the topography of terminating patterns or labeling of
neurons in PHR have not yet been described. Similarly, injections
in HF-PHR and descriptions of the terminating patterns in A29a
or A29b are missing. Another example concerns the topography
of the projection from PrS to RSC. It is known that temporal PrS
projects specifically to A29ab, whereas septal PrS projects to all RSC
subdivisions. It is likely that a more specified topography exists, for
example along the rostrocaudal axis of RSC, but such information
is presently unknown.

Understanding experiments

Another useful scientific application is the graphical representation
of hypotheses. Sometimes it is easier to understand a hypothesis
by looking at a graphical representation of the connections. For
example, it was hypothesized that information transfer between the
RSC and PHR-HEF is crucial for adequate navigation and spatial
memory. This is supported by the observation that extensive lesions,
including A29ab and A29c disrupt spatial memory tasks (Pothuizen
etal.,, 2010). However, it is also likely that different subdivisions of
the RSC have different roles in navigation and spatial memory, since
lesioning A29c and A30 results in impaired performance on spatial
learning tests, whereas selective lesions of A29ab do not interfere
with the performance in spatial tasks (Van Groen et al., 2004; Vann
and Aggleton, 2005). When looking at the connectome, it can be
seen that A29ab receives information from septal and temporal
PrS, septal and temporal Sub and septal CA1, whereas A30 and
A29c receive inputs from LEA, MEA, A35, A36, POR, Pa$, next
to input from PrS, Sub, and CAl. These connectional differences
may partially explain the lesion data, but likely will also lead to new
concepts or new experiments.

Another example of an inferred experiment, based on the con-
nectome follows from the topography observed in the RSC — HF-
PHR projections. The traditional emphasis on the topography of
RSC — HF-PHR projections relies on the observation that there is
a gradient in the RSC to HF-PHR projections, such that rostral
RSC (A29c) projects primarily to septal parts of HF-PHR (PrS)
and caudal RSC (A29¢/A30) projects both to septal and temporal
HEF-PHR (PrS). Upon close inspection, a more striking topography
is apparent in the projections of Sub to A29c¢. The transverse axis of
Sub relates to the rostrocaudal axis in A29c such that proximal Sub
projects to the rostral part of A29¢ and distal Sub projects to the
caudal of A29c¢. This topography could be of functional relevance,
since LEA projects to proximal parts of Sub, whereas MEA projects
distally (Tamamaki and Nojyo, 1995; Naber et al., 2001; Baks-Te
Bulte etal.,2005). This suggests that MEA related input is selectively
transferred to caudal portions of A29¢ and LEA related input to
more rostral levels. Since the projections from CA1 to Sub follow
a matching proximodistal organization and CAl also projects to
A29c¢, it would be of interest to know whether the CA1 to A29¢
projection is in register, such that distal CA1 projects to rostral
A29c and proximal CAL1 projects to caudal A29c.

The current connectome, as presented here, is far from complete
and differences exist in the amount of information that is available
about anatomical demarcation and connectivity of different brain
areas. The HF connectivity is relatively well covered, followed by
the PHR — HF connections and least is known about HF — RSC
connectivity. As indicated, the amount of available information is
largely decisive for the type of questions a connectome can assist
with. We do not see these issues as shortcomings undermining the
value of this approach. Connectomes can continuously be updated
and extended and therefore will always provide an exhaustive and
up to date account of the current knowledge. These two factors
precisely define the value of connectomes. Moreover, anatomical
connectivity characterizes the brain at an intermediate informa-
tion level, allowing to easily link this to, e.g., functional properties
of individual cells or effective connectivity (Friston, 2011). Such
linking is a key prerequisite to fully understand brain function. A
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connectome therefore does not only describe the architecture of
the brain, it also is a key linking system to understand brain func-

tion at multiple scales.
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Superficially Projecting Principal Neurons in Layer V of
Medial Entorhinal Cortex in the Rat Receive Excitatory

Retrosplenial Input

Rafal Czajkowski,">* Jorgen Sugar,'* Sheng-Jia Zhang,' Jonathan J. Couey,' Jing Ye,' and Menno P. Witter!
'Kavli Institute for Systems Neuroscience, Centre for Neural Computation, Faculty of Medicine, Norwegian University of Science and Technology, 7491
Trondheim, Norway, and 2Neurobiology Center, Nencki Institute of Experimental Biology, 02-093 Warsaw, Poland

Principal cells in layer V of the medial entorhinal cortex (MEC) have a nodal position in the cortical- hippocampal network. They are the
main recipients of hippocampal output and receive inputs from several cortical areas, including a prominent one from the retrosplenial
cortex (RSC), likely targeting basal dendrites of layer V neurons. The latter project to extrahippocampal structures but also relay
information to the superficial layers of MEC, closing the hippocampal- entorhinal loop. In the rat, we electrophysiologically and mor-
phologically characterized RSC input into MEC and conclude that RSC provides an excitatory input to layer V pyramidal cells. Ultrastruc-
tural analyses of anterogradely labeled RSC projections showed that RSC axons in layer V of MEC form predominantly asymmetrical,
likely excitatory, synapses on dendritic spines (90%) or shafts (8%), with 2% symmetrical, likely inhibitory, synapses on shafts and
spines. The overall excitatory nature of the RSC input was confirmed by an optogenetic approach. Patterned laser stimulation of
channelrhodopsin-expressing presynaptic RSC axons evoked exclusively EPSPs in recorded postsynaptic layer V cells. All responding
layer V pyramidal cells had an axon extending toward the white matter. Half of these neurons also sent an axon to superficial layers.
Confocal imaging of RSC synapses onto MEC layer V neurons shown to project superficially by way of retrogradely labeling from
superficial layers confirmed that proximal dendrites of superficially projecting cells are among the targets of inputs from RSC. The

excitatory RSC input thus interacts with both entorhinal- cortical and entorhinal- hippocampal circuits.

Introduction

The entorhinal cortex (EC) is anatomically positioned as a gate-
way to the hippocampal formation (HF), gathering and prepro-
cessing information from other brain areas and providing the
main cortical input to HF (Eichenbaum and Lipton, 2008). HF
plays a central role in spatial information processing (O’Keefe
and Nadel, 1978), and it contains place cells that fire when an
animal is in a certain location (O’Keefe and Dostrovsky, 1971).
Layers II and III of the medial entorhinal cortex (MEC) harbor a
number of spatially modulated cell types (Hafting et al., 2005;
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Sargolini et al., 2006; Solstad et al., 2008), contributing a neces-
sary spatial input to hippocampal place cells (Remondes and
Schuman, 2004; Brun et al., 2008; Moser and Moser, 2008; Van
Cauter et al., 2008; van Strien et al., 2009; Ito and Schuman, 2012;
Zhang et al., 2013).

Hippocampally processed information targets dendrites of
neurons in EC layer V (van Haeften et al., 1995), and many MEC
layer V pyramidal cells send axon collaterals to cortical targets
(Insausti et al., 1997). In view of this connectivity, MEC layer V
neurons are thought to play an important role in the interaction
between the HF and cortex (Chrobak and Buzséki, 1994; Buzsaki,
1996; Kloosterman et al., 2000, 2003a). MEC layer V neurons also
project locally to superficial layers of EC (Kloosterman et al.,
2003b; van Haeften et al., 2003), strengthening their nodal posi-
tion in the network.

The basal dendrites of layer V neurons are not only innervated
by inputs from HF but are also embedded in a prominent input
from the retrosplenial cortex (RSC; Jones and Witter, 2007). RSC
is involved in a variety of behaviors related to spatial navigation.
In humans, lesions of RSC cause a deficit in which patients can-
not use familiar landmarks or maps to produce a sense of direc-
tion (Maguire, 2001). The RSC shows increased activity during
route planning (Spiers and Maguire, 2006; Epstein et al., 2007).
In rodents, RSC contains head direction cells (Cho and Sharp,
2001), and lesion studies demonstrated an involvement in tasks
that depend on spatial memory (Vann and Aggleton, 2002;
Pothuizen et al., 2008; Wesierska et al., 2009).
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Interactions between RSC and the
HF-EC circuit have been postulated as
crucial for spatial memory formation
(Vann et al., 2009). The absence of direct
projections from RSC to HF point to layer
V neurons in MEC as the likely substrate
to mediate the interactions between RSC
and HF. However, details about the syn-
aptic organization of the RSC projections
to MEC are unknown, and most impor-
tantly it is currently not known whether
RSC-targeted cells in layer V actually proj-
ect to superficial layers II and III of MEC.
Our aim was to characterize the RSC to
layer V projection at the synaptic level,
asking first whether it is excitatory or
inhibitory and second whether its post-
synaptic target cells include superficially
projecting pyramidal neurons in layer V.
To this end, we combined neuroanatomi-
cal and optogenetic in vitro electrophysi-
ological experiments.

Materials and Methods
Surgery
Thirty adult female Sprague Dawley rats
(Charles River) of 197-257 g weight were used
in this study. The rats were housed in individ-
ual cages under a controlled environment
(21 = 1°C; humidity, 60%; lights on from 8:00
P.M. to 8:00 A.M.). Food and water were avail-
able ad libitum. The experimental protocols
followed the European Communities Council
Directive and the Norwegian Experiments on
Animals Act and were approved by the Animal
Welfare Committee of the Norwegian Univer-
sity of Science and Technology. Surgeries for
tracer and recombinant adeno-associated virus
(rAAV) injections were performed as de-
scribed previously, with minor modifications
(Kononenko and Witter, 2012). Animals were
anesthetized with isoflurane and mounted in a
stereotaxic frame (David Kopf Instruments).
For each injection, openings were made in the
skull exposing the brain surface over RSC or
MEC. The stereotactic coordinates were based
on the topographical description of RSC-to-
MEC projections (Jones and Witter, 2007) and
a stereotaxic rat brain atlas (Paxinos and Wat-
son, 2007). Nomenclature is according to
Sugar et al. (2011). The anteroposterior coor-
dinates were measured from the posterior
transverse sinus, 2.5 mm laterally to the mid-
sagittal sinus, and the dorsoventral coordinates
were measured from the brain surface after re-
moval of the dura.

Three different experimental methods

(zajkowski, Sugar et al. @ Retrosplenial Inputs to Medial Entorhinal Cortex

BDA (1,3)
rAAV (2)

Figure1. Experimental approaches used in the experiments. A, Schematic drawing of the rat brain and the injection sites
(left). 7, The anterograde tracer BDA was injected into RSC for EM experiments. 2, rAAV was injected in RSC for optogenetic
experiments. 3, The retrograde tracer FB was injected into superficial layers of MEC and BDA was injected into RSC for
confocal experiments. The blue squares depict the level of the horizontal sections of the MEC and RSC shown in B. Each of
the three experimental setups resulted in an anterogradely labeled plexus in MEC (yellow), intracellularly filled cells in
Experiments 2 and 3 (magenta), and in Experiment 3 also retrogradely labeled neurons in MEC (blue dots). B, Examples of
individual experimental protocols. 7, For EM experiments, BDA was labeled with AF546-conjugated streptavidin so that
injections (7a) and an anterograde plexus (78, Tc) could be identified (yellow). Sections were processed for EM, and
synaptic complexes labeled with DAB were sampled in EM (1d). 2, For in vitro optogenetic experiments, mCherry fluores-
cence (yellow) was used for identifying the injection in RSC (2a), anterograde plexus in MEC (2b, 2¢), where intracellular
recordings and axonal reconstructions were performed (2¢, 2d). 3, For confocal analysis, BDA was labeled with AF488
(yellow; 3a, 3c), and FB-positive cells (blue; 3b, 3¢) were filled with AF568 (magenta; 3d). PaS, Parasubiculum; PrS,
presubiculum.

were used (Fig. 1). First we injected rAAV (titer 10 ~'?) into caudal
RSC area 29b (A29b) and A29c in 11 rats. Each animal received a total
volume of 3 ul, with 1 ul being injected in each of three different
dorsoventral positions using a 10 ul NanoFil syringe assembled on a
UMP3 pump (WPI). Each injection took 10 min, and we waited for 15
additional minutes before retracting the syringe. Second, the antero-
grade tracer biotinylated dextran amine [5% BDA, 10,000 molecular
weight (Invitrogen) in 0.1 M PBS] was iontophoretically injected
(positive-pulsed current of 6 A, 6 s on, 6 s off for 10 min) into caudal
RSC, in 19 rats using a glass micropipette with an inner tip diameter of

9-15 wm. Multiple injections involving different anteroposterior or
dorsoventral levels were made aiming to involve at least parts of A29b,
A29¢, or A30. Third, eight of the rats also received injections with the
retrograde tracer fast blue (FB; EMS-Chemie, 1% solution in PBS) in
superficial layers of MEC. A volume of 150 nl was delivered witha 1 ul
Hamilton syringe over 5 min, and the dye was allowed to diffuse for 15
min before removal of the syringe. Before the end of surgeries, the
animals were given a dose of buprenorphine (Temgesic, 0.05 mg/kg;
RB Pharmaceuticals) or carprofen (Rimadyl, 5 mg/kg; Pfizer)
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subcutaneously. Suturing the skin over the wound completed surgery,
and the animal was allowed to recover.

Optogenetic experiments

Viral vector construct and packaging. AAV2/2 was prepared and packaged
with the Stratagene AAV Helper-Free System according to the user man-
ual of the manufacturer. The purification, titration, and verification were
described previously (Couey et al., 2013; Zhang et al., 2013). It was used
to express the optogenetic effector in retrosplenial neurons projecting to
MEC layer V. We used a light-gated cation channel ChIEF, a chimera of
channelrhodopsin 1 (ChR1) and ChR2 from the unicellular green alga
Chlamydomonas reinhardtii (ChIEF was provided as a generous gift by
Dr.JohnY. Lin from the laboratory of Dr. Roger Y. Tsien at the University of
California, San Diego, San Diego, CA). It preserves the high ion permeability
of ChR2 while gaining the reduced inactivation of ChR1. An additional point
mutation, 170V, improves the channel closure rate after stimulation (Lin et
al., 2009). The proviral vector containing ChIEF fused with mCherry under
control of the calcium/calmodulin-dependent protein kinase II «
(aCaMKII) promoter was prepared as described previously (Couey et al.,
2013). Before use, all virus batches were titer matched by diluting to 1 X 102
viral genomic particles/ml in PBS.

In vitro recordings. After a survival time of up to 6 weeks after injec-
tions of rAAV, animals were anesthetized with isoflurane and perfused
through the heart with a small volume of ice-cold artificial CSF (ACSF)
cutting solution containing the following (in mm):110 choline chloride,
25 NaHCOj, 25 p-glucose, 11.6 sodium ascorbate, 7 MgSO,, 3.1 sodium
pyruvate, 2.5 KCl, 1.25 NaH,PO,, and 0.5 CaCl, (aerated with 95%
0,/5% CO, before decapitation). The brain was quickly dissected, and
400-pum-thick horizontal slices of the RSC or MEC were cut with a vi-
bratome (model 3000; Harvard Apparatus) and incubated in oxygenated
ACSF containing the following (in mm): 127 NaCl, 25 NaHCOj;, 25
p-glucose, 2.5 KCl, 2 MgSO,, 1 CaCl,, and 1.25 NaH,PO, (for 45 min at
37°C). Thereafter, the slices were oxygenated at room temperature until
used.

Multiple whole-cell recordings were made with glass micropipettes
filled with a standard intracellular solution containing the following (in
mm): 120 K-gluconate, 10 KCI, 10 HEPES, 10 K-phosphocreatine, 4
ATP-Mg, and 0.4 GTP, pH adjusted to 7.3 with KOH (270-285 mOsm).
Biocytin (3-5 mg/ml; Sigma) was included in the pipette for later ana-
tomical verification of cell location and morphology. All recordings were
done at 34°C in ACSF with 1.5 mm MgSO, and 2 mm CaCl,. Layer V cells
in MEC or RSC were first visualized using infrared differential interfer-
ence contrast (IR-DIC) microscopy. Individual cells or groups of cells
~100 wm deep from the cutting surface were visually identified, and up
to four neighboring cells were targeted for whole-cell patch. All cells were
first maintained in the “on cell” configuration until all contacts had
achieved a +1 G() resistance. The entire cluster was then opened to
whole-cell configuration. Recordings were made in current-clamp mode
with the membrane potential maintained between —60 and —65 mV.
After the whole-cell configuration was established, recorded responses to
steps of current injection allowed to electrophysiologically classify each
cell (Canto and Witter, 2012). Recordings were made using Axon Mul-
ticlamp amplifiers (Molecular Devices) sampling at intervals of 100 us
(10kHz), digitized using an ITC-1600 analog-to-digital interface in com-
bination with custom acquisition software based on Igor Pro version 6.0
(WaveMetrics). The same software was also used to control whole-cell
current injection (both timing and levels). Series resistance was compen-
sated to a maximum bridge balance value of 20 M(). In case series resis-
tance exceeded this value, recordings were not included in signal analysis.

For photostimulation, we used a customized laser control system
(UGA-40 with a 473 nm laser; Rapp OptoElectric) coupled to a micro-
scope (Olympus BX51WI) equipped with a water-immersion objective
[40X, 0.8 numerical aperture (NA); Olympus] and controlled by the
recording software. This configuration resulted in a beam diameter of ~5
pum and power adjustable up to 650 wW at the specimen (scattering in the
tissue was not taken into account). Stimuli were arranged in a rectangular
8 X 6 grid with 20 um spacing, positioned over the recorded cluster
avoiding interference from the recording pipettes. The stimulus duration
was 2 ms, delivered to each point of the grid in a pseudorandom order
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with 250 ms interval. The stimulation pattern was repeated 30 times.
Voltage deflections were cut at a threshold of 10 SDs beyond the average
variation of the membrane potential before being identified as a re-
sponse. The voltage responses obtained from stimulation of each unique
location in the grid were averaged to produce a normalized mean re-
sponse for each point. Voltage deflections that did not reach the thresh-
old were not included in the average. Only grid locations with eight or
more identified responses were included in subsequent analysis. From
the averaged responses, onset times and amplitudes were determined for
each location. In several slices, we blocked action potentials (APs) by
adding tetrodotoxin (TTX; 5 uM; Sigma), a neurotoxin that binds to
voltage-gated Na ™ channels (Narahashi et al., 1964). The drug was di-
luted in ACSF and perfused into the chamber after control recordings.
After 1 min incubation, stimulation was repeated 30 times. Data analysis
was done offline using Igor and MATLAB (WaveMetrics) software.

Immunohistochemistry. Immediately after each recording session, the
slices were placed in 4% paraformaldehyde (PFA) overnight and subse-
quently permeabilized by washing seven times with 0.1 M phosphate
buffer (PB) containing 1% Triton X-100 (PBT-1%), blocked for 3 h with
PBT-1% with 5% normal goat serum (NGS; X0907; Dako), and then
incubated for 72 h with a monoclonal anti-mCherry antibody (1:500 in
PBT-1% and 5% NGS; Clontech) in 4°C. Slices were then washed three
times in PB and incubated for 12 h with the mixture of Alexa Fluor (AF)
568-conjugated anti-mouse secondary antibody (1:350; Invitrogen) and
AF488-conjugated streptavidin (1:350; Invitrogen) in PBT-1% and 5%
NGS in 4°C. After washing in PB, the sections were incubated with the
NeuroTrace deep red fluorescent Nissl stain (1:200; Invitrogen) for 30
min. After staining, the slices were washed in PB, dehydrated in increas-
ing ethanol concentrations (30, 50, 70, 90, and twice in 100%, 10 min
each) and then in a 1:1 mixture of ethanol/methylsalicylate, and finally
cleared and mounted in methylsalicylate.

Electron microscopy

After 9-14 d of survival, rats with BDA injections in caudal A29b, A29¢,
and A30 received an overdose of Equithesin (11 mg/kg bodyweight, i.p.;
Sanofi Sante). They were subsequently transcardially perfused with a
fresh filtrated Ringer’s solution (in mm: 145 mm NaCl, 3 mm KCl, and 2
mum NaHCOj at 4°C, brought to pH 6.9 with O,). Next, the perfusion
fluid was changed to 4% freshly filtered depolymerized PFA (Merck)
with 0.1% glutaraldehyde (Merck) in 125 mwm PB at 4°C. After comple-
tion of the perfusion, the brains were removed from the skull and post-
fixed overnight at 4°C in the same fixative. Brains were washed in 125 mm
PB and cut horizontally with a vibrating microtome (Leica VT1000S;
bath fluid, 125 mm PB, 4°C) at 50 wm, and all sections were collected into
six equally spaced series. The sections were collected in vials containing
PB at 4°C. The series were then processed in three different ways. One
series was transferred to 2% dimethylsulfoxide (DMSO; Merck) in 125
mwm PB and 20% glycerine (Merck) and stored at —20°C for later use, one
series was processed for fluorescent microscopy, and the remaining series
were processed for electron microscopy (EM).

Processing for fluorescent microscopy. Sections were rinsed three times
for 10 min in PB and then three times for 10 min in Tris-buffered saline
(TBS; 50 mm Tris and 153 mMm NaCl) with 2% Triton X-100 (TBS-Tx;
Merck), pH 8.0. The sections were incubated in AF546-conjugated
streptavidin (Invitrogen) in a 1:200 solution with TBS-Tx overnight at
4°C. Next, the sections were rinsed two times for 5 min in Tris/HCI (50
mwm Tris), pH 7.6, and subsequently mounted on glass slides from a 0.2%
gelatin solution in Tris/HCI. After overnight drying, they were cleared in
toluene and coverslipped with Entellan (Merck). Sections were inspected
with dark-field and fluorescent illumination at the appropriate excitation
wavelength (Zeiss Axio Imager M2), and digital images of the antero-
gradely labeled plexus in MEC were obtained.

Processing for EM. The sections were rinsed for 10 min in an ascending
series of 10, 15, and 20% DMSO in PB at 4°C. The sections were quickly
frozen in isopentane cooled by solid carbon dioxide and subsequently
recovered and thawed. This freeze and thaw procedure was repeated
twice. Sections were subsequently rinsed three times for 10 min in PB at
4°C and two times for 5 min in TBS, pH 7.6, at 4°C. The sections were
incubated with avidin-biotin—peroxidase complex (Vectastain ABC kit



15782 - J. Neurosci., October 2, 2013 - 33(40):15779-15792

standard, PK-4000; Vector Laboratories) in TBS for 48 h at 4°C. Next,
they were rinsed for three times for 10 min in TBS and two times for 5
min in Tris/HCI, pH 7.6, and subsequently stained with filtrated di-
aminobenzidine tetrahydrochloride (DAB; 0.067% in Tris/HCI; Sigma-
Aldrich) 4°C, to which a 30% solution of H,0O, had been added
immediately before use. If during microscopic inspection the projection
from the RSC appeared to be clearly labeled in MEC, the DAB reaction
was stopped with Tris/HCI, and the sections were rinsed two times for 5
min in the same buffer. Brain sections containing the densest antero-
grade labeling in MEC were selected and further processed.

The EC was carefully dissected from the section and postfixed in the
dark for 1 h in 2% OsO, (Merck) in 0.1 M PB, pH 7.4. The sections were
rinsed two times for 5 min in PB and then dehydrated in ascending series
of ethanol in water: 50% (10 min), 70% (10 min), 90% (10 min), and
100% (four times for 15 min). Subsequently, they were put in propyl-
enoxyde (Merck) two times for 15 min, followed by a mixture of propyl-
enoxyde and epoxy resin (Ladd Research), first two volume parts
propylenoxyde and one volume part epoxy resin for 30 min, followed by
one volume part propylenoxyde and two volume parts epoxy resin for 30
min before they were put in pure epoxy resin overnight. In all solutions
including epoxy resin, 1.5% of dimethylaminomethylphenol was added
(Ladd Research). The sections were then embedded in epoxy resin be-
tween polyethylene foil (3M Color Laser Transparency film, CG3710) at
60°C overnight. All sections were then inspected under a dissection mi-
croscope to determine the location of the labeled plexus in MEC. Selected
plexus were carefully dissected from the sections and glued with epoxy
resin on blocks of procured epoxy resin. The blocks where further cured
for 24—48 h at 60°C.

After curing, series of ultrathin sections (60-70 nm) were cut with
an ultramicrotome (EM UC6; Leica) equipped with a diamond knife
(Diatome ultra 45°) and collected on Formvar-coated (0.5% in di-
chlorethan; Electron Microscopy Sciences), single-slot copper grids.
Sections were stained in the dark with 4% uranyl acetate in 50%
ethanol for 17-20 min and counterstained with 1% lead citrate (Elec-
tron Microscopy Sciences) in 0.1 M NaOH for 45 min. Material was
inspected with a transmission electron microscope (JEM-1011; Jeol).
Digital images were taken (Morada; Olympus), and lengths of all
postsynaptic densities (PSDs) and the shortest and longest diameters
of each axonal bouton were measured in iTEM (version 5.0; Olympus
Soft Imaging Solutions). Serial images of selected synaptic complexes
were imported to Neurolucida (MicroBrightField) to make three-
dimensional (3D) reconstructions.

Quantitative analysis of synapses. Synapses were obtained from at least
two different 50-um-thick sections of each of two animals. To increase
the likelihood of finding synapses, the densest part of the terminal plexus
in a chosen vibratome section was isolated. The synapse type and the
postsynaptic target were determined in a randomly selected reference
section. All synapses in this ultrathin section were counted, and their
phenotype was determined. To be included, a synapse needed to com-
prise a BDA-labeled axon terminal, an electron-dense synaptic mem-
brane specialization, a morphological identifiable postsynaptic element,
and a distinguishable synaptic cleft. To avoid double counting, only syn-
apses that were not visible in a parallel lookup section were used in
analyses (Gundersen, 1986). Serial sections were used to establish with
certainty the properties of identified synapses.

Synapse properties in terms of presynaptic varicosities and postsynap-
tic targets were determined on the basis of their overall morphology,
using criteria described in detail previously (Gray, 1959; Uchizono, 1965;
Colonnier, 1968). Synapses with a thick PSD, round vesicles in the pre-
synaptic element, and a wide synaptic cleft were categorized as asymmet-
rical synapses, whereas synapses with a thin PSD, pleomorphic vesicles,
and a narrow synaptic cleft were classified as symmetrical synapses. Post-
synaptic targets were classified as spines if they had a clear cytoplasm
and/or a spine apparatus. Postsynaptic targets with mitochondria and/or
visible microtubules were classified as dendritic shafts. In each animal,
analysis was continued until a sample size of ~100 synapses was reached.

After categorization of the synapses and postsynaptic targets, all elec-
tron micrographs were presented blindly to an unbiased independent
observer who was asked to categorize the boutons and postsynaptic target
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according to the same criteria described above. Boutons and postsynaptic
targets on which the first and second observer did not agree were dis-
cussed together. For all synapses analyzed the type could be determined.

Confocal analysis of putative synaptic contacts

Intracellular injections. Twenty-one days after BDA and FB tracer injec-
tions, animals were anesthetized by an overdose of Equithesin and per-
fused transcardially with Ringer’s solution, followed by ice cold 4% PFA
in PBS. The brain was extracted and postfixed in 4% PFA for 2 h in 4°C.
Next, 100-um-thick horizontal slices of RSC were cut using a vibratome
(VT1000S; Leica) with ice-cold 0.1 M PB as bath fluid. Cutting started at
the most dorsal level of the brain, and, after reaching the level that com-
prised the most dorsal part of MEC, alternating 100 and 400 um slices
were obtained. The 100-um-thick slices were stained for the presence of
BDA following the protocol described above for the EM study. The slices
were scanned using a slide scanner (MIRAX MIDI; Zeiss) equipped with
an AxioCam digital camera (Zeiss). The single filter set #43 (Zeiss; exci-
tation bandpass, 545/25 nm; beam splitter, 570 nm; emission bandpass,
605/70 nm) was used for RSC sections labeled with AF546. Filter sets #43
and #49 (Zeiss; excitation, 365 nm; beam splitter, 395 nm; emission
bandpass, 445/50 nm) were used for scanning MEC sections containing
AF546 and FB. RSC scans were analyzed to confirm the injection site.
MEC scans were used to verify the overlap between RSC fibers (AF546)
and retrogradely labeled MEC layer V cells (FB). Adjacent 400 wm MEC
slices were then placed in a chamber under a fixed-stage upright micro-
scope (Axio Examiner; Zeiss) equipped with PlanApo 20X, 1.0 NA water
dipping lenses, micromanipulator (Luigs & Neumann), and a custom-
assembled iontophoretic injection device. The sections were simultane-
ously imaged with IR-DIC to resolve cell details and with fluorescent
filter set 75HE (Zeiss; excitation, 365 nm; beam splitter, 395 nm; emis-
sion bandpass, 445/50 nm; separated from the IR-DIC by beam splitter,
660 nm) to visualize FB and AF568. Randomly selected FB-positive cells
in layer V of MEC were intracellularly injected with a solution of AF568
hydrazide (10 mm in PBS; Invitrogen) using a 70-130 Q glass pipette.
Negative current was applied to the micropipette (2 nA, 500 ms on, 500
ms off) for at least 10 min to completely fill the impaled cell and its
dendrites. Immediately after filling, the slices were transferred to 4% PFA
and postfixed overnight in 4°C. Subsequently, the 400 um slices were
permeabilized by washing seven times with PBT-1%, blocked for 3 h with
PBT-1% containing 5% NGS, and then incubated for 24 h with AF488-
conjugated streptavidin (1:300 in PBT-1% and 5% NGS) in 4°C. Slices
were then washed three times in PB, dehydrated, mounted in methylsali-
cylate, and imaged (see below).

Staining for putative synaptic contacts. In case of four intracellularly
filled MEC layer V neurons, the existence of putative synaptic contacts
with BDA-labeled RSC axons was assessed with the use of confocal laser-
scanning microscopy. In this material, we stained for the presence of
marker molecules for both presynaptic and postsynaptic synaptic ele-
ments, i.e., synaptophysin and PSD-95, respectively. After BDA/AF568
confocal imaging (see below), the 400 wm slices were rehydrated by
reversing the dehydration protocol, washed three times in PB, and incu-
bated in cryoprotective solution (30% w/v sucrose in PB) overnight. The
slices were then flattened and embedded in NEG 50 (Thermo Fisher
Scientific) on a cryostat chuck and quickly frozen in —20°C. The sections
were resliced at 50 um on a Lauda 1720 cryostat (Leitz), washed three
times with 0.1 M PB, permeabilized in 0.1 M PB containing 0.5% Triton
X-100 (PBT-0.5%), blocked for 3 h with PBT-0.5% with 5% NGS, and
subsequently incubated for 48 h with a mixture of a monoclonal anti-
PSD-95 antibody (1:150, P78352; NeuroMab) and a polyclonal anti-
synaptophysin antibody (1:100, ab14692; Abcam) in PBT-0.5% and 5%
NGS in 4°C. Slices were washed three times in PB and incubated for 4 h
with the mixture of AF514-conjugated anti-rabbit secondary antibody,
AF633-conjugated anti-mouse secondary antibody, and AF488-
conjugated streptavidin (1:350; all from Invitrogen) in PBT-0.5% and
5% NGS at room temperature. Finally, after three washes in PB, sections
were suspended in 0.1 M Tris-HCI, mounted on Superfrost slides (WPI),
dried overnight, and coverslipped in Entellan.
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Confocal microscopy

All sections were imaged with a Zeiss Meta 510 confocal microscope.
Unless indicated otherwise, FB was excited by ultraviolet laser (A =
405 nm; emission bandpass, 450/60 nm), AF488 was excited by argon
laser (A = 488 nm; emission bandpass, 505-550 nm), AF568 was
excited by helium/neon laser (A = 568 nm; emission bandpass, 595/40
nm), and NeuroTrace Nissl stain was excited by helium/neon laser
(A = 633 nm; emission long pass, 655 nm; dichroic mirror,
405/488/561/633/KP725).

Imaging of putative synaptic contacts. First, an overview image was
acquired to confirm the position of AF568-filled cells within MEC. An air
PlanApo 10X, 0.45 NA lens was used at the resolution of 1024 X 1024
pixels, 8-bit sampling, and zincrement of 10 wm. Next, the colocalization
of AF568 and retrograde FB labeling was confirmed for each filled cell.
For this, an air PlanApo 20X, 0.8 NA objective lens was used at the
resolution of 1024 X 1024, 8-bit sampling, and z increment of 5 um.
Finally, for high-resolution 3D analysis, a detailed scan of the AF488
(RSC fibers) and AF568 (MEC layer V cells) channels was taken using a
63, 1.40 NA 0il DIC objective lens at a resolution of 1024 X 1024 pixels,
8-bit sampling, and zincrement of 0.35 pwm. The optical section thickness
was set to 0.7 wm by adjusting the pinhole for each channel. After 3D
reconstruction and mapping (see below), each putative contact was then
imaged in detail using 64X, 1.40 NA oil DIC objective lens at a resolution
0f 256 X 256 pixels, zoom 6, 8-bit sampling, and zincrement of 0.35 pm.

Imaging of synaptic markers. In case of quadruple staining of synaptic
contacts, the linear unmixing of closely located fluorescence peaks was
performed using the Zeiss Meta unit and ZEN software. For three of the
unmixed fluorochromes (AF488, AF514, and AF568), a reference emis-
sion spectrum was acquired using the argon laser excitation (Ao, ciration =
514 nm; dichroic mirror, NT 80/20; A, ission = 497-583 nm; AA = 10
nm) at 64X, 1.40 NA oil DIC objective lens at a resolution of 256 X 256
pixels, zoom 6, 8-bit sampling, and the z increment of 0.35 um. The
spectral scan and unmixing of the specimen was then performed and
followed by scanning of the AF633 channel with the same optical
pathway (A itation = 633 nm; dichroic mirror, NT 80/20; Ao ission =
636-711 nm). Final images were obtained by combining the results of
the spectral scan (AF488, AF514 and AF568 channels) and the AF633
channel.

Confocal image analysis

3D reconstruction and mapping. Dendritic reconstruction was conducted
as described previously (Kononenko and Witter, 2012). We used a cus-
tom plugin, “Skeleton tool” (Schmitt et al., 2004; Evers et al., 2005), for
Amira version 4.1.2 to trace the dendritic trees and positions of the
spines. For the Sholl analysis (Sholl, 1953), the number of branches cross-
ing concentric spheres of increasing radius (Ar = 10 um) originating at
the soma was counted. Spine density was expressed as the number of
spines per 10 um of dendrite length. To quantify the number of BDA-
filled putative axonal boutons and their distribution along reconstructed
dendrites, the dendritic surface was expressed as triangles (Evers et al.,
2005). The BDA-positive pixels were identified by thresholding the
AF488 channel according to the Otsu method (Otsu, 1979). The prox-
imity of BDA-positive voxels within 300 nm from each surface element
identified as a triangle was calculated and expressed as heat map on the
dendritic surface. Finally, for each putative contact, the zoomed image
was analyzed, and it was determined whether it adheres to previously
established criteria of a presynaptic bouton (Wouterlood et al., 2008),
being an axonal swelling having a diameter three times bigger than the
preceding fiber.

Synaptic reconstruction. Resliced and quadruple-labeled images (pre-
synaptic fibers, AF488; synaptophysin, AF514; postsynaptic dendrites,
AF568; postsynaptic PSD-95, AF633) were loaded into FIJI software, and
previously evaluated putative synaptic contacts were again identified us-
ing the AF488 and AF568 channels. The distribution of each fluoro-
chrome along the axis connecting the center of a presynaptic bouton and
the center of dendritic spine (for spine synapses) or dendritic segment
(for shaft synapses) was measured. Putative contacts showing local label-
ing peaks for both synaptophysin (AF514) and PSD-95 (AF633) along
that axis (between peaks for AF488 and AF568) were considered synaptic.
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Because the axial resolution of optical microscopy is relatively poor, only
the synapses in the x—y plane were measured. 3D reconstructions of the
synapses were performed in Amira version 4.1. The confocal stacks were
filtered using the Gaussian filter and thresholded using Otsu’s algorithm
(Otsu, 1979), and surfaces for each channel were rendered and
combined.

mCherry imaging and axonal tracing. First, an overview of biocytin-
filled cells within layer V of MEC and trajectory of their axons was ac-
quired using an air PlanApo 20X, 0.8 NA objective, resolution of 1024 X
1024, 8-bit sampling, and z increment of 2 um. Then, a detailed scan of
the AF488 (biocytin-filled cells), AF568 (AAV-expressing cells), and
NeuroTrace Nissl stain was obtained (40X, 1.30 NA oil DIC objective
lenses were used at resolution of 1024 X 1024 pixels, 8-bit sampling, and
zincrement of 0.5 wm). The 20 X image stacks were then loaded into the
Simple Neurite Tracker plugin in FIJI software, and axonal trajectories
were plotted.

Statistical analyses
All numbers are reported as mean = SEM.

Electron microscopic experiments. The relative numbers of synapse
types in each hemisphere and each animal were compared with a Fisher’s
exact test. Significant differences were accepted at p < 0.05. Measured
lengths of PSDs and the average of the longest and shortest diameter of
the presynaptic boutons were imported into SPSS. ANOVA and post hoc
analysis of least significant difference were used to assess different sources
of variation of the morphological data. Significant differences were ac-
cepted at p < 0.05.

Optogenetic experiments. Patched cells were grouped as interneurons
or principal neurons based on electrophysiological and morphological
characteristics. The average input resistances and kinetics of APs gener-
ated in response to depolarizing current step and onset were compared
with two-sample ¢ tests. Differences in onset time after photostimulation
of retrosplenial and entorhinal neurons were compared using two-
sample 7 tests. Significant differences were accepted at p < 0.05.

Confocal experiments. The proportionality between the density of la-
beled axons and the number of synaptic contacts assessed in the confocal
microscope was assessed with F test for linear regression. Whether the
distribution of contact frequencies normalized to the plexus density was
unimodal or polymodal were tested with a Kolmogorov-Smirnov test.
Significant differences were accepted at p < 0.05.

Results

Morphological assessment of synaptic contacts in MEC

In view of the known topographical organization of the RSC
projection to MEC (Shibata, 1994; Jones and Witter, 2007), we
aimed to inject BDA in multiple sites in caudal RSC to obtain a
dense terminal plexus in MEC (Fig. 1A1,BI). Of the 11 animals
used in the experiments destined for EM, seven animals had suc-
cessful injections in RSC, without involvement of deep adjacent
white matter. In total, we obtained 16 injections of BDA in RSC:
seven in caudal A29ab, three in caudal A29c, two in intermediate
rostrocaudal A29¢, and four in caudal A30. All injections in cau-
dal RSC resulted in a densely labeled terminal plexus in layer V of
dorsal and intermediate MEC and layer III and V of dorsal pre-
subiculum. Sparse labeling was observed in layer III of MEC.
These observations are in accordance with previously published
data (Shibata, 1994; Jones and Witter, 2007; Kononenko and
Witter, 2012). The labeled fibers in layer V were relatively thick
and had clearly visible varicosities. We subsequently selected two
animals that had the densest terminal labeling after processing
the tissue for EM analysis and good preservation of the ultra-
structure. In animal 12901, the injections were located in layers V
and VI of caudal A29ab in the right hemisphere and in layers IV
and V of caudal A29c in the left hemisphere. In animal 13976, the
center of the injection in the left hemisphere was located in layer
II-1V of caudal A30, whereas in the right hemisphere, it involved
all layers of caudal A30. In the latter animal, BDA-filled neurons
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were observed in the distal part of the sep-
tal subiculum. This is likely a result of ret-
rograde transport of BDA along subicular
axons with terminals in the area in which
the injections were placed (Vogt and
Miller, 1983; Kohler, 1985; Witter et al.,
1990; van Groen and Wyss, 1990, 2003;
Miyashita and Rockland, 2007). It cannot
be ruled out that BDA is transported an-
terogradely from the subiculum, labeling
axon collaterals also terminating in the
deep layers of MEC and thereby biasing
the results. However, we find this very un-
likely because the number of retrogradely
filled neurons was very low, we never ob-
served BDA-filled axons leaving the subic-
ulum, and subicular neurons rarely have
divergent extrinsic axon collaterals, im-
plying that retrogradely labeled cells that
project to RSC do not likely project to
MEC as well (Naber and Witter, 1998).

Quantification of synapses and
postsynaptic targets

In the ultrathin sections of MEC layer V,
obtained from either of the two animals,
labeled axons and axon terminals could
easily be identified by the presence of clear
DAB deposits. We observed both asym-
metrical and symmetrical synapses. The
first were characterized by having a thick
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PSD (more than twice the thickness of the
PSD) and a wide synaptic cleft. Spherical
vesicles could be observed in the presyn-
aptic terminal (Figs. 2A—-D, 3A). Symmet-
rical synapses had a postsynaptic and
presynaptic density of equal thickness, a
narrow synaptic cleft, and pleomorphic
presynaptic vesicles were less frequently
encountered (Figs. 2E, 3B; Gray, 1959;
Uchizono, 1965; Colonnier, 1968). For all
synapses that lacked a clear asymmetrical

Figure 2.  Electron micrographs of the main categories of labeled axon terminals in layer V of MEC. 4, A labeled axon terminal
with round vesicles and a thick PSD forming an asymmetrical synapse with a dendritic spine emerging from a dendritic shaft. A
converging unlabeled bouton (marked with C) possibly makes a synaptic contact with the spine neck. The synaptic complex is
sampled from animal 12901. B, A labeled axon terminal with round vesicles and a thick PSD forming an asymmetrical synapse with
a dendritic shaft. A converging unlabeled bouton is making a symmetrical contact with the same dendritic shaft. The synaptic
complex is sampled from animal 13976. C, A labeled axon terminal with round vesicles and a thick perforated PSD making an
asymmetrical synapse with a dendritic spine. A spine apparatus is evident. The synaptic complex s sampled from animal 12901. D,
AMSB and a SSB, sampled from animal 13976, are making in total three synapses with dendritic spines. The PSDs are thick, the
synaptic clefts are wide, and the vesicles are round. E, A labeled axon terminal making a symmetrical synapse with a dendritic shaft.
The PSD is thin, and the synaptic cleft is relatively narrow. The synaptic complex is sampled from animal 12901. F, A labeled axon
terminal making a synapse on a dendritic shaft. Three converging unlabeled boutons are making synapses on the same shaft. The
total synaptic complex, sampled from animal 12901, is reconstructed in Figure 4A. Synaptic specializations are indicated with
arrowheads and microtubuli with arrows. L, Labeled axon terminal; D, dendrite; C, converging unlabeled axon terminal; S, spine;

morphology, we analyzed consecutive
serial sections of entire presynaptic and
postsynaptic complexes (Fig. 3).

Postsynaptic targets were either dendritic shafts characterized
by microtubules or mitochondria in the cytoplasm, or dendritic
spines characterized by their overall dimensions, the presence of
clear cytoplasm, and/or the presence of a spine apparatus (Gray,
1959). No axo-axonic or axo-somatic synapses were observed.
PSDs were commonly continuous (Figs. 2A, B,D-F, 3), although
perforated synapses were observed as well (Figs. 2C, 4B). In
general, presynaptic elements formed synapses with only one
postsynaptic element, so-called single synaptic boutons (SSBs), al-
though multiple synaptic boutons (MSBs) were regularly observed
as well (Figs. 2D, 4).

In total, 262 boutons, forming 301 synapses on identified post-
synaptic targets, were characterized in both hemispheres of two an-
imals (Table 1). Analyses revealed no statistically significant
differences in relative numbers between the two rats or their four
hemispheres. In both animals, 98% (1 = 296) of the labeled termi-
nals in layer V of MEC were characterized as part of asymmetrical
synapses, whereas 2% (n = 5) of the synapses were classified as

*, spine apparatus. Scale bars, 500 nm.

symmetrical. Dendritic spines represented 91% (n = 273) of the
postsynaptic targets, whereas 9% (n = 28) were dendritic shafts. In
36% (n = 10) of the synapses onto dendritic shafts, these shafts
showed additional multiple unlabeled synaptic contacts showing a
circular arrangement around the shaft (Figs. 2F, 34, 4A).

The majority of the asymmetrical synapses (92%, n = 271)
contacted dendritic spines, whereas a small fraction (8%,
n = 25) contacted shafts. In contrast, symmetrical synapses
showed no clear preference for dendritic spines or shafts (two
symmetrical synapses on dendritic spines and three on den-
dritic shafts). We observed that, of the asymmetrical synapses,
13% (n = 34) were of the MSB type. These boutons made
synapses with two to four postsynaptic elements. The MSBs
contacted either only dendritic spines (n = 29; Fig. 4B) or both
dendritic spines and dendritic shafts (n = 5; Fig. 4A). Further-
more, 22% (n = 59) of the asymmetrical synapses were of the
perforated type, and they contacted dendritic spines (n = 56)
or dendritic shafts (n = 3).
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Figure 3.  Representative electron micrographs taken from a series of ultrathin sections. Series of sections through an asym-
metrical (A7-A3) and a symmetrical synapse (B7—B3) between a labeled axon terminal and a dendritic shaft in layer V of MEC of
animal 12901. The asymmetrical synapse (AT-A3) has a thick PSD (not developed in AT and conspicuous in A2), round vesicles,
and a wide synaptic cleft. The shaft is sectioned approximately perpendicular to its long axis. The symmetrical synapse (B7-B3)
has a thin PSD (consistent throughout the series), pleomorphic vesicles, and a narrow synaptic cleft. The shaft is sectioned
approximately parallel to its long axis. Converging inputs from unlabeled axon terminals to both shafts are evident. Synaptic
specializations are indicated with arrowheads, and microtubuli are marked with arrows. L, Labeled axon terminal; D, dendrite; C,
converging unlabeled axon terminal. Scale bars, 500 nm.

Figure 4. 3D reconstructions of representative synaptic complexes. A, A labeled bouton (red), sampled from animal 12901,
forming a synapse with a dendritic shaft (orange) and a dendritic spine (yellow). Four unlabeled boutons (blue, pink, turquoise, and
purple) are making additional converging synaptic contacts with the same shaft. Synaptic clefts and specializations are color coded
aslight green. The reconstructions are based on serial sections of the synaptic complex demonstrated in Figure 2F. B, Alabeled MSB
(red), sampled from animal 13976, forming a synapse with four separate dendritic spines (yellow, turquoise, blue, and purple). The
synapses made with the purple and blue spines are perforated. Synaptic clefts and specializations are color coded as light green.
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icantly smaller average diameter (805 =
17 nm) compared with boutons with
a perforated synapse (1050 * 39 nm;
Fiiass = 14.385, p < 0.0005; three-way
ANOVA). The categorization of the syn-
apse as symmetrical or asymmetrical or
the categorization as MSB or SSB had no
significant correlation with the average
diameter (F;,s5,, = 0.755, p = 0.52;
Fi1 250 = 0.407, p = 0.52).

The average length of the PSDs was
352 = 8 nm. Asymmetrical synapses on
spines had an average PSD length of 347 +
8 nm, asymmetrical synapses on shafts
402 = 33 nm, and symmetrical synapses
on spines 92 * 65 nm, and symmetrical
synapses on shafts had an average PSD
length of 419 * 66 nm. Synapses belonging
to SSBs had an average length of 350 = 9
nm, whereas synapses belonging to MSBs
had an average length of 357 = 17 nm. Non-
perforated synapses had a shorter average
PSD length (317 = 7 nm) compared with
perforated synapses (495 = 18 nm). Three-
way ANOVA revealed that perforated syn-
apses and synapse type had a significant
correlation with the PSD length (F(, 5o,y =
39356, p < 0.0005; F(3 505 = 3.048, p =
0.029), whereas the classification as MSB or
SSB was not significantly correlated with
PSD length (F(, 59,y = 0.041, p = 0.84). Post
hoc analysis revealed that asymmetrical syn-
apses on shafts had significantly larger PSD
compared with asymmetrical synapses on
spines (p = 0.027) and symmetrical syn-
apses on shafts (p = 0.047).

Functional assessment of synapses

in MEC

The morphological quantification of the
majority of RSC synapses in MEC as
asymmetrical onto spines indicated the
presence of a direct, primarily excitatory in-
put from RSC into spiny neurons in layer V
of MEC (Gray, 1959; Eccles, 1964; Uchi-
zono, 1965; Colonnier, 1968). To function-
ally validate this morphologically based
inference, we applied an optogenetic in
vitro approach (Petreanu et al., 2007). We
expressed the ChR variant ChIEF in neu-
rons of RSC by injecting rAAV vector
expressing the fusion of ChIEF and the
reporter protein mCherry under the
aCaMKII promoter into caudal A29b and
A29c¢ (for details, see Materials and Meth-
ods). After 6 weeks, expression of mCherry
was visible in all layers of RSC. Expression of

The average diameter of all boutons was 860 = 17 nm. Bou-
tons with an asymmetrical synapse had an average diameter of
859 * 17 nm, whereas boutons with a symmetrical synapse had
an average diameter of 897 * 76 nm. SSBs had an average diam-
eter of 1025 = 49 nm, whereas MSBs had an average diameter of
835 * 18 nm. Boutons with nonperforated synapses had a signif-

the marker was only detected in the RSC cells and their projecting
axons (Figs. 1A2,B2, 5); no ChIEF expression was observed in MEC
neurons. Consistent with previous studies using anterograde tracers,
strongly labeled projections from RSC to both deep and superficial
layers of presubiculum, deep layers of parasubiculum, and deep lay-
ers of MEC were observed (Fig. 1B2).
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Table 1. Distribution of asymmetrical and symmetrical synapses and their
postsynaptic targets

Asymmetrical Symmetrical
Animal Boutons (n) Synapses () Spines Shafts Spines Shafts
12901R 95 104 85% 13% 0% 2%
12901L n 81 91% 7% 1% 0%
13976 R 40 48 94% 6% 0% 0%
13976 L 56 68 94% 3% 1% 1%
Total 262 301 90% 8% 1% 1%

Distribution of asymmetrical and symmetrical synapses and their postsynaptic targets in each of the two hemi-
spheres of each of the two animals used for ultrastructural assessment. R, Right; L, left.

We first characterized the direct voltage responses of ChIEF-
positive RSC cells to laser-scanning photostimulation. The stim-
ulation grid (8 X 6, 20 um spacing) was positioned over the
recorded RSC layer V neurons (Fig. 5A). At high light intensity
levels (>230 wW; Fig. 5A, black traces), illumination of each
point on the grid evoked an AP in the recorded cell. In some cases,
a brief burst of APs was recorded. With the decrease of laser
power, stimulation at some grid points evoked subthreshold
membrane depolarizations. At 23 uW (Fig. 5A, red traces), only
direct somatic stimulation evoked an AP. The average onset of
the responses was 11.67 £ 2.7 ms from the software trigger (n =
288; Fig. 5C).

Previous studies showed that ChR-positive axons can survive
in vitro after separating from the soma and that these axons re-
spond to photostimulation with an AP and subsequent synaptic
release (Petreanu et al., 2007). In 400-um-thick horizontal slices
of EC, we observed mCherry-labeled terminal fibers originating
in RSC (Fig. 5B). In MEC, layer V neurons within the plexus were
initially identified in the live IR-DIC image based on the appear-
ance of their soma. The selected cells were patched, and main
electrophysiological properties in response to =100 nA current
steps were determined (Fig. 5B). The vast majority of the cells
(n = 66, 94% of total) were classified as layer V principal excit-
atory cells (Canto and Witter, 2012). Their average input resis-
tance was 157 * 49 M(), the average width at half peak of AP
generated at threshold was 1.8 * 0.4 ms, and their dendrites
showed spiny morphology (Fig. 5B). Post hoc morphological
analysis confirmed that these neurons were indeed pyramidal
cells (Canto and Witter, 2012). In some instances (n = 5), the
patched cells were identified as inhibitory layer V fast-spiking
cells (FSCs). Their average input resistance was 132 * 40 M(),
which was not statistically different from the excitatory cells (p =
0.12). However, the AP generated in response to depolarizing
current step had different kinetics from those seen in case of
principal cells (average width at half peak was 0.6 = 0.1 ms, p <
0.001, t test). Moreover, the dendrites of these FSCs were spine-
less (Fig. 5D).

We performed recordings from putative postsynaptic layer V
cells while photostimulating the presynaptic ChIEF-positive fi-
bers. The stimulation grid was positioned above the basal den-
drites of the recorded cells in layer V. The postsynaptic cells
responded with EPSPs after stimulation in a subset of grid loca-
tions (Fig. 5 B, D,E). The amplitude of the responses reached up to
10 mV (with average response of 1.91 = 0.05 mV). The average
onset time was 18.09 = 3.36 ms (n = 732). The onset was signif-
icantly slower than in the case of direct optical stimulation of
ChIEF-positive cells in RSC (Fig. 5B; p < 0.001), suggesting that
the EPSPs in MEC were synaptic (Petreanu et al., 2007). To test
whether the optically induced responses in MEC were mediated
by presynaptic activation, we blocked the generation of APs by
perfusing the slices with ACSF containing 5 um TTX. This treat-
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ment completely abolished responses in all recorded cells (n = 8;
Fig. 5E).

Principal cells of MEC layer V have been shown to display two
main patterns of projection (Canto and Witter, 2012). Their ax-
ons can travel via the angular bundle, likely toward extrahip-
pocampal targets, or they can project to superficial layers of MEC.
We reconstructed and analyzed the axonal trajectories of 22 prin-
cipal cells after the optogenetic experiments to determine which
of the two types received the RSC input. We observed both axonal
trajectories in the analyzed population. All reconstructed cells
had axons projecting toward angular bundle. In a substantial
fraction of neurons (n = 11), axonal collaterals were present in
superficial layers (Fig. 6).

Morphological analysis of putative synaptic contacts

In the next series of experiments, we aimed to describe the target
neurons of the RSC input to MEC layer V in more detail. Partic-
ularly, we wanted to identify cells in layer V that project to super-
ficial layers II and IIT in MEC (Canto and Witter 2012) and to
assess the overall distribution of RSC inputs onto the dendrites of
these cells. In fixed slices containing anterogradely labeled RSC
axons, we identified retrogradely labeled superficially projecting
layer V neurons and filled them intracellularly with AF568 (Fig.
1A3,B3). A total of 27 cells were successfully filled, and it was
possible to reconstruct their basal dendritic tree for additional
analysis. All reconstructed cells displayed dendritic morphology
typical for layer V pyramidal cells (Hamam et al., 2000; Canto and
Witter, 2012). Consistent with the earlier studies, the majority of
the cells were multidirectional pyramidal cells (n = 22), although
several horizontal cells were included (n = 5), characterized by
having the majority of basal dendrites parallel and confined to the
layer. The horizontal cells did not differ in any other aspect from
the pyramidal cells, and both types were pooled together for ad-
ditional analysis. A typical cell showed four to nine basal den-
drites originating at the soma (Fig. 7A). Branching peaked at a
distance of 60 um from the soma and continued up to 200 um
(Fig. 7B). The basal dendritic tree extended up to 300 wm in each
direction. The proximal branches were almost devoid of spines,
beyond 20 wm (usually after first bifurcation). The spine density
reached ~10 spines/10 um and then peaked at 14 spines/10 um,
80 wm from the soma (Fig. 7C,D). This spine density of recon-
structed neurons was consistent with previous observations for
layer V pyramidal neurons in MEC (Lingenhohl and Finch,
1991).

After neuron reconstruction, the proximity of the BDA-
positive fibers labeled with AF488 was mapped onto the rendered
dendritic surface (Fig. 7E,F; Schmitt et al., 2004; Evers et al.,
2005). Axons positioned within one voxel from the surface (300
nm in horizontal plane) were represented as a heat map accord-
ing to their fluorescence intensity (Fig. 7F, H). Each individual
putative contact between presynaptic and postsynaptic label was
then verified for the presence of a presynaptic bouton. Axonal
swellings were classified as boutons if the diameter of the swelling
was at least three times bigger than the preceding fiber (Fig. 71,J;
Wouterlood et al., 2008). We verified whether the number of RSC
synaptic contacts on each MEC layer V cell was proportional to
the density of incoming fibers, as predicted by Peters’ rule (Peters
and Payne, 1993). Indeed, the density of labeled axons showed a
linear correlation with the frequency of contacts for each cell
(R?=0.74; Fig. 7G), and the distribution of contact frequencies
normalized to the plexus density was unimodal (p = 0.67). Of
these putative presynaptic terminals, 84% (580 of 692) contacted
spines, whereas the remaining 16% (112 of 692) terminated on
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Figure 5.  Optogenetic activation of ChIEF-expressing RSC cells and their projection fibers in MEC. Laser stimulation of the grid pattern was applied as indicated by asterisks. Scale bars, 20 um.
Pulse duration was 2 ms with 250 ms intervals, delivered via a 40X water-immersion lens. Grid size was 8 X 6 with 20 ..m spacing between nodes. Order of activation (Figure legend continues.)
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Individual axonal reconstructions of 22 pyramidal cells recorded in horizontal slices through MEC. The one interneuron (Fig. 50) is not included. The position of the soma in layer Vis
indicated with the bold open circle (size of the somais not to scale). Axons that appeared to be cut at the surface of the slice are indicated by filled circles (scale bar, 200 rum). Below each neuron is
the characteristic electrophysiological test response to current steps of ==100 pA (calibration: 0.1s,30 mV). The cells indicated with an asterisk are those for which the dendritic morphology is shown
in Figure 5, B (4 cells in the bottom row) and E (3 cells in the top row). I.d., Lamina dissecans; L, layer; w.m., white matter.

Figure 6.

shafts. The proximity of a presynaptic swelling and a dendritic
shaft or spine does not automatically imply the presence of a
synaptic contact (Peters and Palay, 1996; Wouterlood et al., 2003;
Mishchenko et al., 2010). To substantiate our observations, we
performed additional immunostaining of marker proteins for
presynaptic terminals (synaptophysin) and for PSDs (PSD-95)
and reconstructed 88 previously imaged putative contacts from

<«

(Figure legend continued.) ~ was pseudorandom, and subsequent illumination of adjacent
points of the grid was avoided. Pipettes positions are indicated in white. Yellow, mCherry-
positive neurons and fibers; magenta, biocytin-filled cells. Each trace in 4, B, D, and Erepresents
response to stimulation at the corresponding point of the array. A, Direct response of a ChIEF-
expressing cell in RSC to patterned laser stimulation. Laser power was first tuned to 230 uW
(black traces), and stimulation of each point evoked a single AP or a train of APs. Decrease in
light intensity to 25 W resulted in elimination of AP events (red traces). Calibration: 0.1s, 10
mV. Insets, Schematic diagram of recording configuration and test response of the RSC layer V
cell to current steps of =100 pA. Calibration: 0.2 s, 20 mV. B, Somatic EPSP responses of MEC
layer V cells to patterned laser stimulation of RSC terminals expressing ChIEF. Each trace repre-
sents response to stimulation at the corresponding point of the array presented in A for one of
the four simultaneously recorded cells (C1-C4). Laser power at the specimen was 650 pW.
Insets, Schematic diagram of recording configuration and test response to current steps of
2100 pA for cells C71-C4. €, Histogram showing the distribution of onset times for optically
induced responses in RSC (gray bars) and MEC (black bars). Average onset time in RSC was
11.76 = 2.8 ms, whereas in MECit was significantly higher (18.46 == 2.8 ms, ttest, p << 0.001).
D, FSCiin MEC layer V showing EPSPs after stimulation of presynaptic RSC fibers. Calibration:
0.15,2mV. Insets, Schematic diagram of recording configuration and test response to current
pulse of =100 pA. Calibration: 0.2 s, 30 mV. E, EPSPs evoked by RSC fiber stimulation in MEC
layer V require presynaptic APs. Responses shown for three cells €1-C3. Insets, Schematic
diagram of recording configuration and test response to current steps of =100 pA for cells
C1-(3. First, control responses were obtained by stimulating the presynaptic fibers with the
grid pattern (30 repeats). Then the Na * channel blocker TTX (5 jum) was infused for 2 min, and
the grid stimulation was repeated in the presence of the toxin. Control traces (black lines) show
typical responses. Blocking of Na ™ channels diminished the postsynaptic response to the level
of baseline (red traces) in all observed cases. Calibration: 0.1, 4 mV. Inset, Configuration of a
typical experiment and test response to current pulse of =100 pA. Calibration: 0.25, 30 mV.

four neurons. Of these, 68 contacted spines and 20 contacted
shafts. In 78% of the putative spine contacts (1 = 53 of 68) and in
55% of the putative shaft contacts (n = 11 of 20), both presyn-
aptic and postsynaptic markers were found, and these contacts
could therefore be confirmed as synaptic (Fig. 7K). Extrapolating
these percentages to the entire pool of putative synaptic contacts
implies that 88% (1 = 452 of 514) of the axon terminals originat-
ing in RSC contacted spines, whereas 12% (n = 62 of 514) con-
tacted shafts.

Discussion
Projections of the RSC to layer V of MEC are among the strongest
cortical afferents to MEC (Burwell and Amaral, 1998). To study their
potential impact on MEC, we used the anterograde transport of
BDA and ChR-expressing rAAV to identify axons and terminals in
layer V of MEC originating in RSC. Our findings that caudal RSC
projects densely to layer V, with very few fibers targeting layer III of
MEQC, are in line with previously reported observations (Shibata,
1994; Jones and Witter, 2007). The quantitative ultrastructural as-
sessment of the morphology of the labeled presynaptic elements and
their postsynaptic targets in layer V of MEC showed that the majority
of the synapses is asymmetrical, indicating that these are excitatory.
Less than 2% of the terminals are symmetrical, possibly representing
a small inhibitory, likely GABAergic, projection (Gray, 1959; Eccles,
1964; Uchizono, 1965; Colonnier, 1968) that at least in part targets
local inhibitory neurons (Caputi et al., 2013). This interpretation is
strongly supported by our functional findings that laser stimulation
of ChR-positive RSC axons in layer V of MEC exclusively resulted in
excitatory responses in all postsynaptic cells studied. Therefore, we
conclude that RSC provides a major excitatory drive to neurons in
layer V and that inhibition plays only a minor role in this connection.
We further identified the layer V postsynaptic targets of RSC
input. The electron microscopic data show a striking dominance
of spines as targets for RSC inputs. Previous morphological stud-
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Figure7. A-D,Morphological properties of MEC layer V neurons that receive RSCinput and project into layer II/Ill. E-K, Identification and quantification of putative RSC synaptic contacts on MEC
layer V neurons. A, 2D projection of a typical reconstructed layer V cell showing the complexity of basal dendrites. Distance from the soma is color coded. Part of the axon reconstructed in red.
Arrowhead points toward the pial surface. Scale bar, 20 m. B, Sholl analysis showing changes in dendritic branching pattern of reconstructed layer V neurons as a function (Figure legend continues.)
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ies have shown that principal neurons in MEC are commonly
spiny (Wouterlood et al., 1995; Canto and Witter, 2012), and our
observations thus indicate that principal neurons in layer V of
MEC form a main target of RSC projections. Only a small per-
centage of the labeled axon terminals made synapses with smooth
dendritic shafts, likely belonging to either interneurons (Wouter-
lood et al., 1995; Canto et al., 2008) or to spineless parts of den-
drites of principal neurons as shown by our confocal results. The
notion that the shafts at least in part represent interneuron den-
drites is supported by the observations that a number of the post-
synaptic shafts had multiple afferents from unlabeled axon
terminals showing a circular arrangement. This phenomenon is
commonly accepted to be a feature of interneurons (Kisvarday et
al., 1985; Johnson and Burkhalter, 1996).

These morphologically based inferences are strongly sup-
ported by the optogenetic electrophysiological results that both
spiny pyramidal neurons and smooth inhibitory FSCs in MEC
layer V responded to optogenetic stimulation of RSC fibers with
equal latencies. The existence of postsynaptic inhibitory neurons
suggests the presence of an inhibitory feedforward loop within
MEC layer V that would be triggered by RSC input. The presence
of a disinhibitory projection, formed by GABAergic RSC neurons
targeting MEC interneurons (Caputi et al., 2013), could not be
confirmed with our optogenetic experiments, likely because of
the limited sampling of interneurons.

Layer V principal cells project to a number of cortical and
subcortical areas (Insausti et al., 1997), issue local axon collaterals
confined to layer V (Hamam et al., 2000; Canto and Witter,
2012), and project intrinsically to superficial layers (Kloosterman
et al., 2003b; van Haeften et al., 2003; Quilichini et al., 2010;
Canto and Witter, 2012). Our data are in accordance with previ-
ously published accounts indicating that at least two populations
exist: (1) one that projects both superficially and extrinsically;
and (2) one that projects extrinsically with only local collaterals in
layer V (Quilichini et al., 2010; Canto and Witter, 2012). Most
importantly, our data lead us to conclude that both types of layer
V pyramidal cells receive excitatory RSC input.

«—

(Figure legend continued.)  of distance from the soma (n = 27 from 8 animals). The Sholl
values were normalized to the number of first-order dendrites to account for a different number
of basal dendritic branches preserved during slice preparation. Sholl sphere diameter, 20 m. €,
Comparison of spine density between proximal (0—20 wm from the soma) and distal (100—
120 pum) segment of basal dendrite. Scale bar, 30 m. D, Histogram summarizing the changes
inspine density of MEClayer V cells (n = 27 from 8 animals). Bin size, 20 um. Error bars indicate
SEM. E, Maximum projection of confocal image stack of BDA-labeled RSC fibers (AF488, yellow)
and intracellularly filled postsynaptic cells in MEC layer V (AF568, magenta). Scale bar, 20 um.
Arrowhead points toward the pia surface. F, Surface rendering and RSC input mapping of cell
imaged in E. Staining intensity of BDA within 300 r.m of the reconstructed surface is mapped
and color coded. Scale bar, 20 um. G, Scatter plot showing the correlation between contact
density and the number of RSC fibers present within the volume covered by dendritic tree
(Peters’ rule). The correlation was linear (R2 = 0.72), and the distribution of contact frequen-
cies normalized to the plexus density was unimodal (p = 0.67, Kolmogorov—Smirnov test). For
computation of the plexus density index, see Materials and Methods. H, Surface rendering of a
dendritic fragment with RSC input mapping. Staining intensity of BDA within 300 wum of the
reconstructed surface is mapped and color coded. Scale bar, 5 um. I, Surface reconstruction of
area shown in H, overlaid with volume rendering of putative afferent RSC fibers (dendrite:
AF568, magenta; axon: AF488, yellow). Dashed box shows the area magnified in J. Scale bar, 5
. J, Surface reconstruction of synaptic contact targeted for immunostaining (marked by
dashed box). Scale bar, T um. K, 3D reconstruction of the synaptic contact shown in H-K. Slices
containing AF568-filled cells and BDA-labeled RSC fibers were additionally immunostained
with anti-synaptophysin and anti-PSD-95 antibodies. Bouton (yellow) and spine (magenta)
reconstructed as mesh surface. Synaptophysin (white) and PSD-95 (cyan) reconstructed as solid
surfaces.
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We should point out that our experimental data only address
the projection originating from a restricted, caudal part of the
RSC, projecting preferentially to the dorsal half of MEC. In view
of dorsoventral differences in grid-cell properties in MEC (Haft-
ing et al., 2005; Stensola et al., 2012), it might be of interest to
compare very dorsal with very ventral innervation patterns, but
our current data do not allow to address this issue. However,
based on the overall similar connectivity patterns for the projec-
tions from rostral and caudal RSC to MEC (Jones and Witter,
2007), and because we did not observe any striking differences
between experimental data obtained within the dorsal half of
MEC, we expect that our conclusions can be generalized to hold
along the MEC dorsoventral axis.

The role of RSC input in HE-MEC circuitry

Principal neurons in layer V of MEC possess key anatomical and
physiological features to serve an important role in integrating
multiple external inputs (Canto et al., 2008). The dendritic trees
of the principal cells in layer V span the total depths of MEC,
receiving inputs that terminate in different layers. This has been
shown for inputs to layers I-IIT (Medinilla et al., 2013), including
those from the parasubiculum and presubiculum (Canto et al.,
2012). Here we show that layer V principal neurons receive in-
puts from RSC. It is well established that layer V principal cells
receive hippocampal output (van Haeften et al., 1995). Compa-
rable with our results with respect to RSC input, among the
hippocampal-receiving neurons are those that project superfi-
cially (Kloosterman et al., 2003b). Interestingly, the neurons that
receive inputs from the parasubiculum and presubiculum also
include those that send axon collaterals to superficial layers
(Canto et al., 2012). These data thus indicate that layer V princi-
pal cells indeed integrate multiple inputs and subsequently for-
ward this signal to superficial layers I and III.

The neuronal network of MEC has been implicated as a key
component in brain systems mediating navigation (Moser and
Moser, 2008). A striking cell type in superficial layer IT of MEC is
the grid cell (Hafting et al., 2005). Grid cells in MEC represent
multiple positions in space, firing in a regularly patterned struc-
ture when the animal is moving in the environment. Moreover,
grid cells universally code for all environments (Hafting et al.,
2005). Directional information has been postulated as relevant
for the emergence of stable grid-cell properties (Fuhs and
Touretzky, 2006; McNaughton et al., 2006; Burgess et al., 2007)
and for anchoring grid cells to distal cues (Knierim and Hamil-
ton, 2011). This type of information is likely not generated within
MEC but enters by way of the head-directional system. The head-
direction signal originates in the recurrent network of the dorsal
tegmental nucleus and the lateral mammillary nucleus and is
relayed to multiple brain regions by way of the anterior dorsal
nucleus of the thalamus (Taube, 2007). Although the presubicu-
lum has been the main focus of research for head directionality,
this type of information is also expressed in the firing patterns of
neurons in RSC (Cho and Sharp, 2001). The relevance of RSC in
spatial information processing is yet unclear, but it has been sug-
gested that RSC integrates different spatial representations: (1)
one based on path integration and (2) another based on external
sensory information (Vann et al., 2009). We propose that the
strong excitatory effect that RSC inputs exert on MEC layer V
neurons is among the essential inputs for the parahippocampal—
hippocampal navigational system. This assumption is supported
by findings that RSC lesions affect a wide range of tasks testing
different navigational strategies (Vann et al., 2009). The most
severe deficits were reported when the animal needed to change
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navigational strategies or integrate spatial information of differ-
entkinds (Vann etal., 2003; Pothuizen et al., 2008). Furthermore,
during RSC inactivation, the firing of place cells in the hippocam-
pus is less specific (Cooper and Mizumori, 2001). Because RSC
does not project directly to the hippocampus, except for the
subiculum (Sugar et al., 2011), we propose that this change in
place-cell properties in addition to the behavioral deficits seen
after RSC lesions reflect the disruption of RSC activity, indirectly
influencing neurons in superficial layers of MEC, by way of the
pathway shown in the present study.
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Postnatal development of retrosplenial
projections to the parahippocampal
region of the rat
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Abstract The rat parahippocampal region (PHR) and retrosplenial cortex (RSC) are cortical areas
important for spatial cognition. In PHR, head-direction cells are present before eye-opening,
earliest detected in postnatal day (P)11 animals. Border cells have been recorded around eye-
opening (P16), while grid cells do not obtain adult-like features until the fourth postnatal week. In
view of these developmental time-lines, we aimed to explore when afferents originating in RSC
arrive in PHR. To this end, we injected rats aged P0-P28 with anterograde tracers into RSC. First,
we characterized the organization of RSC-PHR projections in postnatal rats and compared these
results with data obtained in the adult. Second, we described the morphological development of
axonal plexus in PHR. We conclude that the first arriving RSC-axons in PHR, present from P1
onwards, already show a topographical organization similar to that seen in adults, although the
labeled plexus does not obtain adult-like densities until P12.

DOI: 10.7554/eLife.13925.001

Introduction

The parahippocampal region (PHR) is important for learning and memory. It consists of two function-
ally different networks, one of which, involved in spatial functions, comprises the presubiculum (PrS),
parasubiculum (PaS), medial entorhinal cortex (MEC) and postrhinal cortex (POR). The other impor-
tant for object representation and processing of contextual information, comprising lateral entorhi-
nal cortex (LEC) and perirhinal cortex (PER; Eichenbaum et al., 2007, Canto et al., 2008;
Ranganath and Ritchey, 2012; Knierim et al., 2014; Witter et al., 2014). PrS, PaS, and MEC har-
bor cells representing an animal’s position (grid cells), direction (head direction cells), borders in the
environment (border cells) and speed of the animal (speed cells; Fyhn et al., 2004; Solstad et al.,
2008; Boccara et al., 2010; Kropff et al., 2015). Even though a complete mechanistic understand-
ing on how these spatial codes emerge is still lacking, it is believed that both intrinsic connectivity
and extrinsic afferents are necessary to produce the receptive fields observed (Brandon et al.,
2011; Koenig et al., 2011; Bonnevie et al., 2013; Couey et al., 2013; Newman et al., 2014). One
approach applied to identify the critical elements underlying the functioning of these cell types, has
been to study the developmental aspects of PHR networks. The different spatially modulated neuron
types in PHR emerge at different periods during development. Border cells and head-direction cells
can both be observed at the end of the second- and beginning of the third postnatal week
(Bjerknes et al., 2014; Bjerknes et al., 2015; Tan et al., 2015). In contrast, adult-like grid cells in
layer Il of MEC first appear during the fourth postnatal week (Langston et al., 2010; Wills et al.,
2010). The early presence of head-direction cells is apparently paralleled by a similarly early devel-
oped shared connectivity (Bjerknes et al., 2015), while the late development of grid cells is paral-
leled by a corresponding late development of the relevant intrinsic connectivity in MEC
(Langston et al., 2010; Couey et al., 2013). Regarding main inputs, sparse connections between
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elLife digest Our ability to navigate critically depends on part of the brain called the
parahippocampal region. Within this region, there are several different types of brain cells (or
neurons) whose activity “codes” different aspects of navigation, such as position, direction and
speed.

To understand how parahippocampal neurons are able to form these activity patterns, we need
to understand how they develop connections with neurons from other brain regions that are
important for navigation, such as the retrosplenial cortex. If inputs from retrosplenial neurons are
important for generating the activity patterns observed in the parahippocampal region, the
connections between the two groups of neurons should be fully mature before the activity patterns
emerge. In rats, this should occur around 11-16 days after birth.

Sugar and Witter have now assessed how the retrosplenial inputs are organized in the
parahippocampal region of rats. This revealed that, when the rats are born, there are very few
retrosplenial inputs present in the parahippocampal region. However, the few inputs that are
present are organized similarly to how they eventually will be organized in adults. After birth, the
number of inputs gradually increases until the rats are approximately 12 days old, at which point the
pattern of connections is indistinguishable from what we observe in adults. Thus it appears that
retrosplenial inputs are fully mature before activity patterns emerge in the parahippocampal region.

In the future, Sugar and Witter would like to investigate how inputs to the parahippocampal
region are able to organize themselves during early development. The importance of retrosplenial
inputs could also be investigated by manipulating them during development and adulthood.

DOI: 10.7554/eLife.13925.002

the hippocampal formation (HF) and PHR are present from birth, reaching adult-like morphological
features during the second postnatal week (Deng et al., 2007, O'Reilly et al., 2013; O'Reilly et al.,
2015). A similar developmental timeline has also been reported for functional connections from PrS/
PaS to MEC (Canto et al., 2011). However, the timeline of development of cortical afferents to HF
and PHR is still unknown.

One of the most prominent cortical inputs to PHR originates in the retrosplenial cortex (RSC) and
spatially modulated cells have been found also in the latter cortical domain (Cho and Sharp, 2001;
Sugar et al., 2011, Alexander and Nitz, 2015). Lesions of RSC result in impairments in navigational
tasks (Vann et al., 2009). In addition, RSC in rodents is necessary for fear conditioning, both when
context or complex multimodal stimuli are used as conditional stimuli (Keene and Bucci, 2008a;
2008b; Corcoran et al., 2011; Cowansage et al., 2014, Robinson et al., 2014) and in rabbits RSC
neurons are responsive to auditory cues when used as a CS in a memory task (Gabriel et al., 1991),
suggesting that RSC has a general role in memory processes. The effect of lesioning RSC on naviga-
tion and memory performance is surprisingly similar to that seen after lesions that inflict the HF-PHR.
It has thus been postulated that interactions between RSC and HF-PHR are crucial for spatial proc-
essing. In the adult, RSC projections target preferentially POR, PrS, PaS, and MEC (Jones and Wit-
ter, 2007; Sugar et al., 2011, Kononenko and Witter, 2012; Czajkowski et al., 2013). In this
paper, we aimed to ascertain the relevance of the RSC-PHR projection for the development of the
functionally different neuron types in PHR. We hypothesized that if inputs from RSC are important
for the development of head-direction- and/or border cells, these inputs should be present before
eye-opening. Alternatively, if inputs from RSC are only important for the formation of stable grid
cells, these inputs might develop after eye-opening, likely reaching adult-like morphology during the
third and fourth week. We injected RSC of rats at different postnatal ages, ranging from postnatal
day 0 to 28 (P0-P28), with anterograde tracers. Using retrograde tracing, we identified RSC neurons
originating the developing PHR projections. The anterograde experimental material was used to
analyze the organization of RSC-PHR projections in postnatal rats and to compare these results with
data previously obtained in the adult. We further analyzed the development of axon morphology
and densities of axonal plexus in PHR.

Sugar and Witter. eLife 2016;5:€13925. DOI: 10.7554/eLife.13925 2 of 29
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Results

Nomenclature

Several nomenclatures have been used to describe subdivisions of RSC. These nomenclatures mainly
follow the same cytoarchitectonic- and histochemical criteria and are therefore directly comparable.
For a summary and direct comparison of the different nomenclatures, we refer to a recent review on
the RSC-HF-PHR connectivity (Sugar et al., 2011). In the current manuscript, we chose to use the
nomenclature of Vogt (2004). We defined the border between area (A)29 and A30 as the area
where layer Il changes from being very condensed in A29, to less condensed in A30. The rostral bor-
der of RSC, towards the anterior cingulate cortex (ACC) was defined as the area where layer II/Ill
widens and where layer IV shifts from being clearly demarcated in RSC towards being more diffusely
organized in ACC. The ventral border of RSC with PHR, more specifically with PrS, was defined by
the appearance of a cell free lamina dissecans in PrS, not present in RSC. In adult rats, A29 can be
further subdivided into three different cytoarchitectonic subdivisions; A29a, b and c, which are
involved in different cognitive functions (van Groen et al., 2004). However, in the immature cortex,
these cytoarchitectonic areas are not apparent. We therefore chose to define a continuous measure
of the dorsoventral positions within RSC (see methods for details). This measure is indirectly related
to the classical cytoarchitectonic subdivision since the classical borders of A29a, b and c follow
approximately our continuous definition of the dorsoventral axis of RSC.

Injection sites

To investigate the development of RSC projection patterns in PHR we aimed to inject anterograde
tracers in different locations within RSC of differently aged pups. Of the 82 animals used in this
study, 20 animals either did not survive surgery or no injection sites were observed in RSC. In the
remaining 62 animals we obtained 113 injections in RSC. Eight of these injections only involved
layers | and/or layers II-lll and did not result in any labeled fibers in HF-PHR. These experiments were
therefore excluded from further analyses. The remaining 105 injections all covered at least parts of
layer V of RSC and involved different parts of RSC. We obtained one (n=21), two (n=31), three (n=6)
or four (n=1) ipsilateral injections in RSC of each brain (Figure 1). In our analyses, we regarded each
of these injections as independent experiments. Most of the experiments (n=93) were performed in
animals aged P15 or younger since other comparable corticocortical projections are developed
before eye-opening and the functional cell types are present in HF-PHR at this age (Langston et al.,
2010; O'Reilly et al., 2013; Bjerknes et al., 2014; O’Reilly et al., 2014). However, we also obtained
injections in older pups (n=12) with a maximum age of P28.

To compare the location of injections in brains of different ages, we age-normalized the position
of the injections by the use of a 3D-atlas brain (see methods and Figure 1A, Video 1 and 2). This
was achieved by identifying atlas-sections containing landmarks and cytoarchitectonic borders pres-
ent in the histological section containing the center of each injection. In the atlas-section, we
recorded the coordinate of the center of each injection. Since the caudal RSC cortex is curved both
along the dorsoventral and rostrocaudal axis we divided the pial surface of RSC in the atlas brain
into triangles and used these triangles to calculate normalized rostrocaudal and dorsoventral coordi-
nates of the each injection (Figure 1B and C). For visualization, we plotted the normalized injection
coordinates into a schematic representation of RSC (Figure 1D).

General projection patterns

We analyzed the anterograde labeling resulting from all 105 injections. In some (n=44), we observed
a few retrogradely labeled neurons within the dorsal half of subiculum (SUB). This potentially may
lead to false positive labeling, which will be addressed in the detailed descriptions below. In accor-
dance with previous studies in adults, we observed anterogradely labeled fibers in the striatum,
anterior nuclei of the thalamus, anterior cingulate cortex, parietal cortex and visual cortices and in
the brainstem (van Groen and Wyss, 1990; 1992; 2003; Jones et al., 2005). However, a detailed
assessment of these projections is outside the scope of this paper and here we will detail the projec-
tions to PHR. We observed anterogradely labeled fibers in layers I, Il and V-VI of PrS (in all of the
experiments included in the analyses, n=105), layers V-VI of PaS (n=90), layers V-VI of MEC (n=90),
layers V-VI of medial LEC (n=14) and in all layers of posterior POR (n=75). In some cases, we also
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Figure 1. Location of the center of injections. (A) The location of the center of each injection was normalized to a
standard 3D atlas of the rat brain (Waxholm space; Papp et al., 2014; See video 1 and 2). Lateral (A1), dorsal (A2)
and para-caudal view (A3) of the 3D atlas brain with the center of each injection (colored spheres). The injections
are color-coded according to age (see color code bottom left). Injections were performed in either the left or right
hemisphere but to ease visualization, all injections were plotted in the right hemisphere. Dentate gyrus (DG), CA3-
1, subiculum (SUB), fasciola cinereum (FC), pre- and parasubiculum (PrS and PaS), medial- and lateral entorhinal
cortex (MEC and LEC), A35-36 and postrhinal cortex (POR) are color coded, while the rest of the brain is colored
green. (B) Midsagital view of the center of the injections projected to the pial surface. The laminar position is
disregarded to allow the injections to be plotted in 2D. Light blue, light red and grey line depict respectively the
dorsal border of A30, the border between A29 and A30 and the ventral border of A29. Injections are color coded
according to age. Triangle explained in C. (C) One example, as shown in B, of the algorithm used for calculating
normalized 2D coordinates of the injections. The pial surface area of A29 and A30 was divided into triangles (grey
area). The shortest vector (black line) between the injection (red sphere) and the cortical surface was calculated.
Thereafter, we calculated the coordinate of the intersection of the vector and the plane within the triangle (yellow
dot) which represented the ‘transposed’ location of the injection. The normalized dorsoventral coordinate of each
injection was defined by calculating the shortest vector from the transposed injection to dorsal (dsa) and ventral
border of A29 or A30 (dyenrar)- The normalized rostrocaudal coordinate was obtained by first calculating a line
along the rostrocaudal extend of A29 and A30, positioned equally distant from the dorsal and ventral borders
(magenta line). Next, we calculated the shortest vector between the injection and this line (red line) and found the
intersection between the two. The rostrocaudal coordinate was obtained by calculating the cumulative distance
from the cross section to the rostral (d,ssa) and caudal end of RSC (deudar)- (D) Normalized flatmap of the
injections. The 3D RSC is converted to a 2D normalized flatmap to obtain relative rostrocaudal and dorsoventral
positions of the injections. The figure is oriented with rostral RSC (left), caudal RSC (right), dorsal RSC (top) ventral
RSC (bottom) to each of the sides of the rectangle. Grey line depicts the border between A29 and A30 in RSC. In
all figures, each injection is color coded according to the bottom left color scheme; light grey colored injections
represent injections in pups aged P1, green colored injections represent injections in pups aged P8 while cyan
colored injections represent injections in pups aged close to P15. Grey injections represent injections in pups
older than P15.

DOI: 10.7554/eLife.13925.003

observed single fibers in layers | and/or Il of MEC (n=34). Additionally, we observed few fibers (if
present typically one or two fibers in an experiment) in the dorsal half of SUB (n=41) and/or in the
dorsal CA fields (n=16). In contrast to previously published data (Burwell and Amaral, 1998b), we
did not observe any labeled fibers in PER in any of our experiments. This includes the oldest aged
pups (P27-28) and the adult cases, suggesting that this lack of perirhinal projections is not a develop-
mental feature. It is thus obvious that all experiments shared RSC-PHR projection patterns, but there
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Video 1. Representation of all injection sites in RSC
represented in a 3D rendering of the rat brain
(Waxholm space; Papp et al., 2014; 2015). The
injection sites are color coded for age (for code see
Figure 1)
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Video 2. Representation of all injection sites in RSC
represented in a 3D rendering of the rat brain
(Waxholm space; Papp et al., 2014; 2015). The
injection sites are color coded for age (for code see
Figure 1)
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were also marked differences from case to case depending on the location of injection within RSC.
This will be systematically described in the next sections.

Injections in rostral A30

Injections in the rostral half of A30 (n=23) all resulted in comparable patterns of labeling in PHR.
Labeled fibers were present in layers |, lll and V-VI of the dorsal one-third of PrS. In layers | and Il of
PrS, labeled fibers were predominantly located in distal PrS and the densest plexus was generally
observed in the dorsal extreme of PrS. Moderate numbers of labeled fibers were present in layers V-
VI of dorsal PaS and layers V-VI of dorsomedial MEC. Among the injections in the rostral half of A30,
the most caudal ones usually resulted in more widespread labeling in MEC. In none of the cases did
we observe labeled fibers in the ventral two-thirds of PHR. We observed single labeled fibers in layer
Il of MEC in some of the experiments (n=3), in POR (n=16) and in HF (n=5).

In a representative animal (18433; P13), DA-A488 was injected in layers |-V in rostral A30
(Figure 2A-D, magenta). From the injection site, fibers continued caudally in layer VI of RSC and in
the cingular bundle towards PHR. At the dorsal pole of PHR, fibers entered into the superficial layers
and branched extensively in layer | and superficial layer Il of intermediate proximodistal parts of the
dorsal pole of PrS. At this dorsal level, labeled fibers were also present in layers V-VI of PrS. Single
fibers continued into deep layers of dorsal PaS and deep layers of posterior POR and deep layers of
dorsomedial MEC. No fibers were observed in more ventral levels of PHR, such that the ventral 75%
of PHR did not show any labeled fibers.

Injections in rostral A30 thus resulted in labeling in the dorsal third of PHR, particularly in poste-
rior POR, distal PrS, the complete transverse extent of PaS, and medial parts of MEC.

Injections in caudal A30
We analyzed 32 injections in caudal A30. Overall, injections in caudal A30 resulted in comparable
projection patterns. Labeled axons were observed in layers |, lll and V-VI in distal parts of PrS, layers
V-VI of PaS and in layers V-VI medially in MEC. Compared to the labelling observed after rostral
injections, the labeling resulting from caudal injections extended more ventrally in PrS, PaS and MEC
(compare magenta and green topography in Figure 2C). The total extend of all plexus covered
approximately the dorsal half of PrS and PaS and the ventromedial part of MEC. The area receiving
the densest projections was also shifted more ventrally. The maximum density of the plexus in PrS
was usually located in the dorsoventral middle of its distal part. Only in one case, labeled fibers were
present in the ventral one-third of PHR. At all dorsoventral levels, labeling covered the distal part of
PrS, in layers |, lll and V-VI, the proximodistal extent of PaS, and medial parts of MEC. After injec-
tions in caudal A30, we observed single labeled fibers in layer Il of MEC in some experiments
(n=12), in POR (n=29), and in HF (n=15).

In a representative animal (18453; P13), BDA was injected in layers |-V of intermediate-caudal A30
(Figure 2A and D-E, cyan). From the injection site labeled fibers continued caudally and ventrally in
the cortex. Arriving in PHR, fibers continued ventrally in layer | and the lamina dissecans of PrS as
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Figure 2. Representative examples of injections in RSC. (A) Normalized flatmap (see Figure 1D) of the locations of
the injections in RSC, shown in B and E. Injections are located in the rostral A30 (magenta), intermediate rostral
A30 (green), intermediate caudal A30 (cyan) and the intermediate rostral quarter of A29 (yellow). (B) Horizontally
cut and Niss| stained section at the level of the injections overlaid with a neighboring fluorescent section
containing the center of an injection in rostral A30 (magenta) and intermediate-rostral A30 (green) within the same
animal. Grey line depicts delineation of A30. (C) The projections after the two injections shown in B were traced

Figure 2 continued on next page
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Figure 2 continued

and represented in a dorsoventral series of drawings of horizontal sections through the PHR. After injections in
rostral A30 (magenta) labeled fibers were mostly observed in the dorsal PrS layers | and Il (C1, D1). After injections
in intermediate-caudal A30 (green) the densest plexus was located more ventrally in PHR and in addition to
labeled fibers in layers |, Il and V-VI of PrS, labeled fibers also extended into layers V-VI of PaS, POR and MEC
(C2-3 and D3). Numbers above sections indicate the dorsoventral position of the section relative to the total
dorsoventral extent of PHR. The yellow boxes in C1 and C3 indicate the position of high power digital images
obtained from the actual sections (D1 and D3). Grey lines depict borders between the HF-PHR subdivisions, the
border between cortex and white matter and lamina dissecans. (D) High power images of plexus depicted in the
sections shown in C and E. Roman numbers indicate cortical layers. Grey lines depict borders between layers. (D1)
Labeled fibers in superficial layer Il of PrS after injections in rostral A30 (magenta). Additionally a few fibers are
seen originating in the intermediate-caudal quarter of RSC (green). (D2) Labeled fibers in proximal PrS deep layer
Il and layers V-VI after injection in intermediate-rostral A29 (yellow) and labeled fibers in distal PrS deep layer Il
and layers V-VI after injection in intermediate-caudal A30 (cyan). (D3) Labeled fibers in layers | and Il after injection
in intermediate-caudal A30 (green). No fibers originating in the rostral A30 were observed. (D4) After injection in
intermediate-caudal A30 labeled fibers were observed in medial MEC (cyan), while after injection in intermediate-
rostral A29 labeled fibers were observed in lateral MEC (yellow). (E) Top: the projections after two injections
(bottom) were traced and represented in a dorsoventral series of drawings of horizontal sections through the PHR.
After injections in intermediate-caudal A30 (cyan) labeled fibers were observed in distal PrS dorsally (E1-3). At
more ventral levels fibers also extended into deep layers of PaS and medial MEC (E3-4). After injections in
intermediate-rostral A29 (yellow) the densest plexus was located in proximal parts of PrS dorsally (E1-2). At more
ventral levels the plexus in PrS layers | and Il disappeared while in the deep layers the plexus shifted to lateral
parts of EC at successively more ventral levels (E3-4). Numbers below sections indicate the dorsoventral position
of the section relative to the total dorsoventral extent of PHR. The magenta boxes in E2 and E3 indicate the
position of high power digital images obtained from the actual sections (D2 and D4). Grey lines depict borders
between the HF-PHR subdivisions, the border between cortex and white matter and lamina dissecans. Bottom:
Horizontally cut and Niss| stained sections at the level of the injection overlaid with neighboring fluorescent
sections containing the center of an injection in intermediate-caudal A30 (cyan) and intermediate-rostral A29
(yellow) within the same animal. Gray line depicts delineation of A29 and A30. Scale bars equal 100 pm (high
power images) and 1000 um (low power images).

DOI: 10.7554/eLife.13925.006

well as in deep white matter. At the dorsal pole of PrS, labeled fibers occasionally entered into layer
Il. A dense plexus was labeled in layers V-VI of the dorsal one-third of distal PrS, in layers V-VI of
PaS and deep layers of medial POR. At more ventral levels, labeled fibers also extended into layers
V-Vl of MEC. In ventral parts of MEC, only a few labeled fibers were observed. No labeled fibers
were observed in the most ventral one-third of PHR.

Injections in caudal A30 thus resulted in a labeling pattern in PHR comparable to that seen in
case of rostral A30 injections, but extending to more ventral parts of PHR.

Injections in rostral A29

Injections in the rostral half of A29 (n=15) resulted in a comparable pattern of labeling in PHR.
Labeled fibers were present in the dorsal half of PrS layers |, Il and V-VI, in layers V-VI of the dorsal
half of PaS and in layers V-VI of MEC. One injection also resulted in labeled fibers in dorsal LEC. In
PrS, the fibers tended to be located more proximally compared to the projections originating from
A30 at the same rostrocaudal level (compare cyan and yellow fibers in Figure 2E1-2). Among the
injections in rostral half of A29, the most caudal injections usually resulted in more extensive labeling
of axons in MEC. In those cases, the plexus in MEC was located at intermediate mediolateral levels,
more lateral compared to the MEC plexus seen after A30 injections (compare cyan and yellow fibers
in Figure 2E3-4). In some cases, we also observed single labeled fibers in layer Ill of MEC (n=6), in
POR (n=8) and in HF (n=9).

In a representative animal (18453; P13), DA-A488 was injected in layers I-VI of intermediate-ros-
tral A29 (Figure 2A and D-E, yellow). From the injection site, labeled fibers ran caudally and ven-
trally in the cingular bundle and in layer VI of RSC. At the dorsal pole of PrS, labeled axons
continued ventrally in layer |, lamina dissecans, and in the deep white matter. At this level, labeled
fibers entered PrS and branched in layers |, Il and V-VI of proximal PrS. Single fibers extended into
deep layers of PaS and POR. At approximately the dorsoventral middle of PHR, the density of
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Figure 3. Representative example of an injection in caudal A29. (A) Normalized flatmap with location of an
injection in caudal A29 (magenta). (B) Horizontally cut and Niss! stained section at the level of the injection
overlaid with an adjacent section containing the center of the fluorescent tracer injection in caudal A29 (magenta).
Grey lines depict delineation of A29 and A30. (C) The projections after the injection were traced and represented
in a dorsoventral series of drawings of horizontal sections through the PHR. Labeled fibers are located in more
proximal parts of layers |, Il and V-VI of PrS compared to after projections in A30 (compare C1-3 and Figure 2). At
successively more ventral levels, fibers also extended into increasingly more lateral parts of layers V-VI of MEC
compared with injections in A30 (compare C2-4 and Figure 2). Grey lines depict borders between the HF-PHR
subdivisions, the border between cortex and white matter and lamina dissecans. Scale bars equal 1000 um.

DOI: 10.7554/eLife.13925.007

labeled fibers in proximal PrS layers | and lll gradually decreased, while in the deep layers, labeled
fibers gradually shifted position at successively more ventral levels. More specifically, moving from
dorsal to ventral levels of PHR, labeled fibers occupied proximal PrS at dorsal levels, and distal PrS,
PaS, medial MEC, lateral MEC and finally LEC at successively more ventral levels.

It is thus apparent that injections in rostral A29 resulted in labeling mainly in the dorsal third of
PHR, including posterior POR and the transverse extent of PaS, similar to what was observed follow-
ing injections in rostral A30. The distribution in PrS and MEC however differed from that resulting
from injections in rostral A30 in that labeling was present in proximal PrS and more lateral parts of
MEC.

Injections in caudal A29
Caudal A29-injections (n=35) resulted in comparable projection patterns in PHR. Labeled fibers were
mostly located in the dorsal half of PrS, and the dorsal two-thirds of layers V-VI of PaS and MEC.
However, in some experiments labeled fibers were also observed in ventral MEC and dorsal LEC.
Compared to injections in caudal A30, injections in caudal A29 resulted in labeling also in more
proximal parts of dorsal PrS. Additionally, after injections in caudal A29, very few fibers were
observed in deep layers of PaS, while a dense patch of fibers was usually observed in MEC. The
densest projection to PHR usually targeted the deep layers of dorsal PrS and intermediate dorsoven-
tral MEC. We further observed in some cases single labeled fibers in layer Ill of MEC (n=13), in POR
(n=22) and in HF (n=13).

In a representative animal (18576; P15) BDA was injected in layers |-VI of caudal A29 (Figure 3).
Labeled fibers left the injection site and traveled through layer VI caudally and ventrally towards the
RSC-PrS border. Single fibers penetrated the lamina dissecans and branched in layers | and Il of
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Figure 4. Standardized representation of location of labeled axons in PHR. (A) Extents of PrS, deep layers of PaS
and deep layers of EC were measured in the horizontal plane (1; Niss! stained sections from case 18427, 3; Niss|
stained sections from case 18589). In every section, the extents of PrS, PaS, MEC and LEC along the transverse axis
were measured. Based on the measurements of all sections in all brains (2 and 4) we binned the PHR along the
dorsoventral and transverse axis and made an average representation of PHR (5; left: layers | and Il of PrS (light
blue), right: layers V-VI of PrS (light blue), PaS (dark blue), MEC (light green) and LEC (dark green). Dorsal,

ventral, proximal (prox), distal (dist), medial (med), lateral (lat) indicates dorsoventral and transverse axis of the

Figure 4 continued on next page
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Figure 4 continued

flatmaps. sy , refers to individual measurements of layers | and Il of PrS in C1. (B) Locations of labeled fibers were
obtained by measuring the distance between the plexus and the borders of the field in which the plexus was
located (1; case 18427, note that we inserted magenta labeled structures to illustrate labeled fibers and their
respective positions on the flatmaps). The measurements were performed in every section containing a plexus.
The bins between the boundaries of each plexus were given a value ranging from 1 to 3 reflecting weak to dense
labeling respectively (color coded in 2, 1 = brown; 2 = orange; 3 = bright yellow). Bins outside the plexus
boundaries were given the value 0 (black, no plexus). In experiments in which we observed single labeled axons or
a sparse plexus, we measured the distance from each labeled axon to one of the borders of the field in which the
plexus was located (3; case 18589; repeating patterns in top sections are artefacts due to stitching of digitized
images). We inserted magenta labeled fibers and their respective positions on the flatmaps). We gave each bin in
the flatmap a value corresponding to the number of labeled single axons (4; bins not containing any labeled
fibers: black; bins with the highest number of labeled axons: bright yellow). For all flatmaps, the centers of mass
for layers | and Il in PrS, layers V-VI of PrS and PaS combined and layers V-VI of MEC and LEC combined were
calculated (red dots). To compare groups of injections, flatmaps of individual injections were normalized to the
highest valued bin, transformed to the average flatmap and added together (5; see methods for further details).
(C) Binning of layers | and Il of PrS along the dorsoventral and along the transverse axis. The example is based on
animals 18427 (left) and 18589 (right; both shown Figure 4A and B). All subdivisions are binned according to the
same algorithm. First the transverse measurements (s ., visualized by black lines in C1) and the dorsoventral
measurement (dv,) in all sections in all animals were normalized to the longest measurement of the respective
subdivision in the particular animal (red (transverse) and blue (dorsoventral) numbers in C1). Next, we binned the
dorsoventral axis of each PHR subdivision (represented by turquois lines in C1) in the same amounts of bins as the
maximum number of sections containing PHR in a single series (s,; 23 in the example) and calculated the
transverse extends of each row of bins in each animal (t;,, numbers not shown). Thereafter, we calculated the
means of the normalized transverse measurements across all animals for each bin (i, red numbers in C2), and the
mean across all animals of the normalized dorsoventral extend of PHR (dv; blue number in C2). The ratio of the
mean transverse extends and the mean dorsoventral extend was calculated such that each dorsoventral level was
expressed as a value relative to the dorsoventral extent of PHR (T;; red numbers in C3). Finally, the number of bins
along the transverse axis for each dorsoventral level (T%") was calculated (C4).

DOI: 10.7554/eLife.13925.008

dorsal PrS. Single fibers continued into deep layers of PaS and into all layers of POR close to the PaS
border. A few fibers were also present in layer Ill of PaS. The density of labeled fibers increased at
more ventral levels and reached its maximum in the middle of the dorsal half of PHR where proximal
PrS layers I-lll, layers V-VI of PrS were covered by labeled fibers. A few fibers were also labeled in
layers V-VI of dorsomedial MEC. Single fibers invaded SUB, layer Il of PaS and layer lll of MEC. We
observed a change in the density and position of labeled fibers along the dorsoventral extent of dor-
sal PHR. The density of labeling in PHR decreased at successively more ventral levels, while the posi-
tion of labeled fibers in deep layers shifted from PrS and PaS at dorsal levels towards MEC at
intermediate dorsoventral levels. In the ventral third of MEC labeling was only located in lateral parts
of MEC. A few labeled fibers were observed in LEC.

All injections in caudal A29 thus resulted in labeling in PHR, comparable to what was seen in case
of injections in rostral A29. However, the labeling from caudal A29 extended more ventrally in PHR.

Specific projection patterns from different parts of RSC
The different labeling patterns in PHR, observed after injections in different parts of RSC indicate
that RSC is heterogeneous with respect to the terminal distribution of PHR projections. To systemati-
cally analyze this, we measured, in each experiment, the location of the labeled plexus in PHR.
Thereafter, we produced normalized flatmaps of the location of the labeled plexus in each experi-
ment (see methods for details). These flatmaps consisted of multiple bins spanning the dorsoventral
and transverse axis of PHR (Figure 4A). Each bin was assigned a value between 0 (black) and 1 (yel-
low) reflecting the density of labeled fibers in PHR (Figure 4B). This approach allowed us to compare
flatmaps across animals of different ages and pool flatmaps of groups of interest. For statistical anal-
ysis, we calculated the center of mass of the labeled fields and tested the relationships between this
measure and the coordinates of the injection and the age of the animal.

We first performed a cluster analysis to investigate whether the patterns of labeling in PHR were
clustered dependent on the location of the injection site or the age of the animal. Using the
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distribution patterns as represented in the flatmaps (see methods for details), we identified five clus-
ters. However, the injection sites in RSC associated with each of the clusters were not clustered in
RSC such that several of the injections associated with one cluster of distribution patterns partly
overlapped with injection sites associated with other labeling clusters in PHR. None of the clusters of
labeling in PHR was associated with distinct age groups of animals. We therefore concluded that
RSC does not contain regions having distinct projection patterns to PHR, but more likely has a con-
tinuous topographical organization of projections to PHR. Therefore, we next assessed whether the
labeling patterns in PHC changed systematically in relationship to the rostrocaudal and/or the dorso-
ventral position of the injections in RSC. For the analysis of the projection patterns, we initially subdi-
vided the injections into two groups depending on whether the injections were located in A29
(n=50) or A30 (n=55). We also subdivided each of the two areas into four equally sized rostrocaudal
regions; the rostral quarter of RSC (n=16), intermediate-rostral quarter of RSC (n=22), intermediate-
caudal quarter of RSC (n=48) and caudal quarter of RSC (n=19).

To evaluate the projection patterns we analyzed the data in two different ways. First, we pooled
the projection patterns of all experiments in each of the eight injection groups described above. We
subsequently analyzed the ‘mean’ projection pattern of each group, as represented on flatmaps of
PHR (Figure 5—figure supplement 1A). However, the pooled flatmaps are sensitive to the number
of bins covered by the labeled axons in each experiment. Experiments in young animals with single
labeled fibers in PHR or experiments with small injections resulting in few labeled axons in PHR will
contribute fewer ‘labeled bins' to the pooled flatmaps, and the pooled flatmaps might therefore be
biased towards the experiments with many bins containing labeled axons. Therefore, we also calcu-
lated, for each experiment, the center of mass of the projections to respectively layers | and Il of
PrS, layers V-VI of PrS and PaS combined, and layers V-VI of MEC and LEC combined. The centers of
mass served as a quantifiable measure of the location of the labeled axons in PHR, which is indepen-
dent of the number of fibers labeled in each experiment.

After injections in the rostral part of A29 and A30, labeled fibers were only seen in the dorsal
one-third of PHR. Labeling was mainly present in superficial and deep layers of PrS with approxi-
mately equal densities, while only a moderate number of labeled fibers was observed in deep layers
of PaS and dorsomedial MEC (Figure 5—figure supplement 1A). Injections in the three more caudal
subdivisions of A29 and A30 resulted in labeling in PHR at successively more ventral levels. Labeling
was seen in layers |, lll and V-VI of the dorsal half of PrS, in layers V-VI of the dorsal half of PaS and
of the medial part of MEC (Figure 5—figure supplement 1A). When comparing injections in A29
and A30, we did not see a systematic relationship between the placement of the injection and the
dorsoventral distribution of the labeling (Figure 5—figure supplement 1A). The results thus suggest
that the rostrocaudal placement of injection in RSC is related to the dorsoventral location of the
labeled plexus in PrS, PaS, and MEC.

Multiple regressions confirmed a relationship between the rostrocaudal placement of the injec-
tion and the dorsoventral location of the center of mass of the labeled axon terminals. More rostrally
placed injections resulted in centers of mass of the labeled plexus that were located more dorsally in
layers | and IIl of PrS (Figure 5A and Figure 5—figure supplement 1B, f=—0.201, 95% confidence
interval (Cl) [-0.290, —0.111], t99=—4.452, p<0.001). The dorsoventral placement of injections was
not significantly related to the dorsoventral location of the centers of mass of the projections
(B=—0.052, 95% CI [—0.144, 0.040], ty9=—1.120, p=0.265). There was no significant interaction effect
of rostrocaudal-by-dorsoventral placement of the injection on the resulting patterns of anterograde
labeling in PHR.

Regarding terminal labeling in layers V-VI of PrS and PaS, more rostrally placed injections in RSC
resulted in terminal centers of mass located more dorsally in layers V-VI of PrS and PaS (Figure 5A
and Figure 5—figure supplement 1D, B=-0.133, 95% CI [-0.203, —0.063], t99=—3.784, p<0.001).
The dorsoventral placement of the injection showed no significant relationship with the dorsoventral
location of the centers of mass of the labeling (=0.020, 95% CI [-0.052, 0.091], t99=0.547,
p=0.585). There was no significant interaction effect of rostrocaudal-by-dorsoventral placement of
the injection.

In layers V-VI of MEC and LEC, more rostrally placed injections resulted in terminal centers of
mass located more dorsally in layers V-VI of MEC and LEC (Figure 5A, Figure 5—figure supplement
1F, B=-0.186, 95% CI [-0.269, —0.104], tgs=—4.498, p<0.001). The dorsoventral placement of the
injection showed a weaker, but significant relationship with the dorsoventral location of the centers
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dorsal

ventral

Figure 5. Topographical organization of projections. The position of the centers of mass of labelling in layers |
and Il of PrS, layers V-VI of PrS and Pa$S and layers V-VI of MEC and LEC is plotted. Each dot is color coded with
respect to the rostrocaudal (A) or dorsoventral position (B) of the injections in RSC (rostral half; blue, caudal half;
red, A29; yellow, A30; green). In layers | and IIl of PrS more caudally placed injections result in projections located
more ventral compared to rostrally placed injections (A; p<0.001), while ventrally placed injections result in
projections located more proximal compared to dorsally placed injections (B; p<0.001). In layers V-VI of PrS and
PaS caudally placed injections result in projections located more ventral compared with rostrally placed injections
(A; p<0.001), while ventral and rostrally placed injections result in projections located significantly more proximal
compared with dorsally and caudally placed injections (B; ventral: p<0.001, caudal: p=0.033). In MEC and LEC
layers V-VI, caudal and ventrally placed injections result in projections located significantly more ventral compared
to rostral and dorsally placed injections (A; caudal: p<0.001, ventral: p=0.032), while ventrally placed injections
result in projections located significantly more lateral compared to dorsally placed injections (B; p=0.020). Multiple
regression was used for all statistical tests (Figure 5—source data 1-12). For flatmaps of the projection patterns
see Figure 5—figure supplement 1.

DOI: 10.7554/eLife.13925.009

The following source data and figure supplement are available for figure 5:

Source data 1. Datapoints used in multiple regressions.

DOI: 10.7554/eLife.13925.010

Source data 2. Datapoints used in multiple regressions.

DOI: 10.7554/eLife.13925.011

Source data 3. Datapoints used in multiple regressions.

DOI: 10.7554/eLife.13925.012

Source data 4. Datapoints used in multiple regressions.

DOI: 10.7554/eLife.13925.013

Source data 5. Datapoints used in multiple regressions.

DOI: 10.7554/eLife.13925.014

Source data 6. Datapoints used in multiple regressions.

DOI: 10.7554/elife.13925.015

Source data 7. Datapoints used in multiple regressions.

DOI: 10.7554/elife.13925.016
Source data 8. Datapoints used in multiple regressions.
DOI: 10.7554/elife.13925.017

Source data 9. Datapoints used in multiple regressions.

DOI: 10.7554/elife.13925.018

Source data 10. Datapoints used in multiple regressions.

DOI: 10.7554/eLife.13925.019

Source data 11. Datapoints used in multiple regressions.

DOI: 10.7554/eLife.13925.020

Source data 12. Datapoints used in multiple regressions.

DOI: 10.7554/eLife.13925.021

Figure supplement 1. Topographical organization of RSC-PHR projections in pups.
DOI: 10.7554/eLife.13925.022
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of mass of the labeling since more ventrally placed injections in RSC had centers of mass located
more ventral in PHR (Figure 5B, Figure 5—figure supplement 1F, $=0.089, 95% CI [0.008, 0.171],
tgs=2.181, p=0.032). There were no significant interaction effects of rostrocaudal-by-dorsoventral
placement of the injection. Based on these data we conclude that the rostrocaudal position of injec-
tions in RSC determined the dorsoventral location of the labeled plexus in PrS, PaS and MEC.

We subsequently analyzed whether the location of the injection site influenced the transverse
position of the labeled axons in the identified PHR subdivisions. A visual analysis of the plotted cen-
ters of mass and the pooled flatmaps showed that in layers | and Il of PrS the labeling was generally
located distally in case of injections in A30 (Figure 5B, Figure 5—figure supplement 1A). After
injections in A29, proximal PrS was also covered by labeled fibers. This suggested that the dorsoven-
tral position of the injection in RSC is related to the transverse position of the labeled fibers in PHR.
This suggestion was substantiated through multiple regression analysis, showing that following ven-
tral injections, the centers of mass of the labeled plexus in layers | and Ill of PrS were significantly
more proximal compared to those following injections in dorsal RSC (Figure 5B and Figure 5—fig-
ure supplement 1C; =0.392, 95% Cl [0.267, 0.518], t99=6.200, p<0.001). The dorsoventral place-
ment of the injections showed no significant relationship with the dorsoventral location of the
centers of mass of the labeling (8=0.117, 95% CI [-0.005, 0.239], t99=1.902, p=0.060). There was no
significant interaction effect of rostrocaudal-by-dorsoventral placement of the injection.

In layers V-VI of PrS and PaS, the centers of mass were located significantly more proximal after
injections in ventral RSC compared to injections in dorsal (Figure 5B and Figure 5—figure supple-
ment 1E; f=0.292, 95% CI [0.192, 0.392], t99=5.780, p<0.001). The rostrocaudal placement of the
injection did show a weaker, but significant relationship with the proximodistal location of the
labeled fibers (Figure 5A and Figure 5—figure supplement 1E, (3=0.107, 95% Cl [0.009, 0.205],
to9=2.164, p=0.033); injections in caudal RSC had centers of mass located more distal in PrS layers
V-VI, compared to what was seen following injections in rostral RSC. Additionally, we observed a sig-
nificant rostrocaudal-by-dorsoventral placement of injection interaction effect, since injections
located more dorsal and more caudal had centers of mass in significantly more distal parts of layers
V and VI of PrS and PaS (B=1.039, 95% CI1[0.529, 1.548], tyy=4.049, p<0.001).

The dense and extensive labeling in layers V-VI of MEC was clearly seen in case of injections in
A29, while a more restricted area, medially in MEC, was covered after injections in A30 (Figure 5—
figure supplement 1A). Multiple regression analysis confirmed that the centers of mass of the termi-
nating axons were located more lateral after injections in ventral RSC compared to after injections in
dorsal RSC (Figure 5B and Figure 5—figure supplement 1G; f=-0.121, 95% Cl [-0.222, —0.020],
tgs=—2.378, p=0.020). However, the rostrocaudal placement of the injection had no significant rela-
tionship with the mediolateral location of the labeled fibers (3=—0.048, 95% CI [-0.150, 0.054],
t=—0.937, p=0.351). There was no significant interaction effect of rostrocaudal-by-dorsoventral
placement of the injection.

The overall analysis thus supported the conclusion that the dorsoventral position of the injection
in RSC determines the transverse position of the labeled fibers in PrS, PaS, and MEC. By plotting
each of the transverse coordinates of the centers of mass against the dorsoventral coordinate of the
injection we did not observe any discrete ‘jumps’ (data not shown). This suggests that the topo-
graphical organization of projections from RSC to PHR is not organized into discrete projection pat-
terns from each of A30 or A29 or its subdivisions a, b or ¢, but rather is organized as a continuous
dorsoventral gradient, similar to what has been reported for the adult situation.

Projection patterns in different age groups
Next, we aimed to investigate how the topographical organization of the projections developed dur-
ing the postnatal period. We binned the experiments in three age groups, aged P1-P6 (n=33), P7-
P13 (n=52), and injections in animals older than P14 (n=20). The labelling patterns from all experi-
ments in each of these age groups were in general similar (Figure 6—figure supplement 1, All
areas). In all age groups, layers |, Ill and V-VI of dorsal PrS, layers V-VI of dorsal PaS, and layers V-VI
of medial MEC were labeled following injections in RSC. Additionally, for all age groups, the dorsal
PrS was the most commonly labeled part of PHR. The distribution of labeling was comparable
between all age groups.

We subsequently refined this analysis to study differences between rostral and caudal RSC with
respect to labeling patterns in PHR. We plotted the centers of mass of the labeled projections
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Figure 6. Development of topographies. The position of the centers of mass of the labelling in layers | and Ill of
PrS, layers V-VI of PrS and PaS and layers V-VI of MEC and LEC is plotted (see also Figure 6—figure supplement
2). Each dot is color coded with respect to the rostrocaudal (A) or dorsoventral position (B) of the injections in RSC
(rostral half; blue, caudal half; red, A29; yellow, A30; green). Left column; animals aged P1-6, middle column;
animals aged P7-13, right column; animals aged P14-28. Age is not related to the dorsoventral position of the
plexus (PrS LI-lll: p=0.876; PRS and PaS LV-VI; p=0.187; EC LV-VI: p=0.198) or the transverse position of the plexus
(PrS LI-IIIl: p=0.641; PrS and Pa$S LV-VI; p=0.325; EC LV-VI: p=0.402). Multiple regression was used for all statistical
tests (Figure 5—source data 1-12). For flatmaps of the projection patterns see Figure 6—figure supplement 1.
DOI: 10.7554/eLife.13925.023

The following figure supplements are available for figure é:

Figure supplement 1. Flatmaps of projection patterns of different age groups.
DOI: 10.7554/elife.13925.024

Figure supplement 2. Development of topographies.

DOI: 10.7554/eLife.13925.025

observed after injections in the rostral half (n=10, 1% week; n=32, 2" week; n=5, 3" week and older)
and caudal half of RSC (n=23 15t week, n=30 2"¥ week, n=15 3" week and older; Figure 6A). The
overall patterns across the age groups were similar and resembled the data including all injections in
each subgroup. After injections in the rostral half of RSC, the labeling patterns in all age groups
were limited to layers |, Ill and V-VI of dorsal PrS, layers V-VI of dorsal PaS and layers V-VI of MEC
(Figure 6—figure supplement 1 R). However, in MEC, animals aged younger than a week had a ten-
dency to only display labeled fibers in the most dorsomedial part while older animals also displayed
labeled fibers in more lateral and ventral parts of MEC.

Next, we split each age group in two different subgroups with respect to the location of the injec-
tion in A29 or A30, combining data on rostral and caudal RSC. We plotted the centers of mass of
the labeling after injections in A30 (n=9 1°* week, n=31 2" week, n=15 3 week and older) and A29
(n=24 15t week, n=21 2" week, n=5 3’ week and older, Figure 6B). Following injections in A30 in
all age groups, the labeled plexus were located in layers |, Ill and V-VI (Figure 6—figure supplement
1 A30). In animals aged younger than a week, a tendency for less dense labeling was seen in ventral
PHR compared to the older age groups. After injections in A29, all age groups showed comparable
labeling patterns. In PrS layers |, Ill, and V-VI, the terminating axons in all age groups were located
more proximally compared to the projection patterns seen after injections in A30 (Figure 6—figure
supplement 1 A29). Similar to injections in A30, in animals aged younger than a week, A29 injec-
tions resulted in less labeling in ventral levels of PHR. This effect was most obvious in MEC.
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After injections in caudal A29 and A30, the labeling patterns were in general similar across all age
groups (Figure 6—figure supplement 1C). Injections in caudal RSC resulted in preferred labeling in
more ventral parts of PHR compared to injections in rostral RSC.

A descriptive assessment of the projection patterns thus suggested that the different age groups
had comparable patterns of labeling. The topography along the transverse axis of PrS and PaS seen
after A29 and A30 injections was observed already during the first postnatal week. In addition, in all
age groups, caudal injections resulted in more extensive labeling in ventral PHR compared to rostral
injections. However, injections in younger animals tended to have less labeled fibers in ventral PHR.
To investigate this phenomenon more carefully, we plotted the coordinates of the centers of mass
of the axonal labeling as a function of age and the location of the injection (Figure 6 and Figure 6—
figure supplement 2). This analysis indicated that already from the earliest postnatal ages, the posi-
tion of the centers of mass are organized as described above. Already at the earliest ages, we
observed that different rostrocaudal levels of RSC project to different dorsoventral levels of PrS and
PaS. Even though we observed a tendency for the youngest animals to not display labeling more
ventrally in PHR, age had no significant effect on the position of the centers of mass along the dorso-
ventral axis in neither layers | and Ill of PrS (Figure 6—figure supplement 2A, 3=0.000, 95% Cl
[-0.005, 0.004], tg9=—0.157, p=0.876), in layers V-VI of PrS and PaS (Figure 6—figure supplement
2B, B=—0.002, 95% CI [-0.006, 0.001], t99=—1.328, p=0.187), nor in layers V-VI of MEC and LEC in
older animals (Figure 6—figure supplement 2C, B=—0.003, 95% Cl [-0.007, 0.001], tgs=—1.299,
p=0.198). To check if animals aged younger than a week had less labeled fibers in ventral PHR com-
pared to older animals, we converted the continuous age variable to a discrete variable were animals
aged younger and older than a week were considered as two different groups. However the age
groups were not significantly related to the location of the center of mass (lowest p-value=0.221). In
neither of the regression analyses, we observed any significant location-by-age interaction effects.

Already in the youngest cases, the centers of mass in layers | and Ill of PrS and layers V-VI of PrS
and PaS after injections in A29 were located more proximal compared to those resulting from injec-
tions in A30 (Figure 6B and Figure 6—figure supplement 2D and E). Age did not predict the loca-
tion of the centers of mass along the transverse axis for neither layers | and Ill of PrS (Figure 6—
figure supplement 2D, $=0.001, 95% CI [-0.005, 0.008], t99=0.468, p=0.641), layers V-VI of PrS and
PaS (Figure 6—figure supplement 2E, $=0.002, 95% CI [-0.002, 0.007], t99=0.990, p=0.325), nor
layers V-VI of MEC and LEC (Figure 6—figure supplement 2F, $=0.002, 95% Cl [-0.003, 0.008],
tg5=0.843, p=0.402). However, for layers V-VI of PrS and PaS there was a significant interaction of
rostrocaudal placement of injection-by-age (=-0.033, 95% CI [-0.056, -0.11], t99=-2.995, p=0.004),
indicating that at older ages, respectively more rostral injections resulted in labeling in more distal
parts of layers V-VI PrS and PaS.

Based on these results we conclude that the heterogeneous projection patterns observed in later
postnatal stages is also present in the first postnatal stages.

Projection patterns in adolescents and adults

We next asked whether the projection patterns in PHR, observed in young animals, are also present
in adult animals (approximately 3 months). To this end, we reanalyzed a dataset described in earlier
publications from our lab (Jones et al., 2005; Jones and Witter, 2007). Analyses of the cases indi-
vidually, suggested that the organization of the projection pattern as we described in young animals
was also present in adult animals. After injections in A30, a dense fiber plexus was observed distally
in layers | and Ill of dorsal PrS (Figure 7A). Additional labeled fibers were observed in layers V-VI of
distal PrS, PaS and medially in MEC, comparable to the projection pattern we observed after injec-
tions in A30 of pups (Figure 5—figure supplement 1A and Figure 6—figure supplement 1). Com-
pared to injections in A30, injections in A29 resulted in labeled fibers more proximally in PrS and
more laterally in MEC (Figure 7B). This topographical organization seems to be graded, since the
injection located at the border between A29 and A30 displayed labeled fibers in a mediolateral posi-
tion between the dorsally- and ventrally injected cases (compare Figure 7C with A and B respec-
tively). Compared to rostrally placed injections (Figure 7A and B), we observed that caudally placed
injections displayed more labeled axons in ventral PrS and MEC, and the area receiving the densest
projection in both PrS and MEC was shifted more ventrally (Figure 7C). Taken together, these find-
ings suggest that the RSC to PHR projections in the postnatal brain are similarly organized to the
adult ones.

Sugar and Witter. eLife 2016;5:€13925. DOI: 10.7554/eLife.13925 15 of 29



LI F E Research Article Neuroscience

Al o004 A2 029 A3 o046 A4 0.58
TN TENR R ——
PRS PRS | SUB 2 Gl
0G|\ \gy
X & £ Vi, s Vi,
% % & SUB Vi (i
Vi - ! |
v ) I
X PAS Il PRS
PAS ;’rmm”l MEC ERES) F AS
. EC
B1 0.06 B2 0.22 B3 0.44 B4 0.67

DG

C1  o0s 0.85
DG )
SuB e DG
v PRS R SUB suB
PRS v 2
y:H VI Wi LEC EES, |
i V_ por PAS Il PAS A /o LE
PAS pon ‘ pass IMEC L2 isAES ! )
\181 B2 B3A 4 B4
| L Ll Ll L L L 1 1
1 LI | Ll LI LI ] L] L) L) L] 1
Dorsal Ventral
®A30 ®A29 @ Caudal A29/30

Figure 7. Labelling patterns in the adult. (A) An injection in intermediate rostrocaudal A30 resulted in dense
labelling in layers | and IIl of distal PrS and a few fibers in deep PrS, PaS and POR (A1). More ventrally, fibers also
invaded the MEC with the most fibers located medially in MEC (A3). (B) An injection in intermediate rostrocaudal
A29 resulted in a dense fiber plexus in layers | and Il of proximal PrS and POR (B2). At this dorsoventral level a few
fibers also invaded PaS. More ventrally, a fiber plexus was present in lateral MEC. (C) An injection at the border of
A29 and A30 in caudal RSC resulted in fibers located in layer | of PrS and deep PaS and POR dorsally (C1). More
ventrally, a dense projection to layers | and Il of PrS (C2 and 3) and a moderate projection to intermediate
mediolateral MEC was present (C4). In A-C numbers above each section depict normalized dorsoventral position
of the section and the line at the bottom of the figure represents the relative dorsoventral position of each
section. Scale bar equals 1000 pm.

DOI: 10.7554/eLife.13925.026

Development of density of projection

We aimed to investigate whether there was a chronological development of the number of RSC-
axons which could be traced within PHR. In the first postnatal week, very few fibers were labeled in
PHR. At P1-P3 we only observed single unbranched fibers in PHR (Figure 8A-D). Along the fibers,
axonal growth cone-like swellings were observed, independent of whether the fibers were located in
the cortex or in the white matter. At P3, we observed the first branching fibers in PHR, although
these fibers typically branched only once or twice in each section. After P3, the plexus gradually
increased in density and complexity. However, we did not observe an adult-like plexus until P12
(Figure 8F). At this age, we observed dense plexus, with fibers displaying numerous branching
points and each fiber containing fine extensions and protrusions, similar to what was seen in older
animals and adults (Figure 8G). Based on these observations we concluded that the number of RSC
fibers in PHR increase gradually from single fibers at P1 to adult-like densities around P12.
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R

Figure 8. Examples of the densest fiber plexus observed in PHR at different ages. At birth, single unbranching
fibers were present in superficial layers of PrS (A), deep layers of PrS (B) and deep layers of MEC (C). At P3, some
branching fibers were observed (D, PrS). These fibers typically branched only once or twice. At P11 (E, PrS) the
complexity of the fiber plexus increased as fibers have multiple branching points and thin fibers are seen within
the plexus. At P12 (F, PrS) the first plexus which was comparable to plexus in adolescent animals (G, PrS) and
adults (data not shown) was observed. In the experiment shown in G, the terminal distribution of three
differentially labeled projections is illustrated. A plexus resulting from an injection in intermediate-rostral A29
(yellow) terminated throughout layer Ill of PrS, while the plexus observed after an injection in intermediate-rostral
A30 terminated in the center of layer Il of PrS (cyan). Fibers originating from a third injections in intermediate-
caudal RSC (magenta) are observed, however the densest fiber plexus is located in a section at more ventral levels
of PrS. The large, overlapping magenta and yellow structures are endothelium which take up alexa-preconjugated
dextran amines. White line depicts the deep and superficial borders of layer Ill. Scale bars equal 100 um.

DOI: 10.7554/eLife.13925.027
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Figure 9. RSC projections to PHR arise from neurons in layer V. (A) A FB injection in deep layers of mainly PrS and
PaS (top right; P5, coronal section) resulted in retrograde labeling of neurons in CA1, SUB and RSC (top

row). Coronal sections shown are from intermediate-rostral RSC (1), intermediate-caudal RSC (2) and caudal RSC
(3). Cyan squares depict size and position of high-power images in the bottom row. Bottom row: High power
images of retrogradely labeled neurons in superficial layer V of RSC. Dashed lines depict the pia and the border
between cortex, white matter and the corpus callosum. Solid lines depict borders between layer I, layers II-Ill and
layer V and border between A29 and A30. Scale bars equal 100 pm (high power images) and 1000 um (low power
images). (B) FB was injected in an intermediate dorsoventral level in MEC and PaS (top right; P11, horizontal
sections) and resulted in retrogradely labeled neurons in superficial layer V of caudal RSC (top row). Horizontal
sections are organized from dorsal (1) to ventral (3). Cyan squares depict location of high-power images in the
bottom row. White lines depicts borders of RSC and border between A29 and A30. Bottom row: High power
Figure 9 continued on next page
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Figure 9 continued

images of retrogradely labeled neurons in superficial layer V of RSC. Dashed lines depict the pia and the border
between cortex and white matter. Solid lines depict borders between layer |, layers lI-lll and layer V. Scale bars
equal 100 um (high power images) and 1000 um (low power images).

DOI: 10.7554/eLife.13925.028

RSC neurons projecting to PHR

Since most of the RSC-PHR projections seemed to be fully developed very early during postnatal
development, we aimed to investigate whether the PHR projecting neurons in RSC were located in
layer V, similar to adults (Burwell and Amaral, 1998a). After fast blue injections in PHR of pups we
identified labeled neurons in RSC in superficial layer V at P5 (Figure 9A) and P11 (Figure 9B), which
suggested that the RSC-PHR projections are adult-like with respect to the layer in which the neurons
are located already during the first postnatal week of development. These observations are in line
with our anterograde material in which we observed that all injections that did not cover parts of
layer V (n=8) did not result in any labeled axons in PHR.

Discussion

To study the development of RSC projections to HF-PHR, we injected anterograde tracers in RSC of
rats aged P0-28. We conclude that the postnatal RSC projects densely to all layers of PrS and poste-
rior POR and deep layers of PaS and MEC and weakly to deep layers of LEC and to SUB. Our retro-
grade experiments showed that the origin of these projections were neurons located in superficial
parts of layer V of RSC. These findings are in accordance with previous work in the adult (Wyss and
Van Groen, 1992; Shibata, 1994; Burwell and Amaral, 1998a; Jones and Witter, 2007). Addition-
ally, we report that the RSC projections to PrS, PaS and EC are topographically organized similarly
already in the youngest postnatal rats and in adult rats (Figure 10). The notion that rostral RSC only
projects to dorsal PHR, while caudal RSC projects to additional more ventral parts of PHR is in accor-
dance with previous work in the adult (Wyss and Van Groen, 1992; Shibata, 1994; Jones and Wit-
ter, 2007). Second, dorsal RSC (A30) projects preferentially to distal PrS, PaS and medial MEC,
while more ventral parts of RSC (A29) project significantly more to proximal PrS and more lateral
parts of MEC. To our knowledge, such topographies have not been reported in earlier studies.

The observation that A30 is preferentially connected to distal PrS, PaS and medial MEC, while
A29 is preferentially connected to proximal PrS and more lateral parts of MEC, but not PaS is in line
with other connectional and functional differences. The PrS to MEC projection is topographically
organized such that distal PrS projects to medial MEC, while proximal PrS projects to more lateral
parts of MEC (Shipley, 1975; Honda and Ishizuka, 2004). Furthermore, these partner domains in
PrS and MEC are selectively innervated by different areas of SUB along its transverse axis such that
distal SUB projects to distal PrS and medial MEC, while more proximal parts of SUB, with the exclu-
sion of the very proximal part, project to proximal PrS and more lateral MEC (Witter, 2006;
O'Reilly et al., 2013). This indicates the existence of a connectional route linking A30, medial MEC,
distal SUB and distal PrS to each other. A parallel route links A29 with more lateral MEC, more prox-
imal SUB and proximal PrS. Although no clear transverse gradients in spatial modulation have been
reported in MEC, electrophysiological properties of neurons show a transverse gradient, indicative
that more medially positioned grid cells might be more precisely spatially tuned (Canto and Witter,
2012). Furthermore, neurons in distal SUB are more spatially modulated compared to those in proxi-
mal SUB (Sharp and Green, 1994). All observations thus point to a differentiation of A29 and A30
where A30 is connected preferentially to more spatially modulated neurons in medial MEC and distal
SUB compared to A29 which is more connected to neurons in lateral MEC and more proximal SUB.

Additional cortical and subcortical connections are in line with this proposed differentiation
between both areas of RSC. The projections to anterior cingulate cortex are differentially organized
for A29 and A30 and while A30 is connected to visual area A17 and A18b, A29 is only connected to
A18b. With respect to thalamic connections, A29 is connected to the anterodorsal and anteroventral
nuclei while A30 preferentially connects with the anteromedial nucleus (van Groen and Wyss, 1990,
1992; Shibata, 1998, van Groen and Wyss, 2003; Jones et al., 2005). Taken together, these con-
nectional differences are in line with reported functional differences between the two areas
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Figure 10. Summary of topographical organization of projections from RSC to PHR in the developing and adult
brain. Schematic representation of the organization of the projections from RSC (top) to PHR (bottom). Projections
from RSC to PHR terminate mainly in PrS, PaS and MEC. Projections originating from rostral RSC (purple and
black) terminate in dorsal PHR, while projections originating from caudal RSC (yellow and grey) terminate in more
ventral parts of PHR. Projections originating from ventral RSC (black and yellow) terminate in proximal PrS and in
lateral parts of MEC, while projections originating from dorsal RSC (purple and grey) terminate in distal PrS and in
medial parts of MEC.

DOI: 10.7554/eLife.13925.029

(van Groen et al., 2004; Vann and Aggleton, 2005; Pothuizen et al., 2009, Pothuizen et al.,
2010). Such a functional differentiation between A29 and A30 could thus possibly result in functional
differences along the transverse axes of PrS, PaS and MEC.

During the postnatal period we observed an overall increase in the density of labeled axonal
branches in all PHR subregions. Even though we did not perform a formal quantification of the num-
ber of labeled fibers in PHR, we only observed single unbranching fibers in animals aged P1-2. Dur-
ing the first postnatal week, the number of axons generally increased, and the fibers displayed
several branching points towards the end of the first postnatal week. The first terminal plexus with
adult-like densities were observed in P12 animals. Even though several other factors, such as tracer
type and the number of layer V RSC neurons involved in the injection also had an impact on the
number of fibers observed in each experiment, we are confident that the most important predictor
of labeled fiber density was the age of the animal. Interestingly, the time window of increased den-
sity of RSC afferents in PHR is paralleled by several anatomical and physiological changes in PHR. EC
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afferents originating in PaS and PrS become functional from P8 and mature gradually until they are
fully adult-like around P14 (Canto et al., 2011). Similar developmental timescales have also been
reported for the functional development of intralaminar projections within EC (O’Reilly et al., 2010).

Our temporal analysis revealed that RSC axons destined for PHR migrate directly into their area
of termination and thereafter keeps their position constant while the number of axonal branches and
the total axonal spread increases gradually until they reach adult-like plexus features. This observa-
tion is supported by our center of mass analyses of the early perinatal RSC to PHR projections, show-
ing that projections originating in different parts of RSC show a striking terminal topography already
during the first postnatal week.

Head-direction cells and border cells are all present in PHR when electrodes are lowered into the
brain during the second postnatal week (Bjerknes et al., 2014, Bjerknes et al., 2015), while grid
cells mature during the third and fourth postnatal week (Langston et al., 2010; Wills et al., 2010).
Even though no published experiments have investigated whether border cells and head-direction
cells are present before the second postnatal week, our data indicate that the topographical organi-
zation of RSC terminals in PHR is present before spatially modulated neurons are present in PHR
and that adult-like axonal densities can be observed approximately at the same time-point as the
first border cells and head-direction cells are observed in PHR. This conclusion is comparable to
what has been observed for intrinsic HF-PHR connectivity which is also topographically organized
already at early postnatal periods, demonstrating increased plexus densities for intrinsic HF-PHR
projections during ongoing development (Fricke and Cowan, 1977; Borrell et al., 1999;
O'Reilly et al., 2013; O'Reilly et al., 2014). It is also comparable to what has been reported in sev-
eral other developing brain systems. For instance, for thalamocortical projections in the visual system
of both monkeys, cats and ferrets, the first arriving axons in the visual cortex already show a topo-
graphical organization into ocular dominance columns (Horton and Hocking, 1996, Crowley and
Katz, 2000; Crair et al., 2001). Similarly, the rat ventral posterior thalamic nucleus issue projections
to the somatosensory cortex in which the first arriving axons target distinct areas later forming a
defined barrel (Catalano et al., 1996). Sensory inputs to the olfactory bulb are present long before
neurons display a receptive field. Moreover, the development of these inputs is independent of
activity in sensory receptors, which suggests that the development of topographies in the olfactory
bulb is experience independent (Lin et al., 2000). The same conclusion apparently holds for the pro-
jections from RSC to PHR, These findings are different from what has been reported for the retino-
geniculate projection in several species. In this projection, there is an overshoot of axonal terminals,
which are initially diffuse and later pruned into an adult-like topography (Rakic, 1976; Linden et al.,
1981; Shatz, 1983, Godement et al., 1984). These differences might imply that distinct molecular-
or activity based principles governs the axonal termination patterns in different neural projections.

The results presented in this study thus lead us to conclude that the topographical organization
of PHR connectivity is present when the first RSC axons arrive in PHR. The densities of the terminal
plexus appear to develop gradually without any clear signs of pruning, though it remains to be
determined whether connectional reorganization occurs at the synaptic level during development.
The first plexus with adult-like densities can be observed around P12 which is around the time when
the first spatially modulated neurons in PHR have been observed (P11), but before eye-opening and
before the animals starts to navigate (around P15) and thus before adult like grid cells are observed
in PHR (after P25; Langston et al., 2010; Wills et al., 2010; Bjerknes et al., 2014; Bjerknes et al.,
2015). These findings suggest that RSC afferents might be important for the development of head-
direction and border cells.

Materials and methods

Surgeries and perfusion

Eighty two female and male Long Evans rats aged between PO and P28 were used in this study.
Additionally, we reanalyzed anterograde injections performed in approximately 3 months old adult
Wistar rats (Jones et al., 2005; Jones and Witter, 2007) and retrograde injections performed in
Long Evans pups (O'Reilly et al., 2014). We refer to these original publications for a detailed
description of the experimental protocols.
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The pups were bred in-house and housed in enriched cages together with their parents and litter-
mates. Cages were checked every morning and evening for pups and the day pups were observed
was considered PO. We use the day of perfusion designating the age of the animal. To avoid unnec-
essary stress for the animals, litters with more than ten pups were culled to ten pups at PO or P1. At
P21, the pups were separated from their parents and moved to cages together with littermates of
the same sex. The animals lived in a controlled environment (22 + 1°C; humidity 60%; lights on from
8:00 P.M. to 8:00 A.M.). Food and water were available ad libitum. The experimental protocols fol-
lowed the European Communities Council Directive and the Norwegian Experiments on Animals Act
and local directives of the responsible veterinarian at the Norwegian University of Science and
Technology.

All surgeries were conducted under isoflurane gas anesthesia. Animals were placed in an induc-
tion chamber and fully anesthetized before they were moved to a stereotaxic frame. The head was
fixed using a neonatal mask and mouthpiece (model 973-B; Kopf, Tujunga, CA) and zygoma ear
cups (model 921; Kopf). Animals older than P18 were mounted in a small-sized adult mask and the
head was fixed with blunted ear bars. Before incision, the skin was disinfected with 2% iodine in 65%
ethanol, and a local analgesic bupivacain (0.2 ml per 100 g bodyweight of a 0.5 mg/ml solution;
Marcain, Astra Zeneca, London, UK) was injected subcutaneously at the place of incision. The skin
was opened with a small-sized and sharp tipped scissor. After incision, the mouthpiece and ear cups
were adjusted so that bregma and lambda were aligned horizontally. Before injecting, bone over the
place of injection and over the posterior extreme of the sagittal sinus was removed. The exact place
of injection was measured using the junction of the transverse- and sagittal sinus as a reference for
the anteroposterior coordinate, the lateral edge of the midsagital sinus as a reference for the medio-
lateral coordinate and the level of the dura as a reference for the dorsoventral coordinate. Before
injection, the dura was punctured, and glass micropipettes with an outer diameter of 20-25 um
were lowered into the brain (30-0044, Harvard Apparatus, Holliston, MA; pulled with a PP-830
puller, Narishige, Japan). The anterograde tracers biotinylated dextran amine (BDA; 5% in phos-
phate buffer (PB; 0.125M in H,0; pH 7.4), 10000 MW, D1956, Invitrogen, Eugene, OR) or preconju-
gated dextran amines (all 5% in PB, 10 000 MW; Alexa-488 DA, D22910; Alexa-546 DA, D22911;
Alexa-647 DA, D22914; Invitrogen) were iontophoretically injected through the micropipettes into
RSC (4-6 UA, alternating currents, 6 s on/6 s off, for 5-15 min, 51595; Stoelting, Wood Dale, IL).
Throughout the surgery, appropriate amounts of sterile saline (room temperature) were adminis-
tered subcutaneously to avoid dehydration. Animals were also administered carprofen during sur-
gery as a post-surgery analgesic (1 ml per 100 g bodyweight of a 0.5 mg/ml solution; Rimadyl,
Pfizer, New York, NY). After surgery, the incision was sutured and the pups were allowed to recover
under a heating lamp. When fully awake, the animals were returned to maternal care until the time
of sacrifice.

We euthanized the animals 18-30 hr after surgery under a terminal anesthesia with isoflurane.
The thorax was opened and cold Ringer’s solution (8.5 g NaCl, 0.25 g KCI and 0.2 g NaHCO3 per
liter of HyO, pH 6.9) was transcardially perfused through the body. When the liver turned pale the
perfusion solution was changed to a 4% solution of freshly depolymerized paraformaldehyde in PB
(pH 7.4). In case of PO-P2 animals, 0.1% glutaraldehyde was added to the fixative. The brain was
removed from the skull and postfixed overnight at 4°C in the same fixative. Twenty-four hours after
perfusion, the brains were transferred to PB containing 2% dimethyl sulfoxide (DMSO; VWR, Radnor,
PA) and 20% glycerol (VWR).

Tissue processing

Brains were cut with a freezing microtome (HM-430 Thermo Scientific, Waltham, MA) in 40 or 50 um
thick horizontal sections. Depending on the age of the animal sections were collected in four to six
equally spaced series. One of the series was mounted directly on superfrost slides
(10149870, Thermo Scientific). The remaining series of sections were collected in vials containing 2%
DMSO and 20% glycerol in PB and stored at -20°C until further usage. The mounted series was
Nissl-stained by first dehydrating the sections in increasing ethanol solutions (50%, 70%, 80%, 90%,
100%, 100%, 100%) followed by two minutes in xylene (VWR) to clear the sections. Thereafter, the
sections were rehydrated in decreasing ethanol solutions (opposite order as the dehydration proto-
col) and placed in cresyl violet solution for two to six minutes. Subsequently, the sections were rinsed
quickly in water and placed in 50% ethanol containing acetic acid to differentiate the staining. The
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sections were dehydrated in ethanol, cleared in xylene and finally coverslipped with Entellan
(107961, Merck, Darmstadt, Germany).

Visualization of anterograde tracers

In case of brains with BDA injections, one series of sections was rinsed three times for 10 min in PB
and then three times for 10 min in tris(hydroxymethyl)aminomethane (Tris)-buffered saline (50 mM
Tris (Merck) and 150 mM NaCl in H,O) containing 2% Triton X-100 (TBS-Tx; Merck, pH 8.0). In
experiments were multiple tracers were injected, the sections were incubated with Alexa-conjugated
streptavidin (Alexa-405 S32351, Alexa-488, S11223; Alexa-546, S11225; Alexa-633, S21375, Invitro-
gen) in a 1:200 solution with TBS-Tx overnight at 4°C. In experiments were BDA was the only tracer
injected in the brain, sections were incubated for 90 min in TBS-Tx with avidin-biotin-peroxidase
(Vectastain Standard PK-4000 ABC kit; Vector, Burlingame, CA) according to the manufacturer’s
instructions. Subsequently, sections were rinsed three times for 10 min in TBS-Tx and two times for 5
min in Tris-HCI (50 mM Tris in H,O, pH adjusted to 7.6 by adding HCI) and incubated for approxi-
mately 15 min in a diaminobenzidine tetrahydrochloride (DAB)-peroxidase solution containing 5 mg
DAB (D5905, Sigma-Aldrich, St. Louis, MO) and 3.3 ul H,O, (H1009, Sigma-Aldrich) in 10 ml Tris-
HCI. Irrespective of whether the incubations were carried out with Alexa-conjugated streptavidin or
DAB, the sections were rinsed two times for 5 min in Tris-HCI, and subsequently mounted on glass
slides from a 0.2% gelatin solution in Tris-HCI. After overnight drying, they were cleared in toluene
and coverslipped with Entellan (Merck).

Sections were inspected with fluorescence illumination at the appropriate excitation wavelength
or conventional brightfield illumination (Zeiss Axio Imager M1/2). Digital images of successful injec-
tions and anterogradely labeled plexus in HF-PHR were obtained using a slide scanner equipped for
either brightfield or fluorescent imaging (Zeiss Mirax Midi; objective 20X; NA 0.8). For illustrative
purposes, images of labeled cells and Niss| stained tissue were exported using Panoramic Viewer
software (3DHistech, Budapest, Hungary) and processed in Adobe Photoshop and lllustrator (CSé,
Adobe Systems, San Jose, CA).

Assessments of experiments

After the sections were digitized, we aimed to obtain, for each experiment, realistic estimates of the
location of the anterogradely labeled axons in PHR and of the locations of the injections in RSC. To
achieve this, we first produced an average flatmap of PHR based on measurements of each PHR sub-
division in all animals (Figure 4A). Second, we measured the location of labeled fibers within PHR
and represented the position of the labeled fibers on the average flatmap (Figure 4B). Third, we
plotted the injections in a reference atlas brain (Figure 1).

In order to create an average flatmap, we produced individual flatmaps of all animals. To this
end, we delineated all subdivisions within PHR using cytoarchitectonic differences between the dif-
ferent subdivisions (Boccara et al., 2015). Borders were established in fluorescent- or DAB-stained
sections overlaid with the neighboring Nissl-stained section. In all sections, we measured (using Pan-
oramic Viewer software, 3DHistech, Budapest, Hungary) the extent, along the transverse axis, of sub-
divisions containing labeled RSC axons, i.e. superficial layers of PrS, deep layers of PrS, deep layers
of PaS, deep layers of MEC and deep layers of LEC (Figure 4A1-4). The transverse measurements
where obtained from all sections of all brains, stored in excel files and the data were further proc-
essed using MatLab software (R2015b, MathWorks, Natick, MA).

We next aimed to make one average flatmap, constituting of square bins, representing the mean
‘shape’ of PHR across all brains. Since brains of animals of different ages have different sizes, we first
converted the absolute measurements into normalized values. For this, we divided each measure-
ment by the maximum measured extent of the respective subdivision for the particular animal
(Figure 4C1). Next, we binned the dorsoventral axis of each PHR subdivision in 29 equally sized
bins, since the maximum number of sections containing PHR in a single series was 29. Subsequently,
we calculated the mean of the normalized transverse measurements, across all animals, for each of
the 29 dorsoventral levels (Figure 4C2). This procedure was repeated for each subdivision. To obtain
bins each representing a square area of the brain, we first calculated the ratio between the total dor-
soventral extent of PHR and the maximum measured extent along the transverse axis of each animal
(Figure 4C1). Thereafter, we calculated the mean of these ratios across all animals (Figure 4C2).
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Next, the 29 normalized transverse measurements were divided by the mean of the dorsoventral
extents (Figure 4C3). This procedure was repeated for each subdivision. This procedure thus
resulted in, for each subdivision, 29 dorsoventral levels with different transverse extents, expressed
as a value relative to the dorsoventral length of PHR. The transverse extents were subsequently
turned into square bins (calculated as the average extent along the transverse axis x 29 and rounded
to the nearest integer, Figure 4C4) so that each subdivision could be represented as a flatmap con-
taining 29 rows of bins with a variable amount of square bins in each row (Figure 4A5).

Location of labeled fibers

We represented the location of labeled axons in PHR for each experiment within the average flat-
map in two ways. In experiments where a dense labeled plexus was present, the distances between
the boundaries of the plexus and the borders of the respective PHR subdivisions were measured
along the transverse axis (Figure 4B1). We did this for each section containing a labeled plexus. The
density of labeling in each plexus in each section was subsequently given a value from 1-3 depend-
ing on a subjective evaluation. The densest plexus in each experiment was given a value of '3’, while
weaker plexus were valued ‘1" or ‘2’ depending on the density relative to the densest plexus
observed in the experiment. Alternatively, in experiments in which we observed only single labeled
axons or a sparsely labeled plexus, the transverse measurements were obtained as follows. In PrS,
the distance from each labeled axon to the proximal border of PrS was measured, while in deep
layers of PaS the distance from each labeled axon to the distal border of PaS was measured. In deep
layers of MEC and LEC, the distance from each labeled axon to the medial border of the respective
subdivision was measured (Figure 4B3). In cases of missing or damaged sections, we estimated the
putative projection pattern in the section by using the average projection pattern of the sections
directly above and below.

To identify the bin(s) in the average flatmap representing the location of labeled fibers, their
absolute position, as established above, was normalized within its respective area. In cases where
we observed a dense plexus, each bin was given the value corresponding to what was described
above (Figure 4B2). In cases where we measured the location of labeled fibers, each bin was given a
value equal to the numbers of labeled axons present in the location represented by the respective
bin (Figure 4B4). All bins not containing any labeled axons or located outside the labeled plexus
were given the value 0.

To be able to directly compare or pool flatmaps representing either single fibers or dense plexus,
we normalized the values of all bins in each experiment to the maximum valued bin in the respective
experiment, resulting in bins in each experiment with values ranging between 0, representing no
plexus or fibers, or 1, representing the bin with the densest labeling. To compare different sources
of variability for the projection patterns, we organized the flatmaps into different groups of interest.
For each group, we summed the values of bins representing the same location in all flatmaps
(Figure 4B5). Finally, we normalized the 'summed’ flatmap to the bin with the highest value, similar
to the procedure described above. In flatmaps representing projection patterns of several sub-
groups, normalized flatmaps were summed, so that each subgroup had similar impact on the
summed flatmap. For illustrative purposes, the flatmaps of individual experiments or groups of
experiments were plotted using MatLab.

In all experiments, we calculated the coordinates for the ‘center of mass’ of the projections along
the transverse and dorsoventral axis for respectively layers | and Il of PrS, layers V-VI of PrS and PaS
combined and for the combined layers V-VI of MEC and LEC. The center of mass-values of the axo-
nal plexus were used for statistical analyses. In scatter plots of center of mass-values, we defined the
extremes of the color scale as + 2 standard deviations from the mean value. All values between these
extremes were plotted using a linear color scale while more extreme values were thresholded to the
extreme colors.

Location of injections

Since brains of different ages have different sizes, we aimed to normalize the position of the injec-
tions. In adult rats, RSC can be subdivided into four different cytoarchitectonic subdivisions A30 and
A29a, b and c. In the adult brain, these four subdivisions are positioned along the dorsoventral
extend of RSC. In the immature cortex, only the cytoarchitectonic border between A29 and A30 is
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clearly identifiable. We therefore chose to define the dorsoventral location of the injections in A29
and A30 as a continuous coordinate. This measure is thus indirectly related to the classical discrete
cytoarchitectonic subdivisions. We used the recently released reference 3D-atlas brain (Papp et al.,
2014; 2015) to map all injections in a standardized space, irrespective of age. First, we identified
coordinates of the dorsal, ventral, rostral and caudal border of respectively A29 and A30 in the atlas
brain. The lines between the respective coordinates were smoothed using local regression. Next, we
calculated the cutting angles of our experimental brains relative to the atlas brain and made sections
of the standard atlas brain with the same cutting angles. We identified atlas-sections containing
landmarks and cytoarchitectonic borders present in the section containing the center of each injec-
tion. The atlas coordinate of the center of each injection was recorded and served as an age-normal-
ized 3D point-measure of the injection location within RSC. For illustrative purposes, the coordinates
of all injections were plotted within the 3D volume (Figure 1A, ITK-SNAP, NIH).

Since the caudal RSC cortex is curved both along the dorsoventral and rostrocaudal axis we flat-
tened RSC and transposed each injection onto a 2D plane. This was done by dividing the surface
area of A29 and A30 in the atlas brain into multiple triangles (Figure 1B). The coordinates of the
dorsal and ventral borders of A29 and A30 determined the coordinates of each triangle. For each
injection, we calculated the shortest vector between the injection and the cortical surface within any
of the triangles (Figure 1C). Thereafter, we calculated the intersection of the vector and the plane
within the triangle. This coordinate represented the “transposed” location onto the cortical surface
of each injection (Figure 1B and C). The normalized 2D coordinate of each injection was defined as
follows (Figure 1C); the dorsoventral coordinate was defined as , ﬁwhere d, and dg represent
the distance from the transposed injection to the ventral and dorsal border respectively. The rostro-
caudal coordinate was obtained by first calculating a line along the rostrocaudal extend of A29 and
A30, positioned equally distant from their respective dorsal and ventral borders. Next, we calculated
the shortest vector between the transposed injection and the line and found the intersection
between the two. The rostrocaudal coordinate was defined as dfﬁ, where d, and d. is the cumulative

distance from the cross section to the rostral and caudal end of RSC. This resulted in the normalized
map of the positions of all injection sites analyzed in this study (Figure 1D).

Statistical analyses

For cluster analyses, we smoothed each flatmap by applying a Gaussian filter of 5 x 5 bins with a
standard deviation of 1.5. Thereafter we calculated pairwise correlations between each possible pair
of flatmaps. The correlation matrix was subsequently clustered by using the k-means clustering algo-
rithm in MatLab. The number of clusters was subjectively decided by evaluating the ratio between
within- and between cluster variance. The number of clusters was fixed when adding more clusters
would not result in a substantial decrease in the within- to between cluster variance ratio.

Our dataset contained experiments in animals of all ages between P1 and P19 and injections in
animals aged P27 and P28. Since we did not have samples between P19 and P27 we only included
experiments in animals aged P19 or younger in the statistical analyses. Experiments that did not
result in labeled axons in any of the areas of PHC where not included in the analyses. The dorsoven-
tral and transverse coordinates of centers of mass were thereafter analyzed independently. For each
of the coordinates, we fitted a linear multiple regression model to the data using age and the nor-
malized location of the injection as predictors. A model including the main predictors and two-way
interactions was fitted to the data using SPSS (version 20, IBM, Armonk, NY). We subsequently
removed from the model the two-way interaction with the lowest standardized B-value and were
insignificantly different from zero (t-test), and a new model was fitted. This procedure was repeated
until the model only consisted of the main effects and significant two-way interaction terms. In the
regression models, the center of mass coordinates ranged from 0 (ventral) to 1 (dorsal) and from 0
(proximal and medial) to 1 (distal and lateral), the coordinates of the injection cite ranged from 0
(rostral) and 1 (caudal) and from O (ventral) and 1 (dorsal) and the age of the animal was measured in
postnatal age in days. Regression coefficients are reported unstandardized with 95% confidence
intervals.

To assess whether the data met the assumption of linear relationships, we visually assessed scat-
ter plots in which each of the independent variables were plotted versus each of the center of mass
coordinates. Additionally, we evaluated the standardized predictor values plotted against the
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standardized regression residuals to assess whether the assumptions of linearity, homoscedasticity,
independent residuals and normally distributed residuals were met. We additionally tested whether
the residuals were normally distributed by visually inspecting frequency histograms and normal prob-
ability plots. Next, we tested multicollinearity of the independent variables by correlating each of
the independent variables. No multicollinearity was assumed if the Pearson’s correlations were
between -0.70 and 0.70. In addition, we assessed the variance inflation factor (VIF) of each model.
The highest calculated VIF was 1.197, which is well below recommended cutoffs. Statistical signifi-
cance of regression coefficients was determined using two sided t-test with p<0.05 as criterion.
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