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Abstract

To successfully navigate their environment, animals may generate an inter-
nal representation of the environment that can be updated based on sensory
cues or internally generated motor commands. Head-direction cells, neu-
rons that �re when the animal faces a particular direction in space have been
recorded in various areas of the vertebrate brain. The dynamics of heading
direction circuits are well by described by ring attractor networks, where
a ring attractor organizes the activity of the circuit and positions along
the ring represent the heading direction. Although this model has found
remarkable validation in the invertebrate central complex, the anatomical
dissection of a ring attractor circuit has been elusive in the vertebrate brain.
Here, I report experimental observations in the larval zebra�sh that high-
light a possible role of the interpenducular nucleus (IPN) and a connected
area, the anterior hindbrain, in generating heading direction-related signals.

The internal organization of the interpeduncular nucleus is poorly un-
derstood. In the �rst part of this thesis, I will present anatomical recon-
structions that provide crucial insights in the organization of this struc-
ture in the larval zebra�sh. I will show that 1) the internal circuitry of the
ventral IPN is organized in a �x number of glomeruli, domains of neuropil
that receive dense and segregated dendritic and axonal arborizations and
exhaustively tile the ventral IPN; and that 2) neurons in the anterior hind-
brain dorsal from the interpeduncular nucleus contribute many dendritic
and axonal projections to the IPN neuropil.

In the second part of the thesis, I will describe a population of r1π neu-

rons in the anterior hindbrain that exhibit a highly constrained dynamics
lying on a ring manifold in the phase space of the network. Intriguingly,
clock- and counterclock-wise shifts along this manifold correspond to left
and right movements of the �sh, so that the network state can keep track
of current heading direction. The dynamics of the network full-�lls several
criteria that de�ne a head-direction network: 1) There is a sustained and
unique bump of activity that translates across the network (uniqueness); 2)
the activity shifts in opposite directions when the animal perform leftward
and rightward movements (integration); 3) activation of the network is sta-
ble over tens of seconds in the absence of motion (persistence).

Finally, I will turn back to the anatomy of r1π neurons and show how
they could connect with each other in the IPN according to their proximity
in activity space, and I will conclude by proposing a mechanistic model for
the organization of the ring network dynamics. Together, these data repre-
sent the �rst observation of a head-direction network with an anatomical
organization in the vertebrate brain.
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Faced with an anatomical fact proven beyond
doubt, any physiological result that stands in
contradiction to it loses all its meaning. [...]
So, �rst anatomy and then physiology; but if
�rst physiology, then not without anatomy.
�Bernard von Gudden , neuroanatomist

and psychiatrist

I
Anatomy of the interpeduncular

nucleus





1Introduction

The interpenducular nucleus (IPN) is a nucleus that sits in the ventral part of
the vertebrate hindbrain, whose anatomy has intrigued investigators since
its �rst description. The tract of �bers it receives from the habenulae is"one
of the most distinguishable tracts of the human brain", in the words of Forel1, 1Forel, �Untersuchungen über die Hauben-

region und ihre oberen Verknüpfungen
im Gehirne des Menschen und einiger
Säugethiere, mit Beiträgen zu den Metho-
den der Gehirnuntersuchung�.

and its spiralling axons has fascinated early neuroanatomists. The central
position of the nucleus, and the neural systems from which it receives and to
which it sends, suggest that it is highly integrative in nature, linking limbic,
sensory, and other telencephalic systems to motor centers in the hindbrain.
Yet, the complexity of its composition - whose"...wealth and intricacy of
detail ba�e analysis"2 - has hindered e�orts to disentangle its organization 2 Herrick, �Interpeduncular Nucleus�.

and functional roles.
In this chapter, I survey what is known about the anatomical structure of

this circuit and its histochemical and ultrastuctural features, drawing from
observations collected in di�erent animal species. I will focus in particu-
lar on the internal organization of the interpeduncular region, and on the
evidence that supports the notion of a glomerular organization within it.
I conclude with an overview of the hypotheses around the functions that
might be served by the habenulo-interpeduncular system.

1.1 The habenulo-interpeduncular circuit

The habenulo-interpeduncular nucleus is one of the �rst circuits in the mid-
brain that have been identi�ed. Its �rst description dates back to 1877, and
was carried out by the Auguste Henri Forel in the laboratory of von Gud-
den3 (seeHistorical notes). There, he described how �bers from the medial 3 Forel, �Untersuchungen über die

Haubenregion und ihre oberen Verknüp-
fungen im Gehirne des Menschen und
einiger Säugethiere, mit Beiträgen zu den
Methoden der Gehirnuntersuchung�.

habenula, a paired nuclei located in the epithalamus (the dorsalmost part of
the diencephalon), run compactly in "Meynert's bundle" (now known as fas-
ciculus retro�exus (FR), or habenulo-interpeduncular tract) to enter, on the
ventral surface of the anterior hindbrain, the interpeduncular nucleus (see
Figure 1.2). The FR targets almost exclusively the IPN; therefore, the me-
dial habenula and the interpeduncular nucleus can be considered together
components of the habenulo-interpeduncular circuit.

The habenulo-interpeduncular circuit is highly conserved across verte-
brates4. It can be recognised in the brain of �sh, reptiles, birds, and mam- 4 Aizawa, Amo, and Okamoto, �Phylogeny

and ontogeny of the habenular structure�;
Stephenson-Jones et al., �Evolutionary
conservation of the habenular nuclei and
their circuitry controlling the dopamine
and 5-hydroxytryptophan (5-HT) sys-
tems�.

mals, suggesting that it mediates fundamental functions shared within the
vertebrate clade.
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Figure 1.1: Comparative anatomy of
the habenulo-interpeduncular system.
Left, The organization of the habenu-
lo-interpeduncular tracts (in blue) in
the lamprey (top), the anuran (middle),
and the mammalian (bottom) brain. Hb:
habenula; IP: IPN. Reproduced with
permission from Freudenmacher, Twickel,
and Walkowiak, �The habenula as an
evolutionary conserved link between basal
ganglia, limbic, and sensory systems�A
phylogenetic comparison based on anuran
amphibians�.

1.2 The habenula

The habenula is a paired epithalamic nucleus located in the dorsal part of
the diencephalon. It is surrounded by thalamic areas and it lies very close to
the mid-line, bordering dorsally and medially with the surface of the third
ventricle. In mammals, it is clearly separated in a lateral and a medial part,
distinguishable based on gene expression pro�les and connectivity. In more
basal vertebrates, the same distinctive pro�les de�ne a ventral and a dorsal
habenula, that are to be considered homologues to the mammalian lateral
and medial habenula, respectively5. In �sh and amphibians, the habenula is 5 Namboodiri, Rodriguez-Romaguera, and

Stuber, �The habenula�.strongly asymmetric, and its development has become a paradigm to inves-
tigate lateralization in brain circuits6; in birds and mammals the asymmetry 6 Bianco and S. W. Wilson, �The habenular

nuclei: A conserved asymmetric relay
station in the vertebrate brain�; Aizawa,
Amo, and Okamoto, �Phylogeny and
ontogeny of the habenular structure�.

is largely reduced. Only the medial habenula part7 is involved in the habe-

7 ventral in �sh.

nulo-interpeduncular pathway, and I will consider only on this part of the
structure for the current description.8

8 Bianco and S. W. Wilson, �The habenular
nuclei: A conserved asymmetric relay
station in the vertebrate brain�.

The medial habenula is the main target of glutamatergic �bers from the
medial and lateral septal nuclei, which in turn receive from the hippocam-
pus and the subiculum9. In addition, it might receive dopaminergic inputs

9 Otsu et al., �Functional Principles of
Posterior Septal Inputs to the Medial
Habenula�; Bianco and S. W. Wilson, �The
habenular nuclei: A conserved asymmetric
relay station in the vertebrate brain�.

from the ventral tegmental area and noradrenergic inputs from the locus
ceruleus. The axons of the medial habenula targets exclusively the interpe-
duncular nuclei. Although the medial habenula is mostly glutamatergic,
neurons of its ventral two thirds co-release acetylcholine from their axon
terminals in the IPN, and neurons in the dorsalmost third co-release and
substance P.10This distinction seems to correspond to di�erences in the to- 10Lima et al., �A�erent and e�erent

connections of the interpeduncular
nucleus with special reference to circuits
involving the habenula and raphe nuclei�.

pographical organization of their axons: neurons from the ventral medial
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