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SUMMARY

Summary

Olfactory information collected in the nose is conveyed from the axon terminals of olfactory

receptor neurons to the dendritic tufts of mitral/tufted (M/T) cells across glutamatergic

synapses. These synaptic interactions occur within glomeruli, the spherical neuropil struc-

tures where presynaptic and postsynaptic fibres intermingle. The second-order projection

neurons, the M/T cells carry out sensory processing and integration of the olfactory signals.

In Xenopus laevis larvae, sensitivity to temperature drops is encoded by a group of recep-

tor neurons terminating a particular glomerulus, called the γ-glomerulus. Interestingly,

several studies brought evidence that some M/T cells receive their input from more than

one glomerulus. Yet, the implications of such a connectivity in terms of multi-processing

and encoding of olfactory information have not yet been investigated. We hypothesised

that the multiple glomerular innervation by M/T cells would enable them to collect and

integrate both chemical and thermic information. Consequently, Ca2+ imaging experiments

performed in olfactory bulb slices revealed that most temperature-sensitive M/T cells also

responded to chemical odourants, indicating that the dual-sensitivity of these cells is a

function of their one-to-many glomerular connectivity.

Furthermore, Xenopus M/T cells display upon odourant stimulation three types of tem-

poral activity patterns: activated, inhibited, unresponsive, which corroborate previous

research showing that reciprocal and lateral M/T cell inhibition affects odour represen-

tations in the rodent bulb. Inhibitory periglomerular and granule cells establish contact

with M/T cells through dendrodendritic synapses and constitute a scalable inhibitory lever

on M/T cell outputs. In order to test the effect of GABA-mediated inhibition on Xenopus

M/T cells, the Ca2+ dynamics of M/T ensembles were compared in the presence or absence

of gabazine, a GABAA receptor antagonist. The blockade of inhibition drastically altered

the patterns of odour responses in M/T cells. Moreover, gabazine did not desynchronise

correlated patterns of spontaneous activity across these neurons, but enhanced them. These

results demonstrate that GABAergic inhibition of M/T cells drives odour discrimination and

contrast enhancement of overlapping odour signals in these neurons. In contrast, it plays a

minor role, if any, in the coupling of M/T cells’ baseline activities.

Finally, simultaneous patch-clamp recordings and Ca2+ imaging proved that action
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SUMMARY

potentials (APs) and AP-related Ca2+ signals backpropagate in the dendrites of Xenopus

M/T cells. Spontaneous and somatically evoked APs activated Ca2+ channels generating

Ca2+ spikes were observed in dendritic branches and glomerular endings. Besides, the

cross-correlation analysis of Ca2+ fluctuations along M/T cell dendrites exposed differential

activities of dendritic sub-compartments. Early evidence suggests that gabazine enhances

the uniformity of backpropagating spikes along dendrites.
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1 INTRODUCTION

1 Introduction

1.1 The sense of smell

“A rose by any other name would smell as sweet.” The veracity of Juliet’s statement, assessed

from a neuroscientific point of view may very well depend on which stage of odour

perception is being considered. Olfaction, the sense of smell is a complex task whereby

the brain perceives, registers and discriminates air- or water-borne odour molecules. It is

a process observed across phyla, from invertebrates like Caenorhabditis elegans to higher

mammals. There are several stages of odour encoding and processing in vertebrates. The

physical parameters of odour identity and concentration are transduced by the olfactory

receptor neurons into electrical signals in the nose and encoded by olfactory bulb neurons.

This information is then conveyed to higher brain centres for further processing and

integration with cognitive functions such as memory and emotions.

Odour perception is a critical function in many animal species, driving a range of be-

haviours such as the search for food and habitat, mating, flight responses, social recognition

and interactions among others. In humans, olfaction plays a key role at the individual and

collective scales in the assessment food quality and palatability as well as social acceptance

as attested by the blooming economic success of the food industry and perfume companies

in their production of flavourings, food enhancers and fragrances. Furthermore, over the

last decades, engineering efforts have targeted the development of electronic sensors (also

called artificial noses or “E-noses”) for the detection of toxic substances and environmental

hazards or for early diagnostics of disease. This technology, in its attempts to replicate the

efficiency of the human and animal nose relies on substantial findings in olfactory research

from the identification of olfactory receptors (OR) and their families to the understanding

of how the olfactory system establishes odour codes. The human nose harbours 5 to 6

million receptor neurons (ORNs) and ca. 100 million ORs coded by about 800 genes to

meet the challenge of performing the discrimination of overlapping odours at nanomolar

concentrations.

Answering some of these ongoing questions on odour perception necessitates a variety

of approaches, from genetic studies to behavioural tests, but also benefits from the study
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1 INTRODUCTION

of different species in order to comprehend the inherent and fundamental principles of

olfaction. In this view, Xenopus laevis is an animal model befitting these purposes since the

free-swimming larvae possess a “simple” yet functional olfactory system, easily approachable

for experiments.

1.2 The olfactory system of Xenopus laevis

Xenopus laevis, also known as the African clawed frog is an anuran amphibian originating

from Sub-Saharan Africa. The natural habitat of these animals is semi-terrestrial and

semi-aquatic, and they primarily use the sense of smell to locate food sources. The nose

of adult X. laevis consists of three olfactory organs, well adapted to the dual lifestyle

of these frogs1, 2. The largest cavity, called principal cavity (“air-nose”) detects volatile

molecules. the middle cavity (“water-nose”) and the vomeronasal organ are both filled

with water and are specialised in the detection of water-borne molecules and pheromones,

respectively. In the pre-metamorphic larvae, however, only two of those cavities yet exist:

the principal cavity as the water-nose and the vomeronasal organ3(Figure 1.1A). During

the developmental stages 49–54 (according the classification by Nieuwkoop and Faber4),

the brain is not yet encapsulated by cartilage, nor is there any cribriform plate separating

the nasal cavities from the olfactory bulb, which greatly facilitates the dissection and

manipulation of nose-brain explants.

1.2.1 Olfactory epithelium

The olfactory epithelium of larval X. laevis is composed of ORNs, the sensory cells trans-

mitting olfactory information to the bulb, sustentacular cells playing the role of both glial

and epithelial cells and providing physical and neurotrophic support for the ORNs, and

basal cells, the olfactory progenitors replenishing ORN pools5. Receptor neurons have a

long dendrite terminating in a knob with cilia or microvilli3, where olfactory transduction

is initiated. Both hairs not only increase the sensory surface but also set the mucus of the

cavity in motion in which odour molecules dissolve. ORNs of the main olfactory epithelium

(MOE) of the principal cavity possess about several hundreds of OR genes classified in two

categories: one (class I) resembling OR fish genes and the other (class II) being similar to

12



1 INTRODUCTION

the mammalian genes6, 7, as well as some vomeronasal receptors (V2Rs)8, 9, 10. The axons

of these neurons fasciculate into the olfactory nerve, reach the axon sorting zone at the

entrance of the olfactory bulb and divide again to innervate different areas of the olfactory

bulb in the glomerular layer (Figure 1.1B–C). In the vomeronasal organ, microvillous

ORNs predominantly express V2Rs8, 9 and send their axons down the olfactory nerve to the

accessory olfactory bulb (AOB).

Figure 1.1: The olfactory system of larval X. laevis
The principal cavity (PC) and the vomeronasal organ (VNO) form the two olfactory organs
of the pre-metamorphic animal (A). Olfactory receptor neurons (red) of the main olfactory
epithelium (MOE) in the principal cavity send their axons down the olfactory nerve (B)
and terminate in glomeruli in the main olfactory bulb (MOB)(C). Olfactory bulb neurons
span several layers in the MOB: a glomerular layer (gl), mitral/tufted cell layer (mcl) and
granule cell layer (gcl). Vomeronasal receptor neurons also fasciculate in the olfactory
nerve and innervate glomeruli of the accessory olfactory bulb (AOB). The organisation of
the AOB is less defined but also consists of glomerular zone (black unstained region)(C)
and some mitral/tufted and granule cells. Red (pseudocolor) staining: Dextran Alexa Fluor
488; Green (pseudocolor) staining: propidium iodide. Scale bar = 50 µm

Great progress has been achieved in understanding the transduction cascade and phys-

iological mechanisms taking place in olfactory neurons, and they have been intensely

reviewed11, 12, 13, 14, 15, 16. In short, odours bind olfactory receptors, proteins with 7 trans-

membrane domains coupled to an olfaction-specific G protein, which, when activated

triggers the opening of ion channels via the release of second messengers. The entry of Ca2+

and Na+ ions triggers a depolarising receptor potential amplified by the efflux of Cl− ions,

which leads to the generation of action potentials carrying the chemosensory information

13



1 INTRODUCTION

to the olfactory bulb. Recent studies have brought evidence that two streams of odour

processing co-exist in the main olfactory epithelium (MOE) of X. laevis10, 17. A group of

ORNs (belonging to the “medial stream”) expresses Gαolf whose activation results in the

opening of cyclic nucleotide-gated (CNG) and chloride channels channels via the canonical

cAMP cascade. ORNs of the lateral stream possess a cAMP-independent pathway mediated

by Gαi/Gαo proteins which stimulates phospholipase C, thus activating transient receptor

potential channel 2 (TRPC2) channels10.

1.2.2 Glomerular layer

OB neurons are spread across 3 main layers of the MOB: the glomerular layer, the mi-

tral/tufted cell layer and the granule cell layers18(Figure 1.1C). The unmyelinated axons

of the olfactory nerve enter the olfactory bulb (OB) in the sorting zone and partially defas-

ciculate as they terminate in numerous tufts in the glomerular layer of the ventral MOB19.

The dorsal MOB in larval stages consist of fibre meshwork18, 19. ON fibres originating from

the VNO innervate the AOB located laterally between the dorsal and the ventral MOB.

Some ORN axons, known as extrabulbar olfactory projections bypass the olfactory bulb and

innervate the preoptic area ipsilaterally and the hypothalamus bilaterally20, 21, 22, 23. Other

extrabulbar fibres cross the midline of the brain at the anterior commissure and project back

to the contralateral olfactory bulb23, 24. Backtracing experiments demonstrated that extrab-

ulbar fibres take origin in the principal and/or lateral cavity23, 24. The terminal tufts of ORN

axons form abundant en-passant synapses with the dendritic tufts of olfactory second-order

neurons, the mitral/tufted (M/T) cells. Pre- and postsynaptic fibres intermingle in neuropil

structures resembling thread balls called glomeruli, whose sizes range between 10–40 µm.

Glomeruli serve as single functional units for initial processing and coding of olfactory

information25. It is generally assumed that every receptor neuron expresses one type of OR

and each glomerulus receives input from receptor neurons endowed with the same OR, also

known as the “one receptor - one neuron” rule (Cf reviews26, 27). Though it remains unclear

whether this dogma holds true for X. laevis tadpoles, a recent study reported that ORN

axons of pre- and post-metamorphic animals branch and often terminate in two glomeruli28.

This branching pattern is a deviation from the consensus wiring logic that in vertebrates

14



1 INTRODUCTION

each receptor neuron projects to a single glomerulus (cf review29).

mitral/tufted cell

glomerulus

granule cell

periglomerular cell

olfactory
receptor neurons

LM

A

P

olfactory nerve

Olfactory bulb

granule cell layer

mitral/tufted cell layer

glomerular cell layer

LC

SC

IMC
MC

Figure 1.2: Organisation of the MOB (horizontal section)
Schematic representation of MOB layers and neurons. Olfactory information collected in
the nose is conveyed from the axon terminals of ORNs to the dendritic tufts of mitral/tufted
cells. The first olfactory synapses occur within glomeruli, spherical neuropil structures
where pre- and postsynaptic fibres intermingle. The glomerular layer can be divided in 4
regions or clusters: the medial cluster (MC), intermediate cluster (IMC), small cluster (SC)
and lateral cluster (LC). Periglomerular cells and granule cells are inhibitory cells and the
last OB neurons to be generated2. Figure adapted from Ref30.

At stages 49–54, 349±14 glomeruli were counted in the MOB and 69±10 in the AOB31.

Glomeruli of the MOB have been classified into 8 projection fields according to Gaudin and

Gascuel32 and 4 clusters according to Manzini et al.31, the latter classification overlapping

with a glomerular chemotopic map. The medial, intermediate, small and lateral clusters

roughly comprise 100, 70, 5 and 175 glomeruli respectively31(Figure 1.2). ORNs of the

cAMP-mediated medial stream connect with glomeruli of the medial cluster33. These

cells and glomeruli are stimulated by forskolin (an activator of the adenylate cyclase)

and respond to the application of alcohols, aldehydes, and ketones. ORNs of the cAMP-

independent lateral stream project to glomeruli of the lateral cluster, which is sensitive

to amino acids31, 33, 34. Bile acids and amines provoke more widely-distributed responses

in the lateral, intermediate and medial clusters. Finally, the 3 to 5 glomeruli of the small

cluster display particular sensitivities, with one of them responding forskolin and a broad

range of amino acids as well as to mechanical stimuli, and another one being activated

by temperature drops in the nose24. Similar chemotopy, i.e. the concept that adjacent
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1 INTRODUCTION

glomeruli have identical or overlapping odour spectra has been observed in mice and

rats on a large scale. Aldehydes and thiazoles activate glomeruli in the anterior and

posterior regions of the dorsal bulb, respectively35. Although the placement and identity

of identifiable glomeruli is fairly conserved across animals in Xenopus and rodents, the

mapping of odours on a finer scale is less evident, and global chemotopy in the bulb is still

under debate36, 37, 38.

Periglomerular cells (PGCs) are GABAergic interneurons which populate the glomerular

layer18, 19. They are found in between glomeruli but their somata do not form a wall around

individual glomeruli as in mammals and other species19(Figure 1.2). Neither are there any

encapsulating glial processes around the glomeruli in the larval stages. Only 175±20 PGCs

in the MOB and 69±10 PGCs in the AOB were numbered at stages 54–56, which equates to

a cell-to-glomeruli ratio of 1:2 in the MOB.

1.2.3 Mitral/tufted and granule cell layers

Mitral/tufted (M/T) cells are the second-order neurons (also called projection neurons) of

the olfactory bulb. In rodents, mitral and tufted cells are clearly distinguishable based on

several criteria39, 40, notably by (i) the diameter of their somata41, 42, 43, (ii) their respective

positions in the layers of the OB and thereby the length of their primary dendrite44, 45,

(iii) their sensitivities to odourants46, 47, (iv) their firing rates and spike-timing in relation

to respiration cycle48, (v)and their brain targets49, 50. Some of these differences have not

been observed or not yet been investigated in larval X. laevis. Accordingly, the adjective

“mitral/tufted” is a consensus term employed in studies focusing on amphibians, as well

as other organisms used for olfactory research as the fruit fly (Drosophila melanogaster)

and zebrafish (Danio rerio). It is also recurrent in mammalian research when discussing

physiological properties shared by both mitral and tufted cells.

The axons of M/T cells form a medial and a lateral olfactory tract which projects to

several nuclei in the adult frog brain. Table 1 summarises the central projections of M/T

cells which were identified in several anurans including Xenopus51, and their homologues

in mammals37.
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Amphibians Mammals

Postolfactory eminence Primary olfactory cortex

Medial, dorsal and lateral pallium Piriform cortex

Medial and lateral septum Septal nuclei

Striatum Olfactory tubercle (ventral striatum)

Amgydala Amgydala

Table 1: Main targets of OB principal neurons (M/T cells) in amphibians and mam-
mals

M/T cells in mammals display a particular morphology, with a long apical primary

dendrite innervating a single glomerulus in the MOB, and secondary dendrites spreading

laterally. In contrast, Xenopus M/T cells receive input from one or more glomeruli via

branched primary dendrites19, 52, which is reminiscent of the innervation pattern of M/T

cells in the mammalian AOB53, 54. The glomerulus-to-M/T cell ratio is estimated to 1:5

for Xenopus19 and between 1:10 and 1:21 for rodents55. All M/T cells linked to the same

glomerulus and thus receiving the same information transmitted by ORNs are called sister

M/T cells. New reports investigating the activity patterns of these cells confirmed that

they are characterised by highly correlated baseline and odour-evoked activities56, 57, 58, 59.

Moreover, sister M/T cells are connected via gap junctions, which is one of the mechanisms

driving synchronous spiking of these neurons56, 60.

Odour identity and concentration are encoded by mitral/tufted cells in spike frequencies,

interspike intervals and first spike latencies61, 62. As in many, if not all neural networks, the

behavioural output of M/T cells is sculpted by inhibition. M/T cells of vertebrates receive

γ-aminobutyricacid(GABA)-ergic input from inhibitory PGCs in the glomerular layer and

granule cells (GCs) in the mitral/tufted cell layer via dendrodendritic synapses63, where

they express GABAA receptors64(Figure 1.4B). Granule cells are the most abundant cell

type in the olfactory bulb. The granule cell layer of larval Xenopus harbours 3096±186 at

stages 54–5619. The morphology of these cells differs from that of mitral cells in that they

are axonless and grow spines along their dendrites. GCs and PGCs are the OB neurons

which are generated at last—from stage 41 onward—and maturate from stage 482, 65.
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After metamorphosis (stage 65), neurogenesis continues, but the majority of newborn cells

integrates the granule cell layers. In rodents, 10,000 to 40,000 neural progenitors reach

the olfactory bulb, and about half of them differentiating into mature GCs and PGCs66, 67;

Lledo, 2006;68. Within a month from their generation, these cells integrate bulbar circuits

without perturbing odour representations established across OB layers.

1.3 Non-chemical olfaction

In the last decades, a branch of olfactory research has focused on how environmental

factors as temperature, humidity, and pressure affect olfactory sensitivity. Some of the

findings illustrate the effect of these factors on olfaction, namely that (i) the expression of

olfactory receptors and gene regulation in receptor neurons are regulated with high ambient

temperatures in Drosophila69, 70, (ii) the detection and identification of odours improves

in hyperbaric conditions and is impaired at high altitudes71, (iii) and odour threshold

decreases in humid compared to dry conditions in humans72, On top of these effects,

several studies brought evidence that the vertebrate olfactory system also responds to

rapid changes of pressure and temperature beside its perception of chemical stimuli24, 73, 74.

While mechanosensitivity and chemosensitivity are often observed in ORNs of olfactory

subsystems like the septal organ or the Grüneberg ganglion, the main olfactory epithelium

is not excluded.

1.3.1 Mechanosensitivity

It was reported that the septal organ of mice is not only sensitive to chemosensory cues

but also to puffs of odour-free Ringer’s solution applied to an explant consisting of nasal

epithelium and the septum73. In the same study, Grosmaitre and colleagues also demon-

strated that 50% of the MOE neurons also responded to these mechanical stimuli. Blocking

the adenylate cyclase III or suppressing the expression of the CNG channel CNGA2 inhib-

ited pressure (and odour) responses. These common elements of sensory transduction

are expressed by canonical ORNs of the MOE and ORNs of the septal organ75, thereby

accounting for the broad expression of pressure sensitivity in the rodent nose. Another

supporting argument comes from a novel study arguing that most ion channels of the Tran-
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sient Receptor Potential (TRP) family are mechanosensitive76, TRP-expressing cells being

found within the MOE and vomeronasal organ75. Possible rationales for the importance

of mechanosensivity of ORNs included an increase of the sensitivity to weak stimuli or

low concentration odourants during sniffing, and/or the synchronisation of odour percep-

tion with respiration cycles. These putative roles maybe relevant for odour processing in

mammals, but not for lower vertebrates as X. laevis where sensitivity to pressure pulses has

also been described. In these animals, short Ringer and air puffs triggered the elevation of

intracellular [Ca2+] in ORNs of the MOE terminating in a unique glomerulus of the small

cluster, the β-glomerulus24, 77.

1.3.2 Thermosensitivity

In Drosophila, heat and cold-activated TRP channels are expressed by thermosensory

neurons of the antenna which relay temperature signals to projection neurons of the

antennal lobe (also called protocerebrum)78. The second-order neurons of the antennal

lobe, the insect equivalent of the vertebrate olfactory bulb, target brain centres known

for sensory (including olfactory) processing as the mushroom body and the lateral horn79.

There is now piling evidence that temperature perception not only occurs at the periphery

(e.g. skin) but also within the vertebrate olfactory system. Several studies shed light

on the thermosensory neurons of the Grüneberg ganglion (GG), an olfactory subsystem,

located at the tip of the nose of rodents. GG neurons acted as detectors of chemical stimuli

(some thiazoles and pyrazines)80, 81, alarm pheromones82, and interestingly, cool ambient

temperatures too83, 81. These thermosensitive cells have a sensitivity range of about 10 ◦C

between 9 ◦C and 20 ◦C and project to the necklace glomeruli of the rodent olfactory

bulb84, 85, 86, 87. In contrast, temperature sensitive neurons of larval Xenopus show a dynamic

range of 5.4 ◦C and respond to temperature fluctuations rather than absolute values24, 88.

Backtracing experiments identified the position of these neurons within the main olfactory

epithelium, while their axons target another unique glomerulus of the small cluster: the

γ-glomerulus24, 77, 88(Figure 1.3C).
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Figure 1.3: The γ-glomerulus, a thermosensitive neuropil in the larval Xenopus brain
(A) Whole-mount nose-brain preparation of a pre-metamorphic animal, where Dextran
Alexa Fluor 546 was electroporated in the right nostril, and Dextran Alexa Fluor 647 in
the left nostril. The brain was imaged upside-down for a better visualisation of the ventral
glomerular layers; scale bar: 200 µm. (B) Blown-up view of (A). The white rectangle
highlights the small cluster and extrabulbar olfactory fibres; scale bar: 100 µm. (C)
Blown-up view of (B), showing the small cluster which comprises the γ-glomerulus (γ).
Note its innervation by olfactory receptor neurons located in the contralateral nasal cavity
(red); scale bar: 50 µm. (D) Ca2+ responses of the presynaptic fibres of γ-glomerulus
to temperature drifts induced at the nasal epithelium (Subfigure reused with permission
from Ref24). The γ-glomerulus solely responds to negative temperature changes. Each
plot shows the time traces of 3 repetitive applications. ∆F/F: Normalised fluorescence
intensity changes of Dextran Fluo-4 (10 kDa); ∆T: temperature fluctuations recorded by a
NiCr-Ni thermosensor; ∆Tp: temperature difference measured in the nose of the animal
upon application of cooled Ringer’s solution.

The olfactory bulb of each hemisphere possesses a single thermosensitive glomerulus

in pre-metamorphic Xenopus laevis. Each γ-glomerulus is the target of ipsilateral and

contralateral thermosensitive ORNs24, 88(Figure 1.3A–C). The contralateral projections

follow the route of extrabulbar fibres in the contralateral hemisphere, but cross the midline

at the anterior commissure and turn back in the other hemisphere to innervate the γ-

glomerulus. Thus, the γ-glomerulus receives temperature information from the left and
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right nostrils of the animal.

Increases of temperature did not activate the γ-glomerulus, neither did any other

odourant known to stimulate the olfactory system of X. laevis. Only negative temperature

jumps triggered reversible Ca2+ responses in the pre- and postsynaptic fibres of the γ-

glomerulus(Figure 1.3D). The activation of M/T cells in responses to temperature drops in

the nose of tadpoles indicated that thermosensitive information is conveyed to the olfactory

bulb for sensory processing88. These results were the first line of evidence that OB glomeruli

and second-order neurons integrate temperature perception in the vertebrate brain. Further

proof was provided by the findings of a recent study in which the activation of necklace

glomeruli by thermic stimuli was measured by the expression of the activity-dependent

marker c-Fos in juxtaglomerular cells74.

The olfactory bulb appears to process temperature information along with smell per-

ception which raises the question whether both modalities, chemo- and thermosensitivity

would share cellular networks.

1.4 Inhibition in the olfactory bulb

The activity of M/T cells is regulated by periglomerular and granule cells, which are the

two main classes of inhibitory neurons in the vertebrate bulb. These GABAergic cells

predominantly control the transmission of olfactory information, glomerular processing as

well as the sensitivity and specificity of odour representations by regulating odour tuning

and contrast enhancement of M/T cells63, 89, 90, 91, 92. M/T cell inhibition occurs at two levels,

at the apical dendritic tufts of M/T cells within the glomerular layer and the dendrodendritic

synapses between mitral and granule cells in the M/T cell layer (Figure 1.4B). PGCs and

GCs establish a GABAergic circuitry driving recurrent and lateral inhibition of M/T cells93, 94.

Recurrent or reciprocal inhibition is a feedback mechanism whereby glutamatergic M/T

cells activate PGCs and GCs via dendrodendritic synapses. In response to their excitation,

these inhibitory cells release GABA onto M/T dendrites of the same cell which binds GABAA

receptors, and thus reduces the firing frequency and excitability of M/T cells95. Lateral

inhibition is a process by which the activity of a M/T cell recruit a PGC or GC, which in

turn inhibit another M/T cell. The effects of recurrent and lateral inhibition were observed
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in spontaneous and stimulus-induced response patterns of glomeruli and M/T cells in

rodents96, 97, zebrafish98 and frogs30.

A B

Figure 1.4: Periglomerular and granule cells of the vertebrate OB
(A) Drawing from the late 20th century of periglomerular cells of a cat glomerular layer
innervating one (C, E), two (B, D) or three glomeruli (A)41. Some PGCs have axons,
others don’t. (B) Schematic representation of synaptic contacts established by PGCs and
GCs in the OB across vertebrate species. PGCs activated by ORN inputs act inter- and
intraglomerularly to inhibit the dendritic tufts of M/T cells by acting on GABAA receptors.
They also exert feedback inhibition of olfactory nerve terminals by releasing GABA binding
to presynaptic GABAB receptors. M/T cells in turn control the excitability of PGCs by
releasing glutamate onto their AMPA and NMDA receptors. Granule cells are axonless
neurons meditating dendodentritic interactions with M/T cells. Backpropagating action
potential trigger glutamate release along M/T dendrites onto GC spines glutamate onto GC
spines expressing AMPA and NMDA receptors. The resulting excitation of GC spines causes
GABA release onto GABAA receptors anchored on the dendritic shaft of M/T cells. Feedback
inhibition of M/T cells by PGCs or GCs is generally termed “recurrent inhibition”. OSN:
olfactory sensory neurons (e.g. ORNs), MC: mitral/tufted cells. Modified with permission
from Ref99.

GABAA receptors are ionotropic channels permeable to chloride and bicarbonate which

mediate fast inhibitory signalling. In the majority of mature neurons, the increase of

GABAA conductances following the opening of channels causes a net inflow of anions

leading to a hyperpolarization of the voltage of the postsynaptic membrane. The resulting

hyperpolarising inhibitory postsynaptic potential (IPSP) reduces the probability of AP

generation. GABAA receptors are pentameric hetero-oligomers formed by the combinatorial

assembly of subunits of 7 classes: α1–6, β1–3, γ1–3, δ, ε2, θ2, π1–3.100, 101. Most GABAA

receptors consist of two α-subunits, two β-subunits and one γ- subunit, although a high
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degree of heterogeneity has been observed102. Mammalian M/T cells express high levels

of α1, α3, β1–3 and γ2 subunits. In contrast, GCs predominantly express α2, and α4–5

and β3 subunits64, 103, 104, 105,. In larval X. laevis, a strong expression of α1–2 and weaker

expression of α3 mRNAs have been reported in the forebrain106.

Single vesicle release of GABA only activates ligand-gated GABAA receptors anchored

in the postsynaptic density and there is very little to no spread of GABA around the

synaptic cleft. However, AP-evoked fusion of multiple GABA vesicles with the presynaptic

membrane in several terminals causes GABA spillover and accumulation in and around

the synaptic site, which both opens synaptic and extra-/peri-synaptic GABAA receptors107.

The opening of synaptic GABAA receptors promotes rapid “phasic” currents, whereas the

activation of high-affinity “tonic” extrasynaptic GABAA receptors generates a long lasting

inward chloride current. The blockade of phasic only and/or tonic currents depends on the

identity and concentration of GABAA receptor antagonists, the most used being picrotoxin,

gabazine (SR95531) and bicuculline. Moreover, the subunit composition of synaptic and

extrasynaptic receptors influences the biophysical properties of GABAA receptors as well as

their sensitivity to the afore-mentioned drugs107.

1.4.1 The role of periglomerular cells

PGCs are located at the first relay centre of olfactory processing, which facilitates their

role in gating signal transmission and regulating contrast enhancement and inhibition

of weak odour signals108. ON terminals make excitatory synaptic contacts (glutamate-

mediated) onto the dendrites of M/T cells and PG cells within glomeruli. In the rodent

bulb, most PGCs extend their dendrites into one glomerulus and at times to multiple

glomeruli. The PG cell-to-glomeruli ratio in larval Xenopus equals 1:2 (at stages 54–56),

which either signifies that the dendrites of Xenopus PGCs branch into multiple glomeruli, or

that a consequent population of glomeruli is not (yet) innervated by these interneurons

in pre-metamorphic animals. Cleland and Sethupathy reasoned that PGCs, due to their

small soma size and high input resistance, are easily activated by weak odour inputs

and thus immediately suppress M/T cell responses90. In contrast, strong odour inputs

forcibly would excite M/T cells and overpower PGC inhibition of M/T cells. The resulting
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effect of this intraglomerular computation is that M/T cells exhibit an excitatory response

to high-potency odourants, while not being activated by to odour ligands of weak or

moderate potency109. By this means, PGCs perform on-centre/off-surround decorrelation,

whereby overlapping representations of similar odours are transformed so as to correlate

less. This process sharpens the odour receptive field of M/T cells, increases the specificity

of odour responses and for the similar odour optimises the coding of their differences

over their commonalities91. Another intraglomerular processing potentially regulated by

PGCs is the pattern decorrelation of sister M/T cells93. Sister M/T cells share common

olfactory excitatory inputs, are linked via gap junctions56, 110 at their dendritic tufts, and

show synchronised EPSPs due to glutamate spillover at dendritic sites110, 111. These three

factors represent the main drivers of the correlated or synchronous temporal activities

observed in these cells58, 112. Intraglomerular lateral inhibition between sister M/T cells is

thought to diminish the synchrony of sister M/T cells and to weaken the redundancy of

the odour-evoked signals being sent to higher brain centres113. It has been proposed that

interglomerular inhibition (between glomeruli) of M/T cells plays a minimal role in contrast

enhancement compared to intraglomerular inhibition (within a glomerulus)114. While the

former is odour-specific and achieves surround inhibition of olfactory representations, the

latter is non-specific and also decorrelates the representations of overlapping signals, yet at

the cost of a reduced odour sensitivity90, 91, 108.

10–16% of PGCs are dopaminergic tyrosine hydroxylase-immunoreactive neurons115, 116.

These cells synapse onto the presynaptic buttons of ORN axon terminals, which express

dopamine D2 receptors and GABAB receptors117, 118. Several studies described how ORN

inhibition by PGCs mediated via the presynaptic metabotropic GABAB and D2 dopamine

receptors serves to control gain output, i.e. modulate the amplitude of odour-evoked

inputs114, 119. It was firstly shown that spontaneous and olfactory nerve-evoked firing

of M/T cells was decreased by dopamine as well as D2 agonists and enhanced by D2

antagonists119. Furthermore, McGann and colleagues brought evidence that GABA, via

its binding to GABAB receptors decreases the amplitude of odourant-evoked signals in

the presynaptic fibres of glomeruli. The blockade of GABAB receptors increased evoked

neurotransmitter release but did not alter the spatial representation in the glomerular

layer of mice114. GABAB receptors are G protein-coupled receptors consisting of two
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subunits: B1 which harbours the ligand binding site and B2 which is essential for G-protein

coupling. Interestingly, the mRNA of B1 and B2 subunits has also been identified in olfactory

epithelium and forebrain of X. laevis tadpoles106.

1.4.2 The role of granule cells

GCs are the most abundant population of inhibitory interneurons in the bulb. Upon M/T

cell firing, the action potentials backpropagate into all dendritic shafts96, 120, 121 and trigger

local release of glutamate onto AMPAR- and NMDA-expressing GCs. The depolarisation

of GC spines causes subsequent release of GABA into the synaptic cleft, which binds

to synaptic and extrasynaptic ionotropic GABAA receptors on M/T dendrites. Spatially

restricted excitation of GC spines and dendrites triggers recurrent inhibition, whereas

somatic excitation and global spiking of GCs can affect a larger number of MCs through

lateral inhibition122. This process is commonly regarded as another bulbar computation

achieving specific decorrelation of odour representations in second-order neurons123.

One hypothesis about the role of GCs proposes that activity-dependent lateral inhibition

targets a population of M/T cells firing at intermediate rates after odour presentation123, 124.

Slow firing M/T cells would not recruit GCs, while fast spiking neurons would saturate

GCs’ own firing rates. However, M/T cells retaining moderate AP frequencies would be

sensitive to GC inhibitory inputs. The resulting effect would diminish the number of M/T

cells firing at intermediate rates to produce contrast enhancement dependent on the activity

of different M/T cell populations.

While PGCs play a predominant role in regulating the efficiency of ON-to-M/T cell

transmission of olfactory signals, GCs shape the output of M/T cells by controlling their

firing rates and interburst intervals (i.e. the periods of inhibition). Granule cells establish

reciprocal contacts with multiple M/T cells and can thus control the inhibition of different

glomeruli and the M/T cells connected to them125. Computational findings provided new

insights in the successive operations occurring within OB layers126. The authors argued that

GCs achieve temporal decorrelation over larger timescales and (odour) spatial domains,

a process which is dependent on a preceding contrast enhancement by the glomerular

microcircuits.
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Moreover, fast local field potential oscillations in the beta and gamma frequency ranges

have been since long observed in the OB of insects (20–30 Hz)127, zebrafish(20–30 Hz)128,

and rodents(15–90 Hz)129, 130. Several studies make a strong case for the importance of

GABAergic inhibition in establishing M/T synchronous firing driving oscillatory spiking

in the 20–70 Hz range131 132, 133. There is emerging evidence that the synchronisation of

M/T temporal activities which relies on feedback communication between M/T and GCs

is achieved via (i) precisely timed inhibitory inputs132, (ii) asynchronous inhibition and

positive feedback loop134, and/or (iii) optimal dendrodendritic synapse location135, among

other rationales.

Glutamatergic and GABAergic metabotropic receptors regulate the strength of synaptic

inputs between M/T cells and GCs as well as the excitability of the latter cells. Metabotropic

glutamate receptors (mGluRs) localised on GCs modulate GABA-mediated inhibition at

reciprocal synapses. Electrophysiological experiments brought forth proofs that glutamate

binding to mGluR2 reduces spontaneous GABA release from granule cells in the mouse

AOB136. In larval Xenopus laevis, activated mGluR2/3-like receptors inhibit calcium influx

through high-voltage-activated (HVA) calcium channels, hence causing a reduced spon-

taneous GABA exocytosis in the same synaptic cleft137. Along the same line, it has been

demonstrated that dendritic GABAB receptors are likewise crucial for the modulation of

recurrent M/T cell inhibition by inhibiting HVA calcium channels and hindering GABA

release from granule cells in the rat OB138. The activation of mGluR5, however, increases

GC excitability, which boosts recurrent inhibition of mitral/tufted cells139.

Moreover, it has been shown that M/T neurons express dopamine D2 receptors in mice

or D2-like receptors (D2Rs) in anuran frogs140, 141. The localisation of these receptors in the

frog was restricted to the M/T cell layer140. As their mammalian homologues, PGCs of adult

X. laevis express tyroxine-hydroxylase immunoreactivity115, 142. Dopamine released from

PGCs hampers the synaptic transmission from M/T cells to GCs by reducing the propagation

of action potentials (APs) along M/T cell dendrites and decreasing the neurotransmitter

release of glutamate. Both effects lead to a drop in synaptic excitation of GCs which

eventually lowers their inhibitory action onto M/T cells. In the adult frog (Rana ridibunda),

agonists of dopamine receptors caused a strong reduction of M/T spontaneous firing rates,

thereby confirming the role of dopamine in the regulation of M/T excitability, and thus, M/T
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sensitivity also140. Interestingly, a former study in the same anuran revealed the presence of

dopamine-immunopositive somata in the glomerular, mitral/tufted and granule cell layers.

It remains unclear whether these dopamine-expressing cells may be a mixed population of

PGCs and GCs or PGC neural progenitors migrating towards the glomerular layer.

Further modulation of the GC-M/T synapses arises from bulbopetal neurons located

in higher brain centres. The mammalian OB receives centrifugal projections from gluta-

matergic neurons of the pirifom cortex as well as two nuclei in the basal forebrain: the

horizontal limb of the diagonal band of Broca (HDB) and the magnocellular preoptic area

(MCPO)143, 144, 145. The latter two nuclei harbour cholinergic and GABAergic neurons144.

Kratskin and colleagues retrogradely traced in the frog brain of the anuran Rana temporaria

these GABAergic bulbopetal fibres whose cell bodies were located in the medial, dorsal and

lateral pallium, as well as in the nucleus of the diagonal band and the medial septum146.

These latter two nuclei are reminiscent of the mammalian HDB/MCPO by their respective

location and histochemical profiles. GABA-positive cells were also found in both structures

of Rana temporaria, while cholinergic neurons were identified in Xenopus laevis and Rana

perezi. In addition, noradrenergic fibres originating in the locus coeruleus also innervate the

olfactory bulb of rodents43, 147, 148, and the effect of norepinephrine on the OB circuitry has

also been described in larval Xenopus149, 150. Glutamatergic and GABAergic corticobulbar

axons synapse abundantly onto GCs151, 152, and the targets of all these feedback projections

appear to be mainly inhibitory neurons. Research over the last 5 years have shed light

on how these feedback axons indirectly act on M/T cells via inhibitory interneurons and

modulate OB outputs47, 153, 154, 155.

Although many studies provided valuable insight into some of the purposes of GABA-

mediated inhibition, such as contrast enhancement and the regulation odour specificity

and sensitivity, the relative contribution of PGCs versus GCs remains controversial91, 113, 156.

There is suggestive evidence that similar inhibitory roles played by both types of interneu-

rons shape olfactory coding in larval X. laevis77, 157. However, no thorough investigation has

been undertaken to assess the importance of GABAergic inhibition in the control of M/T

cell odour representations, pattern decorrelation and M/T cell synchrony insofar.
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1.5 Scope of the thesis

The work reported in this dissertation dealt with three topics:

1) Dual sensitivity and structure-function relationship of M/T cells (Results - Sec-

tion 3.1)

Xenopus M/T cells are characterised by a multiple innervation pattern: each neuron samples

one-to-many glomeruli. Since temperature signals are conveyed to the vertebrate olfactory

bulb, the hypothesis that some M/T cells may innervate both the temperature-sensitive

γ-glomerulus and an additional glomerulus led to the following research question: Does

the olfactory bulb integrate chemo- and thermosensitive inputs? 3D-volume Ca2+ imaging,

line-illumination microscopy, Activity Correlation Imaging (ACI) and single-cell filling were

the main techniques used to tackle this question.

2) The effects of GABAergic inhibition on M/T cell dynamics (Results - Section 3.2)

PGCs and GCs are generated in larval Xenopus at stage 41 and mature from stage 48

onward. The goal of this series of experiments was to examine the effects of GABAergic

inhibition in the developping olfactory bulb. The general question being asked was: How

does GABAergic inhibition shape the spontaneous, odour-evoked and correlated dynamics

of M/T cells? GABA immunohistochemistry of the olfactory bulb was first carried out.

Subsequently, pharmacological experiments with gabazine, a GABAA receptor antagonist

were combined with Ca2+ imaging of 3D volumes.

3) Ca2+ spike propagation and correlation along the dendrites of M/T cells (Results -

Section 3.3)

Action potentials and AP-induced Ca2+ signals backpropagate in the primary and lateral

dendrites of M/T cells of mammals with little attenuation. Here, the research question

was three-fold: (i) Do somatically induced Ca2+ spikes backpropagate in M/T dendrites of

X. laevis tadpoles without attenuation? (ii) Do inhibitory synapses onto mitral cell affect

the propagation of these signals along M/T dendrites? (iii) Can the location of inhibitory

synapses thus be inferred? Several methods were thereby employed: combined patch-clamp

recordings and Ca2+ imaging, ACI on M/T dendrites and pharmacological application of

gabazine.
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2 Materials and Methods

All experiments with laboratory-bred Xenopus laevis tadpoles were performed according

to the guidelines approved by the Göttingen University Committee of Ethics in Animal

Experimentation. X. laevis being a poikilothermal animal, all experiments were carried

out at room-temperature. Standard chemicals were purchased from Merck Millipore or

Sigma-Aldrich (Schnelldorf, Germany) unless stated otherwise.

2.1 Nose-brain acute slices

This procedure was performed according to Scheidweiler et al.158. Pre-metamorphic

Xenopus of stages 49–544 were anesthesized in ice-cold water and sacrificed. A block

of tissue containing the two nasal cavities, olfactory nerves and olfactory bulbs, and the

telencephalon was dissected using a scalpel. Subsequently, the brain tissue was glued to a

magnetic platform and immersed in a chamber containing frog Ringer’s solution (98 mM

NaCl, 2 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 5 mM glucose, 5 mM Na-pyruvate, 10 mM

HEPES, adjusted to pH 7.8 and 230 mOsm). A vibratome (Leica VT1000) was used to slice

off the dorsal part of the olfactory bulb, which, at these developmental stages is devoid of

glomeruli and is merely a meshwork of fibres. The resulting 300 µm-thick slice exposed the

3 layers of the olfactory bulb, facilitating the analysis of the structure and function of OB

neurons. The preparation was placed in a recording chamber and constantly perfused with

Ringer’s solution.

2.2 Calcium imaging and pharmacological treatment in acute slices

Nose-brain preparations were incubated for 1 h with a staining solution containing 18

µM Fluo-4 AM (KD for Ca2+ = 325 nM; Life Technologies, OR, USA) or Fluo-8 AM (KD

for Ca2+ = 389 nM; TEFlabs, TX, USA), 5% DMSO (Merck Millipore), 1% pluronic acid

F-127 (Sigma-Aldrich), and 50 µM MK571 (Alexis Biochemicals, Grünberg, Germany).

F-127 and DMSO facilitated the dissolution of the hydrophobic AM esters in aqueous

solution. During the incubation time, endogenous esterases cleaved the AM groups, thus

trapping the calcium dyes intracellularly. MK571, an inhibitor of the multidrug resistance-
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associated protein transporter was added to enhance the staining efficiency by impeding

dye extrusion159. After several washes with pure Ringer’s solution, the slices were placed

in a recording chamber and placed under a 40X /0.8 water-immersion objective. Fluo-4

and Fluo-8 were excited at 488 nm (Sapphire 488 LP, Coherent, Santa Clara, USA) and

the fluorescence was detected by a line CCD camera (AViiVA SM2, e2V, Essex, England).

2D and 3D timeseries were acquired with a custom-built line illumination microscope52

scanning at 30 Hz for single frames and ca. 5 Hz for stacks, respectively. In pharmacological

experiments, gabazine (SR-95531; abbreviated as GBZ), a GABAA receptor antagonist was

purchased from Sigma-Aldrich, diluted in Ringer’s solution at 100 µM and perfused over

the olfactory bulb slices. After a 5–6 min incubation, it was washed out by a perfusion of

pure Ringer’s solution.

2.3 Stimulus application

Amino acids have been proved to be effective odourants for Xenopus tadpoles160 as they

likely serve as food cues for fish and amphibia. Thus, a mixture of the following 14

amino acids was standardly used as stimulus for olfactory receptor neurons lining the nasal

epithelium: L-alanine, L-arginine, L-cysteine, L-histidine, L-isoleucine, L-leucine, L-lysine, L-

methionine, L-phenylalanine, L-proline, L-serine, L-threonine, L-tryptophane, and L-valine,

at 50 µM each. Temperature drops were achieved by applying 1 mL of cool Ringer’s solution

(T = 0 ◦C) to the olfactory epithelium of the animal. The application of room-temperature

Ringer’s solution (T = 20–22 ◦C) served as a negative control. The resulting fluctuations of

temperature were monitored with a NiCr-Ni thermosensor (GTF 300, Greisinger Elektronik,

Regenslauf, Germany) positioned closely to the nasal cavity. All water-borne stimuli were

applied via a custom-built funnel applicator161, with its outlet placed in front of the left or

right olfactory epithelium. The stimulus solutions were released from an electronic pipette

(HandyStep electronic, Brand GmbH, Wertheim, Germany) modified to be triggered by a

TTL signal initiated by the microscope. Each stimulation was repeated twice to assess the

reproducibility of Ca2+responses after an minimal interstimulus interval of 150 seconds.

The perfusion of Ringer’s solution over the slice was not interrupted during the release of

the stimulus solution into the funnel in order to minimise flow disturbances in the nostril.
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2.4 Single-cell filling and morphological reconstruction

M/T cells were individually filled with Alexa Fluor 488 Biocytin (427 µM) or Alexa Fluor

594 Biocytin (100 µM) according to a standard procedure162. Borosilicate patch pipettes

(1.8 OD, Hilgenberg, Germany) with a resistance of 10–15 MΩ were pulled with a vertical

two-step puller (PC-10, Narishige, Japan). The fluorophores were dissolved in an intra-

cellular solution of the following composition (in mM): 80 K-gluconate, 2 NaCl, 11 KCl, 2

MgSO4, 10 HEPES (pH 7.8 with NaOH), 0.2 EGTA, 5 Na-ATP, 1 Na-GTP. Acute slices of

the olfactory bulb were prepared and placed in a recording chamber. The pipette filled

with the staining solution was lowered in the mitral/tufted cell layer under a 40X/0.8 or

63X/0.95 water-immersion objective. After the formation of the gigaseal, the cell mem-

brane was ruptured and the cell clamped in whole-cell voltage-clamp configuration. The

membrane potential was held at − 60 mV while the cell was loaded with the dye for

about 20 min. Subsequently, the morphology was imaged under the line illumination

microscope by taking 3D stacks. Alexa Fluor 488 and Alexa Fluor 594 were excited at

488 nm and 568 nm, respectively. After the image acquisition, the arborisations of a

few M/T cells were semi-manually reconstructed with the free software Neuromantic163

(http://www.reading.ac.uk/neuromantic).

2.5 Data analysis and processing

Image and data analyses were performed in MATLAB (MathWorks) and MatVis, a graphical

user interface developed by Stefan Junek). 3D image stacks were shift-corrected and

bleach-corrected only when necessary. Shift correction along the x- and y- and z-directions

was achieved by a custom-written MATLAB script written by Mihai Alevrea and earlier

described88. Bleach correction was performed by subtracting the linear decay characterising

photobleached signals using Legendre transform164.
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2.5.1 ∆F/F and response criterion

Odour-induced [Ca2+] changes were displayed as fluorescence pixel intensities or repre-

sented as ∆F/F:

∆F

F
=
F (t)− F0

F0

. (1)

F(t) is the raw fluoresence over time after subtraction of the camera background and F0,

the average of 10 % of the entire data points, prior to the stimulus application.

The signals of the pixels within a region of interest were averaged to generate a single

fluorescence value. A ∆F/F rise was considered a response if a roi showed a higher mean

change in fluorescence (∆F/F) over the 4 s after stimulus application than its maximum

value over the 4 s preceding it.

2.5.2 Fourier analysis

Raw fluorescence signals were converted from the time domain to the frequency representa-

tion using the fast Fourier transform (fft) built-in function of MATLAB. The positive halves

of the Fourier transform were averaged within a M/T cell pool and plotted in a spectrum

showing the magnitude of the signals over their frequencies. Since the spontaneous firing

rates of Xenopus M/T cells are relatively low, and associated [Ca2+] waves even slower58,

the fft frequencies were low-pass filtered at 3 Hz.

2.5.3 Activity Correlation Imaging

Activity Correlation Imaging (ACI) is a method which uses each neuron’s specific activity

waveform as a contrast variable to build a detailed picture of the network connectivity52. To

briefly summarise the principle of ACI, the temporal signal of a region of interest is selected

as a reference trace and cross-correlated with every other pixel in the scanned volume

(Figure 2.1). As individual neurons often exhibit specific temporal patterns, multiple

correlation maps of different activity can be acquired and combined. This approach yields a

high-contrast, multi-colour, 3D visualisation of neural ensembles and their connectivity.
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Figure 2.1: Principle of ACI
Two regions of interest Roi1 and Roi2 are drawn from the somata of M/T cells, and their
specific Ca2+ temporal patterns are extracted. Next, correlation maps of individual image
planes are calculated based on the reference signals of Roi1 and Roi2. The maps are
displayed as z-projections of the maximal correlation values and reveal the connectivity
of M/T cells. Finally, colour-coding each map allows the visualisation of the structural
organisation networks of different activity. Figure adapted from Ref30.

The correlation factor cij between a reference trace rj(t) and the time trace vi(t) of each

pixel in the volume is given by the formula:

cij =

∑T
t=1(vi(t)− vi).((rj(t)− rj)
‖vi(t)− vi‖.‖rj(t)− rj‖

, (2)

where t is the number of data points ranging from 1 to T . The calculation of cij outputs

a number between −1 and 1, whereby a negative value indicates a negative correlation

between the two temporal signals, and positive value, a positive correlation.
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2.6 Cell electroporation of ORNs

The electroporation of the nasal cavity of Xenopus laevis was carried out to stain the

dendrites, cell bodies, and axons of olfactory receptor neurons. Tadpoles of stages 49–54

were electroporated according to a method formerly described in detail by Kludt et al.24 and

Brinkmann et al.30. Briefly, animals were anesthesized in 3% tricaine methane sulfonate

(MS-222) and placed under a stereomicroscope. Dye crystals of 10 kDa-Dextran Alexa Fluor

488 or 10 kDa-Dextran Alexa Fluor 647 (Thermo Scientific) were positioned in the mucosae

until full dissolution, and platinum electrodes were inserted in each nostril, and 6 square

pulses of 20 V and 20 msec were applied at 1 Hz using a custom-made electroporator. For

some experiments, Dextran Alexa Fluor 488 was electroporated in one nasal cavity, and

Dextran Alexa Fluor 647, in the contralateral nostril, thus bringing about a differential

staining of ipsilateral and contralateral receptor neurons. The animals were allowed to

recover in tap water, and supplemented with food after fully regaining their swimming

behaviours. As dextran-conjugates passively diffuse at a rate of ca. 1–2 mm/day, the brains

of electroporated animals were imaged from 2 to 10 days after the procedure to allow the

staining of axons terminals in glomeruli.

2.7 Nose-brain explant (whole-mount preparation)

A few days after ORN electroporation, pre-metamorphic animals were anaesthetised in ice

water and sacrificed by severing the spinal cord. A block of tissue containing the nostrils,

the olfactory nerves and bulbs was dissected out and flipped so that the ventral surface

faced upwards. The brain explant was fixed with needles inserted through the skin and a

drop of Ringer’s solution was added to prevent the tissues and cell layers from collapsing

upon dissection. Hereafter, the meninges covering the ventral olfactory bulb were removed

with fine scissors, thereby exposing the neuropil for imaging. The whole-mount preparation

was placed in a recording chamber and a platinum net was secured on top of it.
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2.8 Anti-GABA immunohistochemistry

X. laevis animals of stages 49–54 which had previously undergone ORN electroporation

with Dextran Alexa Fluors 488, 546 or 647 (Thermo Fisher Scientific) were anaesthetised

in ice water and sacrificed. A block of tissue containing the nostrils, the olfactory nerves

and bulbs was dissected out and fixed in 4% paraformaldehyde (Sigma, USA) at room-

temperature for 3 h. The immunohistochemical localisation of GABA was carried out

according to the procedure described in Nezlin et al.18, with some modifications. The

brain preparations were subsequently immersed in 30% saccharose (Carl Roth GmbH,

Germany) for 2–3 days at 4 ◦C and then mounted in Tissue-Tek embedding matrix (Sakura,

The Netherlands). 50 µm-thick horizontal slices were sectioned at −21 ◦C using a LEICA

CM1850 cryostat, thaw-mounted on Superfrost Plus microscope slides (Thermo Scientific),

and air-dried at room temperature. After 3 washes of 5 min in PBS, the sections were

blocked in a solution containing PBS, 0.1% Triton-X-100, and 2% normal goat serum (NGS)

for 3 h at room temperature, and incubated at 4 ◦C overnight with an primary antibody

against GABA (1:1000; rabbit polyclonal IgG; Immunostar, WI, USA) diluted in the blocking

solution. On the following day, the sections were washed 3 times for 20 min in PBS and

incubated for 3–4 h at room temperature with a fluorescent secondary antibody: either

donkey-anti-rabbit Alexa Fluor 647-conjugate or goat-anti-rabbit Alexa Fluor 488-conjugate

(1:500; IgG; Life Technologies) diluted in 1% NGS/PBS. After 3 washes of 20 min in PBS, a

counterstaining solution containing propidium iodide (PI) at 5 µg/mL in PBS covered the

slides for 25 min. Finally, all slides were once more washed in PBS for 30 min, mounted in

DAKO mounting medium (DAKO, USA) under a coverslip (Carl Roth GmbH, Germany), and

imaged under a laser-scanning confocal microscope (LSM 780 /AxioExaminer, Carl Zeiss)

using a W Plan-Apochromat 20X /1.0 DIC objective. Figure 2.2 illustrates the excitation

and emission wavelengths of Alexa Fluor 488, propidium iodide and Alexa Fluor 647, the

fluorophores used to stain olfactory bulb layers. As PI was excited by both the 488 nm-laser

and the emitted light of AF488, its usage was avoided in combination with anti-GABA

immunostaining in order to prevent bleed-through contamination.
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Figure 2.2: Fluorescent spectra of Alexa Fluor 488 (AF488), propidium iodide (PI)
and Alexa Fluor 647 (AF647)
The relative spectral intensities of these fluorophores are displayed upon laser excitation at
488 nm (A), 561 nm (B) and 633 nm (C). The green, black and red dashed lines delimit
the excitation spectra of AF488, PI, and AF647, respectively. The emission spectra of AF488,
PI, and AF647 are shown in green, orange and red, respectively. These plots were obtained
using the BD Biosciences Spectrum Viewer online tool.
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2.9 Combined electrophysiological and calcium imaging recordings

Simultaneous calcium imaging and patch clamp measurements in M/T cells of Xenopus

laevis had been carried out and described in a former study157. A similar protocol was

developed for these experiments. No bath loading of the acute slices with AM dyes was

done prior to establishing a loose seal patch clamp. Instead, single M/T cells were clamped

in whole-cell configuration, and the internal solution supplemented with Fluo-8 K+ salt

(TEFlabs, TX, USA) was allowed to diffuse inside the neuron. Borosilicate patch pipettes

(1.5 OD, Harvard Apparatus, UK) with a resistance of 6–8 MΩ were pulled with a horizontal

DMZ-Universal puller (5318904120B, Zeitz Instruments) and filled with an intracellular

solution of the following composition (in mM): 80 K-gluconate, 2 NaCl, 11 KCl, 2 MgSO4,

10 HEPES (pH 7.8 with NaOH), 0.2 EGTA, 5 Na-ATP, 1 Na-GTP. For single-cell calcium

imaging experiments, Fluo-8 K+ salt was added to the pipette solution, as well as Alexa

Fluor 594 Biocytin for the analysis of M/T cell morphology, at at final concentration of

200 µM and 100 µM respectively. A positive pressure of 15–20 hPa was constantly applied

to the pipette whilst being lowered to the brain slice. M/T cells were identified and

targeted based on their position within the mitral/tufted cell layer in acute slices of the

olfactory bulb. In voltage-clamp mode, the holding potential of M/T cells was −60 mV,

and when switching to current clamp recordings, a negative current was automatically

introduced to maintain the membrane potential of the cell around the same value (usually

−60 mV) The electrophysiological parameters and signals were recorded with a HEKA EPC9

Amplifier controlled by the PatchMaster software. Ca2+ imaging was achieved with line

illumination microscope —newly built by Alexander Brinkmann— enabling the excitation

of two fluorophores. Fluo-8 was excited with at 488 nm (Sapphire 488 LP, Coherent, Santa

Clara, USA), whereas Alexa Fluor 594 Biocytin, added for morphological analysis was

excited with at 568 nm (Sapphire 568 LP, Coherent, Santa Clara, USA). The onset and end

of each calcium imaging sequencewas recorded as a third input channel of the amplifier

and displayed on the PatchMaster interface.

After the patch-clamp and calcium imaging measurements, the identity of M/T cells was

confirmed based on the AF 594 staining of dendrites terminally sprouting in glomeruli.
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2.9.1 Depolarising pulses and fitting of Ca2+ spikes

Ca2+ spikes were evoked by depolarising voltage steps or current injections to the M/T cell

soma. In voltage-camp experiments, the membrane potential was depolarised from −60

to 0 mV in 3 pulses of 10 ms each and interstimulus interval of 2 s, repeated after 10 s.

The entire stimulation sequence with its 6 voltage pulses lasted 20 s in total. In the current

clamp configuration, 3 successive current injections of 0.3 nA for 8 ms each (inspired from

Ref.165), and 2 s of interstimulus interval were triggered and reiterated after 10 s. Similarly,

the completion of the 6 current pulses also lasted 20 s. Each current pulse triggered a

somatic action potential, recorded in the voltage channel.

For the correlation analysis of Ca2+ fluctuations along M/T cell dendrites, the slow

Ca2+ waves were first fitted with Gaussian curves and then subtracted from the overall

signals. As a result, the correlation was calculated based on the backpropagating Ca2+

spikes only. In some experiments, the backpropagating Ca2+ spikes were approximated

with double exponential rise/decay curves. The main algorithm —written by Mihai Alevra—

for generating the fit curve f(t] was defined as follows:

f(t] = A.(1− e−(t−t0)/τr).(e−(t−t0)/τd), (3)

where, A represents the amplitude of the spike, t, the time vector of the signal, t0, the

time point of one spike occurrence, τr the rise time, and τd, the decay time. The fit curve

was subsequently used as a reference trace for calculating cross-correlations within single

dendrites.
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3 Results

3.1 Dual sensitivity and structure-function relationship of M/T cells

3.1.1 Glomerular innervation patterns of M/T cells

Single neurons located in the M/T cell layer were targeted for dye loading with Alexa Fluor

488 Biocytin or Alexa Fluor 594 Biocytin. Only the cells clearly connected to at least one

glomerulus were regarded as M/T cells. If periglomerular or granule cells bordering the

M/T cell layer were unintentionally filled, their identity was easily recognisable based on

the singular morphological traits. PGCs typically showed a bushy dendritic arborisation,

whereas GCs grew spines on their dendrites (Figure 3.1A,C).

Figure 3.1: A periglomerular, mitral/tufted and granule cell
Single cell filling of a PGC (A), M/T cell (B) and GC (C) with Alexa Fluor 488 Biocytin
(A,B) and Alexa Fluor 594 Biocytin (C). Note the highly branched “bushy” dendritic tree of
PGCs, the glomerular innervation by M/T cells and the long spiny dendrites of GCs. All
images are z-projections of the maximal intensities. Scale bars: 10 µm.

28 M/T cells were analysed for their general dendritic morphologies, i.e. their number

of glomeruli, neurites and branches. 57% of all cells connected to only one glomerulus and

43% to two or more glomeruli. 3 of them only were unipolar, the majority of them (88%)

being bipolar or displaying a complex dendritic structure. All principal neurites bifurcated

at least once, giving rise to 1st order branches, and most of (71%) showed 2nd or higher

order branches (Figure 3.2).
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Number per M/T cell 0 1 2 3 4 5 6–10

Glomeruli 0 16 cells 9 cells 1 cell 2 cells 0 0
Neurites 0 3 cells 11 cells 10 cells 4 cells 0 0

1st order branches 0 0 19 cells 1 cell 4 cells 1 cell 3 cells
2nd order branches 8 cells 0 10 cells 1 cell 6 cells 2 cells 1 cell

Total (n = 28 cells)

Table 2: Morphological analysis of M/T cells and their number of glomeruli, neurites
and dendritic branches per cell
The number of glomeruli, neurites (all processes growing from the soma), 1st order branches
and 2nd order branches per M/T cell was counted. Subsequently, the 28 cells filled with
Alexa Fluor 488 Biocytin or Alexa Fluor 594 Biocytin were divided into each category.

B

D

A

C

Figure 3.2: Different connectivity patterns of M/T cells
(A,C) Single-cell filling of 2 mitral/tufted cells with Alexa Fluor 488 Biocytin. The first M/T
cell (A) innervates multiple glomeruli, while the second one (C) only connects to a single
glomerulus. These images are z-projections of the maximal intensities. Scale bars: 10 µm.
(B,D) 3D reconstructions of the M/T cells. Somata are colour-coded in dark grey, neurites
in purple, 1st and 2nd order branches in red, branching points in light gray, and glomeruli
and yellow.
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Since each glomerulus serves as a functional unit of early olfactory processing, these

M/T cells sampling more than one glomeruli receive several olfactory inputs which they

likely integrate at their soma. As amino acid sensitivity and temperature sensitivity have

been reported in the bulb, the multiple glomerular innervation by some M/T cells may

enable them to collect and integrate both chemical and thermic information. In order to

verify this hypothesis, Ca2+ imaging experiments were performed on OB slices bulk-loaded

with the calcium indicator Fluo-4 AM. A highly concentrated mixture of 14 amino acids

(50 µM) was used to stimulate chemosensitive networks, and subsequently, cold Ringer’s

solution (0 ◦C) was applied to trigger responses in the thermosensitive γ-glomerulus and

connected M/T cells. Both stimuli were applied twice to control the reproducibility of

[Ca2+] responses.

3.1.2 Chemosensitivity in the OB

The application of amino acids to the olfactory epithelium of X. laevis tadpoles brought

about strong and reversible [Ca2+] responses in glomerular and mitral/tufted cell layers

(Figure 3.3). Horizontal sections of the OB provided access to M/T cells of the superficial

layers M/T cells easily reached by the calcium indicator. Amino-sensitive glomeruli, located

on the ventral surface, however were less efficiently stained owing to a poor dye penetration

into the deepest layers (below ca. 80 µm from the top surface). Therefore, ACI was applied

in order to better visualise M/T cell processes and the activated glomeruli. Correlation

maps were calculated using the soma of a responsive M/T cell as a region of interest (Roi)

to extract a reference trace of the fluorescence signal.

3.1.3 Temperature sensitivity in the OB

The application of 1 mL of cold Ringer’s solution (0 ◦C) to the nostril of the animal caused

an average temperature drop of −1.1◦C measured by thermosensor positioned in the

recording chamber. These negative temperature fluctuations (T-jumps) only activated the

γ-glomerulus and the connected M/T cells (Figure 3.4). The position of the γ-glomerulus

being extremely ventral, this structure was often poorly reached and stained by Fluo-4 and

often not identifiable. Although the innervation of the γ-glomerulus by M/T cells was rarely
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observable in these experiments, the presence of temperature-sensitive M/T cells confirmed

its activation by T-jumps induced at the nasal epithelium.
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Figure 3.3: Amino acid-sensitive glomeruli and M/T cells
(A) Left: Raw fluorescence image of an olfactory bulb slice. These images are z-projections
of the mean intensities of a 30 µm-thick volume in one frame. Dotted regions of interest
represent glomeruli activated by the amino acid application. The oval/circular smallest
regions surround amino acid-sensitive M/T cells. Right: Maximal z-projection correlation
maps calculated for 10 planes. The colour bar indicates the black-to-white colour intensities
assigned to the correlation values. ACI yields a better contrast for visualising glomerular-to-
M/T cell connectivity based on activity. Scale bars: 50 µm. (B) Left: Raw fluorescence signal
of the 8 Rois in A plotted over time. Middle: Temporal signal of an amino acid-sensitive
glomerulus (Roi1). Right: ∆F/F signals plotted over time. The black bars beneath the
graphs represent the application of 1 mL of a mixture of 14 amino acids (cf Materials and
Methods) at 50 µM. (C) Repeated measurement with a second application of the same
stimulus. The responses of Rois 3 to 6 are shown.
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Figure 3.4: Thermosensitivity of the γ-glomerulus and connected M/T cells
(A) Left: Raw fluorescence image of a single plane within the olfactory bulb. The image
is shown as mean intensity of the signals over time. The dotted blue regions of interest
represent the thermosensitive γ-glomerulus, and the oval/circular smallest regions surround
M/T cells also activated by the temperature drop. Right: Correlation map of the same plane.
The colour bar indicates the black-to-white colour intensities assigned to the correlation
values. The innervation of the γ-glomerulus by Roi5 and others is faintly seen. Scale bars:
50 µm. (B) Left: Raw fluorescence signal of the 5 Rois in A plotted over time. Middle:
Temporal signal of the γ-glomerulus (Roi1). Right: ∆F/F signals plotted over time. The
black bars beneath the graphs represent the application of 1 ml of a mixture of Ringer’s
solution at 0 ◦C. (C) Repeated measurement with a second application of the same stimulus.

44



3 RESULTS

3.1.4 Integration of temperature and odour signals in M/T cellular networks

Subsequently, M/T cells were screened for both thermo- and chemosensitivity in OB slices.

Calcium imaging measurements of 3D volumes were acquired with the line-illumination

microscope in order to scan multiple M/T cell layers. The fields of view had average

dimensions of ca. 350 x 450 x 40 µm and were sufficiently large to comprise the lateral

glomerular cluster where calcium responses to amino acids were most frequently observed,

as well as the γ-glomerulus(Figure 3.5). Following the applications —in a changing

order— of cold Ringer’s solution, amino acids, and room-temperature Ringer’s solution

(20–22 ◦C), the numbers of thermosensitive, chemosensitive and dual-sensitive cells were

counted. 151 of out 183 cells were amino acid-sensitive only, 13 were exclusively cold-

sensitive, and 19 showed dual responses to both stimuli (n = 9 animals). Overall, 19 of

the 32 thermosensitive mitral cells (59%) were also activated by the chemical mixture.

Interestingly, these dual-sensitive cells did not display the same strength of ∆F/F responses

to both stimuli(Figure 3.5).

Amino acids Cold Ringer's Overlay + ControlRoi #

Figure 3.5: Integration of temperature and odour sensitivity in individual mitral cells
Left: Z-projection of the maximal intensities of a 30 µm-thick volume of an OB slice. The
Arrowheads highlight 6 M/T cells. Scale bars: 50 µm Right: [Ca2+] responses of the 6 Rois
to the amino acid mixture, cold Ringer’s solution. The most right column shows an overlay
of the stimulus-induced signals and additionally plots in black the baseline fluctuations
when ambient temperature Ringer’s solution is applied (negative control). The red and blue
bars under the traces indicate the application of amino acids and cold Ringer’s solution,
respectively. Figure adapted from Ref88.
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Bulk staining with Fluo-4 AM enabled the simultaneous measurement of stimulus-

induced Ca2+ dynamics over dozens of M/T cells, which was advantageous for screening

the OB for the presence of dual-sensitive cells. However, as mentioned aforehand, the AM

dye often did not penetrate cell layers beyond 80 µm from the slice surface. Therefore, in an

attempt to reveal the glomerular innervation of dual-sensitive M/T neurons, bolus loading

experiments were carried out in intact nose-brain explants (“whole-mount” preparations).

These experiments were performed by Alexander Brinkmann. The neuropil surrounding the

small glomerular cluster (including the γ-glomerulus) was targeted by a glass pipette filled

with Fluo-8AM, approaching the OB from the ventral side. For a better orientation within

the bulb and the identification of the small cluster, ORNs were aforehand electroporated

with Dextran Alexa Fluor 647 to reveal the presynaptic glomerular organisation. After

bolus loading and successful dye uptake by nearby M/T cells in the vicinity, successive

applications of cold Ringer’s solution followed by the application of a single amino acid

L-histidine (10 µM). Chemosensitive, thermosensitive and dual-sensitive M/T cells were

observable in 5 out of 7 animals. Neurons of the latter category did not respond to both

with the same strengths, as reported in the previous experiments (cf Figure 3.5). Some

were more strongly activated by the temperature drops than by L-histidine, and vice versa

(Figure 3.6). Additionally, correlation maps were calculated using purely thermosensitive

or purely chemosensitive responses as reference traces. Most cold-sensitive fibres were

identified presynaptic or postsynaptic afferents to the γ-glomerulus.
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Figure 3.6: Dual-sensitive M/T cells and their differential tuning
(A) Left: Presynaptic staining of ORNs with Dextran Alexa Fluor 647. The dotted region
highlights the γ-glomerulus. Middle: ACI maps derived from temperarature-sensitive (blue)
and chemosensitive (red) Ca2+ signals after bolus loading with Fluo-8 AM. The reference
traces for calculating the correlation maps are shown in the bottom-left inset. Right: Pixel-
by-pixel calculation of the dual-sensitive regions responding to both stimuli (yellow). All
images are z-projections of the maximum intensities of a 36 µm-thick volume, Scale bar: 50
µm. (B) ∆F/F signals of 8 M/T cells to a stimulus sequence of thermic and chemical inputs.
The red and blue bars under the traces indicate the application of amino acids and cold
Ringer’s solution, respectively. The response patterns ranged from pure thermosensitivity to
exclusive histidine-sensitivity over various degrees of dual sensitivity. Figure adapted from
Ref88.

Taken together, these findings described in this section demonstrate that most ther-

mosensitive M/T cells also responded to chemical stimuli. Moreover, dual-responsive cells

were differentially tuned to temperature and odourants. Thus, some M/T cells effectively

integrate thermic and chemosensory inputs in the olfactory bulb. Interestingly, the olfactory

bulb of X. laevis harbours M/T cells which are connected to two or more glomeruli. Our

results suggest that the dual-sensitivity observed in some M/T cells is most likely a function

of their multiple glomerular innervation patterns.
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3.2 The effects of GABAergic inhibition on M/T cell dynamics

When performing ACI using a stimulus-induced signal as a reference trace, the resulting

correlation map highlights structures of positively correlated values (as in Figure 3.3), but

also simultaneously exposes pixels displaying negative correlations. A closer look at the

raw fluorescent signals of negatively correlated somata and dendrites of M/T cells revealed

different temporal patterns of these neurons: either non-sensitive to the stimulus applied,

or inhibited (Figure 3.7).

0 5 10 15 20 25 30 35

150

200

250

300

350

F
lu

o
re

sc
e
n

ce
 (

a
.u

.)

t(s)

A

0 2 4 6 8 10 12 14 16 18 20
−80

−60

−40

−20

0

20

40

60

80

Δ
F

/F
 (

%
)

t(s) t(s)
Δ

F
/F

 (
%

)
0 2 4 6 8 10 12 14

−50

0

50

100

150

200

250
B C

Figure 3.7: Excitation and inhibition of M/T cells in response to odour stimuli
(A) [Ca2+] fluorescent signals of a group of M/T cells before and after odour stimulation
by 800 µL of the amino acid mixture (50 µM). The timing of application is indicated by
the black bar beneath the graphs. The temporal patterns of these cells were regrouped in
three categories and colour-coded: excited (green), inhibited (red) and non-responsive
(black). (B-C) ∆F/F traces of 2 excited, 2 inhibited and 1 non-sensitive M/T cell in two
other animals. Note the start of inhibition (in the red traces) following the odour stimulus
and the recovery of spontaneous activity and/or the initial [Ca2+] levels after a few seconds.

A former study combining electrophysiological measurements and calcium imaging of

Xenopus M/T cells brought evidence that decreases of internal [Ca2+] levels coincided with

the suppression of M/T cell firing157. As a result of these consistent observations, the second

part of the thesis addressed the role of GABAergic inhibition in shaping odour-evoked and

spontaneous M/T cell dynamics in the developing bulb.

3.2.1 Localisation of GABA in the OB at larval stages 49–54

Early work described how the inhibitory PGCs and GCs have a mature appearance from

stages 48–49 onward2, but the presence of the GABA neurotransmitter in the OB of larval
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Xenopus had only been reported from stage 5419. Therefore, anti-GABA immunohisto-

chemistry was performed in the brains of tadpoles of stages 49–54, whose ORNs were

first electroporated with Dextran Alexa Fluors. ORN and GABA staining was imaged using

confocal immunofluorescence microscopy (Figure 3.8 and 3.9). Immunoreactive cells were

observed around the glomeruli stained by Dextran Alexa Fluor 488, as well as in the granule

cell layer.

A B

D E F

H I J

merge AF488D

GABAmerge AF488D

GABAmerge AF488D

GABAC

Figure 3.8: GABA staining in the glomerular layer
Horizontal sections of the olfactory bulb stained against GABA. (A) Overview of the GABA
immunoreactivity in the glomerular, mitral/tufted and granule cell layers. (B) ORN axons
terminating in glomeruli were stained by Dextran Alexa Fluor 488. (C) Note the GABA-
positive PGs (indicated by the white arrows) and GCs (indicated by the white arrowheads).
(D–F) The white dashed rectangle highlights the staining in the glomerular layer. (H–J)
Close-up view of the area indicated in (D–F). Scale bar = 50 µm.

49



3 RESULTS

The neuropil around glomeruli and M/T cells was also intensely stained, although M/T

cell somata clearly lacked GABA-immunoreactivity. In contrast to M/T cells, GCs showed

some GABA staining in the cytosol around their nuclei, but little-to-no staining in their

surroundings (Figure 3.9).

A B C

D E F

H I J

GABAmerge AF488D

GABAmerge AF488D

GABAmerge AF488D

Figure 3.9: GABA staining in the mitral/tufted and granule cell layers
Horizontal sections of the olfactory bulb stained against GABA. (A–C) Overview of the GABA
immunoreactivity in the mitral/tufted (dashed rectangle) and granule cell (full rectangle)
layers. (D–F) M/T cells were immunonegative for GABA, but the surrounding neuropil
showed a strong staining. (H–J) GCs, in contrast were immunopositive, particularly in the
cytosol encompassing their nuclei. (I) Note the extrabulbar olfactory fibres stained by ORN
electroporation by Dextran Alexa Fluor 488. Scale bar = 50 µm.

After confirming the presence of GABA in the developing OB of X. laevis larvae, the next

50



3 RESULTS

series of experiments investigated the functional role and importance of GABAergic trans-

mission for M/T cell activities using competitive GABAA receptor antagonists. Picrotoxin,

gabazine (SR95531) and bicuculline methiodide (BMI) are the most widespread GABAA

receptor inhibitor used in pharmacological experiments. After initially comparing the effect

of BMI (100 µM) and gabazine (100 µM) perfused over OB slices stained with Fluo-4 AM,

gabazine (GBZ) with its stronger blockade of the activity of M/T cellular networks was

subsequently used for all the following experiments.

3.2.2 The influence of gabazine on M/T cell odour-evoked activities

In order to assess whether gabazine affects odour discrimination, the response patterns of

pairs of excited versus inhibited M/T cells were analysed. Calcium imaging experiments

were undertaken in 300 µm-thick slices of the olfactory bulb bulk-stained with Fluo-4 AM.

2D planes of the olfactory bulb were imaged with the line-illumination microscope, and

single frames acquired at a rate of 30 Hz. Each measurement lasted 32.8 s, the first half

of which was without stimulus application in oder to record Ca2+ events and the baseline

activies of M/T cells. In the second half, 800 µL of the amino acid mixture at a concentration

of 50 µM was applied at the olfactory epithelium.

The responses of individual M/T cells to the amino acid stimulation in OB acute slices

were compared before and after the perfusion of gabazine dissolved in Ringer’s solution.

Under normal conditions, i.e., when pure Ringer’s solution was perfused over the OB slice,

M/T activities were either excited or inhibited by the odour input (cf section 3.2), As dis-

cussed in the introduction, this differential odour tuning is inherent to odour discrimination

and contrast enhancement achieved by the olfactory bulb.

Some of the M/T cells which were formerly inhibited by the chemical stimulation

positively responded to the odour stimulus during gabazine application (Figure 3.10A–B).

Other M/T neurons were freed from strong lateral inhibition and almost maintained their

baseline [Ca2+] levels after the stimulus (Figure 3.10C–D).
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Figure 3.10: Gabazine alters M/T cells’ odour responses.
(A) Raw Ca2+ signals of an excited versus inhibited (exc/inh) M/T cell pair before and after
the application of a mixture of 14 amino acids (50 µM). The first neuron (Roi1) whose
activity is depicted in green is strongly excited by the odour stimulus, whereas the red
Ca2+ trace of the second neuron (Roi2) displays odour-induced lateral inhibition. (B) Raw
Ca2+ signals of the same exc/inh M/T cell pair when gabazine (GBZ) at a concentration of
100 µM has been perfused over the OB slice. Note the drastic change in the response of
Roi2 to the stimulus. The response of Roi1 remains unchanged. (C–D) Raw Ca2+ signals of
another exc/inh M/T cell pair in the same animal. In the presence of gabazine, the activity
of Roi1 was no longer inhibited by the odour input. The black bars beneath the graphs
represent the application of 800 µL of a mixture of 14 amino acids at 50 µM.

The cross-correlation factor R between the Ca2+ traces of 13 excited versus inhibited

(exh/inh) M/T cell pairs identified in 4 animals was calculated before and after drug

application. The calculation of R was defined by:

R =

∑
(xi − xi).(xj − xj)
‖xi − xi‖.‖xj − xj‖

, (4)

where xi is the time trace of the excited M/T cell and xj,that of the inhibited M/T cell.
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This R value ranged between −1, which represents the strongest negative correlation, to

+1, which is obtained when two temporal signals are absolutely identical. In 9 out of 13

pairs, the R value shifted from negative to positive values. In 4 occurrences it increased to a

less negative value. A paired Student’s t-test was computed to compare R values before and

after gabazine. The average R values were −0.56 ± 0.08 SEM before the drug application

and 0.35 ± 0.16 SEM afterwards (p <0.001).
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Figure 3.11: Excited vs inhibited M/T cells in response to odour stimuli
Left: Index of 13 exc/inh M/T cell pairs plotted against the cross-correlation factor between
each pair. In all pairs the correlation factor increased after gabazine (GBZ, 100 µM) was
perfused over the slice. Right: Mean value of the correlation factors between exc/inh M/T
cell pairs. Data are reported as mean ± standard error of the mean (SEM). 13 M/T cell
pairs, n = 4 animals; error bars: standard error of the mean (SEM); ***: p <0.001, paired
Student’s t-test.

Lateral inhibition is regarded as a means to diminish the redundancy of odour-induced

responses of M/T cells receiving the same glomerular inputs. Consequently, the similarity

of [Ca2+] rises was analysed in M/T cells activated by odour stimulation. The imaging

paradigm consisted of a few measurements of spontaneous and odour-evoked activity

before gabazine perfusion followed a repetition of same measurements with the drug

being washed over the acute slice. While dozens of neurons exhibited signal fluctuations

during each single recording, only the M/T cells active throughout the entire session were

considered in the subsequent analysis. Cross-correlated values were calculated between
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the temporal patterns of a pool of 6 M/T cells belonging to the same OB and correlation

matrices of these neurons were established. A mean R value ranging from −1 to 1 was

extracted, reflecting the degree of similarity between these 6 M/T cells within the pool.

To facilitate the visual assessment of correlations in the matrices, all negative values were

colour-coded and displayed as 0. Figure 3.12 illustrates the observations made in this

series of experiments, using the data acquired in one of the acquisition sessions. In normal

conditions, the application of the amino acid mixture triggered a sudden increase of [Ca2+]

levels in all cells of the pools. The time courses of the Ca2+ rises, however, differed from

one cell to another. Some neurons showed lasting Ca2+ waves, while some others returned

to baseline levels more rapidly. The average cross-correlation factor between these cells

reached 0.79 (Figure 3.12A). Upon gabazine application, this value increased to 0.96

owing to a higher similarity of the temporal patterns of the same 6 M/T cells after the

amino acid stimulation (Figure 3.12B). In order to differentiate whether gabazine equally

affected the similarity of spontaneous M/T cell dynamics, the baseline activity of these cells

were compared before and after the drug perfusion. The R value for spontaneous events

was close to 0 before and after gabazine application, thus indicated that the cells retained

different temporal patterns in an odour-free environment (Figure 3.12C–D).

The analysis of similarity across M/T cell pools was subsequently extended to 5 animals.

The correlation factors of odour-induced activities were compared before and after phar-

macological treatment (Figure 3.13A). R values averaged over 30 cells in these animals

rose from 0.66 ± 0.04 before gabazine perfusion to 0.75 ± 0.04 afterwards. The statistical

comparison of the two conditions using a paired Student’s t-tests confirmed the trend earlier

described. Gabazine application enhanced the identicalness of the responses of M/T cells

activated by the olfactory input (Figure 3.13B).
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Figure 3.12: Gabazine increases the similarity between odour-evoked outputs (1).
(A–B) Left: Correlation matrices of the odour-evoked activities of 6 M/T cells before (A) and
after (B) the application of gabazine. The colour bars indicates the degree of correlation, 0
meaning no correlation at all, and 1 representing perfect identicalness. The mean R values
expresses high correlation, brought about by the synchronicity of odour responses observed
in the right panels. Right: Raw fluorescent signals of the M/T cells used for calculating
cross-correlation values displayed in the left panel. The Ca2+ traces of 6 M/T cells belonging
to the same bulb were colour-coded. MC = M/T cell.
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Note the increase of correlation upon gabazine perfusion, and the greater similarity of
stimulus-induced responses hereafter (B). The black bars beneath the graphs represent the
application of 800 µL of a mixture of 14 amino acids at 50 µM. (C–D) Left: Correlation
matrix of the baseline activities of the same pool of cells as in (A–B) before (C) and after
(D) drug application. Note the the low correlation between the 6 M/T cells and the diverse
temporal patterns of spontaneous activity. Gabazine (100 µM) did not seem to increase the
correlation of these patterns.

Figure 3.13: Gabazine increases the similarity between odour-evoked outputs (2).
(A) Correlation matrices of the odour-evoked activities of M/T cells before (left) and after
(right) the application of gabazine (100 µM). n = 30 cells (5 animals), (B): 30 correlation
factors were compared before and after application of gabazine and a paired Student’s t-test
was performed. The values displayed are the means of R values ± SEM; *: p <0.05.

In summary, the pharmacological experiments unravelled the role of GABAergic inhibi-

tion in shaping odour responses of M/T cells. The blockade achieved by gabazine resulted in

a suppression of inhibitory temporal patterns following olfactory inputs. Moreover, the M/T

cells activated by these odour signals exhibited more redundant activities. The following

question which was addressed is whether gabazine also modifies the Ca2+ dynamics of M/T

cells in baseline conditions, particularly regarding synchronous and oscillatory patterns.
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3.2.3 The influence of gabazine on M/T cell oscillations and synchrony

Firstly, spontaneous temporal patterns of M/T cells were observed and compared in the

presence and in the absence of the drug. A pool of randomly selected M/T cells, yet active

throughout the recording session were selected and the correlation between their activities

was analysed in both conditions. As the results illustrated in (Figure 3.12C–D) suggest,

the perfusion of gabazine did not increase the correlation of spontaneous Ca2+ waves in

the bulb. Figure 3.14 summarises the findings across several animals. M/T cell pools

showed low correlation values (average R of 0.04 ± 0.2 SEM) before the pharmacological

application. In the presence of gabazine, the Ca2+ dynamics of these cells did not further

correlate with each other, and the average R value remained similar (R = 0.04 ± 0.2 SEM).

No significant difference was observed in the correlation of the cell’s spontaneous events.

Figure 3.14: Gabazine does not correlate M/T cells’ activities.
(A) Correlation matrices of the spontaneous activities of M/T cells before (left) and after
(right) the application of gabazine. The correlated values remained low in the presence
and in the absence of the drug. n = 30 cells (5 animals), (B): 30 correlation values
were compared before and after application of gabazine and a paired Student’s t-test was
performed. The correlation among M/T neurons did not increase after gabazine had been
perfused to the OB slice. The values displayed are the means of R values ± SEM; n.s. =
non significant.
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The vertebrate olfactory bulb of Xenopus tadpoles harbours sister M/T cells sampling

the same glomerulus or glomeruli. In mammals, these M/T neurons show similar to

identical firing rates but with different phase shifts59. In Xenopus larvae, sister M/T cells

exhibited synchronous spiking and highly correlated Ca2+ dynamics58. Although gabazine

did not seem to correlated the activities of randomly chosen M/T cells, its influence on the

synchrony of sister M/T cells was studied next.

In OB slices stained with Fluo-4 AM, sister M/T cells were identified whilst looking for

pairs of neurons with strongly correlated spontaneous —not odour-evoked— Ca2+ signals

(Figure 3.15A–B). Successive measurements of baseline activity were acquired before the

perfusion of gabazine, during the pharmacological treatment, and after a 5-minute washout.

The evolution of cross-correlation value between the two sister M/Ts was studied over

the series of measurements. In each experiment, one pair of non-sister M/T cells was

taken as a reference and their correlation values plotted against that of the sister M/T pair.

From the onset, the correlation factors of the synchronous M/T cells was higher than those

between the non-sister cells (as expected) and remained higher (Figure 3.15C–F). Upon

gabazine application, the correlation factor of sister M/T cells increased and stayed near to

1 throughout gabazine perfusion. In contrast, non-sister cells experienced a brief higher

correlation at the onset of gabazine application, but their R values decreased afterwards

over the course of time. The washout of gabazine had opposite effects on the two types

of pairs. The correlation of sister M/T cells mostly sank, whereas that of non-sister cells

increased back to their values prior to the drug.

These observations indicate that gabazine did not suppress the synchrony of sister M/T

cells, but potentially even increases it. Non-synchronous M/T cells remain uncorrelated

spiking upon the blockade of GABAergic inhibition. The brief peak of correlation observed

initially in these cells is most likely caused by the synchronised blockade of GABAergic

inhibition causing a sudden rise of activity in the M/T cell populations when the drug is

perfused and binds GABAA receptors for the first time.
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Figure 3.15: Synchronous patterns of sister M/T cells
(A) Spontaneous activities of two sister M/T cells (blue) and two non-sister M/T cells
(green). Sister M/T cells show synchronised Ca2+ events. (B) Spontaneous activities of the
same pairs in the presence of gabazine (100 µM). Note that the synchrony of sister M/T
cells is maintained, while the temporal patterns of non-sister M/T cells do not correlate.
(C–F) Evolution of the correlation factors between pairs of sister (blue) and non-sister M/T
cells (green) in 4 animals. The yellow background indicates the perfusion of gabazine over
the slice. The interval between each measurement was 2 min on average, except between
the 5th and the 6th (washout) where it lasted at least 5 min.
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Upon gabazine application, the correlation between sister M/T cells increased and remained
high until dropping when the drug was washed out. For non-sister M/T cells, gabazine
caused a brief rise of correlation followed by a decreasing trend. When gabazine was
removed, these cells regained their original correlation values.

At the network level, GABAergic inhibition drives the oscillatory spiking of M/T cell

populations in the beta and gamma frequency ranges in other species. Such global effect of

the inhibitory network onto M/T cells has not yet been confirmed in Xenopus laevis. Initial

observations of the Ca2+ waves in M/T cells before and after gabazine application suggested

a potential effect of the drug on the frequencies of these signals. In the absence of gabazine,

M/T cells showed small Ca2+ events of a duration of 1–3 s. When the drug was perfused

over the slice, slower oscillations of larger amplitude and period (5–10 s) appeared and

were superimposed on the more rapid signals (Figure 3.16A–D). Consequently, a Fourier

analysis was undertaken to investigate whether the pharmacological treatment altered

the frequency of Ca2+ waves in M/T cells. The temporal patterns of fluorescence were

converted into to the frequency domains using the fast Fourier transform. The magnitudes

of the frequencies were averaged within a pool of M/T cells (n > 35) and was plotted

against the frequencies of Ca2+ signals. Since M/T cells exhibit low firing rates (in the

absence of odour inputs), and the induced Ca2+ spikes are inherently slower, only the low

frequencies (below 3 Hz) computed by the Fourier transform were considered.
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Figure 3.16: M/T cell oscillations
(A) Spontaneous Ca2+ signals of 3 sister M/T cells. Rapid spikes of 1–3 s duration are
observed. (B) Spontaneous Ca2+ signals of the same neurons upon gabazine application.
Slow calcium waves of a duration of ca. 5 s and of higher amplitude are observed. (C–D)
Temporal activity patterns of 2 other sister M/T cells of the same animal. These neurons
exhibited little-to-no activity in the absence of gabazine (C). Hereafter, 10 s-long waves were
superimposed on rapid calcium events (D). (E) Spectrum representation of the frequencies
of Ca2+ oscillations calculated by a fast Fourier transform and and low-pass filtered at 3 Hz.
The magnitudes of the frequencies were averaged over 39 M/T cells. The frequencies of
M/T activities before and after gabazine application are represented in green and magenta,
respectively. (F) Spectrum representation of the same frequencies below 1 Hz. Note the
higher magnitude of lower frequencies. 61
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In all pharmacological experiments (n = 197, 5 animals), the application of gabazine

was accompanied with a spectral shift to lower Ca2+ wave frequencies of higher magnitude

(Figure 3.16E–F, Table 3). A mean ratio was calculated as Q/P , where P denotes the

frequency magnitudes of the oscillatory activity of M/T cell pools before gabazine treatment,

and Q, afterwards (Table 3). In all animals, this ratio was above 1, which indicates that

the magnitude of spontaneous Ca2+ waves rose after the drug was applied to the olfactory

bulb. The control experiments consisted of repeated measurements of M/T activities in

the absence of gabazine. The Q/P ratio was determined as quotient of the frequency

magnitudes acquired in second measurement (P ) over the frequency magnitudes of the first

measurement. Increased contribution of lower frequencies was not consistently observed in

gabazine-free conditions, and the mean ratio of frequency magnitudes mostly remained

around or below 1.

Animal 1 2 3 4 5

Higher magnitude of lower frequencies yes yes yes yes yes
Magnitude ratio Q/P (GBZ/Control) 1.13 1.06 1.19 1.15 1.01

n cells 39 47 37 35 39

Higher magnitude of lower frequencies no no yes no no
Magnitude ratio Q/P (Control/Control) 0.97 0.94 1.03 0.89 0.98

n cells 39 35 37 35 39

Table 3: Comparison of the frequency distribution of M/T cell activities before and
after gabazine
The magnitudes of the frequencies of Ca2+ signals were averaged over n M/T cells and
compared in the presence and absence of the drug. 2 successive measurements of M/T
activities were taken in the absence of gabazine for the control, and the average magnitude
of the frequencies was also computed.

Altogether, these results show that gabazine application increased the contribution

of rhythmic oscillations, and particularly of signals of lower frequencies in the network

dynamics of M/T cells. The last analysis performed with the pharmacological measurements

addressed the general effect of gabazine on M/T firing rates revealed by changes of

intracellular [Ca2+] levels. Past experimental evidence illustrated how the blockade of

GABAergic transmission in the frog OB by other GABAA receptor antagonists as picrotoxin
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and bicuculline resulted in increased firing frequencies of individual M/T cells95. Taking

advantage of the higher throughput of calcium experiments, the baseline [Ca2+] fluctuations

reflecting spike rate changes were investigated in these cells with and without gabazine

perfusion.

3.2.4 The influence of gabazine on M/T cell baseline [Ca2+] levels

The spontaneous [Ca2+] events of M/T cell populations loaded with Fluo-4 AM in OB slices

were recorded in successive measurements before and after gabazine application. For each

Ca2+ trace, a single value (F100) was extracted, as a proxy representing the internal [Ca2+]

levels of each neuron. F100 was calculated as the average of the 100th lowest values of

Ft−F0, whereby Ft is the raw fluoresence signal over time, and F0, the camera background

measured without excitation light. Figure 3.17 highlights the results the comparison of

F100 in 39 M/T cells before and after drug treatment. In the first measurement taken

in control conditions, i.e. with Ringer’s solution perfusing over the slice, the mean F100

equalled 36.6 ± 2.3 (Figure 3.17B). No significant increase was detected in the second

acquisition with a mean F100 value of 37.04 ± 2.55 (p = 0.2733, paired Student’s t-

test)(Figure 3.17B). However, when gabazine was applied, F100 drastically rose in most

M/T cells, and the mean F100 value reached 48.54 ± 3.85 (p <0.001)(Figure 3.17D).
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Figure 3.17: Gabazine raises intracellular calcium levels (1).
(A) F100 of 39 M/T cells of the same slice plotted for two successive measurements in
control conditions. F100 is the mean value of 100th lowest values of the raw fluorescence
minus the camera background. The inset on the left shows the Ca2+ trace of a neuron, and
the yellow bar, the value of F100 in that cell. (B) Mean of F100 values and standard error
of the mean (SEM) compared between acquisitions. No significant difference was observed
(p = 0.2733, paired Student’s t-test). n.s.: non-significant. (C) F100 of 39 M/T cells of the
same slice plotted before and after gabazine application (100 µ). F100 increases in most
M/T cells. (D) Mean of F100 values and standard error of the mean (SEM) before and after
drug treatment. (***: p <0.001, paired Student’s t-test).

This trend was corroborated by the analysis of nearly 300 M/T cells (Figure 3.18).

F100 did not significantly rise from one measurement to another (31.9 ± 1.36 vs 30.81 ±

1.36, n = 268, p = 0.2243), whereas upon gabazine application this value soared (31.94 ±

1.27 vs 44.08 ± 1.71, n = 297, p <0.001).
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Figure 3.18: Gabazine raises intracellular calcium levels (2).
Comparison of F100 in the absence and presence of gabazine. (A) Mean of F100 values
and standard error of the mean (SEM) in control conditions. n = 268, p = 0.2243, paired
Student’s t-test. n.s.: non-significant. (B) Mean of F100 values and standard error of the
mean (SEM) before and after drug treatment. n = 297, ***: p <0.001, paired Student’s
t-test.

In summary, the pharmacological experiments with gabazine confirmed that presence of

GABA in the olfactory bulb, demonstrated by the immunohistochemistry, serves a functional

role in the regulation of M/T cell patterns of activity. Blocking GABAergic inhibition resulted

in the loss of discrimination of odour responses by M/T cells. Positive responses to stimuli

became more redundant, whereas negative responses were suppressed. The enhanced

similarity of odour-evoked patterns was accompanied with an modest rise of synchrony

of sister M/T cells. In contrast, non-synchronous cells were nearly not affected by the

drug, and retained low correlation among themselves. Furthermore, gabazine enhanced

the contribution of slower Ca2+ waves in the network, and clearly raised intracellular Ca2+

levels in individual M/T cells.

The literature on olfactory research brought evidence that GABA transmission takes

place in dendrodendritic synapses within the glomeruli and along M/T cell dendrites. A

body of studies described the effect of inhibitory inputs on mitral cell spiking and synchrony

in mammals96, 135, 165, 166. Recently, Bartel and colleagues were able to reveal the location

and density of GABAergic synapses on secondary dendrites of mitral cells in rats using

immunohistochemistry167. Yet, these sites of recurrent and lateral inhibition by GABAergic
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granule cells have not yet been functionally imaged. The final section reports a battery of

experiments carried out to verify the backpropagation of somatic action potentials in M/T

dendrites of X. laevis and to investigate whether Activity Correlation Imaging can reveal

dendritic sub-compartments of differential activity.

3.3 Backpropagating Ca2+ signals and correlation analysis in dendritic

sub-compartments

3.3.1 Backpropagation of somatically evoked spikes in M/T cell dendrites

In order to study and visualise the backpropagation of action potentials (AP), and particu-

larly of AP-induced Ca2+ spikes, simultaneous electrophysiological and calcium imaging

recordings were combined in OB acute slices. Single M/T cells were current-clamped

in whole-cell configuration while Fluo-8 K+ salt (200 µM) and Alexa Fluor 594 Biocytin

(100 µM) diffused from the patch pipette to the cellular compartments. Spontaneous action

potentials were recorded at the soma and 3D stacks were acquired to image AP-evoked Ca2+

transients along dendrites. Figure 3.19 illustrates the AP pattern and signal propagation

from the soma to the glomerulus of a M/T cell. Due to low spiking of M/T cells, Ca2+ events

temporally related to the onset of the APs were observed in the proximal dendrite and in

the glomerulus.

However, the detection of activity-related Ca2+ signals proved difficult with higher firing

rates. A better resolution of AP-induced spiked required a faster acquisition rate of the

calcium imaging data, which was achieved at the costs of 3D imaging. Measuring in a

single plane, and at times with a reduced field of view clearly improved the quality of the

somatic and dendritic Ca2+ spikes (Figure 3.20). Consequently, combined current-clamp

and calcium recordings were acquired, AP were somatically by current injections, and the

soma/dendrite/glomerulus compartments of the cell imaged at higher speed, plane by

plane (Figure 3.21). 6 pulses of 300 nA for 8 msec or 10 msec were injected via the patch

pipette at the soma, and the resulting action potentials recorded (Figure 3.21A). The Ca2+

spikes of the dendritic shaft and innervated glomerulus were tightly synchronised with the

AP firing (Figure 3.21B–C).

These experiments confirmed that APs generated at the soma of M/T cells backpropagate
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into the dendrites until the glomerular arborisation. The combination of slow firing patterns

mimicked by voltage pulses or evoked current injections and 2D fast calcium imaging was

optimal to resolve single Ca2+ spikes along the dendrites.
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Figure 3.19: Spontaneous AP-induced Ca2+ transients in M/T cell dendrites
(A) Somatic current clamp recording combined with 3D [Ca2+] imaging of a M/T cell. The
membrane voltage (blue) and somatic calcium transient (black) of the region of interest
(Roi1) are plotted over time.
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Note the slow frequency of APs. Yet, the high concentration of dye concentration and
strong buffering at the soma did not permit a clear visualisation of the activity-related
calcium signals. (B) A region of interest was drawn on the proximal dendrite. Ca2+ events
slowly following the AP patterns were observed. (C) The glomerulus innervated by the
M/T cell was faintly stained but exhibited Ca2+ events slowly following the AP patterns
were observed. Scale bar = 10 µm .

Figure 3.20: Resolution of single Ca2+ spikes
(A) M/T cell firing (red) recording in current-clamp mode and related Ca2+ transients (blue)
measured at the soma. Frame acquisition rate: ca. 1 Hz. The neuron was imaged in 3D and
slow calcium waves, rather than single spikes were detectable. (B) Same as in (A). Frame
acquisition rate: ca. 10 Hz. Each action potential triggers a visible increment of [Ca2+]
levels inside the cell. (C) Depolarisation pulses from −60 to 0 mV and 10 ms duration were
applied in voltage-clamp mode. Dendritic activity-evoked Ca2+ fluctuations (blue) were
hardly recognisable due to 3D imaging at low scanning speed. Frame acquisition rate: ca. 1
Hz. (D) Same as in (A). Frame acquisition rate: 19 Hz. The dendritic compartment was
imaged in a single plane and the field of view reduced by half. The higher scanning speed
allowed an improved Ca2+ spike detection.
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Figure 3.21: Propagation of somatically evoked APs and Ca2+ spikes in a M/T cell
dendrite and glomerulus
Current-clamp recording combined with Ca2+ imaging of a M/T cell in single planes. Frame
acquisition rate: 19 Hz. Single APs were evoked by current injections of 300 nA for 8 msec
(B) or 10 msec (C) at the soma. The field of view (512 x 256 pixels) was half the size of
that of Figure 3.19, and the single plane recordings were taken instead of 3D timeseries. As
a result of the higher imaging speed, the AP-evoked Ca2+ spikes recorded at the dendrite
and glomerulus closely followed the stimulation pattern. Scale bar = 10 µm
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Next, the uniformity of Ca2+ backpropagating signals along single dendrites was as-

sessed. GABA local uncaging on M/T dendrites was reported to attenuate or suppress

backpropagating signals in the bulb of rats165, 166. Thus, the cross-correlation of Ca2+ fluc-

tuations between dendritic sub-compartments a dendrite was computed in the presence

and absence of gabazine.

3.3.2 Correlation analysis of Ca2+ fluctuations along M/T cell dendrites

Initially, the signal correlation along dendrites was studied during spontaneous M/T cell

firing. The cells were current-clamped and continuous electrophysiological recordings of

1 min were acquired. Whenever a longer dendritic segment (above 80 µm) was found in

a single plane, 2D acquisitions of calcium imaging data were preferred. If not the case,

3D timeseries were instead measured with a smaller field of view. Rectangular rois of 2

pixel-width and 3 pixel-length, i.e. 1.5 µm x 2.2 µm were drawn along the shaft using the

morphological reconstruction provided by the Alexa Fluor 594 loading. Rois were numbered

from a proximal point close to the soma to the more distal compartments. If dendritic

branching was noticed, the bifurcations were hallmarked with different rois. The fluorescent

signals of each roi on the dendritic segments were extracted and a cross-correlation value

to one reference roi was calculated based on the formula earlier described in Equation( 4).

In the experiment reported in Figure 3.22, the AP-evoked Ca2+ transients were slow, as

the 3D stack comprised 15 planes to achieve sufficient dendritic length. Nevertheless, they

were specific enough to the signal of a roi as reference trace and compute the correlation

factor between that reference (Roi38, green) and of all others roi signals (Figure 3.22C–D).

The observation of the fluctuations within and across the two dendritic branches suggested

that the signals were quite similar, and the correlation values were high, i.e. above 0.6

for the most part of both branches. No sudden drop of correlation was detected along the

dendritic segments, except for the remote rois of one branch, located in the glomerulus

which was imaged by out-of-focus light.
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Figure 3.22: High correlation of dendritic sub-compartments during spontaneous
firing
(A) M/T cell filled with Fluo-8 (200 µM) and Alexa Fluor 594 Biocytin (100 µM). Note
the dendritic bifurcation and the glomerulus innervated by the right branch. Rois of a 1.5
µm-width and 2.2 µm-length were drawn over the dendritic segments.
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Both images are z-projections of the maximal intensities. Scale bars: 10 µm (B) Spontaneous
APs recording in current-clamp and simultaneous Ca2+ signal of a dendritic roi. (C) Left:
Raw fluorescence signals along the right branch terminating in a glomerulus. Roi38 (green)
was used as a reference trace for calculating the cross-correlation between dendritic sub-
compartments. Right: Correlation factor to Roi38 plotted along the rois of the branch. Rois
are numbered from a proximal point to a more distal point. (D) Left Raw fluorescence
signals in dendritic sub-compartments of the left branch. Right: Correlation factor to Roi38
plotted along rois of that branch. Note the high cross-correlation values.

The data of Figure 3.22 showed that the signals of the sub-compartments in these

dendritic branches were uniformly correlated. Yet, current-clamped M/T cells of Xenopus

exhibited alternating active and silent phases, which meant that the nature of the Ca2+

recorded in dendritic compartments varied much from one measurement to the other. The

acquisition of repeated measurements of comparable AP and calcium activity necessary

for pharmacological experiments proved difficult. As a result, M/T activity was evoked by

voltage pulses or current injections as mentioned above to compare the cross-correlation of

dendritic sub-compartments over successive sweeps.

Compared to the dendritic correlations induced by spontaneous recordings, the unifor-

mity of the evoked transients was diminished (Figure 3.23B). Stimulation sweeps generat-

ing timely matched Ca2+ spikes were repeated, and induced similar signals (Figure 3.23C–D).

The fluctuations of correlations between rois observed in the first measurement were main-

tained in the second recording, although the overall uniformity along the dendrite dropped

during the second stimulation (Figure 3.23B). The correlations between individual roi Ca2+

traces were displayed in matrices, which revealed regions of different correlation levels

(Figure 3.23E–F).

The correlation fluctuations within single dendrites and the lower uniformity over

observed repeated measurements may have been caused by imaging parameters, e.g., some

sub-compartments being in- or out-of-focus, and slice shifting or morphing. Thus, in order

to evaluate the contribution of GABAergic inhibition, correlation matrices of roi signals

were compared before and after the perfusion of gabazine (Figure 3.24).
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Figure 3.23: Correlation fluctuations of dendritic sub-compartments during evoked
activity
(A) M/T cell filled with Fluo-8 (200 µM) and Alexa Fluor 594 Biocytin (100 µM) with a
long dendrite. Scale bar = 10 µm. Calcium signals were acquired from a single plane at a
acquisition speed of 20 Hz. (B) Cross-correlation factors of the 35 roi signals compared
over one measurement of evoked activity (dark blue) followed by a second one (light blue).
Each point represent the correlation of a single roi trace with all 34 other signals. All
correlation values dropped at the second trial, but the fluctuations between rois remained
similar. (C–D) Ca2+ pattern of a single roi evoked by the depolarisation pulses ( -60 mV to 0
V for 10 ms) during the first (C) and second measurement (D). (E–F) Correlation matrices
of the signals of 35 rois acquired in the first (E) and in the second (F) measurement. The
colour bars indicate the degrees of correlation between rois. R represents the mean value
of correlation, and reflects the uniformity of the dendritic signals.
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Correlation matrices and the mean value of correlation across roi signals of a dendrite

and were computed in successive recordings in the absence and presence of the drug. Early

observations revealed that gabazine increased the uniformity across dendritic compartments.

In the example displayed in Figure 3.24, Ca2+ spikes were evoked by somatic current injec-

tions. Correlation matrices were generated to assess the similarity of sub-dendritic signals.

The mean value of correlation among rois initially decreased from the first measurement to

the second, but doubled when gabazine was perfused over the slice during the third and

fourth measurements. Furthermore, the AP-related Ca2+ transients were approximated by

double exponential rise/decay functions in each condition. The fit curve was then used as a

reference trace to plot the correlations along the dendrite. Interestingly, the correlation of

rois to the fit signal was higher than the uniformity among rois (Figure 3.24D). It should be

clarified that the increase of correlation reported here were not due to bleaching or to slow

Ca2+ fluctuations superimposed over the individual signals of rois. Bleaching of dendritic

signals was not observed in short-time measurements (less than 30 s-long) or corrected

for in longer recordings prior to data analysis. As to slow Ca2+ oscillations generated by

gabazine, as demonstrated earlier, they were fitted by Gaussian curves and subsequently

subtracted from the raw fluorescent traces in each individual roi.

The simultaneous electrophysiological and calcium recordings allowed the identification

of backpropagating Ca2+ spikes in the dendrites and glomeruli of Xenopus M/T cells. The

computation of the correlation factors of sub-dendritic signals among rois and to reference

traces revealed that Ca2+ signals were not uniform along the dendrites but rather fluctuated

over the shaft. Preliminary work suggest that gabazine application may increase the

correlation among rois and the efficiency of signal propagation.
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Figure 3.24: Gabazine increases the cross-correlation of Ca2+ signals along dendrites.
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Temporally patterned current injections induced somatic action potentials and backpropa-
gating Ca2+ spikes in the dendrite of a M/T cell. (A) Left: Correlation matrices of the
temporal patterns of 14 rois under control conditions. As stated precedently, R represents
the mean value of correlation across the Ca2+ signals of the rois and reflects the uniformity
of the dendritic signals. (A) Right: The fluorescence trace of Roi 8 (marked on the left
panel) was extracted for approximation by a fit curve of double exponential (rise/decay)
functions. (B) Same as in (A) in a second measurement. R strongly decreased, and another
fit curve matching the Ca2+ fluctuations better along the dendrite was newly calculated
from Roi7’s signal. (C) Gabazine application (100 µM) resulted in correlation increase
among the dendritic sub-compartments as revealed by the correlation matrix and the R
value which more than doubled. The reference trace of Roi12 was employed to generate
the fit curve. (D) The correlation factors of the all 14 roi signals to the fit curves was
plotted for all conditions (2 measurements before gabazine, and 2 after). The diagram
denotes the reliability of the signal propagation over the length of the dendrite. In control
conditions, this efficiency diminished over repetitions, but gabazine application rescued the
initial correlation-to-fit values. During the 3rd and 4th measurements with current injections,
the correlation-to-fit values in the presence of gabazine were higher than those of the 2nd

measurement.

Although dendrodendritic synapses on mitral cell dendrites have been studied for more

than 3 decades, their functional imaging remains yet a challenge. At last, ACI was applied

in a effort to visualise dendritic sub-compartments of differential activity.

3.3.3 Activity Correlation Imaging of the dendrites of M/T cells

ACI has been used so far to reconstruct the dendritic morphologies of neurons in 3D

volumes. The activity of dendrodendritic synapses was expected to alter or even gate

backpropagating signals in Xenopus M/T cells as was reported in rodents165, 166. Since

ACI enhances the contrast of regions of similar activity, it was hypothesised that dendritic

segments of correlated activity would be highlighted. Simultaneously, sub-compartments

exhibiting signals opposite to the one chosen as reference trace would also be revealed by

negative contrast.

ACI was carried out in M/T cells bath-loaded with Fluo-4 AM (18 µM) as well as in

neurons individually stained via patch pipettes with Fluo-8 K+ salt (200 µM). The former

recordings were 3D measurements of ca. 1 min, acquired at a rate of 5 Hz per stack

(Figure 3.25). The latter were mostly timeseries of a single plane recorded at 19 Hz for

about 30 s (Figure 3.26).
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Figure 3.25: ACI of M/T cells loaded with Fluo-4 AM
3D stacks were taken, thereby limiting the speed of acquisition (ca. 5 Hz). No sub-dendritic
compartments were observed. Each M/T cell appeared as one single unit endowed with
the same activity pattern. The colour bars indicate the pixel intensities assigned to the
correlation values. All images are z-projections of the maximal intensities. Scale bars: 10
µm.
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Figure 3.26: ACI of M/T cells loaded with Fluo-8 K+ salt
(A–B) The cells were imaged in 3D at a low scanning speed as in Figure 3.25. No correlation
drop was observed within the dendrite(s). These images are z-projections of the maximal
intensities. Scale bars: 10 µm. (C–F) Single planes containing the soma and at least one
dendritic segment were acquired at a rate of 19 Hz per frame. ACI revealed differential
dynamics of the cell body and sometimes the proximal dendrite than compared to the rest
of the dendrite(s).

For M/T cells stained by AM loading and recorded at low frequency, ACI exposed soma

and dendritic segments (Figure 3.25). However, so negative correlations were observed
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along the shaft. The segment length usually retained a high correlation over its length until

it exited the field of view recorded. Selecting dendritic compartments as reference traces

did not change the correlation map obtained. The soma and dendrites still appeared as one

single compartment.

M/T cells loaded with Fluo-8 K+ and recorded in a similar fashion (in 3D and with low

scanning speeds) yielded similar ACI results (Figure 3.26A–B). But when switching to 2D

measurements of dendrites in single planes, the cell body —and sometimes the proximal

dendritic segment— appeared negatively correlated to the rest of the dendritic shaft. The

differential Ca2+ dynamics of the soma vs dendrites were thus detected, but no further

sub-compartments of the dendritic shafts were observed.
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4 Discussion

4.1 Integration of thermic and chemosensory inputs

Several studies have provided evidence that temperature perception is not only a important

function of the somatosensory system but is also processed by the verterbate olfactory

system. The olfactory system of Xenopus laevis larve is no exception to that dogma, as

demonstrated by the presence of thermosensitive first- and second-order neurons. ORNs

stimulated by temperature drops were not activated by any other chemical input, and their

axons terminate in the γ-glomerulus24, 88. M/T cells, however, through their one-to-many

glomerular connectivity can receive olfactory inputs from multiple glomeruli. The first

section of the thesis reported the existence of two categories of M/T cells: some only

responding to temperature changes, and some integrating chemosensory and thermic

imputs. Cells of the latter group displayed different degrees of dual-sensitivity. Some were

more strongly activated by chemical stimuli than by temperature fluctuations, and vice

versa. To our knowledge, Xenopus is the first vertebrate species in which co-processing of

chemical and thermic stimuli has been observed in second-order neurons. Bumbalo and

colleagues published earlier this year a report suggesting the chemo- and thermosensitivity

of Grueneberg Glomeruli of the mouse bulb74. The M/T cells connected to these glomeruli

may presumably display characteristics similar to Xenopus dual-sensitive cells’.

From a general point of view, temperature perception has a large effect on the phys-

iology and behaviour of amphibians. It influences the development and survival of pre-

and postmetamorphic animals, besides regulating a wide range of behaviours like food

localisation and feeding, flight responses, basking, and burrowing168, 169. It is yet uncertain

whether or not the thermosensitivity of the olfactory system contributes to one or more of

these functions. An interesting element worth considering for this topic is the unique inner-

vation of each hemispheric γ-glomerulus from ORNs of both nasal epithelia30, 88. Chemical

stimulation of the contralateral epithelium resulted in the activation of the γ-glomerulus in

the the ipsilateral bulb which had been isolated from ispilateral ON input. This functional

connectivity speaks in favour of a close relationship and/or active integration of mechanical

(flow-related), thermic and chemical stimuli in the olfactory system of X. laevis170.
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At last, the processing of odours along with temperature information may increase odour

discrimination when the animal is exposed to cooler environments. Brownian movement

of molecules decreases with lower temperatures and so does the diffusion coefficient in

a liquid. Besides, the Van’t Hoff equation indicates that binding dynamics depends on

temperature. Consequently, colder temperatures would slow down the diffusion of odour

particles in the mucus, thereby impeding the detection threshold of odourants, and lower

the binding properties of molecules to the olfactory receptors. In this case, the added

thermic signal may serve to potentiate the bulb’s response to a chemical input of weak

odour potency or low concentration. A finding consistent with this hypothesis describes that

neurons of the Grüneberg ganglion responded to the perfusion of 2,4,5-trimethylthiazole at

lower temperatures (13 ◦C and 18 ◦C) with higher calcium fluorescence intensities than

when the same molecule was applied at 23 ◦C81.

4.2 The role of GABA-mediated inhibition

As discussed in the introduction, there is piling evidence that lateral and recurrent inhibition

of M/T cells shape their dynamics and output to further brain targets. In the second part

of the thesis, the effect of GABAergic transmission on Xenopus M/T cell populations was

assessed with a series of experiments.

GABAergic synapses in the larval Xenopus brain

Firstly, immunohistochemistry experiments revealed that GABA was abundantly expressed

in the OB, particularly in the glomerular and mitral/tufted cell layers. Such a staining was

expected because PGCs and GCs make synaptic contacts with M/T cells in both layers, but

also since it has been shown that centrifugal GABAergic fibres innervate the bulb in rodents

as well as in amphibians146, 151, 152. GABA-immunopositive cell bodies were observed around

glomeruli and in the granule cell layer. PGCs usually exhibited a more intense staining than

the neurons found in the granule cell layer. A possible explanation might be that some

of these cells were immature progenitors of inhibitory neurons, still expressing low levels

of GABA. In the brains of anuran frogs, newborn neurons migrate from a layer adjacent

to the granule cell layer, the ventricular zone, which is one of the many regions where
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neurogenesis takes place in anuran frogs171.

Network activity in M/T cell networks: excitation, inhibition, synchrony

Secondly, calcium imaging experiments were carried out in the presence and absence of

gabazine, a GABAA antagonist, in order to investigate the contribution of GABA-mediated

inhibition on M/T cell activity patterns.

Gabazine suppressed or altered stimulus-induced negative responses. Some of the

neurons which were inhibited by the odour input prior to the drug treatment either

maintained their activity levels, or strongly responded to the stimulus. Consequently, the

negative correlation factor of excited vs inhibited pairs of M/T cells was reduced or even

reversed to a positive value. Thus, blocking GABAergic inhibition of M/T cells decreased

the variety odour-evoked responses. Furthermore, gabazine increased the correlation of

the M/T cell assemblies activated by an odour mixture. Altogether, these effects speak

for a impaired odour discrimination and lower contrast of olfactory coding, which is

consistent with reports arguing that the suppression of GABAergic inhibition or of M/T cell

hyperpolarisation lowers discrimination of similar chemical odourants172, 173.

In mammals, sister M/T cells show correlated/identical firing rates, although with a

different phase shift59. In Xenopus, these cells exhibit both correlated AP firing (and Ca2+)

patterns timely matched58. Synchronised temporal patterns of excitatory and/or inhibitory

inputs, gap junctions and glutamate spillover at dendritic sites within the glomeruli are

all factors potentially driving the similar activities of sister M/T cells56, 110, 111. Here, the

correlated Ca2+ signals of sister M/T cells were not abolished by the drug treatment,

denoting that the correlation among the cells was not caused by synchronised inhibition.

This conclusion corroborates the claim by Chen and colleagues that IPSCs measured in M/T

cells are not synchronised and do not account for the synchrony of spontaneous signals58.

Interestingly, the suppression of the inhibition onto sister M/T cells seemed to further

increase the similarity of their patterns. The concept that OB interneurons actively regulate

contrast enhancement by decorrelating redundant signals is therefore supported.

Precisely timed inhibitory inputs potentially involved in the generation of the oscillatory

activities of M/T cells have been observed in the mouse brain132. The synchrony and
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phases of the temporal patterns they generate are influenced by respiration and the sniffing

behaviour of mammals, which is tightly linked to olfaction48, 174, 175. Sniffing generates

an airflow carrying the odour molecules to the mucus layer coating ORN cilia. In pre-

metamorphic X. laevis, all nasal cavities are filled with water and the swimming bouts of the

larvae together with the movement of the cilia and microvilli in the nose actively generate

this flow. As a result, the bulb of X. laevis larvae may lack synchronised IPSPs imposed by

GABAergic neurons. Thus, GABAergic inhibition of M/T cells drives odour discrimination

and contrast enhancement of overlapping odour signals in these neurons, and plays a minor

role, if any, in the coupling of M/T cells’ baseline activities.

The Fourier analysis of the oscillatory activity of M/T populations revealed that gabazine

strengthened the contribution of low frequency oscillations. This finding seems conflicting

with the conclusions of the rise of spiking activity expected to be induced by the drug, and

which was reflected by increased internal [Ca2+] levels. Two factors may be at cause: a

slow acquisition speed of the Ca2+ signals, and the nature of the calcium indicator. High AP

firing rates simultaneously recorded at low acquisition speeds (1 Hz) generate slow somatic

Ca2+ waves, where single APs cannot be resolved. Figure 3.20A illustrates how capturing

faster Ca2+ events depends on the frame acquisition rates. The fluorescence measurement

of Figure 3.20B was acquired nearly 10 times faster, and allows the detection of single

events of shorter timespan, which is also facilitated by the much lower AP frequency. The

calcium signals analysed by the Fourier analysis were extracted from measurements taken

with an acquisition speed of 5 Hz. The same effect was observed in Ca2+ measurements

with odour stimulation. The sudden increase of AP frequency is often visualised in calcium

imaging by a long-lasting calcium rise. Yet, for neurons firing as fast as in Figure 3.20A

increasing the acquisition speed alone may not suffice to replace the slow waves by timely

matched Ca2+ spikes. The combination of rapid calcium imaging with a faster indicator

than Fluo-4 of lower binding affinity –to avoid saturation of signals– would be required to

resolve high frequency spikes.
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4.3 Localisation of inhibitory synapses on the dendrites of M/T cells

Simultaneous patch-clamp recordings and Ca2+ imaging demonstrated that APs and re-

lated Ca2+ signals backpropagate in the dendrites of Xenopus M/T cells until reaching

the glomerulus. Both spontaneous and evoked APs triggered Ca2+ spikes timely matched.

Thus, dendrites of M/T cells contain Ca2+ channels and propagate APs from the soma

through the dendritic tree. Voltage steps mimicking APs and depolarising current injections

enabled the recording of repeated calcium measurements of comparable signals. Evoked

spikes were preferred over spontaneous recordings since it was hypothesised that the open

probability of Ca2+ would remain comparable across trials. Besides, signal fitting of the

induced dendritic Ca2+ spikes was more easily achieved when the input stimulus to the

M/T cell was controlled.

Two studies performed in rodents consistently concluded that GABAergic synapses are

not uniformly distributed over the dendrites135, 167. Moreover, earlier work showed that

GABA local uncaging on M/T dendrites attenuated or even abolished backpropagating

patterns in rats165, 166. In Xenopus animals, the cross-correlation analysis of Ca2+ fluctuations

between dendritic sub-compartments of 2.2 µm-length exposed differential activities along

the dendrites. Gabazine enhances the uniformity of backpropagating spikes along dendrites,

thereby suggesting a role of inhibitory synapses in the signal attenuation over the length of

the shaft.

Although the correlation analysis hinted at a non-uniform Ca2+ patterns of dendritic

sub-compartments, ACI only revealed the differential activity of the cell body as opposed to

the dendritic tree. The efficiency of ACI may be improved by using voltage-sensitive dyes,

which provide much higher temporal resolution (up to a few milliseconds)176, and are better

fitted for the detection of subthreshold events. The reduced fluorescent changes yielded by

voltage-sensitive dyes may not be as detrimental in single-cell loading experiments, which

offer the best signal contrast.
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