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1 Introduction

Receptor neurons encode and filter signals from the environment for processing by the
nervous system. Each sensory system has its own characteristic class of neurons. The
receptor neurons of the olfactory system are simply called olfactory receptor neurons
(ORNs). They transform an odor into an electrical signal and thus determine the initial
encoding of this odor. The resulting odor code is highly complex, as it is affected by
many factors, including experience (Reisert and Zhao, 2011), satiety (Aimé et al., 2007,
Savigner et al., 2009, Breunig et al., 2010) and age (Rawal et al., 2014). Odorant-
induced action potentials are transported via axons of numerous ORNs towards the
presynaptic side of neuropils that are located in the olfactory bulb and are also called

glomeruli.

1.1 Glomerular morphology and function

Olfactory glomeruli are the functional and anatomical units of odor representation in
the olfactory bulb (Bozza et al., 2002, Wachowiak et al., 2004). Despite prominent dif-
ferences in the number of glomeruli, glomerular features seem to be highly conserved
across species (Hildebrand and Shepherd, 1997, Imai et al., 2010). One preserved fea-
ture I would like to stress here is the consistency in glomerular response maps.

The organization of glomerular response maps indicate that ORN axons do not con-

nect randomly to glomeruli (Drosophila: Couto et al., 2005; mice: Wachowiak and
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Cohen, 2001). As a matter of fact, many factors have been pointed out to be crucial
in guiding ORN axons to their target glomerulus (for recent reviews see Takeuchi and
Sakano, 2014, Valle-Leija, 2015). The glomerular position, for example, is determined
by both external molecular gradients and ORN internal features, such as intracellular
cAMP levels (Imai et al., 2006) or the expressed odorant receptor (Feinstein et al., 2004,
Mombaerts, 2006). Also in non-mammalian species ORN intrinsic proteins are differ-
entially distributed over the glomerular layer (Manzini et al., 2007b, Braubach et al.,
2012). Specifically, Manzini et al. showed that the heterogeneous distribution of presy-
naptic vesicle proteins is related to distinct glomerular response profiles. Furthermore,
in zebrafish a combination of protein and other neuronal markers can even be used to
identify single glomeruli (Braubach et al., 2012).

Since ORNSs that project to one glomerulus are thought to have the same receptors,
single glomeruli might also be identified by their response profiles. The large number
of glomeruli complicates the acquisition of a glomerular specific response map in most
species. However, over the last decades progress has been made. In 2009, Soucy et al.
showed a highly preserved glomerular odor response map in rats and mice.

As described above, single glomeruli and/or glomerular clusters can be distinguished
based on their activity patterns, their morphological features or both. This indicates
that the features of ORNSs projecting to one glomerulus must be fairly similar, although
this might reflect maturation (Zou et al., 2004, Manzini and Schild, 2004). On the other
hand, the mere fact that numerous ORN axons form the presynaptic side of one glomeru-
lus (Hildebrand and Shepherd, 1997, Byrd and Burd, 1991), indicates intraglomerular
differences as well. Some features of ORNs, mainly the ability to change their sen-
sitivities (e.g. Cadiou et al., 2014, Wilson, 2013), inevitably lead to dissimilarities in

stimulus-induced responses within single glomeruli.
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In order to estimate the range of stimulus-induced variations within and between intra-
glomerular ORN populations, it is important to understand how odorant responses are

generated, which is described in the following section.

1.2 Shaping odorant responses

The first step in odor transduction is the binding of an odor to its receptor, which leads
to a conformational change or activation of this protein. Odorant receptors, first de-
scribed by Buck and Axel (1991) are G-protein-coupled receptors with a broad recep-
tive range. The binding of an odor to its receptor can trigger a cascade of ciliar pro-
teins. There are many reviews and book chapters which describe ORN 2" messenger
pathways in detail (e.g. Schild and Restrepo, 1998, Elsaesser and Paysan, 2007, Ma
and Menini, 2010, Pifferi et al., 2009). In general a distinction is made between two
classical 2™ messenger pathways, the cAMP (cyclic adenosine mono phosphate) and
PLC (phospholipase C) pathway. Those pathways both require a G-protein-coupled
receptor. In the cAMP-mediated second messenger pathway, receptor activation re-
sults in activation of adenylyl cyclase and consequently triggers cAMP synthesis. After
cAMP binding (via calmodulin) cyclic nucleotide gated channels open, allowing Ca>*
and Na™ to enter the cell, which results in a depolarization of the membrane poten-
tial. By contrast, the PLC-mediated pathway starts with the activation of phospholipase
C. PLC cleaves phospoinositide (PIP2), which results in two products, diacylglycerol
(DAG) and inositol-trisphosphate (IP3), each serving different functions. The cleaving
of PIP2 results in the (in)direct activation of transient receptor potential channels (TR-
PCs), which is followed by an influx of Ca?*. Amino acid-sensitive ORNs located in
the main olfactory epithelium of Xenopus laevis have a PLC-mediated pathway as well

(Sansone et al., 2014).
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The transduction machinery of ORNSs is rather complex. First of all, various studies
indicate that ORNs can have more than one 2"¢ messenger cascade. Secondly, those
pathways can be independently activated (Yu et al., 2014). Thirdly, 2"¢ messenger com-
pounds can influence cell protein sensitivity, allowing ORNs to modify subsequent re-
sponses to stimuli.

Measuring dose response profiles of ORNSs or studying responses elicited by repeti-
tive application of the same odor stimulus are common approaches to study stimulus-
induced changes of ORN sensitivity. It has been repeatedly shown that Ca’* is criti-
cally involved in adaptation processes occurring in ORNs (Antunes et al., 2014, Spehr et
al., 2009, Kurahashi and Menini, 1997). In the classical cAMP-mediated pathway, Ca’*,
with the help of calmodulin, affects the sensitivity of cyclic nucleotide-gated channels.
Altered ion channel sensitivity mainly influences the receptor potential and the conse-
quent termination of ORN responses (Stephan et al., 2012, Song et al., 2008). Although
studies describing adaptation processes usually refer to the cAMP-mediated pathway,
they clearly indicate the importance of Ca*.

The activation of the PLC 2"¢ messenger pathway also leads to a stimulus-induced
Ca* influx. It can therefore be expected that Ca®* is similarly involved in adaptation
processes of ORNs with the other canonical pathway, probably influencing ORN firing

dynamics as well.

1.3 ORN firing dynamics

The fundamental component of neuronal firing is action potentials. Altered ion channel
functioning can critically change their shape and occurrence (Bao et al., 2015, Stephan
etal., 2012). Bao et al. observed an essential role for [Ca2*]-activated large-conductance
potassium (BK) channels in shaping action potentials of ORNs responding to amino

acids. Patch clamp results showed that blocking BK channels results in prolonged re-
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polarization of action potentials and an increased interspike interval at the level of the
olfactory epithelium. Furthermore, calcium imaging revealed that amino acid-induced
responses were reduced in both ORN cell somata as well as in the axon terminals of
ORN:gs, after blocking BK channels with iberiotoxin.

ORN axon terminals project to the dendrites of mitral cells, forming the pre- and post-

synaptic side of glomeruli (Nezlin et al., 2003). Although no amplitude reduction was
found at the level of mitral cells, iberiotoxin treatment resulted in a change in response
latency (Bao et al., 2015 (calcium imaging)). Since odors are primarily latency-coded
in mitral cells (Junek et al., 2010), the results described above show that BK channels
are involved in odor coding occurring in amino-sensitive cells. An overview of what
is known of the pathways in amino acid-sensitive ORNs of Xenopus laevis tadpoles is
shown in Fig. 1.1.
After successful transduction and transformation of an odor signal, action potentials
travel via ORN axons to glomeruli that form the first odor representation in the brain.
The numerous ORNSs projecting to the same glomerulus are thought to have the same
olfactory receptor(s) and therefore the same odorant response profiles. Studies investi-
gating ORNSs that have either identical receptors or react to the same stimulus revealed
the existence of both concentration-dependent and -independent firing (Rospars et al.,
2000, Martelli et al., 2013, Grosmaitre et al., 2006, Connelly et al., 2013, Rospars et
al., 2013). Those results suggest differences in intraglomerular activity patterns and are
described in more detail below.

Rospars et al. (2013) studied ORN populations that react to the same stimulus. Dose-
dependent activation revealed different thresholds and distinct dynamic ranges between
ORNSs. This is consistent with studies investigating ORNs that had the same olfactory
receptor (Grosmaitre et al., 2006, Connelly et al., 2013). However, the maximal firing
rate and the median number of spikes across ORN populations was surprisingly con-

stant, representing the concentration-independent firing (Rospars et al., 2013). Studies
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Figure 1.1: Amino acid-sensitive cells of Xenopus laevis tadpoles.

A: Stimulated amino acid-sensitive ORNs generate action potentials. They are conducted
via ORN axons to glomeruli (GL) which are located in the olfactory bulb. The presynap-
tic odor code is subsequently converted into a post-synaptic signal in mitral cells (MC).
B: Amino acid-sensitive ORNs are endowed with the PLC-mediated pathway. Stimulus-
induced activation of PLC, via GPCREs, results in the cleaving of PIP2 and probably leads to
a direct and/or indirect activation of TRPCs. C: The shape of amino acid-induced action po-
tentials, and thereby the sensitivity of those ORNS, is determined by the functioning of HVA
(yellow) and BK channels (red). D: Branching axons of multiple ORNSs contribute to the
final presynaptic odor representation within and across glomeruli. ORN: olfactory receptor
neuron; PLC: phospholipase C; GPCRs: G-protein coupled receptors; PIP2: phospho-
inositide; TRPC transient receptor potential channel; HVA: high voltage activated Ca**
channel; BK: [Ca”*]-activated large-conductance potassium channel.

focusing on glomerular activity patterns have repeatedly shown that an increased odor
concentration results in the recruitment of more glomeruli (e.g. Wachowiak and Co-
hen, 2001 (calcium imaging) and Meister and Bonhoeffer, 2001 (intrinsic signals). An
increase in the number of activated glomeruli changes the raw glomerular odor map.
Surprisingly, the quality or identity of an odor representation is retained (Cleland et al.,
2007). The authors namely showed that a normalization of the complete glomerular
map shows a constant pattern throughout different concentrations. A mechanism possi-
bly underlying an increase of activated glomeruli, but a preserved odor quality, could be
an increase of activated intraglomerular ORNS. If this was the case, ORNSs projecting to

one glomerulus could have different response thresholds. Since spontaneous neuronal



1 Introduction

firing is correlated with neuronal sensitivity, spontaneous activity could be different
across intraglomerular ORNs as well. The results obtained by Connelly et al. (2013)
support this hypothesis. They reported that spontaneous activity patterns are different in
distinct ORN populations, but do not correlated with near-saturation-induced responses
(Connelly et al., 2013). Surprisingly, there is still a rather prominent variability within
ORN populations having the same receptor (Connelly et al., 2013).

Although focusing on ORN subpopulations deepens our understanding of odor pro-
cessing, it gives limited insight into single glomerular processing. One limitation is that
ORN s having the same receptor do not necessarily project to the same glomerulus. In ro-
dents they project to at least two glomeruli per hemisphere. In marmosets (Moriya-Ito et
al., 2015) and whales (Kishida et al., 2015), both mammals, there is evidence that ORN
populations even project to multiple glomeruli. Another limitation is that most ORN
population studies have been performed at the level of the olfactory epithelium, thereby
probably neglecting processes occurring in ORN axon terminals (e.g. GABA-mediated
adaptation; Murmu et al., 2011 (Drosophila), Wachowiak et al., 2005 (mice)). The im-
portance of those processes is illustrated by Wachowiak et al. (2004). They suggest
that intraglomerular activity patterns cannot be functionally distinguished. The above
results underline that it is essential to investigate intraglomerular activity patterns at the
level of the olfactory bulb to get a better understanding of presynaptic intraglomerular

activity patterns.
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1.4 Goal of the Thesis

The main goal of the experiments presented in this thesis was, to get more insight into
presynaptic intraglomerular response profiles and spontaneous activity patterns. In ad-
dition, I investigated how the activity of individual intraglomerular axons can be sepa-
rated.

Xenopus laevis tadpoles were used as an animal model. Differences in ORN response
patterns were to be expected in those animals, because tadpole ORNs have broad re-
sponse profiles (Manzini and Schild, 2004). Secondly, as the same study suggests that
tadpole ORNs might have more than one functional odorant receptor, adaptation pro-
cesses might be more distinct across ORNS of this species. Thirdly, the axons of ORNs
branch (Hassenklover and Manzini, 2013) and project to multiple distinct glomeruli
(Nezlin and Schild, 2005), a feature that might lead to a higher diversity in presynaptic
ORN response profiles of X. laevis.

To study presynaptic intraglomerular activity patterns I used fast fluorescent 3D cal-
cium imaging and activity correlation imaging. These methods have been suitable ap-
proaches for studying odor coding in the brain (Junek et al., 2009, Junek et al., 2010).
Since glomeruli are dense neuropils, a reliable discrimination of activity patterns re-
quires the proper selection of intraglomerular regions of interest. To investigate what
type of ROI selection is the most suitable for studying activity patterns within single
glomeruli, three different ROI selection procedures were tested on experimental data.
Furthermore, simulated data was used to compare semi-automatically and automatically
detected ROIs.

To obtain a better understanding of the presynaptic odor representation within single
glomeruli, dose-response profiles, odorant response profiles and spontaneous activity
patterns were compared. Furthermore, I investigated which conditions are required to

distinguish individual intraglomerular axons based on activity patterns alone.



2 Methods

2.1 Sample preparation

2.1.1 Electroporation

To visualize ORN axon terminals, Xenopus laevis tadpoles (stage 52-54, Nieuwkoop
and Faber, 1994) were electroporated, as previously reported in Bao et al., 2015. In
short, we used 0.02 % MS-222 (ethyl 3-aminobenzoate methanesulfonate; Sigma-Aldrich)
to anesthetize the tadpoles (Hassenklover and Manzini, 2014). Small parts of cal-
cium green-1 dextran (CaGreen; MW: 3000 Da, Sigma-Aldrich) or JG205 crystals were
placed into both nostrils. For optimal electroporation of the lateral cluster one electrode
was positioned in the nostril and the other electrode on the skin between the nostril and
the eyes (see Fig. 2.1). In the case of CaGreen three pulses (20 ms, 20 V, 1 Hz) were
applied. Then the electrodes were slightly repositioned (by moving them up and down),
and three additional pulses were delivered (see Fig. 2.1A). The same procedure was per-
formed for the other nostril. JG205 electroporation differed by the pulse settings only.
Six hundred pulses (1 ms, 15 V) were given at 200 Hz. As a control staining, some of
the animals were electroporated with JG205 and Alexa 680 simultaneously. After the
electroporation, the animals were housed in the dark at room temperature. Food and
fresh water were provided regularly. Following a recovery period of at least 2 days,
the animals were sacrificed. Experimental procedures were conducted according to the

guidelines of the Gottingen University Committee for Ethics in Animal Experimenta-
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tion.

2.1.2 Slicing and whole mount preparation

Tadpoles were chilled in a mixture of water and ice and killed by decapitation. A tissue
block which contained the olfactory mucosae, olfactory nerves and olfactory bulb was
cut out and subsequently used for slicing (Manzini et al., 2002a) or for whole mount
preparation (Hassenklover and Manzini, 2013). During the slicing procedure, the tissue
block was glued on the specimen plate and the dorsal part of the olfactory bulb was
removed using a vibratome (VT1200S, Leica). To complete the slice a second cut,
which was as ventral as possible, was performed. The sample was then transferred into
a small recording dish filled with Ringer’s solution (see chapter 2.2). The tissue was
stabilized by a net that was made of platinum wire and nylon threads.

Whole mount preparation was achieved by performing the following steps (see Fig. 2.1).
The tissue block was cut out and positioned on a preparation dish with the ventral side of
the tissue block facing up (Fig. 2.1D). Pins inserted between the olfactory nerves were
used to provide stability. A few drops of Ringer’s solution (section 2.2) were added to
prevent dehydration. Next, a pair of scissors was used to remove the meninges covering
the ventral part of the brain (Fig. 2.1D). After preparation, the tissue was transferred to
a recording chamber filled with Ringer’s solution and the sample was stabilized with a
net, as described above. As shown in Fig. 2.1D, the threads of the net covered neither
the epithelium nor the anterior part of the olfactory bulb. In this way stimuli can be

applied and glomerular imaging can be performed (see sections 2.3 and 2.4).
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Figure 2.1: Sample preparation.

A: Electroporation of ORNs. B: Instruments used for whole mount preparation, see D.
C: Recording chamber. D: Black dashed line: spinal cord cut. Red dashed lines: tissue
block. Blue dashed lines: brain covering tissue that is removed. After exposing the brain,
the sample was transferred to a recording chamber and stabilized with a net.

2.2 Solutions and stimuli

The composition of the Ringer’s solution was (in mM): 98 NaCl, 2 KCI, 1 CaCl,,
2 MgCl,, 5 glucose, 5 sodium pyruvate, 10 Hepes. Furthermore the osmolarity was
adjusted to 225-235 mOsm/l and the pH to 7.8. Fifteen single amino acids or a mix-
ture of them were used to stimulate olfactory receptor neurons (Manzini et al., 2002b,
sections 2.3 and 2.4), namely, L-alanine, L-arginine, L-cysteine, glycine, L-histidine,
L-isoleucine, L-leucine, L-lysine, L-methionine, L-phenylalanine, L-proline, L-serine,
L-threonine, L-tryptophan, L-valine (Sigma-Aldrich). Fresh or frozen stock solutions
(10 mM) were diluted to the right concentration and were kept in the fridge. Solutions

were used for no longer than one week.

11



2 Methods
2.3 Imaging of target glomeruli

Volume stacks of images were obtained using a custom built line illumination micro-
scope (by Alexander Brinkmann). Excitation was achieved using a Sapphire Laser
(488nm; Coherent). As CaGreen and JG205 have different properties, e.g. basal in-
tensity and bleaching properties, the imaging settings were changed according to the
dye used. First the lateral cluster, which is a morphological and functional distinct
group of glomeruli (Manzini et al., 2007b, Gliem et al., 2013), was located using flu-
orescence. Then a two- or three-dimensional time recording of the lateral cluster was
obtained (512*512(*5) pixels, 30-60 s, min. 2 Hz). Synchronously, a mixture of amino
acids (10 or 100 uM; section 2.2) was administered via a funnel, which was positioned
closely to the olfactory epithelium (see also Gliem et al., 2013). The first images were
used to spot the location of possible target glomeruli. The voxel size of images taken
after this initial experimental phase was always smaller than 1 um>3. As a next step, a
detailed z-stack was obtained for regions that responded to amino acid application. A
z-stack consisted of at least 20 consecutive z-planes (distance 1 pm). If this z-stack
revealed a spherical neuropil, the latter structure was considered as an anatomical and

functional glomerulus of the lateral cluster.

12
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2.4 Experimental conditions

2.4.1 Stimulus-induced responses

Repeated stimulation and dose-response profiles have revealed differences within ORN
subpopulations as reported in former studies (Rospars et al., 2013, Grosmaitre et al.,
2006, Connelly et al., 2013). I repeated these approaches at the level of the olfactory
bulb as follows. After the selection of a target glomerulus (section 2.3) an amino acid
mixture (AA-mix) containing 15 amino acids was applied at four different concentra-
tions, namely 500 nM, 1 uM, 10 uM and 100 uM. Subsequently, one concentration was
chosen for repetitive application. In order to exclude floor or ceiling effects the selected
concentration should show a clear but not saturated response. After obtaining a sponta-
neous activity recording, the solution was applied 10 times using an interstimulus inter-
val of 20 seconds. Since a control stimulus (Ringer’s solution) was applied as the first
stimulus, a full recording consisted of 11 applications in total (see Fig. 2.2). If imag-
ing conditions allowed more recordings, this measurement was repeated. Repetitive
application of a single amino acid was performed in a similar manner. As a threshold

concentration for single amino acids I used 1 uM (Breunig et al., 2010).

Ringer X X X X X X X X X X
001 — t t t t t t t t t t 19 fr/s
010 30 50 70 90 110 130 150 170 190 =210 250

0 120
time [s]

Figure 2.2: Experimental design of repetitive odor stimulation.
Each recording started with a Ringer’s solution application. The odor stimulus (X), which
was determined before, is then applied ten times with an interstimulus interval of 20 sec-
onds. Spontaneous activity was obtained in a second measurement.

13
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The selection of the most suitable single amino acid was achieved as follows. Fifteen
amino acids (10 uM, see section 2.2) were applied consecutively.

Bleaching and movement of the tissue are rather prominent in long measurements,
which is a disadvantage when applying all amino acids in one recording. On the other
hand, to facilitate the choice of the optimal stimulus, as many stimuli as possible should
be applied within one trial. For these reasons the different amino acids, at a concentra-
tion of 10 uM each, were divided over three subsequent recordings (see Fig. 2.3). When
single amino acids did not show a response it was either because they they did not ac-
tivate the glomerulus, or the ORNs projecting to this glomerulus had died. In order to
exclude the latter, AA-mix [10 uM] was applied after the application of the 5™ and 15®
amino acid. Furthermore, to exclude that changes in fluorescence were induced by the
application itself instead of the odorant, Ringer’s solution was applied in the beginning

of the second recording (Fig. 2.3).

A R C G H AA-mix
001 — I I I I I 19 fr/s
0 10 50 90 130 170 210 250
Ringer | L K M F
002 — I I I I I 19 fr/s
0 10 50 90 130 170 210 250
P S T w \Y AA-mix
003 —H f f f f f 19 fr/s
0 10 50 90 130 170 210 250
time [s]

Figure 2.3: Experimental design of single amino acid stimulation.

During each recording five amino acids and one control stimulus (either amino-acid mixture
or Ringer’s solution) were applied. The application order of single amino acids varied across
experiments.

14
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Dose-response profiles were obtained in a third set of physiological experiments. Dif-
ferent concentrations of the AA-mix in the range 40 nM to 100 uM were applied. Sim-
ilarly to the previous conditions, Ringer’s solution was applied before administering
other stimuli (see Fig. 2.4). This trial was either followed by a recording of spontaneous
activity or the recording was repeated.

When using stimuli, volume stacks of images of CaGreen-stained glomeruli were
recorded using the following imaging conditions: volume stacks of images (10 consec-
utive imaging planes) were acquired for ca. 4 min. at a frequency of 1.9 stacks/s. The
distance between consecutive z-planes was either 1 or 2 pm. During experiments there
was a continuous Ringer’s solution flow (250 ml/hour). The above described imaging
settings were not suitable for JG205-stained glomeruli. Strong bleaching was observed
in the initial seconds of the first recording and stimulus-induced responses were only
occasionally observed. To reduce bleaching, the laser intensity was reduced so that
responses could only be recognized after the recording when studying ROI traces. Fur-
thermore, a recovery time of at least one week was required to observe responses to

amino acids in JG205-stained glomeruli (see section 3.4).

Ringer 40nM 100nM 250nM 500nM 1pyM  5pM  10uM

001 — I I I I I I I 19 fr/s
0 15 45 75 105 135 165 195 225 250

0 1é0

time [s]
Figure 2.4: Experimental design of dose-response experiments.
Every dose-response recording started with a Ringer’s solution application. Different con-
centrations of the amino acid mixture were then applied using an interstimulus interval of
30 seconds. Spontaneous activity was obtained in a second measurement.

15
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2.4.2 Spontaneous activity

Spontaneous Ca>* fluctuations were usually difficult to discriminate from background
noise. In this thesis, a spontaneous activity recording refers to a recording without
amino-acid applications. Spontaneous activity recordings of CaGreen stained ORNs
were generally obtained using an imaging frame rate of 7.2 Hz to avoid under sam-
pling. Lower frame rates (min. 3.8 Hz) were only used if the fluorescence signal was
low. An imaging rate of 3.8 Hz turned out to be still sufficient for obtaining the shortest
events measured in fast (40 Hz) 2D images of ORNSs stained with CaGreen (see also sec-
tion 3.3). Spontaneous activity patterns were compared between ORNs stained with Ca-
Green or with JG205. Since ORNSs stained with JG205 were rather prone to bleaching
a reduced recording frame rate was used to visualize spontaneous activity over longer

time (1.9 Hz).

2.5 Image processing

In 4D measurements, slight move-
ments of the slice were observed in
all directions. Bleaching occurred de-
pending on the recording time or dye
used. Furthermore, fixed lines with
different intensities were observed in
the recorded images. Matlab scripts

(written by Dr. G. Bao and Dr. M.

10 pm . 10 pm

Alevra) were used to correct for those
. _ Figure 2.5: Movement correction. Glomerular po-
phenomena (Bao and Schild, 2014; sition in the beginning and in the end of a typical

Alevra, 2013 (PhD thesis)). First, to CaGreen recording (A, B). C: Superposition of im-
ages A and B. D-F: A-C after movement correction.
correct for the stripes, the image was
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averaged in the same direction as the stripes. As a next step, this mean stripe was corre-
lated with the image. The correlation value was then multiplied with the average stripe
and subsequently subtracted from the input image. (see Fig. 2.6).

Secondly, to correct for movement a reference frame was defined. Further, the max-
imum shift (in pixels) was estimated by the experimenter and this number was zero-
padded to all frames. Fast Fourier transform was used to correlate the reference frame
with all other frames individually. The resulting shift vector was corrected for border
effects and pixels were back shifted using cubic spline interpolation (Fig. 2.5, Alevra,
2013 (PhD thesis)). Legendre low pass filters were used to correct for bleaching (Bao
and Schild, 2014, Fig. 2.6).
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Figure 2.6: Bleach and line correction.

A: Average traces corresponding to the ROI indicated in B and C (red line). B: corrected
and time averaged z-plane of a glomerulus stained with JG205. C: Similar to B, now before
correction. raw: no Legendre low pass filter; raw nos: no Legendre low pass filter, stripes
were removed (no stripes); corr: Legendre low pass-filtered image; corr nos: Legendre
low pass-filtered image, stripes are removed.
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2.6 Selection of regions of interest

The second goal of the thesis was to distinguish intraglomerular axons. Proper ROI
selection is essential for this purpose - mainly, because ROIs usually contain more than
one voxel. ROI size or a slight different ROI position can therefore influence its aver-
age signal or trace significantly. As for the axon density within glomeruli, proper ROI
selection could be crucial when using activity-based differentiation of intraglomerular

compartments. In this study three different ways of selecting ROIs were compared.

2.6.1 Manual ROI selection

Manual selection was accomplished by drawing 2D lines around intraglomerular struc-
tures. ROIs covered the same glomerular area in all repetitions. In other words struc-
tures that appeared or disappeared over multiple recordings, due to z-movement or

bleaching, respectively, were disregarded.

2.6.2 Semi-automatic ROI selection

Semi-automatic ROI selection was performed as described in Junek et al., 2009 and
Chen et al., 2009, using a custom written software called aciPeel (by Dr. M. Alevra).
First, a 3D neighborhood correlation map of the input image was generated (Fig. 2.7A-
B). In this greyscale map, pixel values corresponded to correlation. Then 3D ROIs were
generated surrounding a manually chosen pixel (Fig. 2.7C). The ROI diameter (x, y, z)
was set independently. The traces, which corresponded to the mean of its pixels, were
used as reference traces for activity correlation imaging (Junek et al., 2009, (Fig. 2.7D)).
ACI correlates the reference trace with the traces of all other pixels for each ROI. Each
correlation map gets assigned another color. If the traces are clearly distinct this method

can visualize distinct morphological structures with different activity patterns.
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Figure 2.7: Semi-automatic ROI selection.

A: One example z-plane of a glomerulus stained with JG205 (maximal projection in time).
B: Neighborhood correlation map of A. C: Drawn ROI. D: Activity correlation map of ROI
trace. Scale bar = 10 um.

2.6.3 Automatic ROI selection

Spontaneous activity patterns were assumed to be typical for each intraglomerular axon.
Therefore, automatic ROI selection was accomplished by a voxel-wise analysis of spon-
taneous fluorescent fluctuations (script written by Prof. Dr. Dr. D. Schild). The time
traces of a voxel block (min. 1um?®) were averaged over space (equation 2.1) and time,

and the filtered trace was assigned to its central voxel (Fig. 2.8).

1um
& = N
@/h/ E Y F
I/ I/ <FC>=l:]1/ , i=1,2,..., nxmxp

2.1

Figure 2.8: Spatiotemporalfilter.

Time traces of a voxel block are filtered over space (equation 2.1) and time and subsequently
assigned to the central voxel of this block. n*m*p*: the total number of averaged voxels in
space (X, Y, )
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After filtering, an event threshold was set. Fluorescence intensities above this thresh-
old were defined as initial events and their corresponding time points (or frames) were
saved. Thus, each voxel had its own sequence of event-related time points. Voxels that
had different sequences were regarded as different ROIs. Hence, it is crucial to de-
fine which sequences belong to the same ROI and which do not. Here, we used strong
criteria which are described next.

First of all, all sequences were listed. Then sequences consisting of only one event
were removed, in other words, those particular voxels were neglected. Since axons
were assumed to have a diameter of at least 1 um, sequences should be found in at least
n voxels, depending on voxel size. This lower limit of occurrences was therefore also
the minimum number of voxels within one ROI. With an increasing value the number
of ROIs will decline, thereby reducing the number of false positive ROIs, but increasing
false negatives. The following steps will describe how voxels were added to the initial
ROIs. Since there was a time difference of at least 100 ms (max. 500 ms) between the
first and the last imaged z-plane, sequences are low-pass filtered. Identical sequences
were merged, in other words, those sequences were assigned to the same ROI. Then
sequences were sorted by their event onset and correlated. Highly correlated (e.g. > .9)
events were merged as well. Furthermore, if all events of one voxel were also found in
the sequence of another voxel, the former was added to the ROI of the latter. In Fig. 2.9A
an overview of detected events are shown and in Fig. 2.9B an example ROI is shown.

Fig. 2.9C shows the thirteen event sequences that were detected in the automatically

defined ROIs.
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voxel index
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Figure 2.9: Automatic ROI detection.
A: Initial detected events for every voxel that contained more than one event. B: One of the
thirteen detected ROIs. C: Event sequences detected in the automatically defined ROIs.
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2.7 Response analysis

For comparing intraglomerular activity patterns, AF /Fy values were taken. AF /F; val-
ues were calculated according to the following equation, where F, corresponds to the

average intensity of the initial five seconds of a recording:

F—F,
0

AF /Fy = (2.2)
Maximum responses were defined as follows. First, AF /Fy intensities were temporally
filtered over three frames. Then the local maximum after trigger onset was detected.
Each maximum was corrected for its pre-stimulus intensity, meaning the average inten-
sity from five seconds before trigger onset.

To detect responses usually some kind of threshold is set based on the fluorescent
intensities before stimulus onset. The observation that Ringer’s solution application
sometimes induced fluctuations in the fluorescent intensity revealed that this method
was unsatisfactory for detecting responses. It is important to correct for this effect to
avoid inaccurate detected responses (false positives). Here, response thresholds were
defined by the sum of two background intensities. The first intensity was the maximum
intensity over the time after Ringer’s solution application and before the next applica-
tion plus its standard deviation. The second intensity was the maximum intensity of
5 seconds before stimulus application plus its standard deviation. The sum of those
two intensities was defined as the response threshold. Responses were detected when-
ever the maximum intensity after stimulus application was above the assigned threshold

value.
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3 Results

3.1 Dose-response profiles

The presynaptic ORN fibers of the glomeruli were stained with either CaGreen or
JG205. 3D recordings of stimulus-induced responses and spontaneous activity were ob-
tained to investigate presynaptic intraglomerular activity patterns and glomerular sen-
sitivity. Furthermore, I studied the activity patterns of axonal branches within single

glomeruli and investigated how they can be assigned to different ORNS.

A B L

! glom 2

C

glom 1
glom 2

A

) AT\

Figure 3.1: Selection of target glomeruli.

A: Schematic representation of a X. laevis tadpole head. The arrow indicates the position
of the lateral olfactory bulb. B: Glomeruli within the lateral cluster stained with CaGreen.
C: One glomerulus responded to stimulation with AA-mix [10 uM], the other did not.

A: anterior; P: posterior; M: medial; L: lateral.
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Functional glomeruli of the lateral cluster were located using an amino-acid mixture
of either 10 or 100 uM (Fig. 3.1). Subsequently, dose response profiles were obtained
using different AA-mix concentrations ranging from 40 nM to 100 uM.

Half of the selected glomeruli were very sensitive, even reacting to odor stimuli in the

nanomolar range (Table 3.1 and Table 3.2).

Cmin Rpin Riax Cmax

glom1 | 40 nM 40 nM 5 uM 5 uM

glom2 | 40 nM 5uM S5uM S5uM

glom3 | 40 nM 500nM | 5uM S5uM

glom4 | 40 nM 40 nM 250 nM | 10 uM

glomS | 40 nM 250nM | 5uM 10 uM

glom 6 | 40 nM 40 nM 1 uM 10 uM

glom7 | 40 nM 5 uM 10 uM 10 uM

Table 3.1: Glomerular response thresholds after stimulation with 10 pM A A-mix.
Lowest used concentration (c;,). Threshold (R,,;,) and maximum responses (R,,). Maxi-
mal used concentration ¢ .

Cmin Rpin Riax Cmax

glom1 |500nM | 10pM | 10puM | 100 uM

glom2 | 500nM | 500nM | 100 uM | 100 uM

glom3 |500nM | 10uM | 100 uM | 100 uM

glom4 |500nM | 10uM | 100 uM | 100 uM

glom5 | 500nM | 500nM | 10 uyM 100 uM

glom6 |500nM | 1yM | 100 uM | 100 uM

glom7 |50nM | 10pM | 100 uM | 100 uM

Table 3.2: Glomerular response thresholds after stimulation with 100 pM AA-mix.
Lowest used concentration (c;,). Threshold (R,,;,) and maximum responses (R,,,). Maxi-
mal used concentration ¢ .
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3 Results

To investigate whether intraglomerular activity patterns differed, spontaneous and stimulus-
induced activity from small intraglomerular ROIs were compared (n = 6, Fig. 3.2 A-B).
Within single glomeruli both response profiles and spontaneous activity patterns dif-

fered among some intraglomerular ROIs (n = 25, Fig. 3.2 C-D).
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Figure 3.2: Differences between intraglomerular dose-response profiles and sponta-
neous activity patterns.

A: A Glomerulus. Three consecutive z-planes and one ROI in each plane. B: Stimulus
application scheme. C-E. Spontaneous activity patterns (left) and dose-response profiles
(right) corresponding to the ROIs indicated in A. Scale bar = 10 um.
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However, ROIs with seemingly different response amplitude profiles (Fig. 3.2 C-E,
right) sometimes had spontaneous events that overlapped in time (Fig. 3.2 C-E, left).
The spontaneous traces show moreover, that Ca>* fluctuations can be very long-lasting
and usually have a low frequency. (Fig. 3.2 C-E, left).

Previously, correlation between activity patterns has been used to visualize popula-
tions of mitral cells and their dendrites (Junek et al., 2009), which form the post-synaptic
side of glomeruli. Here, I tested whether this method is suitable to discriminate individ-
ual axons within single glomeruli.

At the level of mitral cell activity, correlation imaging (ACI) was optimal when using
spontaneous activity. ROIs were usually selected with the help of a neighborhood cor-
relation map. The neighborhood correlation map of CaGreen-stained ORNs revealed a
very poor correlation between neighboring pixels (Fig. 3.3), despite the differences in
spontaneous activity found using manual ROI selection (Fig. 3.2C-D, left). Indeed cor-
related spontaneous events were observed only occasionally in CaGreen-stained ORN
axons. Differences in dose response profiles were small (Fig. 3.2C-D, right). Therefore
ACI maps were almost identical for all ROIs, and they revealed the whole glomerular

structure instead of individual axons.

Figure 3.3: Neighborhood
correlation of spontaneous
activity.

A glomerulus (A) and its
neighborhood correlation map
(B). Scale bar = 10 um.
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In order to properly distinguish individual axons within single glomeruli, correlated
events need to be axon-specific and, at the same time, those events should occur reg-
ularly. Is it possible to obtain cell-specific activity which does not require short and
frequent spontaneous events? Is an activity-based visualization of intraglomerular ax-
ons possible without using ACI?

The dose-response experiments revealed differences in response profiles between in-
traglomerular regions. The strongest fluctuations were found after application of low
concentrations of odorants (Fig. 3.2C-D). To investigate whether response thresholds
are a reliable criterium for separating intraglomerular axons, dose-response experiments
were repeated and response thresholds were compared over trials (n = 6).

In Fig. 3.4 the traces from three repetitions are shown. Activity patterns after the
application of low concentrated stimuli looked quite different over repetitions. On
the other hand, stimulation with AA-mix [100 uM] resulted in similar responses over
subsequent recordings (Fig. 3.4A-C). It was therefore investigated, whether the activ-
ity differences observed after the application of low concentrated stimuli depend on
previous applications with high concentrated stimuli. Response thresholds were com-
pared over subsequent recordings of the same glomerulus, and between target glomeruli
that were selected after the stimulation with either 10 or 100 uM AA-mix. Over sub-
sequent recordings, increased, decreased or unchanged response thresholds were ob-
served. Furthermore, response thresholds did not differ between target glomeruli se-
lected with 10 uM (n = 7) or those selected with 100 uM AA-mix (n = 7, student’s
t-test, p = 0.06, Fig. 3.4E). Other observations show, that, response detection based on
intensity changes might be limited for threshold concentrations, which is revealed by
the traces of the second recording shown in Fig. 3.4B. After the application of 10 uM
AA-mix, around t = 170 s, there was namely still an event that resembled a response

(rectangle in Fig. 3.4B).
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Focusing on the similarities between the activity patterns of the blue and red ROI over
repetitions, revealed that most of the events were correlated. These ROIs could therefore
cover different areas of the same axon.Interestingly, some events in the blue trace do
not appear in the red trace (arrows in Fig. 3.4C). If those ROIs belonged to the same

axon, which was likely based on the number of synchronous events, uncorrelated events

occurred within the same axon.

3 Results
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Figure 3.4: Differences and similarities over subsequent trials.

A-C: Maximal projections of an example glomerulus and its AF /Fj traces over three con-
secutive recordings. D: Stimulus application scheme. E: Thresholds of target glomeruli

selected after 100 or 10 uM AA-mix application. Scale bar = 10 um.
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3 Results

The results presented so far show that spontaneous activity and response profiles are
different among intraglomerular regions. The second goal of this thesis was to sep-
arate individual axons based on activity patterns. I investigated spontaneous activity
and stimulus-induced patterns to test whether they are suitable for the visualization of
individual axons within glomeruli. However, as presented before, spontaneous events
were too rare and stimulus-induced responses too alike for a reliable visualization of
individual axon branches (Fig. 3.2 and Fig. 3.4).

This underlines that frequent and correlated cell-specific activity is required to re-
liably distinguish individual axons based on activity patterns. The results from re-
peated dose-response experiments confirmed that the majority of the events (sponta-
neous or stimulus-induced) should have a detectable amplitude and that uncorrelated
events within one axon cannot be excluded.

Nevertheless, repetitions of dose-response profiles showed that on the one hand, the
shape of stimulus-induced responses to low concentrations fluctuates over repetitions.
At the same time, correlated activity patterns from different ROIs also correlated in the
subsequent recordings. Increasing the number of repetitions over a shorter time span
would hypothetically not influence the number of uncorrelated events but increase the
number of correlated events. The interstimulus interval can be lowered when response
fluctuations are short. Since responses to low AA-mix concentrations are shorter than
those induced by high AA-mix concentrations (Fig. 3.2), the repetitive application of
low-concentrated stimuli is a suitable approach for eliciting short responsess. Further-
more, as mentioned earlier, fluctuations were most apparent at response threshold con-
centrations and those fluctuations may be used to separate axons.

A disadvantage of using stimuli is that correlated action potentials among axons are
to be expected. On the other hand, the response fluctuations observed after the applica-
tion of low concentrated AA-mix might be cell-specific leading to cell-specific activity

profiles. Also, stimulus-induced responses have most likely an amplitude which can be
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detected in most areas of one axon, reducing the influence of method-dependent arti-
facts. Therefore, as a next step, repetitive applications of a low AA-mix concentration

were applied.

3.2 Fluctuations of stimulus-induced responses

As described above, stimulation with low AA-mix concentrations probably induces cor-
related activity among axons, but enough repetitions may result in a cell-specific re-
sponse pattern. AA-mix threshold concentrations were defined as follows. First a dose-
response recording was obtained. Directly after recording uncorrected measurements
were inspected. The lowest AA-mix concentration that induced a response throughout
the glomerulus was chosen as the response threshold concentration. Then glomeruli
were repeatedly stimulated with the chosen AA-mix concentration (Fig. 3.5B). Spon-
taneous activity patterns were recorded as well and served as a backup indication for
different axons (Fig. 3.5C). In every single ROI responses were elicited repetitively dur-
ing three identical measurements. (Fig. 3.5B, E, F).

As shown in Fig. 3.5, stimulus-induced responses were very similar and only occa-
sionally clear differences between response profiles of different ROIs were observed
(Fig. 3.5B). Another phenomenon observed was the general amplitude reduction over
repetitions (Fig. 3.5B, E, F). The amplitude reduction was stronger for the red ROI than
for the blue one. Response amplitudes might correlate with basal Ca>* levels. Bleaching
for example could lead to less available dye and therefore a reduced response amplitude.
Since basal Ca>* levels always fluctuate over recordings, I compared the pre-stimulus
basal Ca?* levels of those ROIs with the response amplitudes. This analysis revealed
that the observed amplitude reduction could not be explained by basal Ca>* levels alone

(Fig. 3.5D), although its contribution could not be excluded.
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Figure 3.5: Repetitive stimulation reveals highly similar response profiles.

A: Maximal projection (time and z) of a glomerulus. Its intensity is normalized to the
maximal fluorescent intensity. Red and blue circles point out two ROIs used for data shown
in B-F. Scale bar = 10 um. B: Example of stimulus-induced Ca’* fluctuations. Dashed lines
indicate trigger onset. Small differences are present between the two ROIs. C: spontaneous
activity recording revealing different spontaneous activity between the two ROIs. D: basal
Ca* level fluctuations of three subsequent recordings. Bar colors correspond to the ROIs
in A. E-F:. Repeated recording of B.
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3 Results

Despite the general amplitude reduction, responses were elicited repetitively. The small
fluctuations between stimulus-induced responses were surprising, especially because
spontaneous activity patterns were different. Could this effect be specific for AA-

mixtures? As a control experiment, single amino acids were repetitively applied (n = 5).
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Figure 3.6: Two example glomeruli with different odorant response profiles.
A: A glomerulus responding to low concentrated arginine. B: A glomerulus not responding
to low concentrated cysteine or leucine. Scale bar = 10 um.
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To select a suitable amino acid for repetitive stimulation, 15 different amino acids
were subsequently administered before the repetitive stimulation procedure (see sec-

tion 2.2, Fig. 3.7). Consequently, glomerular odor response profiles were obtained as

well (Fig. 3.6 and Fig. 3.7).
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Figure 3.7: Intraglomerular odorant response profiles are very similar.
A: Maximal projection (in time) of four consecutive z-planes (upper row) and manually
drawn ROIs (lower row). Scale bar = 10 um. B-D: Odorant response profiles of four
example ROIs, indicated by arrows in A. Three letter abbreviations are used for applied
single amino acids. E-G: AF/F maxima (within 20 s after application) of all ROlIs.
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Before and after the repetitive stimulation with single amino acids a control experiment
was performed to check whether the glomerulus was still able to respond. The condition
of the slice was either validated by the application of an AA-mix (10 or 100 uM) or the
repetition of the previous measurement. Five glomeruli only responded to the stimuli
used in this control experiment. Three of them reacted to repetitive application of the
chosen single amino acid (one example shown in Fig. 3.6 and one in Fig. 3.7). Interest-
ingly, the odorant response profile of the glomerulus that did not react to the repetitive
application of the chosen single amino acids was broader than the glomeruli that did
react (Fig. 3.6).

To investigate whether response profiles differed among intraglomerular regions, the
activity patterns of small ROIs (n = 24) were compared. Odorant response profiles
turned out to be highly similar between regions (Fig. 3.7). For the example shown, the
only ROI showing a somewhat different response pattern was located at the morpholog-
ical border of this glomerulus (Fig. 3.7A, indicated in red).

Studying the response profiles from repetitive application revealed that it is compli-
cated to distinguish reliably stimulus-induced odor responses from spontaneous fluc-
tuations when using low concentrated single amino acids. The results represented in
Fig. 3.8, suggest that arginine (R) induced responses fluctuate strongly within ROIs.

These results confirmed the hypothesis that responses induced by the repetitive appli-
cation of low concentrated single amino acids will lead to strong fluctuations. However,
the fluctuations within ROIs were sometimes bigger than the fluctuations between ROIs.
When fluctuations within axons are bigger than among axons, it becomes very complex
to reliably assign ROIs to axons. Moreover, the single-amino-acid experiments turned
out to be very challenging and had a low success rate. Therefore, other experimen-
tal conditions were considered to distinguish intraglomerular axons based on activity

profiles.
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Figure 3.8: Strong fluctuations during repetitive stimulation with single amino acids
A-D: Example traces of repetitive stimulation with single amino acids (1 pM). Traces cor-
respond to the ROIs indicated in Fig. 3.7. Single amino acids are indicated by single letter
abbreviations and trigger onsets are indicated with dashed lines. Ringer’s solution was ap-
plied during the first trigger (x).

Previously, I observed that spontaneous activity was different among intraglomerular
regions, although spontaneous events were rare. Obtaining more spontaneous activ-
ity would probably be a more effective approach than the categorization of stimulus-
induced patterns. Since spontaneous bursts among axons can induce correlation be-
tween axons as well, the next sets of experiments focused on categorizing spontaneous

activity.
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3.3 Different types of spontaneous activity

Fig. 3.2 and Fig. 3.4 illustrate that different intraglomerular components showed differ-
ent spontaneous events (Fig. 3.2C-E). Surprisingly, neighborhood correlation maps of
spontaneous traces revealed only low correlation (see Fig. 3.3). This may be due to the
low signal-to-noise ratio or to the relatively few but long spontaneous events that typ-
ically last more than 10 seconds (Fig. 3.2C-E). To validate whether the observed Ca>*
fluctuations were physiological, fast 2D measurements (40 Hz) were obtained using a
laser scanning microscope (for an example see Fig. 3.9A). In these fast measurements,
the fastest Ca>* events from CaGreen stained glomeruli had a duration of at least 1
second (Fig. 3.9B). Longer events were also observed. The shape of the long events

indicated that they reflect a summation of multiple short events.
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Figure 3.9: Spontaneous Ca** fluctuations

A: Example of 2D spontaneous activity (40 Hz) B: Mean Ca* spike (blue) from a 40 Hz
recording and a simulated spike (black) using 3.8 Hz. C: Example of 3D spontaneous
activity (3.8 Hz).
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3.4 Presynaptic glomerular morphology and function

Obviously, the summation of slightly different spike patterns could result in similarly
long Ca”* events. The fast 2D measurements already showed that the long events cannot
be resolved by just faster imaging, because they are still observed when using imaging
recording rates at 40 Hz. As shown before, such events complicate reliable axon sep-
aration (Fig. 3.2). It could be that due to the dye dynamics of CaGreen, differences
within similar long events cannot be detected. To reliably separate CaGreen-stained
ORN axons, unphysiological conditions may be required. An easier approach is to use
a dye with different Ca®*-binding dynamics. Recently, Julia Graf (Dept. of organic
and biomolecular chemistry, Gottingen) developed a new calcium dye: JG205. Dose-
response profiles and spontaneous activity patterns of JG205-stained neurons were ob-

tained and compared to CaGreen.
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Figure 3.10: Signal-to-noise differences between different dyes.

A: Staining with Calcium Green-1 dextran, maximal projection over time and z. Red line:
response to amino acid stimulation. B: The normalized activity correlation map reveals
all pixels which are correlated with the trace shown in C. C: Spontaneous activity trace
(CaGreen). D-F: Correspond to A-C and show results obtained with JG205. Both traces
were recorded at 1.908 Hz. Scale bar = 10 um.
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3 Results

Activity patterns of JG205-stained ORNs had an improved signal-to-noise ratio com-
pared to CaGreen-stained ORNs. (Fig. 3.10). Long events were still observed when
using JG205, but the events now had a high characteristic profile (Fig. 3.10). Those ac-
tivity patterns were used for generating ACI maps. As a next step, ACI maps were com-
pared between recordings of CaGreen and JG205-stained ORNs. The maps clearly dif-
fered in quality, which became especially apparent after comparing them to the maximal
projection of the obtained 4D recording (Fig. 3.10). While the ACI map of CaGreen-
stained ORNs revealed almost identical, but noisier, structures, the ACI map of JG205
stained ORNSs clearly showed a morphological distinct compartment.

The number of recovery days after electroporation for animals stained with CaGreen
was between 2 and 10 days. Animals that were used for the the initial experiments
with JG205 had a comparable recovery time. However, stimulus-induced responses
were relatively rare. Only 2 out of 10 animals showed clear responses to stimula-
tion with AA-mix [100 uM]). Three additional animals showed weak responses. In
contrast, spontaneous events were always observed in JG205-electroporated animals.
One spontaneous activity recording was even suitable to separate intraglomerular axons
(Fig. 3.11). However, without any stimulus-induced responses it could neither be de-
termined whether this activity proceeded from healthy cells nor whether this particular
glomerulus was functional.

In order to separate intraglomerular axons of functional glomeruli located in the lat-
eral cluster, some experimental adjustments had to be made. First of all, I investi-
gated why responses are relatively seldom or weak in the JG205-stained ORNS. To
test whether this was related to the different electroporation parameters, I increased the
recovery time (more than one week) for JG205-stained animals. Furthermore, to re-
duce bleaching, laser intensities were reduced. This enabled the recording of multiple
stimulus-induced responses, although as a consequence, responses were barely visible

during imaging and their amplitudes were reduced.
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AF/F,
20 %

40 s

Figure 3.11: Visualization of individual intraglomerular axons.

A: Maximal projection of a JG205-stained glomerulus B: Neighborhood correlation map of
A. C: Activity correlation map and in D the reference traces from the components shown
here. Scale bar = 10 pm.
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After more than one week of recovery time (n = 8), responses were observed following
stimulation with AA-mix [100 pM] (n = 6). Responses to AA-mix concentrations of
10 uM and lower were observed in those animals as well. In two out of three animals,
responses to AA-mix [100 uM] were still observed after increasing the recovery time to
more than two weeks.

In parallel to the above described experiments an automatic ROI detection programme
was tested on simulated data and compared with ACI. Both in ACI and in the automatic
ROI detection, the four distinct activity patterns were detected (Fig. 3.12). ACI used
the correlation between reference traces (Fig. 3.12A) and other voxels, whereas the
automatic ROI detection program reduced the traces to binary sequences (Fig. 3.12B).
In other words, the (overlapping) dots shown in Fig. 3.12B are the event sequences
of automatically detected ROIs (y-axis) at frame i (x-axis). Four detected ROIs were
comparable to the ROIs detected with ACI (Fig. 3.12C-D).

As a next step, I tested whether the new algorithm could also find multiple ROIs
when using experimental data. As mentioned before, stimulus-induced responses were
observed in JG205-stained ORNSs after a recovery time of more than one week. Those
measurements recorded fluctuations of a larger part of the lateral cluster, to increase
the success rate of detecting responding glomeruli. I increased the time before the first
application, so it was possible to record spontaneous activities as well. Stimulus in-
duced responses were clearly recognizable when comparing the automatically detected

sequences. Spontaneous events are detected as well.
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Figure 3.12: Comparison between two ROI selection procedures
A: Four simulated activity traces B: Automatically detected event sequences. C: Semi-
automatically detected ROIs. D: Automatically detected ROIs
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Figure 3.13: Automatic detected sequences from experimental data

A: Stimulus application scheme. After the application of Ringer’s solution, AA-mix was
applied at different concentrations. Between applications there was an interstimulus interval
of 25 seconds. B: listed event sequences. t: time in seconds

It is not easy to detect neuropils using odorant responses alone. However, obtaining
morphological information requires an additional recording and would cause bleaching
before more relevant information about glomerular activity patterns could be obtained.
Yet, morphological data is necessary to reliably select glomeruli. Since the custom built
line illuminating microscope had a red laser as well, a second dye was simultaneously
electroporated. Thus, morphological data was acquired using the red laser, and at the

same time bleaching was prevented. In general, electroporating ORNs with an Alexa
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dye results in very detailed and bright staining of glomerular axons. However, this
was not the case for cells that were simultaneously electroporated with Alexa 680 and
JG205. Therefore remained a challenge to select target glomeruli. Ongoing experiments

investigate how to define target glomeruli after JG205 electroporation.
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4 Discussion

This thesis’ work used a combination of recently developed methods to investigate
presynaptic activity patterns within individual glomeruli. The results described in chap-
ter 3 show that intraglomerular ORN axons have different sensitivities and spontaneous
activity patterns. Characteristic profiles, both the spontaneous and stimulus-induced
activities, change over subsequent recordings. Correlated cell-specific activity was re-
quired for visualizing individual axons with activity correlation imaging. Once such
activity was observed in JG205-stained ORNs. However, the specific glomerulus did
not respond to AA-mix stimulation, which may point out that this activity was unphys-
iological. The low success rate so far, supports this hypothesis. Under physiological

conditions, the separation was only partly possible for CaGreen-stained axons.

4.1 Glomerular sensitivity

Previously it has been shown that odor response thresholds can be influenced by stimu-
lus application. In flies even the rate of concentration change has been reported to influ-
ence response thresholds (Wilson, 2013). This effect is usually explained by stimulus-
induced adaptation and/or sensitization. Most of the adaptation studies in olfaction
described cAMP-mediated adaptation (Ma and Menini, 2010). However, the majority
of amino-acid sensitive cells have a PLC-mediated pathway (Sansone et al., 2014). Our

recent data illustrates that the BK-channel plays an important role in shaping odor re-
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sponses (Bao et al., 2015). This channel is known to be involved in olfactory adaptation
(Kawai, 2002). Hence, the modulation of the BK channel may play a role in the adapta-
tion of amino-acid sensitive cells. The data presented in this thesis showed that detected
response-thresholds changed over time. Control experiments are required to investigate
whether this effect is a purely method-dependent effect or whether the variations are
related to adaptation processes.

Dose-response experiments revealed that glomeruli can be very sensitive to amino-
acids and that both dose-response profiles and spontaneous activity patterns differ over
subsequent recordings. Nevertheless, responses were regularly observed after the ap-
plication of amino acids in the nanomolar range. There are only around 10 % of ORN
somata that respond to single amino acids in the nanomalar range (Breunig et al., 2010).
Here I used a mixture of those single amino acids. Combined responses, such as sum-
mation or hyperaddition may occur (Thomas-Danguin et al., 2014).

Why these effects do not fully explain a sensitivity in the nanomolar range is as fol-
lows. First of all we assumed that most of the glomeruli respond to only three or fewer
single amino acids (Manzini et al., 2007a). Around 45 % of them respond to only one
amino acid (Manzini et al., 2007a). Combining the glomeruli listed in Table 3.1 and
Table 3.2, and thereby disregarding any stimulus-induced threshold changes, more than
50 % have a response threshold of 1 uM or below. Fifty percent is five times more than
the 10 % of ORNs measured at the olfactory epithelium (Breunig et al., 2010). The dif-
ference indicates that glomeruli are more sensitive than ORNs. Obviously, it cannot be
excluded that if those glomeruli respond to more than a single amino acid, the observed
response is the result of an hyperaddition (Thomas-Danguin et al., 2014).

On the other hand, the single amino acid experiments presented in this thesis showed
that 3 out of 5 glomeruli were successfully stimulated with 1 uM as well (Fig. 3.6). This
observation again supports the observation that glomeruli are more sensitive than ORNs.

ORNSs within glomeruli are probably (almost) mature and only form a subset of the total
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number of ORNs (Manzini et al., 2007a). As a narrowing of odor response profiles is
observed over time (Manzini and Schild, 2004), ORNs could become more sensitive
to low concentrations as well, which would fit with the current single amino acid data
and would explain the somewhat shifted dose response profiles of ORNs measured in
the olfactory epithelium. In this line the less sensitive glomerulus shown in Fig. 3.6B
may consist of ORNs younger than the more sensitive glomerulus (Fig. 3.6A). An al-
ternative explanation for the difference in sensitivity between the epithelium and the
bulb would be that responses are more easily detected in the OB. For example due to
differences in Ca>*-channel density and/or a lower diameter of ORN axons, compared
to ORN somata. This is supported by the findings in Connelly et al (2013). Their
patch clamp recordings revealed stimulus-induced responses in rat ORNSs after the ap-
plication of low-concentrated odors (10 nM). Since rat ORNs are thought to be less
sensitive (Duchamp-Viret et al., 2000) than frog ORN:Ss, it could indeed be that the re-
sponse thresholds of most ORNSs are actually lower than those obtained using calcium
imaging in the olfactory epithelium.

Dose-response experiments revealed that detecting response thresholds is not a reli-
able method for the activity-based separation of intraglomerular compartments (Fig. 3.2).
On the other hand, the fluctuation of responses observed after the stimulation with low-
concentrated single amino acids confirms the study of Wachowiak et al. (2004) in the
sense that response variations throughout glomeruli are observed, especially using low
concentrations, and that intraglomerular response profiles cannot be separated using

CaGreen.
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4 Discussion
4.2 Odorant responses and spontaneous activity

During the localization of target glomeruli, spontaneous activity was much more ap-
parent in JG205 stained ORNs than in ORNSs electroporated with CaGreen. Although
an improved signal-to-noise ratio could contribute to this observation, it may not fully
explain the different activity patterns. Since odorant responses were observed more
frequently when the recovery time was prolonged, JG205-stained ORNs were probably
more damaged after the electroporation protocol. The poor Alexa staining is in line with
this hypothesis.

Those results do not exclude that damaged or dying cells have high spontaneous ac-
tivities. The fact that cells with high spontaneous activity were more apparent in JG205-
stained ORNs might just depend on the increased signal-to-noise ratio. After CaGreen
electroporation there may be a similar number of dying cells, which are just not as
easily recognized during imaging. Indeed, also after CaGreen electroporation several
glomeruli of the lateral cluster do not show any responses to amino-acid stimulation
(Fig. 3.1).

Based on the results of CaGreen and JG205, I hypothesize that there is an inverted
U relationship between age and sensitivity of ORNSs. In other words, young cells may
be rather insensitive and have a higher response threshold (Fig. 3.6). Cells projecting
to glomeruli are probably more mature (Manzini et al., 2007a), which would explain
the increased sensitivity of glomeruli (section 3.1). Old or damaged cells will lose this
sensitivity again and in those cells a high spontaneous activity was observed as well. The
only difference between old and young cells would be that young cells have a broad and
old cells a narrow odorant response profile. Future experiments are necessary to test this

hypothesis.
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4 Discussion
4.3 Methods of ROI selection

I compared three different ROI selection procedures to investigate which of them is
most suitable for assigning voxels to axons. This section will compare the advantages
and disadvantages of those methods regarding the different experimental conditions.
ROI selection based on neighborhood correlation maps can only be reliably performed
when voxels contain enough correlated events that differ from events of other vox-
els. Since stimulus-induced responses between different intraglomerular regions at least
partly overlap in time, ACI maps of different ROIs will always reveal all regions that
reacted to this stimulus. Regarding spontaneous activity, those events are too few and
have a low signal-to-noise ratio, which results in a very noisy neighborhood correlation
map. Neither stimulus-induced responses nor spontaneous activity traces of CaGreen-
stained ORNSs are suitable for a purely correlation dependent analysis. Using manual
ROI selection, differences between spontaneous activity patterns and differences in re-
sponse profiles were observed. Yet, the fact that structures appear or disappear over
recordings, due to bleaching or z-movement, constrains manual ROI selection, which is
one of the disadvantages of this method. Furthermore, ROIs drawn manually, probably
covered axons that were very close to each other.

The limitations of manual and semi-automatic ROI detection motivated us to develop
an automatic ROI selection programme for the analysis of activity patterns of CaGreen-
stained glomeruli. Here, the first applications of this algorithm show that regions re-
vealed wit ACI are also detected as individual ROIs after running the new programme.
An automatic ROI detection procedure has several advantages compared to ACI. First
of all, the automatic ROI selection is less prone to experimental bias, since no man-
ual steps are required. Secondly, the experimenter can define system-specific criteria
to distinguish traces. For example, whether sequences should contain at least n non-
overlapping events before they are assigned to a different ROI (see section 2.6.3 for

other parameters). This flexibility is a huge advantage in comparison to ACI and the
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algorithm is suitable for distinguishing intraglomerular axons using a voxel-based anal-
ysis of activity patterns. On the other hand, this flexibility can easily lead to false pos-
itive or false negative ROIs. Especially when the knowledge about event fluctuations
within single cells is limited. This will complicate the choice of suitable parameters.
The presented results showed that the kind of activity will define the appropriate ROI-
selection procedure. When the number of events across multiple axons is low and some
of them are even correlated, they can probably not be distinguished with ACI. By con-
trast, when there are many events or the event intervals are short ACI will probably be
the most suitable approach. At this moment it is not known to what extent uncorrelated
events can occur in the axon terminals of one ORN. One physiological explanation for
such events would be the spontaneous opening of Ca®* channels. Future experiments,
for example calcium imaging in axon terminals of single-stained ORNSs, are required to
investigate uncorrelated events in single cells and to what extent they possibly bias the

activity-based separation of individual intraglomerular axons.
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5 Conclusions and future directions

The three main points of this thesis are the following. Glomeruli can be very sen-
sitive and fluctuations of stimulus-induced responses constrain axon separation based
on stimulus-induced response profiles (1). By comparing spontaneous activity, but not
stimulus-induced responses, coarse intraglomerular compartments were identified using
CaGreen (2). Individual ORN axons were revealed by activity correlation imaging only
whenever enough correlated cell-specific activity was obtained (3), for example by using
JG205. The combination of fast 3D calcium imaging and ACI enables the study of pre-
synaptic odor representation within and between individual axons of single glomeruli.
This combination of techniques is also applicable in other research areas focusing on

signal processing in dense networks and the contributions of single neurons.

50



6 Summary

Olfactory glomeruli are structural and functional neuropils in the olfactory bulb. Al-
though many olfactory receptor neurons (ORNs) project to one glomerulus, stimulus-
induced responses within single glomeruli could not be previously distinguished using
calcium imaging. At the level of the olfactory epithelium, however, activity differences
within ORN subpopulations have been reported.

I studied stimulus-induced and spontaneous activity patterns of intraglomerular ORN
axons in order to obtain a deeper understanding of presynaptic odor representations
within single glomeruli. Dose-response profiles and spontaneous activity patterns were
obtained for glomeruli stained with CaGreen or JG205, which is a newly synthesized
dye. From CaGreen-stained glomeruli odorant response profiles were acquired as well.
Activity-specific information was then used to investigate how individual intraglomeru-
lar axons can be distinguished based on activity patterns.

The presented data revealed, that, a combination of fast 3D line-illumination mi-
croscopy and activity correlation of spontaneous activity patterns was sufficient for
the visualization of JG205-stained ORN axons. An activity-based separation of intra-
glomerular axons was, however, only partially possible for axons stained with CaGreen.
The latter confirms previously reported results, namely, that response profiles and/or
spontaneous activities from CaGreen-stained glomeruli cannot be assigned to individ-

ual CaGreen-stained axons (Wachowiak et al., 2004).
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6 Summary

The study of information processing within individual intraglomerular axons is essen-
tial for a deeper understanding of the presynaptic representation of odors. Visualizing
and identifying individual intraglomerular axons simultaneously based on their activ-
ity patterns facilitates the study of presynaptic information processing. Furthermore,
the combination of fast 3D calcium imaging and activity correlation imaging can also
be used to investigate information processing in single neurons across brain areas and

species.
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