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Chapter 1

Introduction

1.1 Olfaction

A plethora of different substances diffuse through the biosphere, many of
them being produced by living organisms and eventually released into their
surrounding space. The resulting concentrations depend on the distance
to the source and the molecular composition can be highly specific to the
underlying metabolism. This is a pool of information animals can use to
their advantage, by the detection and discrimination of molecules using the

sense of smell - olfaction.

Most animals depend on olfaction to survive. They need to find food,
avoid toxins and predators, locate mates and recognize parents or offspring.
It is remarkable how well the olfactory system performs on all these tasks,
considering that it has to detect and interpret an immense number of pos-
sible molecules with a limited number of neurons, while still being able to

discriminate between similar odors.

The main strategy in olfactory sensing becomes evident from its general
organization, which is introduced in the next section. Other properties, how-
ever, as the temporal patterns of neuronal activation and how they relate
to the olfactory stimulus, are not as well understood and need more refined

measurements on different scales.



Chapter 1. Introduction

1.1.1 Organization of the main olfactory system

The vertebrate olfactory system mainly consists of three parts, the olfactory
epithelium (OE) located in the nasal cavity containing the olfactory receptor
neurons (ORN), the olfactory bulb (OB) where the ORN activity is first
processed, and higher brain centers (Fig. 1.1).
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Figure 1.1: Overview of the vertebrate olfactory system. The main aspects of
olfactory coding discussed in this thesis concern the activity of the olfactory recep-
tor neurons (ORN), their projections into different glomeruli, and the activity of
mitral cells. Image modified from [17, 29].

The olfactory receptor neurons are bipolar neurons with a dendrite ex-
tending from their soma towards the lumen of the nasal cavity and an axon
projecting into the OB. The dendrite is terminated by a so-called dendritic
knob from which cilia or microvilli protude into the mucus, which covers the

contact area between OE and the outer environment and is generated by sus-



1.1. Olfaction

tentacular cells and by the bowman’s glands [15, 18, 62, 63]. Odor molecules
are detected by specific olfactory receptors (OR) in the ciliary membrane
(see 1.1.2), potentially leading to a depolarization of ORNs upon binding
and action potentials traversing the unmyelinated axon along the olfactory
nerve towards the OB. There, groups of ORN axons converge into separate
neuropil structures called olfactory glomeruli, forming glutamatergic synap-
tic connections between ORN axon terminals and dendrites from groups of
mitral /tufted (M/T) cells [3, 12, 41, 42].

The convergence pattern of ORN projections into glomeruli is determined
by the ORN specificity. By typically expressing one type! of OR from a large
set of OR genes (about 1000 and 350 in mice and humans, respectively [4, 45,
74, 76]), ORNs have specific sensitivities to a range of different odors. Most
ORNSs expressing the same OR are found to project to the same glomerulus
[53, 71].

This is a major aspect in the olfactory system. By sorting ensemble re-
sponses based on classes of odor sensitivity, the high-dimensional response of
all ORNSs is abstracted, compressed, and signal-amplified. Odors in the OB
are thus represented by their glomerular (and M/T cell) response pattern,
which is an efficient way to sample a large odor space with few neurons. Usu-
ally this is referred to as “combinatorial coding” [33]. The glomerular response
patterns have been recently successfully investigated by [Ca?*]; imaging in
a statical way [35, 46|, in which odors are characterized by assigning each
glomerulus a single number that represents its respective response strength.

However, patterns of activation might change over time in an odor-specific
way, as the transduction of the signals in ORNs can have various time courses.

This is illustrated in the next section.

1.1.2 Transduction

Olfactory Receptors are located on cilia of ORNs (Fig. 1.2) and coupled to
olfactory G Proteins (G [21]). Upon binding of an odorant molecule, the

!The concept of the expression of a singular OR per ORN [20, 52| has been recently
challenged [17, 49, 68].
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Figure 1.2: Olfactory transduction for the cAMP pathway. [36].

a-subunit of Gy activates adenylyl cyclase type III (ACIII), which in turn
generates cAMP from ATP. Subsequently, nucleotide-gated (CNG) cation
channels are opened upon cAMP binding [8], eliciting mostly a depolarizing
Ca?* current into the cell. In turn, Ca?" dependent CI1~ channels (ANO2)
are opened after binding of intracellular Ca®", further depolarizing the cilium
through C1~ outflux [67]. Additionally, [Ca®"]; is reported to inhibit CNG

currents 27|, facilitating adaptation.

If the combined ciliary currents are sufficient to depolarize the soma
through electrotonic propagation (red arrow in Fig. 1.2) above the open-
ing threshold of somatic voltage-gated Na™ channels, action potentials are
generated, further depolarizing the cell. This in turn also activates voltage-
gated Ca®" channels and subsequently Ca** dependent K* channels [59],

which have been shown to modulate neuronal activity in several ways [57].

From the multitude of interconnected reactions in the transduction path-
way described above, it is clear that the ORN response in the form of action
potentials over time might depend on odor concentration and other factors
(like the history of previous states) in a complex manner, and that its de-

scription by a one-dimensional dose-response curve could be too simplistic.

4



1.1. Olfaction

1.1.3 Temporal coding

Fast measurements of M /T cell activity have recently revealed that temporal
patterns are indeed very important for olfactory coding [23]. Here, the most
significant information was found in the vector of first-spike latencies. By
comparing the order of latencies (using rank-correlation) from different M /T
cells for individual odor applications, the odor identity (and, to a lesser de-
gree, the odor concentration) could be reliably predicted. As a comparison,
the pattern of mean firing rates reconstructed from the same data showed
much less predictive power.

Surprisingly, the information for odor identity was already contained in
the first 400 ms, at a time when the statical response pattern had not fully
developed. This is supported by results from behavioral studies in various
species, where discrimination tasks showed that 500 ms or less were already
sufficient for odor recognition [1, 28, 54, 64, 69, 72|.

A possible explanation lies in the relatively broad OR specificity. Similar
odors could activate almost the same set of ORNs at a longer time scale,
and therefore be difficult to be distinguished with static response patterns,
while first-spike latencies would profit from odor-dependent information con-
tained in fast ORN transduction kinetics. The necessary data to test such

hypotheses does however not exist.

1.1.4 Aims

This thesis aims at eludicating ORN population coding and to relate it to
the latency coding observed in the olfactory bulb. How are M/T latencies
generated? Does latency coding exist already at ORN level? What is the
actual overlap in static OB response patterns that could make them less effi-
cient at odor coding than temporal response patterns? Unfortunately, these
questions concern a large range of scales in space and time. No known tech-
nique could possibly measure fast ORN activity while at the same time record
complete static response patterns in the OB. This thesis is therefore divided
into three parts, each focusing on one spatiotemporal scale using different

techniques, with the aim of combining the results for a better understanding



Chapter 1. Introduction

of temporal olfactory coding.

1. Fast measurement of ORN populations. Responses of ORN pop-
ulations are to be recorded with highest possible temporal resolution
using [Ca?*]; imaging. A typical simple odor should be chosen that is
able to stimulate more than one ORN class at the same time. Temporal
properties of the responsive ORNs should be determined and analyzed
on population level and their possible contribution to latency coding

evaluated.

2. [Ca?]|; dynamics in single ORNs. As [Ca®"|; might not directly
reflect ORN activity due to different sources of Ca®* [30], fast [Ca"];
imaging should be used in combination with the patch-clamp technique
to evaluate the contribution of VGCCs and therefore the validity of

[Ca?*]; imaging in part 1.

3. X-Ray Microscopy of full nose-brain preparations. This tech-
nique is to be evaluated for the possibility to image populations of
ORNs and their projections in the OB simultaneously and in 3D. The
long-term aim is to evaluate the overlap of static OB response patterns

for different olfactory stimuli.



Chapter 2

Materials and Methods

2.1 Microscopy

For fast confocal fluorescence imaging a custom line illumination microscope
(LIM) was used. The LIM consists of an upright microscope frame (Axio-
scope FS 2 plus, Zeiss, Gottingen) in combination with a confocal unit (Fig.
2.1) designed and built by Dr. Stephan Junek [22]. My contribution was to
develop the software for microscope control (scan mirror position, position of
the objective, triggers for laser shutter, camera synchronization and external

events) and the software for image acquisition.

2.1.1 Modifications of the LIM

During the time of this thesis, the LIM was modified as follows:

Excitation laser and laser shutter The argon ion excitation laser was re-
placed due to increasing fluctuation in output power by an optically pumped
semiconductor laser (Sapphire LP 488, Coherent, Santa Clara USA). A cus-

tom laser shutter was build using the coil of a hard drive (similar to [32]).

CMOS line detector Because of electrical oscillatory noise, the CCD line
camera (1x512 pixels) was replaced by a fast CMOS line camera (2x2048 pix-
els) capable of fast readout (Sprint spL.2048-140km, Basler AG, Ahrensburg,

7
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Figure 2.1: Light pathway in the LIM. The emission laser light exiting the glass
fibre (GF) is collimated and then focussed onto the scan mirror (SM) by a cylin-
drical lens (CL) after being reflected by the dichroic mirror (DM). A horizontal
illumination line is imaged onto in the back aperture of the objective (O) by the
scan lens (SL) and tube lens (TL), its angle to the optical axis defined by the
deflection angle of the SM. A vertical illumination line is thus created in the object
plane (S) with a horizontal displacement depending on SM deflection angle and
its axial position defined by the piezo actuator (PA) of the objective. Emission
light is descanned by the SM, passes through the DM and an additional emission
filter, and is imaged by the detector lens onto the linear detector, which also has
the function of a confocal aperture. Image taken from [22].




2.2.  Image processing

Germany). The emission pathway was adjusted to the new detector and pixel
size. The image acquisition software was newly written in C+- as the driver
architecture of the grabber card changed. Unfortunately, it was discovered
that the baseline dark readout for each line fluctuates between time points.
To compensate for this effect, the sensor was covered from emission light for
a region of 128 pixels, and the average of this dark signal subtracted from
individual pixel counts for each time point during acquisition, which signif-
icantly reduced image noise. A similar approach named dynamic baseline
clamp is used in recent CMOS cameras (e.g. Neo sCMOS, Andor, Belfast,
UK).

2.2 Image processing

2.2.1 Shift correction

To detect a shift [26] between two similar images f(x) and g(z) (here in 1-D),

their non-normalized cross-correlation function

+oo
ccrg(Ax) = f(z) - gz + Az)dz (2.1)
is searched for the position z( of its maximum. A calculation of ccyg
becomes prohibitively slow for large 2D or 3D images and long timeseries.
As ccy,4 is identical to the convolution f(x) * g(—x), its calculation can be

sped up by using the convolution theorem:

f@)*g(—x) = F H{F{f(x)} - Flg(-2)}} (2.2)

with the fourier transform F and its inverse F~!. For discrete signals of
a limited width d,, the discrete fast fourier transform is used. However, this
assumes that the functions f(x) and g(z) are periodical in d,, and their left
and right borders are to be correlated. This can introduce errors in the shift
detection if objects enter or exit the image area through a border, which is

often the case in microscopic data. As a simple way to avoid any border
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interaction, the image data is zero-padded with margins of size d,, bigger
than the maximum shift, and the corresponding cross-correlation function is

corrected by the factor
1

d, + d,, — abs(Ax)

(2.3)

to compensate for the contribution that is introduced by correlating two
rectangular functions. The resulting correlation function is free of border
effects and its maximum position is fitted by a gaussian function for subpixel
resolution. This procedure, expanded to 2-D or 3-D, accurately determines
a shift vector between a reference image (usually a time-average for better
signal) and all other images. The shift vector is then used to correct the
image shift by cubic spline interpolation of each pixel intensity for its new

position.

2.2.2 Neighborhood correlation map

As a measure of local correlation, the time signal of a pixel I, ,(¢) is correlated

with the averaged time signal of its four neighbors Iy(t) = (Ly41,(t) +
Ix—lyy@) + Loyt (t) + Ix,y—l(t))/4a

;Z;} IACE,Z/ <t> :T[AnbA(t) (24)
2ot 12y (8) 2y 13 (1)

Cnb<x> y) =

where I denotes an intensity after subtraction of its average and T is the
maximum time index. Maps of ¢y, (2, y) can be used to identify connected

regions that have similar signals over time.

2.2.3 Activity correlation imaging (ACI)

To detect time-correlated pixels between different spatial regions, reference
signals I,.(t) are obtained by averaging pixel intensities over user-defined pixel
regions of interest (ROIs, 7 = ROI index) for each time point. The correlation
map cc(x,y,r) for each r is calculated identically to Eq. (2.4) (replacing Iy,

with I,.). The set of correlation maps for each r can then be mapped into

10



2.3. Xenopus laevis tissue slice preparation and staining

color space using custom defined colors for each r, creating a high-contrast
color image based on the temporal activity patterns [22]. To improve the
contrast for image data under photobleaching conditions, the time traces of
each pixel are subtracted by their linear regression curve prior to correlation.
In this work, only a single ROI was used and therefore no color mapping was

necessary.

2.3 Xenopus laevis tissue slice preparation and

staining

For an optimal comparison to the measurements referenced in section 1.1.3,
which were also performed in our lab, the same model animal, Xenopus laevis,
was used.

Tadpoles of Xenopus laevis (stages 51-54, staged after [44]) were immo-
bilized by chilling in a mixture of ice and water for 2 min and sacrificed by
decapitation as approved by the Gottingen University Committee for Ethics
in Animal Experimentation. A tissue block containing both epithelia, ol-
factory nerves, and the anterior half of the brain was cut out, glued onto
the stage of a vibratome (VT 1200S, Leica Microsystems GmbH, Nussloch,
Germany) and immersed in solution (referred to as “bath solution” in the
following) containing (in mM): 98 NaCl, 2 KCI, 1 CaCly, 2 MgCls, 5 glucose,
5 sodium pyruvate, 10 Hepes; 230 mOsm/l, pH 7.8. The block was hori-
zontally cut through the olfactory mucosae and the dorsal half discarded,
obtaining 180-220 pm-thick slices after a second horizontal cut [37]. Slices
were transferred into custom built microscopy chambers and stabilized with
a grid [11].

For staining, fluo-4 AM or fluo-5F AM (Invitrogen, Karlsruhe, Germany)
were first dissolved in 20% Pluronic F-127 in DMSO and diluted in bath
solution to reach a final concentration of 5-10 pM. The final concentrations of
DMSO and Pluronic F-127 did not exceed 0.5% and 0.1%, respectively. Slices
were incubated for 30-45 min in 200 pl staining solution, with an addition of
MK571 (50 uM, Alexis Biochemicals, Lorrach, Germany), a specific inhibitor

11
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of multidrug resistance-associated proteins to prevent transporter-mediated
destaining of the slices [38, 40]. After incubation, the solution was exchanged
with bath solution containing MK571 (50 pM) and measured after 30 min.

2.4 Perfusion and stimulus application

Slices in the recording chamber were continuously perfused with bath solution
by gravity feed through a funnel applicator (modified from [34, 58] for a larger
tip diameter). Odors were applied into the funnel using an electronic pipette
(HandyStep electronic, Brand, Wertheim, Germany) modified to accept TTL
triggers generated by the LIM control computer, and delivering 1 ml solution
for 2 s.

As odorant stimuli, either a single amino acid (L-Methionine) or a mixture
of 15 amino acids was used (Sigma, Deisenhofen, Germany): L-proline, L-
valine, L-leucine, L-isoleucine, L-methionine, L-glycine, L-alanine, L-serine,
L-threonine, L-cysteine, L-arginine, L-lysine, L-histdine, L-tryptophane, L-
phenylalanine, diluted in bath solution to concentrations given in the exper-

iments.

2.5 Electrophysiology

Patch pipettes with series resistances of 7-11 M(2 were pulled from borosil-
icate glass with 1.8 mm outer diameter (Hilgenberg, Malsfeld, Germany)
using a two-stage pipette puller (PC-10, Narishige, Japan). Pipette solu-
tions contained (in mM): TEA-CI 5, CsMeSO3 62, MgCl, 2, HEPES 10,
ATP-Mg 2, GTP-Nay 0.3 Nay-Phosphocreatine 7; pH 7.7-7.8 (adjusted with
TEAOH), 230 mOsm/1, and with varying concentrations of EGTA, BAPTA,
Fluo-4 and fluo-5F (see Results). Patch-clamp was performed using an EPC7
plus amplifier (HEKA, Lambrecht, Germany) and custom hardware /software
used in the lab [60].

After formation of a tight seal (1-5 G{2) and setting the holding potential
to =75 mV, ORNs were brought into whole-cell configuration by negative

12



2.6. X-Ray phase contrast microscopy

pressure, breaking the seal. For fast depolarization pulses synchronized with
the CCD detector aquisition, an analog switch (DG419, MAXIM, San Jose,
USA) was used in a custom-build circuit to switch the command voltage of
the patch-clamp amplifier from the output of the patch-clamp software to a

manually adjustable level.

2.6 X-Ray phase contrast microscopy

Tadpoles were either stained with Nanogold (Nanoprobes, Yaphank, USA,
conjucated with 10kD dextran and the fluorescent dye Texas Red) in col-
laboration with Dr. Sebastian Gliem (Neurophysiology and Cellular Bio-
physics, University of Gottingen) using different staining protocols, or left
unstained. The specimen were then fixed with 1,5% glutaraldehyde and
1,5% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.3 for 3 h
at room temperature and given to Dr. Peter Schwartz (Dep. of Anatomy
and Embryology, University of Gottingen) for postfixing for two hours in
2% osmium tetroxide in 0.1 M sodium phosphate buffer and dehydration in
graded ethanol. X-Ray phase contrast microscopy and microtomography was
then performed by Martin Krenkel (Institute of X-Ray Physics, University
of Gottingen).

13
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Chapter 3

Results

3.1 ORN population responses

In this section, the responses of olfactory receptor neurons (ORNs) to ol-
factory stimuli are investigated with respect to olfactory coding. To assess
which properties of ORN responses should be measured in the first place, it
is useful to think of how information exits the olfactory epithelium to the
next neural cell layer: the only carriers of information are action potentials
as a stream of unitary events in time for each ORN. As such, ORN output in
response to an olfactory stimulus can be characterized in a limited number

of ways:
e action potential frequency
e first-spike latency
e individual spike times (and resulting inter-spike intervals)

In the generally accepted model of combinatorial coding, individual ORNs
possess specific sensitivities to a range of different odors, and form the re-
sponse to an odor as an ensemble. It is therefore desirable to measure the
above properties for multiple ORNs in parallel.

An established technique to determine neuronal activity is [Ca®T]; imag-
ing, which infers the state of neuronal excitation from changes in its intra-

cellular Ca®" concentration ([Ca?"];). This is especially valid if the only

15



Chapter 3. Results

source of [Ca?*]; is an influx through voltage-gated Ca** channels (VGCCs)
with higher activation threshold potential than the voltage-gated Na™ chan-
nels that facilitate the depolarization, as an increase in [Ca?"]; would always
(and only) follow an action potential. In ORNs, however, at least two sources

of [Ca?T]; exist and may overlap during responses:

1. Ca?" influx through ciliary transduction channels, of which currently

cyclic nucleotide-gated (CNG) and IP3-gated are known

2. Ca?* influx through somatic high-voltage gated Ca?* channels upon

depolarization above —30 mV [61]

It is unclear if [Ca®"]; imaging is principally able to resolve the contribu-
tions of VGCC and thus detect single APs even if the temporal resolution of

the measurement would be sufficient.

3.1.1 Evaluation of single-spike detection using fluo-5F

In the first sets of experiments it was determined if it is possible to reliably
detect somatic fluorescence steps attributable to action potentials.

Slice preparations containing the olfactory epithelia of Xenopus laevis
larvae (called “slices” in the following) were stained with the fast [CaT]
sensitive fluorescent dye fluo-bF AM. The custom-built confocal line illu-
mination microscope (LIM, [22]) was used to acquire time series of images
from one focal plane at 115 f/s. Fig. 3.1 shows relative fluorescence traces
(AF/Fy = (F — Fy)/Fo with initial fluorescence Fpy) from 4 cell somata af-
ter a stimulation with odorants (mixture of 15 amino acids at 200 pM (see
Methods) at t=0 s). For one of the cells (blue trace), fluorescence steps
upon odorant stimulation can be clearly detected. The individual fluores-
cence steps are related to action potentials, as they have almost identical
amplitudes which are reached within one frame (<8 ms). They occur at long
time delays (several seconds) from the stimulus onset and at low frequencies
(3-6 Hz). Unfortunately, there were very few cells exhibiting this behavior (4
of 60 in 8 slices, 0-1 per slice), and thus not suitable for population measure-

ments. For the majority of ORNs reacting to odorants, somatic fluorescence

16
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Figure 3.1: Fluorescence steps in a subset of ORNs. Relative fluorescence inten-
sity (AF/Fy) is shown for somatic signals of four cells after application of odorant
solution (amino acid mixture, 200 pM). A smooth fluorescence increase (red, cyan,
green) is detectable from most ORNs even at frame rates > 100 f/s, with the
exception of few cells (blue) showing steep increases (< 8 ms total rise time) in
fluorescence attributable to action potentials of low frequencies (3-6 Hz).

increased smoothly. If the odor concentration was reduced 5-fold and the ac-
quisition frame rate was increased to 217 f/s, step-like features could be seen
for a small number of cells (n=8). Under all conditions, however, significant
photobleaching occurred, quickly reducing response amplitudes and leading

to cell death during 1-4 repetitions.

As a conclusion, AP-induced Ca?" influx through VGCCs was too diffi-
cult to detect for population measurements. Fast [Ca’"]; dynamics during
depolarization are further elucidated in section 3.2. For the measurements
on the population level, it was decided to focus on action potential frequen-
cies and onset latencies only, under conditions of lower photobleaching and
higher repeatability. The LIM was modified for higher sensitivity (replacing
the CCD line detector with a CMOS device), the excitation laser power re-
duced, and the imaging protocol changed to minimize exposition to the times

of odor responses.

17



Chapter 3. Results

3.1.2 Imaging protocol

Slice preparations of olfactory epithelia were stained with the slower but
higher-affinity [Ca™?| sensitive fluorescence indicator fluo-4 AM (Ca?* dis-
sociation constant kp = 345 nM [14], kp = 2.3 uM for fluo-5F) to improve
the fluorescence signal at lower [Ca™];. The modified LIM was used to ac-
quire time series of images from one focal plane, using a scanning protocol

consisting of 3 phases (Fig. 3.2 C):

1. Slow acquisition: for each image frame, the laser illumination line was
scanned over the image area for 10 ms and then placed for 90 ms at a
“line off” position, where the excitation laser beam did not reach the
back aperture of the objective, effectively shutting off the excitation
power. The resulting frame rate was 10 f/s for 40 frames and 4 s, and
the image frames were used to determine the initial fluorescence Fy as

the pixel dwell time was identical to the fast acquisition.

2. Fast acquisition: the image area was continuously scanned at 100 f/s
for 400 frames and 4 s to capture the ORN responses in high temporal

resolution.

3. Slow acquisition: identical to phase 1, for the observation of the slow

reduction in [Ca®"|; after stimulation, which could last several seconds.

For the olfactory stimulation, odorants were applied towards the end of
phase 1 using an electronic pipette to the funnel of the application system.
The pipette was triggered by the software for mirror positioning, providing
a precise stimulus onset time. To achieve a fast concentration change of the
odorant in the imaged region (see Fig. 3.2 D for a calibration using the
fluorescent dye fluorescein), the tip of the applicator needed to be placed
near the imaged olfactory epithelium (< 750 pum), which often induced a
slight reversible image drift during the application due to variations in flow

speed.

18



3.1. ORN population responses

3.1.3 Shift correction and ROI selection

A custom algorithm was developed to detect image drifts in time series of
2D or 3D images with sub-pixel precision, and was employed to correct any
drift during individual measurements (see methods).

ORN fluorescence signals were obtained at their soma, where a region of
interest (ROI) was placed and the fluorescence count averaged over all of its
pixels for each image frame. A difficulty was the selection of suitable ROIs
in the conditions of low signal-to-noise ratio during fast measurements. As
a general aid, all pixels were correlated with a step function in time with its
edge positioned 2 s after stimulus onset (where usually all responding cells
showed increased fluorescence). In addition, a neighborhood correlation map
(see methods) was calculated to localize areas of correlated activity.

The focal plane was placed 5-20 pm below the surface of the slice to image
well-stained but healthy ORNs. However, the shape of the surface changed
considerably between measurements, unlike in similar experiments in the ol-
factory bulb or on inverted microscopes (as the glass surface has a stabilizing
effect). During 9 repetitions of a measurement, the top cell layer could shrink
by 25%, and cell pairs could change their relative positions by over 10 pm. As
these movements represent non-affine transformations in space, they could
not be automatically corrected by a simple global algorithm. Instead, the
positions of all ROIs were manually adjusted for each measurement, the focal
plane adjusted to compensate for shrinking of the slice in the z-direction, and

all cells excluded from analysis that moved out of the focal plane.

3.1.4 ORN population responses to a single odor

A single amino acid, methionine, was chosen as a prototypic olfactory stimu-
lus, as it is known to elicit responses from a large fraction of ORNs, increasing
the average number of cells that can be measured simultaneously. In addi-
tion, methionine is recognized throughout multiple ORN “classes” that can be
defined by their sensitivity to different odors [39]. This makes it possible to
obtain a response vector over a heterogeneous ORN population in the sense

of combinatorial coding, which would not be possible with odorant molecules
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to which only one ORN class responds.

To investigate the temporal properties of the ORN responses in respect to
stimulus strength, different concentrations of methionine were used: 20, 40
and 80 pM. These were sufficiently large to cause transient somatic [Ca®T|;
increase that could be well detected and analyzed, but also sufficiently low
to avoid saturation effects for the fluorescent dye or possible adaptation for
highly sensitive ORNs [48|.

A total of 540 respones from 57 ORNs in 12 slices were successfully
recorded, each cell being exposed to 5-12 applications of methionine with
alternating concentrations at time intervals of 3 minutes. ROIs containing
the cell somata were obtained and adjusted as decribed above, and their
fluorescence signal F},, normalized (F' = (Fyrayw — Fo)/Fp with the initial flu-
orescence Fy from imaging phase 1). A typical dataset from one ORN is
displayed in Fig. 3.2. A map of Fj is shown in subimage A, while the (step-)
correlation map for ROI selection is depicted in B. In subimage E, multiple
fluorecence traces show the typical response approximately 1 s after stimulus
onset (compare to subimage D), color-coded for odor concentration.

Following parameters could be extracted from the individual response

traces:

e The maximum amplitude F,,.. for each trace was obtained by taking
the maximum of F after a gaussian blur (using a width of 5 time points

(50 ms)) for noise reduction.

e The time t; of the response onset was obtained by fitting a piecewise

defined exponential function Fj; to the rising phase,

Fy , T <ty

Fro(t) = (3.1)

Fot+a-(1—e =% ,t>t

with fit parameters to, amplitude a and time constant 7. An example
fit is given in Fig. 3.2 E as solid blue line. Note, however, that the
asymptotic amplitude a is not used as an estimate for the maximum

fluorescence amplitude, as the fitted curve does not reflect the post-rise
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3.1. ORN population responses

part of the response well. A second (falling) exponential component
would better describe the whole shape of the response, but needlessly
complicate the situation (two additional fit parameters) without giving
further insight. Also, only the rising phases of the responses are very
similar between different ORNs, while their shape in the post-rise phase

can vary considerably, which is difficult to model.

e The slope S of the fitted curve at response onset time ¢y can be obtained

from the time derivative (from positive times) of Fg,

d a

S = —F- (¢t == 3.2
G = (32
Under the conditions of low [Ca?*]; which does not saturate the fluores-
cent dye (which is fulfilled at ¢y) and the main contribution of [Ca®*];
increase coming from VGCCs (which can also be assumed near tg, as
transduction Ca?* needs time to diffuse to the soma), S can be treated
as proportional to the average frequency of action potentials at onset

time ¢y (when referring to the same neuron).

3.1.5 Correction of photobleaching effect

Despite the improvements to the imaging conditions, the effect of photo-
bleaching could not be ignored. From the evolution of maximum amplitudes
Fiax (Fig. 3.3) during 12 odor applications at alternating concentrations, an
exponential reduction (Fy., shown as circles) is clearly visible. If amplitudes
were to be pooled into sets of equal concentration and averaged, a systematic
error would arise from the order of the applications, as later measurements
have reduced amplitudes. To correct for this effect, the amplitudes Fiax(n)
for the application number n were fitted with a single exponential function,
using a general decay constant 7* and three amplitudes b; (i € {1,2,3} for

20, 40 and 80 pM, respectively) for the three concentrations,

Fbleach(”) = bc(n) : ein/T* (33)
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Figure 3.2: Imaging of odor-induced [Ca?*]; transients in olfactory receptor neu-
rons. (A) Time-averaged fluorescence intensity from OE slice stained with the
[Ca%t]-sensitive dye fluo-4. Scale bar 20 pm. (B) Map of the relative fluorescence
increase AF/Fy calculated from time-averaged signals before (0-4 s) and during
(6-8 s) odor responses, respectively. One region of interest (ROI, red) indicates
a typical selection of pixels to be averaged for somatic fluorescence traces. (C)
Imaging protocol. To reduce photobleaching, the scanning frequency of the gal-
vanometric mirror was increased from 10 to 100 /s only for the relevant time range
of odor responses (4-8 s). (D) Time course of the odor concentration. The odor
stimulus was replaced by the fluorescent dye fluorescein to determine the evolution
of stimulus concentration over time (green line) after the electrical trigger (verti-
cal blue line) to the odor application system. The trigger time was adjusted for
ORN responses to be in the time frame of fast acquisition without unnecessary
photobleaching. (E) Responses of a single ORN (see B) to odorant applications
(methionine at different concentrations, see legend), with best-fit curve for the
onset of one response shown as thick blue line.
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where the information about what concentration index is used on ap-
plication n is given in ¢(n). Using this scheme, the decay constant 7* was

obtained and could be used for photobleaching correction:

*

Er..(n) = Fuax(n) - /T

max

(3.4)

As the fluorescence slopes S(n) for application n would be similarly in-

fluenced by photobleaching, they were corrected accordingly:

167

1.4+¢

1.2¢

max

0.8t

06f
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12 3 45 6 7 8 9 101112
n

Figure 3.3: Effect of photobleaching on maximum response amplitudes. The
maximum response Fi,x of a single ORN to alternating odor concentrations shows
an exponential decay in addition to its concentration dependence (circles, see leg-
end for concentrations). If the amplitudes were to be pooled and averaged over
similar concentrations, a systematic error would arise solely based on the order
of applications. To compensate for this effect, the set of all amplitudes of one
cell were fitted simultaneously by an exponental function (solid lines), including 3
concentration-dependent amplitudes.
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20 pM 40 pM 80 uM | all

to — b
mean |ms| | 38.3 10.1 474 0
error of the mean |ms| | 26.7 25.6 31.2 | 16.2
standard deviation [ms| | 358.2  341.2 421.8 | 376.8
significance * *
to— 1,
mean |ms| | 38.3 10.1 474 0
error of the mean [ms| | 22.9 19.3 26.7 | 13.5
standard deviation [ms| | 306.9 2574  361.1 | 313.4
significance * *

Table 3.1: Comparison of statistics between relative latencies ty — ty, and ty — ¢,

3.1.6 Distribution and concentration dependency of re-

sponse parameters

The response parameters ¢, Fr. . and S*, pooled into the three sets of con-
centrations (20, 40 and 80 pM) for all measurements, are shown in Fig. 3.4.
In the following, subsets of parameters are referred to by using the indices
m (slice number), n (application number for each slice) and r (cell (ROI)

number).

Response onset latencies The absolute time points tg of the onset la-
tencies were not comparable between measurements of different slices, as the
position of the application system and therefore the time of stimulus varied
from slice to slice. The simplest correction was to use the average of ¢y for all
responses of one slice (= t,,) and to individually subtract it from the corre-
sponding set of 5. The result is plotted as a function of the concentration in
Fig. 3.4 A. The relative latencies decrease with increasing concentration in a
linear relationship for the observed concentration range, but vary consider-
ably (cf. histograms and Table. 3.1). As a result, the difference is significant
(two-sample t-test, p = 0.05) only between the concentrations 20 and 80 M.
The averaged population latency thus encodes the investigated concentration
range only weakly.

Neurons could, however, exhibit different specific onset latencies in ad-
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Figure 3.4: Population response statistics for a single odor. Different properties
of ORN responses are plotted as a function of odor concentration in the top row,
with individual distributions for each concentration shown below. Data is obtained
from 540 responses (57 ORNs, 12 slices). (A) Response onset time ¢ relative to
the average response onset time t,, of all cells and all applications in the measured
slice, with error bars as the standard error of the mean. tg — ¢, decreases for
higher concentrations, but the difference is significant only between 20 and 80 pM
(two-sample t-test, p = 0.05). From the individual histograms below, it is clear
that individual latencies are distributed very broadly. (B) Response onset time tg
relative to the average response onset time ¢, of all applications for the individual
cell. The variation is slightly reduced by removing inter-cell latency differences,
but the average onset latency still differs significanty only between 20 and 80 nM.
(C) Photobleaching-corrected fluorescence amplitudes F¢, (for concentrations C)
in relation to the fluorescence amplitudes at 80 pM (F(g,). The relative ampli-
tudes increase for higher concentrations (all concentration pairs significant), but a
saturation at 80 pM is already visible. (D) Photobleaching-corrected fluorescence
slopes S¢ (for concentrations C) in relation to the slopes at 80 pM (S¢g,). Slopes
linearly increase with concentration (all pairs significant).
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dition to their concentration dependence, encoding the type of odor by the
vecor of their onset latencies (as observed for mitral cell activity in the olfac-
tory bulb [23]). To test for the contribution of this effect to the distribution of
latencies, the individual average t, of each ORN latency was subtracted from
to (Fig. 3.4 B, Table 3.1). The histograms for t, — ¢, show a slightly reduced
variance, but it does not improve the significance between concentrations,

suggesting that latency coding does not dominate the observed variance.

Fluorescence amplitudes The maximum fluorescence amplitude is of-
ten used in [Ca’"|; imaging to quantify neuronal responses, and is therefore
plotted in Fig. 3.4 C. To individually assess the concentration dependence
for each cell in a comparable way, the amplitudes F); . of concentrations C
(= F{,) are divided by the average of the corresponding amplitudes F¢g, for
80 uM. This ratio increases with higher concentrations in a significant way
(between all pairs of concentrations), but a saturation effect is observable

already at 80 pM.

Fluorescence slopes The fluorescece slopes are shown in Fig. 3.4 D, simi-
larly normalized to the slopes at 80 pM. The relative slope (S&/S¢g,) linearly
and significantly increases with concentration for the observed range. The
histograms show a broader distribution of relative slopes for lower concen-
trations, potentially indicating different dynamic ranges of individual ORNs:
while some ORNs increase their slope to a large degree between stimuli at
20 and 80 pM, others might be already saturated. If slopes are interpreted
as action potential frequencies, these findings support the concept of combi-
natorial odor coding, in a sense that individual ORN sensitivity is encoded

in action potential frequencies.

3.2 Calcium ion influx in single ORNs

In the previous section, it was not possible to reliably resolve fast bursts of
action potentials (APs) in somata of olfactory receptor neurons by imaging

the intracellular calcium ion concentration ([Ca**];) via [Ca?*] sensitive dyes.
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3.2. Calcium ton influx in single ORNs

This might relate to an overlap of different [Ca®"|; sources, of which only
voltage-gated Ca®" channels (VGCC) might contribute in an AP-synchro-
nized manner.

To clarify the contribution of VGCCs to the overall [Ca?*]; dynamics
and their distribution over the cell, an experimental technique fulfilling the

following requirements needs to be employed:

1. The cell has to be depolarized without activation of the transduction

cascade in order to record Ca?* influx specifically from VGCCs.

2. |Ca?*]; is to be measured with high temporal resolution, preferably in

the range of single action potentials.

3. The spatial resolution should be sufficient to distinguish between mem-
brane areas and other possible sources of [Ca?"|; (e.g. internal stor-

ages).

4. For a higher signal-to-noise ratio, several repetitions of a depolarization

pulse need to be averaged or correlated.

5. Each depolarization pulse should generate a sufficient cocentration dif-
ference A[Ca®T]; to be detected, but [Ca’"|; should not accumulate

over time.

These conditions can be principally met by a combination of the patch-
clamp technique and fast [Ca®"|; imaging. The time and length of depolar-
ization pulses can be easily controlled in the voltage clamp mode after the cell
has been brought into the whole cell configuration. The intracellular solution
can be controlled via the pipette solution, including the concentrations of a
fast [Ca"| sensitive dye and Ca*" buffers to prevent [Ca®"|; accumulation.
Energy can be provided via ATP, GTP and phosphocreatine.

High spatial and temporal resolution, signal-to-noise ratio, and a low
degree of photobleaching are, however, conflicting objectives, for which a

compromise had to be found in the parameters of the imaging system.
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3.2.1 Fast confocal imaging in frame mode (ytz)

In the first set of experiments, the confocal line illumination microscope was
used in a conventional scanning order, i.e. moving the excitation line over
the image area in the y-direction and interpreting the sequence of linear
fluorescence distributions as the rows of one image frame at a common point
in time. After each time series of frames, the objective was moved to the
next z-position (total of 5-7 to cover one cell).

ORNs were patch-clamped in the whole-cell configuration with pipette
solutions containing varying concentrations of the [Ca?*] sensitive dyes fluo-
4, fluo-5F, or fluo-5N (100-400 pM) and the Ca®* chelators EGTA or BAPTA
(0.2, 2, 5 and 10 mM). The aim was to find optimal conditions in terms of
a high relative fluorescence increase that was spatially confined to sites of
Ca?" influx.

For the combination of 100 pM fluo-5F and 10 mM EGTA, Fig. 3.5 A
depicts the average fluorescence intensity of an ORN that was repeatedly
depolarized to 0 mV in pulses of 50 ms width at a pulse frequency of 2 Hz
and imaged at 45 f/s. The fluorescence time traces (AF/F}) averaged from
selected regions of the cell mostly follow the depolarization pulses, with peaks
of higher amplitude in regions of the cell membrane (ROI2, Fig. 3.5 C).

The signals of single pixels, however, were difficult to interpret due to the
high level of noise, even when averaged over all time points during depolar-
ization (Fig. 3.5 E). As the evaluation of Ca*" influx on the spatial scale of
single pixels (350 nm) would be highly desirable, activity correlation imaging
[22] was tested as a method to detect pixel traces that are similar to those of
manually identified regions of high fluorescence change. Here, the normalized
correlation coefficient in the time dimension is calculated between the refer-
ence region and each pixel. The resulting correlation maps for the somatic
(ROI1) and a membrane (ROI2) signal are shown in Fig. 3.5 F and G, re-
spectively. While ROI1 correlates with the whole cell, ROI2 correlates more

specifically with the cell membrane '. The correlation along the membrane

I'Note that correlation maps need to be interpreted with caution in the areas from
which the reference trace is obtained. Fig. 3.5 H shows the correlation map for an arbi-
trary selected test pattern (ROI3) of 10 pixels outside of the cell. Each pixel contributes a
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3.2. Calcium ton influx in single ORNs

is, however, distributed quite homogeneously, which may have two possible
explanations: (i) the distribution of [Ca?*]; sources over the membrane is ho-
mogeneous on the measured scale, (ii) the limitation of spatial [Ca®T]; spread
by Ca*" buffers is not sufficient to resolve sources of [Ca?*|; during an image
frame of 22 ms.

To improve the spatial resolution in case of (ii), the slow Ca*" chela-
tor EGTA was substituted with the faster BAPTA (binding rates kE¢™ =
2.6 x 108 M~1s71, KBAPTA — 4 » 10® M~1s7!, [65, 73]). Under these con-
ditions, transient fluorescence signals were not detectable (n>4 cells), sup-
posedly because BAPTA is sufficiently fast to directly compete with fluo-5F
(kluo=5F — 2,36 x 108 M~1s7! [75]) at influx sites and thereby reduces the
concentration of Ca?*-bound dye.

A second approach was, instead of relying on Ca?* buffers to create
steady-state |Ca?*]; profiles, to increase the acquisition speed and decrease
the length of depolarization so that [Ca?*]; could be observed dynamically.
For 110 f/s (n=6) and 220 f/s (n=1), the correlation maps (created as in
3.5 G) still revealed a homogeneous distribution along the membrane simi-
lar to the slower measurements. As the reduction of the camera integration
time for higher frame rates made it necessary to increase the excitation laser
power at least linearly, photobleaching became the limiting factor, and it was
impossible to image more than one optical plane under these conditions. For
frame rates significantly higher than 100 f/s, a different imaging approach

was needed.

3.2.2 Sequential line imaging (tyz)

To increase the frame rate without the need for high excitation laser power,
the scanning protocol for the LIM was changed in the following way: for a
constant position (y) of the illumination line, a time series of 250 linear flu-

orescence distributions (in x) was recorded. The measurement was repeated

random (noise) component to the reference signal (Fig. 3.5 D), and is thereby automati-
cally correlated to ROI3 due to autocorrelation, recreating the original test pattern in the
correlation map. Therefore ACI makes only sense if the initially selected reference regions
contain signals distiguishable from the background noise.
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Figure 3.5: [Ca?*|; imaging of single ORN with simultaneous depolarization in
the whole-cell voltage clamp mode. ORNs were filled with 100 pM fluo-5F and
10 mM EGTA via patch clamp in the whole-cell configuration and depolarized in
pulses of 50 ms from —75 mV to 0 mV in the voltage clamp mode. The acquisition
rate is 45 f/s. (A) Time-averaged fluorescence intensity, with three selected regions
of interest (ROIs), covering most of the cell soma (ROI1, blue), a membrane area
rear the axon (ROI2, green), and an arbitrary test pattern outside of the cell (ROI3,
red). Scale bar 5 pm. (B-D) Corresponding ROI time traces (AF/Fy) show larger
transient fluorescence increase in the membrane area than in the cell soma. (E)
Fluorescence increase (Fs— Fy)/Fy calculated from averaged fluorescence intensities
during (Fs) and between stimulations (Fp). (F-H) ACI maps using reference traces
from ROI 1-3, respectively. The somatic signal exhibits moderate correlation to the
whole cell area (F), while the signal from ROI2 correlates highly and specifically
with the majority of the membrane area (G) of the cell. (H) Interestingly, ROI3
highly correlates with all pixels that contribute to ROI3, demonstrating a limitation
of ACI in case of low signal-to-noise ratio.
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at 1 Hz for 32 y-positions, and repeated again for 5-7 z-positions to sample
most of the cell in 3 dimensions and time.

For the sequential line measurements to be interpreted as samples of
the same prototypic four-dimensional [Ca?*]; distribution, the timing of the
depolarization pulses during each measurement had to be well-synchronized
to the acquisition times of the CCD detector. However, the triggering of fast
depolarization pulses via the software of the patch-clamp equipment was not
possible in the required precision. To solve this problem, a custom electrical
circuit was designed and built using an analog switch that could rapidly
(<250 ns) change the command voltage of the patch-clamp amplifier to a
user-defined potential. The trigger pulses were generated by the software for
the scanning mirror system together with the trigger pulses for the integration
times of the CCD detector, guaranteeing synchrony between mirror position,
CCD acquisition times and depolarization pulses.

Using this scanning mode, the effective frame rate could be increased to
1250 f/s, while the excitation intensity could be lowered by at least a factor
of 4 (due to increased pixel dwell times), thereby reducing photobleaching.

A typical measurement of a ORN is shown in Fig. 3.6 for a line position
that intersects a cell region of elevated Ca** influx. During the measurement
time of 200 ms, the cell was depolarized in three pulses (to —10 mV) of 6.4 ms
width (Fig. 3.6 A). In the spatiotemporal fluorescence distribution along the
line (Fig. 3.6 B, time on the horizontal axis), a highly localized fluorescence
increase is clearly visible. It is synchronized to the depolarization pulses,
but does not follow it in a linear relationship. In the plot of the fluorescence
intensity for the small region of Ca*" influx (Fig. 3.6 D), there is a steep
increase during the depolarization pulses that is far from reaching saturation,
which proves that indeed a dynamic [Ca®"]; signal is measured instead of a

steady-state profile.

3.2.3 Analysis of 4D data using model-driven ACI

As in the previous section, the averaged ROI signal (Fig. 3.6 D) could be
used directly for ACI to detect pixels similar to the influx ROI. However, a
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Figure 3.6: Fast [Ca?*t]; imaging using sequences of line scans acquired at 1250
f/s. (A) For each line scan, the cell was depolarized to —10 mV using three pulses of
6.4 ms duration. (B) Corresponding spatiotemporal fluorescence evolution AF =
F — Fy for one line scan through the cell soma, color-coded according the color map
on the left. (C) Initial fluorescence Fy for all 32 line scans that cover one optical
plane of the cell, color-coded according to the color map on the right. Vertical
markers indicate the line position corresponding to B. Scale bar 5 pm. (D) Raw
fluorescence data from the region of high AF' (green line), and least-squares best-
fit result (black line) using a simplified numerical model of [Ca?*]; dynamics near
the membrane. (E) The correlation map between the best-fit curve from D and
individual pixel traces from the line scans shows a highly correlated area. The
contribution of photon shot noise autocorrelation (as in Fig. 3.5 H) is already
eliminated by using the best-fit curve as reference trace instead of the original
fluorescence data.
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major disadvantage of this approach are other sources of correlation like pixel
autocorrelation (see Fig. 3.5 H), laser intensity fluctuations, and electrical
CCD detector oscillations, which contaminate the resulting correlation map

and make it less meaningful.

Can this situation be improved? Ideally, one would use a reference signal
that is cleaned from any noise or other effects irrelevant to the physical system
of interest. This can in fact be achieved by fitting a numerical model to the
ROI signal which only reflects [Ca?"]; dynamics from known experimental
conditions. The curve of the fit result can then be used for ACI instead of
the original data. A very simple model that follows the observed fluorescence
intensity is:

I, = CdecayIn—1 + @inSh, (3.6)

F, =1, + F, (3.7)

with the fluorescence count F), (time t is discretized as t = nAt with
samples times At and sample index n), the resting fluorescence Fj, a param-
eter Cecay < 1 summarizing all effects of [Ca®*]; reduction (Ca?* buffering,
extrusion, diffusion), the influx amplitude a;, and the depolarization state
S, (=1 during depolarization, 0 otherwise). After a least-squares fit to the
ROI signal using the two parameters ai, and cqecay, the curve describes the

fluorescence trace quite well (Fig. 3.6 D, plotted as black line).

The corresponding three-dimensional correlation map using the fit result
as reference trace is depicted in Fig. 3.7 A-G. It is reproducable with data
from a second measurement on the same cell and shows several hotspots
heterogeneously scattered over the cell membrane. In order to distinguish
between the background and pixels of significantly elevated correlation, it is
useful to consider the histogram of all correlation coefficients in the map (Fig.
3.8 A,C). The majority of correlation values are distributed in a gaussian
shape, with only a small fraction deviating towards positive correlations (best
seen in the logarithmic scale). The gaussian shape of the histogram is to be
expected from uncorrelated pixel traces of sample length N, with mean p = 0
and o = ﬁ [13]. This value can be verified by fitting a histogram of a

correlation map generated from an uncorrelated image area (Fig. 3.8 B,D,

33



Chapter 3. Results

oat = 0.0632, Otheory = 0.0637). By calculating a threshold correlation ¢y,
at the intersection of the gaussian curve with a histogram value of 1, all

significantly correlated pixels can be selected, with only one false positive
per correlation map.
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Figure 3.7: Three-dimensional correlation map and comparison with a repetiton
of the experiment. (A-G) The correlation map as in Fig. 3.6 E is shown for 7
different optical layers at axial intervals of 0.75 nm. A highly heterogeneous distri-
bution of the correlation coefficient is visible, with most regions of high correlation
located at the membrane near the axon. Scale bar 5 pm. (H) Maximum projection
over all planes. (I) Similar maximum projection from a repetition of the experi-
ment after 15 min. Slight differences might result from a deformation of the cell
due to drift of the position of the patch pipette over time.

3.2.4 Pixel-wise fit of time traces

As the last step of the image analysis, all pixel traces that were significantly
correlated to the modelled Ca?" influx (and therefore contained meaning-
ful temporal information) were individually fit again by the same numerical

model, yielding fit values for Ca?" influx amplitude a;, and decay constant
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Figure 3.8: Histograms of correlation maps. (A) The correlation coefficients of
the 3D correlation map shown in Fig. 3.7 H are approximately distributed in a
gaussian shape with mean g = 0 and several outliers in the positive direction.
(B) Similar plot for a correlation map created from a different region (located at
35 nm from the cell area, data acquired at the same time), with no outliers due to
missing signal correlation. (C) Histogram from A in half-logarithmic scale, clearly
showing the contribution of signal correlation as a deviation from the gaussian
shape (quadratic in logarithmic plot). (D) Half-logarithmic plot of histogram B,
with best-fit (green line) using a gaussian function (mean p = 0, fit parameters
A (amplitude) and o (width)). The intersection of the fit curve with a histogram
value of 1 (red horizontal line) is chosen as threshold correlation value (red vertical
line) to separate significant signal correlations from the main distribution, with an
average of one false-positive per correlation map.
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Cdecay for each pixel. These values can be seen as indicators of the distance
of the pixel position to a [Ca?"]; source, with higher a;, and lower expo-
nential time constants 74 = —At1og(cdecay) signifying a lower distance to the
source (for further elaboration of [Ca®"]; dynamics near a membrane, see [43]
(steady-state) and [25] (partly dynamic)). The fit parameters for all pixel
traces pooled over 8 different experiments are shown in Fig. 3.9. For compa-
rability between different cell conditions, the amplitudes a;, were normalized
with the inital ROI fit parameter aror of the corresponding cell before pool-
ing. From the distribution of a;,/aror it is evident that the majority of pixel
traces represent lower influx amplitudes than the manually selected ROI, but
are still detected by the correlation method. The fluorescence decay times
have an average value of 13.4 ms and are distributed over a broad range of
5-25 ms. The decay time also slightly decreases as a function of amplitude
(Fig. 3.9 C), in accordance to the previous interpretation. The anticorre-
lation between a;,/aror and 74 is, however, not very strong (ceor = —0.24)

suggesting that the two parameters might contain independent information.
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Figure 3.9: Fit Parameters for individual pixels, pooled over all experiments. Pix-
els were selected by cross-correlation thresholds, and their fluorescence traces were
individually fitted by a theoretical model as in Fig. 3.6 D. (A) Distribution of nor-
malized Ca?t influx amplitudes (ai,/aro1) during depolarization. Large positive
values are expected to represent regions in vicinity of Ca?* channels. Dashed line:
average ROI amplitude of 1. (B) Distribution of fluorescence decay time 74. Fast
kinetics are expected near Ca?* channels. (C) Relationship between amplitudes
and time constants.

Both parameters should therefore be used in a spatial map describing the
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3.2. Calcium ton influx in single ORNs

sources of [Ca?*];. To this end, the ratio a;,/7q was chosen, as the inter-
cell normalization with aror is unnecessary for single cells. The ratios are
displayed in the green channel for 8 measurements in Fig. 3.10 as maximum
z-projections of the three-dimensional ratio maps. For comparison, the initial

fluorescence Fy is shown in the red channel.

3.2.5 Distribution of VGCCs in ORN somata and total

calcium ion current

As a general observation, regions of Ca?" influx are inhomogeneously dis-
tributed over the cell somata and usually organized into several clusters.
These clusters may have the role to facilitate functional Ca?* microdomains
in combination with large conductance [Ca®"|;-dependent K channels, which

is discussed in the next section.

The whole-cell Ca?* current contributed by VGCCs is roughly estimated
by the steady-state current during depolarization pulses, after the transient
inward Na® current has subsided due to inactivation. K™ currents were
blocked by Tetraethylammonium (TEA) in the pipette solution (in which
also K7 is replaced by Cs™). As an upper limit (as Na™ inactivation was not
complete after 6.4 ms), steady-state currents from the experiments shown in
Fig. 3.10 were 80 pA.

As a comparison, the maximum Ca?* current through CNG channels of a
single cilium in Rana pipiens isolated ORNs is about 300 pA [24]. Assuming
a low number of 3 cilia per cell, the maximum whole-cell CNG current would
already be one order of magnitude larger than the current through VGCCs.
With typical AP durations comparable or less than the depolarisation length
of 6.4 ms, the relative VGCC contribution to [Ca*"|; is even lower. The
diffusion length of Cat (z = 2v/Dt) is 50 pm after 1 s, already heavily
contanminating [Ca?*]; from VGCCs if not removed by Ca?' extrusion on
its way through the dendrite. The [Ca®"|; can therefore only be purely related
to VGCCs if it is measured shortly after the onset of the response, a condition

which is used in the previous section to estimate relative AP frequencies.
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Figure 3.10: Maps of fit parameters showing regions of high Ca?* influx. (A-
H) The per-pixel ratio ‘%" between influx amplitude and decay time constant is
displayed in the green channel for each experiment, maximum-projected in the z
direction. The mean fluorescence intensity Fy is shown in the red channel. Maps
have been scaled to a range of [0, 1] for comparability between channels. In the case
of two cells (C and E), a second measurement after 10-15 minutes was possible (D
and F, respectively), showing very similar distributions of Ca?* influx sites. Scale
bar 5 pym, applicable to all images.
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3.3 Effect of BK channel blocker iberiotoxin

The discovery of localized Ca?* influx in single ORNs immediately lead to
the question of its possible function. As one component of Xenopus laevis
ORNS currents is known to be a [Ca**|; dependent K™ current [59], it is well
possible that the corresponding K™ channels are located in proximity to the
[Ca?T]; sources to be activated quickly. During further investigations in our
lab (see Discussion), a large conductance K* channel (also called BK channel)
has indeed been found to colocalize with the general areas of increased Ca?*
influx. One open question was to what degree ORN population responses

would be altered when its function was blocked by iberiotoxin.

To this end, ORN responses to a broad olfactory stimulus (15 amino
acids) were measured similar to conditions described in 3.2. First, 2-3 initial
responses were recorded. Then, the perfusion system was stopped and the
slice preparation incubated for 3-5 min with iberiotoxin (200 nM in Ringer
solution, kp = 1.16 nM for its binding to BK channels [5]) for one group of
experiments (10 slices, 55 cells), and with only Ringer solution for a control
group (4 slices, 22 cells). After the incubation, the perfusion was started
again and responses to amino acids were recorded every 3 min as often as

possible.
Fig. 3.11 A and B shows the evolution of response amplitudes F' for the

control group and the iberiotoxin group, respectively, normalized to the av-
erage response amplitude F,. of measurements before the incubation (“pre”)
for each cell. The experiment number for each slice is denoted with n, with
values < 0 before incubation. As there was a general decrease in F/F,. in
addition to possible effects from iberiotoxin, the contribution of photobleach-
ing could not be reliably modeled and therefore not corrected. Instead, the
relative amplitudes are plotted in logarithmic scale, with expected straight
lines for a exponential decay dominated by photobleaching (as can be seen in
the control group). For a subpopulation in the iberiotoxin group, amplitudes
decrease more than exponentially after the incubation time. A quantification
of this effect is shown in Fig. 3.11 C, where all amplitudes are pooled for

both groups into three bins of experiment numbers. The most significant dif-
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ference between iberiotoxin and the control group exists for experiments 3-9
min after incubation, with a less significant difference thereafter, indicating

a partial washout effect.
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Figure 3.11: Partial reduction of response amplitudes after incubation with iberi-
otoxin. (A-B) Fluorescence amplitudes of ORN responses to amino acid mixture,
plotted over application number n. For comparison, each amplitude F' is normal-
ized to the averaged amplitudes Fj,e before incubation (n < 1) for each cell. Slices
were incubated between n = 0 and n = 1 for 3-5 min with Ringer solution (A) as
control or iberiotoxin (200 nM in Ringer solution, B). In addition to an exponential
decrease due to photobleaching (straight lines in logarithmic scale), some ORNs
exhibit a further reduction after iberiotoxin incubation. (C) Amplitudes are pooled
over sets n (“pre”: n < 1, “appl.”: 2 < n < 4, “washout” n > 4) and compared be-
tween control and iberiotoxin. There is a significant (two-sample t-test, p = 0.001)
decrease after iberiotoxin incubation, which becomes less significant (p = 0.05) af-
ter 10-15 min washout. A complete recovery comparable to the control conditions
is, however, not observed.
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3.4 X-Ray phase contrast microscopy

Different preparation and staining techniques were evaluated for Xenopus
laevis tadpoles to be imaged with X-Ray microscopy.

In the first set of preparations, unstained samples were compared in terms
of X-Ray image contrast. Here, unfixed samples in water immersion provided
the poorest image quality due to high absorption in water and the low differ-
ence in diffractive index between tissue and medium. The best conditions for
phase reconstruction were achived for tadpoles fixed in 1,5% glutaraldehyde
and 1,5% paraformaldehyde and supercritically dryed in graded ethanol. An
example of a X-Ray micrograph for a fixed sample is given in Fig. 3.12, where
fine structures at tissue borders are well visible. A tomographic reconstruc-
tion from a rotation series of images is shown in Fig. 3.13 and demonstrates
the capabilities of X-Ray phase contrast tomography.

To investigate large-scale three-dimensional correlations between ORN
and glomerular or mitral cell populations, it would be necessary to specifi-
cally stain neurons in a way detectable by X-Ray microscopy. To this end,
Nanogold was chosen as contrast agent (|7, 19]) in a second set of prepara-
tions.

Tadpoles were exposed to high odorant concentrations in combination
with FluoroNanogold in order to specifically stain ORN populations due to
ligand-induced endocytosis [9, 10]. As a control, electroporation was used to
introduce FluoroNanogold unspecifically into ORNs. However, no additional
contrast was detectable in the X-Ray micrographs for both staining meth-
ods, suggesting that Nanogold might be principally unable to generate image
contrast for X-Ray phase contrast microscopy, at least at the attainable con-

centrations.
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.

Figure 3.12: X-Ray micrograph of fixed Xenopus laevis tadpole after background
correction. Image kindly provided by Martin Krenkel, Institute of X-Ray Physics,
University of Gottingen.

Figure 3.13: Rendering of phase-reconstruced X-Ray tomography, reconstructed
from 1830 pictures taken from different angles (increment 0.1°). Olfactory nerves
(red, yellow) and forebrain (blue) marked by segmentation. Image kindly provided
by Martin Krenkel, Institute of X-Ray Physics, University of Gottingen.
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Discussion

4.1 Conclusions

Temporally resolved olfactory coding on the level of olfactory receptor neuron
(ORN) populations is poorly understood. Motivated by recent findings of
patterns of response latencies in mitral/tufted (M/T) cells in the olfactory
bulb [23|, the present study investigated ORN population responses with
high temporal resolution and their possible role in the generation of the
observed latency patterns. Additionally, fast [Ca®"|; dynamics on the small
scale of single ORNs was performed to better understand the fluorescence
data. Furthermore, X-Ray microscopy was evaluated for its suitability to
image large-scale morphology. The main conclusions of these experiments

can be summerized as follows:

1. The reliable detection of single action potentials (APs) was not possi-
ble on a population level. While a low percentage of ORNs exhibited
fluorescence steps attributable to APs, the fluorescence signals of most
ORNSs increased smoothly even in high temporal resolution. The main
reason was found to be a low contribution of voltage-gated Ca** chan-

nels compared to other sources of somatic [Ca**];.

2. Response onset latencies were only weakly correlated to stimulus con-

centrations and showed a large variance. Inter-ORN latency patterns
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did not contribute to the variance in a high degree, indicating that la-
tency patterns may not play an important role in olfactory coding on

the investigated range of odor concentration (20 - 80 pM).

3. Fluorescence slopes at response onset times were the best predictors of
odor concentration. In contrast to the commonly evaluated maximum
fluorescence response, the ensemble mean of relative slopes increased
linearly with odor concentration. Also, when considered at individual
ORN level, slopes increased at different rates with concentration, show-
ing individual ORN sensitivities. Together, these findings suggest that
olfactory information is mostly contained in ORN AP frequencies, as

they are closely related to fluorescence slopes.

4. Voltage-gated Ca?" channels were found to be distributed heteroge-
neously over ORN somatic membranes and mostly form local clusters,

facilitating local [Ca®"]; microdomains.

5. When the [Ca®"]; dependent BK channel was blocked by iberiotoxin,

ORN response amplitudes were reduced for a subset of cells.

6. A preparation well-suited for X-Ray phase contrast microscopy was
found. However, Nanogold did not introduce a detectable contrast in

ORN populations.

The implications of these results and their relation to other findings in

the olfactory system is discussed in the following.

4.2 ORN population measurements

Previous measurements of ORN odorant responses could be generally divided
into three categories. In the first, researchers concentrated on the spatial
patterns of ORN activation throughout the olfactory epithelia of different
species, using |[Ca?"]; imaging at low temporal resolutions between 0.5 and 2
Hz [31, 39, 47, 70|. From these measurements, individual ORN sensitivities
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to different odors could be elucidated, and ORNs categorized into classes of
similar response patterns.

At the other end of the spectrum, fast response properties such as spike
frequency and first-spike latency of single ORNs were investigated with elec-
trophysiological techniques, determining their individual dependence on ol-
factory stimuli [16, 50, 51, 55, 56]. From the statistics of these experiments,
ORN ensemble responses were usually inferred.

In the recent years, a third category of ORN measurements was estab-
lished, in which the output to the olfactory bulb was determined by [Ca®T];
imaging at the glomerular ORN axon terminals |6, 66, 72|. Here, the av-
erage responses of whole ORN classes projecting to the same glomeruli was
investigated, and the temporal resolution could be increased because of sig-
nal summation over the glomeruli. However, by averaging over ORN classes,
information about the individual properties of its members was lost.

The ORN population measurements in this study belong to a fourth cat-
egory. While not being able to compete with patch-clamp recordings in
detecting APs, it was possible to image ORNs responses simultaneously and
sufficiently fast to gather temporal response properties on population level,

namely the relative AP frequency and the onset latency.

4.2.1 Onset latencies

The observed ORN onset latencies (ensemble mean) changed with odor con-
centrations, being reduced by 85 ms when the odorant concentration was
increased from 20 to 80 pM. Their variation was high for constant concentra-
tions (Table 3.1, standard deviation up to 422 ms), even when corrected for
cell-specific average latency (up to 362 ms). The concentration dependence
of the latency was weak when compared to typical single-cell ORN response
latencies from Rana ridibunda [55], where median latencies changed from
2.51 s to 0.87 s when concentration was increased by 1.55 (the median dy-
namic range of concentrations). However, those latency differences were ob-
served at much lower concentrations (1 nM - 1 pM). The discrepancy is thus

easily explained by ORN latency responses being mostly saturated for the
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measured concentration range. This also means that latency coding (in the
sense of odor-specific latency vectors for sets of ORNs) cannot be excluded

to exist for low odor concentrations.

4.2.2 Action potential frequencies

The relative AP frequency for individual ORNs was determined from the ratio
of the fluorescent slope to the slope at maximum concentration. Its ensemble
mean increased by a factor of 1.36 £ 0.03 between odorant concentrations
of 20 and 80 pM. Individual ORN frequencies increased in a broad range
(best seen in Fig. 3.4D, histogram for 20 pM), indicating different dynamic
ranges for the response frequency for each ORN. This is in agreement to
single-cell statistics, where the range of molarities over which the response
frequency increases from 0 to 95% varies from 0.4 to 4.5 decades depending
on neuron and odorant [55]. The concentration is thus well-described by
the ensemble firing frequency, even if individual ORN contributions might
already be saturated. Combinatorial coding in the sense of odor-specific
vectors of frequency responses could not be evaluated as the ORN responses

were normalized to their response at 80 pM.

4.2.3 Role of glomeruli

In M/T cells of the olfactory bulb, odor identities and odor concentrations
are well-predicted by patterns of their first-spike latencies, which are supe-
rior to patterns of their firing rate [23]. How are these latencies generated?
For the odorant stimulation with methionine at 50 pM, consistent latency
differences between M/ T cells up to 500 ms were detected, which cannot be
easily explained by individual ORN latencies - the cell-specific contribution
to their latency variation (compare standard deviations of ¢y — ¢, and tg — ¢,
at 40 uM) is lower by a factor of about 5.

Additional measurements at ORN axon terminals in olfactory glomeruli
showed that the sum of ORN responses already exhibit the latency pattern
observed in M/T cell populations (with slightly less significance). The la-

tencies in the olfactory bulb are thus generated by summation over ORN
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ensemble responses, which could be an additional feature of glomeruli in
olfactory coding. For the observed concentrations, it is likely that M /T la-
tencies are mainly determined by the combined AP firing rates of individual
ORNS, essentially computing a transformation of olfactory information from

frequency to latency space.

4.3 Calcium channel microdomains and func-

tion of BK channels

Using a fast sequential line scanning mode at 1250 f/s, it was possible to
detect Ca?* influx in single ORNs. As the fluorescence signal during depo-
larization steps was mostly dynamic (in contrast to steady-state situations
described in [43]), influx regions were characterized not by the absolute fluo-
rescent amplitude, but by the rate of fluorescent increase, together with the
time constant describing saturation and decay after a pixel-wise fit. Through
this method it was possible to increase image contrast in the detection of
hotspots of Ca?* influx.

Ca?" microdomains were further investigated in our lab by Dr. Guobin
Bao (Dep. of Neurophysiology and Cellular Biophysics, University of Got-
tingen) [2]. Here, areas of Ca?" influx imaged at slower frame rates could
be colocalized with BK channels that were imaged using Alexa-488 labeled
iberiotoxin. As the main role of BK channels, fast repolarization and thus
facilitation of high ORN firing rates could be identified, as the maximum AP
frequency was reduced by blocking BK channels with iberiotoxin.

The reduction in response amplitudes measured in Section 3.3, where
several ORNs were exposed to the same concentration of iberiotoxin, support
these findings in the sense that the BK channel can positively modulate the
response to odors. Only a subset of ORNs showed amplitude reductions upon
BK inhibition, possibly meaning that BK channels are not expressed in all
ORNSs at the same level, or that the unaffected ORNs responded at too low

AP frequencies to be modulated.
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Chapter 5
Summary

Odor space is large. This is one of the main problems the olfactory system
has to solve, and it solves it well. Its strategy in detecting and discriminating
a multitude of odors with a limited number of neurons lies in the so-called
combinatorial coding. By having a set of olfactory receptor neurons (ORN),
each with a broad but specific sensitivity to different odors, their response
pattern can be used to efficiently recognize many odors. Recent findings sug-
gest that response patterns are not necessarily static, but carry information
in the time domain. In the olfactory bulb (OB), odor identity was found to
be better described by latency patterns than by firing rates.

Motivated by these discoveries, this thesis aimed at the investigation of
ORN population responses in how they are able to generate the latency
code observable in the OB. For the measured odor concentration range, it
was shown that latency coding is not dominant on the ORN level, and the
main information is carried by ORN firing rates. Olfactory glomeruli thus
seem to play a role in converting the set of ORN firing rates to a latency.
Supplementing the population measurements, Ca?* influx through voltage-
gated Ca?" channels (VGCC) in single ORNs was imaged at high frame rates,
discovering clustering of VGCCs.
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