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1. Introduction

1.1 Neuroscience from a systems point of view

The development of modern scientific thinking during the past 300 years is
strongly dominated by the principle of reductionism. With an attempt to explain
natural phenomena by decomposing them into ever smaller parts, the reductionist
approach has met with great success in many scientific disciplines. We can now
explain the thermodynamic properties of gases by analyzing the kinetic motions of
their constituent molecules. We can understand the metabolism of a complex
organism in terms of various chemical reactions, which can further be explained by

the quantum mechanical properties of individual atoms and electrons.

In the past century, we saw a similar success of a reductionist approach to the
understanding of brain function. We now know that the brain is made up by billions of
neurons intricately connected via tiny and highly specialized structures called
synapses. We can explain the once enigmatic neuronal electrical discharges by the
current flows via individual ion channels located on neurons’ membrane (Hille B.,
2001). We know that a single synapse consists of presynaptic and postsynaptic parts,
which are further made up by tiny and intricately packed vesicles, release machineries,
postsynaptic receptors and scaffolding proteins. We can even find highly detailed
schematic diagrams that depict the roles of individual synaptic proteins in synaptic

functions (Cowan W.M. et al., 2003).

Despite these successes, some fundamental questions concerning brain
functions remained unanswered. Although we understand relatively well about the

behavior of single neurons or single synaptic connections, we are still far away from
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explaining the brain’s behavior given the function of these basic components.
Whereas simple models exist that link the microscopic motions of molecules to the
macroscopic thermodynamic properties of gases, it is unclear how we could
understand the brain’s behaviors in terms of the properties of individual neurons. How
billions of neurons interconnected in a specific manner generate a functional network
that allows us to see, to feel, to think, and to decide? How trillions of synapses
following certain rules of dynamics and plasticity allow us to learn and to remember?
These questions cannot be answered by studying individual neurons or individual
synapses in isolation. They require investigations from an integral or systems point of

view of the whole neuronal network.

The development of modern electronic devices might provide an example of
how complex systems might be assembled from simple components. Although
contemporary electronic devices like computers, cell phones, digital cameras etc are
immensely complex and carry a wide variety of different functions, they are actually
built by systematically connecting basic components called transistors. By
interconnecting several transistors, one could build simple logical circuits that carry
out basic operations such as NAND, NOR, NOT. By putting together these logical
gates, one could design higher level subsystems that serve as input/output interfaces,
data storage subsystems, and central processing units. Combining these processing
units finally constitute a complete digital system. Is the brain built in a similar,
hierarchical way? If so, what are the underlying rules and principles? Can we identify
basic “modules” or “circuit motifs” in the brain that carry out functions as specific as
a NAND or NOR gate? Can we explain the brain function as a whole by putting

together these basic functional modules?

To understand these systems level questions, neuroscientists need certain
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circuit analysis toolkits. The problems faced by systems neuroscientists are like those
faced by an engineer who is trying to understand programs or circuits designed by
other people. A typical engineer solves these problems by introducing “break points”
in the programs or by inserting “test probes” into certain nodes of the circuits. By
checking the behavior of the circuitry at these test points, an engineer can gain some
insights into the operation of an unknown design. Exactly the same approaches were
taken by early neuroscientists as they poke microelectrodes into the brain and listen to
the firing of individual neurons. These pioneering studies provided initial insights into
the function of different brain areas and the information they encode. However, to
understand the detail operation of a complete network, one clearly needs more

powerful tools.

Substantial technical advances in recent years have provided neuroscientists
with powerful tools that can hardly be imagined 10 years ago. For example,
micro-fabrication technologies have enabled the construction of microelectrode arrays
that can be implanted into living animals and can record the activity simultaneously
from many neurons while the animals perform behavioral tasks (Buzsaki, 2004).
Furthermore, modern microscopy together with fluorescent reporters for neuronal
activity allows a highly detailed mapping of individual neurons’ function in many
brain areas (Ohki et al., 2005;Yaksi et al., 2007;Sato et al., 2007). These technologies
allow reading out the brain’s activity on a large scale. A major challenge now is to
gain insight into the operation of the brain by interpreting these complex

multi-neuronal activity data.

In this thesis, I analyzed the function of olfactory bulb (OB) neuronal
networks using multi-neuronal [Ca®"] imaging as the primary experimental tool. In

this technique, a large population of neurons is stained using fluorescent dyes that
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change their fluorescent properties in response to changes in intracellular [Ca®']
(Grynkiewicz et al., 1985). Because the electrical discharges of neurons are often
accompanied by [Ca’'] influx via voltage gated [Ca®"] channels (Hille B., 2001),
changes in intracellular [Ca®"] can often be used as good indications for neurons’
electrical firing patterns (Cossart et al., 2003;Yaksi and Friedrich, 2006;Lin et al.,
2007). I focus my analysis mainly on extracting functional information from the
obtained multi-neuronal activity patterns. After a brief overview of OB’s circuitry, I
presented a number of computational algorithms that facilitate visualizing and
analyzing [Ca”'] imaging data (Sec. 3.1). I then analyzed the spatiotemporal structure
of spontaneous multi-neuronal [Ca®"] activity patterns of OB neurons (Sec. 3.2). |
then addressed how the neuronal activity patterns could be understood in terms of the
underlying circuitry of the OB (Sec. 3.3). Finally, we presented data concerning the
principle of odor coding by OB’s neuronal circuitry (Sec. 3.4) as well as possible
synaptic mechanisms underlying a coordinated firing of OB neurons (Sec. 3.5). These
results will contribute to a better understanding the OB as an intricately connected

neuronal network.
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1.2 The olfactory bulb (OB)

The olfactory bulb is a structure in the vertebrate forebrain involved in the
perception of odors. It is the primary brain region that receives direct axonal inputs
from olfactory sensory neurons (OSN) in the nose. The principal neurons of the OB,
the mitral/tufted (M/T) cells, form synapses with OSN axons and send the output
information of the OB to a number of higher brain regions. These higher centers
include the anterior olfactory nucleus, the olfactory tubercle, the amygdala, the
piriform cortex, and the entorhinal cortex (Greer and Shepherd, 1998;Mori et al.,
1999;Lledo et al., 2005). The OB is therefore an interface between the OSN and
higher olfactory centers. Its position in olfaction is often compared to the thalamus in

other sensory systems (Murakami et al., 2005;Shepherd, 2005).

The anatomy of the OB circuitry has been extensively analyzed since the early
works of Ramon Cajal (Cajal, 1899, Fig. 1-1). The surface of the OB contains many
spherical neuropil structures called glomeruli where axons of OSNs terminate and
synapse with the dendrites of M/T cells. The number of glomeruli ranged from ~10°
in the mammalian OB (Lledo et al., 2005), ~10* in the OB of amphibians and fish
(Nezlin and Schild, 2000;Friedrich and Laurent, 2001), and ~50 in the antenna lobe of
insects (analog of the vertebrate OB, Komiyama and Luo, 2006). In mammals, an
individual glomerulus receives convergent axonal inputs from ~10* OSNs and is
innervated by the dendrites of ~10 M/T cells (Lledo et al., 2005). The OSNs that
express one type of olfactory receptor are thought to project mainly to one or two
glomeruli (Fig. 1-2). Such “grouping” of the dendritic and the axonal terminals of
multiple neurons into distinct and segregated glomerular structures has let many
investigators to consider the olfactory glomeruli as an example of “modular

architectures” in the brain (Greer and Shepherd, 1998;Mori et al., 1999). In this
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respect, the olfactory glomeruli are often compared to the “columns” or “barrels” in

the cerebral cortex (Greer and Shepherd, 1998).

Fig. 1-1 Section of the olfactory bulb of a several-days-old Kkitten. A, glomerular
layer; B, outer plexiform layer; C, mitral cell layer; D, innerplexiform layer; E,

granule cell layer. Image taken from (Cajal, 1899)

Fig. 1-2 Projecting patterns of OSNs that express the olfactory receptor gene P2.
The axons of the OR specific OSNs converge on a single glomerulus on the medial
aspect of the bulb. OE: olfactory epithelium, GL: glomerulus. Image taken from
(Mombaerts et al., 1996)
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In addition to the principal neurons (M/T cells), the OB contains many other
cell types, in particular the inhibitory interneurons (Greer and Shepherd, 1998). There
are two main types of inhibitory interneurons in the OB: periglomerular cell and
granule cells (Fig. 1-3). The cell bodies of periglomerular cells are located near
individual glomeruli. The granule cells are located deep in the OB and form a separate
cell layer, the granule cell layer. Granule cells are ~50-100 times more numerous than
M/T cells (Greer and Shepherd, 1998). The large number of inhibitory neurons
provides M/T cells with strong inhibitory modulations. These inhibitory interactions
play an important role in generating oscillatory network dynamics and are thought to
be important for enhancing the contrast between the representations of different odors

(Mori et al., 1999;Laurent, 2002;LIedo et al., 2005).
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Fig. 1-3 Schematic circuit diagram summarizing the circuit organization of the
olfactory bulb. Mitral cells (M) and tufted cells (T) are output neurons, and granule

cells (Gr) and periglomerular cells (PG) are local interneurons. OSN, olfactory
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sensory neuron; GL, glomerulus. (taken from Mori et al., 1999).
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2. Materials and Methods

2.1 Xenopus nose-brain preparation.

Xenopus laevis tadpoles (stage 53—55; Nieuwkoop and Faber J., 1967) were
immobilized by incubation in a mixture of ice and water. A block of tissue containing
the olfactory mucosae, intact olfactory nerves, and most of the brain was cut out and
kept in physiological saline (in mM, NaCl 98, KCI 2, CaCl, 1, MgCl, 2, glucose 5,
Na-pyruvate 5, HEPES 10; 230 mOsm, pH 7.8). The dorsal part of the olfactory bulb
was sliced off using a vibrotome (Leica VT1000S) to expose neurons for imaging and
patch-clamp recordings. The olfactory mucosae and nerves were kept intact unless

stated otherwise.

Fig. 2-1 Xenopus nose-brain prepration A, image of the slice of the olfactory
mucosa and the olfactory bulb. B, slice of the anterior part of the brain including the
olfactory nerve (ON), the main olfactory bulb (MOB) and the accessory olfactory
bulb (AOB) stained with propidium iodide. C, horizontal overview of the olfactory
epithelium (PC, principal cavity and OE, olfactory epithelium). D, higher

magnification of C (taken from Manzini et al., 2002)
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2.2 Dye loading and [Ca*'] imaging.

To load neurons with [Ca®'] sensitive dye, the preparations were incubated in a
bath solution containing 50 uM of Fura-2/AM or Fluo-4/AM (Molecular Probes,
Eugene, OR) for 30 minutes at room temperature, and then rinsed with bath solution
for at least 30 minutes in the recording setup. For experiments involving imaging
neurons located below slice surface (e.g. Fig. 3-22), a pressure injection protocol was
used to load neuronal populations with [Ca®"] sensitive dye (Stosiek et al., 2003). In
this approach, Fluo-4/AM was first dissolved in 20% Pluronic F-127 in DMSO, and
then diluted in the bath solution to reach a final concentration of 500 uM. This
solution was then injected at a depth of around 70 um using patch pipettes with a
series resistance of 6 — 8 MQ at a pressure of ~100 hPa for 5 min in one-three sites
per bulb. The progress of the injection was monitored using a 40x water immersion
objective. The activity of the neurons was measured after ~30 min following the last

injection.

[Ca*"] measurements with Fura-2 were performed using an upright microscope
(Axioskop 2, Zeiss, Gottingen, Germany) with a 40X (NA = 0.9) objective.
Fluorescence images excited at 380 nm were taken at 5 Hz using a frame-transfer,
back-illuminated CCD camera (Micromax, Visitron, Munich, Germany). Confocal
imaging with Fluo-4/AM was performed using a laser scanning microscope (Zeiss
LSM 510/Axiovert 100M). The following objectives were used: Achroplan 40x/0.8 W;

Plan-NeoFluar 10x/0.3; Plan-Apochromat 40x/1.3 oil (Zeiss, Gottingen, Germany).
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2.3 Odorant stimulation

A mixture of 14 L-amino acids (alanine, serine, threonine, cysteine, valine,
leucine, isoleucine, methionine, proline, arginine, lysine, histidine, phenylalanine, and
trytophan, 10 uM in Ringer’s solution) or single amino acids (50-100 uM in Ringer’s
solution) were used as odorants. Short pulses (1s) of odorant were applied by
triggering odor delivery valves (LFAA1200218H, The LEE CO) using custom build

recording software.

To avoid possible effects of adaptation, consecutive odor stimulations were
separated by at least 50s. In experiments involving many odors, repeated stimulations

of an odor were interleaved with the application of other odorants.

2.4 Electrophysiology and morphological reconstructions.

Imaging data were first analyzed online to select neurons showing
synchronous activity. The same cells were then re-identified under transmission optics
and patch pipettes containing internal solution (in mM, NaCl 2, KCI 11, MgSO; 2,
K-gluconate 80, HEPES 10, EGTA 0.2, ATP 3, GTP 0.3) were directed to the selected
neurons under visual control. In some recordings (Fig. 3-29 and Fig. 3-30), a
Cs'-based internal solution (in mM, NaCl 1, MgCl, 1, TEA-CI 11, CsCH3SO4 79,
HEPES 10, EGTA 5, ATP 3, GTP 0.3) was used. For morphological reconstructions,
200 uM Alexa-488 or Alexa-555 (Molecular Probes, Eugene, OR) were added to the
recording pipette solution. To avoid any ambiguity, only two cells (one color each)
were subjected to staining attempts in each bulb. The slices were fixed in 4%
paraformaldehyde (Sigma) for 2 hours and rinsed. The bulbs were then excised and
mounted in 85% glycerol. The cells’ morphology was reconstructed by taking

confocal 3D stacks.



21

2.5 Data analysis

Image analysis was performed using custom programs written in MATLAB
(MathWorks, Natick, MA). Regions of interest (ROI) corresponding to cell somata
were selected using a semi-automatic algorithm and the average fluorescence
intensities of individual ROIs were measured as a function of time. The background
of each ROI was determined using a pixel-based algorithm (Chen et al., 2006) and

subtracted prior to the calculation of AF/F values.

To identify synchronous M/T cells, fluorescence images were recorded over
180 s in the absence of stimulation. Slow baseline drifts of every trace (calculated by
smoothing the trace with a Hanning filter, window length 8 s) were first subtracted
from each trace (Cossart et al., 2003). The activity correlation index was defined as

the zero-lag cross-correlation value between pairs of baseline-subtracted traces.

Neighborhood correlation maps (NCM) or cross-correlation maps (CCM)
were generated using custom programs written in Matlab (The MathWorks, USA). A
bleach correction was first performed for all pixels of the images by subtracting a
linear trend from each pixel’s time trace. In NCM, a “neighborhood signal” n(t) was
first generated by averaging the fluorescence signals of four pixels immediately
surrounding a given pixel. The pixel’s value in the NCM was then generated by
calculating the correlation coefficient between the pixel’s signal f(t) and the
neighborhood signal n(t). In CCM, a reference trace r(t) was obtained by averaging
the fluorescence intensities across a given region of interests (ROI) for each time
point. The pixel’s value in the CCM was then generated by calculating the correlation
coefficient between the pixel’s signal f(t) and the reference signal r(t). For
experiments where [Ca®"] signals were sampled at a higher rate (5-10 Hz in

epi-fluorescence imaging), a slow baseline drift (calculated by smoothing the trace
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with a Hanning filter, window length 8s) was subtracted from the reference trace
before calculating the correlation maps. This procedure emphasizes the rising phases
of the [Ca®"] signals and is effective in reducing un-specific correlations caused by the

slow decays of [Ca®"] signals.

Data values were reported as mean = s.e.m. unless otherwise noted.
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3. Results

This thesis focuses on a systems level analysis of the coding function of
olfactory bulb neuronal circuit, using [Ca*"] imaging as the primary experimental
technique. I start the results section by introducing a number of image analysis tools
that facilitate the visualization of signals in population [Ca®"] imaging data (Sec. 3.1).
In the remaining sections (Sec. 3.2-3.5), I describe several findings concerning the

coding and the modular organization of OB neurons.

3.1 Algorithms for visualizing [Ca*"] imaging data

3.1.1 Neighborhood Correlation Map

One of the major goals in fluorescence [Ca®'] imaging is to capture how the
[Ca®] signals of the imaged structures change over time. Thus, it is often desirable to
know where in the image a change in fluorescence intensity occurs. One obvious way
to do so would be simply playing the recorded data as a movie and then manually
marking the structures that show certain intensity change during the recording period.
However, for a long recording that contains many neurons, this could be a painful
process. Thus, it is desirable to have a single map that highlights the locations of

pixels whose fluorescence intensity exhibits changes during the recording period.

A major requirement of such a map is that it should distinguish between the
“meaningful” intensity changes due to [Ca*"] signals and stochastic changes caused
by random noise. Because photon detection is intrinsically a probabilistic process, the
signals detected at individual pixels will always show some fluctuations even when
the underlying intensity did not exhibit any change. It is important that the detection
of these random fluctuations is minimized in this map. I propose one approach that

satisfies the above requirement: the Neighborhood Correlation Map (NCM) (Fig. 3-1).
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In this map, the brightness of an individual pixel encodes the degree of correlation
between the pixel’s signal and the signals of other pixels located immediately adjacent
to the pixel (Fig. 3-1). Thus, a pixel that appears bright in the NCM shows a high
correlation to its neighboring pixels whereas a pixel that appears dark shows little or

no correlation to its nearby pixels.

In high resolution imaging, an imaged structure (such as a soma or a dendrite
of'a cell) is often larger than the size of a single pixel. Thus, any change in fluoresce
intensity of this structure will be detected by multiple pixels, and these pixels will
therefore exhibit a rather similar temporal signal waveform. This is illustrated by cell
1 in Fig. 3-1. This neuron exhibits two odorant-induced [Ca2+] transients that are
detected by all pixels belonging to the cell. Thus, adjacent pixels of the same cell
carry correlated signals reflecting this common process, which leads to a bright
labeling of this neuron in the NCM. In contrast, cell 2 did not show any “meaningful”
change in fluorescence intensity. Thus, pixels belonging to this cell show random
fluctuations in fluorescence intensity reflecting photon noise. Because these noises are
generally uncorrelated, pixels belonging to this cell show low correlation of their
fluorescence signals. This leads to a dark labeling of this neuron in the NCM, even
though it appears very bright in the original image. In this way, the NCM allows for

specifically highlighting neurons that show activity during the recording period.
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A Fluo-4 image 1. High correlation B Neighborhood correlation map

38 IO

correlation

2. No correlation

Fig. 3-1 [Ca®"] imaging of odor responses in population of OB neurons stained with
Fluo-4. (A) Raw Fluo-4 image, most neurons cannot be clearly seen. (B) A
Neighborhood Correlation Map (NCM) in which the brightness of individual pixels
encodes the degree of correlation between the pixel’s signal and the signals of nearby
pixels. Neurons showing activity during the recording period (e.g. Cell 1, top) are
clearly labeled in this map. In contrast, neurons showing no activity (e.g. Cell 2,
bottom) disappear in the NCM even though they might appear bright in the Fluo-4
image. Yellow arrows: some active dendritic segments can also be seen. Scale bar: 20

pm.

The ability of NCM to visualize active neurons is particularly useful when the
raw fluorescence image does not allow a clear morphological distinction of neurons.
This is often the case when using Fluo-4 (and some other dyes) as [Ca®"] indicator
because this dye typically shows a very low fluorescence at a low [Ca®'] level. As the
resting [Ca®"] of healthy neurons is typically low, these neurons are often hardly
visible in the raw Fluo-4 images (Fig. 3-1, left). NCM gives a way to clearly localize
and visualize active neurons while at the same time removing brightly labeled

structures (e.g. dead neurons with high [Ca®"];) that do not exhibit any activity.
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The ability of NCM to visualize active neurons makes it particularly suitable
for guiding the selection of regions of interest (ROIs). In the example shown in Fig.
3-2, NCM helps to identify and to define contours of active neurons that are not
clearly visible in the Fluo-4 image. Measuring [Ca”"] signals from these neurons
allows me to build an ensemble representation of odors by a local population of OB

neurons (Fig. 3-2, right).

Neighborhood correlation map Fluo-4

Ilh- I

Time (s)

Fig. 3-2 Neighborhood Correlation map guides the selection of regions of interest
A clear labeling of active neurons in the neighborhood correlation map (left) allows
defining contours of active neurons and dendrites (middle) and measuring signals

from those structures (right). Scale bar: 20 pm.

In addition to visualizing active somata, NCM also can be used to visualize
dendritic compartments that exhibit fluorescence dynamics. In the example shown in
Fig. 3-1, the NCM labels various dendritic segments (yellow arrows) in additional to
the many labeled somata. This enables selecting ROIs and measuring signals from
dendrites that are not visible in the raw Fluo-4 images (Fig. 3-2). The ability of NCM
to visualize neuropile structures is further utilized by Drs. Ivan Manzini and Christoph
Brase in our lab to obtain a high resolution map of response distribution within

individual olfactory glomeruli (Fig. 3-3). In these experiments, they measured the



27

[Ca®"]-dependent fluorescence change in the glomerular layer of the olfactory bulb
during stimulations with odors. Whereas the structure of a glomerulus can not be
clearly seen in the Fluo-4 image both before and at the peak of odor-responses, the
NCM reveals striking structural details of a glomerulus during odor stimulation (Fig.

3-3).

Fig. 3-3 Visualizing the responses within an individual glomerulus using
Neighborhood Correlation Map [Ca®*] imaging of odor responses in the glomerular
layer of the olfactory bulb. The color coded images (A1-A3) shows the Fluo-4 image
before, at the peak, and after odor responses. The gray scale image (A4) shows the
Neighborhood Correlation Map calculated from the same data. The fine dendritic
structures of the glomerular neuropile are clearly visible. Right, the [Ca**] response

waveform measured in the glomerulus (taken from Manzini et al., 2007)
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3.1.2 Cross-Correlation Map

NCM labels all structures in the image that exhibit some “meaningful”
changes in fluorescence intensity. However, in many cases, one might be interested in
knowing which structures exhibit a specific signal waveform. For this purpose, I
introduced a second technique: the Cross-Correlation Map (CCM). In this map, the
brightness of an individual pixel encodes the cross-correlation value between the
pixel’s signal and a certain reference waveform. In this way, CCM allows visualizing
the parts of an image that exhibit signals similar (correlated) to the reference

waveform.

In fact, the concept of using cross-correlation as a contrast variable to visualize
the distribution of signals is not new. In functional magnetic resonance imaging
(fMRI), the so-called “activation map” is actually a map of correlation values between
each voxel’s BOLD signal and a “reference waveform” that reflects the timings of
external stimulations (Frahm, 1993). This allows mapping the parts of the brain whose
blood flow signals show a significant correlation to the external stimulus events.
However, despite its extensive use in fMRI, cross-correlation has not been employed,
to my knowledge, as a contrast variable for visualizing the distribution of signals in

sequences of [Ca®]-dependent fluorescence images.

Fig. 3-4 shows an example of CCM generated using the same data set as in Fig. 3-1.
The map is calculated using the [Ca®] signal of an odor-responsive neuron (arrow) as
the reference waveform. The correlation map is then thresholded in a way similar to
what is typically used in fMRI to reveal significantly correlated pixels (Frahm, 1993).
This thresholded map is then overlaid on the Fluo-4 image. This map labels the pixels

whose signals show significant correlation to the reference waveform. That is, it
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specifically labels the cells that show excitatory responses to odorant stimulation.

10s
Fig. 3-4 Cross-Correlation Map labels responsive neurons in the OB. (A) [Ca

2+]

imaging of odor responses in OB neurons, same data as in Fig. 3-1. (B)
Cross-Correlation Map constructed using the odor response waveform of a selected
neuron (arrow in A) as the reference waveform. The CCM is thresholded and overlaid
on the raw Fluo-4 image. This labels the location of neurons that show similar
response waveforms to the marked neuron. (C) The odor response waveform of the

selected neuron as the reference waveform. Scale bar: 20 pm.

As in the NCM, the CCM can reveal structures other than a neuron’s soma.
This is illustrated by the example shown in Fig. 3-5. In this example, I measured
[Ca®] signals from neurons in the M/T cell layer. These neurons are known to show a
rich pattern of spontaneous activity even in the absence of any stimulation. I took the
spontaneous [Ca®"] activity of a neuron and calculated the corresponding CCM. This
map not only showed the soma of the neuron but also revealed three processes that
were not visible in the original Fura-2 image. The CCM further guided me to select
ROIs and measure signals from these processes. Indeed, measuring from these regions
yielded signals highly similar to the somatic signals. This further suggests that the

processes revealed in the CCM are indeed the processes of the selected neuron.

The calculation of CCM can be done independently for individual neurons

using their [Ca"] signals as reference waveforms. In Fig. 3-6, I calculated four
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correlation maps using the [Ca®'] signals of four different neurons as reference
waveforms. Each of these maps revealed some dendrites of the respective neurons that
were not visible in the raw Fura-2 image. By coding individual maps using different
colors, we could visualize neurons with a markedly enhanced contrast, as if individual
neurons were “stained” using dyes of different colors. This map also provided a
highly condensed way to visualize the information contained in the original
fluorescence image sequence. Within a single representation, the spatial distribution

of different signal waveforms can be visualized, each using a different color.

’ Soma
(reference)

20s

Fig. 3-5 Visualizing dendritic processes in the Cross-Correlation Map (A) [Ca®']
imaging of spontaneous activity of mitral/tufted cells stained using Fura-2. The
processes of the neurons are hardly visible due to a lack of contrast. (B)
Cross-Correlation Map calculated with respect to the signal of the marked soma
(reference signal). In this map, the brightness of individual pixels encodes the degree
of cross-correlation between the pixels’ fluorescence signals and the reference signal.
Three processes of the cell can be visualized due to their correlated [Ca®'] signals
(right). Only one neuron is labeled (in contrast to the case in Fig. 3-4) because the

spontaneous activity between most neurons are uncorrelated. Scale bar: 20 um.
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Xcorrmap 1

Xcorrmap 4

Fig. 3-6 Multi-color “labeling” of neurons using cross-correlation maps.
Cross-Correlation maps for four neurons (marked in left) coded with different colors
(middle) and overlaid on the raw fluorescence image (right). The [Ca*"] signals used

to generate the maps are shown on the corresponding correlation maps (middle).

The ability of the CCM to visualize processes of particular neurons might
potentially be very useful. Because neuronal processes are intricately entangled, it is
often difficult to trace the processes of individual neurons in transmission images or in
fluorescence images where all neurons are un-specifically stained with [Ca®"]
sensitive dyes (e.g. Fig. 3-6, left, see also Garaschuk et al., 2006;Nagayama et al.,
2007). Thus, defining the connectivity of individual neurons during functional
imaging of population activity remains a highly challenging task (Garaschuk et al.,
2006;Nagayama et al., 2007). The “multi-color” labeling of neuronal processes using
CCM as shown in Fig. 3-6 could potentially be useful to enhance the visualization of

circuit connectivity during functional imaging.

One critical issue that determines the usefulness of CCM in visualizing
neuronal morphology is how far one can trace a neuron’s processes in the CCM. In
the example show in Fig. 3-6, the CCM mostly reveal relatively short stretches of
neuronal processes located relatively close to the somata. This might reflect the fact
that distal processes went out of focus, or alternatively, the [Ca®] signal might
decrease along the dendrites so that it was no longer detectable at locations far away
from the soma. To address this issue, I performed experiments using an objective with

a low numerical aperture (10X/0.3) and a correspondingly thicker focal depth. In
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these experiments, the CCM revealed longer stretches of neuronal processes and, in
some cases, I can even trace the dendrites of mitral cells from the soma to the
glomerular endings located >150um away from the soma. Moreover, secondary
dendrites could be clearly identified (Fig. 3-7). The high contrast of the CCM can be
used as a “mask” to guide the selection of ROIs on dendrites and even at distal
dendritic tufts (Fig. 3-7 D). This allows to measure signals from different
compartments of a neuron even though these structures are not visible in the raw
fluorescence image (Fig. 3-7 A). This result shows that the CCM can be used to
visualize and to guide the measurement of signals from a neuron’s processes even

when they are located far away from the soma.

In summary, I developed two complementary ways to visualize signals in
sequences of fluorescence images. The NCM reveals structures in the image that
exhibit some activity during the recording period. The CCM specifically reveals the
parts of an image that exhibit a particular signal waveform. Both methods can
visualize the soma and the processes of neurons and can guide the selection of ROI in
structures that are hardly visible in the raw fluorescence image. In the following
sections, I specifically used these tools to analyze the organization and the coding

properties of OB neuronal circuits.
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Fig. 3-7 Visualizing the glomerular connectivity of mitral cells in the

cross-correlation map. (A) [Ca®'] imaging of spontaneous activity using a low
magnification objective (10X, NA=0.3). (B) The cross-correlation map calculated

with respect to the signal of the selected soma. The connection of the neuron to the
glomerulus can be clearly visualized. (C) Overlay of the correlation map on the
Fluo-4 image. (D) The correlation map guides the measurement of signals from
different compartments of the neuron even when they are not visible in the raw Fluo-4
image. Scale bar: 50 pm.
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3.2 Correlation structures of OB spontaneous activity

In this part of the thesis, I analyzed the spatiotemporal structures of the
spontaneous activity in population of mitral/tufted (M/T) cells. It has been shown in a
previous study of our lab that neurons in the M/T cell layer exhibit prominent
spontaneous activity in the absence of any stimulation (Lin et al., 2007). More
specifically, ~90% of the cells in the M/T cell layer exhibit some spontaneous [Ca*']
transients during a three-minute period (Lin et al., 2007). These [Ca’"] transients are
TTX dependent (Chen et al., 2006;Lin et al., 2007). Moreover, the rising phases of the
spontaneous [Ca®"] transients correspond tightly to the firing of action potentials in
these neurons (Lin et al., 2007) (Fig. 3-8). Thus, measuring neuronal [Ca”'] activity

provides a way to reconstruct the intrinsic firing patterns of M/T cells.

-F3s0

]once”

_I20pA
5s

Fig. 3-8. Simultaneous recording of spontaneous [Ca?'] transients (upper trace)
and spiking (lower trace) in a mitral/tufted cell. The recording was obtained
following the protocol described in (Lin et al., 2007).

Fig. 3-9 shows an example of spontaneous [Ca*'] activity in the M/T cell layer. The
intrinsic activity patterns of these neurons were highly complex and did not show any
obvious spatiotemporal structure. I did not notice any “wave” like propagation of

[Ca®"] activity across neurons. Moreover, the activity of nearby neurons appears to be



35

very different. This complex pattern of activity seems to be conveying a lot of

information. This motivated me to perform a more detailed investigation of these

activity patterns.
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Fig. 3-9 Spontaneous activity in population of mitral-tufted cells. (A) [Ca®']

imaging of spontaneous activity in mitral/tufted cells stained with Fura-2. Fifty
spontaneously active neurons are selected. These neurons are numbered from 1 to 50
along a minimal distance path (red). (B) Spontaneous [Ca®'] signals of four
representative cells. (C) Spontaneous activity of the 50 neurons each shown as a color
coded bar. The numbering of the cells follows the scheme in A. Nearby neurons (i.e.

consecutive rows in this map) did not show a clear correlation. Scale bar: 20 um.

3.2.1 Identification of synchronous neuronal modules

As a first step to approach the activity patterns, I analyzed whether there are
some correlations among neurons. For this purpose, I used the cross-correlation map
(CCM) introduced in the previous section to visualize the spatial locations of pixels
that are correlated to the [Ca"] signal of a particular cell. The CCM mostly showed a
brightly labeled soma (and sometimes some processes) corresponding to the selected
cell (Fig. 3-5). The “background” labeling was generally very low, suggesting that the
spontaneous [Ca®'] activity of most cells were uncorrelated. However, in some cases,
I observed a highly specific labeling of other neurons in the CCM. In the example

shown in Fig. 3-10, using the [Ca®"] signal of Cell 1 as the reference trace specifically
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labeled two other neurons in the CCM (arrows). The labeled neurons can be located
some distances away from the reference cell with many uncorrelated neurons in
between them. Most strikingly, measuring [Ca"] signals from these labeled neurons

yielded traces that appear to be virtually identical to the reference traces (Fig. 3-10,

right).

Time (s) 100
Fig. 3-10 Identification of highly correlated neurons Left, the cross-correlation map
calculated with respect to celll labeled two other cells. Right, [Ca*"] signals of the

three correlated neurons. Scale bar: 20 um.

To further analyze the correlated activity, I used a cell-based approach. I first
selected all neurons in the image that show some activity during the recording period
(generally 2-3 minutes) and measured their [Ca®"] signals. The signals from N
simultaneously recorded neurons were then used to construct an NxN correlation
matrix in which the I'"" x J™ elements showed the activity correlation index (r, see
method) between the I cell and the J® cell. Fig. 3-11 shows one example of such
correlation matrix. Whereas the correlations between most cell pairs were close to
zero, there were many specific subgroups of neurons that showed very high
correlations (r>0.6). Fig. 3-11 shows the locations of neurons belonging to different
correlated groups using different colors. Neurons of the same correlated group were
sparsely located and were intermingled with neurons belonging to other correlated

groups.
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I performed such experiments in a total of 19 optical sections (9 bulbs). This
allowed me to collect spontaneous [Ca®"] signals from 1325 cells (50325 pairs). The
histogram of the correlation indices clearly showed a bimodal distribution with a
second peak at the higher correlation range (Fig. 3-12), indicating the presence of
highly correlated neurons. There were 73 pairs of neurons that showed correlation
indices larger than 0.6. The distance between these pairs ranged from 10 to 184 um
(average: 53+37um, SD; n=73 pairs). Fig. 3-13 shows the histogram of the distances
of the 73 highly correlated pairs. Normalizing the number of correlated pairs within a
given distance bin to the total number of recorded pairs in the same bin allowed
estimating the probability of finding correlated pair as a function of distance (Fig.

3-13, right). This probability decreased monotonically with distance and can be fitted

by a single exponential function: P(r)= Ae 4, with A=0.0076 and 1=43.1 um. I
further analyzed the correlation indices of the 73 pairs as a function of the distances.
The correlation indices of these pairs ranged from 0.6-0.95, and there was no

significant dependency between the correlation indices of these neurons and their

distances (Fig. 3-14 R?=0.0035, P>0.64).
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Fig. 3-11 Organization of mitral/tufted cells into multiple “modules” of highly
correlated neurons (A) A color coded correlation matrix of the spontaneous [Ca®"]
activity in 50 simultaneously recorded neurons (same data as in Fig. 3-9). Cells are
rearranged according to the correlation values. Distinct regions of high correlation
coefficients reveal multiple groups of highly correlated neurons. (B) The spatial
locations of the neurons belonging to different modules are shown using different
colors. Neurons marked in gray are not correlated to other cells in the same field of
view. (C) [Ca"] signals in four representative modules of highly correlated neurons.

Scale bar: 20 um.
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Fig. 3-12 Distribution of the correlation indices (r) of 50325 pairs of OB neurons.
Inset: A second peak in the high correlation range indicates the presence of highly
correlated cells. A similar peak does not exist in the negative correlation range
(r<-0.5).
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Fig. 3-13 Spatial distribution of highly correlated neurons Left: Histogram of the
distances between highly correlated cells (r>0.6, n=73 pairs). Right: The probability
of finding correlated neurons as a function of distances. This probability is estimated
by normalizing the number of correlated neurons in a given distance bin to the total

number of recorded pairs in the same bin.
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Fig. 3-14 The correlation indices of highly correlated neurons (r>0.6) plotted
against their distances. There is no significant dependency between the correlation
indices and the distances (R*=0.0035, P>0.64).
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Fig. 3-15 Correlated neurons can be found in preparations with the olfactory
nerves (ON) transected. (A) A pair of neurons showing highly correlated activity in
the complete absence of receptor inputs. Scale bar, 20 um. (B) Distribution of
correlation indices in ON-cut preparations (total 31945 cell pairs in 16 optical slices).
74 pairs of neurons exhibit highly correlated activity (r>0.6) (C) The frequency of
finding highly correlated pairs in ON-transected preparations did not differ
significantly from preparations with intact ON (P>0.66, t-test).
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To understand whether the correlated activity depend on inputs from olfactory
sensory neurons, | performed a set of experiments in preparations with olfactory nerve
transected. In these experiments, I carefully cut both the olfactory nerves in the
middle (Fig. 3-15, left). To avoid ambiguity, the olfactory epithelia (tissues where the
olfactory sensory neurons reside) were completely removed. I then performed [Ca®']
imaging in the M/T cell layer of the olfactory bulb. In these experiments, I again
detected highly correlated activity in specific pairs of neurons (Fig. 3-15). These cell
pairs were found in 14 out of 16 optical slices, with an average of 4.6+1.4
pairs/optical slice. The frequency of finding these pairs was not significantly different
from the preparations with intact olfactory nerve (3.8+1.0 pairs/optical slice; n=19
optical slices; P>0.66). These results indicate that the correlated activity is intrinsic to

the OB and does not require inputs from olfactory sensory neurons.

3.2.2 High temporal resolution analysis of synchronous activity

I further analyzed the correlated activity of these neurons at a higher temporal
resolution using the line-scan mode of the confocal microscope. In these experiments,
I first imaged a population of M/T neurons at a rate of 4Hz. I then analyzed these data
online and identify neurons showing highly correlated activity. Using this information,
I placed a scan line across a specific pair of highly correlated neurons (Fig. 3-16).
Scanning the laser focal point repeatedly along this line allowed me to sample the
[Ca®"] signal of these neurons at a much high temporal resolution. Fig. 3-16 shows an
example of such experiments. Individual [Ca*'] transients of the two neurons appears
to be precisely synchronous to each other, although there are clearly some [Ca®']

transients that appear in one cell but are lacking in the other cell.
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Fig. 3-16 Correlated activity analyzed at a higher temporal resolution (A) A pair
of highly correlated neurons identified in the correlation map (below). A scan line
placed across the two neurons (yellow line, top). Scanning the laser focal point
repeatedly along this line allows recoding the activity of these neurons at a much
higher sampling rate. (B) The fluorescence along the scan line plotted over time. The
locations of the two neurons marked on the top. (C) High temporal resolution [Ca®']
signals of the two cells. Individual [Ca®"] transients of the two neurons appear to be
precisely synchronous to each other, although there are clearly some [Ca”'] transients

that appear in one cell but are lacking in the other cell.

To further quantify the degree of spiking synchronization between the
correlated neurons. Dr. Bei-Jung Lin performed dual on-cell recordings that
specifically targeted cell pairs that showed highly correlated [Ca*'] activity. Fig. 3-17
shows an example of such experiment. Consistent with [Ca*"] imaging data, the spike
trains of the two neurons were highly correlated. The correlated spikes did not have a
fixed delay. The two neurons could either fire nearly simultaneously or with a small
positive or negative time lag (At) (Fig. 3-17, B). The distribution of At showed a
narrow peak near At = 0 (Fig. 3-17, C), indicating that spikes of one neuron tended to
occur within a narrow time window around the spikes of the other neuron and vice

versa. A Gaussian fit to the distribution, peaked, on the average, at 3.5 £1.6 ms (n=4)
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with a standard deviation of the fitted curves of 13.9 + 3.6 ms (n=4). These results

show that these neurons fire correlated APs at a precision of a few milliseconds.
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Fig. 3-17 Spiking patterns in neurons showing highly correlated [Ca®'] activity
(A) Simultaneous on-cell recording of action potentials in a pair neurons showing
highly correlated [Ca®"] activity. (B) Expanded traces from regions marked in A. (C)
Spike cross-correlogram showing the distribution of the lag (At) in spike time

between the two cells. Experiments performed by Dr. Bei-Jung Lin.
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3.3 Connections of synchronous neurons into the same glomerulus

3.3.1 Evidences from tracer injection

The data presented so far indicates that the OB contains distinct groups of
neurons showing synchronous electrical and [Ca®"] activity in the absence of any
stimulation. Neurons belonging to a synchronous group are sparsely distributed in the
OB and are intermingled with neurons belonging to other synchronous group. The
highly correlated activity suggests that there might be some connections between the
synchronous neurons. However, because these neurons can often be located far away
from each other, it is difficult to trace their connections in transmission images or in
fluorescence images using Fura-2 staining. To understand whether and how these
neurons might connect to each other, I performed experiments in which I specifically

stained pairs of synchronous neurons with fluorescence dyes using patch pipettes.

In these experiments, I first performed [Ca®'] imaging experiments using
Fura-2. I then analyzed the data online to identify M/T cell pairs showing
synchronous activity. I then selected one specific pair of synchronous M/T cells and
re-identified the same neurons under transmission images. Finally, I established
whole-cell patch-clamp from each of the synchronous neurons to fill them with
fluorescence dyes. To be able to clearly distinguish the processes of the two neurons, I
injected the two neurons using fluorescence dyes of different colors (Red: Alexa 555,
Green: Alexa 488). Although the emission band of Alexa-488 overlaps that of Fura-2,
the initial Fura-2 staining does not interfere with the detection of Alexa 488 because
their excitation spectra are quite different (Fig. 3-18; Fura-2 is best excited at 340-380
nm, depending on the [Ca®"] level whereas Alexa 488 is best excited at 488nm).
Finally, to avoid ambiguity, only two neurons (one color each) were subjected to

staining attempts in each bulb.
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Fig. 3-18 Staining with Fura-2 does not interfere with the detection of Alexa 488
Fluorescence spectra of Fura-2 ([Ca®"] bound form, blue curves) and Alexa 488
(Green curve). Dash lines show excitation spectra, solid lines show emission spectra.

(Image taken from www.molecularprobes.com)

Fig. 3-19 shows one example (and actually the first successful example) of such
experiment. Synchronous M/T cells were identified based on a clear labeling in the
correlation map (Fig. 3-19, A) as well as the highly correlated [Ca®'] signals of the
two neurons (Fig. 3-19, B). The morphological reconstruction of the neurons clearly
showed some dendrites connecting the glomerular layer and terminating in tufted-like
structures, confirming that these neurons were indeed M/T cells. Strikingly, I observed
that the synchronous neurons connected precisely into the same glomerulus. In the
z-projection images (Fig. 3-19, C), the dendrites of the two neurons appeared to have
some additional contacts than those at their overlapping dendritic tufts. However, a
careful examination of the neurons’ dendritic branching pattern in 3D showed that, in
most cases, the non-tuft dendrites of the two cells were not actually touching each
other. There were only two locations in this case where the separation of the neurons’
processes cannot be determined unambiguously (arrows in Fig. Fig. 3-19, D).
However, in a different example, I found that the processes of the two correlated
neurons clearly separated from each other with the only putative contacts being

located in the shared glomerulus (Fig. 3-20). This suggests that the intra-glomerular
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contacts of the two neurons play an important role in their correlated activity. There
were some cases where the synchronous neurons’ primary dendrites terminated in
more than one dendritic tuft (Fig. 3-21). In these cases, the neurons’ dendritic tufts

can overlap at precisely the same two locations (Fig. 3-21).

I performed such morphological reconstruction experiments in a total of 9
pairs of synchronous neurons (r>0.6). The distances between these neurons ranged
from 20-109um (average: 57.3um). In all cases, the two synchronous neurons
invariably had dendrites that connect to the same glomerulus with at least one
overlapping dendritic tuft (Table 3-1). In contrast, neurons showing low correlation
(r<0.4) connect to different glomeruli (n=3). This evidence, together with the fact that
the overlapping glomerular tufts are sometimes the only place where the two neurons
come within contact (e.g. Fig. 3-20 A), suggests that the connections of the neurons to

the same glomerulus plays an important role in their correlated activity.
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Fig. 3-19 Morphological reconstruction of synchronous neurons (A) A pair of

synchronous neurons identify in the cross-correlation map. Scale bar, 20pum (B) The
[Ca®"] activity of these two neurons. (C) Morphology of the neurons reveals by dye
injection. These neurons issue several dendrites. Some of these dendrites connect to
the glomerulus while others extend several hundred micrometers caudally into the
granule cell layer. (D) The dendritic tufts of the two neurons branch precisely within
the same glomerulus. (E) Overlay of the fluorescence image and the transmission

image showing the orientation of the slice. ON: olfactory nerve.
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Fig. 3-20 Morphological reconstruction of synchronous neurons (More examples)

(A) Overview of the dendritic morphology of the two cells at a lower magnification.
The processes of these two neurons do not touch each other except within the shared
glomerulus. (B) A magnified view of the glomerular connection of the two neurons.
(C) The branching pattern of two synchronous neurons within the shared glomerulus.

This image is taken from yet another pair of synchronous neurons.
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Fig. 3-21 A pair of synchronous neurons whose dendrites contact in the glomerular
layer at precisely the same two locations. The green neuron shows an additional
dendritic tuft not shared by the red neuron.
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) # tufts # tufts Overlap  Distance
Pair ID
(celll) (cell2) tufts (um)
1 2 1 1 20.1
2 1 1 1 25
3 1 1 1 30 Fig. 3-9
4 2 2 2 44.6
5 1 1 1 50
6 1 1 1 70
7 1 1 1 73 Fig. 3-20 (C)
8 1 1 1 94.2 Fig. 3-20 (A,B)
9 3 2 2 109.2  Fig. 3-21

Table 3-1 Summary of the morphological reconstruction experiments of 9 pairs
of synchronous neurons (r>0.6). In all cases, the two neurons invariably show at

least one overlapping dendritic tufts within the glomerulus.
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3.3.1 Evidence from cross-correlation maps

The dye injection experiments presented in the previous section allow
visualizing the dendritic morphology of two neurons of a synchronous module. To
visualize a complete module, one would need to identify more synchronous neurons
and fill each of them with fluorescence dye. With the number of neurons, this
experiment would become increasingly difficult to carry out. In Sec 3.1, I have shown
that the activity cross-correlation map (CCM) allows a high contrast “virtual labeling”
of OB neurons. Moreover, it is possible to trace the dendritic connections of M/T cells
to the glomerulus in the CCM (Fig. 3-7). In this section, I present experiments in
which I attempt to reconstruct the dendritic connection of a substantial part of a
synchronous module by reconstructing CCMs of the same module at different

z-positions.

In these experiments, I imaged the spontaneous activity of OB neurons at
different z-positions using a high resolution objective (40X/1.3). The gaps between
adjacent z-planes were carefully chosen to be slightly smaller than the thickness of the
optical slice. I reconstructed CCMs using the [Ca®"] signals of neurons as reference
waveforms. As before, individual CCMs often labeled other neurons and processes
that were synchronous to the reference neuron (Fig. 3-22 A, left). Due to the overlap
between optical slices, the same cells or the same dendritic compartments could be
detected in adjacent z-planes, so that I can reliably select regions of interest belonging
to the same cell in the next z-plane (Fig. 3-22 A). This allowed me to measure a new
reference trace and construct CCM of the same module at this z-position. Carrying out
the same procedure for all subsequent planes led to a labelling of all neurons and

processes in 3D that exhibit synchronous activity to the reference cell.
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Fig. 3-22 B shows a maximal z-projection of all obtained CCM of the same module.
This map labelled a total of 4 neurons. Except for one neuron whose dendrites went
out of the observation volume, all other cells had dendrites that connected to the same
glomerulus. This data is consistent with the dye injection experiments presented in the
previous section, suggesting that all neurons of a synchronous module share the same

glomerular connection.

I reconstructed the 3D CCM of a number of other neuronal modules within the
same observation volume. These maps were coded using different colors and overlaid
on the same image (Fig. 3-22, C). Notably, neurons coded using different colors (i.e.
differently correlated neurons) invariably connected to different glomeruli. This
further suggests that M/T neurons exhibit synchronous activity if and only if they

share the same glomerular connections.
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Projection
(12 sections)

Fig. 3-22 Visualizing the dendritic connections of synchronous modules (A)
Correlation maps of one neuron at different z-positions reconstructed by sequentially
acquiring time-series of confocal images at different z-planes. An overlap between
optical slices allows the selection of ROIs (arrows) belonging to the same cell at
different z-planes. The reference signals used to generate the corresponding
correlation maps were superimposed. (B) Maximum z-projection of the correlation
maps of this cell reveals the dendritic connections of synchronous neurons into the
same glomerulus (C) Superposition of different correlation maps using different
colors. Neurons coded with different colors (i.e. differently correlated neurons)

invariably connect to different glomeruli.
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3.4 Characterization of sensory responses in synchronous neurons

The reliable relationship between the synchronization of spontaneous activity
and common glomerular connection offers a highly specific criterion for identifying
neurons that connect to the same glomerulus. This means that, by analyzing the
correlated spontaneous activity of M/T cells, one can reliably predict whether a pair of
M/T cells connects to the same glomerulus. In this part of the thesis, I specifically
used this relationship as a tool to investigate a long standing question in olfaction,
how the odor representation of M/T cells can be related to the neurons’ glomerular

connectivity.

3.4.1 General properties of odor responses in the OB

The odor representation of M/T cell population has been extensively analyzed
in different species using a variety of methods ranging from intra-cellular recordings
(Hamilton and Kauer, 1989;Luo and Katz, 2001;Cang and Isaacson, 2003),
extra-cellular recordings (Buonviso and Chaput, 1990;Kashiwadani et al.,
1999;Friedrich and Laurent, 2001;Friedrich et al., 2004), and optical imaging (Cinelli
et al., 1995;Yaksi et al., 2007). Although none of these studies have related the
recorded responses to the neurons’ glomerular connectivity, these studies yielded a
common picture of M/T cells’ odor coding as an active process with individual
neurons showing complex and dynamic spatio-temporal responses. The odor
representations of Xenopus M/T cells have recently been analyzed by Dr. Bei-Jung
Lin in our lab using a combination of electrophysiology and [Ca*"] imaging
approaches. In her study, she shows that a single odor can elicit different [Ca®']
response patterns in different M/T cells, and these [Ca*"] responses can be generally
categorized as excitatory or inhibitory responses (Lin et al., 2007). Moreover, the

. . . 2+ . .
excitatory or inhibitory [Ca” ] responses correspond to an increase or a suppression of
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firing rates of these neurons (Lin et al., 2007).

I first repeated the [Ca”"] imaging experiments of odor responses as described
in (Lin et al., 2007). Fig. 3-23 shows an example in which I recorded the [Ca”"]
activity of M/T cells in response to odor stimulations applied to the ipsilateral
olfactory epithelium. In line with the previous observation, the [Ca*'] activity of these
neurons were clearly modulated in at least two different ways. In some cells (e.g. cell
1, 2), odor induced reliable [Ca*"] increases that could be clearly distinguished from
their spontaneous activity. In other cells (e.g. cell 3, 4), odor suppressed spontaneous
[Ca®"] transients, leading to an overall [Ca*"] decrease with respect to the pre-stimulus
level. I quantified the responses of 448 cells (9 bulbs) to an odorant stimulus (mixture
of 14 amino acids, see Materials and Methods). An excitatory or inhibitory response
was assumed when the fluorescence change within a 7s post-stimulus window
exceeded £2.5 SD of the spontaneous fluctuations. Using this criterion, 29.5% of the
examined neurons showed excitatory responses and 14.7% showed inhibitory

responses.

The spatial distribution of odor-responsive M/T cells was highly
heterogeneous (Fig. 3-23 A). There was a substantial intermix of neurons that showed
excitatory responses with others showing inhibitory responses. In 177 randomly
chosen pairs of neighboring and odor-responsive neurons, 57 pairs responded in an
opposite way (i.e., excitation in one cell and inhibition in the other one). In cases
where both responses were either excitatory or inhibitory, the durations or response

waveforms would differ (Fig. 3-23 B).
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Fig. 3-23 Odor-induced patterns of excitatory or inhibitory responses in M/T
cells (A) Schematic of a nose-brain-preparation and odor-induced fluorescence
changes in the zoomed field of view indicated. The odor responses in a post-stimulus
time window (marked in B) color coded and displayed as a spatial map. Cells that are
excited (red) or inhibited (blue) are intermingled. Scale bar, 20 um. (B) Time courses
of [Ca”*"] signals in four cells before, during and after odor applications. The timing of
the odor stimulations are indicated by black bars (above the traces) and extended

downward (gray).

3.4.2 Odor responses in synchronous and non-synchronous neurons.

As the next step, I analyzed M/T cells’ odor responses with respect to their
glomerular connectivity as inferred from the correlation between the neurons’
spontaneous [Ca® '] activity. In these experiments, I first recorded the spontaneous
[Ca®"] activity in a population of M/T cells and subsequently recorded the
odor-induced responses of the same neurons. Cross-correlation analysis of the
spontaneous data allowed me to identify groups of synchronous neurons as those cells
that connect to the same glomerulus. I then specifically analyzed whether there are
some differences of the odor response properties in synchronous neurons or

nOIl-Syl’lChI'Ol’lOllS neurons.
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Fig. 3-24 shows two examples of such experiments. Neurons with synchronous
spontaneous activity were labeled in the correlation maps and their responses to odors
were shown as the traces below. In both cases, I observed a strikingly matched
odor-induced response in neurons showing synchronous spontaneous activity. In the
first example, odor stimulation induced excitatory [Ca®'] responses in both cells (Fig.
3-24, left). This is consistent with these neurons sharing common excitatory OSN
inputs within the same glomerulus. To my surprise, I found that when odors elicit an
inhibitory response, it occurs simultaneously in all neurons of a synchronous module
(Fig. 3-24, right). The strong similarity of the odor-induced responses was highly
restricted to neurons showing synchronous spontaneous activity. In both examples,
when I measured the odor responses from nearby but non-synchronous neurons, these

neurons show very different or even opposite responses (Fig. 3-24).

I continued with these experiments and measured the odor-induced responses
in a total of 18 modules of synchronous M/T cells. In all cases, odor stimulation elicits
precisely matched responses in all neurons of a synchronous module. The responses
of these neurons were similar not just in direction but also in amplitude, duration and
temporal patterns (Fig. 3-25, A). I quantified the response amplitudes and the
response waveforms in 18 pairs of synchronous neurons and in 18 non-synchronous
neurons located next to one of the synchronous neurons. Although the synchronous
neurons were separated by larger distances in all cases (Fig. 3-25, B), their responses,
in particular the response directions, amplitudes (Fig. 3-25, C) and the temporal
waveforms (Fig. 3-25, D) were more similar than in the nearby, non-synchronous

pairs.
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Fig. 3-24 Synchronous neurons show precisely matched excitatory/inhibitory

10s
odor responses. (A) A pair of synchronous neurons identified in the correlation map.

This pair consistently responds to odor stimulation (mix AA) with an increase in
[Ca®"]. An uncorrelated neuron located next to cell 1 respond in an opposite direction.
(B) Another module of three synchronous neurons responded to odor with [Ca®']

decrease. An uncorrelated neuron (cell 4) shows an opposite response.
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Fig. 3-25 Synchronous M/T cells show precisely matched excitatory/inhibitory
odor responses (A) Odor-induced calcium responses color coded and shown for 18
pairs of synchronous M/T cells (left and middle panel). The responses of
non-synchronous neurons located next to one of the synchronous cells as a control
(right panel). (B) The soma distances between the synchronous pairs and the nearby
pairs in (A). (C) Integral responses in a post-stimulus time window (marked under the
panels in B) plotted for the synchronous cell pairs (left) and the nearby,
non-synchronous pairs (right). (D) The correlation coefficient of the response

waveforms in synchronous pairs and nearby pairs (n=18; * p<10™).
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The above results suggest that the apparently complex patterns of M/T cell
responses actually follow a strikingly precise rule. M/T cells that connect to different
glomeruli (i.e. uncorrelated neurons) can show very different responses even when
they are located next to each other, whereas M/T cells of the same glomerulus (i.e.
synchronous neurons) show precisely matched responses even when they are located
far away. This precision is surprising given a complex synaptic interaction within the
OB (Chen et al., 2000;Friedrich and Laurent, 2001;Friedrich et al., 2004). I therefore
tested whether the similarity of responses of the synchronous neurons holds for other

odorants.

In these experiments, synchronous neurons were first identified by analyzing
the spontaneous activity as previously described. We then applied a panel of different
odorants to the olfactory epithelium and measured the odor responses of M/T cells. To
avoid ambiguity, whenever there was a need to apply the same odorant twice, it was
always interleaved with the application of different odorants. Further, consecutive
odor stimulations were always separated by at least 50s to avoid possible effects of

adaptation.

Fig. 3-26 shows an example of such experiment. For a given neuron, applying the
same odors leads to similar responses whereas applying different odors leads to
different response patterns (Fig. 3-26, B). This indicates that the responses of
individual M/T cells carry information about odor identity. Furthermore, the same
neuron can be excited by some odors while being inhibited by other odors, indicating
different odors elicit different but odor-specific patterns of excitatory/inhibitory inputs

into a particular M/T cell.

We next analyzed the response profile of M/T neurons with respect to the
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correlation of their spontaneous activity. In nearby but non-synchronous neurons (e.g.
cell 2 and cell 3 in Fig. 3-26, A and B), the responses can be similar for some odorants
(e.g., the amino acid mixture inhibited both cell 2 and 3) but different for others (e.g.,
lysine excited cell 2 but inhibited cell 3). However, in neurons belonging to the same

synchronous module (cell 1, 2 or cell 3, 4), different odorants led to virtually identical

patterns of excitatory/inhibitory responses (Fig. 3-26, B and C).

Single trial
Mix Arg

Fig. 3-26 Precisely matched responses of synchronous neurons to different odors
(A) Two pairs of synchronous M/T cells (top) and their spontaneous [Ca®"] signals
(bottom). Scale bar, 10 um (B) The responses of the four neurons to four different
odorants (amino acid mixture, lysine, arginine and methionine, 50 uM). Color traces
show average responses, gray traces show individual trials. (C) Single trial responses

of a synchronous pair and their overlay.
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I performed the previously described experiments in a large number of M/T
cells. This allows me to reconstruct ensemble representations of different odors by
population of M/T neurons. Fig. 3-27 shows the representation of 5 different odors by
an ensemble of 34 M/T neurons (upper row). The response of each neuron was shown
as a color coded bar with red showing excitatory responses and blue showing
inhibitory responses. From this representation, it can be seen that each odor was
represented by a specific pattern of excitation/inhibition distributed across the
population. For each of these 34 M/T cells, I identified their synchronous partners and
measured their odor responses. This allowed me to reconstruct the odor representation
by a different ensemble of 34 M/T cells with each of them being synchronous to the
corresponding neuron in the first ensemble (Fig. 3-27, lower row). The ensemble odor
representation by these two non-overlapping groups of neurons showed a very high
similarity (correlation coefficient r=0.87+0.02; n=5 odors). This high correlation was
not due to a lack of specificity of the [Ca®*] response waveforms because random
reshuffling of the cell indices eliminated the correlation (r shuffled=0.03+0.01).
Further, when the correlation was measured over short time windows (250 ms), the
correlation was reliable before, during and after odor responses (Fig. 3-28). These
data suggest that OB neurons transmit more than one copy of odor codes. Further, it
suggests that higher brain centers could retrieve similar odor information using both

or either of the synchronous neurons.
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Fig. 3-27 Two copies of odor codes in the olfactory bulb. Responses of 34 neurons

to five odors (upper row). The same odors are similarly represented by the

synchronous partners of these neurons (lower row). r, correlation coefficient.
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Fig. 3-28 Correlated activity remains high before, during and after odor
responses. The correlation coefficient (r) between the two ensembles of neurons in
Fig. 3-27 measured in successive 250ms windows plotted over time (red).
Re-shuffling the cell order eliminates the correlation (blue). Error bars represents the
s.e.m. of r values over 12 trials (6 odors, each applied twice). Black trace shows the

response waveform averaged over all neurons.
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3.5 Synaptic mechanisms underlying correlated activity

How can neurons of a synchronous module show such highly coordinated
ongoing and odor-modulated activity? In other systems, correlated neuronal activity
has been attributed to common excitatory inputs (Cobb et al., 1995;Alonso et al.,
1996), synchronous inhibitory inputs (Gibson et al., 1999;Christie et al., 2005) or a
direct coupling among neurons (Schoppa and Westbrook, 2002;Hayar et al.,
2005;Christie et al., 2005). In this part of the thesis, I report some findings in which

Dr. Bei-Jung Lin and I specifically examined these possibilities.

3.5.1 Characterization of synaptic inputs and functional coupling

We first analyzed patterns of synaptic inputs into synchronous neurons using
duo whole cell patch-clamp that specifically target synchronous neurons. To separate
between EPSCs and IPSCs, we hold the cells either at -60mV (close to the chloride
reversal potential) or at OmV (close to the reversal potential for cationic currents). To
minimize the potassium currents due to the opening of voltage-gated potassium
channels at 0mV, we used a Cs" and TEA based internal solution (in mM, NaCl 1,

MgCl;, 1, TEA-CI1 2, CsCH3S0O4 79, HEPES 10, EGTA 5, ATP 3, GTP 0.3).

Fig. 3-29 shows one example of such experiments. At -60mV, M/T cells
predominantly showed synaptic inward currents that can be blocked by CNQX and
APV. In synchronous neurons, some of these EPSC events occurred concurrently in
both cells (Fig. 3-29 A, asterisks) while others occurred in only one of the neurons
(arrows). The cross-correlogram of the membrane currents had a weak peak near At=0
(r(0)=0.35+0.07; n=8), suggesting that the excitatory inputs of these neurons were
partly but not completely synchronous. At a potential close to the reversal potential
for ionotropic currents mediated by glutamate receptors (0 mV), M/T cells

predominantly showed synaptic outward currents that were abolished by picrotoxin
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(50 uM). Examining these currents revealed that the IPSC events rarely occurred
simultaneously in synchronous neurons (Fig. 3-29 B). The cross-correlogram of the
membrane currents did not show a detectable peak (r(0)=0.05+£0.02; n=4). These data
are not consistent with the idea of common inhibitory inputs underlying the correlated
activity. Moreover, they show that even for neurons connected to the same glomerulus,

the excitatory inputs are not completely the same.
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Fig. 3-29 Synaptic inputs recorded simultaneously in pairs of synchronous M/T
cells. (A) Left, excitatory synaptic currents (EPSC) in a pair of synchronous neurons
measured at -60mV. Asterisks: synchronous events; arrows: asynchronous events.
Right, membrane current cross-correlogram had a peak (r=0.43) near At=0. (B) Left,
inhibitory synaptic currents (IPSC) in synchronous neurons measured at 0OmV. Most
IPSC events are not synchronous. Right, cross-correlogram of the IPSCs does not

show a significant peak. Experiments performed by Dr. Bei-Jung Lin.
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We next examined the possibility of a direct coupling between synchronous
M/T cells. Previous studies in the mammalian OB show that M/T cells connected to
the same glomerulus are coupled by gap junctions (Schoppa and Westbrook,
2002;Hayar et al., 2005;Christie et al., 2005). Because gap junctions can pass both
depolarizing and hyperpolarizing currents, they could play a role in coordinating the
excitatory/inhibitory responses. To test whether synchronous M/T cells are electrically
coupled, Dr. Bei-Jung Lin performed targeted paired whole-cell recording from these

neurons.

In these experiments, a 25 mV hyperpolarization pulse (from -60 to -85 mV)
applied to one cell reliably elicited a hyperpolarizing (outward) current in its
synchronous partner (averaged amplitude: 3.73+0.51 pA; n=10 pairs, Fig. 3-30 A). A
current of similar amplitude was observed when the voltage pulses were applied into
the other neuron (Fig. 3-30 A, right). The coupling current was not seen in recordings
made in pairs of nearby but non-synchronous neurons (n=2), suggesting that the
coupling was specific. Finally, Cd*" (200uM), which blocked most synaptic currents,
had little effect on the coupling current whereas the gap junction inhibitor
carbenoxolone (200-400 uM) largely reduced the current (Fig. 3-30 B, 80+11%
reduction, n=4). These results show that the synchronous M/T cells in the Xenopus
OB are electrically coupled, suggesting that a glomerulus-specific M/T cell coupling

is a general feature of glomerular function in the vertebrate OB.
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Fig. 3-30 Synchronous neurons are electrically coupled (A) Hyperpolarizing
voltage steps (-60 to -85mV) in one M/T cell elicit hyperpolarizing (outward) currents
in its synchronous partner (left column) and vice versa (right column). The current
traces are averages of 80 sweeps. (B) The coupling current is not affected by Cd*" but
it is abolished by subsequent application of gap junction inhibitor carbenoxolone

(Carb). Experiments performed by Dr. Bei-Jung Lin.

3.5.2 The effect of mutual coupling between synchronous neurons

Because Xenopus M/T cells have large input resistances (>1GQ) (Scheidweiler
et al., 2001), the electrical coupling conductances we observed could have a strong
functional effect. To test this possibility, I performed experiments in which I recorded
one M/T cell using whole cell patch clamp (Cell 1) while simultaneously monitoring
the [Ca”"] activity of its synchronous partner (Cell 2). In the current clamp mode, the
patched clamped neuron (Cell 1) exhibits spontaneous fluctuation of membrane

potentials, and this potential is locked to the spontancous [Ca®'] signals in its
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synchronous partner (Fig. 3-31). I further stimulated the patch clamped neuron while
measuring the [Ca®"] activity of other neurons. In these experiments, depolarizing a
single M/T cell induced measurable excitatory [Ca*"] responses in its synchronous
partner (but not in other cells in the same field of view, Fig. 3-32, n=4 synchronous
pairs and 7 non-synchronous pairs). Moreover, hyperpolarizing the neuron reduced
the spontaneous activity of its synchronous partner (Fig. 3-32), leading to a [Ca®']
decrease similar to inhibitory odor-induced [Ca*"] responses (see e.g. Fig. 3-24, right).
These data show that a de- or hyperpolarization of an M/T cell can propagate and
specifically modulate the responses of other synchronous neurons. This provides a

mechanism to coordinate the responses of synchronous neurons during odor

processing in the OB.

Current Clamp

i LA,
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—_15%,10mV
28
Fig. 3-31 Membrane potential of an M/T cell time-locked to the [Ca®*] transients
of its synchronous partner. Simultaneous recording of membrane potential in a
mitral cell (Celll) during spontaneous [Ca®'] activity of its synchronous partner
(Cell2). The voltage in cell 1 is locked to the [Ca®] activity of cell 2
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Fig. 3-32 Effects of the coupling between synchronous neurons (A) Stimulating a
patch-clamped neuron (Celll) in depolarizing or hyperpoloarizing direction
specifically enhances or suppresses the [Ca®"] activity of its synchronous partner
(Cell2). (B) Summary (mean + s.e.m.) of the [Ca®] activity modulation in

synchronous (n=4) and non-synchronous (n=7) pairs.
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4. Discussion

4.1 Correlation maps for visualizing [Ca®"] imaging data

In Sec. 3.1, I introduce two correlation-based approaches to facilitate the
visualization of time-dependent [Ca*"] imaging data. The first approach, the NCM
(neighborhood correlation map), labels all structures that exhibit activity during the
recording period. The main advantage of the NCM is that it selectively labels active
structures while excluding bright structures that do not exhibit any activity (Fig. 3-1).
Furthermore, active structures can be clearly visualized even when they are not visible
in the raw fluorescence image (Fig. 3-1). These properties make the NCM particularly

appropriate for guiding the selection of regions of interests (Fig. 3-2).

There are several other approaches that could be used (or have been used) to
visualize active structures in image time-series. For example, in the maximum
projection map, each pixel is assigned the maximal intensity value of that pixel during
the recording period. In this way, structures that become “brighter” at some point of
the recording period will become more visible. However, the maximum projection
map generally gives much worse contrast than the NCM because it does not reduce
the labeling of bright but inactive structures (e.g. cell 2 in Fig. 3-1). Furthermore,
structures showing a decrease in activity (i.e. become darker) will not be seen in the
maximum projection map, but they can be clearly visualized in the NCM. Thus, for
visualizing structures showing changes in fluorescence intensities, NCM is a preferred

tool due to its high sensitivity and selectivity.

The second tool, the CCM (the cross-correlation map), labels structures that

exhibit a particular reference waveform (Fig. 3-5). In general, one could take any
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N-dimensional vector as the reference waveform (with N being the number of images).
In this thesis I mostly used signals measured from a certain location of the image (e.g.
[Ca®"] signals at somata or dendrites) as references. Because correlation is an
extremely sensitive way of detecting signals in noise (in the case of Gaussian noise,
correlation has been proven to be the optimal way, Haykin, 1994), CCM reveals
structures carrying the reference signals even when these structures are small and the
signals are noisy (Fig. 3-5). This enables the visualization of fine neuronal processes

of selected neurons even when these processes cannot be seen in the raw fluorescence

image (Fig. 3-6 and Fig. 3-7).

To further illustrate the high sensitivity of CCM, I used a computer to simulate
the process of fine structure detection using correlation. I first generated a noise-free
data set that mimics [Ca”"] signals in a thin dendritic structure (Fig. 4-1, upper row). I
then added varying amount of noise to the data and generated CCMs using the
noise-free signal as the reference waveform. Note that in all SNR levels shown, the
signals of single pixels are so noisy that their similarity to the noise-free waveform
can hardly be determined by visual inspection (Fig. 4-1). However, the presence of
signals in these pixels can be clearly seen in the CCM. This further illustrates the high

sensitivity of CCM to detect correlated structures in noisy conditions.
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Fig. 4-1 Detecting fine structures using CCM under various SNR conditions. First
row: A simulated noise-free data set that mimics [Ca®'] imaging in a thin dendrite
(white stripe in the middle). In these data, the white pixels exhibit a specific activity
waveform (shown to the right) whereas the background pixels (black) carry no signal.
Below: The CCMs obtained after adding random noise to the simulated data, using
the noise free waveform as reference. The amount of noise is determined by the SNR
values indicated to the left. The traces to the right of the CCMs show the signal of an

example pixel after noise addition.

The CCM not only labels processes belonging to a given neuron but in some
cases also labels other neurons that exhibit correlated activity (Fig. 3-10 and Fig.
3-22). In these two figures, the CCMs were generated using time-series of more than
600 images. Because the probability that any two vectors with length 600 will exhibit
some random correlation is extremely low, the CCM labels only the structures whose
signals show highly significant correlation to the reference signal. In the case of M/T
cell spontaneous activity, CCM only labels highly correlated neurons that connect to

the same glomerulus (Fig. 3-22).

The high sensitivity and high specificity of the CCM make it an extremely
powerful tool to detect the presence of a particular signal waveform. The principle of

the CCM is similar to the in-situ hybridization technique. In in-situ hybridization, the
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specific binding between a “probe” RNA and RNA molecules in the tissue enables
visualizing the spatial expression pattern of a particular gene. In CCM, the correlation
between a reference signal and each pixel’s signal waveform enables visualizing the
spatial “expression pattern” of a particular activity waveform in the recorded field of
view. Interestingly, these two techniques can reveal different but complementary
aspects of olfactory system function. In a sequence of classical findings (Ressler et al.,
1994;Vassar et al., 1994;Mombaerts et al., 1996), the authors used in-situ
hybridization techniques to map the expression pattern of a single olfactory receptor
(OR) gene in the olfactory epithelium and the OB. These authors found that the
expression of a given OR gene is confined to a subset of olfactory sensory neurons
and that these neurons project their axons into the same glomerulus (Fig. 4-2, A). In
this thesis, we used CCM to visualize the spatial “expression pattern” of a specific
activity waveform in the OB. The resulting map reveals that a specific activity is
found only in a subset of M/T cells, and that these M/T cells project their dendrites
into the same glomerulus (Fig. 4-2, B). Thus, at the input level, an individual
glomerulus collects convergent inputs from OSN expressing the same OR. At the
output level, an individual glomerulus confers highly similar output activity to a
specific ensemble of M/T cells connected to it. This output function of the glomeruli
is revealed here, for the first time, using a “digital version” of the in-situ hybridization

technique (Fig. 4-2, B).
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OSN expressing the same OR gene M/T cells “expressing” the same activity
converge to the same glomerulus diverge from the same glomerulus

Fig. 4-2 (A) Projection patterns of OSNs expressing the olfactory receptor gene P2.
The axons of these neurons converge to the same glomerulus. Image taken from
(Mombeaerts et al., 1996) (B) Projection patterns of M/T cells showing correlated
activity waveform visualized using CCM. The dendrites of these neurons come from

the same glomerulus (see also Fig. 3-22).
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4.2 Spontaneous activity in the olfactory bulb

Neurons in many brain regions often generate patterns of spontaneous activity
in the absence of any stimulation. The spontaneous activity is traditionally considered
to be random “noise” that has to be “averaged out” to yield a meaningful,
sensory-related response (Raichle, 2006). However, recently studies start to uncover
novel functional roles of neuronal spontaneous activity (Raichle, 2006). First, several
studies have shown that the spontaneous activity in the cortex is not random but
instead exhibits highly organized spatiotemporal structures (Kenet et al., 2003;Cossart
et al., 2003;Ikegaya et al., 2004). Furthermore, intrinsic fluctuations of network
“states” can play a role in modulating a neuron’s sensory-induced responses (Petersen
et al., 2003). These studies challenge the traditional view and place the intrinsic

activity of neurons as an integral and important part of brain function.

The spontaneous activity of olfactory projecting neurons has been reported
and analyzed in a number of different species. In-vivo recordings in the mammalian
OB revealed that M/T cells are spontaneously active at a rate between 0 ~ 30Hz, with
an average background activity higher in awake than in anesthetized animals (Davison
and Katz, 2007). In locusts, the baseline activity of antennal lobe projecting neurons
(insect analog of the vertebrate M/T cells) are abundant and are higher than
downstream neurons in the mushroom body (Perez-Orive et al., 2002). However,
despite these general descriptions, few studies have examined the spatiotemporal

structures of spontaneous activity in populations of OB neurons.

In this thesis, I extensively analyze the spontaneous activity of many OB
neurons using [Ca’'] imaging. The main finding is that M/T cells are organized into

many “modules” of neurons each showing highly synchronous spontaneous activity
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(Fig. 3-10). Synchronous neurons are sparsely distributed in space and are
intermingled with neurons belonging to other synchronous modules (Fig. 3-11).
Moreover, the correlated spiking of these neurons is precise at a millisecond time
resolution (Fig. 3-16, Fig. 3-17) and remains highly stable over time. These results
provide direct evidences that the spontaneous activity of OB neurons exhibits highly

organized dynamical structures.

Morphological reconstructions of synchronous neurons reveal that these
neurons invariably connect to the same glomerulus (Fig. 3-19). In some cases, the
glomerulus is the only place where the processes of the two neurons come close
together (Fig. 3-20). This suggests a role of the glomerulus in synchronizing M/T cell
activity. In the mammalian OB, correlated activity in pairs of mitral cells has been
analyzed together with the neurons’ glomerular connectivity. In these studies,
electrical stimulation of olfactory nerves or intracellular injection of depolarizing
current elicits sub-threshold or spiking activity that is synchronous only in neurons of
the same glomerulus (Schoppa and Westbrook, 2001;Schoppa and Westbrook, 2002).
Our results extend these findings and show that glomerulus-specific neurons can

synchronize their activity even in the complete absence of any external stimulation.

What could be the function of the highly correlated spontaneous activity in
M/T cells of the same glomerulus? As M/T cells connected to the same glomerulus
can be identified from their synchronous ongoing activity, the synchronous activity
provides a tonic “identity signal”, which may allow downstream neuronal circuits to
infer the common glomerular specificity of incoming axons without requiring odorant
exposure. This may be important for the establishment of specific circuit connections
in higher olfactory centers (Zou et al., 2001). In addition, correlated activity of M/T

cells could play a role for the insertion of newborn granule cells, which continuously
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migrate into the OB and have to make specific connections with M/T cells (Carleton

et al., 2003).

4.3 Odor coding by synchronous M/T cell modules
4.3.1 Odor responses in glomerulus-specific neurons

In Sec. 3.4, I analyze the response properties of M/T cells with respect to their
glomerular connectivity as inferred from the correlation between the neurons’
spontaneous activity. The main finding is that synchronous neurons (i.e. neurons of
the same glomerulus) show precisely matched excitatory/inhibitory odor responses
irrespective of their distances, whereas non-synchronous neurons (i.e. neurons of
different glomeruli) can show very different responses even when they are located
next to each other (Fig. 3-24, Fig. 3-25). These results suggest a precise relationship

between the odor responses of M/T cells and their glomerular connectivity.

The odor responses of M/T cells have been extensively analyzed in a number
of different species. However, due to technical difficulty, few studies have addressed
how the responses of M/T cells can be related to their glomerular connectivity. In the
mammalian OB, two different groups have attempted to address this question by
recording pairs of mitral cells using microelectrodes and analyzing how the odor
responses of the recorded neurons depend on the distances between them (Buonviso
and Chaput, 1990;Buonviso et al., 1992;Egana et al., 2005). These studies made a
critical assumption that nearby neurons have higher probabilities of coming from the
same glomerulus, whereas distant neurons are less likely to connect to the same
glomerulus. The first group (Buonviso and Chaput, 1990;Buonviso et al., 1992)
reported some differences in response similarity of short or long distance pairs. They
show that nearby pairs tend to respond to odors in a more similar way than distant

pairs (Buonviso and Chaput, 1990;Buonviso et al., 1992). However, a recent study



78

from a different group reported a somewhat contradictory result (Egana et al., 2005).
They found that even nearby mitral cells show negligible synchronous activity and
frequently exhibit dissimilar odor-induced responses (Egana et al., 2005). Based on
these observations, these two groups reached very different conclusions concerning
the coding function of neurons of the same glomerulus. However, despite this
apparent difference, both groups pointed out that the spatial organization of mitral cell
response properties is substantially different from that in the primary visual cortex
where neurons’ tuning properties vary orderly and smoothly according to their spatial
locations (Ohki et al., 2005;0hki et al., 2006). In mitral cells, both groups show that
even the nearest neurons can often show substantially different odor-induced
responses (Buonviso and Chaput, 1990;Buonviso et al., 1992;Egana et al., 2005). This
conclusion is consistent to what we have observed here for Xenopus M/T cells (Fig.

3-23 and Fig. 3-24).

The studies discussed in the above paragraph based their conclusions on the
assumption that nearby neurons have a higher probability connecting to the same
glomerulus. However, this probability is very low even for closely located neurons. In
the mice OB, careful anatomical tracing revealed that >80% of nearby M/T cell pairs
(distances <40 pm) connect to different glomeruli (Urban and Sakmann, 2002). Thus,
only a small fraction of nearby neurons actually connects to the same glomerulus. It is
therefore unclear whether the response heterogeneity of nearby mitral cells reported in
those studies reflects a heterogeneous connectivity pattern or a true difference in the

responses of neurons of the same glomerulus.

Recently, a number of studies have recorded the activity of mitral cell pairs
using duo whole-cell patch-clamp in in-vitro slice preparations of the rodent OB

(Schoppa and Westbrook, 2001;Urban and Sakmann, 2002;Schoppa and Westbrook,
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2002;Christie et al., 2005). By putting fluorescent tracers into the recording pipettes,
the authors can reconstruct the entire dendritic morphology of the recorded cell pairs
and precisely determine whether the recorded neurons connect to the same or different
glomeruli. They found that upon intra-cellular current injections or olfactory nerve
stimulations, mitral cell pairs show spiking or subthreshold oscillatory responses that
are synchronous only in cells that connect to the same glomerulus (Schoppa and
Westbrook, 2001;Schoppa and Westbrook, 2002). This suggests a precise rule that
relate mitral cells’ activity patterns and their glomerular connectivity. However,
because these studies are performed in an isolated OB preparation that does not
preserve the connections from olfactory sensory neurons, they cannot address whether

a similarly precise rule could be found during stimulations with natural odors.

The responses of mitral cells to natural odor inputs can be substantially more
complex than responses induced by nerve stimulations or intracellular current
injections. First of all, odor-stimulations activate a highly specific subset of olfactory
sensory neurons in contrast to a relatively uniform and unspecific activation during
electrical stimulations of the olfactory nerves. Furthermore, odor stimulations activate
OB’s inhibitory networks that mediate temporal patterning and inhibitory responses in
mitral/tufted cells (Friedrich and Laurent, 2001;Friedrich et al., 2004;Yaksi et al.,
2007;Lin et al., 2007). These complex responses patterns also cannot be mimicked by
simple current injections. Thus, how odor stimulations modulate the responses in

neurons connected to the same or different glomeruli have remained unknown.

Based on the circuitry of the OB, there are several possible answers to this
question. Because M/T cells of the same glomerulus receive inputs from OSN
expressing the same OR type (Mombaerts et al., 1996), it is possible that the activity

of these neurons are similarly modulated by odors. However, OSN inputs are not the
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only inputs to M/T cells. It has been shown that the activity of M/T cells also strongly
depend on inputs from local interneurons (Isaacson and Strowbridge, 1998;Chen et al.,
2000), top-down projections (Price and Powell, 1970;Jahr and Nicoll, 1982), and from
other M/T cells (Urban and Sakmann, 2002;Schoppa and Westbrook, 2002). How
these non-OSN inputs modulate M/T cell responses and how such modulations can be
related to the neurons’ glomerular connectivity remains unknown. In one possibility,
network processing can substantially modify the responses of M/T cells from their
initial OSN inputs (Wilson et al., 2004), and this modification could be different for
each neuron of the same glomerulus (Urban and Sakmann, 2002;Brody and Hopfield,
2003;Egana et al., 2005). This would reduce the initial, afferent-defined similarity
(Friedrich and Laurent, 2001;Yaksi et al., 2007) and lead to a variety of distinct
responses of glomerulus-specific M/T cells (Egana et al., 2005). Alternatively,
different M/T cells of the same glomerulus might process their inputs in a coordinated
way. In this view, glomerulus-specific neurons get similar OSN inputs and generate a
coordinated output (Buonviso and Chaput, 1990;Schoppa and Westbrook,
2001;Schoppa and Westbrook, 2002), though being modulated by complex synaptic
interactions. Thus, even under complex synaptic processing, M/T cells of the same
glomerulus could still generate a highly coherent output (Buonviso and Chaput,
1990;Schoppa and Westbrook, 2001;Schoppa and Westbrook, 2002). Which of these
fundamentally different coding strategies are implemented by OB’s circuitry remains

unknown.

In this thesis, we specifically examine this question by recording the
odor-induced M/T cell responses in a nose-brain preparation of the Xenopus OB. The
responses of these neurons clearly show both excitatory and inhibitory components

(Fig. 3-23), suggesting that inhibitory circuits of this preparation are functional and
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contribute to the responses of M/T cells. However, even with these network
modulations, we observe a precisely matched response in M/T cells of the same
glomerulus (i.e. in neurons showing synchronous spontaneous activity), both during
excitatory and inhibitory responses (Fig. 3-24, Fig. 3-25). This data is consistent with
the second model, suggesting that M/T cells of the same glomerulus show precisely
matched odor-induced responses even under complex synaptic processing of the OB

network.

4.3.2 Implications for odor coding

What is the functional consequence of a highly similar response in M/T cells
of the same glomerulus? One immediate implication is that it largely reduces the
number of independent variables needed to describe the OB output. Usually, to
completely describe a neural system containing N neurons, one would need N
variables each representing the activity of a neuron. Thus, the neural representation of
each odor can be considered as a vector in an N-dimensional “coding space” (Laurent,
2002), with N being the total number of M/T cells. Because M/T cells greatly
outnumber glomeruli (by a factor of 3 in Drosophila, ~5-10 in lower vertebrates and
20-50 in mammals), the “coding space” at the M/T cell level is generally considered
to be much larger than the initial glomerular feature space. One proposed function of
such an enlarged space is that it increases the “distance” between the representations
of similar odors, therefore enhancing their discrimination by downstream neurons
(Friedrich and Laurent, 2001;Laurent, 2002). However, this theory has not received

solid experimental support.

Our results in fact argue against the theory that the dimensionality of odor
coding space increase substantially from glomerular to the M/T cell level. We show

that M/T cells diverging from the same glomerulus (i.e. synchronous neurons) show
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highly similar responses to all test odors (Fig. 3-26). Moreover, the responses of these
neurons are similar not only in amplitudes, directions but also in the temporal patterns
of the responses (Fig. 3-24 and Fig. 3-25). These results suggest that one could
consider neurons of the same glomerulus as carrying a common odorant feature. Thus,
the anatomical divergence from glomerulus to M/T cells does not increase the number
of independent variables, or “features” for odor coding, suggesting that the
dimensionality of M/T cell coding space stays the same as the initial glomerular

feature space.

If the divergence from glomerulus to M/T cells does not increase the
dimensionality of odor coding space, what could be the function of such divergence?
One possibility is that M/T cells diverging from the same glomerulus serve as a
“broadcasting channel” that carries highly similar information to downstream brain
regions. Individual glomeruli receive convergent inputs from olfactory sensory
neurons expressing the same olfactory receptor type (Mombaerts et al., 1996). After
processing by OB’s neuronal circuit, this sensory information is carried by M/T cell
axons to a number of higher brain centers including cortical areas and subcortical
nuclei that mediate learning, memory and the emotional responses to odors. The OB
being the interface between OSNs and central brain areas has to guarantee that the
odor information is sent in parallel to various target areas. In this respect, a highly
similar response in glomerulus-specific M/T cells appears to be well suitable for this
goal. Our results further suggest that higher brain regions downstream to a given
glomerulus receive temporally correlated inputs. This may contribute to the
coordination between different brain regions involved in conscious perception,

memory and the emotional responses of odors.
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4.4 Mechanism of correlated activity

In Sec. 3.5, we analyze various possible mechanisms for the correlated activity
in neurons of the same glomerulus (i.e. synchronous neurons). The main conclusion is
that these neurons show partially correlated EPSCs, non-correlated IPSCs and are
coupled by a gap-junction mediated electrical conductance (Fig. 3-29, Fig. 3-30).
Moreover, the electrical coupling has a strong effect such that stimulating a single
M/T cell elicits specific responses in its synchronous partners (Fig. 3-32) but not in

other M/T cells.

The most plausible explanation for a correlated EPSC in synchronous M/T
cells (Fig. 3-29) is a common input from olfactory sensory neurons. Because the
dendritic fields of synchronous neurons overlap extensively within the glomerulus
(Fig. 3-19, Fig. 3-20), it is possible that a given OSN axon synapses simultaneously
with both M/T cells (Fig. 4-3, A). Activation of this OSN would then lead to
simultaneous EPSC of the two M/T cells. An alternative explanation would be that an
OSN axon synapses with the dendrite of one M/T cells (M1). The EPSCs then pass
through nearby gap junctions and are detected in the other neuron (M2, Fig. 4-3, B).
In this scenario, the currents detected in the “indirectly” connected neuron (M2) will
be substantially smaller than the currents detected in the “directly” connected neuron
(M1). This is sometimes the case as synchronous EPSC events (asterisks in Fig. 3-29

A) can sometimes be larger in one cell compared to the other cell.



84

Fig. 4-3 Possible mechanisms for correlated EPSC events. (A) An OSN axon
synapses directly with the dendrites of both M/T cells. Activation of this OSN would
lead to synchronous EPSC of the two neurons. (B) An OSN axon synapses with only
one M/T cell (M1). The EPSC then pass through nearby gap junctions and are
simultaneously detected in the other M/T cell (M2).

At OmV, the spontaneous IPSC events in synchronous neurons show virtually
no correlation (Fig. 3-29 B). This suggests that inhibitory interneurons rarely connect
simultaneously with both M/T cells. A major type of OB inhibitory interneurons, the
granule cells, make synapse with M/T cells mainly on their secondary (lateral)
dendrites (Lledo et al., 2005). Because the secondary dendrites of synchronous M/T
cells are often widely separated from each other (Fig. 3-19, Fig. 3-20), the probability
that a granule cell make synapse simultaneously with two M/T cells is low. However,
our results do not completely exclude such a possibility. For example, some inhibitory
neurons might contact both M/T cells but remain completely “silent” during the
recording period. Activation of these neurons (e.g. by odor stimulations) might lead to
correlated IPSCs and further enhances the correlated activity of synchronous neurons.
However, in the absence of stimulations, IPSPs appear to play a minor role in

synchronizing the spontaneous activity of M/T cells.

Previous studies in the mammalian OB have revealed a specific electrical
coupling in mitral cells of the same glomerulus (Schoppa and Westbrook,

2002;Christie et al., 2005). Our finding shows that synchronous M/T cells in the
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Xenopus OB are electrically coupled (Fig. 3-30), suggesting that a
glomerulus-specific electrical coupling is a general feature of glomerular function in
the vertebrate OB. The coupling conductance between synchronous neurons is
150420 pS (range: 48-256 pS, n=10 pairs). This value is likely to be higher at the site
of coupling (presumably within the glomerulus) because our recordings were made at
the somata, approximately 100 pm away from the glomerulus. As Xenopus M/T cells
have small somata (~10 um diameter) and very large input resistences (> 1 GQ), a
coupling of this size can have a strong functional effect. This is illustrated by the
experiment shown in Fig. 3-32. In these experiments, a 25mV de- or
hyper-polarization in a single M/T cell can induce measurable [Ca*"] responses in its
synchronous partner. Considering a coupling conductance of 200 pS and an input
resistance of 1.5 GQ, a 25mV membrane potential change in the patch clamped
neuron would lead to a ~5.8mV membrane potential change in the coupled neurons.
This could substantially increase or decrease the excitability of the imaged neuron
(depending on stimulus directions) and lead to the change in [Ca®"] activity (reflecting

the rate of spontaneous firing) we observed in Fig. 3-32.
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5. Summary

In this study, we have used the OB as a model neuronal network and
investigated how individual neurons behave as they are embedded in a native
neuronal circuit. In the first part of the study (Sec. 3.1), I introduce two
complementary tools, NCM and CCM, for visualizing signals in population [Ca®']
imaging data. These tools provide high contrast for visualizing neurons and their fine
processes that are not visible in the raw fluorescence image. This allows a specific
measurement of signals in fine dendritic compartments. Further, it permits a

multi-color visualization of neuronal networks during functional imaging of the brain.

In the second part of the study (Sec. 3.2), I investigate the spatiotemporal
structure of spontaneous multi-neuronal activity patterns of OB neurons. The main
finding is that there are multiple “modules” of M/T cells that exhibit highly
synchronous spontaneous [Ca”'] activity. Furthermore, neurons belonging to a
synchronous module are sparsely located and are intermingled with neurons
belonging to other modules. These results reveal a novel form of spatiotemporal
coordination of neuronal activity distinctly different from the [Ca®*] domains (Yuste et
al., 1992) or [Ca*"] waves (Feller et al., 1996;Garaschuk et al., 2000) reported in other

neuronal networks.

I further investigate how the synchronous spontaneous activity can be related
to the underlying circuitry of OB (Sec. 3.3). Using targeted patch-clamp dye injection
as well as CCM in 3 dimensions, I reconstruct the dendritic connections of neurons
showing synchronous activity. The main finding is that synchronous neurons
invariably have dendrites that come from the same glomerulus. These results suggest

a strikingly precise relationship between a coordinated M/T cell activity and the
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underlying circuit architecture of the OB network. Further, it suggests an application
of using the correlation of spontaneous [Ca®'] activity as a tool for detecting neurons

that connect to the same glomerulus.

In Sec. 3.4, we investigate how the odor representation of M/T cells can be
related to their glomerular connectivity, using the synchronous spontaneous activity of
these neurons as a mean to infer their glomerular connections. The main finding is
that synchronous neurons (i.e. neurons of the same glomerulus) show precisely
matched excitatory/inhibitory odor-induced responses. These results provide the first
direct evidence suggesting that neurons of the same glomerulus encode the same
odorant feature. These results will be important for understanding how odors are

coded by populations of M/T cells.

In the final set of experiments (Sec. 3.5), we investigate the synaptic
mechanisms underlying the coordinated activity. The main result is that synchronous
neurons share partially correlated EPSCs, uncorrelated IPSCs and are coupled by gap
junctions. Furthermore, stimulating a single M/T cell induce measurable and specific
[Ca®] responses in its synchronous partner. These results provide insights into the

mechanisms of the synchronous activity.

In this thesis, we analyze the function of the OB as an integral neuronal
network. It reveals a number of network level phenomena, their underlying synaptic
mechanisms, and their functional significance for the coding and the processing of
odor information. It may be hoped that these results as well as the approaches will
contribute to our continuous quest for a link between the function of individual

neurons and the function of the brain as a whole.
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3D
APV
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CCM
CNQX
DMSO
EGTA
EPSC
fMRI
GL
HEPES
IPSC
M/T
NCM
OB
OE
ON
OR
OSN
RNA
ROI
SD
SEM
SNR
TTX

3-dimensional
(2R)-amino-5-phosphonovaleric acid
blood oxygen level dependent
cross-correlation map
6-cyano-7-nitroquinoxaline-2,3-dione
Dimethyl sulfoxide

ethylene glycol tetraacetic acid
excitatory postsynaptic current
functional magnetic resonance imaging
glomerulus
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
inhibitory postsynaptic current
mitra/tufted

neighborhood correlation map
olfactory bulb

olfactory epithelium

olfactory nerve

olfactory receptor

olfactory sensory neuron

ribonucleic acid

region of interest

standard deviation

standard error of the mean

signal to noise ratio
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