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PREFACE
In outline, a neural network describes a population of physically interconnected neurons
or a group of disparate neurons whose inputs or signalling targets define a recognizable
circuit. Communication between neurons often involves an electrochemical process. The
interface through which they interact with surrounding neurons usually consists of several
dendrites (input connections), which are connected via synapses to other neurons, and one
axon (output connection). If the sum of the input signals surpasses a certain threshold, the
neuron sends an action potential (AP) at the axon hillock and transmits this electrical signal
along the axon. This book presents important new research in this field.
Chapter 1 - The mammalian olfactory bulb (OB) is a specialized part of the brain,
receiving sensory input from the nasal olfactory epithelium. The olfactory glomeruli are
spheroid-like structures (~100 µm in diameter) thought to represent "unitary" coding modules
in central olfactory processing. Each glomerulus may be considered a structural and
functional unit for processing sensory input, because each one is formed by a set of
functionally and morphologically stereotyped juxtaglomerular neurons, specifically organized
to perform discrete network operations. Each glomerulus also comprises dendrites of a set of
mitral and tufted cells, the output neurons of the OB. Importantly, all intraglomerular synaptic
interactions are dendrodendritic. This arrangement shapes the input-output transfer of
olfactory information. As glomeruli have the same neural content, each glomerulus is a
discrete ensemble or network module consisting of sensory afferents, interneurons and output
cells.
There are three types of juxtaglomerular interneurons: glutamatergic external tufted (ET),
GABAergic periglomerular (PG) and glutamatergic short axon (SA) cells with characteristic
morphological and physiological features. ET cells have intrinsic, rhythmic burst firing and
are contacted directly by olfactory nerve terminals. ET cells of the same glomerulus fire in
synchrony and directly elicit bursts of EPSPs in PG and SA cells, most of which do not
receive olfactory nerve input. The ensemble of synchronously bursting ET cell can
monosynaptically synchronize activity of other neurons within the same glomerulus, and may
possibly coordinate activity of mitral cells via glutamate spillover. Periglomerular cell
dendrites ramify in a restricted portion of a single glomerulus and thus might serve for local
intra-glomerular inhibition via dendrodendritic interactions with ET or mitral cell dendrites.
By contrast, SA cell dendrites do not ramify in glomeruli, instead dendrites and axons of
short-axon cells propagate throughout several glomeruli within the glomerular layer and thus
might serve for inter-glomerular communication. The interglomerular cross-talk provides, on
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the one hand, lateral inhibition upon arrival of a strong sensory input, or on the other hand,
recruitment of a group of modules into cooperative activity. Interplay among individual
modules suggests that the glomerular layer is not a set of isolated structural units, but may
play a role of a specific subsystem in the OB, performing an initial analysis of odor
information. This subsystem may compute intensity of odors and provide this information to
downstream circuits for further computation. The olfactory bulb is an attractive model to
study the cellular mechanisms underlying the encoding, transfer, processing and decoding of
sensory information.
Chapter 2 - Perhaps the first to study detection of signals under conditions of variability
and ambiguity was Fechner, the founder of psychophysics, when using simple perceptual
experiments and mathematics he attempted to find relations between human internal (mental)
and external (physical) worlds. In the early 20th century, the explosive development of radio
and electric/electronic communication technologies provided a strong impetus to intensively
research signal processing problems by strict methods of physics and mathematics. Sampling,
or Shannon-Kotelnikov theorem for band-limited signals, information, and the theory of
optimum noise immunity became the milestones for this field and initiated its flourishing
when the theory was elaborated and applied successfully to solving numerous extremely
important problems in science and technology. Once signal detection/processing theory
matured, it was turned to psychology where it has already attained many outstanding
achievements.
Chapter 3 - Computational Neuroscience provides tools to abstract and generalize
principles of brain function using mathematics, with applicability to the entire neuroscience
spectrum including molecular, cellular, systems, and translational levels (NIH Neuroscience
Blueprint 2004). Researchers are investigating brain organization at specific levels of scale,
ranging from molecular to behavioral levels, each of which provides important insights into
the specific sub-system. However, improved understanding of the functional organization
typically requires connection of multiple levels, something that can be facilitated by
computational models. For instance, recent technical advances have resulted in a rapid
accumulation of information on intracellular signaling pathways and relationships to longterm neuronal changes. Computational techniques and tools are being developed to model
such mechanisms with increasing accuracy and are found to be essential to generate an
understanding of the underlying functions in this case. Indeed, computational models based
on the real anatomy and physiology of the nervous system already constitute what is, in
effect, a compact and self-correcting database of neurobiological facts and functional
relationships. There is increasing belief that laboratories and researchers will rely on models
and modeling software to check the significance and accuracy of their data, and that these
models will enhance collaboration and communication within neuroscience.
The best computational work is both informed by and subsequently contributes to a
biological understanding of the nervous system. As cited, one of the reasons computational
approaches to questions about the nervous system have the potential to be so valuable is that
these approaches span the spectrum of neuroscience from molecular to behavioral levels.
Computational approaches also allow us to fine tune hypotheses before testing them in
biological systems, streamlining the discovery process and decreasing the volume of the use
of animal models. Therefore, computational neuroscientists and biological neuroscientists are
interdependent groups – neither can reach the full capabilities of their work without the other.
This chapter reviews principles of computational modeling in brain circuits (section 2) and
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illustrates the utility of computational approaches in the case of neuroplasticity due to cocaine
in the glutamatergic pathway from the prefrontal cortex (PFC) to the nucleus accumbens
(NAc) (section 3).
Chapter 4 - Auditory evoked potential (AEP) in the rat auditory cortex has typical fast
positive/negative biphasic onset waves (P1/N1), referred to as middle latency responses
(MLRs), and slow biphasic waves (P2/N2), referred to as long latency responses (LLRs),
which together form the P1-N1-P2-N2 complex and is occasionally associated by relatively
fast biphasic offset responses (POFF/NOFF). The authors review their recent studies that
investigated MLRs, LLRs and offset responses by multiple-site surface microelectrode
recording. The surface microelectrode array had 10 by 7 recording points in a 3.5-mm by 3mm area that covered the majority of the auditory cortex including the primary, anterior, and
ventral auditory fields (AI, AAF and VAF). Tone bursts served as test stimuli. MLRs in each
of the auditory fields showed a different place code of intensity and frequency, and
specifically had a different manner of intensity coding that altered with steady and dynamic
states of sound intensity. The temporal structure of AEP, i.e., a combination of MLR and
LLR amplitudes at an arbitrary location, could also distinguish the steady and dynamic states.
The offset responses also depended on steady and dynamic states of sound with a
complementary frequency-tuning characteristic to the onset MLR. Thus, sound information is
distributed spatially and temporally in various aspects in the auditory cortical representation.
Chapter 5 - The premotor areas are defined as areas of the frontal cortex that share
connections with the primary motor area, contain separate representations of distal
musculature and are sites of origin for corticospinal projections. Although extensive research
has been conducted in premotor areas over the last few decades, their respective roles in
motor control are still incompletely understood. In this chapter, the author focuses on the
ventral premotor cortex (PMv), an area that has been extensively studied in squirrel monkeys.
PMv is a motor area that exclusively contains forelimb and orofacial representations. It is
believed to be a unique specialization of primate species that exist in all primates, but in no
other mammals. The author and colleagues recently have documented the pattern of
connectivity of PMv in squirrel monkeys and found consistency with what has been described
in other primates. It thus appears that PMv’s intracortical network is conserved across
species, which is suggestive that its function is also preserved. In this chapter, the author first
provides a general overview of the premotor areas and the literature on the specific role of the
PMv in motor control. Because the anatomical network of a given area provides a solid
framework to guide hypothetical constructs of its function, he then reviews the pattern of
connections of PMv found across primate species and provide information on the role of the
diverse areas sharing connections with PMv.
Chapter 6 - Computationally effective inverse analysis algorithms are crucial for damage
detection and parametric identification, reliability and performance evaluation and control
design of real dynamic structural systems. Soft structural parametric identification strategies
for structural health monitoring (SHM) with neural networks by the direct use of forced
vibration displacement, velocity or free vibration acceleration measurements without any
frequencies and/or mode shapes extraction from measurements are proposed. Two three-layer
back-propagation neural networks, an emulator neural network (ENN) and a parametric
evaluation neural network (PENN), are constructed to facilitate the identification process. The
rationality of the proposed methodologies is explained and the theoretical basis for the
construction of the ENN and PENN are described according to the discrete time solution of
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structural vibration state space equation. The accuracy and efficacy of the proposed strategies
are examined by numerical simulations. The performance of the free vibration measurement
based methodology under different initial conditions and the efficiency of neural networks
with different architecture are also discussed. The effect of measurement noises on the
performance of the forced vibration dynamic responses based parametric identification
methodology is investigated and a noise-injection method is introduced to improve the
identification accuracy. Since the strategy does not require the extraction of structural
dynamic characteristics such as frequencies and mode shapes, it is shown computationally
efficient. Unlike any conventional system identification technique that involves the inverse
analysis with an optimization process, the proposed strategies in this chapter can give the
identification results in a substantially faster way and can be viable tools for near real-time
identification of civil infrastructures instrumented with monitoring system.
Chapter 7 – The authors present a review of their computer algorithms developed for the
shape detection technique. The study of this chapter involves the laser line projection
technique, image processing and approximation neural networks. To extract topographic
information of the shape of an object, it is scanned by means of a laser line. From the
scanning procedure, a set of images is captured by a CCD camera. By processing these
images, the object shape is recovered. The shape information is extracted from an image by
detecting the behaviour of the position of the laser line in the image plane. To determine the
mathematical model of the relationship between the laser line behaviour and the object shape,
approximation neural networks are applied. Approximation networks such as Radial Basis
Function neural networks, General Regression neural networks and Bezier neural networks
are used to create a model of the behaviour of the laser line. The architecture of these
approximation networks is built using data of images of a laser line projected on objects,
whose dimensions are known. The data correspond to the object dimensions of the region
where the laser line is projected. In this manner, the approximation network is constructed.
The approach of the approximation networks in this technique is the calibration procedure of
shape detection by computer algorithms. In this form, the accuracy of the shape
measurements is improved. It is because errors of parameters measured on the set-up are not
introduced to the system. The results of this examination are presented by computer
simulation and in experimental form.
Chapter 8 - One of the basic differences between the brain and the computer is
composition. The computer comprises electrical switches that can function only in an
elementary manner. In contrast, the neuron, which is a component of the brain, is a
considerably complicated structure. Although neuron is represented as a single nonlinear
element, or just a single 'point' schematically, in the classical notion of neural networks,
actual neurons in the brain typically have widely extended and branched dendrites with a
number of nonlinear processes. A lot of experimental and modelling studies have been
exploring potential computational ability of the dendrite, revealing several possible ways in
which single neurons could function in an intelligent manner under the favour of their
dendrites. Since the neuron is a component of the neuronal network and thus usually does not
work alone but cooperate with other neurons in the network, a subsequent question is what
impact such dendritic computation could have on the performance of the entire network. It
would be natural to assume that if the component, the neuron, can function intelligently by
virtue of the dendrite, it would automatically contribute to the intelligence of the system to
which it belongs. However, it is actually a huge challenge to elucidate exactly how the
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dendritic biophysical mechanisms cooperate with the network structures to execute actual
specific computations operated in the brain. In this chapter, the author introduces several
recent modelling studies, with some focus on his group’s own research, that try to clarify the
functional roles of the dendrite in the entire neuronal network, which executes specific
neurocognitive functions such as short-term memory or pattern discrimination.
Chapter 9 - The understanding of brain function is one of the major challenges facing
natural science these days. As a very complex system, the brain is attracting the attention not
only of neurophysiologists, but also of physics-oriented minds working in the fields of
complexity and dynamical systems theory. Complexity at almost all levels, from the
individual brain cell to the neuronal circuitry, invites the application of conceptual
frameworks and methodologies used in these fields; and yet, the normal practice in brain
research concentrates on very precise, highly averaged results and data presentation, carefully
avoiding traces of variability and fluctuations. However, it is precisely the omnipresent,
fluctuating patterns of activity at all levels of nervous system function, that exemplify and
represent the essence of brain function and its relation to behaviour. The authors’ paper is an
attempt to provide an overview of some current approaches to the study of noise, fluctuations
and variability in neuroscience, and to concentrate upon fluctuations in coordinated activity in
the brain, represented by synchronization of neuronal activity in electrophysiological
recordings. Careful consideration of the synchronization and desynchronization patterns in
brain networks will yield crucial information to unravel brain dynamics and relate it to the
behaviour of the organisms. In general, the scrutiny of variability and fluctuations in neuronal
activity will complement recent studies that attribute, rather than stable, metastable states to
brain function, and will illuminate the relation between brain complexity and purposeful
behaviour.
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Chapter 1

NEURONAL MODULES OF THE OLFACTORY BULB
S. V. Karnup1,2 and A. Hayar3
1

University of Maryland School of Medicine, Baltimore, MD 21201,
2
Institute of Theoretical and Experimental Biophysics,
Pushchino, 142292, Russia,
3
University of Arkansas for Medical Sciences,
Little Rock, AR 72205

The mammalian olfactory bulb (OB) is a specialized part of the brain, receiving sensory
input from the nasal olfactory epithelium. The olfactory glomeruli are spheroid-like structures
(~100 µm in diameter) thought to represent "unitary" coding modules in central olfactory
processing. Each glomerulus may be considered a structural and functional unit for
processing sensory input, because each one is formed by a set of functionally and
morphologically stereotyped juxtaglomerular neurons, specifically organized to perform
discrete network operations. Each glomerulus also comprises dendrites of a set of mitral and
tufted cells, the output neurons of the OB. Importantly, all intraglomerular synaptic
interactions are dendrodendritic. This arrangement shapes the input-output transfer of
olfactory information. As glomeruli have the same neural content, each glomerulus is a
discrete ensemble or network module consisting of sensory afferents, interneurons and output
cells.
There are three types of juxtaglomerular interneurons: glutamatergic external tufted (ET),
GABAergic periglomerular (PG) and glutamatergic short axon (SA) cells with characteristic
morphological and physiological features. ET cells have intrinsic, rhythmic burst firing and
are contacted directly by olfactory nerve terminals. ET cells of the same glomerulus fire in
synchrony and directly elicit bursts of EPSPs in PG and SA cells, most of which do not
receive olfactory nerve input. The ensemble of synchronously bursting ET cell can
monosynaptically synchronize activity of other neurons within the same glomerulus, and may
possibly coordinate activity of mitral cells via glutamate spillover. Periglomerular cell
dendrites ramify in a restricted portion of a single glomerulus and thus might serve for local
intra-glomerular inhibition via dendrodendritic interactions with ET or mitral cell dendrites.
By contrast, SA cell dendrites do not ramify in glomeruli, instead dendrites and axons of
short-axon cells propagate throughout several glomeruli within the glomerular layer and thus
might serve for inter-glomerular communication. The interglomerular cross-talk provides, on
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the one hand, lateral inhibition upon arrival of a strong sensory input, or on the other hand,
recruitment of a group of modules into cooperative activity. Interplay among individual
modules suggests that the glomerular layer is not a set of isolated structural units, but may
play a role of a specific subsystem in the OB, performing an initial analysis of odor
information. This subsystem may compute intensity of odors and provide this information to
downstream circuits for further computation. The olfactory bulb is an attractive model to
study the cellular mechanisms underlying the encoding, transfer, processing and decoding of
sensory information.

1. INTRODUCTION
The sense of smell is critically important for food consumption, emotional responses,
aggression, maternal and reproductive functions, neuroendocrine regulation, and the
recognition of conspecifics, predators, and preys. The main olfactory bulb (MOB) is the first
brain structure in the olfactory system that processes olfactory signals relayed from olfactory
receptor neurons (ORNs) in the nasal epithelium. The olfactory bulb has become an attractive
model to study cellular mechanisms underlying the encoding, transfer, processing and
decoding of sensory information. Interest in this area was sparked by a series of dramatic
breakthroughs over the past decade in our understanding of the organization and function of
the peripheral olfactory system, cloning of the olfactory receptors, and identification of the
olfactory transduction machinery [reviewed by Breer, 2003]. These advances, together with a
wealth of accumulated knowledge about the anatomy and connectivity of the bulb [reviewed
by Shipley et al., 1996], have set the stage to unravel the mechanisms of early sensory
processing by bulbar circuits.
Olfactory receptor neurons, expressing the same odorant receptor, project onto one or
very few glomeruli in each main olfactory bulb, where they terminate on the apical dendrites
of mitral/tufted cells and local juxtaglomerular (JG) neurons. The glomeruli, thus, are the
initial site of synaptic processing in the olfactory system. Synchronous activity occurs among
output mitral cells associated with the same glomerulus [Carlson et al., 2000; Schoppa and
Westbrook, 2002]. Such synchrony appears to be of glomerular origin, but its mechanism is
still poorly understood. It has been proposed that both electrical and synaptic dendritic
interactions could help to establish precise timing relationships among olfactory bulb output
neurons [reviewed by Lowe, 2003; Schoppa and Urban, 2003]. Synchronization of olfactory
neurons may play an important role in odor discrimination [Stopfer et al., 1997; Linster and
Cleland, 2001; reviewed by Laurent et al., 2001]. Neural synchronization is also a
fundamental mechanism that facilitates transmission of sensory information from one brain
region to another [Alonso et al., 1996; Konig et al., 1996; Roy and Alloway, 2001]. In
particular, coincident bursts of action potentials invading the presynaptic terminals could be
the most powerful stimulus to excite a postsynaptic neuron [reviewed by Lisman, 1997]. This
chapter reviews our current knowledge of olfactory bulb circuitry, and in particular olfactory
input processing at the level of the glomeruli.

2. OVERVIEW OF MAIN OLFACTORY BULB CIRCUITRY
Odors are transduced by ORNs, giving rise to action potentials that propagate along the
axons of ORNs- the olfactory nerve (ON) fibers. These fibers form bundles, which then
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collect as groups of fascicles, pass through the cribriform plate, and establish synapses with
neural elements in the glomerular layer (GL).

Figure 1. Schematic illustration of the basic circuitry of the MOB including the projections of ORNs
from the olfactory epithelium (OE) to the glomerular layer (GL). Note that ORNs expressing different
odorant receptor genes (shown as blue, red or green cells) are interspersed and widely distributed, yet
the axons of ORN expressing the same odorant receptor gene converge onto the same glomerulus (or
pairs of medial and lateral glomeruli) in the GL. Axons of ORNs travel in the ONL and synapse in the
GL on the dendrites of mitral cells (MC), superficial and middle tufted cells (ST&MT) and generic
juxtaglomerular (JG) neurons, which include periglomerular cells (PG), external tufted cells (ET) and
short axon cells (SA). SA cell interconnect different glomeruli. There are serial and reciprocal synapses
between the apical dendrites of mitral/tufted cells and the processes of JG neurons within the
glomerular neuropil. ST are located in the superficial external plexiform layer (EPL) or at the GL-EPL
border. The lateral dendrites of mitral/tufted cells form serial and reciprocal synapses with the apical
dendrites of granule cells (GC) in the EPL. The majority of GCs are concentrated in the GC layer
(GCL) but a few lie within the MCL. The axons of mitral/tufted cells project locally to GCs (not
shown) and also to primary olfactory cortex via the lateral olfactory tract (LOT). The bulb also contains
other populations of interneurons neurons, including the van Gehuchten cells (VG) within the EPL.

Based on anatomical considerations (high packing density of unmyelinated axons), and
computational modeling studies [Bokil et al., 2001], it has been speculated that ephaptic
interactions (current spread through the extracellular space) might synchronize ON fibers.
ORNs expressing the same receptor project to one or two glomeruli located on the medial
and/or lateral side of each MOB [Figure. 1; Ressler et al., 1993, 1994; Vassar et al., 1994;
Mombaerts et al., 1996; Wang et al., 1998; Potter et al., 2001; Treloar et al., 2002].
Studies in transgenic animals showed that this projection pattern is topographically fixed
across animals. That is, the same glomeruli identified in different mice receive inputs from
the same restricted population of ORNs bearing the same receptor [Mombaerts et al., 1996;
Potter et al., 2001; Treloar et al., 2002; Wang et al., 1998]. Rough calculations confirm an
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approximately 1:2 ratio between the number of different types of receptors (~1,000) and the
total number of glomeruli (~1,800) in mice. ORNs utilize glutamate as their primary
neurotransmitter [Sassoè-Pognetto et al., 1993]. In addition, there are a few potential
neuromodulators such as carnosine, a soluble dipeptide, and zinc and copper, which are
present in high concentrations in mammalian ORNs and ON axon terminals in the GL [Biffo
et al., 1990; Ferriero et al., 1975; Margolis, 1980].
The MOB in rodents is situated at the rostral pole of the cranial cavity and it is connected
to the frontal cortex by a slender peduncle. The bulb is composed of distinct layers or laminae
that are organized as concentric circles on a coronal section. These layers, from superficial to
deep, are the ONL, GL, external plexiform layer (EPL), mitral cell layer (MCL), internal
plexiform layer (IPL), GC layer (GCL), and the ependymal layer (Figure 1). The ONL
consists of ON axons and glial cells [Cajal, 1911a,b; Doucette, 1989; Pinching and Powell,
1971b]. Deep to the ONL, the GL is comprised of neuropil-rich ovoid structures – the
glomeruli – each of which is surrounded by a shell of small neurons and glia. Within the
glomeruli, ON axons synapse with mitral and tufted cells, as well as with the intrinsic neurons
of the GL – the juxtaglomerular (JG) cells. Adjacent glomeruli are somewhat isolated from
each other by astrocytes residing in the glomerular shell [Bailey and Shipley, 1993]. The EPL
lies beneath the glomeruli, and it primarily consists of dense neuropil formed by the dendrites
of mitral cells and granule cells (GCs) that ascend from the MCL and GCL, respectively. The
EPL also contains several subtypes of tufted cells and intrinsic interneurons. Nevertheless, the
dominant feature of the EPL is the extensive dendrodendritic synapses between mitral/tufted
cells and GCs. Deep to the EPL, the MCL is a thin layer that contains the somata of mitral
cells, as well as numerous GCs [Cajal, 1911a,b]. Together with tufted cells, mitral cells are
the major class of output cells of the bulb. They extend a single apical dendrite into the GL,
where it arborizes extensively throughout much of a single glomerulus. The apical dendrites
are synaptically contacted by ON terminals [Price and Powell, 1970a; Shepherd, 1972]. The
secondary or lateral dendrites of mitral and deep tufted cells ramify in the lower part of EPL
where they form dendrodendritic synapses with dendrites of GCs; secondary dendrites of
middle tufted cells (somata in the superficial two-thirds of EPL) are shorter and they extend
in the superficial half of EPL. Mitral and deep tufted cells project axons to all regions of the
olfactory cortex, whereas middle tufted cells project their axons selectively to the
rostromedial region of the olfactory cortex [Ekstrand et al., 2001; Haberly and Price, 1977;
Mori et al., 1983; Orona et al., 1984; Price and Powell, 1970b; Scott, 1981]. Deep to the
MCL, the IPL is the relatively thin layer with a low density of cells. The GCL is the deepest
neuronal layer in the bulb, and it contains the largest number of cells. Most of the neurons of
the GCL are the GCs, but there are also small numbers of Golgi cells, Cajal cells, and Blanes
cells. The GCs are inhibitory GABAergic cells; they do not have axons and establish
dendrodendritic synapses with mitral/tufted cells in the EPL.

3. THE GLOMERULUS AS A MODULE FOR OLFACTORY CODING
The olfactory glomeruli are spheroid-like structures (100-120 µm in diameter) thought to
represent "unitary" coding modules in central olfactory processing. This concept is supported
by the fact that they are the initial site of synaptic integration in the olfactory pathway and
they form a spatial map that reflects the activity of olfactory receptor neurons. Olfactory
nerve (ON) axons arising from olfactory receptor neurons expressing the same odorant
receptor converge onto the same one or few glomeruli in each main olfactory bulb, where
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they synaptically terminate on the apical dendrites of mitral/tufted cells and local
juxtaglomerular (JG) neurons. Individual odorants elicit specific spatial patterns of
glomerular activity, and different odorants activate different patterns of glomeruli [Jourdan et
al., 1980; Cinelli et al., 1995; Johnson and Leon, 2000a,b; Belluscio and Katz, 2001].
Each glomerulus may be considered a functional unit for processing sensory input
because each one is comprised of a small set of functionally and morphologically stereotyped
neuron types, specifically organized to perform discrete network operations. These operations
shape the transfer of information from ON terminals to mitral and tufted cells, the output
neurons of main olfactory bulb. As all glomeruli have the same compliment of neural
elements, each glomerulus unifies sensory afferents, interneurons and output cells in a
discrete neural network module. The glomeruli may function to compute the intensity of
odors and provide this information to downstream circuits for further computation.
Specifically, the glomeruli could prolong and amplify mitral cell responses to odors in a
concentration-dependent manner, and they could initiate odor contrast enhancement via
interglomerular lateral inhibition as suggested by our recent study [Aungst et al., 2003].
Each glomerulus contains the apical dendritic tufts of about 20 mitral cells, about 200
medium and deep tufted cells and the dendrites of 1500 - 2000 JG cells [Shipley et al., 1996].
Dendrites of all cells contain both presynaptic and postsynaptic sites, i.e. each dendrite can
release neurotransmitter and receive a synaptic input. Practically all interactions among
neurons of the glomerular module occur in the glomerular core via elaborately interweaved
dendrites. Our understanding of the glomerular circuitry is limited and has not changed
appreciably since the classical Golgi and electron microscopic studies of Pinching and Powell
[1971a,b]. Those studies described at least 3 different populations of JG cells, namely
periglomerular (PG), short axon (SA) and external tufted (ET) cells. These 3 cell classes were
traditionally thought to be inhibitory interneurons. Our new studies, however, demonstrate
that ET and SA cells are excitatory and only PG cells are inhibitory. Recent
immunohistochemical and electron microscopic studies indicate that PG cells are
heterogeneous in their synaptic connections as well as in their neurochemical and
morphological features. PG cells contain GABA and/or dopamine. ON terminals form
excitatory glutamatergic synapses with all ET and mitral/tufted cells but only with some PG
cells [for review, see Kosaka et al., 1998]. In addition, excitatory and inhibitory cells form
reciprocal dendrodendritic synapses in the glomerular neuropil. Thus, synaptic integration in
the glomeruli seems to involve a complex neuronal circuitry, the functional organization of
which is under intensive investigation.

4. NEUROPHYSIOLOGICAL AND ANATOMICAL PROPERTIES
OF JG NEURONS
The neurons of the GL are classified into three cell types, which include (1)
periglomerular (PG) cells; (2) external tufted (ET) cells; (3) short axon (SA) cells [Blanes,
1898; Cajal, 1911a,b; Golgi, 1875; Pinching and Powell, 1971a,b,c; Pinching and Powell,
1972b,c; Van Gehuchten and Martin, 1891]. Collectively, the intrinsic neurons of the GL are
referred to as juxtaglomerular (JG) cells. The term JG is also used here with regard to cited
studies in which the subtype of glomerular neuron was not specified. The morphology of
biocytin-filled JG cells is illustrated in Figure 2, Figure 3 and Figure 11 E.
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Figure 2. Types of juxtaglomerular cells. A-F Reconstruction of biocytin-labeled neurons having their
dendritic arborization in a single glomerulus. A – three classic periglomerular (CPG) cells with a
branching primary dendrite within the glomerulus. B – two external tufted (ET) cells with the somata in
the glomerular shell and an extensive dendritic tuft occupying an entire glomerulus. C – two hairy
periglomerular (HPG) cells with hair-like processes. D – superficial tufted (ST) cell having a long
primary dendrite terminating with a tuft, cell body in the upper EPL and a few long secondary dendrites
parallel to GL/EPL border. (E) – medium tufted (MT) cell with the soma deep in the EPL. (F) – mitral
(M) cell with a tufted primary dendrite and long lateral dendrites. G – photograph of a fragment from
60 μm-thick section immunolabeled with NeuN for mature neurons. In the reconstructions Ax and Den
stand for an axon and dendrite correspondingly; arrow in the ON shows rostro-caudal direction. Scale
bars are equal to 100 μm in all drawings and on the photo.
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Figure 3. Synchronous activity among JG cells associated with the same glomerulus. Upper panel
shows reconstructions of the recorded cells (left, 2 ET cells; right, an ET and a PG cells). Middle panel:
Dual whole-cell current clamp recording from two ET cells (red and blue traces, respectively) showing
correlation of spike bursts and membrane potentials. Lower panel: Dual whole-cell current clamp
recordings show that EPSP-bursts and spikes in the PG cell (red trace) are synchronous with spikebursts in the ET cell (blue trace).

ET cells. These are the largest (10-15 µm) cells in the GL, and electrophysiological
recordings have confirmed that they are excitatory. Their cell bodies are situated in the deep
half of the glomerular layer. Most have one apical dendrite that arborizes extensively
throughout one glomerulus (Fig.2B) [Pinching and Powell, 1971a; Hayar et al., 2004a,b].
Rarely, ET cells have 2 or 3 apical dendrites that ramify in different glomeruli. In earlier
studies most ET cells were shown to have secondary dendrites that extend in the superficial
EPL [Macrides and Schneider, 1982]; however, in slices only one third of ET cells were
found to possess secondary dendrites [Antal et al., 2006]. ET cells are the output neurons for
the GL, because their axons project into deeper layers of the MOB. Axons of ET cells vary in
their patterns and possible targets; some axons emit short collaterals in the GL and EPL
before entering internal plexiform and granule cell layers, whereas axons of other ET cells
cross through EPL with little branching [Antal et al., 2006]. Axons of some ET cells situated
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in the lower third of the GL create intrabulbar associational system providing point-to-point
reciprocal projections between opposing regions of the medial and lateral MOB [Schoenfield
et al., 1985; Liu and Shipley, 1994]. Presence of processes descending from GL into EPL is a
decisive anatomical criterion that distinguishes ET from PG cells, because PG cells are local
neurons of the GL and their axons and secondary dendrites, when present, do not leave the
GL (Pinching and Powell, 1971a).
The most distinctive physiological feature of ET cells is their spontaneous rhythmical
bursting, where bursting is defined as generation of spike clusters regardless of their
interspike intervals within bursts (Figure 3) [Hayar et al., 2004a]. Glomerular layer cells with
burst characteristics have been reported in vivo [Getchell and Shepherd, 1975; Wellis and
Scott, 1990]. The rhythmical burst-firing mode was characteristic of morphologically
confirmed ET neurons [Hayar et al., 2004a]. By contrast, PG and SA cells do not
spontaneously generate spike bursts nor can they be induced to burst by intracellular current
injections. ET cell burst frequencies range from ~1 to 8 Hz, with a mean of 3.3 ± 0.18
bursts/s. This range overlaps with the delta-theta frequency range (1-10 Hz) prominent in
oscillatory neural activity in the rodent olfactory network. The delta range includes
components related to low frequency (1-3 Hz) “passive” sniffing, whereas a higher frequency
theta-component (5-10 Hz) is characteristic for “active” investigative sniffing [Adrian, 1950;
Welker, 1964; Macrides et al., 1982; Eeckman and Freeman, 1990; Kay and Laurent, 1999;
Kay, 2003]. ET cells also receive spontaneous bursts of IPSCs from PG cells [Hayar et al.,
2004b]. ON stimulation evokes an EPSC in ET cells that is followed by IPSC bursts [Hayar et
al., 2004b]. Both the spontaneous and ON-evoked IPSCs in ET cells are driven primarily by
activation of AMPA receptors.
Several lines of evidence indicate that bursting is an intrinsic property of ET cells. First,
bursting deteriorates rapidly after establishment of whole-cell recording mode. This
pronounced "rundown" of bursting may explain the low reported incidence of spontaneous
bursting in JG cells in some whole-cell recording studies [Bardoni et al., 1995; Puopolo and
Belluzzi 1996, 1998; McQuiston and Katz, 2001]. The rundown of bursting could be due to
intracellular dialysis of an intracellular messenger important to maintain spontaneous activity
[Alreja and Aghajanian, 1995]. Additional evidence in support of the intrinsic mechanism for
bursting are the findings that: (1) burst frequency is voltage-dependent and (2) bursting
persists in blockers of ionotropic and metabotropic glutamate receptors, and GABAA
receptors. Moreover, spontaneous bursting was not blocked by Cd2+, which suppresses Ca2+dependent neurotransmitter release, ruling out the potential involvement of other
neurotransmitters. Depolarizing current injections evoke in ET cells low-threshold Ca2+
spikes (LTS) that were eliminated by the calcium channel blockers, Cd2+ (100 µM) and Ni2+
(1 mM) [McQuiston and Katz, 2001; Hayar et al., 2004a]. This suggested that the LTS is one
of mechanisms for burst generation in ET cells. However, there is a line of evidence for
another mechanism for generation of spike clusters. First, bursting (or rather grouping spikes
in clusters with randomly varying inter-spike intervals (ISI) within groups) persisted after the
LTS was blocked. Second, ET cell bursting was abolished by extracellular TTX or by
intracellular QX-314, whereas the LTS persisted. Moreover, low concentration of the sodium
channel blocker (TTX, 10 nM, which is known to block the persistent sodium current without
significantly affecting the fast sodium spikes [Azouz et al., 1996; Brumberg et al., 2000; Su et
al., 2001]) progressively decreased the number of spikes in the burst and eventually
transformed bursting into single spike firing. The bursting recovered after washout of TTX
(Figure 4).
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Figure 4. Sodium channels are essential for spontaneous burst generation. A bursting ET cell was
recorded in the presence of synaptic blockers in cell-attached mode to prevent bursting rundown due to
intracellular dialysis in whole-cell mode. A low concentration of the sodium channel blocker (TTX 10
nM) progressively decreased the number of spikes in the burst and eventually transformed bursting into
single spike firing as also seen when recording was switched to whole-cell mode. The bursting
recovered after washout of TTX.

Third, the activation threshold of the LTS (-38 mV) was approximately 15 mV more
depolarized than the membrane potentials from which bursting arises, on average –53 mV.
Calcium may modulate bursting as calcium channel blockers prolonged burst duration [Hayar
et al., 2004a]. Calcium channel blockers also increased the inter-burst interval but this could
be due to a charge screening effect. Moreover, ET cells have a hyperpolarization-activated
cation conductance (Ih) that is prominent at resting membrane potentials (unpublished
observations). Ih participates in burst timing and rhythmicity [DiFrancesco 1993; Lüthi and
McCormick 1998; Pape 1996] and is modulated by calcium. Thus, Ih and calcium may play a
role in burst termination and/or setting the inter-burst interval.
Rhythmic membrane potential oscillations (MPOs), but not the LTS, were blocked by
extracellular TTX and by intracellular dialysis with QX-314. These results suggest that, as for
many cortical and hippocampal neurons [Azouz et al., 1996; Brumberg et al., 2000; Su et al.,
2001], burst generation in ET cells requires slowly inactivating Na+ channels, i.e., a persistent
sodium current. Indeed, all ET cells tested had a prominent TTX-sensitive, persistent inward
current. The characteristics of this current are well suited to trigger spontaneous bursting in
ET cells. The inward current activates near -60 mV, slightly hyperpolarized to the mean ET
cell resting potential (-52 mV). Thus, it is reasonable to conjecture that as this persistent
sodium current slowly depolarizes the ET cell membrane, additional sodium channels are
activated further depolarizing the membrane to the threshold for action potential generation.
This current maintains a level of depolarization sufficient to generate additional action
potentials until another mechanism(s), possibly involving calcium (see above), terminates the
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burst by transiently hyperpolarizing the membrane below the activation threshold for the
persistent sodium current. As the membrane re-polarizes, the persistent sodium current is reengaged and the burst cycle is repeated. We conclude that persistent sodium channels are
essential and required for the generation of spontaneous bursting [Hayar et al. 2004a].
Calcium channels may play a modulatory role especially in bursts evoked by depolarizing
currents or following negative current injections [McQuiston and Katz, 2001; Zhou et al.,
2006].
The relative contribution of persistent sodium current, Ih current, and low threshold
calcium current may account for possible differences in bursting patterns of glomerular tufted
cells. The majority of ET neurons generate classical bursts of 3-6 spikes with slightly
incremental inter-spike intervals (ISIs) followed by a slow afterhyperpolarization (sAHP)
[McQuiston and Katz, 2001; Hayar et al., 2004a; Zhou et al., 2006]. The remaining ET cells
generate groups of spikes with unequal and irregular interspike intervals within groups and
without following sAHP. After we divided a set of recorded ET cells in two subsets, 27 of
them demonstrated one or more classical bursts upon current injection and 22 have shown
either strong accommodation or grouping of spikes on a current step. Spontaneous activity of
the first group was characterized by bursts with pronounced depolarization envelopes,
whereas spontaneous activity of the second group contained spike clusters with various ISIs
riding on slow waves of membrane potential (Vm). We noticed, that ET cells with short (<50
μm) shaft of a primary dendrite (short-shafted cells, SS-ET) often generated classical bursts
in spontaneous activity and on a current step, whereas ET cells with longer (>50 μm) primary
dendrite (long-shafted, LS-ET) often had secondary dendrites ramifying in the EPL and
typically fired groups or irregular spikes (Table 1). Correspondence between physiological
and anatomical features in our experiments was not significant, although we employed
additional parameters such as Vm, input resistance (Rin), magnitude of fast
afterhyperpolarization after a spike (fAHP) and coefficient of spike accommodation upon
current injection (AccC = accommodation coefficient = ratio of the first and the last ISI;
current injection = 500 ms) (Table 2). Nevertheless, recently a very thorough statistical
analysis of ET cell physiology and anatomy has proven that indeed, there are two subtypes of
ET cells [Antal et al., 2006]. Employing principal component analysis and agglomerative
clustering analysis, the authors have shown that a set of electrophysiological (e.g. burst firing
on a depolarizing current step) and morphological (e.g. lack of basal dendrites) parameters of
ET cells are highly predictive of one another. Twenty four of thirty measured parameters,
including length of a primary dendritic shaft, significantly differed between the two ET
subpopulations. Qualitatively the most prominent difference was that the absence of basal
dendrites correlated with spike bursting (65% of cells) and vice versa, the presence of basal
dendrites correlated with the lack of spike bursting (35%).

Table 1. Firing pattern on a depolarizing current pulse

Cell type

SA
(n=11, 8.3%)
PG
(n=39, 29.5 %)

LS-ET
(n=15, 11.3%)
SS-ET
(n=40, 30.3 %)

Regular firing
AccC>0.7

Weak
Strong
Accommodation Accommodation
0.3>AccC>0.7
AccC<0.3

••••
•••
7
•••••
••••
••••

••••

•••••
••••••
••••••

••

•

13

17

2

1

••

•••

•••

•••

•••

•

2

3
•

3
•••••
•••••
•••
13

3
•••

3
••
••••

1
•••••
••••

••••
••••

3

6

9

8

Grouping,
no sAHP after burst

Repetitive
bursts, sAHP
after burst

Adapting
bursts, sAHP
after burst

One initial
burst

1 or 2 initial
spikes
followed by
plateaupotential

No spikes,
plateaupotential

•••••
••••••
••••••
••••••
••••
27

••
••••

4

1

Total amount of JG cells recorded N = 132.
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Table 2. Functional parameters of JG cells (M ± SE)

Parameter
Vm (mV)
Rin (MΩ)
τ (ms)
AP threshold (mV)
AP half-width (ms)
AP asymmetry
fAHP (mV)
AccC
Response latency upon
ONL stimulation (ms)

SA
N=11
-62.3 ± 1.3
642 ± 114
21.6 ± 4.1
-34.4 ± 2.1
0.81 ± 0.09
2.24 ± 0.11
-20.8 ± 1.3
0.8 ± 0.06

CPG
N=23
-63.8 ± 1.8
866 ± 114
25 ± 2.4
-36.1± 1.6
0.88 ± 0.06
2.45 ± 0.20
-14.7 ± 1.5
0.55 ± 0.06

HPG
N=17
-59.9 ± 2.9
1458 ± 185
19.4 ± 3.7
-38.2 ± 1.5
0.87 ± 0.10
2.15 ± 0.19
-4.8 ± 1.9
0.77 ± 0.04

LSET
N=13
-60.9 ± 1.6
512 ± 160
21.2 ± 4.1
-43.1 ± 0.8
0.66 ± 0.05
2.42 ±0.17
-5.8 ± 1.6
0.44 ± 0.12

SSET
N=25
-58.3 ± 1.9
370 ± 48
18.8 ± 3.2
-30.5 ± 4.8
0.77 ± 0.08
2.4 ± 0.19
-6.8 ± 1.3
0.15 ± 0.02

2.5 ± 0.3

3.1 ± 0.5

4.6 ± 0.5

2.9 ± 0.9

2.2 ± 0.2

* AP threshold – threshold for initiation of action potential. AP half-width – duration of the action
potential at half of its amplitude. AP asymmetry – ratio of decay duration to rise duration in a
single spike or the first spike of a burst. fAHP – fast afterhyperpolarization after a spike. AccC –
accommodation coefficient: ratio of the first and the last interspike intervals in firing patterns upon
injection of depolarizing current.

Besides, ET cells with basal dendrites possessed a much larger and more extensively
ramifying axonal arbor. This one third of the ET population can receive sensory input not
only from their own glomerulus, but from other modules in the GL and from granule cells in
the EPL. Through rich axonal ramifications these ET cells can coordinate broad area in the
EPL (~400 μm diameter, unpublished observation), thus creating the second order module
(module of the first order is the glomerulus-associated neuronal ensemble). In turn, bursting
ET cells without secondary dendrites mostly communicate with neurons in their own
glomerulus. This subtype of ET cells demonstrated the highest degree of spontaneous burst
synchrony in our experiments [Hayar et al., 2004b]. On the other hand, it is possible to
consider those ET cells that have long primary shafts and secondary dendrites as displaced
EPL tufted cells because their properties are similar to superficial tufted cells (unpublished
observations).
PG cells. These cells are the most numerous cells in the GL, and they are thought to be
inhibitory in nature. They have small (5-8 μm), spherical or ovoid somata, and they are
distributed in the periglomerular regions surrounding the glomeruli. Their dendrites are
typically restricted to a small subregion of a glomerulus [Pinching and Powell, 1971a; Hayar
et al., 2004a,b] and receive asymmetrical (morphologically excitatory) synapses from ET and
mitral/tufted cells dendrites. We found that not all of biocytin filled PG cells had dendritic
tree of a classical shape with one or two robust primary dendrites described by Pinching and
Powell [1971a]. A portion of PG cells had only one to four extremely fine poorly branching
short hair-like dendrites, which almost did not taper from the base to the tips. Therefore we
named these cells hairy periglomerular (HPG) cells (Fig.2C) to distinguish them from
classical periglomerular (CPG) cells (Fig.2A). Since HPG and CPG cells had overlapping
functional parameters (Table 2), we presume that HPG represent immature PG cells
developing from progenitor cells, which continuously migrate to the GL from subventricular
zone [Baker and Margolis, 2002; Coskun and Luskin, 2002; Fukushima et al., 2002]. This
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hypothesis is confirmed by the fact that some HPG cells in response to current injection
produced only a plateau-potential, but did not generate fast spikes (last column in Table 1) –
the behavior characteristic to progenitor cells [Storch et al., 2003; Wang et al., 2003;
Westerlund et al., 2003]. Despite the observed diversity in morphology among PG cells, we
still consider them as a single type of JG neurons.
Physiological recordings indicate that PG cells receive monosynaptic dendrodendritic
excitatory input from ET cells and only a relatively small subpopulation of PG cells receives
direct input from ON terminals [Hayar et al., 2004b]. Some of the mitral/tufted-to-PG cell
synapses are paired with reciprocal symmetrical (morphologically inhibitory) synapses
(usually from other PG cells) back onto the parent mitral/tufted cell dendrites [Pinching and
Powell, 1971b; Kasowski et al., 1999; Toida et al., 1998, 2000]. The axons of PG cells are
rare, but have been reported to extend over distances equivalent to 4-5 glomeruli [Blanes,
1898; Pinching and Powell, 1971a; Hayar et al., 2004a]. They appear to form symmetrical
(morphologically inhibitory) synapses onto mitral/tufted cell dendrites and onto ET cells and
other JG cells [Pinching and Powell, 1971c]. Most PG cells are GABAergic [Ribak et al.,
1977; Mugnaini et al., 1984; Kosaka et al., 1985, 1987a,b,c,d, 1988]. The GL also contains
the largest population of dopamine (DA)-containing cells in the brain. The majority of
dopaminergic cells are PG cells, but some ET cells are also dopaminergic [Halász et al., 1977;
Davis and Macrides, 1983; Halász et al., 1985; Gall et al., 1986; McLean and Shipley, 1988].
Therefore, the dopaminergic PG neurons are regarded as a subpopulation of GABAergic
neurons.
An estimated, 10% of PG neurons in adulthood are positive for tyrosine hydroxylase
(TH) [McLean and Shipley, 1988; Kratskin and Belluzzi, 2003], the rate-limiting enzyme for
dopamine synthesis. Dopaminergic neurons have been recently identified in vitro using a
transgenic mouse strain harboring an eGFP (enhanced green fluorescent protein) reporter
construct under the promoter of tyrosine hydroxylase. The most prominent feature of these
cells when recorded in acutely dissociated cell culture preparations was the presence of
regular spontaneous spiking at ~8 Hz. In these cells, five main voltage-dependent
conductances were identified [Pignatelli et al., 2005]: a fast transient Na+ current, a delayed
rectifier K+ current, a persistent Na+ current, and LVA and HVA Ca2+ currents. The MPOs
are supported by the interplay of the persistent Na+ current and of a T-type Ca2+ current.
The spontaneous activity patterns of PG cells in slices differ markedly from ET cells. PG
cells have relatively low levels of spontaneous spike activity and lack the capacity to generate
voltage-dependent MPOs and spike bursts in response to depolarizing currents [Hayar et al.,
2004a,b]. In slices, spikes in PG cells are driven primarily by spontaneous glutamatergic
EPSPs. However, because of their heterogeneous neurochemical characteristics, PG cells are
also likely to be functionally heterogeneous. For example, some studies have reported that
different PG cells subtypes appear to exhibit different K+ conductances [Puopolo and Belluzzi
1998] as well as different firing behaviors [McQuiston and Katz 2001]. In agreement with
this, we found that anatomically identified PG cells had two basic firing patterns. In response
to injection of depolarizing current they either fired regular/weakly accommodating spikes, or
produced one or two initial spikes followed by a plateau-potential (Table 1).
SA cells. These cells are roughly the same size (8-12 µm) as ET cells. They are
distinguished by only a few poorly branching dendrites, which are not associated with any
particular glomerulus, but extend for 200-300 μm in arbitrary directions (Fig.11E). Therefore,
they seem to harvest information from inside of multiple glomeruli and interglomerular space
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[Aungst et al, 2000; Hayar et al., 2004b]. They are thought not to receive direct ON input
[Pinching and Powell, 1971c; Hayar et al., 2004b]. The dendrites of SA cells may receive
excitatory synaptic inputs from ET cells [Hayar et al., 2004b], tufted and mitral cell dendrites
or from other SA cells. Inhibitory synaptic inputs on SA cells from PG cells have not been
shown. SA cells have axons that can extend up 1-2 mm within the GL [Aungst et al., 2003].
The axons were thought to synapse onto the dendrites of PG cells [Pinching and Powell,
1971a], but they seem to synapse also on ET cells [Aungst et al., 2003]. The resting
spontaneous activity patterns of SA cells slices appears to be very similar to that of PG cells
with characteristic bursts of EPSP/Cs [Hayar et al., 2004b]. Upon injection of a depolarizing
current SA cells fire regular spikes with a weak or no accommodation (AccC > 0.7, Table 1).
The functional significance of SA cells will be discussed later.
According to the morpho-physiological data obtained so far on JG cells, we suggest a set
of criteria to facilitate targeting of a desired JG cell type in neurophysiological experiments in
slices. Despite partial overlap of electrophysiological parameters, their combination with high
probability helps to identify a neuron. We consider three qualitative and three quantitative
properties of a cell: a) morphology, b) firing pattern upon current injection, c) response to ON
stimulation and spontaneous activity, d) Rin, e) fAHP, f) AccC. Now we can describe the most
probable features of each anatomically defined cell type.
1) A neuron is an ET cell if (i) its dendritic tuft ramifies in most of the glomerulus and
its processes (axon and/or secondary dendrites) descend in EPL, (ii) it demonstrates
voltage-dependent intrinsic membrane potential oscillations and bursts or groups of
spikes. Physiological parameters should be: Rin < 500 MΩ, AccC < 0.3 (for SS-ET),
0 < fAHP < 15 mV, the latency of EPSP/C upon ONL stimulation is constant with a
jitter<0.5 ms.
2) A neuron is a SA cell if it has arbitrarily oriented poorly branching dendrites and
long axonal processes exclusively within the GL. Besides, it must show (i) regular or
weakly adapting firing on a current step, (ii) spontaneous and evoked EPSP/C bursts,
(iii) deep fAHP (> 10 mV).
3) A neuron is a HPG cell if it has fine hair-like short and poorly branching processes
mostly directed into the glomerular neuropil. Most probably, it can generate
spontaneous or current injection-driven plateau-potentials. It does not generate fast
spikes at all, or fires only one initial spike followed by a plateau-potential.
Spontaneous and evoked EPSP/C bursts are well pronounced, fAHP after a single
initial spike is small (< 10 mV) and Rin is high (~ 1GΩ and more).
4) Periglomerular cells of a classic shape are characterized by odd dendritic
morphology. They have one or more primary dendritic shafts in one glomerulus, all
without distinctive tufts and no or very short axon, sometimes invading an adjacent
glomerulus. Basically, CPG cells have high Rin (> 400 MΩ), deep fAHP (> 13 mV),
weak or no accommodation, spontaneous and evoked EPSP/C bursts. However, some
neurons with the CPG anatomy possessed HPG-like membrane properties, apparently
indicating a transition between HPG and CPG. In contrast to our data other authors
have shown Ca2+-dependent plateau-potentials not only in PG, but also in ET cells
[Zhou et al., 2006]. These plateau potentials described by Zhou et al. (2006)
resemble the previously described LTS in ET cells [McQuiston and Katz, 2001;
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Hayar et al., 2004a] but had longer duration because recordings were mostly
performed at room temperature.

5. ON GLUTAMATERGIC SYNAPTIC INPUT TO JG CELLS
Glutamate is the major transmitter released by ON axons onto the dendrites of JG
neurons, as well as those of mitral/tufted cells in the GL. Release of glutamate from ON
terminals is controlled by N- and P/Q-type Ca2+ channels [Isaacson and Strowbridge, 1998].
Each glomerulus contains the apical dendritic tufts of about 20 mitral cells, 200 tufted cells
and 1500 - 2000 JG cells [reviewed in Shipley et al., 1996]. A variety of studies demonstrated
that sensory transmission from ON axon terminals is mediated by glutamate acting primarily
at AMPA and NMDA ionotropic glutamate receptor subtypes [Bardoni et al., 1996; Ennis et
al., 1996, 2001; Aroniadou-Anderjaska et al., 1997; Chen and Shepherd, 1997; Keller et al.,
1998]. Comparatively less is known about the role of mGluRs at ON synapses, although
metabotropic glutamate receptors (mGluRs) are expressed by nearly all MOB neurons [Ennis
et al., 2006]. Electrophysiological and Ca2+-imaging studies have reported that ON
stimulation evokes an mGluR1-sensitive synaptic component in ~40% of mitral cells in
normal physiological conditions in the slice [De Saint Jan and Westbrook; 2005; Ennis et al.,
2006; Yuan and Knopfel, 2006]. mGluR1-mediated responses were maximal with bursts of
50-100 Hz ON spikes, similar to frequencies of odor-induced spikes in ORNs in vivo
[Duchamp-Viret et al., 1999]. Activation of mGluRs has also been suggested to produce longterm depression at ON-to-mitral cell synapses [Mutoh and Knopfel, 2005].
All ET cells receive monosynaptic ON input, which appears to be primarily mediated by
AMPA receptors in normal physiological conditions in vitro [Hayar et al., 2004a,b]. If the
amplitude of an ON-evoked EPSP reaches threshold for spike generation, a spike burst is
always triggered in ET cells [Hayar et al, 2004a]. Further increases in ON stimulation
strength produce the same all-or-none burst. Thus, ET cells receive monosynaptic ON input
that is converted into an all-or-none spike burst. Accordingly, ET cells amplify suprathreshold
sensory input at the first stage of synaptic transfer in the olfactory system. ET cells also
readily entrain to rhythmic ON input delivered at theta frequencies (5-10 Hz) characteristic of
investigative sniffing in rodents [Hayar et al., 2004a].
The majority of PG cells exhibit longer latency, prolonged bursts of EPSP/Cs in response
to ON stimulation than ET cells. The long, variable latency of these responses is indicative of
di- or polysynaptic ON input. Thus, most SA and PG cells do not appear to receive direct ON
input, perhaps because their dendrites ramify in glomerular compartments devoid of ON
terminals. Only 20% of PG cells had short, relatively constant latency EPSCs following ON
stimulation and in some of these cells the short latency synaptic response was followed by a
delayed burst of EPSP/Cs. SA cells also responded to ON stimulation with long, variable
latency, prolonged bursts of EPSP/Cs and never exhibited responses consistent with
monosynaptic ON input. These findings indicate that (1) SA cells and most PG cells lack
direct ON input and (2) ET cells along with mitral/tufted cells are the major postsynaptic
targets of ON inputs.
Since most (~80%) PG cells, and all SA cells, lack monosynaptic ON input, this suggests
that most PG cells are functionally associated with glomerular compartments lacking ON
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terminals. Anatomical studies have revealed that the glomeruli have a bi-compartmental
organization. Each glomerulus has two types of intermingled compartments, one of which is
rich in ON terminals and the second of which is devoid of ON input [Kosaka et al., 1997;
Kasowski et al., 1999]. Calbindin-positive JG neurons extend their dendrites only into
glomerular compartments devoid of ON terminals, suggesting that they do not receive direct
sensory innervation [Toida et al., 1998; 2000]. It is reasonable to speculate, therefore, that the
SA and PG cells that do not receive direct input [Hayar et al., 2004b] may correspond to these
calbindin-positive JG neurons.
These PG cells might provide localized inhibition to mitral/tufted cell dendrites, or to
nearby dendrites of other JG cells. Dopaminergic and GABAergic PG cells presynaptically
inhibit ON terminals [Hsia et al., 1999; Wachowiak and Cohen, 1999; Aroniadou-Anderjaska
et al., 2000; Berkowicz and Trombley, 2000; Ennis et al., 2001; Murphy et al., 2005;
Wachowiak et al., 2005]. Since at least 20% of PG cells receive monosynaptic ON input, it is
possible that these cells primarily mediate this presynaptic inhibition of the ON. In contrast to
PG cells, SA cells extend dendrites and axons across multiple glomeruli, and are thought to
be involved in inter-glomerular communications [Aungst et al., 2003].

6. SPILLOVER OF DENDRITICALLY RELEASED GLUTAMATE
As noted above, the apical dendrites of ET and mitral/tufted cells that ramify in the
glomeruli are glutamatergic. Although the dendrites of these cell types do not form synapses
with each other, the release of glutamate from the apical dendrites has been reported to
produce non-synaptically-mediated excitation (i.e., glutamate spillover) of the parent cell
releasing glutamate (self- or auto-excitation) or neighboring cells. Such excitation is
facilitated by removal of Mg2+ from the extracellular media, which enhances activation of
NMDA receptors. Alternatively, spillover-mediated excitatory responses can be facilitated in
the presence of physiological levels of extracellular Mg2+ by blockade of GABAA receptors
[Salin et al., 2001; Freidman and Strowbridge, 2000]. Under such conditions, intracellular
depolarization of individual mitral cells produces long duration, NMDA-receptor-dependent
excitation of the same cell or adjacent mitral cells [Aroniadou-Anderjaska et al., 1999;
Isaacson, 1999; Salin et al., 2001; Freidman and Strowbridge, 2000; Christie and Westbrook,
2006]. ET cells have also been reported to exhibit such self-excitation [Murphy et al., 2005].
The mitral cell self-excitation can be blocked by intracellular Ca2+ chelation or blockade of
voltage-gated Ca2+ channels [Salin et al., 2001; Freidman and Strowbridge, 2000]. The selfexcitation responses are graded and increase with the number of spikes or depolarizing pulses
applied to the mitral cell [Salin et al., 2001; Freidman and Strowbridge, 2000]. It has been
suggested that the NMDA autoreceptors may serve to increase the firing frequency of mitral
cells during prolonged discharges [Friedman and Strowbridge, 2000]. Such excitation can
also be evoked by antidromic activation of mitral cells [Chen and Shepherd, 1997;
Aroniadou-Anderjaska et al., 1999]. This glutamate spillover mediated, NMDA receptordependent excitation appears to occur chiefly among the lateral dendrites of mitral cells,
while an AMPA receptor-dependent spillover occurs among the apical dendrites of
mitral/tufted cells [Aroniadou-Anderjaska et al., 1999; Salin et al., 2001; Schoppa and
Westbrook, 2001, 2002; Christie and Westbrook, 2006]. Electrotonic coupling among mitral
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cell dendrites in the same glomerulus facilitates spillover responses mediated by AMPA
receptors [Schoppa and Westbrook, 2002; Christie and Westbrook, 2006].
Other glomerulus-specific glutamate-mediated excitatory interactions among mitral cells
have been reported. Reciprocal glutamate-mediated excitation was reported between closely
adjacent mitral cells, whose apical dendrites extended into the same glomerulus [Urban and
Sakmann, 2001]. The latency for the mitral-to-mitral cell EPSPs was surprisingly short, inline with monosynaptic mediation, despite the fact that mitral cells do not form anatomical
synapses with each other. The EPSP was primarily mediated by AMPA receptors and
originated within the glomerular layer, suggesting that they are generated in the apical
dendrites of mitral cells. In contrast to the preceding studies, Carlson et al. [2000] reported
that ON stimulation, antidromic activation of multiple mitral/tufted cells, but never activation
of single mitral cells, elicited long-lasting depolarizations (LLDs) in mitral cells. The LLDs
were all-or-none in nature, required activation of AMPA receptors, and originated in the
glomeruli. Further, spontaneous LLDs were synchronous among mitral cells associated with
the same, but not different glomeruli. The LLDs appear to be a network phenomenon,
presumably reflecting recurrent, intraglomerular glutamate release from dendritic tufts of a
mitral/tufted cell ensemble.

7. ET CELL DENDRODENDRITIC INPUT TO PG AND SA CELLS
As noted above, ET and mitral/tufted cells form excitatory glutamatergic dendrodendritic
synapses with PG and SA cells in the glomeruli. PG cells, and perhaps SA cells, in turn form
inhibitory GABAergic dendrodendritic synapses with ET and mitral/tufted cells. Compared to
the dendrodendritic synapses between mitral/tufted and GCs in the EPL, far less is known
about the properties of the dendrodendritic synapses in the GL. PG and SA cells were
reported to receive spontaneous bursts of glutamatergic EPSCs [Hayar et al., 2004b]. Since
SA cells and most PG cells do not receive direct ON input, this input must arise from other
excitatory elements within the glomeruli. Prime candidates include the apical dendrites of ET
cells and mitral tufted cells. Spontaneous spike bursts or direct depolarization of individual
ET cells to elicit spike bursts was reported to trigger EPSC bursts in PG and SA cells
mediated by activation of AMPA receptors [Hayar et al., 2004b]. The latency of the evoked
EPSCs (0.85 ms) was indicative of monosynaptic input to PG cells from ET cells. Additional
studies demonstrated that this ET cell to PG cell excitatory transmission is intraglomerular as
it was only observed between cells associated with the same glomerulus. Stimulation of an
individual ET cell was reported to produce large EPSCs and Ca2+ spikes in PG cells [Murphy
et al., 2005]. The NMDA receptor antagonist APV had minimal effects on the EPSP but
abolished the Ca2+ spike. The same study reported that stimulation of single ET cell excites 27 unidentified JG cells within the same glomerulus, suggesting that individual ET cells
synapse with multiple PG cells.
Single spikes in PG cells are relatively ineffective in triggering GABA release from PG
cells [Murphy et al., 2005]. Multiple spikes, leading to low-voltage activated (LVA) Ca2+
currents, are much more effective in releasing GABA from PG cells [Murphy et al., 2005].
These findings suggest that GABA release from PG cells may be preferentially triggered
when these cells receive strong synaptic input. ET cells, individually and collectively, provide

18

S. V. Karnup and A. Hayar

strong input to PG cells. Spike bursts in individual ET cells robustly activate PG cells.
Additional, individual ET cells appear to activate, on average, 5 PG cells [Murphy et al.,
2005]. There is now growing evidence suggesting that the spiking and synaptic activity of ET,
tufted and mitral cells are correlated due to the presence of electrical synapses and glutamate
spillover among cells of the same type and possibly cells of different types (unpublished
observations by Abdallah Hayar). The dendrodendritic interactions between these cells and
PG cells ensure a synchronous excitatory bursting input to PG cells leading to the generation
of few spikes or a spike followed by plateau potential leading to calcium influx into PG cell
dendrites and the release of GABA onto ET, tufted and mitral cells.
PG cells contain GABA and thus activation of these cells will cause dendrodendritic
inhibition of ET and mitral/tufted cell dendrites in the glomeruli. In the periglomerular
spaces, their axons also form symmetrical synapses onto the mitral/tufted cell dendrites and
onto PG and SA cells [Pinching and Powell, 1971c]. Physiological studies support the notion
that PG cells receive excitatory input from mitral/tufted cells and ET cells, and in return,
make feedforward and feedback inhibitory GABAergic synapses onto these cells [Shepherd
and Greer, 1998; Hayar et al., 2004b]. Such inhibition is thought to be primarily mediated by
GABAA receptors. Intracellular depolarization of ET cells leads to GABAergic inhibition due
to activation of dendrodendritic synapses with PG cells [Murphy et al., 2005]. Using this
paradigm, the feedback inhibition produced by ET cell depolarization was reduced by
nimodopine, a blocker of L-type Ca2+ channels; nimodipine, however, did not reduce GABA
release from PG cells. Subsequent experiments, using paired recordings of PG cells,
suggested that GABA exocytosis from these cells is governed primarily by activation of highvoltage-activated (HVA), P/Q-type Ca2+ channels. The L-type antagonist nimodipine did not
alter GABA release from PG cells, leading to the conclusion that activation of LVA currents
can facilitate GABA release from PG cells, but these channels are not directly coupled to
GABA exocytosis. These studies and others [Smith and Jahr, 2002] also indicate that PG
cells, under certain circumstances, can release GABA onto themselves, and perhaps
neighboring PG cells. GABA has been reported to depolarize PG cells at their resting
potential, probably due to elevated intracellular chloride concentrations [Siklos et al., 1995;
Smith and Jahr, 2002]. It was suggested that GABA inhibits PG cells by activating a chloride
conductance that reduces the neuronal input resistance and shunts excitatory inputs. GABA
released from PG cells was recently shown to inhibit other PG cells in the same glomerulus
via GABAA receptors [Murphy et al., 2005]. Because PG cell dendrites ramify within a
restricted portion of a glomerulus, their functional interactions are presumably localized to
microdomains of the extensive mitral/tufted cell dendritic arbors, or to nearby JG cells
[Kasowski et al., 1999].

8. PRESYNAPTIC INHIBITION OF ON TERMINALS
DA and D2 receptors. The rat MOB contains more DA neurons (100,000-150,000;
McLean and Shipley, 1988) than the entire substantial nigra and ventral tegmental area
midbrain DA system (~30,000) [Björklund and Lindvall, 1984]. But the MOB receives no
known extrinsic DA input. The ONL and GL have high densities of D2 receptors in rats and
mice [Coronas et al., 1997; Koster et al., 1999; Levey et al., 1993; Mansour et al., 1990;
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Nickell et al., 1991]. In the GL, the JG neurons express D2 receptors (Mansour et al., 1990).
Other anatomical evidence indicates that most, if not all, of the D2 receptors in the GL occur
on ON axon terminals. ORNs express D2 receptors and bulbectomy, a manipulation that
causes retrograde degeneration of ORNs, eliminates D2 receptor mRNA in the olfactory
epithelium [Koster et al., 1999]. Taken together, these findings indicate that DA released
from JG neurons may presynaptically modulate ON terminals via activation of D2 receptors.
In agreement with this, DA and D2 receptor agonists reduced spontaneous and ONevoked activity in mitral cells, as well as odor-evoked activity in the GL and odor detection
performance, in a variety of species [Nowycky et al., 1983; Doty et al., 1989; Sallaz and
Jourdan, 1992; Hsia et al., 1999; Wachowiak and Cohen, 1999; Berkowicz and Trombley,
2000; Ennis et al., 2001]. These effects are mediated by presynaptic suppression of glutamate
release from ON terminals via inhibition of Ca2+ influx [Wachowiak and Cohen, 1999]. In a
similar manner, DA and D2 receptor agonists suppressed spontaneous and ON-evoked
activity in JG cells, but had no effect on mitral to JG cell transmission [Ennis et al., 2001].
The inhibitory effects of DA were abolished in D2 receptor knockout mice [Ennis et al.,
2001]. Presynaptic inhibition of ON terminals by DA provides a mechanism for increasing
the range of concentrations that can be processed by MOB neurons: as activity increases in
ON terminals, DA JG cells are more strongly excited. This, in turn, provides negative
feedback onto ON terminals reducing the release of glutamate. Such a scheme would
effectively increase the dynamic range of information transfer from ORNs to MOB neurons.
Interestingly, systemic administration of D2 receptor agonists has been reported to prevent
odorant specific 2-deoxyglucose patterns in MOB and to reduce odorant detectability [Doty
and Risser, 1989; Sallaz and Jourdan, 1992]. Related to this question of how DA participates
in odor processing is the degree to which these receptors are tonically active in vivo? If, for
example, ON terminals are tonically inhibited by DA via D2 receptors, this might serve to
filter out weak signals (“noise”). This might sharpen the spatial pattern of active glomeruli,
and facilitate detection of predominant odors. There is experimental support for this
possibility. Blockade of D2-like receptors by systemic administration of spiperone increased
the number of mitral cells that responded to single or multiple odorants [Wilson and Sullivan,
1995]. One interpretation of this study is that reduced D2 presynaptic inhibition of ON
terminals increases the odor responsiveness of mitral cells, but does so at the cost of reduced
odorant discrimination.
GABA and GABAB receptors. GABAB receptors play a presynaptic inhibitory role,
apparently very similar to that just described for D2 receptors. As noted above, GABAergic
PG cells represent a large population of GL interneurons. In the rat MOB, the glomeruli have
the highest concentration of GABAB receptors as determined by radioligand binding [Bowery
et al., 1987; Chu et al., 1990] and by immunohistochemical localization of GABAB receptor
subunits [Margeta-Mitrovic et al., 1999]. EM-immunohistochemistry revealed that the dense
labeling in the GL is due to the presence of GABAB receptors on ON terminals and on the
somata of PG cells [Bonino et al., 1999]. A variety of imaging and electrophysiological
studies have provided solid evidence that GABA released from PG neurons presynaptically
inhibits glutamate release from ON terminals via activation of these GABAB receptors
[Aroniadou-Anderjaska et al., 2000; Keller et al., 1998; Murphy et al., 2005; PalouzierPaulignan et al., 2002; Wachowiak and Cohen, 1999]. The presynaptic inhibition of glutamate
release is mediated by suppression of Ca2+ influx into ON terminals [Wachowiak et al.,
2005]. Stimulation of individual PG cells has been reported to inhibit, via GABAB receptors,
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ON input onto the stimulated cell [Murphy et al., 2005]. The MOB also contains the highest
levels of the putative inhibitory transmitter taurine, exceeding concentrations of GABA and
glutamate [Collins, 1974; Margolis, 1974; Banay-Schwartz et al., 1989a,b; Ross et al., 1995;
Kamisaki et al., 1996]. Taurine is found in ON axons, in various neurons, and in astrocytes
[Kratskin et al., 2000; Kratskin and Belluzzi, 2002; Pow et al., 2002]. In the ON terminals
and some postsynaptic dendrites, taurine is co-localized with glutamate [Didier et al., 1994].
In electrophysiological recordings, taurine directly activated presynaptic GABAB receptors
and inhibited ON terminals, and it also induced chloride currents in mitral/tufted cells.
Surprisingly, taurine had no direct effect on PG cells [Belluzzi et al., 2003].

9. SYNCHRONY AMONG JG CELLS
Synchrony can be defined as a meaningful temporal coincidence between two or more
events that have a low probability of occurring by random or chance. Neurons involved in the
detection and processing of odors show temporally correlated or synchronized activity, a
feature that is expected to have functional relevance for understanding the population code in
the olfactory system [Laurent, 2002].
The activity of JG neurons associated with the same glomerulus exhibit highly
synchronous spontaneous activity. Simultaneous recordings of ET-PG or ET-SA cell pairs
demonstrated that spikes in ET cells drive synchronous activity in PG and SA cells, but only
if the dendrites of both cells ramified in the same glomerulus [Hayar et al., 2004b, Figure 3].
This intraglomerular synchronous activity is driven by glutamatergic input from ET cells to
PG/SA cells and is abolished by AMPA receptor antagonists. Similar studies revealed that
spontaneous spikes and subthreshold membrane potential activity (i.e., EPSPs, IPSPs) among
ET cells of the same glomerulus is highly synchronous [Figure 3; Hayar et al., 2004b, 2005].
Interestingly, the frequency of spontaneous inhibitory input to ET cells, which primarily
originates from PG cells, occurs around 50 Hz (within IPSC bursts) (gamma frequency) and
is similar to the frequency of ON-evoked γ-oscillations in mitral cells (mean 45 Hz) [Lagier et
al., 2004]. Although spontaneous synaptic input can synchronize ET cells, synchrony among
these cells persists when ionotropic glutamate and GABA receptors are blocked [Hayar et al.,
2004b, 2005]. Additional electrophysiological results demonstrated that ET cells of the same
glomerulus are electrotonically-coupled via gap junctions with a relatively small conductance
(0.1 nS). Spontaneous synchrony among ET cells is abolished by the gap junction blocker
carbenoxolone [Hayar et al., 2005]. These results are consistent with anatomical evidence for
gap junctions between mitral/tufted cell apical dendrites [Schoppa and Westbrook, 2002;
Christie et al., 2005]. Unlike mitral cells, which exhibit a narrow window of spike-to-spike
correlation [Schoppa and Westbrook, 2002], ET cells exhibit a broader window of burst-toburst correlation. The narrow window of correlation among mitral cells is due to the fact that
mitral cell spikes induced fast EPSPs in other mitral cells [Schoppa and Westbrook, 2002;
Christie et al., 2005]. In contrast, ET cells seem to communicate mainly via slow inward
currents produced by gap junctions with relatively low conductance. Therefore, one potential
function of gap junctions in ET cells is to filter fast spiking activity and propagate slow
membrane potential oscillations, which are driven mainly by persistent sodium currents
[Hayar et al., 2004a]. Thus, the glomerulus comprises multiple means of communication,
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which synchronize the glomerular ensemble and at the same time provide different rates of
information transfer among JG cells (Figure 5).

Figure 5. Schematic illustration of intra- and inter-glomerular circuitry. Glutamatergic ET cells
rhythmically burst at sniffing frequencies and receive monosynaptic ON input. ET cells of the same
glomerulus burst synchronously and trigger monosynaptic bursts of EPSPs in other JG interneurons
(PG and SA cells), most of which do not receive direct ON input. ET cells are synchronized by ON
input, glutamate spillover and interconnections via gap junctions (ovals). ET cells are also synchronized
by IPSP bursts from the same and different sets of PG cells. PG cell dendrites ramify in a restricted
portion of a single glomerulus and provide local intra-glomerular inhibition of ET cells via
dendrodendritic interactions, and also exert presynaptic inhibition of ON terminals. By contrast, SA
cells have dendrites and axons extending throughout several glomeruli, and thus might subserve
interglomerular interactions. The synchronously bursting ET cell glomerular “ensemble” may constitute
an oscillating rhythm generator that monosynaptically synchronizes the activity of PG cells within the
same glomerulus, and perhaps also coordinates the activity of mitral/tufted cells via glutamate spillover.

Electron microscopic studies suggest an indirect coupling between mitral cells via
intervening interneuronal processes in addition to the direct gap junction coupling between
them [Kosaka and Kosaka, 2004]. These intervening processes originate from GABAnegative and TH- negative uncharacterized glomerular neurons that receive synapse from
olfactory nerve terminals and are therefore likely to be the dendrites of ET cells [Kosaka and
Kosaka, 2003]. Therefore, both ultrastructural and electrophysiological studies obtained so far
indicate that mitral/tufted cells and ET cells might form gap junctions among themselves and
among each other. One possible function of spike synchrony among ET and mitral cells
would be promote the summation of EPSPs and the likelihood that cortical neurons fire action
potentials in response to olfactory nerve input.
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10. OSCILLATIONS AND THETA RHYTHM
Brain rhythms are thought to coordinate intra- and inter-structural communications, to
play a role in temporal coding of sensory signals, in generation of memory traces, cognition
and other mental activities. Oscillations and synchronous activity are characteristic features of
spontaneous and odor-driven activity in the MOB [for reviews see Lledo et al., 2005;
Gelperin, 2006; Kepecs et al., 2006]. Olfactory information is thought to be encoded, at least
in part, by oscillating neural assemblies [Wehr and Laurent, 1996; Kauer, 1998; Kay and
Laurent, 1999]. The inhalation of odor molecules has been reported to trigger oscillations in
the olfactory bulb with different frequency ranges [reviewed by Lledo et al., 2005]. Robust
fast oscillations defined by their frequencies as gamma (30–80 Hz) and beta (15–25 Hz), as
well as slower ones called delta (1-3 Hz) and theta rhythms (3–12 Hz), are classically
observed in the olfactory system. Whereas gamma and beta waves are induced by odor inputs,
the delta and theta frequency band seems rather to be phase-locked with respiration.
Membrane as well as field potential oscillations are the result of complex interplay
between synaptic and intrinsic phenomena. In the olfactory bulb, 2- to 12-Hz oscillations have
been shown to follow the respiratory cycle with some deviations, and these oscillations are
commonly called "theta" principally because they occupy a highly overlapping frequency
band with hippocampal theta oscillations, although the band is broader than that defined as
theta-frequency for neocortical and hippocampal electroencephalogram in vivo (3.5 Hz to 8
Hz) [Kay and Laurent, 1999; Kay, 2003, 2005]. Frequency of ET cells bursting ranges from
~1 to 8 Hz (mean 3.3 ± 0.18 bursts/s). This range overlaps with the delta-theta frequency
range prominent in oscillatory neural activity in the rodent olfactory network, which are
thought to be driven by sensory inputs during “passive” sniffing (1-3 Hz) as well as during
“active” investigative sniffing (5-12 Hz) [Adrian, 1950; Welker, 1964; Macrides et al., 1982;
Eeckman and Freeman, 1990; Kay and Laurent, 1999; Kay, 2003]. Sniffing is a rhythmic
motor process essential for the acquisition of olfactory information. Electrophysiological
studies-primarily from anesthetized rodents-demonstrated that olfactory neural responses are
coupled to respiration [reviewed by Kepecs et al., 2006]. However, even when pushed to
psychophysical limits using mixtures of two odors, rats needed to take only one sniff (<200
ms at theta frequency) to make a decision of maximum accuracy [Uchida and Mainen, 2003].
Therefore, for the purpose of odor quality discrimination, a fully refined olfactory sensory
representation can emerge within a single sensorimotor theta cycle, suggesting that each sniff
can be considered a snapshot of the olfactory world.
Studies using intracellular recordings from mitral cells in the mammalian olfactory bulb
in vivo [Charpak et al., 2001; Luo and Katz, 2001; Margrie and Schaefer, 2003; Cang and
Isaacson, 2003] show a dominating rhythm synchronized to the respiration cycle. This theta
rhythm is dependent on nasal airflow, requires action potential generation/propagation and
glutamatergic transmission within the olfactory bulb. Furthermore, the general kinetics of
sensory input-evoked synaptic current in mitral cells is defined by the inspiration-exhalation
cycle [Margrie and Schaefer, 2003].Odor application evoked an excitatory response
characterized by synaptic depolarizations locked to the respiratory cycle, and on which were
superimposed bursts of action potentials in the beta-gamma range [Wellis et al., 1989;
Debarbieux et al., 2003].
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11. INTRAGLOMERULAR OSCILLATOR EMERGES IN
POPULATION ACTIVITY
The rhythmic firing patterns of ET cells in a glomerulus and the high correlation of their
spontaneous membrane potential oscillations suggest that the synchronized spontaneous
activity in the glomerular ensemble can generate local field potentials. Indeed, besides field
potentials evoked by stimulation, there are readily detectable spontaneous field potentials of
various amplitudes recorded in the glomerular layer (Figure 6, Figure 7 A, B). In interface
slices of the rat MOB, patterns of rhythmic spontaneous field activity were found in some, but
not in all recordings. Segments with distinctive regularity and duration not exceeding a few
seconds were encountered only in 9 of 33 sites under normal conditions (Figure 6, horizontal
bars, B central inset). The amplitude of regular oscillations was in the range of 0.018 to 0.194
mV (mean ± SE = 0.082 ± 0.002 mV, SD= 0.032 mV, n=127) and the frequency was in the
delta-theta range (1-5 Hz). Presumably, these regular patterns reflect pure activity of the
hypothesized cooperative intraglomerular pacemaker. However, in all cases regular
oscillations were intermingled with dominating irregular events often of much higher
amplitudes (Figure 6, marked with asterisks). Randomly emerging spontaneous field
potentials indicate a sporadic involvement of a large number of neurons in the concomitant
activity. These irregular events of various magnitudes were named spontaneous glomerular
layer field potentials (sGLFPs) [Karnup et al., 2006].

Figure 6. Patterns of rhythmic field potential oscillations in the glomerular layer. Lower trace was
recorded in about a minute after the upper trace. Patterns of regular delta-oscillations (~1 Hz) are shown
with horizontal bars above the upper trace. A pattern of theta-oscillations (~4 Hz) from the lower trace
is shown in the inset. Large irregular spontaneous population events are marked by asterisks.
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Figure 7. Spontaneous glomerular layer field potentials (sGLFPs). A and B – sGLFPs in two different
control slices. Insets show some individual sGLFPs. Note various amplitudes and time courses of
spontaneous events. C - averaged eFP (n=10) with stimulation at 100 μA. The fast early eFP phase
emerges as an initial peak of ~20 ms duration and indicates occurrence of EPSPs synchronized by an
input volley from ON. The following slow late eFP phase indicates development of recurrent excitation.
D - averaged sGLFP from the same recording site (n=10, >90% of the maximal amplitude) displays
similarity with the slow eFP in changes upon application of synaptic blockers. NMDA-receptor blocker
D-AP5 shortened decay time and GABAA-receptor blocker bicuculline (BIC) increased amplitudes in
both sGLFP and late eFP phase to a similar extent. Note, that the late phase of the evoked field potential
is comparable with sGLFP in the time course, amplitude and reaction to specific receptor blockers.
Traces of sGLFPs in a control horizontal slice (E), in a strip of isolated GL (F) and in a tangential slice
(G). Somewhat lower sGLFP amplitudes in the glomerular strip are probably due to trauma while
dissecting a 200 μm strip from a horizontal 400 μm thick slice. The frequency and amplitude of
sGLFPs in tangential slices sometimes could exceed those in control slices.
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12. COMMON MECHANISM OF EVOKED AND SPONTANEOUS
POPULATION ACTIVITY IN THE GLOMERULAR LAYER
In conventional horizontal slices sGLFPs have negative polarity, which corresponds to
excitation in neuronal populations (Figure 7 A,B) [Karnup et al., 2006]. sGLFPs were not allor-none events as they varied considerably in amplitude, duration and shape. We considered
an event as sGLFP if its amplitude exceeded 0.8 mV from its base, the steepest slope of the
rising phase was less than 0.03 mV/ms, and its rise time (range 7 to 250 ms) was shorter than
its decay time (range 30 to 600 ms). Despite qualitatively distinct appearance, sGLFPs did not
fit to a standardized shape even in the same trace. Measured sGLFP parameters in all
individual control recordings did not reveal clusters or any characteristic patterns. Neither
individual, nor pooled data revealed correlation between the different parameters such as
“half-width vs. amplitude” and “decay time vs. rise time”. This indicates random recruitment
of neurons into spontaneous population activity. We have previously shown that sGLFP is
basically confined to a glomerulus of origin and does not propagate significantly to
neighboring glomeruli (see below). Hence, the absence of a regular component in the
majority of cases and its transient character when it is present, suggest that the
intraglomerular pacemaker mechanism does not necessarily recruit the whole module into
synchronized oscillations, but rather it works autonomously, and only occasionally it can
trigger excitation in additional neurons.
The dendrites within the glomerulus were shown to be encapsulated by glial processes,
separating the neuropil into compartments [Chao et al., 1997; Kasowski et al., 1999].
Diffusion of spilled glutamate and gap-junctions among dendrites [Kosaka et al., 2004;
Christie et al., 2005; Hayar et al., 2005] are facilitated in a single compartment but prevented
among compartments. Therefore, the glomerular compartment plays a role of a structural and
functional subunit of a lower order than the entire glomerulus. A variety of kinetic properties
of individual sGLFPs suggests that a spontaneous avalanche of excitation may be initiated in
different intraglomerular compartments. Our data with intracellular recordings from
astrocytes support this assumption (see below). Occurrence of random constellations of
excited compartments may result in a variable number of cells involved in the sGLFP and in a
continuum of its parameters.
The kinetics of large sGLFPs were strikingly similar to that of the late phase of evoked
field potentials (eFP) produced by stimulation of the ON, suggesting that they may involve a
common mechanism. In the case shown in Figure 7 C,D the largest (>90% of maximal
amplitude) sGLFPs and slow component of eFPs evoked by moderate stimulation (up to half
maximum) had identical durations, distributions of standard deviations and comparable
amplitudes. The rapid rise time of the fast early phase of eFP is due to the synchronizing
effect of the olfactory nerve activation. Thus, all stimulus-synchronized cellular voltage
changes, including EPSPs and calcium spikes (McQuiston and Katz, 2001), may contribute to
this fast population event. The slower kinetics of the late eFP phase and sGLFP were
probably due to a gradual engagement of postsynaptic neurons, producing an avalanche of
intraglomerular transmitter release. The possibility of a common mechanism generating both
the sGLFP and the late phase of eFP is supported by the similarity of sGLFP and eFP decay
course, by the occlusion of sGLFPs after eFP, and by the reduction of the late eFP when the
stimulus was given during largest sGLFP [Karnup et al., 2006]. Stimulation in the ONL could
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elicit eFP of much greater amplitude than that of largest sGLFP at the same site, which is
probably due to synchronized activation of many neighboring glomeruli upon electrical
stimulation and synchronous engagement of corresponding M/T cells. In the case shown in
Figure 7, a maximal eFP could reach 4 mV (Figure 7C, black), whereas the largest sGLFPs at
the same site were only ~1.8 mV (Figure 7D, black). On average, the ratio sGLFPmax/eFPmax
in horizontal slices in normal artificial cerebrospinal fluid (ACSF) was 0.27±0.04 (n=16, one
recording site per slice). Upon blockade of GABAA receptors by bicuculline (BIC) the
sGLFPmax/eFPmax ratio increased from 0.27±0.04 (n=16) to 0.51±0.11 (n=5). The amplitude
ratio 1:2 in the absence of inhibition suggests one of two options. First, if both evoked and
spontaneous field potentials are generated only by the recorded module, then only half of its
neurons can participate in cooperative spontaneous activity. Second, if eFP represents a sum
of synchronized potentials from a few (or many) modules, and if sGLFPs in neighboring
glomeruli are not synchronized, then about half of eFP is produced in the recorded
glomerulus and another half is contributed by adjacent modules. Considering the limited
sGLFP propagation beyond the glomerular shell, the absence or poor correlation among
sGLFPs in adjacent glomeruli [Karnup et al., 2006] and the fact of synchronous involvement
of many modules into evoked activity, the second option is more likely to be the case. Finally,
blockade of AMPA-R by CNQX completely abolished both evoked and spontaneous field
potentials. This confirms that excitatory interactions, which give rise to population events in
the GL, are mediated by glutamate AMPA receptors [Karnup et al., 2006].
Self-sufficiency of the glomerular layer for production of sGLFP was shown in slices of
the isolated GL. Spontaneous GLFPs, recorded from glomerular strip preparations (Figure 7,
F) and from the GL in tangential slices (Figure 6, G), were comparable to those recorded in
control slices (Figure 7, E). Thus, experiments with surgically isolated glomerular layer
resulted in two main findings. First, M/T cells do contribute, but only weakly, to sGLFP
generation. Second, mitral and tufted cells are not the only types of neurons responsible for
sGLFP generation. Similar sGLFP magnitudes in the isolated GL and in control slices suggest
that JG cells are the major contributors to spontaneous population events in the GL of acute
MOB slices.

13. DELAYED INVOLVEMENT OF MITRAL CELLS IN THE
GLOMERULAR SPONTANEOUS ACTIVITY
Despite the fact that sGLFPs can originate in the GL due to recurrent excitation within
glomeruli, in the intact olfactory bulb or in the control horizontal slice, these local population
events additionally involve output M/T cells. Furthermore, sGLFPs may represent population
events correlated with mitral cell spontaneous long-lasting depolarizations (sLLDs) [Carlson
et al., 2000], which are also AMPA-R-mediated. To investigate the relationship between
sGLFPs and sLLDs, we performed whole-cell recording from a mitral cell and field potential
recording from the glomerulus containing its tuft [Karnup et al., 2006]. Correspondence
between intracellular membrane potential and field potential recordings was established by
the systematic presence of synchronized voltage deflections in both traces and the lack of
such synchronized events when the sGLFPs were recorded in adjacent glomeruli (in each
field recording 3 electrodes were placed in 3 neighboring glomeruli). In such dual recordings,
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every sLLD had a concomitant sGLFP (Figure 8A). The amplitude and shape of these
sGLFPs varied substantially, indicating that although a given mitral cell was involved in
every event, the constellation of neurons recruited in each sGLFP was variable. Individual
sGLFP frequently had shorter rise time, shorter duration, earlier onset, and typically reached
the peak earlier than simultaneously recorded sLLDs (Figure 7A insets). With the reference
point set at the sLLD onset in three of five dual recordings, the onset of the averaged sGLFP
preceded that of sLLD by ~10 ms (Figure 8B).

Figure 8. Interactions between a glomerular pool of JG cells and a mitral cell. A - simultaneous
recordings of sLLDs in a mitral cell (upper trace) and sGLFPs (lower trace) from a glomerulus
containing the mitral cell tuft. Spikes of mitral cell are truncated. Insets with an expanded time scale
demonstrate variability of sGLFP locked to sLLD and different kinetics of sGLFP as compared to
sLLD. B – averaged sLLD and sGLFP (n=80) with the reference point set at the sLLD onset show 9.8
ms delay of sLLD upon initiation of sGLFP, thus indicating leading role of JG cell pool in activation of
the module.

Furthermore, sLLD-induced mitral cell spikes were delayed on average by 50 ms from
the sGLFP onset; therefore, spike-dependent glutamate release from mitral cell tuft at best
could contribute to sGLFP after it reached 90%-100% of its peak (Figure 8A inset 3, B). This
finding implies that M/T cells are not necessarily initiators of spontaneous intraglomerular
excitation, but on the contrary they may be either followers or equal participants of the
population event. Thus, a time lag in correlation between sLLDs and sGLFPs is in agreement
with the notion of self-sufficiency of the JG ensemble in producing sGLFPs and with the idea
that JG ensembles lead the information processing.
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14. GLIAL CELLS AS INTRAGLOMERULAR PROBES
A more direct proof of sGLFP initiation by spontaneous activation of JG cells could be
obtained by simultaneous intracellular recording of a JG cell and an extracellular field
potential from the same glomerulus. However, in the interface slice, where sGLFPs are well
pronounced, obtaining a blind whole-cell recording from JG cells turned out to be difficult. In
submerged slices, where JG cells can be readily patched, eFPs are hardly detectable and
spontaneous events of smaller amplitude are indistinguishable from the noise level. To
overcome this problem we took advantage of the fact that intraglomerular glial cells can serve
as indicators of intraglomerular neuronal activity. Astrocytes in the GL have small somata
comparable to that of PG cells (~5-10 μm), exhibit dense spongiform ramifications extending
from major processes, and project their processes into the core of a single glomerulus [Chao
et al, 1997; De Saint Jan and Westbrook, 2005; Bailey and Shipley, 1993]. In the submerged
slice, ONL stimulation elicits synchronized depolarizing membrane potentials both in a glial
and a mitral cell associated with the same glomerulus [De Saint Jan and Westbrook, 2005].
The authors have shown that glial response to ON stimulation consists of two components.
The first component consists of a fast and short initial inward current induced by a
synaptically-activated glutamate transporter current (amplitude 128 ± 20 pA, 10-90% rise
time of 5.2 ± 0.3 ms (n=20) and half-width ~25-30 ms), which corresponds to glutamate
clearance from the extracellular space. The second component of the glial response represents
a slowly decaying inward current with an amplitude and duration increasing with stimulus
strength. At half-maximal stimulation by a single shock (~50 V, Δt=0.1 ms) the total evoked
current in rat astrocytes had a half-width of 1108 ± 154 ms and an amplitude of 232 ± 20 pA
(n=27). Since the slow second component was effectively blocked by barium (100-200 μM),
it was ascribed to the inward rectifier K+ channels. These channels play a role in spatial
buffering of K+ released in the extracellular space during neuronal activity [Karwoski et al.,
1989; Newman, 1993; Kofuji and Neuman, 2004]. Since olfactory nerve terminals release
only a small fraction of total K+, most of the K+ released in glomeruli after olfactory nerve
stimulation originates from postsynaptic spiking cells [Jahr and Nicoll, 1981; Khayari et al.,
1988], and during spontaneous activity all of the increase in extracellular K+ is due to
neuronal firing. Blockade of ionotropic and metabotropic glutamate receptors led to complete
elimination of evoked potentials in mitral cells and a substantial reduction of the evoked
current in glial cells. This suggested that the K+ component of the astrocyte response
essentially reflects electrical activity of neurons having dendrites in a given glomerulus (De
Saint Jan and Westbrook, 2005). This K+-mediated slow depolarization in a glial cell will be
further referred to as a glial potassium potential (GPP), which can be either evoked (eGPP) or
spontaneous (sGPP).
The glial cells of the glomerular layer in our experiments were distinguished from
neurons by low membrane potentials (-79.6 ± 0.8 mV, SD=5.2, n=45), low input resistance
(106 ± 11, SD=57, n=23), linear I/V characteristic and inability to generate spikes. Two glial
cells were obtained blindly in the interface mode and 43 cells were patched in the submerged
mode under visual control. In the interface mode, we simultaneously recorded field potentials
in the GL with a regular ACSF-filled pipette and membrane potentials of astrocytes using
sharp electrodes (Figure 9 A).
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Although the pipette and the sharp electrode were positioned in close vicinity, this did not
guarantee association of an astrocyte with the recorded glomerulus. However, since many
adjacent modules were synchronously activated, the response (i.e. eGPP) in the astrocyte
must be synchronized with any of them.

Figure 9. Dual recordings of field potentials (lower traces) and an astrocyte (upper traces). A - Averaged
(n=5) evoked responses (on the left) to half-maximal stimulation in the ONL (50 μA) show longer duration of
the astrocyte depolarization as compared to the field potential. Latency of the astrocyte response (4.9 ms) was
also longer than that of the eFP (2.6 ms) (right panels with the expanded time scale). B – ONL stimulation
with the intensity slightly subthreshold (5.5 μA for the astrocyte response). Note failures of the eFP (lower
green trace) whereas sGLFPs were well pronounced (all upper traces). C - Stimulation in the EPL (100 μA,
two-fold threshold intensity for the astrocyte response). Despite a well-expressed late phase of this eFP,
which was greater than eFP during ONL stimulation, glial depolarization was weaker. Glial response did not
reveal a detectable latency. Note spontaneous depolarizing events in the astrocyte with kinetics similar to
evoked responses and lack of their counterparts in the field traces. D – Stimulation from an adjacent
glomerulus (150 μm away from the astrocyte in the caudal direction) at threshold intensity for the astrocyte
(20 μA) evoked a pronounced eFP accompanied by frequent failures in the astrocyte. E – Averaged responses
(n=5) to a slightly stronger stimulation (25mA) from the same site in the GL demonstrate 9% increase in eFP
and significant depolarization in the astrocyte (peak amplitude 0.42 mV). The latency of the astrocyte
response was substantially longer than that of eFP (11.5 ms and 1.2 ms correspondingly). It is likely that
ONL stimulation in B delivered an input precisely to the compartment created by the astrocyte, whereas GL
stimulation in D activated (through SA cells) most of the glomerular population except for the compartment
of the recorded astrocyte. In B and D voltage scales for glial responses are the same, whereas voltage scales
for eFP are different; arrows designate stimulation.
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The averaged (n=5) evoked responses induced by half-maximal stimulation in the ONL
(50 μA) (Fig 8 A, on the left) demonstrate longer duration of the astrocyte depolarization
(half-width 600 ms, total duration 3 s) as compared to the field potential (half-width 200 ms,
total duration 920 ms) indicating that the extracellular K+ concentration increased long after
intraglomerular excitation was terminated. The latency of the astrocyte eGPP (4.9 ms) is also
longer than that of the eFP (2.6 ms) (Figure 9 A, right panels).
The difference between the latencies may be due to the time necessary for K+ diffusion
from neuronal dendrites to glial cell processes. Stimulation from other sites revealed a
different sensitivity of this glial cell to different inputs and a lack of direct correspondence of
its responses to the average level of excitation in the glomerulus. Upon ONL stimulation with
intensity slightly superthreshold for eGPP (5.5 μA) the eFPs were inconsistent and had
occasional failures, although sGLFPs were well pronounced (Figure 9 B). In this case a few
activated ON fibers might reliably activate dendrites in a compartment associated with the
recorded astrocyte, whereas the majority of neurons did not receive or received input with
occasional failures. The eFP was well expressed and steady when stimulation with two-fold
threshold intensity for the field response (100 μΑ) was made from the lower EPL (Figure 9 C,
lower traces). Here the late phase of eFP was greater than that upon ONL stimulation in A
(amplitude of the late phase 0.48 mV in C and 0.28 mV in A, lower traces), whereas glial
depolarization was weaker (0.36 mV and 1.2 mV correspondingly, Figure 9 C and A upper
traces). Higher eFP amplitude and lack of detectable latency in the glial response in C might
be due to direct stimulation of M/T cells, whose dendritic tufts were in direct contact with the
astrocyte, but other neurons contacting the astrocyte did not generate spikes. Stimulation from
an adjacent glomerulus (150 μm away from the astrocyte in the caudal direction) at threshold
intensity for the astrocyte (20 μA) evoked a pronounced eFP (amplitude of the late phase 0.34
mV), but the astrocyte in most cases failed to respond (Figure 9, D). This suggests that
excitatory inputs were delivered through interglomerular connections (see below) to most of
the glomerulus population except for the compartment of the recorded astrocyte. The
averaged response to a slightly stronger stimulation (25 μA, n=5) from this site in the GL
demonstrates ~9% increase in eFP (latency 1.2 ms, late phase 0.37 mV) and sharply emerging
depolarization in the astrocyte (latency 11.5 ms, peak amplitude 0.42 mV) indicating
engagement of neurons in its area of control. The difference of latencies between field and
glial responses to GL stimulation was even greater than that after moderate ONL stimulation
(10.3 ms and 2.3 ms, correspondingly). This might be due to a longer distance for K+ to
diffuse or due to a few synaptic delays before excitation reached the astrocyte’s compartment.
Taken together the results in Figure 9 B-E suggest that the given astrocyte selectively
responded to neuronal activation only in some glomerular compartments, but not any
neuronal activation within the glomerulus caused its response.
Out of 45 astrocytes responding to ON stimulation, 28 did not show spontaneous
depolarizations. Nevertheless, 17 glial cells (16 of them in submerged slices) did show sGPP
with patterns similar to those of sGLFPs (Figure 10). Typically, their maximal amplitude was
lower than that of the moderate evoked response. It is likely that sGPPs of large amplitude
similar to eGPP (compare Figure 10 Ba and A upper trace) mirrored synchronized excitation
of large neuronal populations, whereas small sGPPs might reflect activation of a few neurons
or even a single neuron. On average, (n=194) sGPP parameters were: amplitude M ±SE =
0.187 ± 0.013 mV, SD=0.181 mV, range from 0.003 to 1.125 mV; half-width 190.6 ± 7.6 ms,
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SD=105.8 ms, range from 53 to 771 ms; 0% to 100% rise time 96.3 ± 4.1 ms, SD=57.2 ms,
range from 23 to 352 ms. Random occurrence and superimposition of sGPPs (Figure 10, Bb
insets) are similar to that of sGLFPs. All processes of an astrocyte are confined to a single
glomerulus (Bailey and Shipley, 1993); hence, all sGPPs follow neuronal excitation
exclusively in a given glomerulus. The similarity between sGPP and sGLFP patterns confirms
the assumption that sGLFPs of various amplitudes can be generated in the same glomerulus
but in different compartments or different constellations of compartments.

Figure 10. A - Dual recordings of field potentials and an astrocyte. Stimulation of the olfactory nerve at
half-maximum intensity (50 μA, Δt=0.2 ms) elicited synchronized evoked responses in the individual
astrocyte (top trace) and in the surrounding neuronal population (bottom trace). The inset shows a pair
of responses (dashed box) with the expanded time scale. There were non-coinciding spontaneous events
between evoked responses in both traces. B a,b – whole-cell recordings with spontaneous
depolarizations from two glial cells in submerged slices. Insets in b show multiple overlapping evoked
potentials in the glial cell, presumably occurring in different processes of the astrocyte involved in a
few intraglomerular compartments; insets with current injections from -500pA to +500pA to the
astrocyte a and from -600 pA to +700 pA (100 pA increment) to the astrocyte b show linearity of the
I/V characteristics; c – stimulation in the ONL at threshold intensity (20 μA) elicited responses similar
to spontaneous depolarizations; d - strong stimulation (200 μA, two different polarities) evoked
maximal response lasting for 3 to 5 s.
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Apparently, they can occasionally synchronize to form large glomerular field potentials
involving most of the glomerular ensemble. Interestingly, in two occasions we observed
fragments of theta-oscillations (4-5 Hz) in an astrocyte, which was probably in contact with
rhythmically busting ET cells (not shown). The sensitivity of astrocytes to activation of small
neuronal subpopulations in the glomerular module gives an opportunity to use sGPP as a tool
to study the fine intraglomerular organization and its functional compartmentalization.

15. THE NETWORK OF SHORT-AXON CELLS IS THE BASIS FOR
INTERGLOMERULAR COMMUNICATION
Until recently glomeruli of the MOB were considered as poorly communicating structural
units, because in classical Golgi and degeneration studies axonal projections of JG cells were
reported to extend only 1-3 glomeruli from the cell soma [Cajal, 1911b; Golgi, 1875;
Pinching and Powell, 1971a, 1971b, 1972b]. However, as the Golgi-Cox method stains axons
incompletely, the classical approach underestimated the extent of axonal arborizations in the
GL. In labeling experiments with DiI, microbeads and biocytin, we have shown that there is a
type of local neurons whose long axons provide ample interglomerular connections spanning
distances up to 2 mm (20-30 glomeruli radii) (Aungst et al., 2003). These long axons actually
belong to "short axon" (SA) cells, which were well characterized morphologically in classical
studies except for the length and richness of their axonal trajectories. In contrast to ET and
PG cells, they are not associated with a particular glomerulus and do not have dendritic tufts.
A few (3-5) poorly branched dendrites of SA cells have random orientation in the
interglomerular space, extend for up to 3-4 glomeruli from the soma and can penetrate into
the glomerular neuropil. The greater extent of axonal arborizations as shown in biocytin-filled
SA cells (Figure 11 C) versus that seen in classical studies is probably due to the limited
impregnation of axons achieved with the Golgi-Cox method [Cajal, 1911b; Pinching and
Powell, 1972b].
To estimate the density and area of neuronal processes propagation within the glomerular
layer, a single subglomerular iontophoretic microinjection (5-10 μm diameter) of the
lipophylic tracer DiI was made in the tangential "surface" slice. This type of slice was made
from a medial surface of the rat or mouse MOB and it contained the ONL, GL and a part of
EPL. As soon as DiI is taken up by the cell’s membrane it diffuses over the entire cell
including all processes and the soma. Analysis of labeled JG cell distribution showed that
50% of labeled cell bodies were located at distances greater than 350 μm (~5-7 glomeruli)
from the injection site, and 10% were located at distances greater than 850 μm (~15-20
glomeruli) (Figure 11, A) [Aungst et a., 2003]. As DiI is captured by all membranes and
undergoes both anteretrograde and retrograde transport, we used also rhodamine microbeads a retrograde tracer taken up preferentially at synaptic endings [Cornwall and Phyllipson,
1988] – which were injected into the glomerular layer in vivo to confirm the anatomical
results. The distribution of microbead-labeled cells from a single injection in each animal was
similar to that seen with DiI, suggesting long and profound axonal, rather than dendritic
projections from SA cells. Since all microinjections were smaller than the diameter of a
glomerulus (5-10 μm vs. 50-100 μm), these results underestimate the number of cells
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innervating a single glomerulus. However, they show that interglomerular connections extend
over much greater distances than it was previously thought.

Figure 11. A - Tangential slice of the medial surface of the MOB with a nuclear counterstain (green).
Glomerular layer (GL) and olfactory nerve layer (ONL) are visible in the same plane; FC – frontal
cortex. B – Distribution of all labeled JG cells (cell bodies – blue dots, injection site – red dot) after a
single subglomerular-sized injection of DiI in the tangential slice shown in A. C – DiI-labeled processes
form a dense plexus both in the extra- and intraglomerular space (injection site is off panel). D –
subpopulation of GAD65-GFP expressing PG cells (green, arrowheads) outlines glomerular shells.
GFP-negative but DiI-labeled SA neuron (arrow, injection site is 350 μm away) demonstrates, that SA
cells are non-GABAergic neurons. D - Reconstruction of a biocytin-filled SA cell (dendrites – black,
axon – red). Scale bars represent 1 mm in A and B, 100 μm in C-E.

It has been generally thought that interglomerular connections are inhibitory and derive
from GABAergic PG cells. It is partly true, because some PG cells have short axons reaching
1-3 glomeruli from the soma [Pinching and Powell, 1971a]. This explains monosynaptic
IPSPs at short distances (see below). However, SA cells, providing long-distance
communications, turned out to be non-GABAergic [Aungst et al., 2003]. DiI injections in the
transgenic mice in which the promoter for GAD65 (glutamic acid decarboxylase 65, the
principal GABA-synthesizing enzyme in the MOB) drives the expression of green fluorescent
protein (GFP), gave the same distribution of labeled cells as in wild-type mice and in rats.
Only ~9% of DiI labeled cells located one, two or three glomeruli from injection sites
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contained GFP, indicating that they were GABAergic neurons. Other ~91% of DiI labeled
cells did not show co-localization of red and green fluorescence, indicating that they are
probably glutamatergic cells. Therefore, the contribution of GABAergic cells to
interglomerular connections is minor and they seem to provide inhibitory inputs only to the
immediate neighborhood of a central glomerulus. Thus, we can conclude that the population
of SA cells forms a morphological substrate for connecting the GL to actively interacting
subsystem of glomerular modules.

16. INTERGOMERULAR CONNECTIONS ARE
PREDOMINANTLY EXCITATORY
To investigate whether the interglomerular interactions are excitatory or inhibitory,
whole-cell recordings were made from JG cells, 2 - 4 glomeruli away from the site of focal
stimulation in the GL of horizontal slices (Figure 12 A).
The ONL was cut between the stimulation and recording site to prevent propagation of
the stimulus through olfactory nerve fibers. From a total of 58 JG cells tested with GL
stimulation, 41 cells were PG, 15 ET and 2 SA. All cells were identified according to
morphological criteria [Pinching and Powell, 1971a; Cajal, 1911b; Golgi, 1875]. Stimulus
intensity was in the range of 100-500 μA (stronger currents caused tissue damage). Only 44%
(26 of 59) JG cells responded to stimulation with either EPSPs or IPSPs. In some neurons a
change in stimulus polarity led to conversion of monosynaptic responses to polysynaptic or
vice versa (5 cells). Responses were obtained in 45% (19 of 42) PG cells, 40% (6 of 9) ET
cells and 50% (1 of 2) SA cells. In most of responding cells distant GL stimulation elicited
EPSPs (Figure 12 B, C, D).
Namely, 63% (12 of 19) PG, 83% (5 of 6) ET and one of two SA cells were excited
through interglomerular connections. From 12 PG cells responding with EPSP 6 had only
monosynaptic EPSP (latency 1.69 ± 0.16 ms), 4 had only polysynaptic EPSPs and 2 PG cells
had both monosynaptic and polysynaptic responses depending on polarity of stimulation. The
averaged latency of polysynaptic EPSP in PG cells was 7.4 ± 1.2 ms (SD=3.0 ms, n=6). The
excitatory responses in 5 ET cells were monosynaptic (latency 2.0 ± 0.3 ms); one of these ET
cells showed polysynaptic EPSPs (latency 3.1- 4.8 ms) after change of stimulus polarity. One
of the two tested SA cells responded to GL stimulation with polysynaptic EPSPs (latency 5.3
± 0.6 ms, range 3.8 – 7.9 ms, n=13).
Excitatory nature of interglomerular connections is further supported by in vitro
experiments with a voltage-sensitive dye RH414 [Aungst et al., 2003]. Tangential slice of the
medial MOB surface (a sheet containing only GL and ONL) was loaded with the dye. Focal
stimulation (n=6 slices) evoked wide spread depolarization lasting ~200 ms. Depolarization
propagated in all directions from a stimulation site for ~ 1 mm. This wide spread depolarizing
response was completely and reversibly abolished by blockade of ionotropic glutamate
receptors with CNQX and APV. These results indicate that interglomerular connections are
extensive, excitatory and mediated by glutamate acting at ionotropic receptors.
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Figure 12. Responses of JG cells to remote electrical stimulation in the GL. A – Diagram of electrode
locations. ONL was cut between stimulation and recording sites to avoid antidromic excitation of the
receptor cell axons. The hollow arrow in the ONL designates rostro-caudal direction. Recorded cells
and stimulation site were separated by 1 to 3 glomeruli. B – monosynaptic EPSP in a PG cell (latency
2.05 ± 0.05 ms, n=10; inset on the right) elicited a single spike followed by a plateau-potential. C –
monosynaptic EPSP in the ET cell (latency 1.52 ± 0.01 ms, n=38; inset on the right) elicited a burst of
spikes. D - SA cell responded with polysynaptic EPSPs (latencies 5.1 ± 0.6, (n=7) and 5.9 ± 0.6 (n=5)
at different polarities of stimulation). Scales in B and C are the same.

17. INTERGLOMERULAR INHIBITION
In addition to excitatory connections, intra-GL stimulation revealed feedforward and
feedback lateral inhibition at distances of 2-3 glomeruli. Feedforward inhibition is likely to
occur via axons of GABAergic PG cells. The axons of PG cells are rare, but in the whole bulb
they have been reported to extend over distances equivalent to 4-5 glomeruli [Blanes, 1898;
Pinching and Powell, 1971a]. In slices we saw PG axons spanning only 1-2 glomeruli [Hayar
et al., 2004a]. The inhibitory input can be powerful enough to prevent EPSPs and firing in
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postsynaptic cells. Figure 13 demonstrates that spontaneous activity of the PG cell was only
slightly distorted by stimuli just suprathreshold for IPSP generation, but strong stimulation
interrupted a barrage of spontaneous EPSPs. This was likely to be a monosynaptic inhibitory
input with a small jitter (latency 3.88 ± 0.02 ms, SD=0.12, n=37) originating from directlystimulated PG cells located two glomeruli away. In our experiments 7 PG cells responded
with monosynaptic IPSP (latency 3.29 ± 0.35 ms) and 2 of them showed polysynaptic IPSP
upon change of stimulation polarity (latency 3.2 - 6.4 ms and 4.8 – 8.2 ms). One of five
responding ET cells had only an initial IPSP (latency 3.1 ms) and did not reveal an excitatory
postsynaptic potential. Interestingly, all neurons responding to GL stimulation showed either
eEPSP or eIPSP, but not a sequence of EPSP-IPSP as it is typical for other structures [Karnup
and Stelzer, 1999].

Figure 13. IPSPs in the PG cell elicited at different intensities of remote stimulation in the GL. Despite
a rather long duration of latency it had a very small jitter, which suggests a monosynaptic transmission
(3.88 ± 0.02 ms, n=37). Recording and stimulation sites were separated by 2 glomeruli. Threshold (30
μA, upper traces) and slightly superthreshold (40 μA, middle traces) stimulation did not prevent bursts
of spontaneous EPSPs in the PG cell. Strong stimulation (200 μA, lower traces) blocked spontaneous
EPSPs, indicating either feedforward or feedback lateral inhibition in a given glomerulus.
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However, it was recently shown [Figure 3 of Hayar et al., 2005] that ET cells do receive
spontaneous and ON-evoked EPSC followed by IPSC burst that most likely result from PG
cell feedback inhibition. Therefore, it is possible that only an excitatory input originating
from ON, but not from GL, produces an EPSP-IPSP sequence in ET cells. Lateral
feedforward or feedback inhibition might depend on stimulation strength. With moderate GLstimulation the majority of responding JG cells (69%, 18 of 26 [12 PG, 5 ET and 1 SA cells])
displayed mono- or polysynaptic EPSP and only two PG cells had input-dependent
polysynaptic IPSPs, presumably mediated by SA-to-PG synaptic transmission. In the
remaining JG cells, (31%, 8 of 26 [7 PG and 1 ET cells]) GL-stimulation evoked
monosynaptic IPSPs, presumably from direct stimulation of PG cells. Therefore, we conclude
that at moderate stimulation intensities the SA-mediated excitation of distant modules does
not reach a threshold to trigger feedback inhibition in these modules. It rather somewhat
increases excitability in a surrounding area. On the contrary, these stimulation intensities are
sufficient to deliver IPSPs to adjacent glomeruli, but it does not necessarily result in lateral
inhibition of neighboring modules.
The overall effect of inhibitory and excitatory inputs depends on the targets of these
inputs. The proportion of PG and ET cells targeted by PG axons derived from neighboring
modules and the synaptic efficiency of these synapses are still unknown, therefore the net
effect of feed-forward inhibition is hard to predict. We can speculate that PG cells are more
frequently targeted by GABAergic inputs than ET cells (7 of 19 PG cells (37%) and 1 of 5 ET
cells (20 %) had monosynaptic IPSP). In this case monosynaptic feed-forward inhibition
targeting PG cells in adjacent glomeruli can facilitate spread of excitation of their neuronal
ensembles. At the same time, moderate excitatory input to ET cells of distant glomeruli can
facilitate excitation of these modules, unless the strength of the input exceeds a certain
threshold, when critical amount of activated PG cells will shut down the excitation. In other
words, low level of activity in the central glomerulus can facilitate (a) excitation among
adjacent ensembles via feed-forward inhibition of their inhibitory PG cells, and (b) in distant
ensembles via low intensity excitatory inputs from SA-network. This helps to maintain
background (“alert”) level of activation in the system. However, strong excitatory input to a
given glomerulus from another one will lead to its intrinsic feedback inhibition. In this case,
the extensive SA-network can provide lateral inhibition in the majority of modules around the
excited central module [center-surround inhibition, Aungst et al., 2003]. With an intermediate
level of input signal to the central glomerulus (most relevant to a given odor) an interplay
between the SA excitatory network and local PG cell-mediated feed-forward inhibition can
bring some other modules up to threshold, thus increasing their sensitivity to their own
sensory inputs and forming a specific intensity-dependent pattern of activated modules. It is
likely, that center-surround inhibition is an extreme case in the operational range of the
glomerular layer modular subsystem, providing suppression of glomerular map codes for all
or most of odors that are significantly weaker than the strong dominating smell.
This is supported by data in a specially designed experiment in which all OB layers,
except for the glomerular layer, were cut between the stimulated site and the site containing
the apical tuft of a mitral cell [Aungst et al., 2003]. In that experiment, LLD in a mitral cell
elicited by ONL stimulation was curtailed by a delayed strong stimulation in the GL from the
other side of the cut. The GL stimulation alone evoked at about 6 ms latency a di- or
polysynaptic IPSP, which was completely blocked by gabazine. This result indicates the
presence of excitatory interglomerular connections that activate local GABAergic PG cells to
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cause postsynaptic inhibition of mitral cells. When the paired ONL-GL stimulation was
applied in the presence of gabazine, LLD was no longer suppressed.

18. SPONTANEOUS INTERGLOMERULAR INTERACTIONS
The occasional positive cross-correlation of sGLFPs in remote glomeruli corroborates the
assumption that during background activity cross-talk between glomerular populations
involves exchange of excitatory signals that do not lead to a significant lateral inhibition.
Such level of activity is probably analogous to a very weak (subthreshold) input from the
olfactory epithelium. The significant positive peaks in some cross-correlograms indicate
simultaneous or slightly delayed occurrence of population events in distant glomeruli (Figure
14 K-O).

Figure 14. Cross-correlation of spontaneous field potentials recorded in pairs of remote glomeruli.
Cross-correlation functions (CCFs) in the left and middle columns indicate the absence of significant
cross-correlation. CCFs in the right column show significant cross-correlation around zero time lag.
Horizontal dashed lines in each plot designate confidence levels ( ± Δ, p<0.01) above and below the
zero level (CCF=0). Vertical dashed lines indicate zero time lag (τ=0). Hollow circles designate
glomeruli separating recording sites (filled circles). Sharp peaks at τ=0 overriding slow waves in some
CCFs (D, H, I, K, M) may indicate a spontaneous synchronous common synaptic input (e.g. from the
ON). Epoch of analysis for each CCF was 200 s.

Lateral inhibition, if present, would result in a trough around the central point indicating
negative cross-correlation. Finally, it becomes clear that the synaptic arrangement among

Neuronal Modules of the Olfactory Bulb

39

modules in the glomerular map of the olfactory bulb is not as simple as it was originally
thought. The interplay of different signs of synaptic transmission which are intensity- and
distance-dependent, the temporal shifts and delays in developing modular patterns, and the
specific patterns of non-uniformly activated compartments within glomeruli may create a
dynamic spatial-temporal image of the odor’s identity. Such dynamic odor image on the
MOB odor map should operate with a spatially and temporally structured activity of olfactory
receptor neurons, because diverse glomerulus- and odorant-dependent temporal dynamics
have been shown even at this initial input stage [Spors et al., 2006]. Temporally organized
interactions among glomerular modules may further elaborate the initial temporally structured
dynamic of primary sensory inputs. Interactions among modules can also be relevant to
formation of molecular-feature glomerular clusters, which are located at stereotypical
positions in the OB and might be part of the neural representation of basic odor quality [Mori
et al., 2006]. Each fractionated component of an odor mixture has been shown to activate only
one or few glomeruli. Therefore a glomerular pattern in response to a complex stimulus is the
sum of the responses to its individual components, and activation of an individual glomerulus
independently signals the presence of a specific component [Lin de et al., 2006]. Interglomerular links should be available and readily used to re-create the odor entity from its
components at the first stage of odor processing in the CNS. Excessive interglomerular
connections are the substrate for constructing a multitude of glomerular patterns.

19. GLOMERULAR LAYER AS A SPECIALIZED
SUB-SYSTEM OF THE MOB
Principle of modular organization is not unique to the olfactory bulb; for example,
columnar organization has been found in the mammalian neocortex [Mountcastle, 1957], and
such structural feature was shown to play a role in the organization of functional neocortical
ensembles subserving different modalities [Chebkasov, 2000; Goldschmidt et al., 2004; Vnek
et al., 1999; for review: Mountcastle, 1997; Diamond et al., 2003; Kaas., 1993). However,
except for the barrels in the rodent somato-sensory cortex [Feldman and Peters, 1974; Weller,
1972; Woolsey and Van der Loos, 1970], there are no distinctive anatomical borderlines
among partially overlapping functional ensembles of the neocortex. In this respect, the
olfactory glomerulus represents the most distinctive multicellular module with all associated
neurons functionally bound by their dendritic tufts in a spatially localized spheroid. However,
since a glomerular unit defines a population of functionally related neurons that extend across
multiple layers [Chen and Shepherd, 2005; Willhite et al., 2006], not all its neurons are
localized in precisely predictable points; for example, the somata of M/T cells can be located
at various distances from their glomerulus and their lateral/secondary dendrites span over 1
mm distance in the EPL. Thus, although the upper (glomerular) part of the module can be
unequivocally determined and is spatially separated from others, the deeper part containing
M/T cells is remote from the glomerulus and spatially dispersed (Figure 15, green cells).
Furthermore, spatial separation of the tuft and lateral dendrites of mitral cells has been shown
to be critical for correct performance of these output cells, otherwise excitatory input and
electrical coupling in tufts would interfere with lateral inhibition by granule cells [Migliore et
al., 2005].

40

S. V. Karnup and A. Hayar

Figure 15. Diagram of the glomerular layer modular subsystem. One depicted complete module
includes one glomerulus and associated with it JG (blue) and M/T (green) cells. Short axons of PG cells
provide feedforward inhibition in adjacent glomeruli. Long axons of SA cells (red) provide excitatory
interactions among modules in a broad area. Granule cells do not belong to individual modules,
therefore they are not included to the modular subsystem. Lateral dendrites of mitral cells and
secondary dendrites of tufted cells propagating in the EPL, as well as all intraglomerular ramifications,
are omitted.

Deeper M/T cell ensembles that are associated with the same MOB modules are
anatomically similar to cortical modules as they are embedded into each other, although they
do not communicate directly due to lack of synaptic contacts in the EPL. Mutual penetration
of structural units implies higher probability of interactions among them. Indeed, there is
growing evidence that olfactory modules are not functionally isolated because they are
capable of coordinating their activity via mitral-to-granule-to-mitral cell interactions (lateral
inhibition) in the EPL [Freidman and Strowbridge, 2003; Lagier et al., 2004; Schoppa et al.,
1998], via mitral-to-mitral cell interactions (glutamate spillover onto NMDA receptors in the
EPL) [Friedman and Strowbridge, 2000], and via the network of SA cells in the GL (centersurround inhibition) [Aungst et al, 2003]. Due to random orientation of the lateral/secondary
dendrites of M/T cells and random targeting of a few M/T cells by the same granule cell,
cross-talk in the EPL is not module-selective and is thought to increase signal-to-noise ratio
by lateral inhibition [Shepherd and Brayton, 1979]. Surprisingly, interactions among modules
within the GL seem to be more specific, although the upper parts of the modules are spatially
isolated.
It has been recently recognized that the mammalian olfactory system is not uniformly
organized but consists of several subsystems, each of which probably serves distinct functions
[Breer et al., 2006]. Based on the above and previous results [Aungst et al., 2003; Hayar et al.,
2004a, 2004b], we hypothesize that the GL represents a subsystem of glomerular modules
interconnected via inhibitory PG cells at short distances (1-3 glomeruli) and via excitatory SA
cells at relatively longer distance (up to 20 glomeruli) (Figure 15). This glomerular layer
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subsystem begins odor analysis a few milliseconds earlier than the onset of output signals
(evoked spikes) in M/T cells. Because of its unique structural-functional characteristics, this
subsystem may serve as a band-pass odor intensity discriminator (Figure 16).

Figure 16. Three operational modes of the hypothesized odor intensity serve as a band-pass
discriminator. A – glomerular map with a dormant SA cell (green pentagon); red lines represent SA cell
axonal arborization. B – instant background pattern of the GL activity; blue balls designate dormant
glomeruli, pink balls designate sGLFP-generating glomeruli. C – moderate sensory input reveals a
steady odor-related pattern of activated modules (red) from arbitrary blinking sGLFP patterns (pink);
SA cell (now light red) delivers moderate excitatory inputs to its targets, creating spatial-temporal
image of the odor. D – strong sensory input causes strong excitation of the corresponding glomerulus
(yellow flashed red ball) and the adjacent SA cells (now bright red); SA cells deliver strong excitatory
input to surrounding modules, which is now sufficient to trigger recurrent inhibition in each of them
and make them temporarily insensitive to any other inputs (purple). In this state the system is unable to
distinguish fine aromas or odor blends, and senses only the dominant smell.

In this case, sGLFPs continuously create spatially distributed “white noise” in the
glomerular map preventing detection of weak odors (Figure 16 B). This relatively low level of
discrimination might be necessary to ignore occasional odor molecules and to keep the
system alert for significant signals. The high level of discrimination may be formed by lateral
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inhibition. In this case, high odor intensity can strongly excite a corresponding glomerulus
and then result in widespread lateral interglomerular inhibition mediated by SA cells, a
mechanism that eliminates perception of all other odors but the prevailing one (Figure 16 D).
At intermediate odor intensities, different patterns of activated glomeruli can emerge from
noisy sGLFP background without being suppressed by lateral inhibition (Figure 16 C). This
allows discrimination of fine aromas or odor blends. Even though the activity of neurons in
the glomerular module is tightly correlated, there might be fine spatial and temporal relations
of different neuronal elements within the module. The fact that occurrence of output signals is
delayed (~ 50-170 ms) relative to intraglomerular activation and that interglomerular
communication occurs in a shorter time window (tens of ms), indicates that output neurons
are recruited to information processing after an initial processing within the glomerular layer
has started. This also supports the hypothesis that the glomerular layer is critical for initial
odor analysis and it operates as the first-line subsystem for the spatial-temporal encoding of
complex sensory signals.

CONCLUSION
Temporal firing patterns, including neuronal synchronization and network oscillations,
are thought to be important in sensory information processing including odor coding. Odorevoked activity in the mammalian olfactory bulb contains both fast and slow network
oscillatory components. Investigative sniffing and concomitant olfactory network oscillations
occur in the slower theta frequency range. Patterned sensory input resulting from active "theta
sniffing" is thought to establish rhythmical activity patterns in the olfactory bulb that enhance
odor processing. ET cells are located at the first site of synaptic processing in the olfactory
system and they spontaneously generate rhythmic spike bursts that are highly correlated
among ET cells of the same glomerulus. ET cell spike bursts are readily entrained by
patterned sensory input at “sniffing” frequencies. Thus, the ensemble of ET cells of each
glomerulus might function as a network oscillator whose rhythm is entrained by patterned
sensory input. The synchronous activity of the ET cell ensemble of a given glomerulus could
provide synchronous excitatory burst onto mitral cells, the output neurons of the olfactory
bulb. Indeed, mitral cells associated with the same glomerulus exhibit synchronous longlasting depolarizations that are thought to be caused by a sustained recurrent excitatory
synaptic activity of glomerular origin. Because the temporal summation of EPSPs produced
by coincident presynaptic bursts increases the likelihood of spike initiation in postsynaptic
neurons, synchronization of odor-evoked glomerular output (i.e., mitral cell spikes) by the ET
cell network could ensure that glomerular output is faithfully transferred to higher order
olfactory structures. Modular organization of different neuron types into structural and
functional unit allows for reliable signal transfer regardless of probabilistic activation of
individual cells. Interactions among modules create a higher level of functional hierarchy
providing initial odor analysis right on the front line of the information processing,
elaborating spatial-temporal coding, and probably modulating sensation of the odor in
successive sniffing cycles.
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