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ABSTRACT
Differential Distribution of
Ionotropic Glutamate Receptor Subunits in the Rat Olfactory Bulb
Artis A. Montague
1999

The localization of ionotropic glutamate receptor (GluR) subunits was examined in
the rat olfactory bulb in a series of three experiments using antibodies to alpha-amino-3hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor subunits: GluRl, GluR2/3,
and GluR4; and kainate (KA) receptor subunits: GluR5/6/7. In the first experiment, the
subcellular localization of GluR 1-7 was examined with light and electron microscopy in
the adult rat olfactory bulb. The data demonstrate a highly specific laminar, cellular and
subcellular distribution of ionotropic GluR subunits within the primary afferent and local
synaptic circuits of the adult olfactory bulb. These results are consistent with the notion
that the different roles subserved by glutamate in the olfactory bulb are actuated, in part, by
a differential distribution of GluR subunits. In the second experiment, the developmental
appearance of GluR 1-7 was studied in embryonic day 18, postnatal day 1, and postnatal
day 6 rat olfactory bulbs. The data demonstrate a highly specific laminar and cellular
distribution of ionotropic GluRs in the developing olfactory bulb. In addition, the results
show a differential expression of several GluRs over the course of development, which
may indicate an inductive role for glutamate during olfactory bulb development In the
third study, I wished to establish whether the expression of ionotropic glutamate receptor
subunits in the olfactory bulb was strongly regulated by afferent input. To do so, I
examined the distribution of GluR 1-7 in rat pup olfactory bulbs deafferented by either naris
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occlusion or nerve transection. Although deafferented olfactory bulbs exhibited a
significant decrease in tyrosine hydroxylase iramunoreactivity, there were no observable
changes in the GluR staining patterns. These results suggest that the distribution of the
ionotropic GluRs is independent of afferent glutamatergic input The stability of GluR
distribution may provide a mechanism to ensure that glutamate appropriately influences
specific post-synaptic cell populations and local synaptic circuits within the context of the
normal turnover of the olfactory nerve throughout life.
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INTRODUCTION

Recently, there has been a great deal of interest in the role of glutamate in the
olfactory system and specifically within olfactory bulb synaptic circuits. This is due
primarily to two recent findings. First, glutamate has been proposed to be the
neurotransmitter released by olfactory receptor axons which constitute the primary
afferent input into the olfactory bulb. Second, glutamate is thought to be released in
local olfactory bulb circuits by the dendrites of mitral cells. As a somewhat ubiquitous
olfactory bulb transmitter, one would expect to find a variety of glutamate receptors
throughout the olfactory bulb. In fact, a variety of glutamate receptors have been
localized to the olfactory bulb including several subunits of both the NMDA and
metabotropic glutamate receptor subtypes. However, as yet, the distribution of
ionotropic glutamate receptor subunits 1-7, consistent with the AMPA and KA
glutamate receptor subtypes, has not been examined. It is here that we focused our
attention. Specifically, we performed a series of three experiments.

In the first experiment, we investigated the distribution of ionotropic glutamate
receptor subunits 1-7 in the adult rat olfactory bulb in order to establish their presence in
the olfactory bulb and to examine their potential role in olfactory bulb synaptic circuitry.
In the second experiment, we examined the distribution of ionotropic glutamate
receptor subunits 1-7 in the developing olfactory bulb. We hypothesized that glutamate
might play a role in olfactory bulb development because penetration of glutamatergic
olfactory receptor axons into the telencephalon is thought to induce olfactory bulb
evagination and development. In addition, glutamatergic mitral cells are the first
neuronal population to develop in the olfactory bulb. Furthermore, not only has

1
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glutamate been shown to play an instrumental role during development elsewhere in the
CNS but its effects are often mirrored by and may be based on developmental changes
in the distribution glutamate receptors. As such, we decided to investigate the
distribution of ionotropic glutamate receptor subunits in the developing olfactory bulb in
order to further elucidate their potential role in the olfactory bulb neuronal, glial and
synaptic circuitry development.

In the third experiment, we examined the distribution of ionotropic glutamate
receptor subunits following unilateral deafferentation of the olfactory bulb. Elsewhere
in the CNS, interruption of afferent input has been noted to alter glutamate receptor
distribution patterns. In addition, unilateral olfactory bulb deafferentation has been
shown to have a variety of effects in the ipsilateral bulb. However, olfactory receptor
nerve axons undergo continual turnover throughout the life of the rat. Given the
importance of ionotropic glutamate receptor subunits in olfactory bulb circuitry, we
hypothesized that their distribution should be maintained during normal olfactory
receptor nerve turnover in order to encourage an appropriate response upon
reinnervation. Thus, for our final experiment we examined their distribution following
sustained unilateral deafferentation.

In the following chapters, I will briefly review the relevant literature for each of
the experiments prior to presenting the data and our interpretations. Specifically, I will
briefly review both olfactory bulb anatomy and glutamate receptors before presenting
the differential distribution of the ionotropic glutamate receptor subunits in the adult rat
olfactory bulb. I will then review both olfactory bulb development and glutamate's
effects on development elsewhere in the CNS prior to presenting the localization of the
ionotropic glutamate receptor subunits over the course of olfactory bulb development. I

2
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will then review the effects of deafferentation on both the olfactory bulb and glutamate
receptors elsewhere in the CNS prior to presenting the distribution pattern observed
following unilateral olfactory deafferentation. Finally, I will summarize the principal
results of all of the experiments and conclude by proposing future studies for
examination.

3
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CHAPTER 1;
General Overview of Olfactory Bulb Anatomy and Glutamate Receptors

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The mammalian olfactory system, from peripheral to central, is divided into
three main sections: the olfactory epithelium, the olfactory bulbs, and higher order
olfactory structures including the olfactory peduncle, piriform cortex, olfactory tubercle,
entorhinal cortex and several amygdaloid nuclei (Figure 1.1). Olfaction is initiated with
the introduction of odor molecules into the nares, where they interact with olfactory
receptor neurons located in olfactory epithelium. The olfactory receptor neurons then
transmit the signal via the olfactory nerve through the cribriform plate,beyond which
their axons terminate on the more centrally located olfactory bulbs. Here the signal is
relayed to both main olfactory projection neurons and intrinsic intemeurons. The
information is then further modified by the local circuitry in the olfactory bulb before it
is conveyed via the lateral olfactory tract to the higher order olfactory structures listed
above. From these cortical regions, further connections are made to other CNS
structures in order to allow comprehensive integration of olfaction with other neural
functions.

The olfactory bulb plays a particularly important role in olfactory processing
because, as alluded to above, it is in the olfactory bulb that initial CNS modification of
the olfactory signal is thought to occur. The distinct laminar structure of the olfactory
bulb provides an overall basis for understanding the processing which occurs there and
is comprised of five individual layers organized in a concentric fashion. These layers,
the principal olfactory bulb cell types and the local circuits located in each layer are
summarized below (Figure 1.2).

5
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FIGURE 1.1: Olfactory system overview. Odor molecules interact with olfactory
receptor neurons located in the olfactory epithelium. Their axons then transmit the
signal through the cribriform plate to the olfactory bulbs where it interacts with both
main olfactory projection neurons and intrinsic intemeurons before it is conveyed via the
lateral olfactory tract to the olfactory cortex. Abbreviations: ORN, olfactory receptor
neuron; PG, periglomerular cell; M, mitral cell; T, tufted cell; GCS, superficial granule
cell; GCd, deep granule cell; LOT, lateral olfactory tract; r.c., recurrent axon collateral;
AOB, accessory olfactory bulb. [Adapted from Shepherd and Greer, 1998, with
permission.!
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FIG U R E 1.2: Olfactory bulb neural elements. A, The principal cells of the main
olfactory bulb. B, The local intemeurons of the main olfactory bulb. Abbreviations:
ON, olfactory nerve layer; GL, glomerular layer, EP, external plexiform layer; ML,
mitral layer, GR, granule cell layer; M, mitral cell; Md, displaced mitral cell; Ts,
superficial tufted cell; Tmi middle tufted cell; Td, deep tufted cell; PG, periglomerular
cell; GCs, superficial granule cell; GCd, deep granule cell; SA(S), Schwann cell;
SA(V), van Gehuchten cell; SA(H), Hensen’s cell; SA(C), Gandins’ cell; SA(B),
Blanes’ cell; SA(G), Golgi cell. [Adapted from Shepherd and Greer, 1998, with
permission.!
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Olfactory Bulb Lavers:

Olfactory Nerve Layer:
The olfactory nerve layer is the most superficial layer of the olfactory bulb and is
comprised mainly of olfactory receptor neuron axons as they first enter the bulb. In
addition, the olfactory nerve layer contains specialized glial cells known as "ensheathing
cells" which wrap the olfactory receptor neuron axons (Doucette, 1989). Astrocytes are
also thought to be present in the deepest third of the olfactory nerve layer (Bailey and
Shipley, 1993).

Glomerular Layer:
The glomerular layer lies immediately deep to the olfactory nerve layer. It is
here that the olfactory receptor axons make their first synaptic contacts in specialized
structures known as glomeruli. Glomeruli are individual spherical structures, each of
which is composed of a neuropil-filled core enveloped by a shell of neuron and
astrocyte somata. The size and number of glomeruli depend on the species. In the rat, it
is estimated that there are approximately 3000 (Meisami and Safari, 1981), with
individual diameters ranging from 30 to 200 pm (Allison, 1953). After entering a
glomerulus, the olfactory receptor neuron axons establish axodendritic synapses with
dendrites of projection neurons (mitral and tufted cells) and interaeurons (periglomerular
cells).
The neuronal somata which surround a glomerulus are known as
juxtaglomerular neurons and are subdivided into three cell populations: periglomerular
cells, superficial tufted cells and short axon cells (Pinching and Powell, 1971). Within

10
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the glomerular layer, periglomerular cell dendrites also establish reciprocal
dendrodendritic synapses with the primary dendrites of mitral and tufted cells. This
combination of synapses in the glomeruli between the olfactory receptor neurons,
periglomerular cell dendrites and mitral and tufted cell dendrites constitutes the first
synaptic circuit of the olfactory bulb.

External Plexiform Layer:
The external plexiform layer lies just deep to the glomerular layer. It is
comprised mainly of the dendrites of granule cells (intemeurons whose cells bodies are
located within the granule cell layer, see below) and dendrites of mitral and tufted cells.
In addition, tufted cell bodies are found in the external plexiform layer and are
subdivided by their location into superficial, middle and deep neurons. The external
plexiform layer also contains short axon somata, each of which has two or more
primary dendrites which remain in the external plexiform layer.
While the primary dendrites of mitral and tufted cells course through the external
plexiform layer en route to glomeruli in the glomerular layer, the secondary dendrites of
mitral and tufted cells course tangentially through the external plexiform layer where
they form reciprocal dendrodendritic synapses with granule cell dendrites (Shepherd,
1972). It is this reciprocal synapse that forms the next local synaptic circuit in the
olfactory bulb.

Mitral Cell Layer:
The mitral cell layer lies immediately deep to the external plexiform layer. It
consists primarily of the somata of mitral cells arranged in an approximate monolayer
along with scattered granule cells. In addition, the dendrites of granule cells course

11
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through the mitral cell layer en route to the external plexiform layer, while tufted cell
axons must course through the mitral cell layer in order to exit the olfactory bulb.

Granule Cell Layer:
The granule cell layer lies deep to the mitral cell layer and contains mainly the
somata of granule cells, which are often arranged in circumferential rows known as
islets. The granule cells located in these islets are thought to be coupled by gap junctions
(Reyher et al., 1991), and although granule cells lack axons, they also have basal
dendrites which ramify in the granule cell layer.
Interposed between the islets of granule cell somata are bundles of mitral and
tufted cell axons which must cross the granule cell layer in order to exit the olfactory
bulb.

Cellular Organization of the Olfactory Bulb:

The olfactory bulb contains five main cell types. Three of these are considered
to be intemeurons (Figure 1.2B) —periglomerular cells, short axon cells, and granule
cells — and two are considered to be output neurons (Figure 1.2A) —mitral cells and
tufted cells. These neurons are distinguished by their location and morphologic features
and are often further subdivided according to their expression of neuromodulators and
neurotransmitters, both of which will be described below.

Periglomerular Cells:
Periglomerular cells are small (5-8ftm) intemeurons located circumferentially
around glomeruli. Periglomerular dendrites generally ramify within a discrete region of

12
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only one glomerulus but may sometimes extend into an adjacent one (Pinching and
Powell, 1971a, b). The dendrites receive synaptic input from both olfactory receptor
neurons and mitral/tufted cell dendrites, in addition to establishing reciprocal
dendrodendritic synapses with mitral/tufted cell dendrites.
Several candidate neurotransmitters have been localized to subsets of
periglomerular cells, including dopamine (Halasz et al., 1981; Davis and Macrides,
1983), gamma-amino-butyrate-acid (GABA) (Ribak et al., 1977), and substance P
(Kosaka et al., 1988). There is also evidence for colocalization of these substances
within given periglomerular cell populations. Some juxtaglomerular cells, which may
include a few superficial tufted cells or short axon cells, have also been found to contain
vasoactive intestinal polypeptide (Gall et al., 1986; Sanides Kohlrausch and Wahle,
1990b), CCK (Seroogy et al., 1985; Matsutani et al., 1988), aspartic acid (Watanabe
and Kawana, 1984; Halasz, 1987; Fuller and Price, 1988), glutamate (Liu et al., 1989),
thyrotropin releasing hormone (Merchenthaler et al., 1988; Tsuruo et al., 1988), protein
kinase C (Saito et al., 1988), NADPH-diaphorase, neuropeptide Y, and somatostatin
(Scott et al., 1987). Although periglomerular cells have been divided into
subpopulations according to the presence or absence of a given set of candidate
neurotransmitters, the functional significance of these differences remains to be
elucidated.

Short Axon Cells:
Short axon cells are medium-sized intemeurons (8-12fim), each of which has
two or more thick primary dendrites. Their are six main subtypes of short axon cells,
which are so divided based on their morphology and location (van Gehuchten and
Martin, 1891; Cajal, 1911; Price and Powell, 1970; Pinching and Powell, 1971;
Schneider and Macrides, 1978). The following have been localized to short axon cells:

13
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VIP (Sanides Kohlrausch and Wahle, 1990b), calcium binding protein (Brinon et al.,
1992; Alonso et al., 1993), parvalbumin (Celio, 1990), CCK (Seroogy et al., 1985;
Fuller and Price, 1988; Matsutani et al., 1988; Bonnemann et al., 1989), NADPHdiaphorase (Scott et al., 1987; Davis, 1991), neuropeptide Y (Gall et al., 1986;Ohm et
al., 1988; Sanides Kohlrausch and Wahle, 1990a), and somatostatin (Scott et al., 1987;
Matsutani et al., 1988).

Granule Cells:
Granule cells are small (6-8pm) intemeurons whose somata are located in the
granule cells layer. As described above, their somata are often arranged in rows known
as islets which are thought to be electrotonically coupled via gap junctions (Reyher et al,
1991). Although axonless, granule cells have both basal dendrites which ramify and
remain in the granule cell layer and an apical dendrite which extends radially into the
external plexiform layer. The apical dendrite then establishes reciprocal dendrodendritic
synaptic contact with mitral/tufted secondary dendrites.

GABA is thought to be the neurotransmitter used by granule cells (Ribak et al.,
1977) which, when released from the apical dendrite, inhibits mitral and tufted cells
(Shepherd, 1972; Jahr and Nicoll, 1982). In addition to containing GABA, a few
granule cells have also been noted to contain neuropeptide Y (Gall et al., 1986; Ohm et
al., 1988) and calretinin (Jacobowitz and Winsky, 1991).

Granule cells are divided into subtypes based on the location of their somata
within the granule cell layer. Superficial granule cells have somata which lie closer to
the mitral cell layer and apical dendrites which extend into the superficial external
plexiform layer. Deep granule cells have somata which lie closer to the subventricular

14
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zone and apical dendrites which extend into the deep external plexiform layer. Given
that the dendrites of mitral cells are thought to distribute primarily in the deep external
plexiform layer whereas those of tufted cells distribute more superficially, the possibility
exists that it is primarily the dendrites of deep granule cells that synapse with mitral cell
dendrites while the dendrites of superficial granule cells form synapses with tufted cell
dendrites (Orona et al., 1983; Orona et al., 1984). Because of this segregation, Orona
et al. (1983) has suggested the possibility of two separate parallel processing systems in
the olfactory bulb: mitral cell dendrites interacting with deep granule cell dendrites in the
deep external plexiform layer and tufted cell dendrites interacting with superficial
granule cell dendrites in the superficial external plexiform layer.

Mitral Cells:
Mitral cells are one of the principal output cells of the olfactory bulb. Their
somata lie in the mitral cell layer and range in diameter from 15-35pm. Each mitral cell
has one apical dendrite that courses through the external plexiform layer without
branching to the glomerular layer, where it enters and ramifies within a single
glomerulus. Mitral cells also have several secondary dendrites which enter and extend
tangentially through the external plexiform layer where they form reciprocal
dendrodendritic synapses with granule cell dendrites (Rail et al., 1966; Macrides and
Schneider, 1982; Orona et al., 1983).
Mitral cells are divided into two subtypes based on the distribution of their
secondary dendrites. Type I are more prevalent and have secondary dendrites which
ramify almost entirely in the deep external plexiform layer, whereas type II mitral cells
have secondary dendrites which extend and ramify within the superficial external
plexiform layer (Orona et al., 1983). As discussed above, this is consistent with the

15
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idea that type I mitral cells interact primarily with deep granule cells, while type II mitral
cells interact primarily with superficial granule cells. Mitral cell axons course through
the granule cell layer to form the lateral olfactory tract, which projects to higher olfactory
cortex.
A variety of evidence suggests that glutamate is the primary neurotransmitter of
mitral cells (Jacobsen et al., 1986; Liu et al., 1989; Trombley and Westbrook, 1990;
Nakanishi, 1995; Yokoi et al., 1995), but subpopulations of mitral cells have also been
observed to contain the following candidate transmitters: corticotropin releasing factor
(Imaki et al., 1989; Bassett et al., 1992); N-acetylaspartylglutamate (Ffrench-Mullen et
al., 1985; Blakely et al., 1987); aspartate (Fuller and Price, 1988); and calretinin
(Jacobowitz and Winsky, 1991).

Tufted Cells:
Tufted cells are the other principal output cell of the olfactory bulb. With
diameters ranging from 15-20pm, they are subdivided according to their dendritic
arborizations and the location of their somata in the external plexiform layer into the
deep, middle and superficial tufted cells (Mori et al., 1983; Kishi et al., 1984; Orona et
al., 1984; Macrides et al., 1985). The somata gradually increase in size with increasing
depth in the external plexiform layer (Pinching and Powell, 1971; Switzer et al., 1985).
Like mitral cells, tufted cells have secondary dendrites which form reciprocal
dendrodendritic synapses with granule cell dendrites in the external plexiform layer.
Unlike mitral cells, however, tufted cells often have more than one apical dendrite which
may enter more than one glomerulus. Although the axons of the superficial tufted cells
form the intrabulbar association system which connects to ipsilateral bulb sites, the
axons of middle and deep tufted cells combine with mitral cell axons to form the lateral
olfactory tract which projects to higher olfactory cortex.
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The following candidate neurotransmitters of tufted cells have been observed:
CCK (Seroogy et al., 1985; Matsutani et al., 1988; Bonnemann et al., 1989; Pfister et
al., 1989), CRF (Imaki et al., 1989; Bassett et al., 1992), GABA + parvalbumin
(Kosaka et al., 1987), VIP (Gall et al., 1986; Sanides Kohlrausch and Wahle, 1990b),
and substance P (Davis et al., 1982; Kream et al., 1984; Baker, 1986).

Synaptte Cireffitry of the Olfactory Bplfr;
The first synaptic interactions occur within the glomerular layer (Figure 13A).
The primary afferent axons of olfactory receptor neurons, which are organized into
discrete fascicles, once reaching the glomerular layer, reorganize and segregate into
specific glomeruli and often specific subcompartments within a given glomerulus.
Ultrastructurally, these axons are found to be filled with many small spherical vesicles,
are characteristically electron dense, and are observed to establish excitatory
axodendritic synapses onto the dendrites of mitral/tufted cells and periglomerular cells.
These olfactory receptor neuron synapses are identified as Gray Type I synapses
because of the presence of numerous round small vesicles in the presynaptic axoplasm
and the observed thick asymmetric membrane specialization on the postsynaptic
dendrite.
Within the glomeruli, the dendrites of mitral/tufted cells are also observed to
establish reciprocal dendrodendritic synapses with the dendrites of periglomerular cells.
The synapses from mitral/tufted dendrites onto periglomerular dendrites are excitatory
Gray Type I synapses whereas the reciprocal synapses from periglomerular dendrites
onto mitral/tufted dendrites are considered to be inhibitory Gray Type II synapses,
characterized by many pleomorphic vesicles in the presynaptic axoplasm and a
symmetric postsynaptic membrane specialization. In addition to these components,
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FIGURE 1.3: Olfactory bulb local synaptic circuits. A, The glomerular layer
synaptic circuit consists of axodendritic connections from olfactory nerve axons onto
periglomerular and mitral/tufted primary dendrites and dendrodendritic connections
between periglomerular and mitral/tufted primary dendrites. B, The external plexiform
layer synaptic circuit consists of dendrodendritic connections between granule and
mitral/tufted secondary dendrites. In addition, granule cell dendrites receive centrifugal
axodendritic connections. Abbreviations: ON, olfactory nerve axon terminal; MAT,
mitral/tufted cell dendrite; PG, periglomerular cell dendrite; GC, granule cell dendrite.
[Adapted from Shepherd and Greer, 1998, with permission.]

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A. Glomerular Layer

B. External Plexiform Layer

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

a few centrifugal fibers have also been noted to establish synaptic contacts within
glomeruli (Pinching and Powell, 1972; Mori, 1987).
Thus, within the glomerular layer, the olfactory receptor neuron axons make
excitatory synaptic connections onto both periglomerular and mitral/tufted dendrites.
The reaction in the mitral/tufted dendrite is tempered by the inhibitory synaptic
connection from the periglomerular cells, which have been excited by olfactory receptor
neurons in a "‘feedforward” pathway. In addition, because mitral/tufted dendrites also
make excitatory synaptic contact with periglomerular cells which, in turn, inhibit
mitral/tufted dendrites, there is also a “feedback” inhibition pathway in the glomerular
layer. Both of these pathways serve to modulate the response in mitral/tufted dendrites
and together are considered the first local synaptic circuit for odorant processing in the
olfactory bulb.
The next set of synaptic interactions occurs within the external plexiform layer
(Figure 1JB). Here the mitral/tufted secondary dendrites establish reciprocal
dendrodendritic synaptic contact with the dendrites of granule cells. The synapses
formed by mitral/tufted cell dendrites are excitatory Gray Type I whereas the synapses
formed by granule cell dendrites are inhibitory Gray Type II. Thus, there is a second
“feedback” inhibition pathway which allows further modulation of the reaction in
mitral/tufted dendrites and ultimately in mitral/tufted cell output from the olfactory bulb.
As mentioned above, the external plexiform layer is considered to be
functionally divided into superficial and deep sublaminae and it is within the superficial
layer that most of the tufted cell/ superficial granule cell synaptic interacdons are
observed, while the deep layer contains more mitral cell/ deep granule cell synaptic
interactions. Ultrastructurally, the secondary dendrites of mitral/tufted cells can be
distinguished from granule cell dendrites because they are large, electron lucent, and
establish type I synapses whereas the dendrites of granule cells are relatively smaller,
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more electron dense and are observed to establish type II synapses. In addition to these
dendrodendritic synapses, short axon cell dendrites and centrifugal fibers are also
observed to make axodendritic synaptic contacts in the external plexiform layer.
Within the granule cell layer, axon collaterals of mitral/tufted cells have been
noted to terminate on granule cell basal dendrites. These connections are thought to be
excitatory which would ultimately inhibit the mitral/tufted cells through the inhibitory
granule cell to mitral/tufted connection in the external plexiform layer and thus allows
further modulation of the odor signal output (Price and Powell, 1970b,c). In addition,
there are also central cortical terminating fibers present in the granule cell layer.

Neorotransmitter Receptors:

Olfactory Bulb Receptors:
As would be expected given the above evidence for the presence of multiple
neurotransmitters in different olfactory bulb cell populations, there is likewise evidence
for the corresponding receptors (Figure 1.4) including mAChRl-4, nAchR, a-1, a-2, b1, b-2, Di , E>2, 5-HT, GABA-A, and GABA-B (Shipley and Ennis, 1996 for
review). Because of the suggestion that glutamate may be the neurotransmitter for both
olfactory receptor neurons (Sassoe-Pognetto et al., 1993; Berkowicz et al., 1994; Didier
et al., 1994; Ennis et al., 1996; Geiling and Schild, 1996) and mitral cells (Jacobsen et
al., 1986; Liu et al., 1989; Trombley and Westbrook, 1990; Nakanishi, 1995; Yokoi et
al., 1995), it is not surprising that glutamate receptors have also been noted in the
olfactory bulb. However, because different glutamate receptor subtypes have been
shown to exert different physiologic effects, the differential distribution of these
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FIGURE 1.4: Candidate transmitters and receptors present in the olfactory bulb.
Abbreviations: ON, olfactory receptor neuron; PG, periglomerular cell; M/T,
mitral/tufted cell; GC, granule cell; SA, short axon cell; DA, dopamine; ENK,
enkephalin; GABA, g-aminobutyric acid; SP, substance P; NPY, neuropeptide Y;
CCK, cholecystokinin; CRF, corticotropin releasing factor; VIP, vasoactive intestinal
polypeptide; NAG, N -acetylaspartylglutamate; mAChR, muscarinic acetylcholine
receptor; nAChR, nicotinic acetylcholine receptor; D, dopamine receptor, 5-HT,
serotonin receptor, iGluR, ionotropic glutamate receptor; mGluR, metabotropic
glutamate receptor; GABA, g-aminobutyric acid receptor. [Adapted from Shipley and
Ennis, 1996 and Shepherd and Greer, 1998, with permission.]
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subtypes within local synaptic circuits is of particular interest because this would allow
glutamate to exert varied effects within those circuits.

Glutamate Receptors:
Glutamate receptors (GluRs) are of two primary classes - the metabotropic
receptors, which function via G-protein coupled second messenger pathways, and the
ionotropic receptors, which act via direct ligand-gated ion channels (Figure 1.5).
Ionotropic receptors are further divided into N-methyl-D-aspartate (NMDA) and nonNMDA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and kainate
(KA)) receptors. More recently, the non-NMDA receptors have been cloned and are
identified as GluRl-4, corresponding to the AMPA receptors, and GluR5-7 and KA1-2,
corresponding to the KA receptors.
Subunits of the metabotropic glutamate receptors (mGluRs) have been localized
in the glomerular layer, mitral cell layer, and granule cell layer (Abe et al., 1992; Martin
et al., 1992; Tanabe et al., 1992; Ohishi et al., 1993; Shigemoto et al., 1993). In situ
investigation revealed the presence of mGluR mRNA in tufted cells while
immunocytochemical localization of mGluRs was observed in periglomerular and mitral
cells (Martin et al., 1992; Shigemoto et al., 1992; Duvoisin et al., 1995; Kinzie et al.,
1995; van den Pol, 1995).
Subunits of the ionotropic glutamate receptors have also been observed to
exhibit a specific laminar distribution in the olfactory bulb. Specifically, KA receptors
have been observed in the mitral cell and external plexiform layers (Monaghan and
Cotman, 1982; Gall et al., 1990; Miller et al., 1990; Wisden and Seeburg, 1993) while
AMPA receptors have been noted in the glomerular and mitral cell layers (Petralia and
Wenthold, 1992; Martin et al., 1993; Molnar et al., 1993; Sato et al., 1993; van den Pol
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FIGURE 1.5: Structure of ionotropic GluR vs. metabotropic GluR. The structure of
the ionotropic glutamate receptor is shown (a heteromeric ligand gated ion channel
consisting of concentric subunits*) and compared with the structure of a metabotropic
glutamate receptor (a seven transmembrane receptor which functions via G-protein
coupled second messenger pathways). Abbreviations: GluR, glutamate receptor, Ca^+,
calcium ion; Na+, sodium ion; K+, potassium ion. [Adapted from Hollmann and
Heinemann, 1994]
*It should be noted that the precise number of subunits remains controversial.
Although traditionally the ionotropic GluRs were thought to be pentamers, there is
recent evidence to suggest that they are, in fact, tetramers (Rosenmund et al., 1998).

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

protein
phosphorylation

COOH

Io n o tro p ic G lu R

%

GLU, tACPD binding site

PKC

protein kinase C

overlapping, nonidentical binding sites
for GLU, KA, AMPA, DOM, QA, CNQX

PIP

phosphatidyl inositoiphosphate

0

phospholipase C

Y

glycosyiation site

P

phosphorylation site

©

M e ta b o tro p ic G lu R

G protein

r\

DAG
IP3

diacylglyceroi
inositol triphosphate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

et al., 1994; Petralia et al,. 1997). However, unlike the metabotropic GluRs, the
cellular and subcellular localization of the ionotropic GluRs remains to be investigated.

Purpose:
It is the purpose of the first study to examine the distribution of the ionotropic
glutamate receptor subunits in the olfactory bulb in an effort to further elucidate the role
of glutamate within the local synaptic circuits of the olfactory bulb.
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CHAPTER 2:
Differential Distribution of Ionotropic GluRs in the Adult Rat
Olfactory Bnlb

(Journal of Comparative Neurology, in press)
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Abstract;

The subcellular localization of ionotropic glutamate receptor (GluR) subunits
was examined with light and electron microscopy in the rat olfactory bulb by using
antibodies to alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)
receptor subunits: GluRl, GluR2/3, and GluR4; and kainate (KA) receptor subunits:
GluR5/6/7. Immunoreactivity to GluRl was heavy in the glomerular layer, moderate in
the external plexiform layer, and localized to periglomerular somata and dendrites, short
axon somata and dendrites, mitral cell somata and mitral/tufted dendrites. GluR2/3
immunoreactivity was heavy in the external plexiform and glomerular layers and
localized to periglomerular somata and dendrites, mitral cell somata, mitral/tufted
dendrites, granule cell somata, and olfactory nerve associated glia. GluR4
immunoreactivity showed heavy staining in the external plexiform and olfactory nerve
layers with localization to mitral cells, mitral/tufted dendritic processes and olfactory
nerve glial processes. GluR5/6/7 immunoreactivity was heavy in the external plexiform
layer, moderate in the olfactory nerve and glomerular layers, and localized to granule
cells, mitral cells, and mitral/tufted dendritic processes. Ultrastructural immunolabeling
for all antibodies examined showed immunoreactivity in the postsynaptic membrane and
densities, adjacent dendritic cytoplasm, and somatic cytoplasm. These data demonstrate
a highly specific laminar, cellular and subcellular distribution of ionotropic GluR
subunits within the primary afferent and local synaptic circuits of the olfactory bulb.
The results are consistent with the notion that the different roles subserved by glutamate
in the olfactory bulb are actuated, in part, by a differential distribution of GluR subunits.
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Introduction:

As discussed in chapter 1, a variety of evidence suggests that glutamate is the
neurotransmitter used by both the olfactory receptor neurons (Sassoe-Pognetto et al.,
1993; Berkowicz et al., 1994; Didier et al., 1994; Ennis et al., 1996; Geiling and
Schild, 1996) and mitral cells (Jacobsen et al., 1986; Liu et al., 1989; Trombley and
Westbrook, 1990; Nakanishi, 1995; Yokoi et. al., 1995). Consistent with this, the
mRNA for several glutamate receptor subunits has been localized to olfactory bulb
neurons using in situ hybridization. (Gall et al., 1990; Petralia and Wenthold, 1992;
Molnar et al. 1993; Sato et al., 1993). In addition, subunits of both the metabotropic
and ionotropic GluRs have been found in the olfactory bulb using
immunocytochemistry (Monaghan and Cotman, 1982; Miller et al., 1990; Petralia and
Wenthold, 1992; Hayashi et al., 1993; Martin et al., 1993; Wisden and Seeburg, 1993;
Duvoisin et al., 1995; van den Pol, 1995; Giustetto et al., 1997; Kinzie et al., 1997;
Petralia et al., 1997). However, although the ionotropic receptors exhibit evidence of
cellular specificity based on in situ analyses (Sato et al., 1993), as yet there is no
information available concerning the subcellular specificity and differential localization
of ionotropic receptors within the synaptic circuits of the olfactory bulb. Thus, the
purpose of this, the first study, was to examine the distribution of ionotropic GluR
subunits in the olfactory bulb. Our results demonstrate a highly specific laminar,
sublaminar and subcellular distribution of GluR subunits within the primary afferent and
local circuit synapses of the olfactory bulb. The results are consistent with the notion
that the myriad roles achieved by glutamate in the olfactory bulb are made possible, in
part, by a differential distribution of GluR subunits.
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M ethods:

Adult Sprague Dawley rats (n= 14), 200-300g, were anesthetized with an
intraperitoneal injection of 65mg/Kg of pentobarbital (Nembutal) and transcardially
perfused with 0.1M phosphate buffered saline (pH 7.2) and 0.2% heparin followed by
200ml of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1M phosphate buffer
(PB) at room temperature. After dissection, the olfactory bulbs were immersed in 4%
paraformaldehyde and 0.1% glutaraldehyde for 1-2 hours at 4°C and then rinsed in
0.1M PB for 15 minutes at room temperature prior to being sectioned transversely into
50fim slices on a vibratome. The procedures used in this study were approved by the
Yale Animal Care and Use Committee (Protocol #07161).
The free-floating sections were rinsed 3 X 10 minutes in 0.1M PB, preincubated
in 0 .1M PB with 10% normal serum for 1 hour, and then incubated in primary antibody
and 1% normal serum for 48 hours at 4° C at the following dilutions: GluRl
(Chemicon, Temecula, CA) = 1:500; GluR2/3 (Chemicon, Temecula, CA) = 1:500;
GluR4 (Chemicon, Temecula, CA) = 1:250; GluR5/6/7 (Pharmingen, San Diego, CA)
= 1:1000. The sections were rinsed in 0.1M PB for 12-14 hours at 4°C, followed by 2
X 10 minutes rinses. The sections were then incubated for 60 minutes in Vector Labs
(Burlingame, CA) biotinylated secondary immunoglobulin (anti-rabbit for Chemicon
antibodies and anti-mouse for Pharmingen antibodies), rinsed 3 X 10 minutes in 0.1 M
PB, incubated in the Vector Lab Standard ABC Kit (Burlingame, CA) avidin-biotinhorseradish peroxidase complex for 90 minutes and again rinsed 3 X 1 0 minutes in
0.1M PB. The tissue was then rinsed 2 X 1 0 minutes in 7.6M TRIS buffer and
preincubated in a 3 3 ’-diaminobenzidine (DAB) solution (0.5mg/ml 7.6M TRIS) for 10
minutes prior to the addition of 0.01% hydrogen peroxide. The reaction was allowed to
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progress for 10 minutes prior to rinsing the sections for 3 X 10 minutes in 7.6M TRIS
buffer which terminated the reaction.
The sections intended only for light microscopy were then mounted on slides
coated with 2% gelatin and 0.1% chromium potassium sulfate, dehydrated through
graded alcohols, cleared in xylene and coverslipped using Permount. The tissue
sections were thoroughly examined with an Olympus light microscope at 40-400X.
Description of the immunoreactivity intensity was rated on a scale of 0 - +5 with
0 indicating no staining or background levels while +5 is indicative of the highest
intensity observed with a given antibody. Images were photographed with Kodak
TMAX 100 film using an Olympus BHS microscope.
When sufficient immunoreactive somata were present, quantitative analyses
were performed by capturing the images at 200X using NIH Image 1.58. The
quantitative morphometric tools in NIH Image were then used to establish the mean area
(/*m2), circumference (/<m) and diameter (fim) of each immunoreactive somata by using
a minimum of 150 somata for each immunoreactive cell type for each antibody. These
measurements were averaged and their values were compared with those currently
found in the literature in order to verify the specific immunoreactive cell population.
Results are expressed as the mean +/- the standard error of the mean (S.E.M.).
After termination of the DAB reaction, the sections intended for electron
microscopy were incubated in 2% osmium tetroxide for 60 minutes, dehydrated
thorough an ascending ethanol series, stained with alcoholic 1.0% uranyl acetate, and
embedded in EPON. Thin sections (70 -100 nm) were then cut on a Reichert UltracutE ultramicrotome, mounted on formvar coated slot grids and examined in a JEOL 1200
EXII transmission electron microscope. Images were photographed at primary
magnifications of 8000-20,000X and printed at 19200-48,000X. Immunoreactive
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processes were characterized based on their dimensions and polarity of their synaptic
connections.
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Results;

Immunoreactivity for each of the four glutamate receptor antibodies examined
showed both laminar and cellular specificity in the olfactory bulb. The strongest
immunoreactivity was generally found in the external plexiform and glomerular layers,
whereas the least immunoreactivity was often noted in the granule cell layer. Each of
the antibodies exhibited a distinct laminar, cellular and often subcellular pattern which
will be described in detail below. The differential laminar localization of the GluRs
examined in this study are summarized in Table 2.1.

GluR 1:
The adult rat olfactory bulb showed laminar specific immunoreactivity for
GluRl (Figure 2.1A). Labeling was heaviest in the glomerular layer (+5) and external
plexiform layer (+3). The mitral cell layer showed less labeling (+2) while the olfactory
nerve and granule cell layers showed relatively little, if any, specific immunoreactivity
for GluRl (0-+1).
At higher magnification numerous labeled somata were present around the
circumference of the glomeruli (Figure 2. IB). These immunoreactive somata had a
mean area of 50.48 ± 1.22 fim", a mean circumference of 26.18 ± 031 pm and a mean
major axis of 8.94 ± 0.11 pim which is consistent with their classification as
periglomerular cells (Schneider and Macrides, 1978). The labeled somata encircling the
glomeruli exhibited a well-stained rim of cytoplasm surrounding a large clear nucleus
with thin immunoreactive processes extending toward the glomeruli. Within the
glomeruli stained profiles appeared punctate or cylindrical and were easily discernible
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against a relatively clear background. In addition, GluRl staining was noted in
scattered olfactory nerve associated glia (Figure 2.1A, arrowhead).
In both the external plexiform and granule cell layers, there were irregularly
scattered small to medium stained cells from which emanated several short sinuous
processes (Figure 2.1C, arrowhead). These stained cells had a highly immunoreactive
thin rim of cytoplasm surrounding a clear nucleus and a mean area of 158.62 ±4.03
jxm~, a mean circumference of 52.21 ± 0.73 p m, and a mean major axis of 17.84±0.27
(tm. These morphometric features are consistent with short axon cell characteristics
(Schneider and Macrides, 1978).
Figure 2.1C (arrow) also shows a typical example of GluRl immunoreactivity
in a mitral cell and its dendritic processes. The labeled mitral cell has a relatively clear
nucleus surrounded by a highly stained rim of cytoplasm. Two densely stained
cylindrical dendrites are seen extending from the somata into the external plexiform
layer. No distinct labeling of granule cells was noted.
Ultrastructural examination of the external plexiform and granule cell layers
showed many examples of labeled short axon somata and their processes with notably
thin rims of labeled cytoplasm surrounding spherical non-immunoreactive nuclei. Many
additional examples of both immunoreactive and non-immunoreactive dendritic
processes were also found within the external plexiform and granule cell layers.
Figures 2.2A and 2B demonstrate examples of large immunoreactive pale dendrites in
the external plexiform layer, consistent with mitral/tufted processes, establishing
synapses with surrounding non-immunoreactive electron dense processes. In Figure
2.2C, at higher magnification of the external plexiform layer, an electron-luscent labeled
process is seen making an asymmetrical synapse with a non-immunoreactive process.
The presence of a high number of elliptical and pleomorphic vesicles is consistent with
the identification of this non-immunoreactive process as a granule cell spine. Thus, the
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TABLE 2.1: Laminar Intensity of GluR IR in the olfactory bulb. The lowest
intensity is designated with a (+0) while the highest intensity is designated with a (+5).
The legend contains an illustration of the level of intensity within each layer of a
representative strip of GluRl immunoreactivity. Abbreviations: ON, olfactory nerve
layer, GL, glomerular layer; EP, external plexiform layer; ML, mitral cell layer; GR,
granule cell layer; C, core.
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FIGURE 2.1: GluR I distribution in the olfactory bulb. A, GluR 1
immunoreactivity is heaviest in the external plexiform layer and glomerular layer.
Scattered immunoreactive olfactory nerve associated glial somata were also noted
(arrowhead). In B, immunoreactive periglomerular cells (arrows) are seen. C, In the
mitral cell layer, an immunoreactive mitral cell (arrow) is seen with processes extending
into the external plexiform layer. In the granule cell layer, an immunoreactive short
axon cell (arrowhead) and its processes are evident. Abbreviations: ON, olfactory
nerve layer; GL, glomerular layer; EP, external plexiform layer, ML, mitral cell layer,
GR, granule cell layer. Calibration bars: A= 100pm; B=25pm; C=50pm.
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FIGURE 2.2: Ultrastructural localization of GluR 1 in the external plexiform layer
and glomerular layer. A,B, In the external plexiform layer, GluR I immunoreactive
mitral/tufted cell dendrites make asymmetrical synapses onto non-immunoreactive
electron dense granule cell spines. B, A symmetrical synapse from a nonimmunoreactive granule cell spine onto a GluR 1-immunoreactive mitral/tufted dendrite
is shown (arrow). C, At higher magnification, the polarity of the synapse from the
mitral/tufted dendrite to the granule cell spine is more clearly illustrated. Note the
clustering of spherical vesicles in the mitral/tufted dendrite and the more pleomorphic
and elliptical vesicles in the granule spine. In the mitral/tufted dendrite, note also that
the immunoreactivity tended to be membrane associated. D, GluR 1-immunoreactive
processes are seen in the glomerular layer. Mitral/tufted processes receive asymmetrical
synapses from the electron dense and vesicle filled, but otherwise non-immunoreactive,
olfactory receptor cell axon terminals. In addition, a peri glomerular cell dendrite is seen
receiving an asymmetrical synapse from the immunoreactive M/T2. In all examples the
direction of the arrow indicates the polarity of the synapse. Abbreviations: M/T,
mitral/tufted cell dendrite; GS, granule cell spine; ON, olfactory receptor cell axon; PG,
periglomerular dendrite. Calibration bars: A,B=l.Op,m; C=0.25pm; D=0.5pm.
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ultrastructural immunolabeling is consistent with the hypothesis that mitral/tufted
processes express GluRl while granule cell processes do not
Ultrastructural examination of the glomerular layer revealed many labeled
peri glomerular somata which were distinguished, in part, by large unlabeled nuclei
surrounded by relatively thin rims of labeled cytoplasm and labeled processes extending
into the glomerular neuropil. The paucity of immunoreactivity seen in nearby processes
in the glomerular layer was notable and consistent with the light microscopy finding of
areas within the glomerular layer that were not immunoreactive for GluRl. However,
many large stained pale dendrites were also noted in the glomeruli. For example, Figure
2.2D shows typical large immunoreactive intra-glomerular processes whose regular
outline and synapse polarity is consistent with mitral/tufted apical dendritic processes
(M/Ti, M/Ti). M/T 1,2 are seen receiving asymmetric axo-dendritic synapses from nonimmunoreactive olfactory receptor neuron terminals. These terminals are easily
recognized by the high density of small spherical vesicles and the asymmetry of the
Gray Type I synapses they establish. The large mitral/tufted labeled processes were
also observed making reciprocal dendrodendritic synapses with periglomerular
processes. For example, in Figure 2.2D, M/Ti is seen making an asymmetrical Gray
Type 1 synapse onto an immunoreactive process that is most likely a periglomerular cell
dendrite due to its irregular outline and the polarity of the synapse. Thus the glomerular
layer at the ultrastructural level showed labeled mitral/tufted apical dendrites and labeled
periglomerular dendrites establishing reciprocal dendrodendritic synapses and receiving
input from non-immunoreactive olfactory receptor neurons.

GluR 213:
Immunoreactivity for GluR2/3 was laminar specific in the olfactory bulb. As
can be seen in Figure 23A, GluR2/3 immunoreactivity was heaviest in the external
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plexiform layer (+5) with less immunoreactivity in the glomerular (+3) and mitral (+3)
layers and still less in the granule cell (+2 ) and olfactory nerve (+2 ) layers.
At higher magnification numerous labeled somata were noted around the
circumference of the glomeruli (Figure 2.3B), the location and morphometric
characteristics of which suggest their classification as periglomerular cells (Schneider
and Macrides, 1978). The labeled somata encircling the glomeruli exhibited a wellstained rim of cytoplasm surrounding a large clear nucleus with thin labeled processes
extending toward the glomeruli.
Figure 23C shows examples of typical GluR2/3 staining in several mitral cells.
Immunoreactive mitral cells exhibited highly stained cytoplasm with labeled processes
extending into the external plexiform layer. In addition, in the granule cell layer, small
somata organized in apparent islet-like linearity are highly immunoreactive for GIuR2/3
(Figure 23C). These cells exhibited a well-stained rim of cytoplasm surrounding a
clear nucleus with thin labeled processes extending radially toward the external
plexiform layer. Analysis of these GluR2/3 immunoreactive somata gave the following
measurements: mean area = 31.64 ± 0.47 /<m2; mean circumference = 21.65 ± 0.16
pm; and mean major axis = 7.41 ±0.07 j4m. These morphometric characteristics are
consistent with those previously described for olfactory bulb granule cell populations
(Greer, 1987).
Ultrastructural examination of the external plexiform layer showed many large
labeled processes interdigitated with smaller non-immunoreactive processes (Figure
2.4A, B). The labeled processes generally presented a regular or smooth profile. This
observation is consistent with their identification as mitral/tufted cell dendrites (Price and
Powell, 1970; Pinching and Powell, 1971; Greer and Halasz, 1987). In Figure 2.4A
and 2.4B, non-immunoreactive processes are observed making symmetrical
dendrodendritic synapses onto immunoreactive processes. The non-immunoreactive
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FIGURE 2.3 i GluR 2/3 distribution in the olfactory bulb. A, GluR 2/3 staining was
heaviest in the external plexiform layer. In B, immunoreactive periglomerular cells
(arrows) are seen. In C, immunoreactive mitral cells (arrows) and granule cells
(arrowheads) are noted. Abbreviations: ON, olfactory nerve layer; GL, glomerular
layer; EP, external plexiform layer; ML, mitral cell layer, GR, granule cell layer.
Calibration bars: A=l00pm; B=50pm; C=50pm.
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processes contain a large population of pleomorphic vesicles with a symmetrical
postsynaptic specialization on the labeled process which is consistent with the Gray
Type II synaptology found in granule cell spine to mitral/tufted cell synapses. One
labeled process is also observed making an asymmetrical synapse onto a second nonimmunoreactive process (Figure 2.4A). The immunoreactive process contains a small
collection of spherical vesicles in close apposition to the membrane while the
complementary postsynaptic specialization in the non-immunoreactive process is
asymmetrical with an interposed amorphous dense basement membrane substance in the
cleft. As discussed above, this is consistent with the Gray Type I synapse characteristic
of mitral/tufted cell to granule cell synapses. Although examples of immunoreactive
granule somata were observed during ultrastructural examination of the granule cell
layer, the staining pattern in the external plexiform layer is consistent with
immunoreactive mitral/tufted processes and non-immunoreactive granule cell processes.
Ultrastructural examination of the glomerular layer showed many examples of
immunoreactive processes receiving typical Gray Type I axodendritic synapses from
non-immunoreactive olfactory nerve processes (Figure 2.4 C, D). This observation is
consistent with labeled periglomerular processes and/or mitral/tufted cell primary
dendrites in the glomerular layer. There was no evidence of immunoreactivity within
the olfactory receptor neuron processes in the glomerular layer (Figure 2.4 C, D).

GluR 4:
GluR4 immunoreactivity exhibited a laminar and cellular specificity similar to
that reported above for GluRl. At low magnification (Figure 2.5) the immunoreactivity
for GluR4 was pronounced in the external plexiform (+4) and olfactory nerve (+5)
layers with slightly less immunoreactivity seen in the glomerular layer (+3). The mitral
(+2) and granule cell (+1) layers exhibited the least immunoreactivity for GluR4. Of
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FIGURE 2.4: Ultrastructural localization of GluR 2/3 in the external plexiform layer
and glomerular layer. A, In the external plexiform layer, a non-immunoreactive granule
cell spine (GSi) is seen making a symmetrical dendrodendritic synapses (arrow) onto an
immunoreactive mitral/tufted dendrite, which, in turn, is observed making an
asymmetrical dendrodendritic synapse (arrow) onto a second non-immunoreactive
granule cell spine (GS2). B, In the external plexiform layer, an immunoreactive
mitral/tufted dendrite is seen receiving a symmetrical dendrodendritic synapse (arrow)
from a non-immunoreactive granule cell spine. C, In the glomerular layer, it is clear that
olfactory receptor axon terminals are non-immunoreactive while adjacent dendritic
processes , consistent with periglomerular and/or mitral/tufted dendrites, are
immunoreactive for GluR 2/3. D, In the glomerular layer, an immunoreactive dendritic
process receives multiple asymmetrical axodendritic synapses (arrows) from nonimmunoreactive olfactory receptor axon terminals. Calibration bars: A,B,C,D=0.5pm.
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FIGURE 2.5; GluR4 distribution in the olfactory bulb. GluR4-immunoreactivity
was most pronounced in the external plexiform layer and olfactory nerve layer. Note
that the EP is divided into superficial and deep sublaminae with the former more
immunoreactive than the latter. Inset, In the mitral cell layer, lightly immunoreactive
mitral cells were noted. Abbreviations: ON, olfactory nerve layer, GL, glomerular
layer; EPS, superficial external plexiform layer; EPd , deep external plexiform layer;
GR, granule cell layer. Calibration bar = 100pm; Inset calibration bar = 25pm.
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interest was the observation that the staining pattern exhibited in the external plexiform
layer was divided into superficial and deep sublaminae with the former more
immunoreactive than the latter. Segregation of the external plexiform layer into
superficial and deep sublaminae was not observed with any of the other GluR
antibodies.
Examination of GluR4 immunoreactivity at higher magnification revealed few
specific labeled somata in the glomerular, external plexiform or granule cell layers,
although, occasional very lightly stained mitral cell somata (Figure 2-5, inset) were
observed. Examination of GluR4 staining in the external plexiform layer at the
ultrastructural level (Figures 2.6 A, B) revealed large labeled processes. These
immunoreactive processes often formed typical reciprocal dendrodendritic synapses
with non-immunoreactive processes (Figures 2.6 A, B). The labeled processes had
small collections of spherical vesicles and the opposed postsynaptic specialization was
asymmetric, consistent with a Gray Type I synapse. In contrast, the unlabeled process
had a larger collection of elliptiform and pleomorphic vesicles with an opposed
postsynaptic specialization that was symmetric, consistent with a Gray Type II synapse.
This observation supports the idea that GluR4 staining occurs in mitral and/or tufted cell
secondary dendrites located in the external plexiform layer. It is interesting to speculate
that this immunoreactivity might be heavier in the secondary dendrites of tufted cells
which could account for the asymmetric immunoreactivity pattern seen in the external
plexiform layer. As has been previously described, the secondary dendrites of tufted
cells distribute predominately within the superficial external plexiform layer (i.e. Mori et
al., 1983; Orona et al., 1984), where we see the heaviest immunoreactivity for GluR 4.
At the ultrastructural level, labeled processes were also seen in the glomerular
layer receiving typical Gray Type I axodendritic synapses from non-immunoreactive
olfactory nerve processes (Figure 2.6C). This observation is consistent with staining in
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periglomerular processes and/or mitral/tufted cell primary dendrites in the glomerular
layer. There was no evidence of immunoreactivity within the olfactory receptor neuron
processes in the glomerular layer (Figure 2.6C), however, light microscopy suggested
staining within the olfactory nerve layer (cf. Figure 2.5). To further examine the heavy
immunoreactivity in the olfactory nerve layer, ultrastructural analyses were performed.
It is evident that immunoreactivity is not present in the olfactory receptor neuron axons
of the nerve layer (Figure 2.6D). However, complex processes interdigitating among
bundles of axons showed heavy immunoreactivity (Figure 2.6 D, G). The presence of
large bundles of intermediate filaments and the known distribution of glia in the
olfactory nerve layer suggest that this immunoreactivity was localized in olfactory nerveassociated glia (Doucette, 1984; Valverde and Lopez-Mascaraque, 1991).

GluR 51617:
Immunoreactivity for GluR5/6/7 exhibited a clear laminar and cellular specificity
within the olfactory bulb (figure 2.7A). GluR5/6/7 immunoreactivity was heaviest in
the external plexiform (+5), mitral (+4), and outer olfactory nerve (+4) layers. Slightly
less immunoreactivity was noted in the glomerular layer (+3) and in the granule cell
layer (+2). Although no specific immunoreactive somata were noted in the glomerular
layer or the external plexiform layer, the high density of cylindrical and punctate labeled
processes in the external plexiform layer could obscure labeled tufted cell somata.
Figure 2.7B shows a typical example of GluR5/6/7 staining in a mitral cell and its apical
dendritic process. The labeled mitral cell had a relatively clear nucleus surrounded by a
highly immunoreactive rim of cytoplasm. A densely stained cylindrical dendrite extends
from the somata into the external plexiform layer (arrowheads). The measurements of
the labeled somata in the mitral layer are consistent with previously measured mitral cell
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FIGURE. 2tS 1 Ultrastructural localization of GluR 4 in the external plexiform layer,
glomerular layer, and the olfactory nerve layer. A, B, In the external plexiform layer,
immunoreactive mitral/tufted cell dendrites are seen making asymmetrical
dendrodendritic synapses (arrows) with non-immunoreactive granule cell spines. B, A
non-immunoreactive granule spine makes a symmetrical synapse (arrow) onto the
immunoreactive mitral/tufted dendrite. C, In the glomerular layer, an immunoreactive
mitral/tufted dendrite receives multiple asymmetrical synapses (arrows) from nonimmunoreactive olfactory receptor axon terminals. D, In the olfactory nerve layer, it is
clear that olfactory receptor cell axons are non-immunoreactive while adjacent glial-like
processes are GluR 4-immunoreactive. Abbreviations: M/T, mitral/tufted cell dendrite;
GS, granule cell spine; ON, olfactory receptor cell axon; Ax, olfactory receptor cell
axon; G, glial-like process. Calibration bar = 0.5pm.
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populations (mean area = 284.43 ± 5.95 ^m2; mean circumference = 68.96 ± 0.90 pm;
mean major axis = 22.92 ± 032 pm) (Shepherd and Greer, 1998).
A population of lightly labeled cells were observed in the granule cell layer
(Figure 2.7C). They were organized in islet-like formations and their somata exhibited
a well-stained rim of cytoplasm surrounding a clear nucleus. Each somata appeared to
extend a thin immunoreactive process radially into the external plexiform layer. The
measurements for this population of cells are consistent with previously measured
granule cell populations (mean area = 40.19 ± 0.61 pm2; mean circumference = 24.44 ±
0.18 p m; mean major axis = 8.16 ± 0.08 pm).
At the ultrastructural level many large labeled processes were detected in the
external plexiform layer (Figure 2.8A). These stained processes occupied much of the
external plexiform layer although they were interdigitated with smaller immunoreactive
processes as well as small non-immunoreactive processes. The labeled processes
generally presented a regular or smooth profile. This observation is consistent with
their identification as mitral/tufted cell dendrites (Price and Powell, 1970; Pinching and
Powell, 1971; Greer and Halasz, 1987). In Figure 2.8B, atypical GluR5/6/7
immunoreactive process in the external plexiform layer is involved in a reciprocal
synapse with a non-immunoreactive process. The stained process contains a small
collection of spherical vesicles in close apposition to the membrane while the
complementary postsynaptic specialization in the non-immunoreactive process is
asymmetrical with an interposed amorphous dense basement membrane substance in the
cleft. As discussed above, this is consistent with the Gray Type I synapse characteristic
of mitral/tufted cell to granule cell synapses. The unlabeled process contains a large
population of pleomorphic vesicles with a symmetrical postsynaptic specialization on the
labeled process which is consistent with the Gray Type II synaptology found in granule
cell spine to mitral/tufted cell synapses.
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FIG U R E 2.7: GluR 5/6/7 distribution in the olfactory bulb. A, GluR 5/6/7immunoreactivity was heaviest in the external plexiform layer and glomerular layer. B,
It is evident that immunoreactivity localizes strongly to mitral cells (arrow) and their
dendritic processes (arrowhead) in the external plexiform layer. C, It appears that
granule cells (arrows) are also immunoreactive for GluR 5/6/7. Abbreviations: ON,
olfactory nerve layer; GL, glomerular layer; EP, external plexiform layer; ML, mitral
cell layer; GR, granule cell layer. Calibration bars: A= 100pm; B=25pm; C=25pm.
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Ultrastructural examination of the glomerular layer also showed larger labeled
processes, consistent with mitral/tufted dendrites, involved in reciprocal dendrodendritic
synapses (arrow) with smaller non-immunoreactive processes (Figure 2.8C). Although
these non-immunoreactive processes in the glomerular layer were generally consistent
with periglomerular dendrites, occasionally large non-immunoreactive processes,
consistent with mitral/tufted ceil dendrites, were observed and seen to be involved in
reciprocal dendrodendritic synapses with other non-immunoreactive processes.
Immunoreactive processes in the glomerular layer also received typical Gray Type I
synapses (arrow) from non-immunoreactive olfactory nerve terminals.
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FIGURE 2,8 i Ultrastructural localization of GluR 5/6/7 in the external plexiform
layer and the glomerular layer. A,B, In the external plexiform layer, large mitral/tufted
cell dendrites are GluR 5/6/7-immunoreactive. B, A GluR 5/6/7-immunoreactive
mitral/tufted dendrite makes asymmetrical synapses (arrows) onto non-immunoreactive
granule cell spines (GS[ and GSi) while it receives a symmetrical synapse from only
GSt (arrow). In C, a cluster of GluR 5/6/7-immunoreactive mitral/tufted dendrites
(M/T[.5 ) are seen among non-immunoreactive olfactory receptor cell axon terminals and
non-immunoreactive periglomerular cell dendrites in the GL. M/T\ receives an
asymmetrical synapse (arrow) from a non-immunoreactive olfactory receptor cell axon
terminal while M/T [ appears to receive a symmetrical synapse (arrow) from a nonimmunoreactive periglomerular dendrite. Abbreviations: M/T, mitral/tufted cell dendrite;
GS, granule cell spine; ON, olfactory receptor cell axon; PG, periglomerular dendrite.
Calibration bar = 1.0pm.
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D iscu ssio n :

The principal finding to emerge from these studies is that the ionotropic
glutamate receptor subunits GIuRl, GluR2/3, GluR4, and GluR5/6/7 have a distinct
laminar, cellular and often subcellular distribution in the rat olfactory bulb (summarized
in Figure 2.9). Our results are generally consistent with those previously reported by
Sato et al. (1993) and Petralia et al. (1992, 1994, 1997) and build on their data by
examining the ultrastructural localization in order to elucidate the distribution of specific
GluR subunits in the olfactory bulb synaptic circuitry. As shown, our results support
the idea that the effects of glutamate in the primary afferent and local circuit synapses of
the olfactory bulb may be modulated, in part, by a differential composition of GluRs at
specific synaptic sites.

Localization o f Ionotropic GluR Subunits in the Olfactory Bulb:
GluRl-immunoreactivity was heaviest in the external plexiform and glomerular
layers. Immunoreactivity localized to peri glomerular somata in the glomerular layer and
short axon somata located in both the external plexiform and granule cell layers. Light
immunoreactivity was also noted in mitral cell somata. Immunoreactivity in dendritic
processes of peri glomerular cells and short axon cells seems likely to account for some
of the high immunoreactivity seen in the glomerular layer and external plexiform layer,
respectively. However, the presence of staining in large dendritic processes, consistent
with mitral/tufted dendrites, also contributed to the heavy external plexiform layer
immunoreactivity. These results are generally consistent with those reported by
Giustetto et al. (1997).
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Immunoreactivity for GluR2/3 was heaviest in the external plexiform,
glomerular and mitral cell layers and localized to peri glomerular, mitral and granule
cells. Labeled processes in the glomerular layer are consistent with immunolabeling of
periglomerular and/or mitral/tufted primary dendrites while labeled processes in the
external plexiform layer are consistent with immunolabeling of mitral/tufted secondary
dendrites. The non-immunoreactive granule cell processes in the external plexiform
layer suggests a specific subcellular localization of GluR2/3 in granule cells because
while granule cell somata were labeled, their dendritic processes in the external
plexiform layer were not immunoreactive.
Immunoreactivity for GluR4 was most pronounced in the olfactory nerve,
external plexiform and glomerular layers with the further observation that the superficial
external plexiform layer was more immunoreactive than the deep external plexiform
layer. Lightly labeled mitral somata were observed at low magnification and large
immunoreactive processes were seen at the ultrastructural level that were consistent with
mitral/tufted dendrites. Of particular interest is the possibility that tufted cell dendrites
are more immunoreactive than mitral cell dendrites, as suggested by the observation that
staining was higher in the superficial versus the deep external plexiform layer. As has
been previously described (i.e. Mori et al., 1983; Orona et al., 1984), the secondary
dendritic processes of mitral cells distribute predominately within the deep sublaminae
of the external plexiform layer while the secondary dendrites of tufted cells are found
predominately within the superficial external plexiform layer. Paralleling the
distribution of these dendritic processes, subpopulations of granule cells preferentially
distribute their dendritic processes in either the deep or superficial sublaminae of the
external plexiform layer (Greer, 1987), suggesting a segregation of mitral versus tufted
cell dendrodendritic circuits. Similar differences in the sublaminar organization of the
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FIGURE 2.9: Summary schematic. A, Schematic of the local circuitry present in the
GL. Olfactory receptor nerve axons release glutamate onto mitral/tufted cell dendrites
and periglomerular dendrites. Mitral/tufted dendrites release glutamate onto
peri glomerular processes which, in turn, release GABA onto mitral/tufted dendrites via
reciprocal dendrodendritic synapses. Mitral/tufted dendrites are immunoreactive for all
of the subunits while periglomerular processes are immunoreactive for GluR 1 and
GluR 2/3 and olfactory nerve glial processes are immunoreactive for GluR 4. No
subunit immunoreactivity was noted in the olfactory receptor nerve axons. B,
Schematic of the local circuitry present in the EP. Mitral/Tufted cell dendrites release
glutamate onto granule cell dendrites which, in turn, release GABA onto mitral/tufted
dendrites via reciprocal dendrodendritic synapses. Mitral/tufted dendrites were
immunoreactive for all of the subunits examined whereas granule cell dendrites were not
immunoreactive for any of the subunits examined. Abbreviations: M/T, mitral/tufted
cell dendrite; GC, granule cell dendrite; ON, olfactory receptor cell axon; ON GLIA,
olfactory nerve glia; PG, periglomerular dendrite; GluR ?, unidentified GluR.
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external plexiform layer have been noted based on cytochrome oxidase staining
(Pedersen et al., 1987). Thus, the sublaminar localization of GluR4 within the external
plexiform layer may reflect a differential participation in the local dendrodendritic
synaptic circuits.
As noted above, GluR4 staining localized to the olfactory nerve layer where it
appeared to associate with glial cells. Synaptic specializations have not been observed
in the olfactory nerve. However, because glial cells are generally known to respond to
glutamate (Steinhauser and Gallo, 1996, for review) and are also well characterized for
their role in removing glutamate from the synaptic cleft, the presence of GluR4 may
suggest a similar role for the ensheathing cells of the olfactory nerve (Doucette, 1993,
for review of ensheathing cells).
Immunoreactivity for GluR5/6/7 was most pronounced in the external
plexiform, mitral, and olfactory nerve layers. Cellular staining was localized in mitral
and granule cells. Although no clear evidence of localization in tufted cells could be
obtained, this further possibility could not be excluded because the heavy
immunoreactivity in large processes of the external plexiform layer obscured individual
tufted cell somata. In addition to the large labeled processes in the external plexiform
layer, similar processes in the glomerular layer were immunoreactive. These
observations are consistent with immunolabeling of mitral/tufted secondary and primary
dendrites, respectively. It is noteworthy, however, that not all large dendritic processes
in the external plexiform and glomerular layers were immunoreactive, suggesting that
there may be a differential localization of GluR5/6/7 to mitral versus tufted cells or
subpopulations thereof. This could be consistent with our inability to identify any
labeled tufted cell somata. In addition there was a specific subcellular localization in
granule cells because although granule cell somata were labeled, their dendritic
processes in the external plexiform layer were not immunoreactive.
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Overlapping D istribution o f GluR Subunits:
Although double labeling studies were not performed, the data clearly show that
several cell populations exhibited immunoreactivity for more than one receptor subunit.
For example, periglomerular cell somata were immunoreactive for GluRl and GluR2/3;
granule cell somata were immunoreactive for GluR2/3 and GluR5/6/7; and mitral cell
somata were immunoreactive for all of the subunits examined (GluRl, GluR2/3,
GIuR4, and GluR5/6/7). However, their dendritic processes showed slightly different
patterns. Periglomerular dendrites were immunoreactive for GluRl and GluR2/3 and
mitral dendrites were immunoreactive for all of the subunits examined (GluRl,
GluR2/3, GluR4 and GluR5/6/7). However, granule cell dendrites showed no
immunoreactivity for either GluR2/3 or GluR5/6/7. Because double labeling studies
were not performed, these observations are consistent with two interpretations. The
subunits may colocalize within the given cell population or it is possible that there are
multiple subtypes of neuronal populations, with each expressing different receptor
subunits. The latter explanation is interesting given that the granule cell populations
immunoreactive for GluR2/3 and GluR5/6/7 show slightly different morphometric
characteristics. Although subpopulations of granule cells have previously been
suggested based on the location of their somata in the granule cell layer and the
differential distribution of their dendrites in the deep versus superficial part of the
external plexiform layer, the immunoreactive populations described here are distributed
evenly across the granule cell layer. An alternative explanation for the difference in the
morphometries is that it is a reflection of the relative density of the staining. Because the
staining with GluR5/6/7 was very intense, the somata were very dark and therefore, the
maximum diameters of the somata were easy to identify. However, the GluR2/3
immunoreactivity was somewhat less intense and therefore, the margins of the somata
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may have been less evident. Alternatively, a further population of larger cells in the
granule cell layer, such as short axon cells, could also be immunoreactive for GluR5/6/7
which would also skew the measurements toward larger diameters. However, this
population is usually easily distinguished from granule cells and therefore this
alternative seems less plausible than those noted above.
It should be noted that although AMPA and kainate receptor subunits have
previously been shown to coexist within the same neuron (Mackler and Eberwine,
1993), this does not indicate that they are combining within the same receptor complex
and in fact, there is evidence to suggest that they do not coassemble with one another
(Wenthold et al., 1994).
There were also examples of cell populations in which only one of the antibodies
we employed showed immunoreactivity, such as the short axon somata and dendrites
which were only immunoreactive for GluRl. Although ionotropic receptors are
generally thought to be composed of hetero-oligomeric subunits, in vitro studies have
shown that functional channels can be constructed from the same subunit (Hollman et
al., 1989; Lambolez et al., 1991).
Differential patterns of cellular localization with the ionotropic glutamate receptor
subunits have also been observed elsewhere in the CNS, including the cerebellar cortex
(Nusser et al., 1994), the striatum (Tallaken-Greene and Albin, 1994), the hippocampus
(Craig et al., 1993; Eshhar et al., 1993; Siegel et al., 1995), and the hypothalamus (van
den Pol et al., 1994). Within these areas, there are examples of both colocalization of
the ionotropic GluRs and the lack thereof. For example, Craig et al. (1993) found that
GluRl and GluR2/3 colocalized in cultured rat hippocampal neurons. However,
Tallaken-Green and Albin (1994) showed GluR2/3 immunoreactivity in striatonigral and
striatopallidal neurons whereas GluRl labeling was selectively localized to parvalbumin
containing intemeurons. Thus, as we report in the olfactory bulb, there is precedence
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throughout the CNS for cellular specificity in the expression of ionotropic GluRs as
well as their combination into hetero-oligomeric complexes.
The possible presence of more than one ionotropic receptor subunit within a
given olfactory bulb cell population is particularly interesting since different subunits
and their combinations can confer distinct pharmacological characteristics (Keinanen et
al., 1990; Nakanishi et al., 1990; Lambolez et al., 1991; Verdoom et al., 1991). For
example, both the current voltage (1-V) relation and the Ca^+ permeability of an
ionotropic GluR is dependent on the combination of specific subunits (Gilbertson et al.,
1991; Hollmann et al., 1991; Verdoom et al., 1991). Thus receptors which include the
GluR2 subunit form Ca^+ impermeable channels with a linear I-V relation which is
consistent with the pharmacology of traditional AMPA receptors. However, receptors
which lack the GluR2 subunit show inward rectification and allow Ca^+ influx (Lerea
and McNamara, 1993). Thus the action of glutamate within a given local synaptic
circuit is determined by the specific GluR subunit combination. The lack of the
GluR2/3 subunit in short axon somata and their dendrites suggests that glutamate may
be more likely to induce a Ca^+ influx in these populations of olfactory bulb neurons as
compared with other olfactory bulb cell populations which contain GluR2/3.

Sub cellular D istribution o f GluR Subunits:
It is important to note that while our ultrastructural examination revealed
cytoplasmic labeling in both cell bodies and dendritic processes, some of this may
reflect receptor subunits currently being transported to the cell membrane. Also, the
cytoplasmic labeling may reflect either receptor proteins serving as a reserve pool or
defective subunits which may not be effectively inserted into the cell membrane, as has
been suggested for acetylcholine receptors (Pestronk, 1985; Jacob et al., 1986). Thus,
although we were able to demonstrate the presence or absence of a given receptor
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subunit, we were unable to discern either the relative concentration of functional
subunits or their precise synaptic localization. This is consistent with the work in the
hippocampus by Siegel et al. (1995) who demonstrated GluR2(4) labeling of
postsynapdc densities on dendritic spines and shafts but also saw immunoreactivity
within the somatodendritic cytoplasm, and Eshhar et al. (1993) who observed
immunoreactivity for GluR I-4 not only on the postsynaptic membranes and densities of
cultured hippocampal neurons, but also within their dendritic cytoplasm and cell bodies.
With immunogold labeling in the cerebellar cortex, Nusser et al. (1994) were able to
localize ionotropic GluRs to the post-synaptic membrane opposite glutamate's release
site. This is the localization pattern we would expect to see with immunogold labeling
in periglomerular cell dendrites and the primary dendrites of mitral/tufted cells - all of
which are postsynaptic to glutamate release sites. However, we also demonstrated the
presence of GluRs in mitral/tufted secondary dendrites which are believed to release
glutamate and are postsynaptic to GABA release sites. The localization of GluRs in
secondary mitral/tufted dendrites could be consistent with the presence of presynaptic
GluRs involved in autoregulation. Although previously suggested for the mGluRs in
the olfactory bulb (van den Pol, 1995), this is the first evidence for the presynaptic
localization of the ionotropic GluRs in the olfactory bulb.
Prior studies emphasized that mitral cell induced EPSCs in granule cells are
mediated, at least in part, by AMPA receptors on granule cells spines (Trombley and
Westbrook, 1990; Wellis and Kauer, 1994). This interpretation was largely based on
the observation that AMPA antagonists partially block mitral cell elicited EPSCs in
granule cells. However, although we found evidence of ionotropic GluRs in granule
cell somata and proximal dendrites, we did not observe any ionotropic GluR subunits in
granule cell apical dendrites or spines in the external plexiform layer. The most
plausible explanation for this discrepancy may be that only small quantities of GluR
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subunit protein are inserted into the granule cell dendritic membrane and were not
detectable with our method. Alternatively, Isaacson and Strowbridge (1998) and
Schoppa et al.( 1998) have both suggested that the role of AMPA receptors in
dendrodendritic circuits may be somewhat unconventional in that they largely facilitate
NMDA mediated information transfer. This novel mechanism is consistent with the
possibility that the AMPA component of the granule cell response could be mediated in
part by as yet uncharacterized GluR subunits whose function at the dendrodendritic
synapse is mainly to facilitate the unblocking of NMDA receptors.

M etabotropic GluRs in the Olfactory Bulb:
Although we examined the distribution of the ionotropic glutamate receptor
subunits in the olfactory bulb, this does not necessarily include all of the glutamate
circuitry -- metabotropic glutamate receptor subunits (mGluRs) have also recently been
observed in the olfactory bulb. For example, van den Pol (1995) found that rat mitral
cell somata were immunoreactive for mGluRla whereas immunoreactivity for mGluR5
was observed in granule cells and astrocytes around mitral cells but not in the mitral cell
somata. This observation was supported by Romano et al. (1996) who employed
immunocytochemistry to show that mGluR5 only lightly labeled mitral cell somata.
Ohishi et al. (1995) found evidence for mGluR4 mRNA in periglomerular cells and
granule cells but not mitral or tufted cells, whereas the opposite pattern was observed
for mGluR7 staining which was intense in mitral/tufted cells and absent in
periglomerular and granule cell somata (Kinzie et al., 1995; Kinzie et al., 1997).
Duvoisin et al. (1995) observed mGluR8 mRNA in periglomerular, mitral and granule
cell somata with possible expression in tufted cells. Evidence for mGluRs in the
accessory olfactory bulb has also been presented by Hayashi et al. (1993) who localized
mGluR2 in the dendrites of granule cells in the accessory olfactory bulb, and then
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demonstrated with the mGluR2 agonist DCG-IV that presynaptic mGiuR2 in granule
cells suppresses inhibitory GABA transmission to the mitral cell. Kaba et al. (1994)
subsequently showed that activation of mGluR2 by infusion of mGluR2 agonists into
the accessory olfactory bulb of female mice was sufficient to induce a behavior-specific
olfactory memory. Although this type of direct behavioral correlation has not yet been
demonstrated in the main olfactory bulb, it is clear that a complete understanding of
glutamate’s effects within local olfactory bulb synaptic circuits will be dependent on an
understanding of the distribution of both the metabotropic and the ionotropic glutamate
receptor subunits described above.

Conclosion:
Our results strongly support our hypothesis that different ionotropic glutamate
receptor subunits participate in the primary afferent and local circuit synapses of the
olfactory bulb. Specifically, we demonstrate a differential laminar, cellular, and
subcellular distribution for each of the ionotropic subunits examined. Furthermore,
segregation of specific subunits across laminae and subpopulations of neurons provides
a potential basis for the differential effects of glutamate within olfactory bulb circuits.
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CHAPTER?;
Developm ent: The Olfactory Bulb and Glutamate’s Potential Effects
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Olfactory bulb development begins with evagination of the olfactory bulb
primordium, located at the rostral tip of the telencephalon. In the rat, this occurs from
embryonic day (E) 14 to E15 and is considered to be dependent on the arrival and
penetration of pioneer olfactory axons from the olfactory epithelium (Gong and Shipley,
1995). Development continues with the generation of specific olfactory bulb neuronal
populations and synaptic connections, both of which will be discussed in detail below
(see Figure 3 .1 for summary).

Nearonal Development of the Olfactory Bulb:

The development of olfactory bulb neurons follows a typical pattern in which the
largest neurons are formed first, followed by intermediate-sized neurons, and finally, by
the development of the smaller intemeurons. Thus, mitral cells are the first olfactory
bulb neuronal population to develop, and do so over several days (E13-E16) (Bayer,
1983). As outlined by Hinds (Hinds, 1972a,b; Hinds and Ruffet, 1973), this process
occurs in four stages. The ‘primitive radial stage’, which begins after the neurons leave
the mitotic stage, occurs as the mitral cells migrate out of the ventricular layer into the
intermediate layer. It is so named because they are radially oriented during this
migration. The second stage begins when the mitral cells rotate so that they are
tangentially oriented and lose their basal processes. The third stage occurs with the
appearance of the mitral cell axon. The fourth, and final, stage occurs when the mitral
cells adopt their adult location and appearance. Although stage four is reached by E16,
mitral cell maturation continues postnatally. At birth, the mitral cell layer is still quite
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thick and does not thin to the adult monolayer until several days later (Singh and
Nathaniel, 1977). Likewise, the initial axon segment does not develop the adult dense
undercoating until postnatal day (P) 4 (Hinds and Ruffet, 1973). In addition, at birth,
most mitral cells have numerous, widespread dendrites which often innervate more than
one glomerulus, and it is not until P10 that the mature dendritic pattern is observed
(Malun and Brunjes, 1996).
The subsequent olfactory bulb neurons to develop are the tufted cell neurons.
Like the mitral cells, the tufted cells are derived from the ventricular layer and must
therefore migrate past the mitral cell layer to their final locations in the external plexiform
layer. Tlifted cells develop in an internal to external gradient with the inner tufted cells
developing first (E14-E18), followed by the middle tufted cells (E15-E20), and finally,
the external tufted cells (E16-E22) (Bayer, 1983).
The olfactory bulb intemeurons are thought to begin developing just as the tufted
cells finish. However, unlike the olfactory bulb output neurons, their development does
not actually peak until postnatal week two and may continue into adulthood (Hinds,
1968a; Rosselli-Austin and Altman, 1979, Bayer, 1983; Frazier-Cierpiel and Brunjes,
1989a,b; Luskin, 1993; Lois and Alvarez-Buylla, 1994; Lois et al., 1996). These
intemeurons are derived from the subependymal layer of the lateral ventricle and their
rostral migratory path from the anterior hom of the lateral ventricle into the olfactory
bulb is known as the rostral migratory stream (Altman, 1969; Frazier-Cierpial and
Brunjes, 1989a,b; Kishi et al., 1990). The peak proliferation of both periglomerular
cells and granule cells occurs from PO-P7 (Altman, 1966; Altman and Das, 1966;
Altman, 1969; Bayer, 1983).
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FIG U R E 3.1: Summary schematic of development. The schematic depicts a timeline
which illustrates key events in olfactory bulb development. Abbreviations: GL,
glomerular layer, EP, external plexiform layer; ML, mitral layer; GR, granule cell
layer, ORNs, olfactory receptor neurons; OB, olfactory bulb; PG, periglomerular,
TCs, tufted cells; MCs, mitral cells; GC, granule cell; IR, immunoreactivity; JG,
juxtaglomerular. References: 1. Gong and Shipley, 1995; 2. Bayer, 1983; 3. Brunjes
and Frazier, 1986; 4. Hinds and Hinds, 1976a,b; 5. Singh and Nathaniel, 1977.
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Svnaptic C ircu itry D evelop m ent o f the O lfactory Bulb:

On E18, the primary sensory olfactory axons invade the olfactory bulb and form
synapses with the dendritic growth cones of mitral cells (Hinds and Hinds, 1976a,b).
This is thought to initiate glomerular formation, which continues as olfactory
ensheathing cells penetrate the bulb and encircle individual glomeruli, thereby furthering
glomerular development through partitioning (Valverde et al., 1992). Glomerular
formation continues postnatally and at birth the glomerular layer is still poorly defined
except for a few precocious glomeruli found in the “modified glomerular complex’ in the
posterolateral portion of the bulb. (Teicher et al., 1980; Greer et al., 1982; Pedersen et
al., 1983). By postnatal day 6, glomeruli are more easily discerned as the
periglomerular cells arrive, encircle, and therefore help to define the shape of individual
glomeruli. Although the majority of the periglomerular cells enter the glomerular layer
postnatally, it should be noted that at birth, a few synaptic connections already exist
between periglomerular cells and olfactory axons and mitral cells, thereby completing
the first synaptic circuit thereby allowing rudimentary olfactory functioning at birth
(Hinds and Hinds, 1976a, b).

The development of the second local synaptic circuit, located in the external
plexiform layer and consisting of reciprocal dendrodendritic synapses between mitral
and granule cells, was studied by Hinds and Hinds (1976b). Like the synaptic circuit in
the glomerular layer, the first synaptic contacts in the external plexiform layer are found
just before birth. Hinds and Hinds (1976b) concluded that the excitatory mitral to
granule cell synapse develops first, followed by the reciprocal inhibitory granule to
mitral cell synapse. It is interesting to note that because of the continued postnatal
development of granule cells, the ratio of granule to mitral cells (and therefore
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presumably their synaptic connections) increases considerably in the postnatal period
from approximately 7:1 on PI to 46:1 on P13 (Mair et al., 1982). In addition to
postnatal cellular proliferation of granule cells, significant dendritic
development/arborization of granule cells is also observed through the third postnatal
week.

Nenrochemicai Development of the Olfactory Bulb:

Although many potential neurotransmitters have been observed in olfactory bulb
neuronal populations (Figure 1.4), dopamine is the only one to have been studied in the
developing olfactory bulb. Brunjes et al. (1985) found a 225% increase in the
concentration of dopamine from P8-P12 while Shipley et al. (1985) found that
periglomerular cells do not express tyrosine hydroxylase until they have reached their
adult position in the glomerular layer. As expected, both of these observations are
consistent with the predominate postnatal maturation of periglomerular cells.

Given that glutamate is the most plausible neurotransmitter for both mitral cells
(the first olfactory bulb neuron to develop) and olfactory receptor axons (the presence of
which are thought to induce olfactory bulb development), the question of glutamate’s
role during olfactory bulb development is particularly intriguing. The question becomes
even more enticing when examined in light of the observation that glutamate has been
shown to have significant developmental effects elsewhere in the CNS as discussed in
detail below.
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G eneral Develo p m en ta l E ffects o f G lutam ate:

Glutamate is considered to play an instrumental role in CNS development and is
likely to be one of the more important chemotacdc stimuli during neuronal development
and synaptogenesis. It is thought to exert multiple trophic effects on developing
neuronal somata (McDonald and Johnston, 1990 for review) primarily through the
effects produced by the activation of specific glutamate receptors. For example,
glutamate receptor activation selectively decreases cell division and DNA synthesis in
progenitor cells of the embryonic cerebral cortex ventricular zone (LoTurco et al.,
1995). Activation of glutamate receptors is also deemed necessary for neuronal circuitry
sculpting (Mattson et al., 1988a,b; McDonald and Johnston, 1990), neuronal
differentiation (Kalb and Hockfield, 1990), neuronal migration in the developing
cerebellar cortex (Komuro and Rakic, 1993; Rossi and Slater, 1993), neurite outgrowth
(Pearce et al., 1987; Owen and Bird, 1997), and population pruning via excitotoxic cell
death (Mentis et al., 1993; O'Donoghue et al., 1993). Furthermore, glutamate is also a
stimulus for axonal growth and synaptic formation (Brewer and Cotman, 1989; Mattson
and Kater, 1989; Baird et al., 1996) and survival of specific neuronal populations in
culture (Balazs et al., 1988). In the visual system, glutamate has also been found to a
play an integral role in path-finding and synaptic development by retinal axons in both
the visual cortex and geniculate nucleus (Cline et al., 1987; Kleinschmidt et al., 1987;
Bear et al., 1990; Cline and Constantine-Paton, 1990; Hahm et al., 1991; Rocha and
Sur, 1995).
Furthermore, glutamate has been shown to have effects on the development of
various CNS glial populations. Not only has glutamate receptor activation been shown
to initiate immediate-early gene transcription in glia but the proliferation and
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differentiation of oligodendrocyte progenitor cells has also been shown to be regulated
by glutamate, suggesting that glutamate may be involved in controlling both the
development and number of glial cells (Steinhauser and Gallo, 1996 for review).

General Developmental GloR Distribution:

As discussed in chapter I , glutamate exerts its effects through its action on
specific glutamate receptors (GluRs). It is not surprising, therefore, that the distribution
of GluRs is found to change over the course of development, thereby allowing
glutamate to exert differential effects during CNS maturation. Specifically, transient
overproduction of GluRs is a common ontogenic observation and generally, this
increase is found to be temporally related to periods of enhanced synaptic plasticity and
solidification of synaptic connections. For example, Bode-Greuel and Singer (1989)
found that the increase in GluRs in the kitten primary visual cortex parallels the critical
period of susceptibility to experience-dependent modification (Olson and Freeman,
1980). Likewise, in the human frontal cortex, there is a sharp increase in GluR binding
postnatally, then a transient peak between 1-2 years, followed by a decline of
9%/decade (Komhuber et al., 1988) - the time course of which approximates
synaptogenesis in the human frontal cortex (Huttenlocher, 1979). In addition, an
overproduction of GluRs in the developing hippocampus (Baudry et al., 1981)
coincides temporally with both afferent input arrival and dendritic elaboration (Crain et
al., 1973; Loy et al., 1977; Pokomy and Yamamoto, 1981a,b).

As discussed in Chapter 1, several lines of evidence suggest that glutamate is the
neurotransmitter used by both the olfactory receptor neurons (Sassoe-Pognetto et al.,

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1993; Berkowicz et alM1994; Didier et al., 1994; Ennis et al., 1996; Geiling and
Schild, 1996) and mitral cells (Jacobsen et al., 1986; Liu et al., 1989; Trombley and
Westbrook, 1990; Nakanishi, 1995; Yokoi et al., 1995). Given that mitral cells are the
first neuronal population to develop in the olfactory bulb (Bayer, 1983) and that the
arrival and invasion of olfactory receptor neuron axons appears to be necessary for
olfactory bulb evagination and development (Gong and Shipley, 1995), glutamate might
be expected to play an integral role in the many facets of olfactory bulb development, as
it does elsewhere in the CNS. Likewise, one might expect a differential distribution of
GluRs in the olfactory bulb over the course of development in order to allow glutamate
to exert specific ontogenic effects. As noted in previous chapters, subunits of both the
metabotropic (Hayashi et al., 1993; Duvoisin et al., 1995; van den Pol, 1995; Kinzie et
al., 1997) and ionotropic (Petralia and Wenthold, 1992; Martin et al., 1993; Petralia et
al., 1994; Giustetto et al., 1997; Petralia et al., 1997; Montague and Greer, 1998a)
GluRs have been observed in the adult rat olfactory bulb . In addition, van den Pol
(1995) found that the metabotropic GluRs mGluRla and mGluR5 were expressed in the
developing olfactory bulb and more interestingly, that although mGluRla expression
mirrored the adult pattern, mGluR5 immunoreactivity changed over the course of
development. However, there is no information yet available concerning the
developmental appearance of the ionotropic glutamate receptors in the olfactory bulb.

Purpose;
The purpose of the second study was to examine the expression and localization
of ionotropic glutamate receptors over the course of olfactory bulb development.
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CHAPTER 4:
Differential Distribution of Ionotropic GluRs in the
Developing Olfactory Bulb

(Journal of Neurobiology, submitted for publication)
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Abstract;

The developmental appearance of ionotropic glutamate receptor subunits
(GluRs) was studied in the developing rat olfactory bulb immunolabeled with antibodies
to GluRl, GluR2/3, GluR4, and GluR5/6/7. All antibodies showed laminar and
cellular specificity at embryonic day 18 (E18), but the AMPA GluRs (GluRl-4) were
concentrated at the rostral-ventral pole of the E18 olfactory bulb, whereas
immunoreactivity for the kainate GluRs (GluR5-7) was noted around the entire
circumference of the E18 olfactory bulb. By postnatal day (P) 1, GluRl was expressed
in mitral cells and juxtaglomerular cells, and by P6 was also evident in mitral cell
dendrites, a pattern consistent with the adult (Montague and Greer, 1998a). GluR2/3
was expressed by mitral cells at PI. By P6, GluR2/3 was also in juxtaglomerular cells,
granule cells, and mitral dendrites, a pattern consistent with the adult. GluR4 was
observed in mitral cells and small cells in the granule cell layer at PI. By F6,
intemeurons were no longer immunoreactive, although mitral cells and dendrites were
immunoreactive, consistent with the adult pattern. GluR5/6/7 localized to mitral cells
and small cells in the granule cell layer by PI. By F6, GluR5/6/7 expression was
consistent with the adult pattern of immunoreactive granule cells, mitral cells and mitral
dendrites. These data demonstrate a highly specific laminar and cellular distribution of
ionotropic GluRs in the developing olfactory bulb. In addition, the results show a
differential expression of several GluRs over the course of development, which may
indicate an inductive role for glutamate during olfactory bulb development.
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Introduction:

As discussed in Chapter I, a variety of evidence suggests that glutamate is the
neurotransmitter used by both the olfactory receptor neurons (Sassoe-Pognetto et al.,
1993; Berkowicz et al., 1994; Didier et al., 1994; Ennis et al., 19%; Geiling and
Schild, 19%) and mitral cells (Jacobsen et al., 1986; Liu et al., 1989; Trombley and
Westbrook, 1990; Nakanishi, 1995; Yokoi et. al., 1995). As shown in chapter 2, our
results demonstrate a highly specific laminar, sublaminar and subcellular distribution of
ionotropic GluR subunits within the primary afferent and local circuit synapses of the
adult olfactory bulb.
As discussed in Chapter 3, glutamate is considered to play an instrumental role
in CNS development and may exert multiple trophic effects on developing neuronal
somata (McDonald and Johnston, 1990 for review) and glia (Steinhauser and Gallo,
19% for review). Elsewhere in the CNS, glutamate exerts these developmental effects
through its receptors and would therefore be expected to do likewise in the developing
olfactory bulb. However, there is no information yet available concerning the
developmental appearance of the glutamate receptors in the olfactory bulb. Thus, the
purpose of these studies was to examine the expression and localization of ionotropic
glutamate receptors over the course of olfactory bulb development. Our results
demonstrate a highly specific laminar and cellular distribution of GluR subunits within
the primary afferent and local circuit synapses of the developing olfactory bulb. In
addition, the results show a differential expression for several glutamate receptor
subunits over the course of development which is consistent with a potential inductive
role for glutamate during olfactory bulb development.
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M ethods:

Embryonic day 18 (E18), postnatal day 1 (PI), and postnatal day 6 (P6)
Sprague Dawley rats (n = 26 for E18; 27 for PI; 38 for P6) were anesthetized on ice,
decapitated, and the olfactory bulbs exposed prior to immersion fixation in a solution of
4.0% paraformaldehyde and 0.1% glutaraldehyde in 0 .1M phosphate buffer solution
(pH = 7.2) for 2 hours at room temperature. The brains were then dissected free and
cryoprotected in a 20% sucrose solution for 24 hours at 4° C prior to being sectioned on
the cryostat at 20/un and mounted on slides. E18 brains were cut sagitally whereas PI
and P6 brains were cut transversely. The procedures used in this study were approved
by the Yale Animal Care and Use Committee (Protocol #07161).
In general, the immunocytochemical procedures followed those we have
previously reported (Montague and Greer, 1998a). The mounted sections were rinsed 3
X 10 minutes in 0.1M phosphate buffer (PB), preincubated in 0.1M PB with 10%
normal serum for 1 hour, and then incubated in primary antibody and 1% normal serum
for 48 hours at 4° C at the following dilutions: GluRl (Chemicon, Temecula, CA) =
1:500; GluR2/3 (Chemicon, Temecula, CA) = 1:1000; GluR4 (Chemicon, Temecula,
CA) = 1:250; GluR5/6/7 (Pharmingen, San Diego, CA) = 1:1000. The sections were
rinsed in 0.1M PB for 12-14 hours at 4°C, followed by 2 X 10 minutes rinses. The
sections were then incubated for 60 minutes in Vector Labs (Burlingame, CA)
biotinylated secondary immunoglobulin (anti-rabbit for Chemicon antibodies and anti
mouse for Pharmingen antibodies), rinsed 3 X 10 minutes in 0.1M PB, incubated in the
Vector Lab Standard ABC Kit (Burlingame, CA) avidin-biotin-horseradish peroxidase
complex for 90 minutes and again rinsed 3 X 10 minutes in 0.1M PB. The tissue was
then rinsed 2 X 10 minutes in 7.6M TRIS buffer and preincubated in a 33'-
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diaminobenzidine solution (0.5mg/ml 7.6M TRIS) for 10 minutes prior to the addition
of 0.01% hydrogen peroxide. The reaction was allowed to progress for 10 minutes
prior to rinsing the sections for 3 X 10 minutes in 7.6M TRIS buffer which terminated
the reaction. The sections were dehydrated through graded alcohols, cleared in xylene
and coverslipped using Permount.
The tissue sections were examined with an Olympus light microscope at 40400X. Images were photographed with Kodak Ektachrome 160T Tungsten film. After
development, the slides were scanned using a Microtek Scanner into Adobe Photoshop
3.0 where they were formatted and labeled without adjusting the thresholds. The
images were then printed on Codonics NP1600 M Color Printer.
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Results:

Immunoreactivity for each of the four glutamate receptor antibodies was present
at the earliest time point examined and showed both laminar and cellular specificity
throughout the development of the olfactory bulb. Several antibodies also showed a
differential expression over the course of development, suggesting a change in the
distribution of the glutamate receptor subunits (GluRs) which would be consistent with
an inductive role for glutamate during development. The distinct laminar, cellular and
often subcellular pattern for each of the antibodies at each of the three ages investigated
will be described in detail below.

Embryonic Day 18:
The developing rat olfactory bulb showed laminar specific expression for each
of the antibodies by E18, the earliest time point examined. The expression of all AMPA
GluR subunits (GluRl-4) was uniform, with the heaviest localization limited to the
rostral/ventral pole of the olfactory bulb (see GluR4 in Figure 4.1A) where the olfactory
nerve fibers enter (Doucette, 1993). In comparison, the immunoreactivity for
GluR5/6/7 (KA GluR subunits) was observed around the entire circumference of the
E18 bulb with only a slightly increased expression noted at the rostral/ventral pole
(Figure 4 .IB).

Postnatal Days 1 and 6:
By PI, the staining pattern was unique for each of the GluR subunits and
therefore will be described in detail below.
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GluR I:

As was observed at E18, a differential circumferential distribution of GIuRl is
also evident at P 1 with heavier staining noted at the ventral/medial aspect of the olfactory
bulb (arrow, Figure 4.2A). At PI, there is already a distinct laminar pattern evident
with the heaviest staining extending from the mitral cell layer to the glomerular layer. At
higher magnification (Figure 4.2B), it is apparent that GluRl staining at PI is due in
part to expression in small cell bodies in the presumptive glomerular layer (arrowheads)
and mitral cell somata (arrows) and their dendritic processes in the external plexiform
layer.
By P6, the stained somata (arrows, Figure 4.2C) in the glomerular layer are
arranged in a concentric fashion around distinct glomeruli. The immunoreactive
juxtaglomerular somata exhibit a well-stained rim of cytoplasm surrounding a large,
clear nucleus. In Figure 4.2D, the somata in the mitral cell layer are heavily stained
(arrows), while their apical dendritic processes are less easily distinguished in the
heavily stained external plexiform layer. Although no specific immunoreactive somata
were noted in the external plexiform layer, the high density of staining in the external
plexiform layer could obscure tufted cell somata. No distinct GluRl labeling of granule
cells was noted at any time point examined.

GluR 2/3:

At PI, a clear laminar distribution pattern of GluR2/3 expression is noted.
Staining is strongest at the medial/ventral pole (Figure 43A, arrow) and is most
pronounced in the developing external plexiform and mitral cell layers. At higher
magnification (Figure 43B), numerous large somata are seen in the mitral cell layer
(arrows).
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FIG U R E 4.1; GluR 4 vs. GluR 5/6/7 distribution in the E18 olfactory bulb. A,
GluR 4 immunoreactivity was heaviest in the rostral/ventral pole (arrow) of the olfactory
bulb where the olfactory nerve first enters. This pattern is representative of the AMPA
GluRs (GluR 1-4) at this age. B, GluR 5/6/7 expression was apparent around the entire
olfactory bulb circumference with only slightly increased staining noted at the
rostral/ventral pole. C, Schematic representation of the embryonic day 18 expression
observed for GluR 1-4, the AMPA GluRs. D, Schematic representation of the
embryonic day 18 expression observed for GluR 5-7, the kainate GluRs.
Abbreviations: ON, olfactory nerve; OB, olfactory bulb; E18, embryonic day 18.
Calibration bar = 250pm.
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FIGURE 4.2: GluR 1 distribution in the developing olfactory bulb. A, Postnatal
day 1: GluR 1 expression exhibits a laminar pattern at the medial/ventral pole (arrow)
with the heaviest staining extending from the mitral cell layer to the glomerular layer. B,
Postnatal day 1 at higher magnification: GluR I immunoreactivity is evident in
presumed juxtaglomerular neurons (arrowheads). The mitral cell bodies (arrows)
exhibit light staining while their dendritic processes within the external plexiform layer
appear more densely stained. C, Postnatal day 6: Note the distinctive staining in the
juxtaglomerular neurons (arrows). D, Postnatal day 6: GluR 1 expression in the mitral
cell bodies (arrows) appears increased while the apical dendritic processes are less
distinct. Abbreviations: AOB, accessory olfactory bulb; GL, glomerular layer; EP,
external plexiform layer, ML, mitral cell layer; PI, postnatal day 1; P6, postnatal day 6.
Calibration bars: A=250pm; B=50pm; C=25pm; D=50pm.
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FIG U R E 4.3; GluR 2/3 distribution in the developing olfactory bulb. A, Postnatal
day I: A clear laminar pattern of GluR 2/3 expression is seen with the heaviest staining
in the medial/ventral pole (arrow) in the developing external plexiform and mitral cell
layers. B, Postnatal day 1 at higher magnification: GluR 2/3 expression is evident in
mitral cell bodies (arrows). C, Postnatal day 6: Mitral cell bodies (arrows) are strongly
immunoreactive. While the deep external plexiform layer exhibits diffuse staining, the
superficial external plexiform layer exhibits staining localized to radial processes. D ,
Postnatal day 6 at higher magnification: immunoreactive mitral ceil bodies with apical
dendrites (arrowheads) are observed extending through the external plexiform layer and
into individual glomeruli (G). Light staining is observed in juxtaglomerular cells (small
arrows) and granule cells. Abbreviations: GL, glomerular layer; EPS, superficial
external plexiform layer, EPd, deep external plexiform layer; ML, mitral cell layer, G,
glomerulus; PI, postnatal day 1; F6, postnatal day 6. Calibration bars: A=250pm;
B=50pni; C= 100pm; D=50pm.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

By postnatal day 6, the olfactory bulb architecture is more defined and stained
somata are seen in the mitral cell layer (arrows) with thin dendritic processes extending
into the external plexiform layer (Figure 43C). Of note is the fact that although a
diffuse pattern of expression is seen in the deep external plexiform layer, which contains
both cylindrical and punctate processes, the superficial external plexiform layer is
considerably less well stained and appears to contain mainly radial processes against a
relatively clear background. At higher magnification (Figure 43D), these stained radial
processes (arrowheads) can be seen extending from individual mitral cell bodies and
crossing the external plexiform layer before inserting into individual glomeruli. Lightly
stained small somata are also evident in the glomerular layer and granule cell layer.

GluR 4:

As can be seen in Figure 4.4A, the most pronounced GluR4 expression is found
at the medial/ventral pole (arrow) at PL The immunoreactivity extends from the granule
cell layer to the glomerular layer but is heaviest in the mitral cell and external plexiform
layers. At higher magnification in Figure 4.4B, it is evident that this pattern is a result
of expression in both somata in the mitral cell layer (arrows) and small diameter somata
(arrowheads) in the granule cell layer. Although heavy diffuse staining in the external
plexiform layer is apparent, individually stained processes could not be distinguished at
this age.
At P6 (Figure 4.4C), expression appears to extend further around the
circumference of the olfactory bulb (e.g. arrow). The staining also exhibits a more
distinct laminar segregation by P6 with the heaviest staining noted in the mitral cell,
external plexiform and olfactory nerve layers and moderate staining in the glomerular
layer. At higher magnification in Figure 4.4D, immunoreactive mitral cell bodies are
clearly seen (arrows) with apical dendritic processes (arrowhead) which course through
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FIG U R E 4.4: GluR 4 distribution in the developing olfactory bulb. A, Postnatal day
1: GluR 4 expression extends from the mitral to the glomerular/nerve layer and is
largely restricted to the ventro-medial aspect of the olfactory bulb(arrow). B, Postnatal
day I at higher magnification: GluR 4 expression is apparent in mitral cell bodies
(arrows) and smaller diameter migrating cells (arrowheads) in the developing granule
cell layer. GluR 4 staining in the external plexiform layer appears diffuse. C ,
Postnatal day 6: GluR 4 immunoreactivity extends further around the circumference of
the olfactory bulb (e.g. arrow) and exhibits a more distinct laminar segregation that
includes the mitral, external plexiform, glomerular and olfactory nerve layers. D ,
Postnatal day 6: Higher magnification reveals stained mitral cell bodies (arrows) with
apical dendrites (arrowhead) that arborize in individual glomeruli (G). While the deep
external plexiform layer exhibits diffuse staining, the superficial external plexiform layer
exhibits immunoreactivity localized to radial processes. Abbreviations: ON, olfactory
nerve; GL, glomerular layer; EPS, superficial external plexiform layer; EPd, deep
external plexiform layer, ML, mitral cell layer; GR, granule cell layer, G, glomerulus;
PI, postnatal day 1; P6, postnatal day 6. Calibration bars: A=250pm; B=100pm;
C=250pm; D= 100pm.
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the external plexiform layer to arborize in individual glomeruli. Again, the differential
distribution of expression within the external plexiform layer is notable with the deep
external plexiform layer considerably more heavily stained than the superficial external
plexiform layer which, in contrast, appears relatively free of staining except for the
individual apical dendrites coursing through it. No significant interneuron staining in
either the glomerular or the granule cells layer is evident at P6 for GluR4.

GluR 5/6/7:

As was observed at E18, the expression of GluR5/6/7 continues around the
entire circumference of the olfactory bulb at PI, however, in contrast to E18, a clear
laminar pattern of expression begins to emerge. Distinct granule cell, mitral cell,
external plexiform, and glomerular layers are easily discernible even at low
magnification (Figure 4.5A, arrow) with the heaviest staining seen in the granule cell,
external plexiform, and glomerular layers. Although at this magnification, the mitral cell
layer seems relatively devoid of immunoreactivity, at higher magnification in Figure
4.5B, it is evident that the cytoplasm of mitral cell bodies is heavily stained (arrows). In
addition, smaller diameter somata are stained in the granule cell layer, consistent with
migrating intemeurons at this age. At high magnification in Figure 4.5C,
immunoreactive processes were noted radiating from the core of the olfactory bulb
(arrowheads). Furthermore, stained cell bodies (arrow) were often seen in close
association with these radial processes.
By F6 (Figure 4.5D), the expression noted in the mitral cell bodies is more
pronounced (arrows) and their thick apical dendritic processes are now easily
discernible as they course through the external plexiform layer (arrowheads) to the
glomerular layer where they penetrate individual glomeruli. The contrast between the
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staining of the deep and superficial external plexiform layer is notable with the former
more immunoreactive than the latter. Lightly stained granule cell somata are present in
the granule cell layer (small arrow).
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FIG U R E 4.5 i GluR 5/6/7 distribution in the developing olfactory bulb. A , Postnatal
day 1: GluR 5/6/7 expression is found around the entire olfactory bulb circumference
and laminar patterns begin to emerge (e.g. arrow). B , Postnatal day 1: Stained mitral
ceil bodies (arrows) and stained small diameter migrating cells (arrowheads) are
apparent. C, Postnatal day 1: Immunoreactive processes (arrowheads) are seen
radiating from the center of the olfactory bulb through the granule cell layer.
Occasionally, stained cell bodies (arrow) are seen in close association with the
immunoreactive radial processes. D, Postnatal day 6: GluR 5/6/7 expression in mitral
cell bodies (large arrows) appears intense with thick apical dendritic processes
(arrowheads) extending through the external plexiform layer into individual glomeruli
(G). Granule cell bodies continue to show light staining (small arrow). Abbreviations:
AOB, accessory olfactory bulb; C, core of the olfactory bulb; GL, glomerular layer;
EPS, superficial external plexiform layer; EPd, deep external plexiform layer, ML,
mitral cell layer; GR, granule cell layer; G, glomerulus; PI, postnatal day 1; P6,
postnatal day 6. Calibration bars: A=250pm; B=50pm; C=50pm; D=50pm.
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D isc u ssio n ;

The principal findings to emerge from these studies are that the ionotropic
glutamate receptor subunits GluRl, GluR2/3, GluR4, and GiuR5/6/7 are present in the
rat olfactory bulb by embryonic day 18 and have a distinct laminar and cellular
distribution which varies over the course of development. As shown, our results
support the hypothesis that an alteration in the subunit composition of heteromultimeric
glutamate receptor subunits during maturation would allow glutamate to differentially
influence the development of specific cell populations and synaptic circuitry of the
olfactory bulb. The appearance and distribution of ionotropic GluRs are summarized in
Figure 4.6 relative to the other major developmental events occurring in the rat olfactory
bulb. These relations are discussed further below.

Localization o f Ionotropic GluRs in the Developing Olfactory Bulbi
GluR 1:

GluRl expression was strongest at the rostral/ventral pole of the olfactory bulb
at E18, present in juxtaglomerular and mitral cell somata by PI, and continued to be
expressed in these cell populations at P6 with more evident staining noted in dendritic
processes. These results are similar to the pattern seen in the adult rat olfactory bulb
apart from the absence of GluRl staining in short axon cells and olfactory nerve glial
somata in the developing olfactory bulb (Montague and Greer, 1998a). The lack of
GluRl in glial somata is interesting because glial cells are present in the olfactory nerve
layer by P6. The absence of GluRl expression at F6 followed by the presence in the
adult suggests a developmental alteration in the presence of receptor subunits in the
olfactory nerve glial cell population. This change in GluR distribution may allow

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

glutamate to exert differential effects on olfactory bulb glia over the course of
development, as occurs elsewhere in the CNS (Steinhauser and Gallo, 1996 for
review). Furthermore, because glia are involved in regulating the concentration of
glutamate in the extracellular space, this developmental change might also alter the
relative concentration of glutamate available locally. This, in turn, could further
influence nearby developing cell populations and local circuitry.

GluR 2/3:

GluR2/3 expression was heaviest in the rostral/ventral pole of the olfactory bulb
and present in mitral cell somata at PI. By F6, immunoreactive juxtaglomerular cell
somata, granule cell somata, mitral cell somata and mitral dendritic processes were
observed. This pattern is similar to the adult pattern (Montague and Greer, 1998a). The
appearance of lightly stained juxtaglomerular and granule cells at F6 gives credence to
the idea that although juxtaglomerular and granule cells are present in the olfactory bulb
and migrating at PI (Altman, 1966; Altman and Das, 1966; Altman, 1969; Bayer,
1983), they may not express GluR2/3 until they reach their final destinations. This may
explain, in part, the light staining observed at P6 (as compared to the adult pattern)
because of the continued postnatal birth and maturation of both juxtaglomerular and
granule cells, which is not thought to peak until the second postnatal week (Hinds,
1968a,b; Rosselli-Austin and Altman, 1979, Bayer, 1983; Frazier-Cierpial and Brunjes,
1989).

This developmental appearance of GluR2/3 is interesting given that the
heteromultimeric GluR responds differently when the GluR2 subunit is absent.
2+
Receptors which include the GluR2 subunit form Ca impermeable channels with a

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

FIG U R E 4.6; Summary schematic. The upper portion of the schematic depicts a
timeline which illustrates key events in olfactory bulb development. The lower portion
of the schematic depicts the developmental distribution of the ionotropic GluRs
examined at E l8, PI, and P6. Abbreviations: GL, glomerular layer; EP, external
plexiform layer; ML, mitral layer, GR, granule cell layer; ORNs, olfactory receptor
neurons; OB, olfactory bulb; PG, peri glomerular; TCs, tufted cells; MCs, mitral cells;
GC, granule cell; IR, immunoreactivity; JG, juxtaglomerular. References: l.Gong
and Shipley, 1995; 2. Bayer, 1983; 3. Brunjes and Frazier, 1986; 4. Hinds and
Hinds, 1976a,b; 5. Singh and Nathaniel, 1977.
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linear I-V relation, consistent with the pharmacology of AMPA receptors. However,
receptors which lack the GluR2 subunit show inward rectification and allow Ca

2+

influx

(Lerea and McNamara, 1993). Specifically, the absence of the GluR2 subunit at PI in a
migrating cell would allow that cell to respond to glutamate with a Ca2+ influx and
inward rectification whereas the subsequent appearance of GluR2 by P6 in the cell (once
it had reached its adult destination) would allow glutamate to exert a more traditional
ionotropic response. Thus, glutamate would be able to exert varied effects on the same
cell population and the surrounding synaptic circuitry over the course of development
simply through a change in the distribution of a specific GluR subunit.

The expression pattern for GluR2/3 at P6 is consistent with the adult olfactory
bulb pattern (Montague and Greer, 1998a) except that at P6 the deep external plexiform
layer is more heavily stained than the superficial external plexiform layer, whereas in the
adult the entire external plexiform layer is more uniformly stained. This is particularly
interesting given previous evidence that the secondary dendritic processes of mitral cells
distribute predominately within the deep sublaminae of the external plexiform layer
while the secondary dendrites of tufted cells are found predominately within the
superficial external plexiform layer (i.e. Mori et al., 1983; Oronaet al., 1984).
Paralleling the distribution of these dendritic processes, subpopulations of granule cells
preferentially distribute their dendritic processes in either the deep or superficial
sublaminae of the external plexiform layer (Greer, 1987), suggesting a segregation of
mitral versus tufted cell dendrodendritic circuits. Similar differences in the sublaminar
organization of the external plexiform layer have been noted based on cytochrome
oxidase staining (Pedersen et al., 1987). Our data, therefore, may suggest a difference
in mitral versus tufted cell dendritic expression of GluR2/3 at P6, with a more uniform
expression pattern observed in the adult Thus, at F6 there may be either no or only
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very little GluR2/3 in tufted cells with a general upregulation of GluR2/3 in the adult.
This variance allows glutamate to exert different effects on the same cell population over
the course of development (because of the change in the receptor composition), and may
also reflect a differential participation of glutamate in the dendrodendritic circuits of the
external plexiform layer over the course of development.

GluR 4:

GluR4 expression was strongest at the rostral/ventral pole of the olfactory bulb
at E18 and by PI was present in mitral cells and small cells in the granule ceil layer,
consistent with both migrating juxtaglomerular and granule cell populations at this age
(Altman, 1966; Altman and Das, 1966; Altman, 1969; Bayer, 1983). By P6, stained
mitral cell somata and dendritic processes were still observed but no immunoreactive
juxtaglomerular cells or granule cells were seen. This modification in the distribution of
GluR4 may be explained in several ways. GluR4 may be present in either both or only
one population of migrating intemeurons at PI with a downregulation of either both or
only the previously stained population by F6. Either way, there is a transient
expression of GIuR4 in a migrating intemeuron population at PI, which is no longer
observed by F6. As was the case with GluR2/3, this alteration in the distribution of
GluR4 between PI and P6 would allow glutamate to exert different effects over the
course of development on the same cell population and its surrounding circuitry through
a transient expression of a specific GluR subunit.
In addition, at P6, the deep external plexiform layer is more heavily stained than
the superficial external plexiform layer. This differs from the adult GluR4 pattern in that
with maturation, the superficial external plexiform layer is more heavily stained than the
deep external plexiform layer (Montague and Greer, 1998a). As suggested above,
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because of the evidence that the secondary dendritic processes of mitral cells distribute
predominately within the deep sublaminae of the external plexiform layer and the
secondary dendrites of tufted cells predominately within the superficial external
plexiform layer (i.e. Mori et al., 1983; Orona et al., 1984), there are two possible
interpretations of this data. Both mitral and tufted cell dendrites may express GluR4 at
both ages with mitral cell dendritic staining simply more intense at F6 while tufted cell
dendritic staining becomes more intense in the adult. Alternatively, tufted cell dendrites
may not express GluR4 at P6 and may only turn on expression in the adult animal with
their staining actually becoming more intense than the mitral cell dendritic staining in the
adult. With either interpretation, there is an obvious upregulation of GluR4 in tufted cell
dendrites from F6 to the adult which may further allow glutamate to exert different
effects over time in a given cell population and its surrounding circuitry.
The GluR4 expression pattern at F6 also differs from the adult olfactory bulb
pattern because in the adult olfactory bulb the olfactory nerve glia showed strong
staining which is not readily observed at F6. The transient absence in glia mirrors the
GluRl developmental expression pattern discussed above, and again represents a
change in GluR distribution in the olfactory nerve glial population over development.
This change in GluR expression would not only allow glutamate to exert specific effects
on the glial population but would also allow glutamate's effects to be regulated by
altering the absolute concentration of glutamate in the surrounding extracellular fluid.
This could further influence nearby cell populations and local circuitry.

GluR 5/6/7:

GluR5/6/7 expression at E18 differed from the AMPA subunit expression
pattern because GluR5/6/7 stained the entire circumference of the E18 bulb. This
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circumferential pattern continued at Pi. At Pi, GluR5/6/7 also localized to centripetal
processes and somata located along those processes. These stained processes are
anatomically consistent with radial glia present at this age and the stained somata are
consistent with radial glial cell bodies and/or somata migrating along those radial glia
(Chiu and Greer, 19%). The presence of GluR5/6/7 would allow the migrating somata
to be responsive to glutamate while in transit. GluR5/6/7 expression by the radial glia
would also allow them to be responsive to glutamate. Furthermore, it may be that the
presence of GluRs on the glia would give glutamate even greater flexibility to influence
the migrating somata by allowing changes in the concentration of glutamate in the
extracellular fluid surrounding the radial glia.
More like its AMPA counterparts, at PI GluR5/6/7 was also observed in mitral
cells and small cells in the granule cell layer, consistent with both migrating
juxtaglomerular and granule cell populations at this age. By P6, stained granule cell
somata were evident but no immunoreactive juxtaglomerular somata were noted. This
observation can be interpreted in several ways. First, it is possible that both
juxtaglomerular and granule cell populations express GluR5/6/7 while migrating at PI
followed by a downregulation of GluR5/6/7 in both populations once the somata
reached their respective destinations at P6 (with a greater downregulation to undetectable
levels in the juxtaglomerular population). Alternatively, it may be that only migrating
granule cells express GluR5/6/7 at PI followed by downregulation of that expression to
low levels by P6. This change in GluR subunit expression over time would allow
glutamate to exert different effects on the migrating population and the surrounding
circuitry over the course of development.
GluR5/6/7 expression at P6 also exhibited the recurring pattern of the deep
external plexiform layer showing greater immunoreactivity than the superficial external
plexiform layer, suggesting a strong expression in mitral cell somata and their dendrites.
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This pattern differs from the adult pattern, which shows more uniform staining in the
external plexiform layer (Montague and Greer, 1998a). This change in expression
between P6 and adulthood was also observed with GluR2/3 and is therefore consistent
with the interpretations described above. Namely, at P6 there may be no or only
minimal GluR5/6/7 expression in tufted cells with a general upregulation of expression
in the adult. Either way, there is an increase in GluR5/6/7 tufted cell dendritic staining
from P6 to the adult. Again, this modification of the receptor composition would allow
glutamate to exert varied effects on specifically the tufted cell population over the course
of development.

Overlapping Distribution o f the GluR Subunits at Each Agei
Localization patterns of different GluRs were often mirrored over the course of
development suggesting colocalization of the ionotropic glutamate receptor subunits.
For example, at E18, GluR5/6/7 was noted around the entire circumference of the
olfactory bulb whereas all of the antibodies to the AMPA subunits (GluRl, GluR2/3,
and GluR4) showed expression localized to the rostral/ventral pole of the developing
olfactory bulb. It is the rostral/ventral pole where the olfactory nerve is first thought to
insert into the olfactory bulb during development (Doucette, 1993). In addition,
axodendritic synapses are already observed on mitral cell growth cones at E18 (Hinds
and Hinds, 1972; Hinds and Hinds, 1973). GluR subunits may therefore be
upregulated in response to the presence of glutamate being released from the incoming
olfactory nerve (Sassoe-Pognetto et al., 1993; Berkowicz et al., 1994; Didier et al.,
1994; Ennis et al., 1996; Geiling and Schild, 1996) and glutamate may have a trophic
role even at this early age of olfactory bulb development.

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

By PI, mitral cell bodies are immunoreactive for all of the antibodies examined.
This suggests that by PI, colocalization of ionotropic glutamate receptor subunits can
occur to form heteromultimeric receptors as seen in the adult animal (Montague and
Greer, 1998a). Furthermore, at PI, a population of small cells in the granule cell layer
(consistent with migrating juxtaglomerular and granule cells) express GluR4 and
GluR5/6/7. Again, this potential colocalization is consistent with glutamate exercising a
trophic role through heteromultimeric receptors in the intemeurons, as PO through P6 is
within the time frame during which the proliferation and migration of both
juxtaglomerular cells and granule cells are thought to occur (Altman, 1966; Altman and
Das, 1966; Altman, 1969; Bayer, 1983). As discussed above, the absence of GluR2/3
in the migrating intemeuron population would allow the migrating cells to respond to
glutamate with Ca2+ influx and inward rectification .
By P6, adult-like patterns of expression are observed in mitral cells
(immunoreactive for all of the antibodies) and juxtaglomerular cells (immunoreactive for
GluRl and GluR2/3) (Montague and Greer, 1998a). Likewise, by P6, granule cells,
which have started to cluster into pre-islet formation in the granule cell layer (Brunjes
and Frazier, 1986), express GluR2/3 and GluR5/6/7 which mirrors their adult
immunoreactivity pattern (Montague and Greer, 1998a). Thus they no longer express
GluR4 and have begun to express GluR2/3 with a resulting change in response to the
presence of glutamate.
At P6, the external plexiform layer has a uniform staining pattern only for
GluRl. With GluR2/3, GluR4, and GluR5/6/7, the deep external plexiform layer is
significantly more immunoreactive than the superficial external plexiform layer at this
age. In addition, specific mitral cell primary dendrites and the individual glomeruli that
they innervate are stained with each of these three antibodies. This is interesting in light
of the evidence described above (i.e. Mori et al., 1983; Orona et al., 1984) suggesting
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that this pattern of external plexiform layer staining may represent a higher level of
expression in mitral cells and dendrites compared with the more superficially located
tufted cells and dendrites. This pattern is not reproduced with any of these antibodies in
the adult olfactory bulb (Montague and Greer, 1998a). GluR2/3 and GluR5/6/7 show a
more uniform staining pattern in the adult external plexiform layer while GluR4 actually
shows the reverse, with the superficial external plexiform layer more densely stained
than the deep external plexiform layer. This suggests that glutamate may have a more
influential role in mitral cells and their dendrites at this age, while it is not until later that
the specific receptor subunits are upregulated in the corresponding tufted cells and
dendrites. It is also at F6 that the differentiation of the internal and external layers of the
external plexiform layer is thought to begin (Brunjes and Frazier, 1986), suggesting that
glutamate may have a role in the differentiation process.

A change in the pattern of colocalization of the ionotropic glutamate receptor
subunits in the developing olfactory bulb is significant because different subunits and
their combinations can confer distinct pharmacological characteristics (Keinanen et al.,
1990;, Nakanishi et al., 1990; Lambolez et al., 1991; Verdoom et al., 1991). For
2+

example, both the current voltage (I-V) relation and the Ca permeability of an
ionotropic glutamate receptor is dependent on the combination of specific subunits
(Gilbertson et al., 1991; Hollmann et al., 1991; Verdoom et al., 1991). Thus receptors
2+

which include the GluR2 subunit form Ca impermeable channels with a linear I-V
relation which is consistent with the pharmacology of AMPA receptors. However,
2+

receptors that lack the GluR2 subunit show inward rectification and allow Ca influx
(Lerea and McNamara, 1993). Thus the action of glutamate within a given local
synaptic circuit is determined by the specific GluR subunit combination, and as these
combinations change over development, so would the response to glutamate. For
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example, at PI GluR2/3 is not expressed in migrating interneurons in the granule cell
layer but is seen in both granule cells and juxtaglomerular cells at P6. Because of this
change, glutamate could allow Ca:+ influx in the migrating intemeuron populations at
PI while creating a more traditional ionotropic response in the same cells once they have
reached their adult destinations by P6. Thus, a change in the receptor subunit
composition over time allows glutamate to exert very different effects on the same cell
population over the course of development.
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C o n clu sio n :

We demonstrate a differential laminar and cellular distribution for each of the
ionotropic subunits examined beginning at embryonic day 18 and show how those
distributions change over the course of development in an age-specific fashion. Our
results strongly support the hypothesis that different ionotropic GluR subunits are not
only present but also alter their distribution in the developing olfactory bulb.
Furthermore, this alteration in the distribution of specific subunits over the course of
development provides a mechanism for glutamate to differentially influence specific cell
populations and local synaptic circuits over the course of development.
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CHAPTERS:
G en eral E ffects o f D eafferen ta tio n on G lnR s and the O lfa cto ry Bulb
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As shown in the preceding chapters, there is a developmental alteration in the
distribution of several of the ionotropic GluRs. Because the development of the
olfactory bulb is thought to be dependent on the arrival and penetration of pioneer
olfactory receptor axons (Gong and Shipley, 1995), these developmental changes in the
GluRs provoked us to hypothesize that the GluR distribution in the olfactory bulb might
be influenced by incoming glutamatergic input from the olfactory nerve.

General Effects of Afferent Inpat on GloR Distribution:

Dependence of GluR distribution on afferent input is observed elsewhere in the
CNS. For example, Harris et al. (1996) found that following ligation of the sciatic
nerve, there is a corresponding increase in GluRl and GluR2/3 immunoreactivity in the
superficial laminae of the ipsilateral spinal cord, the time-course of which parallels the
time-course for the period of post-ligation heightened sensitivity to mechanical and
thermal noxious stimuli suggesting that the upregulation of GluRs might actually
contribute to the phenomenon of hyperalgesia following peripheral nerve injury. This
idea was further investigated by Carlton et al. (1998) who demonstrated a
downregulation of GluRl and GluR2/3 in the superficial dorsal hom following dorsal
rhizotomy while observing a corresponding increase in GluRl immunoreactivity in
laminae II, IV and V suggesting that hyperalgesia might be due to either an upregulation
of GluRl in the deeper laminae or enhanced Ca2+ permeability in those deeper neurons
because of the absence of the GluR2 subunit
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A change in glutamate receptor binding following an alteration in afferent input
was also observed by Kiyosawa et al. (1996) who found that unilateral eyeball
enucleation at postnatal day (P) 10 caused an increase in AMPA binding in layer IV of
the visual cortex at P30 (whereas controls exhibited stable levels of AMPA receptor
binding in vision-related structures) as well as a decrease in kainate receptor binding in
the deafferented superior colliculus at P30 (whereas controls exhibited an increase). An
alteration in the distribution of GluRs following a change in afferent glutamate input has
also been observed by Ginsberg et al. (1996) who found a downregulation of GluR2/3
expression in the ipsilateral septum following unilateral fimbria-fomix transection.
However, the immunoreactivity for GluRl, GluR6/7, and NMDAR1 were not altered
suggesting that glutamate may exert differential effects on its postsynaptic GluRs.

Changes Observed Following Olfactory Bnlb Deafferentation:

The olfactory bulb is particularly well suited for studying the in vivo
postsynaptic effects of altering afferent input because this can be achieved either by
unilateral naris occlusion (resulting in a reduction of glutamate’s functional activity
secondary to the block of odorants to the ipsilateral bulb) or by unilateral olfactory nerve
transection (resulting in complete denervation and therefore absence of ipsilateral
glutamatergic input). Previous work has shown that these alterations can induce
significant changes in the olfactory bulb (Table 5.1) including a marked reduction (25%)
in size and weight of the ipsilateral olfactory bulb (Meisami, 1976; Brunjes and Borror,
1983; Royet et al., 1989).
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Naris Occlusion Effects:
In addition to the reduction in ipsilateral bulb size described above, naris
occlusion also results in flattening of the bulb EEG (Gray and Skinner, 1988) as well as
a decrease in [3H|-2-deoxyglucose uptake (Benson et al., 1984; Korol and Brunjes,
1990; Guthrie et al., 1990). A decrease is also observed in succinate dehydrogenase
(Cullinan and Brunjes, 1987) and cytochrome oxidase staining (Pedersen et al., 1987).
Furthermore, there is an increase in nerve growth factor (NGF) receptor levels (GomezPinilla et al., 1989) while a decrease is observed in dopamine, tyrosine hydroxylase
(TH) and TH mRNA in juxtaglomerular neurons (Brunjes, 1994). Downregulation of
Na" channel subunits Naa2 and Nap 1-mRNAs in tufted cells (Sashihara et al., 1997)
has also been noted.

Denervation Effects:
Just as described above for naris occlusion, similar changes are observed after
ipsilateral denervation including a profound decrease in the expression of TH and
dopamine in juxtaglomerular neurons (Nadi et al., 1981; Baker et al., 1983; Ehrlich et
al., 1990), upregulation of NGF binding sites (Gomez-Pinilla et al., 1989) and
downregulation of Naa2 and Nap 1-mRNAs in tufted cells (Sashihara et al., 1996).
However, slight differences are sometimes observed with denervation which are not
observed with naris occlusion, perhaps because of the severity of the procedure and the
resulting loss of synapses after transection. For example, Sashihara et al. (1996)
observed a downregulation of Na+ channel subunits Naa2 and Nap 1-mRNAs in mitral
cells after denervation which was not seen after naris occlusion (Sashihara et al., 1997).
Thus, to completely understand the nature of the glutamatergic input from the olfactory
nerve as well as the postsynaptic effect of its removal, both procedures need to be
investigated.
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TABLE 5.1 i Effects of olfactory nerve deafferentation. A variety of effects are
observed in the ipsilateral olfactory bulb following olfactory nerve deafferentation. In
addition, a few parameters remain unchanged. Abbreviations: EEG,
electroencephalogram; NGF, nerve growth factor; DOPAC, 3,4-dihydroxyphenylacetic
acid; TH, tyrosine hydroxylase; GAD, glutamic acid decarboxylase.
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OBSERVED EFFECT

REFERENCES

25% size reduction of ipsilateral bulb

Brunjes and Borror, 1983; Meisami,
1976; Royet et al., 1989

flattening of olfactory bulb EEG

Gray and Skinner, 1988

decrease in [3H]-2-deoxyglucose
uptake

Korol and Brunjes, 1990; Benson et al.,
1984; Guthrie et al., 1990

decrease in succinate dehydrogenase
staining

Cullinan and Brunjes, 1987

decrease in cytochrome oxidase staining

Pedersen et al., 1987

increase in NGF receptor levels

Gomez-Pinilla et al., 1989

decrease in dopamine, DOPAC , TH,
and TH mRNA in juxtaglomerular
neurons

Baker et al., 1983; Ehrlich et al., 1990;
Nadi et al., 1981

downregulation of Naa2 and Nap 1

Sashihara et al., 1996; 1997

mRNAs in olfactory bulb projection
neurons
decrease in mGluRla mRNA levels

Ferraris et al., 1997

NO change in mGluRlb or GluRl

Ferraris et al., 1997

mRNA levels
NO change in norepinephrine levels

Brunjes and Frazier, 1986; Wilson and
Wood, 1992

NO change in GABA levels

Kosaka et al., 1987;

NO change in PEP 19 mRNA level in
granule cells

Ehrlich et al., 1990

NO change in GAD mRNA levels

Stone et al., 1991
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U naffected P aram eters Follow ing O lfactory Bulb D eafferen tation :

There are also several examples of postsynaptic olfactory bulb parameters which
are not influenced by either procedure (Table 5.1). For example, olfactory bulb levels
of norepinephrine (Brunjes and Frazier, 1986; Wilson and Wood, 1992), GABA
(Kosaka et al., 1987) and glutamic acid decarboxylase mRNA (Stone et al., 1991)
remain unaltered after naris occlusion or denervation. Furthermore, Ferraris et al.
(1997) found that although glutamatergic deafferentation induced by intranasal ZnS04
irrigation caused a decrease in mGluRla mRNA levels in the ipsilateral olfactory bulb,
there were no observable changes in either mGluRlb or GluRl mRNA. This suggests
that glutamatergic input may regulate subsets of GluRs (e.g. certain metabotropic
GluRs) while leaving others unchanged (e.g. certain ionotropic GluRs). The effect of
glutamatergic input on the maintenance of specific ionotropic GluR subunit proteins
remains to be investigated.

EttEBQgg:
It is the purpose of the third study to examine the distribution of the ionotropic
GluR subunits after either naris occlusion or denervation in an effort to further elucidate
the role of glutamatergic input from the olfactory nerve on the maintenance of GluR
distribution in the olfactory bulb.
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CHAPTER 6;
Stable Expression of Ionotropic GluRs Following
Olfactory Bulb Deafferentation

(NeuroReport, submitted for publication)
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Abstract

In the present study, we wished to establish whether the expression of
ionotropic glutamate receptor subunits in the olfactory bulb is regulated by afferent
input. We deafferented an olfactory bulb in rat pups by either naris occlusion or nerve
transection and after either 14 or 28 days, used immunocytochemistry to localize the
alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)-receptor subunits:
GluRl, GluR2/3, and GluR4; and the kainate (KA)-receptor subunits: GluR5/6/7.
Although deafferented olfactory bulbs exhibited a significant decrease in tyrosine
hydroxylase immunoreactivity, there were no observable changes in the GluR staining
patterns. These results suggest that the distribution of the ionotropic GluRs is
independent of afferent glutamatergic input. The stability of GluR distribution may
provide a mechanism to ensure that glutamate appropriately influences specific post
synaptic cell populations and local synaptic circuits within the context of the normal
turnover of the olfactory nerve throughout life.
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Introduction:

As described in the preceding chapter, previous studies have suggested that
subunits of both the metabotropic (van den Pol, 1995) and ionotropic (Montague and
Greer, 1998b) glutamate receptors alter over the course of development of the olfactory
bulb. Because of these developmental alterations, it has been hypothesized that
glutamate release from the incoming olfactory nerve might influence the appearance and
distribution of glutamate receptors (GluRs) and, furthermore, that a disruption of this
glutamatergic input might result in a change in the distribution of the GluRs. As yet, no
information is available concerning the effect of disruption of glutamatergic input from
the olfactory nerve on the distribution of the ionotropic GluR subunit proteins in the
olfactory bulb.
In the present work, we studied the effects of unilateral denervation or naris
occlusion on the localization of the ionotropic glutamate receptor subunits GluRl,
GluR2/3, GluR4, and GluR5/6/7 in the olfactory bulb. Our results demonstrate that the
ionotropic GluR distribution is stable following either procedure while TH levels
downregulate significantly. The results suggest that the maintenance of glutamate
receptors is independent of functional glutamatergic input from the olfactory nerve.
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Methods;
Sprague-Dawley rat pups, designated as postnatal day 0 (PO) on the day of
parturition, underwent one of the following procedures on PI and were studied on P14
or P28 (n=29 for P14 denervation; n=24 for P28 denervation; n=29 for P14 naris
occlusion; n = 3 1 for P28 naris occlusion).

Denervation Procedure:
PI rat pups were anesthetized with an intraperitoneal injection of 35mg/kg of
pentobarbital (Nembutal) and a unilateral craniotomy was performed immediately caudal
to the cribriform plate, over the rostral pole of the right olfactory bulb. The olfactory
receptor neuron axons were transected under direct visual control with a microscope and
the resulting cavity was packed with gelfoam. The skin was approximated and closed
with superglue. After survival times of either 14 days or 28 days, the subjects were
sacrificed and the tissue processed as described below. Successful denervation of the
olfactory bulb was confirmed at the time of dissection.

Naris Occlusion Procedure:
PI rat pups were anesthetized by hypothermia and the right naris was occluded
using a Codman Bipolar coagulator. Under direct visual control, the naris was held
shut with forceps and a brief current was passed between the tips to complete the
cauterizations. The pup was then warmed and returned to the cage. After survival times
of either 14 days or 28 days, the subject was examined under a dissecting microscope to
ensure that the naris was completely occluded. Pups that showed evidence of
incomplete closure or infection were excluded from the experiment.

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Tissue Processing:
Two or four weeks post-procedure, the subjects were deeply anesthetized by
pentobarbitol and transcardially perfused with O.IM phosphate buffered saline (pH =
7.2) and 0.2% heparin followed by 200ml of 4% paraformaldehyde and 0.1%
glutaraldehyde in 0.1M phosphate buffer (PB) at room temperature. After dissection,
the olfactory bulbs were immersed in 4% paraformaldehyde and 0.1% glutaraldehyde
for 1-2 hours at 4°C and then rinsed in 0.1M PB for 15 minutes at room temperature
prior to being sectioned transversely into 50/*m slices on a vibratome. The procedures
used in this study were approved by the Yale Animal Care and Use Committee (Protocol
#07161).
In general, the immunocytochemical procedures followed those we have
previously reported (Montague and Greer, 1998a). The free-floating sections were
rinsed 3 X 10 minutes in 0.1M PB, preincubated in 0.1M PB with 10% normal serum
for 1 hour, and then incubated in primary antibody and 1% normal serum for 48 hours
at 4° C at the following dilutions: GluRl (Chemicon, Temecula, CA) = 1:500; GluR2/3
(Chemicon, Temecula, CA) = 1:500; GluR4 (Chemicon, Temecula, CA) = 1:250;
GluR5/6/7 (Pharmingen, San Diego, CA) = 1:1000; TH (Chemicon, Temecula, CA) =
1:500. The sections were rinsed in 0.1M PB for 12-14 hours at 4°C, followed by 2 X
10 minutes rinses. The sections were then incubated for 60 minutes in Vector Labs
(Burlingame, CA) biotinylated secondary immunoglobulin (anti-rabbit for Chemicon
antibodies and anti-mouse for Pharmingen antibodies), rinsed 3 X 1 0 minutes in 0.1M
PB, incubated in the Vector Lab Standard ABC Kit (Burlingame, CA) avidin-biotinhorseradish peroxidase complex for 90 minutes and again rinsed 3 X 1 0 minutes in
0.1M PB. The tissue was then rinsed 2 X 10 minutes in 7.6M TRIS buffer and
preincubated in a 3 3 '-diami nobenzidine solution (0.5mg/ml 7.6M TRIS) for 10
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minutes prior to the addition of 0.01% hydrogen peroxide. The reaction was allowed to
progress for 10 minutes prior to rinsing the sections for 3 X 1 0 minutes in 7.6M TRIS
buffer which terminated the reaction. The sections were then mounted on slides coated
with 2% Gelatin and 0.1% chromium potassium sulfate, dehydrated through graded
alcohols, cleared in xylene and coverslipped using PermounL
The tissue sections were examined with an Olympus light microscope at 40400X. Images were photographed with Kodak Elitechrome 160T Tungsten film. After
development, the 35mm slides were scanned using a Microtek Scanner into Adobe
Photoshop 3.0 where they were formatted and labeled without adjusting the thresholds.
The images were then printed on a Codonics NP1600 M Color Printer.

Quantification:
Both right and left bulbs (i.e. the experimental bulb ipsilateral to the occluded
naris and the contralateral control, respectively) were analyzed for the density of
immunoreactivity. Images were captured with a Dage 72 camera at 4X using NIH
Image 1.58 and the quantitative tools were used to determine the relative density of
staining in each of the olfactory bulb layers. The density of the olfactory bulb core was
also determined and used to represent the level of background staining. This value was
then subtracted from the other density measurements for the layers in that section.
These computed values for each layer were then averaged and the mean and standard
error of the mean calculated. The mean relative optical density for control groups was
then set at 100 (representing 100%) and the corresponding relative mean of the
experimental groups and the standard error of the means were calculated and graphed.
The groups were compared using a t-test.
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R esu lts:

Tyrosine Hydroxylase:

To verify the success of the naris occlusion and denervation procedures, TH
immunoreactivity was assessed in the ipsilateral (experimental) versus contralateral
(control) olfactory bulbs. As has been observed with previous studies (Baker et al.,
1983), TH immunoreactivity was localized to a subset of juxtaglomerular cells in control
olfactory bulbs (Figure 6.1 A). Following either denervation or naris occlusion, a
significant downregulation in TH immunoreactivity was observed in the experimental
versus control bulb (Figure 6. IB). In order to quantify this difference, the mean
density of TH immunoreactivity in the glomerular layer was calculated and compared for
experimental vs. control bulbs for both naris occlusion and denervation . As seen in
Figure 6.2, the TH staining was significantly less intense in both the naris occluded
bulb as compared to the control bulb (p<.001) and the denervated bulb as compared to
the control bulb (pc.001).

Ionotropic Glutamate Receptor Subunits:

The ionotropic glutamate receptor subunits exhibited a distinct laminar and
cellular distribution which will be described in detail below. The distribution of
immunoreactivity in experimental rats was not different from that observed in control
animals for any of the GluR subunits examined. The characteristics of staining will
therefore be discussed without reference to experimental or control group. Figure 63
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shows representative examples of denervated olfactory bulb sections stained for GluRl,
GluR2/3, GluR4, and GluR5/6/7.

GluR I:

GluRl immunoreactivity (Rgure 6 3 A) was most pronounced in the glomerular
and external plexiform layers. The mitral cell layer showed less staining while the
olfactory
nerve and granule cell layers showed relatively little, if any, specific staining for GluRl.
GluRl immunoreactivity was also noted in numerous peri glomerular somata and in
scattered olfactory nerve associated glia. In both the external plexiform and granule cell
layers, there were irregularly scattered small to medium stained short axon cells from
which emanated several short sinuous processes. In addition, light mitral cell staining
was observed. No distinct labeling of granule cells was noted.

GluR 2/3:

GluR2/3 immunoreactivity (Rgure 63B) was heaviest in the external plexiform
and glomerular layers. The mitral cell layer and granule cell layer showed slightly less
staining while the olfactory nerve layer showed relatively little, if any, specific staining
for GluR2/3. GluR2/3 immunoreactivity was also noted in numerous peri glomerular,
mitral, and granule cell somata.
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FIG U R E 6.1: Tyrosine hydroxylase IR in control and denervated olfactory bulb.
Tyrosine hydroxylase immunoreactivity was observed in both control (A) and
denervated (B) olfactory bulbs. Note, however, that in the deafferented olfactory bulb
there are far fewer immunoreactive cells than in the control. Arrows denote
immunoreactive juxtaglomerular neurons. Abbreviations: GL, glomerular layer.

FIG U R E 6.2:. Mean relative optical density of tyrosine hydroxylase. Mean tyrosine
hydroxylase immunoreactivity in the glomerular layer of naris occluded and denervated
olfactory bulbs relative to controls. Note that in both experimental treatments the
relative optical density was significantly less than in controls (p< 0.001).
Abbreviations: EXPT, experimental.
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FIG U R E 6.3; GluR IR in denervated olfactory bulbs. GluR I (A), GluR 2/3 (B),
GluR 4(C), and GluR 51611(D) immunoreactivity in denervated olfactory bulbs 28
days following surgery. The laminar and cellular specificity of GluR subunit
immunoreactivity did not differ between controls and experimental olfactory bulbs (cf.
Figure 6.4). Abbreviations: ON, olfactory nerve layer; GL, glomerular layer; EP,
external plexiform layer, ML, mitral cell layer; GR, granule cell layer.
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GluR 4:

GluR4 immunoreactivity (Rgure 63C) was most pronounced in the external
plexiform and olfactory nerve layers with slightly less staining seen in the glomerular
layer. The mitral and granule cell layers exhibited still less immunoreactivity for GluR4.
Examination of GluR4 immunoreactivity at higher magnification revealed few specific
immunoreactive somata in the glomerular, external plexiform or granule cell layers,
although, occasional very lightly stained mitral cell somata were observed.

GluR 5/6/7:

GluR5/6/7 immunoreactivity (Rgure 63D) was heaviest in the external
plexiform and mitral cell layers. Slightly less staining was noted in the glomerular and
olfactory nerve layers with still less immunoreactivity observed in the granule cell layer.
GluR5/6/7 immunoreactivity was also noted in numerous mitral cell somata and a
population of lightly immunoreactive granule cells were observed in the granule cell
layer. Although no specific immunoreactive somata were noted in the glomerular layer
or the external plexiform layer, the high density of stained cylindrical and punctate
processes in the external plexiform layer could obscure immunoreactive tufted cell
somata.

The immunoreactive distribution patterns for each GluR subunit as described
above are consistent with those patterns previously seen in the adult olfactory bulb
(Montague and Greer, 1998a). In addition, there were no observable differences in
immunoreactivity patterns observed in post-naris occlusion versus control bulbs or in
post-denervation versus control bulbs. In order to assess whether there were subtle
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quantitative differences between the experimental and control paradigms, the relative
density of staining in each of the olfactory bulb layers was measured for each of the
GluRs. These results are presented in Figure 6.4 and clearly demonstrate that there is
no significant difference between experimental and control olfactory bulbs for GluR
subunit staining in any of the layers.
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FIGURE 6,4: Mean relative optical density of GluR IR. Calculated mean relative
optical density (+/- S.E.M.) of ionotropic GluR immunoreactivity in naris occluded and
denervated olfactory bulbs relative to controls. Note that there is not a statistically
significant difference between any of the paired experimental (solid) and control
(speckled) groups for either naris occlusion or denervation in any of the olfactory bulb
layers. Abbreviations: ON, olfactory nerve layer, GL, glomerular layer; EP, external
plexiform layer, GR, granule cell layer; EXPT, experimental.
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Pisc.pggion;

The results demonstrate that the levels of olfactory bulb ionotropic GluRs are
stable following the loss of primary olfactory nerve input. The most parsimonious
explanation for the maintenance of GluR immunoreacdvity may be the need to maintain
stable glutamatergic circuits in the context of the continual turnover of olfactory receptor
neurons. Alternatively, GluR expression could have been sustained through intrinsic
mechanisms as glutamate is also released by mitral cells in the olfactory bulb. If this is
the case, in addition to blocking glutamate release from the olfactory nerve with either
deafferentation or denervation, inhibition of glutamate release from mitral cells may be
required to observe a change in GluR expression.
Because of the broad cytoplasmic distribution of the GluRs observed with this
method, it is possible that although we did not observe a quantitative difference in the
overall distribution pattern, there might be a change in the amount of functional GluR
protein inserted into the membrane and therefore a corresponding change in the
electrophysiological response to glutamate with reinnervation of the olfactory nerve.
However, if this were the case, one would predict a parallel increase or decrease in
absolute production of the protein and a corresponding change in the relative density of
staining, which we did not observe.
Elsewhere in the CNS, the immunoreactivity of GluRs does change after
disruption of afferent input. Carlton et al. (1998) found that after dorsal rhizotomy,
there was a decrease in GtuRl and GluR2/3 staining in the superficial dorsal horn and
an increase in GluRl in laminae III, IV and lamina V. Similarly, Ginsberg et al. (1996)
found that after unilateral fimbria-fornix transection, there was a downregulation of
GluR2/3 expression in the ipsilateral septum but no change in GluRl or GluR6/7
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immunoreactivity. Finally, Kiyosawa et al. (1996) found that after unilateral eye
enucleation, there was a significant decrease in kainate receptor binding in the
deafferented superior colliculus and an increase in AMPA receptor binding in layer IV of
the visual cortex. These results testify to the complexity of changes observed in GluR
levels following deafferentation/denervation. Moreover, because these areas do not
have intrinsic glutamatergic circuits similar to those found in the olfactory bulb, it may
be reasonable to expect that the response of olfactory bulb GluRs would be more
uniform than observed elsewhere. Furthermore, the olfactory bulb is unique because
the primary receptor neurons are replaced throughout life. If the system were highly
sensitive to the down-regulation of glutamate, even slight alterations in the GluR
distribution could lead to considerable disorder when olfactory receptor axons
reinnervate the olfactory bulb. Thus, the maintenance GluR distribution may allow the
olfactory bulb to sustain appropriate responses to afferent glutamatergic input following
reinnervation.

C o iK ltfsim
We demonstrate that the distinct laminar and cellular distribution for each of the
ionotropic GluR subunits examined is not altered by denervation or naris occlusion.
The results strongly support the hypothesis that the distribution of the ionotropic GluRs
is independent of the glutamatergic input provided by the olfactory nerve. The stability
of GluRs in olfactory bulb circuits may provide a mechanism to ensure that glutamate is
able to appropriately influence postsynaptic cell populations and local synaptic circuits
despite the continual turnover of the olfactory receptor neurons throughout life.
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CHAPTER 7:
Conclusions
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G lu ta m a te’s P oten tial E ffects in O lfactory B ulb Svnaptic C ircaitrv:

As discussed in the preceding chapters, a variety of evidence suggests that
glutamate is the neurotransmitter used by both the olfactory receptor neurons (SassoePognetto et al., 1993; Berkowicz et al., 1994; Didier et al., 1994; Ennis et al., 1996;
Geiling and Schild, 1996) and mitral cells (Jacobsen et al., 1986; Liu et al., 1989;
Trombley and Westbrook, 1990; Nakanishi, 1995; Yokoi e t al., 1995). Because of
this, we hypothesized that glutamate could exert multiple effects in the synaptic circuits
of the olfactory bulb through a differential distribution of various glutamate receptor
subunits (GluRs). Consistent with this hypothesis, we demonstrated a highly specific
laminar, cellular and subcellular distribution of ionotropic GluR subunits within the
primary afferent and local synaptic circuits of the olfactory bulb (Chapter 2). When
combined with the differential distribution of the NMDA and metabotropic glutamate
receptor subunits in the olfactory bulb, these results support the premise that glutamate
is able to exert myriad roles in the olfactory bulb through its interaction with the specific
combination of GluRs present in the synaptic circuits.
Our overall understanding to date of the differential distribution of the
metabotropic and ionotropic GluRs in olfactory bulb synaptic circuits is summarized in
Figure 7.1. With this distribution, one can speculate as to glutamate’s effects within a
given synaptic circuit. Potential scenarios for the synaptic circuits found in the
glomerular and external plexiform layers will be discussed in detail below.

GluRs and Glomerular Synaptic Circuitry:
In the glomerular layer, release of glutamate from the olfactory nerve would be
expected to have several effects. First, glutamate would induce AMPA/KA receptor-
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FIGURE 7.1: Summary schematic of the overall GluR distribution in olfactory bulb
synaptic circuits. A, Schematic of the synaptic circuitry present in the glomerular layer.
Olfactory receptor nerve axons release glutamate onto mitral/tufted cell dendrites and
periglomerular dendrites. Mitral/tufted dendrites release glutamate onto perigiomerular
processes which, in turn, release GABA onto mitral/tufted dendrites via reciprocal
dendrodendritic synapses. Mitral/tufted dendrites contain AMPA, KA, NMDA, and
metabotropic GluRs as well as GABA receptors. Periglomerular dendrites contain
AMPA and metabotropic GluRs. B, Schematic of the synaptic circuitry present in the
external plexiform layer. Mitral/Tufted cell dendrites release glutamate onto granule cell
dendrites which, in turn, release GABA onto mitral/tufted dendrites via reciprocal
dendrodendritic synapses. Mitral/tufted dendrites contain KA and metabotropic GluRs,
as well as GABA receptors. Granule cell dendrites contain AMPA, KA, NMDA and
metabotropic GluRs. Abbreviations: M/T, mitral/tufted cell dendrite; GC, granule cell
dendrite; ON, olfactory receptor cell axon; PG, periglomerular dendrite; R, receptor.
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mediated depolarization of mitral cells, which, in turn, would remove Mg2* blockade at
NMDA receptors, thereby allowing the NMDA receptors to respond. In addition,
activation of postsynaptic mGluRl receptors would be expected to cause a slow, strong
membrane depolarization that would be integrated with the fast AMPA/KA-mediated
response. Together, these events would excite that mitral cell, thereby causing it to
release dendritic glutamate onto local periglomerular cell dendrites in the glomerular
layer as well as granule cell dendrites in the external plexiform layer (discussed below).
Glutamate release onto AMPA receptors in periglomerular cells from both the olfactory
nerve and mitral cells would excite those periglomerular cells and induce them to release
GABA onto and therefore inhibit neighboring mitral cells. In addition, periglomerular
cells have been shown to contain mGluR4 and mGluR8 (group III metabotropic GluRs)
(Duvoisin et al., 1995; Ohishi et al., 1995). Because it has previously been shown that
group II and group III receptors can inhibit transmitter release (Mayer and Westbrook,
1987; Forsythe and Clements, 1990; Baskys and Malenka, 1991; Trombley and
Westbrook, 1992; Hayashi et al., 1993; Gereau and Conn, 1995; Lovinger and
McCool, 1995; Salt and Eaton, 1995), activation of mGluR4 and mGluR8 in
periglomerular cell dendrites would be expected to inhibit further GABA release onto the
excited mitral cell, thereby providing a means of locally inhibiting GABA release while
still allowing lateral inhibition to occur onto neighboring mitral cells. This scenario is, in
fact, supported by Aroniadou-Andeijaska et al. (1997) who found that the field potential
evoked in the glomerular layer by stimulation of the olfactory nerve consisted of an early
AMPA/KA component and a late NMDA component and that GABA administration
blocked only the latter NMDA component. Of course, in the presence of continued
glutamatergic input onto mitral cells from the olfactory nerve, as might occur with an
intense odor, the local GABA inhibition would be overcome by the enhanced excitation
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of AMPA, KA, and mGluRl receptors in mitral cells, which, in turn, would remove
Mg2+ blockade at NMDA receptors, thereby re-enabling the NMDA receptors present.

GluRs and External Plexiform Synaptic Circuitry:
In the external plexiform layer, the previously activated mitral cells would be
expected to release glutamate from their secondary dendrites onto adjacent granule cell
dendrites. There the glutamate would excite postsynaptic metabotropic GluRs on
granule cells, which, in turn, would remove Mg2+ blockade at NMDA receptors,
thereby allowing the NMDA receptors present in granule cells to respond. It should be
noted that it has also recendy been suggested (Schoppa et al., 1998) that the
convergence of several mitral cell inputs would provide sufficient current through
NMDA receptors to depolarize the granule cells, even in the absence of mGluR
activation. Activation of the granule cell, in turn, would cause lateral inhibition via
GABA release from the granule cell back onto the adjacent and neighboring mitral cells.
This scenario is supported by the work of Schoppa et al. (1998), who found that the
GABA receptor-mediated IPSC elicited by stimulation of mitral cells was completely
blocked by the NMDA receptor antagonist D,L-AP-5. Of course, granule cells have
been noted to contain metabotropic GluRs from different groups - namely, mGluR5 (a
group I mGluR), mGluR4 and mGluR8 (group III mGluRs) (Duvoisin et al., 1995;
Ohishi et al., 1995; van den Pol, 1995). Group I mGluRs are thought to increase
neuronal excitability by modulating ion channels (Charpak et al., 1990; Crepel et al,
1994) and thus activation of mGluR5 in granule cells would be expected to increase
GABA release in addition to removing the Mg2+ blockade at NMDA receptors and
therefore enabling the NMDA receptors. However, as described above, activation of
the group III mGluRs would be expected to inhibit further GABA release onto the
excited mitral cell, thereby providing a means of locally inhibiting GABA release while
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still allowing lateral inhibition to occur onto neighboring mitral cells. The net effect on
GABA release would therefore be dependent on the relative concentrations and local
distribution of the specific mGluR subunits present.

Presynaptic GluRs in M itral Cells:
The proposed scenario in both the glomerular and external plexiform synaptic
circuits is further complicated by the proposed presynaptic GluRs localized in mitral
cells. Elsewhere in the CNS, presynaptic KA receptors have been shown to varied
effects. For example, it has been proposed that presynaptic KA receptors at
hippocampal CA1 synapses negatively regulate glutamate release (Chittajallu et al.,
1996) whereas presynaptic kainate receptors at hippocampal CA3 synapses enhance
glutamate release (Gannon and Terrian, 1991; Malva et al., 1995, 1996). Thus, the
action of presynaptic kainate receptors may vary according to the particular synaptic
circuit and unfortunately, the role of presynaptic KA receptors in mitral cell dendrites of
the olfactory bulb is still unknown. Presynaptic mGluR 1 has also been localized in
mitral cell dendrites (van den Pol, 1995) and Schoppa and Westbrook (1997) recently
demonstrated that activation of presynaptic mGluR 1 in mitral cell dendrites induced
neuronal excitation, presumably leading to increased glutamate release at the
dendrodendritic synapses. Without knowing the effect of presynaptic KA receptors,
this would suggest that in both the glomerular and external plexiform synaptic circuits,
glutamate release from mitral cell dendrites would activate presynaptic mGluR 1
receptors, thereby inducing local, autoexcitation and further local glutamate release.
This would be specific to the activated mitral cell and would therefore allow it to
counteract local inhibitory effects from periglomerular cells or granule cells while still
allowing lateral inhibition onto neighboring mitral cells.
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Although complex and still incomplete, based on the differential distribution of
all of the GluRs, the scenarios described above provide an exquisitely sensitive formula
for activated olfactory bulb output neurons to appropriately respond to glutamatergic
input while enhancing lateral inhibition through local synaptic circuits.
It should be noted, however, that our techniques contain certain limitations. For
example, as discussed in chapter 2 , we observed cytoplasmic immunoreactivity in
addition to immunoreactivity at the synaptic junction and therefore cannot accurately
determine the relative number of receptors which are fully inserted into the membrane.
Furthermore, we cannot identify the functionality of those receptors that are inserted.
In addition, although we saw several cell populations which appeared to have more than
one receptor subtype present, we cannot determine how those receptor subtypes are
individually segregating into functional heteromeric receptors. Our antibodies were also
unable to differentiate between splice variants of receptor subtypes and some of our
antibodies in fact recognized more than one subtype (e.g. GluR2/3 recognizes both
GluR2 and GluR3). In addition, although we saw differences in antibody concentration
between cell populations, we cannot precisely quantify these differences. Furthermore,
we can only compare the differences in concentration observed with a given antibody
and not between antibodies. As new knockouts and more specific GluR antagonists and
antibodies become available, however, glutamate’s role within olfactory bulb circuits
should become more clear. However, our demonstration of a differential distribution of
ionotropic GluRs in the olfactory bulb strongly supports our hypothesis that these
subunits participate in the primary afferent and local circuit synapses of the olfactory
bulb. Furthermore, when combined with the localization of the metabotropic and
NMDA receptors, the specific segregation of ionotropic GluRs that we observed helps
to further elucidate the differential effects of glutamate within olfactory bulb circuits.
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G lu tam ate’s P oten tial E ffects on O lfa cto ry B alb D evelopm ent:

As discussed in Chapter 3, glutamate is considered to play an instrumental role
in CNS development and may exert multiple trophic effects on developing neuronal
somata (McDonald and Johnston, 1990 for review) and glia (Steinhauser and Gallo,
1996 for review). Elsewhere in the CNS, glutamate exerts these developmental effects
through its receptors and would therefore be expected to do likewise in the developing
olfactory bulb. As shown in Chapter 4, we demonstrate a highly specific laminar and
cellular distribution of ionotropic GluR subunits within the primary afferent and local
synaptic circuits of the developing olfactory bulb. In addition, we observed a
differential expression for several glutamate receptor subunits over the course of
development. This differential expression would allow glutamate to exert specific
effects on developing cell populations and local circuits. Given the specific changes that
we observed in the GluR distribution, one could speculate as to the resulting specific
effects glutamate might have over the course of olfactory bulb development.

In general, our results suggested that the GluR subunits were present and
mirrored the general cellular and synaptic circuit maturation pattern normally observed in
the olfactory bulb. Thus, for the most part, the GluR subunits were present in a given
neuronal population as soon as that population was observed in the olfactory bulb and
therefore would be expected to mediate adult-like responses to glutamate. However,
there were three exceptions to this pattern: 1) the AMPA receptor subunits were
restricted to the rostral/ventral pole at embryonic day 18 (E18) whereas the KA receptor
subunits were found throughout the E18 bulb; 2) GluR2/3 was absent from migrating
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intemeurons at postnatal day (P) 1 but present at P6 when the intemeurons had reached
their mature positions; and 3) GluR4 was present in migrating interneurons at PI and
then absent at F6 once the intemeurons had reached their mature positions. Each of
these diversions of GluR localization from the normal maturation pattern and the
possible resulting effects of glutamate will be discussed in detail below.

AMPA- vs. KA-Receptor Expression at E18:
As described in chapter 4, we observed that the AMPA receptor subunits
(GluR 1-4) were preferentially distributed at the rostral/ventral pole of the E18 olfactory
bulb whereas the KA receptor subunits (GluR5-7) were found around the entire
circumference of the E18 olfactory bulb. Given that the olfactory nerve first inserts into
the olfactory bulb at the rostral/ventral pole (Doucette, 1993), and that axodendritic
synapses are already observed on mitral cell growth cones at E18 (Hinds and Hinds,
1972; Hinds and Hinds, 1973), the glutamatergic input from the incoming olfactory
nerve may be exerting influence through these postsynaptic AMPA receptors in mitral
cells and the appearance of these AMPA receptors may, in fact, be dependent on the
developmental input of glutamate from the olfactory nerve. The widespread distribution
of the KA receptors at E18, on the other hand, suggests that their distribution may be
independent of glutamatergic input from the olfactory nerve . Given previous studies
which have suggested a presynaptic modulatory role for KA, one could hypothesize that
the KA receptors instead allow mitral cells to be responsive to local glutamatergic release
from their own dendrites as well as other mitral cell dendrites. This arrangement would
allow mitral cells, therefore, to be responsive to glutamate release from the incoming
olfactory nerve via AMPA receptors, as well as local glutamate release from mitral cell
dendrites via KA receptors.
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GluR 213 Expression During Development:
As discussed above, GluR2/3 expression is not observed in migrating
intemeurons at PI and then becomes apparent in P6 intemeurons, once they have
reached their mature locations. Given that the absence of the GluR2 subunit from an
AMPA receptor increases the Ca2+ permeability of that receptor (Lerea and McNamara,
1993), the absence of GluR2 from migrating intemeurons suggests that those cells
would be more likely to respond to glutamate with increased Ca2+ influx. Thus local
glutamate encountered during their migration would increase the intracellular Ca2+
concentration. This could induce neurite outgrowth which is influenced by cytosolic
Ca2+ levels (Bolsover and Spector, 1986; Connor, 1986) as well as promote general
neuronal survival while migrating as occurs with migrating cerebellar granule cells
(Altman, 1982; Balasz et al., 1990; Hack and Balasz, 1994). Once the intemeurons had
reached their mature locations, GluR2/3 could upregulate to its adult levels, thereby
allowing the intemeurons to respond to glutamate in a mature fashion within the local
olfactory bulb circuits.

GluR 4 Expression During Development:
As discussed in chapter 4, GluR4 expression is apparent in migrating
intemeurons at PI and then appears to be absent once the intemeurons reach their
destinations at P6 . The most parsimonius explanation for this change is that the AMPA
receptor is usually a combination of subunits and although GluRl is present in
migrating intemeurons, GluR2 and GluR3 are absent Thus, a temporary upreguladon
of GluR4 during migration would allow the formation of a functional, physiologic
AMPA receptor when combined with GluRl (albeit one that responds to glutamate with
increased Ca2+ influx as explained above). Then, once the intemeurons had reached
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their final destinations at F6 , with the increased expression of GluR2/3, GluR4 could
downregulate to its adult levels, thereby allowing the intemeurons to respond to
glutamate in a mature fashion within the local synaptic circuits.

In order to further elucidate glutamate’s specific roles on developing olfactory
bulb neurons, one could examine the response of different olfactory bulb cell
populations cultured from various ages to exogenously applied glutamate, specific
glutamate receptor agonists, and specific glutamate receptor antagonists. It would also
be interesting to then compare these results with those of cells cultured from specific
GluR knockout mice (e.g. GluR2 subunit knockouts (Jia et al., 1996)). With these and
future experiments, the role of glutamate on the development of the olfactory bulb
should become more clear. However, our demonstration of a differential distribution of
ionotropic GluRs in the developing olfactory bulb strongly supports our hypothesis that
these subunits are present during development and can therefore participate in the
primary afferent and local circuit synapses. Furthermore, the developmental alterations
of specific GluRs that we observed helps to further elucidate the differential effects
glutamate may exert on the development of specific neuronal populations and olfactory
bulb synaptic circuits.

Ionotropic GlaRs Following Deafferentation:

Given the developmental alterations in GluRs described above, we wanted to
examine whether the GluR distribution was dependent on glutamatergic input from the
olfactory nerve. As described in chapter 6 , the distribution patterns were not altered for
any of the GluR subunits following deafferentation of the olfactory nerve using either
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unilateral olfactory nerve transection or naris occlusion. This is interesting given that
changes in GluR distribution have been observed following deafferentation elsewhere in
the CNS (Harris et al., 1996; Kiyosawa et al., 1996; Carlton et al., 1998). However,
the olfactory bulb is unique because of the continual turnover of the glutamatergic
olfactory receptor neurons throughout life. Thus, the maintenance of the GluR
distribution during deafferentation would allow the olfactory bulb to respond
appropriately with continuous reinnervation as occurs normally. If this were not the
case and there were a change in the distribution of the GluRs, drastic consequences
could result. In fact, changes in GluR distribution observed elsewhere in the CNS are
often associated with severe results. For example, CA1 pyramidal cells from GluR2
knockout mice exhibit a 9-fold increase in Ca2+ permeability and an increase in long
term potentiation which is non-saturable even in the presence of NMDA and highvoltage activated Ca2+ channel blockers (Jia et al., 19%). Likewise, neuronal cell death
induced by brain ischemia can be prevented by AMPA receptor antagonists (Sheardown
et al. 1990; Le-Peillet et al., 1992; Yatsugi et al., 19%) suggesting that upregulation of
AMPA receptors in a given neuronal population might cause an increased susceptibility
to ischemia. Upregulation of KA receptors, on the other hand, would be more likely to
increase epileptic type events. This is supported by the fact that in vivo KA has a strong
convulsive action and that domoate intoxication from contaminated mussels causes a
clinical syndrome consisting of seizures as well as anterograde memory deficits
(Teitelbaum et al., 1990). Thus, if there were a downregulation of AMPA or KA
receptors following deafferentation of the olfactory bulb, the postsynaptic cells might be
unable to respond upon reinnervation or if there were a downregulation of only GluR2,
they might instead respond with an inappropriate Ca2+ influx, thereby changing the
signal. On the other hand, an upregulation of KA receptors might cause epileptic type
events while upregulation of AMPA receptors might increase susceptibility to ischemia
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or even induce neuronal death with excessive stimulation upon reinnervation of the
olfactory nerve.

In order to test these hypotheses, one could artificially manipulate the GluR
subunit distribution (e.g. with knockouts, specific agonist or antagonists), deafferent
the olfactory bulb and then observe the consequences upon reinnervation. Regardless
of the outcome of these experiments, our results clearly demonstrate that the ionotropic
GluR distribution is normally maintained following deafferentation and is therefore
independent of glutamatergic input. This independence, in fact, only serves to
emphasize the great importance these GluR subunits have in the synaptic circuits of the
olfactory bulb.
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APPENDIX A;

T ran slation s o f G ln tam ate R ecep to r Subunits 1-7

The translations for each of the glutamate receptor subunits examined are found
below. The corresponding GenBank Accession Number is found in parenthesis. The
putative transmembrane domains for each subunit as proposed by Hollman et al. (1994)
are highlighted in blue and the recognition site for each of the antibodies we employed is
highlighted in red (Chemicon Catalog Number AB1504 for GluRl, AB1506 for
GluR2/3, and AB 1508 for GluR4; Pharmingen Catalog Number 60006E with reference
to Huntley et al., 1993 for GluR5/6/7). When a putative transmembrane domain
overlaps with a portion of the antibody recognition site, the resulting section is
highlighted in purple. In addition, the regions where alternative splice variants flip and
flop occur for GluR 1-4 are highlighted in green (Sommer et al., 1990). The flop
version is presented and the corresponding amino acids found in the flip version are
found on the following line.
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G lu R l (X 1 7 1 8 4 )

MPYIFAFFCTGFLGAVVGANFPNNIQIGGLFPNQQSQEHAAFRFALSQLTEPPKLLP

QlDtVNISDSFEMTYRFCSQFSKGVYAIFGFYERRTVNMLTSFCGALHVCFITPSFPV

DTSNQFVLQLRPELQEALISIIDHYKWQTFVYIYDADRGLSVLQRVLDTAAEKNWQ

VTAVN1LTTTEEGYRMLFQDLEKKKERLVVVDCESERLNAILGQIVKLEKNGIGYH

YILANLGFMDIDLNKFKESGANVTGFQLVNYTDTIPARIMQQWRTSDSRDHTRVD

WKRPKYTSALTYDGVKVMAEAFQSLRRQR1DISRRGNAGDCLANPAVPWGQGIDI

QRALQQVRFEGLTGNVQFNEKGRRTNYTLHVIEMKHDGIRKIGYWNEDDKFVPA

ATDAQAGGDNSSVQNRTYIVTTILEDPYVMLKKNANQFEGNDRYEGYCVELAAEI

AKHV GY SY RLEIV SDGKY GARDPDTKA WNGMV GEL VY GRAD V A VAPLTITL VRE

EVIDFSKPFMSLGISIMIKKPQKSKPGVFSFLDPLAYEIWMCIVFAYIGVSVVLFLVS

RFSPYEWHSEEFEEGRDQTTSDQSNEFGIFNSLWFSLGAFMQQGCDISPRSLSGR1V

GG VWWFFTL1IISSYT ANLAAFLTVERMVSPIESAEDLAKQTEIAY GTLEAGSTKEFF

RRSKIA VFEKMWTY MKSA EPS V FV RTTEEGMIR V RKS KGKY A Y LLESTMNEYIEQ

RKPCDTMKVGGNLDSKGY GIATPKGSALRJtPVNLA VLKL^pQGLLDKLK^CWW
G
S
V
S
YDKGECGSGGGDSKDKTSALSLSNVAGVFYIL1GGLGLAMLVALIEFCYKSRSESK
KDSG
RMKGFCLIPQQSINEAIRTSTLPRNSGAGASGGGGSGENGR V V SQDFPKSMQSIPC

M SH SSG V IPL G A T G L
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G lu R 2 (M 3 6 4 1 9 )
MQKIMHISVLLSPVLWGUFGVSSNSIQIGGLFPRGADQEYSAFRVGMVQFSTSEFR

LTPHIDNLEVANSFAVTNAFCSQFSRGVYAIFGFYDKKSVNTITSFCGTLHVSRTP

SFPTDGTHPFVIQMRPDLKG ALLSLIEY Y QWDKFA YLY DSDRGLSTLQ A VLDS AAE

KKWQ VT A INV GNINNDKKDETY RSLFQDLELKKERRVILDCERDKV NDl V DQ V1TI

GKHV KGY HY11ANLGFTDGDLLKIQFGGANVSGFQIVDY DDSL VSKF1ER WSTLEE

KEYPGAHTAT1KYTSALTYDAVQVMTEAFRNLRKQRIE1SRRGNAGDCLANPAVP

WGQGVEIERALKQVQVEGLSGNIKFDQNGKRINYTIN1MELKTNGPRKIGYWSEV

DKMVVTLTELPSGNDTSGLENKTVVVTTILESPYVMMKKNHEMLEGNERYEGYC

VDLA AE1AKHCGFKY KLTIV GDGKY GARDADTKIWNGM VGELVY GKADI Al APLT

ITLVREEVIDFSKPFMSLGISIMIKKPQKSKPGVFSFLDPLAYEIWMQVFAYIGVSV

VLFL VSRFS PY EWHTEEFEDGf^ET QSSESTNEFGIFNSL WFSLG A FMRQGCDISPRS

LSGRIVGGVWWFFTUIISSYTANLAAFLTVERMVSPIESAEDLSKQTEIAYGTLDSG

STKEFFRRSKIAVFDKMWTYMRSAEPSVFVRTTAEGVARVRKSKGKYAYLLESTM
NEYIEORKPCDTMKVGGNLDSKGYGIATPKGSSLGNAVN1 -AVI K \ NJF.OG1.1 DKK
TP
S
V
NKWWYDKGECGSGGGDSKEKTSALSLSNVAGVFYILVGGLGLAMLVAUEFCYK
AKDSG
SRAEAKRMKV AKNPQNINPSSSQNSQNFATYKE G Y N V Y G IE S V KI
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G lu R 3 (M 3 6 4 2 0 )

m g q s v l r a v f f l v l g l l g h s h g g f p n t is ig g l f m r n t v q e h s a f r f a v q l y n t n

QNTTEKPFHLNYHVDHLDSSNSFSVTNAFCSQFSRGVYAIFGFYDQMSMNTLTSF

CGALHTSFVTPSFPTDADVQFVIQMRPALKGAILSLLSYYKWEKFVYLYDTERGFS

VLQAIMEAAVQNNWQVTARSVGNIKDVQEFRRIIEEMDRRQEKRYUDCEVERINTI

LEQVVILGKHSRGYHYMLANLGFTDILLERVMHGGANITGFQIVNNENPMVQQR

QRWVRLDEREFPEAKNAPLKYTSALTHDAILVIAEAFRYLRRQRVDVSRRGSAGDC

LANPAVPWSQGIDIERALKMVQVQGMTGNIQFDTYGRRTNYTIDVYEMKVSGSRK

A GY W NEY ERFV PFSDQQIS NDSSSSENRT1V VTT1LES PY V MY KKNHEQLEGNERY

EGY C VDLA YEIAKH VRIKYKLSIVGDGKY GARDPETKIWNGM VGELVYGRADIA V

APLTITLVREEVIDFSKPFMSLGISIMIKKPQKSKPGVFSFLDPLAYHWMCIVFAYIG

VSVVLFLVSRFSPYEWHLEDNNEEPRDPQSPPDPPNEFGIFNSLWFSLGAFMQQGC

DISPRSLSGRIVGGVWWFFTUIISSYTANLAAFLTVERMVSPIESAEDLAKQTEIAY

GTLDSGSTKEFFRRSKIAVYEKMWSYMKSAEPSVFTKTTADGVARVRKSKGKFA

FLLESTMNEY1EORKPCDTMK VGGNLDSKGY G VATPKGS ALGMA VNLA VLKLNF,
TP
S
OGLLDKLKNKWWYDKGECGSGGGDSKDKTSALSLSNVAGVFYTI .VOC.I -Gt-AMM
V
AKDSG
VAUEFCYKSRAESKRMKLTKNTQNFKPAPATNTQNY ATYREG Y N V Y G T E S V KI
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G lu R 4 (M 36421)

MRIICRQIVLLFSGFWGLAMGAFPSSVQIGGLFIRNTDQEYTAFRLAIFLHNTSPNA

SEAPFNLVPHVDNIETANSFAVTNAFCSQYSRGVFAIFGLYDKRSVHTLTSFCSAL

HISLITPSFPTEGESQFVLQLRPSLRGALLSLLDHYEWNCFVFLYDTDRGYSILQAIM

EKAGQNGWHVSAICVENFNDVSYRQLLEELDRRQEKKFVIDCEIERLQNILEQIVSV

GKHVKGYHYIIANLGFKDISLERHHGGANVTGFQLVDFNTPMVTKLMDRWKKL

DQREYPGSETPPKYTSALTYDGVLVMAETFRSLRRQKIDISRRGNAGDCLANPAAP

WGQGIDMERTLKQVRIQGLTGNVQFDHYGRRVNYTMDVFELKSTGPRKVGYWN

DMDKLVLIQDMPTLGNDTA Al ENRT V VVTTIMESPY VMYKKNHEMFEGNDKY EG

YCVDLASHAKHIGIKYKIAIVPDGKYGARDADTKIWNGMVGELVYGKAEIAIAPLT

ITLVREEVIDFSKPFMSLGISIMIKKPQKSKPGVFSFLDPLAYEIWMCIVFAYIGVSV

VLFLVSRFSPYEWHTEEPEDGKEGPSDQPPNEFGIFNSLWFSLGAFMQQGCDISPR

SLSGRIVGGVWWFFTUIISSYTANLAAFLTVERMVSPIESAEDLAKQTEIAYGTLDS

GSTKEFFRRSKIA VY EKM WTY MRS A EPS VFTRTTAEG VA RV RKSKGKFA FLLEST

MNEYTEORKPCDTMKVGGNLDSKGYG VATPKGSSLGNA VNL-A VIJG .NEOGIJ .D
RTP
S A V
KLKNKWWY DKGECGSGGGDSKDKTS ALSLSNV AG VFYILVGGLGLA MLV A U EF
PKDSG
CYKSRAEAKRMKLTFSEATRNKARLSITGS VGENGRVLTPDCPKA VHTGTAIR Q S

SGLAVIASDLP
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G lu R S (Z 1 1 7 1 4 )

MERSTVLIQPGLWTRDTSWTLLYFLCYILPQTSPQVLRIGGIFETVENEPVNVEELAF

KFAVTSINRNRTLMPNTTLTYDIQRINLFDSFEASRRACDQLALGVAALFGPSHSSS

VSAVQSICNALEVPHIQTRWKHPSVDSRDLFYINLYPDYAAISRAVLDLVLYYNWK

TVTVVYEDSTGLIRLQELIKAPSRYNIKIKIRQLPPANKDAKPLLKEMKKSKEFYVIF

DCSHET AAEILKQILFMGMMTEY YHYFFTTLDLFALDLELY RY SGV NMTGFRKLNI

DNPH VSSIIEKWSMERLQAPPRPErGLLDGMMTTEAALMY DA VY MV Al ASHRASQ

L T V S S L Q C H R H K P C A L G P R F M N L IK E A R W D G L T G R IT F N K T D G L R K D F D L D IIS L K

E EG T EK A SG E V SK H L Y K V W K K IG IW N SN SG LN M T D G N R D R SN N IT D SL A N R T LIV

T TILE E PY V M Y R K SD K PL Y G N D R FE A Y C L D L L K E L SN IL G FL Y D V U L V PD G K Y G A Q

N D K G E W N G M V K E L ID H R A D L A V A P L T I T Y 'V R E K V I D F S K P F M T L G I S I L Y R K P N G T

N P G V F S F L N P L S P D IW M Y V L L A C L G V S C V LFVIARFTPY E W Y N P H P C N P D S D V V E N

N F T L L N S F Y V F G V G A L M Q Q G S E L M P K .A L S T R IV G G IW A V F F T U IIS S Y T A N L A A F L T V

ERMESPIDSADDLAKQTKIEY GA VRDGSTMTFFKKSKISTY EKMWAFMSSRQQSA

LVKNSDEGIQRVLTTDYALLMESTSIEYVTQRNCNLTQIGGUDSKGYGVGTPIGSP

YRDKITIAILQLQEEGKLHMMKEKWWRGNGCPEEDSKEASALGVEMGGIHVLAA

g l v l s v f v a ig e f l y k s r k n n d v e q k g k s s r l r f y f r n k v r f h g s k k e s l g v e k

CLSFNAIMEELGISLKNQKKLKKKSRTKGKSSFTSILTCHQRRTQRKETVA
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G IuR 6 (Z11715)
MKIISPVLSNLVFSRSIKVLLCLLWIGYSQGTTHVLRFGGIFEYVESGPMGAEELAF

RFAVNTINRNRTLLPNTTLTYDTQKINLYDSFEASKKACDQLSLGVAAIFGPSHSSS

ANAVQSICNALGVPHIQTRWKHQVSDNKDSFYVSLYPDFSSLSRAILDLVQFFKW

KTVTVVYDDSTGURLQELIKAPSRYNLRLKIRQLPADTKDAKPLLKEMKRGKEFH

VIFDCSHEMAAGILKQALAMGMMTEYYHYIFTTLDLFALDVEPYRYSGVNMTGFRI

LNTENTQ VSSIIEKWSMERLQAPPKPDSGLLDGFMTTD AA LMY DAVHVVSVAV QQ

FPQMTVSSLQCNRHKPWRFGTRFMSLIKEAHWEGLTGRITFNKTNGLRTDFDLDV

IS L K E E G L E K IG T W D P A S G L N M T E S Q K G K P A N I T D S L S N R S L I Y T T I L E E P Y V L F K K

S D K P L Y G N D R F E G Y C I D L L R E L S T I L G F T Y E I R L V E D G K Y G A Q D D Y N G Q W N C .M V R

E L I D H K A D L W 'A P L A I T Y V R E K V I D F S K P F M T L G I S I L Y R K P N G T N P G Y F S F L N P L S P

D IW N 1Y Y L L A C L G V S C V L F Y l.A R F S P Y E W Y N P H P C N P D S D V Y E N N F T L L N S F W F G V

G.ALMRQGSELMPKALSTRIYGGiWWFFTLIIISSYTANLAAFLTVERMESPlDSADD

LAKQTKIEYGAVEDGATMTFFKKSKISTYDKMWAFMSSRRQSVLVKSNEEGIQRV

LTSDYAFLMESTTIEFVTQRNCNLTQIGGUDSKGYGVGTPMGSPYRDKITIAILQLQ

EEGKLHMMKEKWWRGNGCPEEESKEASALGVQNIGGIF1VLAAGLVLSVFVAVG

EFLYKSKKNAQLEKRSFCSAMVEELRMSLKCQRRLKHKPQAPVIVKTEEVINMHT

FNDRRLPGKETMA
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G lu R 7 (Z 11716)

MTAPWRRLRSLV WEY WAGFL VCAFWIPDSRGMPHVIRIGGI FEY ADGPNAQ VMN

AEEHAFRFSANIINRNRTLLPNTTLTYDIQRIHFHDSFEATKKACDQLALGVVAIFG

PSQGSCTNA VQSICNALEVPH QLRWKHHPLDNKDTFY VNL YPD Y ASLSHAILDL V

QSLK WRS AT V VY DDSTGL1RLQELIMAPSRY NIRLKIRQLPIDSDDSRPLLKEMKRG

REFRIIFDCSHTMAAQILKQAMAMGMMTEYYHFIFTTLDLYALDLEPYRYSGVNLT

GFRILN VDNAHVSAIVEKWSMERLQA APRAESGLLDG VMMTDA ALLY DA VHI VS V

CYQRASQMT VNSLQCHRHKPWRFGGRFMN F1K.EA QWEG L T G R IV F N K T S G L R T D

FDLDI iS L K E D G L E K V G V W S PA D G L N I T E V A K G R G P N V T D S L T N R S L I V TTLL.EEPF

V M F R K S D R T L Y G N 'D R F E G Y C I D L .L K E L A H IL G F S Y E lR L V E D G K Y G A Q D D K G Q W N i

G M Y K E L I D H K .A D L A V A P L T I T H V R E K A I D F S K P F M T L G V S I L Y R K P N G T N P S V F S F L

N P L S P D I W M Y Y L L A Y L G V S C V L F V I A R F S P Y E W Y D A H P C N 'P G S E W E N N F T L L N S F

WFGMGSLMQQGSELMPKALSTRJIGGIW'.VFFTLIIISSYTANLAAFLTVERMESPID

SADDLAKQTKIEYGAVKDGATMTFFKKSKISTFEKMWAFMSSKPSALVKNNEEGI

QRTLTADY ALLMESTTIEYITQRNCNLTQIGGLIDSKGY GIGTPMGSPYRDK1TI AIL

QLQEEDKLFn MKEKWWRG SGCPEEENKEAS ALGIQKIGGIR VLAAGLV LSVL VA V

GEHYKLRKTAEREQRSFCSTVADEIRFSLTCQRRLKHKPQPPMMVKTDAVINMHT

FNDRRIPGKDSMSCSTSLAPVFP
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