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ABSTRACT

The distribution of calretinin immunoreactivity in the developing
olfactory system of the rainbow trout was studied by using an indirect
immunocytochemical method. Calretinin immunoreactivity was firstly
detected at 150 day-degrees in the olfactory placode, where labeled
primordial cells were observed. At 250 day-degrees, precursor cells of the
olfactory receptor neurons located in the olfactory pit were calretinin-
immunoreactive. At 300 day-degrees, recognizable olfactory receptor
neurons displayed calretinin immunoreactivity in the olfactory epithelium,
and calretinin-immunopositive olfactory axons reached the presumptive
olfactory bulb. After hatching (400 day-degrees) and during the subsequent
development and maturation of the olfactory system, the number of
calretinin-immunopositive olfactory receptor cells increased and distributed
homogeneously throughout the olfactory epithelium. Accordingly, new
positive olfactory fibers arrived to the olfactory bulb arborizing in olfactory
glomeruli distributed in nine different terminal fields. Six days after
hatching, calretinin-immunopositive interneurons within the olfactory bulb
were also observed. The size and number of calretinin immunoreactive
interneurons increased from this stage to adulthood. The adult pattern
demonstrated both similarities and differences with the distribution of
calretinin immunoreactivity previously described in the olfactory system of

mammals.



CR-IR in the developing olfactory system -3-
Porteros et al.

KEY WORDS

Anamniote, Calcium, Development, Fish, Immunocytochemistry, Olfactory

receptor cells



CR-IR in the developing olfactory system -4 -
Porteros et al.

1. INTRODUCTION

The olfactory epithelium of vertebrates derives from the rostral
thickening of the ectoderm, named the olfactory placode [17,18,22,33,40].
The receptor cell axons initially penetrate into the deep layers of the
embryonic forebrain, where neurogenesis occurs, before retracting to their
final positions in the superficial region of the olfactory bulb [25]. These
axons induce the formation of the olfactory glomeruli [23] and the
subsequent maturation of the olfactory bulb [21]. Within the glomeruli,
olfactory axons synapse with second order elements known as mitral cells

which are among the first to be established in the bulb [24].

In mammals, receptor neurons are segregated in different peripheral
olfactory organs: the main olfactory epithelium, with majority of ciliated
receptors, although scarce microvillar receptors have been described
[5,39,41,47]; and the vomeronasal or Jacobson’s organ with microvillous
receptors, although a few ciliated receptors are also present[1,36].
Accordingly, two different brain targets, the main olfactory bulb and the
accessory olfactory bulb receive segregated afferences from the olfactory
epithelium and the vomeronasal organ in mammals. In teleosts, ciliated and
microvillous olfactory receptor neurons are intermingled in the olfactory
epithelium [2,9,29,52]. Although a regional segregation in the density of
ciliated and microvillar receptors has been described in the olfactory
rosettes [50], they are not situated in anatomicaly distinct organs and an

accessory olfactory bulb is not present.

The olfactory bulb of teleosts posseses certain neuronal types (such

as ruffed cells, perinest cells and mixed-synapse cells) and new neuronal
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circuits which have not been observed in other groups of vertebrates
[4,34,35]. The axons of the mitral cells of teleosts project from the olfactory
bulb to segregated central targets through two fiber pathways, the medial
and the lateral olfactory tract [10,15,20,48]. In addition, recent studies
indicate the presence in fish of extrabulbar projections from the olfactory
epithelium to the ventral telencephalon and hypothalamus [14,27,43]. By
contrast, only the lateral olfactory tract exists in mammals [3], and
extrabulbar projections have not been described. All these findings indicate
significative differences in the olfactory system between teleosts and
mammals, suggesting a divergence in the evolution of their olfactory
systems. Comparative neurochemical studies in species of these groups of
vertebrates might provide new insights in the organization of the olfactory

system.

Key processes during the development of the nervous system are
calcium-dependent. Thus, calcium ions are involved in the folding of the
neural plate and neurulation [7,38], in axon elongation [38], and in growing
cone movements [31]. Therefore, the presence of calcium-buffering systems
within olfactory receptor neurons is expected in order to maintain the
appropriate levels of intracellular calcium necessary for these

developmental processes.

Calretinin (CR) is a 29 kDa calcium-binding protein of the EF-hand
family that was first isolated from a chick retinal cDNA clone, and it shares
50-60% of the amino acid sequence with calbindin D-28k (CB) [44]. It has
been proposed that these proteins are calcium-buffering systems that would
protect neurons against calcium increases, during periods of high frequency
discharge, or neurotransmitter-induced depolarization, or in pathological

conditions [6,26,28,37]. CB- and CR-immunoreactivity have been described
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in the olfactory system of the adult mouse and rat [11,16,30,32,42,46,51]
and during the postnatal development of the rat [12,13]. Both proteins have
been localized in olfactory receptor neurons and different subsets of
interneurons of the olfactory bulb, while mitral cells expressed CR but were
CB-immunonegative. No data are available on the distribution of these
proteins in the embryonic development of the olfactory system of mammals
or in the olfactory system of other vertebrates. In this work we analyze the
evolution of the CR-immunolabeling in the olfactory system of the rainbow
trout from prehatching stages of development to adulthood, and compare it
with previous results in mammals in order to determine the possible

divergence of the expression of this protein between teleosts and mammals.

2. MATERIALS AND METHODS

Fertilized eggs of rainbow trout Oncorhynchus mykiss (Walbaum,
1792) (Salmonidae, Teleostei) were obtained from a local breeder
(Galisancho, Salamanca) and transferred to aquaria with fresh water at 10°C
on a 12:12 hr light:dark cycle. After hatching, fry and juvenile rainbow
trouts were kept under the same conditions. Since the factor of water
temperature times the number of days until hatching, the developmental
stages are given in day-degrees (dd) for embryos. This magnitude is
obtained multiplying number of days after fertilization by water
temperature. The developmental stages are given in days after hatching (D)
for fry and juveniles. Three animals of each of the following stages were
used: 150 dd, 200 dd, 250 dd, 300 dd, 350 dd, 3 D, 6 D, 21 D, 90 D and 180
D. Three adult (three years old) specimens weighing 150-300 g, were

obtained from the same source and immediately processed.



CR-IR in the developing olfactory system -7-
Porteros et al.

Tissue preparation

Animals were anesthetized with 0.03% tricaine methanesulphonate
(MS-222 Sigma) and subsequently processed by different methods

depending on their ages.

Young embryos (150 and 200 dd) were fixed by immersion in 4%
paraformaldehyde and 15% saturated picric acid in 0.1 M phosphate buffer,
pH 7.4 (PB) for 4 hr, washed in PB and processed whole mount for
immunocytochemistry according to the avidin-biotin immunoperoxidase

method.

Older embryos (250, 300, and 350 dd) and fry (3, 6 and 21 D) were
fixed by immersion in 4% paraformaldehyde and 15% saturated picric acid
in PB for 4 hr, washed in PB and immersed in 30% sucrose (w/v) in PB for

cryoprotection.

Juvenile (90 and 180 D) and adults (three years old) were perfused
transcardially with 0.63% NaCl solution followed by a fixative containing
4% paraformaldehyde and 15% saturated picric acid in PB. The brains were
removed from the skull, postfixed in the same fixative for 4 hr and

immersed in PB containing 30% sucrose (w/v) for cryoprotection.

Coronal and sagittal sections through the whole head of 250, 300
and 350 dd embryos, fry and juveniles, and through the brain of adults were
cut at 20 um on a Leica cryostat, thawmounted on chrome alum-gelatinized
slides and processed for immunocytochemistry following the avidin-biotin-

peroxidase method.
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Immunocytochemistry

Tissue was preincubated with 10% normal goat serum and 0.1% (1%
for whole mount preparations) Triton X-100 in PB for 1 hr (1 day for whole
mount procedure) at 4°C. Thereafter, the tissue was incubated with anti-CR
serum (1:10,000 in PB) for two days (four days for whole mount procedure)
at 4°C. After washing in PB, tissue was incubated with biotinylated goat
anti-rabbit immunoglobulin G (Vector Labs., Burlingame USA; 1:200 in
PB) for 1 hr (12 hr for whole mount procedure) at room temperature and
then in avidin-peroxidase complex (Vector Labs; 1:225 in PB) for 2 hr (16
hr for whole mount procedure). Tissue-bound peroxidase was visualized by
incubating the sections with 0.07% 3,3’-diaminobenzidine (Sigma) and
0.003% H202 in 0.1 M Tris-HCI buffer (pH 7.6). The course of the reaction
was controlled under the microscope. After rinsing with PB, sections were
dehydrated through a graded alcohol series, cleared with xylene, and
coverslipped using Entellan (Merck). Whole mount processed embryos
were covered with glycerin jelly and coverslipped. Cell sizes were measured

using a Zeiss ocular micrometer.

Controls

The primary anti-CR antibody used has been fully characterized
[44,45] and previously used in mammalian [42,46] and teleost [8] brain. The
immunostaining procedure was controlled by omitting the primary antibody.
Endogenous peroxidase activity was blocked by the application of 0.3%
hydrogen peroxide diluted in methanol for 30 min before the incubation

with the primary antibody.
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3. RESULTS

In the rainbow trout olfactory system, the anti-CR antibody stained
olfactory receptor cells and their axons projecting to the olfactory bulb from
prehatching stages to the adult, while CR-immunoreactive cells in the
olfactory bulb were observed in posthatching stages. Extrabulbar CR-
immunopositive projections were not observed in any developmental stage

studied.

After whole mount CR-immunocytochemistry of 150 dd stage
embryos, primordial cells of the peripheral olfactory organ were observed in
the ventral surface of the head of the rainbow trout embryo, forming the
olfactory placode. Round or oval undifferentiated cells displayed CR-like
immunoreactivity in this olfactory structure (Fig. 1). At the 200 dd stage,
the CR-labeled cells in the olfactory placode showed the same

morphological features but their number had increased.

At the 250 dd stage, the olfactory placode lost the direct contact with
the embryonic forebrain and folded slightly forming a groove-like structure
named the olfactory pit. Some CR-immunopositive cells were observed in
the central portion of this structure. These cells were still morphologically
undifferentiated, slightly stained, and their cell bodies were columnar (Fig.

2a).

At the following stage studied, 300 dd, recognizable olfactory
receptors could be observed, and CR-immunoreactive axons arising from
the dorsoventral pole of the olfactory pit could be followed towards the

developing olfactory bulb (Fig. 2b). These CR-immunoreactive axons
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reached the ventral aspect of the embryonic forebrain and branched on the
surface of the olfactory bulb, but they did not form proper glomeruli (Fig.
3a).

Hatching in the rainbow trout occurred approximately at 350-400
dd. After hatching, the olfactory system underwent a final maturation from
larval stages to adulthood. In fry of 6 D, CR-immunopositive axons reached
the olfactory bulb arborizing in small but well-defined glomeruli, round or
elliptic in shape (Fig. 3b). In addition, CR-immunoreactive intrabulbar cells
could be observed at this stage in the outermost aspect of the developing
olfactory bulb (Fig. 3b, arrows). These cells were round and piriform, small

(about 6 um of maximum diameter) and stained neurites were not evident.

Progressively, the olfactory epithelium raised in a complicated series
of folds, called the olfactory rosette. At the stage of 21 D, olfactory receptor
cells in all areas of this epithelium exhibited CR immunoreactivity (Fig. 2c).
These cells had piriform perikarya and CR-immunopositive thin apical
processes that thickened in their apical portion forming the olfactory knob
(Fig. 4a). Axons originating from the basal portion of the olfactory receptor
cells were difficult to identify, but sometimes the initial portion of the axon
hillock could be distinguished (Fig. 4b). CR-immunoreactive olfactory axon
bundles could be followed at the bottom of the olfactory epithelium (Fig 2c,
arrows). These bundles aggregate into the olfactory nerve and coursed

through the developing skull to the olfactory bulb (Fig. 2d).

At the stage of 90 D, the organization of the olfactory projections to
the bulb in segregated terminal fields could be distinguished. At this age,
anterior medial, ventral medial, dorsal lateral, lateral, ventral posterior

lateral, ventral posterior, and posterior lateral fields could be identified (Fig.
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3c-f). The number of intrinsic CR-immunopositive cells increased, although
stained prolongations were still not evident. At the following stage, 180 D,
we observed a more complex organization in terminal fields at different
levels throughout the olfactory bulb. Two additional terminal fields: dorsal

posterior medial and dorsal posterior lateral were evident at this stage.

In adult trouts, the olfactory bulbs received the innervation of CR-
immunopositive olfactory fibers, which coursed peripherally and arborized
in the glomerular layer. This layer is thinner in the medial region of the
olfactory bulbs and extends more caudally in the ventrolateral region than in
the dorsomedial region. The nine terminal fields previously mentioned were
clearly observed in serial coronal sections of the mature olfactory bulb (Fig.
5). In addition, we could observe CR-immunoreactive mature neurons in the
boundary between the glomerular and plexiform layers of the olfactory bulb
(Fig. 4c). These cells were small, about 9 um of maximum diameter, and
only one stained dendrite arising from the somata was evident (Fig. 4d).
According to these morphological features, these cells were identified as
granule cells. Other neuronal types within the olfactory bulb did not display

CR immunoreactivity.

4. DISCUSSION

Our results demonstrate that CR is distributed in the fish olfactory
system from early prehatching developmental stages to adulthood. Previous
studies demonstrated the presence of this calcium-binding protein in the
olfactory system of the mouse and the rat [11-13,30,32,42,46,51]. During
the postnatal development of the rat olfactory system, CR-immunostained
olfactory receptor cells distributed throughout the olfactory mucosa and CR-

immunoreactive cells in the olfactory bulb (both interneurons and output
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neurons) were detected at postnatal day 1 [12,13]. CR-immunopositive
olfactory fibers within the olfactory bulb of the rat were firstly detected at
postnatal day 5 [12]. These developmental studies on the distribution of CR
in the olfactory system of mammals have been focused in postnatal stages,
and no data are available about the prenatal expression of CR in both the

olfactory epithelium and the olfactory bulb.

Our results in the rainbow trout showed an onset of the CR
expression in a very early stage during the embryonic development at 150
dd, just after the formation of the olfactory placode [53]. We also observed
the expression of CR during the sequence of appearance of the olfactory
axons (at the 250 dd stage) and dendrites (at the 300 dd stage) that leaded to
the maturation of ciliated receptors [53]. In the olfactory bulb only a
subpopulation of granule cells displayed CR-immunoreactivity from the 6D
stage. The late appearance of CR-immunoreactive granule cells coincided
in time with the late maturation of the olfactory glomeruli, as described

previously [14].

In the rat olfactory system, the adult pattern of CR immunoreactivity
is acquired by postnatal day 20 [12,13]. In the adult rat, most of the
olfactory receptor cells, olfactory axons and glomeruli, periglomerular cells,
different cellular types in the external plexiform layer, mitral cells and
granule cells of the olfactory bulb were CR-immunopositive
[11,30,42,46,51] suggesting a general involvement of this calcium-binding
protein in the modulation of the olfactory signal. Our results showed CR
immunoreactivity in the olfactory receptor cells of the adult rainbow trout,
which suggests the involvement of CR in the calcium-buffering mechanism
of growing axons during receptor turnover in both amniotes and

anamniotes. By contrast, only a subpopulation of granule cells were CR-
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immunostained in the rainbow trout olfactory bulb, and other intrinsic
neuronal types including mitral cells were CR-immunonegative, suggesting

a restricted role for CR in the bulbar modulation.

Using antibodies against calmodulin, CB and CR, a topographical
segregation of the expression of these calcium-binding proteins among the
olfactory nerve bundles has been described [11]. CR was always localized
in the internal portion of nerve bundles near the olfactory mucosa, and in
small and external fascicles close to the olfactory bulb. Based on these
findings, these authors have proposed an organization model relevant to

odor discrimination.

Several studies showed a spatial segregation of the olfactory
afferences in different terminal fields in the trout olfactory bulb [14,43], and
this parcellation has been related to the functional segregation described
after electrophysiological studies [19,49]. Thus, amino acids elicited greater
responses in a region that might correspond with the dorsal lateral field,

while the responses to bile salts were greater in the region that might

correspond with the anterior medial field [43,49,50]. We have identified
these terminal fields after CR-immunocytochemistry, and all of them were

homogeneous with respect to the CR-immunostaining.

The existence of extrabulbar projections from the olfactory receptor
cells to extrabulbar regions of the trout brain has been previously
demonstrated [14,27,43]. In all the developmental stages studied we did not
observe the presence of CR-immunostained extrabulbar components of the

olfactory projection in either the telencephalon or the hypothalamus, which
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indicated a neurochemical heterogeneity of these projections with respect to

the main pathway from the olfactory mucosa to the olfactory bulb.
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FIGURE LEGENDS

Figure 1

Whole mount CR immunocytochemistry in a 150 dd embryo.Ventral
view. CR-immunoreactive spherical cells (arrows) are observed in the
central region of the olfactory placode (OP), located rostral and slightly

ventral to the eye. Scale bar =100 pm

Figure 2

CR immunolabeling in the developing olfactory epithelium and
olfactory nerve. Scale bar in a, c=100 pm; in b, d=50 um. a) CR-
immunoreactive columnar cells are distributed in the central portion of the
pseudostratified epithelium, mainly in the upper region. Stage 250 dd b)
CR-immunolabeled axons run through the basal region of the olfactory pit
forming the developing olfactory nerve (ON). Stage 250 dd. ¢) Coronal
section through the olfactory epithelium of a 21 D fry. CR-immunopositive
olfactory receptor cells are widely distributed. Bundles of CR-
immunoreactive axons cross the lamina propria (arrows). d) CR-
immunopositive bundles of olfactory axons converging in the olfactory

nerve. 21 D fry.

Figure 3

CR-immunoreactivity during the development of the olfactory bulb.

Scale bar in a=25 pm; in b=50 pm; in c-f= 100 pm.
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a) Detail of the embryonic telencephalon. CR-immunoreactive axons reach
the ventral aspect of the telencephalic hemisphere (TEL), which forms the
primordial olfactory bulb (OB). Stage 300 dd . b) Coronal section through
the head of a 6 D fry. CR-immunolabeled cells (arrows) and CR-
immunopositive axons arborizing in a glomerulus (G). c-f) Serial coronal
sections (from rostral to caudal) through the olfactory bulbs of a 90 D
juvenile showing developing fields of CR-immunopositive glomeruli. AM:
anterior medial field; DL: dorsal lateral field; L: lateral field; PL: posterior
lateral field; VM: ventral medial field; VVP: ventral posterior field; VPL:

ventral posterior lateral field.

Figure 4

CR-immunoreactive elements in the olfactory system of the adult
rainbow trout. Scale bar in a,b=25 pum; in ¢=100 pm; in d=50 pm.
a-b) High-power magnification of CR-immunopositive olfactory receptor
cells. Apical dendrites and terminal knobs (white arrow), and initial portions
of the axon (black arrow) are visualized. ¢) Olfactory glomeruli (G) and
displaced granule cells (arrows) displaying CR-immunoreactivity in the
olfactory bulb of the adult rainbow trout. d) Higher magnification of a CR-
immunolabeled granule cell, with a single apical dendrite arising from the

soma.

Figure 5

Sequential coronal sections (a is rostral, f is caudal) through the left
olfactory bulb of an adult rainbow trout, showing the distribution of distinct
CR-immunopositive terminal fields. Scale bar=500 um. AM: anterior

medial field; DL: dorsal lateral field; DPL: dorsal posterior lateral field,;
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DPM: dorsal posterior medial field L: lateral field; PL: posterior lateral
field; VM: ventral medial field; VVP: ventral posterior field; VPL: ventral

posterior lateral field.
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