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Spatiotemporal Distribution of the Insulin-Like Growth
Factor Receptor in the Rat Olfactory Bulb*
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INTRODUCTION

(Accepted June 10, 2002)

Insulin-like growth factor | (IGF-I) and its receptor (IGF-IR) are involved in growth of neurons.
In the rat olfactory epithelium, we previously showed IGF-IR immunostaining in subsets of
olfactory receptor neurons. We now report that IGF-IR staining was heaviest in the olfactory
nerve layer of the rat olfactory bulb at embryonic days 18, and 19 and postnatal day 1, with
labeling of protoglomeruli. In the adult, only a few glomeruli were IGF-IR-positive, some of
which were unusually small and strongly labeled. Some IGF-IR-positive fibers penetrated
deeper into the external plexiform layer, even in adults. In developing tissues, IGF-IR staining
co-localized with that for olfactory marker protein and growth associated protein GAP-43, but
to a lesser extent with synaptophysin. In the adult, IGF-IR-positive fibers were compartmental-
ized within glomeruli. IGF-I may play a role in glomerular synaptogenesis and/or plasticity,
possibly contributing to development of coding patterns for odor detection or identification.

KEY WORDS: Olfactory bulb; IGF-IR; olfactory marker protein; synaptophysin; growth-associated
protein; confocal microscopy.

injured brain, regulating neuronal growth and differ-
entiation, as well as preventing apoptosis (15,16). In

Insulin-like growth factor | (IGF-1) is a peptide fact, administration of IGF-1 to intact animals in-
involved in growth and development of several mam- creases cell proliferation and neurogenesis in the adult
malian cell types, including neurons (1). In culture rat hippocampus (17). The specific role of IGF-I in the
studies, IGF-1 supports neuroblast cell division (2,3), brain remains mysterious, although recent studies have
neuronal survival (4—6), prevention of apoptosis (7-9), proposed a convincing argument for its involvement in
and neuronal differentiation (5,10-14). In the intact brain glucose metabolism (18).
animal, IGF-I plays a role in both the developing and During CNS development, IGF-I mRNA is ex-

pressed at unusually high levels in the projection neu-
rons of the cerebellum and several ascending sensory
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that IGF-1 was involved in the maturation of axonal The mechanisms underlying glomerular develop-
connections, particularly synaptogenesis (19). The ment and/or glomerular plasticity in mammals remain
continued expression in the OB further supports this largely obscure. Recent studies have provided insights
because synaptogenesis occurs throughout life in theas to some of the spatiotemporal cellular interactions
OB (21,22). that occur during glomerular formation in embryonic
Although the distribution of IGF-I mRNA in the (32) and postnatal mammalian development (34). And
OB suggests local autocrine and/or paracrine actions,several types of molecules have been implicated in
the cells expressing IGF-I could also influence the pe- guidance of ORN axons and therefore possibly forma-
ripheral olfactory receptor neurons (ORNS). Previous tion of glomerular contacts. These include extracellu-
studies on the olfactory system suggested the hypoth-lar matrix molecules (35-37), cell adhesion molecules
esis that the OB provides trophic support for matura- (38—40), and odorant receptor proteins (28). However,
tion of ORNSs, in particular for the survival of mature many mysteries still remain and there has been no con-
ORNSs (23). We wondered if IGF-1 might provide at sideration or hint previously that growth factors might
least some of this trophic support. Recent studies inbe involved in these processes.
our laboratory have shown that insulin and IGF-I pro- To investigate the interesting possibility that IGF-
vide significant survival support for ORNs in culture | might be involved in glomerular patterning, we ana-
(24). And immunoreactivity for the IGF-IR protein is lyzed the spatiotemporal distribution of IGF-IRs on
present in a subset of immature ORNs in the peripheralORN axons in the OB. We also compared the pattern
OE (25). Therefore, to further explore the significance of IGF-IR immunoreactivity in the OB with that ob-
of IGF-1 in the olfactory system, we investigated the served with antibodies against the olfactory marker
distribution of IGF-IR immunoreactive (IGF-IR-posi- protein (OMP), which labels almost exclusively ma-
tive, IGF-IR+) axons of ORNs in the OB in both the ture ORN axons (41), the growth-associated protein
adult and during development. GAP-43, which labels immature ORNSs prior to the ex-
The axons of ORNs terminate in neuropil-rich pression of OMP (42), and synaptophysin (SYN), an
areas of the OB called glomeruli, which are sites of so- integral membrane protein of synaptic vesicles (43),
phisticated information processing concerning detec- which identifies the location of synapses. These stud-
tion and identification of odorants (26—28). Functional ies have allowed us to characterize the pattern of IGF-
data show that individual glomeruli process informa- IR protein expression during OB development from
tion concerning either a single or very small number of perinatal through adult stages.
odorant molecular features (29,30). Each glomerulus
is the site of convergence of a much larger number of
partially stochastically distributed ORNs that indi-
vidually express one odorant receptor gene (26-28).
The mechanisms of how ORN axons converge on Animals were handled following protocols approved by the

| l d of h d tinf ti . ded i University of Cincinnati and University of California at Irvine Ani-
glomerull and or how odorant information IS coded In -\, care and Use Committees, and that were in accordance with

the glomeruli are only partially understood and are njH guidelines for animal use. To obtain embryonic tissues, timed-

areas of intense interest at present. pregnant rats were deeply anesthetized with sodium pentobarbital
Knowledge about how glomeruli are organized, (65 mg/kg) and embryos were removed by cesarean section. Post-

and how this organization arises during development natal day 1 pups (prior to establishment of thermoregulation) were

and is then maintained in the face of constant rene aIanesthetized with cold. Animals were killed by decapitation, and OB
I : ! : Waltissues were removed and placed in 4% paraformaldehyde in 0.1 M

of QRNS, COUlq illuminate how OdoranF coding is €S- phosphate buffer (PB) overnight at 4°C. Adult rats (postpubertal
tablished. Previous ultrastructural studies have shownfemales~200-300 g) were anesthetized with sodium pentobarbital
that glomerular formation, including formation of the (65 mg/kg), perfused via the aorta with cold physiological saline fol-
first synaptic contacts. is initiated around embryonic lowed by cold 4% paraformaldehyde for 30 min and decapitated. OB

. . . tissues were removed, fixed in the same fixative overnight at 4°C,
day 16-18 in the rat, when incoming ORN axons and and decalcified by immersion in a rapid decalcifying solution (RDO;

OB dendrites _ begi'f‘ to -fgrm _“protoglomeruli" (31) Apex Engineering Products Corporation, Plainfield, IL) overnight at
True glomeruli are identified first at 1 day after birth room temperature. All tissues were cryoprotected by immersion
(32), and mature glomerular organization is evident by overnight in 20% sucrose in PB, embedded in M-1 embedding ma-
postnatal day 10 (31 33) However given that the trix (Lipshaw, Pittsburgh, PA), frozen by immersion in isopentane
ORN fi I ' | ) d ' tant t cooled with liquid nitrogen or ethanol/dry ice, and serially sectioned
) S are continually rep aced on a constan ”T”O,Ver(15 wm) in a cryostat. Sections were mounted on Superfrost slides
basis throughout adult life (21,22), the glomeruli will  (Fisher, Cincinnati, OH), air-dried, and stored aR0°C until

always show continual synaptic plasticity. needed. The P20 rats (mixed sexes) were anesthetized (as for adults,

EXPERIMENTAL PROCEDURE
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above) and decapitated, and OB tissues were removed and immeditended into the dendritic zone (DZ), which at this age

ately frozen (as above). Serial sections were cut coronally at a thick-includes essentially all other layers of the OB. Greater

rl\lless of ?Q{m on.a cryostat.and collected_o_n gelatin-subbed slides. numbers of IGE-IR: fibers were found within the DZ

o qualitative differences in IGF-IR staining were observed be- . . o

tween fixed and P20 unfixed tissues. when sections were labeled with DAB, than with im-
For immunoperoxidase staining, frozen sections were air-dried munofluorescence, suggesting a lower sensitivity, in

for 20 min, incubated in blocking buffer (phosphate buffered saline our hands, with the fluorescent secondaries.

(PBS) with 0.2% Triton X-100, 0.02% sodium azide and 2% goat At E19, protoglomeruli were evident around the

serum) and then in the primary antibody, chicken anti-IGF-IR . . ) . .
(1:100; Upstate Biotechnology, Lake Placid, NY) overnight at room circumference of the OB with IGF-IR labelmg (Flg'

temperature. The sections were then incubated in biotinylated goat1B, @rrows). Protoglomeruli were not as uniform in
anti-chicken (1:100; Vector Laboratories, Burlingame, CA) fol- Shape or as distinctly separate from the ONL as mature
lowed by an avidin-biotin-horseradish peroxidase complex (1:100 glomeruli. IGF-IR reactivity was again observed
in PB; Vectastain Elite ABC reagent, Vector Laboratories). Incuba- throughout the ONL and extending into the pro-
tions were for 2 hs at room temperature, antibodies were diluted in . . . .
PBS with 0.2% Triton and 0.02% sodium azide, and rinses were in ,tOglomeru“ (Fig. 1B). The intensity of IGF_lR Ia_bel_
PBS or PB. Label was visualized with diaminobenzidine (DAB; 0.5 INg Was greater throughout the ONL than it was in the
mg/ml in PB) and KO, Some alternate sections were stained protoglomeruli, although this was more evident with
with cresyl violet. The sections were dehydrated in graded alcohols, fluorescence labeling.
cleared in Hemo-De, and mounted in DPX. Light microscopy At P1, when glomeruli become distinguishable,
gnages were viewed on a leon_ FX microscope, digitalized using a IGF-IR+ olfactory axons were again found as positive

pot CCD Camera (Diagnostic Instruments), and labeled and . ) .
arranged using Adobe PhotoShop 5.0. bundles or fibers interspersed with IGF-tRaxonal

For double immunofluorescence labeling, adjacent sections processes throughout the ONL (Fig. 1C). Some, but

from rostral, middle, and caudal regions of the OB of each animal not all, glomeruli were IGF-IR (Fig. 1C, arrows).
were chosen. Frozen sections were air-dried for 20 min, rinsed with The IGE-IR+ glomeruli were more numerous than

PBS with 0.1% Triton (PBS-TX), and incubated in blocking buffer Ip_ . .
(PB with 0.5% rabbit serum and 0.1% Triton) for 45 min. Sections IGF-IR glomeru“’ and studies of the numbers and

were then incubated overnight at room temperature in primary anti- distribution within the OB are ongoing in the |f3-b-

body combinations of anti-IGF-IR (1:50) and (i) anti-OMP (1:500; In the P20 and older rat OB, IGF-IR labeling was
goat serum; gift of F. Margolis), (i) anti-SYN (1:10: mouse mono- more restricted in distribution than at P1 (Fig. 2A-D
clonal; Boehringer Mannheim Biochemical, now Roche Diagnos- for P20, 1D—E and Fig. 2E—G for adult rats). Older rats

tics, Indianapolis, IN), or (iii) anti-GAP-43 (1:20; mouse monoclonal; .
Boehringer Manheim Biochemical). After rinsing in PBS-TX, the demonstrated fewer labeled glomeruli than P20 rats

sections were incubated for 1 h at room temperature in secondary(compare Fig. 1D with 2A). In the rostral region of

antibody combinations of Cy5 conjugated rabbit anti-chicken adult OBs, IGF-IR- olfactory axons formed a nerve

(1:200; Jackson ImmunoResearch Laboratories Inc, West Grove, bundle that coursed caudally, staying in the most exte-

Pﬁ%o%n-dM;ﬁ:EEIC;:ngc;b?sAESaeiiS gongu%i%teﬁléj:b;;g”gé%‘?ft rior portion of the ONL until the posterior bulb, where

éated ;’abit anti mouse (1:Y200;gM0IécuIar’Probes), or (iii) AIexJa It formed the ma,Jomy of the ONL. Other parts _Of the

488 conjugated rabbit anti-mouse. Labeled sections were rinsed withONL in the anterior OB showed no IGF-IR labeling. In

PBS and mounted in Gelvatol (44). Digital images were collected the middle and posterior OB, IGF-IR labeling of the

from a Zeiss LSM510 laser scanning confocal microscope equipped ONL was more extensive, especially on the lateral and

with a krypton-argon laser fand labeled and arranged W_ith Adobe medial surfaces of the OB (Fig. 2A). Glomeruli be-

PhotoShop 5.0. Any materials not noted were from Sigma (St.

Louis, MO) or Fisher Scientific (Cincinnati, OH). neath densely labeled areas of the ONL were not al-
ways all IGF-IRt+, suggesting that many of the labeled
fiber bundles were traveling to other areas of the OB.

Only a subset of glomeruli contained detectable
RESULTS IGF-IR+ fibers in the adult rat OB (see Fig. 1D, arrow-
head). Interestingly, two types of IGF-tRglomeruli
Distribution of IGF-IR.To examine critical de- could be differentiated. The first type of glomeruli,
velopment periods in the morphological development which were most frequent, were larger and diffusely la-
of glomeruli (31,39), we analyzed IGF-IR immuno- beled (see Fig. 1E, arrowheads). At higher magnifica-
staining in serial sections of E18, E19, P1, young adult tion, distinctly labeled fibers could not be identified.

(P20), and adult OBs. We describe the embryonic re- These glomeruli were much more common in the poste-

gions of the OB according to previous reports (32).  rior bulb (Fig. 2A, C) than in the anterior bulb£n9 an-

At E18, IGF-IR+ fibers were found throughout imals). In the ONL adjacent to these glomeruli, large
the olfactory nerve layer (ONL), the most exterior bundles of IGF-IR- olfactory nerves were observed that
layer of the OB (Fig. 1A). Some positive fibers ex- appeared to penetrate the glomeruli from the ONL. Fig-
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Fig. 1. Immunoperoxidase labeling for IGF-IR in transverse sections of the rat OB at differenAagesbryonic day 18 (E18): Most of the
IGF-IR label was located in the ONL, but some IGF+-IRbers were observed in the DZ. Scale baR50 um. B, Embryonic day 19 (E19):

At E19 again most of the label was in the ONL. Protoglomeruli could be distinguished (arrows) in the DZ. Seak0bam. C, Postnatal
day 1 (P1): At P1 most of the staining was in the ONL, but IGF-HRomeruli were also observed in the GL (arrows). Scale=h200 pm.

D, Adult rat: In the adult (postpubertal) rat, only a few glomeruli were IGF-(Brrowhead). Dotted line separates GL on the left from EPL
on the right. Scale bar 100 w.m. E, Adult rat, higher magnification of a cluster of IGF-tRglomeruli. Glomeruli that are small and intensely
labeled (arrows) can readily be distinguished from larger, less intensely and more diffusely labeled glomeruli (arrowhedsls3.iAdicate
the position of glomeruli that were either negative or lightly labeled for IGF-IR. Scate B@@.m. ONL, Olfactory nerve layer; DZ, dendritic
zone; GL, glomerular layer; EPL, external plexiform layer.

ure 2A-D shows low- and high-magnification images of cated in the transitional region between the GL and EPL
an IGF-IR stained section and a cresyl violet counter- (see Fig. 1E, lower arrow). On closer inspection, the
stained adjacent section from the posterior area of a P2Garkly labeled fibers in these glomeruli formed a loose
rat OB, anterior to the accessory OB. The arrows in Fig. network, followed tortuous courses, and appeared to
2A and B mark the boundary between labeled glomeruli have numerous varicose segments along their branches
dorsally and unlabeled glomeruli ventrally, which is bet- (see Fig. 1E, arrows, and Fig. 2E-G). Further investiga-
ter visualized in Fig. 2C-D. Some areas of staining ap-tion, including quantification and interanimal distribu-
peared to be bilaterally symmetrical. The second type oftion patterns of both types of IGF-fRglomeruli, are
glomerulus was unusually small, and labeling for IGF- currently ongoing in the lab.

IR was more intense (see Fig. 1E, arrows, and Fig. 2E— In the postpubertal adult rats, IGF-tRfibers

G). These smaller IGF-HR glomeruli were even less were also observed leaving glomeruli and penetrating
frequently seen than larger ones, and they were often lo-deeper, into the EPL (Fig. 2F and arrows in 2E and
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Fig. 2. Further details of anti-IGF-IR immunoperoxidase labeled OB sectfoasdB, Adjacent serial OB sections from a P20 animal, labeled
with anti-IGF-IR A) or cresyl violet B) (dorsal is to the top, medial to the left). Only certain glomeruli and areas of the ONL were labeled.
Arrow indicates dividing line between densely labeled glomeruli (dorsal) and lightly labeled or negative glomeruli (véoricatheamedial
surface. Scale bar 500 um. Box indicates areas shown at higher magnificatio@ mndD. C andD, Close-up of the area including both
labeled (above arrow) and unlabeled or lightly labeled (below arrow) glomeruli. Scate2 um. E, F, G, Details of adult (postpubertal)

rat OB sections labeled with anti-IGF-IR, Detail of a small, intensely IGF-IR glomerulus located adjacent to, if not in, the EPL (just internal

to the GL). Some IGF-IR fibers (arrow) were observed penetrating into the GL. Scale=t200 um. F, Another small glomerulus and IGF-

IR+ fibers located in the EPL. Scale bar50 um. G, A small and strongly stained glomerulus is shown at the transition between the GL and
EPL, with IGF-IR+ fibers (arrows) penetrating into the EPL. Scale Hat50 pm.

2G). The immunoreactive fibers were mostly located Double-Labeling with OMP and IGF-IRAt E18,
near IGF-IR+ glomeruli and were more numerous there was extensive co-localization between OMP and
near the smallest and most strongly stained glomeruli.IGF-IR labeling, in both the ONL and DZ (Fig. 3A-C),
IGF-IR+ fibers penetrating into the EPL were also ob- suggesting that some IGF-iRfibers were mature ORN
served in younger animals (not shown). axons. However, this co-localization was not as com-
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Fig. 3. Double immunofluorescence labeling: IGF-IR (red) and OMP (grefen(., At E18, labeling for both IGF-IR (A) and OMP (B) was
located primarily in the ONL. However, some double-labeled (IGF/BMVP+) (yellow in C) fibers extended into the DR-F, At E19, the

ONL was again positive, with double-labeling also found in protoglomeruli (yellow, arr@as$) At P1, both markers were expressed mostly

in the ONL, with some labeling of glomeruli (yellow)-L, In the adult (postpubertal) rat, most of the glomeruli were positive only for OMP
(green). However, within the glomeruli containing IGF-IR staining, some regions were double-labeled (yellow in L) and others were positive
only for IGF-IR (J, red in L) or OMP (K, green in L). Scale bar (for all00 um. A color version of this figure can be viewed in the online
version of the journal at http://www.kluweronline.com/issn/0364-3190.
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plete as with GAP-43 (see below). Roughly 5-15% of Double-Labeling for Synaptophysin (SYN) and
IGF-IR+ fibers were OMP-negative, and approximately IGF-IR. At E18, SYN labeling was restricted to just a
the same percentage of OMPfibers were IGF-IR- narrow band in the innermost portion of the ONL, with
(based on visual examination; i.e., Fig. 3C). Many of the some extension of fibers into the DZ (Fig. 4A-C). In
OMP+ axons penetrating into the DZ were IGF-R the transitional region between the ONL and the DZ,
but they may have been negative because of the lowere@éxtensive co-localization between IGF-IR and SYN
sensitivity of the IGF-IR antibody when using immuno- was observed (Fig. 4C). The fibers penetrating the DZ
fluorescence. Because the frequency of IGF-Ifitbers were IGF-IR+/SYN+ (Fig. 4C).
in the DZ is higher in peroxidase-labeled sections, we At E19, again, SYN labeling was absent from es-
suspect that we are underestimating the co-localizationsentially all of the ONL (Fig. 4D—F). Thus the ONL
between OMP and IGF-IR at this age. was stained almost exclusively with IGF-IR. Now the
At E19, like E18, there was a fairly complete over- protoglomeruli were intensely labeled with SYN
lap between OMP and IGF-IR labeling, especially in the (Fig. 4E—F). Within these structures, an almost com-
ONL (Fig. 3D-F). Most of the protoglomeruli were plete co-localization of IGF-IR and SYN labeling was
OMP+/IGF-IR+ (Fig. 3, arrows). As at E18, some seen (Fig. 4D-F).
fibers positive for each label only were evident. The only At P1, as at the previous stages, the ONL con-
major difference was seen in the relative intensities of tained IGF-IR+ axons, but had no SYN labeling (Fig.
each label. OMP labeling was intense throughout both4G-I). However, within most of the glomeruli there
the ONL and the protoglomeruli, while the intensity of was an extensive co-localization of IGF-IR and SYN
IGF-IR labeling decreased in the protoglomeruli (Fig. labeling (Fig. 4G-I).

3D-E, arrows). This often resulted in the impression that

some glomeruli were primarily OMP, with little IGF-

IR labeling. OMP-/IGF-IR+ fibers were observed pen-
etrating the DZ, internal to the protoglomeruli (Fig. 3D—
F). Fibers that were OMP/IGF-IR— were also seen in
this zone (Fig. 3D-F).

In the adult rat, the distribution of SYN labeling
was very different from that found at the other stages.
The majority of the glomeruli were positive for SYN
labeling and negative for IGF-IR labeling (Fig. 4J-L).
This was consistent with the fact that the majority of
the glomeruli were IGF-IR in the adult OB. Of the

At P1, there was once again an almost completeglomeruli that were IGF-IR, most were also in-
co-localization of OMP and IGF-IR labeling in both tensely positive for SYN labeling (Fig. 4J-L, center
the ONL and protoglomeruli (Fig. 3G—I). However, region). Within these glomeruli we found areas that
now it was common to find scattered glomeruli that were IGF-IR+ only interdigitated with areas that were
were exclusively OMP, with no distinguishable IGF-  SYN+ only (Fig. 4J-L). The SYN label seemed to be
IR labeling (Fig. 3G-I, arrows). most strongly distributed around the periphery of the

In the adult, as mentioned previously, IGF-IR la- glomerulus, whereas IGF-IR labeling was more evenly
beling was greatly reduced. Thus, although there weredistributed (Fig. 4J-L).

OMP+/IGF-IR+ glomeruli (Fig. 3J-L), the majority Thus there was overlap between SYN and IGF-IR
were OMPH/IGF-IR— (not shown). Most IGF-IR labeling at all ages, with the greatest overlap seen in
glomeruli were also labeled for OMP. Within OMP the areas most likely to contain developing synapses
IGF-IR+ glomeruli, areas that were OMPIGF-IR+ (the DZ margin, protoglomeruli, and then glomeruli).
were interdigitated with areas that were IGFHRNly Fairly complete overlap was seen in the youngest ani-
(red) and areas that were OMPFonly (green) (Fig. mals with decreasing overlap with age.

3J-L). We did not find OMP labeling in the smallest, Double-Labeling for GAP-43 and IGF-IRAt
most intensely labeled IGF-HRR glomeruli. E18, there was extensive and almost complete co-

Thus, in summary, the greatest overlap betweenlocalization between IGF-IR and GAP-43 labeling in
OMP and IGF-IR labeling was seen at the earliest em-both the ONL and the margin of the DZ (Fig. 5A-C),
bryonic ages, although even this overlap was not com-although occasional fibers could be identified as
plete. With increasing age of the animal, there was alabeled singly with either antibody. In the OE (not
decreasing amount of overlap between these two la-shown), the overlap was not as complete, because
bels, which was consistent with decreasing labeling many dendritic knobs and nerve bundles were IGF-
for IGR-IR in the OB. This developmental pattern was IR+/GAP-43—-. Thus the more complete overlap in
also consistent, in general, with the overlap betweenthe glomeruli suggests that perhaps adjacent axonal
OMP and IGF-IR staining in ORN cell bodies in the processes that were singly labeled appeared as double-
OE (not shown). labeled because of the resolution of our techniques.



IGF-IR IGF-IR/SYN

Fig. 4. Double immunofluorescence labeling: IGF-IR (red) and SYN (gre®r{., At E18, IGF-IR labeling was located throughout the ONL,

while SYN labeling was observed only in the inner region of the ONL. Some co-localization (yellow) was obBefvedt E19, IGF-IR

labeling was observed in the ONL and in some protoglomeruli, whereas SYN labeling was seen only in protoglomeruli. Co-localization was
observed in the protoglomeruli (yellow in Fp—I, At P1 the labeling was quite similar to that seen at E18, with double-labeling seen in
glomeruli. J-L, In the adult (postpubertal) rat, within IGF-tRglomeruli, we observed double-labeled areas (yellow in L), as well as areas
that were positive for IGF-IR only (J, red in L) or SYN- only (K, green in L). Scale bar for ai 100 .m. A color version of this figure can

be viewed in the online version of the journal at http://www.kluweronline.com/issn/0364-3190.



IGF-IR _ GAP-43 IGF-IR/GAP-43

P1

Adult

Fig. 5. Double immunofluorescence labeling: IGF-IR (red) and GAP-43 (gre®n., At E18, IGF-IR and GAP-43 labeling were both
distributed primarily in the ONL. Scale bar for A=€ 100 pm. D-F, At E19, double-labeling was observed both in the ONL and in
protoglomeruli in the DZ (arrows)G—I, At P1, both IGF-IR and GAP-43 labeling were primarily in the ONL, with some double-labeled
glomeruli in the GL (yellow)J—L, In the adult (postpubertal) rat, IGF-tRglomeruli contained areas that were double-labeled (yellow, L) and
areas that showed IGF-IR (J, red in L) or GAP-43 (K, green in L) labeling alone. Scale bar fer D3@m. A color version of this figure
can be viewed in the online version of the journal at http://www.kluweronline.com/issn/0364-3190.
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At E19 and at P1, there was again an almost com-out the CNS, which would be consistent with a general
plete overlap between IGF-IR and GAP-43 labeling in nutritive and survival support role for most neural
both the ONL and the protoglomeruli (E19) (Fig. cells, a more restricted distribution is seen for cells ex-
5D-F) or the glomeruli (P1) (Fig. 5G-I). pressing high levels of IGF-I and IGF-IR mRNA (45).

In the adult rat, GAP-43 labeling was also found High levels of expression are restricted to large pro-
throughout the ONL, which meant that there was ex- jection neurons in the cerebellum, thalamus, retina,
tensive overlap with IGF-IR labeling (Fig. 5J-L). OB, and hippocampus, and in target regions of these
GAP-43 labeling was found in glomeruli that were neurons. And except for the OB, where expression
positive for IGF-IR (Fig. 5J-L), but it was also found continues into adulthood, expression is primarily tran-

in glomeruli that were negative for IGF-IR (not
shown). Far more glomeruli were GAP-43han were
IGF-IR+, demonstrating that not all immature ORN
axons (GAP-43) that reach the OB were IGF-iR
Within double-labeled glomeruli, the pattern of GAP-
43 labeling differed from that for IGF-IR. The GAP-

sient, occurring at a time after neurogenesis when
axons reach their targets and complete synaptogenesis
(45). Thus, IGF-I was thought to play a role in the es-
tablishment of axonal connections in local circuits, no-
tably sensory and cerebellar pathways (45).

More recently, Bondy and colleagues have ad-

43 labeling was most intense along the inner portion of vanced the hypothesis that IGF-1 regulates neuronal
the ONL and the portions of the glomeruli most prox- metabolism of glucose during development and plas-
imal to the ONL (Fig. 5K, 5L), as has been described ticity (18). Because the brain consumes greater energy
previously (34). In contrast, the IGF-IR labeling ap- than is explained by its relative size and weight and
peared to be more uniform throughout. Thus, different does not appear to use insulin like peripheral tissues,
regions of the glomeruli showed different degrees of they suggest that, instead, the brain may use IGF-I to
label co-localization and nonoverlap (Fig. 5L). The regulate and facilitate brain glucose metabolism. They
nonoverlapping labeling appeared as punctuate areashen provided strong evidence that IGF-I mediates an-

of fibers singly labeled for either GAP-43 (most often
seen peripherally and proximally within the glomeru-
lus) or IGF-IR (more often seen distally) interdigitated
with double-labeled areas (Fig. 5J-L). The small, in-
tensely labeled IGF-IR glomeruli were also usually
labeled for GAP-43.

Thus, as for OMP labeling, the overlap between
GAP-43 and IGF-IR labeling was greatest in the em-

abolic cellular pathways that are consistent with an in-
sulin-like effect on neurons (18). This role is
consistent with the CNS studies, because expression is
limited to very large neurons and time periods of ax-
onal outgrowth and synapse formation, processes that
require significant cellular energy.

IGF-IR+ Fibers Are in the Right Time and Place
in the OB to Be Involved in Glomerular Formation

bryonic animals and was reduced in adults, suggestingand/or Synaptogenesidnvolvement in glomerular

that only a subset of immature ORN axons (GAP-%3
that reach the OB are also IGF-R Overlap with
GAP-43 is consistent with the fact that IGF-IR label-
ing has been found previously in immature ORNS in
the epithelium (25).

DISCUSSION

This study shows that the highest levels of IGF-
IR immunoreactivity occurred in the right areas and
during the right times for IGF-1 and its receptor to play
a role in ORN axon ingrowth into, ORN synapse for-
mation in or glomerular formation in the OB.

What Might Be the Role of IGF-I in the Brain?
Previous studies of the patterns of IGF-I and IGF-IR

formation and/or synaptogenesis in the OB might re-
quire higher energy on the part of the ORN, thus re-
quiring greater activity of IGF-1. Our data suggest that
the IGF-IR-labeled fibers were at the right time and

place to be involved in these processes. First, high lev-
els of IGF-IR were present in the ONL, DZ, proto-

glomeruli, and GL, all of which are major sites of axon

ingrowth, synapse formation, and glomerular forma-
tion during OB development. ORN axons grow into

and surround the OB around E13-14 in the rat
(37,46,47), and synapse formation with OB dendrites
is initiated when ORN axons penetrate the presump-
tive glomerular area (the DZ), around E14-15 in the
mouse (equivalent to E16-17 in the rat) (48,49).
Glomerular formation is initiated with the appearance
of protoglomeruli at the edge of the DZ, around E18 in

MRNA expression during CNS development suggestedthe rat, followed by true glomeruli and the GL just

that IGF-1 plays a role in axon outgrowth and/or mat- after birth, again in the rat (31,32). We observed the
uration of synaptic connections (45). Whereas IGF-IR most extensive IGF-IR labeling in the same OB layers
MRNA is expressed at low levels uniformly through- during these perinatal time periods.
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A second observation was that IGF-IR labeling in Studies of IGF Components2ur immunolabeling is
the OB overlapped extensively during the perinatal pe- consistent with, but may be less sensitive than, previ-
riod with labeling for SYN, which indicates that IGF- ous labeling for the production and presence of IGF-
IR+ fibers were in the appropriate location to be IR. Autoradiographic studies of IGF-I binding
associated with developing synapses. localized the highest levels of putative IGF-IRs in the

A third observation was that IGF-HRfibers were ONL and Gl in the adult, with uniform labeling, and
double-labeled with both GAP-43 and OMP, suggest- lower labeling in the EPL and internal plexiform lay-
ing that IGF-IR might be expressed by both immature ers (45,53-55). Our highest labeling was also in the
and mature ORNSs, perhaps at critical times of forma- ONL and GL, but we saw incomplete labeling in the
tion or stabilization of synapses. We previously adult and we did not observe labeling in any other OB
demonstrated IGF-IR labeling in a subset of immature layer at any time. The differences may be due to the
ORNSs in the newborn and adult rat OE (25). We have fact that, in autoradiography, cellular localization is
more recently determined, by double-labeling for IGF- sacrificed to gain increased sensitivity while in anti-
IR and the neural cell adhesion molecule (NCAM) that body staining, cellular detail and localization may be
only a subset of immature ORNs is IGF4#RANd an gained at the expense of sensitivity. Another possibil-
even smaller subset of mature, OMRORNSs is IGF- ity is that with autoradiography, despite attempts to the
IR+ (Pixley, unpublished data). This labeling is con- contrary, binding of radioactive IGF-I to its many
sistent with our OB labeling in P1 and adults, as binding proteins may not have been completely elimi-
reported here. One possible hypothesis for these datanated. The IGF-I binding proteins (IGFBPs) are abun-
is that ORNs express IGF-IRs in a time-dependent dantly expressed in the OB (56).
manner, that is, beginning late in ORN immaturity, at In situ hybridization studies in the OB show IGF-
about the time that ORN axons enter the glomeruli. IR MRNA expressed in granular, mitral, and tufted
And the ORNs would then have to cease expressioncells, with lower levels in the GL (45,51,55,57-59).
just after completing maturation, which involves mor- We did not observe any labeling of OB neurons, but
phological changes and initiation of OMP expression. the differences could readily be due to a lower sensi-
What triggers or stimulates maturation of ORNs is not tivity with the antibody. The in situ studies did not ex-
known. This time-dependent expression of IGF-IRs amine the OE, so the relative level of IGF-IR mMRNA
would allow the ORNs to take advantage of the un- expression in ORN cell bodies versus OB neurons is
usually high production of IGF-I that is characteristic not known. It is also possible that the differences be-
of the intrinsic OB neurons that are the targets of tween immunostaining and in situ results are due to the
ORNSs (19,45,50-52). Thus the ORNs might therefore production of MRNA without translation into protein,
use IGF-1 in the possibly energy-demanding processesor rapid transport of the protein to specific areas of the
of either maturation, or synapse formation and stabi- cells, such as the apical dendrites of the mitral cells. In
lization. A second possibility is that IGF-IRs are regard to the latter speculation, our IGFHRabeling
highly expressed in a subset of ORNSs, regardless ofin glomeruli did not appear to be labeling of mitral or
their maturation state. If so, we would speculate that tufted cell processes, although we cannot rule that out
this subset might require higher levels of metabolic en- at present. In summary, our results suggest that this
ergy. A third possibility is that a subset of ORNs ex- IGF-IR antibody only detects cells expressing the
presses high levels of IGF-IRs, but only at a certain highest levels of IGF-IR protein, which appear to be a
time in their lifespan. All we can say at present is that subset of ORNSs.
the IGF-IR expression pattern in ORNSs in the OB is Small, Intensely IGF-IR Glomeruli. We ob-
consistent with an involvement in either synaptogene- served small, intensely IGF-IR glomeruli-like re-
sis or glomerular formation, which would support a gions in the transition zone between the GL and EPL.
role for IGF-I in energy-demanding processes. They do not appear to be off-center slices of larger

In summary, our data are consistent with a hypoth- positive glomeruli because of the distinctive differ-
esis that IGF-I and the IGF-IR are involved in some as- ence in staining (see Figs.) and because of observa-
pect of ORN axonal growth, synapse formation and/or tions in serially sectioned tissues (not shown). The fact
glomerular formation in the OB. All of these processes that these areas showed no OMP double-labeling, but
are energy demanding, so the speculated role of IGF-Idid show double-labeling with GAP-43 and SYN, sup-
would be to enhance the energy utilization of ORNs ports the idea that these fibers are immature ORNSs ini-
during establishment of either position or synapses. tiating synaptogenesis. These areas are unlikely to be

Is Our Immunolabeling Consistent with Previous newly forming glomeruli, because previous reports
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have suggested that there are no new glomeruli formedthat the IGF-IR- fibers that we saw extending deep to
in the adult rat (60). However, increases in glomerular the GL in both adults and younger animals have a
size and number have been reported in the adult mouséunction in plasticity in the OB, perhaps in restructur-
(61), so one speculation is that these sets of IGF-IR ing glomeruli. Other previous studies have described a
fibers are newly forming glomerular areas that eventu- population of “almost mature” neurons in the OB that
ally become incorporated into neighboring glomeruli. are unable to find synaptic space and determined that
Despite the previously mentioned morphological these represent the bulk of turnover of ORNs that
study in the mouse, functional studies in young adult occurs continuously (72,73). Thus these extraneous,
rats argue against expansion of glomeruli. In young deep IGF-IR- fibers, as well as the small glomeruli,
rats, glomerular function and size expand if there is an might be fibers that have not yet and may never find
increase in odor exposure during the first weeks afteran appropriate place in a glomerulus, and are destined
birth (62—-65). However, a critical period was observed to be rapidly lost.
for alterations in glomerular function; changes did not Significance of the Labeling of a Subset of ORN
occur when the odorant exposure occurred after theAxons in the AdultAs stated above, hypotheses to be
first few weeks of life (66). Thus, presumably, there are considered are whether IGF-IRs are expressed during
fewer or no glomerular changes in adults. Although it one time period in the life of all ORNSs, or by only a
might be optimal to revisit this issue combining odor- subset of ORNs. A key factor in sorting this out may
ant exposure, functional measures and IGF-IR staining,be to determine if the IGF-IR glomeruli in the adult
the behavioral and morphometric analyses are quiteare randomly located or appear in specific patterns
complex (64) and the IGF-IR glomeruli are few in from animal to animal. If IGF-IR labeling were stage-
number, so subtle changes occurring in adults might bespecific and in all ORNs, then the glomeruli would
missed. presumably be randomly located, because dividing
Other laboratories have described unusually small cells in the OE are randomly distributed (74). In our
glomeruli in the OB. Kosaka et al. described small studies of IGF-IR- neurons in the OE, observations of
glomeruli, termed nidi, in the shrew that label for the septum showed randomly scattered neurons that
both glutamic acid decarboxylase and calbindin (67, were not localized to zones (Pixley, unpublished re-
68). However, they differ significantly from our small sults), as is observed with olfactory receptor genes
IGF-IR+ glomeruli, in that the nidi are more numer- (26,75). If the glomeruli are not randomly located,
ous in the adult, forming a distinctive layer throughout then the IGF-IR- ORNs are more likely to be a subset,
the OB, and the nidi contain only processes of OB neu-perhaps with unusual energy requirements. Because
rons, not ORN axons (68). Greer and colleagues de-the current work suggested a nonrandom distribution
scribed small glomeruli labeled with the lectin, UEA (i.e., we consistently found more labeled glomeruli in
that contained ORN axons that were OMFbut the posterior rather than anterior OB in adults), work
NCAM — and appeared to be a subset of mature ORNSsis currently underway in our laboratory to map (and
(69). In contrast, our small IGF-IR glomeruli were quantify) the interanimal distribution patterns of IGF-
OMP—- and GAP-43-, which suggests that they con- IR+ glomeruli.
tain immature ORN axons. Thus, although more ex- Compartmentalization within GlomerulAs has
tensive analysis remains to be done, including double-been found for other antigens, we observed a compart-
labeling with UEA lectin, we appear to be describing mentalized distribution of IGF-IR within adult
a new set of glomerular-like structures. glomeruli. Previous observations of compartmental-
IGF-IR+ Fibers Penetrated the EPL Layer in ized glomerular distributions of GAP-43, SYN, and
Adult OBs Another unusual observation was that IGF- OMP led to the suggestion that axo- and dendro-den-
IR+ fibers extended into the EPL in adult rats. Axons dritic circuits are segregated into separate compart-
of ORN that penetrate the EPL have been observed inments (32,34). In our double-labeling studies, we saw
embryonic and perinatal rodents (70,71). This was a fairly extensive co-localization of IGF-IR with OMP,
thought to indicate that the laminar targeting of ORN SYN, and GAP-43 through development until we ex-
axons in the OB is imprecise initially, that is, around amined adult rats. There we saw heterogeneous label-
P1.5 (71). However, no ORN axons penetrating deep toing for each marker. Single- as well as double-labeling
the GL were found in adults (70,71). Here we saw im- was seen for each antibody marker. Most interesting
mature (OMP-), IGF-IR+ fibers (presumably ORN  was the discordance between OMP and IGF-IR stain-
axons) extending deep to the GL in adult animals asing in glomeruli, because it suggests that different
well as in younger animals. It is tempting to speculate types of ORN endings, perhaps based on age or energy
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utilization, could be compartmentalized within the doctoral fellowship (CF), Fullbright postdoctoral fellowship (CF),

glomerulus.

IGF-1 Could Affect Axon Targeting Instead of or
in Addition to Neuronal Glucose Metabolisirarget-
ing to glomeruli by ORN axons undoubtedly depends
on a series of specific cell surface molecules, trophic
factors and/or tropic factors (28,31,76). Based on our
results shown here, IGF-I could be a candidate for a
bulb-derived trophic or tropic factor, instead of, or in
addition to, being involved in neuronal metabolism.

Although IGF-I has not been reported to have intrinsic 3-

tropic actions, it is associated with a family of extra-

cellular binding proteins, IGFBPs, that regulate its ac- 4.

tivity in a tissue and age-specific manner (77,78).
Many IGFBPs are found in the outer layers of the ro-

dent OB (51,56,79), and they could bind IGF-I extra- 5.

cellularly and present it to ORN axons locally, or by
diffusion of soluble IGFBPs, farther away (78). This

could make IGF-I a spatial cue, guiding ORN axonal .

routing. Alternatively, IGF-1 might influence axonal
targeting by altering the extracellular matrix, because

IGF-I can stimulate extracellular matrix production 7.

(36,80), and extracellular matrix molecules have been
implicated in guidance of ORN axons (35,37,81). 4
Thus, IGF-l1 could modify axonal outgrowth and
glomerular formation in ways other than by influenc-
ing neuronal glucose metabolism. 9

10.

SUMMARY

In summary, the IGF-IR is expressed on a subset !

of predominantly immature ORN axons in the embry-
onic, postnatal and adult rat OB. The spatiotemporal
expression of the IGF-IR immunoreactivity in the OB
and co-labeling with GAP-43, OMP and SYN support
a role for IGF-IR, and therefore the IGF-I system, in
the development of glomeruli and/or synapse forma-
tion in the OB. This may occur by boosting the me-
tabolism of glucose by ORNs during periods of axon
contact with target neurons and synapse formation.
Further studies of the IGF-I system may elucidate
mechanisms involved in regeneration of ORNs, matu-
ration of glomeruli and/or formation and plasticity of
synaptic contacts within the olfactory system.
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