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Abstract

We hypothesized that brain-derived neurotrophic factor (BDNF) may be down-regulated in the olfactory bulb ipsilateral to
experimental naris occlusion. Unilateral naris occlusion was performed on rats at postnatal day three (P3). On P10, P30, and P60 olfactory
bulbs were weighed and assayed for tyrosine hydroxylase (TH), BDNF, and TrkB by Western blotting to determine the response of BDNF
and its cognate receptor, TrkB, both during the acute phase of sensory loss (P10) and longer term. TH levels, which are highly dependent
on intact input from the olfactory epithelium, were assayed as a means of determining the success of occlusion in each animal. At P10,
BDNF protein expression was variable but most often increased ipsilateral to deprivation. In contrast, by P30 and P60 TH levels were
found to be significantly decreased in the ipsilateral bulbs as were the levels of BDNF. TrkB protein levels changed little relative to the
control side. Immunohistochemical localization of BDNF within the control-side olfactory bulb revealed small cells located mainly in the
mitral cell layer and internal plexiform layer. Very few of the BDNF immunoreactive cells were visible in the bulb ipsilatera to the
occlusion by P30. Given the roles of BDNF in survival of cells and plasticity during development, the decrease in BDNF expression
subsequent to olfactory sensory deprivation may contribute to cellular and synaptic deficits observed by others following olfactory sensory

deprivation. [ 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

When naris occlusions are performed on rats before
postnatal day 10 (P10), size differences of 25% are
common between the two olfactory bulbs by P30 [5]. The
sensory deprivation afforded by the occlusion provides loss
of activity in the olfactory bulb due to decreased synaptic
discharge of extant olfactory nerve axons. The fact that
there is such a profound effect on development of the
olfactory bulb with the deprivation suggests that develop-
mental events are interrupted.

Previous studies have indicated that olfactory sensory
deprivation in the neonate rat leads to cell death in the
ipsilateral olfactory bulb [13,26]. A subsequent study
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found that the cell death is due to apoptosis mainly in the
glomerular and granule cell layers of the bulb [29]. Thus,
the interruption in development could be the result of a
factor or factors that are essential to normal devel opment.

Neurotrophins are widely regarded as having an im-
portant role in cell survival, differentiation and growth.
Brain-derived neurotrophic factor (BDNF) has been found
to have a number of developmenta influences on the brain
including cell differentiation and survival [18]. Brain
survey studies using immunohistochemistry, in situ hybrid-
ization [8,36] and enzyme immunoassay [16] have re-
vealed that BDNF is present in the olfactory bulb. In
addition, immunohistochemistry has revealed that the high
affinity receptor for BDNF, TrkB, is present in many
granule cells [14], mitral cells [35] and periglomerular
cells [14] or dendrites [14,35] within the bulb. Thus, TrkB
would be expected to help mediate the signaling of BDNF
within many cells of the bulb. Given the purported roles of

0165-3806/01/$ — see front matter [ 2001 Elsevier Science BV. All rights reserved.

PIl: S0165-3806(01)00144-4



18 J.H. McLean et al. / Developmental Brain Research 128 (2001) 17-24

BDNF, a change in BDNF expression within the bulb
during development could produce profound changes in
the olfactory bulb. The object of this study was to examine
the short- and long-term effects of olfactory sensory lossin
the neonate rat on olfactory bulb development, especialy
regarding the expression of BDNF.

2. Materials and methods
2.1. Animals

All procedures were approved by the Ingtitutional
Anima Care Committee at Memoria University of New-
foundland which follows the guidelines of the Canadian
Council on Animal Care. The subjects were Sprague—
Dawley rats housed at room temperature in anima care
facilities of the medica school. The litters were culled to
12 pups/litter in this study.

2.2 Occlusions

Unilateral naris occlusion was performed on P3 rats (P1
being the day of birth). Hypothermia was used to anes-
thetize the pups before the occlusion was begun. Naris
occlusion was performed using a surgical cauterizing
instrument as described previously [25]. Only those ani-
mals with an obviously closed naris at the time of sacrifice
were used for analysis. Naris occlusion inactivates, without
destroying, the input from the olfactory epithelium to the
bulb [9].

For Western blots, rats were sacrificed on P10, 30 and
60. The rats were rendered unconscious by placing them in
a chamber filled with CO, and within 1 min were
sacrificed by decapitation. The olfactory bulbs were sepa-
rated from the brain by making a transverse cut through
the caudal part of the bulb anterior to the frontal cortex. In
Nisd-stained sections, this level contains olfactory bulb
with no elements of the anterior olfactory nucleus. Each
bulb was then quickly frozen by dry ice, weighed, and
stored in microcentrifuge tubes at —70°C. For immuno-
histochemistry, animals were anaesthetized at P30 or P40
and sacrificed by transcardia perfusion as described
previously [21,23].

2.3 Western blotting

2.3.1. Sample preparation

This was performed essentialy as we described earlier
[20,37]. Briefly, equal weights of protein (100 wg) from
each sample were separated on the basis of gel mobility
using sodium dodecy! sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE). Minigels were prepared in acryl-
amide concentrations of 7.5% (w/v) for TrkB and TH or
15% (w/v) for BDNF. Stacking gels (4% w/v) were used
in al cases.After the transfer of the protein from gels to

nitrocellulose blots, the blots were processed for detection
of specific proteins or placed in Ponceau S to visualize the
total amount of protein transferred. Only those blots that
showed equa protein levels for paired bulbs were sub-
sequently analyzed.

2.3.2. Immunoblotting

Rabbit anti-BDNF (1/500 dilution, Santa Cruz Bio-
technology) was raised against a peptide corresponding to
residues 128-147 located at the C-terminus of human
BDNF. We have shown in Western blots that this antibody
is specific to denatured BDNF because the 14-kDa band is
absent in BDNF knockout mice [11]. As a positive control,
recombinant human BDNF (rhBDNF) was purchased from
Alomone Labs (Isragl).

To determine the success of sensory deprivation, expres-
sion of tyrosine hydroxylase (TH) was visualized with a
rabbit antibody (diluted 1/2000, Eugene Technology)
since sensory deprivation produces decreased expression of
TH in dopaminergic periglomerular cells of the bulb [3,9].
Positive control for TH was obtained using cultured
pheochromocytoma cell lysate (PC12, cell line expressing
TH, provided by Dr Karen Mearow). Visualization of TrkB
was obtained using an antibody (diluted 1/500, Transduc-
tion Laboratories) which recognizes residues 155-318,
corresponding to a portion of the extracellular domain and
is common to both the truncated (TrkB,,,,,.) and full length
(TrkB;,,) forms. The remaining processing of blots was as
described previously [20,37].

2.33 Molecular weights of bands for BDNF, TH,
TrkB, e @nd TrkBy,

The specific protein bands were identified based on their
molecular weights specified by the antibody manufacturer.
The approximate band site for denatured BDNF was at 14
kDa, TH at 58 kDa, TrkB;,,, at 145 kDa, and TrkB,,,, a
95 kDa. The bands were verified as being the correct
protein by comparison with the positive control run on
each gel. A second antibody to the full length form of
TrkB (Santa Cruz) was used in one experiment to confirm
the band of the Transduction Labs antibody which marks
TrkB;,,. Both antibodies recognized the same 145 kDa
band so the antibody made by Transduction Labs was used
in subseguent experiments.

2.34. Image analysis

An image analysis system (Bioquant, R&M Biotechnol-
ogy) was used to obtain optical density of the bands and
surrounding background region in order to quantitate levels
of proteins in the relevant bands. Relative optical density
was caculated for each band [20,24,37]. Changes in
protein were normalized by comparing the protein amount
on the side ipsilateral to manipulation to the control side
and presenting the comparison as a percentage of control.
Analysis of each pair of bulbs was always performed using
the same blot in order to keep exposure times using



J.H. McLean et al. / Developmental Brain Research 128 (2001) 17-24 19

enhanced chemiluminescence standardized for each pair.
One sample t-tests were used to determine if proteins on
the experimental side were significantly different from the
control side.

2.4. Immunohistochemistry

Antibodies to BDNF (rabbit, 1/500 dilution, kindly
provided by Dr Q. Yan, Amgen), TrkB (Santa Cruz, 1/500
dilution), TH (Eugene Technology, 1/1000 dilution),
GFAP (DiaSorin, 1/200 dilution), GABA (DiaSorin, 1/
1000 dilution), and microglia (OX-42, Cedar Lane Ltd.
Inc., 1/500 dilution) were used for immunohistochemistry
or immunofluorescence. Further processing of brain sec-
tions and visualization using diaminobenzidine or immuno-
fluorescence were described previoudy [21,23]. It is
important to note that the BDNF antibody from Amgen has
been previously shown to be specific for BDNF as its
staining was absent using immunohistochemistry in homo-
zygote (—/—) BDNF knockout mice [36]

3. Results

Selection of olfactory bulbs to be utilized for Western
blot analysis was based on qualitative analysis of naris
occlusions so that only clearly naris-occluded rats were
chosen for analysis. Weight measurements of olfactory
bulbs helped confirm visual impressions of olfactory bulb
atrophy on the side ipsilatera to occlusion in older
animals. Selection criteria for analysis included the re-
quirement that protein loading of each lane was equivalent
as determined by comparing total protein content in
nitrocellulose blots (Ponceau S visualization) for each
control and experimental side pairing. In addition, only
those blots with clear band quality were used. Decisions to
accept or reject a blot for analysis were unbiased as the
examiner did not know the origin of each lane. Examples
of the Western blots for TH, BDNF and TrkB at P60 are
shown in Fig. 1.

Rats sacrificed on P30 and P60 displayed apparently
normal tissue covering the occluded nares thereby prevent-
ing the entry of air. Because the results at P10 were
somewhat different from that at P30 and P60, the descrip-
tions below are grouped accordingly.

3.1. Postnatal day 10

3.1.1. Olfactory bulb morphology

Nares occlusions at P10 were inconsistent. Some nares
became patent which is consistent with the literature [25].
Thus, the olfactory bulbs ipsilateral and contralateral to
naris occlusion of rats sacrificed on P10 did not demon-
strate significant difference in weight (Fig. 2A) athough
there was often a visual impression that the ipsilateral bulb
was smaller.
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Fig. 1. Western blots. Visualization of Western blots using enhanced
chemiluminescence to visualize (A) tyrosine hydroxylase (TH), (B)
BDNF, and (C) full length (TrkB,,,) or truncated (TrkB,,,.) forms of
TrkB in P60 rats following unilateral naris occlusion in the neonate rat.
Each lane represents the protein expression in the olfactory bulb from one
animal. PC 12 cells were used as positive control for the TH expression
while human recombinant BDNF was used as the positive control for
BDNF. The bands corresponding to TH and BDNF (arrows) show
decrease in optical density ipsilateral to the occlusion.

3.1.2. Protein levels of tyrosine hydroxylase (TH), brain-
derived neurotrophic factor (BDNF) and TrkB at P10

TH levels measured by Western blots were not sig-
nificantly decreased at P10 (Fig. 2A). Overall, there was no
significant difference in BDNF content between the bulbs
at P10 (Fig. 2A) but on an individual animal basis, six of
eight comparisons showed the 14 kDa BDNF band ipsila-
tera to the occlusion to be increased 150—200% relative to
the control side. The TrkB levels were not significantly
changed although TrkB;,, tended to be increased ipsilater-
al to the naris occlusion (Fig. 2A).

3.2, Postnatal day 30 and postnatal day 60

3.2.1. Olfactory bulb morphology

Naris occlusion in rats with longer surviva times (i.e.
sacrifice at P30 and P60) was considerably more consistent
than that observed in the rats sacrificed at P10. The
unilateral closure of the naris in the older animals agreed
with the significantly decreased weight of the ipsilatera
bulb (Fig. 2).

322 Levels of TH, BDNF and TrkB;,, /TrkBy .
In keeping with the consistency of the successful
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Fig. 2. Analysis of Western blots. The effects naris occlusion of the rat pup were analyzed by quantitating olfactory bulb weights, or expression of TH,

BDNF, TrkB,,, or TrkB,, .

at P10, 30 and 60. In each case the bulb on the experimental side was compared to that on the control side which was

normalized to 100%. A one-sample t-test was used for statistical analysis. * P<<0.05; ** P<0.01; *** P<0.001.

occlusions and comparatively smaller olfactory bulbs
ipsilateral to naris closure, the TH levels in the bulb were
significantly decreased on the occluded side at P30 (t=
3.875, P<<0.01) and P60 (t=4.968, P<0.01) (Fig. 2B, C).
TH levels were either not changed or decreased in the
ipsilateral bulbs in nine out of nine comparisons at P30 and
eight of nine at P60.

BDNF was markedly affected by occlusions. At P30,
BDNF protein was decreased in eight of nine ipsilateral
bulbs which was extremely significant (t=5.546, P<
0.001) (Fig. 2B). At P60, eight of nine pups exhibited
decreased BDNF in the ipsilateral bulb (t=3.155, P<<0.05)
(Fig. 2C).

Despite the decrease in BDNF levels, the TrkB levels
were not significantly affected by P30 and P60 (Fig.
2B,C). There was only a tendency for TrkB,,, to be
decreased ipsilateral to occlusions.

3.3 Immunohistochemistry

The expression of BDNF was examined in seven rats
that each had a naris occlusion at P1 or 2 until the time of
sacrifice at P30—40. On the contralateral (control) side, in
each case there was a predominant band of BDNF-im-
munoreactive cells located especialy in the interna part
the mitral cell layer of the bulb (Fig. 3B). A few lightly
stained BDNF immunoreactive cells were also observed in
the granule cell layer and other, less identifiable processes,
were observed in the external plexiform and glomerular
layers. No such label was observed when the primary
antibody was omitted. Most of the labelled cells were
lightly stained with few visible processes.

Severa cells had a dendritic process oriented towards
the external plexiform layer similar to granule cells while
others were oriented horizontally. The cells ranged from 6
to 13 pm in long axis compared to 16—20 wm long mitral

cells that were observed in adjacent Nissl sections. Judging
by the size and position of the BDNF immunoreactive cells
and comparisons to other Golgi impregnation studies [31]
the BDNF immunoreactive cells appear to be Cajal,
horizontal and granule cells.

On the side ipsilateral to naris occlusion, there was
substantial decrease in the immunohistochemical expres-
sion of TH in periglomerular cells which is indicative of
successful occlusion and is in keeping with numerous other
studies. The BDNF cellular label was obvioudy dimin-
ished on the deprived side (Fig. 3A vs. B). TrkB immuno-
histochemistry revealed presence of the receptor both
contralateral (Fig. 3D) and ipsilateral (Fig. 3C) to naris
occlusion. The label was observed especialy in granule
cells and processes with the antibody we used.

In order to identify any other chemical phenotype of the
BDNF immunoreactive cells, double-label immunohisto-
chemistry was employed. We observed no BDNF colocali-
zation with GABA (inhibitory interneurons), GFAP (as-
trocytes) or OX-42 (microglia). Thus, the BDNF immuno-
reactive cells had the shape characteristics of interneurons
but their transmitter phenotype remains unknown.

4. Discussion

The results of this study show that BDNF expression in
the olfactory bulb is substantially down-regulated by P30—
P60 following occlusion of the naris in neonate rats. At the
earliest age observed, P10, there was considerable vari-
ation of BDNF levels with a substantial trend towards
increase on the occluded side. The quantitative results
observed using Western blot analysis were elaborated
qualitatively using immunochistochemistry which showed
appreciable decrease of BDNF expression in small non-
mitral cells located mainly within the mitral cell/internal
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Fig. 3. Immunohistochemistry. Digitized brightfield images display the immunohistochemical localization of BDNF (A, B) and Trk B (C,D) ipsilateral
(A,C) and contralateral (B, D) to a naris occlusion. The expression of BDNF immunoreactivity at P40 in small cells located in or near the mitral cell layer
(mcl) was substantially reduced while TrkB immunoreactivity was not overtly changed after occlusion in the neonate. Bar in D, 100 pm. Bar in the inset of
B, 10 um. Abbreviations: gl, glomerular layer; epl, external plexiform layer; gcl, granule cell layer.

plexiform layer interface following neonatal naris occlu-
sion.

4.1. Sensory deprivation and the olfactory bulb

4.1.1. Effect on morphology

Except at P10, the olfactory bulbs were consistently
decreased in size ipsilateral to naris occlusion. This
observation is consistent with other studies [5]. In contrast,
occlusions performed on rats after P10 do not result in a
significant decrease in the size of the olfactory bulb or
congtituent layers [6]. Thus, the sensory deprivation is

most effective when performed on a neonate rat and, it
may be argued, reflect interruption of developmenta
events.

4.1.2. Effect on tyrosine hydroxylase expression

TH expression in the olfactory bulb has been used for
severa years as an indicator of the integrity of the
olfactory epithelium input to the bulb. Most studies in the
past have used either biochemical (HPLC) analysis [2] or
immunohistochemistry [1,22,28] to show decrease in TH
following sensory deprivation or chemical deafferentation.
This decrease has been shown to be in dopaminergic
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periglomerular cells that receive input from the olfactory
epithelium.

The present study showed that Western blot analysis is
also an efficient means of determining the overall expres-
sion of TH in the olfactory bulb.

4.2, Regulation of BDNF levels

There was considerable variation in BDNF levels at P10
in pups with naris occlusions. This variation may reflect
the fact that the naris has not been closed very long or that
at P10 there may till be some air reaching the olfactory
epithelium through an incomplete naris occlusion. The
variability of BDNF levels in naris-occluded pups at P10
could mean that there is a transient period when BDNF is
increasing in some animals in an effort to overcome the
negative effects of olfactory deprivation. In summary,
there appears to be an unknown element in some animals
with naris closure that produces a substantial transient
increase (up to 200%) in BDNF in the olfactory bulb.

In the present study, the decrease in BDNF in the bulb
with longer survival istied to an environmental factor such
as sensory deprivation. The decreased olfactory stimulation
would obviously decrease neurotransmitter activity in the
bulb with subsequent decrease in intracellular signaling
pathways. Evidence in the hippocampus suggests that
neuronal activity mediated by non-NMDA glutamate re-
ceptors regulates synthesis of BDNF [38]. It is noteworthy
that the olfactory nerve mediates its effect on mitra cells
of the olfactory bulb via NMDA and non-NMDA receptors
[20]. Thus, changes in neurotransmitter activation could
have consequences for BDNF expression athough the
precise mechanisms in the bulb need to be determined.

In other sensory systems, BDNF expression is aso
regulated by the integrity of sensory input in the develop-
ing brain. In the visual system, monocular deprivation
leads to reduced BDNF mRNA expression in the visua
cortex [4,17,32]. Similarly, in the somatosensory system,
vibrissae removal, which affects somatosensory input to
cortical barrel fields of rodents, decreases BDNF mRNA
expression [33]. Thus, the down regulation of BDNF
following different types of sensory deprivation may be a
universal occurrence in the developing animal.

4.3 Potential roles of BDNF and TrkB

Sensory deprivation initiated before P10 results in
substantial loss of neurons in the bulb [26], probably due
to cell death [13] by apoptosis of periglomerular and
granule cells [29]. In other neurona systems, BDNF is
involved in cell survival, differentiation and plasticity.
Therefore, the increased apoptotic cell death in olfactory
bulbs ipsilatera to occlusion could be the result of a
down-regulation of BDNF. It is intriguing that if the naris
occlusion is reversed in the juvenile rat after sensory
deprivation of the neonate, there is a recovery of olfactory
bulb size due to increased cell proliferation in the first days

after reopening of the naris [9]. A enticing follow-up study
would be to determine if BDNF is up-regulated during this
phase of recovery of the bulb since a factor that enhances
cell proliferation would be expected to be increased during
that time period.

More direct evidence of arole for BDNF in cell survival
in the olfactory bulb can be gleaned from BDNF infusion
studies. In other cortical regions, BDNF can prevent cell
shrinkage [15] or cell death following axona injury
[15,34]. Thus there is a good probability that BDNF plays
a similar role in the sensory-deprived olfactory bulb. In a
different vein, unilateral infusion of BDNF into the latera
ventricle increases the number of newly generated neurons
in the olfactory bulb [39]. Thus, besides cell survival,
another role of BDNF in the olfactory bulb may be in the
genesis of new neurons.

An unexpected observation of this study was that there
was no consistent change in TrkB expression following
olfactory deprivation. Prolonged BDNF infusion into the
olfactory bulb of the adult rat produces decreased expres-
sion of TrkB protein [12]. From this, one might have
speculated that the decreased BDNF observed in the
present study would have lead to increased TrkB protein
levels in the bulb but this was not observed. Nevertheless,
our results are in keeping with those observed in the visua
system where monocular deprivation in the neonate results
in decressed BDNF mRNA without a change in TrkB
mMRNA [4]. Although the TrkB protein or messenger RNA
levels do not appear to change with sensory deprivation, it
is possible that other components of TrkB signal transduc-
tion such as phosphorylation of TrkB [40] could be
affected by the decreased BDNF.

In summary, BDNF levels were most often reduced in
the ipsilateral bulbs of naris-occluded rats when compared
with their contralateral counterparts. This difference was
significant when observations were made in P30 and P60
rats. These observations provide indirect support to the
hypothesis that BDNF levels are tied to developmental
events of the olfactory bulb. The hypothesis that BDNF
decrease causes the gross morphological and cellular
decrease in the bulb requires more study. The observed
changes in the present study of BDNF within the olfactory
bulb following sensory deprivation in the neonate could
provide a model for sensory deprivation in the CNS during
early periods of critical development. In humans, early
global sensory deprivation leads to subtle, yet measurable,
behavioral and cognitive problems in children [7,27,30].
Study of neurotrophins in anima sensory deprivation
models could, as suggested by others, lead to methods of
treating learning disorders and other developmental dis-
orders in children [19].
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