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Abstract

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family, which is important for the growth, differentiation,
and survival of neurons during development. We have performed a detailed mapping of BDNF mRNA in the neonatal rat brain using a
quantitative in situ hybridization technique. At postnatal day (PND) 4, hypothalamic structures showed only modest expression of BDNF
mRNA, with the exception of the ventromedial nucleus (VMN), where expression was higher than that detected in the hippocampus.
Abundant BDNF mRNA was also found in the bed nucleus of the anterior commissure, retrosplenial granular cortex, and the
posteroventral part of the medial amygdaloid nucleus. Messenger RNAs encoding other neurotrophins, including nerve growth factor
(NGF) and neurotrophin-3 (NT-3) and the BDNF receptor trkB, were not selectively localized in neonatal VMN. During subsequent
developmental stages, BDNF mRNA expression in the VMN changed dynamically, peaking at PND 4 and falling to minimal levels in the
adult brain. In contrast, the low levels of BDNF mRNA observed in the CA3 region of the hippocampus increased to adult levels
following PND 10. As the VMN undergoes sexual differentiation, we compared BDNF, NGF, NT-3, and trkB mRNA expression in the
VMN in males and females at embryonic day 20 and PND 4, but found no differences between them. These results suggest that localized
and high level expression of BDNF mRNA in the neonatal VMN plays an important role in its neural organization and functional
development.
   2003 Elsevier B.V. All rights reserved.
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1 . Introduction studied in several brain areas, however most of the
research has been conducted in the adult hippocampus,

Brain-derived neurotrophic factor (BDNF) is a member where the BDNF/trkB signaling pathway has been impli-
of the neurotrophin family, which includes nerve growth cated in some types of learning and memory[29,36].
factor (NGF), neurotrophin-3 (NT-3) and NT-4/5. This Research on the expression of mRNA for BDNF in other
neurotrophin regulates the growth, differentiation, and brain regions has been relatively neglected. For example,
survival of neurons in the central and peripheral nervous in hypothalamus the paraventricular and supraoptic nuclei
system by binding to the receptor tyrosine kinase trkB contain BDNF mRNA-expressing neurons[1,11,21]. Ex-
[8,10,15,23,35]. pression of BDNF mRNA in these neurons depends on

The distribution of mRNA for BDNF has been well neural activity, including the response to osmotic stimuli
[1,7] and immobilization stress[32]. In addition, a recent
study of conditional deletion of BDNF indicated that
BDNF deletion affects anxiety-related locomotor activity*Corresponding author. Fax:181-55-273-6730.

E-mail address: jarita@res.yamanashi-med.ac.jp(J. Arita). and food intake[30]. These findings suggest strongly that
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BDNF may play an essential role in the regulation of paraformaldehyde in 0.1 M phosphate buffer for 15 min.
hypothalamic functions of the adult brain. The slides were washed twice for 10 min each time with

In order to better understand the role of BDNF in the DEPC-treated 0.3 M sodium chloride, 0.03 M sodium
development of the central nervous system (CNS), it is citrate (23 SSC). They were then dehydrated with ascend-
critical to determine the temporal and spatial patterns of ing concentrations of ethanol, and dried in a vacuum
BDNF mRNA expression during development. Expression desiccator overnight. The slides were stored in a plastic
of mRNA for BDNF has been quantified and localized in box containing desiccants at280 8C until they were
the developing rat hippocampus using the in situ hybridiza- processed for in situ hybridization. In some experiments,
tion technique[12]. Although some studies have examined every other section was used for Nissl staining with cresyl
BDNF in the adult hypothalamus, little is known con- violet to determine precise neuroanatomical locations.
cerning the spatiotemporal pattern of BDNF mRNA ex-
pression in the hypothalamus during development. The 2 .3. Complementary RNA (cRNA) probes for BDNF,
purpose of the present study was to examine developmen-NGF, NT-3, and trkB
tal changes in BDNF mRNA expression in the rat hypo-
thalamus using a quantitative in situ hybridization tech- To make cRNA probes, fragments of rat cDNAs for
nique. We detected high levels of expression in the BDNF,b-NGF, NT-3, and trkB were obtained by reverse
ventromedial nucleus (VMN) of the hypothalamus at transcription and polymerase chain reaction (RT-PCR).
perinatal ages. As the VMN is one of the nuclei that Total RNA was extracted from samples of adult rat
undergo sexual differentiation[22,25,26], we made a hippocampus by the acid guanidium–phenol–chloroform
further comparison between males and females during the method using Trizol Reagent (Gibco-BRL, Rockville, MD,
perinatal period for VMN expression of mRNAs encoding USA). Total RNA was reverse-transcribed and PCR was
BDNF and its receptor, trkB, as well as two additional performed using Taq polymerase according to the manu-

neurotrophins, NGF and NT-3. facturer’s instructions (GeneAmp RNA PCR core kit,
Applied Biosystems, Foster City, CA, USA). PCR con-
sisted of an initial denature step at 948C for 105 s

2 . Materials and methods followed by 30 cycles of 948C for 30 s, 588C for 30 s, and
72 8C for 30 s. The forward and reverse primer sequences

2 .1. Animals were (59-AGTGGGTCACAGCGGCAGATA-39) and (59-
CTTCCCCTTTTAATGGTCAGT-39) for rat BDNF, (59-

Timed pregnant Wistar rats were purchased from Japan CACATGGGGGAGTTTTCAGTG-39) and (59-CAC-
SLC (Shizuoka, Japan) and maintained in a light- (lights GCAGGCTGTATCTATCCT-39) for rat NGF, (59-AT-
on from 06:00 to 18:00 h) and temperature-controlled GCAGAGCATAAGAGTCACC-39) and (59-GCCTAC-
environment with free access to laboratory chow and GAGTTTGTTGTTTTC-39) for rat NT-3, (59-GAT-
water. Experiments were conducted in accordance with the CAAGACTCTGTGAACCTC-39), and (59-
guidelines of the Ethical Committee of Animal Experi- TCTTGGCCATTAGGGTGTAGT-39) for rat trkB. The
ments of Yamanashi Medical University. Offspring of the lengths of the DNA fragments produced by these primers
pregnant rats were decapitated on embryonic day (ED) 20 were 304, 307, 293, and 271 bases, corresponding to
(the day before birth) and postnatal days (PNDs) 2, 4, 6, regions 515–818 [GenBank accession number M61175],
10, 21, and 42 (the day of birth was designated as PND 1). 673–979 [M36589], 491–783 [M34643], and 1487–1757
Following decapitation, the brain was removed and frozen [NM 012731] of each nucleotide sequence, respectively.

]
using dry ice powder, and stored at280 8C until the time The amplified PCR products were isolated by agarose gel
of sectioning. The sex of the perinatal animals was electrophoresis, purified using the Qiaex II gel extraction
determined by inspection of the anogenital distance. In the kit (Qiagen, Hilden, Germany), and then subcloned to
experiment to examine sex differences of BDNF mRNA pPCR-Script Amp SK(1) plasmids (Stratagene, La Jolla,
expression, vaginal smears were taken daily in the morn- CA, USA). The sequences of the subcloned PCR products
ing, and only rats showing two or more consecutive 4-day were determined using the BigDye terminator cycle se-
estrous cycles were killed at 12:00 h on diestrus day 1 quencing kit (Applied Biosystems). For the production of
(n55) or proestrus (n55). antisense RNA probes, the plasmid was linearized with

BamHI for BDNF, NT-3, and trkB, and withNotI for
2 .2. Preparation of the neural tissue for in situ NGF. Using T3 RNA polymerase for BDNF, NT-3, and
hybridization trkB, or T7 RNA polymerase for NGF, radioactive cRNA

35probes were synthesized with [ S]UTP from the linearized
Frozen coronal sections of the brain were cut at a plasmids (Riboprobe in vitro transcription systems, Prom-

thickness of 20mm and were thaw-mounted onto 3- ega, Madison, WI, USA). For the production of the control
aminopropyltriethoxysilane-coated glass slides, air dried, sense probe for BDNF, the plasmid containing the BNDF
and then fixed in diethylpyrocarbonate (DEPC)-treated 4% cDNA sequence was linearized withNotI and transcribed
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 with T7 polymerase. Unincorporated nucleotides were
removed with Mini Quick Spin columns (Boehringer,
Indianapolis, IN, USA). The radioactivities of the probes
used for hybridization were 4.95, 9.91, 4.95, and 0.50
mCi/ml for BDNF, NGF, NT-3, and trkB, respectively.

2 .4. In situ hybridization histochemistry and film
autoradiography

In situ hybridization was performed using standard
procedures[31]. Briefly, tissue samples were permeabil-
ized with a proteinase K treatment (0.02 U/ml) in 0.1 M
Tris buffer containing 0.05 M EDTA at 378C for 30 min,
followed by acetylation with 0.25% acetic anhydrate in 0.1
M triethanolamine and dehydration by ethanol. The

35[ S]UTP-labeled cRNA probe was diluted in hybridiza-
tion solution containing 50% formamide, 10% dextran
sulfate, 600 mM NaCl, 23 Denhardt’s solution, 10 mM
Tris, 1 mM EDTA, 10 mM dithiothreitol (DTT) and 0.9
mg/ml tRNA. This was applied to each section, which was
then hybridized at 548C for NGF or 608C for BDNF,
NT-3, and TrkB in a DNA oven overnight. Following
hybridization, the sections were treated with 4mg/ml
ribonuclease A for 30 min at 378C and washed through
descending concentrations of SSC to a final stringency of
0.13 SSC at 608C for NGF, 708C for BDNF and NT-3,
or 808C for trkB for 30 min. DTT was added to all washes
at a final concentration of 1 mM. The sections were then
dehydrated with ethanol, dried, and exposed to X-ray films
(Kodak BioMax MR-1, Amersham, Piscataway, NJ, USA)
for 10 days at room temperature.

2 .5. Image analysis and statistics

Expression of mRNA for neurotrophins, as detected by Fig. 1. Areas in which the relative amount of BDNF mRNA was
in situ hybridization and film-based autoradiography, was quantified in the brain at postnatal day (PND) 4. The middle and lower

panels show enlarged autoradiographs of hippocampal CA3 region andquantified to examine developmental and sexual changes.
the hypothalamic ventromedial nucleus (VMN), respectively, corre-We chose sections from individual animals that corres-
sponding to the anatomical areas indicated by the rectangles (black line)ponded to Figs. 28–29 in the atlas of Paxinos and Watson
in the upper panel. A square (white line) and a circle in the middle and

[27] and contained the rostrocaudally middle part of the lower panels, respectively, indicate the areas used for quantitative image
VMN and the dorsal hippocampus. The hybridization analysis. The scale bar represents 0.5 mm.
images appearing on the X-ray films were captured as 8-bit
gray scale images using a scanner connected to a Macin-

tosh computer. Adobe Photoshop was used to reverse the studies, the VMN area to be quantified ranged from 61
2gray levels, resulting in a pseudo-darkfield image. Non- pixels corresponding to 0.035 mm on ED 20 to 285 pixels

2linearities in the film’s response to the radioactive emis- corresponding to 0.164 mm on PND 42, in proportion to
sions were corrected using a series of calibrating sources growth in VMN at these ages. The locations of the brain
of known radioactivity. They were made by spotting 0.5ml areas were determined according to coordinates described
of two-times serially diluted cRNA probe solutions on a in Paxinos and Watson[27]. Because of the large number
nylon membrane (Hybond-N1), which were exposed to of animals needed for the in situ hybridization assay and
the film simultaneously with the tissue samples. Mean gray limitations in the number of sections that could be simul-
scale intensity levels were determined for an area of 535 taneously subjected to an assay, one section from each

2pixels corresponding to 0.014 mm in the CA3 region of animal was quantified in a given assay. Measures from
the hippocampus and 97-pixel circle corresponding to each side in an individual animal were then averaged. We

20.056 mm in the VMN at PND 4. The locations of the quantified sections from the same animal with at least three
areas chosen are shown inFig. 1. In the developmental independent assays and obtained the same trends. The
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animal number for each group was five. One-way analysis dal blade of the dentate gyrus (DG) (Fig. 2J–L). However,
of variance (ANOVA) was used to make comparisons the infrapyramidal blade showed no signal above back-
between groups, followed by the Fisher’s protected least ground. This was likely due to its underdevelopment at this
significant difference post-hoc test. age. Moderately positive signals for BDNF mRNA were

found in the parasagittal region of cerebral cortex, corre-
sponding to the retrosplenial granular cortex (Fig. 2J–L).

3 . Results Among the amygdaloid structures, only the posteroventral
part of the medial amygdaloid nucleus (MePV) expressed

3 .1. Distribution of BDNF mRNA in the neonatal rat substantial amounts of BDNF mRNA. The remaining parts
brain of the amygdala did not show signal for BDNF mRNA

(Fig. 2K, L). Although BDNF mRNA was detected in the
The distribution of BDNF mRNA expression in the male midline thalamic nuclei, including the anterodorsal nucleus

rat brain at PND 4 is shown inFig. 2. High levels of and the paraventricular nucleus, the lateral thalamic nuclei
BDNF expression can be seen throughout the hippocam- did not appear to express detectable amounts of mRNA for
pus, including the CA1–CA4 regions and the suprapyrami- BDNF (Fig. 2J–L).

Throughout the preoptic–hypothalamic region, BDNF
mRNA signal was confined to just two regions. First, the

 

bed nucleus of the anterior commissure (BAC), which is
located immediately lateral to the fornix as it crosses
behind the anterior commissure, showed moderate levels
of mRNA (Fig. 2H). Second, mRNA for BDNF was
abundant in the VMN throughout its rostrocaudal extent
(Fig. 2K, L). Surprisingly, these levels were much higher
than those found in the hippocampus at the same PND.
This distribution of in situ hybridization signals was shown
to be specific for BDNF mRNA, as hybridization with a
sense BDNF probe showed almost undetectable signals in
both adult and neonatal brains (Fig. 3). We also examined
expression of mRNAs encoding other neurotrophins, in-
cluding NGF and NT-3, and mRNA encoding the BDNF
receptor trkB in the VMN at PND 4 (Fig. 4). Strong
mRNA signals for NT-3 were found exclusively in the
retrosplenial granular cortex and in the CA1 region and the

 

Fig. 2. Distribution of BDNF mRNA in male rats at PND 4. The right
panels (G–L) show a rostrocaudal series of sections that were processed

35for in situ hybridization histochemistry using a [ S]-labeled cRNA probe Fig. 3. Autoradiographs of in situ hybridization histochemistry with a
for BDNF. The left panels (A–F) are photomicrographs of the Nissl- BDNF antisense probe (left panels) or a sense control probe (right panels)
stained adjacent sections. The scale bar represents 1.0 mm. at PND 4 and adult. The scale bar represents 1.0 mm.
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Fig. 4. Autoradiographs of BDNF, NGF, NT-3, and trkB in situ hybridization histochemistry at the rostrocaudal level containing the hippocampus and the
VMN at PND 4. The scale bar represents 1.0 mm.

DG of the hippocampus. This is consistent with the tween neonatal and adult hippocampus: (1) during the first
distribution of NT-3 mRNA in neonatal rats reported postnatal week the suprapyramidal blade of the DG
elsewhere[18]. However, there was no signal for NT-3 in showed much stronger signal intensities than the in-
the VMN. Messenger RNA for NGF and trkB was frapyramidal blade, whereas both blades expressed similar-
distributed in a number of neural structures at relatively ly high levels of BDNF mRNA in the adult; and (2) CA1
high levels. Within the VMN, expression was moderate, and CA2 regions showed very strong signals, comparable
though slightly higher than that in surrounding areas. to those in the CA3 region during the first postnatal week,

whereas CA1 and CA2 expressed modest levels of BDNF
3 .2. Developmental changes in BDNF mRNA expression mRNA in the adult.

In the mapping study made at PND 4 described above, 3 .3. Comparison between male and female neonatal rats
high-level expression of BDNF mRNA was observed in in their expression of mRNA encoding BDNF, NGF, NT-
the VMN and hippocampus. Therefore, we focused on 3, and trkB in the hypothalamic VMN
developmental changes in BDNF mRNA expression in the
VMN and compared them with measures in the hippocam- Since the VMN is one of the nuclei that undergo sexual
pus, which have been well studied[12,13,20].Representa- differentiation during the perinatal period, it is possible
tive autoradiographs of BDNF mRNA in the VMN and the that differential expression of BDNF mRNA in the neonat-
hippocampus from ED 20 to PND 42 are shown inFig. 5. al VMN in males and females may play a role in sexual
At ED 20, the VMN already expressed substantial amounts differentiation. Therefore, we compared BDNF, NGF, NT-
of BDNF mRNA and contained more abundant BDNF 3, and trkB mRNA expression in the VMN in males and
mRNA in neonatal rats than adult rats. Note that the females. We chose to make this comparison at PND 4, as
reverse was true in the hippocampus. this is the age at which expression of mRNA for BDNF

Quantitative analysis of temporal changes in BDNF reached its peak. No differences were found between the
mRNA revealed that the relative amount of BDNF mRNA sexes at this age (Fig. 7). Furthermore, we determined
in the VMN peaked at PND 4 (Fig. 6, upper panel). The BDNF mRNA expression in male and female rats at four
peak level was almost two-fold higher than that in the CA3 different developmental stages, namely, ED 20, PND 4,
region of the hippocampus at PND 2–6. Expression levels PND 21, and at 7–8 weeks old. However, we did not find
of BDNF mRNA in the VMN gradually decreased there- sex differences in BDNF mRNA expression in the VMN at
after and reached a minimal level at PND 42. Expression any developmental stage (Fig. 8).
levels at PND 21 and 42 were significantly lower than
those at PND 4 (P,0.01). In contrast, levels of BDNF
mRNA in the CA3 region remained low during the first 4 . Discussion
postnatal week and rapidly increased immediately prior to
PND 10, at which point it achieved levels seen in the adult Our observations concerning BDNF mRNA expression
(Fig. 6, lower panel). Signals in the CA3 at PND 10 were in the neonatal hippocampus are consistent with findings
significantly higher than those at PND 6 (P,0.01). from previous studies[12]. Compared to the hippocampus,

Finally, we observed two remarkable differences be- little is known about BDNF mRNA in the neonatal rat
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Fig. 6. Developmental changes in BDNF mRNA expression in the VMN
(upper panel) and in hippocampal CA3 (lower panel), as analyzed using
quantitative in situ hybridization histochemistry. The day of birth is
designated as postnatal day 1 (PND 1). Values represent the mean and
S.E.M. (n55). The difference from the peak observed in the VMN at
PND 4 or the minima observed in the hippocampal CA3 at PND 6 was
significant (P,0.05).

surrounding areas. This indicates a preferential expression
of BDNF mRNA in the VMN among the neurotrophins.
Consistent with the BDNF expression in the VMN, we
found abundant simultaneous mRNA expression of trkB,
which serves as the receptor for BDNF and mediates its

Fig. 5. Representative autoradiographs of BDNF in situ hybridization
actions. These results suggest that BDNF may have ahistochemistry in the hippocampus and the VMN from embryonic day
critical and specific role in the VMN during development.(ED) 20 to PND 42. Standards were made by spotting two-times serially

diluted cRNA probe solutions ranging between 0.5 and 64 pCi /spot. The The most detailed time-course data available on BDNF
scale bar represents 1.0 mm. mRNA levels are confined to the hippocampus. To our

knowledge, there are no quantitative studies that have used
hypothalamus. A previous qualitative study using double
in situ hybridization histochemistry described very strong  

or strong coexpression of BDNF and trkB in developing
hypothalamic structures, including the lateral hypo-
thalamus, the arcuate nucleus, and the paraventricular
nucleus. However, coexpression in the VMN was described
as moderate[24]. To our knowledge, this is the first study
to demonstrate that BDNF mRNA expression is confined
to the neonatal VMN, at levels substantially higher than
that found in the hippocampus. Little, if any, expression
was found in the remaining preoptic–hypothalamic struc-
tures, with the exception of the BAC. On the other hand,
mRNA distributions for NGF and NT-3, which are mem-
bers of the same neurotrophin family, were quite dissimilar
to that of BDNF at neonatal stages. There was no signal of Fig. 7. VMN expression of mRNA encoding BDNF, NGF, NT-3, and
NT-3 mRNA in the VMN, and NGF mRNA signals in the trkB in male and female hypothalamus at PND 4. Values represent the
VMN showed a similar level to that detected in the mean and S.E.M. (n55).
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 mice showed mature onset obesity and higher levels of
locomotor activity following exposure to a novel environ-
ment[30]. Consistent with these findings, Pelleymounter et
al. [28] demonstrated severe appetite suppression and
weight loss following infusion of BDNF into the lateral
ventricle. These findings strongly suggest that BDNF plays
an important role in the regulation of anxiety-related
locomotor activity and of feeding behavior. The VMN is
important in the regulation of weight and feeding behavior.
Lesions to the VMN cause hyperphagia, obesity, and
hyperinsulinemia[4,16]. Moreover, there is substantial
evidence that the VMN is involved in the regulation of
locomotor activity[4,9,37].On the basis of these findings,

Fig. 8. VMN expression of BDNF mRNA in male and female rats at it has been suggested that BDNF expression in the VMN is
varying developmental stages. Regarding adult female rats, two groups in

involved in the regulation of feeding behavior andwhich female rats were killed at 12:00 h on diestrus day 1 and proestrus
locomotor activity. In this regard, it is possible that: (1)were used for mRNA quantification. BDNF mRNA expression is
BDNF expression during the perinatal period may have aindicated relative to male rats at corresponding developmental stages.

Values represent the mean and S.E.M (n55). neurotrophic action on the organization of networks in-
volved in the regulation of feeding behavior and locomotor

in situ hybridization techniques to examine changes in activity; or (2) BDNF expression in the adult may have a
BDNF mRNA expression during development. The present non-neurotrophic action, modifying these behaviors. Our
study shows that by PND 10, expression of BDNF mRNA results showing abundant expression of BDNF in the
in the CA3 region increases to levels that are found in the neonatal VMN seem to substantiate the former possibility.
adult, in good agreement with previous studies using the Note, however, that there is evidence that infusion of

1 /2Northern blotting technique[20], RNase protection assays BDNF into heterozygous BDNF mice produce weight
[13], and in situ hybridization[12]. Thus, our quantitative loss, even following the development of obesity[17]. This
in situ hybridization system seems to correctly identify argues in favor of the second possibility. Therefore, we
changes in BDNF mRNA expression during development assume that BDNF expressed during the perinatal period
without the loss of spatial information that is typically seen also exerts a non-neurotrophic action on the VMN, modify-
when using the technique. We showed a high level of ing the regulation of feeding behavior and locomotor
expression of BDNF in the VMN during the first postnatal activity that is required during this phase of development.
week and even in the fetus at ED 20, the day before birth. The VMN is one of the nuclei that undergo sexual
Interestingly, there was a dramatic change in BDNF differentiation during the perinatal period[22,25,26].Re-
mRNA expression in the VMN with a peak at PND 4, cently, McCarthy and co-workers[2,3] reported that there
which decreased gradually from the second postnatal week was more phosphorylated form of the transcription factor
and attained minimal levels by PND 42. This is in contrast cAMP response element-binding protein (CREB) in the
to the developmental change observed in the hippocampus, VMN in neonatal males or testosterone-treated females
where expression of BDNF mRNA reaches stable, elevated than in neonatal females. They also showed that GABA -A

levels at PND 10. BDNF has neurotrophic actions, leading receptor activation by muscimol increased phosphorylated
to dendritic growth, nerve branching and remodeling, CREB in the VMN of neonatal males, while decreasing it
network development, and neuronal differentiation in females. These findings suggest that phosphorylated
[8,10,15,23,35].Based on the neurotrophic actions, the CREB may act as a mediator of sexual differentiation in
differences in BDNF mRNA expression between the VMN the VMN. Since BDNF, which contains a cAMP response
and the hippocampus during development suggest that element site within its promoter region[34], is not only
maturation of the hypothalamic VMN may precede matura- downstream of CREB, but also upstream of CREB[14],
tion of the hippocampus. we would expect to find sex differences in BDNF expres-

A major obstacle in elucidating the role of BDNF has sion in the VMN during this critical period for sexual
2 /2been early postnatal lethality of homozygous BDNF differentiation. However, we did not detect significant sex

mice. Despite this obstacle, several studies have demon- difference either at ED 20 and PND 4 or during prepubital
strated remarkable changes in hypothalamic functions and adult periods, consistent with the results of a previous

1 /2among BDNF-deleted animals. Heterozygous BDNF study by Solum et al.[33]. These results suggest that
mice develop increased locomotor activity, age-dependent neonatal BDNF expression in the VMN is not correlated
hyperphagia and obesity, and increased serum insulin with phosphorylation of CREB. It may be that CREB
levels [17,19]. In addition, a recent study of conditional phosphorylation involves alternative, as yet unidentified
deletion of BDNF in the postnatal brain using the cre-loxP mechanisms to induce sexual differentiation in the VMN.
recombinant system also demonstrated that BDNF-deleted We have found that during the neonatal period BDNF



76 N. Sugiyama et al. / Molecular Brain Research 115 (2003) 69–77

brain-derived neurotrophic factor (BDNF) and nerve growth factormRNA expression in the amygdala was confined to the
(NGF) but not neurotrophin-3 (NT-3) mRNA levels in the develop-MePV while in the adult it was observed primarily in the
ing rat hippocampus, J. Neurosci. 13 (1993) 3818–3826.

lateral nucleus. These developmental changes in the MePV[13] K .P. Das, S.L. Chao, L.D. White, W.T. Haines, G.J. Harry, H.A.
took place in parallel with changes in the VMN. The VMN Tilson, S. Barone Jr., Differential patterns of nerve growth factor,
receives dense projections from the MePV[6], and these brain-derived neurotrophic factor and neurotrophin-3 mRNA and

protein levels in developing regions of rat brain, Neuroscience 103two nuclei form a functional neural circuit[5]. We
(2001) 739–761.speculate that neural development in the MePV and the

[14] S . Finkbeiner, S.F. Tavazoie, A. Maloratsky, K.M. Jacobs, K.M.VMN may both be under the control of a common
Harris, M.E. Greenberg, CREB: a major mediator of neuronal

neurotrophic factor, BDNF. neurotrophin responses, Neuron 19 (1997) 1031–1047.
[15] H .W. Horch, L.C. Katz, BDNF release from single cells elicits local

dendritic growth in nearby neurons, Nature Neurosci. 5 (2002)
1177–1184.A cknowledgements

[16] S .P. Kalra, M.G. Dube, S. Pu, B. Xu, T.L. Horvath, P.S. Kalra,
Interacting appetite-regulating pathways in the hypothalamic regula-

The authors thank Dr T. Funabashi, Department of tion of body weight, Endocr. Rev. 20 (1999) 68–100.
Physiology, Yokohama City University School of Medi- [17] S .G. Kernie, D.J. Liebl, L.F. Parada, BDNF regulates eating

behavior and locomotor activity in mice, EMBO J. 19 (2000)cine, Yokohama, for his helpful advice.
1290–1300.

[18] J .C. Lauterborn, P.J. Isackson, C.M. Gall, Cellular localization of
NGF and NT-3 mRNAs in postnatal rat forebrain, Mol. Cell.

R eferences Neurosci. 5 (1994) 46–62.
[19] W .E. Lyons, L.A. Mamounas, G.A. Ricaurte, V. Coppola, S.W. Reid,

S.H. Bora, C. Wihler, V.E. Koliatsos, L. Tessarollo, Brain-derived[1] E . Aliaga, S. Arancibia, L. Givalois, L. Tapia-Arancibia, Osmotic
neurotrophic factor-deficient mice develop aggressiveness and hy-stress increases brain-derived neurotrophic factor messenger RNA
perphagia in conjunction with brain serotonergic abnormalities,expression in the hypothalamic supraoptic nucleus with differential
Proc. Natl. Acad. Sci. USA 96 (1999) 15239–15244.regulation of its transcripts. Relation to arginine–vasopressin con-

tent, Neuroscience 112 (2002) 841–850. [20] P .C. Maisonpierre, L. Belluscio, B. Friedman, R.F. Alderson, S.J.
[2] A .P. Auger, D.P. Hexter, M.M. McCarthy, Sex difference in the Wiegand, M.E. Furth, R.M. Lindsay, G.D. Yancopoulos, NT-3,

phosphorylation of cAMP response element binding protein (CREB) BDNF, and NGF in the developing rat nervous system: parallel as
in neonatal rat brain, Brain Res. 890 (2001) 110–117. well as reciprocal patterns of expression, Neuron 5 (1990) 501–509.

[3] A .P. Auger, T.S. Perrot-Sinal, M.M. McCarthy, Excitatory versus [21] F . Marmigere, F. Rage, L. Tapia-Arancibia, S. Arancibia, Expres-
inhibitory GABA as a divergence point in steroid-mediated sexual sion of mRNAs encoding BDNF and its receptor in adult rat
differentiation of the brain, Proc. Natl. Acad. Sci. USA 98 (2001) hypothalamus, NeuroReport 9 (1998) 1159–1163.
8059–8064. [22] A . Matsumoto, Y. Arai, Male–female difference in synaptic organi-

[4] G .A. Bray, D.A. York, Hypothalamic and genetic obesity in ex- zation of the ventromedial nucleus of the hypothalamus in the rat,
perimental animals: an autonomic and endocrine hypothesis, Phy- Neuroendocrinology 42 (1986) 232–236.
siol. Rev. 59 (1979) 719–809. [23] A .K. McAllister, L.C. Katz, D.C. Lo, Opposing roles for endogen-

[5] N .S. Canteras, R.B. Simerly, L.W. Swanson, Organization of projec- ous BDNF and NT-3 in regulating cortical dendritic growth, Neuron
tions from the ventromedial nucleus of the hypothalamus: a 18 (1997) 767–778.
Phaseolus vulgaris-leucoagglutinin study in the rat, J. Comp. [24] R .C. Miranda, F. Sohrabji, C.D. Toran-Allerand, Neuronal colocali-
Neurol. 348 (1994) 41–79. zation of mRNAs for neurotrophins and their receptors in the

[6] N .S. Canteras, R.B. Simerly, L.W. Swanson, Organization of projec- developing central nervous system suggests a potential for autocrine
tions from the medial nucleus of the amygdala: a PHAL study in the interactions, Proc. Natl. Acad. Sci. USA 90 (1993) 6439–6443.
rat, J. Comp. Neurol. 360 (1995) 213–245. [25] J .A. Mong, E. Glaser, M.M. McCarthy, Gonadal steroids promote

[7] E . Castren, H. Thoenen, D. Lindholm, Brain-derived neurotrophic glial differentiation and alter neuronal morphology in the developing
factor messenger RNA is expressed in the septum, hypothalamus hypothalamus in a regionally specific manner, J. Neurosci. 19
and in adrenergic brain stem nuclei of adult rat brain and is (1999) 1464–1472.
increased by osmotic stimulation in the paraventricular nucleus, [26] R .D. Nadler, Intrahypothalamic locus for induction of androgen
Neuroscience 64 (1995) 71–80. sterilization in neonatal female rats, Neuroendocrinology 9 (1972)

[8] A . Cellerino, G. Pinzon-Duarte, P. Carroll, K. Kohler, Brain-derived 349–357.
neurotrophic factor modulates the development of the dopaminergic [27] G . Paxinos, C. Watson, The Rat Brain in Stereotaxic Coordinates,
network in the rodent retina, J. Neurosci. 18 (1998) 3351–3362. Compact 3rd Edition, Academic Press, San Diego, 1997.

[9] E . Challet, Y. Le Maho, P. Pevet, P. Nobelis, A. Malan,Ventromedial [28] M .A. Pelleymounter, M.J. Cullen, C.L. Wellman, Characteristics of
hypothalamic lesions prevent the fasting-induced changes in day– BDNF-induced weight loss, Exp. Neurol. 131 (1995) 229–238.
night pattern of locomotor activity, Behav. Brain Res. 77 (1996) [29] M .M. Poo, Neurotrophins as synaptic modulators, Natl. Revl
155–163. Neuroscil 2 (2001) 24–32.

[10] S . Cohen-Cory, S.E. Fraser, Effects of brain-derived neurotrophic [30] M . Rios, G. Fan, C. Fekete, J. Kelly, B. Bates, R. Kuehn, R.M.
factor on optic axon branching and remodelling in vivo, Nature 378 Lechan, R. Jaenisch, Conditional deletion of brain-derived neuro-
(1995) 192–196. trophic factor in the postnatal brain leads to obesity and hyperactivi-

[11] J .M. Conner, J.C. Lauterborn, Q. Yan, C.M. Gall, S. Varon, ty, Mol. Endocrinol. 15 (2001) 1748–1757.
Distribution of brain-derived neurotrophic factor (BDNF) protein [31] D .M. Simmons, J.L. Arriza, L.W. Swanson, A complete protocol for
and mRNA in the normal adult rat CNS: evidence for anterograde in situ hybridization of messenger RNAs in brain and other tissues
axonal transport, J. Neurosci. 17 (1997) 2295–2313. with radiolabeled single-stranded RNA probes, J. Histotechnol. 12

[12] M . da Penha Berzaghi, J. Cooper, E. Castren, F. Zafra, M. (1989) 169–181.
Sofroniew, H. Thoenen, D. Lindholm, Cholinergic regulation of [32] M .A. Smith, S. Makino, S.Y. Kim, R. Kvetnansky, Stress increases



N. Sugiyama et al. / Molecular Brain Research 115 (2003) 69–77 77

brain-derived neurotropic factor messenger ribonucleic acid in the [35] C .Vicario-Abejon, K.K. Johe, T.G. Hazel, D. Collazo, R.D. McKay,
hypothalamus and pituitary, Endocrinology 136 (1995) 3743–3750. Functions of basic fibroblast growth factor and neurotrophins in the

[33] D .T. Solum, R.J. Handa, Estrogen regulates the development of differentiation of hippocampal neurons, Neuron 15 (1995) 105–114.
brain-derived neurotrophic factor mRNA and protein in the rat [36] K . Yamada, M. Mizuno, T. Nabeshima, Role for brain-derived
hippocampus, J. Neurosci. 22 (2002) 2650–2659. neurotrophic factor in learning and memory, Life Sci. 70 (2002)

[34] X . Tao, S. Finkbeiner, D.B. Arnold, A.J. Shaywitz, M.E. Greenberg, 735–744.
21Ca influx regulates BDNF transcription by a CREB family [37] T . Yokawa, D. Mitsushima, C. Itoh, H. Konishi, K. Shiota, M.

transcription factor-dependent mechanism, Neuron 20 (1998) 709– Takahashi, The ventromedial nucleus of the hypothalamus outputs
726. long-lasting running in rats, Physiol. Behav. 46 (1989) 713–717.


	Temporal changes in the expression  of brain-derived neurotrophic factor mRNA in the ventrom
	Introduction
	Materials and methods
	Animals
	Preparation of the neural tissue for in situ  hybridization
	Complementary  RNA (cRNA) probes for BDNF, NGF, NT-3, and trkB
	In situ  hybridization histochemistry and film autoradiography
	Image analysis  and statistics

	Results
	Distribution  of BDNF mRNA in the neonatal rat brain
	Developmental changes in BDNF mRNA expression
	Comparison  between male and female neonatal rats in their expression  of mRNA encoding BDNF

	Discussion
	Acknowledgements
	References


