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Widespread Expression of BDNP But Not NT3 by 
Target Areas of Basal Porebrain Cholinergic Neurons 

Brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3) are homologs 
of the well-known neurotrophic factor nerve growth factor. The three members of this 
family display distinct patterns of target specificity. To examine the distribution in 
brain of messenger RNA for these molecules, in situ hybridization was performed. 
Cells hybridizing intensely to antisense BDNF probe were located throughout the 
major targets of the rat basal forebrain cholinergic system, that is, the hippocampus, 
amygdala, and neocortex. Strongly hybridizing cells were also observed in structures 
associated with the olfactory system. The distribution of NT3 mRNA in forebrain was 
much more limited. Within the hippocampus, labeled cells were restricted to CA2, the 
most medial portion of CA1, and the dentate gyrus. In human hippocampus, cells 
expressing BDNF mRNA are distributed in a fashion similar to that observed in the 
rat. These findings point to both basal forebrain cholinergic cells and olfactory 
pathways as potential central targets for BDNF. 

T HE PROTOTYPIC NEUROTROPHIC 

fac-tor nerve growth factor (NGF) 
has recently gained much attention as 

a potential therapeutic agent for Alzheimer's 
disease by virtue of its apparent trophic 
action on cholinergic forebrain neurons (1). 
Although the more recently described neur- 
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otrophic factors BDNF and NT3 are present 
in the central nervous system (2-4), little is 
known about the sources or targets for these 
molecules in the brain. To  localize mRNA 
for BDNF and NT3 in rat brain. we per- 

, i 

formed in situ hybridization at high strin- 
gency (5)  with 35S-labeled RNA probes (6). 
An initial survey of the brain revealed a 
striking pattern of BDNF hybridization in 
several forebrain regions. Significant label- 
ing for BDNF mRNA was also observed in 
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the midbrain, pons, and medulla, but as 
individual cells were less intensely labeled, 
we focused on examination of coronal sec- 
tions through the forebrain (7). 

Withii the forebrain, we saw cells hybrid- 
u i g  strongly for BDNF with the antisense 
probe in the neocortex, basolateral amygda- 
la, hippocampus, and projection areas of the 
main olfactory system (Fig. 1, A, C, and E). 
Control sections that hybridized with the 
sense-strand probe showed only a few even- 
ly distributed silver grains (Fig. 1, B, D, and 

F, and Fig. 2B). In the hippocampal forma- 
tion, both the pyramidal layer of CA1 to 
CA4 and the dentate gyms were labeled by 
the antisense probe (Fig. 1, C and E, and 
Fig. 2G). A distinct subpopulation of cells 
in- the pyramidal layer -w& apparent by 
virtue of its relatively intense reaction with 
the BDNF probe (Fig. 2, E and F). The 
granule cell layer of the dentate gyrus was 
more uniformly labeled. Numerous regions 
of the neocortex showed hybridization to 
the antisense BDNF probe; the anterior 
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Fig. 1. Computer-enhanced images of in situ hybridization for IR F at three forebrain levels. (A, C, 
and E) Images of sections hybridized with antisense probe. (B, D, and F) Images of corresponding 
d o n s  hybridized with sense strand control probe. All images displayed depict sheet film autoradio- 
graphs digitized and enhanced under identical conditions. The color scale in (A) applies to all other 
panels. Sections in (A), (C), and (E) correspond to the coordinates + 1.0 mm, -2.3 mm, and -6.2 
mm, respectively, anterior to bregrna according to (14). a, amygdala; epn, endopyriform nudeus; hi, 
hippocampus; ncc, neocortex, cingulate region; ncpa, neocortex, parietal area; ncpe, neocortex, 
perirhinal region; p, pons; pc, pyriform cortex. Unfixed brains from male Sprague-Dawley rats (1 to 3 
months of age) killed by carbon dioxideinduced asphyxia were cryosectioned at a thickness of 12 prn 
and hybridized under high stringency conditio~ls (5). 

cingulate and perirhinal areas displayed par- 
ticularly prominent signals (Fig. 1, A, C, 
and E, and Fig. 2, A, C, and D). Although 
positive cells could be seen in layers 2 
through 6 of the neocortex, layers 2, 3, and 
6 contained the greatest concentrations of 
such cells. 

Strong hybridization was also seen in 
numerous olfactory regions. Cells labeled 
with the BDNF probe were apparent in 
several targets of the lateral oractory tract, 
including the anterior olfactory nucleus (not 
shown), cortical nucleus of the amygdala 
(not shown), layer 2 pyriform cortex (Fig. 
lA), entorhinal cortex (Fig. lE), and tenia 
tecta (Fig. 2A). The endopyriform nucleus 
was also prominently labeled (Fig. 1A). The 
olfactory bulb proper did not contain 
strongly hybridizing cells. 

The pattern of brain localization of 
BDNF mRNA significantly overlaps the 
distribution of NGF mRNA previously ob- 
served (8). Cells hybridmng strongly for 
BDNF mRNA were observed in all regions 
that contain cells with detectable mRNA for 
NGF. In order to determine whether all 
members of the NGF family of trophic 
molecules exhibit a similar pattern of expres- 
sion in brain, we compared hybridizations 
with probes to the three known members of 
this family: NGF, BDNF, and NT3. We 
evaluated the specificity of our probes to 
BDNF and NT3 by comparing hybridiza- 
tion of these probes to mouse salivary gland 
and brain with hybridization of an NGF 
probe to the same tissues. Our BDNF and 
NT3 probes did not cross-hybridize with 
NGF mRNA since they did not react with 
salivary gland under conditions that allowed 
intense hybridization with the NGF probe 
(Fig. 3, A to D) (9). 

In brain, the probes to NGF, BDNF, and 
NT3 each produced a distinct pattern of 
hybridization (Fig. 3, E through H) (10). In 
contrast to BDNF, which was consistently 
expressed throughout the target areas of 
basal forebrain cholinergic neurons (Fig. 
3E), NT3 expression was limited (Fig. 3G). 
No significant hybridization for NT3 was 
seen in cuplate, temporal, or parietal re- 
gions of the neocortex, in the amygdala, or 
within endopyriform nucleus. Weak to 
moderate labeling was observed in layer 2 of 
the pyriform cortex (Fig. 3G), and scattered 
labeled cells were apparent in posterior neo- 
cortical regions (not shown). We found the 
strongest signal for NT3 within the hippo- 
campus. Unlike BDNF hybridization, 
which was evident throughout the hippo- 
campus and dentate gyrus (Figs. 2G and 
3E), NT3 labeling was restricted to the 
dentate gyrus, CA2, and the most medial 
region of CAl (Figs. 2H and 3G). Regions 
hybridiziig to the NGF probe showed ex- 
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tensive overlap with those reactive for 
BDNF mRNA. The distribution of NGF 
mRNA differed somewhat between rat and 
mouse brain. In both species, however, we 

Fig. 2. Emulsion autoradiographs of rat brain. (A) through (G) are coronal sections hybridized to sense 
or antisense BDNF probes as described in the legend to Fig. 1. (H) is a sagittal section hybridized to 
NT3 antisense probe. (A through F and H) are 12-pm sections of brain that were not fixed before 
sectioning, and (G) is a 40-pm section of a brain fixed in 4% pdrmaldehyde by intracardiac 
perfusion and cryoprotected in 15% sucrose. (A and B) Adjacent sections through the tenia tecta (tt) 
and cingulate cortex (upper two thirds of micrograph) probed with antisense (A) and sense (B) probes. 
Numerous cells in the tenia tecta and layers 2 and 3 of the cingulate cortex hybridize specifically to the 
antisense probe. Refractive object in the center of (B) is a blood vessel that does not show a significant 
accumulation of silver grains. (C and D) Dark-field and bright-field views of the superficial layers of the 
anterior cingulate cortex from a section hybridized with antisense probe. Several labeled cells are visible 
in layers 2 and 3 (lower half of micrograph). Layer 1 is devoid of labeled cells (upper half). The pial 
surface is visible in the upper portion of (D). (E and F) Dark-field and bright-field views of a section 
through the pyramidal layer of hippocampus (CA2 and CA3) hybridized with antisense probe. A 
distinct subpopulation of cells in the pyramidal layer [arrows in (F)] is labeled intensely. The large 
round nuclei of the reactive cells are similar in appearance to those of pyramidal cells. (G) Section 
through hippocampal formation hybridized with antisense probe to BDNF. Labeled cells are visible in 
the dentate gyrus (dg), and all subdivisions of Ammon's horn (CA1 and CA4 are indicated). (H) 
Section through hippocampal formation hybridized with antisense NT3 probe. Labeling is visible only 
in CA2 and dentate gyrus. Magmfications: (A and B) x 70; (C and D) x275; (E and F) ~ 4 0 0 ;  (G and 
H) x85. 

saw significant differences in the hybridiza- 
tion patterns of NGF and BDNF. For in- 
stance, in mouse brain, the BDNF hybrid- 
ization signal was markedly higher than that 
of NGF in cortex and dentate gyrus, and 
markedly lower than the NGF signal in 
several thalarnic nuclei (Fig. 3, E and F). 

Our observations indicate that the wide- 
spread expression of BDNF by cortex, hip- 
pocarnpus, amygdala, and the olfactory sys- 
tem is not a general feature of all NGF 
homologs. As the neocortex, hippacampus, 
and amygdala are among the main targets of 
the basal forebrain cholinergic system, the 
expression of BDNF within these regions 
suggests that BDNF might act as a trophic 
factor for this system. The more restricted 
distribution of NT3 within hippocampus 
and its paucity within cortex argues that this 
factor is less likely to serve a major role in 
the maintenance of large numbers of basal 
forebrain cholinergic neurons. In fact, stud- 
ies performed in parallel to these (1 1) indi- 
cate that BDNF but not NT3 can enhance 
the cholinergic properties of cultures of 
embryonic basal forebrain. The demonstra- 
tion that BDNF is expressed in targets of 
both the olfactory system and the basal 
forebrain cholinergic system is intriguing in 
light of the critical involvement of these 
s~stems in Alzheimer's disease (12). 

In order to extend our findings on BDNF 
expression, sections through hippocampus 
of human postmortem tissue were subjected 
to hybridization with an antisense RNA 
probe for the human BDNF mRNA se- 
quence (13). Although the strength of the 
hybridization signal varied in the samples of 
tissue examined, a positive signal was seen 
throughout the dentate gym and Ammon's 
horn in most cases (Fig. 4). The results were 
similar to our observations in rat: the gran- 
ule layer of the dentate gyrus was uniformly 
labeled, whereas a subpopulation of cells in 
the pyramidal layer of CA1 to CA4 dis- 
played dense accumulations of silver grains 
(not shown). These observations indicate 
that BDNF is ex~cessed in the adult human 
brain by one of &e major targets of the basal 
forebrain cholinergic neurons. 
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Fig. 3. Computer-digitized film autoradiographs of male mouse salivary gland (A through D) and brain 
(E through H). (A and E) BDNF antisense probe. (B and F) NGF antisense probe. (C and 0) NT3 
antisense and (D and H) BDNF sense probes. Probe synthesis and hybridizations were carried out as 
described (5,6). The NGF probe was generated with a 963-bp fragment of mouse NGF (Sma I to Pst I, 
66 to 1029) cloned into pSP64 as template (15). Exposure times: 30 hours (A through D), 5 days (E 
through H). Color scale applies to all panels. 
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Induction of a Neuronal Proteoglycan by the NMDA 
Receptor in the Developing Spinal Cord 

Activation of the N-methyl-D-aspartate (NMDA) subclass of glutamate receptors is a 
critical step in the selection of appropriate synaptic connections in the developing 
visual systems of cat and frog. Activity-dependent development of mammalian motor 
neurons was shown to be similarly mediated by activation of the NMDA receptor. The 
expression of the Cat-301 proteoglycan on motor neurons was developmentally 
regulated and could be specifically inhibited by blockade of the NMDA receptor at the 
spinal segmental level. In the adult, Cat-301 immunoreactivity on motor neurons was 
not diminished by NMDA receptor blockade. The NMDA receptor may regulate the 
expression of a class of neuronal proteins (of which Cat-301 is one example) that 
underlie the morphological and physiological features of activity-dependent develop- 
ment. 

EURONAL ACTIVITY IN THE EARLY 

postnatal period can have long- 
lasting effects on both the anatomy 

and physiology of neurons in the marnmali- 
an central nervous system (CNS). In many 
systems, activity-dependent effects on neu- 
ronal phenotype occur during circumscribed 
periods in early postnatal development, 
called critical or sensitive periods (1). In the 
cat visual cortex, activity-dependent acquisi- 
tion of mature neuronal properties has been 
suggested to involve activation of the 
NMDA subclass of glutamate receptors (2). 
The molecular events that follow activation 
of the NMDA receptor and lead to alter- 
ations in neuronal phenotype are only be- 
ginning to be understood, but one hypothe- 

sis suggests that NMDA receptor activation 
leads to changes in the expression of neuro- 
nal proteins. 

The expression of the neuronal cell surface 
proteoglycan recognized by monoclonal 
antibody Cat-301 ( 3 )  is regulated by neuro- 
nal activity in the early postnatal period. 
Visual deprivation of neonatal cats leads to a 
marked diminution of Cat-301 expression in 
the deprived layers of the dorsal lateral 
geniculate nucleus and in the visual cortex, 
whereas deprivation in adult cats has no 
effect on Cat-301 expression (4). Similarly, 
deprivation of normal patterns of neuro- 
muscular activity in neonatal hamsters leads 
to a marked reduction in the expression of 
the Cat-301 proteoglycan on spinal cord 
motor neurons, whereas deprivation in 
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Fig. 1. MK-801 and APV inhibit Cat-301 immu- 
noreactivity on sciatic motor neurons. Sample 
preparation as in Table 1. Scheffk's multiple-range 
test for comparisons within several experimental 
groups was used to show differences from vehicle- 
treated animals (*, P < 0.05; **, P < 0.01). The 
percentage of Cat-301-positive neurons from 
(-)MK-801-treated animals did not differ signif- 
icantly from that of saline-injected controls. 

that the antigen might be involved in the 
selection or stabilization of the mature set of 
synapses on motor neurons. 

The expression' of the Cat-301 antigen on 
motor neurons requires input from several 
sources (segmental and suprasegmental) in 
early life. At birth, hamster spinal motor 
neurons do not express the Cat-301 antigen; 
adult levels of expression are reached by the 
end of the second postnatal week (5). Dis- 
rupting sciatic motor neuron activity in neo- 
nates by nerve crush (5), dorsal rhizotomy 
(6), or thoracic cordotomy (5) at postnatal 
day 7 (P7) (before the onset of normal Cat- 
301 expression) inhibits the development of 
Cat-301 imrnunoreactivity on motor neu- 
rons. When adult animals are subjected to 
the same lesions, no effect on Cat-301 
expression is seen. These studies provide 
molecular evidence for activity-dependent 
development of motor neurons. 

Large-diameter primary afferents are re- 
quired for normal expression of Cat-301 (6), 
and some of these are glutamatergic (8). 
Glutamate is considered the primary excit- 
atory neurotransmitter in. the spinal cord, 
and polysynaptic activation of motor neu- 
rons involves activation of the NMDA re- 
ceptor (9, 10). The established role of 
NMDA receptors in activity-dependent de- 
velopment in other systems led us to explore 
the possibility that the NMDA receptor 
might also play a role in the maturation of 
spinal motor neurons, as assayed by Cat-301 
expression. 

As a first step in evaluating the effects of 
NMDA receptor blockade on the expression 
of Cat-301 irnrnunoreactivity, we employed 
the lipophilic, noncompetitive NMDA re- 
ceptor antagonist, MK-801. Animals re- 
ceived intraperitoneal injections of MK-801 
daily from P7 to P21 at a range of doses (0.1 
to 5.0 mg per kilogram of body weight). At 
first, animals appeared intoxicated, but 
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