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Expression of the B-Nerve Growth Factor Gene in 
Hippocampal Neurons 

In situ hybridization with complementary DNA probes for nerve growth factor (NGF) 
was used to identify cells containing NGF messenger RNA in rat and mouse brain. The 
most intense labeling occurred in hippocampus, where hybridizing neurons were 
found in the dentate e ~ v s  and the mamidal cell laver. The neuronal identitv of NGF 

gion, showed an identical hybridization pat- 
tern, thus providing evidence against a non- 
specific cross-hybridization of the probes 
with mRNA other than NGF mRNA. 

Hybridization with a 900-bp Pst I frag- 
ment from the chicken NGF gene, corre- 
sponding to the 900-bp fragment of mouse 
cDNA, gave only weak labeling on male 
mouse submandibular gland (10) and no 
labeling on sections of rat brain. This result 
is consistent with previous RNA blot analy- 
sis that showed limited cross-hybridization 
between mouse NGF mRNA and chicken 
NGF probes under high stringency condi- 
tions of hybridization (8). No hybridization 
was observed when pUC9 DNA was used as 
a hybridization probe or after treatment of 
sections with ribonuclease A (RNase A). 
Furthermore, under the same hybridization 
conditions, unrelated cDNA probes for 
genes expressed in rat and mouse brain gave 

mRNA-ntaining Gus was hrth~~assessed by a I& of NGF-hybridizing &A in 
hippocampal areas where neurons had been destroyed by kainic acid or colchicine. 
R&A blot-analvsis also revealed a considerable decrease in the level of NGF mRNA in I 
rat dentate g~ after a lesion was produced by colchicine. This lesion also caused a 
decrease in the level of Thy-1 rnRNA and an increase in the level of glial fibrillary acidic 
protein mRNk Neuronal death was thus associated with the disappearance of NGF 
mRNA. These results suggest a synthesis of NGF by neurons in the brain and imply 
that, in hippocampus, NGF influences NGF-sensitive neurons through neuron-to- 
neuron interactions. 

N ERVE GROWTH FACTOR (NGF) Is tein has been deduced from DNA sequence 
essential in the development and analysis of cloned NGF genes (7-9). NGF 
maintenance of sympathetic and mRNA has been detected in the brain of 

sensory peripheral neurons (I). In the cen- several species, including rat (3), but the cell 
tral nervous system, cholinergic neurons of types that synthesize NGF in the central 
the septum-basal forebrain respond to exog- nervous system are not known. In the study h enous NGF by increasing the levels of cho- described here, we used in situ hybridization - 
line acetyltransferase (2), and the target ar- 
eas of these neurons (hippocampus and cor- 
tex) contain the highest levels of NGF 
mRNA in the brain (3). Septum-basal fore- 
brain neurons also cany NGF receptors (4), 
can retrogradely transport exogenous NGF 
injected into the hippocampus (5), and can 
be prevented from dying after axonal tran- 
section by inhsion of NGF (6). 

The structure of the NGF precursor pro- 
- - 
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and RNA blot analysis in normal rats and in 
rats with experimental lesions to identi9 
NGF mRNA-containing cells in the rodent 
brain. 

In situ hybridization was performed with 
a 32~-labeled 900-bp Pst I fragment from a 
mouse NGF cDNA clone. This fragment 
shows 97% DNA sequence homology be- 
tween mouse and rat (9) and hybridizes 
strongly to rat NGF mRNA under stringent 
conditions (3). Under the conditions we 
used, a strong labeling occurred over NGF 
mRNA-containing cells in male mouse sub- 
mandibular glands (10). In rat and mouse 
brain, the NGF cDNA probe revealed NGF 
mRNA in the dentate gyms and in the 
hippocampal pyramidal cell layer in areas 
CA1 to CA4 (Fig. 1A). The same hybridiza- 
tion pattern was also seen when the NGF 
probe was mixed with an excess of unlabeled 
pUC9 DNA to eliminate possible nonspe- 
cific labeling over the hippocampus. Fur- 
thermore, a nonoverlapping NGF cDNA 
fragment, covering the 3' untranslated re- 

Fig. 1. In situ hybridization to sections of rat 
hippocampus. The DNA probes were labeled 
with [~-~*P]deoxycytidine 5'-mphosphate 
(dCTP) by nick translation to a specific activity of 
approximately lo9 cpmlpg, and 5 to 10 ng of 
probe were added to each section. The conditions 
for in situ hybridization were as described (10, 
23). The slides were dehydrated and dipped in 
50% Word K5 nuclear emulsion and exposed for 
9 days. The following probes were used: (A) A 
900-bp Pst I fragment from a mouse NGF EDNA 
clone (7) and (B and C) a 400-bp Bst EII 
fragment derived from a rat NGF receptor EDNA 
clone (24). (A and B) Sagittal sections of rat brain 
at hippocampus level. (C) Transverse section 
through the ventral part of vemcal limb of diago- 
nal band of Broca (VDB). The sections are shown 
in dark-field illumination ( X  18). Abbreviations: 
P, pyramidal cell layer, and DG, granular cell layer 
of dentate gyrus. 



expected hybridization patterns that were 
different from those seen with the NGF 
cDNA probe. This is exemplified by using a 
probe for the rat NGF receptor that showed 
no hybridization to hippocampal formation 
(Fig. lB), whereas strongly labeled cells 
were seen in septum-basal forebrain areas, 
such as the diagonal band of Broca (Fig. 
1C). 

To obtain better cellular resolution, we 
also performed hybridization with 3 ~ - l a -  
beled NGF cDNA probes. The labeling was 
then concentrated around nuclei of cell bod- 
ies that showed the typical shape, dimen- 
sions, and localization of hippocampal pyra- 
midal neurons (Fig. 2A). In the dentate 
gyms a high grain density was observed over 
cell bodies, presumably of granular neurons 
(Fig. 2B). Hippocampal cells were not la- 
beled when control DNA probes were used 
(Fig. 2C), or when sections were treated 
with RNase A. Measurements obtained 

with a computerized image analysis system 
(11) showed that the density of labeling on 
hippocampal neurons with the NGF probe 
ranged from 11 to 66 times that of the 
background level, with a mean value of 34. 
The intensity of specific labeling varied tiom 
strongly positive neurons to negative ones, 
presumably reflecting differential NGF syn- 
thesis by individual neurons. 

The labeling of cell layers in hippocampus 
by in situ hybridization is consistent with 
RNA blot analysis showing that hippocam- 
pus is the brain region with the highest 
levels of NGF mRNA (3). A similar labeling 
pattern of mouse hippocampus was reported 
after in situ hybridization with a 32P-labeled 
NGF cRNA probe (12), but the resolution 
was such that the cells containing NGF 
mRNA could not be identified. With our 
3~-labeled NGF probes, we observed that 

Flg. 2. Identification of NGF- roducing cells in 
rat hippocampus. Conditions & in situ hybrid- 
izations were as dexribed in the legend to Fig. 1, 
except that the 900-bp NGF cDNA fragment (A 
to C) and the pUC9 DNA (D) were labeled with 
[u-~H]~(JTP to a specific activity of approximate- 
ly lo7 cpmlpg. The slides were dipped in Kodak 
NTB2 nudear emulsion and exposed for 3 (A, C, 
and D) or 10 (B) months. The sections were 
lightly counterstained with cresyl violet. (A) La- 
beled pyramidal cells in the CA3 area ( x 280). (B) 
Granular layer of dentate gyrus ( ~ 4 4 0 ) .  (C) No 
labeling of hippocampal cells with control plas- 
mid probe ( ~ 2 8 0 ) .  (D) No labeling on cerebellar 
granular layer (x280). Arrows indicate labeled 
cells; asterisks indicate localization of unlabeled 
cells. 

Flg. 3. Disa ce of NGF hybridizing cells 
after lesion oct hippocam us. (A) Kainic 
acid injection (0.3 pg in 1 pl o ! saline; 1.5 mm 
lateral and 0.3 mm caudal to bregma, and 4.8 mm 
below pial surface). The brain was dved 7 days 
after injection and prepared for in situ hybridiza- 
tion (10,23). Sections were lightly counterstained 
with cresyl violet. No hybridization can be seen in 
areas CAI, CA3, and CA4, where neurons were 
destroyed. CA2 pyramidal (P) neurons and den- 
tate gyrus (DG) are labeled ( ~ 2 0 ) .  (B) Cokhi- 
cine injection (6 pg in 1 pl of saline; 1.8 mm 
lateral and 3.3 mm caudal to bregma, and 3.3 mm 
below pial surface). The brain was fixed 9 days 
later and prepared for in situ hybridization. De- 
struction of granular neurons in DG abolished 
hybridization to the NGF probe in this area 
(x20). (C) Colchicine was injected in 16 rats (5 
weeks old). Hippocampi were dissected 7 days 
later into dorsal DG, ventral DG, and remaining 
hippocampus (Hc) from the injected (inj) and 
contralateral (cl) sides. The same parts were also 
disxcted from eight normal (control) animals 
(ctr). Total RNA was prepared from these sam- 
ples and from total brain (TB). RNA was then 
separated by electrophoresis in formaldehyde- 
containing agarose gel (25 pg per lane) and 
blotted onto a nitracellulose filter for hybridiza- 
tion as described (25). The filter was hybridized 
with a 32~-labeled, 900-bp Pst I fragment from a 
mouse NGF cDNA clone (7). (D) Same expcri- 
ment as in (C). The filter was additionally hybrid- 
ized with a 250-bp Pvu I1 fragment from a mouse 
Thy-1 genomic clone (19), a 600-bp Pst I DNA 
fkgment from a human GFAP cDNA clone (21), 
and (not shown) a 32P-labeled, 1.5-kb Pst I DNA 
fragment from a mouse a-actin cDNA clone. 
Between consecutive hybridizations, the previous 
probe was removed by boiling the filter in 1% 
glycerol. The mRNA levels were quantified by 
densitomeay of autoradiograms. The levels of 
NGF, Thy-I, and GFAP mRNA in each lane 
were calculated relative to the levels of actin 
mRNA and expressed as percentages of the levels 
of the same mRNA in the corresponding control 
areas. S i a r  results obtained in a second inde- 
pendent experiment are shown by dashed lines. 

pyramidal neurons in areas CA1 to CA4 and 
granular neurons in the dentate gyrus con- 
tained numerous silver grains around their 
nuclei. 

Labeled neurons were also observed in 
other brain regions, including the cerebral 
cortex, although the density of autoradio- 
graphic grains was lower in cortical than in 
hippocampal neurons. Complete identifica- 
tion of dispersed cells containing NGF 
mRNA will require further investigation. 
No labeling was seen in granular cells of the 
cerebellum, although the cell density in the 
granular layer of the cerebellum is as high as 
in hippocampus. However, the nonspecific 
background was sometimes slightly en- 
hanced in the cerebellum (13). These results 
are in agreement with RNA blot analysis (3) 
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that showed relatively high levels of NGF 
mRNA in rat cerebral cortcx but very low 

No labcling occurred in brain regions rich 
in oligodendrocytcs such as corpus callo- 
sum. Thcse rcsults do  not, howevcr, exclude 
thc possibility that NGF is synthesized by 
oligodendrocytes at levels bclow the detec- 
tion limit of our technique or by diffcrent 
glial cells in othcr brain areas. Thc synthesis 
of NGF in glial cells might, for instance, be 
enhanced under certain conditions; expres- 
sion of NGF by cultured primary glial cells 
and glia-derived cell lines has been reported 
(14). Similarly, NGF synthesis in the scp- 
tum after a fimbria-fornix lesion (15) could 
bc due to  stimulation of this sinthesis in 
astroglial cells surrounding cholinergic cell 
bodies that are deprived of their normal 
acccss to neuronally produced NGF in the 
hippocampus. 

In situ hvbridization was also verformed 
on sections of hippocampus from lesioned 
animals. Pyramidal and granular ncurons 
were destroyed by injections of kainic acid 
or colchicinc, rcspcctivcly (16, 17). Injec- 
tions of kainic acid close to the dorsal hippo- 
campus causcd a complete ipsilateral dc- 
stn~ction of dorsal pyramidal neurons in 
areas CA3 and CA4 and a partial destruction 
in arca CAI. No cells were labcled with the 
NGF probes in thc arcas whcre the pyrami- 
dal neurons had becn destroyed (Fig. 3A) in 
spite of local gliosis. ~ o w e v c r ,  specific hy- 
bridization still occurred in areas where py- 
ramidal neurons survived (CA2 and part of 
CA1) as well as in thc dcntatc gyms granular 
cell laver. Local iniection of c6lchiciic com- 
pletely destroyed granular ncurons in the 
dcntate Urus close to the injection sitc and 
abolished hybridization to NGF probes in 
the same area (Fig. 3R), whcreas pyramidal 
cell labeling in areas CA1, CA2, and CA3 
was unaffected. Aftcr inicction of colchicine 
we also observed destruction of ncurons in 
ventral ipsilateral and dorsal contralateral 
dentate &rus. The concomitant disappear- 
ancc of the in situ hybridization signal and 
of neurons in hippocampus aftcr thcsc dif- 
ferent chemical lesions were produced 
strengthcns the vicw that NGF mRNA in 
this area is present in neurons. 

Wc also determincd thc levels of NGF 
mRNA in ditferent areas of hippocampus of 
normal and colchicine-lesioned rats by RNA 
blot analysis (Fig. 3, C and D). Aftcr injcc- 
tion of colchicine close to the dorsal right 

dcntatc gyms, NGF mRNA in the corrc- 
sponding areas decreased to lcss than 30% 
of normal (Fig. 3D). Similarly, Thy-1 
mRNA, used as a marker for neurons (18, 
19), also drastically decreased, reflccting a 
massive neuronal dcath. In contrast, thc 
lcvels of glial fibrillary acidic protein 
(GFAP) mRNA, a marker for astrocytes 
(20, 21), wcre 4 to 11 times that in the 
control, reflecting a high pcrcentage of glial 
cells in the ncuron-deprived areas and local 
gliosis. In addition, the neuronal lesions 
caused by d ihs ion  of the toxin to thc dorsal 
contralateral and ventral ipsilateral dcntate 
gyms resulted in a dccreasc of Thy-1 and 
NGF mRNA, and an increasc of GFAl' 
mRNA comparcd to control dorsal and 
vcntral dcntatc gyrus (Fig. 3, C and D).  
However, limited lesions may stimulate 
complex rcgulation mcchanisms. A gcneral 
gliosis in hippocampus aftcr colchicine in- 
jection was confirmed by increased immu- 
norcactivity of astrocytes with antibodics 
against GFAP, espccially in the lesioncd 
dentate gyms. Thcse results indicate a close 
corrclation bctween NGF mRNA expres- 
sion and degrec of integrity of the neuronal 
cell population, as opposed to the glial cell 
population in hippocampus. 

Consequently, these results support the 
data obtained by in situ hybridization, 
strongly arguing for a production of NGF 
by neurons in hippocampus. Thcy also sug- 
gest that the terminal fields of thc scpto- 
hippocampal cholincrgic projections are 
maintained by a continuous trophic supply 
of NGF from the targct neurons thcmsclves. 
Such neuron-to-neuron interactions could 
rcsult in thc establishment of a balance 
between the intensity of input (fibcr density 
and ncurotransmitter rclease) from septa1 to 
hippocampal ncurons and thc lcvel of NGF 
provided by hippocampal neurons. Distur- 
banccs in this balance may underlie patho- 
logical alterations involved in aging (22) and 
cerebral diseases. 
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