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Abstract

Ž . Ž .Previous studies have suggested that the neurotrophins brain-derived neurotrophic factor BDNF and neurotrophin-3 NT-3 are
neuroprotective or neurotrophic for certain subpopulations of hippocampal neurons following various brain insults. In the present study,
the expression of BDNF and NT-3 mRNAs in rat hippocampus was examined after traumatic brain injury. Following lateral fluid

Ž . Ž .percussion FP brain injury of moderate severity 2.0–2.1 atm or sham injury, the hippocampi from adult rats were processed for the in
situ hybridization localization of BDNF and NT-3 mRNAs using 35S-labeled cRNA probes at post-injury survival times of 1, 3, 6, 24 and
72 h. Unilateral FP injury markedly increased hybridization for BDNF mRNA in the dentate gyrus bilaterally which peaked at 3 h and
remained above control levels for up to 72 h post-injury. A moderate increase in BDNF mRNA expression was also observed bilaterally
in the CA3 region of the hippocampus at 1, 3, and 6 h after FP injury, but expression declined to control levels by 24 h. Conversely, NT-3
mRNA was significantly decreased in the dentate gyrus following FP injury at the 6 and 24 h survival times. These results demonstrate
that FP brain injury differentially modulates expression of BDNF and NT-3 mRNAs in the hippocampus, and suggest that neurotrophin
plasticity is a functional response of hippocampal neurons to brain trauma. q 1997 Elsevier Science B.V.
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Secondary or delayed injury processes that begin to
develop within minutes and continue to develop for hours
after traumatic brain injury can contribute to irreversible

w xtissue damage 3 . Although the sequence and timing of
these processes are largely unknown, they are thought to
be initiated by the release of neurotransmitters such as

w x w xexcitatory amino acids 8,23,35,37 and acetylcholine 14 ,
and by the subsequent activation of neurotransmitter recep-
tors, including NMDA-receptor subtypes, muscarinic

w xcholinergic receptors, and opioid receptors 6,16,29,38 .
An increase in intracellular calcium and the subsequent
stimulation of calcium-dependent enzymatic activities are
implicated mediators in some of the neurotransmitter-
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induced generation of secondary injury factors
w x6,10,16,19,45 .

Several studies indicate that activation of excitatory
amino-acid receptors in neurons can also result in the
induction of neurotrophic factors, such as nerve growth

Ž . Ž .factor NGF and brain-derived neurotrophic factor BDNF
w x Ž w x.34,47 for review, see 26 . Accordingly, increased gene
expression for BDNF and NGF in the brain has been
observed in several models of central nervous system
injury, such as ischemia and seizures, where excitatory
amino-acid receptors are implicated in the pathogenesis
w x12,21,27,46 . In contrast to the up-regulation of NGF and

Ž .BDNF mRNAs, down-regulation of neurotrophin-3 NT-3
mRNA has also been observed with cerebral ischemia and

w xseizures 12,27 . It has been suggested that these neu-
rotrophins may provide neuroprotection by playing a role
in the maintenance and survival of neurons after traumatic

w xbrain injury 31,33 . Therefore, it is important to character-
ize the spatial and temporal patterns and levels of neu-
rotrophic factor expression after experimental brain injury.
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Relatively few studies have examined alterations in the
neurotrophin family of trophic factors after traumatic brain
injury. Recent reports have, however, demonstrated in-
creases of BDNF and NGF mRNAs and NGF protein in

w xcortical areas after cortical contusion brain injury 5,15,48 .
The present study characterized the changes in BDNF and
NT-3 mRNAs in the hippocampus after lateral fluid per-

Ž .cussion FP brain injury, another established model of
traumatic brain injury. The hippocampus was of particular
interest because of its prominent expression of and respon-

w xsiveness to neurotrophins 2,13,22,25 , its vulnerability to
w xneurodegeneration subsequent to various brain insults 41 ,

and its role in learning and memory dysfunction following
w xFP injury 18,44 .

Ž .Male Sprague-Dawley rats 325–350 g were anes-
Ž .thetized with sodium pentobarbital 60 mgrkg i.p. 10 min
Ž .after receiving 0.15 ml of atropine 0.4 mgrml i.m. , and

placed in a stereotaxic frame. The scalp and temporal
muscles were reflected, and a stainless-steel screw was
secured to the skull 1 mm anterior to bregma. A hand-held
trephine with a 4.9 mm diameter was used to make a
craniotomy, which was centered between bregma and
lambda, 3 mm lateral to the sagittal suture. A Luer-loc hub
was rigidly fixed with dental cement to the craniotomy.
Experimental lateral FP brain injury of moderate severity
Ž .2.0–2.1 atm was induced in the anesthetized animals
Ž .ns20 using a well-characterized model that has been

w xpreviously described in detail 20,32 . Following FP injury,
rats were allowed to survive for 1, 3, 6, 24 or 72 h before
euthanasia, in order to assess the acute response of the

Žneurotrophins to the injury. A subset of animals ns4; 3
.h survival period underwent anesthesia and surgery but
Ž .were not injured sham treatment .

After the appropriate survival times, the rats were deeply
anesthetized with an overdose of sodium pentobarbital and
decapitated. Brains were rapidly removed and frozen over
dry ice. Tissue sections through the hippocampus were cut
in the coronal plane at 10 mm in a cryostat, thaw-mounted

Ž .onto Superfrost Plus Curtin Matheson Scientific glass
slides, and stored at y208C until processing for hybridiza-
tion. Adjacent sections throughout the hippocampus of
animals from the various injury and sham groups were
processed for the in situ hybridization localization of mR-
NAs for BDNF and NT-3 as previously described
w x11,42,43 . The cRNA probes were prepared by in vitro
transcription from linearized cDNA constructs with the

w35 xappropriate RNA polymerase in the presence of S UTP.
The 550-base rat NT-3 cRNA is complementary to 392
bases of the mature rat NT-3 coding region, whereas the
540-base BDNF cRNA includes 384 bases complementary

w xto the rat BDNF mRNA coding region 11,21 . Hybridiza-
tion was conducted at 608C for 18–24 h with the 35S-
labeled cRNA at a concentration of 1=106 cpmr50
mlrslide. Following post-hybridization washes and ribo-
nuclease treatment, the sections were air-dried and exposed

Ž .to b-Max Hyperfilm Amersham for 14–18 days at room

temperature for generation of film autoradiograms. After
autoradiographic film development, the sections were

Ždipped in NTB2 nuclear track emulsion Kodak; 1 : 1 in
.H O , air-dried, and exposed in light-tight boxes at 48C for2

4–6 weeks. After autoradiographic development of the
emulsion, the sections were counterstained with Cresyl

Ž .violet, coverslipped in D.P.X. mounting medium Fluka ,
and analyzed with a Nikon Optiphot-2 microscope equipped
with brightfield and darkfield optics. Cells were considered
labeled if the density of reduced silver grains overlying the
perikarya was at least 10-fold greater than background.
Control sections that had been treated with ribonuclease A
Ž .458C for 30 min before hybridization or processed for

Žhybridization with appropriate sense-strand riboprobes see
w x.11 were devoid of specific labeling.

Film autoradiograms were analyzed with Image 1.50
Ž .software NIH to compare the density of hybridization for

the neurotrophin mRNAs in various hippocampal subfields
Ž .dentate gyrus, CA1 and CA3 after sham treatment to that
found after the various survival periods following lateral
FP injury. Three to seven sections were analyzed per
animal. All measurements are expressed as the mean"

S.E.M values. The data sets were compared using a two-
Ž . Žway analysis of variance ANOVA for side ipsilateral

. Žand contralateral to the injury and groups 5 injury sur-
.vival times and sham treatment . Newman-Keuls post-hoc

analyses were used for pairwise comparisons with a signif-
icance level set at P-0.05. BDNF and NT-3 mRNA
levels did not differ by side for any of the hippocampal
regions investigated, nor was there a side by group interac-

Ž .tion data not shown . Therefore, the hybridization data
from the ipsilateral and contralateral sides were combined.

Ž .The mean value of the sham control 3 h survival was
also compared to additional sham treatment animals with

Ž .survival periods of 1, 6, 24, and 72 h ns3rgroup
post-surgery. No significant differences were found in
hybridization densities among sham treatment groups with
various survival periods for either BDNF or NT-3 mRNAs

Ž .in any of the hippocampal subfields data not shown .
Hybridization for BDNF mRNA was present in the

Žgranule cell layer of the dentate gyrus stratum granulo-
.sum and in regions CA1-CA3 of the hippocampus in the

Ž . Ž .control sham treatment animals Fig. 1A , similar to
w xprevious reports in normal, uninjured rats 7,21 . Unilateral

FP injury resulted in a marked bilateral increase in the
expression of BDNF mRNA in the dentate gyrus granule
cell layer, which peaked at 3 h and remained above control

Ž .levels for up to 72 h after injury Fig. 1B–D . Densitomet-
ric measurements of film autoradiograms demonstrated
that BDNF mRNA hybridization was significantly in-
creased in the granule cell layer at all post-injury time

Ž .points P-0.001; Fig. 2A . Expression of BDNF mRNA
was also significantly elevated bilaterally in the hippocam-

Ž .pal CA3 region at 1, 3 and 6 h after FP injury P-0.001 ,
Ž .but returned to control levels by 24 h Figs. 1 and 2B .

Again, the most pronounced increase in labeling in the



( )R.R. Hicks et al.rMolecular Brain Research 48 1997 401–406 403

Ž . Ž . Ž . Ž .Fig. 1. Prints of film autoradiograms showing expression of BDNF A–D and NT-3 E–H mRNAs in coronal sections from control sham rats A,E ,
Ž . Ž . Ž .and from rats subjected to moderate unilateral FP brain injury with 3 B,F , 24 C,G , and 72 h D,H survival periods. Note the increased hybridization for
Ž . Ž .BDNF mRNA bilaterally in the dentate gyrus granule cell layer stratum granulosum; sg at all survival times following injury B–D , and in the

Ž .hippocampal CA3 region at the 3 h post-injury time point B . In contrast, NT-3 mRNA levels are decreased bilaterally in the dentate gyrus at 24 h
Ž . Žpost-injury G . Arrowheads in appropriate panels indicate the cell layers and survival times which differ significantly from the sham controls see

.quantification in Figs. 2 and 3 . Scale bars500 mm.

Ž . Ž .Fig. 2. Graphs showing corrected optical density O.D. measurements of hybridization for BDNF mRNA in the dentate gyrus stratum granulosum A ,
Ž . Ž .hippocampal CA3 B , and hippocampal CA1 C regions over time following lateral FP brain injury. Note the significant increase in BDNF mRNA

Ž . Ž .expression in the dentate gyrus granule cell layer at all post-injury times A , and in the hippocampal CA3 region at 1, 3, and 6 h following injury B ,
Ž) .compared to the sham treatment group P-0.001 . Lateral FP injury did not alter BDNF mRNA levels in the hippocampal CA1 region at any of the

Ž .survival times C . Values represent mean"S.E.M.
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Ž .CA3 region was evident at 3 h after injury Fig. 1B . No
changes in expression of BDNF mRNA occurred in the

ŽCA1 region of the hippocampus following FP injury Figs.
.1 and 2C .

In the control, sham-injured animals the most prominent
expression of NT-3 mRNA was localized to the dentate

Ž .gyrus granule cell layer Fig. 1E . Labeled cells were also
present in regions CA2 and extreme medial CA1 of the
hippocampal pyramidal cell layer, as well as infrequently
scattered throughout the dentate gyrus hilus and hippocam-

Ž .pal molecular layers Fig. 1E . This distribution is in good
w xagreement with previous descriptions in normal rats 7,13 .

Following unilateral FP injury, hybridization for NT-3
mRNA was decreased bilaterally in the dentate gyrus

Žgranule cell layer at the 6 and 24 h survival times Fig.
.1G . By 72 h post-injury, hybridization levels had returned

Ž . Ž .to near-control sham injury levels Fig. 1H . Quantitative
measurements of film autoradiograms confirmed that NT-3
mRNA expression was significantly reduced in the granule

Ž .cells at both 6 and 24 h after FP injury P-0.001; Fig. 3 ,
compared to sham controls. Although not analyzed densit-
ometrically, visual examination of NT-3 mRNA hybridiza-
tion in CA2 and medial CA1 indicated no apparent change
in expression at any of the survival times post-injury,
compared to sham controls.

The present results demonstrate that FP brain injury
induces pronounced alterations in the expression of neu-
rotrophin mRNAs in the hippocampus. Levels of BDNF
mRNA were substantially increased post-injury in both the
dentate gyrus granule cell and CA3 pyramidal cell layers.
In contrast, expression of NT-3 mRNA was transiently

Ž .Fig. 3. Graph showing corrected optical density O.D. measurements of
NT-3 mRNA hybridization in the dentate gyrus granule cell layer over
time following lateral FP brain injury. Note the significant decline in
NT-3 mRNA expression at 6 and 24 h after injury compared to the sham

Ž) .treatment group P -0.001 . Values represent mean"S.E.M.

decreased in the dentate gyrus, and the response was
delayed relative to the early change in BDNF. Thus,
traumatic brain injury differentially modulates neu-
rotrophin gene expression in the hippocampus, in patterns
and directions similar to findings in other brain injury

w xparadigms including ischemia and seizures 12,13,27,28 .
Although the present study focused on the hippocampal
formation, it should be noted that obvious alterations in
neurotrophin expression following FP injury were also
observed in other brain regions, including the cortical
lesion site, adjacent neocortical areas, the piriform cortex,

Ž .and several medial thalamic nuclei data not shown .
Our results are consistent with recent data on the acute

modulation of neurotrophin gene expression obtained with
another model of traumatic brain injury, the cortical contu-

w xsion impact model 48 . That study reported an increase in
BDNF, but no change in NT-3, mRNA levels in the
dentate gyrus granule and hippocampal pyramidal cell

Ž .layers at 1, 3, and 5 h the longest survival time examined
post-injury. The lack of change in NT-3 mRNA expression
may reflect the acute time course of their study, since in
the present study the decrease in NT-3 expression was not
evident until 6 h after FP injury. In any event, it is now
apparent from two different paradigms that a consistent
response of hippocampal neurons to traumatic brain injury
is dramatic, differential regulation of neurotrophin expres-
sion.

The bilateral alterations in BDNF and NT-3 expression
are in contrast to the gross morphological and histological
damage which has been primarily identified in hippocam-

w xpal regions ipsilateral to the impact site 4,20 . However,
they are consistent with more subtle changes, such as the

w xbilateral loss of hilar neurons 30 and bilateral alterations
in the expression of immediate-early genes and tumor

w xnecrosis factor-a 9,39 , which have been observed follow-
ing unilateral FP injury. Whereas no evidence of abnormal
behavior or overt seizure activity was noted in any of the
experimental groups in this study, nor in a previous study

w xwith FP injury of this severity 30 , it is possible that
post-traumatic subclinical seizures contributed to the alter-
ations in expression of BDNF and NT-3. However, neuro-
chemical changes that would be expected to occur bilater-
ally following seizures have only been observed unilater-

w xally following FP brain injury 6,36,38 .
The significance of the alterations in BDNF and NT-3

expression on cell survival following lateral FP injury is
unclear. The dentate gyrus showed the greatest increase in
BDNF compared to control values and cells in this region
are selectively resistant to cell death following lateral FP

w xinjury 4,20,30 . However, BDNF expression was also
elevated bilaterally in the hippocampal CA3 region, which
contains numerous injured neurons on the side ipsilateral

w xto the impact 4,20 . Numerous previous studies have
supported the hypothesis that BDNF is neuroprotective

w xfollowing injury 1,2,17,27,28,46 , whereas others have
w xfound no trophic effect 40 or an actual increase in
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w xneuronal death 24 with BDNF treatment. Although fur-
ther studies are necessary to clarify the role of BDNF
following injury, one hypothesis is that it is the amount of
BDNF available that is critical for promoting cell survival.
The functional consequences of the concurrent decrease in

Ž .NT-3 expression in the same cells stratum granulosum
marked by the BDNF increase, also remain unknown. It is
possible that whereas optimal neurotrophin levels may
promote survival, insufficient or excessive levels may
exacerbate neuronal loss. Moreover, injury-induced alter-
ations in levels and functional states of appropriate neu-
rotrophin receptors may also be important determinants of
resulting neurotrophic functions.

In conclusion, lateral FP brain injury differentially mod-
ulates expression of BDNF and NT-3 in hippocampal
neurons. These alterations are consistent with the hypothe-
sis that widespread secondary events, including neu-
rotrophin plasticity, occur following traumatic brain injury.
Further investigations are necessary to evaluate the role of
these neurotrophic factors on cell survival after experimen-
tal brain trauma.
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