
N estimated 420,750 people per year are dis-
charged from hospitals in the United States after
sustaining a head injury and approximately 20%

of these people have residual neurological disabilities.29

Even subtle alterations in cognitive function can signifi-
cantly disable those who otherwise have made good re-
coveries.4,32,41 The lateral fluid-percussion model of brain
injury has been extensively studied because of the patho-
logical and behavioral similarities it shares with  clinical
head injury.16,20,40 Cognitive deficits of learning and mem-
ory can be demonstrated using the Morris Water Maze
(MWM) and have been shown to persist for months after
brain injury.20,45,59

Administration of various growth (neurotrophic) fac-
tors has been shown to support neuronal cells in a variety
of models of central nervous system (CNS) injury.28,36

Nerve growth factor (NGF) remains the most extensively
studied neurotrophic factor, and treatment with NGF has
been shown to attenuate cell death after ischemic, excito-

toxic, or hypoglycemic injury and after axonal transec-
tion.2,7,13,18,53,56 Although little is known concerning the re-
sponse of endogenous trophic factors to CNS injury, Pat-
terson, et al.,44 have demonstrated the presence of NGF in
the cerebrospinal fluid of brain-injured human patients.8

Previously we have shown that NGF infusion can signifi-
cantly improve the cognitive deficits normally associated
with fluid-percussion brain trauma.58 However, no his-
topathological differences were noted that correlated with
this improvement. 

The most common type of programmed cell death is
apoptosis.27 Apoptotic cell death has been shown to occur
after experimental brain injury,50 and neurons can be in-
duced to undergo apoptosis in vitro by depriving them of
NGF and can then be rescued by returning NGF to the cul-
ture medium.6,47 Recently apoptotic cell death has also
been described in numerous models of CNS disease in-
cluding ischemia and excitotoxic injury.10,35,37,48 This study
was performed to evaluate the presence of lasting cogni-
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tive improvements induced by NGF infusion after fluid-
percussion brain injury in rats and to identify the histolog-
ical correlates of these behavioral changes. 

Materials and Methods

Surgical Procedures

Twenty-four male Sprague–Dawley rats, each weighing between
350 and 400 g, were anesthetized with 60 mg/kg sodium pentobar-
bital administered intraperitoneally. The lateral (parasagittal) flu-
id-percussion model of brain injury was used.40 Briefly, a 5-mm
craniectomy was performed over the left parietal cortex midway
between the lambda and bregma. A hollow Leur-loc fitting was
cemented to the craniectomy site, and the injury was delivered after
attaching the Leur-loc to the fluid-percussion device, which rapidly
injects a bolus of saline into the epidural space. All animals received
brain injury of moderate severity (2.1–2.3 atm). 

Twenty-four hours after brain injury, animals were reanesthe-
tized with 60 mg/kg sodium pentobarbital and a 1-mm burr hole
was made 2 mm lateral to the craniectomy site (corresponding to the
area of maximum cortical injury observed in this model).40 The dura
was exposed via the burr hole and then incised with a 26-gauge nee-
dle. A brain infusion cannula was placed stereotactically to a depth
of 1.5 mm in the cortex at the site of maximum cortical injury,
secured with dental cement, and the skin was sutured over the appa-
ratus. Miniosmotic pumps with an infusion rate of 0.5 ml/hour for
14 days were filled with NGF and vehicle or vehicle alone 4 to 6
hours prior to implantation. A brain infusion cannula was then
attached to the pumps and the units were primed in sterile saline at
39˚C, after which the pumps were implanted subcutaneously in the
animals. The animals were separated into two groups: Group 1 (12
rats) received infusions containing NGF (artificial cerebrospinal
fluid, 0.1 mg/ml rat serum albumin, 25 mg/ml 7S NGF, and 0.05
mg/ml gentamicin); Group 2 (12 rats) received infusions of the
same solution without NGF. Two weeks postinjury the brain can-
nula and pump were removed to confirm complete delivery of the
infusate during that time period. Procedures were performed under
sterile conditions in all groups and normothermia was maintained
with the animals on warming pads. Brain temperature was not
directly monitored because it has been shown previously that use of
warming pads maintains normal brain temperature in this animal
model of brain injury.42

Evaluation of Motor and Cognitive Function

The evaluation of memory and motor function in rats undergoing
a fluid-percussion brain injury has been described previously in
detail.40,60,61 All animals were tested in the MWM 4 weeks postin-
jury. The maze is a circular tank 1 m in diameter that is filled with
water maintained at 18˚C. The water surface was made opaque with
a covering of styrofoam pieces. During training of the animals, a
submerged platform was present in the maze. Each animal under-
went 20 training trials over a 2-day period during which it learned
to locate the platform using external visual cues. Uninjured sham-
treated animals (12 rats) were also trained using the same paradigm.
The time needed to find the platform was recorded for each of 20
trials. At 48 hours after training, animals in all groups were assessed
for their ability to remember the learned task of locating the plat-
form in the MWM. For this evaluation the platform was removed
from the maze and the animal’s swimming pattern recorded with a
computerized video system for 1 minute. The maze was separated
into zones that were weighted according to their proximity to the
platform’s location during training. A memory score was generated
by multiplying the weighted numbers by the time the animal spent
in each zone and then adding these products.23,42,60,61

An investigator blinded to treatment group evaluated the animals’
neurological motor function at 1, 2, and 4 weeks postinjury.40,60

Animals were scored from 0 (severely impaired) to 4 (normal) for
each of the following: 1) left and 2) right forelimb flexion during
suspension by the tail; 3) left and 4) right hindlimb flexion when the
forelimbs remain on a surface and the hindlimbs are lifted up and

back by the tail; 5) the ability to resist lateral pulsion to the left and
6) right; and 7) the ability to stand on an inclined plane in the left,
8) right, and 9) vertical positions. For the inclined plane (angle
board) test, animals received a score of 4 by standing at a 45˚ angle;
3 at 42.5˚; 2 at 40˚; and 1 at 37.5˚. A composite motor score (0–36)
was generated by combining the scores for each of these tests.

Histological Evaluation

The animals were killed at 4 weeks postinjury (after behavioral
testing) with an overdose of 200 mg/kg sodium pentobarbital ad-
ministered intraperitoneally and perfused with intracardiac hep-
arinized saline followed by 4% paraformaldehyde. The brains were
removed, postfixed overnight in paraformaldehyde, and stored in
phosphate buffer before being cut into 50-mm sections on a vi-
bratome.

Hippocampal CA3 damage was characterized in all animals at
two selected brain regions (one rostral and one caudal hippocampal
segment) using toluidine blue Nissl staining. A score of 0 to 3 was
derived for each region, with a score of 3 representing a normal-
appearing CA3 region; a score of 2 representing a distinguishable
region of cell loss due to a thinning of the pyramidal cell layer; a
score of 1 representing a region in which continuity of the CA3
pyramidal cell layer was maintained by only a single cell in at least
one portion; and a score of 0 representing those CA3 regions in
which cell loss was severe enough to disrupt the continuity of the
pyramidal cell layer completely in at least one segment. The scores
from the rostral and caudal sections were combined to provide a
score of 0 to 6 for CA3 cell survival in each animal. 

Sections were taken through the septal nuclei 350 mm rostral to
the anterior commissure decussation. Free-floating sections were
incubated in choline acetyltransferase (ChAT) antibody (1:1000
dilution) at 4˚C for 36 hours. Subsequently, these sections were
exposed for 1 hour to goat anti–rabbit immunoglobulin G followed
by rabbit peroxidase–antiperoxidase. Finally, sections were incu-
bated in 3,39diaminobenzidine for 10 minutes. The border of the
medial septal area was identified laterally and dorsally by the pres-
ence of ChAT-positive cells and ventrally by a line drawn through
the center of the anterior commissure, after the method of Hagg,
et al.18 Cholinergic cells were defined as those cells that stained
with the ChAT antibody and had a diameter greater than 12 mm.18

Measurements of the area of the septal nuclei were made using
image analysis on the same sections used for ChAT immunohisto-
chemistry. The borders for the septal nuclei were the corpus callo-
sum dorsally, the ventricles laterally, and a line drawn through the
center of the anterior commissure ventrally.

Apoptosis Studies

A second group of animals was subjected to fluid-percussion
brain injury of moderate severity (2.1–2.3 atm). One set of these
animals (23 injured and four sham-injured) was killed at 1, 2, 4, 7,
or 14 days postinjury and prepared as noted above, with the excep-
tion that the brains were embedded in paraffin blocks. Three 6-mm-
thick sections were taken from the area between 300 and 350
mm rostral to the anterior commissure decussation for each brain.
These sections were then stained for apoptotic cells using the
terminal deoxynucleotidyl transferase (TdT)–mediated biotinylat-
ed-deoxyuridinetriphosphate (dUTP) nick-end labeling (TUNEL)
technique.15,50 Sections were heated for 15 minutes at 60˚C, de-
paraffinized, and rehydrated. After digestion with 0.02% trypsin
in phosphate-buffered saline followed by washing in phosphate-
buffered saline, the sections were incubated in Buffer A (200 mM
potassium cacodylate, 0.025 M Tris, and 0.25 mg/ml bovine serum
albumin, pH 6.6). Sections were then incubated at 37˚C for 60 min-
utes with the labeling solution: TdT (0.3 U/ml), biotinylated-16-
dUTP (20 mM), and 1.5 mM cobalt chloride in Buffer A. Reactions
were halted by rinsing in Buffer B (300 mM sodium chloride and 30
mM sodium citrate, pH 7). Sections were washed with 0.01 M Tris
at pH 7.4, blocked with 10% goat serum in 0.01 M Tris, incubated
with streptavidin-conjugated alkaline phosphatase (1:40 dilution),
and stained with Fast Red. Slides were then washed, counterstained,
and mounted.

Because we have previously observed that the TUNEL technique
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will stain cells undergoing both necrotic and apoptotic cell death,
only those cells that were TUNEL positive and displayed apoptotic
morphology were counted in the entire septal region (as defined
above) on all three sections from each brain. Apoptotic morpholo-
gy was characterized by small round cells with round, condensed,
and often fragmented nuclei.50

Based on the results of these studies, a third group of animals (18
rats) was subjected to fluid-percussion brain injury of moderate
severity (2.1–2.3 atm), followed by the placement of an osmotic
pump to infuse NGF beginning 24 hours postinjury (as above). The
animals were then killed at 2, 7, or 14 days postinjury and the brains
were processed, sectioned, TUNEL stained, and evaluated for mor-
phological evidence of apoptotic cell death.

Statistical Analysis

Ordinal measurements from neurobehavioral motor function
tests, memory tests, and hippocampal CA3 cell loss were evaluated
using Kruskal–Wallis analysis of variance followed by individual
Mann–Whitney U-tests. Mean values, including latencies to find the
platform during learning in the MWM, ChAT-positive cells, septal
area values, and apoptotic cells were all compared using analysis of
variance followed by post-hoc Student’s t-tests. A probability value
of less than 0.05 was considered statistically significant.

The procedures used throughout this study were approved by the
institutional animal care and use committee of the University of
Pennsylvania and were performed in accordance with standards
published in the Guide for the Care and Use of Laboratory Animals,
U.S. Department of Health and Human Services, Publication 85–23,
1985.

Sources of Supplies and Equipment

The brain infusion cannulas and miniosmotic pumps (model
2002) were purchased from Alza Corp., Palo Alto, CA. The ChAT
antibody was acquired from Chemicon International, Houston, TX,
and the 3,39diaminobenzidine and Fast Red stain were from
Sigma Chemical Co., St. Louis, MO. The TdT and dUTP were
obtained from Boehringer Mannheim, Mannheim, Germany. The

streptavidin-conjugated alkaline phosphatase was purchased from
BioGenex Corp., Framingham, MA.

Results

The learning latencies and memory scores are illustrat-
ed in Figs. 1 and 2. Two animals from each group were
killed before completion of the study because of a failure
to thrive and are not represented in the cognitive or histo-
logical data. All injured animals learned significantly
more slowly than the uninjured control animals during the
first three sets of five trials (p , 0.05). However, by the
fourth set of five trials the latencies in the injured, NGF-
treated animals had improved and were significantly bet-
ter than those in the injured vehicle-treated animals (p ,
0.05) and not significantly different from those in the
uninjured animals. The NGF-treated animals also per-
formed significantly better than vehicle-treated controls
during memory testing (p , 0.05; Fig. 2). The results of
motor testing are shown in Fig. 3. There was a gradual
improvement in neurobehavioral motor scores over the
course of the experiment but no significant motor differ-
ences were observed between the NGF- and vehicle-treat-
ed injured groups. 

Figure 4 shows the results of calculations for septal area
nuclei and cholinergic cell counts. A significant loss of
septal area nuclei and cholinergic cells was identified in
all injured animals compared with sham-treated (unin-
jured) animals (p , 0.05). The NGF-treated animals dis-
played less cholinergic cell loss than vehicle-treated ani-
mals (Fig. 5). The difference was statistically significant
only when comparing cell loss on the side contralateral
to the injury site (p , 0.05). Histological evaluation of
the cortical injury cavity and hippocampal CA3 cell loss
revealed no differences between the vehicle- and NGF-
treated animals (data not shown). All injury cavities com-
municated with the ventricular system.
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FIG. 1. Graph showing comparison of latencies to find the
MWM platform during learning trials. Average latencies for each
set of five trials are shown (bars represent standard error of the
mean [SEM]). During the first three sets (Trials 1–15) all injured
animals displayed latencies that were significantly longer than
those seen in uninjured animals (*p , 0.05). Although the laten-
cies of animals that had received NGF were better than those in
injured control animals during these sets (45 6 4.6, 33 6 5.2, and
26 6 3.5 versus 43 6 3.4, 26 6 4.7, and 21 6 2.8, respectively;
mean 6 SEM), the differences were not significant. The last set of
trials shows that the latencies for NGF-treated animals (8 6 1.7)
improved and were not significantly different from uninjured
sham-treated animals (5 6 0.6). The latencies for the NGF-treated
animals (8 6 1.7) were significantly better than for the injured con-
trol animals (20 6 4.8) during this last set of trials (#p , 0.05). 

FIG. 2. Graph showing comparison of memory scores 48 hours
after completion of the MWM training of vehicle-treated (median
score 46), NGF-treated (median score 94), and uninjured animals
(median score 154). The NGF-treated animals had significantly
higher memory scores compared with vehicle-treated control ani-
mals (*p , 0.05). Uninjured animals had significantly higher
memory scores compared with both groups of injured animals
(#p , 0.05). Numbers in parentheses represent the number of ani-
mals tested.



Evaluation of sections stained using the TUNEL tech-
nique demonstrated that cells in the septal region showed
morphological evidence of apoptotic cell death at the ear-
liest time point tested (24 hours postinjury; Fig. 6). This
cell death was at maximum levels at the 4- and 7-day post-
injury time points and had decreased by 14 days postin-
jury. Cells undergoing apoptosis were not confined to a
specific location or septal nucleus but rather were distrib-
uted bilaterally throughout the septal region (data not
shown). Although treatment with NGF resulted in slightly
fewer apoptotic cells at the 2- and 14-day time points (p =

not significant; Fig. 6), a significant diminution of cells
undergoing apoptosis was observed in injured NGF-treat-
ed animals at 7 days postinjury when compared to injured
vehicle-treated animals (p , 0.05). 
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FIG. 3. Graph showing neurological motor scoring in injured
vehicle-treated controls (medians of 18.5, 22.8, and 28.0) and
injured NGF-treated animals (medians of 16.3, 22.5, and 28.8) at
1, 2, and 4 weeks postinjury. There is a gradual improvement in
motor scores over time in both groups and no significant differ-
ences between these groups. Numbers in parentheses represent the
numbers of animals tested.

FIG. 4. Graph showing ChAT-positive cells in the medial sep-
tal nucleus in uninjured, injured vehicle-treated, and injured NGF-
treated animals. Uninjured animals exhibited significantly higher
numbers of ChAT-positive cells (114 6 5.7, mean 6 SEM) com-
pared to both injured groups (#p , 0.05). Ipsilateral to the side of
injury the NGF-treated animals displayed more cells   (58 6 5.1)
than did vehicle-treated animals (51 6 2.7), but this was not a sig-
nificant difference. Contralateral to the side of injury the NGF-
treated animals exhibited significantly more ChAT-positive cells
(65 6 2.1) than did vehicle-treated animals (50 6 3.3; *p , 0.05).

FIG. 5. Photomicrographs showing coronal 50-mm sections of
rat brain cut through the medial septal nucleus. The center of each
photomicrograph is midline and the left side is ipsilateral to the
injury. Upper: Photomicrograph of brain section from an unin-
jured animal with diffuse robust ChAT-staining neurons. Center:
Photomicrograph of brain section from an injured NGF-treated
animal showing a significant number of ChAT-staining neurons,
although there are fewer than in the uninjured animal. Lower:
Photomicrograph of brain section from an injured vehicle-treated
animal demonstrating far fewer ChAT-staining neurons. ChAT
antibody, original magnification 3 100.



Discussion

These studies demonstrate that NGF infusion initiated
24 hours after fluid-percussion brain injury in rodents can
attenuate learning deficits. These improvements persist
for a prolonged period after NGF infusion has been dis-
continued. Also, sparing of cholinergic neurons and atten-
uation of apoptotic cell death in the septal region appear to
correlate with these NGF-induced cognitive changes. 

Cognitive Outcomes in Experimental Brain Injury

Previous studies have characterized the cognitive def-
icits that result from fluid-percussion brain injury in the
rat.20,23,46,59,61 The earliest studies using the MWM as a
measure of cognitive function after fluid-percussion brain
injury focused on the measurement of retrograde amne-
sia.61 This paradigm has proved useful in the rapid evalu-
ation of novel treatments for brain injury because animals
can be tested in the acute posttraumatic period.58,60 In an
attempt to model posttraumatic learning deficits accurate-
ly and to evaluate the long-term cognitive outcomes asso-
ciated with experimental brain injury, other investigators
have used MWM learning paradigms similar to the one
used in the current study.20,21,34,45,46 In these studies, learn-
ing deficits in rats subjected to fluid-percussion brain in-
jury have been demonstrated months after injury.20,46 In
the present study NGF administration significantly im-
proved the ability of animals to learn a new task after trau-
matic brain injury (TBI).

Loss of ipsilateral cortical and hippocampal CA3 pyra-
midal neurons is the most striking histological change
in rodents undergoing lateral fluid-percussion brain in-
jury.3,23 The identification of bilateral hippocampal cell
loss in the region of the dentate hilus also suggests a po-
tential mechanism underlying posttraumatic memory
dysfunction in this model.59 How bilateral hippocampal
damage is produced in this model remains an important

mechanistic question. After the observation of the loss of
cholinergic cells in the medial septal region after fluid-
percussion brain injury in the rat, Leonard, et al.,31 and
Schmidt and Grady52 have proposed that these cognitive
deficits may be, in part, the result of damage to the septo-
hippocampal pathway. Because other models of CNS in-
jury have shown that axotomized cholinergic neurons in
the medial septal region can be salvaged by administration
of NGF,19 our previous studies demonstrating improved
cognition after fluid-percussion brain injury in rats receiv-
ing NGF infusions suggested that improvements in cogni-
tion were the result of NGF effects on cholinergic medial
septal neurons.57,58 In our model NGF may reach sites
remote from the infusion/injury site via the ventricular
system.

To our knowledge, the present study is the first to
correlate neuronal loss in the septal nucleus after fluid-
percussion brain injury with posttraumatic cognitive dys-
function. We have also demonstrated the ability of NGF to
attenuate this neuronal loss significantly and improve cog-
nitive outcome. These results occurred 2 weeks after the
termination of NGF infusions, suggesting that treatment
with NGF may induce permanent changes. The results of
our detailed histological analysis further indicate that the
mechanism for this improvement may be an NGF-induced
rescue of septal cells that would otherwise undergo apop-
totic cell death. In addition, NGF can induce significant
sprouting in cholinergic neurons.14,68 Remodeling of hip-
pocampal afferents and reduction of septal cell loss may
contribute to the observed functional improvements.

Cognitive Outcomes in Human Brain Injury

An increased understanding of the biomechanics of hu-
man head injury has provided valuable information about
the relationship between diffuse axonal injury and poor
cognitive outcomes.1,17,64 However, the paucity of his-
topathological specimens from human patients who have
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FIG. 6. Graph showing apoptotic (TUNEL-positive) cells in the septal region after fluid-percussion brain injury.
Apoptotic cells were identified as early as 24 hours postinjury (3.2 6 1.3 per brain [mean 6 SEM]). The number of cells
increased significantly at 4 and 7 days postinjury (8.5 6 0.3 and 8.4 6 0.9), and declined by 14 days (4.4 6 1.4).
Although some apoptotic cells were seen in NGF-treated animals, even at 7 days there were significantly fewer cells
(3.9 6 0.9; *p , 0.05). Sham animals had 2.3 6 0.7 apoptotic cells. The number of apoptotic cells in NGF-treated ani-
mals was never significantly different from that in the sham-treated animals.



well-defined posttraumatic cognitive deficits has made the
correlation of neuronal damage and specific types of cog-
nitive dysfunction difficult. Whereas bilateral hippocam-
pal injuries have been shown to result in significant mem-
ory disturbances in humans,54,69 there is evidence that
septohippocampal cholinergic pathways may be as impor-
tant. In a series of classic monographs on the pathology
of human head injury, Strich63–65 noted that the presence
of axonal degeneration in the fornices is a common
sequela of TBI. In a review of a group of head-injured
patients who developed posttraumatic dementia, Hillbom
and Jarho24 observed that lesions causing memory distur-
bances are always bilateral and damage the limbic system
and its connections with the frontal lobes. Damage to the
fornices from nontraumatic mechanisms (surgical disrup-
tion or tumor infiltration) also results in memory distur-
bances in humans.9 This further implicates the septo-
hippocampal pathway as a potential area in human head
injury which, when damaged, may result in cognitive
deficits.

More recently, associations between Alzheimer’s dis-
ease and head trauma have been identified, including the
suggestion that patients with the apolipoprotein-e4 allele
have a much greater risk of Alzheimer’s disease if they
also have a history of traumatic head injury.38,39,51 The loss
of cholinergic neurons in Alzheimer’s disease is well
established5,12 and has even resulted in a clinical trial of
NGF administration as a treatment for Alzheimer’s dis-
ease.43,55 Initial reports do not appear to show dramatic
improvement in the first patient described from this se-
ries.55 The similarities between the pattern of neuronal
loss in Alzheimer’s disease and that seen in experimen-
tal brain injury also support the hypothesis that the loss
of cholinergic septal neurons contributes to the memory
dysfunction observed in both of these disease processes.
However, whereas Alzheimer’s disease is a chronic, pro-
gressive ailment, there is no evidence to suggest that the
neuronal injury that results in posttraumatic cognitive dys-
function continues over a similar time course of months
and years. Therefore, the possibility that a therapeutic reg-
imen of NGF treatment after TBI could lead to more last-
ing improvements should be studied further.

Septal Cell Death in TBI

Programmed cell death is a transcription-dependent
event that occurs normally during neural development.25,33

Apoptosis is the most common form of programmed cell
death.27 Apoptosis occurs in various pathological states
including: ischemia,10,35,37 retinitis pigmentosa,49 Hunting-
ton’s disease,48 and fluid-percussion brain injury.50 Apop-
totic cell death has recently been described as occurring
during cycles of recurrence and remission in human lym-
phoma.26 Withdrawal of NGF from neuronal cultures is a
useful in vitro model of apoptosis that has demonstrated
that these neurons can be rescued by the reapplication of
NGF to the culture medium.6,47 The present study is the
first to demonstrate that traumatically induced apoptotic
cell death in the septal nuclei occurs in vivo and can be
attenuated with NGF treatment.

The improvements in cognition and ChAT staining seen
after fluid-percussion brain injury and NGF infusion par-
allel the effects of NGF in models of fimbrial transec-

tion.22,30,66,67 In these models it has been shown that the
apparent loss of cholinergic septal neurons can be re-
versed by treatment with NGF, even when initiation of
treatment was delayed.11,18,62 This indicates that neurons in
this model may not die but simply atrophy and stop stain-
ing for ChAT. In contrast, the loss of ChAT-positive cells
observed in the fluid-percussion model of brain injury
appears to be the result of neuronal death that would not
respond to treatment months or years postinjury.

Conclusions

These data support the hypothesis that damage to the
septohippocampal pathway results in cognitive deficits
in the clinically relevant model of fluid-percussion brain
injury in the rat. Infusion of NGF beginning 24 hours
postinjury results in significant improvements in posttrau-
matic learning deficits, and these benefits persist after ces-
sation of the NGF treatment. This model of NGF infusion
into animals undergoing TBI suggests that neurotrophin
therapy may be a useful option for the prevention of clin-
ical posttraumatic cognitive deficits. Further evaluation of
this hypothesis is warranted.
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