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Traumatic brain injury (TBI) causes excess release of neuro-
transmitters, such as glutamate, and increases intracellular cal-
cium levels. Elevated levels of calcium, and perhaps other in-
tracellular second messengers, as a result of TBI can alter the
expression of many genes. The protein products of some of
these genes may be signals for TBl-associated memory dys-
function. Therefore, identification of genes whose expression is
altered after TBI in the hippocampus, a structure in the medial
temporal lobe that plays a critical role in memory formation and
storage, and elucidation of the role(s) of their protein products
may shed light on the molecular mechanisms underlying TBi-
elicited memory dysfunction. The prodynorphin gene is ex-
pressed in hippocampal granule cells, and its expression has
been reported to be enhanced as a result of elevated intracel-
tular calcium. The prodynorphin protein is proteolytically
cleaved to generate muiltiple dynorphin peptides, which can
modulate neurotransmitter release through the activation of
presynaptic k opioid receptors. In this study, we report that 1)
TBI transiently increases prodynorphin mRNA in the hippocam-
pus, 2) dynorphin peptide immunoreactivity is enhanced for up
to 24 hr after TBI and 3) intracerebroventricular infusion of the
x receptor antagonist nor-binaltorphimine (nor-BNI) impairs
subsequent performance in a spatial memory task. These re-
sults suggest that dynorphin action may serve a beneficial role
after TBI. Exp Biol Med 228:261-269. 2003
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ne of the persistent outcomes of traumatic brain

injury (TBI) is impairment of declarative memory

(memories for names and places in humans and
spatial memory in animals; Refs. 1, 2). Declarative memory
is dependent on the hippocampus as well as other structures,
including the entorhinal, perirhinal, and parahippocampal
cortices. The hippocampus is highly susceptible to TBI,
possibly because of intrinsic connectivity and/or to the pres-
ence of high levels of glutamate receptors (3-7). TBI not
only causes hippocampal neuron loss but also alters the
function, growth, and plasticity of the surviving neurons, all
of which are thought to contribute to post-traumatic
memory dysfunction (8-10). The molecular events acti-
vated by TBI that contribute to this impairment, however,
are not well characterized.

TBI causes neuronal depolarization, excessive excifa-
tory neurotransmitter release, and increased intracellular
calcium levels (11, 12). These events activate a variety of
biochemical cascades, some of which may contribute to
neuronal death and dysfunction whereas others participate
in neuronal survival, growth, and plasticity pathways, pos-
sibly via alterations in gene expression. The prodynorphin
gene contains several calcium-responsive enhancer ele-
ments in its promotor region, including calcium/cAMP-
responsive element, TPA-responsive element, and down-
stream regulatory element and is highly responsive to cal-
cium levels (13-15). The prodynorphin protein is
proteolytically processed to generate multiple bioactive
dynorphin peptides, which are released after neuronal de-
polarization and participate in modulating neurotransmitter
release. plasticity, long-term potentiation, and learning and
memory (16, 17). For instance. dynorphin peptides acting
via presynaptic k receptors have been shown to inhibit the
release of glutamate from mossy fiber terminals in the hip-
pocampus and alter long-term potentiation (17, 18). Based
on its ability to alter neurotransmitter release and hippocam-
pal plasticity, the examination of dynorphin expression and
determination of its role in the behavioral deficits observed
after brain injury may provide insights into TBI-associated
hippocampal dysfunction. Although acute administration of
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dynorphin A has been reported to worsen neurological out-
come (19) and bolus infusions of k-opioid antagonists have
been suggested to improve cellular bioenergetics (20), the
consequences of long-term infusions of kappa receptor an-
tagonists are not known.

In this study, we examined the time course of prodynor-
phin mRNA expression as well as dynorphin peptides after
lateral cortical impact injury in rodents. Intracerebroven-
tricular administration of nor-binaltorphimine (nor-BNI) for
1 week after the injury adversely affected subsequent per-
formance in a spatial memory task when compared with
vehicle-treated controls. Taken together, these data suggest
that endogenously generated dynorphin as a result of TBI
may be beneficial.

Materials and Methods

Materials. Male Long-Evans rats (275-300 g) were
purchased from Charles River Laboratories (Wilmington,
MA). Dynorphin antibody (Dyn A1-8) was obtained from
Peninsula Laboratories (Belmont, CA), and biotinylated
anti-rabbit secondary antibody was from Promega (Madi-
son, WI). The Anti-NeuN antibody was from Chemicon
(Temecula, CA). AmpliTaq DNA polymerase and polymer-
ase chain reaction (PCR) reagents were purchased from Ap-
plied Biosystems (Foster City, CA). Sybr green I was pur-
chased from Molecular Probes (Eugene, OR), and Super-
script II reverse transcriptase was obtained from Invitrogen
Life Technologies (Carlsbad, CA). nor-BNI was obtained
from Sigma (St. Louis, MO).

Production of Cortical Impact Injury. All proto-
cols involving the use of animals are in compliance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Ani-
mal Care and Use Committee. A controlled cortical impact
device was used to administer brain injury as previously
described (21, 22). Briefly, rats were anesthetized with 4%
isoflurane and a 2:1 N,0:0, mixture, intubated, and me-
chanically ventilated with a 2% isoflurane and a 2:1 N,0:0,
mixture. The rat was then mounted in the injury device
stereotaxic frame. The head was held in a horizontal plane,
a midline incision was made, and bilateral 6-mm craniec-
tomies were performed midway between the bregma and
lambda with the medial edge of the craniectomies 1 mm
lateral to the midline. Rats received a single impact at 2.3
mm deformation with an impact velocity of 6 m/s at an
angle of 30 degrees from the vertical plane. Core body
temperature was maintained at 37-38°C by use of a rectal
thermometer coupled to a heating pad. Sham rats were anes-
thetized and received a midline incision but were not in-
jured. After injury or sham operation, the scalp was sutured
and animals placed in an oxygenated chamber for monitor-
ing during recovery.

Drug Preparation and Administration. nor-BNI
was prepared as a | mg/ml solution in sterile saline. Imme-
diately after injury. animals were given a bolus infusion 2
wl) of either | mg/ml nor-BN1 (n = 9) or saline (n = 9)

into the contralateral lateral ventricle (-0.8 mm from
bregma, 1.5 mm iateral to midline, and 4.0 mm below the
surface of the skull). After the completion of the bolus
injection, a brain infusion cannulae (Alzet) was implanted
using the same stereotaxic coordinates as for the bolus in-
jection and secured by dental cement. The cannulae were
connected via catheter tubing to a 7-day mini-osmotic pump
(Alzet) containing either 1 mg/ml nor-BNI or saline. The
pump was placed in a subcutaneous pouch between the
scapulas as described by the vendor. A flow moderator
maintained the drug delivery at a rate of 1 pl/hr over the
7-day infusion period. On day 7 post-injury, animals were
anesthetized with 4 ml/kg Equithesin (250 mM chloral hy-
drate, 10 mg/ml pentobarbital, 90 mM MgSOQ,, 10% etha-
nol, 40% propylene glycol), a small (I cm) incision was
made above the pump, the pump removed, and the catheter
tubing cauterized. The incision was sutured and the animal
was allowed to recover for an additional 7 days before being
tested in the Morris water maze. Control animals for non-
specific effects of nor-BNI were infused and implanted as
described above, but were not injured.

Isolation and Quantification of mMRNA. At the in-
dicated time points, animals were killed and the ipsi- and
contralateral hippocampi quickly removed while the brain
was submerged under ice-cold artificial cerebrospinal fluid
(10 mM HEPES, pH 7.2; 1.3 mM NaH,PO,; 3 mM KCI;
124 mM NaCl; 10 mM dextrose; 26 mM NaHCO;; and 2
mM MgCl,), snap frozen and stored at —80°C until required
for RNA isolation. The tissue was homogenized in a gua-
nadinium thiocyanate solution, and total RNA was isolated
by phenol:chloroform extraction and ethanol precipitation
(23). The total RNA concentration in each sample was
quantified by ribogreen fluorescence according to the manu-
facturers’ protocol (Molecular Probes, Eugene, OR). Five
hundred nanograms of total RNA was reverse transcribed
for 2 hr at 42°C in a 20-pl reaction containing 50 mM Tris,
pH 8.3: 75 mM KCI; 3 mM MgCl,; 10 mM DTT; 2.5 pM
random hexamer; | mM each dNTP; 20 U RNasin; and 200
U Superscript II reverse transcriptase. To assess RNA
samples for potential amplification from genomic DNA
contamination, negative control RT reactions containing
RNase A in place of the RNasin and reverse transcriptase
were included. The level of expression of each target gene
was quantified by amplification in triplicate of 1.3 ul of the
resulting cDNA in a 30-pul reaction containing 18 mM Tris,
pH 8.3: 55 mM KCI; 2 mM MgCl,; 2 mM DTT; 200 nM each
oligonucleotide: 10 nM fluorescein: 1:75,000 dilution of Sybr
green I; and 2 U AmpliTaq DNA polymerase. The following
primer pairs were used for target mMRNA quantification:

prodvnorphin:  sense (5'-GGAGAACCCCAATACCTATTC-
CG-3)
antisense (5'-GGTCTCCTGGATTC-
TAGGGTGG-3')
B-actin: sense (5’ -CTTCACCACCACGGC-3')

antisense (5'-CCATCTCTTGCTCGAAG-3").
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The amplification protocol consisted of one cycle at 95°C for 3
min followed by 40 cycles of 94°C for 30 s, 60°C (B-actin) or
65°C (dynorphin) for 1 min, 72°C for 1 min. A melt curve pro-
tocol consisting of 70 cycles at 60°C for 10 s, +A40.5°C/cycle, was
performed at the end of the amplification. Fluorescence data were
acquired with a Bio-Rad iCycler and optical module and analyzed
using the iCycler iQ Real-Time Detection System software. For
quantification, a standard curve for each gene product was gen-
erated using increasing concentrations of ¢cDNA derived from
naive hippocampal total RNA to determine the linear range and
amplification efficiency. The results for prodynorphin mRNA
levels were normalized against the mRNA values obtained for
B-actin. Real-time PCR results were repeated in at least three
independent experiments.

Immunohistochemistry. Animals were killed with
an overdose of chloral hydrate (1 g/kg) and transcardially
perfused with 150 ml of heparinized phosphate-buffered
saline (PBS) followed by 150 ml PBS containing 4% para-
formaldehyde and 15% picric acid. Brains were removed
and post-fixed overnight in perfusant. Brains were then
cryoprotected in a 30% sucrose solution, embedded in OCT
(Myers Laboratory), and sectioned into 40-micron thick
slices using a cryostat. Free-floating slices were incubated
overnight in Dyn A1-8 antibody (0.5 p.g/ml) in PBS con-
taining 2% bovine serum albumin, 2% normal goat serum,
and 0.2% Triton X-100. Immunoreactivity was detected us-
ing a biotinylated anti-rabbit secondary antibody and a
streptavidin-HRP conjugate. Immunoreactivity was visual-
ized using a DAB kit (Vector) as described by the vendor.
Slices were mounted on microscope slides and cover
slipped using 50% glycerol/PBS. Immunohistochemistry re-
sults were repeated in at least three independent experiments.

Acute Neurological Assessments. Acute neuro-
logical assessments were performed blind as to the animal
treatments. Assessments of simple nonpostural somatosen-
sory functions were conducted by recording the duration of
suppression of responses to stimulation (1, 21). The corneal
reflex was evaluated by lightly touching the cornea with a
cotton swab to elicit an eye blink. The pinna reflex was
elicited by pressure applied to the outer ear with a wooden
applicator. Forward body movements in response to a tail
pinch defined escape. More complex postural somatosenso-
ry function was assessed by recording the duration of sup-
pression of the righting response. The righting response was
defined as the animal’s ability to right itself three times
consecutively after being placed on its back.

Assessment of Vestibulomotor Performance.
All behavioral tests were conducted blind. For beam bal-
ance. animals were pre-assessed by placing them on a nar-
row wooden beam (2.0 cm wide) and measuring the dura-
tion they remained on the beam for a maximum of 60 sec.
Before injury. animals were given repeated training until
capable of balancing on the beam for three consecutive
trials of 60 sec in duration. After injury. animals were given
three daily trials on the beam balance task to give an aver-
age daily score (24). Paw placement was evaluated by plac-

ing the animal on a wire grid (opening size of 2 x 2 cm) and
counting the number of foot faults out of a total of 50 steps
(25). A foot fault was defined as when a front paw misses
and appears below the plane of the grid. Paw placement was
repeated three times daily to give an average daily score.

Assessment of Spatial Memory Performance.
All behavioral tests were conducted blind. Cognitive func-
tion was examined using the hidden platform version of the
Morris water maze (days 14-18 post-injury) as described
previously (1, 26). Testing began 14 days post-injury to
ensure recovery from the pump-removal surgery. For each
daily block of four trials, rats were placed by hand facing
the wall in the pool. Animals started a trial once from each
of four randomized start locations (north, south, west, south-
west). Rats were given a maximum of 60 sec to find the
platform. If a rat failed to find the platform after 60 sec, it
was placed there by the experimenter. All rats were allowed
to remain on the platform for 30 sec before being placed in
a 37°C warming cage between trials. The intertrial interval
was 4 min. Movement within the maze was recorded by use
of a video camera and analyzed using a tracking device and
software (Chromotrack, San Diego Instruments). After the
completion of training, animals were given a 60-sec probe
trial in which the platform was removed to determine any
nonspatial influences to the water maze performance.

Histopathology. After the completion of the behav-
ioral testing, animals were overdosed with chloral hydrate
(1 g/kg), perfused, and brain slices prepared as outlined in
the immunohistochemistry section. To examine neuronal
cell layers, sections were immunoreacted with an antibody
for the neuron-specific marker NeuN (1 pg/ml) and de-
tected with an anti-mouse-Alexafluor 568 secondary anti-
body by an experimenter who was kept blind with respect to
the treatment. Cannulae placement was verified in represen-
tative animals by examination of the cannulae track using
cresyl violet stained brain sections.

Statistics. Data obtained from PCR reactions were
normalized to B-actin mRNA expression levels and com-
pared using a one-way analysis of variance followed by a
Student-Newman-Keul post-hoc analysis. Acute neurologi-
cal reflex scores were compared using a Student’s ¢ test for
unpaired variables. For evaluation of behavioral data, a re-
peated measures analysis of variance was used to determine
group main effects. A Fisher's PLSD post-hoc test was used
to determine group differences on specific days post-injury.
Data were considered significant at P < 0.0S. Data are pre-
sented as the mean + S.E.M.

Results

TBI Increases Prodynorphin mRNA levels in
the Hippocampus. Prodynorphin mRNA and dynorphin
peptides are expressed at relatively high levels in the gran-
ule neurons of the hippocampus. Hippocampal prodynor-
phin mRNA levels in sham-operated and injured animals
were measured using real-time PCR. Figure 1A shows that
the relationship between the starting quantity of total RNA
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Figure 1. TBI increases the level of prodynorphin mRNA in thp hip-
pocampus. (A) Representative standard curve for thq deteptnoq of
prodynorphin mRNA using real-time PCR. A linear relationship exists
between the log starting quantity of totai mMRNA (0.5 ng fo 250 ng)
and the number of PCR cycles needed to generate a specific amount
of product. (B) Real-time PCR reactions for sham and 3 hr post-injury
mRNA samples prepared from the ipsilateral hippocampus. As prod-
uct is formed, the Sybr green dye intercalates with the dquble-
stranded DNA, resulting in a fluorescence enhancement that is de-
tected by the iCycler. The figure shows that the relative fluorescence
units increase in the 3-hr sample more rapidly than the §ham sample,
indicating the presence of more prodynorphin mRNA in th(_a starting
sample. (C) Summary figure for the change in prodynorphin mRNA
levels at different time points after injury. sham, n=6; 3hr, n=6; 24
hr,n=6:3day. n=3; 2week, n=3; *P<0.05 by one-way analysis
of variance and Student-Newman-Keul post-hoc analysis.

and number of PCR cycles that were required to detect a
threshold level of amplified double-stranded specific prod-
uct using Sybr green fluorescence. The specificity of the
measured amplified product was confirmed by melting
point analysis and gel electrophoresis. The threshold signal
for each of the target genes (dynorphin and B-actin) was
linear from at least 10 ng to 300 ng of input total RNA with
a correlation coefficient >0.95. Representative profiles for
real-time PCR amplification of prodynorphin cDNA using
samples obtained from a sham and a 3-hr injured animal are

shown in Figure 1B. The figure shows that the 3-hr TBI
RNA sample gives rise to a detectable fluorescent signal
more rapidly than the sham RNA sample, indicating more
abundant prodynorphin mRNA representation in the TBI
sample. The gray horizontal line indicates the threshold
value at which starting quantity for each sample was calcu-
lated by comparison to a simultaneously amplified standard
curve. The summary data in Figure 1C show that TBI sig-
nificantly increases prodynorphin mRNA at the 3-hr time
point in both the ipsilateral (control = 99.99 + 7.8% versus
injured = 162.45 + 37.7%, P < 0.05) and the contralateral
(control = 99.99 + 6.4% versus injured = 166.33 + 13.29%.
P < 0.05) hippocampi. Although prodynorphin mRNA lev-
els in the ipsilateral hippocampus had returned to control
values by the 24-hr time point, contralateral levels remained
above control levels for over 3 days post-injury. Although
not statistically significant, a transient decrease in the
mRNA for the kappa receptor was observed in both hippo-
campi as early as 3 hr post-injury (data not shown). This is
consistent with binding studies which showed that the bind-
ing of [*H]bremazocine to kappa receptors was significantly
decreased in the CAl subfield of the hippocampus by 3 hr
after fluid percussion injury (27).

TBI Increases Dynorphin Peptide Immunoreac-
tivity in the Hippocampus. We next examined hippo-
campal dynorphin peptide immunoreactivity at various time
points after injury. Figure 2 shows that in both naive and
sham-operated control animals, a low but detectable immu-
noreactivity was observed. As reported previously, this im-
munoreactivity was localized to the mossy fiber axons of
the dentate gyrus granule cells (28). After injury, dynorphin
peptide immunoreactivity was robustly increased by 6 hr
and remained elevated for over 24 hr post-injury. By day 3
post-injury, dynorphin peptide immunoreactivity appeared
to be similar to that observed in control animals.

Chronic Administration of the Kappa Antago-
nist nor-BNI Did Not Affect Vestibulomotor Perfor-
mance. To assess the role of the TBI-associated enhanced
expression of dynorphin, a group of animals were injured,
given a bolus intracerebroventricular injection of 2 pg nor-
BNI. and then chronically supplied with nor-BNI (1 wg/hr)
into the contralateral ventricle through implanted 7-day
mini-osmotic pumps as outlined in the Materials and Meth-
ods section. A control group of animals was treated the
same. except vehicle alone was substituted for the nor-BNJ.
The dose of nor-BNI used in this study has previously been
shown to be an effective in vivo dose to inhibit k receptor
action (29, 30). The duration of administration is based on
the following observations: Because increased levels of pro-
dynorphin mRNA were detected as early as 3 hr post-injury,
administration of nor-BNI was initiated as soon as possible
after the injury. On average. the time required for the prepa-
ration of the burr hole. implantation of the infusion syringe
and initiation of the infusion was approximately 8-10 min,
The duration of administration was based on our time
course of enhanced dynorphin peptide immunoreactivity in
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Figure 2. TBI increases the immunoreactivity for dynorphin pep-
tides in the hippocampus. Representative photomicrographs show-
ing dynorphinA1-8 immunoreactivity in the ipsi- and contralateral hip-
pocampi for control and injured animals. Each time point was re-
peated in three separate animals. DG, dentate gyrus granule cell
layer; MF, mossy fibers.

the hippocampus, which appeared to remain elevated for at
least 24 hr after the injury. A ]1-week infusion paradigm was
used to minimize any effect of the pump removal surgery on
the motor skills testing that was to be performed on days 1-4
post-injury. Immediately after the surgery, a battery of neu-
rological responses was measured (Fig. 3A). The durations
of suppression for both simple and complex somatosensory
functions were not significantly different between the ve-
hicle- and nor-BNI-treated groups.

Vestibulomotor skills after injury were assessed using
the beam balance and paw placement tasks. Before injury
(day 0), all animals were capable of remaining on the bal-
ance beam for the entire 60-sec testing period for three
consecutive trials (Fig. 3B). As reported previously. cortical
impact injury impaired performance on this task (Fig. 3B:
Ref. 21). Figure 3C shows that before injury. animals made

—

Figure 3. Chronic nor-BNI infusion after injury does not affect acute
neurological responses or performance in vestibulomotor tasks. (A)
Table showing the duration of suppression of comeal. pinna. righting
and escape responses measured immediately after injury. No sig-
nificant differences (Student's t-test for unpaired variables) were
seen between the injured group receiving vehicle (n = 9) and the
injured group receiving nor-BNI (n = 9). Injured animals infused with
either vehicle or nor-BNI were also assessed for their performance
on the (B) beam batance. (C) contralateral toot fault, and (D) ipsilat-
eral foot fault tasks.

A
Reflex Vehicle (sec) nor-BNI (sec)
Corneal 251+048 2471043 ns.
Pinna 329+0.32 3.32+036 ns.
Escape 435+033 399+041 ns.
Righting 4.95+082 5141060 n.s.
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Figure 4. Chronic nor-BN! infusion after injury impairs subsequent
performance in a water maze task. (A) When tested in a hidden
ptatform version of the Morris water maze, uninjured animals treated
with nor-BNI (n = 9) or vehicle (n = 9) performed equally well. (B)
Injured animals treated with nor-BNI (n = 9) had significantly longer
latencies (repeated measures analysis of variance followed by a
Fisher's PLSD post-hoc test) on the first two days of hidden platform
training than did their vehicle-treated counterparts (n = 9). No differ-
ence in latency was observed on the final days of training, nor during
a probe trial. Using a strategy maze diagram (shown in C), the per-
formance of injured animals during the training trials was examined.
(D) Nor-BNlI-treated injured animais spent significantly more time
(repeated measures analysis of variance followed by a Fisher's
PLSD post-hoc test) searching the perimeter of the tank during the
first two days of training than did the vehicle-treated controls. *P <
0.05.

on average less than one contralateral foot fault per 50 steps.
After injury, however, the number of contralateral foot
faults increased to 2.0 per 50 steps (Fig. 3C). This deficit
was not affected by nor-BNI treatment. Ipsilateral to the
injury, the number of foot faults did not change after injury
compared with the pre-injury level (Fig. 3D). All animals
had fully recovered from the motor deficits prior to the
initiation of Morris water maze testing.

Chronic Administration of the Kappa Antago-
nist nor-BNI Worsened Spatial Memory Perfor-
mance. To assess any effects that nor-BNI may have on
Morris maze performance in the absence of injury, groups
of uninjured animals were given a bolus, implanted with
mini-osmotic pumps and infused for 7 days with either sa-
line or nor-BNI as described above. When tested in the
water maze task beginning on day 14 post-implantation, no
significant differences in maze performance were detected
between the two groups (Fig. 4A). These animals required
only 3 days of hidden platform training (12 trials) to be able
to consistently locate the platform in under 10 s. By com-
parison, saline-treated injured animals required 5 days (20
trials) of training to reach the same performance level (Fig.
4B). Figure 4B shows that on the first 2 days of testing, the
nor-BNI-treated animals required significantly longer to
find the hidden platform compared with the saline-treated
controls. By the third day of testing, however, the nor-BNI-
treated animals’ performance in the maze was not sig-
nificantly different than the control group. Analysis of
swimming speed did not reveal any significant differences
between the two groups (vehicle = 25.1 + 1.8 cm/s vs
nor-BNI = 27.9 + 1.4 cr/s: ns) on the first two days of
testing. When the injured animals were given a probe trial
after the completion of training. no significant difference in
latency was detected between the two groups for animals to
cross the previous location of the hidden platform (Fig. 4B).
the number of platform crossings or quadrant preference
(data not shown).

To further analyze the performance of the animals in
the Morris water maze during training, the swimming path
for each trial was examined using a strategy maze diagram
(Fig. 4C). When first exposed to the Morris water maze.
animals typically explore the circumference of the tank for
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0

14 15 16
Days post-injury
any route of escape. After repeated exposure to the maze,

however, animals abandon searching the edge of the tank
and use the extra-maze cues to develop successful escape

266 DYNORPHIN EXPRESSION AND EXPERIMENTAL BRAIN INJURY



strategies (31). The time spent within 7.5 cm of the edge of
the tank (gray). in open water searching (white), and within
one radius (5 cm) of the platform (black). was recorded and
averaged for each daily block of four trials. Figure 4D
shows that injured animals treated with nor-BNI spent sig-
nificantly more time along the perimeter of the tank during
the first two days of testing than did their saline-treated
counterparts. Once animals left the perimeter of the tank,
there was no difference in the time spent searching in the
open field or in the immediate vicinity of the hidden plat-
form (data not shown).

After the completion of behavioral studies, animals
were killed and brain tissues were used for histopathological
analysis. Figure SA shows a representative picture of a cre-
syl violet stained brain section indicating the position of the
injury (filled arrow) and the track of the cannulae (open
arrow) used for infusion. Figures 5B and 5C show repre-
sentative photomicrographs of the hippocampal neuronal
cell layers from vehicle and nor-BNI-treated injured ani-
mals immunoreacted with the neuron-specific antibody anti-
NeuN. Chronic nor-BNI infusion does not appear to cause
any overt change in the number of hippocampal neurons or
thinning of neuronal layers relative to vehicle-treated con-
trols. In addition, the staining patterns and intensities of the
dendritic marker MAP-2a b,c and the axonal marker synap-
sin were not grossly altered by the nor-BNI treatment (data
not shown). When mRNA samples obtained from the ani-

160 -
60 — Vehicle

mm nor-BNI

1201
Lo«
80 1

40 {

Percent Vehicle-treated O

Ipsi Contra

Figure 5. Chronic nor-BNI treatment does not grossly alter hippo-
campal morphology. (A) Representative picture of a brain slice indi-
cating the position of the injury (filled arrow) and the track of thg
cannulae used for infusion (open arrow). Representative photomi-
crographs of hippocampal slices from (B) vehicle- and (C) nor-BNI-
treated animals immunoreacted for the neuron-specific marker
NeuN. The leveis of (D) prodynorphin and (D) kappa receptor
mRNAs were not significantly ditferent (Student’s I-test for unpaired
variables) between the animals treated with nor-BNI (n = 3) and
those treated with vehicle (n = 5).

mals used for the behavioral studies were compared for
prodynorphin (Fig. SD) and kappa receptor levels (data not
shown), no differences were found as a result of the nor-
BNI treatment.

Discussion

Traumatic brain injury is known to activate a wide
variety of biochemical cascades and biophysical changes,
some of which serve beneficial roles, whereas others are
deleterious. The findings presented in this report show that
experimental brain injury enhances the expression of pro-
dynorphin mRNA and a dynorphin peptide (Dyn Al1-8) in
the hippocampus. In addition, intracerebroventricular ad-
ministration of a k receptor antagonist, nor-BNI, exacerbat-
ed the spatial memory defects observed after cortical impact
injury. The findings from this study suggest that dynorphin
action may be beneficial after TBI, possibly through their
previously established role in limiting neuronal excitability
by presynaptic inhibition of glutamate receptor-mediated
neurotransmission or voltage-dependent Ca?* channels (32).

Although studies have been performed to examine the
role of dynorphin and opioid receptors after brain injury,
these studies examined the influence of acute modulation of
dynorphin peptide levels or k receptor function. For ex-
ample, it has been reported that a bolus injection of dynor-
phin (Dyn A1-17) 15 min before TBI worsened neurologi-
cal outcome (19, 33). Similarly, Vink et al. found that a
bolus intravenous injection of the x opioid antagonist nor-
BNI 30 min post-injury resulted in an improved neurologi-
cal outcome (20). While these studies suggest a detrimental
role for dynorphin, other studies have shown that pretreat-
ment with k receptor agonists (e.g., U50, 488H and
GR89696) can protect against ischemic cell death and at-
tenuate neurological deficits (34-36). The results from these
and other studies have therefore provided contradictory evi-
dence for a putative role of dynorphin in TBI pathophysi-
ology. The results presented in this study using chronic
infusion of a k receptor antagonist support the previous
evidence indicating that dynorphin action after TBI may
play a beneficial role.

The increased levels of prodynorphin mRNA detected
in the hippocampus after TBI suggest a transcriptional up-
regulation of the prodynorphin gene. However, post-
transcriptional mechanisms such as enhanced stability of
mRNA can also result in increased steady-state mRNA lev-
els. We have previously shown that calcium/cAMP re-
sponse element binding protein phosphorylation in the gran-
ule neurons of the hippocampus is increased as early as S
min after injury (26). In addition, the binding activity of the
transcription factor complex activator protein-1 was also
increased as a result of TBI (26). Activation of calcium/
cAMP response element binding protein, activator protein-
1. and/or other transcription factors, such as downstream
regulatory element antagonist modulator. also known as
calsenilin. could contribute to the elevated prodynorphin
mRNA levels we observed (13-15, 37). Although the
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mRNA was transiently upregulated, the immunoreactivity
of dynorphin A1-8 peptides appeared to remain elevated for
a prolonged period after the injury. Although qualitative in
nature, dynorphin peptide immunoreactivity did not appear
to return to control values unti! the 3-day time point (Fig. 2).
This prolonged increase in immunoreactivity may be due to
the sequestration of the dynorphin peptides in synaptic
vesicles, resulting in a slower catabolic rate.

Nor-BNI administration did not alter performance in
motor and vestibulomotor tasks. However, when tested in
the hidden platform version of the Morris water maze, ani-
mals treated with nor-BNI for 1 week after injury performed
significantly worse than animals treated with vehicle, al-
though no differences in swimming speed were observed.
This poor performance was found to be associated with
enhanced perimeter swimming (Fig. 4). This deficit was
specific to post-injury administration of nor-BNI, as ani-
mals that were infused with nor-BNI but not injured showed
no significant difference in performance in the water maze
task compared with vehicle-treated controls. Consistent
with this, it has been previously shown that intrahippocam-
pal administration of nor-BNI does not affect performance
in the Morris water maze task (16). Once effective escape
strategies were learned and perimeter swimming aban-
doned, both injured groups performed equally well.

Although performance in the Morris water maze has
been reported to be dependent on hippocampal function.
other brain structures may have contributed to the behav-
ioral effects we observed after nor-BNI administration. For
example, it has been previously shown that animals receiv-
ing lesions of the medial caudate putamen have poor per-
formance in the water maze task, and that this performance
is associated with enhanced perimeter swimming during the
early phases of acquisition (38). Interestingly. similar defi-
cits in the initial phases of acquisition have also been ob-
served after systemic administration of high-doses of
NMDA antagonists, suggesting that perturbations of gluta-
mate signaling and/or neuronal degeneration can elicit thig-
motaxic swimming behaviors as a result of impaired spatial
search strategies (39). Because nor-BNI was infused into the
ventricular system, the present study cannot exclude the
involvement of other structures on the behavioral effects we
observed for nor-BNI administration after injury. Further-
more, our histological and immunofluorescent examination
of hippocampal sections did not reveal any gross cellular or
morphological changes within the hippocampal subfields
that could be associated with nor-BNI administration (Fig.
5, data not shown). However, we cannot rule out any effect
that enhanced dynorphin expression may have on the ultra-
structural modifications and/or altered neuronal plasticity
that have been observed after TBI (40, 41).

In summary, the results presented in this study show
that the expression of prodynorphin is increased as a result
of trauma. and that the blockade of dynorphin action after
injury is detrimental for subsequent spatial performance.
These results suggest that the enhanced expression of

dynorphin after TBI may be an indicator for molecular
events occurring in the hippocampus after TBI. However,
the mechanism by which this occurs is not known at present.
Based on the well-established role of dynorphin in reducing
glutamate receptor-mediated neurotransmission and inhib-
iting voltage-dependent Ca** channels, it is possible that
transient changes in dynorphin expression reduce these pro-
cesses and limit the long-term consequences of their action.
For example, it has been reported that calcium influx soon
after brain trauma can activate calpain and increase the deg-
radation of spectrin leading to delayed axonal failure and
disconnection (42). In addition, the use of glutamate antago-
nists starting as early as 5 min after injury has been reported
to decrease neuronal degeneration and reduce water maze
deficits testing 11 days post-injury, suggesting that acute
alterations in glutamate signaling as a result of trauma may
contribute to long-lasting hippocampal dysfunction and
memory deficits (43). Future studies aimed at investigating
the molecular cascades altered as a result of nor-BNI ad-
ministration may shed light on the biochemical basis of
dynorphin protection.

The authors acknowledge the contributions of Shi-Jie Liu, Sara
Mach. Melanie Moody. and Chadwick Thompson in these experiments.

1. Hamm RJ. Dixon CE, Gbadebo DM, Singha AK, Jenkins LW, Lyeth
BG. Hayes RL. Cognitive deficits following traumatic brain injury
produced by controlled cortical impact. J Neurotrauma 9:11-20, 1992.

2. Milner B. Squire LR. Kandel ER. Cognitive neuroscience and the
study of memory. Neuron 20:445-468, 1998.

3. Morris RG. Garrud P. Rawlins JN, O'Keefe J. Place navigation im-
paired in rats with hippocampal lesions. Nature 297:681-683, 1982,

4. Scoville WB, Milner B. Loss of recent memory after bilateral hippo-
campal lesions. 1957. J Neuropsychiatry Clin Neurosci 12:103-113,
2000.

5. Squire LR. Memory and the hippocampus: A synthesis from findings
with rats. monkeys. and humans. Psychol Rev 99:195-231, 1992,

6. Smith DH. Chen XH. Pierce JE. Wolf JA, Trojanowski JQ, Graham
DI. Mcintosh TK. Progressive atrophy and neuron death for one year
following brain trauma in the rat. J Neurotrauma 14:715-727, 1997,

7. Faden Al, Demediuk P, Panter SS. Vink R. The role of excitatory
amino acids and NMDA receptors in traumatic brain injury. Science
244:798-800. 1989.

8. Lowenstein DH. Thomas MJ. Smith DH. Mcintosh TK. Selective
vulnerability of dentate hilar neurons following traumatic brain injury:
A potential mechanistic link between head trauma and disorders of the
hippocampus. J Neurosci 12:4846-4853, 1992.

9. Fineman I, Giza CC. Nahed BV, Lee SM, Hovda DA. Inhibition of
neocortical plasticity during development by a moderate concussive
brain injury. J Neurotrauma 17:739-749. 2000.

10. Zhu J. Hamm RJ. Reeves TM, Povlishock JT. Phillips LL. Postinjury
administration of L-deprenyl improves cognitive function and en.
hances neuroplasticity after traumatic brain injury. Exp Neurn)
166:136-152, 2000.

11. Hayes RL. Jenkins LW. Lyeth BG. Neurotransmitter-mediated mecha-
nisms of traumatic brain injury: Acetylcholine and excitatory amino
acids. J Neurotrauma %(Supp} 1):S173-S187. 1992.

12. Mcintosh TK. Juhler M. Wieloch T. Novel pharmacologic strategies in
the treatment of experimental traumatic brain injury: 1998. J Neuro-
trauma 15:731-769, 1998.

13. Douglass J. McKinzie AA. Pollock KM. Identification of multiple

268 DYNORPHIN EXPRESSION AND EXPERIMENTAL BRAIN INJURY



19.

20.

21

22.

23.

24,

25.

26.

27.

DNA elements regulating basal and protein kinase A-induced tran-
scriptional expression of the rat prodynorphin gene. Mol Endocrinol
8:333-344. 1994

. Chen AC, LaForge KS. Ho A, McHugh PF. Kellogg S. Bell K,

Schluger RP, Leal SM. Kreek MJ. Potentially functional polymor-
phism in the promoter region of prodynorphin gene may be associated
with protection against cocaine dependence or abuse. Am J Med Genet
114:429-435. 2002.

. Cheng HY, Pitcher GM, Laviolette SR. Whishaw 1Q. Tong KI.

Kockeritz LK, Wada T, Joza NA. Crackower M. Goncalves J. Sarosi
1. Woodgett JR. Oliveira-dos-Santos AJ. Ikura M. van der KD, Salter
MW, Penninger JM. DREAM is a critical transcriptional repressor for
pain modulation. Cell 108:31-43. 2002.

. Sandin J. Nylander I, Georgieva J. Schott PA, Ogren SO. Terenius L.

Hippocampal dynorphin B injections impair spatial learning in rats: A
kappa-opioid receptor-mediated effect. Neuroscience 85:375-382,
1998.

. Weisskopf MG. Zalutsky RA. Nicoll RA. The opioid peptide dynor-

phin mediates heterosynaptic depression of hippocampal mossy fibre
synapses and modulates long-term potentiation. Nature 365:188. 1993.

. Wagner JJ, Terman GW, Chavkin C. Endogenous dynorphins inhibit

excitatory neurotransmission and block LTP induction in the hippo-
campus. Nature 363:451-454, 1993.

McIntosh TK, Fernyak S, Yamakami 1. Faden Al. Central and sys-
temic kappa-opioid agonists exacerbate neurobehavioral response to
brain injury in rats. Am J Physiol 267:R665-R672, 1994.

Vink R. Portoghese PS. Faden Al. kappa-Opioid antagonist improves
cellular bioenergetics and recovery after traumatic brain injury. Am J
Physiol 261:R1527-R1532, 1991.

Dixon CE. Clifton GL, Lighthall JW, Yaghmai AA. Hayes RL. A
controlled cortical impact model of traumatic brain injury in the rat. J
Neurosci Methods 39:253-262, 1991.

Meaney DF, Ross DT. Winkelstein BA, Brasko J. Goldstein D. Bilston
LB. Thibault LE. Gennarelli TA. Modification of the cortical impact
model to produce axonal injury in the rat cerebral cortex. J Neuro-
trauma 11:599-612, 1994.

Chomczynski P. Sacchi N. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal
Biochem 162:156-159. 1987,

Long DA. Ghosh K. Moore AN. Dixon CE. Dash PK. Deferoxamine
improves spatial memory performance following experimental brain
injury in rats. Brain Res 717:109-117, 1996.

Aronowski J, Samways E, Strong R, Rhoades HM. Grotta JC. An
alternative method for the quantitation of neuronal damage after ex-
perimental middle cerebral artery occlusion in rats: Analysis of be-
havioral deficit. J Cereb Blood Flow Metab 16:705-713, 1996.
Dash PK. Moore AN. Dixon CE. Spatial memory deficits, increased
phosphorylation of the transcription factor CREB. and induction of the
AP-1 complex following experimental brain injury. } Neurosci
15:2030-2039. 1995.

Perry DC. Lyeth BG. Miller LP. Getz RL. Jenkins LW, Hayes RL.
Effects of traumatic brain injury in rats on binding to forebrain opiate
receptor subtypes. Mol Chem Neuropathol 16:95-107. 1992.

DYNORPHIN EXPRESSION AND EXPERIMENTAL BRAIN INJURY

29.

31

32

35.

36.

37.

38.

39.

41.

43.

. Wagner JJ, Evans CJ, Chavkin C. Focal stimulation of the mossy

fibers releases endogenous dynorphins that bind kappa 1-opioid recep-
tors in guinea pig hippocampus. J Neurochem 57:333-343, 1991.
Ghosh S, Geller EB. Adler MW. Interaction of cholecystokinin and
somatostatin with a selective mu-opioid agonist and mu- and kappa-
antagonists in thermoregulation. Brain Res 745:152-157, 1997.

. Ruegg H, Hahn B, Koch JE, Bodnar RJ. Differential modulation of

angiotensin I1 and hypertonic saline-induced drinking by opioid re-
ceptor subtype antagonists in rats. Brain Res 635:203-210, 1994,
Schenk F, Morris RG. Dissociation between components of spatial
memory in rats after recovery from the effects of retrohippocampal
lesions. Exp Brain Res 58:11-28, 1985.

Morris BJ, Johnston HM. A role for hippocampal opioids in long-term
functional plasticity. Trends Neurosci 18:350-355, 1995.

- Mclntosh TK, Fernyak S, Faden Al. Endogenous opioids, opiate re-

ceptors and traumatic brain injury. NIDA Res Monogr 75:527-530.
1986.

. Tang AH. Protection from cerebral ischemia by U-50,488E, a specific

kappa opioid analgesic agent. Life Sci 37:1475-1482, 1985.

Ohno M. Yamamoto T, Ueki S. Effect of the kappa-receptor agonist,
U-50,488H, on cerebral ischemia-induced impairment of working
memory assessed in rats by a three-panel runway task. Eur J Pharma-
col 193:357-361, 1991.

Birch PJ. Rogers H. Hayes AG, Hayward NJ, Tyers MB. Scopes DI,
Naylor A, Judd DB. Neuroprotective actions of GR89696, a highly
potent and selective kappa-opioid receptor agonist. Br J Pharmacol
103:1819-1823. 1991.

Craig TA. Benson LM, Venyaminov SY, Klimtchuk ES, Bajzer Z,
Prendergast FG, Naylor S, Kumar R. The metal-binding properties of
DREAM: Evidence for calcium-mediated changes in DREAM struc-
ture. J Biol Chem 277:10955-10966, 2002.

Whishaw 1Q, Mittleman G, Bunch ST, Dunnett SB. Impairments in the
acquisition, retention and selection of spatial navigation strategies after
medial caudate-putamen lesions in rats. Behav Brain Res 24:125-138,
1987. R
Lukoyanov NV, Paula-Barbosa MM. A single high dose of dizocilpine
produces long-lasting impairment of the water maze performance in
adult rats. Neurosci Lett 285:139-142, 2000.

. Pettus EH. Povlishock JT. Characterization of a distinct set of intra-

axonal ultrastructural changes associated with traumatically induced
alteration in axolemmal permeability. Brain Res 722:1-11, 1996.
Miyazaki S, Katayama Y, Lyeth BG. Jenkins LW, Dewitt DS, Gold-
berg SJ, Newlon PG, Hayes RL. Enduring suppression of hippocampal
long-term potentiation following traumatic brain injury in rat. Brain
Res 585:335-339. 1992,

. Buki A, Siman R, Trojanowski JQ, Povlishock JT. The role of calpain-

mediated spectrin proteolysis in traumatically induced axonal injury. J
Neuropathol Exp Neurol §8:365-375, 1999.

Lyeth BG, Gong QZ. Shields S, Muizelaar JP. Berman RF. Group I
metabotropic glutamate antagonist reduces acute neuronal degenera-
tion and behavioral deficits after traumatic brain injury in rats. Exp
Neurol 169:191-199, 2001.

269



