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Abstract
Hypertonic saline (HTS) is an accepted treatment for traumatic brain injury (TBI). However, the
behavioral and cognitive consequences following HTS administration have not thoroughly been
examined. Recent preclinical evidence has suggested that nicotinamide (NAM) is beneficial for
recovery of function following TBI. The current study compared the behavioral and cognitive
consequences of HTS and NAM as competitive therapeutic agents for the treatment of TBI.
Following controlled cortical impact (CCI), bolus administrations of NAM (500 mg/kg), 7.5% HTS,
or 0.9% saline vehicle (1.0 mL/kg) were given at 2, 24, and 48 hrs post-CCI. Behavioral results
revealed that animals treated with NAM and HTS showed significant improvements in beam walk
and locomotor placing compared to the Vehicle group. The Morris water maze (MWM) retrograde
amnesia test was conducted on day 12 post-CCI and showed that all groups had significant retention
of memory compared to injured, Vehicle-treated animals. Working memory was also assessed on
days 18-20 using the MWM. The NAM and Vehicle groups quickly acquired the task; however, HTS
animals showed no acquisition of this task. Histological examinations revealed that the HTS-treated
animals lost significantly more cortical tissue than either the NAM or Vehicle-treated animals. HTS-
treated animals showed a greater loss of hippocampal tissue compared to the other groups. In general,
NAM showed a faster rate of recovery than HTS without this associated tissue loss. The results of
this study reiterate the strengths of NAM following injury and show concerns with bolus
administrations of HTS due to the differential effects on cognitive performance and apparent tissue
loss.
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1. Introduction
Traumatic brain injury (TBI) is a major unrecognized public health epidemic. According to
the Centers for Disease Control and Prevention, 1.4 million incidences of TBI occur each year
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in the United States alone with at least 1.1 million patients treated and released from emergency
departments and another 235,000 that required hospitalization. Annually 50,000 people die
and an additional 80,000 experience long-term disabilities following TBI (Thurman et al.,
1999). Currently there are approximately 5.3 million Americans living with disabilities
resulting from TBI (Langlois et al., 2006; Rutland-Brown et al., 2006; Thurman et al., 1999;
Thurman & Guerrero, 1999). Included in these disabilities are motor, sensory, cognitive,
emotional and psychiatric impairments (Thurman et al., 1999a, 1999b. This crisis is currently
increasing based on causality reports from current military actions (Bliese et al., 2008).

Patient outcome is greatly influenced by cerebral edema and intracranial hypertension.
Osmotherapy has become a common practice in the management of cerebral edema and
intracranial hypertension. HTS was first introduced as a possible treatment following TBI in
1919 (Weed and McKibben, 1919). However, it hasn't been until recently that it has reemerged
in the clinical setting. In 1988, Worthley showed that the bolus administration of HTS following
TBI reduced intracranial pressure (ICP) in two patients (Worthley et al., 1988). Mostly through
case studies and retroactive reports, additional adult human studies have shown reductions in
ICP and brain edema in TBI patients following the administration of HTS (Qureshi et al.,
1998; Suarez et al., 1998; Ware et al., 2005) even when conventional methods (mannitol,
glycerol, etc.) have failed (Schatzmann et al., 1998; Horn et al., 1999; Munar et al., 2000). One
difficulty in comparing these studies is the difference in HTS concentrations and routes of
administration utilized across the studies. Pediatric studies, which more generally use HTS
infusions, also indicate a reduction in ICP (Fisher et al., 1992) and increased cerebral perfusion
pressure (CPP) (Khanna et al., 2000). However, 6 months after HTS treatment, neurological
function was no different than those patients treated with conventional methods (Cooper et al.,
2004). A current clinical practice suggests a rapid 250 mL bolus of 7.5% saline, followed by
another 250 mL if needed, be administered following hemorrhage due to convenience of
administration on the battlefield (Rhee et al., 2003). A current clinical trial has demonstrated
that administration of 250 mL of 7.5% HTS in 6% dextran 70 within 4 hrs of severe TBI resulted
in reduced serum biomarkers for TBI and correlated with favorable outcome (Baker et al.,
2009).

Additionally, HTS therapy has been studied in many different animal models of TBI. HTS
solutions reduced brain edema in rabbits (Scheller et al., 1991; Zornow et al., 1990). These
studies suggest there is no difference between the reduction in edema between HTS and
mannitol, an osmotic diuretic agent used to treat ICP. However, both are better at reducing
edema than normal 0.9% saline. Additionally, studies in sheep show a reduction of edema with
an intact blood-brain barrier (Battistella and Wisner, 1991) and decreased ICP (Anderson et
al., 1997) following HTS administration. The administration of HTS in one month old piglets
increased blood flow and oxygenation without increasing ICP (Taylor et al., 1996). However,
in cats, HTS failed to restore blood flow following TBI (DeWitt et al., 1996). Furthermore,
HTS administration reduced edema following TBI in rats (Wisner et al., 1990). Nevertheless,
additional studies have shown that although administration of HTS reduced ICP in rats, only
the combination of HTS and dextran 70 reduced neuronal loss and improved neurological
outcome (Zausinger et al., 2004). In addition to reducing brain edema, HTS at both 2 mL/kg
and 4 mL/kg doses has been shown to reduce secondary injury and increase cell survival in
rats (Soustiel et al., 2006; Elliot et al., 2007). Following TBI plus hemorrhage, rats showed a
significant improvement in performance over time following HTS treatment in a reference
memory paradigm of the MWM. In addition, hippocampal cell counts revealed no significant
ipsilateral difference between any of the groups. However, animals treated with HTS showed
overall reduction in cell loss in the contralateral hippocampus (Sell et al., 2008). Although
human and animal studies have shown the potential of HTS therapy, one in vitro study did not
reveal such promising results. Himmelseher and colleagues (Himmelseher et al., 2001)
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investigated the effects of HTS on healthy and glutamate-injured brain cells and found a
reduction of neurons but not astrocytes.

A possible alternative to HTS therapy, Nicotinamide (NAM), an amide of vitamin B3 and one
of the precursors for nicotinamide adenine dinucleotide (NAD+), which plays a critical role in
oxidative metabolism by increasing neuronal ATP concentrations, may protect against
neuronal damage and toxicity (Grover et al, 2003). Not only does the administration of NAM
following TBI reduce neuronal death (Holland et al., 2008; Hoane et al., 2006), it also attenuates
cerebral edema (Hoane et al., 2006a). Following both CCI and fluid percussion injury (FPI)
models of TBI, NAM (500 mg/kg) administered at 15 mins and 24 hrs post-injury improved
behavioral impairments and reduced both reference and working memory MWM latencies
(Hoane et al., 2006b; 2003). Additionally, lesion size and GFAP expression was also reduced
(Hoane et al., 2003). It has also recently been shown that the window of opportunity for 50
mg/kg NAM therapy extends to at least 4-8 hrs post-CCI (Hoane et al., 2008).

Although the complete mechanisms of NAM following brain injury are not completely
understood, Yang and colleagues (Yang et al., 2002) suggest that the inhibition of Poly (ADP-
ribose) polymerase (PARP) by NAM administered shortly after ischemic stroke in rats is
responsible for the observed reduction in apoptosis and necrosis. Doses of NAM (500 mg/kg)
administered 2 hrs following ischemic stroke also reduced infarct volumes (Ayoub et al.,
1999) and improved sensory and motor behavior (Mokudai et al., 2000) in rats. Additionally,
administration of NAM (500 mg/kg) improved rotorod performance and reduced caspase-3
activity (reducing apoptosis) in seven day old rat pups following hypoxic-ischemic injury
(Feng et al., 2006).

The purpose of the current study was to compare the behavioral and cognitive effects of NAM
and HTS following a unilateral CCI. Additionally, histological examinations were conducted
to measure cortical and hippocampal tissue loss. Although, the effects of HTS on cerebral
edema and intracranial hypertension following TBI are highly recognized, its effects on
cerebral tissue and subsequent behavioral and cognitive consequences have yet to be solidly
determined. Furthermore, the positive effects of NAM on neuronal loss and subsequent
behavioral and cognitive consequences in the treatment of TBI are well established. Therefore,
a comparison of such treatments was warranted in order to establish clinical relevance of these
agents.

2. Results
2.1 Subjects

A total of 32 animals underwent CCI surgery or Sham operations. Weight analysis of all
animals using a one-way ANOVA showed there were no significant differences between the
animals at the time of CCI surgery, [F(3,28) = 2.59, p > 0.05]. The mean weight at the time of
CCI surgery was 379 g (SD = 13.72).

2.2 Behavioral Results
Beam Walk Test—Post-CCI performance was scored on all behavioral tests on Days 2, 6,
10, 14, and 18. Difference scores were calculated by subtracting post-CCI scores from pre-
injury criterion scores. These difference scores were entered into a GLM repeated measures
procedure with group (NAM, HTS, Vehicle, Sham) as the between subjects factor and Day of
testing (pre-injury, post-CCI Day 2, 6, 10, 14, 18) as the within subjects factor. A significant
main effect was obtained, [F(3,28) = 47.72, p < 0.001], indicating that beam walk performance
was different between the groups following CCI (Fig. 1). A significant within subjects effect
was also obtained, [F(2.62,73.21) = 106.65, p < 0.001] signifying that over time, there was a
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change in the performance on the beam walk. Significant differences in the rate of recovery
between the groups were also revealed with the interaction effect between group and Day of
testing [F(7.84,73.21) = 14.25, p < 0.001]. Tukey's HSD means comparisons outlined these
significant differences. A significant injury effect was observed on all testing days (p < 0.05)
where Vehicle animals performed significantly worse than Shams. By Day 10 both the NAM
and HTS groups had recovered to Sham levels. In addition, on all testing days, a significant
treatment effect was evident wherein, the NAM group performed significantly better than the
Vehicle group (p < 0.05). On all testing days, with the exception of day 6, a significant treatment
effect was also evident between the HTS groups compared to the Vehicle group (p < 0.05)
(Fig. 1).

Forelimb Flexion Test—Difference scores were calculated by subtracting post-CCI scores
from pre-injury baseline scores for both the left and right forelimbs. These difference scores
were entered into a GLM repeated measures procedure with group (NAM, HTS, Vehicle,
Sham) as the between subjects factor and Day of testing (preinjury, post-CCI Days 2, 6, 10,
14, 18) as the within subjects factor. No significant effects were obtained for the left forelimb
(p > 0.05) (data not shown). However, a significant main effect was obtained for the right
forelimb, [F(3,28) = 6.25, p < 0.01], indicating that right forelimb flexion performance was
different between the groups following CCI (Fig. 2). A significant within subjects effect was
also obtained, [F(3.72,104.14) = 33.93, p < 0.001], indicating a change in forelimb flexion
over time. Significant differences in the rate of recovery between the groups were also revealed
with the interaction effect between group and Day of testing, [F(11.16,129.54) = 3.72, p <
0.001]. However, Tukey's HSD means comparisons indicated no statistically significant
treatment effects. However, an injury effect was apparent on Days 2, 6, 10, and 14 wherein the
Vehicle group was significantly different than Shams (p < 0.05). An injury effect was also
noted when comparing all groups to Shams on Day 2 of testing (p < 0.01). A general
improvement in performance was observed in both the NAM and HTS-treated groups;
however, these effects were no statistically significant (Fig. 2).

Locomotor Placing Test—The number of foot-faults per quadrant was calculated for each
Day of testing and multiplied by 100 to derive a standardized locomotor placing percentage
score. These scores were entered into a GLM repeated measures procedure with group (NAM,
HTS, Vehicle, Sham) as the between subjects factor and Day of testing (preinjury, post-CCI
Days 2, 6, 10, 14, 18) as the within subjects factor. A significant group main effects was
observed, [F(3,28) = 3.58, p < 0.05] (Fig. 3). A significant within groups effect was also
obtained, [F(3.43,96.14) = 18.19, p < 0.001], as well as a significant interaction effect, [F
(10.30,96.14) = 2.62, p < 0.01], indicating a change among groups across time and an
interaction between group and Day of testing, respectively. A significant injury effect was only
obtained on Day 10 for the Vehicle group (p < 0.05). Significant treatment effects were obtained
starting on Day 6 with the HTS group performing significantly better than Vehicles (p < 0.01)
and on Day 10 with the NAM group performing significantly better than Vehicles (p < 0.05)
(Fig. 3).

Morris Water Maze—In the retrograde amnesia paradigm of the MWM, the latency to find
and mount the submerged platform during each trial was recorded. Daily trials (16 pre-injury,
2 post-injury) were entered into a repeated measures GLM analysis with Group (NAM, HTS,
Vehicle, Sham) as the between subjects factor and Trial number as the within subjects factor.
The pre-injury (16 trials) and post-injury (2 trials) analyses were ran separately. There were
no significant differences between the groups in the latency to locate the platform across all
pre-injury training trials prior to CCI, [F(3,28) = .73, p > 0.05] (Fig. 4). There were significant
changes in the groups across the trials represented by the within subjects effect, [F(7.18,200.99)
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= 20.71, p < 0.001], indicating learning over the trials. No interaction effect between group
and trial number was obtained, [F(21.54,200.99) = 0.91, p > 0.05].

Analysis of the retrograde amnesia test indicated a significant difference between the groups
in the latency to locate the platform, [F(3,28) = 5.58, p < 0.01]. No significant changes were
found across the trials, [F(1,28) = 0.41, p > 0.05]. No interaction effect between group and
Trial number was indicated, [F(3,28) = 1.02, p > 0.05]. Tukey's HSD mean comparisons
revealed an injury effect which was observed on trial 17 (p < 0.05) indicated by a significant
difference between the Vehicle and Sham groups (Fig. 4). A treatment effect was also obtained
for trial 17 for NAM (p < 0.05) and HTS (p < 0.05). No significant differences were observed
between the 2 treatment groups and Sham group on either post-injury testing trial.

In the working memory paradigm of the MWM, only the average of the last 3 trials of each
day was calculated since the first trial is considered an information trial. Each average was
entered into a repeated measures GLM analysis with Group (NAM, HTS, Vehicle, Sham) as
the between subjects factor and Day (18, 19, 20) as the within subjects factor. A significant
difference between the groups in the latency to locate the platform across all testing days was
found, [F(3,28) = 7.05, p = 0.001] (Fig. 5). A significant change across testing days was
indicated by the within subjects effect, [F(1.63,45.71) = 4.92, p < 0.05]. However, an
interaction effect between group and day was not obtained, [F(4.90,45.71) = 1.29, p > 0.05].
Tukey's HSD means comparisons revealed an injury effect on Day 18 with the latencies of the
Vehicle group being significantly longer than those of the Sham group (p < 0.05). On all testing
days, the HTS group performed significantly worse than the Sham group (p < 0.05) and
significantly worse than the NAM group on Day 20. Furthermore, the NAM-treated group was
no different from Shams on all testing days (Fig. 5).

2.3 Histology
Ipsilateral and contralateral volume measurements of both the cerebral cortices and
hippocampus were taken by tracing four coronal sections selected throughout the lesion area
for each animal. The scores calculated using the Calverlieri method, were analyzed using a
one-way ANOVA. A significant difference between cortical loss was identified between
groups [F(3,28) = 100.54, p < 0.001]. Tukey's HSD analysis revealed a significant injury effect
between all groups compared to Shams (p < 0.001); as well as, volume differences in the HTS
group were significantly different than the Sham and NAM groups (p <0.05) (Fig. 6).
Representative (average) cortical loss is shown for the groups in Figure 7.

There was also a significant difference in hippocampal loss between groups [F(3,28) = 3.13,
p < 0.05]. Post hoc analysis revealed no differences between Sham, Vehicle, and NAM groups.
However, a significant injury effect was found between the Sham and HTS group (p < 0.05)
(Fig. 8). A histology plate showing representative (average) hippocampal atrophy is provided
in Figure 9.

3. Discussion
Currently, HTS is an accepted form of therapy following TBI. It is well established that HTS
exerts its benefits by reducing edema and intracranial pressure. Nonetheless, the behavioral
and cognitive consequences of such treatment have yet to be solidly identified. Recent evidence
has shown that NAM, which also reduces edema, is a beneficial agent in the recovery of
function following TBI. The current comparison investigated the behavioral and cognitive
consequences of the use of HTS and NAM as competitive therapeutic agents in the treatment
of TBI.

Quigley et al. Page 5

Brain Res. Author manuscript; available in PMC 2010 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Following CCI, animals treated with NAM and HTS recovered to Sham levels in the beam
walk, forelimb flexion and locomotor tasks within a short time frame. In addition, animals
treated with NAM performed significantly better than the Vehicle-treated animals on all testing
days on the beam walk task (Fig. 1). In the same task, the animals treated with HTS also
performed better than the Vehicle group on all testing days with the exception of Day 6.
Furthermore, locomotor placing scores were significantly better in both the NAM (Day 10 and
14) and HTS (Day 10) treated animals compared to the Vehicle group (Fig. 3). Although
recovery was observed between both of these groups on all of the aforementioned tasks, an
interesting trend was noticed at Day 18 in the HTS group. Although not significant, it appears
that the HTS animals might have begun to rebound from these potential benefits. Therefore,
testing beyond 18 days is needed in future studies to see if these rebound effects persist.

For the assessment of cognitive performance, all animals were pre-trained in the MWM for a
period of 4 days (16 trials) prior to CCI. Retrograde amnesia for the platform location was
assessed by placing the animal back in the MWM 12 days after CCI and measuring the latency
to find the previously learned platform location. As expected, all groups displayed a normal
learning curve in the four day training period prior to CCI. However, when placed back in the
water to test for retrograde amnesia (12 days after CCI), the HTS and NAM-treated animals
mounted the hidden platform significantly faster than the Vehicle group (Fig. 4). Thus, it was
shown that both HTS and NAM-treated animals retained the memories for a task learned prior
to injury and interestingly enough did not show signs of retrograde amnesia. These results are
similar to past reference memory performance shown in animals treated with HTS following
TBI and hemorrhage (Sell et al., 2008). However, these same results did not hold true for the
working memory portion of the MWM that began on Day 18 post-injury. Although an apparent
injury effect was observed on the first day of working memory testing, Day 18, the Vehicle
animals quickly acquired the task and were no longer different from Sham animals on the next
two days of testing. This enhanced recovery may be attributed to the excessive training that
occurred before injury. An interesting finding in this task was that although the NAM-treated
animals were no different than the Sham animals on any of the testing days, the HTS-treated
animals had significant deficits in this task (Fig. 5). Not only did the HTS animals never acquire
the task and continued to show significantly longer latencies to mount the platform than the
Sham animals, they also showed significantly longer latencies than the NAM animals on the
last testing day.

The diminished cognitive improvement in the HTS-treated group on the working memory test
may be related to the histological observations. As expected, due to the location and impact of
the CCI, a significant injury effect was observed in the cortex between all groups compared to
the Sham animals. However, what was unforeseen was the increased tissue damage observed
in the HTS group. Not only did the HTS animals have significantly more cortical loss than the
Sham animals, more importantly, they also had significantly more cortical loss than the NAM-
treated animals (Fig. 6). A similar finding was also observed in the hippocampus. There was
no significant hippocampal volume difference between the Sham, NAM and Vehicle-treated
animals. However, the HTS-treated animals lost significantly more hippocampal tissue than
did the Sham group (Fig. 7). This is in contrast to previous findings that HTS at both 2 mL/kg
and 4 mL/kg doses reduced secondary injury and increased cell survival (Soustiel et al.,
2006;Elliot et al., 2007). As mentioned before, time course studies may further illustrate the
extent and distribution of these specific tissue losses.

It appears that HTS may be effective when it comes to protection against retrograde amnesia.
However, there was no statistical evidence for beneficial cognitive effects in the working
memory task which was performed almost a week later (Day 18-20). One possible explanation
for these differential effects may be the result of the severe ipsilateral hippocampal damage
that was observed in the HTS-treated animals. It is believed that the hippocampus may not be

Quigley et al. Page 6

Brain Res. Author manuscript; available in PMC 2010 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



responsible for storage and retrieval of old spatial memories which would explain the
safeguarding of the retrograde memories (Haijima & Ichitani, 2008). In contrast, NAM was
shown to provide significant improvements in recovery without the associated tissue loss seen
with HTS therapy. However, in the current study NAM treatment failed to show significant
reductions in cortical loss which have been previously shown (Hoane et al., 2003; 2006;
2008). Treatment in the current study was delayed 2 hrs post-injury and was followed with
only a 2 day dosing regimen; whereas, in our previous papers the dosing has either started
sooner (Hoane et al., 2003; 2006), or with later administrations (eg, 4-8 hrs) and longer
treatment durations (Hoane et al., 2008a; 2008b). Thus, these results further support the
preclinical efficacy of NAM therapy for TBI and may suggest that there may be some risk, or
reduced effectiveness with HTS. Furthermore, the combination of these 2 treatments might be
an interesting treatment option in a future preclinical study.

4. Experimental Procedures
4.1 Subjects

Four groups of 4 month old Sprague-Dawley rats (mean weight = 379g) made up of eight
animals per group were used in this study. Throughout both pre-training and post-injury testing,
animals were housed individually in standard housing cages and maintained at 22° C on a 12:12
hour light:dark cycle, with food and water provided ad lib. All experimental procedures were
reviewed and approved by the Southern Illinois University Institutional Animal Care and Use
Committee, and the study was conducted in a facility certified by the American Association
for the Accreditation of Laboratory Animal Care.

4.2 CCI Surgery
Rats were anesthetized using a mixture of Isoflurane (2-4%), nitrous oxide (0.2 L/min), and
oxygen (0.8 L/min). They were kept at a stage III level of anesthesia (Guedel, 1920; Friedberg
et al., 1999) throughout the surgical procedure during which time the animal is unresponsive
with no hindlimb withdrawal reflex. Body temperature was maintained at 37° C using a heating
pad and YSI model 73ATA feedback device attached to a rectal probe. After shaving the top
of the head and application of Betadine, the animals were placed in a stereotaxic frame and a
midline incision was made in the skin and underlying fascia on the skull. The underlying fascia
was retracted. A unilateral 5.0 mm diameter circular craniotomy was performed in the left
hemisphere and made using a dental drill keeping the dura intact. The craniotomy was centered
at 3.0 mm posterior to bregma and 2.5 mm lateral to the midline. After clearing the craniotomy
of any bone fragments, a 4.0 mm impact tip was lowered until it contacted the dura. The impact
tip was raised and pre-set to be lowered 2.0 mm below the dura surface upon impact. Injury
parameters were set at 3.5 m/s (40 psi) velocity. The impact tip maintained contact for 500 ms
before retraction. The animal was then sutured and returned to his home cage. To ensure testing
under blind conditions, Sham-operated uninjured animals underwent the same surgical
procedures but did not receive a brain injury.

4.3 Drug Administration
Two hrs following injury rats received either NAM, dissolved in 0.9% saline (500 mg/kg, ip;
n=8), 7.5% HTS (1 mL/kg, ip; n=8), or Vehicle (0.9% saline, 1 mL/kg, ip; n=8). A second dose
was given at 24 hrs post-injury. This was followed by a final dose at 48 hrs post-injury. A
group of Sham animals (n=8) which received no injections were also included in the study.
The dose of NAM was dissolved in vehicle and was chosen based on previous studies (Hoane
et al., 2006b; 2003) as was HTS (Wisner et al., 1990; Zausinger et al., 2004; Soustiel et al.,
2006; Elliot et al., 2007). All analyses were conducted without knowledge of drug treatment.

Quigley et al. Page 7

Brain Res. Author manuscript; available in PMC 2010 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.4 Behavioral Assessment
Behavioral testing was conducted on Days 2, 6, 10, 14, and 18 post-injury with the exception
of cognitive tasks. The retrograde amnesia portion of the MWM was performed on Day 12
post-injury, whereas the working memory (anterograde amnesia) portion of the cognitive
testing was performed on Days 18-20.

Beam Walk Test—Motor coordination and vestibulomotor function was assessed using the
beam walk test (Feeney et al., 1982; Schmanke et al., 1996; Smith et al., 2005). Animals were
trained to walk down a 120 cm long, 2.5 cm wide elevated beam. Post-injury performance was
rated on a seven point scale with 1 indicating the inability to transverse the beam and 7
indicating the animal traversed the beam normally with no more than two foot slips (Hoane et
al., 2006b; Smith et al., 2005; 2006). Each animal was scored once per testing day.

Forelimb Flexion Test—After injury, neurological function was addressed by assessing
flexion and adduction of the forelimbs (Smith et al., 2005, 2006; McIntosh et al., 1989; Hoover
et al., 2004). Each animal was placed on a flat surface and swiftly lifted by the base of its tail.
The amount of flexion of each forelimb was rated on a four-point scale with 4 indicating normal
behavior and 1 indicating complete adduction of the forelimb. Each animal was scored once
per testing day.

Locomotor Placing Test—Coordination of limb placing during a locomotion task was
assessed (Smith et al., 2005, 2006; Hoane et al., 2004; Barth et al., 1990). The testing apparatus
consisted of fifteen test tube racks (Nalge Nunc International, Product # 5970-0330) bound
together to create an 86 × 55 cm grid surface with 3 × 3 cm square openings which is divided
into 30 sectors. Rats were placed on the apparatus and allowed to freely explore for a single
1.5 minute testing period at every post-injury test day. The total number of sectors crossed and
foot-faults were recorded. For each rat, a standardized percentage of foot-faults per sector was
calculated.

Morris Water Maze—This test assessed cognitive ability (learning and memory). The effects
of both retrograde amnesia and working memory were tested using a large, standard MWM
(Hoane et al., 2006b, 2003). The apparatus consisted of a circular (1.5 m diameter, 76 cm deep)
blue fiberglass tank filled with water to a depth of 32 cm. The temperature of the water was
maintained at 24 °C. A Plexiglas escape platform (10 cm2 diameter) was submerged 1.0 cm
below the water surface.

In the retrograde amnesia paradigm, pre-injury training began 4 days prior to injury and
consisted of 4 trials a day for 4 days. The platform was placed and remained in the southeast
quadrant, 1 cm below the water. Each trial ended when the rat found the platform or 90 seconds
elapsed. If the animal did not find the platform by the end of 90 sec, it was guided to it. In
either case, it remained on the platform for 10 sec. Inter-trial intervals were 10 mins in length.
Starting points varied from four different locations on each trial. On Day 12 following injury,
each animal had two trials starting off at different locations. The platform remained in the same
place as the pre-injury training (southeast quadrant). The mean latency to find the platform
from both trials served as the dependent measure.

In the working memory paradigm, rats were tested post-injury on Days 18-20. Each rat received
4 trials daily in a MWM for 3 consecutive days (Hoane et al., 2006b, 2003). On each training
day, the platform was placed in a different random location. Rats were given 4 trials per day,
starting from one of four different directions on each trial (north, south, east, west). The order
of the starting position was randomized across training days. On each trial, the rat was placed
into the water facing the wall of the pool. The animal was allowed to swim around the pool
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until it found and climbed upon the hidden platform. Once the platform was found, the rat was
allowed to stay on the platform for 10 sec. If the platform was not found within 90 sec, the trial
was terminated and the rat guided to the platform where it remained for 10 sec. Inter-trial
intervals were 10 min in length.

4.5 Histology
On day 21 post-injury, animals were anesthetized with urethane (3.0 g/kg, 0.5 g/mL, ip) and
transcardially perfused with 0.9% phosphate-buffered saline (PBS), followed by 10%
phosphate-buffered formalin (PBF). Brains were post-fixed in PBF for 48 hr and cryoprotected
in 30% sucrose for 2 days prior to frozen sectioning. Coronal sections (40 μm) were sliced
using a sliding microtome. Sections were mounted on gelatin-subbed microscope slides,
stained with cresyl violet, dehydrated, and cover slipped.

4.6 Lesion analysis
Quantitative measurements of cortical and hippocampal loss were analyzed with an Olympus
microscope (BX-51) and DP-70 camera. Images of the sections throughout the extent of the
injury were captured using the digital capturing system and area measurements of the cortex
and hippocampus were determined using ImageTool software (Hoane et al., 2006b, 2003;
Barbre and Hoane, 2006). The Calvalieri method was used to calculate the volumes of the
remaining, intact and healthy tissue (Coggeshall, 1992). The number of sections and the section
thickness (40 μm) were multiplied by the mean area of the lesion cavity (calculated at four
stereotaxic coordinates surrounding the lesion (AP: -2.12, -2.8, -3.8, and -4.8 relative to
bregma) (Paxinos and Watson, 2005). The extent of cortical and hippocampal injury was
measured by calculating the volume of remaining tissue (Hoane et al., 2003, 2005).

4.7 Statistical Analysis
Analysis of variance (ANOVA) tests were performed using procedures for general linear
models (SPSS 13.0 for Windows) with options for repeated measures, where appropriate, for
all behavioral measures. The between factor was group (NAM, HTS, Vehicle, Sham). The
within group factor was Day of testing (i.e. pre-injury baseline, post-injury Days 2, 6, 10, 14,
18). Greenhouse-Geisser corrections were used to Control for type I error in the repeated
measures. For all corrected analyses, the actual corrected degrees of freedom are reported.
Planned mean comparisons for each time point were analyzed using Tukey's HSD. Histological
data was analyzed using one-way ANOVA procedures and Tukey's HSD. A significance level
of p < 0.05 was used for all statistical analyses.
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Figure 1.
The effects of Nicotinamide (NAM) (500 mg/kg, ip), 7.5% Hypertonic Saline (HTS) (1 mL/
kg, ip), or Vehicle (0.9% saline, 1 mL/kg, ip) administration following CCI or Sham surgery
on the beam walk task. The graph shows the plotted mean (±SEM) beam walk difference scores.
Treatment with NAM (* p = < 0.05) and HTS (ˆ p= < 0.05) significantly improved beam walk
performance compared to the Vehicle group.
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Figure 2.
The effects of Nicotinamide (NAM) (500 mg/kg, ip), 7.5% Hypertonic Saline (HTS) (1 mL/
kg, ip), or Vehicle (0.9% saline, 1 mL/kg, ip) administration following CCI or Sham surgery
on the forelimb flexion task. The graph shows the plotted mean (±SEM) forelimb flexion
difference scores. The Vehicle group showed significantly greater flexion following injury on
all test days compared to Shams with the exception of Day 18. The NAM and HTS groups had
a greater amount of flexion compared to Shams at the beginning of testing. The NAM-treated
animals' flexion was not significantly different than Shams beginning on Day 10. The amount
of flexion between the HTS and Shams were not significantly different beginning on Day 6.
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Figure 3.
The effects of Nicotinamide (NAM) (500 mg/kg, ip), 7.5% Hypertonic Saline (HTS) (1 mL/
kg, ip), or Vehicle (0.9% saline, 1 mL/kg, ip) administration following CCI or Sham surgery
on locomotor placing. The graph shows the plotted mean (±SEM) percentage foot faults on
the locomotor placing task. NAM (* = p < 0.05) and HTS-treated (ˆ = p < 0.05) animals showed
a more rapid rate of recovery than the Vehicle-treated animals. The NAM and HTS -treated
animals were not significantly different than Shams on all testing days.
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Figure 4.
The effects of Nicotinamide (NAM) (500 mg/kg, ip), 7.5% Hypertonic Saline (HTS) (1 mL/
kg, ip), or Vehicle (0.9% saline, 1 mL/kg, ip) administration following CCI or Sham surgery
on the retrograde amnesia version of the MWM. The graph shows the plotted mean (±SEM)
swim latencies to the submerged platform. Trials 1-16 were learning trials that occurred prior
to injury and there were no significant differences between any of the groups. The retrograde
memory test was assessed on Trial 17 and 18 were performed on Day 12 post-injury. Treatment
with both NAM (* = p < 0.05) and HTS (ˆ = p < 0.05) significantly reduced latencies compared
to the Vehicle-treated animals on trial 17. The NAM and HTS -treated animals were not
significantly different than Shams.
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Figure 5.
The effects of Nicotinamide (NAM) (500 mg/kg, ip), 7.5% Hypertonic Saline (HTS) (1 mL/
kg, ip), or Vehicle (0.9% saline, 1 mL/kg, ip) administration following CCI or Sham surgery
on the working memory task in the MWM. The graph shows the plotted mean (±SEM) swim
latencies to the submerged platform. The latencies in NAM-treated animals were not
significantly different than Shams on all testing days. The Vehicle group was not significantly
different from the Sham group after the first day of testing, suggesting quick recovery. The
animals treated with HTS had significantly longer latencies than the Sham animals on all testing
days (& = p > 0.05) as well as the NAM-treated animals on the final testing day (& = p > 0.05).
NAM-treated animals were not significantly different from shams on the final 2 days of testing
(# = p > 0.05).
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Figure 6.
Cortical lesion analysis. Plotted is the mean (±SEM) percentage cortical volume differences
(ipsilateral/contralateral) for each group. Nicotinamide (NAM), Hypertonic Saline (HTS) and
Vehicle-treated cortical differences were significantly greater than Sham. The HTS groups
cortical difference (ˆ = p < 0.05) was also significantly larger than the Vehicle-treated group
and the NAM-treated group (** = p < 0.007).
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Figure 7.
Histology plate. Shown are representative cresyl violet images (0.44×) of sections (40 μm) in
the Sham, Vehicle, Hypertonic Saline-treated and Nicotinamide-treated brain at coordinates
-0.40 mm (top row), -2.12 mm, -3.30 mm, and -4.80 mm (bottom row) relative to bregma.
Scale bar = 2.0 mm.
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Figure 8.
Hippocampal lesion analysis. Plotted is the mean (±SEM) percentage hippocampus volume
differences (ipsilateral/contralateral) for each group. No hippocampal volume differences were
found between the Nicotinamide and Vehicle-treated group compared to Shams. The
Hypertonic Saline-treated group (ˆ = p < 0.05) had significantly more hippocampal loss
compared to Shams and the treated groups did not.
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Figure 9.
Histology plate. Shown are representative Cresyl Violet images (1.4×) of sections (40 μm) in
the Sham (A), Vehicle (B), Hypertonic Saline-treated (C) and Nicotinamide-treated (D) brains
at bregma coordinates -2.12 mm (top row), and -3.30 mm (bottom row). Scale bar = 500 μm.
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