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Abstract

The selected strain of rodent used in experimental models of traumatic brain injury is typically dependent upon
the experimental questions asked and the familiarity of the investigator with a specific rodent strain. This archival
study compares the injury responsiveness and recovery profiles of two popular outbred strains, the Long-Evans
(LE) and the Sprague-Dawley (SD), after brain injury induced by lateral fluid percussion injury (LFPI). General
findings include a significantly longer duration of unconsciousness in LE rats, but similar durations of apnea. Both
strains displayed the same level of initial FPI-induced behavioral deficits, followed by a more rapid rate of
functional recovery in SD rats. Cortical volume loss was not significantly different, but close inspection of the data
suggests the possibility that LE rats may be more susceptible to damage in the hemisphere contralateral to the
injury site than are SD rats. It is hoped that the information provided here encourages greater attention to the
subtle differences and similarities between strains in future pre-clinical efficacy studies of traumatic brain injury.
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Introduction

Reproducibility and generalizability of results from
different laboratories have been a constant challenge in

the field of experimental neurotrauma. Several reviews have
previously attempted to delineate the critical issues that need
to be addressed (Statler et al., 2001; Narayan et al., 2002) so as
to provide a stronger basis for successful clinical trials. Spe-
cific to this report, the heterogeneity of clinical neurotrauma is
not well replicated in experimental models that generally
strive for homogeneity in the samples tested. Despite the
homogeneity of samples within experimental studies, there is
still a tremendous amount of variability across different
studies. For example, the use of the lateral fluid percussion
injury (LFPI) model has been established as a clinically rele-
vant experimental model of traumatic brain injury (TBI).
However, due to variations in LFPI devices across laborato-
ries, the standard reporting of atmospheres of pressure (atm)
as an index of injury severity is not acceptable. Indeed, there
has been a recent increase in published reports of experi-
mental TBI in which the latency of loss of consciousness (LOC)
has been used in place of the traditional atm index to more
accurately represent the severity of the injury sustained fol-
lowing a fluid percussion brain injury (Giza et al., 2002;

Li et al., 2004; Smith et al., 2005; Hoane et al., 2006). The du-
ration of LOC has been positively correlated with fluid pulse
pressure (atm) and functional outcome in adults as an index of
severity of injury (Dixon et al., 1987; Delahunty et al., 1995).
By using LOC in place of atm as an index of severity, differ-
ences in the placement of the injury, variations in different
models of LFPI devices, and even differences in surgical
techniques can be minimized, allowing for better generaliz-
ability of results.

Furthermore, a widely accepted corollary remains unin-
vestigated. Although strain differences in rats have been fairly
well documented, there remains a paucity of literature spe-
cifically comparing the behavioral recovery profiles of dif-
ferent rodent strains following TBI. Indeed, while most
researchers acknowledge that strain differences can signifi-
cantly contribute to the variability of behavioral results ob-
tained across different studies, a systematic investigation of
behavioral recovery comparing different strains has not yet
been reported.

Significant strain-dependent differences have been ob-
served in the assessment of ischemic lesion volumes (Oliff
et al., 1996; Takaba et al., 2004; Bardutzky et al., 2005; Wal-
berer et al., 2006), and in forebrain activation before and
after spinal cord injury (Paulson et al., 2005). Differences in
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strains have also been well documented in addictive behav-
iors and in the relation of physiological differences in the
hypothalamic-pituitary-adrenal axis (Kosten and Ambrosio,
2002; Kearns et al., 2006). Inter-strain differences in cogni-
tive function have also been systematically investigated by
Whishaw and colleagues, who coined the term ‘‘strain drain’’
to describe the effects of domestication on different strains of
rats, and in this regard LE rats appear to be least affected
(Harker and Whishaw, 2002, 2004). Indeed, the LE rat’s su-
perior cognitive performance has been repeatedly confirmed
(Lindner and Schallert, 1988; Tonkiss et al., 1992; Andrews
et al., 1995). Strain differences in cognitive performance have
also been observed in aging and in gender studies, and in
experiments in which physiological, environmental, and=or
pharmacological variables have been manipulated (Lindner
and Schallert, 1988; Diana et al., 1994; Tâoth et al., 1996; van
der Staay and Blokland, 1996; Gleason et al., 1999; Vorhees
et al., 1999; Wyss et al., 2000; Vales et al., 2006). Variations in
motor and sensorimotor integration as assessed by skilled
forelimb reaching performance can also be strain-dependent
(Nikkhah et al., 1998; Whishaw et al., 2003). Behavioral dif-
ferences between strains in exploratory behaviors have also
been observed (Meyerson et al., 2006), and have been asso-
ciated with strain-related differences in EEG activity (Inoue
et al., 1990; Sisson et al., 1991; Mayo-Michelson and Young,
1993; De Bruin et al., 2000; Van Lier et al., 2003). Inter-strain
differences have been observed in differential stress responses
both physiologically and behaviorally (Faraday, 2002; Pardon
et al., 2002; Ferguson and Cada, 2004; Ma and Morilak, 2004;
Zamudio et al., 2005), and in the development of neuropathic
pain (Carr et al., 1992; Xu et al., 2001).

Moreover, the differences in the visual system of albino
versus non-albino strains have been closely investigated.
Non-albino rats have been reported to have greater visual
acuity, better color detection, higher resolution, superior dark
adaptation, and less light sensitivity compared to albino rat
strains (Drèager, 1985; Grant et al., 2001; Prusky et al., 2002).
The pigmented LE strain has been reported to perform better
in Morris water maze tasks compared to albino strains; fur-
ther, it has been suggested that this is due to better visual
acuity in the non-albino animals (Lindner and Schallert, 1988;
D’Hooge and De Deyn, 2001). Differences between albino and
pigmented rats in inter-ocular transference were noted by
Sheridan (Sheridan, 1965). Sheridan’s findings were later
supported by anatomical evidence showing reduced un-
crossed visual pathways to the primary optic regions of the
brain in albino rats compared to pigmented rats (Lund, 1965).

Clearly, the differences between the strains of rats can
affect the ability to generalize results obtained across differ-
ent laboratories. The purpose of this study is to present the
behavioral similarities and differences between two strains of
rodents that are frequently used in experimental models of
TBI: Long-Evans (LE) and Sprague-Dawley (SD) rats. Rats
were assessed using a battery of assessments commonly em-
ployed in pre-clinical investigations of TBI. We further pro-
pose that these similarities and differences should be taken
into consideration when the rate of functional recovery is
assessed in any pre-clinical study of neurotrauma. The intent
of this report is to shed some light on the behavioral differ-
ences between two strains of rats subjected to the same pro-
cedures. An in-depth analysis of strain differences and the
interaction with the pathophysiology and subsequent recov-

ery are beyond the scope of this report. Hence this paper at-
tempts to provide some insight into a comparison of the rate
of recovery between LE and SD rats, as assessed by a variety
of different behavioral tasks following LFPI.

Methods

Animals

The data used in the following analyses comprises archival
data collected from control and sham animals that were used
in four different studies (Smith et al., 2005; Hoane et al., 2006;
Smith et al., 2006; Holland et al., 2008). During the course of
conducting these various experiments, the authors noticed a
possible difference in the durations of loss of consciousness
between the different strains. In the studies by Smith and
colleagues, only Long-Evans animals were used, while the
studies by Hoane and Holland and associates used Sprague-
Dawley rats. The surgeries were performed by the same sur-
geon using the same equipment in the same operating room.
Further, the LFPI device was calibrated each time prior to
injury to the same reading. In addition, the animals were
tested and trained in the same facilities using the same ap-
paratus by the same testers. Given the similarities across these
four studies, the authors believed that there was sufficient
control between tasks to allow comparison of the data ob-
tained from the two different strains of animals. Unfor-
tunately, due to the retrospective nature of this analysis, the
numbers of animals in each group varied across the different
tasks. Nonetheless, it was felt that each animal had received
approximately the same level of pre- and post-injury handling
and experience, and that the results in this study do not
constitute differences in experimental control.

A total of 54 adult male rats approximately 4 months old
were used in this study. Two outbred strains, LE (Charles
Rivers Laboratories, Inc., Chicago, IL) and SD (Harlan
Sprague Dawley, Inc., Indianapolis, IN) rats, were purchased
directly from their respective vendors and housed in the
institutional facilities for 1 month prior to brain injury. All
animals were housed singly in standard cages on a 12=12-h
light-dark cycle. Standard rat chow and water were provided
ad libitum. Each animal was handled and provided with
training on the beam walk prior to brain injury. The amount of
handling and training were equivalent for both strains of rats,
as were all environmental conditions. A total of 17 rats of each
strain were subjected to brain injury, while the remaining 10
per strain were treated as shams. All experimental procedures
were reviewed and approved by the institutional animal care
and use committee and were in accordance with National
Institutes of Health guidelines.

Traumatic brain injury

Each rat underwent an aseptic surgical procedure to induce
an injury of moderate severity using the LFPI model. The
methods and procedures for this surgical protocol have been
previously published (Smith et al., 2005; Hoane et al., 2006;
Holland et al., 2008). On the day of the surgery, each animal
was weighed and placed into an induction chamber for
3–4 min with a gas anesthetic mixture of 4% isoflurane,
0.2 L=min nitrous oxide, and 0.8 L=min oxygen. When the
animal was non-responsive to a toe pinch, the isoflurane was
turned down to 2% and redirected to a nose cone. The animal
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was shaved and placed in a stereotaxic frame with the at-
tached nose cone. A surgical plane of anesthesia, as indicated
by respiratory rate and depth, was maintained by titrating the
amount of isoflurane (2–4%) throughout the 30-min surgery.
Following application of povidone-iodine and a mid-line in-
cision, a 4.0-mm craniotomy was created over the left hemi-
sphere (epicenter at anteroposterior: �4.4 mm from the
bregma; medio-lateral: 2.4 mm) keeping the dura intact. A
female Luer-Loc connector was affixed to the skull over the
craniotomy using dental acrylic and filled with sterile saline.
Anesthesia was turned off and the animal was immediately
attached to the LFPI device (VCU Biomedical Engineering,
Richmond, VA) in prone position. A fluid bolus (mean¼ 1.80
atm; SD¼ 0.09) was delivered upon the first positive with-
drawal response to a toe pinch. Duration of LOC and apnea
were determined by recording the latency from the moment
of impact to the time a positive withdrawal response and
voluntary respiration was initiated. Anesthesia was then re-
instated and the incision was sutured. The animal was placed
on a warming bed and observed for a period of 1 h prior to
returning to the colony room. Sham-treated animals under-
went the same surgical procedure including a craniotomy, but
did not receive LFPI.

Behavioral assessments

All the rats were pre-trained to criterion on the beam walk
and were subsequently tested after TBI. Of the total group,
different subsets of rats also underwent additional testing on
locomotor placing, forelimb flexion, vibrissae-forelimb plac-
ing, and reference and working memory tasks in the Morris
water maze. With the exception of the Morris water maze, all
performance evaluations were conducted on days 2, 4, 6, 8, 10,
12, and 14, post-LFPI. Reference memory testing occurred on
days 11, 12, 13, and 14 post-LFPI, and was followed imme-
diately by working memory testing on days 15, 16, and 17.
The behavioral measures reported in this study constitute a
standard battery of tests assessing sensorimotor and cognitive
performance. These tasks are commonly used in pre-clinical
TBI investigations involving rats to assess the level of brain
injury–induced deficits, and subsequent recovery as an index
of treatment efficacy (Hamm, 2001; Smith et al., 2005; Hoane
et al., 2006).

Beam walk. The beam walk task is a sensorimotor task
that measures sensorimotor coordination and balance (Feeney
et al., 1982; Hoane et al., 2006). Each animal was trained to
criterion to traverse a 120-cm-long elevated beam (2.5 cm
wide). Criterion performance was assessed as the ability to
traverse the beam with a maximum of two footslips. Gen-
erally, the animals are trained to criterion in 3 days and are
able to traverse the beam with no footslips. Post-injury per-
formance was evaluated on a scale of 1 to 7. A score of 7 was
considered as performance equivalent to criterion perfor-
mance, while a score of 1 indicated that the animal was unable
to maintain its balance on the beam and did not attempt to
traverse the length of the beam.

Locomotor placing. The locomotor placing task is also a
sensorimotor task (Hoane et al., 1997; Schallert and Woodlee,
2005) wherein the animal’s activity in freely traversing a grid
is observed and foot-faults that occur during locomotion are

recorded. The grid (85�55 cm with 3�3-cm openings) was
composed of 15 test tube racks that were bound together.
Each animal was assessed for one 3-min period on each post-
TBI test day. All animals were exposed to this task and
baseline performance was recorded prior to injury.

Forelimb flexion. The forelimb flexion task is a neuro-
logical test (McIntosh et al., 1989). The animal is placed on a
flat surface and lifted into the air by grasping the base of the
tail. The amount of flexion and=or adduction of the forelimbs
are rated on a 4-point scale (4¼normal, no flexion; 3¼ less
than 50% of flexion of the contralateral forelimb with ad-
duction clearly present; 2¼more than 50% of flexion; and
1¼ complete adduction of the forelimb). Baseline perfor-
mance prior to injury was recorded.

Vibrissae-forelimb placing. The vibrissae-forelimb plac-
ing task (Schallert and Woodlee, 2005; Hoane et al., 2006;
Hoane et al., 2007) is a sensorimotor test that evaluates the
reflexive placing of the ipsilateral forelimb when the vibrissae
on the same side make contact with a surface. In intact rats,
automatic placing of the forelimb is elicited each time the
vibrissae on the same side are touched to a horizontal acrylic
glass surface. Each animal was given 10 trials per side during
each post-TBI testing day. If the animal did not respond
within 5 sec of vibrissae stimulation, the trial was recorded as
unsuccessful. All animals were exposed to this task and
baseline performance was recorded prior to injury.

Morris water maze. The Morris water maze is a common
test of cognitive performance used with rodents in studies of
neurotrauma (Hoane et al., 2003; Smith et al., 2005; Hoane
et al., 2006). Two standard tests evaluating reference and
working memory were employed. In the reference memory
task, the animals are placed into a pool for 4 trials per day for
4 days. The latency and path length to attain the submerged
fixed platform was recorded for each trial. Following the
reference memory task, the animals were tested on the
working memory version of the test in which they were given
4 trials per day for 3 days. A 15-min intra-trial interval was
maintained each day. The submerged platform was moved to
a different location in the pool each day. A trial was termi-
nated when the animal acquired the platform, after which it
was allowed to remain on the platform for 15 sec. In the event
the animal did not find the platform within the 90-sec time
limit, it was guided to the platform and placed on it for 15 sec.
This test was conducted post-LFPI and the animals were not
exposed to the task prior to TBI. A visual platform was not
employed in this study, which is standard in our behavioral
paradigms (Hoane et al., 2003, 2006; Smith et al., 2005).

Histology

The animals in the study were sacrificed on day 40 post-
LFPI. Each received an overdose of urethane (3.0 g=kg;
0.5 g=mL IP) followed by transcardial perfusion with 0.9%
phosphate-buffered saline (PBS) and 10% phosphate-buffered
formalin (PBF). The brains were removed from the skulls and
post-fixed in PBF for 48 h and 30% sucrose for an additional
3–5 days prior to frozen sectioning. The brains were blocked
and 40-mm serial coronal sections were obtained using a
sliding microtome and collected in PBS. After being allowed
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to rest in PBS for a minimum of 24 h, the sections were
mounted on gelatin-subbed microscope slides, stained with
cresyl violet, and cover-slipped.

Lesion analysis

A series of coronal sections were stained with cresyl violet,
dehydrated, and cover-slipped. The extent of the lesion was
analyzed with an Olympus microscope (BX-51; Olympus
America, Center Valley, PA) and an Olympus 13.5 megapixel
digital camera (DP-70). Images of the sections throughout the
extent of the injury [at bregma coordinates 3.80, 4.30, and
5.30 mm (Paxinos and Watson, 2005)] were captured at
0.44�(1.25�objective and 0.35�c-mount) using the digital
capturing system, and area measurements of the ipsilateral
and contralateral cortices were determined using ImageTool
software (ImageTool, Roswell, GA). Area measurements were
transformed to a volume measurement (Coggeshall, 1992).
Consistent with previous studies the extent of cortical injury
was measured by calculating the percent reduction in the
ipsilateral cortex compared to the contralateral cortex using
the formula (1� (ipsi=contra)�100) (Hoane et al., 2006; Hol-
land et al., 2008).

Statistical analysis

All statistical analyses were conducted using SPSS version
15 for Windows (SPSS, Inc., Chicago, IL). Behavioral tests were
analyzed using GLM procedures with repeated measures
followed by Tukey’s HSD post-hoc tests where applicable.
Injury parameters (weight, apnea, and loss of consciousness)
and lesion volume were analyzed using an independent
samples t-test. A significance level of p< 0.05 was employed
in the interpretation of the results.

Results

Severity of injury

There were no significant weight differences between the
strains [t (32)¼ .029, p¼ 0.98]. Weight at the time of LFPI was
equivalent across both the LE and SD rats (mean¼ 404.09 g,
SEM¼ 7.03). Similarly, there were no significant differences in
the duration of apnea following TBI [t (32)¼�1.444, p¼ 0.16].
However, the LE rats did display slightly greater durations of
apnea (mean¼ 15.18 sec, SEM¼ 2.52) compared to the SD
animals (mean¼ 10.82 sec, SEM¼ 1.64). Further, the duration
of LOC was significantly different [t (32)¼�4.133, p< 0.001].
As shown in Figure 1, the LE rats required a greater length of
time to regain a positive hindlimb withdrawal reflex follow-
ing LFPI (mean¼ 153.47 sec, SEM¼ 6.81) compared to the SD
animals (mean¼ 79.47 sec, SEM¼ 6.15).

Beam walk

Beam walk performance was evaluated in sham-operated
and brain-injured LE and SD rats (LFPI: SD n¼ 16, LE n¼ 17;
sham: SD n¼ 7, LE n¼ 7). There were no significant differ-
ences in the performance of the shams for either strain.
However, the injured rats displayed a significant difference in
the rate of recovery following LFPI [F (3,43)¼ 21.69, p¼
0.001]. Post-hoc comparisons revealed a significant injury ef-
fect for both strains of LFPI rats when compared to shams
( p< 0.001). It is also evident, as shown in Figure 2, that the

injured SD rats showed a quicker rate of recovery over time
compared to the LE animals ( p< 0.001). With the exception of
the first test point on day 2 post-LFPI, the injured SD rats
performed significantly better on the beam walk compared to
the injured LE rats on all post-LFPI test days (days 4, 6, 8, 10,
12, and 14) ( p< 0.05).

Locomotor placing

Performance on this task was evaluated in LE and SD in-
jured rats. Overall performance was significantly different

FIG. 1. Latency of apnea and loss of consciousness fol-
lowing TBI by LFPI (mean� SEM). SD rats (n¼ 17) dis-
played a significantly shorter duration of unconsciousness
compared to LE (n¼ 17) rats as indicated by the asterisk
(*p< 0.05).

FIG. 2. Graph of beam walk performance. SD LFPI rats
displayed a significantly faster rate of recovery to pre-injury
criterion levels compared to LE rats, as indicated by the as-
terisk (*p< 0.05). Shams did not show any impairment. LE
rats continued to show a deficit and did not attain criterion
performance after LFPI.
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between the groups [F (1,11)¼ 7.07, p¼ 0.02]. Figure 3 shows
the difference in the rate of recovery between the LE and SD
rats. The SD rats recovered to pre-injury baseline levels by day
8, making fewer foot-faults during locomotion compared to
the LE animals ( p< 0.05). On the contrary, the LE rats showed
little continued recovery after day 6 post-LFPI. Compared to
their pre-injury baseline performance, the LE rats displayed
approximately a 20% increase in the number of foot-faults per
quadrant for the last 5 test points ending on day 14 post-LFPI.

Forelimb flexion

Forelimb flexion was assessed in brain-injured LE and SD
rats. Both groups of rats displayed a similar degree of im-
pairment in the extension of the right forelimb contralateral to
injury [F (1,12)¼ 0.90, p¼ 0.36] (Fig. 4A). Although both
strains showed some recovery during the 2-week testing pe-
riod, neither regained normal extension of the right limb by
the last testing day. There were no significant differences in
the reflex extension of the left forelimb between the groups.
Further, the left forelimb did not appear to show any signifi-
cant impairment due to brain injury (Fig. 4B).

Vibrissae-forelimb placing

Sham-operated (LE n¼ 6, SD n¼ 7) and LFPI (LE n¼ 6, SD
n¼ 6) rats were included in this assessment. Shams success-
fully placed on all 10 trials at every assessment period with the
exception of the first test day (day 2 post-LFPI). An injury
effect was observed [F (3,21)¼ 48.93, p¼ 0.001] in which both
injured groups were significantly impaired in the ability to
successfully place the right forelimb in response to stimula-
tion of the right side vibrissae, as compared to shams
( p< 0.001). LFPI induced a severe deficit in the first week
post-LFPI for both LE and SD rats. Neither group was able to

successfully place more than once in the acute time points.
Although post-hoc comparisons did not yield a statistically
significant difference between the two injured groups
( p¼ 0.159), inspection of Figure 5A shows that on day 8 post-
LFPI the SD rats improved to approximately 50% placing, but
did not show any further improvement through the last day of

FIG. 3. Graph of locomotor placing (footslips=quadrants).
SD rats displayed a significantly faster rate of recovery to
baseline levels compared to LE rats. The performance of the
LE rats remained significantly more impaired, as indicated
by the asterisk (*p< 0.05). Sham animals are not shown.

FIG. 4. (A) Graph of right side forelimb flexion. Normal
reflexive extension of the forelimb contralateral to the brain
injury is impaired in both SD and LE rats. There were no
significant differences in recovery. (B) Graph of left side
forelimb flexion. LFPI did not significantly impair the re-
flexive extension of the forelimb ipsilateral to the brain le-
sion. Both SD and LE rats performed in a similar manner.
Sham animals are not shown.
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testing. On the contrary, the LE rats displayed a slightly
slower rate of recovery and never improved beyond 20% of
successful placing throughout the entire testing period.

Interestingly, the assessment of left side vibrissae-forelimb
placing (ipsilateral to injury) yielded a significant injury effect
[F (3,21)¼ 7.65, p¼ 0.001] compared to shams (Fig. 5B). Post-
hoc tests revealed that the performance of the injured SD rats,
although somewhat deficient, was not statistically significant
compared to shams ( p> 0.05). In contrast, the LE rats dis-
played significantly greater deficits ( p< 0.001), and their
ability to successfully place on the left side appeared to be
more variable. By the second week of testing, the injured SD
rats showed a trend toward recovery, placing at approxima-
tely 80%, while the LE rats remained at only 50%.

Morris water maze

A total of 34 rats were tested in the Morris water maze
(shams: LE n¼ 7, SD n¼ 9; LFPI: LE n¼ 9, SD n¼ 9). A sta-
tistically significant injury effect was observed in the reference
memory version of the test [F (3,30)¼ 9.41, p¼ 0.001]. Rats
that received an LFPI were significantly slower at acquir-
ing the platform compared to sham-operated rats. However,
there were no statistically significant differences between the
two strains of rats (Fig. 6). Overall swim speed did not differ
between the groups [F (3,33)¼ 1.02, p¼ 0.40]. Examination of
the working memory data revealed a similar effect (Fig. 7).
There was a significant injury effect [F (3,30)¼ 8.28, p¼ 0.001]
in the working memory version of the test, and there were no
significant latency differences between the LE and SD rats
for either the sham-operated ( p> 0.05) or the brain-injured
groups ( p> 0.05). Although the strain difference in both ac-
quisition of reference memory and working memory between

FIG. 5. (A) Graph of right side vibrissae-forelimb placing.
LFPI significantly affected the ability of both SD and LE rats
to successfully place the right forelimb in response to stim-
ulation of the right vibrissae. The impairment was not sta-
tistically significantly different between the two strains,
although the SD rats showed a trend toward faster and
greater recovery. (B) Graph of left side vibrissae-forelimb
placing. The successful placing of the left forelimb in re-
sponse to left-sided vibrissae stimulation is detrimentally
affected by LFPI compared with shams. LFPI had a greater
detrimental effect on LE rats in the placing of the limb ipsi-
lateral to injury compared to SD rats.

FIG. 6. Graph of latency to acquire the platform in the
reference memory version of the Morris water maze task. SD
and LE rats that were brain injured were slower at learning
the task compared to shams. Sham-injured LE rats showed a
trend toward faster acquisition of the task compared to
sham-injured SD rats.
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sham groups was not significant, it was found that the LE rats
performed at a higher level than the SD rats.

Lesion analysis

A significant injury effect was obtained in the percentage of
cortical volume reduction [F (3,53)¼ 10.13, p¼ 0.001] wherein
the animals receiving LFPI showed a greater loss of cortical
volume compared to shams (Fig. 8A). Post-hoc analyses re-
vealed that for the brain-injured rats there were no significant
differences in the cortical volume lost between the LE and SD
rats ( p> 0.05). However, the SD rats showed a greater loss in
volume compared to LE rats. Interestingly enough, when the
mean area of the cortex for each hemisphere was compared, it
was found that sham-operated LE rats showed significantly
greater mean cortical area compared to sham-operated SD rats
for both the left [F (3,53)¼ 13.33, p¼ 0.001] and right hemi-
spheres [F (3,53)¼ 12.13, p¼ 0.001]. In addition, there was a
greater difference between injured and sham LE rats on the
contralateral side compared to SD rats (Fig. 8B). Thus, there
appears to be more substantial loss of cortical area in the con-
tralateral hemisphere of the LE rats compared to the SD rats.

Discussion

This archival investigation brings a new consideration into
the interpretation of the results concerning recovery of func-
tion after LFPI. When subjected to the same injury via surgery
performed by the same surgeon in a similar fashion, the la-
tency of apnea was not significantly different, but the SD rats
responded with significantly shorter durations of LOC com-
pared to the LE rats. It is interesting to note that both strains

displayed the same level of impairment across all tasks when
initially tested at day 2 post-LFPI. However, on the beam walk
and locomotor placing tasks, a statistically significant differ-
ence in the rate of recovery was noted with the SD rats,
showing greater and faster improvement in their performance
on the tasks. By the end of the testing period at 14 days post-
LFPI, the SD rats were traversing the beam and the locomotor
placing grid at levels that were not significantly different from
their pre-injury performance. On the contrary, the LE rats
were still significantly impaired on these tasks and did not
show the same accelerated rate of recovery. A similar trend
was observed in the vibrissae-forelimb placing task. For both
the left and right side, the LE rats showed a greater and more
persistent deficit in placing than the SD rats, despite having

FIG. 7. Graph of latency to acquire the platform in the
working memory version of the Morris water maze task.
Both SD and LE brain-injured groups were significantly
impaired on this task compared to shams. The LE LFPI
group showed a trend toward faster acquisition of the task
compared to the SD LFPI rats. Similarly, the LE sham-injured
rats demonstrated faster latencies in finding the platform
compared to sham-injured SD rats.

FIG. 8. (A) There were no significant differences in the
mean percentage of cortical volume lost due to LFPI between
the SD and LE rats. However, both LFPI groups showed
significant loss of tissue volume due to brain injury com-
pared to shams. (B) For both the left and right hemispheres,
the LE shams showed significantly greater mean cortical area
compared to all other groups.
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the same level of initial deficit. The level of impairment in the
forelimb flexion task was similar for both the SD and LE rats.
Both strains displayed a similar deficit and recovery rate in the
right forelimb, while the left forelimb showed relatively little
impairment.

The tests of cognitive performance in the reference and
working memory versions of the Morris water maze dem-
onstrated that both the LE and SD groups were similarly
impaired compared to shams. The injured LE rats showed a
slight improvement on the final day of testing in the working
memory version compared to the SD rats. There were no
significant differences in the rate of acquisition of the reference
memory task between the two groups of injured rats. It is also
interesting to note that when comparing both sham-operated
groups, the LE rats displayed a higher level of cognitive
performance compared to the SD rats. Although not statisti-
cally significant, the LE rats showed a strong trend toward
faster acquisition of the submerged platform across the 4 days
of testing in the reference memory version of the task. More-
over, the LE rats appeared to carry over the knowledge of the
task into the working memory version in which the location of
the platform was changed daily. On the other hand, the SD
rats performed more poorly on the second day of the working
memory version, with a slight increase in latency which did
not improve on the following and final day. This matches the
effects seen in LE rats in previous studies investigating their
cognitive=spatial ability (Lindner and Schallert, 1988).

Another interesting observation is the fact that there were
no significant differences in the percent of cortical volume lost
due to injury between the LE and SD rats, although the LE rats
possessed greater mean cortical areas compared to the SD rats.
Further, it should be noted that there were no significant dif-
ferences in the mean cortical area of the right hemisphere
(contralateral to injury) between the SD shams and the SD
LFPI rats. Conversely, the LE LFPI rats showed a significant
decrement in the mean cortical area of this supposed ‘‘unin-
jured’’ hemisphere compared to the LE shams. The extent of
histology employed in this study was insufficient to verify if
indeed the LE rats sustained greater cortical degeneration (if at
all) in the hemisphere contralateral to injury than the SD rats.
Nonetheless, this observation deserves future investigation.

This study also brings further supporting evidence to the
nature of the injury induced by LFPI. The common assump-
tion of the hemisphere contralateral to the injury as the ‘‘in-
tact’’ hemisphere is challenged by the present data. While the
neurological assessment of the amount of reflexive flexion and
adduction in the forelimbs indicated that the left forelimb
(ipsilateral to injury) was relatively unimpaired, the data from
the vibrissae-forelimb placing test showed the contrary.
Figure 5 shows that both the SD and LE injured groups were
impaired in both right and left forelimb placing. As expected,
the impairment in the limb contralateral to LFPI was signifi-
cant and did not return to pre-injury levels over the 2-week
testing period. More interesting is the evidence that the LFPI
animals showed a significant injury-induced impairment in
the vibrissae-forelimb placing of the left forelimb (ipsilateral
to injury). Moreover, the SD rats rebounded from this effect
and performed at nearly sham levels. On the contrary, the
injured LE rats showed the same level of impairment in the
first week following injury, but performed significantly more
poorly in the next week. While is it possible that the LE rats
may experience greater secondary injury compared to the SD

rats, the results of the present study cannot reliably support
this statement. In addition, the extent of histology conducted
in this study was insufficient to verify the possibility that
perhaps the LE rats experienced some level of neurodegen-
eration in the hemisphere contralateral to the LFPI while the
SD rats did not. However, in a recent study, acute degenera-
tion of neurons was found in the contralateral ‘‘non-injured’’
hemisphere at 24 h after LFPI (Holland et al., 2008).

To conclude, the current findings are presented as a cur-
sory, archival assessment of differences in the recovery and
injury profiles of the LE and SD strains of outbred rodents.
Clearly, a more in-depth study comparing the pathophysi-
ology and subsequent recovery of these different strains is
warranted. Nonetheless, the present authors hope that the
results of this study may assist in raising awareness when
making cross-study comparisons and generalizations of re-
sults involving different strains of rats in pre-clinical neuro-
trauma investigations. While similar in many respects, SD rats
appeared to recover motor and sensorimotor function more
quickly than LE rats. Further, with the level of injury induced
in this study, the SD rats generally regained pre-injury or
sham level performance while the LE rats remained impaired.
Additional evidence gleaned from this study indicates that
tasks involving motor coordination that are sensitive to
practice such as the beam walk and locomotor placing tasks
present the best recovery profile in both SD and LE rats. Tasks
less sensitive to practice such as the forelimb flexion and
vibrissae-forelimb placing tasks present as more persistent
deficits after LFPI, even when some recovery is noted, espe-
cially in the LE rats. Results from the cognitive assessments
support previously published reports indicating that LE rats
generally perform better at cognitive tasks. The current data
demonstrate that following LFPI, both LE and SD rats sus-
tained the same level of impairment and were not signifi-
cantly different in the rate at which they acquired the tasks;
however, testing them longer may have allowed demonstra-
tion of a strain difference. Future investigations further de-
lineating the similarities and differences in recovery and
injury profiles between strains using other experimental
models of TBI are necessary and encouraged, and may aid in
facilitating more successful pre-clinical drug efficacy studies.
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