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The  serial  lesion  effect  can  be  demonstrated  in  a model  of traumatic  brain  injury.
Two  sequential  brain  injuries  reduce  deficits;  brain  injury  is  not  necessarily  additive.
The  serial  lesion  effect  cannot  be tied  conclusively  back  to the  glial  response.
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a  b  s  t  r  a  c  t

Traumatic  brain  injuries  (TBIs)  affect  millions  of  people  each  year.  Research  investigating  repeated  or
serial  damage  in  the  form  of  lesions  indicates  that  behavioral  deficits  are  reduced  in animals  given sequen-
tial  lesions  separated  by  a  sufficient  period  of  recovery.  In  the  lesion  literature,  this  phenomenon  is  known
as the  serial  lesion  effect  (SLE).  Although  the SLE  phenomenon  is  established  in  the  lesion  literature,  it
has  not  been  thoroughly  investigated  under  current  models  of  brain  injury.  In the  current  study,  a con-
trolled cortical  impact  of  the  bilateral  frontal  cortex  was  performed  in  either  a single  procedure  or  a  serial
procedure  separated  by  two  weeks.  Rats  were  tested  on  the  Morris  water  maze,  bilateral  tactile  adhesive
BI
ecovery of function
epeated injury
lasticity

removal task,  rotarod  and  Barnes  maze  task  to determine  behavioral  deficits.  Histology  was  performed
to  determine  lesion  size  and  astrocyte  and  microglial  response.  A serial  lesion  effect  was  demonstrated
across  a  majority  of  the  behavioral  tasks.  However,  histological  analyses  did  not  suggest  a  clear mecha-
nistic  link  to  the behavioral  phenomena.  This  is the  first  study  to demonstrate  the SLE  in a  model  of TBI,
suggesting  that behavioral  deficits  may  actually  be reduced  in  repeated  head  injuries,  given  an  adequate
time  window  between  injuries.
. Introduction

Traumatic brain injury (TBI) is a major problem that affects over
.7 million people in the United States each year, and many more
orldwide. These injuries range from mild to very severe. Of the 1.7
illion people that visit an emergency room due to TBI, 1.37 mil-

ion are treated and released, 275,000 are hospitalized and 52,000
ie [1]. However, these numbers only account for hospital visits
nd may  inadequately represent the total number of TBIs because
 large number of TBIs go unreported [2].
As a result of primary and secondary damage from TBI,

any behavioral deficits occur. In humans, sensory and motor
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impairments have been reported as well as deficits in cogni-
tive abilities such as decision-making, attention and memory [3].
Long-term sequelae can include specific movement disorders,
seizures/epilepsy, migraines and increased risk for various demen-
tias [4].  Despite the numerous deficits that occur as a result of
brain injuries, there exists a rich literature detailing how both ani-
mals and people recover lost function after brain injury [5–11].
This occurs through a variety of mechanisms, both physiological
and behavioral. These mechanisms include physiologic processes
such as functional reorganization, dendritic branching, collateral
sprouting and novel synaptogenesis [8–11] as well as behav-
ioral compensation such as shifts in strategies, novel learning and
relearning of behaviors [5,6]. Recent work has focused on how these
different processes can be applied to therapeutic rehabilitation and

improve recovery of function following injury [7].

However, one question that is still being debated in the field
is how the brain responds to multiple instances of trauma. Some
studies have found evidence for mild or reduced deficits in repeated

dx.doi.org/10.1016/j.bbr.2012.11.029
http://www.sciencedirect.com/science/journal/01664328
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njuries [12] while others have suggested that multiple brain
njuries cause more severe deficits and accelerate other injury-
elated factors such as �-amyloid and tau accumulation [13,14]. It is
lso possible that some observed mild deficits after repeated injury
ight only be mild due to behavioral compensation that occurs

fter trauma.
In some of the early work studying brain damage and recov-

ry of function, one phenomenon emerged after repeated lesions
hich became known as the serial lesion effect (SLE). The SLE was
rst explicitly reported by Adametz [15], when he showed that
eticular lesions that resulted in permanent comas were recov-
rable if produced in a staged operation. The SLE is seen when
uccessive lesions have fewer detrimental effects than lesions of
imilar size given at a single time-point. The specific properties of
his effect were cataloged throughout the 1970s and up into the
arly 1990s, however it has not been widely studied since then.
uring that period, several key points were noted about the SLE.
tudies found that there is a minimum recovery time between
esions of 7 and 14 days to see behavioral savings [16,17]. Also, the
ype, extent and location of damage influence whether or not the
LE occurs [18–20].  Other studies noted that the SLE occurs most
ften when injuries are made in cortical tissue [17,21,22].  Addi-
ionally, the type of task appears to influence the degree of SLE
bserved. Practice-dependent measures such as motor or learning
asks show stronger SLEs [23,24] while basic regulatory functions
uch as temperature regulation or weight maintenance do not
22,25].

The majority of the work studying the SLE stopped prior to the
990s, when the major current models for experimental TBI were
rst developed [26,27]. To date, the SLE has not been examined

n a model of TBI that inflicts brain damage in a clinically relevant
ashion. Previous studies used electrolytic lesions, ablations or aspi-
ations to produce the damage, which do not mimic  the way  brain
amage occurs outside the laboratory [26]. Though the SLE has been
emonstrated many times, the mechanism by which it occurs is still
ot clear. One possibility that has not been investigated is whether
he SLE is related to the glial response after injury. Following brain
njury, astrocytes become much more active as they attempt to
uffer chemical imbalances in interstitial fluid [28] and microglia
egin to proliferate and move to the site of injury in order to ini-
iate immune responses [29]. Early initiation of these responses
ould potentially prime the brain for subsequent brain injuries in
he SLE.

Investigating the consequences of repeated brain injuries could
mprove the understanding of successive trauma which could lead
o the development of therapeutic options for those suffering from
BI. With the high incidence of repeated TBIs, such as those seen
n sports, the question of whether or not a SLE can be produced
n experimental brain injury is of particular interest. The following
xperiment was performed to compare a single brain injury to dual
repeated) brain injuries. Based on previous research, the serially
njured group was expected to perform better than the bilaterally
njured groups following a controlled cortical impact (CCI) frontal
rain injury. It was also anticipated that a closer examination of glial
ctivity after injury would yield a mechanistic link to the behavioral
henomenon.

. Methods

.1. Subjects

Thirty-two male Long–Evans rats, approximately three months of age
280–300 g) were used in this study. Procedures described in this paper were

pproved in advance by the Institutional Animal Care and Use Committee. Rats
ere individually housed in standard cages on a 12 h reverse light cycle and had ad

ibitum access to food and water. Testing was conducted during the dark cycle. Rats
ere handled for 10 days prior to surgery to familiarize them with human contact.

he  same animals were used to conduct both the behavioral and histological portion
n Research 240 (2013) 153– 159

of this study. Several exclusions were performed in the immunohistochemistry
analyses based on the quality of the staining.

2.2. Surgery

Surgeries were performed under aseptic conditions according to previous stud-
ies  [30,31]. Rats were anesthetized with a mixture of ketamine (90 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.). Rats’ heads were shaved and treated with alcohol and beta-
dine. Once pedal withdrawal and tail pinch reflexes were absent, rats were placed
in a stereotaxic device. Anesthesia was monitored throughout surgery and addi-
tional ketamine given as needed (10 mg/kg). Body temperature was monitored and
maintained using a heated pad. After making a midline incision, a 6 mm craniotomy
was produced centered on the midline at +3.0 mm from bregma, using a microdrill
with trephine while avoiding damage to the dura and meninges. Once the medial
prefrontal cortex was exposed, either a CCI injury or sham injury was induced. For
the  CCI injury, rats were either given a bilateral injury with a stainless steel circular
5.0  mm diameter impact tip or a unilateral injury with a stainless steel semicircular
2.5  mm × 5 mm diameter impact tip. The impactor was pneumatically driven (20 psi)
and delivered an impact to a depth of 2.5 mm at a rate of 2.25 m/s for 0.5 s. Follow-
ing  injury procedures, all rats had their incision stapled shut, antibiotic ointment
applied and were placed in a heated recovery chamber. For sham rats, a midline
incision was made and a craniotomy produced as in the CCI rats. The incision was
then stapled shut, antibiotic ointment was  applied, and rats were placed in a heated
recovery chamber.

Two  weeks after the first surgery, all rats received a second surgery. Rats either
received a bilateral CCI, unilateral CCI (opposite side of previous, counterbalanced)
or  a sham procedure. Based on the surgeries, rats were assigned to one of four con-
ditions, bilateral CCI then sham surgery (Bi-Sham, n = 8), sham surgery then bilateral
CCI (Sham-Bi, n = 8), unilateral CCI then unilateral CCI (opposite sides, counterbal-
anced; Serial, n = 8) or sham surgery then sham surgery (Sham, n = 8). Following
injury procedures, all rats had their incision stapled shut, antibiotic ointment applied
and  were placed in a heated recovery chamber.

2.3. Morris water maze

Morris water maze (MWM)  testing occurred on days 2–11 after the second
surgery as previously described [31]. A circular fiberglass tank (1.8 m diameter,
0.75 m height) was  filled with water and rendered opaque using non-toxic white
tempera paint. Bromide tablets were regularly placed in order to ensure antiseptic
conditions. A clear platform was centered in the Northwest corner of the tank at
2  cm under the water level. Rats were placed in the tank at one of four random start
locations (North, South, East or West) facing the wall. They were then given 90 s to
find  the platform. If they were unable to find it, they were guided by hand. Once on
the  platform, rats were given 30 s before being placed in a heated holding cage. Data,
including path length, pattern and latency were recorded via SMART computer soft-
ware (San Diego Instruments, USA). Rats received 2 trials per day for 10 days with
a  15 min  intertrial interval (ITI). Start locations were pseudorandomly selected so
that rats received one long (South or East) and one short (North or West) trial each
day.

2.4. Rotarod task

Rats were tested on the rotarod (Rotor-Rod, San Diego Instruments) task on days
12–16 after the second surgery as previously described [32]. The task consisted of an
elevated rotating cylinder that was gradually accelerated to assess gross locomotor
performance. The accelerating cylinder had a diameter of 7 cm and was situated
approximately 1 m above a foam pad. It was gradually accelerated from 0 to 30 RPMs
over the course of 1 min  and continued at 30 RPMs for an additional 2 min. Rats were
placed on the cylinder against the rotation as it began and the latency till they fell
was recorded by breaking infrared beams located below the cylinder. Rats were
given four trials per day with an approximately 10 min  ITI.

2.5. Bilateral tactile adhesive removal task

The bilateral tactile adhesive removal task was administered on days 17–21
after the second surgery as previously described [33]. Rats had small rectangular
adhesive patches (Avery #05412) wrapped around each wrist to form a “bracelet”
above the paw. They were then placed back in their home cage and the total latency
to remove both patches was  recorded. Rats were given two trials per day with an
approximately 10 min  ITI.

2.6. Barnes maze task

The Barnes maze task (San Diego Instruments) was administered on days 19–24
after the second surgery following procedures adapted from a previous study [34].

The  maze consisted of a circular bright open white field (1.25 m diameter, 1.2 m
height) with 20 potential escape holes evenly spaced around the edge. Only one
box beneath these holes was  large enough for the rat to fit into. This maze uses
rats’ natural aversion to open bright spaces to motivate them to find the escape box.
Additionally, the escape box was baited with chocolate milk (2 ml) for additional
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einforcement. Rats were given one adaptation trial in which they were placed in
he  escape box with the reinforcer. Trials began in a circular cylinder in the center of
he maze, which was  then lifted to allow the rat to explore. Rats were given four min
o  locate the escape box. If they had not located it at the end of that time, they were
uided by hand to the box. Once in the box, rats were given one min  to consume the
einforcer and were then removed from the box and placed in a holding cage. On
he  fifth day (trial 8), the location of the escape box was reversed to 135◦ from its
riginal position to assess reversal learning. Data, including path length, pattern and
atency were recorded via SMART computer software. Rats were given two trials per
ay with an approximately 20 min  ITI.

.7. Histology

On the 25th day after the second surgery, rats were deeply anesthetized with
odium pentobarbital (100 mg/kg). Once eye-blink and pedal responses disap-
eared, rats were transcardially perfused with ice-cold 0.9% phosphate buffered
aline (PBS), followed by 10% phosphate buffered formalin (PBF). Brains were
emoved and placed in PBF for one day. Brains were then processed and embed-
ed in paraffin wax  (Tissue Tek III processor, IMEB Inc., San Marcos, CA). After being
mbedded, brains were sliced at 10 �m on a rotary microtome and mounted onto
lectrostatically charged slides (Starfrost). Three sections transversing the lesion
+1.0, +2.0 and +3.0 from bregma) were selected to examine lesion size, and one
ection (+1.0 from bregma) was selected to identify neuronal loss and glial expres-
ion. Brains not meeting stringent histological quality standards were not included
n  the analyses.

.7.1. Hematoxylin and eosin staining
Hematoxylin and eosin was selected to stain cell bodies so that lesion cavities

ould be visualized and analyzed. Slides were put through sequential washes to
emove paraffin, rehydrate, stain, dehydrate and coverslip. To remove paraffin, slides
ere placed in xylene (3× 5  min), then followed by 100% EtOH (2× 5  min), then 95%

tOH (2× 5 min), 70% EtOH (1× 5 min), then distilled water (1× 5 min) to rehydrate.
he  staining consisted of hematoxylin (1× 2 min), a rinse in distilled water (5 dips),

 brief immersion in bluing solution (1× 5 s), a distilled water rinse (1×  5 min), then
0%  EtOH (1× 5 min), and finally eosin (1× 1 min). Slides were then dehydrated

n  70% EtOH (1× 5 min), then 95% EtOH (2× 5 min), followed by 100% EtOH (2×
 min) and clarified in xylene (3× 3 min). Afterwards, slides were coverslipped and
repared for light microscopy.

.7.2. IBA-1 immunohistochemistry
Slides were put through sequential washes to stain for infiltrating microglia

nd  macrophages. All procedures were done at room temperature unless other-
ise  specified. Paraffin was removed in xylene (3× 5 min), then rehydrated in 100%

tOH (2× 5 min), 70% EtOH (1× 5 min), then distilled water (1× 5 min). Blocking
as  performed in peroxidase solution (1× 5 min). Slides were then put through

 heat-mediated antigen retrieval step by placing them in a buffer (DV2004, 1:10
ilution, Biocare Medical, Concord, CA) in a decloaker (Biocare) for 30 min  at 80 ◦C.
nce completed, slides were placed on a humidified shaker (IQ Kinetic Slide Stainer,
iocare). For further antigen retrieval, a pepsin solution (Carezyme II, Biocare) was
pplied directly to the slides for 1 min. Slides were then rinsed with 0.9% Tris buffered
aline (TBS). Serum blocking was then performed by adding a blocking solution
Rodent Blocker R, Biocare) for 30 min. Following a TBS rinse, rabbit anti-rat IBA-1
rimary antibody (CP290, Biocare) was applied for 30 min. Slides were then rinsed
ith TBS and incubated in rabbit polymer (RMR622, Biocare) for 30 min. After rins-

ng  with TBS, slides were reacted with a 3,3′-diaminobenzidine solution (DAB) for
 min. Slides were then rinsed in deionized water and counterstained by placing
hem in hematoxylin for 5 s, then rinsed in deionized water, dipped in bluing solu-
ion and placed through sequential washes of 70% EtOH (1× 5 min), 95% EtOH (2×

 min), 100% EtOH (2× 5 min) and xylene (3× 3 min) to dehydrate and clarify before
overslipping.

.7.3. GFAP immunohistochemistry
Slides were put through sequential washes to stain for activated astrocytes. All

rocedures were done at room temperature unless otherwise specified. Paraffin was
emoved in xylene (3× 5 min), then rehydrated in 100% EtOH (2× 5 min), 70% EtOH
1×  5 min), then distilled water (1× 5 min). Blocking was performed in peroxidase
olution (1×  5 min). Slides were then put through a heat-mediated antigen retrieval
tep as described above. Once completed, slides were placed on a humidified shaker.
or  further antigen retrieval, a pepsin solution was  applied directly to the slides for

 min  at 37 ◦C. Slides were then rinsed with TBS. Serum blocking was  then performed
y adding a blocking solution for 30 min. Following a TBS rinse, rabbit anti-rat GFAP

rimary antibody (CP040, Biocare) was applied for 30 min. Slides were then rinsed
ith TBS and incubated in rabbit polymer for 30 min. After rinsing with TBS, slides
ere reacted with DAB for 5 min. Slides were then rinsed in deionized water and

ounterstained by placing them in hematoxylin for 5 s, then rinsed in deionized
ater, dipped in bluing solution and placed through sequential washes of 70% EtOH

1× 5  min), 95% EtOH (2×  5 min), 100% EtOH (2× 5 min) and xylene (3× 3 min) to
ehydrate and clarify before coverslipping.
 Research 240 (2013) 153– 159 155

2.8. Lesion analysis and cell counts

2.8.1. Lesion analysis
Three sections from each brain through the area of the lesion cavity (+1.0, +2.0,

and  +3.0 from bregma) were imaged with a digital camera (Olympus DP72) attached
to a microscope (Olympus BX-61). Using specially designed software (Visiopharm,
Visiomorph, Denmark), the area of the remaining cortex was measured at each depth
for both the right and left hemispheres.

2.8.2. Neuronal counts
Neuronal counts were performed in the cortex. Three sites were selected in

either hemisphere (six total) of the cortex (+1.8 from bregma) and imaged at 40×
(see  Fig. 5). Counts for each site were performed using Image-Pro software and then
totaled for each region.

2.8.3. IBA-1 cell counts
Analysis of IBA-1+ cells was carried out in the same sites in the cortex. Three

sites were selected in either hemisphere (six total) of the cortex (+1.8 from bregma)
and  imaged at 40× (see Fig. 5). Counts for each site were performed using Image-Pro
software and then totaled for each region.

2.8.4. GFAP cell counts
Analysis of GFAP+ cells was carried out in the same sites in the cortex. Three sites

were selected in either hemisphere (six total) of the cortex (+1.8 from bregma)) and
imaged at 40× (see Fig. 5). Counts for each site were performed using Image-Pro
software and then totaled for each region.

2.9. Data analysis

All data were analyzed by an experimenter blinded to group assignments. SPSS
(IBM) was  used to analyze the data. The mean and standard error of the mean (SEM)
were calculated for all data. General Linear Model (GLM) ANOVA with repeated
measures was  used to examine overall effects of lesion type on behavioral tasks.
The  Huynh–Feldt correction was used to correct for violations of homogeneity on
repeated measures. Fischer’s Least Significant Difference (LSD) was  used for pair-
wise post hoc comparisons. Univariate ANOVAs were used to examine differences
between groups on histological measures. The LSD post hoc was used on univariate
ANOVAs as well. The statistical level of significance was  a p-value of less than 0.05.

3. Results

3.1. Morris water maze

The performance on the MWM  was  evaluated in a 4 × 10
repeated measures ANOVA (Group [Sham, Bi-Sham, Sham-Bi,
Serial] × Day [2–11]).  There was no significant group by day inter-
action, F(27, 252) = 0.96, p = 0.533. However, there was a main
effect of day, showing that rats reduced latencies across the testing
period, F(9, 252) = 36.13, p < 0.001. There was a significant differ-
ence between the groups, F(3, 28) = 7.37, p = 0.001. Specifically, the
Serial group performed significantly better than the Bi-Sham group,
LSD(14) = 16.60, p = 0.007, and the Sham-Bi group, LSD(14) = 12.99,
p = 0.031, and was  not significantly different than the Sham group,
LSD(14) = 6.94, p = 0.237 (see Fig. 1).

3.2. Rotarod task

The latencies to fall on the rotarod were evaluated in a
4 × 5 repeated measures ANOVA (Group [Sham, Bi-Sham, Sham-
Bi, Serial] × Day [12–16]). There was a significant day by group
interaction, F(12, 112) = 3.01, p = 0.001. There was a main effect
of day, demonstrating increased latencies to fall across testing
days, F(4, 112) = 24.93, p < 0.001. There was a significant differ-
ence between the groups, F(3, 28) = 2.95, p = 0.05. Specifically, the
Serial group performed significantly better than the Bi-Sham group,
LSD(14) = 13.91, p = 0.021, but was not different than the Sham-
Bi group, LSD(14) = 4.76, p = 0.410, or Sham group, LSD(14) = 1.37,
p = 0.811 (see Fig. 2).
3.3. Bilateral adhesive removal task

The latency to removal on the bilateral tactile adhesive removal
task was analyzed in a 4 × 5 repeated measures ANOVA (Group
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Fig. 1. Latencies to locate the platform in the Morris water maze. Overall, the Serial
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Fig. 3. Patch removal latency on the bilateral tactile adhesive removal task. Overall,

roup took significantly less time to reach the platform compared to the Bi-Sham
roup (p = 0.007) and Sham-Bi group (p = 0.031). There was no overall difference
etween the Serial and Sham groups (p = 0.237).

Sham, Bi-Sham, Sham-Bi, Serial] × Day [17–21]). There was no
nteraction between day and group, F(12, 112) = 0.88, p = 0.569.
owever, there was a main effect of day, showing that rats

mproved over the course of testing, F(4, 112) = 13.06, p < 0.001.
here was also a significant difference between groups, F(3,
8) = 5.62, p = 0.004. Specifically, the Serial group performed bet-
er than the Bi-Sham group, LSD(14) = 5.67, p = 0.020, but was
ot significantly different than the Sham-Bi group, LSD(14) = 2.15,

 = 0.359, or the Sham group, LSD(14) = 3.55, p = 0.135 (see Fig. 3).

.4. Barnes maze task

Performance in the first phase of the Barnes maze task (refer-
nce learning) was analyzed in a 4 × 7 repeated measures ANOVA
Group [Sham, Bi-Sham, Sham-Bi, Serial] × Trial [1–7]). There was
n interaction between group and trial, F(18, 168) = 1.86, p = 0.023.

here was a main effect of trial, F(6, 168) = 43.84, p < 0.001. There
as no significant difference between the groups, F(3, 28) = 2.85,

 = 0.055 (see Fig. 4).

ig. 2. Latencies to fall from on the rotarod task. Overall, the Serial group stayed on
he  cylinder significantly longer than the Bi-Sham group (p = 0.021). There was  no
verall difference between the Serial group and the Sham-Bi group (p = 0.410) or the
ham group (p = 0.811).
the  Serial group was significantly faster than the Bi-Sham group (p = 0.020). There
was no overall difference between the Serial group and the Sham-Bi group (p = 0.359)
or  the Sham group (p = 0.135).

Performance in the second phase of the Barnes maze task (rever-
sal learning) was analyzed in a 4 × 4 repeated measures ANOVA
(Group [Sham, Bi-Sham, Sham-Bi, Serial] × Trial [8–11]). There was
no group by trial interaction, F(9, 84) = 0.83, p = 0.591. However,
there was a main effect of trial, showing that rats improved across
trials F(3, 84) = 24.72, p < 0.001. There was  a significant differ-
ence between the groups, F(3, 28) = 5.29, p = 0.005. Specifically, the
Serial group performed significantly better than the Sham-Bi group,
LSD(14) = 78.64, p = 0.003, but was  not significantly different than
the Bi-Sham group, LSD(14) = 0.46, p = 0.985, or the Sham group,
LSD(14) = 4.42, p = 0.854 (see Fig. 4).

3.5. Lesion analysis and cell counts

3.5.1. Lesion analysis
There were no significant differences between the right and left

hemispheres in terms of size of remaining cortex (by group) so the
two values were summed for each subject. Each of the three levels
selected was  analyzed using a one-way ANOVA (Group [Sham, Bi-
Sham, Sham-Bi, Serial] × Area). There were significant differences
between the groups at all three levels: bregma +1, F(3, 16) = 6.708,
p = 0.004, bregma +2, F(3, 16) = 9.797, p = 0.001, and bregma +3, F(3,
16) = 7.711, p = 0.002. For all three levels, a LSD post hoc analysis
determined that the only significant differences that existed across
groups were observed when comparing the sham prepared animals
to any of the three lesion preparations (all ps < .05). There were no
differences, at any level, when comparing any of the lesion groups
to one another.

3.5.2. Neuronal counts
Neuronal cell counts were analyzed in a one-way ANOVA (Group

[Sham, Bi-Sham, Sham-Bi, Serial] × Neurons). There was no signif-
icant difference between the groups, F(3, 16) = 2.79, p = 0.074.

3.5.3. IBA-1 cell counts
IBA-1+ cell counts were analyzed in a one-way ANOVA (Group

[Sham, Bi-Sham, Sham-Bi, Serial] × IBA-1+ Cells). There was  no sig-
nificant difference between the groups, F(3, 15) = 0.64, p = 0.600 (see
Fig. 5).
3.5.4. GFAP cell counts
GFAP+ cell counts were analyzed in a one-way ANOVA (Group

[Sham, Bi-Sham, Sham-Bi, Serial] × GFAP+ Cells). There was  no
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Fig. 4. Latency to locate the escape box in the Barnes maze task for both the reference learning phase and reversal learning phase. Overall, there was no difference between
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he  groups on the reference learning phase (p = 0.055). On the reversal learning ph
as  no difference between the Serial group and the Bi-Sham group (p = 0.985) or Sh

ignificant difference between the groups, F(3, 15) = 1.934, p = 0.165
see Fig. 5).

. Discussion

Prior to this work, serially placed lesions have been shown
o demonstrate decreased deficits across a variety of electrolytic
esions, ablations and aspirations compared to single lesions
16,22,23]. This work attempted to determine if the SLE could
e reproduced following a TBI induced by CCI. On a majority of
ehavioral tests, the serially injured group had reduced deficits
ompared to at least one of the bilaterally injured groups. The
xception to this is that on the Barnes maze task no overall
ffect of group was detected in the reference learning phase,
lthough the level approached significance (p = 0.055). However,
n the reversal learning phase, the Sham-Bi group had increased
eficits compared to the serially injured group. Additionally,
he serially injured group was never significantly different from
he sham group on any of the behavioral tasks administered.
aken together, this suggests that the SLE can be replicated in
he CCI model of TBI, and that the effect shown in this work
as robust, spanning almost all aspects of behavior that were

ested.
The serially injured group had reduced deficits overall compared

o a bilaterally injured group on almost all of the tasks. However,
here are some interesting specific details in the behaviors beyond

 simple test of differences that should be discussed. In order to
ontrol for the two week recovery time between surgeries, the
ilaterally injured groups received injuries at different times: one
eceived an injury followed by two weeks of recovery then sham
urgery, the other received a sham surgery with two weeks of
ecovery followed by an injury. However, it appears that the dif-
erences between these groups are relatively minor. On two  of the

asks (rotarod task, bilateral tactile adhesive removal task), the Bi-
ham group performed significantly worse than the Serial group,
hile on the reversal learning portion of the Barnes maze task, the

ham-Bi group performed worse than the Serial group. Despite
e Serial group was  significantly faster overall than the Sham-Bi (p = 0.003). There
oup (p = 0.854).

these differential effects, on the MWM  both bilaterally lesioned
groups were impaired compared to the Serial group. There was also
no difference between the two  on any histological measure, includ-
ing lesion size or glial activation. This occurred despite a two-week
separation in injury induction, suggesting that the time at which
the injury is induced may  be less relevant than expected. Addi-
tionally, the Barnes maze task data are particularly interesting. The
impairment of the Sham-Bi group is markedly higher than that of
any other group, despite the similarities between the two  bilater-
ally injured groups on the MWM  and the similarities in learning
between the MWM  and Barnes maze task (see Fig. 4). Though this
should not be over interpreted, it may  suggest that an injury imme-
diately prior to MWM  testing may  reduce learning capabilities on
a later, similar task.

Though the SLE was  demonstrated behaviorally, histological
measures failed to illuminate any potential mechanisms by which
it is occurring. Previous theories as to why this phenomenon occurs
have been inconclusive. Some have suggested a primarily behav-
ioral explanation in which compensations that occur after the first
injury continue or prepare for the next injury [23], while others
have preferred an anatomically based theory in which the initial
injury starts biological processes (e.g. inflammatory response) in
motion that reduce the impact of subsequent injuries [18]. While
both explanations are plausible, there is likely some combination
of both occurring. Additional exploration of the mechanisms at
work in the stroke phenomenon of ischemic preconditioning could
possibly inform the search for a SLE mechanism. While the stroke
mechanisms for preconditioning are still not fully understood,
the behavioral and neuroprotective effects resemble those seen
in the SLE [35]. The data shown in the current study suggest that
the mechanism is not directly related to the glial response that
is seen after brain injury. However, the histological data from the
current study is limited by the use of a single time point as well

as very small group sizes. Future work should expand upon the
histology performed here and be directed toward evaluating the
time-course of neuroanatomical changes that occur across the
recovery period. These could include measures such as acute cell
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Fig. 5. Histological findings. Panel A shows an image of a serially lesioned brain. Boxes indicate locations for images taken at 40× in the cortex that were used to count
neurons, IBA-1+ cells and GFAP+ cells. Panel B shows a graph comparing the remaining cortical tissue as an estimate of lesion size. Despite an effect of injury on lesion size,
t roup. 
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here  was  no difference between the Serial group and either bilaterally injured g
ifferent groups. There was no significant difference between the groups. Panel D s
here  was  no significant difference between the groups.

eath, distribution of gliosis as well as the glial response and span
he intra-lesion interval and post-lesion time points.

The SLE shown in the current work was likely the culmination
f several factors. The design of the study was intended to maxi-
ize the likelihood of observing a SLE. This follows from several

ears of work in the area that highlight the conditions under which
n SLE would be observed [17,18,22,23].  The time in between the
wo injuries was set at 14 days in order to maximize any recov-
ry processes that occur in the acute time-window after injury
17]. The area injured was primarily cortical with some under-
ying subcortical damage [18,22]. The behaviors chosen are all
ractice-dependent, making it more likely to be able to see an SLE
23]. One additional factor that may  have influenced the reduced
eficits could be tied to the anesthetic that was utilized as well
s the number of times it was administered (twice). Ketamine is a
on-competitive N-methyl-d-aspartate receptor antagonist, which
as been shown to have neuroprotective effects [36]. These opti-
al  parameters could potentially be considered a limitation of the

urrent study, but they provide a starting point for any further
nvestigation concerning the SLE in TBI. Given the increasing inter-

st in the effects of repeated TBI, it will be very important to identify
arameters under which recovery can be maximized.

Ideally, these findings can be used to help drive further research
nto both why the SLE occurs and what processes are occurring in
Panel C shows a comparison of IBA-1+ immunoreactivity in the cortex across the
a comparison of GFAP+ immunoreactivity in the cortex across the different groups.

the case of repeated injuries, such as those seen in sports. Inter-
est in sports-related brain injuries has received a large amount of
interest from the popular media as well as within the scientific
community [37–40].  Recent reports have noted the prevalence of
dementia pugilistica (punch-drunk syndrome) in boxers [37,39] as
well as elevated levels of �-amyloid protein plaques and elevated
tau protein, markers of Alzheimer’s disease [40]. In football play-
ers, repeated concussions have been shown to increase recovery
times [38]. In general, the interpretation from the medical commu-
nity following these studies is that the consequences of repeated
TBIs are cumulative or possibly even multiplicative. However, in the
experimental field the effects of repeated brain injuries are debated.
Much of the current literature examining repeated TBI focuses on
short inter-injury intervals of around 24 h and frequently observes
increased impairment [13,41,42].  However, some evidence is start-
ing to emerge from the repeated brain injury literature showing
effects similar to what was  seen in this study, using only a three
day inter-injury interval, suggesting that the relationship may  not
be so simple [12]. Based on what has been seen in this study and
the lesion literature, further investigations into longer inter-injury

intervals may  be warranted. Further research regarding TBI out-
comes may  lead to better functional recovery for those suffering
from TBI-related deficits. This is especially important when consid-
ering sports injuries, in which an individual frequently returns to
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he sport and may  sustain additional injuries. By determining opti-
al  windows and mechanisms of recovery, physicians may  be able

o reduce additional damages to athletes who are most likely to
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