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Abstract

Although accumulating evidence suggests that repetitive mild TBI (rmTBI) may cause long-term cognitive dysfunction in

adults, whether rmTBI causes similar deficits in the immature brain is unknown. Here we used an experimental model of

rmTBI in the immature brain to answer this question. Post-natal day (PND) 18 rats were subjected to either one, two, or

three mild TBIs (mTBI) or an equivalent number of sham insults 24 h apart. After one or two mTBIs or sham insults,

histology was evaluated at 7 days. After three mTBIs or sham insults, motor (d1–5), cognitive (d11–92), and histological

(d21–92) outcome was evaluated. At 7 days, silver degeneration staining revealed axonal argyrophilia in the external

capsule and corpus callosum after a single mTBI, with a second impact increasing axonal injury. Iba-1 immunohisto-

chemistry showed amoeboid shaped microglia within the amygdalae bilaterally after mTBI. After three mTBI, there were

no differences in beam balance, Morris water maze, and elevated plus maze performance versus sham. The rmTBI rats,

however, showed impairment in novel object recognition and fear conditioning. Axonal silver staining was observed only

in the external capsule on d21. Iba-1 staining did not reveal activated microglia on d21 or d92. In conclusion, mTBI results

in traumatic axonal injury and microglial activation in the immature brain with repeated impact exacerbating axonal

injury. The rmTBI in the immature brain leads to long-term associative learning deficit in adulthood. Defining the

mechanisms damage from rmTBI in the developing brain could be vital for identification of therapies for children.
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Introduction

Traumatic brain injury (TBI) in infants and children is an

important public health problem. It is estimated that more than

500,000 children ranging in age from 0–14 years incur a TBI every

year in the United States.1 The majority (75%) of these TBIs are

mild,2 and loss of consciousness is not presented in 81–92% of

these cases. Hence, most patients do not seek medical advice and

subsequently present an increased risk of repeated TBI.3 Specific

populations, such as victims of abusive head trauma (AHT) or

athletes having sports concussions, are at risk of having repetitive

mild TBI (rmTBI).

Recent reports show that rmTBI is associated with a number of

neurodegenerative diseases including chronic traumatic encepha-

lopathy, Alzheimer-like dementia, and Parkinsonism.4 The mech-

anisms underlying the adverse effects of multiple mTBIs in adults

are largely unknown, and the knowledge gap is greater in the de-

veloping brain. Experimental models may lead to understanding the

pathophysiology of rmTBI and identify potential therapeutic tar-

gets. Adult models of repeated mild closed head impact and blast

injury have shown long-term neurocognitive dysfunction associ-

ated with traumatic axonal injury and microglial activation.5–7 It is

not known, however, whether rmTBIs occurring early during de-

velopment lead to cognitive declines that persist into adulthood.

Patients with mTBI typically do not display gross pathology,

such as hemorrhage or structural abnormalities, on brain imaging

by computed tomography. More advanced techniques, however,

such as diffusion tensor imaging (DTI), do show abnormalities in
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the corpus callosum and frontal white matter corresponding with

physical, emotional, and cognitive symptoms exhibited by patients

with mTBI.8–11 Some of these symptoms observed in children after

TBI resemble those seen in attention deficit hyperactivity disor-

der12 and post-traumatic stress disorder.13–16

The majority of experimental models investigating the patho-

physiology of rmTBI have focused on the adult brain.5,17–19 Im-

portant differences exist in response to injury and recovery between

the adult and immature brain, where the normal developmental

trajectory may diverge over time after TBI. Some factors such as

delayed myelination of the frontal lobes—a normal phenomenon

during development20—may place the immature brain at a higher

risk for worse outcome compared with adults after TBI.21 Con-

versely, increased plasticity observed in the immature brain may

confer advantages in recovery.22 It is not known, however, whether

these observations hold true with repetitive injuries.

Few studies to date have reported the effects of rmTBI on neu-

rocognitive outcome in the developing brain. Using an infant model

of closed skull controlled cortical impact (CCI) in post-natal day

(PND) 11 rats, Huh and associates23 did not see differences in

spatial learning between sham controls and any of the TBI groups at

14 days despite axonal swelling, white matter damage, and ven-

tricular enlargement that worsened with repeated injuries (two or

three) with 5 min intervals suggesting that the immature brain likely

has enhanced repair mechanisms and plasticity. Support for this

notion comes from a study that showed increasing impairment in

learning and memory assessed by novel object recognition at day 2

post-injury with repeated injuries (two closed skull CCIs) with 24 h

intervals in PND 35 rats.24 Whether these deficits in functional

outcome persist beyond the acute period after rmTBI into adult-

hood is not known.

We hypothesized that rmTBI in the immature brain will result in

long-term functional deficits at adulthood associated with axonal

injury, microglial activation, and minimal cell death. To evaluate

the effects of rmTBI on acute and long-term histological outcome

and neurocognitive function in the immature brain, we developed a

rmTBI model in PND 18 rats. Exposure of PND 18 rats to rmTBIs

resulted in axonal injury and microglial activation in select regions

of the brain and was associated with persistent learning and

memory deficits lasting up to *3 months after the last impact.

Methods

Male Sprague-Dawley rat pups (PND 10) were purchased with
lactating mothers from Harlan. The rats were housed for at least 1
week before commencement of the experiments. The rats were fed
standard rat chow and provided water ad libitum. Ambient temper-
ature was controlled at 20–22�C, and lighting was on a 12-h/12-h
cycle. Experiments were performed exploring the effect of (1) mTBI
on short-term histological outcome and (2) repetitive mTBI on mo-
tor, cognitive, and long-term histological outcome. The experimental
design and time points for histological and neurocognitive outcome
testing are summarized in Figure 1. This study was approved by the
University of Pittsburgh Animal Care and Use Committee.

Mild traumatic brain injury (mTBI)

An adult mTBI model5 was modified for all experiments with
several important changes. Briefly, rats were anesthetized via a
nose cone using 2% isoflurane and a 2:1 nitrous oxide/oxygen mix.
The heads were shaved, and the surgical site was disinfected with
povidone-iodine. The anesthetized rats were placed onto a stereo-
taxic frame, secured using ear bars, an incision was made along the
scalp, and a pneumatically driven piston delivered a pre-defined
injury to the intact skull just above the left parietal cortex. A rubber

ball (9.5 mm in diameter with a durometer of 50, Precision As-
sociates, Inc, Minneapolis, MN) was mounted onto a bowl shaped
metal tip (University of Pittsburgh Machine Shop), and the rubber
tip was lowered at 23 degrees and measured to strike at 1.8 mm
caudal to bregma and 3.0 mm left of the midline. The tip was re-
tracted and lowered to a depth of 1.0 mm and fired at 4.0 – 0.2 m/sec
with duration of 50 msec.

The procedure resulted in <10% skull fractures and no imme-
diate fatalities or apnea. After the impact, the skin was sutured and
the rats were allowed to recover from anesthesia with 100% oxygen
on a warming pad and then returned to their cages. Sham controls
underwent similar procedures including anesthesia, except the
device was fired in the air above the rat’s exposed skull without
making contact. After the insult, the incision was sutured.

Assessment of histological outcome

Rats were anesthetized with 3% isoflurane and transcardially
perfused with ice-cold saline and 0.5% heparin followed by 2%
paraformaldehyde (PFA). The brains were post-fixed with 2% PFA
for 24 h, then transferred to 15% and 30% sucrose solutions, re-
spectively, 24 h apart. The brains were cut with a cryostat micro-
tome (Leica, Jung CM1800) at 40 lm, and the sections were kept in
cryoprotectant. Neuropathologic evaluations were performed on
four transverse sections *200 lm apart spanning from * -3.0 mm
to -4.5 mm relative to bregma25 on days 7, 21, and 92.

Silver degeneration staining. Silver staining was performed
using the FD NeuroSilver Kit II (FD NeuroTechnologies, Ellicott
City, MD) according to the manufacturer’s instructions. Briefly,
sections were placed in 4% PFA for 4 days before staining, and all
steps were performed on shaker with 130 rpm.

Immunohistochemistry. For free floating peroxidase im-
munohistochemistry staining, 40 lm sections were placed in 2%
H2O2 for 20 min and blocked with 3% normal goat serum in Tris-
buffered saline (TBS) containing 0.25% Triton X (TBS-X) for 1 h.
Sections were incubated overnight in TBS-X solution containing
rabbit anti-Iba-1 antibody (1:1000, Wako Chemicals) and 1.5%
normal goat serum. The following day, the sections were washed,
incubated for 1 h with anti-rabbit HRP-conjugated secondary
antibody (ABC Elite kit, PK6100, Vector Laboratories, Burlin-
game, CA). Sections were washed with TBS three times for
10 min each and stained with DAB for visualization (DAB, Vector
Laboratories, Burlingame, CA).

FIG. 1. Schematic time line of the experimental design to as-
sess: (A) The effect of mild traumatic brain injury (mTBI) and
repetitive mTBI on short-term histological outcome 7 days after
injury in post-natal day (PND) 18 rats, and (B) The effect of
repetitive mTBI on motor, cognitive, and long-term histological
outcome in the PND 18 rat. S, sham; BB, beam balance test; IP,
inclined plane test; MWM, Morris water maze; NOR, novel object
recognition test; EPM, elevated plus maze test; FC, fear condi-
tioning test.
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Double immunofluorescence staining. For double immu-
nofluorescence staining, 40 lm coronal sections were rinsed with
TBS and incubated with TBS++ (0.1% Triton X-100 and 3% goat
serum in 0.1 M TBS) for 30 min at 37�C. Sections were double
stained with antibodies against Iba-1 (rabbit, 1:1000, Wako Chemi-
cals), iNOS (monoclonal mouse,1:50, Thermo Scientific), and
arginase-1 (polyclonal goat, 1:200, Santa Cruz) for 1 h at 37�C, and
they were kept overnight at 4�C. The following day, sections were
washed with TBS (3 · 10 min) and incubated with anti-mouse Alexa
Flour 488-conjugated IgG (for INOS, 1:1000), anti-goat Alexa Flour
488-conjugated IgG (for arginase-1, 1:1000), anti-rabbit Alexa Flour
594-conjugated IgG (for Iba-1, 1:1000) for 1 h at 37�C. After rinsing,
sections were mounted on slides with DAPI containing medium
(Victashield, H-200). Slides were examined under fluorescence mi-
croscope (Nikon Eclipse 90i and Olympus Fluoview 1000).

Digital image analysis of axonal injury. Digital image
analysis of silver staining was performed to quantify the degree of
axonal injury. Two random 20· magnified pictures were taken of
each region of interest (i.e., cortex, external capsule, and corpus
callosum) with a light microscope (Nikon Eclipse 90i). Each brain
contributed a total of four sections *200 lm apart spanning from
*-3.0 mm to -4.5 mm, bregma.25 An area threshold of 0.8–20 lm2

was used to exclude artifacts and cell staining. The percentage of
injured neuronal processes was defined by dividing the stained area
by the area of interest.

Quantification of microglia. Iba-1 positive cells were coun-
ted as previously described.26 To estimate the number of Iba-1
labeled microglia, images were taken using a light microscope
(Nikon Eclipse 90i). Each brain contributed a total of four sections
*200 lm apart spanning from *-3.0 mm to -4.5 mm, bregma.25

Light intensity and area (>115 lm2) thresholds were defined to
detect Iba-1 labeled cells. Images were analyzed using NIS-
Elements software to calculate the number of Iba-1 labeled cells
within the area of interest.

Assessment of neurocognitive outcome

Beam balance and inclined plane tests. Rats were as-
sessed for motor function using the beam balance27 and inclined
plane tasks28 for 5 days beginning the day after the last impact as
described previously. Briefly, the beam balance task consists of a
1.5 cm wide and 90 cm elevated wooden beam that the rats must
remain on for 60 sec. Before surgery, the rats were pre-trained on
the beam. To reach criterion, each rat had to remain on the beam for
60 sec for three consecutive trials. For the inclined plane, the rats
were placed on a flat board with angles increasing from 45 degrees
to 85 degrees in 5 degree increments. Each degree consisted of
three trials that were 10 sec each. The maximum angle at which the
rats could maintain position for 10 sec was recorded. All rats were
pre-trained for the inclined plane before surgery. To reach criterion,
each had to remain on the incline for 10 sec, while positioned at 70
degrees for 3 consecutive trials.

Morris water maze (MWM) task. Rats underwent MWM
training to assess the acquisition of spatial learning and memory
retention. Briefly, rats underwent training on days 11–15 and were
retested on day 61 after the last impact (sham or injury) for latency
to find the hidden platform. One day of probe and visible platform
trials were performed on day 16 after the last impact to assess
memory retention and nonspecific visual deficits. The water maze
consists of a pool that is 180 cm in diameter and 60 cm high. The
pool was filled with water (26 – 1�C in temperature) to a depth of
28 cm. A platform 10 cm in diameter and 26 cm high (i.e., 2 cm
below the water’s surface) was used as the hidden platform. The
pool was located in a 2.5 · 2.5 meter room with numerous extra-
maze cues that remained constant throughout the experiment.

A video tracking system (Anymaze, San Diego Instruments, San
Diego, CA) was used to record and quantify the swimming motions
of the rats. The tracking system consists of a CCD camera that is
mounted over the pool and is attached to a tracking detection unit
interfaced to a personal computer. On each trial, the rats were
placed by hand in the pool facing the wall at one of four start points.
Rats were given a maximum of 120 sec to find the hidden platform.
If the rat failed to find the platform after 120 sec, it was placed on
the platform by the experimenter for 30 sec before being returned to
a heated incubator between trials for 4 min.

For the probe trial, the hidden platform was removed, and the rat
was placed in the maze from the location point most distal to the
quadrant where the platform was previously situated and allowed to
freely explore the pool for 30 sec. For the visible platform task, the
platform was raised 2 cm above the surface of the water to assess
potential nonspecific deficits in visual and motor function.

Novel object recognition (NOR). The NOR task assesses
declarative memory and consists of an opaque rectangular plastic
container with approximate dimensions of 28† L · 20† W · 20† H
with an open top such that the experimenter can observe the rat and
objects simultaneously. Three plastic objects consisting of a white
PVC tube 3† diameter and 1¢ high (permanent object), red plastic jar
3† round 3† high (decoy object), and white plastic bottle 3† square
4† high (novel object) were used on every rat throughout testing.
During the habituation phase (day 17), each rat was individually
placed in the chamber in ambient lighting conditions to freely ex-
plore and habituate to two objects, the permanent and decoy, for a
total time of 30 min. Testing began 24 h after habituation (day 18)
with a reminder trial consisting of 1 min in the same container with
the habituation objects. The rat was then removed and returned to
the colony for 1 h. Testing occurred after a 1 h interval, and the rat
was again placed in the container with the permanent object and the
novel object while the experimenter measured the time spent with
the novel object and the permanent object for a total time of 2 min.

Elevated plus maze. The elevated plus maze (EPM)
(Stoelting Co., Wood Dale, IL) consisted of two high walls for the
closed arms (wall height 40 cm) perpendicular to two open arms.
Each arm had a width of 10 cm and a length of 50 cm. The open
arms had 0.5 cm curbs along the edges to prevent falls. A floor lamp
(40 watt bulb) illuminated the maze from above. Each arm had an
average light intensity of 100 – 10 lux. Rats were placed in the
center platform of the maze facing the junction of an open and
closed arm and were allowed to freely explore the maze for 5 min.
A video tracking system (Anymaze, San Diego Instruments, San
Diego, CA) was used to record and quantify behavior.

Fear conditioning (FC). The FC apparatus consisted of a
sound and light insulated box containing a smaller Plexiglas
chamber (30.5 · 24.1 · 21 cm, Medical Associates, St. Albans, VT)
with an electric grid floor (1.6 cm spacing, 4.8 mm diameter rods)
and a camera mounted at the top. The rats were placed in the room
1 h before testing for acclimation and then placed in the box for
60 sec where they were presented with a 10 sec tone (75 dB,
32.8 kHz) coterminating with a 1 sec foot shock (1 mA) that was
delivered through the grid floor. Five pairings of the tone and foot
shock were given sequentially for a total training period of 410 sec,
with 60 sec separating each tone. The box was cleaned with Versa
Clean between rats. On day 2, 24 h after training, contextual FC was
assessed by placing the rats in the box, and freezing was measured
for 3 min.

At 1 h after contextual FC and 25 h after training, cue FC was
assessed by placing the rats in an altered chamber. Specifically, the
box was cleaned and scented with a novel vanilla scent, a paper roll
lined with print was placed within the box to hide the walls and
floor, and a white noise of 65 dB was given the first 2 min. After
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2 min, only a cue sound (75 dB, 32.8 kHz) heard as the day before
without the foot shock was delivered for 1 min followed by 1 min of
silence. The rat’s freezing behavior was measured for 4 min.
Freezing behavior was quantified as percent of time motionless
after putting a threshold of motion based on sham animals using a
video-based analysis (FreezeFrame, Coulburn Instruments).

Statistical analysis

Statistical analyses were performed using Statview 5.0.1 soft-
ware (Abacus Concepts, Inc., Berkeley, CA). The motor and MWM
data were analyzed by repeated-measures analysis of variance (rm-
ANOVA). When the overall ANOVA revealed a significant effect,
the data were further analyzed with the Fisher post hoc test to
determine specific group differences. All other data were analyzed
either by ANOVA (quantification of silver and microglial staining)
or Student t test (NOR, EPM, FC). All data are presented as the
mean – standard error of the mean. Differences were considered
statistically significant when the p value was £0.05.

Results

The effect of mTBI and rmTBI on short-term (day 7)
histological outcome

PND 18 TBI rats and age-matched sham controls were used to

evaluate the effect of rmTBI on short-term histological outcome.

Rats were divided into three groups and subjected to (1) two sham

insults, (2) one mTBI and one sham insult, or (3) two mTBIs 24 h

apart (Fig. 1A). Rats exposed to single mTBI and two mTBIs had

positive axonal silver staining in the external capsule (Fig. 2A e, f)

underlying the impact site and in the corpus callosum (Fig. 2A h, i).

mTBI, however, did not result in visible axonal silver staining in the

cortex or in any other brain region. Axonal staining was more

pronounced after two impacts compared with a single impact in the

external capsule (Fig. 2C).

No abnormalities were seen in the brains of sham-injured controls.

No significant degree of silver staining of neuronal bodies was ob-

served, and hematoxylin and eosin staining did not show overt neu-

ronal death in hippocampus 7 days after two insults (Supplementary

Fig. 1; see online supplementary material at ftp.liebertpub.com).

There was no evidence of gross pathological changes such as hem-

orrhage, cerebral contusion, or other visible abnormalities.

To assess whether microglial activation was present in regions

with injured axons, Iba-1 immunohistochemistry was performed.

Iba-1 staining showed ramified microglia that appeared to be in the

resting state in sham rats (Fig. 3A a, d, g, insets). After mTBI and

rmTBI, microglia acquired a more amoeboid shape with shorter

projections indicating activation (Fig. 3A h, i, and insets). Micro-

glial activation was not uniform through the brain sections exam-

ined but was most prominent within the amygdalae bilaterally (Fig.

3A h, i). Although microglial morphology differed between mTBI

and sham groups, quantification of Iba-1 positive cells did not re-

veal differences between sham and injured rats necropsied on day 7

(Fig. 3C), suggesting that microglial proliferation was not affected

by mTBI.

To assess microglial subtypes, we performed double im-

munostaining with antibodies against Iba-1 and iNOS for M1 and

Iba-1 and arginase-1 for M2 microglia after rmTBI as described

previously.29,30 iNOS positive microglia were observed in the ex-

ternal capsule underlying the impact whereas arginase-1 positive

microglia were observed in amygdalae bilaterally at 7 days after

rmTBI, suggesting a more protracted proinflammatory response to

rmTBI in the external capsule (Fig. 4).

The effect of rmTBI on motor, cognitive, and long-term
histological outcome in the immature brain

Previous studies in adult mouse models of mTBI and rmTBI

reported abnormalities in corpus callosum and white matter areas

including the external capsule associated with cognitive dysfunc-

tion5,31; thus, we tested memory acquisition and retention in PND

18 rats exposed to rmTBI. PND 18 rats were divided into two

groups and underwent either sham insult or mTBI on three con-

secutive occasions 24 h apart (Fig. 1B). Motor function was as-

sessed with beam-balance and inclined platform tasks; cognitive

performance was evaluated using MWM and NOR, which are

sensitive to motor and cognitive function/dysfunction after TBI in

this age group.28

Balancing ability or inclined platform performance did not differ

among groups before surgery (Fig. 5A, B), suggesting that pre-

training was consistent among all groups. After surgery, there was

no effect of rmTBI on beam balance performance (Fig. 5A). Al-

though both rmTBI and sham groups were able to achieve their pre-

training performance on the inclined plane after the surgery, the

rmTBI group performed better than the sham group on days 2 and 3

(Fig. 5B). The performance on the inclined plane improved over

time because the maximum angle that a rat climbed increased

significantly over time in both the rmTBI and sham injury groups.

FIG. 2. Silver staining at 7 days after a second sham insult or
mild traumatic brain injury (mTBI). Post-natal day 18 rats were
divided into three groups and subjected to (1) two sham insults (S-
S), (2) one mTBI, one sham insult (mTBI-S), or (3) two mTBIs
(mTBI-mTBI) 24 h apart. (A) Representative views of coronal
sections (scale bar = 100 lm) at approximately -3.0 to 4.5 mm
bregma. Insets include higher magnification (scale bar = 10 lm)
image of axonal silver staining indicated by arrows. (B) Red
(cortex), blue (external capsule), and black (corpus callosum)
boxes indicate areas of interest, shown in higher magnification in
panels A. (C) Proportional area of positive silver staining in rat
brains (n = 3/group). Mean – standard error of the mean, *p < 0.05
vs. S-S, xp = 0.09 vs. mTBI-S. Color image is available online at
www.liebertpub.com/neu
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Acquisition of spatial learning after rmTBI was conducted using

a MWM task on days 11–15 after the third insult and again on day

61. Both rmTBI and sham groups began at a similar level in the

water maze, and there was no difference between the two groups

during acquisition (Fig. 5C). Analysis of the time to hidden plat-

form of the last acquisition day (day 15) and retesting day (day 61)

was not significantly different between rmTBI and sham groups

( p = 0.0685, Fig. 5D). Similarly, the time spent searching in the

target quadrant during a single probe trial on day 16 after the third

insult was not statistically different between the two groups (data

not shown).

To further evaluate the effect of rmTBI on declarative memory,

the NOR task was performed on day 18 after the third insult. Rats

exposed to rmTBI spent significantly less time exploring the novel

object versus rats exposed to sham insults (Fig. 5E), suggesting that

while rmTBI did not lead to deficits in the acquisition of spatial

learning, it resulted in impairments in memory retention in PND 18

rats (Fig. 5E). Swim speed did not differ among groups ( p = 0.12),

indicating that neither water maze nor NOR performance was

influenced by swimming, motor ability, or motivational deficits.

To gain further insight into the late behavioral and learning

deficits caused by the rmTBI sustained at PND 18, elevated plus

maze and FC tests were performed at 90 and 92 days, respectively.

There was no difference between groups in the percentage of time

spent on the open arms of the maze and the percentage of open arm

entries between rmTBI and sham rats (Fig. 6A, B), suggesting that

anxiety-like behavior and risk taking were not altered by rmTBI at

this time. In fear response testing, rats exposed to rmTBI froze less

than the rats exposed to repeated sham insults during both con-

textual FC and cued FC (Fig. 6C, D). Notably, there were no dif-

ferences between the two groups in percent baseline freezing

during the training phase (data not shown). Together, these data

indicate that rmTBI occurring at PND 18 results in long-term as-

sociative (fear) learning deficit that is not confounded by increased

anxiety or risk taking behavior.

Histopathological analysis at 21 days and 92 days after the last

impact revealed the presence of axonal silver degeneration staining

only in the external capsule at 21 days (Fig. 7) —albeit less than the

magnitude of staining observed at 7 days after double mTBI

(compare with Fig. 2A, f). There was no visible axonal silver

staining at 92 days after rmTBI. Iba-1 staining did not reveal visible

activated microglia at 21 and 92 days (data not shown).

Discussion

Our findings show that a second episode of mTBI that occurs

within 24 h after the first one during development increases axonal

injury in select areas in the immature brain. Previous studies in

PND 11 rats23 and PND 3–5 piglets32 both thought to model the

newborn period, and PND 35 rats,24 thought to model adolescence,

showed increased axonal injury assessed by APP or neurofilament

protein immunohistochemistry after a second mTBI that are sepa-

rated by 5–20 min or up to 1 day. Despite increased axonal injury,

there were no deficits in functional outcome at 12–14 days after

the rmTBI in the neonatal models.23,33 PND 35 rats, however,

showed deficits in memory retention 2 days after a second mTBI.

Collectively, these data suggest that increased plasticity seen in

the immature brain may confer advantages in recovery. Our

data, however, show that deficits in memory retention and fear

learning—that is not confounded by increased anxiety or risk tak-

ing behavior—occur at adulthood after experiencing rmTBI during

development.

Pathophysiological mechanisms of traumatic axonal injury have

been studied mainly in moderate-severe TBI and include neurofi-

lament misalignment, mitochondrial dysfunction, and oxidative

stress.34 Focal mechanoporation of the axolemma leading to plas-

ma membrane perturbation were observed within minutes after

moderate/severe fluid percussion injury and persisted up to 6 h.35

Rapid neurofilament misalignment and axonal swelling, however,

occurred without plasma membrane perturbation after a single mild

fluid percussion injury.36

Coordinated actions of neurofilaments and motor proteins are

essential for efficient axonal transport, which supplies the distal

synapse with newly synthesized proteins, lipids, and mitochon-

dria and clears damaged proteins and mitochondria via autopha-

gosomal transport to somal lysosomes.37 Thus, disruption of

axonal transport can lead to accumulation of protein aggregates

and damaged dysfunctional mitochondria at the synaptic termi-

nals.38–40 In addition, trauma results in an increase in intra-axonal

sodium and calcium concentrations, which can lead to activation

of proteases and worsen cytoskeletal damage, thus impeding

axonal transport.41–44

Physiologically, these processes manifest as a reduction in con-

duction velocity that was reported after mTBI.45–47 Collectively,

disrupted axonal transport, ionic imbalance, and mitochondrial

FIG. 3. Immunohistochemical staining with Iba-1 antibody at 7
days after second sham insult or mild traumatic brain injury
(mTBI). Post-natal day (PND) 18 rats were divided into three
groups and subjected to (1) two sham insults (S-S), (2) one mTBI,
one sham insult (mTBI-S), or (3) two mTBIs (mTBI-mTBI) 24 h
apart. (A) Representative views of coronal sections (scale bar =
200 lm) at approximately -3.0 to 4.5 mm, bregma. Insets include
higher magnification (scale bar = 25 lm) image of Iba-1 immu-
noreactive microglia indicated by arrows. (B) Red (cortex), blue
(external capsule), and black (amygdala) boxes indicate areas of
interest, shown in higher magnification in panel A. (C) Quantifi-
cation of the number of Iba-1 immunoreactive cells in PND 18
brains (n = 3/group). Mean – standard error of the mean. Color
image is available online at www.liebertpub.com/neu
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dysfunction can lead to axonal swelling,8,22–26 plasma membrane

disruption, and release of intracellular contents, including mito-

chondria. The latter can act as damage associated molecular patterns

and lead to recruitment or activation of inflammatory cells.48

The reason for specific spatial distribution of axonal silver

staining in our model is likely because of primary injury where

mechanical forces were the highest in the cortex and external

capsule beneath the impact site. These were also the areas where

activated microglia were observed. Although previous studies us-

ing in vitro mechanical stretch injury showed that microglia can be

activated by direct mechanical injury,49,50 Iba-1 immunoreactive

cells with activated microglial morphology most likely represent

secondary response to primary traumatic axonal injury. Supporting

this, iNOS positive microglia were observed in the external capsule

underlying the impact. Further studies with a more detailed time

course will be required to fully evaluate the inflammatory response

to rmTBI in the immature brain.

Shitaka and associates5 in 2011 showed activated microglia in

the same areas as the injured axons using electron microscopy and

Iba-1 immunohistochemistry starting 2 days and lasting to up to 7

weeks after the last impact in an adult mouse rmTBI model.5

Mouzan and colleagues6 in 2014 also showed increased Iba-1 and

APP staining 6 and 12 months after single mTBI and rmTBI.6 We

did not observe persistent activation of microglia and axonal injury

at a delayed time point (92 days) after rmTBI in PND 18 rats,

however. It is possible that a lesser degree of microglial activation

observed in the immature brain may be because of a relatively

lesser degree of myelination.51

Supporting this notion, PND 29 rats exposed to the same injury

parameters as these PND 18 rats show more robust axonal silver

staining and microglial activation (Supplementary Figure 2 and

3; see online supplementary material at ftp.liebertpub.com). An

alternative explanation could be an age-related lag in microglial

development and proliferation in the immature brain. This is less

likely, however, because by *PND 15, microglia are well dis-

tributed throughout the brain, facilitating surveillance of the ma-

jority of the parenchyma, and by PND 20, the adult population of

microglia is well established.51,52 This period of microglial matu-

ration also coincides with a time when active synaptogenesis is

taking place during development53–56 with mature synaptic func-

tion being established within the rat hippocampus by PND 17 as

reflected by the ability to induce long-term potentiation.57

Traumatic axonal injury and microglial activation have been

described in humans after moderate and severe TBI.58–61 Further,

FIG. 4. Dual immunofluorescence staining with antibodies against Iba-1 and iNOS and Iba-1 and arginase-1 at 7 days after repetitive
sham or mild traumatic brain injury (rmTBI). Representative views of coronal sections (scale bar = 100 lm) at approximately -3.0 to
4.5 mm bregma. Color image is available online at www.liebertpub.com/neu
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multifocal areas of axonal injury and clusters of reactive microglia

were observed on neuropathological examination of a patient who

died of bronchopneumonia 13 days after a mTBI,61 suggesting that

our experimental findings mirror the clinical condition.

The clinical presentation of single or rmTBI includes acute and

chronic motor and cognitive symptoms.62 We did not observe

deficits in beam balance and inclined plane within the first 5 days

after rmTBI compared with shams in PND 18 rats. Interestingly,

PND 18 rats exposed to rmTBI in our model showed transiently

increased activity in the inclined plane within the first week after

rmTBI. The reason for this is not entirely clear. Inclined platform

performance did not differ among groups before surgery, sug-

gesting that pre-training was consistent among all groups. It is

possible that better performance on the inclined plane after rmTBI

might be because of increased impulsivity and hyperactivity.

Previous reports showed hyperactivity early after rmTBI in adult

mice.17,63 Hyperactivity is associated with attention deficit in

children.64 After mTBI, behavioral symptoms of hyperactivity,

anxiety, and attention deficit have been reported in children.65

Further, severity of the symptoms seem to correlate with the

number of mTBI episodes; children experiencing more than two

mTBIs have persistent deficits in attention and concentration.66

Corroborating this examination of cognitive function in adolescent

and college students shows a decrease in verbal and visual memory,

processing speed composite, and reaction time composite up to 2

weeks after concussions.67–69 Long-term cognitive problems in-

cluding memory impairment, executive dysfunction, aggressive

and irritable behavior, language difficulties, as well as dementia

accompanied with atrophy of the frontal and medial temporal lobes

of brain have also been reported after rmTBI in adults.4

FIG. 5. The effect of repetitive mild TBI (rmTBI) on gross motor function, spatial learning, and memory in post-natal day 18 rats that
underwent either sham insult or mTBI on three consecutive occasions 24 h apart. Before surgery, balancing ability (A) or inclined
platform performance (B) did not differ among groups. After surgery, there was no effect of rmTBI on beam balance performance (A);
rmTBI group performed better than the sham group on inclined plane (B) on days 2 and 3 (n = 12–18/group, mean – standard error of the
mean (SEM), *p < 0.05 vs. S-S-S). (C) Both rmTBI and sham groups began at a similar level in the Morris water maze, and there was no
difference between the two groups during acquisition on days 11–15. (D) Analysis of the time to hidden platform of the last acquisition
day (day 15) and retesting day (day 61) showed that injured rats tended to take longer to find the hidden platform compared with sham
rats (n = 9–12/group, mean – SEM, p = 0.0685). (E) Rats exposed to rmTBI spent significantly less time exploring the novel object versus
rats exposed to sham insults on day 18 (n = 12–18/group, mean – SEM, *p < 0.05 vs. S-S-S).
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Recent studies in experimental models of rmTBI sustained

during adulthood show long-lasting impairments in spatial learning

and memory when tested up to 6 months after injury.17,18 Our data

in a developmental model slightly differ from the adult studies in

that mTBI that occurs at PND 18 lead to deficits in short-term

memory retention but not in spatial learning, suggesting that both

cortical and hippocampus-dependent pathways were affected by

rmTBI.70–72 We observed deficits in short-term memory without

overt neuronal death in the hippocampus. This is in agreement with

previous studies by Lyeth and coworkers73 showing spatial mem-

ory deficits in the adult rat without hippocampal neuronal death or

overt axonal injury in hippocampal pathways.

It is thought that the immature brain has greater recovery po-

tential compared with the adult brain.74,75 On the other hand, the

immature brain is likely more vulnerable because the injury can

alter the developmental trajectory in a way that acquisition of early

skills, on which later functioning relies, may be interrupted or fail

to fully develop.76,77 This might be particularly applicable to early

skills such as the ability to differentiate threatening (danger) and

nonthreatening (safety) behaviors through associative processes.78

Learning about danger cues can be tested with a conditioned fear

paradigm that associates a contextual environment and cue stimu-

lus to a foot shock.79 Contextual and cued learning depends on an

intact hippocampus and amygdala, respectively, because lesions in

these regions diminish the cognitive response. Further, only bilat-

eral lesions but not unilateral lesions can abolish fear learning. Our

findings showing amoeboid shaped microglia with shorter projec-

tions in bilateral amygdala (Fig. 3A) prompted us to test associative

learning after rmTBI in PND 18 rats.

There are conflicting reports in the literature regarding defi-

cits in FC in rodent models of TBI depending on the type and

severity of the injury sustained.79,80 Elder and colleagues80 in

2012 showed enhanced contextual FC as evidenced by increased

freezing time in response to the conditioned stimulus (tone) in an

adult rat model after repetitive blast exposure (one exposure per

day for 3 consecutive days). On the other hand Lifshitz and as-

sociates79 in 2007 showed deficits in contextual FC at 7 days after

a single lateral fluid percussion brain injury that correlated

with hippocampal damage. Cued FC response was not different

FIG. 6. The effect of repetitive mild TBI (rmTBI) on anxiety and associative learning in post-natal day 18 rats that underwent either
sham insult or mTBI on three consecutive occasions 24 h apart. Elevated plus maze and fear conditioning tests were performed at 90 and
92 days, respectively, after the last sham insult or mTBI. There was no difference between groups in the amount of time spent on the
open arms of the maze (A) and the percentage of open arm entries (B). Rats exposed to rmTBI froze less than the rats exposed to
repeated sham insults during both contextual fear conditioning (C) and cued fear conditioning (D) (n = 9–12/group, mean – standard
error of the mean, *p < 0.05).

FIG. 7. Silver staining in external capsule at 21 days and 92
days after third sham or mild traumatic brain injury (mTBI) in
post-natal day 18 rats. Low-power (scale bar = 100 lm) views of
coronal sections at approximately -3.0 to 4.5 mm, bregma. Insets
include higher magnification (scale bar = 10 lm) image of positive
axonal silver staining indicated by an arrow. Color image is
available online at www.liebertpub.com/neu
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between injured and control mice in these studies corroborating

with an intact amygdala in this model.79

We found decreases in conditioned fear response to both con-

textual and cued testing without increased anxiety at 3 months

after rmTBI. Injury to the amygdala early in life might be the

reason for the associative learning deficits we observed later in

life in our model. During development, there is a sensitive period

in which amygdala activation to threatening stimuli is inhibited,

resulting in an approach response to aversive stimuli.81 Indeed,

peak neurogenesis in the amygdala begins in the first week of life,

yet the functional development of the amygdala extends into

adolescence.81 Thus, it is possible that sustaining rmTBI early in

life may alter the developmental trajectory of amygdala from

normal over time.

In our studies, we used 100% oxygen during recovery after

mTBI. Hyperoxic resuscitation with 100% oxygen ventilation

after acute brain injury, specifically global cerebral ischemia,

has been shown to worsen neurological outcome in rodents

and humans after cardiac arrest.82–84 Further, ventilation with

100% oxygen for 1 h after severe CCI was shown to increase

peroxynitrite-mediated protein nitration in the hippocampus as-

sessed at 24 h after the injury.85 Whether increased protein nitration

in the hippocampus correlated with functional outcome was not

evaluated in this study.

Contrary to experimental findings, however, normobaric hy-

peroxia is commonly used in the clinic to improve brain tissue

oxygenation, to attenuate TBI-induced metabolic compromise, and

reduce cytotoxic edema; it has been found to not worsen oxidative

stress in patients with severe TBI.86–89 Notably, rats in the sham

group also underwent similar recovery with 100% oxygen.

Nevertheless, future studies evaluating recovery with 21% oxygen

versus 100% oxygen could directly address the effect of 100%

oxygen on injury.

Conclusion

We demonstrated that mTBI resulted in traumatic axonal injury

and microglial activation in the PND 18 rat brain. A second impact

increased the level of axonal injury. In addition, rmTBI sustained at

PND 18 led to long-term associative learning deficit in adulthood.

Defining the mechanisms underlying damage from a second impact

could be vital to therapy development for AHT or sports concussion

in children.
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