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Abstract
Purpose Controlled cortical impact (CCI) is commonly used
in adult animals to study focal traumatic brain injury (TBI).
Our study aims to further study injury mechanisms in children
and variable models of pathology in the developing brain.
Methods Develop a focal injury model of experimental TBI
in the immature, postnatal days (PND) 7 and 17 rats that
underwent a CCI at varying depths of deflection, 1.5–
2.5 mm compared with sham and then tested using the
Morris water maze (MWM) beginning on post-injury day
(PID) 11. Histopathologic analysis was performed at PID 1
and 28.
Results In PND 7, the 1.75- and 2.0-mm deflections (diameter
(d)03 mm; velocity04 m/s; and duration0500 ms) resulted in
significant MWM deficits while the 1.5-mm injury did not
produce MWM deficits vs. sham controls. In PND 17, all
injury levels resulted in significant MWM deficits vs. sham
controls with a graded response; the 1.5-mm deflection
(d06 mm; velocity04 m/s; and duration0500 ms) produced
significantly less deficits as compared WITH the 2.0- and
2.5-mm injuries. Histologically, a graded injury response

was also seen in both ages at injury with cortical and more
severe injuries, hippocampal damage. Cortical contusion vol-
ume increased in most injury severities from PID 1 to 28 in
both ages at injury while hippocampal volumes subsequently
decreased.
Conclusions CCI in PND 7 and 17 rat results in significant
MWM deficits and cortical histopathology providing two
different and unique experimental models of TBI in imma-
ture rats that may be useful in further investigations into the
mechanisms and treatments of pediatric TBI.
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Introduction

Head trauma remains a significant pediatric health problem,
with an estimated incidence of 230/100,000 [39–41] leading
to 100,000–200,000 new cases of pediatric traumatic
brain injury (TBI) each year US Census Bureau estimate;
(www.census.gov/population/estimates). While it has been
estimated that nearly 20–30,000 children are permanently
disabled from TBI annually, few experimental models exist.
To date, the approach to the care of children with TBI has been
derived from the adult guidelines [14]. In the “Guidelines for
the Acute Medical Management following Severe Traumatic
Brain Injury in Infants, Children, and Adolescents,” by
Adelson et al. [2], there were few studies that were significant
enough to dictate standards of care. While the clinical man-
agement differences in the acute setting between adults and
children are obvious, and while there are extensive differences
between the immature, developing brain and the mature brain,
anatomically, functionally, physiologically, molecularly, etc.,
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there is little understanding of the potential unique response of
the immature brain to traumatic injury, both experimentally
and clinically [1, 36, 37, 47].

The literature characterizing and describing TBI has for
the most part been concentrated in the adult rat [18, 22, 49],
including controlled cortical impact (CCI) [18] which has
become useful for investigations into the pathophysiology
and treatment of TBI [15–17, 19, 29, 31, 58]. Previous
studies in children have highlighted that while children as
a whole have better outcomes than adults [45], younger
children (<4 years), and particularly those <2 years of age,
have worse outcomes than older school-age children [42,
43]. While this may be a function of types of injury rather
than mechanism per se, [34] and may represent a continuum
of injury and response, it has never been tested using rigor-
ous clinical and preclinical methods as experimental models
have been lacking. Based on these clinical observations and
consistent with our previous work [3, 4], our primary goal
has been to develop models of TBI in the immature rat
severe enough to produce a functional deficit that could
later be studied as to the mechanisms that might contribute
to that behavioral deficit and might then translate to the
clinical, human condition. Similarly, since the immature
brain is changing throughout the developmental cycle, dif-
ferent age at injury models are necessary to adequately study
the contributory secondary mechanisms that may be age
related and potentially unique after TBI, leading to thera-
peutic interventions and preclinical studies prior to pediatric
clinical trials.

There have been a number of descriptions of TBI models
in immature animals to date [5, 6, 8, 20, 21, 27, 30–32, 46,
57, 58], that have begun to define the differing response of
the immature brain including diffuse impact acceleration
focal injury by weight-drop [27, 32], fluid percussion injury
in rats [56], and focal injury in pigs [8, 20] and mice [21].
Although diffuse injury is more common than focal TBI in
children [13], parenchymal injury or contusion following
TBI plays a significant role in the morbidity and mortality
in children [26].

Since a number of different ages at injury have been used
across a variety of CNS insults in immature rats including
both TBI and ischemia, two spectra of ages that have been
commonly used have been postnatal days (PND) 7 and 17.
PND 7 rats have been used in a myriad of studies to model the
neonatal occurrence of the GABA switch and marked vulner-
ability of the PND 7 to excitotxocitic injury from NMDA
receptor activation in the early work [48]. Indeed the vast
majority of studies using the Rice Vanucci model of neonatal
hypoxia ischemia have been carried out in PND 7 rats [59].
PND 17 rats have been generally used tomodel a toddler since
this represents the age with maximal number of synapses and
cerebral blood flow [52, 53]. There are established models of
ischemia utilizing this age at injury [23].

Because of common use of the adult model of CCI [18],
in this study we sought to modify our adult CCI model as
initially described by Dixon et al. [18] and preliminarily
reported on in immature (PND 17) rats [10, 11, 25, 33,
35], and by others [21, 54, 60] to better understand the
mechanistic response of the immature brain to traumatic
injury and at different ages at injury that resulting in func-
tional deficits as well as quantifiable histologic injury [6].
The present study describes two specific ages at injury
models of experimental TBI defining the resultant Morris
water maze (MWM) dysfunction following the injury and
then secondarily, defining the histologic injury across grad-
ed injury levels in PND 7 and 17 rats.

Materials and methods

Subjects

A total of 124 PND 7 and 17 male Sprague Dawley (Harlan,
Indianapolis, IN) rat pups (weight—PND 7, 15–20 g and PND
17, 33–40 g) were used to assess the functional and histologic
effects of injury following CCI. The subjects were housed
with their dams until PND 21 when they were weaned and
housed in separate cages. All animal protocols were approved
by the Institutional Animal Care and Use Committee of the
University of Pittsburgh (protocol # 0009975).

Surgical procedures

The rats were initially anesthetized with 1.5–2.0 % iso-
flurane in N2O/O2 (2:1) via nosecone. Core temperature
was maintained at 37–37.5 °C throughout the procedure
using a heating pad and monitored by a rectal temper-
ature probe. The scalp was shaved and prepared with
betadine. All the animals for both PND 7 and 17 rats
had their heads secured using ear pins in a stereotactic
head frame to avoid movement. Using sterile technique,
the skull was exposed by a midline sagittal incision and
the scalp reflected. Using a high-speed air drill, a 4.0-
(PND 7) or 7.0-mm (PND 17) diameter craniotomy was
made in the left parietal bone (0.2 mm from midline,
0.2 mm posterior to coronal suture, and 0.2 mm anterior
to lambdoid suture, extending laterally to the superior
temporal line) under an operating microscope. The bone
flap was removed leaving the dura intact.

Controlled cortical impact injury

We have previously described CCI procedures in adult rats
[18, 29] and reported its application to the immature rat [7,
11, 25, 33, 35, 64]. A focal cortical impact was delivered at
a controlled velocity of 4 m/s, duration of 500 ms, using a 3-
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or 6-mm tip (PND 7 or 17, respectively). Once the device
was positioned, anesthesia was discontinued until the toe
pinch reflex returned and then the preset injury delivered.
The injury deflection depths for the PND 7 rats were 1.5,
1.75, and 2.0 mm and for the PND 17, 1.5, 2.0, and 2.5 mm
vs. sham (craniotomy, no impact). Preliminary studies using
deflections of 2.5 and 3.0 mm in the PND 7 and 17, respec-
tively, and the 6-mm tip in the PND 7, lead to excessive
tissue damage, and high mortality and therefore were not
pursued (PD Adelson, personal communication, 2010).
Immediately following injury, anesthesia was resumed, the
bone flap replaced, secured with Koldmount dental cement
(Vernon-Benshoff, Albany, NY), and the wound sutured.
The rats were then transferred to a warmed recovery cage
and observed for at least 30 min. After 30 min, and ensuring
the resumption of normal gait, the rat pups were transferred
back to their litters and observed intermittently over the next
30 min to ensure acceptance by their dams.

Morris water maze testing

The MWM paradigm is an open-field procedure in which
rats learn to find a submerged platform to escape from a
forced swimming task [51]. We have previously utilized this
paradigm to assess functional deficits after diffuse injury in
both PND 7 and 17 rats [3, 4]. A large circular tank (180 cm
in diameter and 45 cm high) containing water (temperature
maintained at 26±1 °C) to a height of 30 cm contains a
transparent circular platform (10 cm in diameter and 29 cm
high) located in a fixed position in the tank 45 cm from the
tank wall and 1 cm below the water surface. Extra-maze
visual cues aid the rat in locating the escape platform. Water
temperature was maintained at 26±1 °C.

Three separate spatial memory assessments were employed
to evaluate learning-acquisition deficits in the immature rats.
First, the animals underwent cognitive performance evalua-
tion by placing them in the MWM de novo on post-injury day
(PID) 11 without prior training or exposure to the MWM. The
subjects were given 4 trials/day for five consecutive days with
a hidden platform (n010 for each age at injury and each injury
severity level). The rats started a trial once from each of four
randomized starting locations within the tank, placed in the
water against and facing the tank wall, and then released to
swim freely about the tank in order to find the hidden plat-
form, up to 120 s. If the rat was unable to locate the platform
within the allotted time, it would be manually directed to the
platform and placed on it if necessary. The rat would be
allowed to remain on the platform for 30 s, then removed
and placed in a dry, warmed holding incubator between trials.
After a 4-min intertrial interval, the animal was placed back in
the maze for the next trial. On the fifth day of MWM testing
(PID 15), the rats underwent a probe trial where the platform
was removed from the maze and the time spent in the “target

quadrant” (the quadrant where the platform was previously
located) was measured with a Chromatrak video-tracking
system (San Diego Instruments, San Diego, CA) for 120 s.
This was then compared with the time spent in the remaining
three quadrants (collectively referred to as “out of quadrant”).
Lastly, on PID 16–17, the platform was raised to 1 in. above
the water level making it visible to the rat (visual probe trial).
Each animal was released from each of the four randomized
starting positions to locate, swim to, and mount the visible
platform to evaluate nonspecific visual deficits as a potential
factor affecting the rats’ ability to locate the platform. Latency
to finding the submerged platform was the primary dependent
variable for cognitive performance. Throughout each testing
period, all subjects were observed for signs of distress or
inability to swim via remote camera.

Histologic analysis

Histologic analysis of the injury was evaluated at PID 1
and 28 (n0120 with n010 at each age at injury and
each injury severity level). Rats were anesthetized with
isoflurane in oxygen and transcardially perfusion fixed
with 4 % buffered formalin. Following removal, the
brains were examined grossly and then underwent par-
afinization. Serial sections (10 μm) were obtained on a
vibratome every 250 μm and stained with hematoxylin
and eosin. The sections were further examined under
light microscopy for qualitative characterization of the
damage. In addition, we calculated the volumes of the
contusion and the hippocampi bilaterally to calculate the
ipsilateral (injure)/contralateral (uninjured) hippocampal
ratio. In the serial sections, the margins of both the
contusion and the hippocampi were outlined separately
by a blinded observer using image analysis (Imaging
Research, Saint Catherines, Ontario) in all of the cut
sections for each of the injured animals. Contusion and
hippocampal areas were then calculated and the contu-
sion and hippocampal volumes estimated according to
the formula based on the Cavalieri Method:

V ¼ EA� tnom;

EA is the summed areas of the contusion and hippocam-
pus and tnom is the nominal section thickness of 250 μm.
The contusion and hippocampal volumes is estimated as the
summed volumes of each section and expressed in cubic
millimeters.

Statistical analysis

All data are expressed as group mean±standard error of the
mean (SEM). Comparisons between groups for functional
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testing were made using a separate repeated measures anal-
ysis of variance (ANOVA; injury level×PID). If a signifi-
cant effect was found in the ANOVA, individual group
comparisons across days were made with Tukey’s post hoc
tests. Analyses were performed using SPSS statistical soft-
ware. For the histologic analysis, comparisons between
groups were also made using a repeated ANOVA (injury
level×PID) and Chi-square for intergroup comparisons.
Statistical significance was obtained with p values of <0.05.

Results

Neurologic recovery and mortality

At all injury severities in both age groups, CCI for the deflec-
tions reported produced infrequent acute mortality. There was
delayed mortality in four rats (three and one in PND 7 and 17,
respectively). All surviving rats were capable of maintaining
spontaneous respiration during and immediately following
CCI, with only occasional transient apnea (2–3 s). With the
termination of anesthesia, all surviving animals regained
spontaneous movement within 2 min and were ambulating
within 7 min. When returned to their litters, injured animals
were initially solitary and docile. Within 2 h, the injured pups
joined their littermates and initiated nursing. No gross motor
dysfunction was observed prior to MWM testing. Each age at
injury model is reported separately for MWM performance
and histologic analysis.

CCI model in immature PND 7 rats

Morris water maze performance following CCI: PND 7

During the 5 days of MWM testing, the 1.75- and 2.0-mm
CCI groups demonstrated longer swim latencies than the
sham (p<0.05) (Fig. 1a). Visual probe evaluations at PID
16–17 showed no difference between the sham group and
the 1.5 mm. In contrast, there were significant differences
between sham vs. the 1.75- and 2.0-mm CCI groups with
visual probe evaluation. Thus, nonspecific deficits likely
contribute, at least in part, to the overall poor performance
of these more severely injured groups. In the probe trial,
comparing time spent in the “target quadrant” vs. “out of
quadrant” for each group showed that sham and 1.5 mm
CCI injured animals spent significantly more time in the
“target quadrant” (32.4±1.96 and 28.4±3.09 s, respectively)
than “out of quadrant” when compared with the 1.75- and
2.0-mm CCI-injured subjects (17.1±1.01 and 15.8±1.47 s,
respectively; p<0.05). No statistical difference was noted
between the sham and 1.5-mm CCI-injured groups or be-
tween the 1.75- and 2.0-mm CCI-injured groups.

Histology: gross and light microscopy (PND 7)

While all the sham brains across all time points appeared
grossly normal, gross examination of the injured PND7 brains
revealed a graded pathologic response to CCI. At 24 h after
injury, at each deflection level of CCI, the injured brains
appeared edematous and swollen with substantial subarach-
noid and peri-contusional hemorrhage (Fig. 2). Histologic
examination of the PND 7 injured rats confirmed the cortical
edema in all CCI injured brains acutely, along with intrapar-
enchymal (cortical) and subarachnoid hemorrhage on PID 1
(Table 1). For 1.75 and 2.0 mm, the CCI-injured brains
contained large cavities at the site of impact which by PID
28, had increased in size from PID 1 (Fig. 3). Histologically,
the cavitation of the cortex findings was evident at PID 28 in
all CCI injured brains. This contusion/cavitation chronically
involved only the cortex at all the injury levels and more
extensively involved the hippocampus at the 2.0-mm injury
level. The hippocampi of the 1.5-mm CCI-injured brains
appeared grossly normal. Overall, atrophy and retraction of
the hippocampus was noted in the more severely injured (1.75
and 2.0 mm). Ventriculomegaly was noted, to some degree, in
all the 1.75- and 2.0-mm injured brains at PID 28. In contrast,
for the 1.5-mm deflection, only two of ten CCI injured brains
showed evidence of ventriculomegaly at PID 28. (Fig. 4a, b)

Fig. 1 Morris water maze functional outcome following CCI injury in
a PND 7 and b 17. Note graded performance based on injury severity
for each age at injury model
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Contusion volume, hippocampal volume, and L/R ratio
(PND 7)

For PND 7, following CCI, the mean contusion volume
on PID 1, increased with increased injury deflection/
severity (1.5 mm 02.73 ± 0.66 mm3; 1.75 03.57 ±
0.37 mm3; and 2.0 mm05.15±1.05 mm3; p00.06). By
PID 28, the contusion volume approximately doubled
from PID 1 regardless of the level of severity and
significantly differed from PID 1 at the 1.5 mm06.76
±1.34 mm3 (p00.02) and 1.75 mm07.08±1.16 mm3

(p00.006) deflections but not the 2.0 mm010.96±
2.94 mm3 (p00.06)). The differences between injury
levels at PID 28 were not significant (p00.08) (Fig. 5a).

Following CCI, the ipsilateral hippocampal volume and
injured/non injured hippocampal ratio did not differ between
injury levels (hippocampal volume—1.5 mm02.02±
0.2 mm3; 1.7502.02±0.3 mm3; and 2.0 mm01.28±
0.3 mm3) and (L/R hippocampal ratio—1.5 mm00.65±

0.08; 1.7500.66±0.09; and 2.0 mm00.42±0.08). By PID
28, the hippocampal volumes decreased for all of the levels
of severity except for the higher injury levels (hippocampal
volume—1.5 mm01.83±0.44 mm3; 1.7501.33±0.24 mm3;
and 2.0 mm01.47±0.45 mm3) though the differences be-
tween injury levels and over time were not significant.
Hippocampal ratio also did not differ between injury levels
at PID 28 except in the 1.75-mm injured animals (L/R hippo-
campal ratio—1.5 mm00.57±0.13 mm3 (p00.6); 1.7500.36
±0.06 mm3 (p00.02); and 2.0 mm00.44±0.09 mm3

(p00.8)).

CCI model in immature PND 17 rats

Morris water maze performance following CCI: PND 17

For the PND 17 CCI-injured animals, the three CCI-
injured groups displayed significantly longer escape
latencies compared with sham (p<0.05) (Fig. 1b). The
1.5-mm group had significantly shorter swim latencies
than the 2.0- and 2.5-mm groups, but there was no
difference between the 2.0- and 2.5-mm injury groups.
In the probe trial, the sham and 1.5-mm CCI-injured
animals spent significantly more time in the “target
quadrant” (32.4±1.96 and 28.4±3.09 s, respectively)
than “out of quadrant” when compared with the 2.0-
and 2.5-mm CCI-injured subjects (17.1±1.01 and 15.8±
1.47 s, respectively; p<0.05). No statistical difference
was noted between the sham and the 1.5-mm CCI-
injured groups or between the 2.0- and 2.5-mm CCI-
injured groups. Visible platform evaluations at PID 16–
17 did not show a difference between sham and 1.5 mm
CCI despite impaired escape latency at the 1.5-mm
injury level, indicative of no nonspecific motivational
or visual deficits at this injury level. In contrast, there
were significant differences between sham and the 2.0
and 2.5 mm CCI groups with visual probe evaluation

Fig. 2 At 24 h after CCI injury, in both PND 7 and 17, all of the
different severities resulted in the injured brains appearing edematous
and swollen with substantial subarachnoid and peri-contusional hem-
orrhage for both age at injury models. Additionally, the size of the
contused portion of brain increased in each age at injury based on the
level of deflection severity

Table 1 Histologic findings
following CCI in PND 7 and 17
at post-injury day 1

Each box indicates the number
of animals in each group exhib-
iting the histopathologic findings

Age at injury

Injury PND 7 PND 17

1.5 mm
(n08)

1.75 mm
(n010)

2.0 mm
(n010)

1.5 mm
(n09)

2.0 mm
(n010)

2.5 mm
(n08)

Edema 8 10 10 9 10 8

Subarachnoid hemorrhage 7 10 10 4 10 8

Cortical laceration 5 10 10 6 10 8

Cortical cavitation 6 10 10 3 10 8

Parenchymal necrosis 3 10 10 0 10 8

Ventriculomegaly 1 10 10 2 10 8

Hippocampal damage/atrophy 0 10 10 0 10 8
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indicating in CCI that nonspecific deficits likely con-
tribute, at least in part, to the overall poor performance
of these more severely injured groups.

Histology: gross and light microscopy (PND 17)

On gross examination for the PND 17, the injured
brains appeared pathologic at all time points and for
all deflections though again in a graded response to
the CCI. The brains appeared edematous and swollen
with substantial subarachnoid and peri-contusional hem-
orrhage at PID 1 (Fig. 2). All those at the 1.5- and 2.0-
mm deflections resulted in cavities at the site of impact
with loss of cortex in the region of impact though seem-
ingly larger for the 1.5-mm injury at PID 1 as compared
with PID 28 with gliotic maturation and contraction of the
cortical cavity grossly. The exception was the 2.5-mm
deflection that seemed to have an increase in the size of
the contusion cavity on PID 28 as compared with PID 1
(Fig. 3).

Histologically, on PID 1, the 1.5-mm deflection resulted
in edema and only minimal intraparenchymal and sub-
arachnoid hemorrhage and minimal contusion. Cortical
necrosis and cavity formation approaching but not in-
volving the underlying hippocampus at the 2.0- and
2.5-mm injury levels. While the hippocampi of the
1.5-mm CCI-injured brains appeared grossly normal,
atrophy and retraction of the hippocampus was noted
in the more severely injured (2.0 and 2.5 mm deflec-
tions) (Fig. 4b). Similarly, ventriculomegaly was noted,
to some degree, in all the 2.0- and 2.5-mm CCI-injured
brains at PID 28 though at the 1.5-mm deflection, only
one of ten injured brains showed evidence of ventricu-
lomegaly at PID 28.

Contusion volume, hippocampal volume, and L/R ratio
(PND 17)

For PND 17, following CCI, contusion volume did not
differ with increased injury severity on PID 1 (1.5 mm0
8.13±1.48 mm3; 2.008.59±1.19 mm3; and 2.5 mm08.6±
1.4 mm3; p00.95) but by PID 28, there was a significant
difference in contusion volume across injury severities
(1.5 mm04.32±0.7 mm3; 2.0 mm08.68±1.37 mm3; and
2.5 mm014.67±1.81 mm3; p<0.0001) (Fig. 5b). For the
1.5- and the 2.5-mm injury levels (p<0.05), there were
significant differences between PID 1 and 28 though not
the 2.0-mm deflection (p00.95). Interestingly, the contusion
volume was significantly smaller in the 1.5-mm deflection
at PID 28 as compared with PID 1 likely secondary to the
contraction of the gliotic scar.

In the injured hippocampus, on PID 1, hippocampal
volume and hippocampal ratio did not differ with increasing

Fig. 3 Representative comparison of contusion size from PID 1 to 28
following CCI in PND 7 (1.75 mm deflection) (top) and PND 17
(2.0 mm deflection) (bottom). For PND 7, the 1.75 mm CCI created
a cavity at the site of impact by PID 1 which by PID 28, had increased
in size. For PND 17, the 2.0 mm CCI also created a large cavity at the
site of impact though by PID 28, showed only a small change from the
size of the injured area at PID 1

Fig. 4 Representative microscopic histologic findings of CCI in im-
mature rats for a PND 7 and b PND 17 at PID 28. Note that there is
increasing cortical damage with increasing injury severity. Also nota-
ble is the minimal involvement of the underlying hippocampus and
diencephalic structures except at the highest injury deflections for both
age at injury levels
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severity (hippocampal volume—1.5 mm02.36±0.2 mm3;
2.002.54±0.23 mm3; and 2.5 mm02.53±0.29 mm3;
p00.97) and (L/R hippocampal ratio—1.5 mm00.82±
0.05; 2.000.81±0.08; and 2.5 mm00.80±0.06; p00.85)
likely indicating no direct injury to the hippocampus. By
PID 28, the hippocampal volumes significantly decreased as
compared with PID 1 in the more severe levels of injury
(hippocampal volume—1.5 mm02.45±0.26 mm3 (p00.8);
2.001.47±0.25 mm3 (p00.01); and 2.5 mm01.62±
0.23 mm3 (p00.02)) as well as across the three different
injury levels (p00.01). Hippocampal ratio also decreased in
all injury levels though again not at the 1.5-mm deflection
(L/R hippocampal ratio—1.5 mm00.78±0.06 (p00.6);
2.000.46±0.07 (p00.004); and 2.5 mm00.47±0.07
(p00.006)) For PND 17 as a group, there was a significant
difference between injury severity and PID (p00.001).

Discussion

TBI clinically does not result in a single characteristic type
of injury due to the differences in the primary mechanism,

the direction and acceleration of forces on the brain, the
severity, the second insults, and then the concomitant sec-
ondary response. While there have been multiple models of
experimental TBI to help better understand the response to
TBI, age at injury has not been as well characterized com-
pared with mature adult brain injury. The characterization
and further development of new models in the immature are
needed to investigate the unique pathophysiology of the
developing brain following injury and the development of
potentially novel therapeutic interventions. Based on our
clinical observations our focus in developing models of
injury in the immature is that any new model results in a
functional deficit. For this study, using CCI, we have further
characterized a contusion model of TBI with graded severity
of injury at PND 17 in the immature rat and developed a
new model of experimental, contusive TBI in the PND 7.
The injuries produced a graded injury with increasing corti-
cal deflection that resulted in: (1) significant MWM perfor-
mance deficits of spatial memory, (2) acute and chronic
histopathologic lesions, and (3) chronic changes in both
contusion and hippocampal volumes and ratios in the two
models of cortical injury in immature rats (PND 7 and 17).
The PND 7 model resulted in a graded response for the
acute injury at the acute and more chronic time points with
regard to contusion volume and hippocampal damage. In the
PND 17 model, the differences between injury severities
were not histologically obvious at PID 1 but were more
pronounced at PID 28.

CCI in the immature rat

As mentioned earlier, there have been a number of other
developmental pediatric TBI models that have attempted
to better understand the impact of experimental TBI in
the developing brain. For the most part, to date in
experimental CCI, studies have focused on important
potential therapeutic avenues of special interest with
regard to the developing brain and its vulnerability, such
as oxidative stress [11, 21] alternative fuels, particularly
ketones [54], mitochondrial failure [60], and proteomic
response [33, 35] without defining the histopathologic
nor functional response of the developing brain to inju-
ry. In this study, we sought to more definitively char-
acterize CCI in two different ages at injury, not so
much to compare effect of injury between the two ages
but rather to define the unique response through a
model of experimental TBI at each age at injury.

Effect of CCI on MWM performance

Immature rats have been shown to be capable of learning the
MWM task [38, 62] that assesses hippocampal mediated
visuo-spatial memory and place navigation attaining adult

Fig. 5 Contusion volume comparisons of the different ages at injury
for both level of injury and post-injury day (PID). For a PND 7, there
was no difference between injury severity levels but there were differ-
ences in contusion volume between PID 1 and 28 for the lesser injury
severities. For b PND 17, there was a significant increase in contusion
volume due to injury severity only on PID 28 but also from PID 1 and
28 for the 1.5- and 2.5-mm deflections. *p < 0.05 for injury level and
** p < 0.05 for PID
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levels of proficiency between PND 21–23 [9]. It is unclear
though whether MWM assesses spatial memory acquisition
in developing animals [61]. Similarly, it is a challenge to
clinically identify in children a accurate and sufficient “out-
come measure” to assess cognitive function following TBI.
Still, the MWM is a valuable adjunct for identifying a
performance deficit that has likely subcortical origins and
presently provides a well described, and studied endpoint
for measure following experimental TBI. The literature re-
garding MWM performance after TBI in immature rats has
been growing [3, 4, 6], and to our knowledge, no data exist
regarding MWM performance after CCI in immature rats as
well as MWM performance following injury in PND 7.
Consistent with previously described maturational timelines
[9], sham rats in this study beginning MWM testing on PND
27 were capable of learning the task. The initial MWM
testing of the two models took place at PND 18 for the
younger at injury model and PND 28 for the older model.
Swim speeds did not markedly differ from that of adult and
from what we had previously reported for these age at
testing animals in these models [3, 6].

MWM impairments have been shown after both hippo-
campal [50, 65] and cortical [12] lesions in adult rats,
leading investigators to relate the cognitive deficits to his-
topathologic damage. MWM performance and outcome fol-
lowing experimental TBI has been variable when utilized in
the immature rat. After fluid-percussion injury, PND 17 rats
had no escape latency deficits but did exhibit poor probe
trial performance as compared with shams [55]. In contrast,
PND 17 animals undergoing diffuse impact acceleration
injury showed significantly prolonged escape latencies after
a 150-g/2 m injury that were sustained through the third
post-injury month [3]. In the present study, significant
MWM acquisition deficits were found following 1.75 and
2.0 mm in the PND 7 model and the 2.0- and 2.5-mm
deflections in the PND 17 model. Interestingly, a 1.5-mm
level of injury resulted in MWM acquisition deficits in the
PND 17, but not the PND 7 group, suggesting a potential
age-dependent injury threshold.

The minimal numbers of studies examining MWM defi-
cits after TBI in the immature rat have failed to correlate
acute cognitive deficits in MWM performance to histopa-
thology [4, 55] though it has been suggested that insult and
deafferentation may contribute to MWM performance defi-
cits [57]. Mechanisms other than tissue damage have been
attributed to MWM deficits including cortical cholinergic
system dysfunction [12] and septohippocampal cholinergic
systems [24] but to date this has not been examined in the
immature rat. Additionally, it is possible that sensorimotor-
based exploratory behavior is suppressed after CCI in the
immature rat as sensory attention and integration functions
begin to appear at the time that the rats were injured in this
study [59].

Histopathologic injury

In contrast to previously described models of immature TBI,
little acute or delayed mortality were seen in either age or
severity injury level. Mortality rates of 27–100 % using
fluid percussion [56], 8–9 % using focal weight drop [46],
and up to 83 % using diffuse weight drop/impact accelera-
tion [6] have been previously described. By definition,
diffuse weight drop models of TBI have more widespread
neuropathologic effects, likely including significant brain-
stem injury or physiologic interruption. Fluid percussion,
although a more focal model of TBI produces diffuse central
nervous system (CNS) pathology including brainstem hem-
orrhage [49] and severe brainstem strain [63]. Unlike other
models of immature TBI, CCI produces a lesion that is
primarily focal in nature, leaving the brainstem intact. By
minimizing the injury to critical central respiratory drive
centers in the CNS, the CCI model of TBI applied to the
PND 7 and 17 was able to produce a cortical injury with a
0 % primary mortality rate in our hands. In addition, by
delivering anesthesia via inhalation, the need for tracheal
intubation, as in the impact acceleration model [6], is elim-
inated. In our experience, intubation of PND 17 rat pups is
associated with post-intubation tracheal spasm and edema
and occasional intubation-related death [3].

In this model of TBI in the immature rat using CCI
produced focal cortical tissue loss in a graded manner, the
magnitude correlating with depth of brain deflection. At the
more severe injury levels in the PND 17 (2.0 and 2.5 mm),
the initially contused cortex evolved into a cortical cavity
that extended to, but did not involve directly, the underlying
hippocampus. Interestingly, hippocampal asymmetry was
noted in both age at injury models over the study period at
PID 1 in the most severe injury deflection (PND 7, 2.0 mm
and PND 17, 2.5 mm deflection) and most of the injuries at
PID 28 (PND 7, 1.75 and 2.0 mm and PND 17, 2.0 and
2.5 mm deflections) indicating some level of “transmitted”
injury and potentially allowing for further study of post-
injury hippocampal pathology that may be contributory to
the MWM deficits noted in these models. The ability to
produce a graded contusion is a unique feature of the CCI
model, and comparable histopathology has been observed in
adult CCI models [18, 44]. These age at injury models using
CCI have a number of histopathological advantages. By
manipulating brain deflection and impactor tip, the resultant
injury was able to be reliably and consistently altered to
produce the desired degree of histopathologic injury of
contusion and hippocampal asymmetry (without direct dam-
age) correlative with MWM functional outcome.

Lastly, CCI might produce a more diffuse injury in addition
to the focal contusion with the tissue deformation from the
propagated energy within in the closed skull not only to the
hippocampus but throughout the cerebrum and infratentorial
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may also be contributory to the diffuse findings in these two
models [28]. As a result, the analysis of the extent of ipsilateral
and contralateral neurodegeneration provides a more complete
anatomical correlate for the cognitive and motor dysfunction
seen in this paradigm and suggests that visual disturbances
may are also likely to be contributory involved in the post-CCI
neurological deficits observed. As well, TBI in infants is often
caused by abusive head trauma. This form of TBI has not been
modeled in rats and therefore, this experimental paradigm in
the PND 7, which models a newborn, could also provide some
insight into aspects of the pathobiology of that important
condition.

Conclusions

Utilizing two different ages at injury models of immature
TBI, we have demonstrated significant cortical and hippo-
campal histologic damage, both acute and delayed and
cognitive functional deficits in both PND 7 and 17 individ-
ually after CCI. We have shown a graded response for
histologic damage with increasing deflection depth. Since
the immature brain differs from the adult and given the
impact of TBI on the pediatric population, it is critical that
TBI in the immature brain be further explored. These ex-
perimental animal models of TBI in the immature brain
should provide a template for further investigations into
the mechanisms and treatments of immature brain injury.
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