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Summary Controlled cortical impact injury was used to examine relationships between focal
posttraumatic cortical damage and mossy fiber sprouting (MFS) in the dentate gyrus in three
Dentate gyrus;
Epileptogenesis;
Epilepsy model;
Seizure;
Traumatic brain

mouse strains. Posttraumatic MFS was more robust when cortical injury impinged upon the
hippocampus, versus contusions restricted to neocortex, and was qualitatively similar among
CD-1, C57BL/6, and FVB/N background strains. Impact parameters influencing injury severity
may be critical in reproducing epilepsy-related changes in neurotrauma models.
© 2011 Elsevier B.V. All rights reserved.
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Introduction

Mossy fiber sprouting (MFS) into the inner molecular layer
of the dentate gyrus is a consistent marker of the epileptic
dentate gyrus after traumatic brain injury (TBI) in humans

(Swartz et al., 2006) and animals (Kharatishvili et al.,
2006; Hunt et al., 2009, 2010, 2011). MFS is generally
more robust after severe versus mild TBI (Santhakumar
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t al., 2000; Kharatishvili et al., 2006, 2007; Hunt et al.,
009), but responses in posttraumatic animals can be highly
ariable. We recently described the development of post-
raumatic epilepsy (PTE) and localized, robust MFS and
ynaptic reorganization 6—12 weeks after controlled corti-
al impact (CCI) injury in mice (Hunt et al., 2009, 2010).
owever, background strain may influence cellular events
nd seizure thresholds in mice after TBI (Chrzaszcz et al.,
010). Other studies detected only mild mossy fiber reorga-
ization in posttraumatic mice at similar time points after
njury (Hanell et al., 2010). These findings could be due

o considerable technical differences among laboratories or
igh variability in the degree of cortical damage in individual
nimals. Tissue responses produced after CCI injury depend
reatly on external injury parameters (i.e., impact depth
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nd velocity, impactor shape and size, and number of cran-
otomies) (Mao et al., 2010; Pleasant et al., 2011). While
CI is increasingly used to model epilepsy-related changes
fter TBI, the parameters of focal cortical damage neces-
ary to consistently reproduce MFS in posttraumatic animals
s unknown.

ethods

ll procedures were approved by the University of Kentucky Animal
are and Use Committee and adhered to NIH guidelines for the care
nd use of laboratory animals. Six- to ten-week-old CD-1 (Harlan),
57BL/6 (The Jackson Laboratory), or FVB/N (The Jackson Labora-
ory) mice were subjected to a unilateral cortical contusion by CCI
njury as previously described (Hunt et al., 2009, 2010, 2011). We
hose these strains because they display different cellular responses
n status epilepticus models (Schauwecker and Steward, 1997),
nd/or are often used in transgenic studies. Severe brain injury was
elivered using an electronically controlled, pneumatically driven
mpactor fitted with a stainless steel tip 3 mm in diameter (Precision
ystems and Instrumentation, Fairfax, VA) to compress the cortex
o a depth of 1.0 mm (or, for C57BL/6 mice only, 1.2 mm), at 3.5 m/s
nd 400—500 ms duration. Mice were injured with two differently
haped impactor tips, beveled or rounded, to achieve a variable
egree of cortical damage. Impactor shape is an important deter-
inant for CCI-induced cortical damage (Mao et al., 2010; Pleasant

t al., 2011) and has been a common variation among studies exam-
ning epilepsy-related changes after CCI. A subset of injured CD-1
ice was monitored for injury-induced behavioral seizures during
90 min interval beginning 90 min post-injury. Seizure severity was

cored from 1 to 5, according to a modified Racine scale (Hunt et al.,
009, 2010).

Mice were perfused with 0.37% sodium sulfide in 0.1 M NaHPO4
ollowed by 4% paraformaldehyde in 0.15 M phosphate buffer. Brains
ere cryoprotected with 30% sucrose in 0.01 M phosphate-buffered

aline; 20 �m coronal brain sections were cut on a cryostat and
ollected at 400 �m intervals. Timm’s and Nissl staining was per-
ormed as previously described to visualize mossy fibers and cell
odies (Shibley and Smith, 2002) ipsilateral and contralateral to
he injury. Timm’s scores were plotted with respect to the distance
f each section from the injury epicenter, which was qualitatively
efined as the section with the most extensive cortical damage.
cores for sprouting were assigned from 0 to 3 based on the rat-
ng scale of Tauck and Nadler (1985). If Timm’s staining between
he blades of the granule cell layer was variable, an averaged score
as used (e.g., if the lower blade was scored 1 while the upper
lade was scored 2, the section was given an overall grade of 1.5).
FS was defined as at least one section with a Timm’s score >1 (Hunt
t al., 2009, 2010, 2011).

Data were analyzed using Microsoft Excel and Instat3 programs.
umerical data are presented as the mean ± SD. The nonparamet-
ic Chi square or Kruskal—Wallis test with Dunn’s post hoc tests
ere used to analyze Timm score differences between groups.
ann—Whitney U was used to examine differences between pairs.
ignificance was set at P < 0.05.

esults

ross damage 8—12 wks after CCI consisted of a cortical cav-
ty 3 mm in diameter extending through the thickness of the
eocortex at the injury epicenter, located midway between

ambda and bregma, 5 mm lateral to midline. In all mice
njured with a rounded-tip impactor, the cortical cavity at
he injury site was restricted to the neocortex (n = 5 CD-
; n = 9 FVB; n = 12 C57BL/6). In most mice injured with a
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eveled tip, a variably sized cavity extended into the hip-
ocampus (260—1070 �m3), accompanied by hippocampal
istortion extending 300—1600 �m from the injury epicen-
er (n = 18 of 20 CD-1; n = 18 of 23 FVB; n = 7 of 10 C57BL/6).
hese results are consistent with recent studies demonstrat-

ng greater hippocampal damage after injuries administered
sing beveled versus rounded-tip impactors (Mao et al.,
010; Pleasant et al., 2011).

MFS was detected ipsilateral to the injury in all three
trains of posttraumatic mice. In contrast, none of the hip-
ocampi contralateral to the injury had abnormal mossy
ber organization (i.e., all Timm scores were ≤1). The
egree of hippocampal distortion and pattern of MFS were
ariable (Fig. 1). The most robust Timm’s staining was always
ound within 800 �m of the injury epicenter toward the ven-
ral pole (Fig. 2).

All mice, regardless of strain, in which the cortical cav-
ty impinged upon the hippocampus had MFS into the inner
olecular layer ipsilateral to the injury (CD-1, n = 18 of 18;

VB, n = 18 of 18; C57BL/6, n = 7 of 7). In mice where the
avity was restricted to the neocortex, MFS was observed
psilateral to the injury in 57% of CD-1 (n = 4 of 7), 29% of
VB (n = 4 of 14), and 27% of C57BL/6 (n = 4 of 15) mice,
ith no detectable difference between strains (X2 = 2.241,
.f. = 2, P = 0.33). We evaluated ‘‘peak’’ Timm scores in
ections that were 400 �m ventral to the injury epicen-
er to examine whether damage to the hippocampus was
ssociated with greater MFS. For this analysis, we com-
ared hippocampi ipsilateral to the injury, in mice with and
ithout a cavity into the hippocampus, with contralateral
ippocampi. A Kruskal—Wallis test detected a significant
ifference in Timm score ranges among groups for each
train (CD-1: H(2, 49) = 38.58, P < 0.001; FVB: H(2, 61) = 47.21,
< 0.001; C57BL/6: H(2, 43) = 24.79, P < 0.001; Fig. 2E). Post
oc analysis revealed that ipsilateral hippocampi had higher
imm scores than contralateral hippocampi for all strains,
egardless of the extent of cortical damage. However, Timm
cores were greater in mice in which the cortical cavity
ncluded portions of the hippocampus versus mice in which
he cavity was restricted to the neocortex, regardless of
train. No difference was detected in the time post-TBI in
hich MFS was evaluated between mice with (9.86 ± 1.1
ks) and without (9.22 ± 0.8 wks) a cavity into the hip-
ocampus for any strain (P > 0.05).

The development of MFS after pilocarpine administra-
ion in mice relates to seizure number induced during
tatus epilepticus (Shibley and Smith, 2002). Therefore,
e evaluated whether Timm’s scores were greater in CD-
mice that displayed immediate injury-induced behavioral

eizures versus mice that did not have seizures. Five
ice displayed immediate seizures after TBI (one to four

eizures/mouse; category 2—5) and had an average Timm’s
core of 2.2 ± 0.27. Mice that did not have immediate
eizures had an average Timm’s score of 2.2 ± 0.53 (n = 20;
> 0.05). Immediate seizures after TBI did not predict the
evelopment of posttraumatic MFS.
iscussion

ur finding that MFS is increased in mice with posttrau-
atic hippocampal cavitation is consistent with previous
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Figure 1 MFS after cortical contusion injury is not uniform. Example Timm’s and Nissl stained sections of the dentate gyrus 8—12
wk after CCI injury. (A) Representative image of hippocampus contralateral to the injury shows the absence of mossy fiber sprouting
in the inner molecular layer (Timm score = 0). (B—F) Representative images of Timm’s staining in the ipsilateral dentate gyrus near
the injury epicenter. Note that the pattern of MFS and distortion of the granule cell layer is different in each section. MFS into the
inner molecular layer is indicated by arrows. (B—D) Sections obtained from CD-1 mice. Timm scores for these sections are B, 2; C,
3; D, 2. E. Section from a C57BL/6 mouse (Timm score = 1.5). F. Section from an FVB mouse (Timm score = 2). Scale bar is 100 �m.

Figure 2 Timm scores are greater in mice with cortical cavitation that enters the hippocampus (HC). (A) Image of Timm’s and
Nissl stained contralateral dentate gyrus. (B) Image of Timm’s and Nissl stained ipsilateral dentate gyrus at the injury epicenter.
Note that the cortical cavity does not include portions of the hippocampus. (C) Image of Timm’s and Nissl stained ipsilateral dentate
gyrus at the injury epicenter in an animal where the cortical cavity extended into the hippocampus (asterisk). The contralateral
hippocampus from this mouse is shown in (A). (D) Enlarged image of the boxed area in (C) shows MFS into the inner molecular layer
(arrows). Scale bar is 200 �m in (A—C) and 50 �m in (D); sections from CD-1 mice shown in (A—D). (E) In CD-1 mice, average Timm
score in relation to the distance from the injury epicenter (zero on the x-axis), septal (400 �m) to temporal (−1200 �m). (F) Average
‘‘peak’’ Timm score at −400 �m for each group in CD-1, FVB, and C57BL/6 (BL/6) mice. Asterisk indicates significant difference
from slices contralateral to the injury. Double asterisk indicates significant difference from both contralateral hippocampi and
ipsilateral hippocampi without hippocampal cavity. (G) Timm scores 8—12 weeks after injury are not greater in mice observed to
have behavioral seizures in the first 90 min post-TBI, versus mice in which seizures were not observed. Number of mice in each
category is shown in parentheses.
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eports describing greater spontaneous seizure incidence
fter severe CCI using a beveled impactor (36—40%; Hunt
t al., 2009, 2010) versus rounded-tip impactors (9—13%;
olkvadze et al., 2009; Statler et al., 2009). Hippocampal
amage was more likely with beveled tips. Injuries with-
ut hippocampal cavitation resulted in less prevalent MFS,
espite similar impact depth. In addition to impact param-
ters, rodent species, animal age, or injury location, might
lso affect MFS and seizure incidence after CCI injury.

The relatively low seizure incidence in PTE models sug-
ests the need for surrogate biomarkers. We found that the
egree of neocortical damage might be a less useful pre-
ictor of posttraumatic MFS than is hippocampal cavitation;
ll mice with hippocampal cavitation developed sprouting.
hy MFS occurs is controversial. Among potential triggers

nclude hilar or hippocampal cell loss, neurogenesis, and
rowth factor overexpression, all of which occur after CCI.
orrelation of MFS with these parameters may be useful for

dentifying other key features of posttraumatic epileptoge-
esis. While MFS is qualitatively related to epileptogenesis,
t does not correlate quantitatively with seizure frequency
r severity in temporal lobe epilepsy models (Buckmaster
nd Dudek, 1997). MFS ipsilateral to TBI might be related
o posttraumatic EEG spike activity (Kharatishvili et al.,
007); MRI markers have been used to evaluate brain dam-
ge after brain injury in rodents (Kharatishvili et al., 2007,
009; Onyszchuk et al., 2007). Perhaps the presence of hip-
ocampal damage could serve as a biomarker for animals
ith the highest probability for developing epilepsy.
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