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Abstract

Traumatic brain injury (TBI) is known to cause short- and long-term synaptic changes in the brain, possibly underlying

downstream cognitive impairments. Neuronal levels of neurogranin, a calcium-sensitive calmodulin-binding protein

essential for synaptic plasticity and postsynaptic signaling, are correlated with cognitive function. This study aims to

understand the effect of TBI on neurogranin by characterizing changes in protein expression at various time points after

injury. Adult, male rats were subjected to either controlled cortical impact (CCI) or control surgery. Expression of

neurogranin and post-synaptic density 95 (PSD-95) were evaluated by Western blot in the cortex and hippocampus at 24 h

and 1, 2, and 4 weeks post-injury. We hypothesized that CCI reduces neurogranin levels in the cortex and hippocampus,

and demonstrate different expression patterns from PSD-95. Neurogranin levels were reduced in the ipsilateral cortex and

hippocampus up to 2 weeks after injury but recovered to sham levels by 4 weeks. The contralateral cortex and hippo-

campus were relatively resistant to changes in neurogranin expression post-injury. Qualitative immunohistochemical

assessment corroborated the immunoblot findings. Particularly, the pericontusional cortex and ipsilateral Cornu Ammonis

(CA)3 region showed marked reduction in immunoreactivity. PSD-95 demonstrated similar expression patterns to neu-

rogranin in the cortex; however, in the hippocampus, protein expression was increased compared with sham at the 2 and 4

week time points. Our results indicate that CCI lowers neurogranin expression with temporal and regional specificity and

that this occurs independently of dendritic loss. Further understanding of the role of neurogranin in synaptic biology after

TBI will elucidate pathological mechanisms contributing to cognitive dysfunction.
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Introduction

Traumatic brain injury (TBI) is a pervasive neurological

disorder that has short- and long-term pathological conse-

quences. Changes in mood, memory, and cognition are paired with

disruptions in neuronal activity, which increase the risk for neuro-

degenerative diseases later in life.1,2 Pre-clinical injury models have

shown significant changes in axonal architecture, synaptic structure,

dendritic morphology, and spine density as a result of diffuse axonal

injury and synaptic loss.3,4 Axonal and synaptic regeneration pro-

cesses contribute to recovery; however, pre-injury levels were not

reached, and performance on learning and memory tasks, such as the

Morris Water Maze, did not completely recover to pre-injury per-

formance levels.4–6 In addition to neuronal structure, synaptic plas-

ticity, particularly in the hippocampus, is impaired after injury.

Electrophysiological studies have demonstrated deficits in induction,

maintenance, and strength of long-term potentiation processes both

immediately and weeks after injury.7–11 Current rehabilitation efforts

suggest that neuroplasticity changes, as evidenced by environmental

enrichment therapies, for example, underlie observed improvements

in cognitive function.12–14 Therefore, understanding underlying

mechanisms of synaptic dysfunction after injury is imperative for

advancing toward potential means of recovery.

Neurogranin is a small, 7.5 kD protein that is highly abundant in

post-synaptic dendritic spines within the rat cerebral cortex, hippo-

campus, amygdala, and striatum.15,16 Through its calcium-dependent

interactions with calmodulin and tightly regulated phosphorylation

and oxidation, it has been shown to play an essential role in synaptic

plasticity and post-synaptic signaling.17,18 Knockout animals present

deficits in spatial learning tasks and aberrant electrophysiological

properties,19–21 whereas overexpression studies have shown im-

proved contextual memory encoding, fear-conditioned extinction

learning, and enhanced long-term potentiation.22–24 Within the last

decade, neurogranin has been extensively investigated in biomarker

studies of Alzheimer’s disease (AD) as a correlate of synaptic loss and

memory impairment. Although there are reductions in neuronal

mRNA levels as well as in derived exosomes, neurogranin is elevated

in cerebrospinal fluid compared with healthy controls.25–33 More
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recently, researchers have attempted to evaluate the potential of

neurogranin as an acute biomarker of TBI, and have found similarly

elevated levels compared with uninjured controls.34,35

Our study sought to characterize cortical and hippocampal ex-

pression of neurogranin in a controlled cortical impact (CCI) model

of TBI. Using immunoblotting and immunohistochemical tech-

niques, we assessed protein expression and localization at 24 h and

at 1, 2, and 4 weeks after injury. We compared the expression

pattern of neurogranin to post-synaptic density 95 (PSD-95), an-

other post-synaptic protein, to verify that these changes are inde-

pendent of synaptic degeneration after injury. Changes in PSD-95

expression have been tightly linked to synaptic spine development

and remodeling.36,37 Overexpression of PSD-95 led to increased

spine density and maturation, whereas reductions in PSD-95 caused

by RNA interference or modulation of upstream modulatory pro-

teins, such as synaptosomal nerve-associated protein 25 (SNAP-25)

or serum-inducible kinase (SNK), decreased spine numbers and

improper spine development.38–40 Further, PSD-95 expression has

been previously characterized in pre-clinical models of TBI and is

indicative of changes in dendritic integrity.41–46 We hypothesized

that injury induced significant decreases in neurogranin expression

across both the cortex and hippocampus, and that these changes

were sustained up to 4 weeks post-injury.

Methods

Animals and CCI

All experimental procedures were approved by the University of
Pittsburgh Institutional Animal Care and Use Committee in ac-
cordance with the guidelines established by the National Institutes
of Health in the Guide for the Care and Use of Laboratory Animals.
Animals were housed up to two rats per cage in the University of
Pittsburgh vivarium with a 12:12 light/dark photoperiod (lights on
at 7:00 a.m.) and provided food and water ad libitum. Animals were
also monitored daily by veterinary technicians.

A total of 96 adult male Sprague–Dawley rats (Harlan, In-
dianapolis, IN) weighing 275–350 g were used in this study and were
randomly assigned to receive either sham or CCI injury (n = 6 per
group). Half of the animals were processed for immunoblotting and
the other half for iummunohistochemistry. Rats were anesthetized
using 4% isoflurane with a 2:1 N2O/O2 mixture in a ventilated an-
esthesia chamber. Following endotracheal intubation, the rats were
mechanically ventilated with a 2% isoflurane mixture. Animals were
placed in a stereotaxic frame and body temperature was monitored by
rectal thermistor probe and maintained at 37�C with a heating pad.
Following a midline incision, the soft tissues were reflected and a
7 mm craniectomy was performed over the right parietal cortex, be-
tween bregma and lambda, and centered 5 mm lateral of the sagittal
suture to expose the dura mater. Control sham injury animals were
subjected to anesthesia and surgical procedures but did not receive a
TBI. The CCI injury device is a small bore (1.975 cm) double-acting
stroked-constrained pneumatic cylinder with a 5.0 cm stroke. An
impactor tip (6 mm in diameter, flat tip) was set to produce a tissue
deformation of 2.8 mm at a velocity of 4 m/sec with a dwell time of
150 msec. After each sham or CCI injury, the scalp was sutured, gas
anesthetics were turned off, and righting time was monitored. Once
ambulatory, the animals were returned to their home cages.

Immunoblotting

At 24 h or 1, 2, or 4 weeks post-injury, animals received an overdose
of sodium pentobarbital (intraperitoneally, 100 mg/kg Fatal-plus,
Vortech Pharmaceuticals, Dearborn, MI) and were rapidly decapi-
tated. Ipsilateral and contralateral cortex and hippocampus were dis-
sected on a chilled ice plate and immediately frozen in liquid nitrogen

and stored at -80�C. Samples were homogenized by sonication in lysis
buffer (0.1 M NaCl, 0.01 M Tris-Cl, 0.001 M ethylenediaminete-
traacetic acid [EDTA], pH 7.6) with protease and phosphatase in-
hibitors (Sigma-Aldrich, St. Louis, MO) The homogenized whole cell
samples were centrifuged at 13,000g at 4 �C for 30 min, and the
supernatants collected. Total protein concentration was determined by
a BCA protein assay kit (Thermo Scientific, Pittsburgh, PA) using a
96-well microplate reader (Biotek, Winooski, VT).

To assess neurogranin and PSD-95 expression, whole cell lysates
were boiled for 10 min prior to blotting. 15 lg of cortical and 10 lg of
hippocampal protein samples and molecular weight markers (Bio-
Rad, Hercules, CA) were separated using sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE). The resolved pro-
teins were electrophoretically transferred to a polyvinylidene di-
fluoride (PVDF) membrane (Invitrogen, Carlsbad, CA). The blots
were blocked in 5% nonfat dry milk in tris-buffered saline (TBS) for
1 h. Rabbit anti-neurogranin (Abcam, Cambridge, MA) primary an-
tibody was diluted (1:1000) in blocking solution and incubated
overnight at 4�C. The following day, the membranes were washed
with 1 · TBS buffer, incubated in blocking solution containing
horseradish peroxidase secondary antibodies for 1 h. Proteins were
visualized using a chemiluminescence detection system (Supersignal,
Pierce). The membranes were stripped and probed with mouse anti-b-
actin antibody (diluted 1:5000, Sigma-Aldrich) then stripped again
and probed with rabbit anti-PSD-95 antibody (diluted, 1:1000, Ab-
cam, Cambridge, MA). Blots were imaged with the Chemidoc Imager
(BioRad). Optical density of neurogranin and PSD-95 were measured
using ImageJ (National Institutes of Health) and normalized to b-actin
levels. One hemisphere from a single brain region for both sham and
CCI-injured animals were loaded on one gel to directly compare injury
effect. Values are presented as the ratio of optical densities of samples
as a percentage of sham (100%) for each time point. Data are ex-
pressed as the group means – standard error of the mean (SEM).

Immunohistochemistry

Animals received an overdose of sodium pentobarbital (intra-
peritoneally, 100 mg/kg Fatal-plus) at 24 h or 1, 2, or 4 weeks after
sham or CCI injury. Animals were transcardially perfused with
saline, followed by a mixture of 10% neutral buffered formalin
(Fisher Scientific, Waltham, MA). The brains were post-fixed for
an additional 24 h in 10% neutral buffered formalin, and cryopro-
tected in 30% sucrose in 0.1 M phosphate buffered saline (PBS) for
48 h at 4�C. The brains were frozen in Tissue-Tek OCT compound
(Sakura Finetek, Torrance, CA) and cut into 35 lm thick coronal
sections on a cryostat (Leica Microsystems Inc., Buffalo Grove,
IL). Sections at -3.0 to -3.7mm post-bregma were selected and
processed for immunofluorescence staining.

Immunohistochemical staining was completed on free-floating
tissue sections. One section per animal, at the level of the anterior
hippocampus, was rinsed with 0.1 M TBS buffer and blocked with
10% normal goat serum and 0.1% Triton X-100 in 0.1 M TBS for
1 h. Sections were incubated overnight at 4�C with the same rabbit
anti-Neurogranin (Abcam), an antibody utilized for immunoblot
analysis. Following incubation of horseradish peroxidase second-
ary antibody, sections were washed, and diaminobenzidine (DAB)
was used to visualize the reaction product. Sections were mounted
on Superfrost Plus slides (Fisher Scientific), cover-slipped using
Permount medium (Fisher Scientific), and qualitatively assessed by
light microscopy using a Nikon 90i microscope (Melville, NY).

Statistical analysis

Data are presented as mean – SEM. Immunoblot data were com-
pared using a non-parametric, Mann–Whitney, t test for each time
point and a p value <0.05 was considered statistically significant for
all tests. Statistical tests were completed using GraphPad Prism
(GraphPad, La Jolla, CA).
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Results

Ipsilateral hemisphere showed reduced cortical
expression of neurogranin in after injury

Cortical neurogranin protein expression after CCI was assessed by

Western blot. Neurogranin expression in the ipsilateral cortex was

not significantly different from the control group 24 h after injury

( p > 0.05; Fig. 1A). However, at 1 and 2 weeks after injury, neuro-

granin expression was significantly reduced in CCI injured animals

compared with sham (1 week: 45.0 – 4.0% vs. 100.0 – 14.0%,

p = 0.0022; 2 weeks: 53.7 – 6.0% vs. 100.0 – 22.0%, p = 0.0411;

Fig. 1B and C). At 4 weeks post-injury, neurogranin protein ex-

pression recovered to control levels ( p > 0.05; Fig. 1D). In the con-

tralateral cortex, all time points assessed from 24 h to 4 weeks post-

injury showed no change in neurogranin expression from the control

group level ( p > 0.05; Fig. 2A–D).

Ipsilateral hippocampus neurogranin levels remained
lower for longer than levels in the contralateral
hippocampus

At 24 h post-injury, the hippocampus in both the ipsilateral and

contralateral hemispheres showed significant reductions in neurogranin

FIG. 1. The ipsilateral cortex shows reduced levels of neurogranin 1 and 2 weeks after injury. (A) Assessment of ipsilateral cortical
neurogranin (band at 15 kDa) levels at 24 h after injury revealed no significant difference between sham and controlled cortical impact
(CCI) injuries. (B, C) Assessment of ipsilateral cortical neurogranin 1 and 2 weeks after injury showed significant reduction in protein
levels in CCI compared with sham-injured animals (1 week: p = 0.0022; 2 weeks: p = 0.0411). (D) Assessment of neurogranin expression
at 4 weeks shows no difference between sham and CCI injuries. Neurogranin expression is normalized to actin (band at 42 kD).
*p < 0.05, **p < 0.01; n = 6 per group, representative n = 3 per group shown.

FIG. 2. There is no significant effect of injury on neurogranin expression in the contralateral cortex. (A–D) Assessment of contra-
lateral cortical neurogranin (band at 15 kDa) levels at 24 h to 4 weeks after injury revealed no difference between sham and controlled
cortical impact (CCI) animals. Neurogranin expression was normalized to actin (band at 42 kDa). n = 6 per group, representative n = 3
per group shown.
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abundance compared with the control group (ipsilateral: 39.0 – 8.5%

vs. 100.0 – 17.1%, p = 0.0022; contralateral: 40.5 – 10.1% vs. 100.0 –
14.3%, p = 0.0087; Figs. 3A and 4A). The contralateral hippocampus

recovered to control levels by 1 week post-injury and remained stable

through 4 weeks post-injury ( p > 0.05; Fig. 4B–D). The ipsilateral

hippocampus maintained lower neurogranin levels 1 and 2 weeks after

injury (1 week: 36.0 – 3.1% vs. 100.0 – 20.6%, p = 0.0043, 2 weeks:

41.3 – 15.5 vs. 100.0 – 7.6%, p = 0.0260; Fig. 3B and C). By the 4 week

time point, protein levels returned to control levels ( p > 0.05; Fig. 3D).

PSD-95 demonstrated initial increase followed
by subsequent reduction in protein levels in the cortex

To assess whether these decreases in neurogranin expression were

independent of dendritic loss, we compared it with another post-

synaptic protein, PSD-95. Contrary to a non-significant reduction in

ipsilateral cortical neurogranin expression, at 24 h after injury, in-

jured animals showed a trend for higher PSD-95 expression in this

brain region, but it did not reach significance (162.5 – 20.1% vs.

FIG. 3. Neurogranin levels are reduced in the ipsilateral hippocampus up to 2 weeks post-injury. (A–C) Assessment of ipsilateral
hippocampal neurogranin (band at 15 kDa) levels at 24 h, 1 week, and 2 weeks after injury revealed significant reduction in protein
levels in controlled cortical impact (CCI) injured animals compared with controls (24 h: p = 0.0095; 1 week: p = 0.0087; 2 weeks:
p = 0.0260). (D) Assessment of neurogranin expression in the ipsilateral hippocampus 4 weeks after injury shows no difference between
sham and CCI. Neurogranin expression was normalized to actin (band at 42 kDa). *p < 0.05, **p < 0.01; n = 6 per group, representative
n = 3 per group shown.

FIG. 4. Reductions in contralateral hippocampal neurogranin recover after 24 h post-injury. (A) Assessment of contralateral hippo-
campal neurogranin (band at 15 kDa) levels at 24 h post-injury revealed significant reductions in protein levels in controlled cortical
impact (CCI) injured animals compared with controls ( p = 0.0087). (B–D) Assessment of neurogranin expression in the contralateral
hippocampus 1–4 weeks after injury shows no significant difference between sham and CCI. Neurogranin expression was normalized to
actin (band at 42 kDa). **p < 0.01; n = 6 per group, representative n = 3 per group shown.
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100.0 – 21.3%, p = 0.0931). PSD-95 expression in the ipsilateral

cortex pattern shifted to being significantly lower than sham levels 1

week after injury (44.0 – 6.2% vs. 100.0 – 13.9%, p = 0.0260;

Fig. 5B). However, PSD-95 protein expression returned to control

levels by 2 and 4 weeks after injury ( p > 0.05; Fig. 5C and D).

Contralateral cortex PSD-95 expression was similar to controls at all

time points. ( p > 0.05; Fig. 6A–D).

PSD-95 initially showed lower expression
in the hippocampus but was increased
at later time points

Similar to neurogranin expression in the ipsilateral hippocam-

pus, injured animals showed significantly decreased PSD-95 ex-

pression at 24 h and 1 week post-injury compared with sham

FIG. 5. Post-synaptic density 95 (PSD-95) protein expression is only decreased 1 week after injury in the ipsilateral cortex.
(A) Assessment of ipsilateral cortical PSD-95 (band at 80 kDa) levels at 24 h after injury revealed a trend of increased protein expression
in controlled cortical impact (CCI) compared with sham-injured groups ( p = 0.0589). (B) Evaluation of PSD-95 levels 1 week after
injury shows a significant decrease in protein expression in CCI-injured animals compared with sham ( p = 0.0260) (C, D) Evaluation of
PSD-95 levels in the ipsilateral cortex 2 and 4 weeks after injury showed no significant changes in expression between and sham and
CCI injured groups. PSD-95 expression was normalized to actin (band at 42 kDa). *p < 0.05; n = 6 per group, representative n = 3 per
group shown.

FIG. 6. There is no significant effect of injury on post-synaptic density 95 (PSD-95) protein expression in the contralateral cortex.
(A–D) Assessment of contralateral cortical PSD-95 (band at 80 kDa) levels at 24 h to 4 weeks after injury revealed no significant
difference between sham and controlled cortical injury (CCI) injured animals. PSD-95 expression was normalized to actin (band at
42 kDa). n = 6 per group, representative n = 3 per group shown.
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controls (24 h: 44.5 – 4.9% vs. 100.0 – 12.0%, p = 0.0022; 1 week:

35.2 – 5.7% vs. 100.0 – 22.4%, p = 0.0087; Fig. 7A and B). Two

weeks after injury, there was no difference in PSD-95 expression in

CCI injured animals compared with sham ( p > 0.05; Fig. 7C). In-

terestingly, 4 weeks after injury, there was significantly increased

PSD-95 expression in the ipsilateral hippocampus, which is distinct

from neurogranin expression (160.7 – 19.0% vs. 100.0 – 12.0%,

p = 0.0303; Fig. 7D). The contralateral hippocampus showed no

change in PSD-95 expression in the injured group compared with

sham at the 24 h and 1 week time-points ( p > 0.05; Fig. 8A and B).

FIG. 7. Post-synaptic density 95 (PSD-95) levels recover by 2 weeks post-injury in the ipsilateral hippocampus. (A, B) Assessment of
ipsilateral hippocampal PSD-95 (band at 80 kDa) levels at 24 h and 1 week after injury significant reductions in protein expression in
controlled cortical impact (CCI) compared with sham- injured animals (24 h: p = 0.0022; 1 week: p = 0.0087). (C) Assessment of PSD-
95 in the ipsilateral hippocampus 2 weeks after injury showed no significant change in protein expression between sham and CCI
groups. (D) Four weeks after injury, we observe significant increases in PSD-95 protein levels in the ipsilateral hippocampus in CCI
injured animals compared with sham ( p = 0.0303). PSD-95 expression was normalized to actin (band at 42 kDa). *p < 0.05, **p < 0.01;
n = 6 per group, representative n = 3 per group shown.

FIG. 8. Contralateral hippocampal post-synaptic density 95 (PSD-95) levels are significantly increased 2 weeks after injury. (A, B)
Assessment of PSD-95 (band at 80 kDa) levels at 24 h and 1 week after injury revealed no significant difference between sham and
controlled cortical impact (CCI). (C) Evaluation of PSD-95 levels at 2 weeks post-injury shows a significant increase in CCI injured
animals compared with control ( p = 0.0043). (D) At 4 weeks post-injury, there was a trend of increased protein expression of PSD-95
( p = 0.0823). PSD-95 expression was normalized to actin (band at 42 kDa). **p < 0.01; n = 6 per group, representative n = 3 per group
shown.
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However, at 2 weeks, there was also higher protein expression in

CCI injured animals than in sham (162.3 – 8.3% vs. 100.0 – 11.1%,

p = 0.0043; Fig. 8C) and a modest increased trend at 4 weeks, but

this did not reach significance (211.2 – 46.2% vs. 100.0 – 25.6%,

p = 0.0823; Fig. 8D).

Qualitative immunohistochemical analysis showed
trends similar to immunoblotting

To corroborate our Western blot data, and determine regional

neurogranin expression changes, we conducted immunohisto-

chemistry on rat tissue 24 h and 1, 2, and 4 weeks after injury. At all

time points after injury, the contralateral cortex showed no apparent

change in staining from the sham animals, similar to the Western

blot results. At 24 h, the ipsilateral and contralateral hippocampus

showed decreased immunoreactivity, particularly in the pyramidal

cell layer of Cornu Ammonis (CA)1 and CA3 and in the stratum

radiatum layer (Fig. 9A). Additionally, the granular layer of the

dentate gyrus exhibited reduced neurogranin immunoreactivity in

the contralateral hippocampus. At later time points, the contralat-

eral hippocampus demonstrated recovery in immunoreactivity,

paralleling the Western blot data. The ipsilateral hippocampus

showed continued decreases in neurogranin immunoreactivity,

especially in CA1, CA3, and the stratum radiatum layer at 1 and 2

weeks after injury (Fig. 9B and C). At 4 weeks, immunoreactivity

was restored (Fig. 9D).

The ipsilateral cortex was the only region that showed different

expression patterns between the histology and the Western blotting.

At 24 h after injury, decreased neurogranin expression was ob-

served in the pericontusional, somatosensory area, throughout all

FIG. 9. Immunohistochemical analysis of neurogranin expression shows similar pattern to Western blot data. Sham and controlled
cortical impact (CCI) injured animal tissue was stained for neurogranin to assess regional changes in protein expression. The white
square highlights the Cornu Ammonis (CA)3 region of the ipsilateral hippocampus, which demonstrated noticeable changes in im-
munoreactivity compared with sham. (A) At 24 h after injury, neurogranin expression was reduced in the superior cortex, near the injury
site, and in the ipsilateral and contralateral hippocampus compared with sham. (B, C) At 1 and 2 weeks post-injury the ipsilateral cortex
had degenerated; however, the ipsilateral hippocampus demonstrates continued reduction in neurogranin expression compared with
sham. (D) Neurogranin protein levels were restored to sham levels 4 weeks post-injury. Whole section images were acquired at
4 · magnification, and CA3 images were acquired at 10 · magnification. Scale bar indicates 1 mm on whole section and 500 lm on the
CA3 image.
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cortical layers (Fig. 9A). Although the images shown in Figure 9

represent the median change in neurogranin expression, there was a

degree of variability in the amount of neurogranin loss among the

animals, with some animals showing more reductions in immu-

noreactivity than others compared with sham. The Western blot

data showed no significant difference in neurogranin expression

from control animals at this time point.

Discussion

Neurogranin mediates cognitive processes through its interac-

tions with calmodulin. By shuttling calmodulin to the dendritic

spine, neurogranin fine-tunes downstream calcium and calmodulin-

dependent signaling, most importantly long-term potentiation.47

Reduced levels of the protein have been correlated with dysfunc-

tional synaptic plasticity and learning and memory deficits.19–21

Further, elevated levels of this protein have been observed in ce-

rebrospinal fluid of patients with AD,25,27–33 and more recently,

increased amounts were detected in serum acutely after TBI.34,35

The mechanism for this observation in plasma after TBI is un-

known; however, it is hypothesized that the combination of neu-

rogranin’s small size and injury-induced cellular degeneration and

blood–brain barrier breakdown explain its leakiness and subse-

quent detection so acutely after the injury event.34 Post-mortem

analysis of neurogranin processing, = showed a significantly in-

creased ratio of peptides to full-length neurogranin in brain tissue of

AD patients compared with controls,31 indicative of synaptic de-

generation and perhaps another potential mechanism for observed

increased levels in in the blood after TBI. Given the biomarker data

as well as the intersection of neurogranin’s role in cognition and

subsequent deficits after TBI, we hypothesized that CCI would

decrease neurogranin protein expression. Our study demonstrates

that CCI reduces neurogranin protein levels; however, the expres-

sion shifts across time and across brain regions. Additionally, PSD-

95 protein expression is altered after CCI, demonstrating distinct

expression patterns from neurogranin particularly in the hippo-

campus, at later time points.

Twenty-four hours after CCI injury, the contralateral and ipsi-

lateral hippocampus showed significant reductions in neurogranin

protein levels. Given its role in regulated long-term potentiation,

neurogranin is primarily located in post-synaptic dendritic spines.15

Previous studies have shown decreases in dendritic spines and total

dendrite number hours to days after injury, primarily in the ipsi-

lateral hippocampus,3,42 as well as in the dentate gyrus of both

hemispheres.33 Interestingly, the cortex was resistant to changes in

neurogranin expression compared with sham injury. The observed

decrease in expression compared with sham was not significant,

even though a similar decrease in immunoreactivity was observed

in using histological methods. This could be caused by the sur-

rounding cortical tissue sample collected during dissection diluting

the effect of injury at the epicenter. Additionally, not all post-

synaptic proteins show immediate decreases following TBI. Ansari

and coworkers showed that although markers associated with ox-

idative stress were reduced within hours to days after injury, syn-

aptic associated protein 97 (SAP-97), demonstrated a 96 h delay in

reductions in the hippocampus.41 Additionally, other studies of

calcium-sensitive proteins such as calcineurin, a calcium-sensitive

phosphatase, showed peak increases in the ipsilateral cortex 1 week

post-injury,43,48 in addition to the decreased expression of a-

calcium calmodulin kinase II at this time point.49 Perhaps there is a

delay in the pathogenesis of calcium-dependent proteins in sec-

ondary biochemical processes in the cortex.

At 1 and 2 weeks after CCI injury, the ipsilateral hippocampus

continued to show significantly decreased levels of neurogranin.

The ipsilateral cortex demonstrated a delayed, lowered expression

compared with sham animals. At these time points, previous

investigations showed recovery in neuronal number and re-

innervation of synaptic connections, whereas others demonstrate

sustained deficits in synaptic plasticity and transmission. One week

after fluid percussion impact, mice were unable to induce long-term

potentiation (LTP) in the CA1 of the hippocampus.49 Further, rats

showed diminished maintenance of LTP 1 and 8 weeks after mild to

severe injury, which correlated to worsened performance at Morris

Water Maze tasks.10 Number of synaptic connections, as measured

by ultrastructural microscopy, after CCI decreased by 60% just

2 days after injury.5 At the 10 day time point, there was evidence of

re-innervation; however, even at 60 days post-injury, the synaptic

number did not reach control levels.5 A follow-up study found that

although pre-synaptic innervations recover 1 week post-injury,

hippocampal synaptic strength remains somewhat impaired through

2 weeks.9 Additionally, previous work from our group demonstrated

impairments in synaptic transmission and vesicle release at the 1 and

2 week time points, with recovery by 4 weeks.50 Discerning the

relationship between pre- and post-synaptic signaling and feedback

processes would be interesting to investigate in the context of the

pathophysiology of cognitive dysfunction after injury.

Our immunohistochemical evaluation of neurogranin expression

closely corroborated our Western blot results and provided regional

resolution of neurogranin expression across brain areas. We found

that the ipsilateral hemisphere showed the most significant changes

in neurogranin immunoreactivity, specifically in the pericontu-

sional cortex, CA3, and stratum radiatum. A reduction in neuro-

granin expression, especially in the hippocampus, suggests that

LTP and subsequent encoding of learning and memory behaviors is

reliant on regulated protein expression.22,51 This pathology is

similar to that observed in neurogranin knockout or knockdown

models, where LTP is significantly reduced and long-term de-

pression (LTD) is enhanced.19,21 Together, our Western blot and

histological data indicate that reduction in neurogranin plays a role

in the deficits in synaptic plasticity after TBI.

Although neurogranin levels recovered to baseline in both

brain regions and hemispheres by 4 weeks after injury, neuro-

granin still may contribute to the disruption of synaptic plasticity.

Neurogranin’s interaction with calmodulin is finely regulated

by post-translational modifications. Neurogranin is transiently

phosphorylated by protein kinase C (PKC) in response to syn-

aptic activation, impairing its ability to bind to calmodulin17,52–54

and it has been shown that levels of the phosphorylated form

increase after induction of LTP and conversely decrease after

LTD.55,56 Further, oxidation of neurogranin has the same effect,

by changing its confirmation and prohibiting binding to cal-

modulin.57 Interestingly, N-methyl-d-aspartate (NMDA) receptor

activation leads to transient increases in both phosphorylation and

oxidation of neurogranin.18 A hallmark feature of TBI is gluta-

mate excitotoxicity.58 This leads to overactivation of NMDA

receptors and release of intracellular calcium stores, and disrupts

multiple downstream processes.59 Chronic cognitive deficits of

these acute insults demonstrate the subtle, long-term conse-

quences in synaptic plasticity that are beyond overt changes in

expression. Further studies understanding enzymatic regulation

of neurogranin, subsequent interaction with calmodulin, and its

role in downstream signaling cascades may implicate neuro-

granin in continued pathological processes once protein expres-

sion is restored.
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PSD-95 is a scaffolding protein involved in organizing and

stabilizing post-synaptic complexes. Although it is not involved in

LTP directly, it influences dynamics of glutamate receptors.59 We

report that PSD-95 showed protein expression patterns similar to

those of neurogranin in the cortex and at early time points in the

hippocampus. There are no changes in protein expression in the

contralateral cortex for either neurogranin or PSD-95. In the ipsi-

lateral cortex, PSD-95 is significantly reduced at 1 week post-

injury, however it is recovered by 2 weeks post-injury. Neurogranin

remained significantly lower at the 2 week time point. Interestingly,

in the hippocampus, there was a noticeable difference in post-injury

protein expression between neurogranin and PSD-95, specifically

at 2 and 4 weeks post-injury. Initially, we observed similar de-

creases of neurogranin and PSD-95 levels in the ipsilateral hippo-

campus at 24 h and 1 week post-injury, which can most likely be

attributed to dendritic loss. However, although neurogranin levels

recovered to baseline at 4 weeks post-injury, we observed a sig-

nificant increase in PSD-95 expression at that time point compared

with controls. Similarly, contralateral hippocampal PSD-95 ex-

pression appeared to be increased at the 2 and 4 week time points.

Previous studies of post-synaptic changes after TBI utilize PSD-

95 as a marker of synaptic integrity, as its expression is reported to

be tightly associated with the formation and maturation of dendritic

spines. Specifically, overexpression of PSD-95 advances spine

maturation and increases overall number, whereas decreased levels

impair proper growth and reduce density.36–40 Studies examining

the time course of oxidative stress markers acutely after moderate

CCI in rats showed decreased PSD-95 expression 24–96 h in the

ipsilateral cortex and 48–96 h in the hippocampus.41,46 This time

point also closely associates to observed loss in dendritic spine

number and mushroom morphology at 3 days post-moderate CCI in

mice.3 An investigation examining dendritic density in a fluid

percussion injury model in rats showed acute loss of spines at 24 h

after injury followed by recovery above control levels in some

regions at 1 week post-injury.42 A partner study using the same

injury model reported acute reductions in PSD-95 levels as early as

18 h after fluid percussion injury in rats in both hemispheres of the

cortex and hippocampus with the most persistent loss in the ipsi-

lateral hippocampus.43 Further, Wang and coworkers utilized

transgenic mice to evaluate hypothermic conditions on dendritic

branching and spine density 1 and 7 days after severe CCI dem-

onstrating a tight correlation of injury-induced PSD-95 and spine

number loss and subsequent recovery of both measures with

treatment.45

There are, however, some contradictory reports that make this

relationship less transparent. In cluster of differentiation 1 (CD1)

mice, a moderate CCI injury caused a delayed loss of PSD-95

protein in the hippocampus; only noting reduced levels at the

1 week time point. Conversely, Patel and coworkers reported in-

creased PSD-95 expression after moderate CCI in rats.60 Beyond

spine density, some have shown an increase in average individual

spine area and head width for remaining spines, particularly at

1 week post-CCI and fluid percussion injury in mice and rats.11,61

How PSD-95 is explicitly involved in the relationship between

spine densities versus area warrants further investigation. Our

data at 2 and 4 weeks demonstrate a potential compensatory

mechanism by which increased PSD-95 expression parallels in-

creased spine area.

Variations in reports of PSD-95 levels after injury and correla-

tion to dendritic integrity allude to not only heterogeneity of injury

pathology among rodent species and injury paradigms but also

perhaps a diversity of secondary injury cascade mechanisms at

play. Although we cannot conclude definitively whether changes

neurogranin are distinct from loss of dendritic spines, we demon-

strate, to a degree, a unique post-injury pathology of neurogranin

that is independent of PSD-95-mediated synaptic degeneration.

Further, the distinct and prolonged deficits of neurogranin warrant

further investigation into the capacity in which the protein con-

tributes to post-injury sequelae.

Cognitive dysfunction is a predominant symptom of clinical and

pre-clinical TBI.62–65 This study is the first to measure brain neu-

rogranin expression after TBI. Given neurogranin’s direct role

synaptic biology, further work is needed to elucidate its role in

contributing to the cognitive and behavioral dysfunction after TBI.
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