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Agrin Expression during Synaptogenesis Induced 
by Traumatic Brain Injury

M. CRISTINA FALO, THOMAS M. REEVES, and LINDA L. PHILLIPS

ABSTRACT

Interaction between extracellular matrix proteins and regulatory proteinases can mediate synaptic
integrity. Previously, we documented that matrix metalloproteinase 3 (MMP-3) expression and ac-
tivity increase following traumatic brain injury (TBI). We now report protein and mRNA analysis
of agrin, a MMP-3 substrate, over the time course of trauma-induced synaptogenesis. Agrin ex-
pression during the successful synaptic reorganization of unilateral entorhinal cortical lesion (UEC)
was compared with expression when normal synaptogenesis fails (combined fluid percussion TBI
and bilateral entorhinal lesion [BEC]). We observed that agrin protein was increased in both mod-
els at 2 and 7 days postinjury, and immuohistochemical (IHC) co-localization suggested reactive as-
trocytes contribute to that increase. Agrin formed defined boundaries for sprouting axons along
deafferented dendrites in the UEC, but failed to do so after combined insult. Similarly, Western blot
analysis revealed greater increase in UEC agrin protein relative to the combined TBI�BEC model.
Both models showed increased agrin transcription at 7 days postinjury and mRNA normalization
by 15 days. Attenuation of synaptic pathology with the NMDA antagonist MK-801 reduced 7-day
UEC agrin transcript to a level not different from unlesioned controls. By contrast, MK-801 in the
combined insult failed to significantly change 7-day agrin transcript, mRNA levels remaining ele-
vated over uninjured sham cases. Together, these results suggest that agrin plays an important role
in the sprouting phase of reactive synaptogenesis, and that both its expression and distribution are
correlated with extent of successful recovery after TBI. Further, when pathogenic conditions which
induce synaptic plasticity are reduced, increase in agrin mRNA is attenuated.
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INTRODUCTION

APRINCIPAL FEATURE of traumatic brain injury (TBI)
is diffuse deafferentation of target neurons

(Povlishock and Christman, 1995). Central nervous sys-
tem (CNS) deafferentation typically induces reactive
synaptogenesis (Steward, 1989); however, when deaf-

ferentation occurs in the context of TBI, the resulting in-
teraction of excessive neuroexcitation and traumatic ax-
onal injury significantly reduce recovery. In order to
study how this interaction affects posttraumatic synaptic
plasticity, we employ a rodent injury model combining
neuroexcitation and hippocampal deafferentation in the
same animal, reproducing components of the persistent



cognitive deficits and poor synaptic recovery of human
TBI (Phillips et al., 1994). Moreover, using entorhinal
cortical lesion as the deafferentation component permits
direct comparison between successful, adaptive synapto-
genesis, generated by unilateral entorhinal cortical lesion
(UEC) alone (Steward et al., 1988), and aberrant synap-
tic plasticity observed when fluid-percussion TBI is com-
bined with bilateral entorhinal cortical lesion (BEC).

While numerous molecular species interact in synap-
togenesis, proteins found in the CNS extracellular matrix
(ECM) and their regulatory matrix metalloproteinases
(MMPs) are of interest because they influence axonal
growth and long-term synaptic modification, integral to
recovery (Yong et al., 2001; Dityatev and Schachner,
2003; Hsu et al., 2006). During UEC-induced synapto-
genesis, ECM proteins (e.g., neurocan, brevican, phos-
phacan and tenascin) are distributed along deafferented
dendrites and direct sprouting axons to appropriate post-
synaptic sites (Brodkey et al., 1995; Deller et al., 2001).
We and others have observed that MMPs targeting such
ECM substrates are also up-regulated in regions under-
going synaptic plasticity (Phillips and Reeves, 2001; Szk-
larczyk et al., 2002; Muir et al., 2002). One of these pro-
teinases, MMP-3 is increased within reactive neuroglia
at sites of synaptogenesis (Kim et al., 2005) and is tem-
porally correlated with shifts in expression of the ECM
proteins (Falo et al., 2006). Interestingly, expression of
the synaptic ECM protein agrin was reported to increase
within reactive astrocytes after CNS ischemia/reperfu-
sion injury and was cleaved in a manner consistent with
MMP3 lysis (Sole et al., 2004).

Agrin was first described as a matrix protein associ-
ated with the neuromuscular junction thought to direct
axon terminals to correct postsynaptic sites on the motor
endplate (Smith and Hilgenberg, 2002). Subsequent stud-
ies revealed considerable detail about NH2 terminal iso-
forms of agrin that subserve different functions at the mo-
tor endplate depending upon distinct subcellular
localization (Burgess et al., 2000). In the periphery,
Schwann cells can also produce agrin and that produc-
tion is increased following axotomy, both along sprout-
ing axons and at the neuromuscular junction (Yang et al.,
2001). Initial investigation of CNS agrin showed the pro-
tein localized within the basal laminae during develop-
ment (Tsen et al., 1995); however, its function did not
appear specifically related to cholinergic synapse forma-
tion (Kroger and Mann, 1996). A later report by Halfter
et al. (1997) showed that agrin acted as a binding part-
ner for growth factors or adhesion molecules. Such in-
teractions may account for in vitro observations that agrin
induces shorter, more branched axons, important for tar-
geting local collaterals to postsynaptic spines, and gen-
erating a higher density of presynaptic proteins synapto-

physin and synapsin 1 (Mantych and Ferreira, 2001). As-
trocytic agrin can affect synapse number on hippocam-
pal neurons and the microtubular structure of neurite
growth cones (Tournell et al., 2006; Bergstrom et al.,
2007). More recently, Hilgenberg et al. (2004, 2006) have
identified membrane tyrosine kinases and the Na�/K�

ATPase complex as agrin ligands, the latter of which may
be concentrated on growth cone membranes (Brines and
Robbins, 1993). Studies using oligonucleotide suppres-
sion of agrin show impaired synapse development (Fer-
reira, 1999), and attenuated vesicle turnover, further im-
plicating a presynaptic function (Bose et al., 2000).
Transfection of agrin siRNA into rat hippocampal neu-
rons in vitro resulted in reduced numbers of neurite
filopodia (McCroskery et al., 2006). This functional ef-
fect of agrin is supported by the fact that it can bind FGF-
2 by a heparan sulfate-dependent mechanism (Cotman et
al., 1999) and regulate FGF-2–directed neurite extension
within cultured neurons (Kim et al., 2003). An increase
of agrin mRNA expression was also observed with exci-
totoxic seizure induction in the hippocampus (O’Connor
et al., 1995), a paradigm which, like combined
TBI�BEC, induces an aberrant form of reactive synap-
togenesis.

While in vivo studies of trauma-induced synaptogene-
sis have been reported (Phillips and Reeves, 2001; Scheff
et al., 2005; Thompson et al., 2006), they did not directly
address agrin. The present study examined both spatial
and temporal profiles of agrin expression within the deaf-
ferented hippocampus during reactive synaptogenesis in-
duced by TBI. Using immunohistochemical (IHC), West-
ern blot, and reverse transcription–polymerase chain
reaction (RT-PCR) analysis, both protein and mRNA ex-
pression were examined, contrasting agrin response dur-
ing successful adaptive synaptic plasticity (after UEC le-
sion) with that of aberrant maladaptive synaptic plasticity
(produced by TBI�BEC insult). Here we report that agrin
expression profile varies with different postinjury phases
of trauma-induced synaptogenesis, and is correlated with
the extent of synaptic recovery achieved.

METHODS

Experimental Animals

Male Sprague-Dawley rats (Hilltop Laboratory Ani-
mals, Inc., Scottsdale, PA) weighing 300–350 g were
used in this study. Rats were randomly divided into four
experimental groups: UEC (n � 25); TBI�BEC (n �
29); UEC � MK-801 treatment (n � 4); and MK-
801–treated TBI�BEC (n � 4). Four paired control
groups included the following: sham-injured (n � 15),
sham-injured � MK-801 (n � 3); UEC � vehicle treat-
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ment (n � 4); vehicle-treated TBI�BEC (n � 4); and
sham-injured vehicle-treated (n � 4). All rats were
housed in individual cages with food and water ad libi-
tum in a 12-h dark-light cycle at 22oC. Animal care fa-
cilities were accredited, with full-time veterinarians and
supportive staff present for supervision and consultation.
All protocols for injury and use of animals were approved
by the Institutional Animal Care and Use Committee.

Unilateral Entorhinal Cortical Lesion

All animals were surgically prepared under isoflurane
anesthesia (2% in carrier gas of 70% N2O and 30% O2)
delivered via a nose cone. During all surgical procedures
body temperature was maintained at 37oC. Lesions were
performed using a modification of the method previously
described by Loesche and Steward (1977). Once under
inhalation anesthesia, rats were placed in a stereotaxic
frame and an area of skull was removed to expose the
entorhinal cortex of the right hemisphere. A teflon-insu-
lated wire electrode was angled at 10o from perpendicu-
lar and current passed (1.5 mA for 40 sec) at a total of
nine stereotaxic sites: 1.5 mm anterior to the transverse
sinus; 3, 4, and 5 mm lateral to midline; and at 2, 4, and
6 mm ventral to the brain surface. Once the procedure
was completed, the electrodes were removed, the scalp
was sutured closed over the surgical site, and Bacitracin
applied to the wound. Animals were monitored for full
recovery from anesthesia, and once able to walk and right
themselves, they were returned to their home cages.

Experimental Traumatic Brain Injury

Surgical preparation. All animals were surgically pre-
pared under isoflurane anesthesia (2% in carrier gas of
70% N2O and 30% O2) delivered via a nose cone. After
placement in a stereotaxic frame, the scalp was sagittally
incised and a 4.8-mm hole trephined into the skull over
the sagittal suture, midway between bregma and lambda.
Two steel screws were placed 1 mm rostral to bregma
and 1 mm caudal to lambda. A modified Leur-Loc sy-
ringe hub with an inner diameter of 2.6 mm was placed
over the exposed dura and bonded to the skull with cyano-
acrylate adhesive. Dental acrylic was then poured around
the syringe hub and skull screws, and allowed to harden.
The hub was packed with Gelfoam, the scalp sutured
closed and bacitracin was applied to the surgical site. An-
imals were monitored for full recovery from anesthesia,
and once able to walk and right themselves, they were
returned to their home cages.

Fluid percussion traumatic brain injury. The model
used for injury was the same as that described by Dixon
et al. (1987). The fluid percussion injury (FPI) device

consists of a Plexiglas cylinder 60 cm long and 4.5 cm
in diameter, filled with double distilled water. The cylin-
der is closed at one end with a rubber-covered Plexiglas
piston mounted on O rings. The opposite end of the cylin-
der is closed by an 8-cm metal extracranial pressure trans-
ducer (model EPN-0300-100A; Entram Devices, Inc.).
Attached to the end of the metal transducer is a 5-mm
tube (2.6 mm inner diameter) that terminates with a male
Leur-loc fitting. This fitting is connected to the surgically
implanted female Leur-Loc at the time of injury. The in-
jury is created when a metal pendulum strikes the piston
of the injury device, injecting a small volume of water
into the closed cranial cavity, directly onto the exposed
dura. This causes a brief (20 msec) displacement and de-
formation of the underlying cortex resulting in brain in-
jury. The magnitude of the pressure pulse is recorded ex-
tracranially by an in-line transducer, expressed in
atmospheres (atm) of pressure, and visualized on a stor-
age oscilloscope (model 5111; Tektronix, Beaverton,
OR). The severity of the injury is controlled by adjust-
ing the height of the pendulum.

Twenty-four hours after the surgical preparation, rats
were anesthetized with isoflurane (4% in carrier gas of
70% N2O and 30% O2) for 4 min in a 2-l chamber. Once
anesthetized, the animals were removed from the cham-
ber, the surgically prepared site was exposed and the an-
imal was connected to the FPI device. Animals were in-
jured at 2.0 � 0.05 atm. This is equivalent to a moderate
level of injury that has previously been demonstrated to
produce consistent pathophysiological responses. Sham-
injured controls included the same surgical preparation,
anesthesia, and connection to the injury device, except
that no injury was delivered. All animals were immedi-
ately ventilated until spontaneous breathing resumed, the
injury site sutured closed and Bacitracin applied. Behav-
ioral assessments were performed on the injured animal
to assure a controlled level of injury, including pinna,
corneal, paw, and tail reflexes, as well as righting and
head support responses. Once all responses had been
recorded and the animal was conscious, the injured rat
was placed in a recovery chamber, monitored for any
signs of bleeding, respiratory difficulty or problems with
cardiovascular circulation for 2–3 h and then returned to
its home cage.

Combined injury (TBI�BEC). Animals subjected to a
combined injury procedure first underwent moderate
(2.0 � 0.05 atm) FPI as described above. Injured animals
were returned to their home cages and 24 h later sub-
jected to BEC lesion (Phillips et al., 1994). Lesions of
the entorhinal cortex were performed on each side of the
brain as indicated above for UEC cases. Once the bilat-
eral procedure was completed, the electrodes were re-
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moved, the wound site sutured closed, and Bacitracin ap-
plied. All lesioned animals were monitored for postop-
erative recovery of sensory and righting reflexes, after
which they were returned to their home cages.

MK-801 Treatment

MK-801 was administered in a chronic treatment par-
adigm previously demonstrated to attenuate UEC-in-
duced dendritic atrophy (Nitsch and Frotscher, 1992) 
and reduce cognitive deficits in the TBI�BEC model
(Phillips et al., 1998). Fifteen minutes prior to either UEC
or BEC lesion, rats were given an initial dose of 1 mg/kg
MK-801 i.p. (n � 4/group for UEC and TBI�BEC). This
dosing was repeated twice daily for 2 days. Rats were al-
lowed to survive for 7 days and then sacrificed as de-
scribed below for RT-PCR analysis. A paired control
group received drug beginning at 24 h after sham FPI
(n � 3), matching the dosing intervals for the TBI�BEC
cases. Three additional control groups (n � 4 each for
UEC, TBI�BEC, and sham-injured) were prepared with
vehicle administration. Initial statistical analysis showed
that i.p. vehicle (saline) injection in injured rats had no
significant effect on agrin mRNA level in either the UEC
(p � 0.313) or TBI�BEC (p � 0.415) model. Accord-
ingly, we pooled saline-treated injured rats with untreated
injured rats, achieving larger (and more stable) compar-
ison groups against which to evaluate the effect of MK-
801 treatment.

Immunohistochemistry

At 2, 7, and 15 days postinjury, a subset of animals
(n � 4 for UEC and TBI�BEC; n � 3 for sham-injured
at each survival interval) was anesthetized with a lethal
dose of sodium pentobarbital (90 mg/kg, i.p.) and tran-
scardially perfused, first with 150 mL of isotonic saline
(0.9% NaCl), followed by 500 mL of fixative (4%
paraformaldehyde, in 0.1 M phosphate buffer, pH
7.2–7.4; Electron Microscopy Sciences, Fort Washing-
ton, PA). The brains were carefully removed, blocked
and post-fixed in the same solution overnight at 4oC. Se-
rial coronal vibratome sections containing bilateral mid-
dorsal hippocampus were cut at 40 �m and collected in
0.1 M phosphate buffer for free floating IHC staining us-
ing (1) an ABC method with DAB (0.05% 3,3�-
diaminobenzidine dihydrochloride) visualization (Vec-
tastain ABC Kit, Vector Laboratories) or (2) a fluores-
cent-labeled secondary antibody for visualization with
confocal microscopy. After three 10-min washes with ag-
itation in 0.1 M phosphate buffer (PB), pH 7.2–7.4, sec-
tions were incubated in either 10% normal serum con-
taining 0.3% Triton X-100/0.01 M phosphate-buffered
saline (PBS; pH 7.2–7.4) for 1 h at 37oC, followed by a

10-min wash in PBS for DAB processing or 0.5% H2O2

for 30 min, then three 10-min washes in PBS for fluo-
rescent labeling. The tissue sections were then placed in
primary antibody (agrin goat polyclonal immunoglobu-
lin G [IgG], Santa Cruz Biotechnology; 1:500; synapto-
physin mouse monoclonal, Sigma, 1:500; GFAP rabbit
polyclonal IgG, Sigma, 1:2,000; CD-11 rabbit polyclonal
IgG, BD Biosciences, 1:500) overnight at 4oC in either
PBS for DAB or Blotto blocking buffer (0.1% Triton,
PBS, fish gelatin) for fluorescence microscopy. Sections
incubated without primary were processed in parallel. In
each run, no DAB or fluorescent signal was observed
with the minus primary controls.

After exposure to the primary antibody, DAB tissue
sections were washed five times in PBS (15 min each)
and subsequently incubated with a biotin-labeled sec-
ondary antibody (rabbit anti-goat) for 1 h at 37oC. After
three washes in PBS (10 min each), the sections were in-
cubated with Vectastain avidin-biotin-peroxidase reagent
for 2 h at room temperature and then rinsed twice in both
PBS and PB (10 min each) prior to DAB visualization of
antibody binding. The DAB reaction was stopped by
transferring the sections into Tris-buffered saline: two
washes with agitation, 10 min each. The sections were
then mounted on charged glass slides (Probe On Plus,
Fischer) and allowed to dry overnight, after which they
were dehydrated, cleared, and coverslipped with Per-
mount. For fluorescent visualization, sections were
washed three times in PBS (5 min each) and rinsed again
in Blotto buffer prior to incubation with specific sec-
ondary antibody (rabbit anti-goat, goat anti-rabbit, or goat
anti-mouse IgG) tagged by either Alexa 488 or 594 flu-
orescent dyes (Molecular Probes). After secondary anti-
body incubation, sections were rinsed in PBS for three
washes each, mounted on charged glass slides in PB, and
coverslipped with Vectashield. All sections were exam-
ined qualitatively for protein distribution, and images
were captured using either a Nikon Optiphot light mi-
croscope or a Leica TCS-SP2 (AOBS) confocal micro-
scope.

Western Blot

At 7 days postinjury, a subset of animals (n � 8 for
UEC, n � 5 TBI�BEC, n � 4 for sham-injured) were
anesthetized and decapitated, and hippocampi were dis-
sected. Tissue was homogenized in cold TPER (Pierce)
buffer, centrifuged at 8,000�g for 5 min, and super-
natants collected for protein assay (Bio-Rad). Twenty mi-
crograms of protein from each sample was mixed with
reducing loading buffer (Bio-Rad), and the proteins were
resolved on Bio-Rad Criterion™ 4–12% Bis-Tris gels.
Protein was then transferred to PVDF membranes (Im-
munoblot, Bio-Rad), which were first blocked in 5%
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milk � TBS-T (Tris-Buffered Saline-Tween) before be-
ing probed with antibody to agrin (goat polyclonal IgG
in 5% milk � TBS-T, 1:250; Santa Cruz Biotechnology).
After primary incubation, blots were washed in 5%
milk � TBS-T, placed in secondary bovine anti-goat
(1:20,000), and then washed in TBS-T. Signal was visu-
alized with enhanced chemiluminescence (Super Sig-
nal®; Pierce) and imaged digitally with G: Box (Syngene)
prior to densitometric analysis of band signal using Gene
Tools (Syngene). Minus primary runs were performed in
parallel and blots were re-probed for cyclophilin A 
(Upstate) to control for load variation. Injury effect was
expressed as percent change relative to paired controls
(contralateral side for UEC; sham-injured cases for
TBI�BEC).

Semi-Quantitative RT-PCR

At 2, 7, and 15 days post-injury, a subset of animals
(n � 3–6 for UEC, n � 4–7 for TBI�BEC, and n � 6
for sham-injured at each survival interval) was anes-
thetized (4% isoflurane in 70% N2O and 30% O2) and
decapitated. Brains were rapidly removed and dissected
hippocampi homogenized for RNA isolation using Tri-
zol Reagent (Invitrogen, Carlsbad, CA). RNA was treated
with DNA-free DNase Reagent (Ambion, Austin, TX),
and final concentration was determined by spectropho-
tometry. Aliquots from each sample were then run on a
1% agarose gels containing ethidium bromide (SubCell
GT System and Ready Agarose PreCast Gel System; Bio-
Rad Laboratories, Hercules, CA) with 1% TBE Buffer
(Invitrogen) to check for DNA contamination. Screened
samples were stored at -80°C until used.

Two micrograms of the DNA-free treated rat mRNA
was subjected to reverse transcription (RT) using the Su-
perScript First Strand Synthesis System (Invitrogen).
One-tenth of the RT product was PCR amplified using a
set of primers specific to rat agrin (synthesized by Bio-
Synthesis, Lewisville, TX) designed according to the
published rat cDNA sequence of agrin (Rupp et al.,
1991). Primer pairs used for PCR amplification were as
follows: 5�-CTT TGA TGG GCG GAC CTA CA-3�, rep-
resenting nucleotides 5490–5509; and 5�-GTC ATA GCT
CAG TTG CAG GT-3� complimentary to nucleotides
5666–5685. Approximately 80 ng (1.25 �L) of template
cDNA was used in each experiment. PCR samples were
subjected to an initial denaturation at 94°C for 2 min,
then 30 cycles of amplification (1-min denaturation at
94°C, 1-min annealing at 60°C, 1-min elongation at
72°C), followed by a final elongation at 72°C for 5 min.
PCR conditions, including buffer composition and am-
plification cycles, were optimized in preliminary exper-
iments. To verify amplification, 10 �L of each PCR prod-

uct was visualized with ethidium bromide on a 1%
agarose gel (Ready Agarose PreCast Gel System; Bio-
Rad) using a 1000–basepair (bp) DNA ladder (Invitro-
gen). In addition to experimental samples, negative PCR
controls included samples run without cDNA template
and samples not subjected to RT. Bands corresponding
to the predicted cDNA bp fragments amplified by the two
agrin primer pairs were excised from the agarose/ethid-
ium bromide electrophoresed gels and sequenced (Com-
monwealth Biotechnologies, Richmond, VA), confirm-
ing a 99% homology to the published rat agrin cDNA
profile (Rupp et al., 1991).

Statistical Analysis

Densitometric measures of Western blot immunobind-
ing were analyzed for significance with the Student’s t-
test. The effects of injury and MK801 treatment on agrin
mRNA levels were evaluated using analysis of variance
(ANOVA), and comparisons involving specific postin-
jury time points were implemented using the simple main
effects functions of SPSS MANOVA syntax (SPSS
v11.5), which also controlled for experiment-wise error
rate. The hippocampus contralateral to the entorhinal le-
sion served as control for the UEC model, and a separate
group of sham-injured animals were used as controls for
the combined injury. Data were expressed as relative
change from control, and these normalized values were
also used for ANOVA comparisons of mRNA changes
induced by the two injury models. A probability of less
than 0.05 was considered statistically significant for all
experiments.

RESULTS

Agrin Immunohistochemistry

In the present study, we applied both DAB and fluo-
rescent-labeling paradigms to track agrin expression af-
ter injury. With DAB visualization, protein distribution
among deafferented dendrites could be observed in de-
tail, particularly with respect to the laminar organization
of the molecular layer (ML) during reactive synaptoge-
nesis. By contrast, the fluorescent antibody binding tech-
nique permits co-localization of other proteins with agrin,
providing more specificity as to tissue structures associ-
ated with agrin and cellular sources of agrin. In general,
both DAB and immunoflourescence staining showed in-
creased agrin protein within the dentate ML, the region
specifically targeted by the deafferentation present with
UEC and TBI�BEC insults, and over the subgranular
zone (SGZ; Figs. 1–3). All minus primary controls failed
to show immunostaining, supporting the specificity of
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agrin signal (data not shown). With DAB, the deaffer-
ented zone exhibited an increase in agrin at 7 days for
each model (Fig. 1, open arrows in B,E). Notably, both
insults produced a broad band of elevated agrin over the
inner ML, however, a distinct layer of agrin deposition
was observed at the interface between deafferented den-
drites and the inner ML of the UEC which was not pre-

sent after combined insult (Fig. 1, black arrows in B,E).
This agrin pattern emerged over time, revealing a pro-
gressive increase in the ECM protein between 2 and 7
days for each injury model. At 15 days, agrin deposition
within the deafferented dentate remained elevated over
that of controls, and model differences in laminar distri-
bution persisted (data not shown). While we did not ob-
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FIG. 1. Increased agrin protein in the dentate gyrus at 2 and 7 days following traumatic brain injury (TBI). (A,B) Increased
DAB immunoreactivity for agrin within the dentate molecular layer (ML) and subgranular zone (SGZ) at 2 and 7 days, respec-
tively, after UEC lesion. Relative to the contralateral control ML (C), agrin protein increases with time after injury. Agrin lev-
els are highest in the ML at 7 days (B; open arrows), where a distinct band of agrin staining is observed at the interface between
the inner ML and deafferented outer zone (black arrow). (D,E) Increased agrin labeling in the dentate ML after combined
TBI�BEC insult. Compared to sham-injured control cases (F), agrin protein levels were also increased at 2 and 7 days (E; open
arrows). Notably, agrin staining appears reduced overall relative to UEC, and in the region between inner and outer ML (black
arrow), no distinct band of agrin was observed. Western blots at 7 days after UEC and TBI�BEC (G) identified three major
agrin bands (75, 70, and 55 kD). The UEC hippocampus showed a fourfold increase of the 70-kD species (arrow) when com-
pared with the contralateral side, while the same band was increased less than twofold over sham after combined insult (arrow).
Scale bar � 100 �m. *p � 0.01; **p � 0.001. ML, dentate molecular layer; GCL, dentate granule cell layer; SGZ, subgranular
zone; Ip, ipsilateral to lesion; C, contralateral to lesion; I, combined insult injury; S, sham-injured.

FIG. 2. Co-localization of agrin with presynaptic marker synaptophysin in deafferented dentate ML at 7 days after UEC le-
sion. Confocal IHC for agrin (A, green signal) and synaptophysin (B, red signal) shows punctate distribution for each protein
(solid white arrows). Significant overlap of signal was observed (C, yellow signal; open arrows), suggesting that agrin is closely
associated with sprouting presynaptic terminals. Agrin and synaptophysin co-localization was also observed at somatic synapses
on ectopic granule cells (blue arrows in C). (Inset in C) Granule cell and neuropil co-localization at higher magnification (ar-
rows; region enlarged noted by arrowhead). Scale bar � 50 �m. ML, dentate molecular layer; GCL, dentate granule cell layer.
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serve any significant elevation around the vasculature
within the injured neuropil, immunopositive regions were
visible adjacent to the larger vessels within the ML and
along the hippocampal fissure.

Western blot analysis of whole hippocampal extracts
also revealed that agrin expression was altered after TBI.
Three major immunopositive bands were observed, at 75,
70, and 55 kD (Fig. 1G), with only minor signal at the
predicted full length 200-kD form of agrin (data not
shown). Of the three major agrin species, the 70 kD
showed significant change over control after injury, in-
creasing four fold (p � 0.001) ipsilateral to UEC lesion
and less than twofold (p � 0.01) in the TBI�BEC sam-
ples (Fig. 1G). While our samples were not enriched for
dentate ML, changes in the 70-kD form of agrin parallel
the relative differences in agrin IHC signal when the two
injury models are compared. Specifically, the increase in
ML tissue staining was more robust in the UEC cases.
The increase in a slightly shifted agrin kD may reflect
some form of lysis, however, our results failed to show
significant signal in gel bands at either the 135-kD zone,
or the 90- and 22-kD gel regions, sites predicted for
MMP-3 and neurotrypsin proteolytic fragments, respec-
tively (data not shown). These results suggest that agrin
protein increases within regions where axonal sprouting
supports reactive synaptogenesis, and the form of agrin
which influences this process may be different from the
full-length protein.

In the immunofluorescent labeling experiments, con-
focal images from the UEC confirmed the DAB increase
in agrin deposition within the ML at 7 days after injury
and further revealed the punctate nature of that distribu-
tion (Fig. 2A). When tissue was double labeled with an-
tibodies against both agrin and the presynaptic protein
synaptophysin, many of the punctate agrin-positive sites
showed co-localization with synaptophysin (Fig. 2B,C,
inset). These results suggest that a portion of neuropil
agrin can be differentially distributed at or near synaptic
junctions. Subsequent confocal experiments paired agrin
with markers for astrocyte (GFAP antibody) and mi-
croglial (CD-11 antibody) cells in the deafferented ML
at 7 days post-UEC (Fig. 3). In this case, we observed
similar patterns of punctate agrin labeling (Fig. 3A), but
found that areas of more concentrated agrin deposition
were localized within GFAP-positive astrocytes (Fig.
3B,C). By contrast, tissues exposed to agrin and mi-
croglial antibody failed to show cell body co-localization
of the two markers (Fig. 3D, open arrows, inset), and sug-
gested that microglial movement within the deafferented
zone may be restricted at the high agrin boundary of the
inner ML (Fig. 3D, solid bar). Together these observa-
tions support local production of agrin by reactive astro-
cytes during synaptogenesis and its direct association

with presynaptic terminals in the region of axonal sprout-
ing and synaptogenesis.

Agrin mRNA Expression

As an initial approach, we compared the time course
of hippocampal agrin transcription during UEC adaptive
synaptic recovery with the maladaptive TBI�BEC insult
using semi-quantitative RT-PCR methods. For both UEC
and the combined insult, injury induced a similar tem-
poral shift in agrin mRNA relative to paired controls and
comparison of transcript levels between models showed
no significant difference for any time period (Fig. 4). At
7-day survival, during the period of collateral sprouting
and rapid synaptogenesis, agrin mRNA expression was
significantly elevated in both the UEC (39.2% over con-
tralateral, p � 0.01) and TBI�BEC (45.4% over sham-
injured, p � 0.01) groups (Fig. 4A,B). By contrast, the
earlier 2-day interval showed no significant change in
agrin mRNA for either injury; however, agrin mRNA was
4.6% higher than sham-injured cases in the maladaptive
TBI�BEC model suggesting a trend toward difference
from UEC. Given that primary axonal degeneration and
debris removal occurs during the 2-day survival interval
(Phillips and Reeves, 2001; Eyupoglu et al., 2003), in-
creased transcription of extracellular proteins like agrin,
which may be reorganized to facilitate axonal outgrowth,
would not be predicted. Similarly, the two models
showed no significant difference in agrin transcription at
15 days postinjury, the period of recovery when the rate
of synapse formation tends to plateau and pruning of
synapses occurs. Notably, 15-day agrin mRNA remained
8% higher than sham-injured controls after TBI�BEC.
Thus, overall agrin gene expression in the combined in-
sult suggests a trend toward persistent elevation of the
matrix protein, consistent with its role in synapse forma-
tion (Nitkin et al., 1987; Koulen et al., 2002; Cohen-Cory,
2002).

MK-801 Treatment and Agrin mRNA Expression

Our present immunohistochemical and RT-PCR analy-
ses showed that agrin expression can vary as a function
of time during synaptic recovery. To test the importance
of agrin during synaptic recovery, we assessed its tran-
scription in animals subjected to treatment with the
NMDA antagonist MK-801, which has been shown to re-
duce damage and enhance recovery in these models. MK-
801 treatment reduces dendritic pathology after UEC
deafferentation (Nitsch and Frotscher, 1992) and im-
proves functional recovery in the combined injury model
(Phillips et al., 1998). The effect of MK-801 treatment
on agrin mRNA expression was assessed at 7 days post-
injury because that time point marks the onset of synap-
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FIG. 3. Distribution of agrin with respect to reactive astroctyes and microglia in the dentate ML at 7 days after UEC lesion.
(A) Confocal IHC shows agrin (green signal) as punctate profiles throughout the dendritic zone, with a higher density in the in-
ner ML marking the interface between that layer and the outer, deafferented zone (open arrows). Within the outer ML, high agrin
labeling occurs in regions suggestive of cell body and process profiles (solid arrows). (B) Multiple reactive astrocytes (arrows)
within in the deafferented outer ML, their processes filled with GFAP (red signal). (C) Overlay image shows that agrin is pre-
sent within these reactive astrocytes (yellow signal). (D) CD-11 positive microglia (red signal) in the same zone (open arrows),
notably failing to extend their processes beyond the inner ML interface where agrin (green signal) density is high (solid line).
(Inset in D) Enlarged view of microglial cell at open arrow. In contrast to the astrocytic co-localization of agrin and GFAP, agrin
was not found within the CD-11 positive cell bodies of microglia (arrow). The majority of agrin positive puncta failed to over-
lap with CD-11 signal, however, isolated co-localization was sometimes observed along glial processes, likely sites of phagocy-
tosed synapses. Scale bar � 100 �m. ML, dentate molecular layer; IML, inner molecular layer; GCL, dentate granule cell layer;
SLM, stratum lacunosum moleculare.
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togenesis, and is the survival interval where we observed
elevated agrin transcript and increased agrin protein over
the deafferented dentate ML.

RT-PCR analysis of 7-day hippocampal agrin mRNA
expression after MK-801 treatment is shown in Figure 4.
Relative to untreated UEC cases, NMDA antagonism sig-

nificantly attenuated ipsilateral agrin mRNA expression
by 32% (p � 0.05; Fig. 4A), reducing agrin transcription
to a level which was not significantly different from con-
tralateral control. By contrast, TBI�BEC cases treated
with MK-801 had agrin mRNA levels only 8% lower than
untreated injured cases, a difference which was not sig-
nificant (p � 0.208; Fig. 4B). Agrin transcript in the com-
bined treated cases remained significantly elevated over
sham controls (p � 0.01). No statistical difference in
agrin mRNA was detected between sham-saline and
sham-MK-801 treated groups (data not shown). These re-
sults indicate that when deafferentation-induced pathol-
ogy is reduced, agrin gene expression during periods of
axonal sprouting is also reduced. Further, if deafferenta-
tion is combined with neuroexcitatory insult, the effect
of NMDA antagonism on agrin transcription is blunted,
suggesting that the role of NMDA linked pathways in re-
active synaptogenesis varies as a function of the pathol-
ogy present.

DISCUSSION

Here we describe the spatio-temporal profile of agrin
protein and mRNA expression in adult rat hippocampus
following TBI. Two different injury models were com-
pared: one exhibiting successful synaptic reorganization
(UEC lesion) and the other poor synaptic recovery
(TBI�BEC insult). Each model was probed for agrin ex-
pression over the first 15 d after injury, focusing on the
deafferented hippocampal formation. We report that (1)
agrin protein increased in sub-regions targeted by injury,
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FIG. 4. Hippocampal agrin mRNA expression following trau-
matic brain injury (TBI) and the effect of NMDA antagonism
on agrin transcript. Relative amount of mRNA is expressed as
percent of contralateral side for UEC and percent of sham-in-
jury for TBI�BEC, with control level denoted as 0% line. Both
UEC (A) and TBI�BEC (B) show an elevation of agrin mes-
sage at 7 days postinjury (39.2% after UEC and 45.4% after
TBI�BEC), which returned to control levels by 15 days. Com-
parison of agrin transcript between injury models showed no
significant difference for any time period. With MK-801 treat-
ment, the UEC showed significant reduction in agrin mRNA
relative to untreated lesioned, reaching a level not different from
unlesioned controls. In contrast, MK-801 treatment did not sig-
nificantly reduce PCR product relative to untreated injured
cases and transcript level in treated animals remained elevated
relative to sham controls. (Insets in A,B) Representative
agarose gel profiles of agrin PCR products. Ip, ipsilateral to le-
sion; C, contralateral to lesion; I, combined insult injury; S,
sham injured. **p � 0.01 (injured vs. paired control); §p � 0.05
(untreated 7-day vs. MK-801 treated).
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a response associated with synaptic terminals and local
reactive astrocytes, (2) postinjury agrin protein was re-
duced and diffusely distributed in the poorly recovering
model, (3) agrin mRNA expression was increased within
both models during the period of rapid synapse forma-
tion, and (4) NMDA antagonism significantly attenuated
agrin mRNA following adaptive synaptogenesis, but did
not alter agrin transcript during maladaptive plasticity.
Overall, these observations identify distinct spatial and
temporal differences in agrin expression which are asso-
ciated with the efficacy of synaptic plasticity.

While the finding of injury-induced change in agrin is
not surprising, the present study is the first to identify the
specific phase of reactive synaptogenesis most influenced
by agrin and suggests that distribution of agrin affects the
extent of synaptic reorganization. Both the adaptive and
maladaptive models of hippocampal plasticity showed
time-dependent alterations in agrin protein and mRNA.
At 2 days postinjury, IHC revealed an increase in hip-
pocampal agrin protein diffusely distributed over the
deafferented dentate ML. Confocal microscopy associ-
ated agrin with synaptophysin-positive presynaptic ter-
minals, which is consistent with agrin enrichment in hip-
pocampal synaptosomal fractions (Bose et al., 2000). At
7 days postinjury, model-related agrin differences be-
came pronounced. Although both models exhibited fur-
ther increases within the inner ML and hilar SGZ, only
the adaptive UEC model had a distinct agrin band at the
middle/inner ML interface, the border between deaffer-
ented and intact dendritic laminae. Agrin was co-local-
ized with GFAP marking reactive astrocytes along the
middle/inner ML boundary, suggesting that astrocytic
agrin contributes to the concentrated band seen with IHC.
We also found that activated microglia did not cross this
agrin boundary, remaining within the zone of terminal
degeneration, suggesting that agrin may orient activated
microglia for debris removal and delineate dendritic lay-
ers targeted to receive collateral sprouts. Agrin may func-
tion like the proteoglycans neurocan and brevican, which
have been posited to direct presynaptic terminals toward
appropriate targets as synapses regenerate (Deller et al.,
2001). Such regulation could occur through reactive as-
trocytes in a synaptic field where neuronal forms of agrin
are in transition, as was suggested from studies of agrin
mutant mice (Serpinskaya et al., 1999).

Western blot analysis of 7-day postinjury hippocam-
pus did not show agrin proteolysis during reactive synap-
togenesis. Our prior studies with TBI�BEC documented
persistent MMP3 elevation in the maladaptive combined
insult at 7-day postinjury (Kim et al., 2005; Falo et al.,
2006), an effect which we posited may underlie abnor-
mal lysis of matrix substrates such as agrin. In the pre-
sent study, only minor expression of the full-length 200-

kD form of agrin was observed, and the 135-kD prote-
olytic fragment produced by MMP3 (Sole et al., 2004)
was not detected. A report by Reif et al. (2007) shows
that agrin is also lysed by neurotrypsin, generating a ma-
jor 22-kD fragment. Similarly, that fragment was not ob-
served in our samples, suggesting that proteolysis may
not be a primary regulator of agrin expression during
trauma-induced synapse reorganization. By contrast, we
found that agrin was expressed as three low-molecular-
weight species of 55–75 kD. UEC lesion induced a four
fold increase in one of these forms, which could under-
lie the strong band of agrin at the inner/middle ML ob-
served at 7 days with IHC. After combined insult, the
same agrin form was increased only twofold and the in-
ner/middle ML band of agrin no longer visible, results
consistent with persistent MMP3 elevation reported at 7
days after TBI�BEC (Falo et al., 2006). Similar 55–75-
kD species were observed in the characterization of brain
agrin (Godfrey, 1991). More recent studies suggest mul-
tiple CNS agrin isoforms, some of which are glial spe-
cific (Kroger and Schroder, 2002), and may mediate es-
tablishment of hippocampal synapses (Tournell et al.,
2006). Given these observations, it is possible that reac-
tive astrocytes secrete agrin within the ML to facilitate
synapse repair following TBI. In fact, 55–75-kD agrin
species are secreted extracellularly within the developing
visual system (Denzer, et al., 1995; Tsen et al., 1995).
While we cannot rule out the possibility that the altered
55–75-kD forms are intermediate proteolytic products,
this seems unlikely since we failed to observe the major
MMP3- or neurotrypsin-generated peptide fragments.

In parallel RT-PCR analysis, we found that injury in-
creased agrin mRNA during both adaptive and maladap-
tive plasticity. Consistent with our protein data, we ob-
served a significant increase in agrin transcript at the
7-day period of active sprouting and synaptogenesis. No
changes in mRNA were detected at either 2 or 15 days
post-injury. This pattern suggests that agrin transcription
and translation are linked temporally, responding maxi-
mally during periods of presynaptic terminal growth. In
fact, when agrin expression is blocked in vitro, synapto-
genesis on hippocampal neurons is severely attenuated
(Bose et al., 2000). Such a response parallels ciliary gan-
glion innervation, where agrin mRNA is increased within
supportive neuroglia during neurite extension and synap-
togenesis (Thomas et al., 1993). In the present models,
terminal degeneration is extensive at 2 days, but not at 7
days. During this early degenerative phase matrix protein
scaffolds are likely altered to permit a more malleable
extracellular space. While IHC did show a modest agrin
increase at 2 days, RT-PCR results suggest that early
shifts are more likely related to change in mRNA trans-
lation rather than significant transcriptional effects. At 15
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days after injury, regenerated synapses undergo selective
pruning and stabilization, a process also requiring struc-
tural flexibility around synapses. While modest changes
in agrin would also be predicted for this phase of recov-
ery, it should be noted that shifts in agrin mRNA during
synapse formation may be a complex response. For ex-
ample, Lesuisse et al. (2000) suggest that agrin isoforms
either increase or decrease depending upon synapse ma-
turity or activity, and Li et al. (1999) reported that non-
neuronal agrin mRNA was sufficient for synapse matu-
ration. In this context, the present study shows prominent
increase of agrin protein within reactive glia during
synapse reconstruction. Alternatively, it may be that
changes in 7-day agrin mRNA level are indirectly af-
fected by increases in MMP expression and enzyme ac-
tivity occurring as early as 2 days postinjury (Phillips and
Reeves, 2001). If these enzymes target agrin immediately
after injury, agrin levels would be dampened acutely,
possibly driving increased agrin transcription at 7-day
survival.

In the present study, NMDA receptor antagonism with
MK-801 did reduce agrin mRNA expression; however,
the extent of this reduction was different between the two
injuries. For these experiments, we implemented a MK-
801 dosing paradigm shown to affect recovery in both
models. Nitsch and Frotscher (1992) showed that MK-
801 treatment of UEC attenuated dendritic atrophy, an
effect linked to the reduced expression of c-fos, which
moderated activation of downstream cytoskeletal genes.
Together, these UEC changes led to reduced cellular
damage from deafferentation which would enhance re-
covery. Using a similar MK-801 paradigm, we reported
that NMDA antagonism could stabilize synaptic cytoar-
chitecture and partially restore cognitive function in the
combined insult model (Phillips et al., 1998). Overall, the
current study shows a strong effect of NMDA antago-
nism on agrin gene expression in the UEC model, but
only a slight shift toward lower expression after
TBI�BEC insult. These results indicate that agrin re-
sponse during synaptic reorganization is associated with
NMDA signaling pathways, and that agrin is a mediator
of the beneficial effects of NMDA antagonism during
UEC synaptogenesis. However, from the observed model
differences, we conclude that the effect of NMDA an-
tagonism on agrin expression depends, in part, upon the
type of deafferentation pathology which induces synap-
tic plasticity. For example, the primary UEC pathology
is loss of excitatory perforant path input to granule cell
dendrites, while the excessive neuroexcitation of com-
bined insult also produces hilar cell death, generating a
second deafferentation and further alteration of NMDA
activation. One direct interpretation would be that dif-
ferences in the level of NMDA-driven Ca2� signaling un-

derlie the agrin response, the combined insult producing
much greater Ca2�-mediated gene expression. This view
is supported by studies of excitatory insult associated
with CNS trauma (Yoshimura et al. 2003), kainic acid
seizures (Hilgenberg et al., 2002), and hilar-lesion
epilepsy (O’Connnor et al., 1995), all of which document
shifts in agrin expression. Such excitatory depolarization
elevates intracellular Ca2�, increasing the level of tran-
scription factors like c-fos, which can activate agrin
mRNA production. With strong transcription signals in
play after TBI�BEC, the positive effects of NMDA an-
tagonism may be outweighed and MK-801 treatment only
partially effective. It would be interesting to establish if
a more protracted treatment with MK-801 in the com-
bined insult increases the extent of synaptic recovery and
normalizes the expression of agrin mRNA in manner sim-
ilar to that observed in the UEC model.

Another possible explanation for why MK-801 gener-
ated a different effect on agrin transcription in the
TBI�BEC model is linked to the hilar cell death pro-
duced by TBI neuroexcitation. Loss of hilar mossy cells
would result in a second ML deafferentation, removing
excitatory input to the proximal dendrites of dentate gran-
ule cells. In response, granule cell axons send robust col-
lateral innervation back to local inner ML inhibitory neu-
rons, a recurrent circuitry which is not present in the
UEC. As with hilar-lesion epilepsy, this aberrant circuitry
produces a delayed hyper-inhibition (Frotscher et al.,
2006). Such elevation of inhibitory drive can increase
agrin transcription (Lesuisse et al., 2000), and thereby in-
crease agrin at sites of aberrant granule cell sprouting.
Indeed, we found the increase in agrin protein to be pre-
dominant over the inner ML of the combined insult, an
effect which persisted up to 15 days after injury. Thus,
additional inhibition within granule cell circuitry may un-
derlie the model differences in response to MK-801. In
the present study, drug administration was begun just
prior to entorhinal lesion. For the UEC, MK-801 would
be present to affect any lesion-induced afferent drive
throughout the entire dentate circuitry, including the nor-
mally innervated inhibitory neurons. The result would be
a significant attenuation of agrin gene expression. With
the combined insult, neuroexcitatory injury occurs first,
24 h before exposure to drug. In this case, processes lead-
ing to aberrant inhibitory drive would be underway be-
fore NMDA antagonism, potentially shifting agrin tran-
scription to a level not significantly altered by our
MK-801 dosing paradigm. A simple way to test whether
such inhibitory control of agrin expression is relevant to
successful synaptic recovery would be to selectively ap-
ply MK-801 during the period of neuroexcitatory insult
in the combined model. If the inhibitory thesis is correct,
agrin mRNA should be reduced significantly.

FALO ET AL.

780



Collectively, the present findings suggest that agrin
plays an important role in successful synaptic reorganiza-
tion after TBI. Two trauma models with marked differ-
ences in synaptic recovery showed distinct spatial and tem-
poral changes in agrin expression after injury. The most
pronounced differences were observed in agrin protein,
where its tissue localization appeared to define ML bound-
aries as guidance for regenerating presynaptic terminals af-
ter UEC. Our results also suggest that reactive astrocytes
may contribute to such agrin boundaries in the dennervated
neuropil. By contrast, the severely attenuated synaptic re-
covery of TBI�BEC produced only a modest change in
the same agrin species and showed no evidence of agrin
boundary formation in the ML. Another difference be-
tween the models was the persistent elevation of inner ML
agrin protein with the combined insult, possibly a conse-
quence of hilar cell death and inner ML deafferentation.
The mechanism underlying recovery dependent differ-
ences in agrin mRNA was not as clear. While the time
course and level of agrin transcript was similar for both
good and poor synaptic recovery, our experiments showed
that NMDA-mediated regulation of agrin transcription is
different, and perhaps less efficient, in the model of mal-
adaptive plasticity. Together, these model differences fur-
ther support the thesis that the more complex, interactive
pathologies of TBI can induce an abnormal profile of ma-
trix proteins, resulting in aberrant synaptic reorganization
and poor recovery. Future research will no doubt focus on
agrin and the details of these cellular mechanisms in or-
der to facilitate synaptogenesis after TBI.
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