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Abstract
The neuroprotective activity of conantokin-G (con-G), a naturally occurring antagonist of N-

methyl-D-aspartate receptors (NMDAR), was neurologically and histologically compared in

the core and peri-infarct regions after ischemia/reperfusion brain injury in male Sprague-

Dawley rats. The contralateral regions served as robust internal controls. Intrathecal injec-

tion of con-G, post-middle carotid artery occlusion (MCAO), caused a dramatic decrease in

brain infarct size and swelling at 4 hr, compared to 26 hr, and significant recovery of neuro-

logical deficits was observed at 26 hr. Administration of con-G facilitated neuronal recovery

in the peri-infarct regions as observed by decreased neurodegeneration and diminished cal-

cium microdeposits at 4 hr and 26 hr. Intact Microtubule Associated Protein (MAP2) staining

and neuronal cytoarchitecture was observed in the peri-infarct regions of con-G treated rats

at both timepoints. Con-G restored localization of GluN1 and GluN2B subunits in the neuro-

nal soma, but not that of GluN2A, which was perinuclear in the peri-infarct regions at 4 hr

and 26 hr. This suggests that molecular targeting of the GluN2B subunit has potential for re-

ducing detrimental consequences of ischemia. Overall, the data demonstrated that stroke-

induced NMDAR excitoxicity is ameliorated by con-G-mediated repair of neurological and

neuroarchitectural deficits, as well as by reconstituting neuronal localization of GluN1 and

GluN2B subunits in the peri-infarct region of the stroked brain.

Introduction
Cerebral ischemia, which is a consequence of loss of blood flow to the brain, triggers a cascade
of molecular events, such as large inward currents in neurons, increased release of presynaptic
glutamate that causes accumulation of extracellular glutamate, and subsequent hyperactivation
of the postsynaptic glutamate/glycine-gated ion channels, specifically, the N-methyl-D-aspar-
tate receptors (NMDAR). This glutamate excitoxicity leads to increased levels of neuronal in-
tracellular Ca2+, mediating aberrant neuronal signaling by activation of caspases and calpains,
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and eventually resulting in neuronal dysfunction and cellular apoptosis [1, 2]. Thus, the
NMDARs have been considered as drug targets in stroke. These receptors are voltage- and li-
gand-gated ion channels requiring glutamate and glycine as co-agonists for channel opening.
The NMDAR allows influx of Na+ and Ca2+, which in-turn are involved in physiological and
pathological events. The functional NMDAR is a heterotetramer composed of the ubiquitous
GluN1 subunit, present as one or more of eight splice variants (a-h), and GluN2 subunits
(A-D) that are expressed as independent gene products [3]. The type of GluN2 subunit present
lends to the resultant ion channel its unique electrophysiological, pharmacological, and bio-
chemical characteristics [4]. Although involved in physiological synaptic plasticity and memo-
ry formation, the GluN2B subunit also plays neuropathological roles in stroke, pain,
Alzheimer’s disease, drug and alcohol dependency, and nociception [5], among others. Several
NMDAR and GluN2B-specific antagonists that promote neuroprotection have been evaluated
for their efficacy on animal models of stroke, but have met with limited clinical success [6].
Selfotel, a competitive NMDAR antagonist, showed neuroprotection in stroke models, but was
ineffective in treating acute ischemic stroke in humans due to neurotoxic side effects [7]. Non-
competitive inhibitors of the NMDAR, cerestat and remacemide, and NMDAR modulators,
eliprodil and ifenprodil, were terminated from clinical trials due to lack of efficacy or psychotic
side effects [8–11]. Aptiganel, another non-competitive NMDAR inhibitor, was neuroprotec-
tive in stroked rats, but exhibited untoward side effects on the central nervous system, and led
to hypertension [12, 13].

A search to discover novel compounds that would modulate the activity of GluN2B-con-
taining NMDAR channels led to traxiprodil, a derivative of ifenprodil. While this agent is well-
tolerated and does not display many of the typical NMDAR antagonist-induced side effects, it
failed to exert neuroprotection in clinical trials [14]. A distinctive family of peptides, the conan-
tokins, present in the venom of Conusmarine snails, inhibit ion flow through NMDARs [15].
These peptides contain γ-carboxyglutamate residues, which are essential for their antagonistic
activities, and have been evaluated as potential neurotherapeutic agents. Conantokin-G (con-
G), a complete gene product of Conus geographus, is a non-competitive inhibitor of NMDARs
with selective inhibitory activity for the GluN2B subunit [16]. Con-G has been successfully
tested as an anti-convlusant [17, 18] and as an anti-analgesic agent in animal models [19–21].
In vitro studies utilizing neuronal cultures have shown an anti-apoptotic mechanism of con-G
[22], and also demonstrated con-G-mediated inhibition of extrasynaptic Ca2+ influx, which
promoted ERK and CREB activation and thereby neuronal survival [23]. Con-G afforded neu-
roprotection in a rodent model of MCAO, displaying a reduction in the core infarct size ac-
companied by reduction of c-fos levels and increased Bcl-2 levels, thus attenuating delayed cell
death [22, 24–26]. While pre-clinical models of NMDAR antagonists, including con-G, for
stroke have been successful, there is a paucity of data correlating the effect of the antagonist on
neuronal integrity and changes in cellular localization of NMDAR subunits in an ischemic set-
ting. The current study focuses on assessing at the cellular level the effects of con-G on ische-
mia-mediated changes in neuronal integrity and on the cellular distribution of the NMDAR
subunits at early (4 hr) and late (26 hr) postischemia timepoints.

Materials and Methods

Stroke Induction and Surgeries
All surgeries were performed on male Sprague-Dawley rats (220–270 g) using aseptic tech-
niques. Animal experiments were performed according to the protocols approved by the
IACUC of the University of Notre Dame (Protocol number 14–086). All rats were allowed
food and water ad libitum. Middle carotid artery occlusion (MCAO) was induced in rats under

Neuroprotective Effect of Conantokin-G

PLOSONE | DOI:10.1371/journal.pone.0122840 March 30, 2015 2 / 21



isofluorane by inserting a 4–0 silicon coated monofilament occluder (Doccol, Sharon, MA) in
the external carotid artery. The filament was kept in place for 2 hr, after which the rat was brief-
ly re-anesthetized. The occluder was then retracted allowing reperfusion. The anesthetic inhibi-
tion by isoflurane of GluN1 or GluN2 subunits are reversible in less than 4 hr as determined by
current recordings [27], well within the time when the animals were sacrificed.

Conantokin-G Treatment
Con-G (GEγγL5QγNQγ10LIRγK15SN-NH2; γ = gamma-carboxyglutamate) was synthesized
using solid phase peptide synthesis (Applied Biosystems, Model 433A) according to methods
published earlier [28]. Intrathecal (i.t.) administration of 2 μM con-G in 0.9% saline was per-
formed 30 min post-MCAO by implanting the catheter 3 days prior to the MCAO surgery. Al-
though earlier studies [22, 25] utilized 0.001–2.0 nmol of con-G to determine its
neuroprotective efficacy, their route of delivery was the more direct intracerebroventricular in-
jection. Since our con-G administration method was i.t., a dose of 2 μM con-G was employed
to establish the neuroprotective model. Furthermore, from our in vitro studies, we have ob-
served that 2–5 μM conantokins could antagonize NMDA-evoked current and intracellular
calcium influx in dissociated rat hippocampal or mouse cortical neurons [29]. The intrathecal
catheter (Braintree Scientific, Braintree, MA) was inserted into the spinal column of the rat at
the junction of the skull and 1st vertebra while the rat was anesthetized with 100 μg ketamine/
10 μg xylazine/gr weight and held in place on a stereotaxic frame. The catheter was stabilized
with wound glue and a stainless steel pin plug at the open end of the catheter.

Neurological Assessment
The assessment of neurologic score for each rat was based on the modification of a previously
described procedure [30] as follows: (0) no signs, (1) failure to use left paw, (2) turning to the
right, (3) circling, (4) inability to walk, and (5) death and were performed at 26 hr postische-
mia. A high neurological score indicated maximal neurological deficit. Significance was calcu-
lated by two-tailed unpaired t test.

Measurement of Infarct and Swelling
Brains from rats that were sacrificed at 4 hr or 26 hr after induction of stroke (± con-G) were
coronally sliced in seven 2 mm thick sections (approximately 4 mm anterior and 8 mm posteri-
or from the bregma, labeled A-G), and stained with 2% 2,3,5-triphenyltetrazolium chloride
(TTC) at 37°C for 30 min. Brain sections were taken 2 mm away from the rostral end after the
olfactory bulb was removed and up to the corticocerebellar junction in a rat brain matrix (Kent
Scientific, Torrington, CT). Images of TTC stained sections were employed to calculate infarct
and swelling sizes by outlining sections and areas of infarcts that showed complete loss of TTC
staining, as well as the noninjured contralateral hemisphere, using the Nikon Elements AR 3.2
software (Nikon). Total volume and infarct volume were calculated from the composite areas
of sequential brain slices. The extent of cerebral swelling (S) was calculated as: S = (volume of
ipsilateral hemisphere—volume of contralateral hemisphere)/(volume of contralateral hemi-
sphere). The infarct size (IS), corrected for swelling, was calculated as: IS = (IS x contralateral
hemisphere size)/(ipsilateral hemisphere size). TTC-stained brain sections were imaged on the
Leica DFC420 gross microscope and images captured using the Leica FireCam 3.1 software.
The images were processed to remove background utilizing Microsoft PowerPoint version
14.6.6.
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Histochemistry
TTC-stained brain sections fixed in 4% paraformaldehyde were embedded in paraffin, cut into
4 or 10 μm sections and stained with hematoxylin and eosin (H & E) for general cell morpholo-
gy, von Kossa stain for calcium deposits, or Fluoro Jade B (Chemicon) for degenerated neu-
rons. Prior to performing histochemical or immunohistochemistry stains, paraffin sections
were warmed at 50°C for 30 min, then cooled and deparaffinized.

Fluoro Jade B stains: Deparaffinized sections (10 μm) were incubated in 0.06% potassium
permanganate, rinsed in distilled water, and stained with 0.0001% Fluoro Jade B solution
(Millipore). The slides were rinsed in distilled water, air-dried at room temperature overnight,
cleared in xylene, and coverslipped with DPX (Sigma). Images were acquired using a
20X objective.

Hematoxylin and eosin stains: Deparaffinized sections (4 μm) were nuclear stained with he-
matoxylin 2, counterstained with eosin Y, cleared in xylene, and mounted with Cytoseal XYL
medium (Richard-Allan Scientific, Kalamazoo, MI).

Von Kossa stains: Deparaffinized sections (10 μm) were incubated with 1% silver nitrate so-
lution and exposed to 100W light for 2 hr. The sections were rinsed with distilled water, and
the unreacted silver was removed by treatment with 5% sodium thiosulfate. The sections were
counterstained with nuclear fast red, dehydrated with alcohol, and coverslipped with Cytoseal
XYL medium.

Periodic acid Schiff (PAS) staining for evaluating integrity of the cerebral vasculature: Depar-
affinized sections (4 μm) were oxidized with periodic acid for 5 min, rinsed in distilled water,
and placed in McManus Schiffs reagent for 1 hr. The slides were rinsed in water, counter-
stained with Light green SF yellow, and mounted with Cytoseal. The vasculature basement
membranes were stained magenta and the other tissue elements were stained green. PAS stain-
ing was employed to stain matrix-associated cerebral vasculature to identify compromised
blood vessels [31, 32].

Brain sections stained with H&E, von Kossa stain, and Periodic Acid Schiffs (PAS) stains
were digitally scanned at 40X magnification and imaged at 20X zoom using the Image Scope
system (Aperio Technologies, Buffalo Grove, IL). For quantification of the von Kossa stains,
grayish black Ca2+ microdeposits were averaged in the peri-infarct region from 3–5 fields on
non-treated and con-G-treated rat brains at 4 and 26 hr postischemia. Images of Fluoro Jade B
and all immunofluorescence stained sections were acquired on a Nikon TE 2000-S microscope
using Nikon Elements AR3.2 software.

Immunohistochemical Stains
The following primary antibodies were utilized for immunofluorescence staining of brain sec-
tions: monoclonal mouse anti-rat anti-MAP2 antibody (1.5 μg/ml) (Sigma, #M9942); mono-
clonal mouse anti-rat anti-GluN1 (5 μg/ml) (UC Davis/NIH NeuroMab facility, #75–272),
monoclonal mouse anti-rat anti-GluN2A (5 μg/ml) (UC Davis/NIH NeuroMab facility, #75–
288), and monoclonal mouse anti-rat anti-GluN2B (5 μg/ml) (UC Davis/NIH NeuroMab facil-
ity, #75–101). The secondary antibody was AlexaFluor647-donkey-anti-mouse IgG (1:500)
(Invitrogen). Tissue sections were blocked with 5% normal donkey serum/0.3% H2O2 and then
treated with 5% donkey serum/PBS. The antigens were labeled with the primary antibodies in
1% donkey serum/0.05% Triton X-100 overnight at 4°C. After washing in PBS, the sections
were exposed to Image IT (Invitrogen) at 4°C, washed in PBS, and incubated in secondary anti-
body at room temperature. Hoescht 33258 was used to stain nuclei prior to mounting and cov-
erslipping in ProLong anti-Fade medium. Fluorescence images were acquired on a Nikon TE
2000-S microscope using the Nikon Elements AR 3.2 software. Quantification of GluN1,
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GluN2A, and GluN2B of the peri-infarct regions was performed using the intensity profile
module of Elements software, which is defined by a polyline of constant length (100 μm) over
regions that showed distinct punctate staining. An intensity profile graph is generated along
with the intensity values from which averages were calculated. Others have utilized similar pro-
cedures for determining puncta intensity [33, 34].

Statistical Analysis
The number of rats for the different treatment groups were; n = 12 for non-treated stroked ani-
mals and n = 7 for con-G-treated stroked animals at 26 hr, and n = 4 for non-treated and con-
G treated rats at 4 hr. All evaluations were performed blinded. Statistical data are presented as
mean ± SEM. Statistical significance was determined by unpaired t test using Prism software 5
(Graph Pad software) and p< 0.05 was considered to be significant.

Results

Neurological Outcomes 26-Hour Post-con-G Treatment
The neurological outcomes of stroked rats were evaluated 26 hr after ischemia and i.t. delivery
of 2 μM con-G, and compared to non-treated rats. The rodents were not neurologically graded
at 4 hr after stroke induction and treatment, since their neuro-functional outcomes were mini-
mal. However, at 26 hr, stroked rats not treated with con-G showed poor neurological out-
come, with higher global neurological scores (2.91 ± 0.22), compared to con-G-treated rats
(1.57 ± 0.63) (Fig 1A) and significant differences between non-treated and con-G-treated rats
(p = 0.037). This indicated that treatment with con-G attenuated stroke-induced neurological
deficits compared to non-treated rats.

Brain Pathology: Infarct, Swelling, H&E Staining, and
Neurodegeneration
The reduction in brain swelling by con-G was 34% compared to stroked rats that were not
treated with con-G at the 4 hr timepoint (Fig 1B). Treatment with con-G 30 min after inducing
stroke, significantly reduced the overall percentage of hemispheric infarct by 50% at 4 hr (Fig
1C). S1A and S1B Fig shows TTC-stained images of serial coronal brain sections of non-treated
and con-G-treated rats, 4 hr post-MCAO and the actual infarct size (S1C Fig). Rats that were
treated with con-G, and assessed at 26 hr, showed only a mild reduction in swelling (13.5%)
compared to stroked rats that were not treated with con-G, and did not display an appreciable
reduction in infarct size at 26 hr after con-G treatment (infarct reduction 4.3%). The inability
of con-G to mitigate post-occlusion swelling at 24 hr has also been observed earlier [22], indi-
cating that con-G was unable to sustain the decrement in hemispheric swelling due to edema at
later timepoints.

Ischemia-induced damage was observed in the striatum and frontoparietal cortex and it was
these areas of the brain that were histologically evaluated for con-G-meidated neuroprotection.
Ischemia is also known to trigger cell death due to glutamate and calcium toxicity, which is en-
hanced late into the postischemic period in the cerebral cortex and hippocampus, promoting
irreversible cell injury [35] and local inflammation [36]. Von Kossa stains of brain sections
showed that Ca2+ microdeposits increased as a function of postischemic time. However, fewer
Ca2+ deposits were observed in the peri-infarct regions of rat brains treated with con-G, com-
pared to the peri-infarct regions of rat brains that were not treated with con-G at 4 hr and
26 hr (Fig 1D and 1E). (Fig 1F–1I) shows images of the peri-infarct regions of non-treated and
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Fig 1. Treatment with con-G showed improved neurological scoring and decreased peri-infarct Ca2+ microdeposits. (A) Rats that underwent MCAO
were either non-treated (S) or treated with 2 μM con-G (S/con-G) 30 min after stroke induction. Neurological assessments were performed 26 hr after
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con-G-treated rat brains at 4 and 26 hr postischemia from which average numbers of Ca2+

microdeposits were calculated.
Histochemical and immunohistochemical analyses were performed on the peri-infarct re-

gion, defined as the perifocal infarcted area surrounding the core white region (non-TTC
stained) that is stained light pink [25], and has dysfunctional electrical activity, but remains via-
ble [37]. These stains were compared to the contralateral region that served as an internal con-
trol for both non-treated and con-G-treated groups. The regions were also defined by PAS
staining to determine cerebral blood vessel integrity to mainly demarcate the peri-infarct re-
gion from the core ipsilateral region. The ipsilateral regions showed significant diminished
number of PAS stained vasculature compared to the contralateral regions in both, non-treated
and con-G-treated rat brains (Fig 2). Whereas, the average density of vasculature in the peri-in-
farct regions was between of that observed in the ipsilateral and contralateral areas (Fig 3) for
non-treated and con-G-treated rats at 4 hr and 26 hr. The ipsilateral regions of H&E stained
sections at 4 and 26 hr post-MCAO showed perineuronal vacuolation that is indicative of
swelling and degenerated dendrites, shrunken neurons with eosinophilic cytoplasm, and
pyknotic nuclei for both, con-G non-treated and con-G-treated rats (Fig 4A, 4D, 4G and 4J).
Some blood cells were also observed in the stroked area. No morphological changes were ob-
served in the contralateral regions at the same time points (Fig 4B, 4E, 4H and 4K).

However, the peri-infarct region of the con-G treated stroked rat brains showed morpholog-
ical repair with distinctly less neuropil vacuolation and shrunken neurons compared to the
peri-infarct region of non-treated stroked rats at 4 hr (Fig 4C and 4F). At 26 hr, the peri-infarct
region of non-treated rats displayed cytoarchitecture improvement (Fig 4I) compared to peri-
infarct region of non-treated 4 hr (Fig 4C) brains due to a self-repair mechanism. This peri-in-
farct improvement is enhanced by con-G at 26 hr (Fig 4L),oHowH&E nnn with fewer peri-
neuronal vacuolated and eosinophilic neurons with pyknotic nuclei.

Brain sections of non-treated and con-G-treated stroked rats were stained with Fluoro Jade
B to assess the extent of neurodegeneration. A time dependent increase in degenerated neurons
was observed in the peri-infarct regions of both con-G non-treated and con-G treated rats. At
4 hr, weak Fluoro Jade B staining was observed in the peri-infarct region of both non-treated
and con-G-treated rats (Fig 5A). At 26 hr, the peri-infarct area of non-treated rats showed in-
tense Fluoro Jade B staining and an increased number of degenerated neurons compared to the
4 hr timepoint (Fig 5C and 5E). However, treatment with con-G diminished peri-infarct neuro-
degeneration at the 4 hr time point and this was sustained for 26 hr (Fig 5B, 5D and 5E). The
amount of degeneration in the contralateral regions, which served as the internal negative con-
trol, of non-treated and con-G-treated brains was minimal (average of one degenerated neu-
rons/field ± 0.55 at 4 hr, and two degenerated neurons/field ± 0.58 at 26 hr postischemia).
Additionally, the average number of degenerated neurons in the core infarct of the ipsilateral
regions of brains of non-treated and con-G-treated rats was also similar, but increased from
4 hr to 26 hr postischemia (average of 13.9 degenerated neurons/field ± 3.39 at 4 hr, and 116.3
degenerated neurons/field ± 7.24 at 26 hr postischemia, p< 0.001).

ischemia induction Data are represented as mean ± SEM. *p = 0.037 between non-treated and con-G-treated stroked rats. (B) Intrathecal administration of
con-G reduced swelling at 4 hr post-MCAO by*34%. (C) An approximate 50% reduction in infarct size was observed in the ischemic core in rats after 4 hr of
con-G treatment. Changes in swelling and infarct sizes have been calculated as % of non-treated rats. (D) Coronal sections were processed with von Kossa
stain for Ca2+ deposits. Ca2+ deposits were averaged from 3–5 peri-infarct fields of non-treated stroked rat brains (S) and con-G-treated stroked rat brains (S/
con-G) at 4 hr and (E) 26 hr. Representative images of brain sections of the peri-infarct region stained for Ca2+ deposits by von Kossa staining from non-
treated rats at 4 hr (F) and 26 hr (H) and con-G-treated brain rats at 4 hr (G) and 26 hr (I). Bars represent mean ± SEM. *p< 0.05 between non-treated and
con-G treated group of rats. N = 12 for S and n = 7 for S/con-G at 26 hr, and n = 4 for both S and S/con-G at 4 hr.

doi:10.1371/journal.pone.0122840.g001
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Fig 2. Effects of ischemia on cerebral vasculature. Stroke-mediated compromised vasculature was observed for non-treated (A-C) and for con-G treated
rat brains (D-F) at 4 hr postischemia. Decreased vascular staining (red arrows) was observed in the ipsilateral regions of both non-treated (A) and con-G
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MAP2 Staining for Neuronal Integrity
Microtubule-associated protein 2 (MAP2) is a cytoskeleton protein involved in maintaining
neuronal integrity and modulating synaptic plasticity [38], and a loss of MAP2 is considered a
hallmark for ischemic injury [39, 40]. At both 4 hr (Fig 6A) and 26 hr post-MCAO (Fig 6G), re-
duction in MAP2 staining in the ipsilateral infarct core region was apparent, and the cells dif-
fered in morphology from the neurons in the contralateral regions (Fig 6B and 6H) at the same
timepoints. More densely stained soma and distinct dendritic structures for non-treated rats
and con-G-treated groups of rats at 4 hr (Fig 6B and 6E) and 26 hr (Fig 6H and 6K) was ob-
served in the contralateral regions. There is loss of MAP2 staining in the peri-infarct regions of
non-treated stroked rats at 4 hr (Fig 6C), and is more obvious at 26 hr (Fig 6I). Rats injected
with con-G demonstrated considerable neuronal integrity in the peri-infarct area at 4 hr, with
distinct dendritic structures (Fig 6F). This repair of neuronal integrity was sustained until 26 hr
in the peri-infarct region (Fig 6L). Thus, administration of con-G is able to repair MCAO-me-
diated aberrant neuronal morphology, and this was observed in all the rats treated with con-G
at both timepoints.

Changes in Localization Patterns of GluN Subunits
GluN1, GluN2A, and GluN2B are the prominent subunits of the functional heterotetrameric
channel in the mature forebrain [41]. Therefore, we examined ischemia-mediated changes in
the localization of these subunits, and the degree to which con-G is able to reverse any observed
changes. Localization of the GluN1 subunit was dispersed after 4 hr of MCAO in the ipsilateral

treated (D) stroked rat brains at 4 hr postischemia, and this observation is exacerbated in the ipsilateral region at 26 hr for both non-treated (G) and con-G-
treated rat brains (J). The contralateral region shows intact vasculature at 4 hr (B, E) and at 26 hr (H, K) postischemia, while the peri-infarct regions showed
vasculature that was between ipsilateral and contralateral at 4 hr in non-treated (C) and con-G-treated rat brains (F), and at 26 hr (I, L).

doi:10.1371/journal.pone.0122840.g002

Fig 3. Effects of ischemia on numbers of cerebral vessels.Quantitation of the average vascular counts
from 3–5 different fields of PAS-stained vasculature per 0.13 mm2 area at 4 hr (A) and 26 hr (B). * p<0.05
between stroked rats in the different regions of the brain, and # p<0.05 between con-G-treated rats in the
different parts of the brain. Quantitatively, the peri-infarct regions showed average number of vasculature
bodies that was between ipsilateral and contralateral regions in non-treated (black bars) and con-G-treated
rat brains (white bars) at 4 hr and 26 hr. N = 12 for S and n = 7 for S/con-G at 26 hr, and n = 4 for both S and S/
con-G at 4 hr.

doi:10.1371/journal.pone.0122840.g003
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and peri-infarct regions of non-treated rats (Fig 7A and 7C), compared to the contralateral
areas (Fig 7B), where some GluN1 clustering around the soma is observed. In the presence of
con-G in stroked rats at the 4 hr timepoint, the ipsilateral region still shows punctated GluN1

Fig 4. Con-G repairs MCAO-inducedmorphological changes. (A-L) Representative images of H & E stained coronal brain sections showing perturbed
brain architecture of the ipsilateral side at 4 hr and 26 hr for non-con-G treated (A, 4 hr; G, 26 hr) and con-G treated rats (D, 4 hr; J, 26 hr), characterized by
perineuronal vacuolation (black arrows) and shrunken neurons (block arrows), which is less dramatic at 4 hr (A) than at 26 hr (G). MCAO-induced pathology
in the stroke area is similar in con-G treated brains at 4 hr (D) and 26 hr (J) compared to non-con-G treated brains. (B, E, H, K) show the normal brain
architecture of the contralateral region of non-conG treated and con-G-treated rats at 4 hr and 26 hr after stroke induction. (C) The peri-infarct region at 4 hr
and (I) 26 hr of con-G-treated and non-treated stroked rats with perineuronal vacuolation and degenerating neurons (<) observed. However, the peri-infarct
region of con-G-treated rat brains shows repair of the brain cytoarchitecture at 4 hr (F). The perineuronal vacuolation, while present, is not as pronounced
(arrows), with fewer degenerated neurons (<). (L) 26 hr con-G-treated rat brains showed enhanced cytorepair with unpronounced perineuronal vacuolation
(black arrow) and diminished eosinophilic neurons (black circle). Total magnification, 200X. Bar scale, 60 μm. N = 12 for S and n = 7 for S/con-G at 26 hr, and
n = 4 for both S and S/con-G at 4 hr.

doi:10.1371/journal.pone.0122840.g004
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expression (Fig 7D), compared to the contralateral region (Fig 7E). Additionally, somal cluster-
ing of GluN1 recurs in the peri-infarct area (Fig 7F), suggesting a protective effect.

At 26 hr post-MCAO, the ipsilateral regions of both non-treated and con-G-treated rats
were similar, showing loss of GluN1 subunit immunostaining (Fig 7G and 7J). The neurons in
the contralateral regions showed concentrated clusters of GluN1 subunit in the soma (Fig 7H
and 7K). The peri-infarct regions of the non-treated stroked rat brains displayed punctate
staining of the GluN1 subunit, indicative of the occurrence of a natural recovery process (Fig
7I), but the GluN1 subunit expression was more pronounced in the peri-infarct field of con-G-
treated rat brains, and resembled the pattern observed for the contralateral region (Fig 7K and
7L). S2A and S2B Fig demonstrates the method utilized to determine puncta intensity, showing
as an example the image of GluN2A immunofluorescence (S2A Fig) and its corresponding in-
tensity profile (S2B Fig). Since, our focus is on the redeemable peri-infarct region, it was ob-
served that GluN1 puncta intensity increased in con-G administered rat brains at both 4 hr
(S2C Fig) and 26 hr (S2D Fig).

After 4 hr or 26 hr post-MCAO induction, loss of localization of the GluN2A subunit
around the neuronal soma was observed in the ischemic core region (Fig 8A and 8G), com-
pared to the contralateral areas (Fig 8B and 8H). At 26 hr post-MCAO, perinuclear staining of
GluN2A, with or without con-G treatment, was observed (Fig 8G and 8J), compared to the

Fig 5. Con-Gmitigates ischemic neurodegeneration and restores neuronal integrity. (A) Representative Fluoro Jade B stained sections of the peri-
infarct regions of non-con-G treated rat brains (A) and con-G-treated rat brains (B) at 4 hr, and nontreated (C) and con-G-treated stroked rat brains (D) at 26
hr. Degenerated neurons are indicated by arrows. (E) Quantification of degenerated neurons averaged from 3–5 fields at 4 hr and 26 hr. *p<0.05 between
non-treated and con-G-treated groups. N = 12 for S and n = 7 for S/con-G at 26 hr, and n = 4 for both S and S/con-G at 4 hr.

doi:10.1371/journal.pone.0122840.g005
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neurons in the contralateral region. Here, the GluN2A subunit is visualized in the soma, as well
as in the proximal dendrites (Fig 8H and 8K). At 4 hr, in the peri-infarct region of non-treated
stroked rat brains, clusters of GluN2A localization were observed polar to the condensed

Fig 6. Anti-MAP2 staining in non-treated and con-G-treated stroked rat brains. At 4 hr postischemia, a lack of MAP2 immunoreactivity in the ipsilateral
core of non-treated (A) and con-G-treated rats (D) was observed as compared to the contralateral regions (red staining), which exhibited robust MAP2
staining with distinct soma and dendritic structures in non-treated (B), and also in con-G-treated stroked rats (H). (C) The peri-infarct regions of non-treated
stroked rats showed attenuated MAP2 immunoreactivity at 4 hr, but the peri-infarct regions of rats treated with 2 μM con-G demonstrated MAP2 staining in
the soma and dendritic regions of the neurons at 4 hr (F). Similarly, at 26 hr postischemia, MAP2 staining was compromised in non-treated (G) and con-G-
treated rat brains (J), compared to the contralateral side that showed intact MAP2 staining in the soma and dendrites (H, K) for both groups of animals. (I) The
peri-infarct of non-treated rat brains did not show any recovery of MAP2 staining. (L) Con-G was able to sustain reinstitution of neuronal integrity at 26 hr as
observed by MAP2 staining in the soma and dendrites. Bar scale, 100 μm for all images. N = 12 for S and n = 7 for S/con-G at 26 hr, and n = 4 for both S and
S/con-G at 4 hr.

doi:10.1371/journal.pone.0122840.g006
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Fig 7. GluN1 localization pattern in non-treated and con-G-treated stroked rats at 4 hr and 26 hr.Random punctate staining of GluN1 (red) observed in
the ipsilateral regions of stroked rat brain sections at 4 hr (A, D). In the contralateral regions of non-treated (B, 4 hr; H, 26 hr) and-con-G treated stroked rat
brains (E, 4 hr; K, 26 hr), distinct GluN1 staining around the soma (blue) is observed (arrows). At 4 hr, the peri-infarct regions of non-treated brains showed
similar random punctate staining of GluN1 (C) as the ipsilateral regions; however, the conG-treated stroked rats showed GluN1 staining around the soma
(arrows) (F). At 26 hr, the ipsilateral regions of non-treated and con-G-treated-stroked rat brains showed loss of GluN1 staining around the soma (G, J),
compared to the contralateral regions (H, K). At 26 hr, the peri-infarct region of non-treated stroked rat brains showed punctate GluN1 staining in the soma
(arrow) (I), but the con-G-treated rat brains showed concentrated clusters of somal GluN1 (arrows) (L). Magnification, 100X. Bar scale, 100 μm for all images.

doi:10.1371/journal.pone.0122840.g007
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Fig 8. Effect of con-G on GluN2A localization patterns.Distinct GluN2A localization around the soma was disrupted by MCAO in the ipsilateral region (A,
D) compared to the contralateral region (arrows) (B, E). Clusters of GluN2A were observed in the peri-infarct region of non-treated stroked rat brains (arrows)
(C), but this was not observed in con-G-treated brains at 4 hr (F). At 26 hr post-MCAO, perinuclear staining of GluN2A was observed (arrows) (G, J) in the
ipsilateral region compared to GluN2A staining observed in the soma of the contralateral region (arrows) (H, K). The peri-infarct of non-treated stroked rat
brains showed no specific GluN2A staining (I), but the con-G-treated rat brains showed increased perinuclear presence of GluN2A (arrow) (L). Magnification,
100X. Bar scale, 100 μm for all images.

doi:10.1371/journal.pone.0122840.g008
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nucleus (Fig 8C), similar to the contralateral regions (Fig 8B and 8E). However in the peri-in-
farct region of con-G-treated brains, no such polar clusters of GluN2A were observed (Fig 8F).
This indicated that con-G did not have an effect on GluN2A localization pattern at the 4 hr
timepoint. At 26 hr post-MCAO, the peri-infarct area of non-treated rat brains showed little
staining for GluN2A subunits (Fig 8I), whereas the con-G-treated peri-infarct area of stroked
rat brains showed a distinct perinuclear GluN2A expression pattern (Fig 8L). These observa-
tions suggested that con-G did not restore the GluN2A localization pattern at the 4 hr time-
point, but directed perinuclear trafficking of the GluN2A subunit at the later time of 26 hr.
Quantification of the GluN2A puncta in the peri-infarct regions showed that there was a slight,
but not significant, increase in GluN2A intensity at 4 hr in con-G-treated animals, compared
to non-treated stroked rat brains (S2E Fig). However, there was significant increase in puncta
fluorescence intensity of GluN2A at 26 hr in the peri-infarct region of con-G-treated rat brains
that was perinuclear in localization (S2F Fig).

The GluN2B subunit 4 hr after MCAO showed a random clustering pattern in the ischemic
core (Fig 9A and 9D), whereas the contralateral regions showed either polar localization of
GluN2B in the soma (Fig 9B), or concentrated clustering around the soma (Fig 9E, 9H and
9K), depending on the particular imaged contralateral region. The peri-infarct region of un-
treated rat brains exhibited a similar localization pattern as the ipsilateral region at 4 hr (Fig
9C) and 26 hr (Fig 9I), but the con-G treated rat brains showed selective clustering around the
soma (Fig 9F) at 4 hr, which became more distinct at 26 hr (Fig 9L). Puncta fluorescence inten-
sity of GluN2B was decreased in the peri-infarct region at 26 hr of non-treated stroked rat
brains compared to 4 hr, but that significantly increased at 26 hr in con-G-treated brains com-
pared to non-treated rat brains (S2 G and S2 H Fig). We are confident that the GluN subunit
staining patterns observed are neuronal from their distinct morphology, and rat astrocytes do
not transcribe GluN1 subunits and hence cannot form functional channels [42]. Furthermore,
oligodendrocytic NMDARs are mostly comprised of NR1, NR2C, and NR3A subunits and
these cells reside in the cerebellum and corpus callosum, which are not regions included in our
analysis [43].

Discussion
In this study, the effects of con-G on MCAO-induced neurological damage at the cellular and
histological levels were evaluated. More specifically, a focus was placed on the therapeutic ef-
fects of con-G on injured neuron morphology and localization patterns of the GluN1, GluN2A,
and GluN2B subunits in the peri-infarct regions, since this area is considered a potential target
for neuroprotective drugs due to low levels of metabolic activity preserved [44, 45]. These ob-
servations were compared to those seen in the ipsilateral area and regions contralateral to the
infarct area. The study was performed at timepoints of 4 hr and 26 hr post-MCAO, since there
is a linear progression from initial injury to final infarct formation during this period. These
timepoints also allowed the determination of the extent to which con-G retains its therapeutic
effects, especially on the GluN subunit localization patterns that could possibly determine the
ability of the cell to return to normal neurological functioning. Significant reductions in
MCAO-induced swelling and infarct volumes were observed in con-G-treated rats at 4 hr, but
this reduction was not sustained at the 26 hr timepoint. It has been demonstrated [22] that a sin-
gle con-G application (0.5 nmol at 30 min post-MCAO) decreased the total and core infarct vol-
umes, but not edema, at 72 hr. We observed con-G dependent improvement in neurological
scoring at 26 hr, which is consistent with published data [22]. At both timepoints, of 4 and 26 hr,
con-G administration effectively repaired MCAO-induced damage to the brain cytoarchitec-
ture, as well as decreased the number of degenerated neurons and Ca2+ microdeposits in the
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Fig 9. Con-G restores GluN2B localization at 26 hr. Loss of GluN2B was observed in the ipsilateral regions at 4 hr (A, D) and 26 hr (G, J) compared to the
contralateral regions, where polar (B; arrows) or somal (blue) localization (E, H, K; arrows) of GluN2B was observed. The peri-infarct region of untreated rat
brains lacked specific GluN2B staining at 4 hr (C) and 26 hr (I), but a distinct GluN2B presence (red) was observed in the peri-infarct area of con-G-treated
rats at 4 hr (F) and at 26 hr (L). Magnification, 100X. Bar scale, 100 μm for all images.

doi:10.1371/journal.pone.0122840.g009
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peri-infarct region. This supports the role of con-G as a neuroprotective agent. Earlier studies
with con-G demonstrated that this agent mitigated MCAO-induced DNA damage by increas-
ing Bcl-2 levels and decreasing c-fos levels [25]. However, the effect of con-G on the various
NMDAR subunits that are pathologically activated during ischemia was not evaluated in
previous work.

Changes in NMDAR subunit expression levels in the brain during ischemia are dependent
on the type of injury/reperfusion model, the time points studied, and the region of the brain
evaluated. A significant reduction in GluN2A mRNA levels was observed in the hippocampal
area and dentate gyrus of stroked rats [46], and mRNA levels of GluN1, GluN2A, and GluN2B
decreased more dramatically in the caudate putamen, and, to a lesser extent, in the cerebral
cortex. A previous study [47] has reported decreased levels of GluN2B subunit in the Triton-in-
soluble fraction/postsynaptic compartment of the ipsilateral and peri-infarct tissues at 4 hr and
48 hr postischemia. While the GluN1 levels were not affected, GluN2A levels were diminished
in the ischemic core at 48 hr. Our studies showed that the distinct localization of the GluN1,
GluN2A, and GluN2B subunits that was seen in the contralateral regions was not observed in
the infarct of the ipsilateral regions at 4 hr and 26 hr after stroke. Administration of con-G re-
stored the localization of GluN1 and GluN2B subunits, but not the GluN2A subunit, at 4 hr
and 26 hr. This could explain the molecular corrections in neurological deficits at 26 hr post-
MCAO, although gross reduction in infarct and swelling was not observed at this timepoint.
Decreased GluN2B subunits resulted in impaired NMDAR-directed LTP and neurological def-
icits, such as spatial learning [48], whereas, overexpression of the GluN2B subunit improved
synaptic plasticity and memory [49]. Our histological analyses show that con-G reconstituted
the postischemic decrease of GluN2B subunits in the peri-infarct at 26 hr, which coincides
with corrective neurological function. It has been demonstrated that ifenprodil, a GluN2B-spe-
cific antagonist, blocked postischemic long-term potentiation (LTP), without affecting activity-
dependent LTP. Further, ifenprodil treatment allowed recovery of postsynaptic GluN2B levels
in the infarct core, but did not reinstitute GluN2A levels [47]. By selectively blocking the
GluN2B subunit with ifenprodil, it was observed that ischemic neuronal death was attenuated,
whereas selective blocking of the GluN2A subunit with NVP-AAM077, exacerbated ischemic
neuronal death with subsequent downregulation of CREB-directed cpg15 and bdnfmRNA lev-
els [50]. An alternate approach to the traditional pharmacological antagonism of NMDAR has
been vaccination to generate autoimmune responses targeting the GluN1 subunit. It has been
shown that GluN1 vaccinations were able to suppress kainate-induced seizures, as well as be
neuroprotective in MCAO-induced stroke, decreasing total infarct volume in the cortex and
striatum [51]. One possible mechanism of this immune-derived neuroprotection against
MCAO damage is the inability of GluN1 to interact with tPA reducing excitotoxic insults of is-
chemia [52, 53]. Thus, antagonism of the GluN1 subunit is beneficial against neurodegenera-
tive diseases by allowing the ion channel to be blocked by the Mg2+ ion and preventing excess
Ca2+ influx (http://www.jn-vaccines.org/Stroke_Vaccine-JNIMC.pdf).

Proper anchoring and distribution of the NMDARs is critical for transmission of synaptic
signals. In our model, at 26 hr after MCAO, GluN2A showed distinct perinuclear staining in
the infarct core region and this was enhanced in the peri-infarct by treatment of con-G. This
indicated that con-G failed to target corrective mobilization of GluN2A to the soma. However,
con-G effectively reversed MCAO-induced loss of neuronal integrity as observed by MAP2
staining in the peri-infarct region. The ability of con-G to restore localization of GluN1 and
GluN2B subunits, combined with decreased load of Ca2+ microdeposits, indicates that normal
NMDAR/Ca2+ signaling events can occur leading to neuronal survival in the peri-infarct re-
gion. Our current data is in agreement with previously published work that showed that dis-
ruption of neuronal integrity due to GluN2B-dependent extrasynaptic activation was
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addressed most efficiently by con-G [23]. Since ischemia-induced excess glutamate activates
the extrasynaptic NMDARs, which is composed mostly of the GluN2B subunit, con-G treat-
ment restored neuronal integrity. Other neuropathologies such as, Alzheimer’s disease, Parkin-
son’s disease, and mood disorders that involve dysfunction of the NMDARs have reported
altered function and subcellular localization of the receptor that is attributed to prolonged acti-
vation of the NMDAR [54]. In a rat model of Parkinson’s disease, it was observed that treat-
ment with L-DOPA altered the synaptic localization of GluN2B and that dyskinetic animals
had significantly higher amounts of GluN2A in the postsynaptic compartment [55]. Thus,
pharmacological manipulation of the NMDAR, specifically, the GluN2B subunit that influ-
ences cellular localization is important for neuronal responsiveness and survival. NMDAR ac-
tivity is a consequence of its subcellular location [56, 57], which makes them respond
differentially to conantokins when neuronal NMDARs are pathologically stimulated [23]. Fu-
ture plans involve determination of ischemia-driven changes in subcellular location of GluN
subunits at the synaptic level and correlating that to aberrant electrophysiological activity of
the ion channel in the presence or absence of con-G.

Conclusion
In conclusion, we have demonstrated that the GluN2B-specific conantokin, con-G, corrected
MCAO-induced neurological deficits, as well as structural changes to the neurons and neuro-
nal cytoarchitecture due to ischemia in the peri-infarct region of the stroked brain. Ischemia-
mediated changes in the localization patterns of GluN1 and GluN2B subunits were restored by
treatment with con-G in the peri-infarct regions, indicating that the neuroprotective effect of
con-G was achieved viaNMDARs. By antagonizing GluN2B in the MCAOmodel, decreased
ischemia-mediated Ca2+ load and degenerated neurons were also observed.

Supporting Information
S1 Fig. Administration of con-G decreases infarct size after 4 hr of MCAO. (A) Serial coro-
nal sections of the same brain stained with TTC for non-treated rats and (B) rats treated with
2 μM con-G sacrificed 4 hr post-MCAO. The infarct area is observed in white in the right
hemisphere (black arrows). (C) Actual infarct size for non-treated and 2 μM con-G treated rat
brains. N = 4 for both S and S/con-G at 4 hr. �p<0.05 between non-treated and con-G-treated
groups.
(TIF)

S2 Fig. Quantification of GluN1, GluN2A, and GluN2B subunits in the peri-infarct regions
of non-treated and con-G-treated stroked rat brains. (A) Representative image of GluN2A
staining in the peri-infarct region of non-treated rat brains to show the 100 μm polyline for de-
termining fluorescence intensity profile. (B) In the intensity profile, red indicates GluN2A sub-
unit fluorescence intensity over a distance of 100 μm and the blue indicates intensity of the
nuclear stain DAPI. Quantification of the GluN1 punctae at 4 hr (C) and 26 hr (D), of GluN2A
staining at 4 hr (E) and 26 hr (F), and of GluN2B staining at 4 hr (G) and 26 hr (H). �p<0.05
between non-treated (S) and con-G (S/con-G) treated rat brains. N = 2 for S and n = 7 for S/
con-G at 26 hr, and n = 4 for both S and S/con-G at 4 hr.
(TIF)

Acknowledgments
We thank Mayra Sandoval-Cooper, Donna Emge, and Ning Zhou for technical assistance.

Neuroprotective Effect of Conantokin-G

PLOSONE | DOI:10.1371/journal.pone.0122840 March 30, 2015 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122840.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0122840.s002


Author Contributions
Conceived and designed the experiments: RB FJC. Performed the experiments: RB AD DLD
TS. Analyzed the data: RB AD DLD. Contributed reagents/materials/analysis tools: FJC. Wrote
the paper: RB FJC.

References
1. Weilinger NL, Maslieieva V, Bialecki J, Sridharan SS, Tang PL, Thompson RJ (2013) Ionotropic recep-

tors and ion channels in ischemic neuronal death and dysfunction. Acta Pharm Sinica 34:39–48.

2. Arundine M, Tymianski M (2003) Molecular mechanisms of calcium-dependent neurodegeneration in
excitotoxicity. Cell Calcium 34:325–327. PMID: 12909079

3. Hollmann M, Heinemann S (1994) Cloned glutamate receptors. Annu Rev Neurosci 17:31–108. PMID:
8210177

4. Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, et al. (2010) Glutamate re-
ceptor ion channels: structure, regulation, and function. Pharmacol Rev 62:405–496. doi: 10.1124/pr.
109.002451 PMID: 20716669

5. Loftis JM, Janowsky A (2003) TheN-methyl-D-aspartate receptor subunit NR2B: localization, functional
properties, regulation, and clinical implications. Pharmacol Ther 97: 55–85. PMID: 12493535

6. Gogas KR (2006) Glutamate-based therapeutic approaches: NR2B receptor antagonists. Curr Opin
Pharmacol 6:68–74. PMID: 16376149

7. Davis SM, Lees KR, Albers GW, Diener HC, Markabi S, Karisson G, et al. (2000) Ischemic stroke: pos-
sible neurotoxic effects of an NMDA antagonist. Stroke 31:347–354. PMID: 10657404

8. Dawson DA, Wadsworth G, Palmer AM (2001) A comparative assessment of the efficacy and side-ef-
fect liability of neuroprotective compounds in experimental stroke. Brain Res 892:344–350. PMID:
11172782

9. Palmer GC, Cregan EF, Borrelli AR, Willett F (1995) Neuroprotective properties of the uncompetitive
NMDA receptor antagonist remacemide hydrochloride. Ann NY Acad Sci 765:236–247. PMID:
7486610

10. Lekieffre D, Bernavides J, Scatton B, Nowicki JP (1997) Neuroprotection afforded by a combination of
eliprodil and thrombolytic agent, rt-PA, in a rat thromboembolic stroke model. Brain Res 776:88–95.
PMID: 9439799

11. Dogan A, Rao AM, Baskaya MK, Rao VL, Rasti J, Donaldson D, et al. (1997) Effects of ifenprodil, a
polyamine site NMDA receptor antagonist, on reperfusion injury after transient focal cerebral ischemia.
J Neurosurg 87: 921–296. PMID: 9384405

12. Minematsu K, Fisher M, Li L, Davis MA, Knapp AG, Cotter RE, et al. (1993) Effects of a novel NMDA an-
tagonist on experimental stroke rapidly and quantitatively assessed by diffusion-weighted MRI. Neurol-
ogy 43:397–403. PMID: 7679781

13. Dyker AG, Edwards KR, Fayad PB, Hormes JT, Lees KR (1999) Safety and tolerability study of aptiga-
nel hydrochloride in patients with an acute ischemic stroke. Stroke 30:2038–2042. PMID: 10512904

14. Saltarelli M, Weaver J, Hsu C, Bednar M (2004) Randomized double- blind, placebo controlled study to
evaluate the safety and efficacy of CP- 101606 (traxoprodil), an NR2Bselective N-methyl-D- aspartate
antagonist in subjects with acute ischemic stroke. Stroke 35:241.

15. Terlau H, Olivera BM (2004) Conus venoms: a rich source of ion channel-targeted peptides. Physiol
Rev 84:41–68. PMID: 14715910

16. Prorok M, Castellino FJ (2007) The molecular basis of conantokin antagonism of NMDA receptor func-
tion. Curr Drug Targ 8:633–642.

17. Armstrong H, Zhou LM, Layer RT, Nielson JS, McCabe T, White HS (1998) Anticonvulsant profile of
conantokin-G (Con-G): A novel, broad-spectrum NMDA antagonist. Epilepsia 39(S6):39.

18. Barton ME, White HS (2004) The effect of CGX-1007 and CI-1041, novel NMDA receptor antagonists,
on kindling acquisition and expression. Epilepsy Res 59:1–12. PMID: 15135162

19. Malmberg AB, Gilbert H, McCabe RT, Basbaum Al (2003) Powerful antinociceptive effects of the cone
snail venom-derived subtype-selective NMDA-receptor antagonists conantokins G and T. Pain
101:109–116. PMID: 12507705

20. Xiao C, Huang Y, Dong M, Hu J, Hou S, Castellino FJ, et al. (2008) NR2B-selective conantokin peptide
inhibitors of the NMDA receptor display enhanced anticociceptive properties compared to non-selective
conantokins. Neuropeptides 42:601–609. doi: 10.1016/j.npep.2008.09.003 PMID: 18992939

Neuroprotective Effect of Conantokin-G

PLOSONE | DOI:10.1371/journal.pone.0122840 March 30, 2015 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/12909079
http://www.ncbi.nlm.nih.gov/pubmed/8210177
http://dx.doi.org/10.1124/pr.109.002451
http://dx.doi.org/10.1124/pr.109.002451
http://www.ncbi.nlm.nih.gov/pubmed/20716669
http://www.ncbi.nlm.nih.gov/pubmed/12493535
http://www.ncbi.nlm.nih.gov/pubmed/16376149
http://www.ncbi.nlm.nih.gov/pubmed/10657404
http://www.ncbi.nlm.nih.gov/pubmed/11172782
http://www.ncbi.nlm.nih.gov/pubmed/7486610
http://www.ncbi.nlm.nih.gov/pubmed/9439799
http://www.ncbi.nlm.nih.gov/pubmed/9384405
http://www.ncbi.nlm.nih.gov/pubmed/7679781
http://www.ncbi.nlm.nih.gov/pubmed/10512904
http://www.ncbi.nlm.nih.gov/pubmed/14715910
http://www.ncbi.nlm.nih.gov/pubmed/15135162
http://www.ncbi.nlm.nih.gov/pubmed/12507705
http://dx.doi.org/10.1016/j.npep.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18992939


21. Hama A, Sagen J (2009) Antinociceptive effects of the marine snail peptides conantokin-G and cono-
toxin MVIIA alone and in combination in rat models of pain. Neuropharmaclogy 56:556–563.

22. Williams AJ, Dave JR, Phillips JB, Lin Y, McCabe T, Tortella FC (2000) Neuroprotective efficacy and
therapeutic window of the high-affinity N-methyl-D-aspartate antagonist conantokin-G: in vitro (primary
cerebellar neurons) and in vivo (rat model of transient focal brain ischemia) studies. J Pharmacol Exp
Ther 294:378–386. PMID: 10871336

23. Balsara RD, Li N, Weber-Adrian D, Huang L, Castellino FJ (2012) Opposing action of conantokin-G on
synaptically and extrasynaptically-activated NMDA receptors. Neuropharmacology 62:2227–2238.
doi: 10.1016/j.neuropharm.2012.01.018 PMID: 22306487

24. Williams AJ, Ling G, McCabe RT, Tortella FC (2002) Intrathecal CGX-1007 is neuroprotective in a rat
model of focal cerebral ischemia. Neuroreport 13:821–824. PMID: 11997694

25. Williams AJ, Ling G, Berti R, Moffett JR, Yao C, Lu XM, et al. (2003) Treatment with the snail peptide
CGX-1007 reduces DNA damage and alters gene expression of c-fos and bcl-2 following focal ische-
mic brain injury in rats. Exp Brain Res 153: 16–26. PMID: 12955387

26. Williams AJ, Dave JR, Lu XM, Ling G, Tortella FC (2002) Selective NR2B NMDA receptor antagonists
are protective against staurosporine-induced apoptosis. Eur J Pharmacol 452:135–136. PMID:
12323394

27. Hollmann MW, Liu HT, Hoenemann CW, Liu WH, Durieux ME (2001) Modulation of NMDA receptor
function by ketamine and magnesium. Part II: interactions with volatile anesthetics. Anesth Analg
92:1182–1191. PMID: 11323344

28. Prorok M, Warder SE, Blandl T, Castellino FJ (1996) Calcium binding properties of synthetic gamma-
carboxyglutamic acid-containing marine cone snail "sleeper" peptides, conantokin-G and conantokin-
T. Biochemistry 35:16528–16534. PMID: 8987986

29. Kunda S, Cheriyan J, Hur M, Balsara RD, Castellino FJ (2013) Antagonist properties of Conus parius
peptides on N-methyl-D-aspartate receptors and their effects on CREB signaling. PLoS One 8:
e81405. doi: 10.1371/journal.pone.0081405 PMID: 24260577

30. Gerriets T, Li F, Silva MD, Meng X, Brevard M, Sotak CH, et al. (2003) The macrosphere model evalua-
tion of a new stroke model for permanent middle cerebral artery occlusion in rats. J Neurosci Meth
122:102–211.

31. Bennett SA, Stevenson B, StainesWA, Roberts DC (1995) Periodic acid-Schiff (PAS)-positive deposits
in brain following kainic acid-induced seizures: relationships to fos, induction, neuronal necrosis, reac-
tive gliosis, and blood-brain barrier breakdown. Acta Neuropathol 89:126–139. PMID: 7732785

32. Hallani SE, Boisselier B, Peglion F, Rousseau A, Colin C, Idbaih A, et al. (2010) A new alternative
mechanism in glioblastoma vascularization: tubular vasculogenic mimicry. Brain 133:973–982. doi: 10.
1093/brain/awq044 PMID: 20375132

33. Jarzylo LA, Man H-Y (2012) Parasynaptic NMDA receptor signaling couples neurons glutamate trans-
porter function to AMPA receptor synaptic distribution and stability. J Neurosci 32:2552–2563. doi: 10.
1523/JNEUROSCI.3237-11.2012 PMID: 22396428

34. Geissler M, Gottschling C, Aguado A, Rauch U, Wetzel CH, Hatt H, et al. (2013) Primary hippocampal
neurons, which lack four crucial extracellular matrix molecules, display abnormalities of synaptic struc-
ture and function and severe deficits in perineuronal net formation. J Neurosci 33:7742–7755. doi: 10.
1523/JNEUROSCI.3275-12.2013 PMID: 23637166

35. Hossman KA, Ophoff BG, Schmidt-Kastner R, Oschlies U (1985) Mitochondrial calcium dquestration in
cortical and hippocampal neurons after prolonged ischemia of the cat brain. Acta Neuropathologica
68:230–238. PMID: 4082926

36. Coimbra C, Drake M, Boris-Möller F, Weiloch T (1996) Long-lasting neuroprotective effect of postis-
chemic hypothermia and treatment with an anti-inflammatory/antipyretic drug. Evidence for chronic
encephalopathic processes following ischemia. Stroke 27:1578–1585. PMID: 8784133

37. Astrup J, Symon L, Branston NM, Lassen NA (1977) Cortical evoked potential and extracellular K+ and
H+ at critical levels of brain ischemia. Stroke 8:51–57. PMID: 13521

38. Johnson GV, Jope RS (1992) The role of microtubule-associated protein 2 (MAP-2) in neuronal growth,
plasticity, and degeneration. J Neurosci Res 33: 505–512. PMID: 1484385

39. Yanagihara T, Brengman JM, Mushynski WE (1990) Differential vulnerability of microtubule compo-
nents in cerebral ischemia. Acta Neuropathol 80:499–505. PMID: 2251907

40. Dawson DA, Hallenbeck JM (1996) Acute focal ischemia-induced alterations in MAP2 immunostaining:
description of temporal changes and utilization as a marker for volumetric assessment of acute brain in-
jury. J Cereb Blood Flow Metab 16:170–174. PMID: 8530550

Neuroprotective Effect of Conantokin-G

PLOSONE | DOI:10.1371/journal.pone.0122840 March 30, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/10871336
http://dx.doi.org/10.1016/j.neuropharm.2012.01.018
http://www.ncbi.nlm.nih.gov/pubmed/22306487
http://www.ncbi.nlm.nih.gov/pubmed/11997694
http://www.ncbi.nlm.nih.gov/pubmed/12955387
http://www.ncbi.nlm.nih.gov/pubmed/12323394
http://www.ncbi.nlm.nih.gov/pubmed/11323344
http://www.ncbi.nlm.nih.gov/pubmed/8987986
http://dx.doi.org/10.1371/journal.pone.0081405
http://www.ncbi.nlm.nih.gov/pubmed/24260577
http://www.ncbi.nlm.nih.gov/pubmed/7732785
http://dx.doi.org/10.1093/brain/awq044
http://dx.doi.org/10.1093/brain/awq044
http://www.ncbi.nlm.nih.gov/pubmed/20375132
http://dx.doi.org/10.1523/JNEUROSCI.3237-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.3237-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22396428
http://dx.doi.org/10.1523/JNEUROSCI.3275-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.3275-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23637166
http://www.ncbi.nlm.nih.gov/pubmed/4082926
http://www.ncbi.nlm.nih.gov/pubmed/8784133
http://www.ncbi.nlm.nih.gov/pubmed/13521
http://www.ncbi.nlm.nih.gov/pubmed/1484385
http://www.ncbi.nlm.nih.gov/pubmed/2251907
http://www.ncbi.nlm.nih.gov/pubmed/8530550


41. Watanabe M, Fukaya M, Sakimura K, Manabe T, Mishina M, et al. (1998) Selective scarcity of NMDA
receptor channel subunits in the stratum lucidum (mossy fibre-recipient layer) of the mouse hippocam-
pal CA3 subfield. Eur J Neurosci 10:478–487. PMID: 9749710

42. Dzamba D, Honsa P, Anderova M (2013) NMDA receptors in glial cells: Pending questions. Curr
Neuropharmacology 11:250–262. doi: 10.2174/1570159X11311030002 PMID: 24179462

43. Burzomato V, Frugier G, Otaño, Kittler JT, Attwell D (2010) The receptor subunits generating NMDA re-
ceptor mediated currents in oligodendrocytes J Physiol 588:3403–3414. doi: 10.1113/jphysiol.2010.
195503 PMID: 20660562

44. Baron JC (2001) Mapping the ischaemic penumbra with PET: a new approach. Brain 124:2–4. PMID:
11133782

45. HeissWD (2000) Ischemic penumbra: evidence from functional imaging in man. J Cereb Blood Flow
Metab 20:1276–1293. PMID: 10994849

46. Dos-Anjos S, Martinez-Villayandre B, Montori S, Regueiro-Purrinos MM, et al. (2009) Transient global
ischemia in rat brain promotes different NMDA receptor regulation depending on the brain structure
studied. Neurochem Int 54:180–185. doi: 10.1016/j.neuint.2008.09.016 PMID: 19103243

47. Picconi B, Tortiglione A, Barone I, Centronze D, Gardoni F, Gubellini P, et al. (2006) NR2B subunit ex-
erts a critical role in postischemic synaptic plasticity. Stroke 37:1895–901. PMID: 16741178

48. Clayton DA1, Mesches MH, Alvarez E, Bickford PC, Browning MD (2002) A hippocampal NR2B deficit
can mimic age-related changes in long-term potentiation and spatial learning in the Fischer 344 rat. J
Neurosci 22:3628–3637. PMID: 11978838

49. Plattner F, Hernández A, Kistler TM, Pozo K, Zhong P, Yuen EY, et al. (2014) Memory Enhancement
by Targeting Cdk5 Regulation of NR2B. Neuron 81:1070–1083. doi: 10.1016/j.neuron.2014.01.022
PMID: 24607229

50. Chen M, Lu TJ, Chen XJ, Zhou Y, Chen Q, Feng XY, et al. (2008) Differential roles of NMDA receptor
subtypes in ischemic neuronal cell death and ischemic tolerance. Stroke 39:3042–3048. doi: 10.1161/
STROKEAHA.108.521898 PMID: 18688011

51. During MJ, Symes CW, Lawlor PA, Lin J, Dunning J, Fitzsimmons HL, et al. (2000) An oral vaccine
against NMDAR1 with efficacy in experimental stroke and epilepsy. Science 287:1453–1459. PMID:
10688787

52. Benchenane K, Castel H, Boulouard M, Bluthé, Fernandez-Monreal M, Roussel BD, et al. (2006) Anti-
NR1 N-terminal-domain vaccination unmasks the crucial action of tPA on NMDA-receptor-mediated
toxicity and spatial memory. J Cell Sci 120:578–585.

53. Macrez R, Bezin L, Le Mauff B, Ali C, Vivien D (2010) Functional occurrence of the interaction of tissue
plasminogen activator with the NR1 subunit of N-methyl-D-aspartate receptors during stroke. Stroke
41:2950–2955. doi: 10.1161/STROKEAHA.110.592360 PMID: 20966414

54. Petralia RS, Al-Hallaq RA, Wenthold RJ (2009) In: Antonius M. Van Dongen, editor. Trafficking and tar-
geting of NMDA receptors. In Biology of the NMDA receptor. CRC Press. 149–200.

55. Gardoni F, Picconi B, Ghiglieri V, Polli F, Bagetta V, Bernardi G, et al. (2006) A critical interaction be-
tween NR2B and MAGUK in L-DOPA induced dyskinesia. J Neurosci 26:2914–2922. PMID:
16540568

56. Hardingham GE, Bading H (2003) The yin and yang of the NMDA receptor signaling. Trends Nreurosci
26:81–89.

57. Köhr G (2006) NMDA receptor function: subunit composition versus spatial distribution. Cell Tissue
Res 326:439–446. PMID: 16862427

Neuroprotective Effect of Conantokin-G

PLOSONE | DOI:10.1371/journal.pone.0122840 March 30, 2015 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/9749710
http://dx.doi.org/10.2174/1570159X11311030002
http://www.ncbi.nlm.nih.gov/pubmed/24179462
http://dx.doi.org/10.1113/jphysiol.2010.195503
http://dx.doi.org/10.1113/jphysiol.2010.195503
http://www.ncbi.nlm.nih.gov/pubmed/20660562
http://www.ncbi.nlm.nih.gov/pubmed/11133782
http://www.ncbi.nlm.nih.gov/pubmed/10994849
http://dx.doi.org/10.1016/j.neuint.2008.09.016
http://www.ncbi.nlm.nih.gov/pubmed/19103243
http://www.ncbi.nlm.nih.gov/pubmed/16741178
http://www.ncbi.nlm.nih.gov/pubmed/11978838
http://dx.doi.org/10.1016/j.neuron.2014.01.022
http://www.ncbi.nlm.nih.gov/pubmed/24607229
http://dx.doi.org/10.1161/STROKEAHA.108.521898
http://dx.doi.org/10.1161/STROKEAHA.108.521898
http://www.ncbi.nlm.nih.gov/pubmed/18688011
http://www.ncbi.nlm.nih.gov/pubmed/10688787
http://dx.doi.org/10.1161/STROKEAHA.110.592360
http://www.ncbi.nlm.nih.gov/pubmed/20966414
http://www.ncbi.nlm.nih.gov/pubmed/16540568
http://www.ncbi.nlm.nih.gov/pubmed/16862427


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


