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Abstract
Kainic acid (KA) is routinely used to elicit status epilepticus (SE) and epileptogenesis.

Among the available KA administration protocols, intranasal instillation (IN) remains under-

studied. Dosages of KA were instilled IN in mice. Racine Scale and Video-EEG were used

to assess and quantify SE onset. Time spent in SE and spike activity was quantified for

each animal and confirmed by power spectrum analysis. Immunohistochemistry and qPCR

were performed to define brain inflammation occurring after SE, including activated micro-

glial phenotypes. Long term video-EEG recording was also performed. Titration of IN KA

showed that a dose of 30 mg/kg was associated with low mortality while eliciting SE. IN KA

provoked at least one behavioral and electrographic SE in the majority of the mice (>90%).

Behavioral and EEG SE were accompanied by a rapid and persistent microglial-astrocytic

cell activation and hippocampal neurodegeneration. Specifically, microglial modifications

involved both pro- (M1) and anti-inflammatory (M2) genes. Our initial long-term video-EEG

exploration conducted using a small cohort of mice indicated the appearance of spike activ-

ity or SE. Our study demonstrated that induction of SE is attainable using IN KA in mice.

Typical pro-inflammatory brain changes were observed in this model after SE, supporting

disease pathophysiology. Our results are in favor of the further development of IN KA as a

means to study seizure disorders. A possibility for tailoring this model to drug testing or to

study mechanisms of disease is offered.

Introduction
Animal models of epilepsy are used to elucidate the pathophysiology of seizure activity or to
assess the efficacy of anti-epileptic drugs. Among the available models, injection of kainic acid
(KA) represents an effective means to elicit status epilepticus (SE) and to induce chronic
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seizures [1–3]. KA can be delivered in mice using intracerebral (IC) or intraperitoneal (IP)
injections. Direct hippocampal KA injection is a surgical procedure resulting in SE and devel-
opment of focal seizure activity [4]. Conversely, IP KA administration is non-invasive and easy
to perform [5]. However, the bioavailability of IP KA is uncontrolled, leading to outcome vari-
ability and unpredictable mortality [6]. KA IP re-injections can be performed to ensure SE in
all mice [6], potentially introducing a bias deriving from the dissimilar dosages injected.

Drug administration via nasal epithelium absorption (intranasally, IN) is pharmacologically
recognized, a non-invasive technique, that can be used to deliver drug to the brain [7]. In gen-
eral, the IN route combines the advantages of the IP and intracerebral delivery, e.g., not surgical
and consistent absorption [8,9]. Interestingly, IN administration of KA was shown to provoke
acute central cytotoxicity and neuronal damage, reflecting its penetration into the brain [10].
However, it remains unknown whether an appropriate dosage of IN KA may be used to trigger
electrographic SE and the associated sequel of pro-inflammatory changes [11].

In the present study we quantified SE onset following IN KA in mice. We also defined the
effect of IN KA induced SE on brain inflammation, and microglia and astrocytes activation,
including the quantification of M1 and M2 genes using RT-PCR and IBA1/GFAP immunohis-
tochemistry. Our results indicated that SE onset is attainable using IN KA with the technical
benefit of low mortality (10–30%) and elevated percentage (>90%) of mice developing SE.
Electrographic changes provoked archetypical brain pro-inflammatory signs. A 2 months
video-EEG follow up was performed using a limited cohort of mice. Initial evidence prospects
seizure progression in this model.

Materials and Methods

Animals, seizure induction and behavioral scoring
This study was performed in accordance with the regulations outlined by the French law. The
animal experiment protocols used in this study were approved by the Comité d'Ethique pour
l'Expérimentation Animale Languedoc Roussillon (CEEA-LR) (N°1142 and 00846.01). All
experiments followed European Union (Council directive 86/609EEC) and institutional guide-
lines for the care and use of laboratory animals. Animals were sacrificed using sodium pento-
barbital IP, and all efforts were made to minimize suffering.

Mice were hosted at the IGF animal facility (institutional license approved by the French
Ministry of Agriculture N° D34-172-13). Mice were housed on a 12h light-dark cycle with
food and water ad libitum. We used male C57BL/6J (PN60-70, n = 16) and male C57BL/6J
CX3CR1+/eGFP (52 KA injected and 21 sham) adult (PN 60–70) mice [12]. Thirteen mice were
implanted with cortical EEG electrodes for video EEG recordings (see below). Out of the 52
KA-injected mice, 6 died due to excessive SE (5 non-implanted and one implanted). The 55
non-implanted surviving mice were divided into experimental groups as followed: 16 Con-
trols; 12 sacrificed 24h after KA treatment; 12 mice sacrificed 72h after KA treatment; 7 mice
sacrificed 15 days after KA treatment; 8 mice only processed for behavioral scoring. C57BL/6J
CX3CR1+/eGFP mice were used as microglial cells express the green fluorescent protein (eGFP)
while retaining normal functional properties [13], therefore amenable to study microglial acti-
vation during seizures [6,13,14].

Mice were anesthetized with 2% Isoflurane (Anestéo, France). KA (AbCam, France) was
dissolved in NaOH/PBS (10 mg/ml) and instilled in the mouse nostrils [10]. Mice were main-
tained under isofluorane anesthesia during KA administration. Ten μL of KA (30 mg/kg) was
delivered (alternate in each nostril) every 2 minutes for a total of 70–90 μL. Each administra-
tion (10 μL) lasted 10–15 seconds and did not interfere with mouse anesthesia. Sham mice
received IN PBS. All mice woke up within 5 minutes following the final IN administration. IN
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PBS did not induce behavioral or histological changes (data not shown). After IN KA, behav-
ioral changes were monitored using the Racine Scale [6,15]. Stage-1: freezing behavior; Stage-2:
rigid posture and tail; Stage-3: head nodding, rearing into a sitting position with forepaws shak-
ing; Stage-4: rearing and occasional falling accompanied by period of stillness; Stage-5: bilateral
forelimb clonus with rearing and loss of balance; Stage-6: repetitive loss of balance and tonic-
clonic activity. Mouse behavior was scored for 2h every 15 min; the eight values were used to
calculate a “mean score”. Mice were sacrificed (24h, 72h or 15 days post-SE) using sodium pen-
tobarbital administration and transcardiacally perfused with 10ml RNAse free PBS. Brains
were removed and divided into two parts along the sagittal axis. One half was fixed in 4% para-
formaldehyde for 24 hours. Brains were then placed in PBS solution containing 0.1% sodium
azide. The other half was dissected to isolate the hippocampus, snap frozen and stored at
-80°C.

Video- EEG recording and analyses
Thirteen mice (5 sham and 8 IN KA) were implanted with cortical EEG electrodes. Briefly,
mice were anesthetized with ketamine/xylazine, placed on a stereotaxic frame and the skull
exposed. Four stainless steel screws were placed bilaterally on the duramater of the fronto-pari-
etal cortex. A prefabricated pre-amplifier (2 differential channels, Pinnacle Inc., USA) was con-
nected to the cranial screws. The assembly was then sealed with dental acrylic resin. Mice were
left unrestrained for one week. The implanted mice were recorded before KA-administration
(baseline), during SE (0-4h), during the 72 hours post-SE, and every other day starting from 15
days post-SE and up to approximately 2 months. Except for the recordings performed immedi-
ately after KA-administration all recordings were performed overnight for 7 hours, during the
activity period (10:00 pm to 5:00 am). EEG signals were acquired at 200Hz using band pass fil-
ter (50Hz) and were analyzed using a combination of commercially available software (p-
Clamp 9.2; Origin Microcal) and a routine (Matlab 2013b; Matworks Inc.) optimized in our
laboratory. Sham animals (IN PBS) displayed no EEG changes. Acute SE was characterized by
generalized EEG convulsions (on/off episodes lasting>2 minute in the acute phase) developing
to synchronized continuous generalized activity 45 to 60 minutes after. Spike activity was
defined as symmetrical EEG signals with amplitude of at least 2–3 fold the baseline. In the
chronic phase SE was characterized by generalized EEG activity lasting at least 10–15 sec.
Video review was performed to rule out EEG artifacts (scratching, chewing or sleep). For each
mouse we determined the time spent in spike activity and SE during seizure progression. EEG
data were obtained as X/Y (msec/ V) Excel or European Data Format (.edf) files. We applied a
Short Time Fourier Transform to the EEG files calculating signal energy as a function of fre-
quency and time. Power spectra were estimated as the square of the Fourier transform for each
period analyzed.

STFTðo; tÞ ¼
Z 1

�1
eegðtÞ cðt � tÞe�iotdt ð1Þ

In particular, ψ(t) = Bartlett function; ω = frequency in hertz; τ = translation time form seg-
ment to segment; t = time in seconds; eeg (t) = EEG signal. A qualitative measure for EEG fre-
quency bands (δ, θ, α, β, γ) was performed. The latter measurement is defined as:

Z oi
max

oi
min

Iðo; tÞ do i ¼ d; y; a; b; g ð2Þ

Where (oi
min,o

i
max) are the frequency limits for the band I and I(ω,t) is the power spectrum as a

function of frequency and time t.
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Out of the 8 implanted and KA-treated mice, one died early after the KA administration
due to intense SE. Another mouse was excluded from the study as recordings regularly failed
due to technical reasons. The 6 KA-treated mice included in the study were scored using the
Racine Scale at posteriori by analyzing of the video recording.

RNA Extraction and Quantitative PCR
Total RNA was extracted from whole hippocampi using the RNeasy Plus universal midi kit
(Qiagen) 24h and 72h after induction of SE. The quality control of RNA was performed using
the Agilent 2100 Bioanalyzer (Agilent). All RNAs used had RNA Integrity Numbers (RINs)
above 8.0. Between 0.5–1 μg of total RNA were reverse transcribed using the iScript kit
(BioRad). RT products were diluted 10 times with H2O and stored at -20°C until use. Real-time
PCR was performed in 384 well plates in a final volume of 10 μl using SYBR Green dye detec-
tion on the LightCycler480 system (Roche-Diagnostic). Genes analyzed were general markers
of neuroinflammation (Gfap; Timp1, Cxcl10, Cox2, Igf1); markers of quiescent microglia
(P2rY12), and markers of M1 (Il1β, Fcgr1, Tnfα) or M2 (Tgfβ, Ccl2, Gal3) microglia pheno-
type. The primer pairs were either commercially available (Quantitec primers, Qiagen) or
designed using Primer 3 input software, and their specificity and efficacy was experimentally
validated. Cq for individual genes were determined using the second Derivative Max tool of the
LightCycler480 software. The relative RNA expression was calculated using Gapdh as a refer-
ence gene. Indeed there was no statistical variation in the level of expression of Gapdh across
the experimental groups. Relative expression between KA-treated and control groups were cal-
culated using the ΔΔCq method [16]. For genes undetectable under control conditions, the fold
change (FC) increase was determined by attributing a Cq value of 35 corresponding to the
maximal value in our experimental conditions. Thus, under these conditions FC values were
underestimated.

Immunohistochemistry and quantifications
Fixed brains were cut into 40 μm sections using a Vibratome (Microm, France). Sections were
permeabilized with 0.1% Triton X-100 in PBS, 2% Bovine Serum Albumin (BSA) and then
incubated for 48h at 4°C with primary antibody (anti-IBA1 1:2000, Wako; anti-GFAP 1:500,
Dako). After three washes in PBS, sections were incubated with the appropriate secondary anti-
body. Wide field or Apotome images of the whole unilateral hippocampus were acquired using
an Imager Z1 microscope (Zeiss) equipped with an AxioCamMR3 camera. For analysis of
IBA1 staining, for each field, 11 images corresponding to 10 μm-thick optical sections were
acquired. For analysis of GFAP staining, for each field, 5 images corresponding to 4 μm-thick
optical sections were acquired. Stacked images were merged and analyzed through the use of a
custom developed ImageJ macro to determine (1) the number of immunopositive cells and
mean cell body size (IBA1 staining) and (2) the percentage of immunopositive cell surface
(GFAP staining). Fluoro-jade staining was performed according to manufacturer recommen-
dations. Slices were examined with Imager Z1 microscope (Zeiss). The presence of positively
stained neurons was observed in 6 sections randomly selected from the rostral and caudal por-
tions of the hippocampus.

Statistics
Quantifications were performed in at least 5 animals per experimental condition. The number
of animals included in the different analyses is provided in Table 1. For qPCR experiments,
Mann-Whitney non-parametric tests were applied at each time point to test significance
between the treated group and the control group. For immunohistochemistry experiments,
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quantifications were performed in 4 randomly selected fields per section and 5 sections per ani-
mal. Kruskall-Wallis one-way analysis of variance test followed by Dunn’s post-test was
applied to test significance between groups.

Results

Acute Behavioral and EEG changes after IN KA
IN KA> 45 mg/kg in C57BL/6J mice provoked high mortality (100%, data not shown), there-
fore setting an upper limit to the IN protocol. At 30 mg/kg IN KA dose, the mortality rate was
of 30% (5/16), with 93% (15/16) of animals experiencing� Stage 5 in the 2 hours post-KA (Fig
1A and 1B). In C57BL/6J CX3CR1eGFP/+ mice [6], the mortality associated with SE after IN KA
was reduced to 12% (5 out of 44, Fig 1A) while the rest of the mice (n = 39) experienced Stage 3
to Stage 6 Racine behavioral changes (Fig 1B). Thirty-one mice reached Stage 5 while 19 mice
further progressed to Stage 6 experiencing tonic-clinic seizures (Fig 1B). Fig 1C indicates the
mean Racine score calculated throughout 2 hours of observation for each mouse (see Materials
and Methods). In particular, 80% of the surviving mice exhibited a mean score between 2.3 and
4.5 Racine. Two mice experienced repetitive Stage 6. The score was independent of the experi-
ment or experimenter.

Video-EEG was performed to further characterize SE onset and seizure progression
after IN KA. Fig 1D summarizes the percentage of cumulative time spent in SE and abnormal
spike activity during the 4 hours following IN KA. Video monitoring was used to confirm
Racine changes concomitant to EEG patterns, (i.e. EEG SE corresponded to Racine 5–6).
Fig 1E shows the significant correlation between the mean stage scores (behavior) and
time spent in SE, as recorded using EEG. Examples of EEG recordings and time-joint fre-
quency analysis are provided in Fig 1F–1I. Spike activity was recorded up to 36 hours after
IN KA in mouse #C, the latter having experienced repetitive SE during the acute phase (see
Fig 1D). Return to baseline activity occurred during the 72 hours following IN KA (data not
shown).

Table 1. Number of mice included in the different analyses (stage�5 Racine).

qPCR IBA1 staining GFAP Staining

24h

Control 12 15 9

KA-treated 7* 8 8

72h

Control 6 same as 24h same as 24h

KA-treated 10 10 9*

15D

Control ND same as 24h same as 24h

KA-treated ND 5 5

49D

Control ND 5 5

KA-treated ND 7 7

*: one sample missing due to technical issues during the processing

ND: Not determined

doi:10.1371/journal.pone.0150793.t001
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Fig 1. Behavioural and video-EEG read-outs after IN KA. A)Mortality after SE induced by IN KA administration in C57BL6/J and C57BL6/J CX3CR1+/eGFP

mice.B)Distribution of Racine scores in C57BL6/J and C57BL6/J CX3CR1+/eGFP mice. The majority of surviving mice reached stages 6 (>80% in C57BL6/J
and�50% in C57BL6/J CX3CR1+/eGFP). Values indicate the number of mice at each Racine stage.C)Racine mean score over the 2 hours following IN KA.
Identical symbols indicate mice assessed on the same day. D) Video-EEG was used to quantify duration of SE (black bars) and spike activity (grey bars)
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Hippocampal neurodegeneration and transcript levels of inflammatory
mediators after IN KA
Acute neuronal degeneration was assessed using FluoroJade C (FJC) staining 24h and 72h fol-
lowing IN KA (Fig 2A–2C). At 24h, FJC-positive neurons were observed mostly in the CA3
and, occasionally CA1 regions. Animals presenting a 2h mean-stage-score>3.5 presented FJC
positive neurons (Fig 2B). Three days following SE, only sparse FJC-positive neurons were
detected (Fig 2C). We then evaluated whether IN KA induced SE is associated with

within the 4 hours following IN KA. E)Correlation between the Racine mean score and the time spent in EEG SE. (F-I) Examples of EEG recordings and
analysis during baseline activity (F), status epilepticus (G-H) and spike activity (I). Time joint-frequency analysis and single frequency profile are also provided.

doi:10.1371/journal.pone.0150793.g001

Fig 2. Neurodegeneration and neuroinflammatory gene profile after IN KA induced seizures. A-C) Fluoro-Jade C staining is observed 24h after IN KA,
diminishing at 72h. Correspondence existed between presence of FJC positive neurons and behavioral score after IN KA (B: Mouse 9, mean-score = 5.8; C:
Mouse 28, mean-score = 3.8). Scale bar 50 μm. D-F) qPCR analysis and changes of inflammatory gene levels in mice experiencing stage 5 or higher.
Analysis was performed 24h (white bars) and 72h (grey bars) after IN KA. Panels (D) and (E) represent mRNA changes for M1 and M2microglial markers.
Red bars indicate genes that are not detectable under control conditions (see materials and methods section). Results are presented as mean ± SEM (n� 7 /
group). Statistical analysis was performed using a non-parametric Mann-Whitney test between control and KA-treated conditions. *: p<0.05; ** p<0.01; ***:
p<0.001 compared to controls.

doi:10.1371/journal.pone.0150793.g002
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inflammatory changes in the hippocampus. Animals exhibiting at least a Racine stage 5 were
included for analysis. We used qPCR to quantify the transcriptional remodeling of a series of
genes, including M1 (Il1β, Fcgr1, Tnfα), M2 (Tgfβ, Ccl2, Gal3) selective microglial phenotype
markers and inflammatory markers (Timp1; Cox2; Igf1, Cxcl10; Gfap) [17]. Gene levels (with
the exception of Igf1), were significantly changed 24 hours post SE as compared to control
(fold changes; Fig 2D–2F). Seventy-two hours following SE, the expression of the majority of
the genes returned to control values, with the exception of Fcgr1 and Tgfß that remained signif-
icantly elevated. Genes associated to neuro-inflammatory changes (Timp1 and Gfap) were up-
regulated at 72h (Fig 2F). These results show the pathological effects of SE induced by IN KA.

Astrocytes and microglia activation after IN-KA administration
Hippocampal microgliosis and astrogliosis were investigated following IN KA using endoge-
nous CX3CR1eGFP/+ microglial fluorescence, and GFAP or IBA1 immunostaining (Fig 3A and
3G) [18,19]. Time-dependent microglial activation, characterized by hyperplasia and hypertro-
phy, was detected starting from 24h post SE (p>0.05), peaked at 3 days and persisted for 15
days (p<0.01; Fig 3E and 3F). IN KA also elicited significant hippocampal astrogliosis 3 days
post SE (Fig 3G–3J), subsequently decreasing 15 days post SE.

Initial evidence for seizure progression after IN KA
A longitudinal Video-EEG monitoring was performed using our small cohort of mice (see
Material and Methods). The sum of spike activity durations (seconds) was quantified for each
recording sessions and indicated as a heat-map for each mouse (Fig 4A). With the exception of
mouse #F, spike activity increased in all mice from 30 days post IN KA. Example of spike activ-
ity is shown in Fig 4C. Remarkably, mouse# C experienced three SE (days 39, 41 and 47; Fig
2B), also confirmed by video examination. No SE was recorded in the rest of the mice using
our EEG protocol (see Methods). Microglia activation and reactive astrogliosis were also inves-
tigated at the end of the EEG recordings, i.e. 49 days post IN KA. No histological signs of
microglial activation were detected, as neither cell number nor size was different from control
mice (Fig 5).

Discussion
Our results indicate that IN KA can be used to elicit acute SE in mice. They show that a dose of
30 mg/kg is associated with low SE-induced mortality and a high yield of mice developing
acute SE (>80%), as compared to intra-peritoneal injections where a significant percentage of
mice do not survive or do not experience SE [20]. We found IN KA dose> 45 mg/kg to be
lethal when using C57BL/6J mice.

Inflammation is one of the hallmarks of epilepsy [21,22]. Inflammation is consequent to
acute SE, while a lasting inflammatory response is thought to contribute to epileptogenesis
[23,24]. Our data indicate pro-inflammatory changes resulting from IN KA-induced SE, con-
firming disease pathophysiology. We found phenotypic microglial activation and astrogliosis,
along with transcriptional modifications of inflammatory genes. Microgliosis was observed as
early as 24 hours after IN KA induced SE. Our results show that both microglial M1 and M2
genes are dysregulated following IN KA induced SE. M1 corresponds to a pro-inflammatory
status, correlating to or facilitating neuronal damage. In contrast, the anti-inflammatory M2
phenotype may be beneficial following brain pathological events [25]. Although, we cannot
rule out that some of these genes may also be expressed by activated astrocytes, and the number
of genes analyzed is limited, our results suggest complex microglia activation following IN KA
SE. Our data are consistent with earlier studies performed using 20–40 mg/kg IP KA [6,14].
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Fig 3. Time-dependent microgliosis and astrogliosis following IN KA induced seizures. Analysis performed in mice experiencing stage 5 or higher.
A-D) Representative images of IBA1 immunostaining (upper panels) and GFP fluorescence (C57BL6/J CX3CR1+/eGFP mice; lower panels) in CA1 region in
control mice (A), and 24h (B), 72h (C) and 15 days (D) after IN KA. Scale bar = 50 μm. Insets depict enlarged image of individual microglial cells. Scale
bar = 10 μm E-F)Quantitative analysis of IBA1 immunostaining in the hippocampus 24h, 72h and 15 days after IN KA-induced SE shows significant
microglial activation, including increased cell number and size.G-I)Representative images of GFAP immunostaining in CA1 region in control mice (G), 72h
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Remarkably, inflammatory signs were present 15 days after SE onset. Although significant, the
inflammatory changes developing after IN KA induced SE were less prominent as compared to
the IP protocols, suggesting that the IN KA dose can be still modified to induce a more severe
phenotype. In this regard, our results indicate an upper limit for IN KA dosages of 45 mg/kg.
While inflammatory changes were evaluated, other pathological hallmark of SE (i.e. cerebro-
vascular changes) were not evaluated in this study [26–28].

(H) and 15 days (I) after IN KA. Scale bar = 20 μm. J)Quantitative analysis of GFAP immunostaining in the hippocampus shows astrogliosis 72h after IN KA.
Results are represented as mean ± SEM (n� 6 per group). Statistical analysis was performed using a non-parametric Kruskal-Wallis one-way analysis of
variance followed by Dunn’s post-test. *: p<0.05; **: p<0.01; ***: p<0.001 compared to control condition.

doi:10.1371/journal.pone.0150793.g003

Fig 4. Video-EEG analysis during seizure progression. A)Heat map (blue to red) and raw numbers indicate the sum of durations (in seconds) of spike
activity recorded for each animal in the given recording session.B-C) Examples of EEG recordings during the chronic phase (e.g., SE in B and spike activity
in C).

doi:10.1371/journal.pone.0150793.g004
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Fig 5. Lack of long-termmicroglia and astrocytes reactivity. A-C) Representative images of IBA1 immunostaining in CA1 region in control implanted
mice, IN KAmice and mouse #C (see below). Scale bar = 50 μm.D-E) IBA1 analysis shows no significant microglial activation in KAmice compared to
control mice. Mouse #C experienced severe SE in and displayed elevated microglia density (red data in D). F-H) Representative images of GFAP
immunostaining in control implanted mice, KA- mice and mouse C. Scale bar = 50 μm. I)Quantitative analysis of GFAP immunostaining in the hippocampus
shows no difference at 49 days post KA. Results are presented as mean ± SEM. Statistical analyses were performed using a non-parametric Mann-Whitney
test.

doi:10.1371/journal.pone.0150793.g005

Intranasal Kainic Acid and Status Epilepticus

PLOS ONE | DOI:10.1371/journal.pone.0150793 March 10, 2016 11 / 13



Initial indication for long-term electrographic changes following IN KA
A key requirement to endorse IN KA as a model to study seizure progression and long-term
pathophysiology is to demonstrate longitudinal EEG changes. While 30 mg/kg IN KA was ade-
quate to elicit SE, progression to spontaneous and generalized SE was, in our condition, only
partial. We found spontaneous spike activity but only sporadic SE (Fig 4). In addition, duration
of spontaneous spike activity varied among mice (Fig 4A). Limitations of our study include the
lack of continuous 24/7 video-EEG and the use of intra-hippocampal electrodes. Higher IN KA
dosages, between 30 and 40 mg/kg, remain to be tested.

Technical remarks
The results presented herein support the further development of IN KA administration as a
model of seizure progression and pathophysiology. From a technical stand point, the intranasal
route is non-invasive allowing for a controlled KA delivery. These are combined advantages as
compared to IP and IC injections. Recovery from gaseous anesthesia is rapid and does not
interfere with behavioral testing or EEG recording. As the mice are anesthetized during IN
delivery, stress is greatly reduced. IN KA could thus provide better compliance to animal safety
and 3R’s rule, possibly reducing the number of animals used.

Available evidence demonstrates outcome variability to KA across mouse strains [20]. In
our study we used C57BL/6J mice or C57BL/6J CX3CR1+/eGFP mice. Inter-studies variability
also exists when using KA, depending on strain or sub-strain specificity, environmental factors
or intrinsic variability associated with the injection procedures [6,14]. Our results back repro-
ducibility of the IN KA protocol in two mouse lines and demonstrate compatibility of the IN
KA protocol with the KA-resistant C57BL/6J background. In addition, SE outcome was inde-
pendent from the time of the experiment or the personnel performing the administration,
showing technical reproducibility. Importantly, reproducibility after single dose administration
is adequate, thus facilitating the comparison of KA effects in mice with different genetic back-
grounds. In conclusion, while IN KA elicits acute SE and inflammatory changes, the optimal
dosages to obtain a robust progression to spontaneous seizures remain to be optimized.

Acknowledgments
We thank Dr Julien Cau from the Montpellier RIO Imaging facility for its help in the design of
the ImageJ macro for the immunostaining analysis.

Author Contributions
Conceived and designed the experiments: HH NM FR. Performed the experiments: MS NL BB
TL RP HH. Analyzed the data: PF HH NM. Contributed reagents/materials/analysis tools: PF.
Wrote the paper: HH NM FR.

References
1. Ben-Ari Y, Lagowska Y, Le Gal La Salle G, Tremblay E, Ottersen OP, Naquet R (1978) Diazepam pre-

treatment reduces distant hippocampal damage induced by intra-amygdaloid injections of kainic acid.
Eur J Pharmacol 52: 419–420. PMID: 729650

2. Leite JP, Garcia-Cairasco N, Cavalheiro EA (2002) New insights from the use of pilocarpine and kai-
nate models. Epilepsy Res 50: 93–103. PMID: 12151121

3. Nadler JV, Perry BW, Cotman CW (1978) Intraventricular kainic acid preferentially destroys hippocam-
pal pyramidal cells. Nature 271: 676–677. PMID: 625338

4. Depaulis A, Hamelin S (2015) Animal models for mesiotemporal lobe epilepsy: The end of a misunder-
standing? Rev Neurol (Paris) 171: 217–226.

Intranasal Kainic Acid and Status Epilepticus

PLOS ONE | DOI:10.1371/journal.pone.0150793 March 10, 2016 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/729650
http://www.ncbi.nlm.nih.gov/pubmed/12151121
http://www.ncbi.nlm.nih.gov/pubmed/625338


5. Dudek FE C S, Williams PA, Grabenstatter H (2005) Kainate-induced status epilepticus: a chronic
model of acquired epilepsy. In: Sutula T PA, editor. Models of seizures and epilepsy: Elsevier, New
York. pp. 415–432.

6. Avignone E, Ulmann L, Levavasseur F, Rassendren F, Audinat E (2008) Status epilepticus induces a
particular microglial activation state characterized by enhanced purinergic signaling. J Neurosci 28:
9133–9144. doi: 10.1523/JNEUROSCI.1820-08.2008 PMID: 18784294

7. Vyas TK, Shahiwala A, Marathe S, Misra A (2005) Intranasal drug delivery for brain targeting. Curr
Drug Deliv 2: 165–175. PMID: 16305417

8. Illum L (2000) Transport of drugs from the nasal cavity to the central nervous system. Eur J Pharm Sci
11: 1–18. PMID: 10913748

9. Costantino HR, Illum L, Brandt G, Johnson PH, Quay SC (2007) Intranasal delivery: physicochemical
and therapeutic aspects. Int J Pharm 337: 1–24. PMID: 17475423

10. Chen Z, Ljunggren HG, Bogdanovic N, Nennesmo I, Winblad B, Zhu J (2002) Excitotoxic neurodegen-
eration induced by intranasal administration of kainic acid in C57BL/6 mice. Brain Res 931: 135–145.
PMID: 11897099

11. Legido A, Katsetos CD (2014) Experimental studies in epilepsy: immunologic and inflammatory mecha-
nisms. Semin Pediatr Neurol 21: 197–206. doi: 10.1016/j.spen.2014.10.001 PMID: 25510941

12. Jung S, Aliberti J, Graemmel P, Sunshine MJ, Kreutzberg GW, Sher A, et al. (2000) Analysis of fractalk-
ine receptor CX(3)CR1 function by targeted deletion and green fluorescent protein reporter gene inser-
tion. Mol Cell Biol 20: 4106–4114. PMID: 10805752

13. Cardona AE, Pioro EP, Sasse ME, Kostenko V, Cardona SM, Dijkstra IM, et al. (2006) Control of micro-
glial neurotoxicity by the fractalkine receptor. Nat Neurosci 9: 917–924. Epub 2006 Jun 2018. PMID:
16732273

14. Ulmann L, Levavasseur F, Avignone E, Peyroutou R, Hirbec H, Audinat E, et al. (2013) Involvement of
P2X4 receptors in hippocampal microglial activation after status epilepticus. Glia 61: 1306–1319. doi:
10.1002/glia.22516 PMID: 23828736

15. Racine RJ (1972) Modification of seizure activity by electrical stimulation. II. Motor seizure. Electroen-
cephalogr Clin Neurophysiol 32: 281–294. PMID: 4110397

16. Pfaffl MW (2001) A newmathematical model for relative quantification in real-time RT-PCR. Nucleic
Acids Res 29: e45. PMID: 11328886

17. Chhor V, Le Charpentier T, Lebon S, Ore MV, Celador IL, Josserand J, et al. (2013) Characterization of
phenotype markers and neuronotoxic potential of polarised primary microglia in vitro. Brain Behav
Immun 32: 70–85. doi: 10.1016/j.bbi.2013.02.005 PMID: 23454862

18. Donnelly DJ, Gensel JC, Ankeny DP, van Rooijen N, Popovich PG (2009) An efficient and reproducible
method for quantifying macrophages in different experimental models of central nervous system pathol-
ogy. J Neurosci Methods 181: 36–44. doi: 10.1016/j.jneumeth.2009.04.010 PMID: 19393692

19. O'Callaghan JP, Jensen KF, Miller DB (1995) Quantitative aspects of drug and toxicant-induced astro-
gliosis. Neurochem Int 26: 115–124. PMID: 7599532

20. McKhann GM 2nd, Wenzel HJ, Robbins CA, Sosunov AA, Schwartzkroin PA (2003) Mouse strain dif-
ferences in kainic acid sensitivity, seizure behavior, mortality, and hippocampal pathology. Neurosci-
ence 122: 551–561. PMID: 14614919

21. Marchi N, Granata T, Janigro D (2014) Inflammatory pathways of seizure disorders. Trends Neurosci
37: 55–65. doi: 10.1016/j.tins.2013.11.002 PMID: 24355813

22. Vezzani A, Aronica E, Mazarati A, Pittman QJ (2011) Epilepsy and brain inflammation. Exp Neurol.

23. Vezzani A, Balosso S, Ravizza T (2008) The role of cytokines in the pathophysiology of epilepsy. Brain
Behav Immun 22: 797–803. doi: 10.1016/j.bbi.2008.03.009 PMID: 18495419

24. Vezzani A, Granata T (2005) Brain inflammation in epilepsy: experimental and clinical evidence. Epilep-
sia 46: 1724–1743. PMID: 16302852

25. Cherry JD, Olschowka JA, O'Banion MK (2014) Neuroinflammation and M2microglia: the good, the
bad, and the inflamed. J Neuroinflammation 11: 98. doi: 10.1186/1742-2094-11-98 PMID: 24889886

26. Marchi N, Lerner-Natoli M (2013) Cerebrovascular remodeling and epilepsy. Neuroscientist 19: 304–
312. doi: 10.1177/1073858412462747 PMID: 23072899

27. Parent JM, Kron MM (2012) Neurogenesis and Epilepsy. In: Noebels JL, Avoli M, Rogawski MA, Olsen
RW, Delgado-Escueta AV, editors. Jasper's Basic Mechanisms of the Epilepsies. 4th ed. Bethesda
(MD).

28. Sharma AK, Reams RY, JordanWH, Miller MA, Thacker HL, Snyder PW (2007) Mesial temporal lobe
epilepsy: pathogenesis, induced rodent models and lesions. Toxicol Pathol 35: 984–999. PMID:
18098044

Intranasal Kainic Acid and Status Epilepticus

PLOS ONE | DOI:10.1371/journal.pone.0150793 March 10, 2016 13 / 13

http://dx.doi.org/10.1523/JNEUROSCI.1820-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18784294
http://www.ncbi.nlm.nih.gov/pubmed/16305417
http://www.ncbi.nlm.nih.gov/pubmed/10913748
http://www.ncbi.nlm.nih.gov/pubmed/17475423
http://www.ncbi.nlm.nih.gov/pubmed/11897099
http://dx.doi.org/10.1016/j.spen.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25510941
http://www.ncbi.nlm.nih.gov/pubmed/10805752
http://www.ncbi.nlm.nih.gov/pubmed/16732273
http://dx.doi.org/10.1002/glia.22516
http://www.ncbi.nlm.nih.gov/pubmed/23828736
http://www.ncbi.nlm.nih.gov/pubmed/4110397
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://dx.doi.org/10.1016/j.bbi.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23454862
http://dx.doi.org/10.1016/j.jneumeth.2009.04.010
http://www.ncbi.nlm.nih.gov/pubmed/19393692
http://www.ncbi.nlm.nih.gov/pubmed/7599532
http://www.ncbi.nlm.nih.gov/pubmed/14614919
http://dx.doi.org/10.1016/j.tins.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24355813
http://dx.doi.org/10.1016/j.bbi.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18495419
http://www.ncbi.nlm.nih.gov/pubmed/16302852
http://dx.doi.org/10.1186/1742-2094-11-98
http://www.ncbi.nlm.nih.gov/pubmed/24889886
http://dx.doi.org/10.1177/1073858412462747
http://www.ncbi.nlm.nih.gov/pubmed/23072899
http://www.ncbi.nlm.nih.gov/pubmed/18098044

