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Abstract

Surrogate and peripheral (bio)markers of neuronal injury may be of value in assessing effects of
seizures on the brain or epilepsy development following trauma. The presence of 14-3-3
isoforms in cerebrospinal fluid (CSF) is a diagnostic indicator of Creutzfeldt—Jakob disease but
these proteins may also be present following acute neurological insults. Here, we examined
neuronal and 14-3-3 proteins in CSF from rats after seizures. Seizures induced by intra-
amygdala microinjection of 0.1 pg kainic acid (KA) caused damage which was mainly restricted
to the ipsilateral CA3 subfield of the hippocampus. 14-3-3( was detected at significant levels in
CSF sampled 4 h after seizures compared with near absence in control CSF. Neuron-specific
nuclear protein (NeuN) was also elevated in CSF in seizure rats. CSF 14-3-3( levels were
significantly lower in rats treated with 0.01 pg KA. These data suggest the presence of 14-3-3(
within CSF may be a biomarker of acute seizure damage.
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Introduction

The 14-3-3 proteins are a family of seven chaperone proteins ({, N, o, €, v, B, 0) that
are highly expressed in the nervous system where they account for 1% of soluble brain
protein (Aitken et al. 1992). 14-3-3 proteins regulate enzyme activity, subcellular
localization and protein—protein interactions within pathways including neuronal
development, cell cycling, apoptosis and signal transduction (Berg et al. 2003).
Detection of 14-3-3 protein in the cerebrospinal fluid (CSF) has been used as a
selective premortem diagnostic test for Creutzfeldt-Jakob disease (CJD), a rapidly
progressive and fatal transmissible spongiform encephalopathy (Hsich et al. 1996,
Wiltfang et al. 1999). However, 14-3-3 isoforms have also been detected in CSF from
patients with other neurodegenerative conditions, including Alzheimer’s disease,
frontotemporal and vascular dementia (Burkhard et al. 2001), AIDS-dementia
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complex (Wakabayashi et al. 2001) and multiple sclerosis (Martinez-Yelamos et al.
2001). Acute neurological insults, including ischaemic stroke can also cause
appearance of 14-3-3 in CSF (Collins et al. 2000, Lemstra et al. 2000).

Neuroimaging and neuropathology suggest ongoing seizures in patients with drug-
refractory temporal lobe epilepsy may cause progressive damage to brain within
vulnerable structures such as the hippocampus (Kalviainen et al. 1998, Mathern et al.
2002, Liu et al. 2003). Additionally, prolonged seizures (status epilepticus) are
profoundly damaging to the brain and a potential cause of cognitive deficits and
epilepsy. Elevated neuron specific enolase (NSE) is detected in CSF following
epileptic seizures and status epilepticus in patients (DeGiorgio et al. 2006). Whether
or not 14-3-3 is present in CSF after seizures is unknown but hippocampal levels of
certain 14-3-3 isoforms decline following damaging seizures (Schindler et al. 2004,
2006). Additionally, levels of a subset of 14-3-3 isoforms, including {, are altered in
hippocampus from patients with intractable epilepsy (Schindler et al. 2006). In the
present study we investigated whether seizures in rats cause the appearance of 14-3-3
in CSF as a potential surrogate marker of seizure-induced hippocampal injury.

Methods
Surgical model

All animal procedures were performed in a facility accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care in accordance with
protocols approved by the Legacy Institutional Animal Care and Use Committee
and the principles outlined in the National Institute of Health Guide for the Care and
Use of Laboratory Animals. Studies were performed using adult male Sprague-Dawley
rats (280-350 g) according to previously described techniques with modifications
(Schindler et al. 2006). Following anaesthesia and femoral vein catheterization,
animals were placed in a stereotaxic frame. Three recording electrodes were affixed for
cranial EEG and a craniectomy was performed for placement of an injection cannula.
The animal was then removed from the frame, anaesthesia was discontinued, EEG
recordings were commenced and a 31 gauge internal cannula (Plastics One Inc.,
Roanoke, VA, USA) was inserted into the lumen of the guide to inject kainic acid (KA,
at 0.1 or 0.01 pg in 0.5 pl saline vehicle) into the right amygdala (Schindler et al.
2006). Non-seizure control rats underwent the same surgical procedure but received
intra-amygdala vehicle injection. The EEG was monitored until lorazepam
(6 mg kg~ ! intravenously) was administered 40 min later to curtail seizure activity.
CSF was sampled from rats 4 h following lorazepam administration, according to
previously described techniques (Fujiki et al. 2001). Briefly, rats were deeply
anaesthetized and the head of the rat was held in place by the experimenter. A
microsyringe was introduced percutaneously into the cisterna magna and CSF of
approximately 10 pl volume was aspirated and subsequently stored at —80°C.

CSF analysis

For analysis of CSF, samples were subject to Western blotting as described previously
with modifications (Schindler et al. 2006). Samples were boiled in gel loading buffer
and then separated on 12% sodium dodecylsulphate—polyacrylamide electrophoresis
gels. Proteins were transferred to nitrocellulose membranes and then incubated with
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antibodies against 14-3-3( (sc-1019) and 14-3-3f (sc-25276) (Santa Cruz, Biotech-
nology, Santa Cruz, CA, USA) and neuron-specific nuclear protein (NeulN;
Chemicon, Temecula, CA, USA). Membranes were then incubated with appropriate
secondary antibodies (Jackson Immunoresearch, Plymouth, PA, USA) followed by
chemiluminescence detection (Pierce, UK) and exposure under a Fuji-film LAC-300
gel imager. Gel bands were digitized and analyzed in a semiquantitative manner using
time-matched exposures by optical densitometry (AlphaEase V4.0; Alpha Innotech
Corporation, San Leandro, CA, USA). Data are presented as mean+SEM of #=
independent experiments and analyzed using Student’s z-test and analysis of variance
(ANOVA) with post hoc Fisher’s PLSD test (StatView software, SAS Institute, Inc.,
Cary, NC, USA). Significance was accepted at p <0.05.

Histopathology

For examination of seizure damage, fresh frozen coronal sections at the level of the
dorsal hippocampus were prepared from a separate group of rats killed 4 h following
anticonvulsant. Sections (12 pm) were air-dried, post-fixed in 4% paraformaldehyde
for 30 min, hydrated, immersed in a 0.06% potassium permanganate solution (Sigma-
Aldrich, Ireland), rinsed and then incubated for 30 min in 0.001% Fluoro-jade B
solution (Chemicon, Temecula, CA, USA). Slides were then rinsed again, dried and
mounted and visualized using a Hamamatsu Orca 285 camera attached to a Nikon
2000s epifluorescence microscope (Micro-optica, Ireland).

Results
Restricted damage to the ipsilateral CA3 following seizures induced by intra-amygdala KA

Intra-amygdala microinjection of 0.1 pg KA induced polyspike paroxysmal seizure
discharges on EEG until termination by lorazepam, as previously described (Henshall
et al. 2000, Schindler et al. 2006). Examination of Fluoro-jade B staining, which
identifies irreversibly damaged cells, revealed seizures mainly caused damage to CA3
pyramidal neurons of the ipsilateral hippocampus (Figure 1b, d). Fluoro-jade B
stained cells were not found in the contralateral hippocampus (Figure 1a). A small
number of scattered Fluoro-jade B-stained cells with neuronal morphology were
present within cortex ipsilateral (Figure 1c, ) but not contralateral (data not shown)
to the side of seizure elicitation.

Detection of NeulN within CSF following seizures

While seizures are known to provoke release of NSE into CSF we examined whether
additional neuron-specific proteins are released to CSF. Accordingly, we investigated
whether seizures induced release of NeuN. Western blot analysis of CSF from rats
determined NeulN was largely undetectable in control CSF but was increased by
~4-fold in rats subject to seizures induced by 0.1 ug KA (Figure 1f, g).

Detection of 14-3-3( but not 14-3-3 in CSF following seizures

We next examined whether the CSF contained 14-3-3 isoforms, focusing on the { and
B isoforms that we have previously shown to be regulated in hippocampus following
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Figure 1. Seizure damage and detection of NeuN in CSF. (a) Representative photomicrograph (4 x lens) of
Fluoro-jade B staining of the contralateral hippocampus of a rat 4 h following seizures induced by 0.1 ug
intra-amygdala KA. Note absence of Fluoro-jade B-stained cells in any subfield. (b) Ipilateral hippocampus
4 h following seizures induced by 0.1 pg KA showing Fluoro-jade B-positive CA3 neurons (arrows).
(c) Representative field view (4 x lens) of the ipsilateral cortex (CTX) of a rat 4 h after seizures, showing
presence of only limited numbers of Fluoro-jade B-stained cells (arrow). (d, e) Higher power (20 x lens)
views of Fluoro-jade B-positive neurons within (d) CA3 and (e) ipsilateral cortex. (f) Representative Western
blots (WB) (z=1 per lane) of CSF samples at 4 h from two independent sets of animals, comparing
presence of NeuN in 0.1 pg KA-injected rats (KA, 0.1) with controls (con). (g) Graph (z =4 per group)
showing semiquantitative optical densitometry (OD) analysis of CSF NeuN. ***p <0.0001 compared with
control. CA, cornu ammonis; DG, dentate gyrus.
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seizures in rats and in human temporal lobe epilepsy (Schindler et al.
2004, 2006). The 14-3-3( isoform was largely undetectable in CSF from vehicle-
injected control rats (Figure 2a). In contrast, significant amounts of 14-3-3(
were present in CSF from rats subjected to seizures induced by 0.1 pg KA (Figure
2a, ¢). To investigate whether CSF 14-3-3 levels were related to the extent of seizure
damage we examined 14-3-3 levels in CSF from a second group of rats treated with
0.01 ug KA. We have previously reported seizures at this dose are mild and do not
cause overt lesions to CA3 and only minor changes to expression of cell death-
regulatory genes (Henshall et al. 2000, 2002, 2003). CSF levels of 14-3-3( were
significantly lower in 0.01 pug KA-injected rats compared to 0.1 pug KA-injected rats
(Figure 2a, c).

To gain insight into the specificity of the 14-3-3( response we examined the CSF
samples for the presence of 14-3-3f which is also expressed in rat and human
hippocampus (Schindler et al. 2004, 2006). In contrast to 14-3-3(, seizures induced
by KA did not cause the appearance of 14-3-3f in the CSF (Figure 2b, d).
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Figure 2. Presence of 14-3-3( in CSF following seizures. (a) Representative Western blots (z =1 per lane) of
CSF samples at 4 h from two independent sets of animals, comparing presence of 14-3-3( in seizure rats
(KA, 0.1 pg and 0.01 g treated) to controls (con). (b) Representative Western blots (z =1 per lane) of CSF
samples at 4 h from two independent sets of animals, comparing presence of 14-3-3f in seizure rats to
controls. Graphs (n =4 per group) show semiquantitative analysis of (c) 14-3-3( and (d) 14-3-3p levels.
***p <0.0001 for comparison of 0.1 pg to control. #p <0.05 for comparison of 0.01 pg to 0.1 ug groups,
and p <0.01 for comparison of 0.01 pg group to control.
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Discussion

Surrogate markers are required to assess potentially subtle brain injury caused by
repeated brief or single prolonged seizures. The present study was undertaken to
determine whether seizures caused the appearance of 14-3-3 within CSF. Our data
show that 14-3-3(, but not 14-3-3f is present in the CSF of rats shortly after seizures,
and its abundance was related to the severity of the seizure insult (KA dose). These
data suggest CSF 14-3-3( measurement may be of value as a surrogate marker of
seizure damage and perhaps epileptogenesis in studies of acquired epilepsy or in
evaluating therapeutic efficacy of interventions.

There is significant interest in identifying surrogate markers of brain injury after
seizures, which may complement imaging approaches (Pitkanen et al. 2007). The
present study shows for the first time that prolonged seizures result in an isoform-
selective appearance of 14-3-3 within CSF. Detection of 14-3-3( in CSF just 4 h after
seizures suggests it could serve as an early marker of seizure damage. We also found
CSF 14-3-3( levels were significantly higher in rats given 0.1 pg compared with 0.01
ug KA. Thus, 14-3-3( levels in CSF after seizures like NSE (DeGiorgio et al. 2006),
may reflect the degree of damage. This contrasts clinical findings on dementias
associated with 14-3-3 in CSF, where correlations between abundance and diagnosis
are not found (Burkhard et al. 2001). However, the difference in CSF levels of
14-3-3( were rather smaller than would be expected based on the disparity in
seizure intensity and hippocampal damage between the low and high KA doses
used (Henshall et al. 2000, 2002). Thus, the sensitivity of 14-3-3{ in CSF for
discriminating between subtle and overt hippocampal neuronal injury requires further
investigation.

Experimental models of neuronal trauma or ischaemia are associated with transition
of 14-3-3 proteins into the extracellular milieu (Siman et al. 2004). In the present
study, the appearance of 14-3-3( in the CSF is most likely a result of material
transiting from seizure-damaged neurons (Siman et al. 2004). Indeed, hippocampal
14-3-3( levels drop rapidly following damaging seizures (Schindler et al. 2006) and
~97% of dying cells in this model are NeuN-positive (Henshall et al. 2001). Why 14-
3-3( and not 14-3-3 was present in CSF after seizures is uncertain, but may reflect
greater abundance of this isoform in the rat hippocampus (Schindler et al. 2006). The
particular enrichment of the { isoform within the membrane-containing fraction of
cells (Schindler et al. 2006) may further increase the likelihood of it being detected as
a result of damage to neurons.

Whether 14-3-3( release into CSF occurs following briefer, epileptic seizures is
uncertain, although it has been reported for NSE (DeGiorgio et al. 2006). Of note,
14-3-3 isoform-specific differences are found in hippocampus from patients with
intractable epileptic seizures, although levels of 14-3-31 rather than 14-3-3( were
lower in that study (Schindler et al. 2006). It may be useful to ascertain whether
isoform or abundance profiles change over time post-seizure, along with whether
animals display changes to CSF 14-3-3 during epilepsy development.

Our data also show CSF levels of NeuN are elevated after seizures. NSE is
detectable in normal human CSF at low levels, increasing 2-5-fold following
individual seizures and status epilepticus (DeGiorgio et al. 2006). However, false-
negative results have been reported (DeGiorgio et al. 2006). Our study establishes a
neuron-specific protein in addition to NSE is released to CSF after seizures. However,
NeuN levels in CSF were not appreciably lower in rats given the 0.01 pg KA dose
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(data not shown). Thus, the sensitivity of NeuN for grades of seizure damage may be
more limited than using 14-3-3C.

While the diagnostic value of 14-3-3 as a marker for sporadic CJD is still higher than
that of other CSF markers, including NSE and s100p, its accuracy as a marker for
variant CJD is more limited (Green et al. 2001). Moreover, 14-3-3 isoforms, including
{, appear in the CSF of patients with other dementias and neurological disorders
(Chapman et al. 2000, Green et al. 2001, Wakabayashi et al. 2001, Zanusso et al.
2005). Since seizures are associated with a number of acute neurological injuries and
occur in patients with CJD it is possible that they can contribute to CSF results or
provide potentially erroneous data (Donmez et al. 2005). In turn, this may have
implications for diagnosis where CJD may present as refractory non-convulsive status
epilepticus (Cohen et al. 2004).

In summary, the present study reveals prolonged seizures cause the appearance of
14-3-3( within CSF. Detecting seizure damage and tracking epilepsy development
following trauma and other CNS insults requires surrogates and biomarkers of the
pathogenic process. Accordingly, measuring CSF 14-3-3 in at-risk individuals may
hold prognostic or diagnostic value in studies of epileptogenesis and neuronal damage
following status epilepticus.
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