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Introduction

Epilepsy is a common neurological disorder character-
ised by unprovoked, recurrent seizures. Although numer-
ous anti-epileptic drugs (AEDs) are available to patients, 
pharmacoresistance remains a major problem and no 
existing AED is efficacious in altering disease course, 
mandating indefinite prescriptions [1]. The identifica-
tion of key contributors to the molecular pathogenesis of 
defined epilepsies therefore remains a research and health 
priority [2, 3]. One strategy is to exploit endogenous neu-
roprotective pathways activated in the brain in response to 
non-damaging stressors, a phenomenon termed tolerance 
[4]. Brief, non-harmful seizures (seizure precondition-
ing) can evoke a state of tolerance against the otherwise 
harmful effects of prolonged seizures (status epilepti-
cus, SE [5]), where seizure-induced cell death is greatly 
reduced after periods of comparable seizure severity [6, 
7]. Large-scale gene profiling work contrasting toler-
ance and non-tolerant (‘injury’) states has yielded impor-
tant insights into factors contributing to epileptogenesis. 
These include changes to transcription of calcium signal-
ling and excitotoxicity pathways [8], altered expression 
of various microRNAs and histone-modifying Polycomb 
Group proteins [9, 10], and differences in DNA methyla-
tion [11]. Functional work in animal models has shown 
targeting these processes can alter neuronal death and the 
emergence of spontaneous seizures [8, 9, 12]. Analysis 
of tolerance can reveal active neuroprotective mecha-
nisms evoked by preconditioning, or can be indicative of 
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important normative processes that become maladaptive 
or collapse during SE.

What remains absent from work to date on epileptic 
tolerance is an assessment of the proteome. Similar pro-
teomic work revealed a novel role for epigenetic gene 
silencing in the phenotype of ischemic tolerance [13], 
a phenomenon that shares certain features with epilep-
tic tolerance [5]. An equivalent comparison focusing on 
events unique to injury (in contrast to tolerance) comple-
ments prior transcript-based profiling work and may yield 
novel factors contributing to epileptogenesis. Indeed, 
new therapeutic target pathways recently emerged includ-
ing those involved in cell growth and mechanistic target 
of rapamycin (mTOR) pathways, protein trafficking and 
post-translational regulation. Ubiquitination-dependent 
degradation of actin-binding proteins and the consequent 
synaptic remodeling may underlie rapid ischemic toler-
ance [14].  CRL4ACRBN, an E3 ligase, modulates surface 
expression of  Ca2+ and voltage-activated  K+ (BK) chan-
nels, thereby lowering seizure thresholds [15]. USP9X, 
a deubiquitinase, reduces proteasomal degradation of 
synaptic Prickle2, an evolutionarily conserved seizure-
suppressive protein [16]. In each case, these enzymes 
displayed substrate-specificity and tractability in alter-
ing seizure activity. Widespread UPS inhibition and 
accumulation of ubiquitinated peptides follows SE, but 
surprisingly, it may be neuroprotective in epilepsy [17]; 
however, the effect of targeted ubiquitination and deu-
biquitination on seizure thresholds is substrate-depend-
ent. USP9X, for example, is an important component in 
the endogenous anti-convulsant effect of Prickle signal-
ling, but mediates the pro-convulsant activity of Prickle 
mutants when resulting in familial epilepsies [16].

Whether similar processes contribute to epileptic tol-
erance is unclear. Here, we searched for putative protein 
candidates using a proteomic screening approach in both 
injury and tolerance, highlighting potential differences 
between their proteomic signatures that may underlie the 
damage response to SE. Our screen was suggestive of 
disruption to regulatory cell processes in protein localisa-
tion, trafficking and ubiquitination. We focused on ubiq-
uitin carboxyl-terminal hydrolase isozyme L1 (UCHL1), 
an abundant deubiquitinating enzyme which was reduced 
in injury compared to tolerance. Loss of UCHL1 was 
confirmed to be unique to the injury state and experi-
mental inhibition in  vivo disrupted ubiquitin homeosta-
sis, depleted post-synaptic density protein 95 (PSD-95) 
expression, inhibited downstream ubiquitin–proteasome 
system (UPS) function and exacerbated seizure-induced 
neuronal cell death. These data shed light on a novel 
contributor to epilepsy pathology and validate prot-
eomic approaches in identifying potential seizure-therapy 
targets.

Materials and Methods

Animal Procedures

Animal experiments were carried out as mandated by the 
European Communities Council Directive (86/609/EEC) 
and the European Union Parliament Directive (2010/63/
EU). Experiments were prior approved by the Research 
Ethics Committee of the Royal College of Surgeons in Ire-
land or by the Centre for Laboratory Animal Resources 
in the Morehouse School of Medicine, under the super-
vision of the relevant Institutional Animal Care and Use 
Committee. Adult male C57BL/6 mice, aged 8–10  weeks 
(20–30  g), were obtained from Harlan or Charles River. 
Mice were housed in climate-controlled biomedical facili-
ties on a 12 h light/dark cycle. Food and water were pro-
vided ad libitum.

Focal-onset SE was induced by intraamygdala (i.a.) 
microinjection of kainic acid (KA), as previously described 
[18]. For investigations involving tethered EEG record-
ings, three partial craniectomies were carried out and 
three cranial-mounted electrodes were set, as illustrated in 
Fig. 6a, prior to assembly of the microinjection assembly. 
KA microinjection (Sigma-Aldrich, in 0.2  µL phosphate-
buffered saline [PBS]) was carried out in awake mice while 
non-seizure control mice received injection of vehicle 
alone. Dosages of both 0.3 and 1  µg KA were utilised to 
elicit moderate or severe SE, respectively [18]. For experi-
ments involving epileptic tolerance, all mice undergoing 
SE received 1 µg KA, to ensure robust protection by pre-
conditioning was evident. Subsequent studies on UCHL1 
depletion following SE and not involving tolerance utilised 
0.3  µg KA, to reduce morbidity. All mice undergoing SE 
received lorazepam (6 mg/kg, intraperitoneal [i.p.] in PBS) 
40 min following i.a. KA injection to curtail seizures and 
reduce mortality. Seizure preconditioning was accom-
plished by i.p. injection of KA (15 mg/kg) 24 h prior to sta-
tus epilepticus induced by i.a. KA [8].

Mice were killed at different time points following KA 
injection as outlined in the text. Paraformaldehyde (PFA, 
Sigma-Aldrich, 4%) perfused (transcardial) whole brains or 
hemispheres were dissected and sectioned on a vibratome 
(30  µm) prior to immunofluorescence. Saline perfused 
whole brains or hemispheres were fresh-frozen in 2-meth-
ylbutane at −30 °C and sectioned on a cryostat (12  µm) 
prior to histopathology.

Transgenic Mice Constitutively Expressing 
Ubiquitinated GFP

For investigations on the effect of inhibition of UCHL1, 
a deubiquitinating enzyme, transgenic mice constitutively 
expressing green fluorescent protein with an N-terminal 
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ubiquitin  (ubiquitinG76V-GFP) were employed [19]. The 
founding transgenic offspring were bred to C57BL/6N 
and backcrossed to C57BL/6N for approximately 30 
generations before breeding with C57BL/6NJ mice to 
establish the commercially available colony. Breeding 
pairs were generously gifted by J. J. Lucas, Universidad 
Autónoma de Madrid.

EEG

Tethered EEG was recorded in free-moving, awake mice 
prior to and throughout SE and analysed using TWin 
software and Labchart Pro v7 (AD Instruments Ltd.). 
Electrographic data was binned into 30 s and 5 min allot-
ments prior to analysis. Total power (µV2, a function of 
EEG amplitude over time) and spike frequency were cal-
culated for whole electrographic traces as well as individ-
ual spectral bands (delta, 0–4  Hz; theta, 4–8  Hz; alpha, 
8–16 Hz; beta, 16–32 Hz; and gamma, 32–50 Hz).

Drugs

Animals were randomised between treatment groups. 
Inhibition of UCHL1 was achieved through i.p. injec-
tion of LDN-57444 (0.5–2.5 mg/kg in 20% DMSO/PBS, 
Sigma-Aldrich) at 4 and 1 h prior to intraamygdala KA, 
unless otherwise stated. Rapamycin (Enzo Life Sciences) 
was administered i.p. (1 or 10  mg/kg) in a vehicle of 
ethanol (Sigma-Aldrich, 4%), polyethylene glycol-400 
(Sigma-Aldrich, 4%) and Tween-80 (Sigma-Aldrich, 5%) 
in PBS, as described previously elsewhere [20]. Oligo-
nucleotides targeting antisense Uchl1 (AsUchl1) were 
administered by intracerebroventricular (i.c.v.) injection 
into the right lateral ventricle (coordinates from bregma: 
AP = −0.3 mm, L = − 1.1 mm, with an injection depth of 
2.0 mm). Mice received 2 µl of AsUchl1-targeting antag-
oNATs (Exiqon) or non-targeting scrambled controls 
(range 1 pmol to 100 pmol) in invivofectamine (Invivo-
fectamine Reagent 2.0, Invitrogen). Anti-AsUchl1 antag-
oNATs were hybrid RNA-LNA unmodified oligonucleo-
tide sequences of 16 nucleotide length. Two individual 
sequences, targeting two different sites in the first exon of 
AsUchl1 were administered simultaneously (as were two 
scrambled controls). These sequences each bind AsUchl1 
at sites where it overlaps the sense Uchl1 mRNA, includ-
ing the region of the translation start codon (see Fig. 9a). 
This overlap interaction is critical for AsUchl1-mediated 
translational effects on Uchl1 [21]. Anti-AsUchl1 Antag-
oNATs were injected in synthetic liposomes generated 
using invivofectamine as per manufacturer’s suggestions.

Mass Spectrometry

For proteomic analysis, individual ipsilateral hippocampus 
was dissected and homogenised in RIPA (radioimmuno-
precipitation assay) buffer (50 mM tris [pH 8.0], 150 mM 
NaCl, 0.5% deoxycholate, 0.1% SDS, and a cocktail of pro-
tease inhibitors). Homogenates were fully lysed by three 
freeze–thaw cycles, centrifuged (10,000×g, 10 min at 4 °C) 
and the protein concentration quantified by the micro BCA 
Protein Assay (Pierce). For each treatment group and time-
point, lysates containing equal protein amounts from 6 ani-
mals were pooled (to a total of 400 µg) and analysed in trip-
licate using mass spectrometry (MS). Protein lysates were 
precipitated in methanol/chloroform [22] and resuspended 
in 50 mM ammonium bicarbonate. They were then dena-
tured (0.06% RapiGest, 60 °C for 15 min), reduced (5 mM 
dithiothreitol, 60 °C for 30  min), and alkylated (10  mM 
iodoacetamide, room temperature for 30  min in dark-
ness). Samples were digested in sequencing grade trypsin 
(Promega, 0.05  µg/µl, 37 °C overnight) and digestion 
was terminated by 0.5% trifluoroacetic acid, which also 
destroyed RapiGest in the sample. Yeast alcohol dehydro-
genase (50 fmol/µl) was added to the digests as an internal 
standard for absolute quantification [23]. Flow separation 
of tryptic peptides was achieved using ultra performance 
liquid chromatography (nanoACQUITY UPLC, Waters) 
in preparation for MS. MS analysis of nanoUPLC elutes 
was carried out using a Q-Tof Synapt G2S mass spectrom-
eter (Waters) using  HDMSE acquisition mode. Analysis of 
MS data was completed using ProteinLynx Global Server 
(PLGS) software v2.3 (Waters) and a mouse protein data-
base downloaded from the Universal Protein Resource 
(UniProt, http://www.uniprot.org) including Swiss-Prot 
entries only, aided by a previously described algorithm [24] 
and previously established criteria [13]. Using these assess-
ments, a ‘femtomoles per microgram’ value was generated 
and used to calculate protein ratios between experimental 
conditions.

Histopathology and Immunofluorescence

To assess neuronal death, coronal cryosections (12  µm 
thickness, sectioned on a Leica CM1900 cryostat) were 
assayed using Fluoro-Jade B (FJB) staining and termi-
nal deoxynucleotidyl transferase dUTP nick end label-
ling (TUNEL). For FJB staining, fresh-frozen tissue sec-
tions from three stereological levels [25] were air-dried, 
post-fixed in PFA solution (4%, 30  min), hydrated (100% 
ethanol into 70% ethanol into  dH2O, 1  min each) and 
then immersed in 0.006% potassium permanganate solu-
tion (15  min, with agitation, Sigma-Aldrich). Sections 
were rinsed  (dH2O, 2 × 1 min) and placed in 0.001% FJB 
solution in 0.1% acetic acid (Chemicon Europe Ltd.) for 
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30  min. Sections were rinsed again  (dH2O, 9 × 1  min), 
dried, cleared in Histoclear II (National Diagnostics) and 
mounted in DPX (Sigma-Aldrich). DNA damage was ana-
lysed using a fluorescein-based TUNEL technique, accord-
ing to the manufacturer’s instructions (Promega). Briefly, 
12 µm cryosections were fixed (4% PFA, 30 min), washed 
(0.1% Triton-X in PBS, 3 × 5 min), permeabilised (3% Tri-
ton-X, 20 min) and washed again. Slides were then equili-
brated in kit-specific equilibration buffer prior to reaction 
with recombinant Terminal Deoxynucleotidyl Transferase 
and fluorescein-12-dUTP (90  min, 37 °C, in darkness). 
Slides were immersed in saline sodium citrate, washed in 
PBS, mounted (Fluorsave, Merck Millipore) and imaged. 
Sections were examined using a Nikon 2000s epifluores-
cence microscope (Micron Optical) under Ex/Em wave-
lengths of 472/520  nm and imaged using a Hamamatsu 
Orca 285 camera (Micron Optical). Cell counts were per-
formed for the primary hippocampal subfields, including 
the CA3, CA1, CA2, the granular layer of the DG and the 
hilar layer within the DG. Counts were carried out in dupli-
cate, were the average of 2–4 adjacent sections and were 
assessed by an observer blinded to the experimental group 
or condition.

Immunofluorescence was performed on thicker coronal 
sections (Leica VT1000S vibratome, 30  µm) of the hip-
pocampus. Sections were prepared from transcardially 
PFA-perfused whole brain and stored at -20 °C in cryopro-
tective medium (30% glycerol and 30% ethylene glycol in 
1X PBS). Immunostaining was achieved following per-
meabilisation (0.1% Triton-X in PBS, 15  min), washing 
in glycine (1 M in PBS, 30 min) and blocking (1% bovine 
serum albumin in PBS, 60 min). Sections were incubated 
overnight at 4 °C with the following primary antibodies; 
α-NeuN (Millipore), mouse-raised, 1:400; α-UCHL1 (Cell 
Signalling Technology), rabbit-raised, 1:200. Immunoreac-
tivity was visualised using AlexaFluor 488 and 568 second-
ary antibodies (1:400 dilution in blocking buffer, incubated 
for 2 h at room temperature, from Molecular Probes, OR, 
USA). Sections were labelled with Hoescht nuclear stain 
to visualise nuclei (1:10,000, 10 min). Tissue was mounted 
in FluorSave (Sigma-Aldrich). Images were captured using 
confocal microscopy (Zeiss Laser Scanning Microscope 
710 Meta). For these exposures, 1 µm optical sections were 
taken at the midpoint of the 30  µm vibratome-sectioned 
samples, as determined by the limits of fluorescence. Mean 
fluorescence intensity of UCHL1 immunoreactivity was 
calculated in ImageJ for the entire pictograph and used as 
the basis of comparison between control and injury.

Gene Expression Analysis

Reverse-transcription (RT) quantitative PCR (qPCR) was 
carried out on microdissected hippocampal tissue samples. 

RNA (including mRNA and lncRNA) was isolated using a 
standard trizol extraction method. Tissue was mechanically 
homogenised in Trizol (Qiagen), after which chloroform-
mediated phase separation was performed and isopropanol-
mediated precipitation carried out. RNA was washed in 
70% ethanol and reconstituted in RNase free  H2O. Prior to 
RT, concentration of nucleic acid extracts were determined 
using a NanoDrop 2000 (Thermo Scientific), treated with 
DNAse1 (Invitrogen) to eliminate contaminating genomic 
DNA, and normalised to between 500  ng and 1  µg. RT 
of mRNA was performed using random hexamer primers 
(Fermentas) and Superscript II reverse transcriptase (Invit-
rogen). For lncRNA, RNA homogenates were reverse tran-
scribed using the iScript Select cDNA synthesis kit, with 
kit-supplied random hexamer primers (Bio-Rad). The rela-
tive abundance of derived cDNA was determined by qPCR, 
carried out on a Lightcycler 2.0 (Roche) using Quantitect 
SYBR Green PCR kits (Qiagen). The following primer 
sequences were used; Uchl1, forward AGA GCC AAG TGT 
TTC GAG AAGA and reverse ATT CTC TGC AGA CCT TGG 
CA; GAPDH, forward AAC TTT GGC ATT GTG GAA GG 
and reverse ACA CAT TGG GGG TAG GAA CA; β-actin, 
forward GGG TGT GAT GGT GGG AAT GG and reverse 
GGT TGG CCT TAG GGT TCA GG. For antisense Uchl1, 
three sets of primers targeting distinct sequence domains 
were used, as used previously [21]; in the 3′ region, for-
ward ACC TGC TTG CCA ATA GAC GA and reverse TGT 
ATG GGA AGG TTG GCT GT; in the sense overlap region, 
forward GCA CCT GCA GAC ACA AAC C and reverse TCT 
CTC AGC TGC TGG AAT CA; and in the SINEB2 repeat 
region, forward TCT CTC AGC TGC TGG AAT CA and 
reverse TTC TCC TTA TAT CTC CCA GTC AGG . β-actin and 
GAPDH were used for the normalisation of RNA expres-
sion levels. Non-reverse transcribed extracts and non-tem-
plate reactions were used as negative controls. The com-
parative cycle threshold method  (2−ΔΔCT) was employed 
to determine the relative fold change in target transcript 
levels. Primer specificity was investigated using Taq Poly-
merase PCR in a Veriti Thermocycler (Applied Biosys-
tems). Amplification products were run on a 2% agarose 
gel (100 V, 15 min, with 1:10,000 ethidium bromide) and 
imaged in a FujiFilm LAS-3000 (Fuji) under UV (312 nm, 
0.125 s exposure).

Western Blotting

Homogenisation of whole hippocampus was carried out 
in lysis buffer (150  mM NaCl, 50  mM Tris–HCl, 1  mM 
EDTA, 1% NP-40, ph 8.0), where buffer included protease/
phosphatase inhibitors PMSF (1:500), aprotinin (1:1000), 
leupeptin (1:1000) and vanadate (1:1000). Homogenates 
were centrifuged (14,000×g, 10 min at 4 °C) and the super-
natant was retained. The pellet was also retained and later 
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resuspended in SDS-lysis buffer for analysis of protein 
retained within the nuclear compartment. Protein concen-
tration was determined using the micro BCA Protein Assay 
(Pierce). Lysates were boiled at 95 °C in gel-loading buffer 
and separated by SDS-PAGE (4%/6–15%, 90–130  V), 
before transfer by electroporation onto nitrocellulose or 
PVDF membranes (18  V, 60–90  min). Membranes were 
incubated overnight at 4 °C with primary antibodies raised 
against; ARP2 (Abcam); α-Tubulin (Sigma-Aldrich); 
Cdc42 (Cell Signalling Technology) GFP; GSK3β (Bio-
source); MDM2 (Santa Cruz Biotechnology); p53 (Santa 
Cruz Biotechnology); PSD-95 (Cell Signalling Technol-
ogy); Sept7 (Novus Biologicals); Synj1 (Synaptic Sys-
tems); Ubiquitin (Enzo Life Sciences); UCHL1 (Cell 
Signalling Technology). Membranes were subsequently 
incubated with secondary horseradish peroxidase-conju-
gated antibodies (2  h, 20 °C, Jackson Immuno-Research), 
and visualised through Super Signal West Pico chemilu-
minescent substrate (Pierce). Images were captured with 
a FujiFilm LAS-4000 (Fuji) and densitometry performed 
using ImageJ. Chemiluminescent density plots for each 
sample were generated and the area of the region of inter-
est (corresponding to the expected molecular weight) was 
normalised to the sample-matched loading control from the 
same immunoblot.

Statistics and Bioinformatics

All data and statistical analyses were carried out using 
Microsoft Excel, Graphpad Prism and Stata. Signifi-
cance was accepted at P < 0.05. All data are presented as 
mean ± S.E.M. Protein expression, cell death counts and 
RNA transcription were assessed using unpaired two-tailed 
Student’s t tests and Mann–Whitney U tests (for two-group 
comparisons), or one-way ANOVA and Kruskal–Wal-
lis tests (for multiple comparisons). Time-dependent EEG 
comparisons of power and frequency (for complete traces 
as well as individual frequency bands) were made using 
two-way analysis of variance, followed by the Bonferroni 
post-hoc test. Direct comparisons of fold changes over 
baseline between periods before and after LZ injection 
were made using unpaired two-tailed Student’s t test.

Following identification of regulated proteins in 
the proteomes of injury and tolerance, follow up bioin-
formatic analyses were performed using Excel (2007, 
Microsoft), GOstat (online resource, [26]) the Database 
for Annotation, Visualization and Integrated Discov-
ery (DAVID v6.7, online resource, [27]) and Cytoscape 
(version 3.0, [28]) with the Enrichment Map plugin [29] 
to determine significant quantity differences, resolve 
functional ontological enrichments and visualise the 
proteome. Fisher’s exact test was performed indepen-
dently for the three primary gene ontology hierarchies 

(molecular function, cellular component and biological 
process) and corrected using the Benjamini and Hochberg 
test for false discovery rate (FDR). For network visualisa-
tion, GO terms and the genes associated with each were 
mapped using the Enrichment Map plugin for Cytoscape. 
Functional clusters were manually annotated.

Results

Comparative Mass Spectrometry of the Global 
Proteome Following SE Reveals Divergences 
in the Proteome of Injury and Tolerance

We began by performing MS to assess the global pro-
teome of the hippocampus following SE, in paradigms 
of injury and tolerance. Mice were injected with KA 
or vehicle control (i.a.), while the tolerance group also 
received systemic KA (i.p.) 24  h beforehand as a pre-
conditioning stimulus. Mice receiving a preconditioning 
stimulus typically undergo a period of similar seizure 
severity and duration upon induction of SE, but with a 
reduction in seizure-induced cell death of approximately 
50% [6, 7]. Mice were sacrificed at 3 and 24 h and hip-
pocampal protein lysates from 6 animals per group were 
pooled (Fig. 1a) and run in triplicate. Upon identification 
of eluted peptides, inclusion criteria and quality control 
were applied. For those passing these criteria, protein 
quantities were obtained relative to ADH as an internal 
standard as previously described [13, 23] and normal-
ised to femtomoles per microgram of total protein eluted. 
An average of 352 proteins were detected per sample. 
Using this finalised list of proteins, breakdown analy-
sis across groups revealed that the majority of proteins 
were detected across all treatments (265/417, 3h post SE; 
277/469, 24h post-SE) with subpopulations seen uniquely 
in certain treatments. A summary of all inclusion criteria, 
quality control and protein counts per sample are given 
in Supplementary File 1. A ratio cutoff was applied to 
proteins detected in all conditions, where those exceed-
ing changes of ±30% compared to control were defined 
as upregulated or downregulated. Using this threshold, 
17.95% of all proteins detected were considered to be 
changed after SE. In events where proteins were not uni-
formally detected, proteins were defined as +100% (not 
detected in control) or −100% (detected in control only). 
Comparing the extent of unique upregulation and down-
regulation events between injury and tolerance (com-
pared to control) revealed that upregulation is the domi-
nant response to SE, but particularly so for tolerance at 
3 h, with 77.5% (69/89) of all unique changes versus con-
trol representing upregulation of proteins (Fig. 1b, c).
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Gene Ontological Analysis Identifies Functional 
Clusters of Proteins that are Dysregulated Following SE

Having established criteria for defining functional differ-
ences in the proteome, we looked closer at such differences 
in both injury and tolerance. A finalised list of proteins 
altered following SE is given Supplementary File 1, seg-
regated on the basis of treatment, timepoint and the direc-
tion of dysregulation (upregulation or downregulation). 
Several proteins of interest are immediately notable, with 
many pertaining to regulation of the cytoskeleton, plasticity 
and synaptic function, mitochondrial function and metabo-
lism, apoptosis, ion transport and calcium binding, DNA 
binding and stress response. Some putative candidates are 
listed in Table 1. To give a more systematic evaluation of 
the proteome, we subjected our segregated lists to gene 
ontological (GO) analysis using GOstat (see Supplemen-
tary File 2). All listed p values were corrected for multiple 
testing using the Benjamini–Hochberg test for false discov-
ery (P < 0.05). GO analyses point to a number of perturbed 
pathways pertinent to SE and epileptic tolerance. Proteins 
mediating protein trafficking and localisation, vesicle 
dynamics, endocytosis and clathrin assembly are enriched 
among upregulated proteins seen in injury at 3 h, but are 

enriched among proteins downregulated in tolerance at 3 h, 
indicating a key functional divergence between them. A 
similar situation is seen for proteins involved in regulation 
of the cytoskeleton and ion transport, where enrichment for 
proteins involved in these processes is seen among upregu-
lated proteins in tolerance, but among proteins downregu-
lated in injury, again at 3 h following SE. Processes such 
as metabolic processes, synaptic plasticity, neurotransmis-
sion and the regulation of mitochondria are also evident. 
At the later timepoint, 24  h following SE, we observe an 
enrichment of proteins involved in neurogenesis and axone-
ogenesis specifically in injury among upregulated proteins. 
Processes such as protein localisation and vesicle transport, 
initially pertinent to proteins upregulated in injury at 3 h, 
were observed as important to upregulation in tolerance at 
24 h, suggesting that stunted cellular responses to SE may 
be a characteristic of tolerance. Using the Enrichment Map 
plugin for Cytoscape [28, 29], we grouped functionally 
related GO terms based on the overlap of proteins asso-
ciated with distinct GO terms (Fig.  2). This visualisation 
analysis revealed a number of network clusters that repre-
sented major functional groups that were enriched in both 
injury and tolerance datasets.

Fig. 1  Proteome of SE, comparing injury and tolerance, reveals 
differences in protein regulation and expression. a Overview of the 
experimental design. b Protein upregulation and downregulation 
events as identified by MS in injury and tolerance. c Proportion of 

up- versus down-regulation events across regulated proteins iden-
tified by MS in injury and tolerance. I.p. intraperitoneal, KA kainic 
acid. Annotated protein lists for each experimental group (totalling 8 
tables) can be found in the electronic supplementary material (File 1)
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We next sought to validate observations on the pro-
teome using western blotting. We used the same lysates 
as those used for MS and immunoblotted for Septin 7 
(Sept7), Glycogen Synthase Kinase 3β (GSK3β), Cell 
Division Control Protein 42 (Cdc42), Actin-related Pro-
tein 2 (ARP2), Synaptojanin1 (Synj1) and UCHL1. Little 
is known of these proteins concerning epilepsy pathol-
ogy, but they maintain important roles in neuronal func-
tion [30–33]. All six were predicted to be altered beyond 
the 30% cutoff established in the proteomic analysis. 

Sept7, GSK3β, Cdc42 and ARP2 were predicted to be 
dysregulated at 3  h, while Synj1 and UCHL1 were pre-
dicted to be altered at 24  h post-SE (Fig.  3a). We vali-
dated the dysregulation of four proteins predicted to 
change in injury (Sept7 and GSK3β, upregulated at 3 h; 
Synj1 and UCHL1, downregulated at 24  h, Fig.  3a, b). 
Tolerance-specific downregulation of Cdc42 at 3  h fol-
lowing SE was also confirmed. Western blotting indi-
cated no SE-dependent change in ARP2, predicted to be 
upregulated specifically in tolerance at 3 h.

Table 1  Proteomic profiling reveals putative candidates that are divergent between injury and tolerance

MS was performed on hippocampal lysates and numerous proteins were observed to be altered in expression following SE, compared to vehicle 
controls. Some displayed divergent expressions levels due to preconditioning, suggesting a contribution to the neuroprotection evoked during 
tolerance
INJ injury, TOL tolerance, VAMP vesicle-associated membrane protein

Candidates (UniProt ID) Regulation following SE

Regulators of vesicle and membrane dynamics AP2 complex subunit alpha 2 (P17427) ↑ INJ 3h
Clathrin light chain A (O08585) ↑ INJ 3h, ↓ INJ 24h
Clathrin light chain B (Q6IRU5) ↑ INJ 3h, ↓ INJ 24h
Dynamin 2 (P39054) ↓ INJ 3h, ↓ TOL 24h
VAMP2 (P63044) ↑ TOL 24h
VAMP-associated protein B (Q9QY76) ↑ TOL 24h
Gap junction alpha 1 protein (P23242) ↑ INJ 3h, ↑ INJ 24h
CaM kinase like vesicle associated protein (Q3UHL1) ↓ INJ 24h

Synaptic transmission Septin 7 (O55131) ↑ INJ 3h, ↓ TOL 3h
Septin 10 (Q8C650) ↑ TOL 3h
Septin 14 (Q9DA97) ↑ TOL 24h
Synaptojanin 1 (Q8CHC4) ↓ INJ 24h, ↑ TOL 24h
Synaptogyrin 1 (O55100) ↓ TOL 3h
Synaptophysin (Q62277) ↓ TOL 3h, ↓ INJ 24h
Synaptotagmin 2 (P46097) ↑ INJ 3h, ↓ TOL 24h
Synaptotagmin 5 (Q9R0N5) ↑ INJ 3h
SynGAP (F6SEU4) ↑ TOL 3h, ↑ INJ 24h

Proteasomal degradation and ubiquitination Ubiquilin 2 (Q9QZM0) ↑ TOL 24h
Ubiquitin like modifier activating enzyme 1 (Q02053) ↓ INJ 24h
Ubiquitin carboxyl terminal hydrolase L1 (Q9R0P9) ↓ INJ 24h
Ubiquitin conjugating enzyme E2 L3 (P68037) ↓ INJ 3h
Ubiquitin conjugating enzyme E2 N (P61089) ↑ TOL 3h

Calcium-binding proteins Calmodulin (P62204) ↑ TOL 3h
Calretinin (Q08331) ↑ TOL 24h
Calreticulin (P14211) ↑ TOL 3h, ↑ TOL 24h
Calnexin (P35564) ↑ TOL 3h
Calmodulin-dependent protein kinase type IIγ (Q923T9) ↓ INJ 3h, ↑ TOL 3h
Hippocalcin like protein 4 (Q8BGZ1) ↓ INJ 3h

Heat shock proteins Heat shock protein 105 kDa (Q61699) ↑ INJ 3h
Heat shock 70 kDa protein 1 A (Q61696) ↑ INJ 3h, ↓ TOL 24h
Heat shock protein 75 kDa mitochondrial (Q9CQN1) ↑ INJ 3h
Heat shock 70 kDa protein 1 like (P16627) ↓ INJ 24h, ↑ TOL 24h
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UCHL1 Expression Levels are Decreased 
in the Hippocampus Following SE

Using GO and network analyses, we sought to select a can-
didate protein that showed divergent expression between 

injury and tolerance, and was a likely contributor to the 
major implicated functional groups, such as intracellular 
protein trafficking. UCHL1, an abundant DUB enzyme, is 
a key regulator of protein trafficking, cytoskeleton regula-
tion and post-translational ubiquitination. In contrast to 

Fig. 2  Enrichment of major functional groups define injury and tol-
erance datasets. Functionally related GO terms were grouped based 
on the overlap of proteins associated with distinct GO terms using 
the Enrichment Map plugin for Cytoscape, for both injury (above) 

and tolerance (below). Inset UCHL1 is involved in several key, non-
redundant functional groups implicated in proteomic profiling. Com-
plete gene ontology lists for each experimental group can be found in 
the electronic supplementary material (File 2)
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tolerance, in which both seizure-induced cell death and 
spontaneous seizures are reduced, UCHL1 was selectively 
downregulated in injury paradigms. Recent studies have 
implicated ubiquitination-mediated processes in regulating 
surface expression of ion channels [15] and degradation of 
synaptic proteins [16]. Targeting these processes altered 
seizure activity in these cases, while rescue of Ube3a, an 
E3 ligase, also alleviated other comorbidities in a model of 
Angelman syndrome [34]. GO and network analyses sug-
gested that UCHL1 is involved in several key, non-redun-
dant functional groups implicated in our proteomic profil-
ing (Fig.  2, inset) and it was thus selected as a candidate 
protein for further study.

Western blot validation confirmed that UCHL1 is 
downregulated at 24 h following SE, as indicated by MS 
(one-way ANOVA, P = 0.0216; Tukey post-hoc, P < 0.05 
compared to control). Confocal imaging revealed a 
patterned distribution of UCHL1 expression in the 

hippocampus of control mice, with somal expression 
evident throughout the pyramidal layer of the CA1, CA2 
and CA3, as well as expression in unspecified neurons of 
the hilus (Fig. 4a). There was little UCHL1 expression in 
the granule layer. Immunoreactivity was almost entirely 
neuronal, as based on co-immunoreactivity with NeuN. 
Furthermore, UCHL1 immunoreactivity was observed 
in the dendritic field of CA3 and CA1 regions. Confo-
cal imaging of staining in KA-treated mice suggested 
that UCHL1 immunoreactivity is reduced at 24  h fol-
lowing SE, in keeping with results from MS and West-
ern blotting (Fig. 4b, c). Loss of CA3 immunoreactivity 
was profound, (Mann–Whitney U, P = 0.0286, Fig.  4b), 
while immunoreactivity was also reduced in regions of 
less-damaged CA1 fields (P = 0.0571, Fig. 4b), but not in 
the DG. Reduction of UCHL1 expression after KA was 
observed to impact both somal expression and staining in 
the stratum radiatum (Fig. 4c).

Fig. 3  Follow-up biochemical analysis validates observations on 
the proteome. a In order to validate changes in protein expression as 
indicated by MS, western blotting was performed on ipsilateral hip-
pocampal lysates from sham-preconditioned (injury) and seizure 
tolerant (tolerance) mice at 3 h following SE for Sept7, GSK3B and 
Cdc42, and at 24 h following SE for Synj1 and UCHL1. n = 5 or 6, 
*P < 0.05, **P < 0.01, ANOVA with Tukey post-hoc test. b Repre-
sentative blots of data depicted in (a), as well as that of ARP2, are 

shown, n = 1 per lane. There was no significant change in ARP2 
expression between treatments. Depicted blots for Sept7 and Cdc42 
are each derived from the same gel. Depicted blots for Synj1 and 
UCHL1 are each derived from the same gel. The non-continuity of 
the depicted blot for Cdc42 is due to removal of interleaved lanes rep-
resenting a different treatment group, for sake of clarity. CON control, 
INJ injury, TOL tolerance, TUB tubulin
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Inhibition of UCHL1 Using LDN‑57444 Depletes 
the Hippocampus of Monomeric Ubiquitin 
and Postsynaptic Density Protein PSD‑95

To assess whether downregulation of UCHL1 contributes 
to seizure pathology or neuronal death, we explored the 
use of an inhibitor of UCHL1, LDN-57444 (termed LDN) 
as a means of manipulating UCHL1 activity in vivo. LDN 
is a reversible, competitive, isatin derivative that selec-
tively inhibits UCHL1 hydrolase activity  (IC50 = 0.88 µM) 
over a closely related DUB, UCHL3  (IC50 = 25 µM) [35]. 
Although no data is available on the pharmacokinetics 
of LDN in mice, LDN and other isatins readily cross the 
blood–brain barrier [30, 36, 37]. Previous work suggests 

that LDN is capable of exerting an inhibitory effect on 
UCHL1 in the hippocampus at systemic doses of 0.5 mg/kg 
[30, 36]; we used this reported effective dose to assess the 
inhibitory effect of LDN.

Mice were given 0.5  mg/kg i.p. LDN at 1, 4, 8 and 
24  h prior to sacrifice, and levels of free monomeric 
ubiquitin were assessed by Western blotting, as a meas-
ure of UCHL1 inhibition [36]. These data suggested 
that the LDN-induced downregulation of free ubiq-
uitin was maximal at 4  h following UCHL1 inhibi-
tion, though the effect was not significant (P = 0.1419, 
Fig. 5a, c). Increasing the dose of LDN to 1 and 2.5 mg/
kg revealed a significant effect on free ubiquitin levels 
when assessed at 4  h (one-way ANOVA, P = 0.0011; 

Fig. 4  UCHL1 is downregulated in the ipsilateral hippocampus at 
24 h after SE. a Confocal imaging showing UCHL1-immunoreactive 
cells in the mouse hippocampus. NeuN was used as a counterstain. 
Scale 50 μm. b Relative anti-UCHL1 immunofluorescence intensity 
was calculated for sections depicted in c where analysis of UCHL1 

staining was carried out using confocal microscopy, in control ani-
mals and in animals that underwent SE 24 h previously (n = 4, Mann–
Whitney U test, two-tailed). Scale bar 100  μm. Data expressed as 
mean ± SEM. *P < 0.05. CA cornu ammonis, CON control, DG den-
tate gyrus, INJ injury
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Fig. 5  UCHL1 inhibition depletes the hippocampus of monomeric 
ubiquitin and PSD-95, and inhibits the ubiquitin proteasome sys-
tem. a Mice received 0.5 mg/kg LDN-57444 (i.p.) and hippocampal 
lysates were sampled at various times after injection. Monomeric 
ubiquitin levels were then assessed using western blotting. Semi-
quantification was performed against endogenous tubulin (n = 4, 
one-way ANOVA with Tukey post-hoc test). b Mice received vari-
ous doses of LDN-57444 before lysates were taken at 4  h. Ubiqui-
tin levels were assessed as in a. c Representative blot used for the 
semi-quantification of ubiquitin levels depicted in a and b, n = 1 
per lane. Observed molecular weights and experimental conditions 
are shown. d, e Western blotting was performed on hippocampal 
lysates from mice 4  h after receiving LDN-57444 at various doses. 
Semi-quantification was performed against endogenous tubulin 
(n = 4, one-way ANOVA with Tukey post-hoc test) for d UCHL1 

and e PSD-95. f Representative blots used for the semi-quantification 
of proteins levels depicted in d and e, n = 1 per lane, with observed 
molecular weights and dose of LDN-57444 annotated. g Immunob-
lot showing ubiquitin-GFP accumulation in a reporter mouse for UPS 
inhibition. Analysis was carried out on hippocampal lysates from 
mice that received 1  mg/kg LDN-57444 or vehicle control 4  h pre-
viously (n = 5, Mann–Whitney U test, two-tailed). h Representative 
blots used for the semi-quantification of proteins levels depicted in 
f, n = 1 per lane, with observed molecular weights and experimental 
conditions depicted. i TUNEL and FJB staining was carried out on 
mice receiving 0.5  mg/kg LDN-57444 at various time-points previ-
ously, as noted. Scale bar 50 μm. All data expressed as mean ± SEM. 
**P < 0.01, *P < 0.05. CA cornu ammonis, DG dentate gyrus, LDN 
LDN-57444, TUB tubulin, UBQ ubiquitin, VEH vehicle
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Tukey post-hoc, P < 0.05 for 1 mg/kg dose and P < 0.01 
for 2.5  mg/kg dose, when compared to vehicle control; 
Fig.  5b, c). High dose LDN (2.5  mg/kg) was observed 
to induce an increase in UCHL1 expression (one-way 
ANOVA, P = 0.0439; Tukey post-hoc, P < 0.05, com-
pared to vehicle control; Fig. 5d, f), possibly as a com-
pensatory mechanism. Both 1  mg/kg and 2.5  mg/kg 
doses of LDN were observed to deplete the hippocam-
pus of postsynaptic density protein PSD-95 (one-way 
ANOVA, P = 0.0053; Tukey post-hoc, P < 0.05, com-
pared to vehicle control; Fig.  5e, f). Given the efficacy 
of 1 mg/kg LDN in depleting the hippocampus of ubiq-
uitin and PSD-95 with no reactive changes in UCHL1 
expression, subsequent experiments using LDN were 
carried out with 1  mg/kg i.p. doses of LDN. In order 
to investigate possible effects of UCHL1 inhibition on 
the UPS, we employed a genetic reporter mouse strain 
(with C57Bl6/J background) constitutively express-
ing  ubiquitinG76V-GFP to directly assess LDN-induced 
effects of ubiquitination-mediated proteasomal degrada-
tion. UCHL1 inhibition resulted in an accumulation of 
 ubiquitinG76V-GFP at 4h (Mann–Whitney U, P = 0.0159, 
Fig. 5g, h), suggesting that loss of UCHL1 activity leads 
to downstream inhibition of the UPS.

Previous work suggests UCHL1 inhibition is not cyto-
toxic at effective doses, as shown by MTT assays, LDH 
viability assays, and measurements of neuronal density 
in the CA1 of LDN-treated mice [36, 38]. We veri-
fied that LDN administration did not cause observable 
cell death. Staining sections for either FJB or TUNEL 
revealed no appreciable cell death in the hippocampus at 
1, 4, 8 or 24 h after LDN injection (Fig. 5i).

UCHL1 Inhibition Prior to SE Attenuates 
the Electrographic Response to Anticonvulsant 
Lorazepam

As iterated previously, evidence is accumulating that sub-
strate-specific activity of ubiquitin ligases and deubiquit-
inases can alter epileptogenesis [34] and the threshold for 
seizures [15, 16]. We hypothesised that UCHL1 inhibition 
would exacerbate seizure activity during SE. Seizures were 
evoked 4 h after UCHL1 inhibition (the point of maximal 
depletion of free ubiquitin), with the emergence of SE at 
approximately 10–15 min after injection of KA (Fig. 6b). 
Lorazepam (LZ) was injected (6 mg/kg i.p.) at 40 min fol-
lowing KA to curtail morbidity and mortality. EEG activ-
ity in LDN and vehicle treated controls was recorded with 
three skull mounted electrodes, with tissue sampling at 4 h 
and cell death assays at 24 h following SE (Fig. 6a). A sec-
ond injection of LDN at 1 h after KA was included in order 
to prolong inhibition, as UCHL1 activity was previously 
reported to recover at 8 h following LDN injection [30].

EEG recordings revealed that UCHL1 inhibition had 
no effect on the onset of SE based on measures of power 
and spike frequency for both ipsilateral and contralateral 
montage channels (two-way ANOVA, Fig.  6c). LZ injec-
tion strongly suppressed SE with a decrease in power and 
an increase in frequency for both vehicle and LDN treated 
mice, consistent with a transition from high-amplitude 
synchronous firing to a fast ictal pattern (Fig.  6c). To 
assess if UCHL1 inhibition had an effect on LZ efficacy, 
we directly compared the average fold change in power 
and frequency (relative to baseline EEG) of the SE period 
and the post-LZ period, defining the SE period as between 
KA + 15 min and KA + 40 min and the post-LZ period as 
between KA + 40 min and KA + 80 min. As per EEG traces 
(Fig. 6c), LZ induced a significant reduction in ipsilateral 
power (P = 0.0180, Fig. 6d) and significantly increased ipsi-
lateral and contralateral frequency measures (P = 0.0006, 
Fig. 6d) in vehicle treated mice. In LDN treated mice, LZ 
was associated with a significant increase in ipsilateral 
frequency only (P = 0.0108, Fig.  6d), suggesting that the 
normalising effect of LZ is attenuated following UCHL1 
inhibition. To more specifically delineate this effect, we 
separated the EEG power signal into five frequency-defined 
spectral bands and defined the fractional contribution of 
each band to the total power. As per the baseline signal 
(i.e., before KA injection) delta frequencies (0–4 Hz) repre-
sent approximately 40% of the power signal and alpha fre-
quencies (8–16 Hz) account for approximately 15% of the 
total power signal (Fig. 6e). The onset of SE is typified by 
a disproportionately large delta fraction with an associated 
reduction in all other fractions, while LZ-induced normali-
sation of the EEG is characterised by a transient increase of 
the alpha fraction in particular before a return to baseline 

Fig. 6  UCHL1 inhibition prolongs seizures after status epilepticus. 
a Experimental design for assessment of effects of UCHL1 inhibitor 
on SE. Mice received LDN-57444 and then 4  h later were injected 
(i.a.) with KA to trigger SE, followed after 40  min by lorazepam. 
EEG recordings were made for 2 h after SE, during which time a sec-
ond injection of LDN-57444 was performed. Cell death was assessed 
at 4 and 24  h after SE. b Representative power density analysis of 
EEG during SE as heatmaps for mice receiving vehicle or LDN-
57444. c Power and spike frequency traces of 5 min time-bins were 
generated from EEG data for LDN- and vehicle-treated mice (n = 8 
to 10, two-way ANOVA with Bonferroni post-hoc test). d The ratio 
against baseline for both power and frequency was calculated for 
periods before and after lorazepam treatment, in both groups of mice 
(n = 8–10, paired Student’s t test, two-tailed). P value is overlaid in 
yellow. e Representative trace of EEG power fractionation into five 
frequency bands using Labchart, displaying EEG evolution before 
and after KA injection (i.a.). f EEG power was fractionated as in e for 
both LDN- and vehicle-treated mice (n = 8–10). g Two-way ANOVA 
comparisons (with Bonferroni post-hoc test) were performed for 
alpha and delta frequency patterns between LDN- and vehicle-treated 
mice. All data expressed as mean ± SEM. *P < 0.05; # or **P < 0.01; 
¤ or ***P < 0.001. KA kainic acid, LDN LDN-57444, LZ lorazepam, 
VEH vehicle

◂
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distribution within 60  min of LZ (Fig.  6e, f). However, 
UCHL1 inhibition was associated with an attenuation in 
the return to baseline distribution following LZ, both ipsi-
laterally and contralaterally (Fig. 6f). These animals expe-
rienced a prolonged period of time under the increased 
delta signal associated with initial SE, with little concomi-
tant increase in the alpha signal (Fig. 6f). Direct compari-
sons of vehicle and LDN treated mice revealed a signifi-
cant divergence in the ipsilateral alpha (two-way ANOVA, 
P < 0.0001/F(1,330) = 52.99 for drug; Bonferroni post-hoc 
test results are indicated, Fig.  6g) and ipsilateral delta 
fractions (two-way ANOVA, P < 0.0001/F(1,330) = 36.00 
for drug; Bonferroni post-hoc test results are indicated, 
Fig.  6g). Similar results were seen for contralateral EEG 
traces (Fig.  6g). These divergences were confined to the 
initial 20 min period after LZ injection, and the EEG signal 
became indistinct within 100 min of KA injection (Fig. 6g).

UCHL1 Inhibition Prior to SE Exacerbates 
Seizure‑Induced Neuronal Cell Death

We next appraised potential changes in seizure-induced 
neuronal cell death following UCHL1 inhibition, given 
data suggesting a refractoriness to LZ effects and previous 
reports that UCHL1 is neuroprotective in models of neu-
rodegeneration [30, 36]. We performed FJB histopathol-
ogy on cryostat-sectioned tissue at 24 h following KA, and 
performed counts of degenerating CA3, CA1, CA2, granule 
layer and hilar neurons in vehicle and LDN treated mice. 
Three stereological levels were assessed, corresponding 
to rostral, medial and ventral (or temporal) hippocampus 
(Fig.  7a). Average counts across all 3 stereological levels 
revealed that UCHL1 inhibition prior to SE exacerbates 
seizure-induced neuronal cell death in the CA3 of the hip-
pocampus (one-way ANOVA for all treatments, P < 0.0001; 
Tukey post-hoc, P < 0.05, compared to vehicle-treated ani-
mals undergoing SE, Fig.  7b, c). The significant increase 
in cell death was most evident in the ventral hippocampus 
(two-way ANOVA, P = 0.0006/F(1,51) = 13.57 for drug; 
P < 0.05, Bonferroni post-hoc at ventral levels, Fig.  7d). 
This was supported by subsequent TUNEL labelling of 
ventral hippocampal slices from the same animals, reveal-
ing an LDN-induced increase in cell death following SE 
(P = 0.0080, Fig.  7e). There was no observed increase in 
SE-induced neuronal cell death in other subfields (data not 
shown). Further, UCHL1 inhibition did not affect cell death 
in the contralateral CA3 or when LDN was administered 
after SE (at 1 and 5 h after KA, data not shown). Western 
blotting of cell death signalling components at 4 h follow-
ing SE revealed that inhibition of UCHL1 (prior to SE) 
was associated with increased expression of nuclear p53 
(Kruskal–Wallis test, P = 0.0004; Dunn’s multiple compari-
sons test, P < 0.01 compared to non-SE control, Fig. 7f, g) 

and cleaved MDM2 (Mann–Whitney U, P = 0.0303, com-
pared to vehicle SE, Fig.  7f, g). There was no observed 
difference in expression of either signal for vehicle treated 
mice following SE when compared to non-SE controls 
(data not shown). There was also no observed difference 
in Bax expression at 4 h following SE between vehicle and 
LDN treated mice (data not shown).

UCHL1 Depletion is Associated with a Downregulation 
of the lncRNA Antisense Uchl1

Next, we sought to determine if UCHL1 levels were altered 
following SE due to downregulation of mRNA levels. We 
employed RT-qPCR to assess Uchl1 transcript levels in 
microdissected subfields of the hippocampus following i.a. 
injection of KA. Optimal product amplification was con-
firmed via agarose DNA gel (Fig. 8b). RT-qPCR of reverse 
transcribed mRNA revealed that SE did not alter the lev-
els of Uchl1 transcripts at 8 or 24 h following SE (Fig. 8d), 
suggesting that the observed downregulation of UCHL1 
arises through post-transcriptional means. Given that Uchl1 
translation is reported to be induced by an antisense long 
non-coding RNA, AsUchl1 [21], we next sought to deter-
mine if SE altered its levels in the hippocampus. Primers 
taken from the literature [21] and designed using Primer 3.0 
software yielded three candidate primer pairs for amplify-
ing AsUchl1 (see Fig. 8a), where optimal amplification was 
verified for a single pair, referred to as AsUchl1 SINEB2 
primers (Fig. 8b). RT-qPCR of AsUchl1 in the CA3, CA1 
and DG at 8 and 24 h following KA revealed a significant 
downregulation of AsUchl1 in the CA3 of the hippocam-
pus at 8 h after KA (Mann–Whitney U, P = 0.0286, Fig. 8e, 
left). There was no other significant reduction in AsUchl1 
following KA (8 or 24  h). AsUchl1 expression appeared 
to return to control levels after 24 h (Fig. 8e, right), while 
there was no observed downregulation in the contralateral 
CA3 at either timepoint (data not shown).

UCHL1 Protein Levels are Regulated by Antisense 
Uchl1 and mTOR In Vivo

As downregulation of a pro-translational lncRNA target-
ing Uchl1 precedes UCHL1 downregulation following SE, 
we attempted to functionally implicate AsUchl1 in UCHL1 
regulation in vivo. To this end, we employed hydrid RNA-
LNA 16-mer oligonucleotides designed to bind AsUchl1 
in sites overlapping the sense Uchl1 mRNA. We conceived 
an experimental setup involving two such anti-AsUchl1 
oligonucleotides (termed ANTs) targeting the binding of 
AsUchl1 to 5′ Uchl1 as well as the sequence region encom-
passing the start codon of Uchl1 (Fig. 9a). Time-matched 
non-targeting scrambled sequences were used as experi-
mental controls. I.c.v injection of 1 pmol, 10 pmol and 
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100 pmol doses in invivofectamine vehicle was carried 
out on adult mice and FJB histopathology of contralateral 
hippocampus was assessed at 24 h. FJB staining revealed 
that targeting AsUchl1 with LNA-RNA oligonucleotides 
is not potently cytotoxic, as no FJB-positive neurons were 
detected (Fig. 9b). Pilot studies (n = 2, data not shown) sug-
gested that 10 pmol ANTs may be effacious in depleting 
UCHL1 expression in the hippocampus. Follow-up analy-
sis by UCHL1 immunoblotting of hippocampal lysates 
24  h after injection of 10pmol ANTs revealed a signifi-
cant decrease in UCHL1 following targeting of AsUchl1 

(Mann–Whitney U, P = 0.0286, compared to scrambled 
controls, Fig.  9c, d), suggesting a modest contribution of 
AsUchl1 to constitutive UCHL1 expression.

Previous reports suggested that AsUchl1-mediated 
translation of UCHL1 is a stress response signal following 
inhibition of mammalian target of rapamycin (mTOR) [21]. 
We investigated if rapamycin treatment might therefore 
boost UCHL1 expression in the hippocampus. When com-
pared to vehicle control, UCHL1 expression was increased 
at 6 h following rapamycin (Mann–Whitney U, P = 0.0286) 
following 1 mg/kg i.p. injection.

Fig. 7  UCHL1 inhibition prior to SE is associated with increased 
hippocampal cell death. a Hippocampal neuropathology was assessed 
at rostral, medial and ventral stereological levels following SE. b 
Representative examples of neurodegeneration (FJB staining) in the 
ipsilateral CA3 of the hippocampus in vehicle and UCHL1 inhibitor-
treated mice at 24 h. c Semi-quantitative analysis of FJB counts 24 h 
after SE or receiving sham saline injection, on cryosections from 
LDN- and vehicle-treated mice (n = 6–10, one-way ANOVA with 
Tukey’s post-hoc test). d Analysis of damage for each stereotaxic 
level, confirming strongest effect of LDN-7544 at ventral level fol-
lowing SE (n = 8–10, two-way ANOVA with Bonferroni post-hoc 

test). e TUNEL staining on ventral hippocampal sections confirming 
enhanced cell death in mice treated with UCHL1 inhibitor (n = 10, 
unpaired Student’s t test, two-tailed). f Semi-quantitative analysis of 
MDM2 and p53 levels detected by immunoblotting, on samples 4 h 
after SE or sham injection, in mice receiving LDN-57444 or vehicle 
(n = 4 to 6, Mann–Whitney U or Kruskal–Wallis test with Dunn’s 
multiple comparison test). g Representative images of MDM2 and 
p53 blots. Data expressed as mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001. CA cornu ammonis, DG dentate gyrus, LDN LDN-
57444, VEH vehicle
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Discussion

Models of epileptic tolerance and genome-wide profil-
ing techniques are a powerful tool to identify genes and 
pathways that contribute to seizure-induced cell death and 
epileptogenesis [2, 5]. A proteomics screen here looking 
among proteins that were uniquely downregulated in injury 
mice but not in tolerance identified a number of ubiquitous 
regulatory proteins including UCHL1 that are strongly 
implicated in significantly enriched pathways. The present 
dataset includes other potentially interesting targets; here, 
we focused on UCHL1 as a demonstration of the valid-
ity of the approach. Investigating further, we confirmed 
that SE induces post-translational loss of UCHL1 through 
depletion of a lncRNA, and highlighted the contribution of 
UCHL1 to the regulation of excitability. Finally, we dem-
onstrated that mTOR inhibition increases UCHL1 expres-
sion and proffer that the upregulation of UCHL1 is a hith-
erto unappreciated aspect of rapamycin efficacy.

The transcriptome of tolerance revealed that precondi-
tioned animals display marked suppression of transcription 
in key functional groups governing excitability [8]. How-
ever, analysis of the miRNAome suggested that translation 

may be increased as a whole, as miRNA transcription was 
particularly suppressed in comparison to injury [9]. Here, 
we established for the first time the proteome of tolerance. 
As we did not specifically record EEG at this stage, we can-
not exclude small differences in seizure severity or dura-
tion affecting results. However, no differences have been 
observed in any previous studies using this model [6, 7]. 
These data indicate rapid, active translation at 3  h after 
SE in preconditioned animals, with 77.5% of all changes 
in tolerance involving upregulation (totalling 69 proteins 
uniquely upregulated in tolerance). Upregulation remains 
dominant at 24  h after SE, though somewhat diminished, 
with 66.7% of changes involving upregulation. These data 
are suggestive of active neuroprotective mechanisms that 
are evoked during epileptic tolerance. However, transcrip-
tional suppression of key pathways (as seen in the tran-
scriptome) and maintenance of homeostatic processes (as 
seen here with UCHL1 expression) is demonstrative of 
distinct, coordinated responses that define epileptic toler-
ance. A similar principle seems evident with ischemic tol-
erance, where tolerance depends on protein synthesis, but 
is also associated with decreased transcription [39]. While 
ischemic tolerance may rely on the increased abundance of 

Fig. 8  UCHL1 downregulation 
in the hippocampus is post-
transcriptional and is preceded 
by depletion of AsUchl1. a 
Schematic depiction of the 
genetic landscape of Uchl1, in 
which a partially overlapping 
antisense non-coding RNA 
(AsUchl1) also resides. Points 
of primer pair binding are 
shown (arrows). The regula-
tory SINEB2 region is also 
highlighted. b DNA agarose 
gels were run to ensure success-
ful, specific amplification with 
primer pairs targeting AsUchl1 
and Uchl1. Primers targeting 
the SINEB2 region were used 
in subsequent investigations. c 
Hippocampal subfield microdis-
section was carried out. d, e RT-
qPCR was carried out for each 
subfield at 8 h (left) and 24 h 
(right) for d Uchl1 mRNA fol-
lowing 1 µg KA and e AsUchl1 
lncRNA following 0.3 µg KA 
(n = 4–6, Mann–Whitney U test, 
two-tailed). Data expressed as 
mean ± SEM, *P < 0.05. CA 
cornu ammonis, CON control, 
DG dentate gyrus, INJ injury
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transcriptional repressors [13], our data highlight different 
strategies that may be involved in protection during epi-
leptic tolerance. Regarding injury, SE was associated with 
dysregulation of a number of proteins previously impli-
cated in proteomic profiling studies that may be fruitful in 
future investigations. These include those of the dihydro-
pyrimidinase related protein family (DRP1, −2, −3 and −5 
[40, 41]), dynamin-1 and -2 [42], synaptic proteins includ-
ing various septins and T-complex proteins, α-internexin, 

NIPSNAP and SynGAP [43, 44], various heat-shock pro-
teins [40, 42] and regulators of ubiquitin-conjugation such 
as UCHL1, UCHL5 and Ubiquitin-conjugating enzyme E2 
[41, 42].

Here we show that SE is associated with a precipitous 
loss of UCHL1 in the hippocampus, while experimental 
depletion of UCHL1 leads to altered ubiquitin homeosta-
sis and inhibition of the UPS. Importantly, UCHL1 inhibi-
tion leads to prolonged periods of synchronous discharge 

Fig. 9  AsUchl1 positively regulates the expression of UCHL1 and 
may be induced by mTOR inhibition. a Synthetic oligonucleotides 
targeting the overlap region (red box) of AsUchl1 were employed 
to knockdown AsUchl1-mediated translation of Uchl1. b FJB stain-
ing of mice 24  h after receiving i.c.v. injection of anti-AsUchl1 or 
scrambled control (1–100  pmol) was carried out to assess potential 
RNA toxicity. c Immunoblotting was performed for UCHL1 expres-
sion 24 h after 10 pmol i.c.v. injection of anti-AsUchl1 or scrambled 
control (n = 4, Mann–Whitney U test, two-tailed). d Representa-
tive blots used for the semi-quantification of UCHL1 expression in 

c, n = 1 per lane, with observed molecular weights and experimental 
conditions annotated. e I.p. injection of rapamycin (1 mg/kg) was car-
ried out in naive mice at 6  h prior to the sampling of hippocampal 
lysates. Western blotting was carried out for UCHL1 as above (n = 4, 
Mann–Whitney U test, two-tailed). f Representative blots used for the 
semi-quantification of UCHL1 expression in e, n = 1 per lane, with 
observed molecular weights and experimental conditions annotated. 
Data expressed as mean ± SEM. *P < 0.05. ANT anti-AsUchl1, RAPA 
rapamycin, SCR scrambled control, TUB tubulin



2050 Neurochem Res (2017) 42:2033–2054

1 3

and increased seizure-induced cell death. UCHL1 is a dual 
DUB enzyme and ubiquitin ligase that has been implicated 
in Alzheimer’s disease, Parkinsonisms and neurodegenera-
tion [30, 45–48], with functional roles in maintenance of 
synaptic structure, ubiquitin stabilisation and turnover, and 
regulation of proteasomal and lysosomal degradation [30, 
36, 49–51]. Loss of UCHL1 expression is seen in retinal 
ischemia, where prior preconditioning rescues UCHL1 
depletion [52]. Here, we observed a striking EEG pheno-
type when SE is preceded by UCHL1 inhibition, where 
animals receiving LDN underwent extended periods of 
high-amplitude, low-frequency activity uniquely responsi-
ble for seizure-induced cell death in this model, even after 
administration of the anticonvulsant lorazepam. It remains 
unclear whether UCHL1 inhibition directly impacts cell 
viability or whether LDN indirectly promotes cell death 
during SE via prolonged periods of high-amplitude dis-
charge and inhibition of lorazepam efficacy. Nevertheless, 
our data point to destabilisation of ubiquitin homeostasis, 
alteration of key synaptic proteins, and dysregulation of 
the UPS as concomitant to the exacerbation of both SE and 
subsequent seizure-induced cell death, suggesting UCHL1 
may be a key factor in the response to numerous insults, 
including SE and ischemia, where maintenance of expres-
sion is aligned with superior outcomes. Our data do not 
directly rule out a possible off-target effect of LDN on 
neurotransmission that may explain some of our observa-
tions, however. Though selective over other UCH isoforms 
[35], data is lacking regarding other potential neuronal 
targets of LDN, beside UCHL1. It is encouraging that the 
effect of LDN on synaptic morphology is rescued by exog-
enously applied ubiquitin [51], while the effect of LDN on 
contextual fear retention is mirrored by overexpression of 
a dominant-negative UCHL1 mutant [30], suggesting that 
the action of LDN is UCHL1-dependent, at least in these 
contexts.

The in  vivo substrates of UCHL1 remain unclear. The 
primary function of UCHL1 is likely the deubiquitination 
of degraded peptide fragments, in tandem with stabilisation 
of unbound ubiquitin [49]. UCHL1 inhibition both in vivo 
[36] and in vitro [51] leads to a transient reduction in the 
level of monomeric ubiquitin by ~20% within 4 h. This is 
reflected in strains lacking functional UCHL1 expression 
[50, 53]. UCHL1 substrates may also include functionally 
mature proteins that are pertinent to epilepsy and SE, where 
ubiquitination regulates protein expression or localisation. 
Surface expression of certain transporter and signalling 
proteins, including NCAM [54], Glutamate Transporter 
GLT-1 [55] and Glycine Transporter GlyT2 [56], is regu-
lated by UCHL1. Mechanistically, UCHL1 mediates rapid 
recycling of NCAM and GLT-1 within early endosomes 
through its DUB activity, reducing downstream degrada-
tion within the lysosome [54, 55]. Although ubiquitination 

status may depend on the ubiquitin pool (as regulated by 
UCHL1), these studies proffer that UCHL1 directly modu-
lates ubiquitination of these proteins. For example, GLT-1 
dynamics were not affected by UCHL3 inhibition [55], 
even though it too can regulate monomeric ubiquitin lev-
els [56]. UCHL1 inhibition does not affect ubiquitination 
status or distribution of another glycine transporter, GlyT1 
[55], and intracellular NCAM is colocalised with UCHL1 
[54], suggesting that there are specific UCHL1 substrates 
in the brain.

Here, UCHL1 inhibition was coupled to an alteration in 
a key synaptic protein, PSD-95. It is likely that the effect 
of LDN on synaptic structures is specific to UCHL1 inhi-
bition, as such changes are not observed following inhibi-
tion of UCHL3 [51]. Studies in vitro have noted that LDN 
treatment leads to an increase in the size of PSD-95-posi-
tive puncta alongside a decrease in puncta density [36, 51]. 
Although total PSD-95 immunoblot density is increased 
[51], at odds with our own data, neither study assessed 
PSD-95 levels from hippocampal lysates following LDN 
treatment. While total PSD-95 levels are increased in 
nm3419 mice lacking functional UCHL1 [51], these mice 
display redundant DUB activity through increased expres-
sion of Usp14, another DUB enzyme [50]. No previous 
report has assessed PSD-95 changes following UCHL1 
inhibition in vivo in wildtype mice or addressed the ultra-
structural effects of UCHL1 inhibition in  vivo. LDN 
increased pathological synchronous activity during SE but 
did not induce cell death in itself, suggesting that LDN-
induced loss of PSD-95 is associated with a change in net-
work excitability without ablation of postsynaptic struc-
tures. This is reflected in PSD-95-null mice that display 
normal synaptic morphology but pronounced increases in 
long-term potentiation [57]. Redistribution of postsynaptic 
proteins including PSD-95 and NR2B-containing NMDA 
receptors has been observed following SE and contributes 
to excitotoxicity and epileptogenesis [58]. Therefore, PSD-
95 depletion may contribute to the exacerbated EEG phe-
notype noted here.

UCHL1 inhibition was also observed to lead to UPS 
impairment. Accumulation of  ubiquitinG76V-GFP appeared 
at 4  h after LDN administration. Data from other reports 
have been conflicting on this issue. Cartier et  al. reported 
that in lysates derived from primary neuronal cultures, 
LDN treatment did not alter the cleavage of Suc-LLVY-
AMC, a UPS substrate, and there was also no apparent 
change in the level of polyubiquitinated proteins [51]. How-
ever, that same study noted that LDN reduced clearance of 
exogenous ubiquitin-GFP [51]. Another study indirectly 
assessed UPS function in nm3419 mice (lacking functional 
UCHL1) and  axj mice (lacking functional Usp14), asserting 
that UCHL1 contributes to lysosome-mediated degradation 
but not proteasomal degradation [50]. However, data here 
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unequivocally demonstrate that acute disruption of UCHL1 
function leads to an impairment in ubiquitin-dependent 
protein degradation in  vivo. Redundant DUB activity by 
Usp14 in nm3419 mice may underlie these discrepancies 
[50]. The UPS is a vital component of synaptic plastic-
ity mechanisms and dendritic structure, where activity-
dependent alterations of UPS function and protein turnover 
represent a key regulatory mechanism in neuronal function 
[59, 60]. UPS function is altered in certain neurological dis-
orders such as Parkinson’s, Alzheimer’s and Huntington’s 
[61, 62]. It is also transiently impaired following cerebral 
ischemia, with concomitant deposition of polyubiquitinated 
proteins [63, 64], and UPS-mediated structural remodeling 
of dendrites suppresses excitability arising after transient 
ischemia [14]. These data suggest that UCHL1 inhibition, 
through the depletion of ubiquitin turnover, leads to UPS 
impairment and alterations in the postsynaptic density. In 
this context, hypersynchronous activity arising from SE is 
exacerbated.

Finally, we suggest that SE-induced downregulation 
of UCHL1 is a post-transcriptional event. Uchl1 tran-
scription was not altered at 8 or 24 h following SE in any 
hippocampal subfield. Post-transcriptional regulation of 
UCHL1 expression might be attained through transla-
tional induction by AsUchl1, a pro-translational lncRNA 
[21]. We confirm for the first time that AsUchl1 posi-
tively regulates the expression of UCHL1 in vivo and is 
downregulated following SE. Furthermore, as AsUchl1 
export into the cytoplasm increases following mTOR 
inhibition [21], we confirmed that rapamycin, a potent 
mTOR inhibitor and anti-epileptogenic agent [20, 65], 
increased UCHL1 expression. MTOR is a master regu-
lator of several cellular processes, with implications for 
cell death, excitability and epileptogenesis [65]. Hyper-
activation of mTOR and deregulation of upstream sig-
nalling components can precipitate neurological disor-
ders involving encephalopathy and epilepsy [66–68] and 
is epileptogenic in animal models [69, 70]. Rapamycin 
can attenuate processes associated with epileptogenesis, 
including hippocampal cell death, axonal sprouting, neu-
rogenesis and spontaneous seizure onset [71]. Hyperacti-
vation of mTOR following SE appears to favour compl-
exation with raptor in the mTOR complex 1 (mTORC1), 
the primary effector of downstream perturbations to den-
dritic dysregulation and cognitive deficits [20]. Intrigu-
ingly, UCHL1 has been implicated as a regulator of 
the balance between mTORC1 and rictor-containing 
mTORC2, where overactivation of mTORC1 is particu-
larly deleterious to cell survival [72]. The regulation of 
AsUchl1 localisation by mTOR coupled with the regu-
lation of mTORC1:mTORC2 balance by UCHL1 sug-
gests that UCHL1 is involved in an important regulatory 
loop of mTOR signalling. We propose that dysregulation 

of this loop, as supported here and elsewhere [20, 72], 
would favour overactivation of mTORC1 and suppression 
of UCHL1 following SE.

While our experimental approach lacks direct thera-
peutic relevance, we are confident that the data demon-
strate that the levels of UCHL1 can influence injury fol-
lowing SE, and there are noteworthy clinical implications 
in considering UCHL1 function. Two independent groups 
have identified elevated CSF levels of UCHL1 following 
epilepsy-induced neuronal damage [73] and within 48 h 
of epileptic seizure [74]. UCHL1 is a highly abundant 
neuronal protein, and while its elevation in CSF is likely 
a result of widespread cell damage, our data suggest 
that the loss of UCHL1 expression may also precipitate 
injury. Our data also implicate rapamycin in the regula-
tion of UCHL1. Rapamycin is remarkably effective in 
reducing seizures in patients suffering familial focal epi-
lepsies, reducing seizure frequency in Pretzel Syndrome 
patients [75] and effectively controlling convulsions in 
two patient cohorts suffering Tuberous Sclerosis Com-
plex [76, 77]. The therapeutic potential of UCHL1 over-
expression has been demonstrated in other neurological 
conditions also, including Alzheimer’s disease [78] and 
other tauopathies [79].

In sum, these data demonstrate that proteomic analysis 
of SE is a powerful discovery tool for uncovering novel 
regulators of epilepsy pathophysiology. The main target 
pursued here, UCHL1, appears to protect against prolonged 
high-amplitude, low-frequency discharges and seizure-
induced cell death. Further, we describe for the first time 
in  vivo that UCHL1 translation is positively regulated by 
the lncRNA, AsUchl1. AsUchl1 is downregulated fol-
lowing SE (where Uchl1 transcription continues) and is 
activated by mTOR inhibition [18]. The dysregulation of 
mTOR after SE and during epilepsy is well documented; 
however, the regulatory loop with UCHL1 represents an 
underappreciated regulatory modality of mTOR signalling 
cascades and the possible role of UCHL1 upregulation in 
the efficacy of rapamycin may be one worth exploring.
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