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Abstract—Unfolded protein response is a signaling cascade triggered by misfolded proteins in the endoplasmic
reticulum. Heat shock protein H4 (HSPH4) and A5 (HSPA5) are two chaperoning proteins present within the orga-
nelle, which target misfolded peptides during prolonged stress conditions. Epileptogenic insults and epileptic
seizures are a notable source of stress on cells. To investigate whether they influence expression of these chap-
erones, we performed immunohistochemical stainings in brains from rats that experienced a status epilepticus
(SE) as a trigger of epileptogenesis and from canine epilepsy patients. Quantification of HSPA5 and HSPH4
revealed alterations in hippocampus and parahippocampal cortex. In rats, SE induced up-regulation of HSPA5
in the piriform cortex and down-regulation of HSPA5 and HSPH4 in the hippocampus. Regionally restricted
increases in expression of the two proteins has been observed in the chronic phase with spontaneous recurrent
seizures. Confocal microscopy revealed a predominant expression of both proteins in neurons, no expression in
microglia and circumscribed expression in astroglia. In canine patients, only up-regulation of HSPH4 expression
was observed in Cornu Ammonis 1 region in animals diagnosed with structural epilepsy. This characterization of
HSPA5 and HSPH4 expression provided extensive information regarding spatial and temporal alterations of the
two proteins during SE-induced epileptogenesis and following epilepsy manifestations. Up-regulation of both
proteins implies stress exerted on ER during these disease phases. Taken together suggest a differential impact
of epileptogenesis on HSPA5 and HSPH4 expression and indicate them as a possible target for pharmacological
modulation of unfolded protein response. � 2020 The Authors. Published by Elsevier Ltd on behalf of IBRO. This is anopen

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Heat shock proteins (HSPs) comprise a group of highly

conserved, ubiquitous molecules, promoting proper

folding and assembling of polypeptides (Stetler et al.,

2010). They serve a prominent role in the defense against
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accumulation of misfolded proteins within a cell. More-

over, they execute other cytoprotective effects, like inhibi-

tion of apoptosis, protection of cytoskeletal structures and

immune modulation in stress conditions (Benarroch,

2011). Their vast functionality and ubiquitous presence

in many cell compartments establishes HSPs as key par-

ticles necessary for preservation of homeostasis and ren-

ders them putative therapeutic targets (Soti et al., 2005).

In eukaryotic cells, synthesis of proteins destined for

secretion or membrane anchoring occurs mostly in the

endoplasmic reticulum (ER). In the ER proteins are

folded into their tertiary and quaternary structures in

environmental conditions different from the ones in the

cytosol (Braakman and Bulleid, 2011). Molecular pertur-

bations reduce the ER protein-folding capacity, leading

to accumulation and aggregation of unfolded proteins –

a condition known as ER stress (Jaronen et al., 2014).

ER stress triggers the unfolded protein response (UPR),

which is an adaptive response responsible for restoring

protein homeostasis (Kozutsumi et al., 1988). One of
ons.org/licenses/by-nc-nd/4.0/).
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the important elements of the UPR is heat shock protein

A5 (HSPA5, also known as 78 kDa glucose-regulated
protein [GRP78] or binding immunoglobulin protein
[BiP]), which belongs to HSP group A (or HSP70). It is

expressed constitutively in the ER where it functions as

the main endoplasmic chaperone (Ni et al., 2011). Follow-

ing ER stress, misfolded proteins commence to aggre-

gate inside the organelle. HSPA5 is bound under

physiological conditions to three transmembrane signal

transducers. In the presence of misfolded proteins, it is

released from membrane proteins into the lumen of the

ER. Its dissociation enables the signal transducers to per-

form their previously inhibited activity, which leads to the

activation of the UPR signaling pathways (Timberlake

et al., 2018). The subsequent unfolded protein response

involves both rapid posttranslational regulation of chaper-

ones already active in the ER as well as slower induction

of transcription of genes involved in protein quality control.

In the end, it promotes degradation of cytotoxic misfolded

proteins and cell survival (Wang et al., 2009). HSPA5 can

also be expressed in other cell compartments, like mito-

chondria, cytosol or nucleus (Ni et al., 2011), as well as

on the cell membrane and released into the extracellular

space, both, in pathological and in physiological condi-

tions (Delpino and Castelli, 2002; Marin-Briggiler et al.,

2010; Aksoy et al., 2017).

Heat shock protein H4 (HSPH4, also known as
150 kDa oxygen-regulated protein [ORP150] and

hypoxia up-regulated protein 1 [HYOU1]) belongs to

HSP group H (or HSP110), acting as a co-chaperone for

HSPA subfamily. Given its ADP-ATP exchange function,

it mainly acts as a nucleotide exchange factor for HSPA5

in the ER, where it enhances substrate release in an

ATP-dependent manner (Dragovic et al., 2006; Raviol

et al., 2006). In addition, this peptide is also an indepen-

dent chaperone directly involved in UPR, but the regula-

tion of its substrate binding function is different from that

of other conventional HSP superfamily members

(Behnke et al., 2015). HSPH4 has been identified in the

ER of all eukaryotic cells (Rachel et al., 1997) where, in

concert with HSPA5, it regulates immunoglobulin folding

and assembly (Easton et al., 2000). Alternative locations

of this protein comprise also the cytosol and the extracel-

lular space where it acts as a modulator of the immune

system (Shaner and Morano, 2007; Zuo et al., 2012).

Increased ER stress, with the consequent UPR

activation followed by HSPA5 and HSPH4 up-regulation,

has been linked to brain ischemia (Su and Li, 2016), kai-

nic acid-dependent cell injury (Sokka et al., 2007a) and

cerebellar Purkinje cell degeneration (Ni and Lee, 2007).

The role played by ER stress following status epilepticus

(SE) induced cell death is still debated. Some authors

report that ER stress may lead to neuronal death

(Yamamoto et al., 2006; Sokka et al., 2007a; Chen

et al., 2013, 2014), while others sustain a pro-survival

mechanism in response to seizures (Kitao et al., 2001a;

Torres-Peraza et al., 2013). An increasing amount of data

suggests that prolonged ER stress may initiate intracellu-

lar signaling contributing to neurodegeneration in the

epileptic brain (Sokka et al., 2007b; Ko et al., 2015).
In post-status epilepticus models of temporal lobe

epilepsy (TLE), status epilepticus triggers

epileptogenesis, a process of alterations in neuronal

circuitry occurring from the initial insult on and resulting

in manifestation of epilepsy with recurrent spontaneous

epileptic seizures. Epileptogenesis can be divided in

three main stages: (1) the initial precipitating insult

followed by the early post-insult phase, (2) the seizure-

free latency phase and (3) the chronic epilepsy phase

during which patients exhibit spontaneous recurrent

seizures (Maguire, 2016). In the present study, we opted

for two very different animal models of TLE. The first one

is a rat electrical post-SE model, which has been exten-

sively validated in our group (Keck et al., 2017; van Dijk

et al., 2018; Gualtieri et al., 2019) and which allowed us

to elucidate alterations in the expression profiles of sev-

eral stress-associated proteins (Walker et al., 2016;

Keck et al., 2018), including a recent publication on a

member of the heat shock protein family, HSPA1A,

belonging to the group A subfamily as HSPA5 (Gualtieri

et al., 2019). The second one is a spontaneous canine

clinical model with different etiologies of epilepsy that

has already been suggested as a translational bridge

between highly standardized rodent models and human

clinical studies (Potschka et al., 2013).

Understanding whether and to which extent HSPH4

and HSPA5 expression vary during epileptogenesis is

essential for a better comprehension of the impact of

the ER stress and its aftermaths on the pathophysiology

of TLE. Investigating the alterations in both, laboratory

and clinical conditions, brings an advantage of in-depth

learning of the process in a regulated setting as well as

in a less predictable clinical environment.

EXPERIMENTAL PROCEDURES

Animals
SE induction and tissue collection in rats. The brain

samples were acquired from the in-house collection

from earlier experiments. Animals, purchased from

Harlan Laboratories (Udine, Italy), were housed under

controlled environmental conditions (20–24 �C, 45–65%
humidity, light cycle from 7:00 a.m. to 7:00p.m.) and

received food (Ssniff R/M Haltung, ssniff Spezialdiäten

GmbH, Germany) and tap water ad libitum. Female rats

were selected due to their lower mortality rate as

compared to males in this model (Brandt et al., 2003a).

Experimental procedures had been carried out in accor-

dance with the German Animal Welfare Act, the European

Communities Council Directive of 22 September 2010

(2010/63/EU), in compliance with the ARRIVE (Animal

Research: Reporting of In Vivo Experiments) guidelines,

and had been approved by the Committees of the

Government of Upper Bavaria (reference numbers: AZ

55.2-1-54-2532-94-11, AZ 55.2-1-54-2532-011-2015).

Every attempt had been made to minimize the number

of animals used and to avoid any pain or discomfort.

Animals with status epilepticus induction were age-

matched with control animals (CTR), which underwent
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electrode surgical implant without stimulation. Combined

stimulation-recording electrodes (Teflon� insulated

bipolar stainless steel electrodes, Ø 0.45 mm) were

positioned by means of a stereotaxic frame (TSE

Systems GmbH, Bad Homburg, Germany) under

general anesthesia with chloral hydrate (i.p. 360 mg/kg)

in the right anterior basolateral amygdala (AP �2.2 mm,

ML +4.7 mm, DV �8.5 mm) with coordinates according

to the rat brain atlas of Paxinos and Watson (1998).

Meloxicam (Metacam�, Boehringer-Ingelheim, Germany)

was administered subcutaneously at a dose of 1 mg/kg

30 min pre- and 24 h post-surgery with additional local

administration of bupivacaine (Bupivacaine 0.5%, Jena-

pharm, Jena, Germany) to the surgical site. Pre- and

postoperatively, marbofloxacin (1 mg/kg, Marbocyl FD

1%, Vétoquinol, Ravensburg, Germany) was subcuta-

neously administered twice a day, starting one day before

the implantation until the seventh post-surgical day. Eight

weeks after surgery SE was induced as described by

Ongerth et al. (2014). Briefly, following a baseline elec-

troencephalogram recording, rats were stimulated contin-

uously via the depth electrode for 25 min (intratrain pulse

frequency of 50 Hz, 700 mA peak pulse intensity, 100 ms

trains of 1 ms alternating positive and negative square-

wave-pulses at a frequency of 2 Hz; stimulator Accupul-

ser, A310C and stimulus isolator A365, World precision

Instruments, Berlin, Germany). The self-sustained SE

was confirmed by electroencephalography recording right

after the stimulation. SE was terminated by a diazepam

injection (i.p. 20 mg/kg – Diazepam – Ratiopharm, Ger-

many) 4 h after the beginning of the experiment. Behav-

ioral seizures were scored accordingly to the Racine

scale (1972) and SE severity ranked as follows: type 1

– partial SE consisting of non-convulsive seizures, type

2 – partial SE with generalized seizures, during which pre-

dominantly partial seizures are interrupted by episodes of

generalized convulsive seizures, type 3 – generalized SE

consisting of convulsive seizure activity (Brandt et al.,

2003b). Only brain samples from animals with a type 3

SE were selected for immunohistochemistry as only these

animals reliably develop epilepsy. Brains from 36 female

Sprague Dawley rats were used for the analysis.

Brain tissue was collected at three different time points

during epileptogenesis: (i) two days post-SE (early post-

insult phase), (ii) ten days post-SE (latency phase), (iii)
eight weeks post-SE (chronic epilepsy phase with

spontaneous recurrent seizures). SE and CTR animals

for each time point were deeply anesthetized by an

intraperitoneal injection of 600 mg/kg pentobarbital

(Narcoren�, Merial GmbH, Hallbergmoos, Germany)

and transcardially perfused with 4% paraformaldehyde in

0.1 M phosphate buffer (pH 7.4). Brains were post-fixed

in 4% paraformaldehyde (24 h, pH 7.4) cryoprotected in

a solution of 30% sucrose in 0.01 M Phosphate buffer

saline (PBS), and embedded in optimal cutting

temperature compound (4583, Electron Microscopy

Sciences – USA). Coronal sections (40 lm) were cut on

a cryostat (HM 560, Microm – Germany). Serial 40 lm
coronal brain sections from each time point were then

stored at �20 �C for several (6–8) months in a

cryoprotectant solution (30% ethylene glycol, 30%
glycerin, 10% 0.2 M phosphate buffer), and afterwards

they were processed for immunohistochemistry.

Clinical background and tissue collection in dogs. Post

mortem brain tissue was taken from an in-house collection

(Institute for Pathology of the University of Veterinary

Medicine in Hannover) of 48 canine brain samples (age

range 2 months–15 years) as previously described

(Ruden et al., 2012). Brains were initially post-fixed in

10% formalin for ten days, paraffin embedded and cut in

2-mm thick transverse sections before being mounted on

positively charged microscope slides (Superfrost plus,

Menzel-Gläser, Braunschweig, Germany). The sections

were stored at room temperature, in conditions enabling

protection from light. Every section contained the hip-

pocampus in a range from #1360 to #1660 of the canine

brain atlas (Welker Wally, http://neurosciencelibrary.org).

Dogs were distributed to following groups: (i) patient con-
trol group (CTRpat) consisting of owner kept dogs without

central nervous system diseases (n= 18, age range 2–

180 months, mean 70.67 ± 12.58), (ii) experimental con-
trol group (CTRexp) consisting of dogs without CNS dis-

eases (free of neuropathology and with no general

pathological findings in the periphery) but previously used

as experimental dogs in parasitology research by the Insti-

tute of Parasitology of the University of Veterinary Medi-

cine Hanover, Germany; this group was highly

standardized and consisted of Beagle dogs kept under

uniform conditions (n= 10, age range 12–16 months,

mean 14 ± 0.67), (iii) epileptic animals consisting of dogs

with an epilepsy diagnosis. This latter group was subclas-

sified by the type of epilepsy [according to the etiology def-

inition given by the international veterinary task force

(Berendt et al., 2015)], comprising animals presenting

structural epilepsy with identified cerebral pathology

(n= 12, age range 30–140 months, mean 81.17

± 12.29) and animals presenting idiopathic epilepsy,

with unknown cause and no identification of structural epi-

lepsy (n= 8, age range 2.5–157 months, mean 51.94

± 18.82). The classification has been based on the clini-

cal diagnosis, such as anamnesis, neurological examina-

tion and pathological evaluation of canine patients.

All animal experiments were conducted in accordance

with the German Animal Welfare Law and all experiments

were approved by the local authorities (Niedersächsisches

Landesamt für Verbraucherschutz und Lebensmittel-

sicherheit [LAVES], Oldenburg, Germany, permission

numbers: 33.9-42502-05-12A241, 33.19-42502-05-

16A044). The owners of dogs included in this study

signed an informed consent form. Brain tissue from the

archive of the department of Pathology of the University of

Veterinary Medicine in Hanover, Germany has been used

in accordance to the ethical rules and in compliance with

the recommendations of the University of Veterinary

Medicine in Hanover, Germany.
Immunohistochemistry

All antibodies used of this study are reported with relative

SciCrunch Research Resource Identifiers (https://

scicrunch.org/resources) in Table S1.

http://neurosciencelibrary.org
https://scicrunch.org/resources
https://scicrunch.org/resources
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Rat sections: for both HSPH4 and HSPA5 single

immunostainings, free-floating 40-lm thick coronal

sections were washed in Tris-buffered saline containing

0.05% Tween-20 (TBST – P9416, Sigma-Aldrich,

Germany) at room temperature and a heat-induced

epitope retrieval (HIER) step was performed in a pre-

heated water bath using sodium citrate buffer (80 �C,
30 min, pH 6.0). Following three further TBST washes,

endogenous peroxidase was inhibited by 20 min

incubation in 3% H2O2 and in order to avoid non-

specific antibody binding we performed a 60 min

blocking step (5% goat serum, 2% bovine serum

albumin – A4737 Sigma-Aldrich, Germany). Slices were

then incubated overnight (16 h, 4 �C) with either anti-

HSPA5 (1:5000) or anti-HSPH4 (1:750) antibodies. The

following day, sections were rinsed thrice in TBST and

incubated at room temperature with biotinylated goat

anti-rabbit (for HSPH4: 90 min, 1:1000; for HSPA5:

120 min, 1:1500) diluted in antibody carrier (TBS added

with 1% bovine serum albumin, Triton 0.3%, 1% goat

serum). After three more washing steps in TBST, brain

sections were incubated at room temperature in

VECTASTAIN ABC-Peroxidase Kit (1:100, 60 min) and

stained using SIGMAFASTTM 3,30-diaminobenzidine

tablets in accordance with manufacturer’s instructions.

HSPH4 samples were additionally counterstained with

Hemalum solution acidic according to Mayer (Roth

T865, Carl Roth, Germany) since cell morphology was

not as clear as in the HSPA5 staining. All sections were

afterwards mounted on microscope glasses and

coverslipped with Entellan� (107960, Merck, Darmstadt,

Germany). Negative controls were processed in parallel

with omission of the primary antibody.

Dog sections: For both HSPH4 and HSPA5

immunostaining, paraffin-embedded 2-mm thick brain

sections were initially deparaffinized and rehydrated

using ethanol and xylene gradients. Since this is a

whole mount reaction, all immunohistochemistry

incubations were performed in humidity chambers and

in-between washes were carried out in cuvettes. Initial

washes, HIER and endogenous peroxidase inhibition

were performed as previously described for rat brain

tissue. Subsequently, sections were blocked using

0.25% casein (C7078 Sigma-Aldrich, Germany) in TBS

and incubated overnight (16 h, 4 �C) with either anti-

HSPH4 (1:50) or anti-HSPA5 (1:50) primary antibodies

suspended in antibody carrier (TBS added with 0.25%

casein and 0.1% Tween 20). The following day, sections

were rinsed thrice in TBST and incubated at room

temperature with biotinylated goat anti-rabbit secondary

antibody (1:500, 60 min). After three more washing

steps in TBST, samples were incubated at room

temperature in VECTASTAIN ABC-Peroxidase Kit

(1:100, 60 min) and stained using SIGMAFASTTM 3,30-
diaminobenzidine tablets according to manufacturer’s

instructions. Sections were washed twice in TBS, once

in distilled water and counterstained with Hemalum

solution acidic according to Mayer. Brain slices were air-

dried overnight and microscope glasses were

coverslipped with Entellan� (107960, Merck, Darmstadt,

Germany). Comparable to rat staining, negative controls
were processed in parallel by omitting the primary

antibody.

To determine the cellular expression profile of HSPA5

and HSPH4 in rat tissue, we performed double-

immunolabeling using markers for principal neurons

(NeuN), for astrocytes (GFAP) and for microglia (Iba1).

Six animals, three from CTR and three from SE groups,

were randomly selected among the entire pool of

animals for each time point (http://randomizer.org).

Sections were initially rinsed thrice in phosphate

buffered saline containing 0.1% Tween-20 (PBST),

followed by HIER as described above. Afterwards, a

60 min blocking step was performed at room

temperature using PBS added with 2% bovine serum

albumin (A2153, Sigma-Aldrich, Germany) and 0.01%

cold water fish skin gelatin (G7041, Sigma-Aldrich,

Germany) in order to prevent unspecific bindings.

Primary antibodies for the proteins of interest (rabbit

anti-HSPA5 – 1:2500, rabbit anti-HSPH4 – 1:150) were

incubated overnight (4 �C, 16 h) in combination with

either antibodies for NeuN (1:500), GFAP (1:1000), or

Iba1 (1:1000). Following three PBST washes, sections

were incubated with secondary antibodies. Alexa Fluor

594-conjugated goat anti-rabbit antibody (1:1000,

60 min, 24 �C) was used to label HSPA5, while

biotinylated goat anti-rabbit (1:1000, 60 min, 24 �C)
together with Cy3-conjugated streptavidin (1:2000,

60 min, 24 �C) was used to label HSPH4. Alexa Fluor

488-conjugated goat anti-mouse antibody was used to

label both NeuN and GFAP (1:1000, 60 min, 24 �C)
while for Iba1 labelling the Cy2-conjugated donkey anti-

goat antibody (1:1000, 90 min, 24 �C) was chosen.

Finally, after three further washing steps in PBS, slices

were counterstained using Hoechst 33342, mounted on

microscope glasses and coverslipped with

Immunoselect Antifading Mounting Medium.
HSPH4 and HSPA5 stereological cell count in rats

Rat brain sections distanced from each other by 720 lm
were processed for stereological cell counting. HSPA5

and HSPH4 positive cells were counted using the

systematic random sampling (Gundersen and Jensen,

1987) in following areas:

� Hippocampus [bregma from �2.1 to �6.1]: hilus of

the dentate gyrus, Cornu Ammonis region 1 (CA1)

and region 3 (CA3)

� Parahippocampal cortex: perirhinal cortex [bregma

from �3.1 to �7.1], lateral and medial entorhinal cortex

[bregma from �2.4 to �7.1], piriform cortex [bregma

from 0.0 to �4.9] layer 1 (Pir1), layer 2 (Pir2) and layer

3 (Pir3) were analyzed separately given their different

contribution to epileptogenesis (Loscher et al., 1995;

Vaughan and Jackson, 2014).

Unbiased stereological cell counting was performed

using an optical brightfield microscope (DMLB, Leica

Microsystems, RRID: SCR_008960, Germany) equipped

with Bio Point 2 Motorized Stage (Ludl Electronic

Products, USA) and a color CCD camera (CX9000 –

http://randomizer.org
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MBF Bioscience USA). The person performing the

quantification was blinded and all samples were

randomized before the analysis (http://randomizer.org).

Samples were evaluated using Stereo Investigator

software (version 11 – MBF Bioscience, USA) with area

estimation performed at low magnification (5�/0.12 NA)

and cell count performed at high magnification

(40�/0.65 NA). For each region, calculated volumes

were estimated by Cavalieri’s principle (Gundersen and

Jensen, 1987) and the total number of neurons was esti-

mated using the optical fractionator counting method

(West et al., 1991).

The number of HSPH4 and HSPH5 positive cells,

returned from the software as estimated population

using Mean Section Thickness, were expressed as cell

density using the calculated volume:

Cell Density ¼ ðHspH4 or HspA5Þpositive cells

Calculated Volume

The software returns the coefficient of error (CE), an

index expressing the precision for each stereological cell

count, in both m= 0 and m= 1; we opted for the

m= 1 since it has already been described (Gundersen

et al., 1999) that biological samples are best described

by this metric. In order to evaluate the study design, in

addition to the estimate of within-animal variation by the

CE, the variability between animals per region was calcu-

lated as a standard deviation (SD) and a coefficient of

variation (CV = SD/mean), that measures the inter-

animal variability. Both coefficients were afterwards used

to evaluate study design by means of a CE2/CV2 ratio.

[CE2/CV2] � 0.5 was considered acceptable

(Gundersen, 1986), as also reported by other studies

(Rajkowska et al., 2016). All precision parameters for

stereological cell counting are gathered and reported in

Table S2 (for HSPA5) and Table S3 (for HSPH4).
HSPH4 and HSPA5 optical density and area in dogs

Since canine tissue samples were collected post mortem,

a highly standardized tissue sampling procedure as the

one carried out in rats was impossible. For this reason,

a stereological cell count could not be performed and

instead we quantified the level of HSPA5 and HSPH4

by means of optical density (OD) and area of the

staining for these two proteins.

Images were captured at 20� magnification using an

Olympus BH2 microscope equipped with a single chip

charge-coupled device (CCD) color camera (Axiocam;

Zeiss, Göttingen, Germany) and an AMD Athlon 64

processor-based computer with image capturing

software (AxioVision v4.6, RRID:SCR_002677, Zeiss,

Germany). Images were analyzed by ImageJ software

(ImageJ v1.51, RRID:SCR_003070, NIH) as described

by Schneider et al. (2012).

Regions of interest included hippocampal dentate

gyrus, hilus, CA1, CA3 and parahippocampal cortex.

Due to lack of standardized sources regarding detailed

anatomy of canine brain, we decided, unlike in rats, not

to divide the parahippocampal cortex into sub-regions.

In each region, five representative pictures were

acquired at 40� magnification, resulting in up to 25
visual fields (297.22 � 222.70 mm) obtained from each

animal.

For OD analysis, at first we performed the calibration

in accordance with instructions on the software website

(ImageJ). Images were then analyzed as follows: initially

pictures were cropped to contain only the region of

interest and exclude artefacts. Afterwards, images were

processed with the color deconvolution plugin (vector

Hematoxylin-DAB) described by Ruifrok and Johnston

(2001) that generates three 8-bit images (brown, blue

and green), of which only the brown one, corresponding

to DAB, was further processed. Histogram-based auto-

matic triangle threshold (Zack et al., 1977) was applied

to images in order to select specific signal over the back-

ground. Thresholded area and mean OD values from all

pictures analyzed were averaged for each region and fur-

ther used for statistical analysis.
HSPH4 and HSPA5 colocalization imaging

Confocal laser scanning microscopy was performed on a

Carl Zeiss LSM-880 microscope equipped with argon

(458, 488 and 514 nm), DPSS 561-10 (405 nm) and

HeNe633 (633 nm) lasers (Zeiss LSM 800 with

Airyscan, RRID: SCR_015963). Images were captured

at resolution of 1024 � 1024 pixels and in order to

improve the signal-to-noise ratio, two scans of one focal

plane were averaged. Images were obtained using Plan-

Apochromat 20�/0.8 NA and Plan-Apochromat 63�/1.4

NA objectives, then further processed with Zeiss built-in

software (ZEN Digital Imaging for Light Microscopy –

black edition v.2.3, RRID:SCR_013672).

All animals were visually inspected in hilus, CA1, CA3,

perirhinal and piriform cortices to assess and locate the

presence of HSPH4 and HSPA5 labelled cells. Where

signal was located, 5 to 7 single confocal plane

representative images were acquired at low

magnification both in ipsilateral and contralateral (to the

electrode) hemispheres. In case the probes signal was

not clearly identifiable, both, higher magnification and z-

stack micrographs were captured in order to increase

image resolution.
Statistics

Statistical analysis was performed with SPSS v24 (SPSS,

RRID:SCR_002865, USA) and Prism 5.04 (GraphPad

Prism, RRID: SCR_002798; San Diego, USA).

Ipsilateral and contralateral estimated cell counts from

each time point in all regions, as well as the volumes

calculated by the Stereo Investigator software were

compared using the one-way ANOVA followed by

Bonferroni post-hoc test.

In rats, HSPH4 and HSPA5 cell density between rats

with SE and control rats as well as between different time

points of the experiment were analyzed using two-way

ANOVA followed by Bonferroni post-hoc test. In dogs,

HSPH4 and HSPA5 OD between SE and control was

tested in all regions within each time point by using the

one-way ANOVA followed by Bonferroni post-hoc test.

Data are indicated as mean ± SEM and we considered

a p value <0.05 statistically significant.

http://randomizer.org
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RESULTS

HSPH4 and HSPA5 expression in rats

Immunohistochemistry for HSPA5 and HSPH4 provided

information about their distribution across the

investigated brain regions. At each time point, both, SE

and control rats, presented a similar staining pattern,

with high abundance in all investigated brain regions

and signal distributed mostly in cell soma. Most of

immunopositive cells seemed to resemble principal

neurons, with an exception of several positively stained

cells found in the layer 1 of the piriform cortex, which

matched the morphology of glial cells, possibly

astrocytes. No difference in staining intensity nor in

localization were observed between the time points.

HSPA5 was found to be in the very proximity of the cell

nucleus, as expected from an ER chaperone, but also in

cytosol reaching in some cases the processes. In

contrast, HSPH4 had a more diffuse expression in the

extracellular space in the regions surrounding the

pyramidal layer, namely the stratum lacunosum-

moleculare, stratum radiatum, stratum lucidum, and the

stratum oriens.

In the stereological analysis, no difference was

demonstrated between the ipsilateral and contralateral

side, neither in cell count nor in volume calculation. For

that reason, results from both sides were summed up

for a respective region in each animal and expressed as

a cell density. SE modified the expression of these

proteins differently at the three time points with a

stronger effect in the latency phase, a marginal effect in

the acute, and no effect in the chronic phase.

Stereological cell counting revealed that HSPA5 was

up-regulated in the parahippocampal cortex (Fig. 1D–H).

Specifically, in piriform layer 1 of animals experiencing

SE, we found in the early post-insult and latency phase

a 3.5-fold and a 3.6-fold increase in cell density,

respectively (F [1, 30] = 19.844, p= 0.0001). Cells in

this region presented also a darker staining in SE

animals (Fig. 1J, L) compared to age matched controls

(Fig. 1I, K). In the other parahippocampal cortex

regions, SE did not affect the number of cells in all time

points. Quantification of HSPA5 levels revealed a

tangible effect of SE on this protein both in the

hippocampus (Fig. 1A–C) and in the parahippocampal

cortex. In the hippocampal area, a down-regulation of

HSPA5 levels in animals with a SE history has been

observed in all analyzed sub-regions (hilus: F [1, 30]

= 7.543, p= 0.01; CA3: F [1, 30] = 4.633, p= 0.04;

CA1: F [1, 30] = 5.727, p= 0.023). The analysis of the

influence of time course on the expression of HSPA5

revealed statistically significant changes in all examined
Fig 1. HSPA5 quantification in rat. Cell density of HSPA5 stereological

parahippocampal cortex (D: Entorhinal, E: Piriform-layer 1, F: Piriform-layer

density of the ipsi- and contralateral sides summed together. Representative i

cells in SE (J, L) compared to CTR animals (I, K). Images are shown from a

acute post-insult phase (I, J) and the latency phase (K, L). All data are pro

stimulation), #p< 0.05 (effect of time), two-way ANOVA. CTR: Electrode-imp

days post-SE, 10d: ten days post-SE, 8w: eight weeks post-SE.
regions except in CA1 and layer 1 of the piriform cortex

(hilus: F [2, 30] = 3.368, p= 0.048; CA3: F [2, 30]

= 6.197, p= 0.006; entorhinal cortex: F [2, 30]

= 6.116, p= 0.006; perirhinal cortex: F [2, 30] = 3.181,

p= 0.004; piriform cortex layer 2: F [2, 30] = 3.686,

p= 0.037; piriform cortex layer 3: F [2, 30] = 6.404,

p= 0.005). Post-hoc analysis revealed a significant

increase of HSPA5 levels in the chronic phase as

compared to the latency phase (hilus: p= 0.046; CA3:

p= 0.005; entorhinal cortex: p= 0.013; perirhinal

cortex: p= 0.005; piriform cortex layer 2: p= 0.034;

piriform cortex layer 3: p= 0.004) as well as in

comparison to the acute post-insult phase (entorhinal

cortex: p= 0.017; perirhinal cortex: p= 0.035).

Quantification of HSPH4 revealed a less discernible

effect of SE on this protein both in the hippocampal

area (Fig. 2A–C) and in the parahippocampal cortex

(Fig. 2D–H). Similarly to HSPA5, a down-regulation of

HSPH4 has been observed in the hilus of the dentate

gyrus (F [1, 29] = 10.117, p= 0.003). In the perirhinal

cortex we were able to elucidate a trend for an increase

of HSPH4 expression (F [1, 30] = 4.108, p= 0.052).

Time-related changes were observed in layer 3 of the

piriform cortex (F [2, 30] = 3.717, p= 0.036). Post-hoc

testing revealed a significant up-regulation of HSPH4

expression in the chronic phase as compared to the

latency phase (p= 0.038). HSPH4 staining in animals

with SE (Fig. 2M–P) appeared darker than respective

controls (Fig. 2I–L), both in the cell soma and in the

extracellular space.

HSPH4 and HSPA5 expression in dogs

Analysis of immunohistochemically stained brain tissue

revealed a strong cytoplasmatic signal of HSPA5

present in all regions of interest. In the hippocampus,

the majority of positive cells were present in CA1

(Fig. 3E) and CA3 pyramidal layer as well as in the

polymorphic cell layer of dentate gyrus (hilus). In the

parahippocampal cortex, the most cell dense region was

the layer 2 of piriform cortex. Similarly to rats, the

morphology and location of HSPA5 stained cells

resembled pyramidal neurons and, with minor extent,

astroglia. Signal from HSPA5 was detected

predominantly in the cell soma. No group difference

became evident when analyzing protein expression in

the different groups based on stained area (Fig. 3A–F)

or OD (data not shown).

HSPH4 analysis revealed a strong cytoplasmic signal

in all regions of interest, with positive cells located in CA1

(Fig. 3H) and CA3 pyramidal layer as well as hilus of the

hippocampus. In the latency phase, the majority of

stained cells were present in layer 1 and 2 of the
cell count in the hippocampus (A: Hilus, B: CA1, C: CA3) and

2, G: Piriform-layer 3, H: Perirhinal). Data points correspond to cell

mages of the piriform cortex illustrating the increase of HSPA5 positive

nimals with a history of a status epilepticus with sampling during the

vided as mean (dashed line) ± SEM, *p< 0.05 (effect of electrical

lanted controls, SE: animals with history of status epilepticus, 2d: two

"
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Fig 2. HSPH4 quantification in rat. Cell density of HSPH4 stereological cell count in the hippocampus (A: Hilus, B: CA1, C: CA3) and

parahippocampal cortex (D: Entorhinal, E: Piriform-layer 1, F: Piriform-layer 2, G: Piriform-layer 3, H: Perirhinal). Data points correspond to cell

density of the ipsi- and contralateral sides summed together. Representative images of CA1 (I, M), piriform-layer 2 (J, N), entorhinal (K, O) and

perirhinal (L, P) cortices showing the increase of HSPH4 positive cells in SE (M–P) compared to CTR animals (I–L). Images are shown from animals

with a history of a status epilepticus with sampling during the latency phase. All data are given as mean (dashed line) ± SEM, *p< 0.05 (effect of

electrical stimulation), #p< 0.05 (effect of time), two-way ANOVA. CTR: Electrode-implanted controls, SE: animals with history of status epilepticus

2d: two days post-SE, 10d: ten days post-SE, 8w: eight weeks post-SE.
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piriform cortex. Cell morphology and localization was

indicative of pyramidal neurons with a predominant

signal in the soma. In several cells the signal proved to

be distributed throughout the cytoplasm with staining

also visible in processes. In addition, a diffuse staining

was evident in the extracellular space.

Quantitative analysis for this protein revealed a

significant increase of stained area in CA1 (F [3, 43]

= 5.569, p= 0.0045; Fig. 3K) in animals with structural
epilepsy compared to the patient control group. In this

region, post-hoc comparison between individual

groups revealed an enlargement in the labelled area in

animals with structural epilepsy as compared to the

patient control group of 151%. In the molecular layer of

the dentate gyrus the HSPH4 immunopositive area

tended to be increased as a consequence of structural

epilepsy (vs. patient control group: F [3, 42] = 2.495,

p= 0.0729).



Fig 3. HSPA5 and HSPH4 quantification in dog. Immunopositive area respectively for HSPA5 and HSPH4 in hippocampal hilus (A, G), CA1 (B, K),
CA3 (C, I), dentate gyrus (DG; D, J) regions and parahippocampal cortex (PHC; F, L). Data points correspond to averaged immunopositive area for

HSPA5 and HSPH4 measured in each animal. Representative images of CA1 region staining for HSPA5 (E) and HSPH4 (H) in animals with

structural epilepsy. All data are provided as mean (dashed line) ± SEM, *p< 0.05, one-way ANOVA. CTRexp: control dogs without neurological

diseases used in parasitological studies. CTRpat: control dogs without neurological diseases treated in the clinic. Idiopathic: patients with idiopathic

epilepsy, subtype no identification of structural epilepsy and unknown cause. Structural: patients with epilepsy caused by identified cerebral

pathology.
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HSPA5 and HSPH4 cell profiling

In rat hippocampus and parahippocampal cortex sub-

regions, we analyzed brain cell types expressing both

HSPA5 and HSPH4 by means of immunofluorescent

double labeling and laser confocal imaging. In order to

do that, we used markers specific for neurons (NeuN),

microglia cells (Iba1) and astrocytes (GFAP).

Immunostaining for HSPA5 (Fig. 4) confirmed that

this protein is expressed in neurons in both

experimental groups. In all the regions investigated,

NeuN signal (Fig. 4B) colocalized with HSPA5 signal

(Fig. 4A) with the latter being distributed around the

cell nucleus counterstained with Hoechst 33342

(Fig. 4C). In contrast, Iba1 signal (Fig. 4E) did not

colocalize with HSPA5 signal (Fig. 4D), with

morphologies of stained cells differing significantly as

visible in the merge image counterstained with Hoechst

33342 (Fig. 4F). Double immunostaining of HSPA5

(Fig. 4G) with the astrocytic marker GFAP (Fig. 4H)
appeared restricted to neuronal cells in almost all brain

regions analyzed. An exception was visible in piriform

cortex layer 1 where few cells exhibited colocalization

between the two markers (Fig. 4I). This colocalization

has been validated by a high magnification Z-stack

image (Fig. 5).

Immunostaining for HSPH4 (Fig. 6) also confirmed the

expression of this protein in neurons in both experimental

and control groups. In all regions of interest, NeuN signal

(Fig. 6B) colocalized with HSPH4 signal (Fig. 6A), with the

latter presenting a cytoplasmic localization as evident in

the merge image counterstained with Hoechst 33342

(Fig. 6C). Iba1 signal (Fig. 6E) did not colocalize with

HSPH4 signal (Fig. 6D), with morphologies of

immunopositive cells differing significantly as visible in

the Hoechst 33342 counterstained image (Fig. 6F).

Likewise, the labeling of HSPH4 (Fig. 6G) with GFAP

(Fig. 6H) did not demonstrate any colocalization of

these two proteins (Fig. 6I).



Fig 4. HSPA5 morphological characterization in rat brain. Representative microphotographs of double immunostaining of HSPA5 (A, D, G) with

respectively NeuN (B), Iba1 (E) and GFAP (H). In the merged images (C, F, I), where also the Hoechst 33342 counterstain is visible in blue, the

protein’s colocalization with a neuronal marker (C) but not with a microglia marker (F) is proofed. Colocalization of HSPA5 with GFAP is restricted to

several cells in the layer 1 of the piriform cortex (I). Images are shown from animals with a history of a status epilepticus with sampling during the

latency phase. Piriform cortex layer 3 (A–C), hilus of dentate gyrus (D–F) and piriform cortex layer 1 and 2 (G–I) are shown.
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The colocalization patterns looked similar in both

experimental and control groups, with no temporal nor

spatial influence on the quality of the signal, with an

exception of HSPA5-GFAP staining, which showed

double-immunolabelled cells in the piriform cortex of SE

animals, but not in the controls. For this reason, as well

as to avoid the redundancy of the given information, one

representative overview image is presented for each of

the stainings. To underline the difference present in
HSPA5 colocalization with GFAP, one high

magnification Z-stack image is presented.
DISCUSSION

In the present study, the expression pattern of two

endoplasmic heat shock proteins, HSPA5 and HSPH4,

was analyzed during the course of epileptogenesis in

adult rats. Comprehensive information about temporal



Fig 5. HSPA5 expression in rat cortical astrocytes. A representative high magnification Z-stack image demonstrating colocalization of HSPA5 and

astroglial marker GFAP inside a cell in the piriform cortex layer 1. Several cells in the same region presented a similar expression pattern. The Z-

stack image is shown from an animal with a history of a status epilepticus with sampling during the latency phase.
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and spatial epileptogenesis-associated alterations in

expression patterns of the two proteins are crucial for a

better understanding of the role of ER-stress related

processes in the development of TLE. Moreover,

respective data provides valuable information about

their role as possible target candidates for the

development of therapeutic approaches modulating the

unfolded protein response. The time course of

expression patterns informs additionally about time-

windows for a putative anti-epileptogenic intervention.

Based on a large-scale proteomic analysis, we have
previously obtained first evidence for a regulation of

HSPA5 and HSPH4 in different phases of

epileptogenesis in the electrical rat SE model (Walker

et al., 2016). In the present immunohistochemistry study,

we confirmed expression alterations of HSPA5 and

HSPH4. In addition, our data sets provide detailed infor-

mation about the expression patterns in different sub-

regions of the hippocampus and the parahippocampal

cortex.

Analysis of both proteins of interest demonstrated

changes in expression patterns following SE with a



Fig 6. HSPH4 morphological characterization in rat brain. Representative microphotographs of double immunostaining of HSPH4 (A, D, G) with

NeuN (B), Iba1 (E) and GFAP (H) respectively. In the merged images (C, F, I), where also the Hoechst 33342 counterstain is visible in blue, the

protein’s colocalization with a neuronal marker (C) but neither with a microglia (F), nor with an astrocyte marker (I) is proofed. Images are shown

from animals with a history of a status epilepticus with sampling during the latency phase. Hilus of dentate gyrus (A–F) and Cornu Ammonis 3 (G–I)
regions are presented.
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significant up- or down-regulation in sub-regions of the

temporal lobe crucial for the development of TLE.

Moreover, analysis in most regions indicated a

significant increase of HSPA5 levels in the chronic

phase in comparison to the latent phase. The latent

phase is defined as the time after the brain insult when

molecular and cellular mechanisms leading to the onset

of clinical seizures are progressing (Pitkanen et al.,

2015). Our findings reveal that the most pronounced reg-

ulation of the two ER chaperones occurs subsequently to
this phase, when abnormal neuronal networks are already

established. This finding is of particular interest, since

most of the studies describe a decrease of HSPA5 levels

with age (Erickson et al., 2006; Brown and Naidoo, 2012;

Salganik et al., 2015). One has to however account for the

fact that animals used in above-mentioned studies are

usually older (about 24 months) than the ones used in

our study (3–5 months). Additionally, a study performed

in female rats (as used in our experiments) did not indi-

cate any changes in HSPA5 levels with age (Gleixner
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et al., 2014). In earlier studies, repeated seizure induction

was shown to trigger up-regulation of markers of ER

stress, including HSPA5, in kindling models in rats

(Chihara et al., 2011) and mice (Zhu et al., 2017). Consid-

ering that repeated kindled seizures result in an increased

seizure susceptibility and reduced seizure thresholds, the

findings along with our data from an epileptogenesis

model may indicate that ER stress represents a hallmark

of processes resulting in the generation of hyperexcitable

networks. However, an influence of the electrode also

needs to be considered. Implantation of neural probes

has been described as a factor triggering transcription of

genes related to endoplasmic reticulum stress (Ereifej

et al., 2018). No data regarding HSPA5 and HSPH4

expression as a follow-up of electrode implantation is

available so far, but it is not unlikely that the increase in

the proteins’ levels with time has at least been partly trig-

gered by the surgery itself. Nevertheless, our results

demonstrate significant changes in HSPA5 and HSPH4

levels in stimulated animals as compared to sham-

operated controls supporting the hypothesis that status

epilepticus and epileptogenetic processes influence the

expression of the two proteins.

The expression pattern of both proteins varied in

response to the epileptogenic insult, but this variation

was restricted regionally. The areas with the most

pronounced expression alterations included the piriform

cortex as well as the hippocampus. In the piriform

cortex, we detected changes in expression levels of

HSPA5 in layer 1, the most superficial part of the region

consisting mostly of axons and glial cells. The piriform

cortex is rich in projections to and from the entorhinal

and the perirhinal cortex and the amygdala, and it

demonstrates low inhibitory GABAergic connectivity,

especially in its rostral portion, called area tempestas

(Vismer et al., 2015). Its unique circuitry is a foundation

of its role as a region susceptible to convulsants and able

to generate seizures (Piredda and Gale, 1985). Consider-

ing the contribution of the piriform cortex to the develop-

ment of hyperexcitability during epileptogenesis, the

regulation of ER chaperones in this brain region might

indicate an involvement in the pathophysiological mecha-

nisms of epilepsy development. On the other hand, induc-

tion of HSPA5 in the piriform cortex, may just reflect its

particular susceptibility to neuronal damage following an

epileptogenic insult (Vismer et al., 2015). In this context,

it is of interest that ER stress is discussed as a relevant

contributor to neuronal damage (Scheper and

Hoozemans, 2015) and that the ER chaperone can serve

a protective function (Kitao et al., 2001b; Kitao et al.,

2004; Casas, 2017; Louessard et al., 2017).

Levels of both proteins of interest were demonstrated

to decrease in the hippocampus. This outcome might

seem counterintuitive at the first sight, since one would

assume high excitotoxicity in the brain following status

epilepticus would evoke a strong stress response from

ER. However, it is possible that ischemic conditions

associated with status epilepticus (Fabene et al., 2007)

lead to an impairment of ER function and therefore an

ER stress reaction cannot be fully evoked (Paschen and

Mengesdorf, 2005). This in consequence could lead to
neuronal cell death when the protective mechanisms of

UPR are not sufficient. On the other hand, even a single

but excessive induction of ER stress responses following

status epilepticus could lead to detrimental effects via the

apoptotic pathway (Han et al., 2013). Inhibition of ER

stress responses has already been described as protec-

tive against excitotoxic neuronal injury following seizures

(Sokka et al., 2007b). However, more studies are needed,

especially at early time points, to determine exactly which

events occur in the hippocampus following SE. Neverthe-

less, changes of expression of ER chaperones in hip-

pocampal sub-regions further support a conclusion that

ER stress might be functionally related to the conse-

quences of an epileptogenic insult.

Qualitative analysis of HSPA5 and HSPH4 expression

in different brain cell populations revealed a predominant

colocalization of both proteins with the neuronal marker

NeuN and no colocalization with the microglial marker

Iba1. Restricted colocalization has been observed

between the astrocytic marker GFAP and HSPA5, but

not HSPH4. These findings suggest that ER stress

during epileptogenesis is rather limited to neurons,

which are the main cells involved in development of

dysfunctional circuitry in the course of epileptogenesis.

The glial response to the conditions following SE was in

this case either too weak, or a transient regulation was

missed with the three selected time points. The half-life

of HSPH4 is estimated to be around 10.77 h (Xiao and

Wu, 2017), so in case of a very rapid and transient glial

response it might have been too late to notice alterations

in glia. However, the half-life of HSPA5 is relatively long,

reaching from over 24 h in cell culture to over 3 days in tis-

sues so that it is rather unlikely that we missed an early

induction in glial cells (Preissler and Ron, 2018).

Neuronal HSPA5 and HSPH4 can exert protective

effects as a response to stress factors. In a stroke

model in mice HSPA5 protected neurons by binding to

and decreasing an overactivation of the protein kinase

RNA-like endoplasmic reticulum kinase (PERK) arm of

the UPR which leads to deleterious consequences for

cell homeostasis (Louessard et al., 2017). The protein

plays also a relevant role in neuroprotection in many com-

mon neurodegenerative diseases, like Alzheimer’s dis-

ease, Parkinson’s disease and amyotrophic lateral

sclerosis, promoting cell survival and decreasing degen-

eration (Casas, 2017). Neurons have been demonstrated

to express HSPH4 in response to glutamate and to show

a higher viability following kainate administration in trans-

gene mice overexpressing the protein (Kitao et al.,

2001b). Protein overexpression was also demonstrated

following hypoxic stress in cultured neurons (Tamatani

et al., 2001). Since HSPA5 and HSPH4 seem to be of

high importance for promotion of neuronal survival and

decrease of neurodegeneration, both in physiological

and pathological conditions, it is plausible that similar neu-

roprotective mechanisms might apply in case of the early

consequences of a status epilepticus as well as subse-

quent epileptogenic processes.

In addition to regulation of protein expression, one has

to consider posttranslational regulation of function as well.

In the ER, HSPA5 is present in two states, active or
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inactive, depending on AMP-binding, which locks the

protein in low-affinity state for its substrates (Preissler

and Ron, 2018). The chaperone may also be deposited

into a pool of temporarily inactive proteins in a process

of oligomerization, in which single HSPA5 polypeptides

bind to each other’s substrate binding locus in a compet-

itive manner (Preissler and Ron, 2018). Therefore, in an

environment with lacking chaperone substrates, HSPA5

can still be abundant in cells, but either in its inactive

AMPylated form, or deposited in oligomers (Preissler

and Ron, 2018). While posttranslational alterations of

HSPA5 were not in the scope of this study, it might be

of future interest to investigate an impact of epileptogenic

insults on HSPA5 cellular fractions.

The unfolded protein response is a long-discussed

target of many putative therapeutic intervention

approaches. It has been described as a possible

therapeutic object in anticancer therapy (Wang et al.,

2018), in cardiovascular disease (Zhang et al., 2019) as

well as in neurodegenerative diseases (Hughes and

Mallucci, 2019; Martinez et al., 2019). Modulation of

HSPA5 levels specifically has been proposed in cancer

therapy, in which cleavage of HSPA5 polypeptides leads

to a lower cancer cell survival (Backer et al., 2011). Sev-

eral therapeutic agents regulating HSPA5 and exerting

neuroprotective effects have been described in models

of Parkinson’s disease (Enogieru et al., 2019).

The function of the endoplasmic reticulum might be a

possible therapeutic target also considering the ER-

mitochondria cross-talk and a functional link of ER

stress to mitochondria. There is a close contact

between the two organelles, with 20% of the

mitochondrial surface linked directly to the ER

(Kornmann et al., 2009) and their interaction is critical

for proper calcium signaling flowing from the ER into the

mitochondria (Malhotra and Kaufman, 2011). Sigma-1R

receptor present at these binding sites is directly function-

ally connected to HSPA5, and during the stress condi-

tions its activation has been demonstrated to perpetuate

calcium signaling and ultimately to support cell survival

(Malhotra and Kaufman, 2011; Nguyen et al., 2015). Tar-

geting sigma-1R is a concept already being discussed in

epileptology, since allosteric modulation of the receptor

provided anti-seizure effects in status epilepticus rat mod-

els (Guo et al., 2015; Vavers et al., 2017). Additional mod-

ulation of HSPA5, which plays a pivotal role in sigma-1R

functionality might be of further advantage in developing

therapy approaches targeted towards this complex.

The rat model of electrical SE takes into consideration

highly standardized, laboratory conditions. On the other

hand, analysis performed in canine brain tissue allowed

us to better understand changes that HSPA5 and

HSPH4 undergo in the more unpredictable clinical

environment. Data from patients handled in the clinics

can be directly compared to the data from the chronic

phase with spontaneous recurrent seizures in the rat

model, since this phase mirrors the actual presentation

of TLE. In rats, during this phase, we demonstrated an

up-regulation in comparison to the latency and the early

post-insult phase in the cases of both HSPA5 and

HSPH4.
However, to have a better insight into possible

discrepancies between the clinical and experimental

conditions, we decided to include two groups for

comparison: a patient control group, comprising animals

of different breed, age and history of treatment, which

mimicked clinical conditions, and an experimental

control group with dogs of the same breed, age and

clinical history, kept under standardized conditions and

euthanized with subsequent immediate dissection. Not

all dogs from the patient control group were euthanized.

Some of the animals experienced a final disease state

and agony phase due to a natural non-neurological

disorder, which regardless of the underlying disorder

can cause hypoxia and ischemia affecting brain cells

and triggering central responses of heat shock

chaperone proteins (Wang et al., 1993). However, the

lack of statistically significant differences in HSPA5 and

HSPH4 levels between the patient and the experimental

groups suggests that such changes are not relevant for

expression of these two proteins.

Analysis performed in the immunohistochemically

stained canine tissue revealed no differences between

the groups in HSPA5, however an increase of the

stained area was observed in CA1 region in the dogs

diagnosed with structural epilepsy in the case of

HPSH4. The nature of this discrepancy between the rat

and the dog models remains unclear and might be

related to species differences and influenced by drug

treatment, duration of the disease, age, breed, co-

morbidities and others. However, this finding might

further advocate that ER stress-related response may

be involved also in the chronic phase of the disease, so

therapeutic targeting of the respective heat shock

protein could be advantageous when the symptoms are

fully developed. Further research involving more clinical

cases is nevertheless necessary to elucidate the

relevance of the two proteins to TLE manifestation.

Some evidence links the UPR to inflammatory

processes, particularly to the regulation of Toll-like

receptors expression (Timberlake et al., 2018). A recent

study from our working group described

epileptogenesis-related alterations in expression of

another heat shock protein, HSPA1A, a well-known ligand

of Toll-like receptor 4. HSPA1A was clearly up-regulated

in SE animals in the early post-insult phase with some

temporal lobe regions demonstrating an up-regulation

also in the latency phase (Gualtieri et al., 2019). This fur-

ther connects HSPs and processes involving them to

epileptogenesis, which makes them promising candidates

for future therapeutic targets. In the case of HSPA5 and

HSPH4, however, additional studies with genetic and

pharmacological modulation of both proteins with subse-

quent analysis of the consequences in animal models of

TLE are necessary to elucidate their impact on the pro-

cess of the development of the disease.

In conclusion, we provided an extensive

characterization of alterations following status

epilepticus in the rat model as well as present in the

developed form of epilepsy in clinical canine cases.

HSPA5 was up-regulated in a temporally and spatially

restricted manner. The most prominent up-regulation
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was observed in the piriform cortex and during the chronic

phase. In contrast, both, HSPA5 and HSPH4 exhibited

reduced expression levels in the hippocampus as a

consequence of the status epilepticus history. This

information could be of importance while developing

therapeutic strategies targeting these two proteins.
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