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Abstract: Cytosolic segments of membrane-bound voltage-gated Ca2+ channels are targets 

for specific signaling complexes which regulate important physiological processes via soluble 

protein interaction partners. The molecular chaperone heat shock 70 kDa protein 1A (Hsp70) 

was identified as a binding partner for the II-III loop of the ion-conducting α1 subunit of the 

E-type voltage-gated Ca2+ channel (Ca
v
2.3) by mass spectrometry. To substantiate this finding 

further and to test its functional significance in vivo, two approaches were chosen. HEK-293 cells 

stably transfected with Ca
v
2.3 were treated with a cell-permeable form of Hsp70 (Tat-Hsp70, 

Tat being a protein transduction domain of the “transactivator of transcription” from the human 

immunodeficiency virus) and analyzed by whole cell Ca2+ current recordings. Tat-Hsp70 1 µM 

shifted the voltage-dependence of the inward currents to more hyperpolarized potentials. Fur-

ther, the inactivation of transient inward Ca2+ currents carried by Ca
v
2.3 was slowed down. After 

isolation of hippocampal microsomes from control mice by ultracentrifugation, about 0.09% of 

total Hsp70 protein was bound to the microsomal fraction. Hsp70 binding to membranes was 

increased when kainate 20 mg/kg was injected intraperitoneally at concentrations which induced 

seizures and neurodegeneration in control mice. In Ca
v
2.3-deficient mice, only mild seizures 

were observed after kainate injection, with no hippocampal neurodegeneration. Moreover, we 

observed no increase in Hsp70 binding to the membrane fraction of the isolated hippocampal 

microsomes, indicating that Hsp70 may be an important intermediate signaling partner for hip-

pocampal neurodegeneration in Ca
v
2.3(+/+) mice. Our results suggest that the Ca

v
2.3 interaction 

partner, Hsp70, and its membrane association are important for understanding the molecular 

events in kainate-induced hippocampal neurodegeneration.

Keywords: protein–protein interaction, pharmacoresistant calcium current, R-type, kainate-

induced epilepsy, neurodegeneration

Introduction
Ten different genes encoding the ion-conducting α1-subunits of voltage-gated Ca2+ 

channels (VDCCs) have been identified.1–3 They are subdivided into three subfamilies, 

ie, Ca
v
1 (L-type VGCCs), Ca

v
2 (P-/Q-, N-, and E-/R-type VGCCs), and Ca

v
3 (T-type 

VGCCs). The so-called “pharmacoresistant” E-/R-type VGCC has been inactivated 

in mice independently by different researchers, who analyzed the resulting complex 

phenotype in detail. The lifespan of Ca
v
2.3-deficient mice was unchanged, but the 

physiological and pharmacological analyses revealed multiple abnormalities related 

to pain perception, synaptic plasticity, susceptibility to ischemic brain injury, sperm 

motility, cardiac arrhythmia, impaired insulin, glucagon and somatostatin release, and 

altered cocaine-induced behavior, as summarized recently.3,4
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Ca
v
2.3 Ca2+ channels influence seizure susceptibility.5 

They exert antiepileptogenic effects on nonconvulsive absence 

seizures by modulating thalamocortical hyperoscillation.6 

However, for convulsive seizures induced by pentylene-

tetrazole and N-methyl-D-aspartate or by kainate injection, 

ictogenesis is reduced after ablation of cacna1e, the gene 

coding for Ca
v
2.3, demonstrating resistance to limbic seizures 

and to cytotoxic cell death in Ca
v
2.3-deficient mice.7,8

To understand the molecular mechanism of protection 

from kainate-induced neurodegeneration, we screened for 

protein interaction partners which may be putative candidates 

within a signaling pathway for selective hippocampal cell 

death. Using channel protein segments facing the cytosolic 

compartment, a biochemical approach demonstrated that 

the molecular chaperone, heat shock 70  kDa protein 1A 

(Hsp70), was tightly bound to the recombinant II–III loop 

when overexpressed in HEK-293 cells.9

Hsp70 is well-known to be upregulated by heat in both 

eukaryotic and prokaryotic cells.10 Hsp70 expression is also 

triggered by other factors as soon as they generate adverse 

environmental conditions. Among these are increased levels 

of transition metal ions and sulfhydryl reagents, the presence 

of amino acid analogs, and glucose deprivation.11 In the 

central nervous system, brain ischemia, traumatic injury, 

focal electrical stimulation, and kainate-induced seizures 

are accompanied by Hsp70 upregulation in both neuronal 

and glial cells.12 Hsp70 immunopositive cells have been 

observed in the dentate gyrus region after kainate injection in 

rats. When insulin growth factor-1 was coadministered with 

kainate, less degeneration was observed, and fewer Hsp70 

positive cells were detected.13

Not much has been reported in the literature about the 

interaction of ion channels and chaperones in the context of 

neuroprotection.14,15 However, Hsp70 and additional molecu-

lar chaperones may provide first-line defense against neuro-

degeneration in animal models of a number of neurological 

disorders characterized by misfolded aggregation-prone 

proteins.16 The molecular mechanism for the region-specific 

upregulation of Hsp70 is unknown, in spite of the fact that 

kainate-induced seizures in the hippocampus have been 

known for a decade.17 In general terms, chaperone networks 

are crucial for sustained proteostasis,18 which may be dis-

turbed by kainate injection.

In the present study, we tested whether Hsp70, the 

newly identified interaction partner of the Ca
v
2.3 II–III 

linker, may modulate Ca
v
2.3-induced inward Ca2+ currents, 

and whether it may be involved in kainate-induced 

seizures in mice. Therefore, we investigated the effect of 

the membrane-penetrating Tat-Hsp70 protein on channel 

kinetics in HEK-293 cells stably transfected with Ca
v
2.3, 

and quantified the amount of membrane-bound Hsp70 and 

the change in Hsp70 binding to microsomal membranes in 

the hippocampus upon kainate injection in Ca
v
2.3-deficient 

and control mice.

Materials and methods
Experimental animals
The mice were housed at a constant temperature (22–23°C), 

with light from 7 am to 7 pm and access to food and water 

ad libitum. All animal experimentation was conducted in 

accordance with accepted standards of humane animal care. 

The study was approved by the institutional committee on 

animal care, and was carried out in accordance with the 

European Communities Council Directive of November 24, 

1986 (86/609/EEC).

The cacna1E gene was disrupted by deleting a region 

containing exon 2 in vivo on mating Ca
v
2.3(fl/+) mice with 

deleter mice which express Cre-recombinase constitutively 

under the control of a cytomegalovirus promoter. After 

mating of Ca
v
2.3(fl/+) and deleter mice, the offspring were 

genotyped by Southern blot analysis. In 20 of 83 pups 

(24%), exon 2 was deleted by Cre-mediated recombination. 

Heterozygous Ca
v
2.3(+/-) mice were intercrossed to derive 

Ca
v
2.3-deficient and Ca

v
2.3(+/+) control mice, which were 

further inbred. Age-matched Ca
v
2.3(+/+) mice were used as 

control animals throughout the experiment. Routine genotyp-

ing was performed by polymerase chain reaction on DNA 

from tail biopsies.

Reagents
A FLAG (three-fold fusion tag consisting of eight amino 

acids [DYKDDDDK]
3
)-tagged immunoprecipitation kit 

and other chemicals were obtained from Sigma (München, 

Germany). The anti-myc antibody was purchased from 

Invitrogen (Karlsruhe, Germany) and was diluted to1:5000 

for Western blots as recommended by the manufacturer. The 

monoclonal anti-Hsp70 (Hsp72) antibody, C92F3A-5, was 

purchased from Assay Designs (Ann Arbor, MI). The bicis-

tronic mammalian expression vector, pIRES-hrGFP-1a, was 

purchased from Stratagene (Amsterdam, the Netherlands).

DNA vectors
The full length cDNA of Ca

v
2.3 was cloned from fetal 

brain tissue,19 and corresponds to the splice variant Ca
v
2.3d 

(α
1Ed

, GenBank Number L27745) which was subcloned 

into the pcDNA3 vector for transient or stable expression in 
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HEK-293 cells.20 The full length II-III loop construct from 

the Ca
v
2.3d-pcDNA3 vector was amplified with oligonucle-

otides as forward primers containing the NotI site and Kozak 

sequence, and with the reverse primer containing a Sal I 

site, as described in detail elsewhere.9 The corresponding 

II–III loop of Ca
v
2.2 was amplified from a vector containing 

human Ca
v
2.2, kindly provided by Professor Shuji Kaneko 

(Kyoto, Japan) with the oligonucleotide NtypeNotI23fw 

(5′-atg cgg ccg ccc acc atg gcc caa gag ctg 

acc aag-3′) as the forward primer, which translates into 

the amino acid AQELTK from human Ca
v
2.2 (M94172), 

and with the oligonucleotide NtypeSalI23rvnew (5′-A CGT 

CGA CGA CCT CAT GGT CAC GAT GTA G-3′) as the 

reverse primer, which translates into the C-terminal sequence 

of VTMR(S).

A clone containing hsp70 was purchased from the 

German Research Center for Genome Research (Berlin, 

Germany). The coding sequence for Hsp70 was amplified 

from clone IRALp962O0740 using the oligonucleotide 

hindhsp70fw as the forward primer (5′-CCC AAG CTT 

CCC GCC GCC GCC ATG GCC AAA GCC GCG GCG 

ATC-3′) and XhoIhsp70rev as the reverse primer (5′-aac 

tcg agc cat cca cct cct caa tgg tag g-3′). The 

cDNA fragment was digested with HindIII and XhoI, and 

subcloned into pcDNA3.1/myc-His. The polymerase chain 

reaction-amplified cDNA fragments and the resulting vector 

constructs were sequenced using standard methods.

Transfection of HEK-293 cells  
for protein biochemistry
For immunoprecipitation experiments, HEK-293 cells were 

transfected using FuGENE HD (Roche Diagnostics, Man-

nheim, Germany) either with the vector pIRES-hrGFP-1a as 

the mock vector control or with the II-III loop from Ca
v
2.3 

or Ca
v
2.2.

Immunoprecipitation of FLAG-tagged 
proteins
The II–III loop and the C-terminal constructs were incor-

porated into the pIRES-hrGFP-1a vector in frame with the 

sequence for three consecutive FLAG-tags, (N-Asp-Tyr-Lys-

Asp-Asp-Asp-Asp-Lys-C)
3
. Soluble proteins were extracted 

using a lysis buffer consisting of Tris HCl 50 mM (pH 7.4), 

NaCl 150 mM, EDTA 1 mM, and Triton X-100 1% (v/v). 

The FLAG-tagged proteins were isolated by affinity chroma-

tography according to the instructions of the manufacturer 

(FLAGIPT-1, Sigma, Munich, Germany). All steps were 

performed at 4°C.

Expression and purification of Tat-Hsp70
The Tat-Hsp70 protein was generated as outlined 

elsewhere.21,22 The rat Hsp70.1 cDNA was cloned into a 

pTat-hemagglutinin expression vector according to a method 

already described,22 overexpressed in Escherichia coli, and 

purified by metal-affinity chromatography using Ni-tris-

carboxymethyl-ethylene-diamine (Macherey-Nagel, Düren, 

Germany). After stepwise elution with increasing concentra-

tions of imidazole, salts and imidazole were removed by size 

exclusion chromatography. Protein purity was assessed via 

sodium dodecyl sulfate gel electrophoresis and subsequent 

Coomassie staining.

Western blotting
HEK-293  cells were grown as previously described.23 

Proteins were separated by polyacrylamide gel electrophore-

sis according to standard protocols and were immunoblotted 

as reported elsewhere.23 The ECL detection kit used was 

purchased from GE Healthcare (Freiburg, Germany).

Voltage clamp recordings
Membrane currents from HEK-293 cells stably transfected 

with Ca
v
2.3 (HEK-2C6 cells) were recorded in the tight-seal 

whole cell configuration using the patch clamp technique,24,25 

with Ca2+ 5 mM as the charge carrier in the external solution. 

HEK-2C6 cells were voltage-clamped at -90 mV using the 

EPC-9 patch clamp amplifier (HEKA Elektronik, Lambrecht, 

Germany). Cell capacitance varied between 12 pF and 20 pF. 

Currents were filtered with a three-pole analog Bessel filter set as 

a cutoff (-3 dB) at 10 kHz. Patch clamp electrodes were pulled 

from thick wall borosilicate glass using a Sutter P97 horizontal 

puller (Sutter Instrument Company, Novato, CA). The resistance 

of the pipette tip was in the range of 2–7 mΩ when filled with 

the electrode solution containing CsCl 130 mM, oxaloacetate 

5 mM, creatine 5 mM, pyruvate 5 mM, EDTA 0.02 mM, 

10 mM HEPES adjusted to pH 7.35 with CsOH (osmolality 

272 mOsmol/kg). The bath solution contained CaCl
2
 5 mM, 

N-methylglucamine 160 mM, HEPES 10 mM, and KCl 5 mM, 

at pH 7.35 with HCl (osmolality 305–320 mOsmol/kg). All 

experiments were performed at room temperature (22–24°C). 

Gravitation-driven perfusion was performed using a precision 

perfusion controlling system and a round cover-slip chamber 

(RC-25, 13 mm; Warner Instruments, Hamden, CT).

Data analysis and curve fitting
Current amplitudes and kinetics were recorded as reported 

previously.24 Inactivation kinetics of the currents were esti-

mated by fitting the decaying part of the current traces with 
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the equation: I(t) =  a
o
 +  a

1
*exp(-(t - x)/τ

1
). The data are 

expressed as mean ± standard error of the mean, and n is the 

number of cells used. Statistical significance was analyzed 

using Student’s t-test, and levels of P , 0.05 were considered 

to be statistically significant.

Results
Coimmunoprecipitation of human Hsp70 
with II–III loops of Cav2.2 and Cav2.3
Expression of the FLAG-tagged II-III linker with myc-tagged 

human Hsp70 led to coimmunoprecipitation of myc-tagged 

Hsp70 by FLAG-IP (Figure 1A, lane 1) as reported recent-

ly.9 Under similar conditions, the II-III loop of the human 

Ca
v
2.2 (N-type) Ca2+ channel also immunoprecipitated with 

myc-tagged Hsp70 (Figure 1A, lane 3). However, no specific 

immunoprecipitation was observed with the C-terminus of 

Ca
v
2.3 (Figure  1A, lane 5 vs lane 7), although sufficient 

Hsp70 protein was expressed (compare supernatants from 

both batches, Figure 1A, lane 6 vs lane 8), assuming that 

the cytosolic II–III linkers rather than the C-terminus may 

be a common target for membrane-bound Hsp70, at least for 

human E-/R-type and N-type voltage-gated Ca2+ channels.

In previous studies, 15-deoxyspergualin, the synthetic 

analog of spergualin, was used in a retina model to test 

its functional effects on E-/R-type channel-mediated 

gamma aminobutyric acid release.9,26 To understand the 

15-deoxyspergualin-mediated physiological effects, we 

tested the hypothesis that 15-deoxyspergualin may interfere 

directly with Hsp70 binding to the II–III loop. Immunopre-

cipitation of Hsp70 with the II–III loop of Ca
v
2.3 was tested 

in two separate experiments in the presence of increasing 

concentrations of 15-deoxyspergualin (Figure 1B). Similar 

amounts of II–III loop were precipitated at all concentrations 

of 15-deoxyspergualin tested (Figure 1B, upper panels with 

anti-FLAG as the primary antibody [lanes 1, 3, 5, 7, 9, 11]). 

However, the amount of Hsp70 was slightly reduced (see 

arrowhead in Figure 1B) when 15-deoxyspergualin 100 µM 

was present (Figure 1B, compare lane 11 with lanes 7 and 9), 

leading to the conclusion that direct drug–protein competition 

may not be the major mechanism explaining the functional 

effects of 15-deoxyspergualin on retinal signaling.

Tat-Hsp70 affects kinetics of HEK-293 
(2C6) cells expressing Cav2.3
Hsp70 is too large to pass freely across biological membranes, 

but fusion of the Hsp70 protein with the protein transduction 

domain, Tat, enables translocation of this protein across the 

cellular membrane, including across the blood–brain barrier.27 

To test if Tat-mediated Hsp70 translocation might influence 

Ca
v
2.3-carried Ca2+ currents, HEK-293  cells stably trans-

fected with Ca
v
2.3 were preincubated with highly purified 

Tat-Hsp70 1  µM overnight.27 The voltage dependence of 

inward currents with Ca2+ as a charge carrier was compared 

for control cells and for cells preincubated with Tat-Hsp70 

(Figure 2A). The threshold of peak I
Ca

 and the potential of 

half-maximal activation were shifted by about 7 mV to more 

negative potentials (control cells V
0.5

 = 5.1 ± 2.9 mV, n = 9; 

cells preincubated with Tat-Hsp70 V
0.5

  =  −2.1  ±  1.4  mV, 

n =  11, P =  0.029). The maximal slope conductance was 

1.63 and 1.62 nA/V for control and cells preincubated with 

Tat-Hsp70, respectively. These results demonstrate that 

Tat-Hsp70  shifts the voltage dependence of activation to 

more hyperpolarized potentials, which could influence the 

excitability of a cell in vivo.

The overall current density was not changed by the appli-

cation of Tat-Hsp70. The mean inward current was 16.7 ± 2.0 

pA/pF in control cells (n = 12), and increased slightly without 

reaching the level of significance in cells pretreated with 

Tat-Hsp70 (18.9 ± 1.4 pA/pF, n = 15, Figure 2B).

Inactivation of Ca
v
2.3-carried inward currents is best fit-

ted by two exponentials,28 given that the fast and slow com-

ponents of inactivation are modulated by Ca2+ differently.24 

Therefore, we analyzed fast and slow inactivation by fitting 

the inactivation part of the current traces with two exponen-

tials and plotted the inactivation time constants for early and 

later recorded sweeps (Figures 2C and 2D). Fast inactivation 

time constants were 49–72 milliseconds for control cells and 

46–57 milliseconds for cells pretreated with Tat-Hsp70. The 

slow inactivation time constants were 92–97 milliseconds for 

control cells and 95–97 milliseconds for cells preincubated 

with Tat-Hsp70. No significant difference was found between 

the two types of cells. Therefore, we normalized the current 

traces and superimposed the means from the control cells and 

cells pretreated with Tat-Hsp70 (Figure 2E). Cells preincu-

bated with Tat-Hsp70 showed a slowing of inactivation, which 

reached a level of statistical significance 100 milliseconds 

after depolarization of the cells (see label in Figure 2E).

Comparison of the voltage-dependence of steady-state 

inactivation for Ca
v
2.3 currents in control cells and in cells 

preincubated with Tat-Hsp70 showed a shift in the voltage of 

half-maximal inactivation to more hyperpolarized potentials 

for the pretreated cells (P = 0.07). The voltage of half-maximal 

inactivation was -17.0 ±  4.9 mV for control cells (n =  4) 

and -28.4 ± 2.9 mV for cells preincubated with Tat-Hsp70 

(n = 9, Figure 2F). No difference was observed for fractional 

recovery after short-term inactivation (Figure 2G).
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In conclusion, Hsp70 affects Ca
v
2.3-carried inward 

currents with Ca2+ as the charge carrier. Activation and inac-

tivation are shifted towards more negative potentials.

Hsp70 binding to microsomal membranes 
in controls and Cav2.3-deficient mice
Hsp70 expression is increased up to three-fold within 1 day 

after intracerebroventricular injection of kainate into the adult 

rat hippocampus.12 Such cell-specific expression of Hsp70 in 

hippocampal neurons as well as in glial cells is known for 

rats17,29 as well as for mice, in which kainate generates gamma 

oscillations via the glutamate receptor subunits, GlulR5 and 

GluR6.30 Upon administration of kainate 30 mg/kg intraperi-

toneally to Ca
v
2.3-deficient mice, seizure architecture altered, 

and resistance to limbic seizures was increased compared with 

control mice, although no difference in electroencephalo-

graphic hippocampal seizure activity between either genotype 

could be detected at this suprathreshold dosage. Furthermore, 

histochemical analysis within the hippocampus revealed 

excitotoxic effects after kainate administration only for Ca
v
2.3 

controls but not for Ca
v
2.3-deficient mice.8 Because Hsp70 

was identified as a tightly bound interaction partner of Ca
v
2.3,9 

similar kainate injection experiments were repeated at 20 mg/

kg instead of 30 mg/kg8 to reduce the number of mice reaching 

a stage of maximum generalized seizure activity and to keep a 

sufficient number of control mice alive. Hsp70 expression was 

compared for both genotypes before and after kainate injec-

tion. Because Hsp70 binds to the membrane-integrated channel 

via the cytosolic II–III linker, membrane-bound Hsp70 was 

taken as the readout for our experiments, and was quantified 

after sodium dodecyl sulfate gel electrophoresis by Western 

blotting and scanning densitometry of the immunostained 

Hsp70 bands (Figure 3A). After homogenization of the murine 

hippocampal tissues, Hsp70 was precipitated by ultracentrifu-

gation, assuming that this molecular chaperone is bound to 

membrane proteins from the microsomal fraction. In quan-

titative terms, 1.2% of the total protein homogenized was 

detected after ultracentrifugation in the microsomal fraction. 

However, for the immunostained Hsp70, only 0.09% of the 

initial Hsp70 protein was bound to the membrane fraction. 
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Figure 1 Coimmunoprecipitation of FLAG-tagged cytosolic channel domains and c-myc-tagged Hsp70 protein. A) After overexpression of the cytosolic II–III linker from 
Cav2.2 (N-type VGCC) and Cav2.3 (E-/R-type VGCC) soluble proteins from transfected HEK-293  cells were extracted and immunoprecipitated by anti-FLAG-linked 
beads. The adsorbed proteins were eluted by a sodium dodecyl sulfate-denaturing buffer and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (the 
precipitated fractions are labeled as “P”, and the soluble fraction before immunoabsorption as “S”). After Western blotting, anti-c-myc was used as the primary antibody. 
In separate experiments, either the cytosolic linkers between domain II and III from Cav2.2 (lanes 3 and 4) or from Cav2.3 (lanes 1 and 2) were expressed in HEK-293 cells. 
Furthermore, the overexpressed C-terminus from Cav2.3 (lanes 5 and 6) was compared with the Cav2.3 II–III loop (lanes 7 and 8). Note that only nonspecific proteins with 
molecular sizes larger than 100 kDa were immunoprecipitated when the C-terminus was expressed as the FLAG-template, but not myc-Hsp70 protein (compare lane 5 and 
lane 7, arrowhead). B) After overexpression of the cytosolic II–III linker from Cav2.3 (E-/R-type VGCC) soluble proteins from myc-Hsp70-transfected HEK-293 cells were 
extracted and immunoprecipitated by anti-FLAG-linked beads in the absence (lanes 1 and 2 vs lanes 7 and 8) and in the presence of 15-DSG 5 µM (lanes 3 and 4), 15-DSG 
20 µM (lanes 5 and 6 vs lanes 9 and 10), and 15-DSG 100 µM (lanes 11 and 12). In the upper half, the amount of II–III linker expressed is visualized by anti-FLAG staining of 
the precipitate (“P”) and the supernatant before loading (“S”). Note, the anti-myc-positive protein is only slightly reduced in the presence of the highest concentration of 
15-DSG used (lane 11), where the soluble fraction may also contain less expressed Hsp70 (lane 12).
Abbreviations: 15-DSG, 15-deoxyspergualin; Hsp70, heat shock 70 kDa protein 1A; VGCC, voltage-gated Ca2+ channel.
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Figure 2 Hsp70 affects the threshold for activation and the inactivation kinetics of Cav2.3-mediated inward currents. Inward Ca2+ currents were recorded with a Ca2+ 
concentration of 5 mM. A) Pooled current-voltage relationships determined in control cells (•, n = 9) or in cells preincubated in Tat-Hsp70 1 µM overnight (, n = 11). 
The holding potential was -50 mV to +50 mV. B) Maximal peak inward current for control cells (open bar, n = 12) and for cells preincubated in Tat-Hsp70 1 µM 
overnight (filled bar, n = 15). C) Mean values of the fast inactivation time constant (taufast) after 10, 30, and 50 sweeps. Currents were evoked by 400 millisecond 
depolarizations from –90 mV to +30 mV. D) Mean values for the slow inactivation time constants from currents as recorded in panel C. E) Superpositions of mean 
current traces after normalization from control cells (n = 9) and cells preincubated with Tat-Hsp70 (n = 13). Note, the preincubation of HEK-293 (2C6) cells with 
Tat-Hsp70 slows down inactivation slightly, which is significant for the time window of 100 milliseconds as indicated (P = 0.013). The regions for testing significance 
were labeled by the plotted scatter in this time window (at 100 and 400 milliseconds). F) Steady-state inactivation of Cav2.3-carried Ca2+ currents were recorded 
at -90 mV after a 5-second prepulse applied from -90 mV to + 20 mV. The holding potential was -90 mV. Data were filtered at 10 kHz. Under these conditions, the 
whole cell current inactivated nearly completely. G) Mean fractional recovery from short-term inactivation under control conditions (•; n = 4), and after preincubation 
with Tat-Hsp70 (; n = 5).
Abbreviations: TAT, protein transduction domain of the “transactivator of transcription” from the human immunodeficiency virus; Hsp70, heat shock 70 kDa protein 1A.
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To increase the accuracy of Hsp70 quantification (Figure 3B), 

the pixel density of the immunopositive bands was normalized 

by calculating the ratio of the 70 kDa positive band (Hsp70) 

divided by the pixel density of a nonspecific 100 kDa band 

(Figure 3A, Table 1). Relative numbers for Ca
v
2.3-deficient 

mice (0.50 ± 0.01, n = 10 lanes from five Western blots of two 

membrane batches) did not differ significantly from the cor-

responding numbers for Ca
v
2.3 control animals (0.42 ± 0.06, 

n = 10, P = 0.45). After kainate injection, the amount of Hsp70 

bound to Ca
v
2.3-deficient microsomes (0.64 ± 0.09, n = 13, 
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Figure 3 (Continued)
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Figure 3 The membrane-bound fraction of Hsp70 is increased upon kainate injection only in Cav2.3 controls but not in Cav2.3-deficient mice. Hsp70 was detected and 
quantified in microsomal hippocampal membrane fractions from both genotypes. A) A monoclonal antibody raised against native human Hsp70 protein was used for detection 
of membrane-bound Hsp70 from hippocampal tissue of Cav2.3 control mice (lanes 1–4). Hippocampal microsomes were isolated by ultracentrifugation from the mice either 
before kainate injection (lanes 1 and 2, duplicates) or after intraperitoneal injection of kainate 20 mg/kg body weight (lanes 3 and 4, duplicates). Protein 10 µg was loaded in 
the individual lanes. An aliquot of overexpressed human Hsp70 was used as the reference protein (lane 5). Molecular size markers are loaded on lane 6 as indicated. Note, 
that nonspecific immunoreactive proteins were detected. The 100 kDa proteins were used as an internal standard to perform normalized quantification of anti-Hsp70 positive 
protein at 70 kDa. The ratios are plotted in panel C as relative pixel density (“Hsp70/100 kDaP”). B) Example of anti-Hsp70 positive bands from one of four Western blots, 
which were used to calculate mean values as shown in panel C. C) Mean values of normalized pixel densities from the densitograms shown in panel B. Relative pixel density 
before (striated box) and after kainate injection (filled box) was determined in six Western blots from two different microsomal membrane batches. D) Relative ratio of 
Hsp70  increase in Cav2.3-deficient and control mice, which was determined by dividing relative pixel densities after kainate injection by relative density before kainate 
injection. For Cav2.3-deficient mice, the ratio is close to 1, revealing no significant increase by kainate injection. The ratio was significantly increased for Cav2.3 control mice. 
E) The same monoclonal antibody as used in panel A against native human Hsp70 protein was used for the detection of total Hsp70 from hippocampal homogenates of 
Cav2.3-deficient (lanes 1–4) and control mice (lanes 5–8). Recombinant Hsp70 was used as a reference (lane 9). The soluble protein fraction from hippocampal tissue was 
isolated from mice either before kainate injection (duplicates: lanes 1 and 2 vs lanes 7 and 8) or after intraperitoneal injection of kainate 20 mg/kg body weight (lanes 3 and 
4 vs lanes 5 and 6). F) Mean values of normalized pixel densities from the densitograms shown in panel E, using tubulin as the loading control. Relative pixel density before 
(striated box) and after kainate injection (filled box) was determined in three Western blots for three different microsomal membrane batches. G) Relative ratio of Hsp70 in 
Cav2.3-deficient and control mice, which was determined by dividing relative pixel densities after kainate injection by relative density before kainate injection.
Abbreviation: Hsp70, heat shock 70 kDa protein 1A.

P = 0.29) was not increased significantly, but for Ca
v
2.3 control 

mice was significantly raised by 3.3-fold (1.36 ± 0.26, n = 11, 

P =  0.013, Figures 3C and 3D), although in whole tissue 

homogenates no genotype-specific difference was observed 

(Figures 3E–G).

Discussion
During chaperone-mediated protection against neurodegen-

eration of vulnerable neurons, Hsp70 is considered to be 

an important partner and signaling intermediate.31,32 Such a 

neuroprotective role has been described for several molecular 
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Table 1 Comparison of microsomal-bound Hsp70 before and 
1 day after injection of 20 μg/g kainate. Male mice at the age 
of 12–14 weeks were used for the isolation of microsomal 
membranes from hippocampus. Microsomes were by isolated 
ultracentrifugation before and 1 day after kainate-injection

Western  
blot 

Exposition time Ratios of normalized  
pixel densities  
(after/before kainate)

Number Cav2.3(-|-) Cav2.3(+|+)

1 20 seconds 1.10 4.43
2 1 minute 0.75 3.07
3 2 minutes 1.36 2.00
4 1 minute 0.99 3.31

Mean 1.049 3.203
Standard deviation 0.252 0.998
SEM 0.126 0.499
n 4 4
Student’s t-test,  
P-value

0.006

chaperones in amyotrophic lateral sclerosis, Alzheimer’s 

disease, Parkinson’s disease, and polyglutamine diseases.16,33 

However, more recently, chaperone-assisted degradation has 

been defined also as an important molecular mechanism in 

mammalian cells, which facilitates the sorting of non-native 

proteins to the proteasome and the lysosomal compartment for 

disposal.34

More recently, a histochemical study of Hsp70 expression 

in brain tissue from patients with temporal lobe epilepsy com-

bined its results with data derived from a rat epilepsy model 

of kainate-induced cytotoxicity, and defined a somewhat 

different role for Hsp70, in the sense that Hsp70 may act as a 

useful indicator of stressed neurons in the acute phase of epi-

lepsy, but may not play an important role in neuroprotection 

during an epileptogenic state.12 Because Ca
v
2.3 inactivation 

in mice proved to be a useful animal model for convulsive 

and nonconvulsive seizures, and because Hsp70 interacts with 

Ca
v
2.3,9 we analyzed in more detail if 15-deoxyspergualin, 

an Hsp70-binding immunosuppressant, may interfere with 

Hsp70 binding to the cytosolic II–III linker, if Tat-Hsp70, 

a membrane-penetrating form of Hsp70, may modulate the 

kinetics of full-length Ca
v
2.3 Ca2+ channels, and if Hsp70 

binding to hippocampal microsomal membranes may be 

changed after kainate injection in control mice, but not in 

their Ca
v
2.3-deficient counterparts.

The II–III loops of VGGCs are structurally highly diver-

gent (Figure  4). Within the 450 amino acid-long protein 

sequence, only the first and the last approximately 100 amino 

acids align well with the human Ca
v
2.3 stretch, at least for the 

three members from the Ca
v
2 subfamily of non-L-type Ca2+ 

channels. N- (Ca
v
2.2) and P-/Q-type (Ca

v
2.1) sequences show 

about 50% and 40% structural similarity, respectively, in both 

areas (Figure 4A). Within the II–III loop shown, splice variants 

of Ca
v
2.3 differ by an arginine-rich segment which confers 

a unique Ca2+sensitivity to the major neuronal Ca
v
2.3 splice 

variants.24,25,35 Such a segment is absent in Ca
v
2.2  N-type 

VGGCs (Figure 4B), and therefore may not be necessary for 

the binding of Hsp70, as was also shown for the endocrine/

cardiac splice variant of Ca
v
2.3 lacking the arginine-rich 

segment.9 Interaction of Hsp70 with the isolated II–III linker 

of Ca
v
2.2 seems reasonable, and may also be possible for the 

II–III linker from Cav2.1, based on the structural similarity 

A
Sequence comparison of II–III loops 

(query, human Cav2.3, 450 aas):

Sequence identities, %: 

- Cav 2.3, human:
- Cav 2.3, murine:
- Cav 2.2, human:
- Cav 2.1, murine:
- Cav 2.1, human:
- CaC1A, drosophila:
- Cav1.1, human:
- Cav1.3, Danio rerio:

0 90 180 270 360 450

100
86
50, 37
47, 39
50, 75
64
27
46

B Sequence alignment of human E-type (Cav2.3) and N-type (Cav2.2) II–III loop: 
Exon 19 ————  ———— 

Cav2.3

Cav2.2 DNLANAQELTKDEEEMEEAANQKLALQKAKEVAEVSPMSAANI-------------------SIAARQQNSAKARSVWEQRASQLRLQNLRASCEALYSEMDP 793 
Cav2.3 STVVHISNKTDGEASPLKEAEI-------REDEEEVEKKKQKKEKRETG-KAMVPHSSMFIFSTTNPIRRACHYIVNLR 450

+T+VHI     G   PL EA +        E + E +K+ +  +   +G + +VP+SSMF  S TN +RR CHYIV +R 
NTIVHIPVMLTG---PLGEATVVPSGNVDLESQAEGKKEVEADDVMRSGPRPIVPYSSMFCLSPTNLLRRFCHYIVTMR 1150 Cav2.2

DNLANAQELTKDEQEEEEAFNQKHALQKAKEV---SPMSAPNMPSIERDRRRRHHMSMWEPRSSHLRERRRRHHMSVWEQRTSQLRKHMQMSSQEALNREEAP 100
DNLANAQELTKDE+E EEA NQK ALQKAKEV   SPMSA N+                    S  R++      SVWEQR SQLR     +SE AL  E  P  

1

710
380

1075

Figure 4 Amino acid sequence alignment of the cytosolic linker between domains II and III (II–III linker) of human Cav2.3 with the II–III loop of other voltage-gated Ca2+ channels. 
A) Left panel: simplified diagram for the regions which aligned with the human Cav2.3 segment. Right table: Sequence identities were calculated by the blastP program, version 
2.2.19+.50,51 B) Alignment of the II–III loop sequence from Cav2.3 and Cav2.2. Sequence identities are labeled by repeating the identical amino acid in between both sequences. 
Sequence similarities are labeled by a “+” sign in between both sequences. Note, the exon 19 encoded arginine-rich segment (bold and underlined) is absent in Cav2.2.
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found. Hsp70 binding to the Ca
v
2.2 loop (and perhaps also 

to the Ca
v
2.1 loop) may partially explain why hippocampal 

microsomes from Ca
v
2.3-deficient mice also bind Hsp70 to 

some extent after isolation by ultracentrifugation.

Tat-Hsp70 modulates ICa in HEK-293 (2C6)  
cells stably transfected with Cav2.3
Preincubation of HEK-293 (2C6) cells with Tat-Hsp70 

changed current kinetics moderately, assuming that endog-

enous Hsp70 had nearly saturated Ca
v
2.3 binding when using 

the native charge carrier Ca2+ at a concentration of 5 mM. 

However, even under these conditions, a significant hyper-

polarizing shift was observed for the voltage-dependence 

of activation, as well as a tendency in the same direction 

for the voltage-dependence of inactivation. Based on these 

observations, it may be assumed that Hsp70, as a signaling 

interaction partner, also performs a feedback control to the 

Ca
v
2.3 Ca2+ channel upon its association with the II–III linker,  

which is supported by the observation that Tat-Hsp70 reduces 

the speed of inactivation significantly at early (100  mil-

liseconds) time points. This finding is in accordance with 

the opposite effect of 15-deoxyspergualin on inactivation,9 

assuming that 15-deoxyspergualin interferes functionally 

with Hsp70 signaling to Ca
v
2.3.

The minor changes observed in the kinetic parameters 

of the Ca
v
2.3-mediated inward current may have important 

consequences. For the electrical or chemical stimulation of 

sustained gamma oscillations or epileptiform burst activity, 

only minor changes in the balance between excitatory and 

inhibitory neurotransmission are sufficient to alter the oscil-

latory frequency or may even result in hypersynchronization 

of hippocampal activity and lead subsequently to status 

epilepticus.30

Membrane-bound Hsp70 after kainate injection
Hsp70 chaperones are found in most cellular compartments,16 

where they are localized in the cytosol. Human colon and 

pancreas carcinoma cell lines,36 as well as human tumors,37 

differ from normal tissues in their capacity to present Hsp70 

on their plasma membrane. The mechanisms for induc-

tion of apoptosis may be different in tumor cells, which 

are lysed by natural killer cells, than in stressed neurons, 

in which intracellular signaling influences apoptosis and 

finally neurodegeneration after kainate injection in control 

mice. Because only a minor part of total cellular Hsp70 

associates with membrane fractions in tumors and in hip-

pocampal microsomes, it will be easier to quantify small 

differences in Hsp70 expression, if one isolates microsomal 

membranes first, as was done in the present investigation 

by ultracentrifugation.

Five subunits of kainate receptors are expressed in hip-

pocampal tissue, with region-specific functions.38,39 In the 

healthy brain, kainate receptors contribute to normal synaptic 

transmission and network function, leading to hippocampal 

and neocortical γ oscillations (20–80  Hz), which play an 

important role in learning, memory, and cognition. In the 

pathological brain, kainate receptors are involved in experi-

mentally induced epileptic seizures, finally leading to status 

epilepticus.30,40 The network of hippocampal CA3 neurons 

is mainly affected by kainate receptor activation, where 

GluR6, the high-affinity kainate receptor, represents the most 

important target. Kainate receptors are expressed not only 

postsynaptically but also presynaptically, and knockout mice 

lacking GluR6 are less susceptible to kainate-induced epi-

lepsy. Further, they perform a reduced frequency facilitation 

of mossy fiber-mediated excitatory postsynaptic currents 

(EPSCs).40 Similarly, Ca
v
2.3 in the mossy fiber/CA3-synapse 

has been found to be related to long-term potentiation pro-

cesses.41 The detailed pathways of signaling from presynaptic 

kainate receptors to Ca
v
2.3 are still unknown. However, 

the present study gives some evidence for the biochemical 

interaction of Ca
v
2.3 with Hsp70 in vivo. When we quanti-

fied the total amount of Hsp-70  in homogenates from the 

hippocampus, no difference was found between either geno-

types (Figures 3E–3G). This corresponds to our results from 

a transcriptome analysis, in which no significant increase in 

Hsp70 transcripts were identified. However, when we quanti-

fied the amount of Hsp70 in microsomal fractions from the 

hippocampus, which represents a valid fraction for integral 

membrane proteins, Hsp70 was significantly increased only 

in control mice, but not in Ca
v
2.3-deficient mice, suggesting 

that Hsp70 signaling after kainate injection mainly occurs 

through Ca
v
2.3, which binds to Hsp70, and may activate 

downstream targets related to neurodegenerative processes. 

This three-fold increase in Hsp70 binding to membrane frac-

tions in mice 1 day after kainate injection is consistent with 

findings for the rat hippocampus.12

If a shift of Hsp70 to the membrane fraction is included 

in kainate-induced signaling, it may cause overexcita-

tion at mossy fiber/CA3  synapses, leading to increased 

glutamate release and to neurodegeneration in the CA3 

pyramidal neurons. However, if the assumed Ca
v
2.3-Hsp70 

complex is formed within the CA3 neurons, one would 

need to consider additional candidates for the downstream 

signaling, as reported in the literature. The most important 

interaction partner of Hsp70  in the context of apoptosis 
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and neurodegeneration is the cochaperone, CHIP (carboxy 

terminus of Hsp70-interacting protein), which is closely 

involved in aggresome formation.42,43 Through its binding to 

Hsp70, CHIP may be involved in the molecular machinery 

controlling aggresome formation and subsequent elimination 

of misfolded and aggregated proteins. CHIP deficiency in 

mice reduces their lifespan, along with an accelerated age-

related pathophysiological phenotype.44

Interestingly, CHIP, as well as Hsp70 (Hsp72), interacts 

with apoptosis signal-regulating kinase 1 (ASK1), and pre-

vents apoptosis.45,46 It has been shown that the anti-apoptotic 

effect of CHIP is mediated via induction of ubiquitinylation 

and subsequent degradation of ASK1.45 ASK1 is a serine-

threonine protein kinase which acts as a mitogen-activated 

protein kinase kinase kinase (MAPKKK) to activate 

the c-Jun N-terminal kinase and p38 MAPK signaling 

cascades.45,47 Multiple steps, including self-dimerization, 

phosphorylation, and protein–protein interactions, regulate 

the activity of ASK1. Hsp70 (Hsp72) binds ASK1 at its 

amino terminus and inhibits the ASK1 dimerization induced 

by thermal stress.46

Interestingly, expression profiling of HEK-293 (2C6) 

cells stably transfected with Ca
v
2.3 compared with non-

transfected HEK-293 cells revealed the highest increase in 

expression level to be for mitogen-activated protein kinase 

kinase 5 (MAP2 K5),48 which favors involvement of MAP 

kinase pathways in Ca
v
2.3-Hsp70-mediated signaling.

An alternate route for signaling could be in the opposite 

direction, ie, from Hsp70 to Ca
v
2.3, as indicated by the 

already mentioned “feedback” of Hsp70 on Ca
v
2.3. In the 

event of forward directed signaling from the kainate recep-

tor to Hsp70 and Ca
v
2.3, a slight shift in the threshold of 

activation for Ca
v
2.3 may increase the Ca2+ influx at lower 

membrane potentials, and could activate Ca2+-dependent 

proteases known to be involved in neurodegeneration, as 

has been shown for calpain after calpastatin depletion in 

Alzheimer’s disease.49

Whatever will be the correct explanation for the observed 

differences between Ca
v
2.3 control and Ca

v
2.3-deficient mice 

after kainate injection and subsequent neurodegeneration, 

increased Hsp70 binding to microsomal membranes repre-

sents an important (albeit only an intermediate) step leading 

finally via other processes to hippocampal neurodegeneration 

after kainate injection, similar to what has been reported for 

the rat hippocampus.12 Therefore, using the kainate model 

for both control and Ca
v
2.3-deficient mice will help in future 

to elucidate in detail the molecular steps involved in kainate-

induced and Ca
v
2.3-mediated neuronal cell death.
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