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Abstract

Dynorphin A (1-17), an endogenous opioid neuropeptide, can have pathophysiological
consequences at high concentrations through actions involving glutamate receptors. Despite
evidence of excitotoxicity, the basic mechanisms underlying dynorphin-induced cell death have
not been explored. To address this question, we examined the role of caspase-dependent apoptotic
events in mediating dynorphin A (1-17) toxicity in embryonic mouse striatal neuron cultures. In
addition, the role of opioid and/or glutamate receptors were assessed pharmacologically using
MK(+)801, a non-equilibrium A~methyl-D-aspartate (NMDA) antagonist; CNQX, a competitive
a—amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA)/kainate antagonist; or (-)-naloxone,
a general opioid antagonist. The results show that dynorphin A (1-17) (=10 nM) caused
concentration-dependent increases in caspase-3 activity that were accompanied by mitochondrial
release of cytochrome c and the subsequent death of cultured mouse striatal neurons. Moreover,
dynorphin A-induced neurotoxicity and caspase-3 activation were significantly attenuated by the
cell permeable caspase inhibitor, Z-DEVD-FMK, further suggesting an apoptotic cascade
involving caspase-3. AMPA/kainate receptor blockade significantly attenuated dynorphin A-
induced cytochrome c release and/or caspase-3 activity, while NMDA or opioid receptor blockade
typically failed to prevent the apoptotic response. Last, dynorphin-induced caspase-3 activation
was mimicked by the ampakine CX546 [1-(1,4-Benzodioxan-6-ylcarbonyl)piperidine], which
suggests that the activation of AMPA receptor subunits may be sufficient to mediate toxicity in
striatal neurons. These findings provide novel evidence that dynorphin-induced striatal
neurotoxicity is mediated by a caspase-dependent apoptotic mechanism that largely involves
AMPA/Kainate receptors.
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INTRODUCTION

Dynorphin A (1-17) (dynorphin A) is an endogenous opioid peptide derived from the
preprodynorphin gene (Civelli et al., 1985) that is antinociceptive at physiological
concentrations through actions at x opioid receptors (Herman and Goldstein, 1985; Skilling
et al., 1992; Shukla and Lemaire, 1994; Xue et al., 1995; Carrion et al., 1998, 1999;
Laughlin et al., 1997, 2001; Tan-No et al., 2001; Vanderah et al., 2000; Cheng et al., 2002)
However, following drug abuse, neurotrauma and some neurodegenerative disorders,
prodynorphin mRNA and peptide levels are often significantly elevated with
pathophysiological consequences (Caudle and Maness, 2000; Dubner and Ruda, 1992;
Hauser et al., 1999; ladarola et al., 1988; Laughlin et al., 2001; Long et al., 1988; Shukla and
Lemaire, 1994). At high concentrations or with prolonged exposure, dynorphin can modify
neuronal death through actions at NMDA, AMPA/kainate, and/or opioid receptors (Bakshi
and Faden, 1990; Bakshi et al., 1992; Chen et al., 1995a; 1995b; Goody et al., 2003; Hauser
etal., 1999; Kolaj et al., 1995; Laughlin et al., 1997; Skilling et al., 1992; Tang et al., 1999;
Walker et al., 1982). Dynorphin A peptide precursors can induce cytotoxicity through
specific protein-protein interactions with intracellular targets (Tan-No et al., 2001). Despite
the established neurotoxicity, the mechanisms (necrosis versus apoptosis) and particular
signaling pathways by which dynorphin induces cell death are incompletely understood.

Apoptosis is an important cellular process in a variety of different biological systems in
which cell death occurs without inflammatory processes. These include normal cell turnover
in the immune system, embryonic development, metamorphosis, responses to environmental
stress (Cohen et al., 1992; Ellis et al., 1991; Granerus and Engstrom, 1996; Jacobson et al.,
1997), and in various disease and injury processes including spinal cord trauma (Ashkenazi
and Dixit, 1998; Sastry and Rao, 2000; Springer et al., 1999). Studies in Caenorhabditis
elegans showed that the ced-3 gene, encoding a cysteine protease, is a critical component of
the cell death machinery (Yuan et al., 1993) and this cell death is inhibited by ced-9 (Horvitz
1999). This finding prompted the identification of a conserved family of cysteine proteases
homologous to ced-3, termed caspases that were present in mammals. Caspases can be
broadly classified into several subgroups, which include those that initiate apoptosis (such as
caspases-8 and 9) and effector caspases that cause many of the biochemical events that are
hallmarks of apoptosis (such as caspases-3, 6 and 7) (Creagh and Martin, 2001; Ravagnan et
al., 2002; van Loo et al., 2002).

Mitochondrial dysfunction is one of the key determinants in signaling apoptotic cell death.
When cytochrome c is released into the cytoplasm, it binds to a cytosolic protein, Apaf-1
(apoptosis activating factor-1), and in the presence of ATP recruits procaspase-9 to form the
apoptosome, which cleaves and activates procaspase-3 (Alnemri et al., 1996; Beere et al.,
2000; Goldstein et al., 2000; Mattson and Duan, 1999; Nicholson and Thornberry, 1997;
Schuler et al., 2000).
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Once activated the effects of caspase-3 are believed to be irreversible (Li et al., 1996, 1997).
Our findings demonstrate that the toxicity induced by dynorphin A in striatal neurons occurs
through a novel mechanism that involves the activation of AMPA/kainate receptors and the
caspase-3 apoptotic cascade.

MATERIAL AND METHODS

Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), F-12, B27, and antibiotic-antimycotic
(penicillin/streptomycin/amphoterin) were purchased from Gibco/Life Technologies (Grand
Island, NYY, USA). Purified mouse anti-cytochrome ¢ monoclonal antibody was obtained
from BD PharMingen, (San Diego, CA, USA). Insulin, linoleic acid, and protein G beads
were purchased from Sigma-Aldrich (St. Louis, MO, USA). (-)-Naloxone hydrochloride,
MK(+)801, CNQX (6-Cyano-7-nitroquinoxaline-2,3-dione), CX546 [1-(1,4-Benzodioxan-6-
ylcarbonyl)piperidine] and ror-binaltorphimine dihydrochloride (no-BNI) were obtained
from RBI (Natick, MA, USA). Ac-Asp-Glu-Val-Asp- 7-amino-4-methylcoumarin (Ac-
DEVD-AMC) and the reversible aldehyde inhibitor, Ac-DEVD-CHO (Ac-Asp-Glu-Val-
Asp-aldehyde) were obtained from Bachem Bioscience (King of Prussia, PA, USA) or from
Molecular Probes (Eugene, OR, USA). Caspase-3 inhibitor-11 (Z-DEVD-FMK) was
purchased from Calbiochem-Novabiochem Corp. (La Jolla, CA, USA). Dynorphin A (1-17)
was purchased from Peninsula Laboratories (San Carlos, CA, USA). BCA protein assay Kits
were purchased from Pierce (Rockford, IL, USA). Bio-Rad Ready gels (10% and 12%) and
Kaleidoscope prestained standards were obtained from Bio-Rad Laboratories (Hercules, CA,
USA). The ECL Western blotting analysis system containing peroxidase labeled anti-mouse
and anti-rabbit antibodies was purchased from Amersham Pharmacia Biotech
(Buckinghamshire, England). Pregnant ICR mice were obtained from Harlan-Sprague-
Dawley (Indianapolis, Indiana, USA).

Mouse Striatal Neuronal Cultures and Measurement of Neuronal Viability

Striatal neuronal cultures from embryonic day 15 (E15) ICR mice were prepared as
previously described (Goody et al., 2003). Fetal striata were dissected, dissociated, and
grown for 5-7 days /n vitro (DIV) prior to assay in serum-free DMEM/F-12 medium
supplemented with 2% B-27, 1 ug/ml linoleic acid, 25-pg/ml insulin, and 1% antibiotic/
antimycotic. Striatal neurons were seeded in identical densities (4 x 10° cells/ well) and
grown on poly-D-lysine (0.1 mg/ml) coated 24-well plates at 35 °C in 5% CO,/ 95% air.
Neuronal viability was assessed as described before (Goody et al., 2003). Briefly, coverslips
were securely attached into 24-well Costar plates using Syl-Gard (Dow Corning, MI, USA)
and the underside of wells scored to aid in locating the same neurons repeatedly. Time-lapse
digital microscopic images of individual neurons were collected using a Spot 2 digital
camera (Diagnostic Instruments, Sterling Heights, MI, USA) and a Nikon Diaphot inverted
microscope with phase contrast optics and a 20X objective (Goody et al., 2003). Z-DEVD-
FMK was dissolved in dimethyl sulfoxide to the final volume 0.05% v/v dimethyl sulfoxide
in all treatment groups. Cells were pretreated with the cell-permeable caspase-3 inhibitor Z-
DEVD-FMK for 4 h prior to exposure to dynorphin A (1-17).
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Caspase-3 Activity

Caspase-3 protease activity was measured as previously described (Rigamonti et al., 2000).
Embryonic mouse striatal neurons were continuously treated with dynorphin A (1-17) (10
UM) in the presence and absence of various antagonists and harvested in ice-cold harvesting
buffer (25 mM HEPES, pH 7.5, 5 mM EDTA, 1 mM EGTA, 5 mM magnesium chloride, 10
mM sucrose, 5 mM dithiothreitol, 1% 3-[-(3-chloramidopropyl)dimethylammonio]-1-
propanesulfonic acid (CHAPS), 10 pg/ml pepstatin, 10 pug/ml leupeptin and 1 mM PMSF).
After freezing and thawing 3 times, the cell lysates were centrifuged for 10 min at 5000 rpm,
and the supernatants were centrifuged at 10,0009 for 60 min. The cell lysates thus obtained
were stored at =80 °C. Lysates were incubated at 37 °C in a buffer containing 25 mM
HEPES, pH 7.5, 10% sucrose, 0.1% CHAPS, and 1 mM dithiothreitol supplemented with 50
UM Ac-DEVD-7- amino-4-methylcoumarin (AMC) in 96-well Costar plates. As a negative
control, Ac-DEVD-CHO, a caspase-3 inhibitor, was added to the cell lysates 30 min before
incubation with caspase-3 substrate, Ac-DEVD-AMC. The increase in fluorescence after the
cleavage of the fluorogenic AMC moiety was monitored using a Cytofluor 4000 fluorimeter
(Perspective Biosystems, Framingham, MA, USA) at 360 nm excitation and 460 nm
emission wavelengths. Caspase-3 activity was normalized to protein concentration and
expressed as fluorescence units or units per milligram of total cytosolic protein.

Mitochondrial Cytochrome c Release

Release of cytochrome ¢ from mitochondria was measured as previously described (Yang et
al., 1997). After incubation of the striatal neurons with dynorphin A in the presence and
absence of various antagonists, cells were harvested with ice-cold buffer A containing 20
mM HEPES-KOH, pH 7.5, 10 mM KCI, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, and 250 mM sucrose. Cell
homogenates were centrifuged first at 750 g for 10 min at 4 °C and the supernatant was
centrifuged at 12,0009 for 30 min at 4 °C. The supernatant fraction and the pellet containing
mitochondria resuspended in buffer A were frozen at —80 °C until assayed. The supernatant
(cytosolic) fraction and the mitochondrial pellet fraction were used for the detection of
cytochrome c. Equal amounts of cytosolic and mitochondrial proteins from control and
treated cultures were immunoprecipitated with 1 g of purified mouse anti-cytochrome c
monoclonal antibody (clone.6H2.B4 mouse 1gG from BD PharMingen) for 3 h at 4 °C and
incubated 10 pl of a 50% slurry of protein G-agarose beads in PBS overnight at 4 °C.
Immunoprecipitates were then washed three times with PBS and resuspended in sodium
dodecyl sulfate (SDS)-sample buffer and electrophoresed on SDS-polyacrylamide gel (SDS-
PAGE). Proteins were electrophoresed to blotting PVDF membranes and then incubated
with primary monoclonal antibodies against cytochrome ¢ (7H8.2C12 mouse IgG,
PharMingen, 1:333 dilution) at room temperature for 3 h. Finally, proteins were visualized
using a peroxidase-conjugated antibody to mouse 1gG and a chemiluminescence detection
system. After immunoblotting, the bands on the filter were scanned and analyzed (Scion
Image; Frederick, MD, USA). For each treatment group, the optical densities of
mitochondrial and cytosolic cytochrome ¢ bands were expressed as a relative change from
untreated control values (fold-change) for the same filter. Analysis of the semiquantitative
immunoblot data showed that cytosolic cytochrome c levels were as a rule inversely
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proportional to mitochondrial levels. For this reason, only cytosolic cytochrome c levels
were reported.

Protein Determination

Protein concentrations were determined by the BCA-method using a commercially available
kit (Pierce Biotechnology, Inc.; Rockford, IL, USA).

Radioimmunoassay (RIA)

The procedure was described elsewhere (Christensson-Nylander et al., 1985). Briefly, cell
culture medium mixed with acetic acid (1 M final) was run through SP-Sephadex ion
exchange C-25 column. Leu-enkephalin-Arg®, dynorphin A (13-17) and dynorphin A were
eluted in different fractions and detected by RIA of Leu-enkephalin-Arg® and dynorphin A.

Mass spectrometry (MS)

For electrospray (ES) ionization tandem mass spectrometry (ESI MS/MS), peptide fractions
were purified from medium of primary neuronal cultures incubated with 100 uM of
dynorphin A for 4 and 72 h using SEP-PAC columns (C18, Waters Inc., Manchester, UK)
and Cqg ZipTips (Millipore). Medium mixed with trifluoroacetic acid (TFA; 1% final) was
loaded onto SEP-PAC columns, equilibrated with 1% TFA, and after washing with 1% TFA
and 30% acetonitrile/1 % TFA, peptides were eluted with 60% acetonitrile/1 %TFA, dried
and loaded onto ZipTips in 0.1% TFA. The ZipTips were preliminary activated and
equilibrated using 10 pl 70% acetonitrile/0.1% TFA two times, 10 ul 50% acetonitrile/0.1%
TFA twice and finally twice with 10 pl 0.1% TFA. Samples were loaded onto the ZipTip by
pipetting 20 times and washed using 10 pl 0.1% TFA twice. Peptides were eluted with 60%
acetonitrile/1% acetic acid.

The mass spectrometer (Q-TOF, Micromass, Manchester, UK) was equipped with an
orthogonal sampling ES-interface (Z-spray, Micromass). Samples were introduced via gold-
coated nano-ES needles (Protana). A capillary voltage of 800-1000 V was applied together
with a cone voltage of 40-45 V and a collision energy of 4.2 eV. The sample aerosol was
desolvated in a stream of nitrogen. During collision-induced dissociation (CID) the collision
energy was in the range of 15-30 eV and argon was used as the collision gas. Data was
acquired for samples incubated for 4 h and 72 h. Incubations were conducted with or
without dynorphin A (100 uM).

Statistical Analysis

Data were reported as the mean £ SEM. Significant overall differences among experimental
groups were assessed using ANOVA (STATISTICA, version 6, StatSoft, Inc., Tulsa, OK).
When overall differences were noted (P < 0.05), individual group differences were compared
post-hoc using Duncan’s test. A nonparametric, Kruskal-Wallis ANOVA was used when
non-homogenous variances were detected across experimental groups (as determined using
Levene’s test) and subsequent comparisons between individual dynorphin vs. dynorphin plus
antagonist-treated groups were made using the Mann-Whitney U'test.
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Dynorphin Increases Caspase-3 Activity

To address whether caspase-3 might contribute to dynorphin A-induced apoptosis, mouse
striatal neurons were incubated with dynorphin A in the presence or absence of the
caspase-3 inhibitor Ac-DEVD-CHO (Fig. 1A and B; DEVD). Caspase-3 activity was
measured by monitoring the release of the fluorescent AMC moiety from the caspase-3
specific substrate Ac-DEVD-AMC. Cells were harvested with lysis buffer, caspase-3 activity
was measured in lysates containing 25 pg protein and expressed as total units (Fig. 1A,B) or
fluorescence units/pg protein (Fig. 1C). The generation of fluorescent product was
completely blocked by the addition of the inhibitor Ac-DEVD-CHO (1 uM) (DEVD) to
lysates derived from 5 DIV neuronal cultures, suggesting that the fluorometric assay was
selective for caspase-3 (Fig. 1A and B; *£< 0.01 vs. untreated neurons; post-hoc Duncan’s
test). Lastly, some caspase-3 activity was evident when comparing untreated cultures to
cultures treated with dynorphin A plus DEVD (or DEVD alone—data not shown) suggesting
that caspase-3 was tonically active at low levels [P~ < 0.05 vs. untreated, dynorphin A (1-
17) (10 uM), or dynorphin A (1-17) (10 uM) + naloxone treated neurons; post-hoc Duncan’s
Test; Fig. LA-B]. Caspase-3 activity was nominal following treatment with DEVD alone at
4 h (136 + 46 units) or 72 h (270 * 62 units) (data not shown) and significantly less than
exposure to dynorphin A plus DEVD. Caspase-3 activity shown in Fig. 1A-B and following
treatment with DEVD alone was measured in 25 pg protein samples and expressed as total
units.

We then studied the time-course and concentration-dependence of dynorphin A-induced
activation of caspase-3 in striatal neurons. Marked DEVD-cleaving activity was detected 4 h
following treatment with dynorphin A, while maximal activation was achieved at 72 h.
Dynorphin A caused concentration-dependent increases in caspase-3 activity (Fig. 1C; *P<
0.05 or **P < 0.01 vs. untreated neurons; post-foc Duncan’s test). Maximal caspase-3
activation occurred following exposure to 10 uM dynorphin A (Fig. 1C).

Dynorphin-induced caspase-3 activation (Fig. 2A-2B;*F£ < 0.05 vs. untreated neurons) was
significantly inhibited by CNQX (10 uM), suggesting the involvement of AMPA/kainate
receptors (Fig. 2A—2B;?P < 0.05 vs. dynorphin-treated neurons). By contrast, dynorphin-
induced increases in caspase-3 were unaffected by (-)-naloxone (10 pM) (Fig. 1A-B) and
partially attenuated by MK801 but only at 72 h following antagonist exposure (Fig. 2B).
Findings that the broad acting |, 8 and « opioid receptor antagonist naloxone did not
attenuate dynorphin-induced caspase-3 activity, suggested that the caspase-3 increases were
not mediated by opioid receptors (Fig. LA-B). Similarly, the failure of MK801 to attenuate
dynorphin-induced caspase-3 increases at 4 h suggests NMDA receptors are also not
involved. Some MK-801-induced attenuation was noted at 72 h (Fig. 2B) suggesting that
NMDA receptor signaling contributed to a component of the caspase-3 response.
Importantly, the antagonists CNQX (10 uM) or MK 801 (10 uM), alone did not activate
caspase-3 at 4 h or 72 h. Lastly, the ampakine CX546 alone caused significant increases in
caspase-3 activity at 4 and 72 h (Fig. 2). The effects of CX546 (500 nM) were significantly
attenuated by coadministering CNQX at 4 h (Fig. 2A; #P< 0.05 vs. CX546-treated neurons)
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but only partially reduced by CNQX at 72 h (Fig. 2B). The ability of CX546 to mimic
dynorphin further supports the notion that AMPA receptors can mediate an apoptotic
response in striatal neurons (Goody et al., 2003). Nonparametric analysis was used to test
differences among the groups in Fig 2A because the variances were non-homogenous, while
ANOVA and post-hoc Duncan’s tests were used to analyze the data in Fig 2B.

Mitochondrial Release of Cytochrome ¢

Western blot analysis showed that dynorphin A (1-17) significantly elevated the level of
cytochrome c released from mitochondria in mouse striatal neuron cultures at 4 and 72 h
(Fig. 3). The cytosol from dynorphin treated neuronal cultures contained significantly higher
amounts of cytochrome c than vehicle-treated controls. Our results indicate that
mitochondrial release of the apoptotic protein cytochrome ¢ into the cytosol occurs as early
as 4 h after exposure to dynorphin, and that the cytosolic levels of cytochrome ¢ remain
elevated at 72 h following continuous exposure to dynorphin A.

Concurrent incubation of striatal neurons with dynorphin (10 pM) in the presence of (-)-
naloxone (10 uM) or MK 801 (10 uM) did not interfere with cytochrome c increases in the
cytosol at 4 h or 72 h exposure (*P< 0.01 vs. untreated neurons; post-hoc Duncan’s test),
while CNQX markedly attenuated dynorphin-induced increases in cytosolic cytochrome c at
4 or 72 h (Fig. 3B-C; #P< 0.05 vs. dynorphin-treated neurons). Treatment of antagonists,
CNQX (10 uM), naloxone (10 uM) or MK 801 (10 uM) for 4 h or 72 h did not mediate the
release of mitochondrial cytochrome c into the cytosol (data not shown).

Dynorphin Toxicity in Mouse Striatal Neurons

As previously demonstrated using time-lapse photography (Goody et al., 2003), dynorphin
A (1-17) causes significant death of striatal neurons at 48 h following exposure. Significant
neuronal losses are seen with 100 nM or 10-puM dynorphin A (1-17) and maximal toxicity is
evident with 10-uM dynorphin, which mimics a 100-uM concentration (Hauser, unpublished
observations).

To experimentally assess whether caspases were mediating dynorphin A (1-17)-induced
neuronal death, striatal neuron cultures were continuously exposed to high (10 uM)
concentrations of dynorphin A (1-17) for 72 h with or without the caspase inhibitor Z-
DEVD-FMK (Figs. 4 and 5). Dying neurons were identified by the fragmentation and
destruction of the cell body and neurites (Fig. 4). As expected from previous work,
dynorphin A (1-17) significantly increased neuronal losses. Importantly, the caspase
inhibitor could overcome the effects of maximally toxic concentrations of dynorphin at 48 h,
although the range of concentrations in which Z-DEVD-FMK achieved this effect was quite
narrow (Fig. 5). Dynorphin A (1-17; 10 pM; *P < 0.05 versus untreated neurons; Duncan’s
test) neurotoxicity was significantly attenuated by a 30 uM concentration of Z-DEVD-FMK
(*P< 0.05 versus dynorphin; Duncan’s test), while a 10 uM concentration was ineffective
and a 50 UM concentration was intrinsically toxic at 72 h (data not shown).

Neuroscience. Author manuscript; available in PMC 2016 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

SINGH et al. Page 8

Peptide Loss

Degradation of dynorphin A in neuronal cultures and adsorption of peptide on poly-lysine
coated plastic wells used for cell cultivation was analyzed by specific RIA of dynorphin A
and its products Leu-enkephalin-Arg® and dynorphin A (14-17) (Table 1), and by mass-
spectrometry (Fig. 6). Both methods demonstrated that a substantial proportion (50-80%) of
dynorphin A added into the medium at 100 uM concentrations was converted into shorter
peptides after 72 h incubation. The remaining 20-50% dynorphin A was present in the
medium in the native form.

A doubly charged peptide at 1074 m/z corresponding to dynorphin A (2146 Da, neutral
mass) was detected in the medium both after 4 h and 72 h of incubation at dynorphin A 100
UM concentration (Fig. 6). About 80 % of the intact dynorphin A was degraded after 72 h of
incubation (Fig. 6A). N-terminally truncated species corresponding to the sequences
dynorphin A (2-17) and dynorphin A (3-17) were detected (Fig. 6B). These peaks were
absent in control medium of primary neurons incubated without dynorphin A. ESI MS/MS
using CID with argon confirmed that the component corresponding to the peak at 1074 m/z
was Dynorphin A.

To assess peptide loss due to adsorption, dynorphin A (100 uM) was incubated in poly-
lysine coated plastic 12-well plates for 4 hours in Dulbecco’s Modified Eagle’s Medium
(DMEM). Final concentration was measured using dynorphin A RIA and compared to the
level of dynorphin A in stock solution. Adsorption did not exceed 20%.

DISCUSSION

Our results indicate that dynorphin kills neurons by triggering an apoptotic pathway that
involves cytochrome c release and caspase-3 activation. Moreover, the present findings
indicate that proapoptotic events are activated through glutamatergic, but not opioid,
receptors, and further support the novel involvement of AMPA/kainate receptors in
dynorphin-induced striatal neurotoxicity (Goody et al., 2003). Our previous studies found
that dynorphin can modulate death in spinal cord or striatal neurons through events mediated
by opioid and non-opioid receptors, but failed to elucidate the potential mechanisms (e.g.,
necrosis or apoptosis) or underlying pathways involved.

Caspases are known to participate in many apoptotic events including DNA fragmentation,
chromatin condensation, membrane blebbing, cell shrinkage, and disassembly into
membrane-enclosed vesicles known as apoptotic bodies (Dubner and Ruda, 1992; Lily et al.,
2001; Parish et al., 2001; Yang et al., 1997). Our results in mouse striatal neurons are
consistent with previous reports in other model systems indicating that caspase activation
precedes apoptosis (Armstrong et al., 1997; Eldadah et al., 1997; Garrido et al., 2001;
Padmanabhan et al., 1999; Thornberry and Lazebnik, 1998). In addition, the ability of
caspase inhibitors or caspase gene disruption to enhance viability further supports the
involvement of caspases in apoptosis (D’Mello et al., 1998; Jacobson et al., 1997,
Oberdoerster and Rabin, 1999; Taylor et al., 1997). The present study showed the caspase-3
inhibitor Z-DEVD-FMK (30 uM) markedly, but not completely, attenuated dynorphin A (1-
17)-induced death, indicating the involvement of caspase-3 in apoptotic death. Whether the
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inability to prevent neuronal death completely relates to the Z-DEVD-FMK dosages used
(10 or 30 uM) or the involvement of an alternative apoptotic pathway such as endonuclease
G remains uncertain. Alternative effectors that might induce apoptosis independently of
caspase-3 include the mitochondrial factor Omi/HtrA2, apoptosis inducing factor, caspase-2,
or endonuclease G (Ravagnan et al., 2002; van Loo et al., 2002). It is noteworthy that a 50
UM concentration of Z-DEVD-FMK was intrinsically toxic (Hauser, unpublished
observations), while 10 uM had no significant effect on neuronal survival, suggesting
optimal caspase inhibition occurs within a very narrow concentration range.

Caspase-3 activation was accompanied by mitochondrial release of cytochrome c into the
cytoplasm. Cytochrome c release is a central event in the mitochondrial death pathway
(Kluck et al., 1997; Kroemer et al., 1997; Li et al., 1997; Schimmer et al., 2001).
Cytochrome c release can additionally accompany non-mitochondrial apoptotic induction
such as Fas-mediated apoptosis (Krippner et al., 1996; Adachi et al., 1997; Ravagnan et al.,
2002; van Loo et al., 2002), although it is uncertain whether cytochrome c precedes or
accompanies other apoptotic signaling cascades. Our results indicate that mitochondrial
release of cytochrome c in dynorphin A (1-17)-induced striatal neurotoxicity is
accompanied by the activation of caspase-3.

Dynorphin A stability was observed at 4 h and 72 h to assess the extent that the peptide
would undergo biotransformation, degradation, or adsorption in our cell culture conditions.
Dynorphin A incubated with primary neuronal cultures was degraded into short N- and C-
terminal fragments Leu-enkephalin-Arg® and dynorphin A (14-17) detected by RIA, and
also into longer peptides dynorphin A (2-17) and dynorphin A (3-17), detected by mass-
spectrometry. Many of the C-terminal fragments detected (including 2-17 and 3-17) are
intrinsically neurotoxic (Hauser et al., 2001). Importantly, a substantial portion of dynorphin
A remained unmodified and intact after 4 h (80-90%) and 72 h (20-50%) of incubation,
which is likely to be sufficiently excitotoxic to signal sustained neuronal death during the 72
h incubation period.

Collectively, the present findings show a tight correlation between increases in cytosolic
cytochrome c levels, caspase-3 activation, and subsequent cell death. The prolonged period
in which cytochrome c levels and caspase-3 activation is increased in our primary, neuron-
enriched cultures (i.e., 72 h) may not result from sustained caspase activity within the same
cell. Instead, a subset of striatal neurons may show delayed susceptibility because of subtle
phenotypic or maturational differences in the receptors or effectors mediating the apoptotic
response.

Previous studies have shown that dynorphin A (1-17) and dynorphin A-derived peptides
modulate neurotoxicity by activating multiple receptor types and signaling pathways
(Hauser et al., 1999). These include actions at x-opioid and NMDA receptors in spinal cord
neurons (Hauser et al., 1999), AMPA/kainate receptors in striatal neurons (Goody et al.,
2003); and direct protein-protein interactions that may involve p53 or other key intracellular
targets (Tan-No et al., 2001). Our present findings support the notion that dynorphin induces
apoptosis through excitotoxic actions at AMPA/kainate receptors, since their blockade
significantly attenuated dynorphin-induced caspase-3 activation. In addition, the ability of
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the ampakine CX546 to mimic the effects of dynorphin A (1-17) suggests that AMPA
receptors alone may be involved, although more definitive evidence for the involvement of
particular glutamate receptor types will likely require molecular-genetic approaches to more
selectively target particular receptor subunits. Alternatively, the inability of CNQX to block
completely some aspects of dynorphin-induced apoptosis suggests that a component of the
toxicity not being mediated through AMPA/kainate receptors (Goody et al., 2003). Although
Ca?* impermeant GIuR2 subunits can be expressed (Stefani et al., 1998; Goody et al., 2003),
medium spiny neurons nevertheless can reportedly flux Ca%* in response to AMPA receptor
activation (Stefani et al., 1998), suggesting non-GluR2-AMPA-receptor containing
complexes may be co-expressed by the same or a distinct subsets of striatal neurons.
Alternatively, some of the neurotoxic effects of dynorphin, especially in mature striatal
neurons, might be mediated through NMDA receptors. For example, NMDA receptor
involvement (via release of Mg2* blockade) might be secondary to AMPA/kainate receptor
activation and neuronal depolarization (Kolaj et al., 1996; Goody et al., 2003). Structure-
activity studies indicate that N-terminal fragments of dynorphin act as selective opioid
receptor agonists, while the C-terminal domains are non-opioid and mediate deleterious
effects (Walker et al., 1982; Cavicchini et al., 1989; Shippenberg et al., 2000; Hauser et al.,
2001; Liu et al., 2001; Goody et al., 2003). In addition, dynorphin can reportedly induce
glutamate release (Skilling et al., 1992), although dynorphin typically inhibits its release
presynaptically (Wagner et al., 1992; Maneuf et al., 1995; Herrera-Marschitz and Terenius,
1999). Alternatively, dynorphin might affect key intracellular proteins through direct
protein-protein interactions (Tan-No et al., 2001; Yakoveleva et al., 2001).

There are conflicting reports that dynorphin can mediate both neuroprotective and
neurodegenerative effects (Dubner and Ruda, 1992; ladarola et al., 1988; Long et al., 1988;
Shukla and Lemaire, 1994). Thus, insights into pathways that signal both neuroprotection
and apoptosis are vital toward understanding the role of dynorphin in neuroplasticity,
neurotrauma, and neurodegenerative disorders. Opioid receptor activation can have differing
effects depending on the particular opioid receptor type involved and the nature of its
coupling to specific intracellular effectors (Hauser and Mangoura 1998). Opioid receptors
are highly promiscuous in their ability to couple to second messenger systems, and the
nature of this interaction can vary in cell type, region specific and age-dependent manners
(Hauser and Mangoura 1998). In spinal cord neurons, k-opioid receptor blockade with nor-
BNI or naloxone exacerbates dynorphin-induced excitotoxic insult, suggesting that x
receptor stimulation imparts considerable neuroprotection (Hauser et al., 1999). Unlike the
observations in spinal cord neurons (Hauser et al., 1999), we found opioid receptor blockade
did not exacerbate dynorphin-induced proapoptotic events in striatal neurons in the present
study, which agrees with viability measures in previous studies (Goody et al., 2003). To the
contrary, preliminary findings (not included herein) using the selective k receptor antagonist,
nor-BNI, attenuated proapoptotic signaling; however, this only occurred at high
concentrations, suggesting r70or-BNI was no-longer acting selectively (Castanas et al., 1986;
Pasternak 1988; Tiberi and Magnan, 1990). Lastly, (-)-naloxone, which blocks x receptors
in addition to u and & opioid receptors, failed to attenuate dynorphin A-induced cytochrome
c release or caspase-3 activation. This agrees with studies in striatal neurons showing their
viability is unaffected by (-)-naloxone (Goody et al., 2003). Apparent differences between

Neuroscience. Author manuscript; available in PMC 2016 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

SINGH et al.

Page 11

spinal cord and striatal neurons in the neuroprotective effects of x opioid receptor activation
suggest that there are fundamental differences in the response of each neuronal type to

dynorphin.

Taken together, our findings suggest that dynorphin A (1-17) per se can induce apoptosis in
striatal neurons, and additionally suggest that apoptosis is induced through non-opioid,
AMPA receptors and involves cytochrome ¢ and caspase-3. Pathophysiologic changes in
dynorphin production might contribute to disruptions in striatal function that occur with
chronic opioid or psychostimulant abuse and/or withdrawal, or with neurodegenerative
diseases such as HIV dementia (Maneuf et al., 1995; Berger and Arendt, 2000; Nestler,
2001; Nath et al., 2002; Goody et al., 2003). Interestingly, psychostimulant abuse, which
increases dynorphin levels and may cause neurodegenerative changes in humans (Little et
al., 2003), exacerbates the neurocognitive impairment seen with neuro-AIDS (Nath et al.,
2002). Studies, in progress, are exploring whether pathophysiological changes in dynorphin
biogenesis might contribute to the neuropathogenesis of HIV encephalopathy in the striatum.
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Dynorphin A (1-17)-induced changes in caspase-3 activation. A-B: Striatal neurons were
grown for 5 days in culture and incubated with 10 uM dynorphin A (1-17) (Dyn) for 4 h (A)
or 72 h (B) in the absence and presence of 10 uM (-)naloxone (Nal) or 1 pM Ac-DEVD-
CHO (DEVD). Cells were harvested with lysis buffer, caspase activity was measured in
lysates containing 25 g protein and expressed as total units (A,B) or fluorescence units (C).
C: Striatal neurons were grown for 7 days in vitro before incubation with varied
concentrations of dynorphin A (1-17) for 4 or 72 h. Cells were harvested in lysis buffer and
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caspase-3 activity was measured as described above (C). Results are the mean + the SEM
from n = 4-6 experiments; *P < 0.05 or **P< 0.01 versus untreated neurons; P2 < 0.05
versus untreated, dynorphin A (1-17) (10 uM), or dynorphin A (1-17) (10 pM) + naloxone
treated neurons.
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Fig. 2.

Dgnorphin A (1-17)-induced changes in caspase-3 activation. Striatal neurons grown for 7
days in culture were incubated for 4 h (A) or 72 h (B) with dynorphin A (1-17) (10 pM) in
the presence or absence of CNQX (10 uM), MK (+)801 (10 uM), and/or CX546 [1-(1,4-
Benzodioxan-6-ylcarbonyl)piperidine]. Cells were harvested with lysis buffer; caspase
activity was measured in 4-5 experiments and expressed as units per milligram of protein;
*P < 0.05 versus untreated neurons; 2 < 0.05 versus untreated or dynorphin A (1-17)
treated neurons; #£ < 0.05 versus CX546 (10 pM) treated neurons (A).
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Fig. 3.

DSnorphin A (1-17) induced increases cytochrome c in the cytosolic fraction. Mouse striatal
neurons were treated with dynorphin A (1-17) for 4 hr and 72 hr in the absence and
presence of 10 uM (-)naloxone, 10 pM MK(+)801, or 10 pM CNQX,. Cytosolic fractions
were separated from mitochondria as described in materials and methods. Equal amounts of
cytosolic and mitochondrial protein (50 ug) were loaded in sample buffer and separated on
12% SDS-PAGE. The intensity of cytochrome c signal was compared to untreated control
cultures from n = 4 experiments; *P < 0.05 versus untreated neurons; #~ < 0.05 versus
dynorphin A (1-17) (10 uM) treated neurons.
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Fig. 4.
Time-lapse digital micrographs of striatal neurons in untreated, dynorphin A (1-17)-treated,

or dynorphin A (1-17) + caspase inhibitor Z-DEVD-FMK-treated cultures. Untreated
cultures showed few degenerating neurons (A-B), while exposure to dynorphin A (1-17)
(10 pM) caused significant toxicity (C-D) that could be attenuated by Z-DEVD-FMK (30
uUM) (E-F); non-degenerating neurons (white arrows), degenerating neurons (black arrows),
scale bar = 25 um.
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Fig. 5.
Striatal neuron survival in untreated or dynorphin A (1-17) (10 pM)-treated cultures with or

without the caspase inhibitor Z-DEVD-FMK. Exposure to dynorphin A (1-17) caused
significant toxicity that was attenuated by 30 uM, but not 10 uM, Z-DEVD-FMK. Data are
the mean £ SEM from n = 4 experiments; *£< 0.05 versus untreated or dynorphin A (10
UM) + Z-DEVD-FMK (30 uM) exposed neurons; #£ < 0.05 versus dynorphin A (10 uM)
exposed neurons.
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Fig. 6.

Mgss spectra showing changes in dynorphin A and its derived products at 4 h and 72 h after
incubating 100 uM dynorphin A in striatal neuron cultures. Signals at about 968 m/z
originating from the cell culture medium were used as an internal standard to assess the
degradation of dynorphin A (A). Dynorphin A was detected as a doubly charged component
with a monoisotopic mass at 1074.1 m/z. After 72 h, approximately 80% of the dynorphin A
was degraded compared to the amount present at 4 h. The mass spectra indicated that the
larger degradation products of dynorphin A were N-terminally truncated derivatives of the
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parent peptide (B). The signals at 482.5 and 496.8 m/z (arrows labelled * and #
respectively), correspond to quadruply charged peptides with masses corresponding to the
dynorphin A partial sequences GGFLRRIRPKLKWDNQ and GFLRRIRPKLKWDNQ.
These peaks were absent in control medium of primary neurons incubated without
dynorphin A.
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Table 1

Dynorphin A conversion into Arg8-Leu-enkephalin and dynorphin A(14-17)@

Incubation time Conversionf

Leu-enkephalin-Argé  dynorphin A(14-17)

4h 1.9% 0.72%
72h 56.5% 3.2%

Page 25

“100 UM dynorphin A was added into the medium of striatal neuron cultures at 7 days /7 vitro and analyzed after 4 h or 72 h. The background

peptide levels were at least 1000 fold lower in cell culture medium incubated without dynorphin A. No Leu—enkephalin—Arg6 and dynorphin A (14—

17) were detected in the medium immediately after dynorphin A was added.

I
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otal amount of dynorphin A plus Leu-enkephr;llin-Arg6 or dynorphin A plus dynorphin A (14-17), was taken as 100%.



