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ARTICLE INFO ABSTRACT

Ketamine is widely used both as anesthetic and abuse drug. In this study, we investigated the effects of a wide
range of ketamine concentrations (100-500-1000 pM) on calcium mobilization and the induction of cell death in
vbce undifferentiated PC12 cells, 24 h after treatment. Calcium mobilization was measured as the percentage of
Cytosolic calcium ) fluorescence one minute after depolarization by flow cytometry. For the kinetic changes in [Ca®* ], fluorescence
Mitochondrial dysfunction microscopy with Live Imaging was used with a resolution time of 0.87 s (exposure time: 20 ms). Fluo-4 AM was
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Cardiolipin used for both methods. Flow cytometry using TMRE, NAO, and Annexin V-FITC/PI probes were employed for the
Apoptosis evaluation of mitochondrial membrane potential (AW,,), cardiolipin content and type of cell death respectively.

Fluorescence microscopy was used for the evaluation of DNA fragmentation by TUNEL assay with dUTP-con-
jugated FITC. Results obtained by flow cytometry showed a clear increment in cell response to depolarization
after addition of 50 mM and 70 mM KClI in PC12 cells. Simultaneously, cells treated with 100 pM and 500 uM
ketamine during 24 h, induced a decreased response to depolarization as compared with control cells. In ad-
dition, 1000 M ketamine induced a similar increase in Fluo4AM fluorescence either after addition of 50 or
70 mM KCL. The kinetic assays showed that after 100 mM KCl, cells pre-treated with ketamine showed a marked
decrease in [Ca® "], as compared with control cells. In the case of 1000 pM ketamine treatment, an increased and
sustained [Ca®"]. was observed along the whole assay, indicating a cell disability to maintain calcium home-
ostasis. Associated with these cytosolic calcium alterations, mitochondrial depolarization, cardiolipin depletion
and alteration in Bax protein expression were observed after ketamine treatment. Our data demonstrate that
ketamine action in these cells seems to be independent from NMDAR, as observed by the absence of glutama-
te-calcium response. Acute disturbance in [Ca®*]. could be mediated by the inhibition of VDCCs as part of the
molecular mechanism of ketamine cytotoxicity leading to mitochondrial dysfunction and cell death by apoptosis
and necrosis.

Necrosis and undifferentiated PC12 cells

1. Introduction

Calcium signals play vital roles in controlling cellular activities
through changes in [Ca®" ]. not only in neurons but in many cell types
(Cossart et al., 2005), where they function as second messengers and
mediate a wide range of cellular responses (Clapham, 2007). The low
[Ca®*], is maintained by the action of ATP dependent-Ca®* pumps,
which pump Ca®™ into the two major sinks: the extracellular space and
the internal Ca®* stores of the endoplasmic reticulum (ER) and mi-
tochondria (Carafoli and Pedersen, 1987; Clapham, 1995). Increases in
[Ca2+]C can be obtained by the rapid and transient Ca%™ influx from
the extracellular space to the intracellular medium and by the release
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from internal stores.

It is known that PC12 cells express L-, N-, and P/Q-type voltage-
dependent Ca?* channels (VDCCs) (Dingemans et al., 2009). These
VDCCs serve as one of the important mechanisms for Ca%" influx into
the cells, enabling the regulation of [Ca%™]. (Yamakage and Namiki,
2002). The [Ca2™]. levels play a key role in different signal transduc-
tion pathways mediating different biological effects from cell survival
to cell death (Choi, 1995; Huang et al., 2013; Sattler and Tymianski,
2001).

It has been observed that cell death can often result from excessive
and uncompensated increases in [Ca2+]c. Ketamine can induce toxic
effects in cell cultures and animal studies when administered at high
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doses and/or for prolonged periods (Ibla et al., 2009). Cytosolic Ca®*
overload has been linked with intracellular events inducing deleterious
processes that contribute to neuronal cell death (Huang et al., 2013).
Interestingly, different anesthetic agents have been reported to at-
tenuate increases in intracellular calcium concentration, evoked by
high potassium in PC-12 cells (Kress et al., 1991). For instance, it has
been observed that ketamine inhibits the calcium oscillations in de-
veloping hippocampal neurons (Huang et al., 2013). However, the
molecular mechanisms induced by the suppression of cytosolic Ca®*
signals and their metabolic consequences are still not clearly under-
stood. Thus, both the absence of calcium signals and excessive calcium
overload could induce detrimental intracellular consequences asso-
ciated with cell death. In addition, the source of Ca®* entry appears to
be an important factor in the subsequent loss of Ca®>* homeostasis and
cell death (Ghosh and Greenberg, 1995). Mitochondria contribute to
the tight spatio-temporal control of these signals by accumulating Ca®*
(Carafoli, 2003), but Ca2* overload leads to subsequent mitochondrial
dysfunction (Chen and Chan, 2009). Thus, Ca?* increment beyond the
buffering mitochondrial capacity reduces membrane potential and
disrupts electron transport chain, leading to increased ROS production
(Wang et al., 2010). It is well known that mitochondria are key orga-
nelles for cell death induction and regulation through the participation
of specific signaling pathways (van Loo et al., 2002).

The differentiated PC12 cell line has been used as a suitable model
to study neuronal function and dysfunction (Westerink and Ewing,
2008). We decided to work with undifferentiated PC12 cells due to the
fact that these cells not only present an important amount of VDCCs,
but also have a lower tendency to form aggregates, and have been used
to elucidate different molecular mechanisms related to calcium sig-
naling (Zhu et al., 2019).

Interestingly, cell vulnerability to ketamine treatment could depend
on the lineage, its developmental stages, the concentration employed
and the time of exposure, influencing different cell death pathways in
sensitive cells (Bosnjak et al., 2012). Ketamine concentrations used in
our study are toxic, and not related to the anesthetic and antidepressant
use of this drug. We previously observed the effect of the exposure of
300 uM ketamine on calcium mobilization in VERO cells (Bustamante
et al., 2016). In addition, several studies from other laboratories in
different in vitro and in vivo systems used high ketamine concentra-
tions, as described in normal human urothelial cells (Baker et al., 2016),
differentiated neurons (Liu et al., 2012) human sperm (He et al., 2016)
and rat hippocampus (Demirdas et al., 2017). Plasma concentrations
after anesthetic ketamine doses of 0.250 mg/kg are roughly 180 ng/mL
or 1 uM (Clements et al., 1982). As antidepressant, ketamine is most
commonly administered in subanesthetic doses of 0.5mg/kg as an in-
travenous infusion, for 40 min (Andrade, 2017). The clinically relevant
plasma concentrations of ketamine as a non-competitive blocker of N-
methyl-D-aspartate receptor (NMDAR) ion channels, which is the
known primary mode of action of ketamine, are in line with the IC50
values of ~0.5-1 uM (Glasgow et al., 2017). The ketamine concentra-
tions employed in this study (100, 500, and 1000 pM), although high
from a clinical perspective, were selected in order to obtain clear and
measurable responses to correlate cytosolic calcium levels with the
presence of cell death pathways via apoptosis and necrosis (Wang et al.,
2017). In addition, despite the reported resurgence of ketamine abuse,
limited literature is available on the ketamine concentrations attributed
to toxic doses (Lalonde and Wallage, 2004). Then, the observed high
levels of ketamine consumption during abuse conditions (Wood et al.,
2011) could also justify the use of the high concentrations in the present
study. Since changes in [Ca®"]. are highly dynamic and constitute
important readouts in neurotoxicological and neuropharmacological
studies, we employed fluorescence microscopy with Live Imaging with
a resolution time of 0.87 s, allowing us to detect real time calcium re-
sponse to depolarization after ketamine treatment.

The aim of this work was to analyze alterations in [Ca®*]., mi-
tochondrial function and induction of cell death after exposure of
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undifferentiated PC12 cells to a wide range of ketamine concentrations.
2. Materials and methods
2.1. Materials

DMEM, fetal bovine serum (FBS) and horse serum were from Gibco
BRL (Gaithersburg, MD, USA). Fluo-4 acetoxymethyl (Fluo-4 AM), tet-
ramethyl-rhodamine-ethyl ester (TMRE) and 10 N-nonylacridine or-
ange (NAO) were obtained from Invitrogen Corporation (Invitrogen,
USA). Poly-1-lysine, ionomycin, Annexin-V and propidium iodide were
purchased from Molecular Probes. ( = )-Ketamine hydrochloride was
from Novartis Argentina S.A. TUNEL Label Mix and TUNEL enzyme
were from ROCHE. Carbonyl cyanide4-(trifluoromethoxy)-phenylhy-
drazone (FCCP), etoposide and all the other drugs were from SIGMA.

2.2. Cell culture and ketamine treatment

Undifferentiated PC12 cell line was obtained from the American
Type Culture Collection (ATCC), grown in DMEM supplemented with
10% FBS, 5% horse serum, 2mM glutamine, 50 U/mL penicillin and
50 ug/mL streptomycin. Cells were cultured in T25 bottles, 6-well
plates and coverslips previously coated with 5% poly-L-lysine, and in-
cubated as previously described (Bustamante et al., 2016). For calcium
measurement cells were cultured in hand-made glass-bottom dishes
(dos Santos Claro et al., 2019) and used directly with no trypsinization.
After semiconfluency, cells were exposed for 24 h to a wide range of
( + )-Ketamine-hydrochloride  concentrations -100uM, 500 uM,
1000 pM- and untreated cells being exposed only to saline buffer. Prior
to use, cells were washed two times with Hepes—buffered saline solution
(HBSS) consisting in mM: 116 NaCl, 5.4 KCl, 0.8 MgSO,, 1.3 NaH,POy,,
12 HEPES, 5.5 glucose, 25 bicarbonate solution at pH 7.45.

2.3. Cell response to depolarization was analyzed by flow cytometry with
Fluo-4 AM

Flow cytometry was performed in a FACScalibur (Becton-Dickinson)
equipped with a 488 nm argon laser and a 615 nm red diode laser. Cells
(1 x 10%) were collected and suspended in 1 mL HBSS loaded with
250 nM Fluo-4 AM for 30 min at 37 °C in the dark. After loading, cells
were washed again and suspended in 1 mL of HBSS, plus 1 mM CaCl,.
After measuring basal fluorescence, cell suspension was exposed to
different levels of depolarization, which were induced with a fixed
volume of different stock solutions of KCl to obtain final concentrations
of 50 and 70 mM, and the fluorescence intensities obtained after 1 min
were recorded (Wong and Martin, 1993). The percentage of fluores-
cence (FL-1) intensity histograms, under the marker M1 (events with
high r.f.i.) was analyzed and quantified. As controls of maximum and
minimal fluorescence intensity, experiments were performed with cells
exposed to 10 uM ionomycin and 10 mM EDTA plus 10 mM EGTA re-
spectively. Data were expressed as mean % = SEM.

2.4. Fluorescent microscopy Ca®”imaging in ketamine treated
undifferentiated PC12 cells

Cells were subcultured (200 x 10%) in poly-L-lysine (50 pg/mL)
coated hand-made glass-bottom dishes at 60% confluence. Next, cells
were loaded with Fluo-4 AM during 30 min at 37 °C and placed on the
stage of an Axiovert 35M inverted microscope with Live Imaging
system (40 x oil-immersion objective, NA 1.0: Zeiss, Gottingen,
Germany) equipped with a TILLPhotonics Polychrome IV (Xenon Short
Arc lamp, 150 W; TILL Photonics GmBH, Grifelfing, Germany). Fluo-
4 AM fluorescence was evoked at 488 nm and collected at 520 nm,
every 0.87 s (exposure: 20 ms), with an Image SensiCam digital camera
(TILL Photonics GmBH, Gréfelfing, Germany). No significant dye
bleaching occurred in these assays. Experiments were performed at
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37 °C and consisted of a 40s baseline recording and a 1.5min sub-
sequent depolarization, by 100 mM KCl in order to obtain an adequate
response. To assess dynamic ranges for microscopy, maximum and
minimum fluorescence values were determined in separate experiments
in which Fluo-4 AM loaded PC12 cells were incubated with ionomycin
(5uM) and ethylenediamine-tetraacetic acid (EDTA: 10 mM) respec-
tively. Cell fluorescence values were converted to absolute [Ca®*].
according to the equation [Ca®*]. = Kd [F — Fpinl/[Fmax — F1, where
Kd for Fluo-4 AM = 345nM. Calcium-imaging data were analyzed
using a digital imaging software (FLJI, ImageJ 1.52n). Three in-
dependent experiments were performed and values of fluorescence
from 30 cells (n) were converted to absolute [Ca?"]. as described
above. Data were expressed as mean *+ SEM of absolute calcium con-
centrations in nM; for each condition.

2.5. Analysis of mitochondrial membrane potential by flow cytometry

The mitochondrial transmembrane potential (AW,,) contributes
mostly to the proton motive force, validating its determinations in in-
tact cells after loading with the potentiometric fluorescent lipophilic
cation TMRE. Cells (1 x 10°) after ketamine treatment (100 uM,
500 uM and 1000 uM), were suspended in 1 mL of HBSS, followed by
40 min incubation with TMRE at 37 °C (Bustamante et al., 2004), and
immediately acquired by the cytometer. Fluorescence changes were
collected through FL-2 histograms (not shown) using 5uM FCCP as
positive control. FCCP is an uncoupler of oxidative phosphorylation
indicating maximal mitochondrial depolarization. Three different ex-
periments were performed and results were expressed as mean *= SEM.

2.6. Analysis of mitochondrial cardiolipin content by flow cytometry

The fluorophore NAO binds tightly to the acidic phospholipid car-
diolipin, localized exclusively in internal mitochondrial membranes and
can be used to quantify mitochondrial cardiolipin content (Petit et al.,
1994). After ketamine treatment, cells were suspended in 1 mL HBSS,
loaded with 100 nM NAO during 40 min at 37 °C in the dark and im-
mediately acquired by the cytometer. Fluorescence response was ana-
lyzed by fluorescence histograms of the different samples (not shown).
Three different experiments were performed and results expressed as
mean * SEM as shown in a bar graph.

2.7. Western blot analysis of mitochondrial BAX protein expression

Cells (1 x 10°) were lysed and equal protein amounts (80 ug) of the
mitochondrial pellet were loaded onto a 12% SDS-PAGE and trans-
ferred to a nitrocellulose membrane (Millipore, Atlanta, GA, USA). Non-
specific binding was blocked with 5% defatted milk powder, followed
by immunoblotting with a dilution 1:500 of polyclonal primary anti-
bodies specific for Bax at 4 °C overnight, then incubated with HRP-
conjugated secondary antibodies at room temperature for 1h.
Following each step, the membranes were washed with PBS for 3 min.
Chemiluminescence (ECL) system (Pierce) was used. Densitometry was
performed using ImageJ 1.47 v and the expression of Bax was de-
termined by calculating the gray scale value ratio to B-tubulin band to
normalize data. The ratio of Bax/p-tubulin was estimated for each cell
condition. Three different experiments were performed, and results
were expressed as mean *+ SEM.

2.8. Cell death analysis by DNA fragmentation: TUNEL assay

Cell DNA fragmentation after ketamine treatment was analyzed
using the terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay (Darzynkiewicz et al., 2008). Briefly, cells harvested as
described before were seeded in a microscope slide during 20 min, and
prefixed with 300 pL of 3.7% formaldehyde in PBS during an additional
period of 20 min at 4 °C. Then cells were washed, permeabilized with
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300 pL of 70% ethanol during 10 min at 4 °C and washed again with
PBS. Slides were covered with 100 L of the reaction mixture (10 pL of
10x TDT buffer, 30 uL of H,0, 5pL of TUNEL enzyme and 50 uL of
TUNEL Label Mix, containing dUTP-conjugated with FITC) and in-
cubated for 40 min at 37 °C in the dark. A negative control was in-
cluded, processed identically but without the enzyme (TdT) (not
shown). Etoposide (1 uM) was used as a positive apoptotic control.
Slides were mounted and analyzed by epifluorescence microscope
(Arcano XSZ 107 BNT YX) equipped with a camera (MOTICAM1000). A
xenon lamp was used for excitation at 488 nm and emission wavelength
at 525nm. Quantification of the TUNEL assay was performed by
counting positive fluorescent cells after evaluation of 100 micrographs
for each sample in 3 different experiments and expressed as % of un-
treated control cells (% mean + SEM).

2.9. Apoptosis and necroptosis analysis by phosphatidyl-serine exposure:
double binding of PI/Annexin V-FITC

Flow cytometry allows simultaneous multiparametric analysis for
dying cells measurement. Annexin V was used to detect phosphatidyl-
serine (PS) externalization (Chris et al., 1995; Reutelingspergerg, 1990;
Tait et al., 1989) and the level of DNA fragmentation was quantified by
Propidium iodide (PI) staining. After treatment with the different ke-
tamine concentrations, and etoposide as positive apoptotic control, cells
were harvested, suspended in 500 uL of binding buffer plus 3 pg/mL
Annexin V-FITC and incubated during 30 min at room temperature in
the dark. After staining with 20 uL. of 30 mM PI solution during addi-
tional 10 min, cells were immediately acquired by flow cytometry.
Single-PI and single-Annexin V-FITC stained controls for compensation
assays were performed. FACS analysis of cells undergoing necroptosis
was performed by gating a specific cell population. Graphic re-
presentation of the cell fluorescence response PI/Annexin V-FITC is
shown in a typical dotplot. Quantification of the type of cell death was
shown by a bar-graph representation as % of PI/Annexin positive cells.
Results were expressed as the mean = SEM of three independent ex-
periments.

2.10. Statistical analysis

All experiments were repeated three times, and results are presented
as mean *+ SEM. Prior to each flow cytometry analysis, test variables
were checked for normality by the Kolmogorov-Smirnov test. ANOVA
followed by Tukey's test was used to analyze differences between mean
values of more than two groups. SPSS (13.0 version) statistical software
was used and a difference was statistically significant when p < .05.

3. Results
3.1. Cell response to different levels of KCI depolarization

The fluorescence response of untreated, ketamine treated during
24 h, EDTA+EGTA and ionomycin exposed cells, was performed after
1 min of KCl-induced depolarization. Typical Fluo-4 AM fluorescent
histograms after 70 mM KCI are shown in Fig. 1a. Cells exposed to in-
creased levels of depolarization with 50 mM and 70 mM KCl, showed an
increase in the percentage of fluorescence intensity in control, 100 and
500 uM ketamine treated cells, being 56%, 41% and 37% respectively
as observed in Fig. 1b. Meanwhile, cell treated with 1000 uM ketamine
induced only an increment of 25%. Interestingly, undifferentiated PC12
cells stimulated with 250 mM glutamate (Wong and Martin, 1993) did
not show increments in fluorescence (Fig. 1b).

3.2. Cytosolic Ca®* measurement by fluorescence microscopy

The effects of 24 h-ketamine treatment on calcium influx in PC 12
cells after 100 mM KCl-induced depolarization are described in Fig. 2a.



J. Bustamante, et al.

a)
0,
; 98%
a1
§ ;
T mef.u LS B (O TR T e
Flio-4 AU
EDTA+EGTA lonomycin
3 o
52% 44%
g w1 g W
10°  10'  10° 100 10t R R R R
Flio-4 Al Fuo-4 AUl
100 pM 500 pM
B 25%
g u

o 1
10° 10" 10° 10° 10
Floo-4 AU

Glutamate 250 mM

Events.

Events

69%

R O e

Fluo-4 AM

1000 UM

Experimental and Molecular Pathology 111 (2019) 104318

b)

1 mM CacCl, (extracelular)

120

% of Fluo-4 AM (r.f.i.)

P<0.05

Treatment {

(UM) Ketamine >y

(uM) Ketamine

Stimuli {

Fig. 1. Undifferentiated PC12 response to different levels of depolarization.
Cells after 100, 500, and 1000 uM ketamine treatment for 24 h, were collected, loaded during 30 min with Fluo-4 AM and acquired by the cytometer for basal
measurements. After 1 min of exposure to 50 and 70 mM KCl, cells were acquired again for fluorescence (FL-1) analysis. 1a) Typical flow cytometry assay with
fluorescence histogram for controls and treated cells after 70 mM KCl is shown. 1b) Quantification of (r.f.i.) after 50 mM and 70 mM KCl, and 250 mM glutamate for
control and ketamine treated PC12 cells is shown as a bar graph, data were expressed as mean % * SEM from three different experiments. lonomycin and EDTA

were used as controls.
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Fig. 2. Epifluorescence microscopy with live imaging was used to record the kinetics of cell calcium mobilization in undifferentiated PC12 cells.

Cells were exposed to 100 uM, 500 uM and 1000 uM ketamine for 24 h. Calcium mobilization from the extracellular buffer to the cytoplasm were scanned in a
fluorescence microscope after 100 mM KCl stimulated Fluo-4 AM loaded cells. 2a. Cell images before and after 40 s of 100 mM KCI exposure for control A) and B);
100 uM ketamine C) and D); 500 pM ketamine E) and F); and 1000 uM ketamine treated cells G) and H) are shown. 2b, graph with traces illustrating the changes in
[Ca%*],, during 30s before and after KCl depolarization, with a resolution time of 0.87 s.
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Calcium images before depolarization showed low levels of in-
tracellular calcium in control cells as well as after 100 uM and 500 uM
treatment with ketamine (A, C, E). After depolarization, the fluores-
cence intensity increased clearly in untreated cells (B), meanwhile only
a slight increase was observed in 100 uM (D) and 500 puM (F) ketamine
treated cells. Cells treated with 1000 uM ketamine showed an increased
fluorescence intensity before depolarization (G) that was preserved
after KCI addition (H). As shown in Fig. 2b. after 100 mM KCl-induced
calcium influx, the amounts of intracellular calcium increased time—-
dependently in control cells, showing intracellular calcium transients,
from 112 + 4nM up to 460 += 3nM, while cells incubation with
100 uM and 500 uM ketamine induced a very slight increase in cytosolic
calcium transients, from 66 + 2 up to 118 = 6nM and 65 * 3 up to
143 + 4nM respectively. This results indicate strong cytosolic calcium
decreases of 85% and 78% respectively as compared with untreated
cells. Meanwhile, cell treatment with 1000 uM ketamine showed an
increased cytosolic calcium level (594 + 2nM) before depolarization,
which was sustained after KCl addition (605 + 12 nM).

3.3. Ketamine effect on mitochondrial membrane depolarization

Changes in AW,, after ketamine exposure during 24h were de-
scribed in Fig. 3a. Mitochondrial depolarization was quantified after
100 uM, 500 uM and 1000 uM ketamine cells treatment, showing in-
creases in mitochondrial depolarization of 24%, 27% and 52% re-
spectively, as compared with untreated cells. As expected, the positive
controls with FCCP and etoposide showed 38% and 41% increases of
mitochondrial depolarization as compared with the untreated cells.

3.4. Ketamine effect on mitochondrial cardiolipin content

Decrease in NAO fluorescence could be related to a decrease in the
mitochondrial cardiolipin content due to cardiolipin peroxidation/de-
pletion. Fig. 3b shows the quantification of the fluorescence cell re-
sponse in a bar graph for each cell condition after 24 h treatment.
Cardiolipin content did not change after cells incubation with 100 uM
ketamine and only a 7% decrease was observed after 500 uM ketamine
cells treatment. On the contrary, significant cardiolipin depletion of
32% was observed after cells treatment with 1000 uM ketamine.

a)
100

Mitochondrial Depolarization
as TMRE (RFl)

Control
P<0.05

FCCP Etoposide 100 uM 500 uM

1000 uM

Ketamine
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Fig. 4. a and b. Bax protein expression. After ketamine treatment mitochondrial
Bax/fB-tubulin ratio was determined by Western blot. a) Inmunoblots from a
representative experiment. b) Bar graph describe the Bax/B-tubulin ratio
(mean * SEM) after three different experiments. (*p < .05).as compared with
untreated cells.

Cardiolipin depletion of 49% was also detected after etoposide treat-
ment as compared with untreated cells. These results indicate that cells
treatment with 1000 uM ketamine, induced a high mitochondrial car-
diolipin peroxidation.

3.5. Ketamine effect on Bax protein expression

Bax association to the outer mitochondrial membrane was analyzed
by Western blot after ketamine treatments during 24 h, as shown in
Fig. 4. The results showed an increased band of 20 kDa in cells treated
with 100puM and 500uM ketamine, and etoposide treatments as

b)
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g8
L3
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Etoposide 100 uM 500 uM 1000 uM
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Fig. 3. a and b. Effect of ketamine on mitochondrial depolarization and cardiolipin content. a) Cells were treated for 24 h with 100, 500, and 1000 uM ketamine,
harvested and loaded with TMRE. FCCP and etoposide were used as depolarizing and apoptotic controls. Quantification of the AWm loss was described in the bar
graph, significant differences for 100, 500 and 1000 uM ketamine treatment were observed as compared with untreated cells (*p < .05), b) After ketamine treatment
for 24 h, cells were harvested and loaded with NAO. Quantification of cardiolipin oxidation/depletion is described in the bar graph, etoposide was used as apoptotic

control. Differences were compared with untreated (control) cells (*p < .05).
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Fig. 5. a and b. DNA fragmentation by TUNEL assay in PC12 cells. Cells were treated for 24 h with 100, 500, and 1000 uM ketamine. a) Epifluorescence cell images
(100 x) after ketamine treatment. b) Quantification of TUNEL positive cells. (*p < .05) as compared with the control values.

compared with untreated cells. The bar-graph of Bax/f-tubulin ratio for
100 and 500 uM ketamine and etoposide treatments showed increments
of 34%, 46% and 46% respectively as compared with untreated sam-
ples. Interesting but not clearly understood was the fact that cells
treated with 1000 pM ketamine presented 45% decrease in the Bax/[3-
tubulin ratio, showing all of them significant differences of Bax/fp-tu-
bulin ratio as compared with untreated-control samples.

3.6. Analysis of PC12 cell death after treatment with different ketamine
concentrations

3.6.1. TUNEL results

Fluorescence microscopy evaluated the level of DNA fragmentation
by dUTP-FITC after ketamine treatment during 24h, as shown in
Fig. 5a. Quantification of these results as the percentage of untreated-
control cells showed 227% and 300% of TUNEL positive cells after
100 uM and 500 uM ketamine treatment respectively. Treatment with
1000 puM ketamine showed the highest number of TUNEL positive cells,
being 700% (Fig. 5b) meanwhile Etoposide used as a positive control
showed 567%. This difference could be due to the fact that in the case
of cells treated with 1000 uM ketamine apoptosis and necrosis were
occurring simultaneously.

3.6.2. Type of cell death

The type of cell death was determined by cytometry with Annexin
V-FITC/PI binding (Crowley et al., 2016). A typical experiment of
double binding is shown in Fig. 6a. Annexin V can also be used to detect
necrosis, due to the fact that necroptotic cells become Annexin V-po-
sitive. However, when combined with PI, the double-labeling procedure
allows a further distinction of necrotic (Annexin V+ /PI+) from early
apoptotic (Annexin V+/PI—) cells. Quantification of apoptotic, ne-
croptotic and viable cells was described after ketamine treatment
during 24 h as a bar graph in Fig. 6b. The amount of PS externalization,
occurring in early apoptotic cells was 2% and 34% for untreated and
etoposide treated cells respectively. Meanwhile, after ketamine

treatment with 100 uM and 500 uM, cells showed apoptotic levels of
17% and 12% respectively. A high apoptotic level was observed after
1000 uM ketamine treatment being 35%, similar to the etoposide po-
sitive control. Low levels of necrotic cells were observed both in un-
treated and in apoptotic control samples, being 4% and 8% respec-
tively. Similar necroptosis levels were observed after 100 uM and
500 uM ketamine treatment, being 5% and 9%, while after 1000 uM
ketamine treatment the presence of necroptosis increased to 22%.
Whereas living or viable cells (91%) in untreated cells remained An-
nexin-V-negative, a clear decrease was observed after cells treatment
with ketamine 100 uM and 500 pM, being 75% and 79% respectively.
Only 45% viable cells were observed after 1000 uM ketamine treat-
ment, being similar to the percentage of living cells in the apoptotic
control (55%).

4. Discussion

In neuronal cells, Ca*>* plays an essential role in a large number of
cellular processes, including neurotransmission, gene expression and
programmed cell death (apoptosis), as well as necrotic cell death
(Zhivotovsky and Orrenius, 2011), via mitochondrial disruption and
release of degradative enzymes. In neuronal cells, a strong control over
their Ca®" signals is exerted, tightly regulating the balance between
Ca®” influx, extrusion, sequestration and buffering by cytosolic Ca®*
binding proteins (Westerink and Ewing, 2008). As a result, Ca2™ signals
are highly dynamic with rapid and transient, increases and oscillations
that occur in seconds to minutes (Eilers et al., 1995). It is important to
highlight that PC12 cell cultures present important advantages in stu-
dies of the molecular mechanisms related to drug action, although they
showed important limitations of data extrapolation to the clinical
human therapy.

The results of the present study showed an increased calcium cell
response to depolarization, 1 min after cell exposure to different con-
centrations of KCI. This increased cytosolic calcium measured as Fluo-
4 AM fluorescence seems to be mediated by the opening of VDCC, L-
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Fig. 6. a and b. Flow cytometry analysis of cell death by double binding of Annexin V-FITC and propidium iodide. Cells were treated for 24 h with 100, 500, and
1000 puM ketamine. a) Typical dotplot quadrant of double binding with PI/Annexin-V is shown in Fig. 6a, allowing to detect the percentage of cell death types in each
PC12 condition. The double-labeling procedure allows a further distinction between necrotic (Annexin V+ /PI+) and early apoptotic (Annexin V+ /PI—) cells.
Etoposide was used as a control of apoptotic cell death. b) Quantification of viable, apoptotic induced and necroptotic cells was described as a bar graph for each
PC12 condition. The results indicate significant differences for cell viability, apoptosis and necrosis after etoposide, 100, 500 and 1000 uM ketamine treatments

(*p < .05) as compared with untreated cells.

and N-type, present in PC12 cells (Avidor et al., 1994) as a result of KCl-
induced depolarization. The absence in Ca®*-response of PC12 cells to
glutamate, suggests that the inhibitory effect of ketamine on cytosolic
Ca®* transport does not seem to be mediated by NMDAR.

In this study, intracellular calcium dynamics in ketamine treated
undifferentiated PC12 cells was studied by real-time kinetic measure-
ments of Ca®>* using fluorescence microscopy assays. The kinetic stu-
dies of [Ca®*]. performed by fluorescence microscopy with the highest
level of depolarization provide clear evidence that ketamine at con-
centrations of 100 uM and 500 uM presented decreased intracellular
calcium transients as compared with untreated cells. This observation
suggests that the inhibition of depolarization-evoked Ca®™ -influx could
be mediated by VGCCs in agreement with Wong and Martin, 1993. The
simultaneous lack of depolarization response and high [Ca®*]. ob-
served after 1000 pM ketamine treatment could be also due to an
equilibrium between extra and intracellular calcium in dying cells were
the death program has already begun.

The interesting point of this study is the evidence that all the ke-
tamine doses employed were able to induce apoptotic processes al-
though with different intensity as indicated by the simultaneously
performed TUNEL and early PS externalization assays. The cell death
signaling to necrosis was important only at high ketamine concentra-
tions. Increased [Ca®*]. has been associated with different models of
apoptosis (Nicotera and Orrenius, 1998) which induce Ca®* signals
produced by influx from the extracellular space or by mobilization from
intracellular stores (Nicotera and Orrenius, 1998; Krieger and Duchen,
2002).

In this study, the observed cell death signaling included mitochon-
drial mediation showing cardiolipin depletion and decreased AW,,,. It is
known that alterations in calcium homeostasis have deleterious con-
sequences for mitochondria. In fact, mitochondrial calcium retention
capacity is reduced in different conditions inducing a loss of the mi-
tochondrial transmembrane potential (Carafoli, 2003). In previous
studies we observed a clear inhibition of the ability of mitochondria
from ketamine injected animals to accumulate Ca®*, as compared with

mitochondria from saline injected rats (Bustamante et al., 2016). Mi-
tochondrial cardiolipin depletion observed after ketamine treatment
could be related to the fact that the presence of this phospholipid at the
inner mitochondrial membrane and its proximity with the mitochon-
drial sites of reactive oxygen species production, make this molecule an
important target for peroxidative processes (McMillin and Dowhan,
2002). Cardiolipin alterations would induce a dysfunction in the re-
spiratory mechanism and therefore could risk the ATP output to match
cellular energetic demand.

In addition, the important level of mitochondrial depolarization
after ketamine treatment could be related in part to the presence of the
Bax protein in mitochondrial outer membrane changing the ratio be-
tween pro- and antiapoptotic members and consequently leading to
apoptotic processes. It is well known that the mitochondrial protein
membrane ratio of the Bcl-2 family members can contribute not only to
control different mitochondrial pathways of apoptosis but also to alter
cytosolic Ca?* homeostasis and mitochondrial energetics (D'Orsi et al.,
2017; Nutt et al., 2002; Scorrano et al., 2003). The low mitochondrial
Bax/fB-tubulin ratio observed at high ketamine concentrations, could be
related with an increased protein degradation as the result of the ob-
served necrotic process.

In this study toxic concentrations of ketamine were able to induce a
disruption in PC12 cells calcium transport machinery, probably medi-
ated by alterations in calcium mobilization through VDCC, eliciting
different signaling cascades that would change cell fate, and induce
mitochondrial dysfunction and cell death by apoptosis and necrosis.

5. Conclusions

Current data demonstrate that PC12 cells after treatment with ke-
tamine concentrations responded to different levels of KCl-depolariza-
tion being also able to inhibit K*-induced calcium increase probably by
inhibition of VDCCs. Meanwhile, after treatment with high concentra-
tions of ketamine, a low response to depolarization, and a disability to
manage calcium was evident. The results also showed that the
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alterations in [Ca®* 1. could result in adverse cellular effects, leading to

cell death by apoptosis mediated by mitochondrial dysfunction. In the
case of cell exposure to high concentration of ketamine, the increased
[Ca®*]. was associated with an increased level of apoptosis and ne-
crosis.
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