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Methamphetamine (METH) is one of the most widely abused synthetic drugs in the world.
The users generally present hyperthermia (HT) and psychiatric symptoms. However, the
mechanisms involved in METH/HT-induced neurotoxicity remain elusive. Here, we
investigated the role of heat shock protein 90 alpha (HSP90a) in METH/HT (39.5°C)-
induced necroptosis in rat striatal neurons and an in vivo rat model. METH treatment
increased core body temperature and up-regulated LDH activity and the molecular
expression of canonical necroptotic factors in the striatum of rats. METH and HT can
induce necroptosis in primary cultures of striatal neurons. The expression of HSP90«a
increased following METH/HT injuries. The specific inhibitor of HSP90a, geldanamycin
(GA), and HSP90«a shRNA attenuated the METH/HT-induced upregulation of receptor-
interacting protein 3 (RIP3), phosphorylated RIP3, mixed lineage kinase domain-like
protein (MLKL), and phosphorylated MLKL. The inhibition of HSP90a protected the
primary cultures of striatal neurons from METH/HT-induced necroptosis. In conclusion,
HSP90a plays an important role in METH/HT-induced neuronal necroptosis and the
HSP90a-RIP3 pathway is a promising therapeutic target for METH/HT-induced
neurotoxicity in the striatum.

Keywords: methamphetamine, hyperthermia, heat shock protein 90 alpha, necroptosis, receptor-interacting
protein 3

INTRODUCTION

Methamphetamine (METH) is one of the most widely abused synthetic drugs in the world. METH
abuse can cause irreversible damage to many systems, such as the nervous system, the cardiovascular
system, the digestive system, and the skin (Cadet et al., 2007; Paratz et al., 2016). In particular, the
nervous system is one of the most important targets of METH (Degenhardt et al., 2010; Ren et al,,
2016). Additionally to its strong addiction properties, METH has a strong toxic effect on the entire
nervous system. Striatal neurons are extensively linked to multiple brain regions related to addiction,
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learning, and memory. They also play essential roles in
stimulating and maintaining movement, emotional control,
reward effect, and drug dependence (Alexander et al, 1986;
Calabresi et al., 1997). Unfortunately, striatal neurons are very
sensitive to METH-induced neurotoxicity (Granado et al., 2010;
Yamamoto et al., 2010; Valian et al., 2017; Granado et al., 2018; Lu
et al, 2021). Studies have shown the degeneration of
dopaminergic terminals and the death of cell bodies in the
striatum following METH treatment (Zhu et al., 2009; Ares-
Santos et al, 2014). Apoptosis is the most focused type of
neuronal cell death. However, the inhibition of the apoptotic
pathway only partially inhibited METH-induced cell death
(Kanthasamy et al,, 2011), suggesting that other forms of cell
death may also be involved in METH-induced neurotoxicity.

Necroptosis is a regulated variant of necrosis that displays a
necrotic morphological feature (Font-Belmonte et al, 2020).
Necroptosis can be regulated, initiated, transmitted, and
executed by specific factors and blocked by several inhibitors,
such as Necrostatin-1 (Nec-1) (He et al., 2009; Weinlich et al.,
2017; Wang et al,, 2018¢; Lin et al., 2020; Hu et al., 2021; Jiang
etal, 2021; Yan et al, 2021). The main factors that participate in
necroptosis  include receptor-interacting serine/threonine-
protein 1 (RIP1), receptor-interacting serine/threonine-protein
3 (RIP3), and mixed lineage kinase domain-like protein (MLKL)
(Huang et al., 2013; Ding et al., 2015; Liu et al., 2016; Shang et al.,
2017; Wang et al., 2018a; Yuan et al., 2019). In this pathway, RIP3
phosphorylation is a key step in the occurrence of necroptosis.
Therefore, RIP3 has been the core and characteristic molecule in
the study of necroptosis (Meng et al., 2015). Although Ares-
Santos’ experiments demonstrated that the neurons in the
striatum showed obvious necrotic phenotypes after METH
treatment (Ares-Santos et al, 2014), it is still unknown
whether METH can induce necroptosis in the striatal neurons
that are sensitive to METH neurotoxicity.

Hyperthermia (HT) is a critical mechanism in METH-induced
neurotoxicity (Tata and Yamamoto, 2007; Krasnova and Cadet,
2009). A single medium or high dose of METH will cause HT
(39-40°C), which is usually maintained for several hours
(Behrouzvaziri et al., 2015; Wu et al,, 2016). HT aggravates the
oxidative stress and excitotoxicity caused by METH (Chauhan
etal., 2014) and increases the damage to the nervous system (e.g.,
neuron death) (He et al, 2004). An elevated core body
temperature can rapidly upregulate a variety of stress proteins,
such as heat shock proteins (HSPs) (Yan et al., 2006). HSP90
belongs to one of the subfamilies of the HSPs family. It consists of
two subtypes, the stress-inducible HSP90a and the constitutively
expressed HSP90PB (Voss et al., 2000; Sreedhar et al., 2004; Grad
et al., 2010). It has been suggested that the up-regulated HSP90a
acts as a molecular chaperone that stabilizes RIP1 and RIP3 and
mediates necroptosis (Li et al., 2015; Li et al., 2016; Wang et al.,
2018b). Our previous studies showed the significant upregulation
of HSP90 mRNA in rat cortical neurons exposed to METH
treatment (Xiong et al., 2017). Meanwhile, our preliminary
results showed an upregulation of RIP3 and phosphorylated
RIP3 (p-RIP3) in cortical brain sections of patients who died
from a METH overdose (Guo et al., 2020). Based on the METH-
induced HT and the possible modulatory role of HSP90a on
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necroptosis, we asked whether HSP90a had a significant impact
on METH/HT-induced necroptosis in striatal neurons. Our
investigation shed new light on the regulatory mechanism of
METH/HT-induced injury.

MATERIALS AND METHODS

Primary Striatal Neuron Cultures and in vitro

Model Preparation

All experimental procedures were approved by the Medical Ethics
Committee of the Third Xiangya Hospital of Central South
University in accordance with the Guidelines for the Care and
Use of Laboratory Animals (U.S. National Institutes of Health).
Primary cultures of rat striatum tissues were separated from fetal
Sprague-Dawley (SD) rats (embryonic day 17). In brief, rat
striatum tissues were extracted with the aid of a dissecting
microscope under sterile conditions. The striatum tissues were
digested at 37°C for 10 min in Dulbecco’s modified Eagle’s medium
(DMEM, GE Health care, Logan Utah, United States) containing
0.02% papain and then the tissues were gently triturated for
20 times and filtered through a 70 um nylon cell sieve, followed
with 5 min centrifugation. After resuspension in plating medium
consisted of DMEM supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 5% heat-inactivated horse serum, 1 mM
L-glutamine, cells were counted and plated onto flasks or plates
precoated with poly-D-lysine (10 ug/ml, Sigma-Aldrich, St. Louis,
United States) at a density of 6x10° cells/ml. Cells were maintained
at 37°C for 4h in a 5% CO, incubator after plating, followed by
replacing the plating medium with neurobasal medium (Thermo
Scientific, MA, United States) supplemented with 2% B27 (Thermo
Scientific). Half of the culture media were replaced every 2 days. On
the 7th day, the cultures were exposed to indicated concentration of
METH applied by Changsha City Public Security Bureau, China,
cultured in a 5% CO, incubator at 39.5°C for 3 or 6 h. The cell
cultures in the normal control group were still cultured in a 5%
CO, incubator at 37°C in parallel.

In vivo METH Administration

Male SD rats, each weighing 200-210 g at the beginning of the
experiment, were obtained from the Animal Center of Central
South University. Animals were housed in a temperature (23 +
2°C) and humidity (50 + 5%) controlled animal facility. All
experimental rats were housed together in 50 x 35 x 20cm
cages (n = 3/cage) and were maintained on a 12 h light/dark cycle
with free access to food and water. METH (10 mg/kg) or saline
were administered to rats every 2h in four successive
intraperitoneal (i.p.) injections. Rats were sacrificed by
decapitation at 1, 12, or 24 h after the last injection of METH
or saline. The rectal temperature of rats was monitored by an
electronic thermometer throughout METH treatment, at 30 min
after each injection, and rectal temperature 30 min before METH
treatment was considered as the baseline.

Drug Preparation and Administration
For in vitro experiments, we pretreated primary cultured neurons
with 20 uM Nec-1 (Sigma-Aldrich) diluted with DMSO for 2 h
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before conducting METH and 39.5°C treatment to determine the
rate of necroptosis (Vieira et al., 2014). 50, 100, 300, and 900 nM
HSP90 inhibitor Geldanamycin (GA) (Cell Signaling Technology,
MA, United States) diluted with DMSO were picked and added
into the primary striatal neuronal medium for 24h before
conducting METH and 39.5°C treatment. For in vivo
experiments, GA was diluted with 1% DMSO (diluted with
saline) to a final concentration of 1.6 mM. After anesthetized
by i.p. injection of 1% pentobarbital sodium (6 ml/kg), rats were
placed into a stereotaxic frame. A 23-gauge stainless steel guide
cannula attached to a 10yl Hamilton® syringe was
stereotactically inserted (coordinates: striatum: AP + 0.9 mm,
lateral —2.2 mm, —4.4 mm beneath the pial surface). 5 ul GA or
dilute DMSO was injected 1 h before METH administration at a
rate of 0.5 pl/min (Wen et al., 2008; Yin et al., 2017). Following
the intracerebral injection, rats were removed from the
stereotaxic device and maintained at a rectal temperature of
37°C throughout surgery and recovery.

Lentivirus Infection in Primary Cultured

Striatal Neurons

The lentivirus kit containing three shRNA sequences of HSP90a
gene and one negative control sequence was purchased from
Jikai gene (Shanghai, China). The sequences are as following:
Hsp90aal-RNAi Sequence 1: GACAGCAAACATGGAGAG
AAT, Hsp90aal-RNAi Sequence 2: GCTTTCAGAGCTGTT
GAGATA, Hsp90aal-RNAi Sequence 3: AAGTACATTGAT
CAAGAAGAA. Firstly, we conducted the pretest study to
explore the suitable concentration of the lentivirus for
infecting  primary  cultured striatal neurons. Four
concentrations (MOI:1, MOI:3, MOI:5, and MOI:10) of the
negative control lentivirus were applied to infect primary
cultured neurons on the 4th day after planting in plates.
Then change the medium after infecting for 24h, and
continue to infect for 72h. The GFP positive cells were
captured by a fluorescence microscope. The formal
experiment was carried out for infecting primary cultured
neurons at MOL3 after infecting for 72h. The rate of
knocking down of HSP90a was detected by western blot.

Propidium lodide Staining

Propidium iodide (PI) staining was used to identify necrotic cells
(Shang et al., 2014; Guo et al., 2020). At the indicated time points,
cell cultures on the coverslips were washed three times with PBS
and then incubated with 10 pug/ml PI dye in a 5% CO, incubator
at 37°C for 10 min. Then, cell cultures were perfused with 4%
paraformaldehyde (PF) for 20 min at room temperature (RT)
followed by washing three times in PBS buffer and covered the
slides with an anti-fading mounting solution containing DAPI
(Vector Laboratories, CA, United States). Images acquired with a
fluorescence microscope using the same exposure time were
captured for five random fields of each group. The percentages
of PI-positive cells, which were analyzed in every intact captured
image using Image] software (National Institutes of Health, MD,
United States), are calculated from the number of PI-positive cells
divided by the number of DAPI-positive cells.

HSP90a Regulates Necroptosis in Striatum

Lactate Dehydrogenase Release Assay
The release of lactate dehydrogenase (LDH) into the extracellular

space/supernatant is considered to be an important feature of
broken cell membrane integrity (Kumar et al., 2018; Parhamifar
et al, 2019). The LDH assay is a non-radioactive colorimetric
assay. For in vitro analysis, we used the LDH cytotoxicity assay kit
(Beyotime, Shanghai, China) to determine the LDH released from
necrotic cells in each group. In brief, cell culture plates were
centrifuged at 1,500 rpm for 5 min, followed by harvesting the
cell-free culture supernatants from each well of the plate and then
incubated with the working reagent mixture at RT for 30 min.
Subsequently, the optical density of each well in the assay was
measured with a microplate reader at the wavelength of 490 and
650 nm. The optical density is directly proportional to the LDH
activity and the percentage of necrotic cells. The percentages of
necrotic cell death are equal to the optical density of the treated
group minus control group/LDH releasing reagent treated group
minus control group, which was calculated from three
independent experiments. The LDH cytotoxicity assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
was used for the in wvivo analysis according to the
manufacturer’s instructions. In brief, rats were anesthetized
with 10% chloral hydrate and then sacrificed by decapitation.
Rat striatum tissues were quickly removed and immediately
homogenized in 0.86% ice-cold NaCl by sonication, then
tissue homogenates were centrifuged at 2,500 rpm for 10 min.
The supernatant solutions were collected before incubation with
the working reagent mixture for 30 min at 37°C. The optical
density of each group was detected with a microplate reader at the
wavelength of 450 nm. The percentage of necrotic cell death was
measured by the color intensity of treated group minus negative
control group/standard group minus blank control group,
according to the manufacturer’s instructions.

Immunofluorescence Staining

For in vitro experiments, at the indicated time points, cell cultures
on the coverslips were washed three times with PBS and fixed
with 4% PF for 20 min. For in vivo experiments, the rats received
intracardiac perfusion with saline and 4% PF. The brains were
then dehydrated in a series of 15 and 30% sucrose solutions before
dissection. Coronal slices (20 um thickness) encompassing the
striatum were collected and then used for staining. After three
times washed in PBS again, cell cultures on the coverslips and
slices were blocked at RT in blocking buffer, i.e., PBS containing
0.3% Triton X-100 and 5% normal bovine serum for 1-2h.
Incubate cell coverslips and slices with primary antibodies
against the following targets at 4°C overnight: HSP90a (1:100,
Abcam, Cambridge, United Kingdom), RIP3 (1:100, Sigma-
Aldrich), TH (1:200, Abclonal, Wuhan, China; 1:200, Santa
Cruz, TX, United States), Map-2 (1:100, Proteintech Group,
IL, United States). The next day, coverslips and slices were
moved to RT for 30 min, washed three times with PBS, and
then incubated with Alexa-conjugated secondary antibodies (1:
200, Jackson ImmunoResearch, PA, United States) for 2 h at RT
with gentle fluctuation. The coverslips were washed three times
with PBS, followed by covering with an anti-fading mounting
solution containing DAPI (Vector Laboratories). All the staining
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procedures were in parallel and images were captured using the
same settings at five random fields of view on each coverslip with
a fluorescence microscope.

Western Blot Detection

At the indicated time points, the cultured neurons and the rat
striatum tissues were harvested, washed twice with ice-cold
PBS, and then dissociated with RIPA buffer contained 1%
phosphorylated inhibitors and 1% protease inhibitors
(CWBIO, Beijing, China). The extracts were centrifuged at
12,000 rpm for 20 min at 4°C, and the supernatant was
transferred to a new tube. We measured the protein
concentration of these samples by BCA assay. After
unifying the concentration, we added 5x loading buffer,
boiled them for 5min, centrifuged them at 1,000 rpm for
5 min. The total loading protein for each lane is 20 pg. The
samples were loaded in 8-12% SDS-PAGE gel and then
transferred the protein from the gel to a PVDF membrane
(Millipore, MA, United States) in ice-cold transfer buffer.
After washing with TBST for once, the membranes were
blocked with 5% skim milk at RT for 1-2h to wipe off the
non-specific protein band. The membranes were incubated
with primary antibody (RIP3, 1:1,000; HSP90a, 1:1,000;
MLKL, 1:500; GAPDH, 1:5,000 (Beyotime) at 4°C overnight.
The next day, after washing the membrane with TBST three
times, the membranes were incubated with the homologous
HRP-conjugated secondary antibody (1:2,500, Jackson
ImmunoResearch) at RT for 1.5h. And then high sensitivity
chemiluminescence reagent (CWBIO) was used to visualize
the immunoreactive bands. Integrated density values of
specific proteins, which quantified by ImageJ software, were
normalized to the GAPDH values.

Phos-Tag™ SDS-PAGE

The concentration of acrylamide SDS-PAGE gel for RIP3 and
MLKL was 8%, the concentration of phos-tag™ (Wako Pure
Chemical Industries, Japan) was 50 pM. The protocol was similar
to western blot (WB) but the operation before transferring onto
the PVDF membrane. Before transferring onto the membrane,
the gel needed to be washed with transferring buffer containing
1 mM EDTA for 15 min, then with transferring buffer without
EDTA for 15 min to get rid of Mn**.

Co-Immunoprecipitation

Primary cultured neurons were harvested and lysed in cold
immunoprecipitation (IP) extraction buffer containing 1%
phosphatase and 1% protease inhibitor and the protein
solution medium was separated by centrifugation at
12,000 rpm at 4°C for 20 min. Four micrograms of HSP90a
antibody and IgG (Abclonal) were pre-incubated with protein
A/G agarose beads (Santa Cruz) for 8 h at RT and washed with
GLB" buffer for five times. Then 500 pg protein from extracted
protein was incubated with protein A/G agarose beads coupled
with primary antibody at 4°C for 24 h with gentle fluctuating. On
the following day, the mixture was pre-washed five times with
cold GLB" buffer, and proteins were eluted with prepared 1x
loading buffer by boiling for 5 min and centrifuge for 5 min at

HSP90a Regulates Necroptosis in Striatum

10,000 rpm to collect the supernatant and subjected to SDS-
PAGE.

Statistical Analysis

To ensure consistency of the results, all experiments were replicated
at least three times. Figure panels were assembled using Photoshop
CC (Adobe Systems Incorporated, CA, United States). The
measurement data are analysed by GraphPad Prism 5 (GraphPad
Software Inc., CA, United States) and presented as the mean +
standard deviation. Statistical significance was set at p < 0.05.

RESULTS

METH Treatment Increased the Core Body
Temperature and Up-Regulated LDH
Activity and the Molecular Expression of
Canonical Necroptotic Factors in the

Striatum of Rats

HT is an important contributor to METH-induced neurotoxicity
(Yamamoto et al., 2010). It usually reaches a peak 30 min after METH
treatment. To determine whether our METH and HT insult rat model
was successful, we measured core body temperatures before the first
METH or saline injection and 30 min after each METH or saline
injection. As shown in Figure 1A, there was no significant difference
in the basal body temperature of rats treated with a saline solution.
Compared to the saline controls, METH treatment (4 x 10 mg/kg,
every 2h, ip.) significantly increased core body temperatures. The
temperatures also increased with the number of injections and reached
about 39.5°C 30 min after the fourth METH injection, similar to the
previous study (Chauhan et al,, 2014). These results indicate that the
rats treated with METH displayed higher temperatures than the rats
treated with saline. We also conducted LDH cytotoxicity assays it vivo
(Figure 1B). Compared with the saline group, we observed a higher
LDH release in the METH treatment group.

The increased expression of RIP3 and MLKL mRNA or
protein in vivo has been reported in various diseases or
physiological conditions (Guo et al, 2020). The activated
forms of RIP3 and MLKL are optimal biomarkers to detect
necrosis and to assess the diagnosis or prognostic of diseases
related to necrotic injuries (He et al,, 2016; Hu et al, 2021).
Therefore, we first speculated whether METH administration
could cause the corresponding molecular changes in the striatum
of rat brains (Figures 1C-G). The phos-tag SDS-PAGE results
(the upper bands) showed that the expression of p-RIP3, total
RIP3 (t-RIP3), and phosphorylated MLKL (p-MLKL) in the rat
striatum were higher in the binge METH treatment group than in
the control groups. Together, these results indicate that METH
administration and METH-induced HT may induce necroptosis
in the striatum of rats.

METH and HT Induced Necroptosis in

Primary Cultures of Striatal Neurons
The purity of the striatal neuronal cells was assessed on the 7th
day by immunoreactivity to microtubule association protein-2
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t-RIP3

*%
ek

Percentage of IDV of t-RIP3/GAPDH
ot ~
Percentage of IDV of p-RIP3/GAPDH

~54 KDa i

0.0~

Percentage of IDV of t-MLKL/GAPDH
2
Percentage of IDV of p-MLKL/GAPDH

> &
T RS

(Map-2). In all, 90.5 + 2.06% of the cells were Map-2 positive
(Supplementary Figure 1). To observe whether striatal
neurons are injured by METH and HT, we incubated our
cultured neurons with 2 and 4 mM METH at 39.5°C for 3 or 6 h
and observed the change in neuronal morphology under a light
microscope. The results showed that 2 mM of METH + 39.5°C
for 3h damaged the neurites. The degree of damage to the
neurites increased with a higher concentration of METH and
HT duration time. After exposure to 4 mM of METH + 39.5°C
for 6 h, the neurons were severely damaged and presented
obvious necrosis-like features as the neuronal body began to
swell and the massive neurites broke and fractured
(Figure 2A). These results showed that METH and HT
induced neuronal necrosis-like cell death.

To determine whether necroptosis occurred in primary
cultures of striatum neurons exposed to METH and HT, we
employed the necroptosis inhibitor Nec-1 and two necrosis
detecting methods. We did not observe any apparent PI-
positive cells (necrotic cells) after PI staining in the control
group. We detected necrotic cells after treating the neurons
with METH for 3 and 6 h and HT exacerbated the injury. The
number of necrotic cells increased with METH concentration and
HT treatment time (Figure 2B). The quantitative analysis of the
number of necrotic cells showed that their number increased

dramatically in the METH and HT treatment groups. However,
the number of necrotic cells in the Nec-1 + 4 mM of METH +
39.5°C treatment group was lower than in the 4 mM of METH +
39.5°C group after 6 h (Figure 2C). The LDH release results also
showed that the treatment with Nec-1 significantly decreased the
number of necrotic cells induced by METH and HT for 6 h. The
multiple comparisons test among groups showed that necrotic
cell death in HT + METH 4 mM treatment for 6 h group was
more than single HT and single METH treatment for 6 h group
(Figure 2D). Thus, we performed the analysis 6 h after treatment
to further study the mechanism of METH/HT-induced neuronal
injury. Collectively, these results suggest that METH and HT
induce necroptosis in primary cultures of striatum neurons.
We detected the changes in the expression of several canonical
necroptotic molecules following METH and HT treatment (Figure 3A).
Our results showed that the level of p-RIP3, t-RIP3, and p-MLKL was
higher in both 39.5°C treatment groups than in the control groups. The
band thickness of p-RIP3, t-RIP3, p-MLKL, and t-MLKL was
remarkably increased in the 4mM METH + 39.5°C group. The
quantitative analysis of the WB showed that METH slightly
increased p-RIP3, t-RIP3, p-MLKL, and t-MLKL levels. However,
the co-treatment with METH and HT significantly increased the
expression of both canonical necroptotic molecules. The level of
p-RIP3, t-RIP3, p-MLKL, and t-MLKL increased rapidly in the cells
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FIGURE 2 | METH/HT-induced cell morphological changes and Nec-1 pre-treatment attenuated the METH/HT-induced necrosis in striatal neurons. (A) Cell morphological
changes of striatal neurons treated with METH for 3 and 6 h under a light microscope. Scale bar = 30 pm (B) Pl (red)/DAPI (blue) double staining of striatal neurons pre-treated with
Nec-1 after 3and 6 h of METH/HT. Scale bar = 50 pm. (C) Statistical analysis of the PI/DAPI double staining of necrotic cells. Data were analyzed by one-way ANOVA, followed by
a Tukey multiple comparisons posttest (n = 3). *p < 0.05, *p < 0.01, **p < 0.001 vs. CTL group; b < 0.05vs. METH4 mM; +p < 0.05, ++p < 0.01, +++p < 0.001 vs. HT;

#0 < 0.05 vs. HT + METH 2 mM group; &&p < 0.01, 8&&p < 0.001 vs. HT + METH 4 mM group. (D) The percentage of necrotic neuron death after METH/HT treatment and pre-
treatment with Nec-1 was determined with LDH release assays. Data were analyzed by one-way ANOVA, followed by a Tukey multiple comparisons posttest (0 = 3). p < 0.05,
*p < 0.01, **p < 0.001 vs. CTL group; “"p < 0.05 vs. METH 4 mM; +p < 0.05, +++p < 0.001 vs. HT; ##p < 0.01, ###p < 0.001 vs. HT + METH 4 mM group.

treated with 4 mM METH at 39.5°C for 6 h (Figures 3B-E). Thus, we
performed further experiments at the concentration of 4 mM of METH.

HSP90a Was Involved in METH/HT-Induced
Necrosis in Primary Cultures of Striatal
Neurons

HSP90a acts as a molecular chaperone to stabilize RIP3 and
mediate necroptosis (Li et al., 2016). Our IP results showed that

the interaction between HSP90a and RIP3 was increased in the
4 mM METH + 39.5°C treatment for 6 h group compared to that
in the control group (Figure 4A). Our WB results showed that a
single METH treatment did not upregulate the expression of
HSP90a. HSP90a expression was, however, significantly
increased following METH and HT co-treatment (Figure 4B).
The quantitative analysis of the WB showed that HSP90a
expression significantly increased in cells treated with 4 mM
METH at 39.5°C for 6h (Figure 4C). These results suggest
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FIGURE 3 | Detection of RIP3, p-RIP3, MLKL, and p-MLKL expression by WB after METH/HT injury in striatal neurons. (A) p-RIP3, RIP3, p-MLKL, and MLKL
protein levels in primary cultures of striatal neurons detected by phos-tag SDS-PAGE and WB after 6 h of METH treatment at 39.5°C. (B-E) Statistical analysis of WB of
p-RIP3, RIP3, p-MLKL, and MLKL expression. Data were analyzed by one-way ANOVA, followed by a Tukey multiple comparisons posttest (1 = 3). *p < 0.05, **p < 0.01,
***p < 0.001 vs. CTL group.

that the increase in HSP90a levels may be related to METH/HT-
induced necroptosis in primary cultures of striatal neurons.

We found above that the expression of HSP90a increased
following METH and HT treatment and detected a potential
interactive relationship between RIP3 and HSP90a. Therefore, we
predicted that HSP90a might be involved in METH/HT-induced
necrosis in primary cultures of striatal neurons. The cells were
treated with GA, an HSP90a inhibitor, for 24 h before adding
METH and HT to determine whether HSP90a could mediate
striatum neuronal necroptosis. Firstly, we found the best working
concentration of GA with literature reviews and experimental
verifications (Chen et al., 2012). The LDH release results showed
that a pre-treatment with 50 nM, 100nM, and 300 nM GA
protected the striatum neurons from necrosis following METH
and HT insults (Figure 4D). The PI staining also indicated that
treatment with 50 and 100 nM GA effectively reduced the
number of Pl-positive cells after METH and HT insults
(Figure 4E). The statistical analysis for the PI staining showed
that the number of necrotic cells was remarkably reduced in all
the GA pre-treatment groups as compared to that of the METH/
HT groups (Figure 4F). These results suggest that GA could, at
least partially, rescue METH/HT-induced necrosis in primary
cultures of striatal neurons.

As HSP90a might decrease METH/HT-induced necroptosis in
striatal neurons, we next investigated how HSP90a might regulate
the process of protection. First, we measured the level of RIP3
(acting as a client and downstream molecule of HSP90a), p-RIP3,

and its downstream molecules MLKL and p-MLKL following
treatment with GA in the METH/HT groups. The phos-tag
SDS-PAGE results showed that METH and HT increased the
level of t-RIP3, p-RIP3, t-MLKL, and p-MLKL. This effect was
reversed in cells pre-treated with GA (Figure 5A). The statistical
analysis showed that GA treatment decreased the expression level
of t-RIP3, p-RIP3, t-MLKL, and p-MLKL (Figures 5B-F). GA pre-
treatments did not affect the expression of HSP90a following
METH and HT. This may be because GA mainly binds to the
N-terminal ATP-binding domain of HSP90 and inhibits its ATP-
dependent chaperone activity (Guo et al., 2005; Hermane et al.,
2019). These results suggest that GA can protect striatal neurons
from METH/HT-induced necroptosis by decreasing the levels of
t-RIP3/MLKL and p-RIP3/MLKL. Collectively, the above results
indicate that HSP90a might be involved in METH/HT-induced
necrosis in primary cultures of striatal neurons.

HSP90a shRNA Partially Protected Primary
Cultures of Striatal Neurons From METH/

HT-Induced Necroptosis

Four lentivirus concentrations (MOI:1, MOI:3, MOI:5, MOI:10)
were used to explore the suitable lentivirus infective
concentration for further experiments. The results showed that
the GFP expression at MOI:3 and MOL:5 was optimal with a GFP-
positive cell rate above 80% (Supplementary Figure 2). Thus,
MOIL: 3 was selected for further experiments. The results from the
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WB revealed that shRNA #2-3 lentiviruses pretreatment reduced
the expression of HSP90a. The shRNA #3 sequence had the
highest silencing efficiency (Figures 6A,B). The LDH release
results confirmed that necrosis was significantly decreased in the
shRNA #2-3 lentiviruses + METH and HT group as compared to
the METH and HT group without lentiviral treatment
(Figure 6C). We observed few PI-positive cells (necrotic cells)
in the control group and an increased number of necrotic cells
following METH and HT treatment for 6 h. The number of
necrotic cells was reduced in the shRNA #1-3 lentiviruses +
METH and HT group compared to that in the METH and HT
group without lentiviral treatment (Figure 6D). The quantitative
analysis of the necrotic cell numbers showed that it was lower in
the shRNA #1-3 lentiviruses + METH and HT group than in the
METH and HT group. Of the three sequences, the shRNA
#3 lentivirus-transfected group had the lowest number of
necrotic cells (Figure 6E). Therefore, the shRNA #3 lentivirus

sequence was chosen in the following infective experiment.
Collectively, these results suggest that HSP90x shRNA
decreased METH/HT-induced necrosis in striatal neurons.

To further investigate the regulatory role of HSP90a in
METH/HT-induced necrosis, we inhibited the function and
expression of HSP90a using a specific shRNA. The phos-tag
SDS-PAGE results showed that the upregulation of HSP90q,
t-RIP3, p-RIP3, t-MLKL, and p-MLKL induced by METH/HT
decreased in the shRNA #3 lentivirus-transfected group
compared with that in the METH/HT-treated group
(Figure 6F). Our statistical analysis showed that the
expression level of HSP90a, t-RIP3, p-RIP3, t-MLKL, and
p-MLKL increased in the HT + METH groups, the HT +
METH + Reagent group, and the HT + METH + NC group
but decreased in the HT + METH + #3 HSP90a shRNA group
(Figures 6G-K). The immunofluorescence (IF) staining showed
that both the expression of HSP90a (green) and RIP3 (red)
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FIGURE 5 | Detection of HSP90a, RIP3, p-RIP3, MLKL, and p-MLKL in striatal neurons following METH/HT injury and pre-treatment with GA. (A) WB of HSP90a,
RIP3, p-RIP3, MLKL, and p-MLKL after treatment with METH/HT for 6 h and pre-treatment with 50 and 100 nM GA. (B-F) Statistical analysis of WB of HSP90q, RIP3,
p-RIP3, MLKL, and p-MLKL expression. Data were analyzed by one-way ANOVA, followed by a Tukey multiple comparisons posttest (n = 3). *p < 0.05, *p < 0.01 vs.
CTL group; #p < 0.05, ##p < 0.01 vs. HT + METH 4 mM group.

increased following METH and HT treatment. However, the
knockdown of HSP90a by shRNA not only attenuated the IF
intensity of HSP90a but also of RIP3 (Figure 7). Taken together,
these results suggest that HSP90a inhibition can partially protect
striatal neurons from METH/HT-induced necroptosis by
decreasing the expression of RIP3 and MLKL.

Inhibition of HSP90«a Protected Striatal
Neurons from METH/HT-Induced

Necroptosis in vivo

To investigate whether the expression of HSP90a and RIP3
changed following METH and HT insults in vivo, we
administered METH or a saline solution to rats and
detected the expression of HSP90a and RIP3 1, 12, or 24h
after the last injection. The IF intensity of HSP90a (red) was
increased 1h after METH administration and was sustained
even 24 h after the METH insult (Figure 8A). We did not
detect obvious RIP3-positive (green) cells by immunostaining
in the saline group but their number slightly increased after 1 h

and significantly increased after 24 h in the METH group
(Figure 8B). Generally, neuronal death is observed with
one-day intervals in rats. After one day, cell death may no
longer be evident as the dying cells may have undergone
phagocytosis before lysis (Deng et al., 1999; Sabrini et al,
2019). Thus, we performed our experiments 24 h after the
METH insult. The phos-tag SDS-PAGE results showed that
p-RIP3, RIP3, p-MLKL, and MLKL in rat striatum cells were
dramatically up-regulated 24 h after METH and METH +
vehicle administration compared to that in the saline
groups. On the other hand, HSP90a inhibition significantly
blocked the expression of the METH/HT-induced canonical
necroptotic molecules (Figures 9A-F). LDH cytotoxicity
assays in vivo were also conducted. Compared with the
saline group, we observed an increased LDH release in the
METH and METH + vehicle groups. However, the increased
LDH release was decreased in the GA pre-treatment groups
(Figure 9G). These results demonstrate that HSP90a
inhibition can partially protect striatal neurons from
METH/HT-induced necroptosis.
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FIGURE 6 | HSP90« shRNA protected primary striatal neurons from METH/HT-induced necrosis. (A) The protein level of HSP90a after infection with lentivirus in
primary cultures of striatal neurons detected by WB. Reagent, infection reagent without shRNA group; NC, infection reagent with negative control of sShRNA group; #1-3,
infection reagent with the indicated sequence of HSP90« shRNA group (B) Statistical analysis of HSP90a WB. Data were analyzed by one-way ANOVA, followed by a
Tukey multiple comparisons posttest (1 = 3). *p < 0.05, **p < 0.001 vs. CTL group. (C) The percentage of necrotic neuron death after METH/HT treatment and pre-
treatment with Nec-1, GA, and HSP90« shRNA was determined with LDH release assays. Data were analyzed by one-way ANOVA, followed by a Tukey multiple
comparisons posttest (n = 3). *p < 0.05, **p < 0.001 vs. CTL group; ###p < 0.001, &&p < 0.01, &&&p < 0.001 vs. HT + METH 4 mM group, respectively. (D) Pl (red)/
DAPI (blue) double staining of striatal neurons after METH/HT treatment and pre-treatment with HSP90a shRNA. Scale bar = 50 pm. (E) Statistical analysis of the PI/DAPI
double staining of necrotic cells. Data were analyzed by one-way ANOVA, followed by a Tukey multiple comparisons posttest (n = 3). **p < 0.001 vs. CTL group;
###p < 0.001 vs. HT + METH 4 mM group. (F) WB of HSP90a, RIP3, p-RIP3, MLKL, and p-MLKL after METH/HT treatment for 6 h and pre-treatment with HSP90a
shRNA. (G-K) Statistical analysis of WB of HSP90a, RIP3, p-RIP3, MLKL, and p-MLKL expression. Data were analyzed by one-way ANOVA, followed by a Tukey
multiple comparisons posttest (n = 3). *p < 0.01, **p < 0.001 vs. CTL group; #p < 0.05, ##p < 0.01 vs. HT + METH 4 mM group.
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DISCUSSION

In this study, we first demonstrated that METH and HT insults
might lead to the upregulation of HSP90a, RIP3, and MLKL.
Furthermore, the upregulation of HSP90a induced by METH and
HT plays a regulatory role in the phosphorylation of RIP3 and
subsequent necroptosis. Finally, by using an animal in vivo
model, we demonstrated the role of HSP90a in METH/HT-
induced necroptosis in the rat striatum. These results provided
potential therapeutic targets and clinical diagnostic biomarkers
for future use.

METH-induced HT allegedly results from the activation of
dopaminergic (Mechan et al, 2002) and serotonergic (Herin
et al., 2005) receptors in the thermoregulatory circuits of the
hypothalamus, the direct or indirect activation of the sympathetic
nervous system, the loss of vasoconstriction-mediated heat
dissipation (Sprague et al., 2018), cerebrovascular damage, an
increased level of oxidative stress and calcium entry, which
contribute to METH-induced neurotoxicity in a dose-
dependent manner (Miller and O’Callaghan, 2003; Yamamoto
et al, 2010). Humans presented pathological HT during acute
intoxication by METH (Kojima et al., 1984; Buffum and Shulgin,
2001; Marco et al,, 2021). Additionally, HT can also markedly
promote METH-induced neurotoxicity in rodents and non-
human primates in similar ranges (Crean et al., 2006; Crean
et al,, 2007; Gutierrez et al., 2018). Thus, animal in vivo and
in vitro models have been highly useful in identifying the
neurochemical and physiological mechanisms of METH-
induced HT. Several dose regimens of METH administration
have been evaluated in rodent studies, i.e., single high dose
(40 mg/kg) or binge doses (4 x 10 mg/kg, 2-3h intervals),
and escalating doses (1-10 mg/kg, twice a day, at 5h intervals,
for 10 days) of METH and chronic voluntary oral METH intake
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FIGURE 8 | Detection of HSP90a and RIP3-positive cells in the rats’
striatum following METH administration by IF. (A) IF staining of HSP90a (red)
and tyrosine hydroxylase (TH) (green) 1, 12, and 24 h after the last injection of a
binge dose of METH (4 x 10 mg/kg, every 2 h, i.p.) or saline. (B) IF
staining of RIP3 (green) and TH (red) 1, 12, and 24 h after the last injection of a
binge dose of METH. Scale bar = 50 ym in all panels.

(Yang et al,, 2018). The core body temperature of rats reached
38-39.5°C for 5 h after a single high dose of METH, while a binge
dose (4 x 10 mg/kg, every 2 h, i.p.) caused an HT of 39-40°C for at
least 6 h (Herring et al., 2008; Chauhan et al., 2014). In the present
study, a binge dose of METH significantly increased the core body
temperature to 38.5-39.5°C compared with the saline controls.
The measured core body temperature was slightly lower than that
observed in Chauhan et al.’s study, which may be caused by the
differences in the experimental environment (Raineri et al., 2015),
the weight of the rats (Bowyer et al., 1993), and the experimental
equipment. Thus, we performed our HT experiments in vitro at
39.5°C.

HSP is a group of highly conserved proteins that respond to
several stressors, including heat stress. They also play a role in
cellular repair and the induction of thermotolerance (Yan et al.,
2006). As an important chaperone molecule, HSP90 supports the
folding of many important proteins, including signalling proteins
and transcription factors. In response to stress, HSP gene
expression is activated by cis-acting promoter elements which
consist of variations of an inverted repeat sequence (nGAAn)
called heat shock elements (HSE) and a homotrimeric DNA-
binding transcription factor--heat shock factor 1 (HSF1) in
eukaryotic cells (Ahn and Thiele, 2003). The denatured
protein produced by heat shock or other types of stress,
creates binding sites for HSP90 and changes the balance such
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FIGURE 9 | HSP90a inhibition by brain stereotactic injections of GA attenuated the METH/HT-induced upregulation of RIP3, p-RIP3, MLKL, and p-MLKL and the
LDH activity in the rats’ striatum following a binge dose of METH. (A) WB of HSP90a, RIP3, p-RIP3, MLKL, and p-MLKL following a binge dose of METH administration
and pre-treatment with GA by brain stereotactic injections. (B-F) Statistical analysis of WB of HSP90«, RIP3, p-RIP3, MLKL, and p-MLKL expression. Data were
analyzed by one-way ANOVA, followed by a Tukey multiple comparisons posttest (n = 3). *p < 0.05, **p < 0.01, **p < 0.001 vs. saline group; #p < 0.05, ##p < 0.01
vs. METH group. (G) Necrosis in the striatum of rats was determined by LDH cytotoxicity assay. Data were analyzed by one-way ANOVA, followed by a Tukey multiple
comparisons posttest (n = 3). *p < 0.01 vs. saline group; &> < 0.05 vs. METH group.

as to release HSF1, then activated HSF1 binds to HSEs, HSEs are
required to induce the expression of many genes central to the
proteostasis network, including general chaperones of the heat
shock protein classes HSP70 and HSP90 (Xiao and Lis, 1988;
Lepock, 2005). In turn, cytosolic HSP70 and HSP90 have both
been implicated in the negative regulation of HSF1 activity
(Akerfelt et al., 2010). HSP90a is an isoform of HSP90, which
plays an essential role in the response to external stimuli (Grad
et al,, 2010). For HSP90a gene expression, Zhang et al. reported
that the 5° flanking sequences play a critical role in both
constitutive expression and stress-induced expression of the
human HSP90a gene (Zhang et al., 1999). HSP90a expression
and extracellular secretion increase rapidly to protect the cells
from damage in response to elevated temperature, infection, or
oxidative stress (ROS) (Chatterjee et al., 2007). However, some
studies indicated that the up-regulation of HSP90a could stabilize
death-related proteins that mediate cell death (Li et al., 2015; Li
et al., 2016). In our study, the co-treatment with METH and HT
increased HSP90a expression more than HT or METH alone.
The inhibition of HSP90a partially protected the primary cultures
of striatal neurons from METH/HT injuries. These results suggest
the regulatory role of the high expression of HSP90a in
promoting METH/HT-induced injuries in striatal neurons.

In this study and many others, the concentration of METH
used to promote cell death is in the millimolar range, which is
several orders of magnitude higher than that in the blood of
abusers. For example, the mean blood concentration of METH in
human abusers (e.g., arrested by police in Kern County, CA) was
estimated at 2.0 uM (n = 105) with a maximum of 11.1 uM
(Melega et al., 2007). Melega et al. also reported that the

concentration of METH in the blood and brain necessary to
induce neurotoxicity in vivo after intravenous administration
(1-5 mg/kg) varies between 1 and 10 uM. However, METH is
distributed preferentially in the brain rather than in the plasma.
Thus, the concentration of METH in the brain should be higher
than in the blood (Melega et al., 1995). The concentrations of
METH in the frontal cortex, striatum, and cerebellum of rats
were more than 10-fold higher than in the plasma (Melega et al.,
1995). In humans, the common dose of a well-adopted abuser is
1 g or more METH per day (Simon et al.,, 2002; Melega et al.,
2007). In these cases, the blood concentration of METH may
increase to the millimolar range (Badisa et al, 2019).
Meanwhile, systemic responses, such as immune responses
and HT, might play crucial roles in METH-induced toxicity
in vivo (Papageorgiou et al., 2019; Marco et al., 2021). Therefore,
the concentration of METH wused to promote direct
neurotoxicity in vitro should be higher than the one required
in vivo. A millimolar range concentration is often used to study
the mechanism of METH neurotoxicity in culture studies
(Huang et al., 2009; Chen et al, 2020). In our study, we
administered 4 mM METH, which is similar to several
studies investigating METH-induced neurotoxicity (Huang
et al, 2015; Huang et al, 2017). Moreover, we observed a
particularly obvious increase in necrotic cell death 6h after
treatment with 4 mM METH, suggesting a high level of
neuronal cytotoxicity. Therefore, we used this concentration
to mimic the impact of high doses of METH in individuals who
are acutely exposed to the substance. The sub-toxic effects of
lower doses of METH (0.1, 0.5, and 1 mM) on neurons will be
investigated in our future research. In our in vivo experiments,
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we administered binge doses of METH because they can cause
more severe damage to the neurons compared to a single METH
administration (Ares-Santos et al., 2014). This mode of
administration is also closer to an overdose in humans
(Davidson et al., 2001).

METH primarily affects multiple functional areas in the
human brain (Lu et al.,, 2019). The striatum is associated with
movement disorders and is involved in the control of attention,
executive function, motivated behaviours, and neuropsychiatric
conditions, such as compulsive disorders, psychoses, and
addictive behaviours (Zhu et al., 2006; Granado et al., 2013;
Potvin et al, 2018). METH exposure can cause neuronal
apoptosis and autophagy. A loss of approximately 25% of
striatal neurons has been reported 24 h after METH exposure
(Zhu et al., 2005). Many studies indicated that the death of striatal
neurons occurred by apoptosis and autophagy after METH
exposure (Zhu et al, 2006). For example, C/EBPP was
involved in METH-induced DDIT4-mediated neuronal
autophagy and Trib3-mediated neuronal apoptosis (Huang
et al, 2019). Xu et al. suggested that nuclear protein 1
(Nuprl/com1/p8) was involved in neuronal apoptosis and
autophagy caused by high doses of METH through the
endoplasmic reticulum (ER) stress signalling pathway (Xu
et al, 2017). However, the inhibition of these molecules
cannot protect all the neurons, indicating that apoptosis and
autophagy may mediate the degeneration of only some of them.
Since necrosis was discovered, it was mainly believed that it was a
form of cell death that cannot be accurately intervened. When the
necroptosis process was discovered, the research on necrosis
received more attention. Multiple molecules are involved in
necroptosis. The TNFa-regulated pathway, which is mediated
by RIP1, RIP3, and MLKL is the most extensive and important
(Sun et al., 2012; Liao et al., 2017; Ruan et al., 2019; Wang et al.,
2020; Wu et al,, 2020). This pathway is briefly described as
follows: the death ligands bind to the corresponding receptors
to pass the death signal into the cells. RIP1 can then bind RIP3 in
the cytoplasm to form complex-II, which in turn promotes the
phosphorylation of RIP3. This may cause an excessive
accumulation of ROS (Chtourou et al, 2015) and the
aggregation and translocation of phosphorylated MLKL to the
cell membrane to form pores. The formation of these pores can
deregulate the balance in the concentration of metal ions inside
and outside the cell membrane and eventually promote cell
necrosis (Cho et al, 2009; Sun et al., 2012). Our previous
study showed that treatment with 4mM METH for 12h
induced necroptosis in the cortical neurons of rats in vitro
(Xiong et al, 2016), and cortical neurons showed signs of
necroptosis after treatment with 1 mM METH at 39°C (Guo
et al., 2020). Additionally, Zhao et al. reported that necroptosis
occurred in the striatum of human and mice brain samples
exposed to METH and the RIP3/MLKL/Drpl pathway played
an essential role in the mechanism of METH-induced neuronal
programmed necrosis (Zhao et al., 2021). However, it is still
unclear whether METH-induced HT can induce necroptosis in
striatal neurons. In this study, METH combined with HT
triggered necroptosis in striatal neurons after 6h. The
inhibition of HSP90a decreased the METH/HT-induced

HSP90a Regulates Necroptosis in Striatum

upregulation of p-RIP3, RIP3, p-MLKL, and MLKL, suggesting
that HSP90a may mediate necroptosis by regulating the
phosphorylation of RIP3. Interestingly, pyroptosis, an
inflammasome-associated regulatory necrosis, is closely
associated with the pathogenesis of neurodegenerative diseases
(Wang et al., 2019; Huang et al., 2021) and METH induces ER
stress that mediates GSDME-dependent pyroptosis
hippocampal neuronal cells (Liu et al., 2020). That is to say,
METH abuse may cause a variety of regulatory cell necrosis. We
postulate that different regulatory necrosis can be triggered under
METH/HT injuries and the neural cells can experience extensive
crosstalk between different types of cell death. Further research is
needed to clarify this hypothesis.

In conclusion, our results indicated that HSP90a had a
significant impact on METH/HT-induced necroptosis in
striatal These results provide a deeper
understanding of the regulatory mechanism of METH/HT-
induced injury.

in

neurons.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Medical
Ethics Committee of the Third Xiangya Hospital of Central South
University.

AUTHOR CONTRIBUTIONS

KX and JY designed the study. L-S L conducted the experiments,
analyzed the data, and prepared the article and images. SL, W-T'Y,
SSC W, L-M G, Y-D Y, X-M H, and QZ conducted the
experiments, prepared the article and images, collected and
analyzed the data and literature. KH prepared the article and
images. KX, JY, and L-S L revised the article. All authors approved
the final version of the article. All authors agreed to be accountable
for all aspects of the study to ensure that questions related to the
accuracy or integrity of any part of the work are appropriately
investigated and resolved.

FUNDING

The work was supported by the grants from the National Natural
Science Foundation of China (Nos. 81772134, 81772024,
82060339, 81971891, and 81571939), the Tianshan Xuesong
Project of Xinjiang (No. 2019XS04), Hunan Provincial
Innovation Foundation for Postgraduate (Nos. CX20190139
and CX20200116), the Fundamental Research Funds for the
Central Universities of Central South University (Nos.

Frontiers in Pharmacology | www.frontiersin.org

July 2021 | Volume 12 | Article 716394


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Liao et al.

2019zzts083 and 2020zzts218), and the Subject of Hunan
Provincial Department of Education (No.17C1422).

ACKNOWLEDGMENTS

The authors thank all the authors for their contribution to this
work. L-S L would like to thank KX and JY for their guidance. The
authors would like to thank Professor Jufang Huang for providing

REFERENCES

Ahn, S. G, and Thiele, D. J. (2003). Redox Regulation of Mammalian Heat Shock
Factor 1 Is Essential for Hsp Gene Activation and protection from Stress. Genes
Dev. 17 (4), 516-528. doi:10.1101/gad.1044503

Akerfelt, M., Morimoto, R. I, and Sistonen, L. (2010). Heat Shock Factors:
Integrators of Cell Stress, Development and Lifespan. Nat. Rev. Mol. Cel
Biol 11 (8), 545-555. d0i:10.1038/nrm2938

Alexander, G. E., DeLong, M. R, and Strick, P. L. (1986). Parallel Organization of
Functionally Segregated Circuits Linking Basal Ganglia and Cortex. Annu. Rev.
Neurosci. 9, 357-381. doi:10.1146/annurev.ne.09.030186.002041

Ares-Santos, S., Granado, N., Espadas, 1., Martinez-Murillo, R., and Moratalla, R.
(2014). Methamphetamine Causes Degeneration of Dopamine Cell Bodies and
Terminals of the Nigrostriatal Pathway Evidenced by Silver Staining.
Neuropsychopharmacology 39 (5), 1066-1080. doi:10.1038/npp.2013.307

Badisa, R. B, Wiley, C., Randell, K, Darling-Reed, S. F., Latinwo, L. M,
Agharahimi, M., et al. (2019). Identification of Cytotoxic Markers in
Methamphetamine Treated Rat C6 Astroglia-like Cells. Sci. Rep. 9 (1), 9412.
doi:10.1038/s41598-019-45845-1

Behrouzvaziri, A., Fu, D, Tan, P., Yoo, Y., Zaretskaia, M. V., Rusyniak, D. E., et al.
(2015).  Orexinergic in Temperature Responses
Methamphetamine and Stress: Mathematical Modeling as a Data Assimilation
Approach. PLoS One 10 (5), €0126719. doi:10.1371/journal.pone.0126719

Bowyer, J. F., Gough, B,, Slikker, W, Jr., Lipe, G. W., Newport, G. D., and Holson,
R. R. (1993). Effects of a Cold Environment or Age on Methamphetamine-
Induced Dopamine Release in the Caudate Putamen of Female Rats. Pharmacol.
Biochem. Behav. 44 (1), 87-98. doi:10.1016/0091-3057(93)90284-z

Buffum, J. C,, and Shulgin, A. T. (2001). Overdose of 2.3 Grams of Intravenous
Methamphetamine: Case, Analysis and Patient Perspective. J. Psychoactive
Drugs 33 (4), 409-412. doi:10.1080/02791072.2001.10399926

Cadet, J. L., Krasnova, I. N, Jayanthi, S., and Lyles, J. (2007). Neurotoxicity of
Substituted Amphetamines: Molecular and Cellular Mechanisms. Neurotox
Res. 11 (3-4), 183-202. doi:10.1007/bf03033567

Calabresi, P., De Murtas, M., and Bernardi, G. (1997). The Neostriatum beyond the
Motor Function: Experimental and Clinical Evidence. Neuroscience 78 (1),
39-60. doi:10.1016/s0306-4522(96)00556-8

Chatterjee, A., Dimitropoulou, C., Drakopanayiotakis, F., Antonova, G., Snead, C.,
Cannon, J., et al. (2007). Heat Shock Protein 90 Inhibitors Prolong Survival,
Attenuate Inflammation, and Reduce Lung Injury in Murine Sepsis. Am.
J. Respir. Crit. Care Med. 176 (7), 667-675. doi:10.1164/rccm.200702-2910C

Chauhan, H,, Killinger, B. A., Miller, C. V., and Moszczynska, A. (2014). Single and
Binge Methamphetamine Administrations Have Different Effects on the Levels
of Dopamine D2 Autoreceptor and Dopamine Transporter in Rat Striatum. Int.
J. Mol. Sci. 15 (4), 5884-5906. doi:10.3390/ijms15045884

Chen, W. W,, Yu, H,, Fan, H. B,, Zhang, C. C,, Zhang, M., Zhang, C,, et al. (2012).
RIP1 Mediates the protection of Geldanamycin on Neuronal Injury Induced by
Oxygen-Glucose Deprivation Combined with zVAD in Primary Cortical
Neurons. J. Neurochem. 120 (1), 70-77. doi:10.1111/j.1471-4159.2011.07526.x

Chen, X,, Qiu, F., Zhao, X,, Lu, J., Tan, X,, Xu, J., et al. (2020). Astrocyte-Derived
Lipocalin-2 Is Involved in Mitochondrion-Related Neuronal Apoptosis
Induced by Methamphetamine. ACS Chem. Neurosci. 11 (8), 1102-1116.
doi:10.1021/acschemneuro.9b00559

Cho, Y. S., Challa, S., Moquin, D., Genga, R., Ray, T. D., Guildford, M., et al. (2009).
Phosphorylation-driven Assembly of the RIP1-RIP3 Complex Regulates

Neurotransmission to

HSP90a Regulates Necroptosis in Striatum

the experimental platform. The authors would like to thank the
language-editing service provided by Wordvice.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.716394/
full#supplementary-material

Programmed Necrosis and Virus-Induced Inflammation. Cell 137 (6),
1112-1123. doi:10.1016/j.cell.2009.05.037

Chtourou, Y., Slima, A. B.,, Makni, M., Gdoura, R., and Fetoui, H. (2015).
Naringenin Protects Cardiac Hypercholesterolemia-Induced Oxidative Stress
and Subsequent Necroptosis in Rats. Pharmacol. Rep. 67 (6), 1090-1097.
doi:10.1016/j.pharep.2015.04.002

Crean, R. D., Davis, S. A., and Taffe, M. A. (2007). Oral Administration of (+/-)3,4-
methylenedioxymethamphetamine (+)methamphetamine  Alters
Temperature and Activity in Rhesus Macaques. Pharmacol. Biochem. Behav.
87 (1), 11-19. doi:10.1016/j.pbb.2007.03.015

Crean, R. D, Davis, S. A., Von Huben, S. N,, Lay, C. C,, Katner, S. N., and Taffe, M.
A. (2006). Effects of (+/-)3,4-methylenedioxymethamphetamine, (+/-)3,4-
methylenedioxyamphetamine and Methamphetamine on Temperature and
Activity in Rhesus Macaques. Neuroscience 142 (2), 515-525. doi:10.1016/
jneuroscience.2006.06.033

Davidson, C., Gow, A. J., Lee, T. H, and Ellinwood, E. H. (2001).
Methamphetamine Neurotoxicity: Necrotic and Apoptotic Mechanisms and
Relevance to Human Abuse and Treatment. Brain Res. Brain Res. Rev. 36 (1),
1-22. doi:10.1016/s0165-0173(01)00054-6

Degenhardt, L., Mathers, B., Guarinieri, M., Panda, S., Phillips, B., Strathdee, S. A.,
et al. (2010). Meth/amphetamine use and Associated HIV: Implications for
Global Policy and Public Health. Int. J. Drug Pol. 21 (5), 347-358. doi:10.1016/
j.drugpo.2009.11.007

Deng, X., Ladenheim, B., Tsao, L. I, and Cadet, J. L. (1999). Null Mutation of C-Fos
Causes Exacerbation of Methamphetamine-Induced Neurotoxicity. J. Neurosci.
19 (22), 10107-10115.

Ding, W, Shang, L., Huang, J. F., Li, N, Chen, D., Xue, L. X,, et al. (2015). Receptor
Interacting Protein 3-induced RGC-5 Cell Necroptosis Following Oxygen
Glucose Deprivation. BMC Neurosci. 16, 49. doi:10.1186/s12868-015-0187-x

Font-Belmonte, E., Gonzilez-Rodriguez, P., and Ferndndez-Lopez, A. (2020).
Necroptosis in Global Cerebral Ischemia: a Role for Endoplasmic Reticulum
Stress. Neural Regen. Res. 15 (3), 455-456. doi:10.4103/1673-5374.266054

Grad, L., Cederroth, C. R., Walicki, J., Grey, C., Barluenga, S., Winssinger, N., et al.
(2010). The Molecular Chaperone Hsp90alpha Is Required for Meiotic
Progression of Spermatocytes beyond Pachytene in the Mouse. PLoS One 5
(12), €15770. doi:10.1371/journal.pone.0015770

Granado, N., Ares-Santos, S., and Moratalla, R. (2013). Methamphetamine and
Parkinson’s Disease. Parkinsons Dis. 2013, 308052. doi:10.1155/2013/308052

Granado, N., Ares-Santos, S., O’Shea, E., Vicario-Abejon, C., Colado, M. L, and
Moratalla, R. (2010). Selective Vulnerability in Striosomes and in the
Nigrostriatal Dopaminergic Pathway after ~ Methamphetamine
Administration : Early Loss of TH in Striosomes after Methamphetamine.
Neurotox Res. 18 (1), 48-58. do0i:10.1007/s12640-009-9106-1

Granado, N., Ares-Santos, S., Tizabi, Y., and Moratalla, R. (2018). Striatal
Reinnervation ~ Process  after ~ Acute  Methamphetamine-Induced
Dopaminergic Degeneration in Mice. Neurotox Res. 34 (3), 627-639.
doi:10.1007/s12640-018-9925-z

Guo, L. M., Wang, Z,, Li, S. P.,, Wang, M., Yan, W. T, Liu, F. X,, et al. (2020). RIP3/
MLKL-mediated Neuronal Necroptosis Induced by Methamphetamine at 39
Degrees C. Neural Regen. Res. 15 (5), 865-874. d0i:10.4103/1673-5374.268902

Guo, W., Reigan, P., Siegel, D., Zirrolli, J., Gustafson, D., and Ross, D. (2005).
Formation of 17-Allylamino-Demethoxygeldanamycin (17-AAG)
Hydroquinone by NAD(P)H:quinone Oxidoreductase 1: Role of 17-AAG
Hydroquinone in Heat Shock Protein 90 Inhibition. Cancer Res. 65 (21),
10006-10015. doi:10.1158/0008-5472.CAN-05-2029

and

Frontiers in Pharmacology | www.frontiersin.org

July 2021 | Volume 12 | Article 716394


https://www.frontiersin.org/articles/10.3389/fphar.2021.716394/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.716394/full#supplementary-material
https://doi.org/10.1101/gad.1044503
https://doi.org/10.1038/nrm2938
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1038/npp.2013.307
https://doi.org/10.1038/s41598-019-45845-1
https://doi.org/10.1371/journal.pone.0126719
https://doi.org/10.1016/0091-3057(93)90284-z
https://doi.org/10.1080/02791072.2001.10399926
https://doi.org/10.1007/bf03033567
https://doi.org/10.1016/s0306-4522(96)00556-8
https://doi.org/10.1164/rccm.200702-291OC
https://doi.org/10.3390/ijms15045884
https://doi.org/10.1111/j.1471-4159.2011.07526.x
https://doi.org/10.1021/acschemneuro.9b00559
https://doi.org/10.1016/j.cell.2009.05.037
https://doi.org/10.1016/j.pharep.2015.04.002
https://doi.org/10.1016/j.pbb.2007.03.015
https://doi.org/10.1016/j.neuroscience.2006.06.033
https://doi.org/10.1016/j.neuroscience.2006.06.033
https://doi.org/10.1016/s0165-0173(01)00054-6
https://doi.org/10.1016/j.drugpo.2009.11.007
https://doi.org/10.1016/j.drugpo.2009.11.007
https://doi.org/10.1186/s12868-015-0187-x
https://doi.org/10.4103/1673-5374.266054
https://doi.org/10.1371/journal.pone.0015770
https://doi.org/10.1155/2013/308052
https://doi.org/10.1007/s12640-009-9106-1
https://doi.org/10.1007/s12640-018-9925-z
https://doi.org/10.4103/1673-5374.268902
https://doi.org/10.1158/0008-5472.CAN-05-2029
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Liao et al.

Gutierrez, A., Williams, M. T., and Vorhees, C. V. (2018). A Single High Dose of
Methamphetamine Reduces Monoamines and Impairs Egocentric and
Allocentric Learning and Memory in Adult Male Rats. Neurotox Res. 33 (3),
671-680. doi:10.1007/s12640-018-9871-9

He, J., Xu, H,, Yang, Y., Zhang, X., and Li, X. M. (2004). Neuroprotective Effects of
Olanzapine on Methamphetamine-Induced Neurotoxicity Are Associated with
an Inhibition of Hyperthermia and Prevention of Bcl-2 Decrease in Rats. Brain
Res. 1018 (2), 186-192. doi:10.1016/j.brainres.2004.05.060

He, S., Huang, S., and Shen, Z. (2016). Biomarkers for the Detection of
Necroptosis. Cell Mol Life Sci 73 (11-12), 2177-2181. d0i:10.1007/s00018-
016-2192-3

He, S., Wang, L., Miao, L., Wang, T., Du, F,, Zhao, L., et al. (2009). Receptor
Interacting Protein Kinase-3 Determines Cellular Necrotic Response to TNF-
Alpha. Cell 137 (6), 1100-1111. doi:10.1016/j.cell.2009.05.021

Herin, D. V,, Liu, S., Ullrich, T., Rice, K. C., and Cunningham, K. A. (2005). Role of
the Serotonin 5-HT2A Receptor in the Hyperlocomotive and Hyperthermic
Effects of (+)-3,4-methylenedioxymethamphetamine. Psychopharmacology
(Berl) 178 (4), 505-513. doi:10.1007/s00213-004-2030-4

Hermane, J., Eichner, S., Mancuso, L., Schroder, B., Sasse, F., Zeilinger, C., et al.
(2019). New Geldanamycin Derivatives with Anti Hsp Properties by
Mutasynthesis. Org. Biomol. Chem. 17 (21), 5269-5278. doi:10.1039/
c90b00892f

Herring, N. R, Schaefer, T. L., Gudelsky, G. A., Vorhees, C. V., and Williams, M. T.
(2008). Effect of +-methamphetamine on Path Integration Learning, Novel
Object Recognition, and Neurotoxicity in Rats. Psychopharmacology (Berl) 199
(4), 637-650. doi:10.1007/s00213-008-1183-y

Hu, X. M, Li, Z. X, Lin, R. H,, Shan, J. Q., Yu, Q. W., Wang, R. X,, et al. (2021).
Guidelines for Regulated Cell Death Assays: A Systematic Summary, A
Categorical Comparison, A Prospective. Front Cel Dev Biol 9, 634690.
doi:10.3389/fcell.2021.634690

Huang, E., Huang, H,, Guan, T., Liu, C, Qu, D,, Xu, Y,, et al. (2019). Involvement of
C/EBPbeta-related Signaling Pathway in Methamphetamine-Induced Neuronal
Autophagy and Apoptosis. Toxicol. Lett. 312, 11-21. doi:10.1016/j.toxlet.2019.05.003

Huang, J. F,, Shang, L., Zhang, M. Q., Wang, H., Chen, D., Tong, J. B., et al. (2013).
Differential Neuronal Expression of Receptor Interacting Protein 3 in Rat
Retina: Involvement in Ischemic Stress Response. BMC Neurosci. 14, 16.
doi:10.1186/1471-2202-14-16

Huang, W., Xie, W. B., Qiao, D., Qiu, P., Huang, E., Li, B,, et al. (2015). Caspase-11
Plays an Essential Role in Methamphetamine-Induced Dopaminergic Neuron
Apoptosis. Toxicol. Sci. 145 (1), 68-79. doi:10.1093/toxsci/kfv014

Huang, Y. N., Wy, C. H,, Lin, T. C,, and Wang, J. Y. (2009). Methamphetamine
Induces Heme Oxygenase-1 Expression in Cortical Neurons and Glia to
Prevent its Toxicity. Toxicol. Appl. Pharmacol. 240 (3), 315-326.
doi:10.1016/j.taap.2009.06.021

Huang, Y. N,, Yang, L. Y., Wang, J. Y., Lai, C. C,, Chiu, C. T., and Wang, J. Y.
(2017). L-ascorbate Protects against Methamphetamine-Induced Neurotoxicity
of Cortical Cells via Inhibiting Oxidative Stress, Autophagy, and Apoptosis.
Mol. Neurobiol. 54 (1), 125-136. d0i:10.1007/s12035-015-9561-z

Huang, Y., Wang, S., Huang, F., Zhang, Q., Qin, B,, Liao, L., et al. (2021). c-FLIP
Regulates Pyroptosis in Retinal Neurons Following Oxygen-Glucose
Deprivation/recovery via a GSDMD-Mediated Pathway. Ann. Anat. 235,
151672. doi:10.1016/j.aanat.2020.151672

Jiang, N., Zhang, X., Gu, X,, Li, X., and Shang, L. (2021). Progress in Understanding
the Role of IncRNA in Programmed Cell Death. Cell Death Discov 7 (1), 30.
doi:10.1038/s41420-021-00407-1

Kanthasamy, K., Gordon, R,, Jin, H., Anantharam, V., Ali, S., Kanthasamy, A. G., et al.
(2011). Neuroprotective Effect of Resveratrol against Methamphetamine-Induced
Dopaminergic Apoptotic Cell Death in a Cell Culture Model of Neurotoxicity.
Curr. Neuropharmacol 9 (1), 49-53. doi:10.2174/157015911795017353

Kojima, T., Une, I, Yashiki, M., Noda, J., Sakai, K., and Yamamoto, K. (1984). A
Fatal Methamphetamine Poisoning Associated with Hyperpyrexia. Forensic Sci.
Int. 24 (1), 87-93. doi:10.1016/0379-0738(84)90156-7

Krasnova, I. N., and Cadet, J. L. (2009). Methamphetamine Toxicity and
Messengers of Death. Brain Res. Rev. 60 (2), 379-407. doi:10.1016/
j.brainresrev.2009.03.002

Kumar, P., Nagarajan, A., and Uchil, P. D. (2018). Analysis of Cell Viability by the
Lactate Dehydrogenase Assay. Cold Spring Harb Protoc. 2018 (6). doi:10.1101/
pdb.prot095497

HSP90a Regulates Necroptosis in Striatum

Lepock, J. R. (2005). How Do Cells Respond to Their thermal Environment?. Int.
J. Hyperthermia 21 (8), 681-687. doi:10.1080/02656730500307298

Li, D, Li,C, Li, L., Chen, S., Wang, L., Li, Q,, et al. (2016). Natural Product Kongensin
A Is a Non-canonical HSP90 Inhibitor that Blocks RIP3-dependent Necroptosis.
Cell Chem Biol 23 (2), 257-266. doi:10.1016/j.chembiol.2015.08.018

Li, D., Xu, T., Cao, Y., Wang, H,, Li, L., Chen, S,, et al. (2015). A Cytosolic Heat
Shock Protein 90 and Cochaperone CDC37 Complex Is Required for RIP3
Activation during Necroptosis. Proc. Natl. Acad. Sci. U S A. 112 (16),
5017-5022. doi:10.1073/pnas.1505244112

Liao, L., Shang, L., Li, N., Wang, S., Wang, M., Huang, Y., et al. (2017). Mixed
Lineage Kinase Domain-like Protein Induces RGC-5 Necroptosis Following
Elevated Hydrostatic Pressure. Acta Biochim. Biophys. Sin (Shanghai) 49 (10),
879-889. doi:10.1093/abbs/gmx088

Lin, D. Q,, Cai, X. Y., Wang, C. H,, Yang, B,, and Liang, R. S. (2020). Optimal
Concentration of Necrostatin-1 for Protecting against Hippocampal Neuronal
Damage in Mice with Status Epilepticus. Neural Regen. Res. 15 (5), 936-943.
doi:10.4103/1673-5374.268903

Liu, X, Shi, F, Li, Y., Yu, X, Peng, S., Li, W,, et al. (2016). Post-translational
Modifications as Key Regulators of TNF-Induced Necroptosis. Cell Death Dis 7
(7), €2293. doi:10.1038/cddis.2016.197

Liu, Y., Wen, D., Gao, ], Xie, B., Yu, H., Shen, Q., et al. (2020). Methamphetamine
Induces GSDME-dependent Cell Death in Hippocampal Neuronal Cells
through the Endoplasmic Reticulum Stress Pathway. Brain Res. Bull. 162,
73-83. doi:10.1016/j.brainresbull.2020.06.005

Lu, S, Liao, L., Zhang, B., Yan, W., Chen, L., Yan, H,, et al. (2019). Antioxidant
Cascades Confer Neuroprotection in Ethanol, Morphine, and Methamphetamine
Preconditioning. Neurochem. Int. 131, 104540. doi:10.1016/j.neuint.2019.104540

Lu, S, Yang, Y., Liao, L., Yan, W,, Xiong, K., and Yan, J. (2021). iTRAQ-Based
Proteomic Analysis of the Rat Striatum in Response to Methamphetamine
Preconditioning. Acta Biochim. Biophys. Sin (Shanghai) 53 (5), 636-639.
doi:10.1093/abbs/gmab024

Marco, C. A., Gupta, K., Lubov, J., Jamison, A., and Murray, B. P. (2021).
Hyperthermia Associated with Methamphetamine and Cocaine Use. Am.
J. Emerg. Med. 42, 20-22. doi:10.1016/j.ajem.2020.12.083

Mechan, A. O., Esteban, B., O’Shea, E., Elliott, J]. M., Colado, M. 1., and Green, A. R.
(2002). The Pharmacology of the Acute Hyperthermic Response that Follows
Administration of 3,4-methylenedioxymethamphetamine (MDMA, ’ecstasy’)
to Rats. Br. J. Pharmacol. 135 (1), 170-180. doi:10.1038/sj.bjp.0704442

Melega, W. P, Cho, A. K., Harvey, D., and La¢an, G. (2007). Methamphetamine
Blood Concentrations in Human Abusers: Application to Pharmacokinetic
Modeling. Synapse 61 (4), 216-220. doi:10.1002/syn.20365

Melega, W. P., Williams, A. E., Schmitz, D. A., DiStefano, E. W., and Cho, A. K.
(1995). Pharmacokinetic and Pharmacodynamic Analysis of the Actions of
D-Amphetamine and D-Methamphetamine on the Dopamine Terminal.
J. Pharmacol. Exp. Ther. 274 (1), 90-96.

Meng, L., Jin, W., and Wang, X. (2015). RIP3-mediated Necrotic Cell Death
Accelerates Systematic Inflammation and Mortality. Proc. Natl. Acad. Sci. U S
A. 112 (35), 11007-11012. doi:10.1073/pnas.1514730112

Miller, D. B., and O’Callaghan, J. P. (2003). Elevated Environmental Temperature
and Methamphetamine Neurotoxicity. Environ. Res. 92 (1), 48-53. doi:10.1016/
s0013-9351(02)00051-8

Papageorgiou, M., Raza, A., Fraser, S., Nurgali, K., and Apostolopoulos, V. (2019).
Methamphetamine and its Inmune-Modulating Effects. Maturitas 121, 13-21.
doi:10.1016/j.maturitas.2018.12.003

Paratz, E. D., Cunningham, N. J.,, and Maclsaac, A. 1. (2016). The Cardiac
Complications of Methamphetamines. Heart Lung Circ. 25 (4), 325-332.
doi:10.1016/j.h1c.2015.10.019

Parhamifar, L., Andersen, H., and Moghimi, S. M. (2019). Lactate Dehydrogenase
Assay for Assessment of Polycation Cytotoxicity. Methods Mol. Biol. 1943,
291-299. doi:10.1007/978-1-4939-9092-4_18

Potvin, S., Pelletier, J., Grot, S., Hebert, C., Barr, A. M., and Lecomte, T. (2018).
Cognitive Deficits in Individuals with Methamphetamine Use Disorder: A
Meta-Analysis. Addict. Behav. 80, 154-160. doi:10.1016/j.addbeh.2018.01.021

Raineri, M., Gonzélez, B., Rivero-Echeto, C., Mudiz, J. A., Gutiérrez, M. L.,
Ghanem, C. I, et al. (2015). Differential Effects of Environment-Induced
Changes in Body Temperature on Modafinil's Actions against
Methamphetamine-Induced Striatal Toxicity in Mice. Neurotox Res. 27 (1),
71-83. doi:10.1007/s12640-014-9493-9

Frontiers in Pharmacology | www.frontiersin.org

15

July 2021 | Volume 12 | Article 716394


https://doi.org/10.1007/s12640-018-9871-9
https://doi.org/10.1016/j.brainres.2004.05.060
https://doi.org/10.1007/s00018-016-2192-3
https://doi.org/10.1007/s00018-016-2192-3
https://doi.org/10.1016/j.cell.2009.05.021
https://doi.org/10.1007/s00213-004-2030-4
https://doi.org/10.1039/c9ob00892f
https://doi.org/10.1039/c9ob00892f
https://doi.org/10.1007/s00213-008-1183-y
https://doi.org/10.3389/fcell.2021.634690
https://doi.org/10.1016/j.toxlet.2019.05.003
https://doi.org/10.1186/1471-2202-14-16
https://doi.org/10.1093/toxsci/kfv014
https://doi.org/10.1016/j.taap.2009.06.021
https://doi.org/10.1007/s12035-015-9561-z
https://doi.org/10.1016/j.aanat.2020.151672
https://doi.org/10.1038/s41420-021-00407-1
https://doi.org/10.2174/157015911795017353
https://doi.org/10.1016/0379-0738(84)90156-7
https://doi.org/10.1016/j.brainresrev.2009.03.002
https://doi.org/10.1016/j.brainresrev.2009.03.002
https://doi.org/10.1101/pdb.prot095497
https://doi.org/10.1101/pdb.prot095497
https://doi.org/10.1080/02656730500307298
https://doi.org/10.1016/j.chembiol.2015.08.018
https://doi.org/10.1073/pnas.1505244112
https://doi.org/10.1093/abbs/gmx088
https://doi.org/10.4103/1673-5374.268903
https://doi.org/10.1038/cddis.2016.197
https://doi.org/10.1016/j.brainresbull.2020.06.005
https://doi.org/10.1016/j.neuint.2019.104540
https://doi.org/10.1093/abbs/gmab024
https://doi.org/10.1016/j.ajem.2020.12.083
https://doi.org/10.1038/sj.bjp.0704442
https://doi.org/10.1002/syn.20365
https://doi.org/10.1073/pnas.1514730112
https://doi.org/10.1016/s0013-9351(02)00051-8
https://doi.org/10.1016/s0013-9351(02)00051-8
https://doi.org/10.1016/j.maturitas.2018.12.003
https://doi.org/10.1016/j.hlc.2015.10.019
https://doi.org/10.1007/978-1-4939-9092-4_18
https://doi.org/10.1016/j.addbeh.2018.01.021
https://doi.org/10.1007/s12640-014-9493-9
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Liao et al.

Ren, W, Tao, J., Wei, Y., Su, H,, Zhang, J., Xie, Y., et al. (2016). Time-Dependent Serum
Brain-Derived Neurotrophic Factor Decline during Methamphetamine Withdrawal.
Medicine (Baltimore) 95 (5), €2604. doi:10.1097/MD.0000000000002604

Ruan, Z. H., Xu, Z. X,, Zhou, X. Y., Zhang, X., and Shang, L. (2019). Implications of
Necroptosis for Cardiovascular Diseases. Curr. Med. Sci. 39 (4), 513-522.
doi:10.1007/s11596-019-2067-6

Sabrini, S., Russell, B., Wang, G., Lin, J,, Kirk, I, and Curley, L. (2019).
Methamphetamine Induces Neuronal Death: Evidence from Rodent Studies.
Neurotoxicology 77, 20-28. doi:10.1016/j.neuro.2019.12.006

Shang, L., Ding, W., Li, N, Liao, L., Chen, D., Huang, J., et al. (2017). The Effects
and Regulatory Mechanism of RIP3 on RGC-5 Necroptosis Following Elevated
Hydrostatic Pressure. Acta Biochim. Biophys. Sin (Shanghai) 49 (2), 128-137.
doi:10.1093/abbs/gmw130

Shang, L., Huang, J. F,, Ding, W, Chen, S., Xue, L. X, Ma, R. F,, et al. (2014). Calpain: a
Molecule to Induce AIF-Mediated Necroptosis in RGC-5 Following Elevated
Hydrostatic Pressure. BMC Neurosci. 15, 63. doi:10.1186/1471-2202-15-63

Simon, S. L., Richardson, K., Dacey, J., Glynn, S., Domier, C. P., Rawson, R. A, et al.
(2002). A Comparison of Patterns of Methamphetamine and Cocaine Use.
J. Addict. Dis. 21 (1), 35-44. doi:10.1300/j069v21n01_04

Sprague, J. E.,, Riley, C. L., and Mills, E. M. (2018). Body Temperature Regulation
and Drugs of Abuse. Handb Clin. Neurol. 157, 623-633. doi:10.1016/b978-0-
444-64074-1.00036-7

Sreedhar, A. S., Kalmar, E., Csermely, P., and Shen, Y. F. (2004). Hsp90 Isoforms:
Functions, Expression and Clinical Importance. FEBS Lett. 562 (1-3), 11-15.
doi:10.1016/s0014-5793(04)00229-7

Sun, L., Wang, H., Wang, Z,, He, S, Chen, S., Liao, D, et al. (2012). Mixed Lineage
Kinase Domain-like Protein Mediates Necrosis Signaling Downstream of RIP3
Kinase. Cell 148 (1-2), 213-227. doi:10.1016/j.cell.2011.11.031

Tata, D. A, and Yamamoto, B. K. (2007). Interactions between Methamphetamine and
Environmental Stress: Role of Oxidative Stress, Glutamate and Mitochondrial
Dysfunction. Addiction 102 (Suppl. 1), 49-60. doi:10.1111/j.1360-0443.2007.01770.x

Valian, N., Ahmadiani, A., and Dargahi, L. (2017). Escalating Methamphetamine
Regimen Induces Compensatory Mechanisms, Mitochondrial Biogenesis, and
GDNF Expression, in Substantia Nigra. J. Cel Biochem 118 (6), 1369-1378.
doi:10.1002/jcb.25795

Vieira, M., Fernandes, J., Carreto, L., Anuncibay-Soto, B., Santos, M., Han, J., et al.
(2014). Ischemic Insults Induce Necroptotic Cell Death in Hippocampal
Neurons through the Up-Regulation of Endogenous RIP3. Neurobiol. Dis.
68, 26-36. doi:10.1016/j.nbd.2014.04.002

Voss, A. K., Thomas, T., and Gruss, P. (2000). Mice Lacking HSP90beta Fail to
Develop a Placental Labyrinth. Development 127 (1), 1-11.

Wang, M., Wan, H., Wang, S, Liao, L., Huang, Y., Guo, L., et al. (2020). RSK3
Mediates Necroptosis by Regulating Phosphorylation of RIP3 in Rat Retinal
Ganglion Cells. J. Anat. 237 (1), 29-47. doi:10.1111/j0a.13185

Wang, S., Yuan, Y. H,, Chen, N. H., and Wang, H. B. (2019). The Mechanisms of
NLRP3 Inflammasome/pyroptosis Activation and Their Role in Parkinson’s
Disease. Int. Immunopharmacol 67, 458-464. doi:10.1016/j.intimp.2018.12.019

Wang, Z., Guo, L. M., Wang, S. C,, Chen, D., Yan, J,, Liu, F. X,, et al. (2018a).
Progress in Studies of Necroptosis and its Relationship to Disease Processes.
Pathol. Res. Pract. 214 (11), 1749-1757. doi:10.1016/j.prp.2018.09.002

Wang, Z., Guo, L. M., Wang, Y., Zhou, H. K., Wang, S. C,, Chen, D., et al. (2018b).
Inhibition of HSP90alpha Protects Cultured Neurons from Oxygen-Glucose
Deprivation Induced Necroptosis by Decreasing RIP3 Expression. J. Cel Physiol
233 (6), 4864-4884. doi:10.1002/jcp.26294

Wang, Z., Guo, L. M., Zhou, H. K., Qu, H. K., Wang, S. C,, Liu, F. X,, et al. (2018c¢).
Using Drugs to Target Necroptosis: Dual Roles in Disease Therapy. Histol.
Histopathol 33 (8), 773-789. doi:10.14670/hh-11-968

Weinlich, R., Oberst, A., Beere, H. M., and Green, D. R. (2017). Necroptosis in
Development, Inflammation and Disease. Nat. Rev. Mol. Cel Biol 18 (2),
127-136. doi:10.1038/nrm.2016.149

Wen, X. R, Li, C, Zong, Y. Y,, Yu, C. Z, Xu, J., Han, D,, et al. (2008). Dual
Inhibitory Roles of Geldanamycin on the C-Jun NH2-terminal Kinase 3 Signal
Pathway through Suppressing the Expression of Mixed-Lineage Kinase 3 and
Attenuating the Activation of Apoptosis Signal-Regulating Kinase 1 via
Facilitating the Activation of Akt in Ischemic Brain Injury. Neuroscience
156 (3), 483-497. doi:10.1016/j.neuroscience.2008.08.006

Wu, H., Kong, L., Cheng, Y., Zhang, Z., Wang, Y., Luo, M,, et al. (2016).
Corrigendum to ”Metallothionein Plays a Prominent Role in the Prevention

HSP90a Regulates Necroptosis in Striatum

of Diabetic Nephropathy by Sulforaphane via Up-Regulation of Nrf2” [Free
Radic. Biol. Med. 89 (2015) 431-42]. Free Radic. Biol. Med. 97 (621).
doi:10.1016/j.freeradbiomed.2016.06.022

Wu, X, Hu, X, Zhang, Q., Liu, F., and Xiong, K. (2020). Regulatory Role of Chinese
Herbal Medicine in Regulated Neuronal Death. CNS Neurol. Disord. Drug
Targets. doi:10.2174/1871527319666200730165011

Xiao, H., and Lis, J. T. (1988). Germline Transformation Used to Define Key
Features of Heat-Shock Response Elements. Science 239 (4844), 1139-1142.
doi:10.1126/science.3125608

Xiong, K., Liao, H., Long, L., Ding, Y., Huang, J., and Yan, J. (2016). Necroptosis
Contributes to Methamphetamine-Induced Cytotoxicity in Rat Cortical
Neurons. Toxicol. Vitro 35, 163-168. doi:10.1016/j.tiv.2016.06.002

Xiong, K, Long, L., Zhang, X,, Qu, H,, Deng, H., Ding, Y., et al. (2017). Overview of
Long Non-coding RNA and mRNA Expression in Response to Methamphetamine
Treatment In Vitro. Toxicol. Vitro 44, 1-10. doi:10.1016/j.tiv.2017.06.009

Xu, X., Huang, E, Tai, Y., Zhao, X., Chen, X,, Chen, C, et al. (2017). Nuprl
Modulates Methamphetamine-Induced Dopaminergic Neuronal Apoptosis
and Autophagy through CHOP-Trib3-Mediated Endoplasmic Reticulum
Stress Signaling Pathway. Front. Mol. Neurosci. 10, 203. doi:10.3389/
fnmol.2017.00203

Yamamoto, B. K., Moszczynska, A., and Gudelsky, G. A. (2010). Amphetamine
Toxicities: Classical and Emerging Mechanisms. Ann. N. Y Acad. Sci. 1187,
101-121. doi:10.1111/j.1749-6632.2009.05141.x

Yan, W. T, Lu, S, Yang, Y. D,, Ning, W. Y., Cai, Y., Hu, X. M,, et al. (2021). Research
Trends, Hot Spots and Prospects for Necroptosis in the Field of Neuroscience.
Neural Regen. Res. 16 (8), 1628-1637. doi:10.4103/1673-5374.303032

Yan, Y. E, Zhao, Y. Q, Wang, H., and Fan, M. (2006). Pathophysiological Factors Underlying
Heatstroke. Med. Hypotheses 67 (3), 609-617. doi:10.1016/j.mehy.2005.12.048

Yang, X., Wang, Y., Li, Q,, Zhong, Y., Chen, L., Du, Y, et al. (2018). The Main
Molecular ~ Mechanisms ~ Underlying ~ Methamphetamine-  Induced
Neurotoxicity and Implications for Pharmacological Treatment. Front. Mol.
Neurosci. 11, 186. doi:10.3389/fnmol.2018.00186

Yin, X. H,, Han, Y. L., Zhuang, Y., Yan, J. Z,, and Li, C. (2017). Geldanamycin
Inhibits Fas Signaling Pathway and Protects Neurons against Ischemia.
Neurosci. Res. 124, 33-39. doi:10.1016/j.neures.2017.05.003

Yuan, J., Amin, P., and Ofengeim, D. (2019). Necroptosis and RIPK1-Mediated
Neuroinflammation in CNS Diseases. Nat. Rev. Neurosci. 20 (1), 19-33.
doi:10.1038/s41583-018-0093-1

Zhang, S. L., Yu, J., Cheng, X. K, Ding, L., Heng, F. Y., Wu, N. H,, et al. (1999).
Regulation of Human Hsp90alpha Gene Expression. FEBS Lett. 444 (1),
130-135. doi:10.1016/s0014-5793(99)00044-7

Zhao, X., Lu, J, Chen, X, Gao, Z. Zhang, C., Chen, C, et al. (2021).
Methamphetamine Exposure Induces Neuronal Programmed Necrosis by
Activating the Receptor-Interacting Protein Kinase 3 -related Signalling
Pathway. Faseb j 35 (5), €21561. doi:10.1096/1j.202100188R

Zhu, J. P., Xu, W., and Angulo, J. A. (2005). Disparity in the Temporal Appearance
of Methamphetamine-Induced Apoptosis and Depletion of Dopamine
Terminal Markers in the Striatum of Mice. Brain Res. 1049 (2), 171-181.
doi:10.1016/j.brainres.2005.04.089

Zhu, J. P, Xu, W,, and Angulo, J. A. (2006). Methamphetamine-induced Cell
Death: Selective Vulnerability in Neuronal Subpopulations of the Striatum in
Mice. Neuroscience 140 (2), 607-622. doi:10.1016/j.neuroscience.2006.02.055

Zhu, J., Xu, W., Wang, J., Ali, S. F,, and Angulo, J. A. (2009). The Neurokinin-1
Receptor Modulates the Methamphetamine-Induced Striatal Apoptosis and
Nitric Oxide Formation in Mice. J. Neurochem. 111 (3), 656-668. doi:10.1111/
j.1471-4159.2009.06330.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Liao, Lu, Yan, Wang, Guo, Yang, Huang, Hu, Zhang, Yan and
Xiong. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

16

July 2021 | Volume 12 | Article 716394


https://doi.org/10.1097/MD.0000000000002604
https://doi.org/10.1007/s11596-019-2067-6
https://doi.org/10.1016/j.neuro.2019.12.006
https://doi.org/10.1093/abbs/gmw130
https://doi.org/10.1186/1471-2202-15-63
https://doi.org/10.1300/j069v21n01_04
https://doi.org/10.1016/b978-0-444-64074-1.00036-7
https://doi.org/10.1016/b978-0-444-64074-1.00036-7
https://doi.org/10.1016/s0014-5793(04)00229-7
https://doi.org/10.1016/j.cell.2011.11.031
https://doi.org/10.1111/j.1360-0443.2007.01770.x
https://doi.org/10.1002/jcb.25795
https://doi.org/10.1016/j.nbd.2014.04.002
https://doi.org/10.1111/joa.13185
https://doi.org/10.1016/j.intimp.2018.12.019
https://doi.org/10.1016/j.prp.2018.09.002
https://doi.org/10.1002/jcp.26294
https://doi.org/10.14670/hh-11-968
https://doi.org/10.1038/nrm.2016.149
https://doi.org/10.1016/j.neuroscience.2008.08.006
https://doi.org/10.1016/j.freeradbiomed.2016.06.022
https://doi.org/10.2174/1871527319666200730165011
https://doi.org/10.1126/science.3125608
https://doi.org/10.1016/j.tiv.2016.06.002
https://doi.org/10.1016/j.tiv.2017.06.009
https://doi.org/10.3389/fnmol.2017.00203
https://doi.org/10.3389/fnmol.2017.00203
https://doi.org/10.1111/j.1749-6632.2009.05141.x
https://doi.org/10.4103/1673-5374.303032
https://doi.org/10.1016/j.mehy.2005.12.048
https://doi.org/10.3389/fnmol.2018.00186
https://doi.org/10.1016/j.neures.2017.05.003
https://doi.org/10.1038/s41583-018-0093-1
https://doi.org/10.1016/s0014-5793(99)00044-7
https://doi.org/10.1096/fj.202100188R
https://doi.org/10.1016/j.brainres.2005.04.089
https://doi.org/10.1016/j.neuroscience.2006.02.055
https://doi.org/10.1111/j.1471-4159.2009.06330.x
https://doi.org/10.1111/j.1471-4159.2009.06330.x
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	The Role of HSP90α in Methamphetamine/Hyperthermia-Induced Necroptosis in Rat Striatal Neurons
	Introduction
	Materials and Methods
	Primary Striatal Neuron Cultures and in vitro Model Preparation
	In vivo METH Administration
	Drug Preparation and Administration
	Lentivirus Infection in Primary Cultured Striatal Neurons
	Propidium Iodide Staining
	Lactate Dehydrogenase Release Assay
	Immunofluorescence Staining
	Western Blot Detection
	Phos-Tag™ SDS-PAGE
	Co-Immunoprecipitation
	Statistical Analysis

	Results
	METH Treatment Increased the Core Body Temperature and Up-Regulated LDH Activity and the Molecular Expression of Canonical  ...
	METH and HT Induced Necroptosis in Primary Cultures of Striatal Neurons
	HSP90α Was Involved in METH/HT-Induced Necrosis in Primary Cultures of Striatal Neurons
	HSP90α shRNA Partially Protected Primary Cultures of Striatal Neurons From METH/HT-Induced Necroptosis
	Inhibition of HSP90α Protected Striatal Neurons from METH/HT-Induced Necroptosis in vivo

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


