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Summary

In this study, methamphetamine (Meth)- and glutamate (Glu)-mediated intracellular Ca++ (Ca++i)
signals were examined in real time in primary cortical neurons overexpressing an intracellular
Ca++ probe, GCaMP5, by adeno-associated viral (AAV) serotype 1. Binding of Ca++ to GCaMP
increased green fluorescence intensity in cells. Both Meth and Glu induced a rapid increase

in Ca++i, which was blocked by MK801, suggesting that Meth enhanced Ca++i through Glu
receptor in neurons. The Meth-mediated Ca++ signal was also blocked by Mg++, low Ca++ or
the L-type Ca++ channel inhibitor nifedipine. The ryanodine receptor inhibitor dantrolene did not
alter the initial Ca++ influx but partially reduced the peak of Ca++i. These data suggest that Meth
enhanced Ca++ influx through membrane Ca++ channels, which then triggered the release of Ca+
+ from the endoplasmic reticulum in the cytosol. AAV-GCaMP5 was also injected to the parietal
cortex of adult rats. Administration of Meth enhanced fluorescence in the ipsilateral cortex. Using
immunohistochemistry, Meth-induced green fluorescence was found in the NeuN-containing cells
in the cortex, suggesting that Meth increased Ca++ in neurons in vivo. In conclusion, we have
used in vitro and in vivo techniques to demonstrate a rapid increase of Ca++i by Meth in

cortical neurons through overexpression of GCaMP5. As Meth induces behavioral responses

and neurotoxicity through Ca++i, modulation of Ca++i may be useful to reduce Meth-related
reactions.
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Introduction

Methamphetamine (Meth) is a major substance of abuse worldwide. Meth induces
psychoactive effect in human and experimental animals through dopamine (DA). Repeated
administration of Meth induced behavioral sensitization, which is associated with increases
in extracellular DA levels in the nucleus accumbens (NAc) and striatum (Fukakusa et al.

"Correspondence: Seong-Jin Yu and Yun Wang, b7508@nhri.org.tw and ywang@nhri.org.tw.

Conflict of interest
All authors declare that they have no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 2

2008; Lan et al. 2009). High doses or long-term use of Meth causes neurodegeneration

of dopaminergic (DA-ergic) terminals and Parkinson-like symptoms (Molkow et al. 2001;
Luo et al. 2010; Yu et al. 2012). Meth also affects non-DA neurons, e.g. Meth alters gene
expression in DA and non-DA neurons in the brain (Cadet et al. 2010; He et al. 2013).
Apoptosis induced by systemic administration of Meth has been identified in non-DA-ergic
brain areas (Deng et al. 2001; Shen et al. 2011).

Besides its indirect response through the release of catecholamines from synaptic
terminals, Meth can modulate physiological reactions independent of catecholaminergic
neurotransmitters (Kuczenski et al. 2007). For example, calcium (Ca++) is a major
mediator for physiological responses of Meth or amphetamine (AM). Overexpression

of Ca++/calmodulin-dependent protein kinase 1l in the NAc shell neurons potentiated
AM-mediated locomotion and self-administration (Loweth et al. 2010). Meth-mediated
behavioral sensitization was antagonized by gabapentin through inhibiting voltage-gated
Ca++ channels (Kurokawa et al. 2011); the L-type Ca++ channel inhibitor nifedipine
attenuated Meth-mediated place preference behavior (Suzuki et al. 1992). These data
suggest that Meth alters behavioral responses through Ca++. The interaction of Meth and
Ca++ has also been examined in cultured cells. Meth or AM increased intracellular Ca++
in fura-2 or fluo-4 AM-loaded PC12 cells (Kantor et al. 2004), EM4 cells (Goodwin et

al. 2009), neonatal rat cardiomyocytes and HEK-293T cells overexpressing L-type Ca++
channel (Sugimoto et al. 2009). Depletion of intracellular Ca++ reduced AM-mediated DA
release in the PC12 cells (Kantor et al. 2001). Nifedipine, but not ryanodine receptor (RyR)
inhibitor, antagonized Meth-mediated Ca++ entry and beat rate in cultured cardiac cells
(Sugimoto et al. 2009). Taken together, these data suggest that Meth alters intracellular
Ca++ signaling through L-type Ca++ channel in non-neuronal cells. Limited studies have
been conducted to examine the interactions of Meth and Ca++ in the central nervous system
(CNS). High dose of Meth (5 mM) had no effects on Ca++ influx in rat hippocampal
neuroprogenitor cells (NPCs) pre-loaded with fura-2. It is noted that a much higher dose
of glutamate (Glu, 100 pM) was required to stimulate Ca++ influx in this study (Tian,
Murrin & Zheng 2009a), suggesting that the NPCs may be less sensitive to Glu or Meth
stimulation. In contrast to the responses in NPCs, Meth increased [Ca++]i in DA-ergic
neurons isolated acutely from the ventral tegmental area of adult rat brains (Uramura et al.
2000). As DA can modulate Ca++ channels (Okada, Miyamoto & Toda 2003; Yasumoto et
al. 2004), the Meth-induced [Ca++]i reaction is confounded by DA, released by Meth, in
DA-ergic neurons. To our acknowledge, there are no published reports demonstrating the
direct response of Meth on [Ca++]i in primary non-DA-ergic neuronal cultures.

Increasing number of evidence supports the interaction of Meth and glutamate (Glu) in
the CNS (Hendrickson, Laurenzana & Owens 2006; Cadet et al. 2007). AM triggered Glu
release in the NAc, prefrontal cortex (Reid, Hsu & Berger 1997; Del, Martinez & Mora
1998) and ventral tegmental area (Wolf et al. 2000). Memantine and dizcilpine (MK801),
both N-methyl-d-aspartate receptor antagonists, attenuated Meth-mediated neurotoxicity
(Boireau et al. 1995; Chipana et al. 2008). Similarly, MK801 antagonized AM-induced
immediate early gene expression in striatal neurons and behavioral sensitization (Ohno,
Yoshida & Watanabe 1994; Konradi, Leveque & Hyman 1996) as well as Meth-mediated
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DA overflow in rat striatum (Marshall, O’Dell & Weihmuller 1993; Finnegan & Taraska
1996), suggesting that Meth-mediated responses were inhibited by Glu antagonists.

Fura-2 or fluo-4 AM fluorescence has been widely used to detect intracellular Ca++. One
study reported artifacts found in fura-2 intracellular Ca++ measurement (Kopp, Leech &
Roe 2014). Recently, genetically encoded Ca++ indicators (GECIs) have been developed to
monitor [Ca++]i in neurons, astrocytes or cardiac cells from Caenorhabditis elegans, flies,
zebrafish and rodents (Mao et al. 2008; Tian et al. 2009b; Shigetomi, Kracun & Khakh
2010; Chung, Sun & Gabel 2013). These GECIs provide much faster response times to
Ca**, which enables monitoring of rapid Ca** transients following neuronal activity (Sun et
al. 2013). GCaMP, a commonly used GECI probe, consists of a single circularly permuted
green fluorescent protein (GFP), calmodulin (CaM) and M13 fragment from myosin light-
chain kinase. Binding of Ca** to CaM induces conformational changes in the GCaMP and
results in increased fluorescence intensity in cells (Nakai, Ohkura & Imoto 2001). In this
study, we employed GCaMP5 to cultured neuronal cells and brain parenchyma through
adeno-associated viral (AAV) vector transduction (Akerboom et al. 2012). We demonstrated
that Meth enhanced [Ca**]/in real time in neurons both /n vivo and /n vitro, which was
antagonized by MK801, Mg** or Ca** channel blocker nifedipine.

Materials and Methods

Animals and materials

Adult female pregnant and male Sprague-Dawley rats (purchased from the BioLASCO,
Taipei, Taiwan) were used in this study. Experimental procedures followed the guidelines
of the “Principles of Laboratory Care’ (National Institutes of Health Publication No. 86-23,
1996) and were approved by the National Health Research Institutes (Taiwan) Animal Care
and Use Committee. (+)Methamphetamine HCI, dantrolene, MK801, Glu and nifedipine
were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

Construction, packaging and characterization of vectors

The cDNA encoding GCaMP5 (Akerboom et al. 2012) was PCR (polymerase chain
reaction) amplified with linkered oligos from pCMV-GCaMP5G (Addgene #31788). The
resulting vector pAAV-EF1a-GCaMP5 (Addgene #50964) was sequence verified and used
in CsCl DNA preparation for packaging AAV serotype 1 vectors using modified triple
transfection method (Howard et al. 2008) followed by affinity chromatography purification
using AVB sepharose (GE Healthcare, Pittsburgh, PA, USA). Viruses were titered by qPCR
using Tagman chemistry with primers and probe set to the EF1a promoter region. Titer

for AAV1-EF1la-GCaMP5 was 1.7 x 1014 viral genomes (vg)/ml. Characterization of AAV
vector is demonstrated in Supporting Information Fig. S1.

Primary cultures of rat cortical neurons and AAV transduction

Primary cultures were prepared from embryonic (E14-15) cortical tissues obtained from
timed pregnant Sprague-Dawley rats. After removing the blood vessels and meninges,
pooled cortices were trypsinized (0.05%, Invitrogen, Carlsbad, CA, USA) for 20 minutes

at room temperature. After rinsing off trypsin with pre-warmed Dulbecco’s modified Eagle’s
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medium (Invitrogen), cells were dissociated by trituration, counted and plated into 96-well
(3.0 x 104/well) cell culture plates pre-coated with polyethyleneimine (Sigma-Aldrich).
The culture plating medium consisted of neurobasal medium supplemented with 2% heat-
inactivated fetal bovine serum, 0.5 mM I-glutamine, 0.025 mM I-glutamate and 2% B27
(Invitrogen). Cultures were maintained at 37°C in a humidified atmosphere of 5% CO2 and
95% air. The cultures were fed by exchanging 50% of media with feed media (neurobasal
medium, Invitrogen) with 0.5 mM I-glutamate and 2% B27 with antioxidants supplement
on days in vitro (DIV) 3. On DIV 5, 50% of media were removed and AAV-GCamP5

was added for 1 hour at 37°C. Cultures were fed with neurobasal media containing B27
supplement without antioxidants (Invitrogen) on DIV 7 and 10. Concentrations of Mg++ and
Ca++ in the neurobasal media were 1.80 and 0.81 mM, respectively. Cultures were treated
with reagents on DIV 10.

Real-time epifluorescence measurement of GCaMP5

Culture plates were placed on a motorized stage (Prior Scientific Inc., Fulbourn, Cambridge,
UK) of a Nikon TE2000 inverted microscope (Nikon, Melville, NY, USA). Microscopic
images were recorded through FITC filter from 1 minute before to 10 minutes after

drug treatment at a rate of 2 frames/s. The intensity of intracellular green fluorescence

of single cells (8-10 cells/well) was individually measured by the NIS Elements AR 3.2
Software (Nikon). The coordinates of images in culture plates were recorded for later image
matching. Cultured cells were then fixed by 4% paraformaldehyde (PFA) for 1 hour at room
temperature. The phenotype of imaged cells was verified using NeuN immunocytochemistry
and matching images.

Immunocytochemistry

After removing 4% PFA solution, cells were washed with phosphate buffered saline (PBS).
Fixed cells were treated with blocking solution [2% bovine serum albumin (BSA), 0.1%
Triton X-100 (Sigma, St. Louis, MO, USA) and 5% goat serum in PBS] for 1 hour. The cells
were incubated for 1 day at 4°C with a mouse monoclonal antibody against NeuN (1:500,
Millipore, Billerica, MA, USA) and then rinsed three times with PBS. The bound primary
antibody was visualized using Alexa Fluor 568 goat anti-mouse secondary (Invitrogen).
Images were acquired using a monochrome camera Qil-mc attached to Nikon TE2000-E
inverted microscope.

In vivo delivery and imaging of GCaMP5 using the In Vivo Imaging System (IVIS)

Adult rats were anesthetized with chloral hydrate (400 mg/kg, i.p.). The animals were placed
in a stereotaxic frame (Stoelting, Wood Dale, IL, USA), where a 10-ul Hamilton syringe
(Stoelting) with a 30-gauge needle was used to stereotaxically deliver AAV1-GCaMP5 (2

pl of 5 x 109 vg/pl) into the left parietal cortex as previously described (Yu et al. 2013).

The coordinates for the intracortical injection were 0.12 mm posterior to bregma, 2.1 mm
lateral (left) to midline and 2.0 mm ventral to the brain surface. The rate of infusion (1

pl/ min) was adjusted by a microprocessor-controlled injector mounted to the stereotaxic
frame (UMP4, World Precision Instruments, Sarasota, FL, USA). The needle remained in
the brain for 2 minutes after the injection and then slowly removed. After recovery from
anesthesia, animals were housed in their home cages. At 2 weeks after viral infection,
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animals were treated with Meth (5 mg/kg, i.p.) or vehicle (saline, i.p.). Brain tissues were
harvested 30 minutes after administration of Meth or vehicle and immediately transferred
to an IVIS Lumina 2 Imaging System chamber (Caliper Life Sciences, Cheshire, UK); GFP
fluorescence images in whole brains were acquired using a charge-coupled device camera.
The intensity of photon collected through IVIS was translated to false color images with
strong fluorescence in yellow and was analyzed using Living ImageR Software Version 4.0
(PerkinElmer, Waltham, MA, USA).

Immunohistochemistry

Immediately after VIS scanning, brain tissues were immersed in 4% PFA in phosphate
buffer (PB; 0.1 M; pH 7.2) for 18-20 hours and transferred to 18% sucrose in 0.1 M

PB for at least 16 hours. Serial sections of brains were cut at 30-um thickness on a

cryostat. Sections were rinsed with PB and were blocked with 4% BSA with 0.3% Triton
X-100 in 0.1 M PB. Sections were then incubated with polyclonal anti-NeuN (1:100,
Chemicon, Billerica, MA, USA) at 4°C for overnight. Sections were rinsed with 0.1 M PB
and incubated in Alexa Fluor 568 secondary antibody solution (1:500, Molecular Probes,
Eugene, OR, USA) and were mounted on slides and coverslipped. Control sections were
incubated without primary antibody. Confocal analysis was performed using a Nikon D-
ECLIPSE 80i microscope and EZ-C1 3.90 software as previously described (Yu et al. 2012).

Statistical analysis

Results

Values are presented as means + SEM. Unpaired t-test, two-way ANOVA and post hoc
Newman—Keuls test were used for statistical analysis. A statistically significant difference
was defined as P < 0.05.

Characterization of Meth-mediated change in [Ca*™*]i in primary cortical neuronal culture

We first examined Meth-mediated change in [Ca*™*]/in neurons encoded with GCaMP5.
Primary cortical neuronal culture cells were infected with AAV1-GCaMP5 on DIV 5.
Intracellular Ca™, as indicated by the change in intracellular green fluorescence, was
monitored on DIV 10. Different doses of Meth, ranging from 0.125 to 1 mM, were given

to the cells. Meth dose-dependently increased the amplitude of intracellular fluorescence.
The ED50 of Meth was close to 0.5 mM; this dose was chosen for the next experiment.

As seen in the captured live images (Fig. 1a & Supporting Information Movie S1), Meth

at 0.5 mM induced a rapid increase in intracellular Ca*™*. Peak fluorescence occurred
around 20 seconds after treatment. Cells were fixed for NeuN immunostaining after
treatment with Meth. Live image captured 26 seconds after Meth treatment was merged
with immunocytochemical photomicrogram (Fig. 1a, merged). Cells sensitive to Meth were
co-labeled by NeuN (Fig. 1a, far right, & Fig. 1d, left panel), suggesting a neuronal response
of Meth. Meth-mediated intracellular fluorescence was conserved in the fixed cells when
PFA was applied early after the peak reaction (Supporting Information Fig. S2), indicating
an irreversible change of GCaMP5, after binding to Ca++, by PFA.
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The dynamic intensity of intracellular GCaMP5 fluorescence of single cells was individually
analyzed every second after subtracting the background noise. Eight to 15 cells/well were
selected for this analysis. An example of real-time tracings of Meth (0.5 mM)-mediated
rapid increase in intracellular fluorescence, pooled from 33 cells, is shown in Fig. 2. Meth at
0.5 mM induced a rapid increase in [Ca++]i.

Meth-mediated change in [Ca++]i is blocked by Glu antagonist MK801

We found that Glu, similar to Meth, also increased [Ca++]l in neurons encoded with
GcaMP5. Different doses of Glu (7, 125 and 500 nM) were applied to the culture well.
Glu dose-dependently increased the peak. ED50 of Glu was around 125 nM; this dose was
chosen for the subsequent experiments. As seen in the captured live images (Fig. 3a, left

3 panels), administration of Glu (125 nM) time-dependently increased intracellular Ca++
in selective cells GCaMP5-labeled cells responsive to Glu co-expressed NeuN (Fig. 3a &
d—Ieft panel), suggesting a neuronal response of Glu.

MK801 (50 uM) was given to cells 1 minute before application of Glu (125 nM). A

typical interaction of MK801 and Glu is shown in the captured live images (Fig. 3b). After
treatment with MK801, Glu did not increase [Ca++]i in NeuN (+) cells (Fig. 3b versus

Fig. 3a). At high magnification, most of NeuN (+) cells did not show green fluorescence,
suggesting that Glu-mediated neuronal excitation was antagonized by MK801 (Fig. 3d, right
panel).

MK801 also antagonized Meth-increased [Ca++]i. MK801 (50 uM) was given 1 minute
before application of Meth (0.5 mM; Fig. 1d—right). MK801 reduced Meth-mediated
Ca++i in the live images (Fig. 1b versus Fig. 1a; Supporting Information Movie S2). At
high magnification, Meth did not induce Ca++-mediated fluorescence in NeuN (+) cells
pre-treated with MK801 (Fig. 1d, right panel).

The intensity of fluorescence was further analyzed in 216 neurons, pre-treated with either
saline or MK801. Glu (125 nM; Fig. 4a) and Meth (0.5 mM; Fig. 4b) significantly increased
Ca++ fluorescence intensity (P < 0.01, one-way ANOVA). Pre-treatment with MK801 (50
uM) significantly antagonized both reactions (P < 0.01, two-way ANOVA + Newman—Keuls
post hoc analysis; Fig. 4).

Mg++, nifedipine and low extracellular Ca++ altered Meth-mediated Ca++ signals

We examined the effects of Meth on primary neurons in low Ca++ medium. Cultured

wells were washed with artificial cerebrospinal fluid (aCSF), with or without Ca++ (0.1
mM), on DIV 10 and then incubated for additional 20 minutes. Meth-induced intracellular
green fluorescence from GCaMP5 was significantly reduced in aCSF containing Ca++ (0.1
mM) compared with the neural basal medium (Ca++ 1.8 mM; Fig. 5a versus Fig. 5b).
Removing Ca++ in aCSF blocked the intracellular fluorescence induced by Meth (P < 0.01,
two-way ANOVA; Fig. 5a). Mg++ (2 mM) was also added to the culture neurobasal medium
containing 1.8 mM Ca++ and 0.81 mM Mg++ on DIV 10. Similar to the responses seen in
the aCSF, exogenous Mg++ significantly suppressed intracellular fluorescence induced by
Meth (P < 0.01, two-way ANOVA; Fig. 5b).
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To examine the interaction with membrane Ca++ channels, culture medium was treated
with nifedipine (5 pM) 1 minute prior to Meth (0.5 mM) on DIV 10. The amplitude of
intracellular fluorescence induced by Meth was also markedly attenuated by nifedipine (P <
0.01, two-way ANOVA; Fig. 5¢).

Dantrolene partially antagonized Meth-mediated increase in [Ca++]i in primary cortical
neuronal culture

Cultured cells were treated with 300 nM dantrolene 1 minute prior to Meth. Dantrolene did
not alter the initial increase of Ca++ signal induced by Meth. The slope of Ca++ influx

(the rate of increase in intracellular fluorescence) was calculated in the first 5 seconds after
delivery of Meth in 89 neurons. No significant difference was found between cells treated
with dantrolene or vehicle (P = 0.43, t-test). However, dantrolene reduced the peak intensity
of intracellular epifluorescence by 25% (P < 0.01, t-test; Fig. 5d), suggesting that dantrolene
partially antagonized Meth-mediated increase in [Ca++]i.

Meth increased GCaMP5 fluorescence in vivo

AAV-GCaMP5 was administered to the parietal cortex in six adult rats. Fourteen days after
viral delivery, animals were injected with either Meth or vehicle. Brains were scanned

by IVIS 30 minutes after drug injection. Administration of Meth (5 mg/kg, i.p.), but not
saline, significantly increased fluorescence in animals treated with AAV-GCaMP5 (P < 0.01,
one-way ANOVA + post hoc Newman-Keuls test; Fig. 6). These data suggest that Meth
enhanced [Ca++]i in the cerebral cortex in vivo.

Immunohistochemistry—Adult rats receiving AAV-GCaMP5 were treated with saline
or Meth (5 mg/kg, i.p.). Brains were collected and fixed 30-40 minutes after injection and
were sectioned for immunohistochemistry. GCaMP5 fluorescence was found in the parietal
cortex near the site of viral injection (Fig. 7a—h) and the needle track (Fig. 7j-k & m-0).
The enhanced green fluorescence by Meth was localized mainly proximal to the site of
viral injection (Fig. 7b versus Fig. 7f, Fig. 7i versus Fig. 7p). It could also be found near
the needle track (Fig. 7j versus Fig. 7n). High-magnification confocal images indicated that
these green fluorescence cells co-labeled with NeuN (Fig. 7d & h). These data suggest that
Meth enhanced [Ca++]i in neurons of the cerebral cortex in vivo.

Discussion

Calcium participates in many Meth- or AM-mediated physiological and pharmacological
reactions. Calcium and L-type Ca++ channel are involved in the development of AM-
induced behavioral sensitization (Uramura et al. 2000; Volkow et al. 2001). Meth-mediated
place preference in mice was associated with acetylation of histone H3 following an increase
in intracellular Ca++, which was also antagonized by L-type Ca++ blocker (Shibasaki et

al. 2011). Nicardipine, given directly to the caudate putamen, inhibited Meth-mediated
hyperactivity in rats (Hori et al. 1998). The calcium channel blocker verapamil reduced
Meth-mediated apoptosis in the cerebellar neurons (Zhou, Liang & Li 2004). Isradipine,

a dihydropyridine-class calcium channel antagonist, reduced Meth-mediated cognitive and
physiological changes in human (Johnson, Ait-Daoud & Wells 2000). These data suggest a
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close interaction between Ca++ and Meth. In our study, we demonstrated a rapid increase
in intracellular Ca++ in primary cortical cultured cells expressing GCaMP5 after Meth

or Glu administration. Both Glu- and Meth-mediated Ca++i was antagonized by MK801.
We also found that the antagonistic response of MK801 was revisable. The culture wells
were washed twice with half media exchange after application of MK801 (i.e. exchange
50% culture media x2 times). Meth-mediated excitation was partially recovered after wash,
suggesting that the antagonistic response of MK801 was reversible. These Meth responsive
cells expressed the neuronal marker NeuN. Our data support the notion that the interaction
of Ca++i and Meth occurred in neurons through excitatory amino acids. In our control study,
we found that Meth or Glu did not alter GFP fluorescence intensity in primary cortical cells
overexpressing GFP by AAV1-GFP (data not shown), suggesting that these compounds did
not alter the expression of fluorescence from GFP protein and the changes in fluorescence
were due to the calcium binding property of GCaMP5 in primary cells.

Previous studies have demonstrated that DA can change [Ca++]i. For example, the D2
receptor antagonist raclopride induced a transient increase in Ca++i, which was antagonized
by the L-type voltage-gated Ca++ channel antagonist nifedipine in primary neuronal cultures
derived from fetal midbrain (Yasumoto et al. 2004). DA also modulated voltage-gated

Ca++ channels through D2 receptor in primary olfactory neurons (Okada et al. 2003)

and Ca++ current via D1 receptors in rat neostriatal neurons (Surmeier et al. 1995). As
Meth activates DA receptors by releasing DA from nerve terminals, Meth-mediated [Ca++]i
reaction can be confounded by its indirect reaction through DA. In our study, we examined
Meth-mediated Ca++i in primary cortical neurons as neurons in the cerebral cortex do not
contain DA biosynthetic enzyme tyrosine hydroxylase (Ungerstedt 1971). We demonstrated
that Meth mediated Ca++i in the primary cortical neuronal culture, supporting a non-DA-
ergic regulation of Ca++i by Meth.

The rise in cytosolic Ca++ can be derived from influx of extracellular Ca++ or release

of Ca++ from the endoplasmic reticulum (ER). We examined the response of extracellular
Ca++ by removing Ca++ in the aCSF medium. Lowering extracellular Ca++ reduced Meth-
mediated cytosolic Ca++ signals from GCaMP5, suggesting that Meth enhanced the Ca++
influx from extracellular space to cytosol. We also increased extracellular Mg++ to the
neural basal medium, which contained 1.8 mM Ca++. The exogenous Mg++ can compete
with Ca++ for influx after Meth stimulation. Mg++, similar to MK801, is also a Glu receptor
antagonist. We demonstrated that increasing Mg++ in medium abolished Meth-mediated
increase in intracellular green fluorescence, suggesting that Mg++ effectively suppressed
Ca++ entry induced by Meth and possibly its cascade of responses.

Nifedipine has been shown to attenuate Meth or AM-mediated Ca++ entry in non-neuronal
cardiac cells (Sugimoto et al. 2009) or PC12 cells (Kantor et al. 2004). In this study, we
examined the interaction of nifedipine and Meth in neuronal culture. We demonstrated that
nifedipine, similar to MK801, antagonized Meth-mediated increase in Ca++i, suggesting
that influx of Ca++ is mediated through L-type Ca++ channel in primary neuronal cells.

It has been well documented that L-type Ca++ channel regulates excitatory amino acid-
mediated cellular response (Rajadhyaksha et al. 1999; Cooper & White 2000). It is worthy to
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examine the common mechanisms between glutamate receptors and L-type Ca++ channels
in Meth reaction.

Cytosolic Ca++ is also regulated by the released of Ca++ from the ER through RyR.
Previous studies have shown that the RyR inhibitor ruthenium red did not antagonize Meth-
enhanced [Ca++]i in cultured cardiomyocytes pre-loaded with fluo-4 AM (Sugimoto et al.
2009), suggesting a non-RyR reaction in non-neuronal cells. In this study, we examined the
interaction of RyR and Meth in primary neuronal cells. Dantrolene, a clinically used RyR
inhibitor, did not alter the influx of Ca++ after Meth administration as the slope of [Ca++]i
at early time (i.e. 5 seconds) was not altered by dantrolene. However, dantrolene partially
reduced the peak [Ca++]i by 25% 5 seconds after Meth administration, suggesting that
Meth mobilized intracellular Ca++ from the ER after the influx of Ca++. As blocking Ca++
influx by Mg++ or Ca++ channel inhibitors completely abolished Meth-mediated [Ca++]i,
the release of Ca++ from ER may be triggered by the initial influx of Ca++ through the
membrane Ca++ channels. Our data also imply that dantrolene is a weak antagonist for
Meth-mediated Ca++ responses.

Meth-activated intracellular Ca++ signals were also found in brain parenchyma in this study.
We examined Ca++ and GCaMP5 interaction in brain tissue by IVIS analysis. Similar to

the responses in neuronal culture, systemic injection of Meth increased fluorescence in
brains pre-treated with AAV-GCaMP5. Weak fluorescence was found after saline injection.
The enhanced fluorescence response was found 30 minutes after Meth injection, which
correlated with behavioral responses of Meth reported previously. These data suggest

that Ca++ entry may be a major target for Meth in behavioral responses in vivo. Using
fluorescence microscopy and immunohistochemistry, fluorescence signal was found in the
parietal cortex near the site of viral infection. Injection of saline induced a weak green
fluorescence signal in the cerebral cortex, showing a regulated basal Ca++ signal from the
infected cells. In contrast, Meth greatly enhanced green fluorescence in the brain cortex.
The enhanced fluorescence by Meth co-localized primarily to NeuN (+) cells, indicating that
our IVIS measurements represent a neuronal response. Taken together, our data suggest that
Meth increased Ca++i mainly in neuronal cells in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Methamphetamine (Meth) increased [Ca**]/in cultured primary cortical neurons

overexpressing GCaMP5. (a) Real-time fluorescence images were taken 5” before and 16”
and 26” after Meth administration. Administration of Meth (0.5 mM) triggered a rapid

and time-dependent increase in intracellular Ca**, as indicated by green fluorescence (left
three panels). Peak fluorescence occurred 26 seconds after injection. Neuronal cells were
identified by NeuN immunostaining (second panel from the far right). Meth enhanced green
fluorescence only in NeuN (+) cells (right panel, merged). (d, Left) High magnification of
merged photomicrograms indicates that Meth-mediated green fluorescence signal was found
mainly in NeuN cells. (b) MK801 suppressed Meth-mediated intracellular Ca** signals
(left three panels). Most NeuN (+) cells did not express green fluorescence after Meth
administration. (d, Right) High magnification of merged images indicates that pre-treatment
with MK801 inhibited green fluorescence in NeuN cells. (c) Timeline indicates that primary
cortical neurons were treated with vehicle or MK801 followed by Meth. Calibration: 50 pm
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Figure 2.

Real-time tracings of intracellular fluorescence of 33 neurons treated with
methamphetamine (Meth) (0.5 mM)
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Figure 3.
Increasing [Ca++]i by glutamate (Glu) using fluorescent live cell imaging in cultured

primary cortical neurons overexpressed GCaMP5. (a) Real-time fluorescence images were
taken 5” before and 16” and 26” after Glu administration. Administration of Glu (top
panels) triggered a rapid and time-dependent increase in intracellular Ca++, as indicated
by green fluorescence (left three panels). Peak fluorescence occurred 26 seconds after
injection. Neuronal cells were identified by NeuN immunostaining. Glu enhanced green
fluorescence only in NeuN (+) cells (right panel, merged). MK801 suppressed Glu-mediated
fluorescence signals (lower panel). Most NeuN (+) cells did not express green fluorescence
after Glu administration (right and lower panels). (d) High magnification images of (a)
(right panels). Green fluorescence signal was found in NeuN cells pre-treated with vehicle
(left). Pre-treatment with MK801 inhibited green fluorescence in NeuN cells (right panel)
(c) Timeline indicates that primary cortical neurons were treated with vehicle or MK801
followed by glutamate (125 nM). Calibration: 50 pm

Merged

MK801

Ad(dict Biol. Author manuscript; available in PMC 2021 September 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yu et al.

Page 16

—— Meth + MK801
—s— Meth + Veh

(a) (b)
60 - —— Glu + MK801 60 -
—— Glu + Veh

3 3

c c

[0} @

9 ?

g 8

8 40 A _g 40

= =

3 b

S o

& ]

< 20 S 201

o] ©

& g

£ =
0 0

40 20 0 20 40 60 40 20
Time (seconds)
Figure 4:

0 20 40 60

Time (seconds)

(a) MK801 antagonized glutamate (Glu)-mediated increase in [Ca++]i. MK801 (50 uM)
was given to the culture wells 1 minute before application of Glu (125 nM at time 0). The
intensity of fluorescence was analyzed in 216 neurons labeled by NeuN. Glu significantly
increased Ca++ signal intensity, as compared to the response prior to Glu administration.
Pre-treatment with MK801 significantly antagonized Glu-mediated increase in [Ca++]i (P
<0.001, two-way ANOVA). (b) MK801 antagonized methamphetamine (Meth)-mediated
increase in [Ca++]i. MK801 (50 uM) was given to cells 1 minute before application of

Meth (0.5 mM). MK801 significantly antagonized this response (P < 0.05, two-way ANOVA

+ Newman—Keuls post hoc analysis)
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Figure5:

Mg++, nifedipine or low extracellular Ca++, blocked, while dantrolene partially
antagonized, methamphetamine (Meth)-mediated increase in intracellular Ca++ signal

in primary cortical neurons expressing GCaMP5. (a) Cultured primary cells expressing
GCaMP5 were washed with artificial cerebrospinal fluid (aCSF) containing either Ca++
(0.1 mM) or no Ca++ on DIV 10. Administration of Meth (0.5 mM) increased intracellular
fluorescence in cells incubated in aCSF medium with Ca++. Meth-mediated increase in
intracellular Ca++ fluorescence was blocked by low Ca++. (B) Mg++ (2 mM) or vehicle
(saline) was added to the culture neural basal medium containing 1.8 mM Ca++ on DIV 10.
Meth induced a much higher intracellular Ca++ signal in neural basal medium (b) compared
with aCSF (a). Treatment with Mg++ significantly suppressed Meth-mediated Ca++ influx
into cytosol. (c) Nifedipine or vehicle was given to the culture medium 1 minute prior to
Meth (0.5 mM). The amplitude of intracellular fluorescence induced by Meth was blocked
by nifedipine. (d) Dantrolene did not alter the initial increase of Ca++ signal induced by
Meth. The peak intensity of intracellular green fluorescence was, however, partially reduced
by dantrolene
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Figure6:
Representative IVIS (In Vivo Imaging System) scans from five brains indicates that

methamphetamine (Meth) increased Ca++ signaling in animals pre-treated AAV-GCaMP5.
AAV1-GCaMP5 was injected to the parietal cortex of adult rats 2 weeks prior to Meth or
saline administration. (a) Brain tissues were collected for IVIS scanning 30 minutes after
saline (lower two brains) or Meth (5 mg/kg, i.p., top three brains) administration. Meth
administration increased green fluorescent protein (GFP) fluorescence in animal received
Meth but not saline injection. (b) Fluorescent intensity analysis of selected area (0.15 cm2)
near the injection site was performed in six rat brains using Living ImageR Software \Version
4.0. Corresponding areas in the contralateral hemispheres were selected as controls. Meth
significantly increased fluorescence in brain region receiving AAV-GCaMP5 injection (*P <
0.01, one-way ANOVA + post hoc Newman-Keuls test)
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Figure7:

methamphetamine (Meth) increased Ca++-dependent green fluorescence of GCaMP5 in the
cortical neurons from adult rat brains. Adult rats receiving AAV-GCaMP5 were treated with
saline or Meth (5 mg/kg, i.p.). Brain tissues were fixed 30-40 minutes after injection and
were later sectioned. Green fluorescence was found in the cerebral cortex near the site of
injection (a—h) and needle track (i—k and m-o0). Stronger green fluorescence was found in
rats treated with Meth compared with vehicle (b versus f; j versus n; i versus p). Confocal
images indicated that Meth enhanced green fluorescence in NeuN cells (c versus g; k versus
0). (d & h) High magnification images taken from the injection sites (dotted squares in c,
and g) indicate co-localization of green fluorescence and NeuN. (I) Meth enhanced green
fluorescence in the needle track and injection site above the corpus callosum in the left
parietal cortex. Less green fluorescence was found in another animal treated with saline (p).
Scale bar: a—c, e-g, i—k, and m—o, 50 ym; d and h, 13 um; I and p, 600 um
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