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Abstract

Methamphetamine (meth) is a central nervous system (CNS) stimulant that results in
psychological and physical dependency. The long-term effects of meth within the CNS include
neuronal plasticity changes, blood-brain barrier compromise, inflammation, electrical
dysfunction, neuronal/glial toxicity, and an increased risk to infectious diseases including HIV.
Most of the reported meth effects in the CNS are related to dysregulation of chemical synapses by
altering the release and uptake of neurotransmitters, especially dopamine, norepinephrine, and
epinephrine. However, little is known about the effects of meth on connexin (Cx) containing
channels, such as gap junctions (GJ) and hemichannels (HC). We examined the effects of meth on
Cx expression, function, and its role in NeuroAIDS. We found that meth altered Cx expression and
localization, decreased GJ communication between neurons and astrocytes, and induced the
opening of Cx43/Cx36 HC. Furthermore, we found that these changes in GJ and HC induced by
meth treatment were mediated by activation of dopamine receptors, suggesting that dysregulation
of dopamine signaling induced by meth is essential for GJ and HC compromise. Meth-induced
changes in GJ and HC contributed to amplified CNS toxicity by dysregulating glutamate
metabolism and increasing the susceptibility of neurons and astrocytes to bystander apoptosis
induced by HIV. Together, our results indicate that connexin containing channels, GJ and HC, are
essential in the pathogenesis of meth and increase the sensitivity of the CNS to HIVV CNS disease.
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Methamphetamine (meth) is a highly addictive drug used worldwide. Its use is linked to
risky behaviors and increased susceptibility to infectious diseases, including human
immunodeficiency virus-1 (HIV), and its comorbidities. Epidemiological studies indicate
that individuals with HIV who are substance abusers have a higher incidence of HIV-
associated CNS disease (Shor-Posner 2000; Maragos et al. 2002; Bell et al. 2006; Burdo et
al. 2006; Silverstein et al. 2011). In addition, several studies have found a strong correlation
between substance abuse and non-adherence to antiretroviral treatment in HIV patients,
thereby limiting the potential benefits of antiretroviral treatment. This results in lower rates
of virological suppression and creates the potential for an enhanced disease progression
(Tucker er al. 2003). Thus, there is a clear correlation between drugs of abuse, systemic
inflammation/HIV replication, and CNS disease. However, the cellular and molecular
mechanisms underlying this correlation are not known.

Meth has long lasting toxic effects on dopaminergic, noradrenergic, serotoninergic, and
GABA-ergic terminals (Powrozek et al. 2004; Zhang et al. 2006; Ferrucci et al. 2013;
Beardsley and Hauser 2014). The toxicity of meth in the CNS is associated with: (i) a
reduction in vesicular monoamine transporter loading of synaptic vesicles (Volz 2006),
resulting in the accumulation of monoamine neurotransmitters in the neuronal cytoplasm,
and (ii) the prevention of the neurotransmitters’ reuptake leading to their accumulation in the
synaptic cleft. This increased neurotransmitter concentration at the synaptic cleft in response
to meth over-activates their receptors, resulting in profound behavioral and physiological
effects (Zhang et a/. 2001; Chiu and Schenk 2012). Most of the reports involving meth and
synaptic signaling have been focused on chemical synapses. In contrast, the effects of meth
on glial and neuronal connexin containing channels, gap junction (GJ), and hemichannels
(HC), are still unclear.

GJ connect the cytoplasm of two cells, serving as a low-resistance bridge to coordinate
electrical and metabolic function in tissues (Eugenin et al. 2012; Eugenin 2014). Each
channel is formed by the docking of two unopposed connexin HC present on the surfaces of
two contacting cells. In physiological conditions, GJ in glial cells help to clear high
concentrations of neurotransmitters (i.e., glutamate) and ions (i.e., potassium) that
accumulate in areas proximal to chemical synapses by regulating intracellular diffusion of
these metabolites among connected cells (Pereda et al. 2003a,b; Cachope et al. 2007; Rash et
al. 2013). In addition, it has recently been described that undocked HC on the surface of
glial cells can open under stress and inflammatory conditions (Castellano and Eugenin 2014;
Eugenin 2014; Velasquez and Eugenin 2014), resulting in the release of intracellular
inflammatory factors, such as ATP, NADH, and PGE2 into the extracellular space, which
leads to activation of ATP receptors and other inflammatory pathways (Pelegrin and
Surprenant 2006, 2007; Locovei et al. 2007). In addition, in several disease models,
reduction in GJ communication (GJC) and HC opening has been associated with severe
problems in learning, memory, fear responses, and other behavioral issues (Frisch et al.
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2005; Allen et al. 2011; Bissiere et al. 2011; Mercer 2012; Stehberg et al. 2012; Zlomuzica
et al. 2012), all of which are observed in meth users (Logan 2002; Gettig et al. 2006; Darke
et al. 2008). Furthermore, it has been shown that amphetamine and cocaine use compromises
Cx36 expression and electrical synapse function (Onn and Grace 2000; McCracken et al.
2005a,b). However, despite the importance of both GJ and HC in normal CNS function and
their roles in the development of drug-induced pathologies has not been investigated.

Our results show that meth compromises GJ communication and results in the opening of
HC in neurons and astrocytes. These alterations in GJ and HC result in glutamate
dysregulation but do not elicit apoptosis in the absence of HIV infection. However, when we
treated HIV-infected cultures of neurons and astrocytes with meth, we observed a further
increase in glutamate dysregulation as well as increased apoptosis of both cell types. Our
results indicate that targeting GJ and HC may provide an alternative therapeutic route to
reduce the physical and psychological damage caused by meth or associated diseases such as
HIV and NeuroAIDS.

Materials and methods

Reagents

Dulbecco’s modified Eagle’s medium, fetal bovine serum, penicillin/streptomycin (P/S) and
trypsin-EDTA were from Invitrogen (Grand Island, NY, USA). Monoclonal antibody to glial
fribillary acid protein (GFAP), FITC, or Cy3-conjugated anti-rabbit IgG, and Cy3 or FITC
coupled anti-mouse 1gG antibodies were from Sigma (St Louis, MO, USA). Purified mouse
1gG,p and 1gG1 myeloma proteins were from Cappel Pharmaceuticals, Inc (Aurora, Ohio).
Anti-Cx43, and secondary antibodies anti-mouse, anti-rabbit, and anti-goat
immunoglobulins conjugated to Alexa-533, Alexa-633, and Alexa-588 were from Life
Technologies (Eugene, OR, USA). Mimetic peptides targeting Cx43 (VCYDKSFPISHVR)
or Cx36 (VCNTLQPGCNQAC) hemichannels were used to block dye uptake rate as
previously characterized (Flores et al. 2012; Orellana et al. 2012a,b, 2013a,b; Abudara et al.
2014). Because of the limited characterization of Cx36 mimetic peptides, especially in
human neurons, we characterized whether Cx36 mimetic peptides block Etd uptake induced
by metabolic inhibitions as previously described (Contreras et al. 2002) using human
neuronal cultures. Metabolic inhibition resulted in the opening of HC in human neurons.
This HC opening in human neurons was only sensitive to human Cx36 mimetic peptides,
and lanthanum, but not to scrambled peptides, or pannexin-1, Cx32, and Cx43 mimetic
peptides (unpublished data).

Animal model of meth abuse

Meth users initially take small amounts of the drug intermittently before increasing the dose
(Simon et al. 2002a,b; Melega et al. 2007). To simulate this pattern, increasing doses (2.5, 5,
and 10 mg/kg of body weight/day at weeks 1, 2, and 3, respectively) of meth (Sigma) were
intraperitoneally (i.p.) administered daily to female C57BL/6 mice (age, 6-8 weeks; Charles
Rivers, Wilmington, MA, USA) over 21 days as previously described (Martinez et al. 2009;
Patel et al. 2013). Phosphate-buffered saline (PBS)-treated animals were used as controls.
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Ethics statement

All animal studies were conducted according to the experimental practices and standards
approved by the Institutional Animal Care and Use Committee (IACUC) at NYIT College of
Osteopathic Medicine (NYIT COM) (Protocol #: 2015-LM-01). Animal care for this study
was approved by the Animal Welfare and Research Ethics Committee at Rutgers University
and NYIT.

Hela Cx43-EGFP cells

Experiments were performed using HeLa cells (ATCC No. CCL-2, the parental cells) or
HeLa cells transfected with cDNAs encoding rat Cx43 or rat Cx43 with EGFP attached to
the C-terminus (Cx43-EGFP, a kind gift of Dr Michael V. Bennett, The Albert Einstein
College of Medicine, Bronx, NY, USA) and were maintained in culture as described
(Contreras et al. 2003).

Human neuronal and astrocyte cultures

Human fetal brain tissue was obtained as part of a research protocol approved by Rutgers
University and all tissues are unidentified. The mixed cultures were prepared as previously
described mainly from the frontal and occipital cortex and hippocampus (Eugenin and
Berman 2003; Eugenin et al. 2007; King et al. 2010).

Immunofluorescence

Mixed cultures of human neurons and astrocytes were grown on coverslips, fixed, and
permeabilized in 70% ethanol for 20 min at —20°C. Cells were incubated in blocking
solution for 30 min at 22°C and then in diluted primary antibody (anti-Cx43, anti-Cx36,
antimicrotubule-associated protein-2 (MAP-2) and anti-GFAP: 1 : 2000, 1 : 300; 1 : 2000
and 1 : 1000, respectively) overnight at 4°C. Cells were washed several times with PBS at
22°C and incubated with the appropriate secondary antibodies for at least 3 h at 22°C
followed by another wash in PBS for 1 h. Cells were examined using an SP2 Leica or Al
Nikon confocal microscope (Leica Biosystems, Wetzlar, Germany or Nikon, Tokio, Japan).
Antibody specificity was confirmed by replacing the primary antibody with a non-specific
myeloma protein of the same isotype or non-immune serum as described (Rella ef a/. 2014;
Subbian et al. 2014).

Western blot analysis

Relative levels of Cx43, Cx36, and tubulin were determined by immunoblot as described
(Berthoud, et al. 1992; Eugenin et al. 2003). Brains obtained from untreated and treated
animals with meth or mixed cultures of neurons and astrocytes were treated with the drug or
vehicle, then, harvested in Tris buffer, 10 mM pH 7.4, containing protease and phosphatase
inhibitors (20 mM; pyrophosphate, 20 mM; NaF, 100 mM; NaVO3 200 uM; leupeptine, 500
pg/mL; aprotinine, 40 pg/mL; soybean trypsin inhibitor, 2 mg/mL; benzamidine, 1 mg/mL;
w-amino caproic acid, 1 mg/mL; phenylmethylsulfonyl fluoride, 3 mM and EDTA, 20 mM)
(Eugenin, et al. 2001). Samples were lysed and the protein content of each cell lysate was
determined using Bradford’s method (Bradford 1976) (Bio-Rad labs, Hercules, CA, USA).
Samples containing 20 ug of protein were used to analyze Cx43, Cx36, and tubulin. Proteins
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were separated in 7.5% sodium dodecy! sulfate—polyacrylamide gel electrophoresis and
electrophoretically transferred to nitrocellulose, which were then incubated sequentially with
blocking solution (5% non-fat milk in Tris-buffered saline), affinity purified rabbit
polyclonal antibodies prepared against Cx43, Cx36, and tubulin (1 : 2000, 1 : 500, and 1 :
2000, respectively) and anti-rabbit IgG conjugated to horseradish peroxidase. Antigen-
antibody complexes were detected by enhanced chemiluminescence (Perkin Elmer, Boston,
MA, USA) and the resulting immunoblot signals were scanned and densitometric analysis
was performed using NIH-image software. All results were normalized to the values
obtained for control conditions.

Dye coupling

To evaluate the function of GJs, intercellular transfer of Lucifer yellow (LY) (5% w/v in 150
mM LiCl) or neurobiotin (8%; Vector Laboratories, Burlingame, CA, US) was determined
by microinjecting the dye into a single cell and measuring the diffusion of the dye into
neighboring cells, as previously described (Meller 1992; Eugenin et a/. 1998). Cells were
scored as coupled if dye transfer occurred to one or more adjacent cells. Dye transfer was
evaluated using confocal microscopy. Four independent experiments were performed, in
which a minimum of 10 cells were microinjected per experiment. The incidence and index
of dye coupling was scored as the percentage of injections that resulted in dye transfer and
the numbers of cells coupled to a single microinjected cell, respectively.

Dye uptake and time-lapse microscopy

To characterize the functional state of Cx HCs, dye-uptake experiments using ethidium
(EtBr) bromide were performed. Cells were washed twice in Hank’s balanced salt solution
(HBSS) and then exposed to Locke’s solution (containing 154 mM NacCl, 5.4 mM KCI, 2.3
mM CaCl,, 5 mM HEPES, and pH 7.4) with 5 pM EtBr, followed by time-lapse microscopy.
Phase-contrast and fluorescence microscopy with time-lapse imaging were used to record
cell appearance and fluorescence-intensity changes in each condition. Fluorescence was
recorded every 30 s. The NIH ImageJ software (Bethesta, MD, US) was used for off-line
image analysis and fluorescence quantification. For data representation and calculation of
EtBr uptake slopes, the average of two independent baseline fluorescent (FB) (expressed as
arbitrary units, AU) was subtracted from mean fluorescent intensity (F1). Results of this
calculation (F1-FB), for at least 20 cells, were averaged and plotted against time (expressed
in minutes). Slopes were calculated using Microsoft Excel software and expressed, as AU/
min. Microscope and camera settings remained the same in all experiments. Dead cells or
cells with a damaged plasma membrane were clearly identified during the time-lapse
microscopy as a result of their nonspecific Et uptake, determined by lack of time
dependency and stability in dye uptake (not inhibited by HC blockers), and were not
quantified.

Microinjection of astrocytes and neurons using brain tissue slices

Three hundred micrometers brain tissue slices were cut using a vibrotome (TPI series, model
1000) from mice injected with meth or saline. The sections were stained using HEPES
solution containing sulforhodamine 101 to label astrocytes for 10 min, and subsequent
washes in PBS. After staining, non-sulforhodamine cells with neuronal shape were
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microinjected with neurobiotin in the cortex. Positive cells for sulforhodamine 101,
astrocytes, were injected with LY. After injection and staining (in case of neurobiotin using
streptavidin-FITC; Sigma), cell to cell communication was analyzed and quantified in the
presence and absence of meth. In all these studies we selected cortex and hippocampus since
our human cultures are also from these areas in humans.

Image quantifications

Each marker or area examined was obtained from multiple optical sections or brain regions
as well as dye coupling. Each area was analyzed after 3D reconstruction and deconvolution
(Guan et al. 2006, 2008). To analyze expression of the proteins of interest, we use the 3D
reconstructions described above followed by the generation of regions of interests to
quantify the number of positive pixels as well as their intensity in MAP-2, GFAP, or
sulforhodamine 101 positive cells. For each cell type analyzed a linear intensity histogram
was generated to examine the expression of each cellular marker or Cx.

Measurement of extracellular glutamate

The glutamate concentrations in the mixed cultures of neurons and astrocyte medium were
determined spectrophotometrically using a commercially available kit according to the
manufacturer’s instructions (Sigma) with minimal modifications (Eugenin et a/. 2003). The
20-50x% concentrated medium obtained from mixed cultures of neurons and astrocytes have
a level of glutamate of 2-10 nmol/sample.

Statistical analysis

Results

Data were analyzed using Excel (Redmond, WA, US) and Origin 8.1 (Northamptom, MA,
US). For single comparisons, Student’s #test was performed. For multiple comparisons,
mean differences were tested by non-parametric Kruskal-Wallis analysis and adjusted by
use of the Bonferroni—-Dunn correction. p values of < 0.05 were considered significant.

Meth treatment alters expression and function of gap junction channels in the CNS in vivo

For all our studies, cortex and hippocampus tissues were analyzed because of their exquisite
regulation of learning and memory by dopamine receptors and extensive reporting
demonstrating the importance of Cx channels in these cells (Eugenin 2014; Hansen and
Manahan-Vaughan 2014; Siekmeier and vanMaanen 2014; Werlen and Jones 2015). Brain
tissue sections obtained from meth or PBS-treated animals were stained for Cx36 or Cx43,
MAP-2 or GFAP, and DAPI and analyzed by confocal microscopy. First, we analyzed the
expression and localization of neuronal Cx36, which is essential to maintain electrical
connectivity between different populations of neurons (Deans et al. 2002; Pereda et al.
2003a; Zlomuzica et al. 2012). In control conditions (PBS injected mice), Cx36 was
localized in MAP-2 neuronal cell bodies and processes (Fig. 1a, Control). In contrast, meth
treatment resulted in decreased overall Cx36 staining in several brain regions, including
cortex and hippocampus (Fig. 1a, a reduction in 68.26 + 18.45% in positive pixels relative to
control brains, p < 0.05). Cx36 down-regulation induced by meth was confirmed by western
blot analysis of total brain lysates (Fig. 1c). With respect to Cx43, analysis of brain tissue
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sections indicated that in PBS-treated mice, Cx43 was mainly localized between astrocytes
(GFAP positive cells) as expected, whereas meth treatment induced relocalization of the
protein into apparently intracellular vesicles (Fig. 1b). Imaging analysis did not show any
difference in the total amount of Cx43 expression (data not shown) and western blot analysis
corroborated this result (Fig. 1c). We also observed that the cell bodies of neurons from
meth-treated animals were larger (by 14.5 + 5.34%, n= 4 animals, p< 0.05) and had shorter
cellular processes (by 51.33 + 15.97%, p < 0.05) relative to PBS-treated animals. In
addition, we observed increased GFAP expression in meth-treated conditions (29.34

+ 6.92% relative to control conditions, p < 0.05), suggesting there is a presence of
hypertrophic astrocytes (Fig. 1b). Thus, meth treatment altered the expression and
localization of Cx36 and Cx43 containing GJ /n vivo.

To evaluate neuron—neuron and astrocyte—astrocyte communication, we used dye coupling in
fresh brain tissue slices obtained from control- and meth-treated animals (Fig. 1d). Under
control conditions, astrocytes were almost 100% coupled to other astrocytes when
microinjected with LY (Fig. 1d) and 30-50% of neurons were coupled to other neurons
when microinjected with neurobiotin (Fig. 1d). Meth treatment strongly reduced (by
approximately 80% at 14 days after treatment) GJ communication among neurons and
among astrocytes (Fig. 1d). In addition, acute treatment of control brains with meth (10 uM)
for 120 min also resulted in reduction in dye transfer as compared to control conditions (Fig.
1d). Thus, our studies indicate that Cxs in neurons and astrocytes are compromised in meth-
treated animals, supporting the hypothesis that meth alters electrical and metabolic
communication.

Meth treatment of mixed cultures of human neurons and astrocytes reproduces the meth
effects in Cxs observed in vivo

To examine the mechanisms by which meth reduces neuronal and glial GJ communication,
we used primary human cultures of neurons and astrocytes treated with meth (1 or 10 pM -
circulating concentrations observed in meth users) (Mendelson et a/. 2006). In these
cultures, neurons grow on top of an astrocyte monolayer, and by using confocal microscopy
to visualize the different optical planes, astrocytes, and neurons can be distinguished from
one another (Eugenin et al. 2007).

Confocal analysis of the top optical section of mixed cultures of neurons and astrocytes
indicated that neuronal Cx36 was mainly localized in the cell body and neuronal processes
(Fig. 2a, control). Treatment with meth for at least 6 h resulted in decreased Cx36 expression
and collapse of neuronal processes (Fig. 2a, meth). Western blot analysis of these mixed
cultures indicated that meth treatment decreased Cx36 expression at all time points analyzed
(Fig. 2b, Cx36, at least —64.5 £+ 11.54% for all time points relative to control conditions, p =
0.003, 7= 4). Confocal analysis of astrocytes in the bottom optical section of the mixed
cultures of neurons and astrocytes indicated that astrocytic Cx43 was mainly localized in
cell to cell apposition membranes as well as in intracellular compartments (Fig. 2c, control).
After meth treatment, the number and size of Cx43 containing plaques at the cell to cell
apposition membranes was reduced (Fig. 2c, see arrows) and most of the Cx43 staining
became intracellular, suggesting Cx43 internalization. Western blot analysis corroborated
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our confocal data — no changes in total Cx43 expression was detected after meth treatment
(Fig. 2d). To further study the possibility that meth induced the internalization of Cx43
plaques, live cell imaging of HeLa cells transfected with Cx43-GFP was performed. Meth
treatment (10 uM) induced a fast internalization (quantified as plaque instability) of Cx43
containing plaques present at the plasma membrane into intracellular compartments (Figure
Slaand b). In summary, our data indicates that meth reduces Cx36 expression and induced
the internalization of Cx43 channels.

Meth treatment alters GJ communication

To examine whether the changes in Cx36 and Cx43 localization result in alterations in GJ
communication, dye coupling using neurobiotin (to evaluate neuronal GJ communication)
and LY (to evaluate astrocyte GJ communication) was performed. Evaluation of neuronal GJ
communication using confocal microscopy indicated that under normal conditions 60% of
neurons were coupled to other neurons (Fig. 3a and b, 2.34 + 0.47 neurons per
microinjection). Meth treatment (1 uM or 10 pM) reduced coupling between neurons to 10%
(Fig. 3b). Furthermore, meth treatment also resulted in near total shutdown of GJC between
astrocytes (numbers after meth treatment) as compared to control conditions (11.76 + 6.21
astrocytes per microinjection, Fig. 3c). Together, these results indicate that meth impairs GJ
communication by modifying the expression and functional state of Cx containing channels
in neurons and astrocytes.

Meth treatment induces the opening of hemichannels

While non-docking HC that do not participate in forming GJ are normally closed, they can
become open under stress and inflammatory conditions (Kielian 2008; Eugenin et al. 2012;
Eugenin 2014). To examine whether meth affects the opening of these channels, mixed
cultures of neurons and astrocytes were subjected to Etd dye uptake to examine opening of
HC as we described (Orellana et al. 2011, 2012b). In control conditions no HC opening was
detected (Fig. 4a). In contrast, meth treatment induced a strong and fast HC opening (Fig.
4a, 5-15 min, * corresponds to p < 0.002 relative to control, n=4), as well as a lesser, but
still significant (p= 0.007), HC opening after 18 to 48 h of treatment. To identify the type of
HC opened in response to meth treatment, we used Cx HC blockers such as lanthanum
(La*3, a connexin HC blocker) and Cx43 and Cx36 extracellular mimetic peptides (both Cx
HC blockers). We found that all Cx HC blockers prevented Etd uptake induced by meth
treatment (Fig. 4b, #p= 1.2 x 1074, n=4). These data suggest that Cx43 and Cx36 HC are
opened in response to meth treatment.

Meth-induced GJ communication compromise is mediated by activation of Dy like
dopamine receptors

Several reports indicate that dopamine receptors can modulate GJ permeability (Baldridge et
al. 1987, 1998; Hampson et al. 1992; Chiba and Saito 2000; Tibber et a/. 2007; Kothmann et
al. 2009; Bu et al. 2014), but it is unknown whether meth can alter GJC and HC opening
indirectly by dysregulation of dopamine receptors. Thus, to examine whether dopamine and
its receptors are involved in meth-mediated reduction in neuronal and glial GJ
communication, we determined whether blocking D1 like or D, like dopamine receptors
affected dye transfer (GJ communication) or dye uptake (HC opening) in mixed neuron-
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astrocyte cultures. The pre-incubation of the mixed cultures with SCH23390 (1 and 10 pM, a
selective D like dopamine receptor antagonist, SCH), eticlopride (10 and 50 uM, a selective
D, like receptor blocker, Eti) or Flupenthixol (1 uM, a non-selective dopamine receptor
blocker, Flu) before meth treatment (10 uM) reduced the deleterious effects of meth on GJ
communication (Fig. 5a). SCH and Flu alone did not affect GJ communication (Fig. 5a). In
contrast to D4 like dopamine blockers, the D5, like receptor blocker, eticlopride, did not have
any effect on astrocyte or neuronal GJ communication in the presence or absence of meth
(data not shown). These results indicated that D4 like dopamine receptor opening was
necessary for meth to compromise GJ communication.

Meth-induced HC opening was mediated by both D; and D, like dopamine receptors

To examine whether opening of HC in response to meth treatment was also dependent upon
dopamine receptor activation, we tested the dopamine receptor blockers described above.
Blocking D, like dopamine receptors using SCH23390 (1 and 10 uM, n=4) or D, like
dopamine receptors using eticlopride (10 or 50 uM, n= 3), did not alter HC opening (Fig.
5b). However, flupenthixol (1 uM, a non-selective dopamine blocker, Flu) prevented HC
opening in response to meth treatment (Fig. 5b). These results suggest the involvement of an
alternative dopamine receptor or a more complex receptor, such as that formed by hetero-
oligomers of D1 and D, receptors as previously described (So et al. 2009; Ferre et al. 2010).
Alternatively, a different neurotransmitter may mediate meth-induced HC opening, as meth
also alters the release of serotonin and epinephrine (Yu et al. 2015).

Meth treatment dysregulates glutamate release and increases bystander apoptosis in HIV-
infected cultures

Meth accelerates the pathogenesis of several diseases including HIV-associated
neurocognitive disorders (Loftis and Janowsky 2014; Borgmann and Ghorpade 2015;
Passaro et al. 2015; Yu et al. 2015). Since GJ and HC are essential for clearing potentially
toxic concentrations of glutamate from regions in the brain with high neuronal activity
(Kielian 2008; Eugenin et al. 2012; Orellana et al. 2012b; \erkhratsky et al. 2012; Eugenin
2014), and meth use correlated with accelerated HIV-associated neurocognitive disorders
pathogenesis, we asked if combined HIV infection and meth use could result in extracellular
glutamate accumulation. Therefore, we assessed whether meth alone, or in combination with
HIV, dysregulates the extracellular concentration of glutamate.

We found that HIV infection or meth treatment of astrocytes for 7, 14, or 21 days resulted in
a significant increase in extracellular glutamate relative to control conditions (Fig. 6a). Meth
treatment of HIV-infected astrocytes further increased the accumulation of extracellular
levels of glutamate (Fig. 6a, HIV+meth). Moreover, blocking HC using La*3 or blocking GJ
using 18-a-glycyrrhetinic acid or mimetic peptides totally abolished the glutamate
dysregulation induced by meth, HIV infection, or the combination of both (Fig. 6a, HC/GJ
blockers). Therefore, meth and HIV induce glutamate release by a mechanism involving HC
and GJ channels.
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Meth increases the susceptibility of neurons and astrocytes to apoptosis

Our previous publications demonstrated a phenomenon termed, ‘bystander apoptosis’, where
HIV-infected astrocytes spread apoptosis to uninfected astrocytes and neurons by a
mechanism involving GJ and HC (Eugenin and Berman 2007, 2013; Eugenin et a/. 2011). In
addition, meth is known to increase CNS compromise (Tiwari et al. 2013; Bortell et al.
2015; Keshy et al. 2015). Thus, we analyzed whether meth treatment alters bystander
apoptosis elicited by the few HIV-infected astrocytes into uninfected cells, as well as the role
of GJ, N-methyl-D-aspartate receptor (NMDA), and dopamine receptors in this process.
Consistent with our previous results (Eugenin and Berman 2007, 2013; Eugenin et al. 2007,
2011, 2012; King et al. 2010; Orellana et al. 2013a; Castellano and Eugenin 2014; Eugenin
2014), HIV infection of astrocytes resulted in bystander apoptosis of uninfected neurons and
astrocytes in a GJ-dependent mechanism (Fig. 6b, HIV apa, *0 < 0.006, /7= 4, relative to
uninfected conditions). Pretreatment with meth (10 uM, 6 h prior to HIV infection) further
enhanced neuronal and astrocyte apoptosis by 15 to 20% (Fig. 6b, meth+HIV apa, #, p<
0.003, n= 4, as compared to HIV ppa condition). Meth treatment in the absence of HIV
infection did not induce apoptosis (Fig. 6b, meth). Furthermore, blocking GJ channels using
18-alpha-glycyrrhetinic acid (32 uM), blocking NMDA receptor activation using MK801 or
(2R)-amino-5-phosphonovaleric acid; (2R)-amino-5-phosphonopentanoate (5 uM), or
blocking dopamine receptor activation using flupenthixol (1 uM) all reduced bystander
apoptosis (&, p< 0.007, n= 4 as compared to meth+HIV ppa). Together, these results
indicate that meth enhances bystander apoptosis elicited by HIV-infected astrocytes in a
manner dependent on GJ, NMDA receptor, and dopamine receptor signaling.

Discussion

In this study, we demonstrate that meth has devastating effects on neurons and astrocytes by
dysregulating connexin containing channels by dopamine receptor mediated mechanism. In
addition, we showed that meth increased glutamate deregulation release and increased
susceptibility of uninfected neurons and astrocytes to HI\V-mediated bystander apoptosis.
Together, these results indicate that meth has profound negative effects in GJ communication
and opening of HC. These changes in connexin containing channels, GJ and HC, alter
glutamate metabolism and increase the sensitivity of neurons and astrocytes to HIV-induced
apoptosis. Thus, meth not only has devastating effects in uninfected individuals but also in
HIV-infected individuals where accelerated CNS disease is observed.

Most drugs of abuse generate a lack of electrical coordination between different areas of the
brain, but the mechanism of this dysregulation is unknown. On the basis of our data, we
propose that lack of electrical coordination in meth users is due to reduced GJC. Currently,
several treatments to re-coordinate this deficiency in drug users have been attempted, such as
deep brain stimulation in the affected areas (see reviews Feil and Zangen 2010; Luigjes et al.
2012). Interestingly, most of these changes in humans can be recapitulated in animals
lacking Cxs. For example, deletion of Cx36 impairs learning and memory by altering
electrotonic coupling without significant changes in monoamine expression (Frisch et al.
2005). Deletion of Cx43 results in accelerated spreading depression, accelerated locomotor
activity (Theis et al. 2003), and increased exploratory behavior (Frisch et al. 2003), whereas

J Neurochem. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Castellano et al.

Page 11

deletion of Cx30 results in increased emotionality (Dere et a/. 2003). Furthermore, down-
regulation of GJ communication causes gamma frequency oscillations in the hippocampus
(Hormuzdi et al. 2001), impairs cerebellar motor learning (van de Giessen et a/. 2009) and
high gain rod photoreceptors (Deans et al. 2002; Volgyi et al. 2004) in association with
dephosphorylation of Cx36, suggesting that Cxs containing channels are essential for all
these functions. All these changes are key behavioral features also observed in meth users
and not associated directly with large changes in monoamines. Thus, electrical deficiency or
coordination is a key feature often observed in drug users and may be related to alterations
in Cxs containing channels.

In physiological conditions, it is known that dopamine down-regulates GJ communication in
the retina by activation of D1 like receptors (McMahon et al. 1989; Hampson et al. 1992;
Velazquez et al. 1997; Weiler et al. 2000; Nolan et al. 2007; Li et al. 2013). Recently, Pereda
and collaborators, demonstrated that opiods potentiate electrical transmission in mixed
synapses (chemical and electrical) on the Mauthner cells (Cachope et al. 2007; Cachope and
Pereda 2015), suggesting that other drugs act in a different manner within the CNS. Our data
indicate that meth induces down-regulation of GJ communication and opening of HC, which
is mediated by activation of D4 like dopamine receptors. We propose that problems in
electrical coordination in cases of drug abuse involves the dysregulation of GJC and HC
opening because of activation of specific dopamine receptors. Therefore, several problems of
electrical coordination in response to drug abuse may be prevented by drugs that target
dopamine receptors. This also indicates that individuals taking medications that target the
dopamine receptors may be at risk of having unwanted effects in GJC and HC opening,
which contributes to additional CNS problems related to cognition and increased
susceptibility to infectious diseases in the CNS.

In the last decade, the role of HC has been described in several pathological conditions. The
opening of Cx HC results in the release of ATP, glutamate, and other intracellular molecules
leading to activation of ATP receptors and inflammatory pathways (Pelegrin and Surprenant
2006, 2007; Locovei et al. 2007). Normally, HC are closed because of their high
permeability to prevent release of pro-inflammatory molecules, cellular activation, and
apoptosis. However, we show here that meth treatment induces HC opening, which is likely
to result in synaptic compromise, inflammation, neurotransmitter recycling dysregulation,
and secretion of immune/CNS factors such as glutamate and ATP. Indeed, HC opening and
reduction in GJC has been associated with severe problems in learning and memory as well
as fear and other behavioral issues (Frisch et al. 2005; Allen et al. 2011; Bissiere et al. 2011;
Mercer 2012; Stehberg et al. 2012; Zlomuzica et al. 2012). Our data also indicate that
opening of HC contributes to glutamate dysregulation and to the amplification of apoptosis
in response to HIV. These results provide mechanistic support for several reports describing
the potentiation of drug abuse and cognitive deficits in the HIVV-infected population (Scott et
al. 2007; Watkins and Treisman 2012; Alfahad and Nath 2013; Purohit ef a/. 2013; Anderson
et al. 2015).

Interestingly, we found that in the context of HIV, meth increases the percentage of HIV-
infected astrocytes (data not shown, Eugenin E.A. and Martinez L.R. unpublished data),
suggesting a regulation of HIV entry and/or replication. Currently, whether meth increases
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HIV infection/replication is controversial, but several reports have indicated that meth
increases the infectivity of CD4" T cells and monocyte-derived macrophages (Liang et al.
2008; Nair et al. 2009). Others have reported that meth does not affect viral replication in
CD4* T cells (Mantri et al. 2014). Experiments using meth-treated rats injected with HIV-tat
show synergistic reduction in levels of dopamine and its metabolites, probably because of
destruction of dopaminergic terminals (Flora et a/. 2003). Similar results of dopaminergic
compromise and monocyte recruitment into the brain were found in monkeys (Theodore et
al. 2006a,b). In agreement, studies in patients indicate that meth correlates with higher
plasma HIV replication (Ellis et al. 2003; Carrico et al. 2007). Furthermore, recent studies
indicate that dopamine increases HIV entry into monocyte-derived macrophages, suggesting
a regulation of HIV receptors on the surface of these cells (Gaskill et al. 2009). However,
there are no studies of meth-induced HIV potentiation in the CNS. Future studies will
identify the mechanism(s) by which meth increases HIV infection of astrocytes.

Our previous publications demonstrated that HIV-infected astrocytes induced bystander
apoptosis of uninfected cells by several mechanisms, including: maintenance of Cx43
between HIV-infected cells and uninfected cells; transfer of toxic signals from HIV-infected
astrocytes into uninfected cells (mostly IP3 and calcium) by GJ; extended survival of HIV-
infected cells; and activation of NMDA receptor in neurons (Eugenin and Berman 2007;
Eugenin et al. 2011). In this study, we demonstrated that meth treatment of mixed cultures of
human neurons and astrocytes enhanced HIV-mediated bystander apoptosis by a NMDA
receptor-mediated mechanism (Fig. 6b). This enhancement of apoptosis may be because of
the extracellular accumulation of glutamate; however, we also demonstrated that enhanced
apoptosis induced by meth was GJ/HC dependent and mediated by dopamine receptors. In
agreement, it was shown that cocaine-enhanced T-cell apoptosis in response to HIV
infection (Pandhare ef a/. 2014), suggesting that drugs that alter the dopaminergic system
contribute to the pathogenesis of HIV and NeuroAIDS by increasing apoptosis.

Interestingly, while our previous studies show that bystander apoptosis from HIV infection is
GJ-dependent, in this study we show meth reduces GJ communication. Therefore, it is
possible that HIV-infected astrocytes maintain GJ communication despite meth treatment,
which would allow for the amplification of apoptosis from bystander killing and HC
opening.

On the basis of our published and new data, we propose the following sequence of events: (i)
meth results in an increase in the release of dopamine in dopaminergic terminals; (ii)
increased extracellular levels of dopamine overactivates D, and D like dopamine receptors;
(iii) resulting in the reduction in neuronal and glial GJ communication and HC opening; (iv)
dysregulation of Cx containing channels results in glutamate dysregulation; (v) which in turn
results in activation of glutamate receptors, including NMDA receptors; (vi) these changes
result in increased sensitivity of neurons and astrocytes to apoptosis, which is further
increased in the presence of HIV infection. We also propose that HIV-infected glial cells
maintain GJ communication necessary for bystander apoptosis, and that these cells may be
protected from glutamate toxicity by an unknown mechanism.

In conclusion, our study provides insight into the understanding of the pathological effects
of meth and HIV on the CNS. These data represent a novel mechanism in drug abuse in
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NeuroAIDS pathology and indicate potential new targets for therapeutic interventions to
reduce the CNS effects of meth use and HIV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Mgeth injection into mice decreases gap junctional communication. (a) Murine brain sections
were stained for Cx36 and microtubule-associated protein-2 (MAP-2), a neuronal marker, in
control (upper panels, control) and meth-treated mice (lower panels, meth). In meth-treated
conditions, Cx36 expression was reduced by 68.26 + 18.45% in MAP-2* cells. In addition,
neuronal cell bodies of meth injected mice were larger by 14.5 + 5.34% and the number of
processes was reduced by 51.33 £ 15.97% compared to sham-injected mice. (b) Brain tissue
sections were stained for Cx43 and glial fribillary acid protein (GFAP), a marker of
astrocytes, in control (upper panels, control) and meth (lower panels, meth) treated
conditions. Meth treatment increased the size of the punctate staining and these puncta were
mainly localized in the intracellular areas of the astrocytes, suggesting internalization. No

J Neurochem. Author manuscript; available in PMC 2017 May 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Castellano et al.

Page 22

significant changes in total amount of Cx43 were detected in mean intensity measurements
(data not represented). However, intensity of GFAP increased by 29.34 + 6.92% in meth-
injected mice, suggesting the drug induced a hypertrophic pathology. (c) Western blots for
Cx36, Cx43, and tubulin (Tub) of untreated and meth-treated brain lysates obtained after 7
and 14 days post meth injection. Cx36 was decreased as denoted in Fig. 1a and Cx43
expression was not altered by meth treatment. (d) Dye coupling analysis using acute brain
tissue slices stained with sulforhodamine to identify astrocytes. Microinjection of
neurobiotin to examine neuron—-neuron communication or Lucifer Yellow to examine
astrocyte—astrocyte communication was performed. Meth-treated animals displayed a
significant reduction in dye coupling between neurons (red line with circles) and astrocytes
(black line with squares). Acute application of meth for 2 h into the fresh cut slices obtained
from control animals (offset on right) displayed similar reduced dye transfer between
neurons and astrocytes. (*p < 0.05, Student’s #test for all comparisons, /7= 4 mice).
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Fig. 2.
Gap junctions containing Cx36 and Cx43 in mixed cultures of human neurons and astrocytes

are highly sensitive to meth treatment. (a) Human primary mixed cultures of neurons and
astrocytes treated with meth (1 or 10 uM) and stained for Cx36 (green staining), and 4’,6-
diamidino-2-phenylindole (DAPI) (blue staining) to identify nuclei. Neurons grow on top of
the monolayer of astrocytes, thus, optical sectioning allows separation of both cell types.
Meth treatment for 6, 12, 24 or 48 h decreased Cx36 expression at all times tested (figure
correspond to 6 h post treatment). A 64.5 £ 11.45% in Cx36 expression and a reduction in
the number of neuronal processes were observed in meth-treated conditions. (b) Western
blot analysis indicates that Cx36 expression was decreased as soon as 6 h after meth
treatment. Tubulin (tub) was used as a loading control. (¢) Human primary mixed cultures of
neurons and astrocytes treated with meth (1 or 10 uM) and stained for Cx43 (green staining),
and actin (red staining) and DAPI (blue staining) to identify nuclei. Meth treatment for 6, 12,
24, or 48 h induced the internalization of Cx43 (figure corresponds to 6 h post treatment).
But no significant differences in total green staining were detected between both conditions.
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(d) Western blot analysis of these cultures indicates that Cx43 expression was not altered by
meth treatment. Tubulin (tub) was used as a loading control. 7= 6.
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Fig. 3.

M?eth treatment impairs gap junctional communication in human neurons and astrocytes.
Mixed cultures of neurons and astrocytes were examined by dye coupling using neurobiotin
for neurons and Lucifer yellow (LY) for astrocytes. (a) Corresponds to a representative
example of dye transfer under control and meth (10 uM) treated astrocytes. (b) Corresponds
to neuronal dye coupling in control and meth-treated conditions (1 and 10 pM). Dye
coupling was examined after 6, 12, 24, and 48 h post treatment. (c) Corresponds to the
results of astrocyte-astrocyte dye coupling under control and meth-treated conditions (1 and
10 uM). In both cases, neurons and astrocytes, meth treatment reduced gap junctional
communication. (*p < 0.05, n= 5 different tissues).
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Fig. 4.
Meth induces the opening of hemichannels in mixed cultures of human neurons and

astrocytes. (a) The rate of ethidium (Et) uptake by glial cells incubated in the absence or
presence meth was measured up to 48 h. An increase in channel opening was evident in the
first 5-15 min after meth (10 uM, lines with circles) treatment, followed by a smaller but
significant opening between 6 and 48 h (lines with circles). No channel opening was
observed in untreated cultures (control, lines with squares). (b) Connexin hemichannels
blockers, but not pannexin-1 hemichannel blockers (data not shown), reduces the opening of
the hemichannel induced by meth treatment. Lanthanum, 100 M, La*3; Cx36 mimetic
peptide, 500 uM; and Cx43 mimetic peptide, 500 uM) prevented Et uptake induced by meth.
The time point analyzed correspond to 10 min after treatment. [*p < 0.05 as compare to
control conditions (con, c), #p < 0.05 as compared to meth-treated conditions, 7= 4].

J Neurochem. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Castellano et al.

Page 27

(@) [ Astrocytes
I Neurons

80

(s3]
o

Dye coupling (%)
E-s
o

20

|o1u0D)
ule

HOS

ni4
ni4+4yieN
HOS+YieW
Vo

n T
—
o

o
o
L

o
(=2
I

0.4 1

Dye uptake rate (A.U./mi

0.2 1

0.0-

(0)uod

Wl
HOS+U1BN

DERET

ni3+ylen
B

Fig. 5.

A(?tivation of dopamine receptors in response to meth is involved in reduction in gap
junctional communication and increased opening of connexin hemichannels. Mixed cultures
of human neurons and astrocytes were analyzed for gap junctional communication by dye
coupling and opening of hemichannels by dye uptake. (a) Dopamine receptor blockers
SCH23390 (SCH, 10 pM; specific D1 antagonist) and flupenthixol (Flu, 1 uM; non-specific
dopamine receptor blocker) prevented the decrease in gap junctional communication (GJC)
induced by meth (meth+SCH or meth+Flu, respectively) in astrocytes (white bars) and
neurons (bars with cross lines). Addition of SCH or Flu to control cells did not affect dye
coupling. The gap junction/nemichannel blocker 18-alpha-glycyrrhetinic acid (AGA) was
used as control (18-a-glycyrrhetinic acid, a GJ blocker). (b) D1 and D, like dopamine
receptors are involved in opening of connexin hemichannels induced for meth treatment.
Opening of connexin hemichannels was not blocked by D; antagonist (SCH23390, SCH) or
D, antagonist (Eticlopride, Eti). However, flupenthixol (Flu, 1 uM; nonspecific dopamine
receptor blocker) blocked the opening of connexin hemichannels induced by meth.
Lanthanum (La*3) was used as a positive control of blocking. (*p < 0.05 as compared to
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compared to SCH or Flu-treated conditions. 7= 4)
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Fig. 6.

Mgeth and human immunodeficiency virus-1 (HIV) increase glutamate release and meth
increases HIV-induced apoptosis. (a) Fold changes of extracellular glutamate were
quantified in culture supernatant of astrocytes by ELISA. Control cultures have low amount
of extracellular glutamate (lines with squares). HIV-infected or meth-treated cultures have
increased extracellular accumulation of glutamate. The combination of HIV infection and
meth treatment resulted in an additive effect and increased the release of glutamate 8 fold. In
addition, of hemichannel blockers (mimetic peptides) and gap junction blockers (AGA)
resulted in prevention of glutamate dysregulation. (*p < 0.05 as compared to control
conditions, #p < 0.05 as compared to meth or HIV-treated conditions. 7= 4). (b) Meth
increased the bystander apoptosis induced by HIV infection of astrocytes. Apoptosis was
evaluated by TUNEL staining. Basal apoptosis was minimal in neurons and astrocytes
(black bars). HIV infection of astrocytes resulted in ~ 60% apoptosis in neurons and ~ 18%
in uninfected astrocytes after 14 days post infection. HIV-infected astrocytes are protected
from apoptosis (red bars) but most uninfected astrocytes undergo apoptosis. Meth treatment
alone (1 and 10 uM) did not induce apoptosis in neurons and astrocytes (blue bars). The
combination of HIV infection and meth treatment increased apoptosis of neurons to ~ 82%
and astrocytes to ~ 33% (light blue bars). Addition of a gap junction (GJ) blocker, AGA,
totally blocks spread of apoptosis from HIV-infected astrocytes into uninfected surrounding
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cells, neurons and astrocytes (pink bars). As we previously demonstrated, NMDAR activity
in neurons is essential to trigger apoptosis in uninfected neurons and astrocytes induced by
HIV infection of astrocytes. In agreement, blocking NMDAR activation using MK801 or
AP-5, totally blocks apoptosis of neurons and astrocytes induced by HIV-infected astrocytes
and meth (green and dark blue bars, respectively). Addition of flupenthixol, a pan dopamine
receptor blocker, only partially reduced the apoptosis induced by HIV-infected astrocytes
and meth treatment, suggesting a partial participation. Even when higher concentrations of
this blocker were used (x100), no significant improvement in blocking apoptosis was
observed (brown bars). Addition of blockers alone or in the presence of Meth did not altered
apoptosis levels (data not shown). (*p < 0.05 as compared to control conditions, #p < 0.05 as
compared to HIV infection alone, &p < 0.05 as compared to HIV-infected and meth-treated
conditions. n=4)
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