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Abstract—Long-lasting pain may partly be a consequence
of ongoing neuroinflammation, in which astrocytes play a
significant role. Following noxious stimuli, increased
inflammatory receptor activity, influences in Na™/K*-ATP-
ase activity and actin filament organization occur within
the central nervous system. In astrocytes, the Ca?* signal-
ing system, Na* transporters, cytoskeleton, and release of
pro-inflammatory cytokines change during inflammation.
The aim of this study was to restore these cell parameters
in inflammation-reactive astrocytes. We found that the com-
bination of (1) endomorphin-1, an opioid agonist that stimu-
lates the Gj, protein of the n-opioid receptor; (2) naloxone,
an opioid antagonist that inhibits the G protein of the p-opi-
oid receptor at ultralow concentrations; and (3) levetirace-
tam, an anti-epileptic agent that counteracts the release of
IL-18, managed to activate the G;, protein and Na* /K *-ATP-
ase activity, inhibit the G protein, and decrease the release
of IL-1p. The cell functions of astrocytes in an inflammatory
state were virtually restored to their normal non-inflamma-
tory state and it could be of clinical significance and may
be useful for the treatment of long-term pain. © 2013 The
Authors. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

During injury, pain can be dissociated from its normal
physiological role and can persist for a long period of
time, even after the primary noxious stimulus has
passed (McMahon and Malcangio, 2009; Milligan and
Watkins, 2009; Gao and Ji, 2010). The mechanisms
behind insufficiently healed neuroinflammation and how
the neuronal and non-neuronal activities evoked by
painful stimuli and inflammation are processed in the
brain and throughout the central nervous system (CNS)
are not well understood.

Under conditions that lead to neuroinflammation in the
nervous system, Ca2" signaling in the astrocyte network
is overactivated, which triggers the activation of
astrocytes and microglia (Strokin et al., 2011). Several
receptors are influenced, and the expression of some
receptors, such as Toll-ike receptor 4 (TLR4)
(Forshammar et al., 2011; Stevens et al., 2013), are
increased, whereas the responses of other receptors,
such as opioid receptors (El-Hage et al., 2006; Block
et al., 2012), are changed. In addition, there is an
increased release of glutamate into the neural synapse,
where astrocytes are the predominant players in
clearing the extracellular space. The astrocyte uptake of
excessive extracellular glutamate by membrane-bound
glutamate transporters, such as GLAST and GLT-1,
play a critical role in preventing glutamate excitotoxicity
(Zhao et al., 2012). In addition, metabotropic and
ionotropic glutamate receptors will be excited. The
astrocyte metabotropic receptor mGIuRS activates Gq
protein-coupled receptors, resulting in increased
intracellular Ca?* release (Hansson, 1994; Bradley
et al., 2009), whereas the N-methyl-p-aspartic acid
(NMDA) receptor subunit NR2B is expressed in states
of increased neuronal excitability (Krebs et al., 2003)
and in inflammation-reactive astrocytes (Lundborg et al.,
2011; Gerard and Hansson, 2012). These changes in
the glial cells can lead to pathogenic chronic
neuroinflammation. Subsequently the neurons change
their excitability and signaling.

Endomorphin-1, a selective endogenous [-opioid
receptor agonist, is capable of interacting with the
pertussis toxin-sensitive G;/Go, protein (Connor and
Christie, 1999), and increases the activity of Na™/K*-
ATPase in vitro (Horvath et al., 2003). Similar results
have been observed with morphine, which indirectly
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enhances Na* /K" -ATPase activity by activating |1-opioid
receptors and G;/Gy protein (Masocha et al.,, 2002).
Naloxone in ultralow picomolar concentrations has
potent antagonistic actions on the excitatory p-opioid
receptor Gg protein. Higher concentrations antagonize
both excitatory Gg proteins, and inhibitory G;/Gq
proteins. As a consequence ultralow picomolar
concentrations of naloxone enhance the analgesic
effects of -opioid receptor agonists (Crain and Shen,
1995; Wang et al., 2005; Tsai et al., 2009). Naloxone
also modulates the Na*/K*-ATPase activity
(Forshammar et al., 2011). Ultralow concentrations of
naloxone stimulate the activity of Na*/K"-ATPase
through activation of phospholipase C resulting in
increases in intracellular Ca®* release. Higher
concentrations have antagonistic effects on the Na™/
K*-ATPase activity (Zhang et al., 2008; Forshammar
et al., 2011).

Levetiracetam, an effective anti-epileptic drug, has in
inflammation-reactive astrocyte models been shown to
restore functional gap junction coupling (Stienen et al.,
2010) by increasing the expression of connexin 43, the
predominant gap junction protein, and decrease the
enhanced IL-1p level (Haghikia et al., 2008).

The aim of this study was to use endomorphin-1,
naloxone, and levetiracetam to evaluate if they could
counteract the increased astrocyte Ca®* signaling,
downregulation of the Na*/K*-ATPase activity,
disorganization of the cytoskeleton, and increased
release of IL-1B. These agents might have a potential to
restore cell functions that are altered by inflammation in
astrocytes back to a normal non-inflammatory level.

EXPERIMENTAL PROCEDURES

In this study, the in vitro model involved astrocytes co-
cultured with brain endothelial cells (Hansson et al.,
2008). The biological rationale for co-culturing
astrocytes with endothelial cells is that astrocytes are
affected by substances that are released from the
capillary endothelial cells of the BBB (blood—brain
barrier) (Huber et al., 2001). These interactions are
essential for a functional neurovascular system, where
also the neurons take part (Abbott et al., 2006; Willis
and Davis, 2008). The endothelial cells are not directly
in physical contact with the astrocytes in vitro, and the
interaction in the model is induced by the shared
medium. The co-cultured astrocytes are morphologically
differentiated by long, slender processes, and they
exhibit greater Ca®" responses and cytokine release
than monocultured astrocytes. The [l-opioid receptor is
also better expressed in the co-cultured astrocytes
(Hansson et al, 2008), as well as the TLR4
(Forshammar et al., 2011). Furthermore, the cultures
have very few microglial cells, visualized with OX42
(Fig. 1A), as well as after treatment with
lipopolysaccharide (LPS) for 24 h (Fig. 1B).

Chemicals

All chemicals were obtained from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise stated.

Fig. 1. Culture stained for OX42, a marker for microglial cells
(green), and for GFAP, a marker for astrocytes (red). (A) Very few
microglia were found in the co-cultured astrocytes. (B) Also very few
microglia were found after treatment with LPS for 24 h. Scale
bar = 50 um. Representative images are presented. (For interpreta-
tion of the references to color in this figure legend, the reader is
referred to the web version of this article.)

The experimental protocols were approved by the
Ethics Committee in Gothenburg for Laboratory Animals
(Nos. 205-2010; 211-2010).

Primary astrocyte cultures

The primary astrocyte cultures were prepared from
newborn rat cerebral cortices (Charles River, Sulzfeldt,
Germany) and cultured on glass coverslips (Nr 1,
diameter 20 mm, BergmanLabora, Stockholm, Sweden)
as described by Hansson et al. (2008).

Microvascular endothelial primary cultures

Brain capillary fragments were isolated from male
Sprague—Dawley rats, cerebral cortices (Charles River,
225-250g), and the endothelial cells were cultured
according to the protocol of Hansson et al. (2008).

Astrocytes co-cultured with adult rat brain
microvascular primary cultures

The experimental astrocytes were obtained after co-
cultivation with primary brain microvascular endothelial
cultures and primary astrocyte cultures. Astrocyte
cultures at 6d in vitro were co-cultured with newly
prepared microvascular cultures. The endothelial cells
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