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Abstract

Background: Morphine, the principal active agent in opium, is not restricted to plants, but is also present in different animal
tissues and cell types, including the mammalian brain. In fact, its biosynthetic pathway has been elucidated in a human
neural cell line. These data suggest a role for morphine in brain physiology (e.g., neurotransmission), but this hypothesis
remains a matter of debate. Recently, using the adrenal neuroendocrine chromaffin cell model, we have shown the
presence of morphine-6-glucuronide (M6G) in secretory granules and their secretion products, leading us to propose that
these endogenous alkaloids might represent new neuroendocrine factors. Here, we investigate the potential function of
endogenous alkaloids in the central nervous system.

Methodology and Principal Findings: Microscopy, molecular biology, electrophysiology, and proteomic tools were applied
to human neuroblastoma SH-SY5Y cells (i) to characterize morphine and M6G, and (i) to demonstrate the presence of the
UDP-glucuronyltransferase 2B7 enzyme, which is responsible for the formation of M6G from morphine. We show that
morphine is secreted in response to nicotine stimulation via a Ca>*-dependent mechanism involving specific storage and
release mechanisms. We also show that morphine and M6G at concentrations as low as 10~ ' M are able to evoke specific
naloxone-reversible membrane currents, indicating possible autocrine/paracrine regulation in SH-SY5Y cells. Microscopy
and proteomic approaches were employed to detect and quantify endogenous morphine in the mouse brain. Morphine is
present in the hippocampus, cortex, olfactory bulb, and cerebellum at concentration ranging from 1.45 to 7.5 pmol/g. In the
cerebellum, morphine immunoreactivity is localized to GABA basket cells and their termini, which form close contacts on
Purkinje cell bodies.

Conclusions/Significance: The presence of morphine in the brain and its localization in particular areas lead us to conclude
that it has a specific function in neuromodulation and/or neurotransmission. Furthermore, its presence in cerebellar basket

doi:10.1371/journal.pone.0001641

*E-mail: yannick.goumon@inserm.u-strasbg.fr

>These authors contributed equally to this work.

cell termini suggests that morphine has signaling functions in Purkinje cells that remain to be discovered.
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Introduction

Morphine 1s one of the 40 alkaloids present in opium from Papaver
sommyferum, and is one of the strongest known analgesic compounds
[1]. Endogenous morphine has been characterized in numerous
mammalian cells and tissues [2,3,4], and its structure is identical to
that of morphine from poppy (for review see [1,5]). In mammals, the
biosynthesis of endogenous morphine is associated with that of
dopamine and catecholamines [5,6,7,8,9,10]. Morphine biosynthesis
was recently shown in the SH-SY5Y human neuronal catechol-
amine-producing cell line [8,9], a well-known model for studying
neuronal secretion [11,12]. Recently, our group has reported the
presence of morphine-6-glucuronide (M6G), previously considered a
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product of morphine catabolism, in the secretory granules and
secreted material of bovine adrenal chromaffin cells. In these cells,
MBG6G represents the final product of endogenous alkaloid biosynthesis
and is formed through the action of an UDP-glucuronosyltransferase
2B-like enzyme (UGT2B). In chromaffin granules, M6G is bound to
the intragranular phosphatidylethanolamine-binding protein (PEBP
or Rafkinase inhibitor protein) [13], which also binds morphine [14].
Secretion of M6G, catecholamines, and PEBP [15] into the blood is
likely to occur during stress situations, and could be involved in differ-
ent stress-modulating or pain-modulating mechanisms vz binding to
1 opioid receptors (MORs), which are present on numerous cell types
[16,17,18]. Together, all these observations suggest that endogenous
alkaloids may represent new neuroendocrine factors [15].
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Endogenous morphine has been detected in the brains of cows,
rats, monkeys, and dogs (for review, see [1]). However, the function
of endogenous morphine in the brain remains unknown, and
knowledge of its distribution in cerebral areas and neuronal cells is
lacking. Enzymes such as those in the UGT1A family, implicated in
converting morphine to inactive M3G, are expressed in rat primary
neurons and astrocytes [19]. UGT2B7, which produces M6G and
M3G, is also expressed in the human brain [20]. Interestingly,
human and rat brain extracts incubated with radiolabeled morphine
produce labeled M3G and M6G [21,22]. Nevertheless, it remains a
matter of debate whether morphine or its derivatives function as
neuromediators and/or neurotransmitters.

The present study addresses the function of morphine in the brain.
Microscopy, biochemistry, cell biology, molecular biology, and
electrophysiology have been used to characterize morphine and its
derivatives in detail in the human SH-SY5Y neuroblastoma cell
model. At the ultrastructural level, morphine immunoreactivity
colocalizes with that of chromogranin A (CGA), a well-known
marker of Large Dense Core (LDC) vesicles. We have found that the
UGT2B7 enzyme, which converts morphine to M6G, is expressed in
these cells. Upon nicotine stimulation, morphine is released from
SH-SY5Y cells via a Ca?*-dependent mechanism. Experiments using
the patch-clamp technique reveal that naloxone-sensitive electro-
physiological responses are induced at concentration of morphine
and M6G as low as 107 ' M. To extend these experiments in
cultured cells, we quantified morphine levels in different areas of the
mouse brain. In the cerebellum, morphine immunoreactivity is
concentrated in the basket cells and their termini, which innervate
Purkinje cell bodies. This study documents the presence of morphine
in the brain and shows a specific localization that implies a signaling
role that is yet to be precisely established.

Results

Human neuroblastoma SH-SY5Y cells synthesize endogenous
morphine [9] and express MORs [17,23,24]. Therefore, we used
this cell line to determine the subcellular localization, biosynthesis,
and secretion of morphine.

Subcellular localization of morphine in SH-SY5Y cells

Using laser confocal microcopy, the labeling obtained with an
anti-morphine sheep polyclonal antibody was compared to that of
CGA [15], a specific marker of LDC vesicles [25,26,27,28]. Anti-
morphine immunolabeling showed a punctate pattern in the
cytoplasm, similar to that obtained with the anti-CGA antibody
(Fig. 1A). Superimposition of the two labelings reveals an
intravesicular colocalization (Fig. 1A, yellow label). At higher
magnification, anti-morphine immunolabeling was also visible in
neurite termini, and remained clearly colocalized with CGA
(Fig. 1A, lower panel, arrows). Control experiments established the
specificity of the labeling in vesicles using either the secondary
antibody alone, non-immune sheep serum (Fig. 1B), or the anti-
morphine antibody blocked with morphine prior to its use in
immunocytochemistry experiments [15].

Evidence for the presence of UGT2B7 in SH-SY5Y cells

The next step was to examine whether SH-SY5Y cells have the
capacity to synthesize M6G. First, a PCR approach was used to
determine whether UGT2B7, the only enzyme known to convert
morphine into M6G, is expressed in SH-SY5Y cells. As shown in
Figure 2A, amplification of UGT2B7 RNA performed on SH-
SY5Y total RNA extracts indicates the presence of a single band at
462 bp, which corresponds to the band present in total RNA from
human primary hepatocytes.
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These experiments were then complemented by Western blot
analysis of SH-SY5Y cell extracts in order to detect UGT2B
protein expression (Fig. 2A). Using recombinant human UGT2B7
as a positive control (Fig. 2A), UGT2B-like immunoreactivity was
observed as a band at 65 kDa, showing, for the first time, that SH-
SY5Y cells may be capable of synthesizing M6G.

The subcellular localization of the UGT2B7 enzyme was
examined by laser confocal immunocytochemistry and compared
to that of morphine and CGA. The punctuate labelling of UGT2B
overlapped with that of morphine (Fig. 2B, yellow label), revealing
the presence of UGT2B in LDC vesicles. These results indicate
that the M6G-producing enzyme UGT2B7 is expressed in SH-
SY3Y cells, and that it colocalizes with morphine.

Characterization of morphine and M6G in SH-SY5Y cells
After showing that the UGT2B-like enzyme is present in SH-
SY5Y cells, we sought to confirm the presence of morphine and
MB6G in the cells using mass spectrometry (MS). SH-SY5Y extracts
were purified by HPLC (high performance liquid chromatography)
using a specific gradient designed to separate morphine and M6G.
Comparison with an elution profile of alkaloid standards (Fig. 3A)
allowed for the identification of fractions containing endogenous
morphine and M6G. Q-TOF MS-MS analysis of material present in
the corresponding fractions unambiguously identified both mor-
phine (m/z=286.13Da; Fig. 3C) and M6G (m/z=462.15Da;
Fig. 3B). Together, these data confirm the presence not only of
endogenous morphine, but also of M6G in SH-SY5Y cells.

Morphine secretion from SH-SY5Y cells

In order to quantify morphine secretion from SH-SY3Y cells and
to determine whether it occurs ziz a Ca**-dependent mechanism,
cells were stimulated with 100 UM nicotine to trigger membrane
depolarization and LDC vesicle exocytosis [28]. The amount of
morphine released was measured using a specific and sensitive ELISA
technique. A low basal level of morphine secretion was observed in
the absence of nicotine (Fig. 4). Stimulation of SH-SY5Y cells with
100 uM nicotine induced a five-fold increase in secreted morphine
over background (Fig. 4). In the presence of the Ca®*-channel blocker
cadmium, basal secretion remained unchanged, while nicotine-
mnduced secretion of morphine decreased dramatically. These results
unambiguously indicate that morphine can be released via a Ca®*-
dependent mechanism upon stimulation of SH-SY5Y cells.

In order to identify the origin of stored morphine, the release of
chromogranin B (CGB), an intragranular marker of SH-SY5Y LDC
vesicles [28], was investigated by Western blot analysis (Fig. 4). The
presence of an 80 kDa CGB-immunoreactive band was detectable
among proteins in the extracellular medium when cells were treated
with nicotine. Similar to morphine, nicotine-evoked CGB secretion
also dramatically decreased when cadmium was present in the
medium (Fig. 4). In conclusion, SH-SY5Y cells secrete morphine via
a Ca®"-dependent mechanism in response to nicotine stimulation.

Evidence for physiological effects of morphine and M6G
on SH-SY5Y cells

To address whether morphine and M6G induce a physiological
response in SH-SY3Y cells, we first looked at the expression of the
W opioid receptor family (MOR1; [17,18,29,30]). Using SH-SY5Y
total RNA library, we detected MORI transcripts using PCR
(Fig. 5A, 376 bp band), suggesting that SH-SY5Y cells are
responsive to morphine or M6G.

In light of these results, we examined the response of SH-SY5Y
cells to alkaloids using the patch clamp electrophysiological
approach. As shown in Figure 5, SH-SY5Y cells were responsive

February 2008 | Volume 3 | Issue 2 | e1641



Morphine

Sheep non-
immune serum

Alexa 488 antibody
(Morphine)

Morphine in Brain Cells

\
N

Cy3 antibody (CGA)

Figure 1. Evidence of the presence of morphine-like immunoreactivity in secretory granules. A. Upper panel, double
immunofluorescence confocal micrographs. Labeling was performed with a sheep anti-morphine antibody (visualized in green with an Alexa
Fluor 488-conjugated IgG) and with an antibody against CGA (a specific intragranular marker) visualized in red with a mouse Cy3-conjugated IgG.
Colocalized immunolabelling (merged window) appears as yellow staining. Lower panel, SH-SY5Y termini shown at higher magnification. Arrows
indicate colocalization points. An identical pattern of labelling was obtained for a different mouse monoclonal anti-morphine antibody (data not
shown). B. To assess the specificity of morphine immunolabelling, control experiments were performed using either sheep non-immune serum and
an Alexa Fluor 488-conjugated IgG, or Alexa Fluor 488-conjugated IgG and Cy3-conjugated IgG without a primary antibody.

doi:10.1371/journal.pone.0001641.g001

to M6G and morphine in either the cell-attached or the whole-cell
configuration. Approximately 70% of the 26 randomly chosen
cells were responsive.

The cellular response to M6G application was fully reproducible
in about 80% of positive cells (Fig. 5C). However, 20% of the positive
cells responded to a first M6G application, but not to subsequent
applications even after one hour of washout, suggesting a strong
desensitization in these cells. M6G was active in SH-SY5Y cells at
doses as low as 0.1 nM M6G (Fig. 5D). The cellular response in
whole-cell recording corresponded to a membrane potential of
—80 mV and an inward current, the peak amplitude of which was
dose-dependent. Dose-response curves were obtained for 13
different cells tested with M6G at concentrations ranging from 0.1
to 100 nM. The peak amplitude cellular response was normalized to
the cell surface area in order to reduce variability due to cell size.
Application of Hill’'s model to the dose-response data yielded an
EDs value of 2.1 nM and a slope of 0.6 (Fig. 5D, middle panel). The
I-V plot obtained at the peak cellular response to 0.1 nM M6G was
linear. Linear regression analysis of the specific current data in the
presence of M6G vyielded a calculated reversal potential of about
—0.5 mV (Fig. 5D, right-hand panel, upright triangles). This value
was close to the equilibrium potential (E.,, =0 mV) for monovalent
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cations, indicating that M6G activates a channel that allows for the
passage of Na and K ions. Figure 5C illustrates the sensitivity of the
M6G response to the opioid receptor antagonist naloxone. When
used at a concentration of 2.5 UM, naloxone inhibited 90% of the
cellular response to 0.1 UM M6G. Morphine produced similar
effects when applied at low concentration (Fig. 5B).

These data indicate that morphine and M6G can evoke specific
membrane currents at low concentrations via opioid receptors,
indicating a possible regulatory role for secreted morphine/M6G
in SH-SY5Y cell culture.

Immunomapping of endogenous morphine in the
mouse brain

The presence in SH-SY3Y cells of endogenous alkaloids in LDC
vesicle-like structures, their release by a Ca>*-dependent exocy-
totic mechanism, and their effects on these cells at concentration as
low as 0.1 nM led us to investigate whether endogenous morphine
may represent a neuromodulator in the mouse brain, where M6G
1s absent [31].

The localization of endogenous morphine was examined in the
mouse CNS by immunocytochemistry using an anti-morphine
mouse monoclonal antibody (6D6 antibody). Light microscopy
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Figure 2. Evidence for UGT2B7 in SH-SY5Y cells. A. Amplification of UGT2B7 RNA and Western blot analysis. Left panel, total SH-SY5Y RNA was
submitted to RT-PCR using specific human UGT2B7 primers. Lane 1, control using water to test for contamination. Lane 2, total RNA from human
hepatocyte extract was used as a positive control, showing a single band of 462 bp corresponding to the expected UGT2B7 PCR product. Lane 3, SH-
SY5Y total RNA showing a single band of 462 bp. Lane 4, negative control of GAPDH amplification (water). Lane 5, SH-SY5Y total RNA (GAPDH,
142 bp). The size of standards are indicated in bp. Right panel, Western blot analysis of SH-SY5Y cell extracts was done using 1 ug of human
recombinant UGT2B7 (positive control) and 50 ng of SH-SY5Y cell extract. Western blots using anti-UGT2B antibody show a band at 65 kDa [15]. B.
Localization of UGT2B immunoreactivity in SH-SY5Y cells. Double immunofluorescence confocal micrographs were obtained using an anti-UGT2B
antibody (detected in red with an Alexa Fluor 568-conjugated IgG) and with an antibody against morphine visualized in green with an Alexa Fluor
488-conjugated IgG. Colocalized immunolabelling appears as yellow staining (merged window).

doi:10.1371/journal.pone.0001641.g002

revealed the presence of morphine immunolabelling in well-
defined brain structures such as the cerebellum, the olfactory bulb,
the hippocampus, and the cortex (Fig. 6A). Fainter, dispersed
labelling was seen in other structures. Quantification of morphine
levels in these areas was performed using a morphine-specific
ELISA kit. The higher amount of morphine (7.46 pmol/g of fresh
tissue) was present in the hippocampus (Fig. 6C; n=35). We chose
to focus on the cerebellum area in greater detail because of the
apparently clear-cut Purkinje cell labelling (Fig. 6A) and the
concomitant presence of MORs in these cells [32,33]. Conven-
tional microscopy, however, revealed that the labelling was not
within Purkinje cells themselves, but rather in synaptic endings in
contact with Purkinje cells (Fig. 6D, PC). Immunolabelling was
observed in basket cells close to Purkinje cells (Fig. 6D, BC). In
addition, discrete morphine immunolabelling could be observed in
the white matter afferent fibers and in some isolated cells (data not
shown). Synapses innervating the Purkinje cell bodies originate
from basket cells known as inhibitory GABA interneurons, which
are located in the molecular layer close to the Purkinje cells.
Electron and laser confocal microscopy were used to determine
whether labelling was present in basket cells:

(1) Electron microscopy experiments showed strong immunola-
belling of nerve termini over the entire Purkinje cell body (Fig. 7A
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& 7B). These endings originate from basket cells which were
immunoreactive to the morphine antibody (Fig. 7C).

In parallel, the immunoreactivity of the morphine-binding
protein PEBP [14] was found in basket cell nerve termini around
Purkinje cell bodies (Fig. 7D, arrow), suggesting the presence of a
morphine-PEBP complex in these structures.

(1) Confocal microscopy experiments using both anti-morphine
and anti-glutamic acid decarboxylase antibodies revealed the
colocalization of morphine and glutamic acid decarboxylase
around the Purkinje cell bodies (Fig. 7E, yellow label on the
merge window). Appropriate controls confirmed the specificity of
this immunolabelling (Fig. 7F).

Discussion

The significance of the detection of endogenous morphine in the
brains of rats, mice, monkeys, and cows remains a matter of debate
as long as its functional role is unknown [1,34]. Previous studies
have shown that radiolabelled morphine is taken up and secreted
by brain slices and immune cells [22,35,36,37]. Further study has
linked levels of endogenous morphine in the brain to physiological
states (e.g., inflammation and fasting) [7,38,39,40]. However, a
thorough investigation to determine whether endogenous mor-
phine acts as a true neuromodulator has not yet been published.
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Figure 3. Characterization of morphine and M6G in SH-SY5Y extracts. A. Purification of morphine and M6G. Upper panel, RP-HPLC
chromatogram showing the purification of endogenous alkaloids from SH-SY5Y cells (375 x10° cells). Lower panel, RP-HPLC purification of morphine
(Mor) and M6G standards (500 pmol). B. Characterization of M6G. Q-TOF MS-MS analysis of the HPLC fraction showing M6G in the intragranular
material (marked with an arrow in Fig. 3A, upper panel). The fragment at 462.12 Da corresponds to M6G, whereas the 286.18 Da fragment
corresponds to morphine. C. Q-TOF MS analysis of the HPLC fraction showing morphine (286.17 Da) in the intragranular material (marked with an

arrow in Fig. 3A, upper panel).
doi:10.1371/journal.pone.0001641.g003

The aim of the present study was to begin to examine this question
and thereby take the first steps towards establishing a functional
role for endogenous morphine.

To be considered a neurotransmitter, endogenous morphine
should (2) be present in nerve terminals and stored within secretory
vesicles, (22) possess a specific pre/postsynaptic receptor able to
induce specific effects (ze., MOR), (é) be released upon
depolarizing stimulation via a Ca2+-dependent mechanism, and
(tv) be degraded or recycled by an extra- or intracellular
mechanism. We examined these criteria using the neuronal SH-
SY5Y cell line and mouse brain.

(i) Presence of morphine in secretory granules and nerve
termini

The human neuroblastoma clone SH-SYJY, derived from a
human sympathetic ganglion [41], possesses the properties of
sympathetic neurons [42] and is a well-established model for
studying the secretion of neurotransmitters [11,12,28]. These cells
have been shown to express several types of receptors, including
MOR and ¢ opioid receptor subtypes (DOR) [16,17,18]. SH-
SY5Y cells are characterized by the presence of numerous LDC
vesicles (100-200 nm in diameter) which are usually found in
sympathetic neurons and that closely resemble the adrenal
chromaffin secretory granules. These LDC vesicles store neuro-
transmitters such as noradrenaline, enkephalins, and chromogra-
nins. Morphine synthesis has been observed in SH-SY5Y cells [9].
The present results reveal that morphine immunoreactivity (which
identifies morphine and M6G) is present within secretory
structures, as shown by its colocalization with CGA. The
colocalization in LDC vesicle-like structures occurs in cell bodies
but also along cell processes and within neurite endings.

@ PLoS ONE | www.plosone.org

Biochemical analyses using the sensitive technique of mass
spectrometry confirmed the presence not only of morphine in SH-
SYS5Y cell extracts, but also of M6G, a product of morphine
catabolism that has never been found in this cell type [43,44]. We
recently reported the presence of M6G in the matrix of bovine
adrenal chromaffin secretory granules, as well as in the material
secreted from chromatffin cells [15]. We were able to show that in
chromaffin cells, M6G is a product of anabolic synthesis by UDP-
glucuronosyltransferase 2B-like enzyme (UGT2B). However, the
UGT2B7 detected here in SH-SY5Y cells is probably responsible
for M6G biosynthesis. While in chromaffin cells morphine is
almost completely metabolized into M6G, we found that
morphine and M6G coexist in SH-SY5Y cells, suggesting that
the two molecules are cosecreted i vivo.

Using an immunohistochemical approach, morphine was detect-
able in the mouse CNS, particularly in specific neurons and nerve
terminals. A strong localized immunoreactivity was observed in the
cerebellum, olfactory bulb, hippocampus, and cortex, whereas other
structures showed more dispersed labelling. Faint immunolabelling
was also visible in the white matter, and this may correspond to
morphine-positive afferent fibers. Using optical methods, we
observed intense immunostaining in the cerebellum surrounding
Purkinje cell bodies and in basket cells. Ultrastuctural techniques
showed morphine immunoreactivity to be concentrated in the cell
bodies of basket cells and their endings that make close contacts with
Purkinje cell bodies. These anatomical findings implicate this
endogenous alkaloid in cerebellum activity.

(i) Presence of a specific pre/postsynaptic receptor

We investigated whether SH-SY5Y cells respond to the
application of morphine and M6G. First, we confirmed that they
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Figure 4. Characterization of morphine secretion from SH-
SYS5Y cells. Upper panel. The amount of morphine secreted into the
culture medium was determined after stimulating 4x10° cells with
100 uM of nicotine with or without cadmium (200 uM) for 24 h. The
basal secretion level was obtained from cells incubated without
nicotine at the same time (n=6). Amounts of secreted morphine in
the nicotine and nicotine+cadmium groups were statistically different
and were both different from the two control groups (no nicotine and
no nicotine+cadmium; Mann-Whitney test, * p<<0.01). Lower panel. The
efficiency of secretion was assessed by monitoring the secretion of
chromogranin B (CGB), an intra-LDC vesicle protein [28], by Western
blot analysis. A positive control, intragranular protein matrix from
bovine chromaffin cells (10 nug), was loaded in order to evaluate the
molecular weight of the entire CGB (80 kDa).
doi:10.1371/journal.pone.0001641.g004

express MOR mRNA [23,24]. MORs belong to a large family of

receptor proteins derived from the OPRM (opioid receptor W) gene.
MORSs are membrane proteins with seven transmembrane domains,
and they are coupled to G,,; proteins (for review, see [43]).
Stimulation of these receptors leads to various effects, including
analgesia and regulation of the gastrointestinal tract. The distribu-
tion of MORs in the mouse brain has previously been investigated
using immunohistochemistry and molecular biology [46]. However,
this is a complex problem given the multiplicity of splice variants,
with 32 mRNA splice forms and at least 11 receptor isoforms for
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mouse MORI [1,45,47]. MORI subtypes have been described in
mouse, rat, and cat Purkinje cells [32,33,48,49)].

The presence of morphine in cerebellum basket cells that form
synaptic contacts with Purkinje cell bodies led us to speculate that
endogenous morphine may be involved in modulating Purkinje
cell output. It is well known that GABA liberated from basket cell
endings modulates Purkinje cell activity. Moreover, DAMGO and
baclofen, two MOR agonists, have been reported to regulate non-
activating outward currents in mouse Purkinje cells when used at
UM concentrations [50]. Interestingly, DAMGO inhibits GABA
neurotransmission [51]. In the case of morphine, microiontopho-
retic application to cat Purkinje cells induces either excitatory or
inhibitory responses (z.e., an increase or decrease of the firing rates,
respectively) [48,49]. Naloxone reverses excitatory morphine-
evoked actions, whereas inhibitory effects can be reversed only by
the GABA-receptor antagonist bicuculine. This suggests that the
excitation of cat Purkinje cells by morphine is related to MORs,
whereas inhibitory events involve GABA receptors. Whether
morphine and GABA are stored in the same vesicles and released
together from basket cells remains an open question. The presence
of both molecules in the nerve endings of the same cell may imply
complex regulatory processes yet to be elucidated.

(iii) Secreted morphine

At least 11 mouse MORI isoforms exist [47] and have various
affinities for morphine and its derivatives (K;s ranging from
nanomolar to low affinity for the mMOR-1B4 isoform [45,52]),
which means that specific morphine concentrations are needed to
activate a given receptor isoform. In addition, homo- and hetero-
dimerisation of MORI subtypes (or DOR) induce switch in
signaling [53].

Endogenous morphine may play a role in brain plasticity and
development. At very low concentration (10°° to 107'* M),
morphine increases neurite outgrowth in rat primary neuron cultures
[54], as well as in the PC-12 tumor cell line [55], via a naloxone-
independent pathway. In addition, MORs are involved in granule
neuron genesis in the mouse cerebellum [56]. Recently, Zeng et al.
demonstrated that morphine promotes the regeneration and synaptic
reconstruction of the terminals of injured primary unmyelinated
afferent fibers by an MOR-mediated, naloxone-dependent process
[57]. Morphine has also been shown to modulate synaptic plasticity at
hippocampal glutamatergic synapses [58]. Together, these data
suggest that secreted endogenous morphine, at low concentrations,
can act as a neurofactor involved in regulating the development of
specific brain areas or in neuronal plasticity. Morphine activity at low
concentrations was also observed in the present study, since the
electrophysiological response of SH-SY5Y cells occurred at morphine
and M6G concentrations as low as 101° M.

Previous reports have shown that PEBP is able to bind
morphine [14] and M6G [15], suggesting that PEBP is an
endogenous morphine/M6G  binding protein. In the present
study, PEBP immunoreactivity colocalized with that of morphine
in basket cell nerve endings, which suggests the presence of PEBP-
morphine complexes. Whether morphine is secreted in a complex
with PEBP remains an open question.

(iv) Presence of a specific catabolism process for
morphine

Neurotransmitters are commonly inactivated in the synaptic
gap by enzymes [59], or they are taken up by neurons and
astrocytes for recycling or degradation [60]. Once inactivated
mnside the cell, the inactive product is released into the extracellular
space. If morphine is a true neurotransmitter, it should be either
mactivated or recycled.
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Figure 5. Amplification of MOR1 RNA and characterization of the electrophysiological effects of a low concentration of morphine
and M6G. A. Total SH-SY5Y RNA was submitted to RT-PCR using specific human MOR1 primers. Lane 1, control using water as a PCR template to test
for contamination. Lane 2, total RNA from SH-SY5Y, showing a single band of 376 bp. Lane 3, negative control of GAPDH amplification (water). Lane
4, SH-SY5Y total RNA (GAPDH, 142 bp). Size standards are indicated in bp. B and C Typical responses of SH-SY5Y cells to low concentrations of
morphine and M6G antagonized by naloxone, as measured by the patch clamp technique in cell-attached mode at a pipette potential of 60 mV and
80 mV (B panel), as well as at —135 mV (C panel). M6G was repeatedly applied in the absence or presence of naloxone (Nal.). D. Whole-cell patch
clamp recording of the M6G response: the left-hand panel shows a typical trace recorded at a holding potential of —135 mV, the middle panel shows
a dose-response curve obtained at a holding potential of —80 mV, and the right-hand panel shows an I-V plot of the peak amplitude response. The
dose-response data were fitted with Hill's equation (continuous line) with optimal parameters as indicated in the Figure. The |-V plot of the steady
state current for the control (circles) and at the peak of the response to 0.1 nM M6G (inverted triangles) was obtained using a ramp potential protocol
from 80 to —140 mV lasting 800 ms. The specific current elicited in the presence of M6G (upright triangles) was linear, and the reversal potential
calculated by linear regression gave a value of —0.5 mV (dashed line). Traces were filtered at 2 kHz and digitized at 5 kH. Bars indicate the period of
drug application at the indicated concentrations.

doi:10.1371/journal.pone.0001641.g005
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Figure 6. Mapping of endogenous morphine in the mouse brain. A. Inmunodetection of morphine present in the mouse brain. Sagittal slices
were incubated with a mouse monoclonal anti-morphine antibody and visualized with an HRP-conjugated donkey anti-mouse IgG, in order to detect
endogenous morphine in specific brain areas. B. Control experiment using morphine immunoadsorbed mouse monoclonal antibody (same
incubation time as in A). C. Quantification of the morphine present in different mouse brain areas using morphine-specific ELISA. The table shows the
quantities of endogenous morphine (pmoles) present per gram of wet tissue. The values correspond to an average of the morphine amount
determined for 5 brains (n=5). D. Localization of morphine label in the cerebellum using mouse monoclonal anti-morphine antibody and an HRP-
conjugated secondary antibody. Morphine labelling was observed around Purkinje cells and in basket cells. PC, Purkinje cell; BC, basket cell. £. Control
for immunolabelling using morphine-immunoadsorbed mouse monoclonal antibody.

doi:10.1371/journal.pone.0001641.g006

Exogenously administered morphine is known to be catabolized
in hepatocytes by enzymes of the UDP-glucuronosyl transferase
1A and 2B families (UGT) [61]. This leads to the formation of
morphine-3-glucuronide  (M3G; 90%) and M6G (10%). In
contrast to the inactive M3G, M6G displays analgesic activity
that is much more potent than morphine [15,16]. In the rodent
liver, the picture appears to be more complex because in rats,
morphine is catabolized to both M6G and M3G [21], whereas
only M3G is formed in mice [31].

In the brain, morphine uptake has been described in different
cell types, including neurons [35]. Morphine is known to pass the
blood brain barrier and to penetrate into the CNS more actively
than M6G, probably because it is more hydrophilic [62]. Uptake
mechanisms for morphine also appear to exist in non-neuronal
cells, as shown by studies with radioactive morphine and human
primary white blood cells [22,35,36,37].

Interestingly, enzymes implicated in converting morphine into
M3G (ie., UGT1A enzymes) are expressed in primary neurons [19]

@ PLoS ONE | www.plosone.org

and astrocytes [63]. Human and rat brain extracts, including those
from the cerebellum, are able to synthesize labeled M3G and M6G
from radiolabelled morphine [21,22], proving that morphine
catabolism/anabolism occurs in at least some brain structures. The
uptake of released morphine may occur at the pre- or postsynaptic
level in neurons as well as in astrocytes. Following uptake, morphine
may be recycled in secretory organelles or converted into M3G by
the UGT enzyme family present in neurons [64,65] and astrocytes
[63]. The resulting inactive M3G may then be transported from the
cytoplasm into the extracellular space [31].

Conclusion

Our present observations, together with previously published
data, strengthen the proposal that endogenous morphine repre-
sents a new neurotransmitter or neuromodulator involved in
signalling regulation. Further investigation is required to under-
stand the precise role of endogenous morphine in brain

physiology.

February 2008 | Volume 3 | Issue 2 | e1641



Morphine in Brain Cells

Sheep non-immune serum Cy5 antibody (Morphine) Cy3 antibody (GAD)

Figure 7. Characterization of morphine immunoreactivity in the mouse cerebellum. A. Characterization of morphine immunolabelling
around Purkinje cells. Electron microscopy using sheep anti-morphine antibody showed morphine-like immunoreactivity in nerve termini innervating
Purkinje cell bodies (PC). Arrows indicate strong immunolabelling of morphine-containing termini around the Purkinje cell body. GC, granular cell.
ML, molecular layer, N, nucleus. B. Higher magnification showing the presence of morphine immunoreactivity in nerve termini innervating Purkinje
cell bodies. C. Electron microscopy showing morphine immunoreactivity in basket cells (BC). BV, blood vessel. ML, molecular layer. Control
experiments using anti-sheep HRP-conjugated IgG showed the specificity of the immunolabelling. D. Electron microscopy showing PEBP-
immunoreactivity in nerve termini covering Purkinje cell bodies (PC). Arrows indicate strong immunolabelling of PEBP-containing basket cell termini.
E. Evidence of colocalization of morphine and glutamic acid decarboxylase (GAD). Double immunofluorescence confocal micrographs were obtained
using a sheep anti-morphine antibody (detected with a CY5-conjugated IgG, green pseudocolor label) and an antibody against GAD visualized in red
with a Cy3-conjugated IgG. Colocalized immunolabelling (arrows and merged window) appears as yellow staining. F. Control experiments were
performed using sheep non-immune serum, or only secondary antibodies detected with Cy5- and Cy3-conjugated IgG (primary antibody omitted), to
demonstrate the specificity of the immunolabelling.

doi:10.1371/journal.pone.0001641.g007

Materials and Methods accordance with the European Community Council Directive
Animals (86/609/EEC) of November 24, 1986.

Experiments were performed on 37 day old laboratory-bred,
adult male C57BL/6 mice weighing 30%3 g. Animals were given Cell culture
free access to food and water, with a 12 h light-dark cycle at a The human SH-SY5Y cell line (ATCC number CRL-2266) was
temperature of 22+2°C. All experiments were carried out in cultured for 5 days in 60 cm? dishes in Dulbecco’s Modified Eagle
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medium (Sigma Aldrich) supplemented with 10% (v/v) fetal
bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin.
The cells were incubated at 37°C in a wet atmosphere (relative
humidity >95%) of 5% COy in air. The medium was changed
every three days.

Immunohistochemistry

Tissue preparation for immunocytochemistry studies.
Mice were deeply anesthetized by intraperitoneal injection of
0.1 ml of a 5.6% (w/v) pentobarbital sodium solution (CEVA
Santé Animale) and perfused transcardially with fixative solution
using a peristaltic pump. For electron microscopy experiments, the
fixative solution consisted of 4% formaldehyde (Sigma-Aldrich) in
NaCl/Pi buffer (0.9% NaCl and 25 mM sodium phosphate, pH 7.4)
with 0.25% glutaraldehyde (VWR). The same fixative solution was
used for optical microscopy, except that glutaraldehyde was omitted.
Fixative solutions were chilled, then injected for 10 min with a
peristaltic pump at a flow rate of 10 ml/min. The brain was quickly
removed and incubated for 2 hours at 4°C in the same fixative.
Cloronal and sagittal brain sections (80 um thick) were cut with a
vibratome (Leica V'T' 1000 S) and collected in Tris-buffered saline
(ITBS: 50 mM Tris-HCI, 0.9% NaCl, pH 7.4).

Cell preparation for immunocytochemistry studies. Cells
cultured on glass coverslips were pre-fixed for 5 min with a solution
of 4% (v:v) formaldehyde in NaCl/Pi buffer mixed with the culture
medium at 25°C. Then, cells were fixed with 4% formaldehyde
solution in NaCl/Pi buffer and permeabilized for 10 min with 0.1%
(v/v) Triton X100 [15]. Glass coverslips were mounted on a glass
slide with a drop of Mowiol 4-88.

Immunostaining. Immunostaining was performed on
sections free-floating in TBS or on cells grown on coverslips as
previously described [66]. Sections or slides were washed in TBS
and incubated for 1 hour in bovine serum albumin diluted in TBS
(3%, w/v) in order to saturate nonspecific immunoreactive sites.
After six TBS washes of 5 min each, sections were incubated
overnight in different antisera. Primary antibodies were used as
follows: (1) mouse monoclonal antibodies (6D6, Aviva System
Biology; dilution 1:2000) or sheep polyclonal antibodies (AbD
Serotec; dilution 1:500) raised against morphine-like compounds
(morphine, M3G, and M6G, based on supplier specifications and
our own experiments, described below), (i) goat polyclonal
antibody raised against human and murine UGT2B [15], (u2)
mouse monoclonal anti-glutamic acid decarboxylase (Chemicon;
dilution 1:1000), (i) purified rabbit anti-PEBP antibody (dilution
1:100) [13] and () mouse monoclonal antibody anti-CGA 5A8
(dilution 1:500) [67].

After incubation with the primary antibody, sections or slides
were washed six times with TBS (5 min) and specific secondary
antisera were added for 2 h at room temperature, followed by six
TBS washes (5 min). These secondary antisera were () HRP-
conjugated donkey anti-mouse IgG (P.A.R.LS.; dilution 1:500), (z7)
Alexa Fluor 488-conjugated donkey anti-sheep IgG (Molecular
Probes; dilution 1:2000), (z2z) Alexa Fluor 568-conjugated donkey
anti-goat (1:2000), () Cybd-conjugated donkey anti-sheep IgG
(Jackson Immunoresearch Laboratories; dilution 1:200) and (v)
Cy3-conjugated donkey anti-mouse IgG (Jackson Immunore-
search Laboratories, dilution 1:800).

Several controls were carried out to assess antibody specificity
and nonspecific immunoreactivity. Primary antibodies were
omitted, and each secondary antibody was tested individually or
in a mixture in the presence of tissue sections or cells. Controls for
morphine and UGT2B immunoreactivities were carried out by
incubating the antibody with morphine (2 h, 25°C, 50:1, w/w) or
the corresponding blocking peptide (12 h, 4°C, 1:5, w/w) [15],
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respectively, prior to immunocytochemistry experiments. Each
antibody was also tested with the secondary antibody used for the
second immunolabelling in order to determine whether interspe-
cies cross-reactivity exists. Anti-morphine antibodies were also
tested by ELISA in order to determine cross reactivity with
morphine, M6G, and M3G, showing a specificity for morphine
M6G and M3G. In order to assess whether morphine binds to
proteins nonspecifically, extracts of SH-SY5Y and the mouse
hippocampus were submitted to Western blot analysis; the results
show that neither anti-morphine antibody labels proteins in these
extracts. All experiments using anti-morphine antibodies were
done in duplicate using mouse monoclonal and sheep polyclonal
antibodies. The pattern of immunolabelling was similar each time.

Light microscopy immunocytochemistry

Peroxidase activity was measured after a 20 min incubation in a
freshly prepared solution of 4-chloro I-naphtol (0.2 mg/ml) in
TBS containing 0.006% (w/v) hydrogen peroxide. After washing
with TBS, the sections were mounted in glycerol/TBS (1:1, v/v)
before analysis with a Leica DMRB microscope equipped with a
digital camera (Axiocam, Zeiss).

Electron microscopy immunocytochemistry

Peroxidase activity was detected with a freshly prepared solution
of 0.025% (w/v) 3,3-diaminobenzidine tetrahydrochloride in TBS
containing 0.006% (w/v) hydrogen peroxide. After washing with
NaCl/Pi buffer, sections and slides were postfixed for 30 min with
2.5% glutaraldehyde in 0.1 M NaCl/Pi buffer (pH 7.4), and then
with 1% (w/v) osmium tetroxide in 0.1 M NaCl/Pi buffer
(pH 7.4) at 4°C for 1 hour. Sections were dehydrated in ethanol
and embedded in Araldite resin [66]. Ultrathin sections were
observed with a Hitachi H 7500 electron microscope without
additional staining. Pictures were acquired with a Hamamatsu
Digital camera (C 4742-95).

Confocal microscopy observations

Immunofluorescent staining was analyzed with a Leica laser
scanning microscope (TCS-SP2 invert) equipped with a plan apo
63 x oil immersion lens. Tissue sections were subjected to optical
serial sectioning to produce images in the XY plane. Each optical
section was scanned eight times for brain sections and four times
for cells to obtain an average image. Pictures were recorded
digitally in a 512x512 pixel format. A look-up table (glowover-
glowunder, Leica) ensured that the full dynamic range of the
photomultipliers was used. Before each measurement, a series of
sections was acquired through the vertical axis in order to choose
the equatorial section.

Anatomical and cellular distribution

Anatomical structures were identified under direct observation
using the atlas and nomenclature of Paxinos and Watson [68].
Light microscopic sections were examined using a Leica DMRB
brightfield microscope (objectives 1.6 x to 20 x).

Isolation of exocytosed material from stimulated SH-
SY5Y cells

SH-SY5Y cells were grown for 4 days in 24-well dishes (4 x10°
cells per well) in DMEM with 10% fetal bovine serum (FBS, Sigma
Aldrich). Prior to the experiments, they were washed twice (5 min
each) with FBS-free DMEM at 37°C and incubated for 1 h in
FBS-free DMEM at 37°C. Cells were then incubated with or
without 100 UM nicotine in FBS-free DMEM for 24 h. The
culture medium was collected and tested for morphine using a
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morphine-specific  ELISA kit (Immunalysis Corporation; see
below). Cadmium treatments (200 pM; Sigma Aldrich) were used
to assess whether a Ca®*-dependent release mechanism exists.

Secretion efficiency was checked by Western blot analysis (see
below) using a validated antibody raised against the conserved C-
terminal part of chromogranin B (bovine CGBg)4-696 [69]), which
serves as a secretion marker [27].

Alkaloid and protein analysis

Prior to HPLC separation, Western blot analysis, or ELISA,
scraped cells or homogenized brain areas were sonicated at 4°C
(310 sec) in water containing protease inhibitor cocktail (Roche
Diagnostics). The sonicates were centrifuged (30 min, 10000 g,
4°C), and the supernatant containing the intracellular material was
used for protein analysis after protein quantification [15].

Endogenous alkaloids present in the tissue or cell homogenates
were extracted as described in our previous study [15].

Purification of alkaloids by reverse phase HPLC
Deproteinized or untreated samples corresponding to 375x10°
cells, as well as alkaloid standards, were purified using an Akta
purifier HPLC system (GE Healthcare Bioscience) as previously
described [15]. The gradients of acetonitrile (ACN) are indicated on
the chromatograms. Buffer A was 0.1% (v/v) in water, and buffer B
was 70% acetonitrile and 0.09% , trifluoroacetic acid in water.

Mass spectrometry

MS and MS-MS analyses were performed using electrospray
mass spectrometry (ES-MS) on a Q-TOF II (Bio-Tech) in positive
mode as previously described [15].

Gel electrophoresis and Western blot analysis

Proteins were separated on SDS-PAGE gradient gels (4%—12%
acrylamide; Criterion XT, BioRad) and electrotransferred onto
polyvinyldifluorene membranes (GE Healthcare Bioscience) [13].
UGT?2B enzymes were detected with a goat polyclonal antibody
raised against the human UGT2B family (Santa Cruz Biotech-
nology, 65 kDa, dilution 1:1,000), and signal was developed using
HRP-conjugated anti-goat antisera (Santa Cruz Biotechnology,
dilution 1:50,000) [15]. Human hepatocyte extract (XenoTech)
and human recombinant UGT2B7 (Sigma Aldrich) were used as
positive controls. Chromogranin B (CGB) was detected using a
rabbit polyclonal antibody raised against the conserved C-terminal
part of chromogranin B (bovine CGBgj4.696 [69]), and the signal
was developed using HRP-conjugated anti-rabbit antisera (Sigma
Aldrich, dilution 1:400,000)

Morphine-specific ELISA

The morphine-specific ELISA kit from Immunalysis Corpora-
tion was used for the quantification of morphine present in culture
medium (n = 6) and brain tissue extracts (n =5). The specificity of
the test for morphine was confirmed by testing different amounts
of M6G, M3G, and codeine (0-25 ng/ml, data not shown). For all
tests, morphine standards were diluted in the appropriate buffer.

Statistical analysis of the secretion experiments

In order to assess the effect of nicotine stimulation on SH-SY5Y
cells, morphine concentrations in the medium were subjected to
post hoc analysis using a Mann-Whitney test. Our analysis included
four different conditions: control, control+cadmium, nicotine,
nicotine+cadmium. Each value was the result of six independent
experiments (n = 6). Statistical data analysis was performed using
MINITAB 13.20 (Minitab Inc.). Differences were considered to be
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statistically significant when the probability value was <0.01
(indicated by asterisks in the Figure).

Total RNA isolation and Reverse-Transcription
Polymerase Chain Reaction

Total RNA was extracted from SH-SY5Y cells using the
NucleoSpin RNA II extraction kit (Macherey-Nagel). RNA purity
was quantified by UV spectrophotometry at 260/280 nm.

Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
was performed with the One-Step RT-PCR kit (Qiagen) according
to the manufacturer’s protocol. Briefly, total RNA (100 ng) was
retro-transcribed into cDNA for 30 min at 50°C; after inactivation
of the transcriptase at 95°C for 15 min, PCR was performed for
35 cycles (1 min at 94°C, 1 min at the specific T,,,, I min at 72°C)
followed by a final extension for 10 min at 72°C on a Mastercycler
personal (Eppendorf).

Forward and reverse primers specific to human MORI1 (5'-3’
ACCAACATCTACATTTTCAACCTT and 5'-3° CAGTAC-
CAGGTTGGATGAGAG) were designed to amplify a 376-bp
fragment of the region common to all MORI splice variants
(OligoExplorer 1.2, Gene Link).

Human UGT2B7 forward and reverse primers (5'-3" TCCAC-
GAGCATCTTCGAGA and 5'-3' ATACTGGAAGCACATG-
CCC) were designed to amplify a 462-bp fragment specific to
UGT2B7, (OligoExplorer 1.2, Gene Link).

Amplification of GAPDH RNA was used as a positive control in
RT-PCR reactions. PCR products (one-fifth of the PCR reaction)
were loaded on an ethidium bromide-stained agarose gel (0.8%)
and visualized by UV illumination using the GeneSnap system
(Syngene).

Reactions were carried out using synthesized oligonucleotides
(6 UM final concentration) at a T,, of 51°C for MORI and
UGT2B7.

Patch-clamp experiments on SH-SY5Y cells

For patch-clamp recording, SH-SY5Y cells were maintained in
culture (DMEM+10% FCS and 50 U/ml penicillin, 50 pg/ml
streptomycin) at low density (about 2x10* cells/ml) in 35 mm dishes
and subjected to recording experiments 3-8 days after plating.
M6G-induced responses were measured either in the cell-attached or
whole-cell configuration of the patch-clamp technique [70] using an
Axopatch-B200 amplifier (Axon Instruments). For whole-cell
recording, the recording pipette had a 2—4 M€ resistance when
filled with recording solution (131 mM K-gluconate, 10 mM
HEPES, 5.5 mM EGTA, 1 mM CaCly, 2 mM MgCl,, 3 mM
NaCl 5 mM KCI, 0.1 mM ATP, and 0.1 mM GTP). Isolated SH-
SY5Y cells were selected and recorded under continuous perfusion
with control medium (132 mM NaCl, 2 mM KCl, 1 mM CaCly,
2 mM MgCly, 1 mM Na-Gluconate, 10 mM HEPES and 10 mM
D-glucose). The pH of the pipette and bath medium was adjusted to
7.2 with KOH and 7.4 with NaOH, respectively. For cell-attached
recordings, the pipette was filled with bath medium. Voltage
command and current trace digitization were achieved using the
Digidata 1322A card interface (Axon Instruments) and Pclamp
software (Axon instrument). Current traces were low-pass filtered at
2 kHz before digitization at 5 kHz.

Drugs were diluted to the desired concentrations in the bath
medium and applied to the recorded cell through a multi-barrel
perfusion system (RCS-160 rapid solution exchanger, Bio-Logic).
Each barrel had a 1 mm inner diameter, and the selected
perfusion tube was placed about 50 um from the recorded cell.
Drug application began when the selected tube was positioned in
front of the cell. Naloxone antagonist was purchased from Sigma
Aldrich.

February 2008 | Volume 3 | Issue 2 | e1641



Acknowledgments

We acknowledge Dr. A. Corti (San Raffaele Scientific Institute, Milan,
Italy) for providing the monoclonal antibody against human chromogranin
A and Dr. F. Schoentgen (CNRS UPR 4301, Orléans, France) for
providing the anti-PEBP antibody. We are grateful to Dr. M. Reber for his
knowledge of molecular biology.

References

1.

2.

20.

22.

23.

24.

Stefano GB, Goumon Y, Casares F, Cadet P, Fricchione GL, et al. (2000)
Endogenous morphine. Trends Neurosci 23: 436-442.

Hazum E, Sabatka JJ, Chang KJ, Brent DA, Findlay JW, et al. (1981) Morphine
in cow and human milk: could dietary morphine constitute a ligand for specific
morphine (mu) receptors? Science 213: 1010-1012.

Gintzler AR, Gershon MD, Spector S (1978) A nonpeptide morphine-like
compound: immunocytochemical localization in the mouse brain. Science 199:
447-448.

Goldstein A, Barrett RW, James IF, Lowney LI, Weitz CJ, et al. (1985)
Morphine and other opiates from beef brain and adrenal. Proc Natl Acad
Sci U S A 82: 5203-5207.

. Herbert RB, Venter H, Pos S (2000) Do mammals make their own morphine?

Nat Prod Rep 17: 317-322.
Stefano GB, Scharrer B (1994) Endogenous morphine and related opiates, a new
class of chemical messengers. Adv Neuroimmunol 4: 57-67.

. Meijerink WJ, Molina PE, Abumrad NN (1999) Mammalian opiate alkaloid

synthesis: lessons derived from plant biochemistry. Shock 12: 165-173.

. Poeaknapo C, Schmidt J, Brandsch M, Drager B, Zenk MH (2004) Endogenous

formation of morphine in human cells. Proc Natl Acad Sci U S A 101:
14091-14096.

. Boettcher C, Fellermeier M, Boettcher C, Drager B, Zenk MH (2005) How

human neuroblastoma cells make morphine. Proc Natl Acad Sci U S A 102:
8495-8500.

. Kream RM, Stefano GB (2006) De novo biosynthesis of morphine in animal

cells: An evidence-based model. Med Sci Monit 12: RA207-219.

. Agis-Torres A, Ball SG, Vaughan PF (2002) Chronic treatment with nicotine or

potassium attenuates depolarisation-evoked noradrenaline release from the
human neuroblastoma SH-SY5Y. Neurosci Lett 331: 167-170.

. Vaughan PF, Peers C, Walker JH (1995) The use of the human neuroblastoma

SH-SY5Y to study the effect of second messengers on noradrenaline release.
Gen Pharmacol 26: 1191-1201.

. Goumon Y, Angelone T, Schoentgen F, Chasserot-Golaz S, Almas B, et al.

(2004) The hippocampal cholinergic neurostimulating peptide, the N-terminal
fragment of the secreted phosphatidylethanolamine-binding protein, possesses a
new biological activity on cardiac physiology. J Biol Chem 279: 13054-13064.
Grandy DK, Hanneman E, Bunzow J, Shih M, Machida CA, et al. (1990)
Purification, cloning, and tissue distribution of a 23-kDa rat protein isolated by
morphine affinity chromatography. Mol Endocrinol 4: 1370-1376.

Goumon Y, Muller A, Glattard E, Marban C, Gasnier C, et al. (2006)
Identification of Morphine-6-glucuronide in Chromaffin Cell Secretory
Granules. J Biol Chem 281: 8082-8089.

. Lotsch J, Geisslinger G (2001) Morphine-6-glucuronide: an analgesic of the

future? Clin Pharmacokinet 40: 485-499.

. Cadet P, Mantione KJ, Stefano GB (2003) Molecular identification and

functional expression of mu 3, a novel alternatively spliced variant of the human
mu opiate receptor gene. J] Immunol 170: 5118-5123.

. Cadet P, Mantione KJ, Zhu W, Kream RM, Shechan M, et al. (2007) A

functionally coupled mu3-like opiate receptor/nitric oxide regulatory pathway in
human multi-lineage progenitor cells. J] Immunol 179: 5839-5844.

Suleman FG, Abid A, Gradinaru D, Daval JL, Magdalou J, et al. (1998)
Identification of the uridine diphosphate glucuronosyltransferase isoform
UGTIAG in rat brain and in primary cultures of neurons and astrocytes. Arch
Biochem Biophys 358: 63-67.

King CD, Rios GR, Assouline JA, Tephly TR (1999) Expression of UDP-
glucuronosyltransferases (UGTs) 2B7 and 1A6 in the human brain and
identification of 5-hydroxytryptamine as a substrate. Arch Biochem Biophys
365: 156-162.

. Nagano E, Yamada H, Oguri K (2000) Characteristic glucuronidation pattern of

physiologic concentration of morphine in rat brain. Life Sci 67: 2453-2464.
Yamada H, Ishii K, Ishii Y, Ieiri I, Nishio S, et al. (2003) Formation of highly
analgesic morphine-6-glucuronide following physiologic concentration of
morphine in human brain. J Toxicol Sci 28: 395-401.

Zadina JE, Chang SL, Ge LJ, Kastin AJ (1993) Mu opiate receptor down-
regulation by morphine and up-regulation by naloxone in SH-SY5Y human
neuroblastoma cells. J] Pharmacol Exp Ther 265: 254-262.

Liu AM, Wong YH (2005) Mu-opioid receptor-mediated phosphorylation of
TkappaB kinase in human neuroblastoma SH-SY5Y cells. Neurosignals 14:
136-142.

. Aunis D (1998) Exocytosis in chromaffin cells of the adrenal medulla. Int Rev

Cytol 181: 213-320.

5. Ou XM, Partoens PM, Wang JM, Walker JH, Danks K, et al. (1998) The

storage of noradrenaline, neuropeptide Y and chromogranins in and

@ PLoS ONE | www.plosone.org

12

Morphine in Brain Cells

Author Contributions

Conceived and designed the experiments: FD YG AM EG OT VK GR
MM. Performed the experiments: FD YG AM EG OT VK AL MM.
Analyzed the data: FD YG AM EG OT VK AL MM GR. Contributed
reagents/materials/analysis tools: AV YG GR MM DA. Wrote the paper:
YG OT DA.

28.

29.

30.

31.

32.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

50.

51.

stoichiometric release from large dense cored vesicles of the undifferentiated
human neuroblastoma cell line SH-SY5Y. Int J Mol Med 1: 105-112.

Giudici AM, Sher E, Pelagi M, Clementi F, Zanini A (1992) Immunolocalization
of secretogranin II, chromogranin A, and chromogranin B in differentiating
human neuroblastoma cells. Eur J Cell Biol 58: 383-389.

Goodall AR, Danks K, Walker JH, Ball SG, Vaughan PF (1997) Occurrence of
two types of secretory vesicles in the human neuroblastoma SH-SY5Y.
J Neurochem 68: 1542-1552.

Yu X, Mao X, Blake AD, Li WX, Chang SL (2003) Morphine and
endomorphins differentially regulate micro-opioid receptor mRNA in SHSY-
5Y human neuroblastoma cells. J Pharmacol Exp Ther 306: 447-454.

Horner KA, Zadina JE (2004) Internalization and down-regulation of mu opioid
receptors by endomorphins and morphine in SH-SY5Y human neuroblastoma
cells. Brain Res 1028: 121-132.

Zelcer N, van de Wetering K, Hillebrand M, Sarton E, Kuil A, et al. (2005) Mice
lacking multidrug resistance protein 3 show altered morphine pharmacokinetics
and morphine-6-glucuronide antinociception. Proc Natl Acad Sci U S A 102:
7274-7279.

Mrkusich EM, Kivell BM, Miller JH, Day DJ (2004) Abundant expression of mu
and delta opioid receptor mRNA and protein in the cerebellum of the fetal,
neonatal, and adult rat. Brain Res Dev Brain Res 148: 213-222.

. Zhang Y, Pan YX, Kolesnikov Y, Pasternak GW (2006) Immunohistochemical

labeling of the mu opioid receptor carboxy terminal splice variant mMOR-1B4
in the mouse central nervous system. Brain Res 1099: 33-43.

. Weitz CJ, Lowney LI, Faull KF, Feistner G, Goldstein A (1986) Morphine and

codeine from mammalian brain. Proc Natl Acad Sci U S A 83: 9784-9788.
Guarna M, Neri C, Petrioli F, Bianchi E (1998) Potassium-induced release of
endogenous morphine from rat brain slices. J Neurochem 70: 147-152.

. Zhu W, Mantione KJ, Kream RM, Cadet P, Stefano GB (2007) Cholinergic

regulation of morphine release from human white blood cells: evidence for a
novel nicotinic receptor via pharmacological and microarray analysis.
Int J Immunopathol Pharmacol 20: 229-237.

Zhuu W, Mantione K, Kream RM, Stefano GB (2006) Alcohol-, nicotine-, and
cocaine-evoked release of morphine from human white blood cells: substances of
abuse actions converge on endogenous morphine release. Med Sci Monit 12:
BR350-354.

Goumon Y, Bouret S, Casares F, Zhu W, Beauvillain JC, et al. (2000)
Lipopolysaccharide increases endogenous morphine levels in rat brain. Neurosci
Lett 293: 135-138.

Lee CS, Spector S (1991) Changes of endogenous morphine and codeine
contents in the fasting rat. J Pharmacol Exp Ther 257: 647-650.

Molina PE, Hashiguchi Y, Meijerink WJ, Naukam R]J, Boxer R, et al. (1995)
Modulation of endogenous opiate production: effect of fasting. Biochem Biophys
Res Commun 207: 312-317.

Ross RA, Spengler BA, Biedler JL (1983) Coordinate morphological and
biochemical interconversion of human neuroblastoma cells. J Natl Cancer Inst
71: 741-747.

Pahlman S, Mamaeva S, Meyerson G, Mattsson ME, Bjelfman C, et al. (1990)
Human neuroblastoma cells in culture: a model for neuronal cell differentiation
and function. Acta Physiol Scand Suppl 592: 25-37.

Lotsch J (2005) Opioid metabolites. J Pain Symptom Manage 29: S10-24.

van Dorp EL, Romberg R, Sarton E, Bovill JG, Dahan A (2006) Morphine-6-
Glucuronide: Morphine’s Successor for Postoperative Pain Relief? Anesth Analg
102: 1789-1797.

. Pan YX (2005) Diversity and complexity of the mu opioid receptor gene:

alternative pre-mRNA splicing and promoters. DNA Cell Biol 24: 736-750.
Minami M, Onogi T, Toya T, Katao Y, Hosoi Y, et al. (1994) Molecular cloning
and in situ hybridization histochemistry for rat mu-opioid receptor. Neurosci
Res 18: 315-322.

Doyle GA, Sheng XR, Lin SS, Press DM, Grice DE, et al. (2007) Identification
of five mouse mu-opioid receptor (MOR) gene (Oprml) splice variants
containing a newly identified alternatively spliced exon. Gene 395: 98-107.
Taguchi K, Abe K, Chyuma T, Kato M, Shigenaga T, et al. (2000) Effects of
microiontophoretically-applied opioid peptides on Purkinje cells in the cat
cerebellum. Acta Pharmacol Sin 21: 877-884.

. Taguchi K, Suzuki Y (1989) Effects of microiontophoretically-applied morphine

on the Purkinje cell in the cerebellum of the cat. Neuropharmacology 28:
235-242.

Bushell T, Clarke C, Mathie A, Robertson B (2002) Pharmacological
characterization of a non-inactivating outward current observed in mouse
cerebellar Purkinje neurones. Br J Pharmacol 135: 705-712.

Vaughan CW, Ingram SL, Connor MA, Christic MJ (1997) How opioids inhibit
GABA-mediated neurotransmission. Nature 390: 611-614.

February 2008 | Volume 3 | Issue 2 | e1641



52.

53.

56.

57.

58.

59.

60.

61.

Pan YX, Xu J, Bolan E, Moskowitz HS, Xu M, et al. (2005) Identification of
four novel exon 5 splice variants of the mouse mu-opioid receptor gene:
functional consequences of C-terminal splicing. Mol Pharmacol 68: 866-875.
Rozenfeld R, Devi LA (2007) Receptor heterodimerization leads to a switch in
signaling: {beta}-arrestin2-mediated ERK activation by {micro}-{delta} opioid
receptor heterodimers. Faseb J.

. Brailoiu E, Hoard J, Brailoiu GC, Chi M, Godbolde R, et al. (2004) Ultra low

concentrations of morphine increase neurite outgrowth in cultured rat spinal
cord and cerebral cortical neurons. Neurosci Lett 365: 10-13.

. Tenconi B, Lesma E, DiGiulio AM, Gorio A (1996) High opioid doses inhibit

whereas low doses enhance neuritogenesis in PC12 cells. Brain Res Dev Brain
Res 94: 175-181.

Hauser KF, Houdi AA, Turbek CS, Elde RP, Maxson W 3rd (2000) Opioids
intrinsically inhibit the genesis of mouse cerebellar granule neuron precursors in
vitro: differential impact of mu and delta receptor activation on proliferation and
neurite elongation. Eur J Neurosci 12: 1281-1293.

Zeng YS, Nie JH, Zhang W, Chen SJ, Wu W (2007) Morphine acts via mu-
opioid receptors to enhance spinal regeneration and synaptic reconstruction of
primary afferent fibers injured by sciatic nerve crush. Brain Res 1130: 108-113.
Moron JA, Abul-Husn NS, Rozenfeld R, Dolios G, Wang R, et al. (2007)
Morphine administration alters the profile of hippocampal postsynaptic density-
associated proteins: a proteomics study focusing on endocytic proteins. Mol Cell
Proteomics 6: 29-42.

Zimmerman G, Soreq H (2006) Termination and beyond: acetylcholinesterase
as a modulator of synaptic transmission. Cell Tissue Res 326: 655-669.
Figlewicz DP (1999) Endocrine regulation of neurotransmitter transporters.
Epilepsy Res 37: 203-210.

Mackenzie PI, Walter Bock K, Burchell B, Guillemette C, Ikushiro S, et al.
(2005) Nomenclature update for the mammalian UDP glycosyltransferase
(UGT) gene superfamily. Pharmacogenet Genomics 15: 677-685.

@ PLoS ONE | www.plosone.org

13

62.

64.

66.

67.

68.

69.

70.

Morphine in Brain Cells

Wu D, Kang YS, Bickel U, Pardridge WM (1997) Blood-brain barrier
permeability to morphine-6-glucuronide is markedly reduced compared with
morphine. Drug Metab Dispos 25: 768-771.

. Heurtaux T, Benani A, Moulin D, Muller N, Netter P, et al. (2006) Induction of

UGT1AG isoform by inflammatory conditions in rat astrocytes. Neuropharma-
cology 50: 317-328.

Brands A, Munzel PA, Bock KW (2000) In situ hybridization studies of UDP-
glucuronosyltransferase UGT1A6 expression in rat testis and brain. Biochem
Pharmacol 59: 1441-1444.

. Martinasevic MK, King CD, Rios GR, Tephly TR (1998) Immunohistochem-

ical localization of UDP-glucuronosyltransferases in rat brain during early
development. Drug Metab Dispos 26: 1039-1041.

Hedou G, Chasserot-Golaz S, Kemmel V, Gobaille S, Roussel G, et al. (2000)
Immunohistochemical studies of the localization of neurons containing the
enzyme that synthesizes dopamine, GABA, or gamma-hydroxybutyrate in the
rat substantia nigra and striatum. J] Comp Neurol 426: 549-560.

Lugardon K, Raffner R, Goumon Y, Corti A, Delmas A, et al. (2000)
Antibacterial and antifungal activities of vasostatin-1, the N-terminal fragment of
chromogranin A. J Biol Chem 275: 10745-10753.

Paxinos G, Watson C (2007) The Rat Brain in Stereotaxic Coordinates New
York: Academic Press. 456 p.

Gasnier C, Lugardon K, Ruh O, Strub JM, Aunis D, et al. (2004)
Characterization and location of post-translational modifications on chromo-
granin B from bovine adrenal medullary chromaffin granules. Proteomics 4:
1789-1801.

Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ (1981) Improved patch-
clamp techniques for high-resolution current recording from cells and cell-free
membrane patches. Pflugers Arch 391: 85-100.

February 2008 | Volume 3 | Issue 2 | e1641



