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RESEARCH ARTICLE
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ABSTRACT

Endogenous morphine, morphine-6-glucuronide, and
codeine, which are structurally identical to vegetal alka-
loids, can be synthesized by mammalian cells from dopa-
mine. However, the role of brain endogenous morphine
and its derivative compounds is a matter of debate, and
knowledge about its distribution is lacking. In this study, by
using a validated antibody, we describe a precise mapping
of endogenous morphine-like compounds (morphine and/
or its glucuronides and/or codeine) in the mouse brain.
First, a mass spectrometry approach confirmed the pres-
ence of morphine and codeine in mouse brain, but also, of
morphine-6-glucuronide and morphine-3-glucuronide repre-
senting two metabolites of morphine. Second, light micros-
copy allowed us to observe immunopositive cell somas and
cytoplasmic processes throughout the mouse brain. Mor-
phine-like immunoreactivity was present in various struc-
tures including the hippocampus, olfactory bulb, band of
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Broca, basal ganglia, and cerebellum. Third, by using confo-
cal microscopy and immunofluroscence co-localization, we
characterized cell types containing endogenous opiates.
Interestingly, we observed that morphine-like immunoreac-
tivity throughout the encephalon is mainly present in y-ami-
nobutyric acid (GABA)ergic neurons. Astrocytes were also
labeled throughout the entire brain, in the cell body, in the
cytoplasmic processes, and in astrocytic feet surrounding
blood vessels. Finally, ultrastructural localization of mor-
phine-like immunoreactivity was determined by electron
microscopy and showed the presence of morphine-
like label in presynaptic terminals in the cerebellum and
postsynaptic terminals in the rest of the mouse brain. In
conclusion, the presence of endogenous morphine-like
compounds in brain regions not usually involved in pain
modulation opens the exciting opportunity to extend the
role and function of endogenous alkaloids far beyond their
analgesic functions. J. Comp. Neurol. 519:2390-2416,

this article.
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INTRODUCTION

Morphine extracted from Papaver somniferum
remains the gold standard for pain relief in the hospital
setting (Stefano et al., 2000; Soliman et al., 2001). This
alkaloid binds to the p-opioid receptor (MOR), leading to
several effects, including analgesia (Matthes et al,
1996). In humans, exogenous morphine is mainly catabol-
ized into morphine-6-glucuronide (M6G;10%) and mor-
phine-3-glucuronide (M3G; 90%) through the action of the
UDP-glucuronosyltransferase 1A and 2B families (UGT1A
and UGT2B), which are present in the liver (Mackenzie
et al,, 2005) and in the brain (Suleman et al., 1998;
Nagano et al., 2000; Heurtaux et al., 2006). M6G displays
greater analgesic effects than morphine, whereas M3G is
devoid of analgesic effects (Lotsch and Geisslinger,
2001; Lotsch, 2005a,b; Coller et al., 2009).

Since the 1970s, endogenous morphine, MéG, and co-
deine, which are structurally identical to alkaloids from
plants, have been characterized in different mammalian
tissues and cells (Gintzler et al., 1978; Hazum et al., 1981;
Goldstein et al., 1985; Weitz et al., 1986; Donnerer et al.,
1987; Herbert et al., 2000; Stefano et al., 2000, 2008;
Zhu et al., 2001; Neri et al., 2004; Goumon et al., 2009).
In mammals, the endogenous morphine biosynthesis path-
way has been studied in the SH-SY5Y human neuronal cat-
echolaminergic cell line and has been shown to derive
from the dopamine biosynthesis pathway, leading to co-
deine and finally to morphine (Poeaknapo et al., 2004;
Boettcher et al., 2005; Muller et al., 2008; Stefano et al.,
2008). In addition, blockade of the dopamine biosynthesis
using a tyrosine hydroxylase (TH) conditional knockdown
mouse model is associated with a deficit in endogenous
morphine synthesis (Neri et al., 2008), suggesting that do-
pamine is a precursor of endogenous morphine in mam-
malian cells. However, because the non-dopaminergic cell
line DAN-G produces morphine (Poeaknapo et al., 2004),
it is possible that non-dopaminergic cells can internalize
dopamine or intermediate metabolites of the morphine
biosynthesis pathway, such as tetrahydropapaveroline
(THP; also called norlaudanosoline), but also synthesize in-
termediate metabolites for morphine biosynthesis, to com-
plete the production of endogenous morphine (Boettcher
et al., 2005; Goumon et al., 2009; Grobe et al., 2010).

We have previously reported the presence of Mé6G
in secretory granules and secreted material of bovine
adrenal chromaffin cells (Goumon et al., 2006). M6G was
associated with the phosphatidylethanolamine-binding

protein (PEBP), a protein that specifically binds M6G and
M3G and has no affinity for morphine (Goumon et al.,
2004; Atmanene et al., 2009). In these particular cells, we
observed the presence of an UGT2B-like enzyme able to
convert morphine into M6G. More recently, in the SH-
SY5Y cell line model, we observed the presence of mor-
phine and M6G and characterized the presence of
UGT2B7, which has been shown to catabolize morphine to
M3G and M6G (Coffman et al., 1997; Muller et al., 2008).
M6G, despite its more potent analgesic nature, was previ-
ously thought of only as a product of morphine catabolism.
However, our data have indicated that M6G may represent
the final product of endogenous alkaloid biosynthesis in
chromaffin cells, whereas in SH-SY5Y cells, both morphine
and Mé6G coexist (Muller et al., 2008).

The presence of endogenous morphine, codeine, and
Mé6G has been characterized in the brain of cows, rats,
monkeys, mice, and dogs (Donnerer et al., 1987; Stefano
et al., 2000; Goumon et al., 2009). Recent data have indi-
cated that high endogenous morphine levels are present
in the blood during stressful situations including patholog-
ical states such as sepsis (Brix-Christensen et al., 1997,
2000; Glattard et al., 2010; Madbouly et al., 2010). How-
ever, these fluctuations in morphine levels and their con-
sequences for brain function remain to be fully elucidated
(Goumon et al., 2009). Among the few available studies,
it has been shown that endogenous morphine immuno-
neutralization (intracerebroventricular administration of
an anti-morphine antibody) decreased thermal response
latency and attenuated the anti-nociceptive effect of the
MOR-selective agonist DAMGO in a hot plate test. This
suggests that endogenous morphine is involved in the
setting of nociceptive thresholds and in opiate-mediated
pain modulation (Guarna et al., 2002). A similar immuno-
neutralization approach has suggested a role for endoge-
nous morphine in the weakening of memory processes
under stressful conditions (Guarna et al., 2004).

Our recent studies have focused on the functional
role of endogenous morphine in neuronal cells. Using the
SH-SY5Y model, morphine and M6G were found to be
restricted to large, dense-core vesicle-like organelles and
to be released via a Ca®"-dependent mechanism (Muller
et al., 2008). Using the patch-clamp technique in cell cul-
ture, we have shown that naloxone-sensitive electrophysi-
ological responses are induced by morphine and M6G at
concentrations as low as 10~ '° M. Using the mouse brain
model, we have shown well-defined morphine expression

The Journal of Comparative Neurology | Research in Systems Neuroscience 2391



Laux et al.

TABLE 1.
Primary Antibodies Used

Antigen Immunogen Raised in Manufacturer data Dilution
GAD65/67  Synthetic peptide corresponding to Rabbit (polyclonal) Abcam (ab49832) IHC: 1:500
C'™" part of human GAD. The
sequence is identical in human
GAD65 (amino acids 570-585) and
GAD67 (amino acids 579-594)
(Peptide: K-DIDFLIEEIERLGQDL)
GFAP GFAP isolated from cow spinal cord Rabbit (polyclonal) DAKO (20334) IHC: 1:1,000
TH Denatured TH from rat Rabbit (polyclonal) Chemicon-Millipore (AB152) IHC: 1;1,000
pheochromocytoma
Morphine BSA-morphine conjugate Mouse (monoclonal)  Aviva Systems Biology (AVAMM16002-4)  IHC: 1:1,000
ICC: 1:3,000
WB: 1:4,000
ELISA: 1:2,000

Abbreviations: GAD, glutamic acid decarboxylase; GFAP, glial fibrillary acidic protein; TH, tyrosine hydroxylase; BSA, bovine serum albumin; IHC,
immunohistochemistry; ICC, immunocytochemistry; WB, Western blot; ELISA, enzyme-linked immunosorbent assay.

in the cerebellum, with morphine immunoreactivity pres-
ent in basket cell bodies and in their axonal synaptic ter-
minals, which innervate Purkinje cell bodies that express
MOR subtypes (Mrkusich et al., 2004; Zhang et al., 2006;
Muller et al., 2008). Morphine immunoreactivity was also
present at the presynaptic level, suggesting its possible
release and a regulatory action on Purkinje cell function
(Muller et al., 2008; Goumon et al., 2009). This is sup-
ported by the previously published description of Ca**-
dependent release of morphine from nerve terminals
(Guarna et al., 1998). Other studies have also shown the
presence of morphine and codeine in specific brain neu-
rons (Gintzler et al., 1978; Bianchi et al., 1993, 1994).
This further suggests that endogenous morphine and its
derivatives may represent new neuromodulators of brain
functions, acting at both pre- and postsynaptic sites
within neuronal networks.

A straightforward approach to studying the roles of en-
dogenous morphine and morphine-derived molecules in
brain physiology is to examine in detail their localization
in brain structures. Few data are available on the localiza-
tion of endogenous morphine, morphine glucuronides, or
codeine in the central nervous system (CNS), and no pre-
cise mapping exists. The present study was designed to
determine morphine/M3G/M6G/codeine immunoreac-
tivity in mouse brain structures. First, a biochemical
approach was used to characterize the presence of mor-
phine, morphine glucuronides, and codeine in the mouse
brain. Second, detailed immunohistochemical mapping of
endogenous morphine-like compounds (i.e., morphine,
M6G, M3G, and codeine) in the adult mouse brain was
performed by using conventional and confocal micros-
copy and electron microscopy, to determine subcellular
localizations. Finally, co-immunolocalization of morphine-
like immunoreactivity with different cell markers allowed

us to characterize cells that contain endogenous mor-
phine and/or morphine-derived molecules.

MATERIALS AND METHODS

Animals

Experiments were performed on five 45-day-old labora-
tory-bred, adult male C57BL/6 mice weighting 30 = 3 g.
Animals were given free access to food and water, with a
12-hour light-dark cycle at a temperature of 22 = 2°C. All
procedures were performed in accordance with European
directives (86/609/EEC) and were approved by the re-
gional ethics committee and the French Ministry of agri-
culture (license no. 67-116, to P.P.).

Antibody characterization

Antibodies used in the present study are commercially
available and have already been used in previous studies.
Table 1 provides informations about these antibodies
including immunogens, species, commercial sources, and
dilutions used in the present study.

Glutamic acid decarboxylase isoforms 65/67
(GAD65/67) antibody

The rabbit anti-GAD65/67 antiserum (Abcam, Cam-
bridge, MA; #ab49832) was produced by using one syn-
thetic peptide common to the two GAD isoforms. Anti-
GAD65/67 antibodies recognize a specific band size of
65 kDa molecular weight on Western blot of human infant
medulla lysate (Broadbelt et al., 2010). The staining
observed on Western blot was blocked when incubation
with the peptide was performed. In immunohistochemis-
try on mouse brain sections, no immunostaining was
observed after a pre-incubation of the antibody with satu-
rating concentration of the target protein (Broadbelt
etal, 2010).
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Glial fibrillary acidic protein (GFAP) antibody

The rabbit anti-GFAP polyclonal antiserum (DAKO,
Glostrup, Denmark; #Z0334) was produced by using
GFAP isolated from cow spinal cord. The staining pattern
by immunohistochemistry matches the expected distribu-
tion of GFAP in mouse auditory brainstem (Abraira et al.,
2007). With the use of cultured mouse primary astro-
cytes, the antibody staining demonstrates a filamentous
pattern, consistent with GFAP presence in intermediate
filaments. In Western blot using mouse brain extracts,
this antibody recognizes a band of approximately 55 kDa
(Arantes et al., 2009).

Tyrosine hydroxylase (TH) antibody

The rabbit anti-TH polyclonal antiserum (Chemicon-
Millipore, Molsheim, France; #AB152) was produced by
using denatured full-length TH isolated from rat pheo-
chromocytoma. Its specificity has been corroborated by
Western blot analysis of adrenal gland or brain of different
species (i.e. rat, mouse; see manufacturer’s data sheet),
in which it selectively labels a single band at approxi-
mately 62 kDa. In addition, a selective label of dopami-
nergic neurons in the substantia nigra pars compacta has
been observed (Martin-Ibanez et al., 2006).

Morphine antibody

The mouse anti-morphine antibody (6D6, Aviva Sys-
tems Biology, San Diego, CA; #16002) was produced by
using a morphine-bovine serum albumin (BSA) conjugate.
This antibody has been used in previous studies (Muller
et al., 2008; Glattard et al., 2010) to determine the pres-
ence of morphine/M6G by immunohistochemistry, with
results consistent with those described here (i.e. basket
cell labeling in cerebellar cortex). Furthermore, seven
specificity controls for the anti-morphine antibody (6D6)
were performed for this study:

1. The morphine antibody was omitted in order to con-
trol for nonspecific binding of the secondary anti-
body in the tissue section. Omission of the primary
antibody resulted in no peroxidase label in the tissue
sections (e.g., striatum) compared with 6D6 immuno-
reactivity (data not shown).

2. Immunoreactivity disappeared when the 6D6 antibody
was preabsorbed for 1 hour with 3 uM of morphine
(Sigma-Aldrich, St. Louis, MO), codeine (Sigma-
Aldrich), M6G (Sigma-Aldrich), or M3G (Sigma-Aldrich;
data not shown) before immunohistochemistry.

3. Western blotting of mouse brain extracts with the
6D6 antibody was performed and showed no cross-
reactivity of the antibody with proteins (see Results,
Fig. 3C, lane 1).

4. A control for the cross-linking of morphine, M6G,

Endogenous alkaloids mapping in the mouse brain

M3G, and codeine to proteins by paraformaldehyde
(PFA) was performed in vitro (see Results, Fig. 3B,C,
lane 2) and in vivo (see Results).

5. We assessed 6D6 anti-morphine antibody cross-reac-
tivity with morphine, morphine derivatives, and cate-
cholamines by enzyme-linked immunosorbent assay
(ELISA; see Results, Fig. 2). The 6D6 antibody is only
able to recognize morphine, codeine, M6G, and M3G.

6. To link the immunohistochemistry results described
in this study and the biochemical detection of
endogenous morphine, codeine, M3G, and Mé6G, we
performed mass spectrometry analysis of micro-
punches from several brain areas. No endogenous
alkaloids have been detected in structures that are
poorly immunoreactive, such as the amygdala nuclei
and the VPL/VPN nucleus of the thalamus; however,
we were able to detect codeine in strongly immuno-
reactive structures, such as the caudate putamen
(2.89 fmol/mg protein), the olfactory bulb (2 fmol/
mg protein), and the cortex (0.62 fmol/mg protein).
The levels of morphine, M6G, and M3G were
beneath the limit of detection in these brain areas.

7. Immunoprecipitation was performed to confirm the
ability of the 6D6 antibody to bind endogenous alka-
loid. Thus, 10 mg of whole mouse brain extract (in
400 pl of phosphate-buffered saline [PBS], pH 7.4)
were mixed with 20 pg of the 6D6 antibody and incu-
bated overnight at 4°C. The reaction medium was
then incubated with 300 pl of protein A/G PLUS-aga-
rose beads (Santa Cruz Biotechnology, Santa Cruz,
CA; #sc-2003) and incubated for 4 hours at 4°C. Com-
plexes (i.e., antibodies-alkaloids-beads) were washed
five times with 500 pl of PBS (4°C). Elution of the pro-
tein A/G-mouse 1gG complex was done by boiling for
30 minutes in a 1 M urea buffer. After acidification
with 1 M HCI, an equal volume of chloroform was
added. The mixture was then centrifuged at 13,000
rom for 15 minutes at 4°C. The aqueous phase was
retrieved and submitted to LC-MS/MS analysis (see
below). Codeine (17.1 fmol) and morphine (6.3 fmol)
were detected in the immunoprecipitated fraction,
confirming the presence of these alkaloids and the
ability of the 6D6 antibody to detect them in the
mouse brain.

Immunohistochemistry
Tissue preparation for immunohistochemistry
studies

Mice were deeply anesthetized by intraperitoneal injec-
tion of 0.1 ml of a 5.6% (w/v) pentobarbital sodium solution
(CEVA Santé Animale, Libourne, France) and perfused
transcardially with fixative solution using a peristaltic
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pump. For conventional and electron microscopy, a fixative
solution of 4% formaldehyde (EMS, Hatfield, PA) ina 0.1 M
NaCl/Pi buffer (disodium hydrogen phosphate dihydrate,
1.28% [w/V], sodium dihydrogen phosphate monohydrate,
0.38% [w/v]; pH 7.4) with 0.25% (v/v) glutaraldehyde
(VWR, Fontenay sous bois, France) was used. The same fix-
ative solution was used for laser confocal microscopy,
except that glutaraldehyde was omitted. Fixative solutions
were chilled and then perfused for 10 minutes with a peri-
staltic 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 solution. Coronal and sagittal brain sections
(70 um thick) were cut with a Vibratome (Leica VT 1000 S,
Nanterre, France) and collected in Tris-buffered saline
(TBS: 50 mM Tris-HCI, 0.9% NaCl, pH 7.4).

Slice immunostaining

Immunostaining was performed on slides, free-floating
in TBS, as previously described (Hedou et al., 2000). Tis-
sue slices were washed in TBS and incubated for 1 hour
in BSA (Euromedex, Mundolsheim, France) diluted in TBS
(5%, w/v) in order to saturate nonspecific immunoreac-
tive sites. After saturation, sections were incubated over-
night with a mixture of primary antibodies raised in differ-
ent species in TBS containing 0.1% (v/v) Triton X-100
(Sigma-Aldrich). Triton X-100 was omitted for electron mi-
croscopy. Primary antibodies were used as described in
the antibody list in Table 1. After incubation with the pri-
mary antibody, tissue slices were washed six times with
TBS (5 minutes), and specific secondary antisera were
added for 2 hours at room temperature (RT), followed by
six TBS washes (5 minutes). These secondary antisera
were as follows: 1) horseradish peroxidase (HRP)-conju-
gated donkey anti-mouse IgG (P.A.R.I.S., Paris, France;
#Bl 2413C; dilution 1:400); 2) Alexa Fluor 488-conju-
gated donkey anti-rabbit 1gG (Molecular Probes-Invitro-
gen, Cergy Pontoise, France; #A21206; dilution 1:1,000);
and 3) Cy3-conjugated donkey anti-mouse IgG (Jackson
ImmunoResearch, Suffolk, England; #715-165-150; dilu-
tion 1:1,000). 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. Each antibody was also
tested with the secondary antibody used for the second
immunolabeling in order to determine whether interspe-
cies cross-reactivity exists.

Light microscopy

Peroxidase activity was measured after a 15 minutes
incubation period in a freshly prepared solution of 4-
chloro-1-naphthol (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, Le Pecq, France).

Electron microscopy

Peroxidase activity was detected with a freshly pre-
pared solution of 0.025% (w/v) 3,3-diaminobenzidine tet-
rahydrochloride in TBS containing 0.006% (w/v) hydrogen
peroxide. After washing with NaCl/Pi buffer, sections and
slides were postfixed for 30 minutes with 2.5% glutaralde-
hyde 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 (Hedou et al.,, 2000).
Ultrathin sections were observed with a Hitachi H 7500
electron microscope (Hitachi, Monroeville, PA) without
additional staining. Pictures were acquired with a Hama-
matsu Digital camera (C 4742-95, Massy, France).

Confocal microscopy observations

Immunofluorescent staining was analyzed with a Zeiss
laser scanning microscope (LSM510 invert) equipped
with a plan apo 63 oil immersion and a 40 x oil immer-
sion lens. Tissue sections were subjected to optical serial
sectioning to produce images in the X-Y plane. Images of
optical sections were the average of eight scans. Pictures
were recorded digitally in a 1,024 x 1,024-pixel format. A
look-up table (Range indicator, Zeiss) 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 ob-
servation using the atlas and nomenclature of Paxinos
and Watson (Paxinos and Franklin, 1997). Cartography
was done on four animals, the staining being identical for
each experiment.

HPLC-MS/MS instrumentation and analytical
conditions

A hydrophilic interaction liquid chromatographic
(HILIC) reverse phase column coupled to a triple quadru-
pole mass spectrometer was used to accurately detect
the presence of morphine, M3G, and Mé6G in the selected
reaction monitoring (SRM) mode. ldentification of the
compounds was based on the precursor ion, the selective
fragment ions, and retention times.

Prior to LC-MS-MS analysis, methanol-extracted brains
were dissolved in 0.1% trifluoroacetic acid in H,O (v/v)
and purified by using an Akta purifier HPLC system (GE
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Healthcare Bioscience, Strasbourg, France) as previously
described (Goumon et al., 2006). Buffer A was 0.1% tri-
fluoroacetic acid (TFA, v/v) in water, and buffer B was
70% acetonitrile and 0.09% TFA in water. Fractions corre-
sponding to morphine, M3G, and M6G were dried by
using a SpeedVac evaporator prior to LC-MS-MS analysis.
LC retention time of endogenous morphine present in
mouse brain was identical to the exogenous morphine
standard (external and internal standards).

LC-MS separations were carried out with an Agilent LC
1100 binary pump, equipped with an autosampler, a vac-
uum degasser, and a column oven coupled with an Agi-
lent 6410 Triple Quad LC/MS (Agilent Technologies, Palo
Alto, CA).

Dry samples were resolvated in 10 pl of 70% acetoni-
trile, vortex-mixed for 1 minute, and injected on an acryla-
mido-type column (TSKgel Amide-80, TOSOH, Tokyo, Ja-
pan) at 25°C. The solvent system consisted of 99.85%
water, 0.15% formic acid, and 5 mM ammonium acetate
(NH OAc, solvent A) and 100% acetonitrile (solvent B).
Elution was performed at a flow rate of 220 pl/min by
using a 70-40% linear gradient (solvent B) for the first 8
minutes, followed by a 80% stage (solvent B) for 2
minutes before the reconditioning of the column at 70%
of solvent B. The system was fully controlled by Mass-
Hunter software (Agilent Technologies, Santa Clara, CA).

Electrospray ionization was achieved in the positive
mode with the spray voltage set at 4,000 V. Nitrogen was
used as the nebulizer gas, and nebulizer pressure was set
at 20 psi with a source temperature of 100°C. Desolva-
tion gas (nitrogen) was heated to 350°C and delivered at
a flow rate of 10 L/min. Qualification was performed in
MRM mode with the following transitions:

m/z 286.1 — 201.1 m/z and 286.1 — 165.1 for
morphine

m/z 462.1 — 286.1 and m/z 462.1 — 201.1 for M6G
and M3G

m/z 300.2 — m/z 225, m/z 300.2 — 214.8, m/z
300.2 — 199.0, m/z 300.2 — 164.8, and m/z 300.2
— 123.0 for codeine.

Anti-morphine 6D6 competitive
immunoenzymatic ELISA

Determination of the morphine 6D6 antibody specific-
ity was done on a 96-well plate (NUNC, Roskilde, Den-
mark) coated during a night at RT with 200 pl of a 100
ng/ml morphine-BSA solution (#80-IM50, Fitzgerald
Industries, North Acton, MA). After three washes with
0.1 M NaCl/Pi-0.05% Tween buffer (PT; 10 minutes),
wells were incubated for 1 hour with 200 pl of BSA
diluted in NaCl/Pi buffer (5%, w/v) in order to saturate
nonspecific sites. After saturation, wells were incubated

Endogenous alkaloids mapping in the mouse brain

for 30 minutes with 100 pl of NaCl/Pi-BSA (3%, w/v) con-
taining from 0.01 nM to 1 uM of the following potential
antigens: morphine (Sigma-Aldrich), MéG (Sigma-Aldrich),
M3G (Sigma-Aldrich), codeine (Sigma-Aldrich), norepi-
nephrine (Sigma-Aldrich), epinephrine (Sigma-Aldrich),
dopamine (Sigma-Aldrich), L-3,4-dihydroxyphenylalanine
(L-DOPA; Sigma-Aldrich), 3,4-dihydroxyphenylacetic acid
(DOPAC; Sigma-Aldrich), and norlaudanosoline (THP,
Sigma-Aldrich). Then 100 pl of the mouse monoclonal pri-
mary antibody (6D6, Aviva Systems Biology; dilution
1:2,000) in NaCl/Pi-BSA (3%, w/v) were added to each
well. After 3 hours of incubation at RT, the plate was
washed three times with PT buffer, and 200 pl of the sec-
ondary antibody (HRP-conjugated donkey anti-mouse
IgG, P.A.R.I.S.; dilution 1:400) was added and left in the
wells for 2 hours at RT. After two washes with PT buffer
followed by two washes with a pH 7.5 phosphate-citrate-
0.05% Tween buffer (CT; 10 minutes), revelation was per-
formed with 200 pl of a fresh solution of ortho-phenylene
diamine (OPD; Sigma Aldrich) at 1.5 mg/ml in CT buffer
containing 0.075% hydrogen peroxide. After 20 minutes
of incubation at RT, optical density was determined at
450 nm with a Multiskan EX plate reader (Thermo Life
Sciences, Cergy Pontoise, France). The dissociation con-
stants (K) of the antibody for an antigen were determined
by sigmoidal fitting (KyPlot 2.0, Tokyo, Japan).

Cross-binding of morphine and derivatives
to proteins after PFA treatment
In vivo experiments

To determine whether alkaloids can be fixed in brain
tissues, mice were perfused with 4% PFA for either 30
minutes (saline, morphine, codeine) or 1 hour (M3G/
M6G) after saline or alkaloid intracerebroventricular
(i.c.v.) injections. Brains were used for immunohisto-
chemistry experiments using the 6D6 antibody as
described above.

In vitro experiments

Two different in vitro experiments were performed: 1)
10 pg of morphine, codeine, M6G, or M3G were incu-
bated (12 hours at 4°C, under shaking) in the presence of
200 pg BSA (BSA V Fraction; Euromedex, Souffelweyer-
sheim, France) and 200 pl of 4% formaldehyde (EMS) in a
0.1 M NaCl/Pi buffer; and 2) 200 pg of whole protein
extract from brain mouse were incubated (12 hours at
4°C, under shaking) in the presence of 200 pl of 4% form-
aldehyde (EMS) in a 0.1 M NaCl/Pi Buffer.

In both experiments, PFA was omitted in control. Then
10 g of protein of the resulting reactions were assayed
on Western blot.
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Intracerebroventricular injections

Mice were anesthetized (i.p.) with a mixture of keta-
mine (100 mg/kg) and xylazine (10 mg/kg). Following
induction of anesthesia, each mouse was placed in a ste-
reotaxic frame. The injection site was 2.6 mm from the
surface of the cortex and 1 mm to the right of the refer-
ence bregma, using coordinates from a standard mouse
brain stereotaxic atlas (Paxinos and Franklin, 1997). Then
20 nmol (5 wl) of each drug (morphine, codeine, Mé6G,
and M3G; n = 3 animals per condition) were administered
over 5 minutes by using a 26-gauge needle fitted on a
5-ul Hamilton microsyringe (Hamilton, Bonaduz, Switzer-
land). After injection, the needle was kept in place for
5 minutes to allow for diffusion of the drugs.

Western blot

Proteins were separated on sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) gradient
gels (4-12% acrylamide; Criterion XT, XT-MOPS running
buffer; BioRad, Marnes-la-Coquette, France). Samples
(10 pg) were suspended in 20 pl of loading buffer (2%
SDS, 4 M urea, 5% glycerol, 5 mM EDTA, 1% B-mercapto-
ethanol, 60 mM Tris-HCI, pH 6.8) and boiled for 10
minutes prior to gel loading. After migration, proteins
were electrotransferred onto polyvinyldifluorene mem-
brane (GE Healthcare Bioscience) (Goumon et al., 2006).
After 30 minutes of saturation (PBS supplemented with
3% BSA and 0.05% Tween 20), the 6D6 antibody was
used at a dilution of 1:3,000 (in PBS supplemented with
3% BSA and 0.05% Tween 20). Immunoreactivity was
revealed by using an HRP-conjugated donkey anti-mouse
antiserum (P.A.R.1.S.; 1:50,000 in the same buffer) and a
Supersignal West Femto Kit (Pierce, Rockford, IL). Non-
specific binding of the secondary antibody was tested by
omitting the 6D6 antibody; it showed no nonspecific
labeling.

Commercial morphine-BSA (0.1 ug; #80-IM50, Fitzger-
ald Industries International) was used to determine
whether the anti-morphine 6D6 antibody (Aviva Systems
Biology) recognized morphine-protein complexes on a
Western blot.

Photomicrographs

Figures including photomicrographs were made with
Adobe Photoshop software without changing brightness,
contrast, and exposure. For all series of experiments
using microscopy, images were captured with the same
parameters and settings of brightness, contrast, and
exposition.

RESULTS

Characterization of morphine and morphine
glucuronides in the mouse brain by mass
spectrometry

In order to confirm the presence of morphine and mor-
phine-derived compounds in mouse brain extracts, LC-MS-
MS analysis was performed in SRM mode. The specific tran-
sition m/z 286.1 — 201.1 and m/z 286.1 — 165.1 was
used to qualify the presence of morphine, m/z 462.1 —
m/z 286.1 and m/z 201.1 for M6G and M3G, and m/z
300.2 — m/z 225, m/z 214.8, m/z 199.0, m/z 164.8,
and m/z 123.0 for codeine. After comparison with the MS
performed on morphine, M6G, M3G, and codeine standards
(Fig. 1A), analysis of the whole mouse brain extract allowed
for detection of morphine and codeine and, for the first
time, detection of endogenous M6G and M3G (Fig. 1B). En-
dogenous morphine, codeine, M6G, and M3G levels were
(per gram of wet brain; n =3) 1.01 = 0.31 pmol/g, 0.61 =
0.22 pmol/g, 0.25 = 0.15 pmol/g, and 0.21 *= 0.22
pmol/g, respectively.

In order to rule out a hypothetical intake of exogenous
alkaloids from mouse diet, the same extraction protocol
used to extract endogenous alkaloids from mouse brain
was performed on 2 g of mouse food pellet. MS analysis
performed on the food extract was unable to detect mor-
phine, codeine, M6G, or M3G (data not shown), indicating
that endogenous alkaloids do not result from exogenous
compounds present in the diet.

Antibody selectivity
The specificity of the mouse monoclonal 6D6 anti-mor-
phine antibody was investigated by several means.

6D6 anti-morphine antibody cross-reactivity
with morphine, morphine derivatives, and
monoamines

The cross-reactivity of the 6D6 antibody with morphine,
M6G, M3G, and endogenous morphine precursors (co-
deine, THP, dopamine, L-DOPA, and DOPAC) as well as epi-
nephrine and norepinephrine was tested by ELISA (Fig. 2).
The 6D6 antibody displayed an affinity for morphine (K =
20.93 nM), M6G (K = 8.1 nM), M3G (K = 7.56 nM), and co-
deine (K = 18.15 nM). No cross-reactivity was found for
the other monoamines tested (Fig. 2). These data confirm
that the 6D6 antibody can simultaneously detect morphine,
codeine, M6G, and M3G in brain structures without inter-
fering with the other components tested above.

The 6D6 anti-morphine antibody is able to
detect morphine-linked protein following PFA
treatment

The efficiency of the cross-linking of alkaloids to pro-
teins after PFA treatment is a matter of debate. PFA may
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Figure 1. LC-MS-MS analysis of morphine, M6G, M3G, and
codeine presence in mouse brain. A: Relative intensity of the
MS-MS ions observed for morphine, M6G, M3G, and codeine stand-
ards. B: Relative intensity of the MS-MS ions specific for morphine,
M6G, M3G, and codeine present in mouse brain extracts.

react with primary and secondary amines. For instance,
formaldehyde has been described to react with aliphatic
or aromatic amine (Walker, 1964; Kunkel et al., 1981)
and alkaloids, in general, are expected to form complexes
with formaldehyde (Hesse, 2002).

To determine whether morphine and its related com-
pound can be cross-linked to proteins (i.e., covalent mor-
phine-protein complexes) following PFA treatment, we
first examined whether the anti-morphine 6D6 was able
to detect commercial morphine-BSA complexes on a
Western blot. BSA (0.1 pg) and commercial morphine-
BSA (0.1 ng) were loaded onto an SDS-PAGE gel, and the
anti-morphine 6D6 was used to detect morphine-like im-
munoreactivity after gel blotting (Fig. 3A). Immunodetec-

Endogenous alkaloids mapping in the mouse brain

tion allowed us to detect a band around 66 kDa (n = 5;
BSA, 67 kDa) corresponding to morphine-BSA. Immunore-
active bands were also observed for higher molecular
weights and correspond to multimers of morphine-BSA
resulting from the action of the coupling agent on BSA.
This control indicated that morphine, covalently linked to
a protein, can be detected by Western blot with the anti-
morphine 6D6 antibody. Complementary experiments
omitting the anti-morphine 6D6 antibody confirmed that
the label was not due to cross-reactivity of the secondary
antibody with BSA or morphine-BSA (Fig. 3A).

We performed PFA fixation on commercial BSA to
determine whether exogenous alkaloids can be cross-
linked to this reference protein. Thus, codeine, M3G,
M6G, or morphine was incubated with BSA in the pres-
ence or absence of PFA. Samples corresponding to 10 pg
of BSA were loaded on an SDS-PAGE gel. After migration
and electroblotting, immunodetection was performed by
using the anti-morphine 6D6 antibody. A diffuse immuno-
labeling due to alkaloid cross-linking and BSA-polymer
cross-linking was observed for BSA treated with PFA in
the presence of codeine, M3G, MéG, or morphine (Fig.
3B). No immunoreactivity was observed for the controls
(BSA alone, BSA incubated in the presence of the alka-
loids without PFA, and BSA alone treated with PFA). This
experiment clearly demonstrates that PFA is able to
induce cross-linking of codeine, M3G, M6G, or morphine
to a protein. The experiment using BSA treated with PFA
ruled out possible cross-immunoreactivity of the second-
ary antibody that may be due to PFA treatment (Fig. 3A).

In addition, total mouse brain extracts (containing en-
dogenous alkaloids) treated or not treated with PFA in
vitro were assayed by Western blot. A diffuse immunore-
active label was observed for PFA-treated extracts
(around 80-90 kDa, n = 5), which is likely due to a cross-
link between many different proteins and endogenous
alkaloids. Control experiments showed no immunolabel
for non-fixed brain extracts and for the control experi-
ment using the secondary antibody alone (Fig. 3C). These
results show that endogenous morphine-like compounds
are fixed to proteins only after PFA treatment. An identi-
cal result was obtained with brain tissue from mice per-
fused with PFA (in vivo; data not shown).

Additional experiments were done after codeine, M3G,
M6G, or morphine intracerebroventricular injections
(i.c.v.; 20 nmol; n = 3) in mice. Mice were perfused with
PFA 30 minutes (morphine, codeine) or 1 hour (M3G/
M6G) after i.c.v. injections. These times are necessary to
obtain a high concentration of exogenous alkaloids in the
brain (Okura et al., 2003). The resulting brain slices
underwent immunohistochemistry experiments using the
anti-morphine 6D6 antibody. The tissues from each injec-
tion condition were processed simultaneously, using the
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same batches of reagents and the same development
times. As a result, and for example, 6D6 immunoreactivity
in cells, extracellular space, and processes was stronger
after alkaloid injections in the striatum in comparison

3,0

£
=4
B 2°7 —e— Morphine
2 -0 M6G
= R VEYe
& --&- Codeine
= --#- Dopamine
8 104 --0O-- Epinephrine
& --¢-- Norepinephrine
—o— THP
%1 -a- L-DOPA
v DOPAC
o0 S : : : ¥
° 0,01 0,1 1 10 100 1000

Antigen Concentration (nM)

Figure 2. Competitive immunoenzymatic determination (ELISA) of
6D6 morphine antibody specificity for morphine, M6G, M3G, codeine,
dopamine, L-DOPA, DOPAC, norepinephrine, epinephrine, and THP.
The antibody is blocked with specific antigens when the optical den-
sities decrease. The 6D6 morphine antibody is able to recognize mor-
phine, codeine, M3G, and M6G. DOPAC, dihydroxyphenylacetic acid;
L-DOPA, L-3,4-dihydroxyphenylalanine; M3G, morphine-3-glucuronide;
M6G, morphine-6-glucuronide; THP, tetrahydropapaveroline.

with saline-injected mice (data not shown). For alkaloid-
injected mice, MIR density gradients in cells, extracellular
space, and processes were dependent on the distance
from the injection site (LV, lateral ventricle; data not
shown). These results are consistent with those of previ-
ous studies showing that exogenous morphine can be
stored in cells containing endogenous morphine (Bianchi
etal, 1993).

Control experiments using MS analysis, performed
after i.c.v. administration of 20 nmol of exogenous mor-
phine, allowed us to determine that the morphine concen-
tration increased to 16 = 3.5 nmol per brain (n = 4).

These results indicate that morphine, M6G, M3G, and
codeine are properly fixed by PFA in mouse brain and that
the 6D6 antibody is able to detect them in situ.

Distribution of endogenous morphine-like
immunoreactivity in the adult mouse brain
Immunohistochemistry

Light microscopy was used to analyze morphine, mor-
phine glucuronides, and codeine immunoreactivity (MIR)
present in the adult mouse brain by using the 6Dé
antibody.

Analysis of the MIR present in the olfactory structures,
cortex, basal forebrain and ganglia, hippocampus, thala-
mus, hypothalamus, subthalamus, midbrain, cerebellum,
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Figure 3. Controls for cross-linking of alkaloids to proteins after paraformaldehyde (PFA) treatment using a Western blot approach. A: Val-
idation of the 6D6 antibody use for Western blot analysis (1:4,000). 6D6 antibody immunolabel observed for bovine serum albumin (BSA)
alone (control) and morphine-BSA (0.5 pg; 67 kDa; n = 5). The two last lanes correspond to the control (BSA and morphine-BSA) using
the secondary antibody alone. B: Cross-linking experiments of alkaloids to BSA with or without PFA treatments. Immunolabel is only
observed for alkaloids after PFA treatment. C: Immunolabel of morphine-like compounds linked to total mouse brain proteins (10 png)
before and after PFA treatment. A diffuse immunolabel at 80-90 kDa can only be observed after PFA treatment. The two last lanes corre-
spond to the control using the secondary antibody alone (unfixed and fixed brain proteins).
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pons, and medulla was performed on the adult mouse

brain and is summarized in Table 2.

Olfactory structures

In the olfactory system, MIR was observed in the pri-
mary and secondary olfactory structures. Strong immuno-
labeling was detected in the glomerular layer and the

Endogenous alkaloids mapping in the mouse brain

external plexiform layer of the olfactory bulb, both in cell
bodies and in cell processes (Fig. 4A). In the mitral cell
layer, mitral cells were not labeled, but strong labeling
was present in the granule cells of the y-aminobutyric
acid (GABA)ergic granular cell layer (Fig. 4B). In addition,
MIR was also found in cells and processes in the core of
the olfactory bulb and peduncle corresponding to the

TABLE 2.
Distribution of Morphine-Like Immunoreactivity in the Adult Mouse Central Nervous System'
Structure Cell bodies Processes Structure Cell bodies Processes
Olfactory bulb Subthalamus
Granular cell layer + + Zona incerta ++ ++
Mitral cell layer - ++ Subthalamic nucleus + ++
External plexiform layer — ++ Midbrain
Glomerular layer + +++ Substantia nigra compact part - ++
Olfactory system Substantia nigra reticular part + ++
Piriform cortex - ++ Ventral tegmental area - ++
Anterior olfactory nu. + + Red nucleus +++ ++
Endopiriform nucleus - ++ Interpeduncular nucleus - +
Tenia tecta + ++ Periaqueductal gray - +++
Olfactory tubercle ++ + Oculomoteur nucleus (l11) - +++
Basal forebrain Dorsal raphe nucleus - +++
Septohippocampal nucleus + ++ Median raphe nucleus — +++
Lateral septal nucleus - ++ Superior colliculus + ++
Medial septal nucleus + ++ Inferior colluculus +++ ++
Triangular septal nucleus ++ ++ Midbrain reticular nucleus - ++
Diagonal band of Broca ++ +-+ Nucleus of the optic tract + +
Bed nucleus of the stria terminalis - ++ Nucleus of Darkschewitsch ++ ++
Substantia innominata +++ ++ Interstitial nucleus of Cajal ++ ++
Basal ganglia Anterior tegmental nucleus + ++
Accumbens nucleus +++ ++ Ventral tegmental nucleus ++ ++
Caudate putamen +++ ++ Cerebellum
Fundus striati — + Cerebellar cortex
Globus pallidus + +++ Granular layer + +
Amygdala Purkinje layer ++ ++
Posterior amygdala nucleus + ++ Molecular layer — +++
Basolateral/lateral amygdala nucleus - + Deep cerebellar nucleus ++ ++
Medial amygdala nucleus - ++ Pons
Hippocampal formation Periolivary nucleus ++ +
Subiculum ++ ++ Nucleus of the trapezoid body + ++
Ammon’s horn + ++ Principal sensory trigeminal nu. - ++
Dentate gyrus Central gray of pons - +
Polymorph layer + +++ Nucleus of the lateral lemniscus ++ ++
Subgranular zone +++ ++ Parabrachial nucleus - +
Granular layer - + Pontine reticular nucleus . ++
Molecular layer + ++ Reticulotegmental nu. of pons - ++
Thalamus Pontine raphe nucleus - ++
Anteroventral thalamic nucleus - ++ Medulla
Paraventricular thalamic nucleus - +++ Prepositus nujcleus - ++
Medial habenular nucleus - ++ Vestibular nucleus ++ +++
Reticular thalamic nucleus — +++ Spinal trigeminal nucleus — ++
Ventromedial thalamic nucleus - ++ Gigantocellular reticular nucleus - +
Subparafascicular thalamic nucleus - ++ Area postrema - ++
Lateral geniculate nucleus + +++ Medullary reticular nucleus — ++
Hypothalamus Gracile nucleus - ++
Paraventricular hypothalamic nucleus - ++ Raphe magnus nucleus - ++
Lateral preoptic area — ++ External cuneate nucleus - ++
Magnocellular preoptic nucleus - + Dorsal cochlear nucleus ++ +

'The intensity of immunolabeling was qualitatively determined by using the caudate putamen (+--) and the granular layer of the hippocampal
formation (—) as references. Intensity of morphine-like immunoreactivity ranges from no signal (—) to high signal (+++) and refers to both labeling
intensity and the number of labeled elements. Only positive structures are shown.
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Figure 4. Distribution of MIR detected in the olfactory structures of the adult mouse brain. A: MIR observed in neurons and astrocytes of
the glomerular layer of the olfactory bulb. B: MIR is present in the granule cells of the granular cell layer of the olfactory bulb, but no label
is observed in the mitral cells (asterisk). C: MIR present in the soma and processes of astrocytes from the anterior commissure intrabul-
bar. D: MIR in neurons and astrocytes (darker cells) of the olfactory tubercle. aci, anterior commissure, intrabulbar part; AO, anterior olfac-
tory nucleus; EPI, external plexiform layer; Gl, glomerular layer; GrO, granular cell layer; Mi, Mitral cell layer; ON, olfactory nerve layer; Tu,
olfactory tubercle; VP, ventral pallidum. Scale bar = 50 pm in A-D.

anterior intrabulbar commissure (Fig. 4C). In the second-
ary olfactory structures, MIR was found both in neurons
and in astrocytes of the olfactory tubercle (Fig. 4D). The
labeling of the piriform cortex was the same as that of the
other parts of the cortex (see below).

Cortex

Morphine-like immunoreactivity was found to be mod-
erate throughout the cerebral cortex. Immunoreactivity
was distributed across the entire thickness of the cortex
(Fig. 5A). No strict correlation was detected between the
distribution of MIR and functional cortical regions.
Whereas MIR was relatively uniform and similar in both
motor and sensory areas, stronger MIR was present in
the cingulate area of the cortex. Higher magnification

suggested the MIR was localized in different subsets of
cells including neurons (Fig. 5B, black arrow), astrocytes
(Fig. 5B, white arrow), and astrocytic feet (Fig. 5C, arrow).
In the molecular layer of the cortex, dense labeling was
found in processes. Electron microscopy allows us to
identify astrocytic processes (Fig. 5D, white arrow) and
postsynaptic neuronal endings, recognizable by the typi-
cal postsynaptic density (Fig. 5D,E, black arrow).

Basal forebrain, basal ganglia, and amygdala

In the basal forebrain, MIR was observed in neuronal
cells of the septal structures, the septohippocampal
nucleus, the medial septal nucleus, and the triangular
nucleus of the septum (Fig. 6A). Similar immunolabel-
ing was observed in neurons of the substantia
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Figure 5. Distribution of MIR present in the cortex of the adult mouse brain. A: MIR observed in neurons and astrocytes from the left cor-
tex (coronal slice). B: MIR in neurons (black arrow) and astrocytes (white arrow) of the cortex. The white round shapes correspond to unla-
beled neurons. C: MIR present in an astrocytic foot around a blood vessel in the cortex (arrow). D,E: Electron microscopy of the molecular
layer of the cortex showing labeled dendrites including some postsynaptic endings recognizable by their postsynaptic density (black arrows
in D,E) and astrocytic process (white arrow, in D), which have a darker staining. Scale bar = 200 um in A; 20 pm in B,C; 500 nm in D,E.

innominata (Fig. 6B) and in the diagonal band of Broca In the basal ganglia, MIR was observed in numerous
(Fig. 6C). cells and processes. In the striatum, intense MIR was
found in small cells uniformly distributed among the
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Figure 6. Distribution of MIR in the basal forebrain and basal ganglia of the adult mouse brain. A: MIR present in neurons and astrocytes
in the triangular septal nucleus. B: MIR neurons of the substantia innominata. C: MIR in neurons of the nucleus of the vertical limb of the
diagonal band of Broca. D: Dense MIR observed in neurons of the caudate putamen but also in astrocytes. The frame on the upper right
corner displays a higher magnification of two neurons. E: MIR present in neurons and astrocytes of the globus pallidus. F: MIR in the neu-
rons of the nucleus accumbens. The frame on the upper right corner displays a higher magnification of two neurons. Acb, accumbens nu-
cleus; CPu, caudate putamen; fi, fimbria of the hippocampus; GP, globus pallidus; Sl, substantia innominata; TS, triangular septal nucleus;
VDB, nucleus of the vertical limb of the diagonal band of Broca; vhc, ventral hippocampal commissure; VP, ventral pallidum. Scale bar =
50 pm in A-D,F; 100 pm in E.
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dorsal and ventral parts of this structure (Fig. 6D). In the
globus pallidus, labeling was observed in some isolated
cells as well as in processes and terminals (Fig. 6E).
Throughout the nucleus accumbens, MIR distribution and
intensity were similar to those observed in the striatum
(Fig. 6F).

MIR in the amygdala was weak. Only the posterior
amygdala nucleus contained some isolated MIR neurons.
The basolateral, lateral, and medial amygdalar nuclei con-
tained MIR only in some processes and terminals (data
not shown).

Hippocampal formation

MIR was distributed in all hippocampal structures. In
the lateral and central blade of the dentate gyrus, MIR
was found not only in cells of the subgranular zone (SGZ),
but also in some isolated cells present in the granular
layer and in the polymorphic layer. No granule cells
appeared to be labeled (Fig. 7A,B). In the SGZ, labeling
was present in two morphologically different types of
cells (Fig. 7B). Electron microscopy enabled detection of
MIR in the basket cells of the SGZ (Fig. 7D) and in radial
astrocytes (Fig. 7E) (von Bohlen Und Halbach, 2007). MIR
was also observed in horizontal astrocytes of the SGZ. In
Ammon’s horn, MIR was homogeneously distributed. La-
beled cells, processes, and astrocytic feet around blood
vessels were observed in these layers (Fig. 7C).

Thalamus

In the thalamus, only the lateral geniculate nucleus (dor-
sal and ventral part) showed MIR in some cells displaying a
neuronal morphology (Fig. 8A). MIR was also observed in
processes and astrocyte-like cells distributed throughout
the entire thalamus. In some structures (see Table 2), the
density of processes appeared to be more prominent (i.e.,
anteroventral thalamic nucleus, reticular thalamic nucleus,
and paraventricular thalamic nucleus; Fig. 8B-D).

Hypothalamus and subthalamus

Most of the hypothalamic structures displayed low lev-
els of MIR. However, in the subthalamus, labeling of neu-
ronal cells was observed in the zona incerta (Fig. 8E) and
in the subthalamic nucleus (Fig. 8E,F). Only low levels of
MIR were observed in other nuclei.

Midbrain

Low to high levels of MIR were present in midbrain areas.
MIR was not observed in the neurons of the main dopami-
nergic nuclei of the midbrain; it was only observed in proc-
esses (in the substantia nigra pars compacta and ventral
tegmental area). Only a few isolated neurons were labeled
in the reticular part of the substantia nigra (Fig. 9A). In con-
trast, in the tectal areas, many strongly immunopositive

Endogenous alkaloids mapping in the mouse brain

neurons were present in the inferior colliculus (Fig. 9B),
whereas only some isolated neurons were stained in the
superior colliculus. In the tegmental areas, the ventral teg-
mental nucleus (Fig. 9C) and the anterior tegmental nucleus
contained MIR-positive neurons. MIR was also present in
neurons of the nucleus of Darkschewitsch (Fig. 9D), the red
nucleus, and the interstitial nucleus of Cajal. In other mid-
brain structures, MIR was found in endings and processes
(see Table 2). For example, dense processes were observed
in the whole periaqueductal gray (PAG; Fig. 9E).

Cerebellum

As previously published (Muller et al., 2008), the MIR
was distributed in all structures of the cerebellar cortex.
The labeling intensity was the same in all these areas.

Within the cerebellar cortical structure, MIR present in
the Purkinje layer was found in small cells and in processes
around the Purkinje cells. Purkinje cells (soma and den-
drites) were unlabeled (Fig. 10A). In the granular layer,
granule cells displayed weak labeling; nevertheless, some
isolated cells displaying a high MIR were found (Fig. 10A,
arrow). In the molecular layer, both neuronal and astrocytic
processes were labeled. As previously described (Muller
et al.,, 2008), labeling around the Purkinje cell bodies corre-
sponded to the presynaptic terminals of GABAergic basket
cells (Fig. 10C, box). Interestingly, we also observed label-
ing of astrocytic processes all around the Purkinje dendritic
tree (Fig. 10D, arrow and box).

In the deep part of the cerebellum, the deep cerebellar
nuclei contained MIR in neuronal cells (Fig. 10B)

Pons and medulla

The pons areas displayed low MIR, with only some
nuclei being labeled. MIR present in neuronal cells was
observed in the periolivary nucleus and in the nucleus of
the trapezoid body (Fig. 11A). Strong labeling was also
observed in neurons of the lateral lemniscus complex
(dorsal and ventral nuclei; Fig. 11B).

In the medulla, strong MIR was observed in neurons of
the dorsal cochlear nucleus (Fig. 11C). In the vestibular
nuclei, labeling was present in some cells and was
intense in cell processes (Fig. 11D). The raphe magnus
nuclei displayed dense processes (Fig. 11E).

Characterization of morphine-
immunoreactive cells

In order to characterize the cells containing morphine-
like compounds in the mouse brain, we used a confocal
microscopy approach with different cell markers.

Olfactory structures
In the olfactory structures, cell bodies displaying MIR did
not co-localize with the immunoreactivity for two isoforms
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Figure 7. Distribution of MIR in the hippocampal formation of the adult mouse brain. A: MIR in the dentate gyrus; in particular, label is
observed in the subgranular zone, whereas no label was detected in the granular layer. B: MIR observed at higher magnification in the dentate
gyrus. Neurons and astrocytes are labeled in the subgranular zone. C: MIR present in the CA3 field of Ammon’s horn. D,E: Electron microscopy
of the subgranular zone showing a MIR-positive basket cell (D) and a radial astrocyte (E) recognizable by the process going through the granu-
lar layer. Ar, radial astrocyte; BC, basket cell; CA3, Ammon’s horn 3; PoDG, polymorphic layer of the dentate gyrus; GC, granule cell; GrDG,
granular layer; MolDG, molecular layer; SGZ, subgranular zone. Scale bar = 100 um in A,C; 20 um in B; 2 um in D,E.

of the glutamic acid decarboxylase enzyme (GAD65/67) in phine glucuronides. However, in the granule cell layer, co-
the glomerular layer, suggesting that GABAergic periglomer- labeling with an anti-GAD65/67 antibody indicated that
ular cells do not contain endogenous morphine and/or mor- MIR was present in granule cells (Fig. 12A, arrow).
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Figure 8. Distribution of MIR in the thalamus, the hypothalamus, and the subthalamus of the adult mouse brain. A: MIR in neurons (round
cells) and astrocytes (stellate cells) in the lateral geniculate nucleus. B: MIR present in astrocytes of the anteroventral thalamic nucleus.
C: MIR in astrocytes of the reticular thalamic nucleus. D: MIR present in astrocytes and in processes around the soma of the paraventricu-
lar thalamic nucleus neurons. E,F: MIR in neurons (round cells) and astrocytes (stellate cells) in the subthalamic nucleus (E,F) and the
zona incerta (E). AD, anterodorsal thalamic nucleus; AV, anteroventral thalamic nucleus; cp, cerebral peduncle; ic, internal capsule; LG, lat-
eral geniculate nucleus; PV, paraventricular thalamic nucleus; Rt, reticular thalamic nucleus; STh, subthalamic nucleus; VPL, ventral pos-
terolateral thalamic nucleus; ZI, zona incerta. Scale bar = 100 um in B,C,E; 50 um in A,F; 20 um in D.
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Figure 9. Distribution of MIR in the midbrain of the adult mouse brain. A: MIR in the substantia nigra is present only in neurons of the
substantia nigra. B: MIR in neurons of the inferior colliculus. C: MIR observed in neurons of the ventral tegmental nucleus. D: MIR in neu-
rons of the nucleus of Darkschewitsch. E: MIR present in astrocytes and process in the anterior part of the periaqueductal gray. Aqg, aque-
duct; Dk, nucleus of Dakschewitsch; IC, inferior colliculus; mlf, medial longitudinal fasciculus; PAG, periaqueductal gray; SNC, substantia
nigra, compact part; SNR, substantia nigra, reticular part; ts, tectospinal tract; VTg, ventral tegmental nucleus. Scale bar = 100 pm in B;
50 pm in A,C-E.
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Figure 10. Distribution of MIR in the cerebellum of the adult mouse brain. A: MIR in the cerebellar cortex is present in basket cells of the
Purkinje layer, in granule cells, and in astrocytes. The arrow indicates a MIR isolated cell in the granular layer. B: MIR observed in neurons
of the lateral cerebellar nucleus. C: Electron microscopy of a labeled presynaptic ending on a Purkinje cell; the panel in the lower right is
a higher magnification of the labeled presynaptic element. D: Electron microscopy of labeled astrocytic processes (arrows) around a Pur-
kinje cell dendrite; the panel in the lower right is a higher magnification of the labeled astrocytic processes. GL, granule cell layer; Lat, lat-
eral cerebellar nucleus; ML, molecular layer; PC, Purkinje cell; PL, Purkinje cell layer. Scale bar = 50 pum in A,B; 500 nm in C; 2 um in D.

Double-label immunofluorescence with GFAP antibody
revealed that MIR was also present within GFAP-labeled
cells, indicating that morphine-like compounds are pres-
ent in glial cells of the intrabulbar anterior commissure
(Fig. 12B).

Cortex

In cortical structures, both neuronal and astrocyte-like
cells were labeled. Immunolocalization of MIR within
GAD65/67-positive cells showed that some GABAergic
interneurons of the cortex contain MIR (Fig. 12C, arrow).
Interestingly, not all GABAergic cells were labeled, sug-

gesting that only a specific subpopulation of interneurons
contains morphine-like compounds (Fig. 12C). Co-label-
ing with GFAP showed the presence of MIR in numerous
astrocytes in the cortex. Interestingly, MIR was also
observed in astrocytic foot processes around blood ves-
sels (Fig. 12D, arrow).

Basal ganglia

In the striatum, confocal microscopy experiments
showed that small, round neuronal cells were immuno-
reactive for both GAD65/67 and morphine-like com-
pounds (Fig. 12E, arrow), suggesting that medium
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Figure 11. Distribution of MIR in the pons and medulla of the adult mouse brain. A: MIR in neurons of the periolivary nucleus and the nu-
cleus of the trapezoid body. B: MIR observed in the lateral lemniscus. C: MIR present in neurons of the dorsal cochlear nucleus. D: MIR
present in neurons and processes of the vestibular nucleus. E: MIR observed in the raphe magnus nuclei is present in astrocytes and
processes. 4V, 4th ventricle; DC, dorsal cochlear nucleus; LL, lateral lemniscus; PO, periolivary nucleus; Tz, nucleus of the trapezoid body;
Ve, vestibular nucleus. Scale bar = 100 um in A; 50 pum in B-E.

spiny GABAergic interneurons contain morphine and/ suggesting that MIR-labeled processes do not corre-
or morphine-derived molecules. Interestingly, in the spond to dopaminergic innervation (Fig. 12F). As in
striatum, co-localization of MIR and TH was absent, the striatum, we found MIR co-localized with GAD65/
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67 immunoreactivity in small, round cells of the nu-
cleus accumbens, suggesting that GABAergic interneur-
ons of this nucleus contain morphine and/or morphine
derivatives (Fig. 12G, arrow).

Hippocampal formation

Immunofluorescence experiments revealed the pres-
ence of two different MIR-positive cell types in the SGZ.
First, the co-labeling of cells for MIR and GAD65/67 sug-
gests the presence of endogenous morphine-like com-
pounds in GABAergic cells of the SGZ (Fig. 12H, arrow).
Second, co-localization of MIR with GFAP indicated that
both radial and horizontal astrocytes of the SGZ were la-
beled (Fig. 121); interestingly, the same pattern of labeling
was observed in the subventricular zone (data not
shown). The MIR astrocytes present in the SGZ displayed
a radial phenotype (Fig. 12l, arrow) and may correspond
to radial glia-like progenitors (von Bohlen Und Halbach,
2007).

In addition to the SGZ, MIR-positive cells observed in
the pyramidal cell layer expressed the GAD65/67
enzyme (Fig. 12J, arrow), indicating that some GABAergic
interneurons show MIR in Ammon’s horn.

Midbrain
In the substantia nigra pars compacta, MIR was not
found in TH-positive neurons (Fig. 12K).

Cerebellum

In the Purkinje layer, morphine-like immunoreactivity
co-localized with GAD65/67 immunoreactivity, confirm-
ing the presence of MIR in basket cells of the Purkinje
layer (Fig. 12L, arrow), as previously described (Muller
etal., 2008).

DISCUSSION

The goal of the present study was to determine the
localization of endogenous morphine and its derivatives
(i.e., morphine, M6G, M3G, and codeine) in mouse brain
structures and in specific cell types. These results are
similar to those of previously published studies of the
localization of endogenous alkaloids in the mouse brain.
(Gintzler et al., 1978; Bianchi et al., 1993, 1994; Stefano
et al., 2000; Muller et al., 2008). By using classical confo-
cal and electron microscopy, we were able to character-
ize different structures and cells containing endogenous
morphine-like compounds. This article shows the pres-
ence of endogenous morphine and/or M6G and/or M3G
and/or codeine in both neurons and astrocytes of the
mouse brain. Endogenous morphine-like immunoreactiv-
ity is usually observed in GABAergic neurons but is absent
in dopaminergic neurons. MIR is also found in astrocytes
and astrocytic processes throughout the entire brain. The
mapping of morphine-like immunoreactivity, presented in
this study, is a key step to designing future experiments
aimed at better understanding of the role of morphine
and/or morphine derivatives in specific brain functions.

Characterization of morphine, codeine, and
morphine glucuronides in the mouse central
nervous system

In 1976 Gintzler et al. (1976, 1978) described for the
first time the presence of a non-peptide morphine-like com-
pound in the CNS. Since this discovery, many publications
have characterized the presence of endogenous morphine
and codeine in mammals (Goldstein et al., 1985; Spector
et al., 1985; Cardinale et al., 1987; Donnerer et al., 1987,
Bianchi et al., 1993; Molina et al., 1995; Muller et al.,
2008). In the present paper a mass spectrometry approach

Figure 12. Characterization of MIR-positive cells of the adult mouse brain by confocal microscopy. A: Co-labeling of MIR (red) with
GAD65/67 (green) in the periglomerular layer of the olfactory bulb showing the presence of MIR in granule cells. Arrow points to a
GABAergic neuron that also expresses MIR. B: Co-labeling of MIR (red) with GFAP (green) in astrocytic processes of the anterior commis-
sure intrabulbar. C: Co-labeling of MIR (red) with GAD65/67 (green) in the cortex showing in red a MIR-positive astrocyte and in yellow
(arrow) a GABAergic interneuron that also expresses MIR. D: Co-labeling of MIR (red) with GFAP (green) in the cortex proving the presence
of MIR in astrocytes and astrocytic feet around blood vessels (arrow). E: Co-labeling of MIR (red) with GAD65/67 (green) in the caudate
putamen. GABAergic cells of the caudate putamen express MIR (arrow). F: Co-labeling of MIR (red) with tyrosine hydroxylase (green) in
the caudate putamen. No MIR is observed in dopaminergic endings. G: Co-labeling of MIR (red) with GAD65/67 (green) in the nucleus
accumbens. The arrow points to a GABAergic cell of the nucleus accumbens that also expresses MIR (arrow). H: Co-labeling of MIR (red)
with GAD65/67 (green) in the subgranular zone of the dentate gyrus proving the presence of MIR in the GABAergic basket cells (arrow). I:
Co-labeling of MIR (red) with GFAP (green) in the subgranular zone of the dentate gyrus showing MIR in radial astrocytes (arrow). J: Co-
labeling of MIR (red) with GAD65/67 (green) in the CA3 field GABAergic cells of Ammon’s horn. The arrow points to a GABAergic cell that
also expresses MIR in the Ammon’s horn. K: Co-labeling of MIR (red) with tyrosine hydroxylase (green) in the substantia nigra pars com-
pacta. No MIR is observed in dopaminergic neurons. L: Co-labeling of MIR (red) with GAD65/67 (green) in the cerebellar cortex. The
GABAergic basket cells of the Purkinje layer also express MIR (arrow). GAD, glutamic acid decarboxylase; GFAP, glial fibrillary acidic pro-
tein; GrDG, granular layer; GrO, granular cell layer; Mi, mitral cell layer; PoDG, polymorphic layer of the dentate gyrus; SGZ, subgranular
zone. Magenta-green images are available as Supplementary Figure 1. Scale bar = 20 pm in B-D,F-L; 10 um in AE.
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allowed us to characterize the presence of endogenous
morphine and codeine in mouse brain. In addition, we show
here, for the first time, the presence of M3G and MéG in
the mouse brain, suggesting that brain UGT enzymes are
able to produce these two glucuronides.

MIR and the dopaminergic system

To our surprise, morphine-like compounds were not
found in neurons of dopaminergic areas. Endogenous
morphine is thought to derive from dopamine biosynthe-
sis, and its synthesis pathway was characterized in
SH-SY5Y, a tumor-derived catecholaminergic cell line
(Poeaknapo et al., 2004; Boettcher et al., 2005; Goumon
et al., 2009). Moreover, a recent publication showed an
absence of endogenous morphine in mice lacking tyro-
sine hydroxylase, suggesting that dopamine is necessary
for endogenous morphine biosynthesis in vivo (Neri et al.,
2008). However, several reports suggest that morphine-
like compounds can also be synthesized by non-dopami-
nergic or non-catecholaminergic cells such as pancreatic
cells, hepatocytes, and placenta-derived cells (Weitz
et al., 1987; Molina et al., 1995; Poeaknapo et al., 2004).

Endogenous morphine-like immunoreactivity was found
in non-dopaminergic neurons in the brain. Endogenous
morphine-like compounds may derive from an uptake of
precursors by the non-dopaminergic neurons. Interestingly,
it has been hypothesized that THP, a dopamine metabolite
found in extracellular brain spaces, may be used to synthe-
size morphine-like compounds (Boettcher et al., 2005). To
strengthen this idea, a recent report from Zenk’s labora-
tory showed that THP injection in mice leads to morphine
production and excretion (Grobe et al., 2010).

Together, these results indicate that, in mouse brain,
the biosynthesis of morphine is not completed in dopami-
nergic neurons and thus strongly suggest that morphine-
like compounds present in non-dopaminergic brain cells
in vivo may be synthesized after uptake of precursors
(e.g., dopamine, THP, or others). Furthermore, this
implies cooperation between different cell types to
ensure complete endogenous codeine/morphine/glucur-
onides biosynthesis.

MIR in neurons

MIR was observed in different neuronal cell bodies,
with different neurochemical patterns and different ana-
tomical distributions. MIR was not observed in dopami-
nergic neurons and processes but was mainly present in
GABAergic cells (e.g., in the hippocampus, cortex, and
striatum) and also to a lesser extent in glutamatergic neu-
rons (e.g., in deep cerebellar nuclei). There are two possi-
ble explanations for the presence of endogenous mor-
phine or related compounds in neurons. One possibility is
that endogenous morphine or/and morphine glucuro-

Endogenous alkaloids mapping in the mouse brain

nides or/and codeine could be taken up from the extrac-
ellular space by active or passive transport. The second is
that neurons could take up a morphine precursor (e.g.,
dopamine, THP, or others) and then produce codeine
and/or morphine and/or its derivative. In our study, MIR
corresponded to the possible presence of morphine,
M6G, M3G, or codeine; it was impossible to determine
which of these alkaloids was present in the immunoreac-
tive neurons. However, the presence of UGT1A6 in neu-
rons of the rat brain (Brands et al., 2000) and in neuronal
primary cultures (Suleman et al., 1998) suggests that af-
ter morphine synthesis or uptake, some neurons are able
to synthesize morphine glucuronides.

Our recent studies have focused on the roles of endog-
enous morphine in the CNS (Muller et al., 2008) and have
suggested that endogenous morphine may be co-
secreted with other neurotransmitters in the CNS and
may be implicated in neurotransmission. Indeed, endoge-
nous alkaloids are localized in large dense-core vesicles
in a cell line model (SH-SY5Y) and are secreted by a
Ca**-dependent pathway (Muller et al., 2008). The pres-
ence of MIR in the presynaptic terminals of basket cells
innervating the Purkinje cells supports this hypothesis.
However, although immunoreactivity is present in den-
drites and postsynaptic terminals, we were unable to find
presynaptic labeling in the rest of the brain. Further inves-
tigation will allow us to resolve the mechanism of action
of endogenous alkaloids.

MIR in astrocytes

Our results show the presence of endogenous mor-
phine-like compounds in a large number of astrocytes in
all structures of the CNS. Astrocytes do not express ty-
rosine hydroxylase (Jaeger, 1985) and thus are unable
to synthesize dopamine and by extrapolation endoge-
nous morphine and derivatives de novo. To explain MIR
observed in astrocytes, we propose two hypotheses: 1)
as postulated above in the case of neurons, astrocytes
may achieve morphine biosynthesis after precursor
uptake; and 2) astrocytes are well known to be involved
in reuptake of neurotransmitters from the extracellular
space (lversen, 2006), and it can hypothesized that pos-
sible uptake of morphine via a transporter exists.
Indeed, astrocytes express multidrug-resistant protein
(MRP)-1, -3, -4, and -5 as well as glucose transporter
(GLUT), which correspond to transporters that are
potentially involved in morphine/M6G/M3G/codeine
uptake/efflux (Hirrlinger et al., 2002, 2005; Bourasset
et al., 2003; Somogyi et al., 2007). In addition, the pres-
ence of UGT1A6 in rat astrocytes in primary culture
(Suleman et al., 1998; Heurtaux et al., 2006) suggests
that after morphine uptake, astrocytes may catabolize
morphine into morphine-glucuronides. Moreover, the
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presence of morphine and/or codeine and/or morphine
glucuronides in astrocytic foot processes around blood
vessels suggests the possibility of uptake from the
blood or release into the blood (Brix-Christensen et al.,
1997, 2000; Glattard et al., 2010). Finally, our results
indicate that astrocytes may be responsible for mor-
phine catabolism in the CNS, mechanisms that now
require our attention because of the extensive use of
morphine in clinics and as drug of abuse.

MIR and p receptors

In the early 1970s, opioid receptors were discovered in
the CNS (Pert et al., 1973). Morphine and its derivative,
M6G, preferentially bind the MOR and &-opioid (DOR)
receptors (Matthes et al., 1996; Trescot et al., 2008).
MORs are found in both the central and peripheral nervous
system. In the brain, the highest densities of MORs are
found in the thalamus, the putamen, the substantia nigra,
the cortex, the ventral tegmental zone, the nucleus accum-
bens, and the amygdala (Mansour et al., 1995; Ding et al.,
1996). Several endogenous peptides are able to bind the
MOR, including B-endorphin (Li and Chung, 1976; Reisine,
1995), proenkephalin- (enkephalins), and prodynorphin-
derived (dynorphin-B) peptides (Raynor et al., 1994; Toll
et al., 1998). In addition, two other endogenous peptide
ligands for MOR, endomorphin-1 and endomorphin-2, have
been identified in bovine and human cortex (Zadina et al.,
1997; Mizoguchi et al., 2002). Because multiple MOR-bind-
ing peptides exist in addition to morphine-like compounds
(e.g., in the striatum) (Pierce and Wessendorf, 2000; Furuta
et al,, 2002), it is difficult to speculate on the individual
effects of endogenous alkaloids. Our results have shown
the presence of morphine-like compounds in these areas
and strongly suggest that endogenous morphine or its
derivatives could act as a novel high-affinity endogenous
MOR agonists.

Endogenous morphine-like compounds and
physiological processes in the central
nervous system

Numerous studies have described the effects of exoge-
nous morphine in the CNS, but without any estimation of
effective concentrations inside the synaptic cleft or the
extracellular space, it is difficult to speculate on the func-
tions of endogenous morphine by extrapolation from
those results. It is also likely that the level of endogenous
morphine being produced and secreted can vary with
physiological conditions, notably stressful conditions
such as fasting (Lee and Spector, 1991; Molina et al.,
1995; Goumon et al., 2000; Glattard et al., 2010). Never-
theless, based on the effects of exogenous morphine,
coupled with the localization of MOR and the precise dis-

tribution of endogenous morphine and/or glucuronides
and/or codeine described in this study, several cellular
and physiological roles of endogenous morphine-like
compounds can be hypothesized.

Motor control

In the brain, endogenous morphine-like compounds
are found in neurons and cell processes involved in
motor control, including the red nucleus, the cerebel-
lum, the vestibular nuclei, and the basal ganglia. In the
cerebellum, micro-iontophoretic or pneumatic applica-
tion of morphine to cat Purkinje cells induces either
excitatory or inhibitory responses (i.e., either increases
or decreases of the firing rates, respectively; Taguchi
and Suzuki, 1989; Taguchi et al., 2000). Naloxone
reverses excitatory morphine-induced effects, whereas
inhibitory effects can be reversed only by the GABA
receptor antagonist bicuculline (Taguchi and Suzuki,
1989; Taguchi et al., 2000). In the vestibular nuclei, the
spontaneous activity of medial vestibular neurons scat-
tered throughout the nucleus was increased or
decreased by ionophoretic application of morphine; this
effect was blocked by naloxone (Lin and Carpenter,
1994). These previously published data indicate that
exogenous morphine could modulate neuronal activity in
brain areas involved in motor control. The presence of
endogenous morphine or its derivatives in these specific
areas suggests that they may be involved in control of
the coordination of movements and postures.

Nociception

Morphine is one of the most common analgesic drugs
used in hospitals; thus the question of the possible roles
of endogenous morphine in nociception is unavoidable.
Different experiments have suggested that endogenous
morphine may be implicated in nociceptive processes.
Experiments carried out by Guarna et al. have shown that
the injection of antibodies directed against morphine into
murine cerebrospinal fluid (a procedure that lowers the
level of endogenous morphine in the brain) induced
hypersensitivity to heat-associated pain (Guarna et al.,
2002; Kieffer and Gaveriaux-Ruff, 2002). In the present
study, we have shown the presence of endogenous mor-
phine and/or morphine glucuronides and/or codeine in
brain regions thought to be involved in the processing of
nociceptive informations (e.g., the PAG and the raphe
magnus nuclei). These findings suggest a potential role
for endogenous morphine and/or its derivatives in the
control of nociception.

Memory
Exogenous morphine has several effects on hippocam-
pal function. Morphine is able to modulate
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neurotransmission in the hippocampus through inhibition
of its GABAergic interneurons by acting on the MORs
present on these neurons, leading to an increase in the
discharge amplitude of pyramidal neurons in the CA1
zone (Miller and Lupica, 1997), and morphine also modi-
fies the efficiency of glutamatergic synapses by acting on
the expression of proteins of the postsynaptic density
(i.e., receptors; Moron et al., 2007). Interestingly, endoge-
nous morphine immunoneutralization inhibits learning
during periods of stress (e.g., during starvation) (Guarna
et al., 2004). In light of all these observations and
because this study revealed the presence of MIR in
GABAergic interneurons of the dentate gyrus and
Ammon’s horn, endogenous morphine and/or its deriva-
tives might be involved in the learning processes.

Neurogenesis

In the brain of adult mammals, the sub-granular zone
(SGZ) of the hippocampal dentate gyrus undergoes
ongoing neurogenesis (Altman and Das, 1965; Kaplan
and Bell, 1984; Cameron et al.,, 1993; Luskin, 1993).
Many studies have been published regarding the effects
of morphine on the proliferation of neurons in the SGZ
(reviewed in: Sargeant et al., 2007). For example, long-
term exposure to morphine (rats and mice; 10 mg/kg
administered intraperitoneally) decreased neurogenesis
by a factor of 30% in the SGZ (Eisch et al., 2000; Man-
dyam et al., 2004); however, other experiments have
shown that morphine stimulated proliferation (Persson
et al., 2003a,b). Moreover, in MOR knockout mice, the
survival of newly formed neurons in the granular zone of
the dentate gyrus increased by over 50% (Harburg et al.,
2007). The presence of endogenous morphine-like com-
pounds in the SGZ may regulate neurogenesis and the
survival of neurons.

Alertness

Startle, or making a quick involuntary movement as in
alarm, surprise, or fright, can be regarded as a protec-
tive response in mammals. The acoustic startle reflex
was prevented by administration of the opioid antago-
nist naloxone to rats, showing that the opioid system is
implicated in acoustic startle gating (Swerdlow et al.,
1991). The startle circuit is located in the lower
brainstem (Koch et al., 1992), particularly in the caudal
pontine reticular nucleus, an area enriched in “morphi-
nergic” terminals. The presence of endogenous mor-
phine-like compounds in the olfactory bulb suggests a
role in the response to natural stressors for the endoge-
nous alkaloid.

Endogenous alkaloids mapping in the mouse brain

CONCLUSIONS

Although no definitive role has yet been attributed to
endogenous morphine and its derived compounds found
in nervous system tissue, their presence in specific neu-
rons and astrocytes in different areas of the rodent brain
cannot be considered simply fortuitous. Endogenous mor-
phine has been shown to be implicated in the regulation
of pain as well as in weakening the memory of a nocicep-
tive experience, playing a role similar to its exogenous
counterpart. However, the presence of endogenous mor-
phine-like compounds in brain regions that are not usually
involved in pain modulation opens exciting perspectives
for extending the role and function of this endogenous
opiate far beyond analgesic functions.
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