
INTRODUCTION
Opiates elicit their pharmacological ac-

tions by activating the endogenous opi-
oid receptors oprm1 (μ), oprd1 (δ) and
oprk1 (κ). The endogenous ligands of
these receptors are of peptidic nature and
are derived from three different precur-
sors (Table 1), namely proenkephalin
(PENK) (1,2), proopiomelanocortin
(POMC) (3) and prodynorphin (PDYN).
When the larger propeptides are cleaved,
they give rise to the active ligands, 
which are either the pentapeptides, 
Met-enkephalin (Met-ENK: YGGFM) and

Leu-enkephalin (Leu-ENK: YGGFL), or
longer peptides that contain an N-terminal
Met-ENK, such as β-endorphin (β-END),
or an N-terminal Leu-ENK sequence, as
for example dynorphin A (DYN A) (for a
complete review of the endogenous opi-
oid system, please refer to the study by
Corbett et al. [4]). The endogenous opioid
ligands do not show high selectivity to-
ward one of the three receptor types, al-
though Met-ENK–derived peptides and
β-END display higher affinities toward 
μ and δ receptors and dynorphin-derived
peptides toward κ receptor (5).

The opiate morphine still remains the
drug of choice to treat moderate to se-
vere pain, despite its adverse side effects,
such as tolerance and dependence. Mor-
phine elicits its analgesic actions mainly
by acting on the μ opioid receptor (6,7),
although the δ receptor can play a role in
the instatement of morphine tolerance
(8). However, the effects of opiates are
not restricted to eliciting analgesia or to
causing addiction, since they can have
broader effects during development. It
was previously shown that opioid antag-
onists such as naltrexone impair central
nervous system (CNS) development,
since they affect dendritic spine forma-
tion, possibly by disrupting trophic sig-
nals (9). Met-ENK treatment can inhibit
cell proliferation of the cerebellar exter-
nal germinal cells, and this effect can be
blocked by the opioid antagonist nalox-
one (10). In addition, in utero opioid ex-
posure can cause neonatal abstinence
syndrome (11) in the newborn and in the
infant (12), which indicates that opiates
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may be responsible for long-term CNS
dysfunction during development.

There is also evidence that opiates may
affect cell proliferation and differentia-
tion into neural or glial cell types in the
CNS. For example, the presence of func-
tional μ and κ receptors in mouse embry-
onic stem cells and neural progenitors
was recently reported (13,14). The selec-
tive agonists [D-Ala2, NMe-Phe4, Gly-ol5]-
enkephalin (DAMGO) (μ-selective) and
U69,593 (κ-selective) promote cell prolif-
eration of stem cells as well as induce
stem cells and neural progenitors to dif-
ferentiate via ERK activation (13).
DAMGO and U69,593 can also modulate
the terminal differentiation of neural pre-
cursors, since they inhibited the differen-
tiation of neural precursors to neurons
and astrocytes, but stimulated the differ-
entiation to oligodendrocytes (14). δ Re-
ceptors are related to neurogenesis and
neuroprotection, and these effects can be
mediated by tyrosine kinase (TRK) re-
ceptors (15).

Our group has characterized the opi-
oid system in the zebrafish (for a broader
revision, please refer to the study by
Gonzalez-Nunez and Rodriguez [16]).
The μ opioid receptor from zebrafish
(dre-μ) displays a similar pharmacologi-
cal profile to mammalian μ receptors
(17). Also, we found six opioid precur-
sors: two of them are proenkephalins
(penk) and another two are proopiome-

lanocortins (pomc) (Table 1) (16). dre-penk a
(formerly zfPENK-like) codes for four
Met-ENKs, one Met-enkephalin-Ile (MEI)
and one Met-enkephalin-Asp (MED), al-
though the fourth core Met-ENK does
not conserve one of the proteolytic cleav-
age motifs (18). dre-penk b (formerly zf-
PENK) contains six peptides: four Met-
ENKs, one Leu-ENK and one
Met-enkephalin-Gly-Tyr (MEGY). dre-
pomc a (formerly zfPOMC) contains the
consensus sequences for adenocorti-
cotropin (ACTH), γ-lipotropin (γ-LPH), 
β-melanotropin (β-MSH) and β-END. In
dre-pomc b (formerly zfPOMC-like), only
the α-MSH and β-END are considered
end products, since some of the prote-
olytic cleavage sites for ACTH, β-LPH
and γ-LPH are not conserved. In addi-
tion, β-END displays a rather degenerate
sequence (19). The pharmacological pro-
file of these endogenous peptides was
studied for both δ receptors (dre-oprd1a
and dre-oprd1b) (20) and for the κ recep-
tor (21), but the biological effects of the
endogenous ligands on dre-μ have not
yet been assessed. 

In this work, we have established the
binding affinities of opioid peptides on
dre-μ as a prior step to study the com-
plex interactions of dre-μ and its endoge-
nous ligands during development. We
have determined that opioid peptides
modulate dre-oprm1 expression during
development, and likewise, dre-oprm1 is

involved in shaping opioid propeptide
expression. In addition, morphine expo-
sure alters the expression of the endoge-
nous opioid propeptides. The in vivo re-
sults that we present here might help in
understanding the influence of the en-
dogenous opioid system in the modula-
tion of CNS development.

MATERIALS AND METHODS

Drugs and Radioligands
Morphine hydrochloride was provided

by the Spanish Ministry of Health. Nalox-
one was purchased from Sigma-Aldrich
(St. Louis, MO, USA); Met-ENK, Leu-
ENK and β-END from Bachem (Weil am
Rhein, Germany); and [3H]-diprenorphine
(50 Ci/mmol) from PerkinElmer (Boston,
MA, USA). Unlabelled MEGY and its two
analogs (D-Ala2)-MEGY (Tyr-D-Ala-Gly-
Phe-Met-Gly-Tyr) and (D-Ala2, Val5)-
MEGY (Tyr-D-Ala-Gly-Phe-Val-Gly-Tyr)
were synthesized as trifluoroacetic deriva-
tives by G Arsequell and G Valencia at the
Consejo Superior de Investigaciones Cien-
tíficas (Barcelona, Spain). All other
reagents used were from analytical grade.

Zebrafish Maintenance, Breeding and
Drug Treatments

The experiments were performed
using the wild-type AB zebrafish line.
General maintenance and care of fish
were carried out according to standard
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Table 1. Proenkephalin and proopiomelanocortin opioid precursors.

Precursor Opioid peptides

Proenkephalin (hsa-penk) (1,2) 4 Met-ENK (ME) YGGFM
1 Leu-ENK (LE) YGGFL
1 Met-ENK-Arg6-Phe7 (MERF) YGGFMRF
1 Met-ENK-Arg6-Gly7-Leu8 (MERGL)YGGFMRGL

Proenkephalin b (dre-penk b) (18) 4 Met-ENK (ME) YGGFM
1 Leu-ENK (LE) YGGFL
1 Met-ENK-Gly6-Tyr7 (MEGY) YGGFMGY

Proenkephalin a (dre-penk a) (18) 4 Met-ENK (ME) YGGFM
1 Met-ENK-Ile6 (MEI) YGGFMI
1 Met-ENK-Asp6 (MED) YGGFMD

Proopiomelanocortin (hsa-pomc) (3) β-END (1–31) YGGFMTSEKSQTPLVTLFKNAIIKNAYKKGE
Proopiomelanocortin a (dre-pomc a) (19) β-END (1–32) YGGFMKSWDERAQKPLLTLFKVMHKDQPRKDE
Proopiomelanocortin b (dre-pomc b) (19) β-END (1–32) YGGLMRPYLDESHKPLITLIRNAIGNGQQFTD

Different opioid peptides that are encoded by the PENK and POMC propeptides in human and zebrafish are shown.



protocols in our own zebrafish facility.
Animals were maintained at a constant
temperature of 28°C in a 14-h light cycle
and fed three times a day. Embryos were
obtained by natural mating and cultured
in E3 medium, with or without the addi-
tion of 0.003% 1-phenyl-2-thiourea (PTU)
(Sigma-Aldrich) to inhibit pigmentation.
Embryos were staged according to hours
postfertilization (hpf) (22). In all experi-
ments, adequate measures were taken to
minimize pain or discomfort, and ani-
mals were handled according to the
guidelines of the European Communities
Council Directive 2010/63/UE (23), to
the current Spanish legislation for the
use and care of animals RD 1201/2005
(24) and to the Guide for the Care and Use
of Laboratory Animals, as adopted and
promulgated by the U.S. National Insti-
tutes of Health (25).

Zebrafish embryos were exposed to 
10 nmol/L morphine or 10 μmol/L opi-
oid peptides (Met-ENK, MEGY and 
β-END) in E3 embryo buffer with pro-
tease inhibitors (0.1 mg/mL bacitracin,
3.3 μmol/L captopril and protease in-
hibitor cocktail; from Sigma-Aldrich)
from 5 to 24 hpf and to 48 hpf. In the lat-
ter case, medium was changed and fresh
peptide solution was added at 24 hpf.
Two control groups (E3 and E3 only with
protease inhibitors) were performed in
parallel. We have chosen these time
points (24 and 48 hpf) because they stand
for two key stages in embryonic develop-
ment: at 24 hpf, the development on the
CNS is finished, and the organogenesis
concludes at 48 hpf.

Cell Culture and Membrane
Preparation

Stably transfected HEK293 cells ex-
pressing the μ receptor from zebrafish
were maintained in Dulbecco’s modified
Eagle medium supplemented with 10%
(v/v) fetal calf serum, 2 mmol/L gluta-
mine, 100 U/mL penicillin, 0.1 mg/mL
streptomycin and 250 μg/mL Geneticin
(G-418) (all from Gibco; Life Technolo-
gies, Carlsbad, CA, USA), at 37ºC in a
humidified atmosphere containing 5%
(v/v) CO2 in a Forma incubator.

Cells were grown to 80% confluence,
harvested in phosphate-buffered saline
(pH 7.4) containing 2 mmol/L EDTA and
collected by centrifugation at 500g. The
cell pellets were frozen at –80ºC for at least
1 h and resuspended in 50 mmol/L Tris
HCl buffer (pH 7.4) (assay buffer) with
protease inhibitors (0.1 mg/mL bacitracin,
3.3 μmol/L captopril and protease in-
hibitor cocktail; from Sigma-Aldrich). Cell
suspensions were homogenized with a
Potter-Elvehjem tissue grinder in assay
buffer, and the homogenates were cen-
trifuged at 500g for 10 min at 4ºC. The nu-
clear pellet was homogenized again, cen-
trifuged and discarded. The two
supernatants were combined and homog-
enized again with the tissue grinder, and
the membrane pellet was collected upon
centrifugation at 18,000g for 30 min at 4ºC.
The crude membrane fraction was resus-
pended in ice-cold assay buffer with pro-
tease inhibitors, and protein concentration
was determined by Bradford (Bio-Rad
Laboratories, Alcobendas, Madrid, Spain).

Competition Binding Assays and Data
Analysis

The following unlabeled ligands were
used: Met-ENK, Leu-ENK, β-END,
MEGY, (D-Ala2)-MEGY, (D-Ala2, Val5)-
MEGY, naloxone and morphine. Radioli-
gand binding was performed as previ-
ously described (20). Briefly, 10 μg protein
were incubated with different concentra-
tions of unlabeled ligand ranging from
0.3 nmol/L to 10 μmol/L and using [3H]-
diprenorphine as radioligand (the work-
ing concentration was similar to the affin-
ity constant, KD = 1 nmol/L). Reactions
were incubated for 1 h at 25ºC in a final
volume of 250 μL assay buffer, and 
10 μmol/L naloxone was used to deter-
mine nonspecific binding. After incuba-
tion, the reaction was stopped by adding
4 mL ice-cold 50 mmol/L Tris HCl buffer
(pH 7.4); the mixture was rapidly filtrated
by using a Brandel Cell Harvester and
washed two times onto GF/B glass-fiber
filters that were presoaked with 0.2% (v/v)
polyethylenimine for at least 1 h. The filters
were placed in scintillation vials and incu-
bated overnight at room temperature in

EcoScint A scintillation liquid (EcoScint A,
London, UK). Radioactivity was counted
by using a Beckman Coulter 6500 scintil-
lation counter (Pasadena, CA, USA). All
experiments were performed in triplicate
and repeated three times.

Specific binding was defined as the
difference between total binding and
nonspecific binding, as measured in the
presence of 10 μmol/L naloxone. Radioli-
gand binding data were analyzed by
computer-assisted nonlinear regression
analysis by using GraphPad Prism soft-
ware (San Diego, CA, USA), and inhibi-
tion constants (Ki) were obtained for each
ligand using the Cheng–Prusoff equa-
tion, which corrects for the concentration
of radioligand used in each experiment
as well as for the affinity of the radioli-
gand for its binding site (KD) (26).

Morpholino Antinucleotide Injections:
Knockdown Assays at One-Cell Stage

The translation blocking antisense
morpholino AATGTTGCCAGTG
TTTTCCATCATG complementary to 
the region from –1 to +24 of the dre-
oprm1 open reading frame (ORF) was
purchased from GeneTools LLC and was
microinjected at the one-cell stage at a
concentration of 0.33 mmol/L. As con-
trol, the standard control morpholino
(also available from GeneTools) was in-
jected at the same concentration.

In Situ Hybridization
The open reading frames of dre-penk a,

dre-penk b, dre-pomc a and dre-oprm1
were amplified by reverse transcriptase
(RT)–polymerase chain reaction (PCR)
and subcloned in pCR®4-TOPO® vector
(Invitrogen; Life Technologies) by using
standard methodology. To confirm the se-
quences of the cloned inserts, DNA se-
quencing was performed by the Sequenc-
ing Facility (Servicio de Secuenciación,
Universidad de Salamanca). These clones
were used to generate the corresponding
in situ riboprobes, which were tran-
scribed from their templates by using the
DIG RNA Labeling Kit (SP6/T7) (Roche
Applied Science, Sant Cugat del Vallès,
Spain), following the manufacturer’s in-
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structions. In situ hybridizations were
performed on whole-mounts as previ-
ously described (27), and probes were de-
tected by using BM purple or NBT/BCIP
reagents (Roche Applied Science). Con-
trol experiments were always performed
in parallel. Images were taken with a
Leica M165FC Stereomicroscope.

Immunohistochemistry
Immunohistochemical studies were per-

formed on whole-mounts and analyzed
with an Olympus AX70 fluorescence mi-
croscope or with a Leica M165FC Stere-
omicroscope. The rabbit anti-histone H3
(phospho Ser10) (Abcam, Cambridge, UK)
was used as primary antibody and Alexa
Fluor 594–conjugated anti-rabbit (Molecu-
lar Probes; Life Technologies) as secondary
antibody. Cell nuclei were counterstained
with 4,6-diamidino-2-phenylindole (DAPI)
(Roche Applied Science). Transferase-
 mediated dUTP nick-end labeling
(TUNEL) assays to determine apoptosis
were performed in toto by using the 
ApopTag® Peroxidase In Situ Apoptosis
Detection Kit (Millipore, Madrid, Spain)
following the manufacturer’s instructions.

Quantitative Real-Time PCR Analysis
Total RNA from zebrafish embryos was

isolated by using the Trizol reagent (In-
vitrogen; Life Technologies), treated with
DNase I (New England Biolabs, Ipswich,
MA, USA), and 1 μg total RNA was re-
verse-transcribed with the ImProm-II™
Reverse Transcription System (Promega,
Alcobendas, Spain). To specifically am-
plify the DNA fragments, primers were
designed with the Universal ProbeLibrary
Assay Design Center web tool from
Roche Applied Science (https://www.
roche- applied-science.com/sis/rtpcr/ upl/
acenter.jsp?id = 030000). The sequence of
the quantitative PCR (qPCR) primers is
given in Supplementary Table S1. The
amplification reactions were carried out
in a 25-μL final volume by using Power
SYBR Green PCR Master Mix (Applied
Biosystems; Life Technologies), and the
real-time PCR was performed using the
ABI PRISM 7300 (Applied Biosystems;
Life Technologies). Cycle threshold (Ct)

values were calculated with the SDS
v1.3.1 software (Applied Biosystems; Life
Technologies) for each gene, and the
cDNA abundance of each transcript was
calculated relative to the expression of
the housekeeping gene ee1f1a1l1 by using
the REST-384 v2 software (28). Also, stan-
dard curves for each gene and negative
controls (NTC [no template control] and
RNA, which was not reverse transcribed)
were included in each PCR.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Binding Affinities of Opioid Peptides
on the μ Opioid Receptor from
Zebrafish

Competition binding experiments with
[3H]-diprenorphine were carried out to es-
tablish the binding affinities of opioid lig-
ands on dre-μ, and displacements with
morphine and naloxone were performed
in parallel as positive controls. All tested
ligands displaced [3H]-diprenorphine

binding, yet with different affinities (Fig-
ure 1), and in all cases, the experimental
data fit better in the one-site displacement
model. Naloxone showed the highest
affinity toward dre-μ, with a Ki value on
the nanomolar range. The rank order of
affinity of the tested ligands was as fol-
lows: naloxone >> β-END = morphine >>
MEGY >> Met-ENK > (D-Ala2)-MEGY >>
Leu-ENK >> (D-Ala2, Val5)-MEGY (Table 2;
statistical analysis in enclosed in Supple-
mentary Table S2). Interestingly, while
both naloxone and morphine were able to
displace up to 100% of the specific bind-
ing, all of the peptidic agents left some
residual [3H]-diprenorphine binding that
could not be effectively displaced, even at
a concentration of 10 μmol/L.

Transcriptional Regulation of 
dre-oprm1 by Opioid Peptides

To determine whether dre-oprm1 ex-
pression can be regulated by chronic ex-
posure to opioid peptides, zebrafish em-
bryos were exposed to 10 μmol/L
Met-ENK, MEGY and β-END, respec-
tively, from 5 to 24 hpf or 48 hpf. It is
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Figure 1. Pharmacological properties of endogenous opioid peptides on dre-μ. Competi-
tion binding curves of endogenous opioid peptides on dre-μ membrane homogenates
are shown. Data were fit to the one-site competition model, and each point represents
the mean ± standard error of the mean (SEM) (capped bars) of three independent ex-
periments performed in triplicate. Morphine, a μ agonist, and naloxone, a non-specific an-
tagonist, were added for comparison. , Met-ENK; r, Leu-ENK; s, β- END; , Met-ENK-Gly-
Tyr (MEGY); +, (D-Ala2)-MEGY; ×, (D-Ala2, Val5)-MEGY; , morphine; , naloxone.



noteworthy to mention that 10% of the
embryos were found dead at 24 hpf when
incubated with 10 μmol/L Met-ENK, and
10% were delayed in their development
when incubated with 10 μmol/L of either
Met-ENK or MEGY. Also, Met-

ENK–treated embryos were smaller than
controls and showed a certain degree of
developmental delay, which could affect
the result of the subsequent analysis.
These effects were not seen when the em-
bryos were exposed to 10 μmol/L β-END

or in both controls (incubated with and
without protease inhibitors). The quanti-
tative changes were analyzed by qPCR
(Table 3), and changes in the expression
pattern were assayed by in situ hybridiza-
tion (Figure 2). Met-ENK, the smallest
peptide, did not seem to greatly alter dre-
oprm1 expression at 24 hpf, and a slight
increase was found at 48 hpf. Treatment
with the heptapeptide MEGY resulted in
a decrease in dre-oprm1 levels at 24 and 48
hpf, showing a cumulative effect. β-END
displayed a biphasic effect, since dre-
oprm1 expression dropped by onefold at
24 hpf, but it almost recovered control
levels at 48 hpf. As shown in Figure 2,
chronic exposure to opioid peptides did
not induce significant changes on the ex-
pression pattern of dre-oprm1 during de-
velopment, maybe because dre-oprm1
shows a diffuse expression pattern in the
developing brain.

Morphine Disrupts the Expression of
the Endogenous Opioid Propeptides

Zebrafish embryos were exposed to 
10 nmol/L morphine to assess whether
this ligand modulates the expression of
the propeptides penk a, penk b and pomc a,
which code for the endogenous ligands
for μ, namely enkephalins and β-END. At
24 hpf, morphine downregulated penk a
and upregulated penk b expression, while
transcriptional activity of pomc a remained
mostly unaffected (Table 4). At 48 hpf,
morphine increased the expression of
both enkephalin-containing propeptides
and decreased the transcriptional rate of
the β-END–containing precursor. At 48
hpf, morphine-treated embryos displayed
penk a expression in periventricular areas
of the forebrain, which did not seem to be
stained in control embryos. penk b expres-
sion pattern seemed to not be affected by
morphine treatment (Figure 3), although a
more intense staining was found in areas
located at the rim of the fourth ventricle.

Effect of dre-oprm1 Knocking Down
on the Expression of the Opioid
Precursors

To establish whether dre-oprm1 plays a
role in the transcriptional regulation of the
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Table 2. Competition affinities for different opioid receptors and ligands.

Receptor Ligand Ki (mean ± SEM) (nmol/L) % Displacement

dre-μ Met-ENK 684 ± 15 73.97 ± 1.29
Leu-ENK 1,317 ± 166 58.51 ± 2.68
β-END 186 ± 25 88.45 ± 2.03
MEGY 204 ± 53 78.98 ± 3.73
(D-Ala2)-MEGY 744 ± 27 66.72 ± 0.81
(D-Ala2, Val5)-MEGY 3,645 ± 621 43.16 ± 3.39
Morphine 187 ± 94 100
Naloxone 10.65 ± 1.53 100

Ki (nmol/L) Reference

dre-δ1 β-END 36.6 29
MEGY 427 21
Morphine 22 29

dre-δ2 Met-ENK 45
Leu-ENK 175

30

MEGY 146 21
Morphine 1,400 30

rn-μa Met-ENK 1.80
Leu-ENK 6.19
MERF 0.37
Morphine 7.48

5
rn-δb Met-ENK 0.45

Leu-ENK 0.37
MERF 0.57
Morphine 302

tg-μc Met-ENK 70.7
Leu-ENK 117
β-END 55.9

32
tg-δc Met-ENK 24.9

Leu-ENK 198
β-END 284

This table summarizes the results obtained in competition binding assays (Ki and %
displacement) using [3H]-diprenorphine on membrane homogenates from HEK293 cells
that stably express the μ opioid receptor from zebrafish. The results of other competition
binding studies for the zebrafish δ opioid receptors dre-δ1 and dre-δ2, prototypical
mammalian δ and μ receptors rn-oprm1 (rn, Rattus norvegicus [rat]) and rn-oprm1 and
the amphibian μ and δ receptors tg-oprm1 and tg-oprd1 (tg, Taricha granulosa [newt])
have also been included for comparison.
aIn this case, the radioligand used was the μ-selective peptidic analog [3H]-DAMGO and
not [3H]-diprenorphine.
bIn this case, the radioligand used was the δ-selective peptidic analog [3H]-DPDPE and not
[3H]-diprenorphine.
cIn this case, the radioligand used was the nonspecific antagonist [3H]-naloxone and not
[3H]-diprenorphine.



opioid precursors, an ATG morpholino
was microinjected to knockdown dre-
oprm1 mRNA expression. Embryos were
harvested at 24 and 48 hpf, and changes in
the expression of penk a, penk b, pomc a and
pomc b were assayed by qPCR (Table 5)
and in situ hybridization (Figure 4). The
absence of a functional μ receptor affected
the expression of Met-ENK– and β-
END–containing precursors, yet in a dif-
ferent fashion: while penk genes were up-
regulated at 24 hpf, such an increase was
not observed for pomc a. At 48 hpf, penk a
expression was reduced in morphants,
while this change was not observed for
penk b, and a slight decrease was seen for
pomc a. At 24 hpf, penk a showed diffuse
and widespread labeling in the CNS of
control embryos, whereas a more intense
staining was found in morphants. At 48
hpf, penk a expression in control embryos
was found at the border between tegmen-
tum and optic tectum and at the most pos-
terior area of the medulla oblongata. This ex-
pression pattern was lost in the morphant
phenotype. penk b showed a very con-
strained expression pattern at 24 hpf,
being localized at the periventricular areas
of the brain and in few cells at the spinal
cord. In the morphant embryos, the stain-
ing was more intense and spread to more
anterior and posterior areas, being found
at the rim of the forebrain ventricle. No
significant changes in the expression pat-
tern were observed for pomc a.

Effect of dre-oprm1 Morpholino
Microinjections on the CNS
Development in the Zebrafish

To determine whether the absence of a
functional μ opioid receptor affects CNS

development, proliferation (Figure 5)
and apoptosis (Figure 6) assays were
conducted on morpholino-injected em-
bryos. Both at 24 and 48 hpf, the expres-
sion of the mitotic marker phospho-his-
tone 3 (Ser10) was disorganized in
dre-oprm1 morphants, since it was not re-
stricted to the periventricular areas of the
brain. Phospho-histone 3–positive cells
were found at the midline of the optic
tectum at 24 hpf. At 48 hpf, control em-
bryos displayed the proliferative cells in
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Figure 2. Effect of opioid peptide treatment of the developmental pattern of dre-oprm1.
dre-oprm1 expression was assayed by in situ hybridization on whole-mount embryos that
were exposed to 10 μmol/L Met-ENK, MEGY or β-END from 5 to 24 hpf or 48 hpf. Embryos
are oriented anterior toward the left and posterior toward the right. A total of 25 embryos
were used for each treatment and for each time point, and the experiment was re-
peated three times.

Table 3. Effect of the endogenous opioid peptides in dre-oprm1 expression.

10 μmol/L Met-ENK 10 μmol/L MEGY 10 μmol/L β-END

24 hpf 1.03 ± 0.11 0.78 ± 0.17 0.18 ± 0.01a

48 hpf 1.11 ± 0.20 0.47 ± 0.07a 0.98 ± 0.09

Relative dre-oprm1 expression fold-changes in embryos that were exposed to a dose of
10 μmol/L opioid peptides (Met-ENK, MEGY and β-END) for 24 and 48 hpf are shown. Data
are normalized to dre-eef1a1l1. A total of 50 embryos were used for each treatment and
for each time point; the experiment was performed in triplicate and repeated three times.
ap < 0.05 (unpaired Student t test, n = 3).



the optic tectum in a characteristic ω-
shape. This pattern was not seen in mor-
phants, since more mitotic cells were
found scattered in the optic tectum of
these embryos. In addition, the rim of
the fourth ventricle was clearly labeled
with phospho-histone 3 staining in the
morphant phenotype. TUNEL staining
assays revealed several apoptotic cell nu-
clei widespread in the forebrain, eyes,
cerebellum and the most anterior part of
the hindbrain at 24 hpf. Interestingly,
these areas, where apoptosis was clearly
evident, overlap with the ones that were
labeled with the dre-oprm1 in situ hy-
bridization probe in control embryos. 
At 48 hpf, no major differences were 

seen between controls and dre-oprm1
morphants.

DISCUSSION
Pharmacological analysis was per-

formed to establish whether the endoge-
nous peptides (Met-ENK, MEGY and β-
END) bind the μ opioid receptor from
zebrafish; results are shown in Table 2
and are compared with previous results
for both μ and δ receptors from different
species. In zebrafish, Met-ENK–derived
peptides and β-END bind both receptor
types (20,29,30). The peptidic analogs 
(D-Ala2)-MEGY and (D-Ala2, Val5)-MEGY
showed reduced affinities for dre-μ, and
Leu-ENK showed a Ki value on the mi-

cromolar range, thus indicating that the
presence of a Gly in position 2 and a Met
in position 5 are decisive for a proper
peptide-receptor interaction. In addition,
longer peptides such as MEGY and β-
END displayed higher affinities than
Met-ENK on dre-μ. Given that Met-ENK,
MEGY and β-END have the same “opi-
oid message” at their N-terminus, the
differences in amino acid composition
and the length of the C-terminus might
be responsible for establishing a high-
affinity binding of these peptides upon
dre-μ. A similar result was reported for
the different Met-ENK–derived hep-
tapeptides that are encoded by the penk
gene (31).

Morphine displayed a similar affinity
for dre-μ than β-END and MEGY; in con-
trast, its Ki value is one order lower for
dre-δ1 (29) and lies on the micromolar
range for dre-δ2 (30). These results indi-
cate that morphine might preferentially
bind dre-δ1 > dre-μ >> dre-δ2 and that
some of the morphine effects on the ze-
brafish might be mediated by δ rather
than by μ receptors.

The results obtained for other species
are difficult to compare to those from ze-
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Figure 3. Morphine effect on the expression of the opioid propeptides. Zebrafish embryos were exposed to 10 nmol/L morphine, and
penk a, penk b and pomc a expression was established at 24 and 48 hpf and compared with controls. Embryos are oriented anterior to-
ward the left and posterior toward the right. A total of 25 embryos were used for each treatment and for each time point, and the ex-
periment was repeated three times.

Table 4. Changes of expression of zebrafish proenkephalins and proopiomelanocortin in
morphine-treated embryos.

dre-penk a dre-penk b dre-pomc a

24 hpf 0.61 ± 0.12 1.32 ± 0.05a 0.90 ± 0.01
48 hpf 1.45 ± 0.06b 1.31 ± 0.10a 0.48 ± 0.15b

Results represent the relative gene expression fold-changes of dre-penk a, dre-penk b and
dre-pomc a in morphine-treated embryos of 24 and 48 hpf. Data shown are normalized to
dr-eef1a1l1. A total of 50 embryos were used for each treatment and for each time point;
the experiment was performed in triplicate and repeated four times.
ap < 0.01 and bp < 0.05 (unpaired Student t test, n = 4).



brafish, since a different radioligand was
used in the competition binding assays.
The highly selective ligands [H3]-
DAMGO and [H3]-DPDPE 
([H3]-[D-Pen2,5]Enkephalin, [D-Pen2,D-
Pen5]Enkephalin) were used in the ex-
periments with rodent receptors, and this
is the reason why the endogenous pep-
tides displayed much higher affinities
(below the nanomolar range) for both 
δ and μ receptors (5). In the case of 
amphibian receptors, competition bind-
ing experiments were performed with
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Table 5. Changes in the expression of zebrafish proenkephalins and proopiomelanocortin
in dre-oprm1 morphants.

dre-penk a dre-penk b dre-pomc a

24 hpf 1.37 ± 0.04a 1.54 ± 0.14a 1.03 ± 0.29
48 hpf 0.54 ± 0.10a 0.98 ± 0.04 0.88 ± 0.20

Results represent the relative gene expression fold-changes of dre-penk a, dre-penk b and
dre-pomc a in morpholino-injected embryos of 24 and 48 hpf. Data shown are normalized
to dre-eef1a1l1. Note the differential regulation of enkephalin- and β-END–containing
genes in the morphant embryos. A total of 50 embryos were used for each treatment and
for each time point; the experiment was performed in triplicate and repeated four times.
ap < 0.05 (unpaired Student t test, n = 4).

Figure 4. Effect of knocking down dre-oprm1 on the expression pattern of the opioid precursors. The expression of proenkephalins (dre-
penk a and dre-penk b) and proopiomelanocortin (dre-pomc a) was assayed in dre-oprm1 morphants of 24 and 48 hpf. Embryos are
oriented anterior toward the left and posterior toward the right. Arrowheads indicate the border between tegmentum and optic tec-
tum; and arrows indicate the most posterior area of the medulla oblongata. A total of 25 embryos were used for each treatment and for
each time point, and the experiment was repeated three times. mor MO, morpholino designed against dre-oprm1 gene.



[H3]-naloxone (32), and the obtained re-
sults are similar to those seen in zebrafish.
These results indicate that the ability of
endogenous opioid peptides to both 

δ and μ receptors is conserved among
vertebrate evolution, and thus, the re-
sults found in zebrafish may be extrapo-
lated to mammalian systems.

Once it was established that both mor-
phine and endogenous opioid peptides
bind to the μ receptor, we investigated the
complex interactions among the μ recep-
tor, exogenous ligands as morphine and
the endogenous peptides. The cross-talk
between the endogenous opioid system
and exogenous agents is of great interest
to understand the secondary effects of
analgesic agents, such as morphine. For
example, it is well known that Met-ENK
levels are decreased during the state of
physical dependence and that an increase
in Met-ENK reversed chronic morphine-
induced physical dependence. Also, a
Met-ENK increase can help to alleviate the
symptoms of naloxone- precipitated with-
drawal (33). The analgesic effect of opiates
cannot be split from their side effects as
tolerance and dependence (which can lead
to opiate addiction and abuse). In addi-
tion, the developmental effects of several
drugs of abuse could also explain the dif-
ferent predisposition to develop addictive
disorders during adult life. Also, the heter-
ogeneity in the individual response to
morphine is also closely related to changes
during the embryonic development.

Peptide treatments modulated the tran-
scriptional activity of oprm1, yet in a dif-
ferent fashion. While Met-ENK did not
seem to alter oprm1 expression, MEGY
downregulated the expression levels at
both stages (24 and 48 hpf), and β-END
had a transient effect at 24 hpf. No
changes in the oprm1 expression pattern
were seen, maybe because the mRNA for
this receptor displays widespread and
diffuse expression areas throughout the
CNS. Met-ENK and MEGY show differ-
ent binding affinities for δ and μ opioid
receptors (20,30), and the enlarged forms
of Met-ENK display a shift from δ- to μ-
receptor selectivity compared with the
parent peptide. Therefore, the effect of
MEGY on dre-oprm1 expression could be
related to this change in selectivity. It was
previously shown that MERF peptide
modulated the expression of the three
opioid receptors after chronic treatment,
although these changes in the expression
levels had no effect on MERF antinoci-
ceptive properties (34).
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Figure 5. Proliferation studies on dre-oprm1 morphants. Phospho-histone 3 (Ser10) im-
munostaining (red) was assayed on whole-mounts of control and dre-oprm1 morphants
of 24 and 48 hpf. The cell nuclei are counterstained with DAPI (blue) to give a better over-
view of the embryo. Dorsal views of the flat-mounts are shown, and embryos are oriented
anterior toward the left and posterior toward the right. A total of 25 embryos were used
for each treatment and for each time point, and the experiment was repeated three
times. dre-mor MOR, morpholino designed against dre-oprm1 gene.

Figure 6. Apoptosis assays on dre-oprm1 morphants. TUNEL staining on control and dre-
oprm1 morphants of 24 and 48 hpf. The apoptotic nuclei are positive for peroxidase label-
ing. Lateral views are shown, and embryos are oriented anterior toward the left and pos-
terior toward the right. A total of 25 embryos were used for each treatment and for each
time point, and the experiment was repeated three times.



Morphine treatment disrupts the ex-
pression of the propeptide genes, yet in a
different fashion. Both penk genes are up-
regulated at 48 hpf, and penk b is upregu-
lated at 24 hpf as well; there is a decrease
in the expression of penk a at 24 hpf and
pomc a at 48 hpf. Former studies about
the effect of chronic morphine adminis-
tration on the levels of opioid peptides
or of their precursors seem to be contro-
versial. It was reported that chronic mor-
phine administration caused a decrease
of pomc expression in the arcuate nucleus
of the basal hypothalamus of female
guinea pigs (35). On the other hand, ra-
dioimmunoassays have shown a large in-
crease in Met-ENK in the periaqueductal
gray matter in morphine-dependent rats
(36). Other authors have reported that
morphine administration decreases penk
expression in the nucleus accumbens and
olfactory tuberculum, whereas no
changes were seen in the striatum (37,38).

These opposing results seem hard to
reconcile, unless we take into considera-
tion that the genetic background and the
genotype might influence the modula-
tion of the opioid system by exogenous
agents. In this regard, it was shown that
different mouse inbred strains, which
display distinct sensitivity to the reward-
ing effects of morphine, presented
marked differences in the basal expres-
sion of both penk and pdyn genes in the
nucleus accumbens (39). In addition, the
different expression levels of the opioid
peptides can explain the morphine self-
administration behavior in inbred rat
strains. In fact, Lewis rats, which display
a high rate of morphine self-administra-
tion, exhibit a lower basal penk mRNA
expression in the caudate-putamen and
nucleus accumbens compared with Fischer
rats. penk expression levels were de-
creased after morphine self-administra-
tion in Lewis rats, but significantly in-
creased in the Fischer strain (40).

Knocking down oprm1 expression al-
tered the mRNA levels for penk genes, up-
regulating their expression at 24 hpf and
decreasing penk a levels at 48 hpf. In con-
trast, no changes in penk or pomc expres-
sion were seen in μ-deficient knockout

mice (7). In addition, no gross morpholog-
ical alterations and changes in prolifera-
tion were seen in these mice, albeit the
studies were conducted on adult animals
(41). In our case, we use two complemen-
tary techniques: in situ hybridization, a
qualitative method to determine changes
in the expression pattern, and real-time
PCR, a quantitative approach. In the case
of animals with uterine development, the
maternal contribution is quite important,
and it may be compensating for the ab-
sence of some gene and thus masking the
real effect. In the case of zebrafish, where
the development is external, this problem
is easily avoided.

However, other studies revealed that
there is a close relationship between opi-
oid system activation and effects in pro-
liferation. For example, Met-ENK, Leu-
ENK and MERF bind the δ opioid
receptor and provide cardioprotection in
an ischemia model (42). It was also
shown that agonist-dependent μ activa-
tion modulates Wntless activity, a protein
that mediates WNT function by regulat-
ing its secretion (43). Besides, Met-
ENK–derived peptides can act as tonic
inhibitory peptides on the opioid growth
factor receptor, thus inhibiting prolifera-
tion either during normal growth and de-
velopment or even in cancer models from
neural and non-neural cell lines (11,44).

This body of evidence is in agreement
with our findings in the dre-oprm1 mor-
phants, in which proliferation is markedly
affected, since mitotic cells were disorgan-
ized in the brain at both 24 and 48 hpf. In
addition, the number of apoptotic cells
was significantly increased at 24 hpf. Inter-
estingly, penk b expression at 24 hpf was
found at the periventricular areas of the
brain, which stand for those brain regions
that will harbor the stem cell niches in the
adult organism. These results clearly indi-
cate that the endogenous opioid system,
namely μ receptor and enkephalins, play a
role during the development of the CNS
and suggest a possible mechanism to ex-
plain the morphine effect in proliferation:
chronic morphine treatment upregulates
penk b expression, thus increasing the lev-
els of Met-ENK and MEGY. These

enkephalins bind the opioid growth factor
receptor, thus eliciting an inhibitory signal
for proliferation. In the morphant em-
bryos, the absence of a functional μ recep-
tor could deregulate the interaction of
enkephalins with the opioid growth factor
receptor and/or the δ opioid receptors,
hence losing the characteristic pattern of
proliferation in the zebrafish embryo.

CONCLUSION
The μ opioid receptor from zebrafish

(dre-oprm1) binds endogenous peptides
(Met-ENK–derived peptides and β-END)
and morphine with similar affinity. We
have shown that peptidic ligands can regu-
late the expression levels of oprm1 mRNA
and that the absence of a functional μ re-
ceptor changes the expression of the
propeptide genes. In addition, the activity
of the endogenous opioid system can be
modulated by exogenous agents such as
morphine, either at the receptor or at the
ligand level. Therefore, we can deduce that
the basal activity of the endogenous opioid
system can modulate the effects of exoge-
nous agonists such as morphine and might
partially explain the disruption of this ho-
meostasis caused by opiates and that this
disruption can play a role in the instate-
ment of the Neonatal Abstinence Syn-
drome. These findings will contribute to a
better understanding of the complex inter-
actions between the opioid system and an-
tinociceptive drugs and provide insights
that may be relevant for analgesic therapy.
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