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Abstract OBJECTIVES: Subjecting the marine bivalve Mytilus edulis to an immediate tem-
perature change has been shown to rapidly alter the animals’ ganglionic mono-
amine levels, as well as its ciliary activity. Recently, we extended this observation 
to include the organism’s ganglionic mu opiate receptor and morphine levels. 
In the past, we demonstrated that M. edulis ganglionic mu receptors exposed to 
morphine was coupled to the immediate release nitric oxide (NO). In this study, 
we measured morphine-induced NO release in M. edulis subjected to acute cold 
stress.
METHODS: NO release was monitored with an NO-selective microprobe. Tempo-
ral changes in mu opiate receptor expression were also examined over 24 hours.
RESULTS: In this study, we demonstrate that after 12h cold exposure (4 °C 
from 24 °C), the estimated relative µ-opiate receptor (MOR) gene expression 
in M. edulis pedal ganglia, measured by real-time PCR, did not differ signifi -
cantly from the control group (1.23±0.25, p>0.05). However, the measured M. 
edulis pedal ganglia MOR expression demonstrated that ganglia signifi cantly 
(0.77±0.05, p<0.001) down regulated their mu opiate receptor mRNA expres-
sion after 24h exposure to the cold water. The mean value for control animal 
(24 °C, n=14) morphine-stimulated NO release was 36.7 ± 9.8 nM. Morphine 
additions to cold-treated tissues (4 °C, n=7) produced an average of 6.7 ± 4.9 nM 
NO, which was a statistically signifi cant difference between 25 °C and 4 °C ani-
mals (p=0.025).
CONCLUSION: The study further demonstrates that mu opiate receptor expres-
sion is coupled to NO release. 
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Abbreviations: 
NO  – nitric oxide; 
PCR  – polymerase chain reaction; 
PSU  – practical salinity units; 
RT  – reverse transcription; 
dNTP’s  – 2’-deoxynucleoside 5’-triphosphate; 
L-NAME  – Nω-nitro-L-arginine methyl ester

Introduction

 Through homeostasis, living organisms maintain 
their survival in the face of both externally and inter-
nally generated “stimuli.” This balance is constantly 
challenged [1,2]; and, therefore, the ability to over-
come these normal perturbations is essential to sur-
vival and longevity. In this regard, subjecting inverte-
brate animals, i.e., the marine bivalve Mytilus edulis, 
to an immediate temperature change has been shown 
to rapidly alter the animals’ ganglionic monoamine 
levels as well as functions, such as ciliary activity, 
which require these specifi c signal molecules [3,4,5]. 
Additionally, opiate processes respond to various types 
of stressors in both vertebrates and invertebrates 
[6,7,8,9,10,11,12]. 

 Recently, we have demonstrated that the endoge-
nous opiate alkaloid morphine, due to an increase in its 
levels after a latency period, represents the terminat-
ing component of a successful stress response, and that 
its actions are generally down regulating in both inver-
tebrates and vertebrates (see [13]). Furthermore, this 
down regulating action occurs because of the coupling 
of the mu opiate receptor subtype to constitutive nitric 
oxide (NO) release, see [13]. Thus, it was of interest 
to determine if M. edulis’ endogenous neural opiate 
signaling processes would respond to rapid tempera-
ture changes [13,14]. Since the mu opiate receptor gene 
is expressed at low levels, we apply a novel quantita-
tive method of real-time PCR to accurately measure its 
change in expression [6,15].

 In a recent study, we presented molecular evidence 
on the effect of rapid temperature changes on µ-opiate 
receptor expression and morphine levels [6]. In cold 
stressed organisms, ganglionic µ-opiate receptor expres-
sion decreases, whereas opiate alkaloid levels increase. 
In the present study, we examine the relationship 
between mu opiate receptor expression and NO release 
as a result of acute cold stress. This study provides fur-
ther evidence that µ-type opiate receptors in mollusk 
ganglia appear to be down regulated in physiological 
response to cold stress as well as the NO release. This, 
in turn, strengthens the coupling mechanism of how 
endogenous morphine exerts its actions. 

Materials and Methods 

M. edulis, collected from the local waters of Long 
Island Sound, were maintained in laboratory conditions 
for at least 14 days prior to use in the experiments. 
The mussels were kept in artifi cial seawater (Instant 
Ocean, Aquarium Systems, Mentor, Ohio) at a salinity 
of 30 PSU. Control animals were maintained at ambi-
ent temperature (20–25 °C), and experimental animals 

were kept at 4 °C for 24h. All experimental animals, 
including the controls, were prepared in batches of 20 
in 2 L glass containers. 

Nitric oxide assay

Ten pedal ganglia dissected from M. edulis were 
bathed in 1 mL sterile phosphate buffered saline. Ex-
periments to demonstrate changes in µ-receptor ex-
pression used morphine at a fi nal concentration of 10–6 
M. NO release was monitored with an NO-selective 
microprobe manufactured by World Precision Instru-
ments (Sarasota, FL). The redox current was detected 
by a current-voltage converter circuit and continuously 
recorded. The dimensions of the probe (30 uM diam-
eter, 0.5 mm length) permitted the use of a micro-
manipulator (Zeiss-Eppendorff). The sensor was po-
sitioned approximately 100 uM above the respective 
tissue surface. Calibration of the electrochemical sensor 
was performed by use of different concentrations of a 
nitro sothiol donor S-nitroso-N-acetyl-DL-peni cillamine 
(SNAP), as previously described by [16]. The NO detec-
tion system was calibrated daily. The probe is allowed to 
equilibrate for 10 min the incubation medium, which is 
free of tissue, before being transferred to vials contain-
ing the ganglia for another 5 min. Manipulation and 
handling of the ganglia was performed only with glass 
instruments. Each experiment was repeated 7 times; 
and the mean NO values were graphed to represent the 
actual NO release. The data collected were evaluated by 
the student t-test. Data acquisition was by the computer 
interfaced DUO-18 software (World Precision Instru-
ments, Sarasota, FL). The experimental values were 
then transferred to Sigma-Plot and -Stat (Jandel, CA) 
for graphic representation and evaluation. 

Isolation of Total RNA

M. edulis pedal ganglia were collected and placed 
in 1.5 ml tubes. Total RNA was isolated from about 
20 ganglia with the RNeasy Protect Mini Kit (Qiagen, 
Stanford, CA). Ganglia were re-suspended in 600 ul buf-
fer RLT and homogenized for 2 min using a rotor-stator 
homogenizer. The lysate was centrifuged at 10000g for 
3 min and only the supernatant was used in subsequent 
steps. One volume (600 ul) of 70% ethanol was mixed 
with the supernatant. The sample was applied to an 
RNeasy mini spin column sitting in a 2 ml collection 
tube, and centrifuged for 15 sec at 10,000 rpm. For 
washing, 700 ul of buffer RW1 was added to the column 
and then centrifuged as previously mentioned. The 
column was then transferred into a new 2 ml collec-
tion tube, and then washed with 500 ul of buffer RPE. 
After centrifugation, the column was washed again 
with 500 ul of buffer RPE and centrifuged for 2 min 
at maximum speed to dry the RNeasy membrane. The 
column was transferred into a 1.5 ml collection tube, 
and RNA was eluted with 50 ul of RNase-free water for 
1 min at 10,000 rpm. RNA was analyzed on a 1% dena-
turing agarose gel and concentrations were determined 
spectrophotometrically. 
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Reverse Transcription –  
Polymerase Chain Reaction of Total RNA 

 First strand cDNA synthesis was performed using 
random hexamers (GIBCO, BRL, Gaithesburg, MD). 
1 ug of total RNA, isolated from the ganglia, were dena-
tured at 95 °C and reverse transcribed at 40 °C for 1 hr 
using Superscript II Rnase H-RT (GIBCO BRL, MD). 
Ten microliters of the RT product was added to the 
PCR mix. Primers and probes that are specifi c to the 
µ-opiate receptor gene (Table1), as well as the internal 
control gene, β-actin, were designed by the software 
Primer Express (Applied Biosystems). The 2X univer-
sal master mix (Applied Biosystems) containing the 
PCR buffer, MgCl2, dNTP’s, and the thermal stable 
AmpliTaq Gold DNA polymerase was used in the PCR 
reactions. In addition, 200 uM reverse and forward 
primers, 100 uM Taqman probe, 10 uL of RT product, 
and Rnase/DNase-free water were added to the mas-
ter mix to a fi nal volume of 50 uL. The PCR reaction 
mixture was then transferred to a MicroAmp optical 
96-well reaction plate and incubated at 95 °C for 10 min 
to activate the Amplitaq Gold DNA polymerase, and 
was then run for 40 cycles at 95 °C for 30s and 60 °C 
for 1 min on the Applied Biosystems GeneAmp 5700 
sequence Detection System. The PCR result was ana-
lyzed with the GeneAmp 5700 SDS software (Applied 
Biosystems). In order to determine the relative copy 
number of the target gene transcript, control cDNA, 
generated from SHY cell total RNA, was used to pro-
duce a standard curve. Relative gene expression was 
calculated using the method of Yoshikawa et al [15].

Results

Nitric oxide release

 The mean value for control animal (n=14) morphine 
(10–6 M)-stimulated NO release was 36.7 ± 9.8 nM (Fig-
ure1). This process has been shown to be both nal-
oxone and L-NAME antagonizable, see [16,17]. Mor-
phine additions to cold-treated tissues (n=7) produced 

an average of 6.7 ± 4.9 nM NO (Figure 1). A t-test was 
performed and demonstrated a statistically signifi cant 
difference between 25 °C and 4 °C animals (p=0.025). 

Morphine receptor expression

 Real time PCR for mu opiate receptor expression 
yielded threshold cycle numbers between 31 and 26 
cycles for all samples amplifi ed (Figure 2). Negative 
template controls did not amplify (Figure 2). The cali-
bration standards used, bracketed the threshold cycle 
numbers of the samples, ranging from 36 to 26 cycles 
(Figure 2, inset). The RNA standards used for calibra-
tion ranged from 0.35 to 350 ng total RNA per reverse 
transcription reaction. The reference gene, β-actin, 
determined that equal amounts of M. edulis total RNA 
were used for the reverse transcription reactions. 

After 12 h cold exposure, the estimated relative 
µ-opiate receptor (MOR) gene expression, measured 
by real-time PCR, did not change signifi cantly from 
the control groups (1.23 ± 0.25, p > 0.05). However, the 
measured M. edulis pedal ganglia MOR expression 
demonstrated that ganglia signifi cantly (0.77 ± 0.05, 
p < 0.001) down regulated their mRNA expression after 
24 h exposure to cold water (Figure 3).

Discussion

Rapid exposure of whole mollusks to cold tempera-
tures from maintenance at room temperature alters 
ganglionic opiate processes. We have provided such 
treatment results in signifi cantly enhanced levels of 
ganglionic opiate alkaloids that are time dependent [6]. 
Subsequently, ganglionic µ opiate receptor expression 
slightly increases before a decrease to below control lev-
els [6]. We surmise that the decrease in µ expression 
results from the enhanced levels of the endogenous opi-
ate alkaloids, representing a compensatory response. 
In the earlier study, we also demonstrated as that both 
µ opiate receptors and opiate alkaloids are expressed 
under basal conditions, suggesting their constant use 

Table I. Primers and Taqman Probe for MOR sequence used in 
Real Time-Polymerase chain reactions. 

Primer / probe Sequence

Forward primer 5’-ATGCCAGTGCTCATCATTAC-3’
Reverse primer 5’-GATCCTTCGAAGATTCCTGTCCT-3’
Taqman Probe* 5’ -CGCCTCAAGAGTGTCCGCATGCT- 3’

*The Taqman probe was constructed with the 5’-reporter 
dye, 6-carboxyfl uorescein (FAM), and a 3’-quencher dye, 
6-carboxy-tetramethyl-rhodoamine (TAMRA). 

Fig. 1.

Fig. 1. Morphine (10–6 M)-stimulated nitric oxide release 
in Mytilus edulis pedal ganglia. Open symbols represent 
animals kept at 4ºC for 24h, closed symbols represent 
animals kept at ambient temperature. Error bars represent 
standard error of the mean nitric oxide release at the 
specifi ed time interval. A t-test revealed a signifi cant 
difference between peak nitric oxide releases (p=0.025).
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by the organism. With this in mind, it would appear 
that opiate signaling is involved in this organism’s 
response to thermal stress. 

 Additionally, in this study, we demonstrate that mu 
opiate receptor expression as a result of cold stress 
exposure, also results in a signifi cantly diminished NO 
release from the ganglionic tissue. Previously, in M. 
edulis and human tissues, we demonstrated the cou-
pling of NO to mu opiate receptors [13,16,17,18,19]. 
Hence, it appears that the relationship of opiate alka-
loid signaling via mu opiate receptor coupling to NO is 
further supported by these fi ndings. Furthermore, this 
action appears to have additional signifi cance in this 
stress response to cold exposure. 

In another study involving mollusks and physical 
stress, we demonstrated that a morphine-like com-
pound in different tissues of a freshwater snail (Planor-
barius corneus) rose signifi cantly after 24 and 48 hours 
[20]. Additionally, M. edulis starvation also results in 
higher ganglionic morphine levels [21]. This has led us 
to believe that, given morphine’s general immune and 

neural down regulating actions, it functions to limit the 
extent of excitation caused by an initial stressor, i.e., 
thermal, restoring homeostasis [13,17,22]. In the pres-
ent report, we surmise that the down regulation of mu 
opiate receptor expression and the diminished capa-
bility to produce NO, occurs because coldness, in gen-
eral, down regulates physiological processes (i.e. lowers 
metabolic rates). Hence, the general down regulation 
of these processes, and the removal of the opiate infl u-
ence, allows these tissues to become more excitable 
than if general cold and opiate down regulation were 
both present. In short, we surmise that the “removal” 
of opiate down regulation in reality does allow for 
greater tissue excitability. 

In conclusion, opioid processes appear to have 
evolved much earlier than previously thought. In this 
regard, opioid peptide and opiate alkaloid signaling are 
evolutionarily conserved. This conservation is noted by 
the high sequence identity of the actual signaling mol-
ecules as well as the µ opiate receptor. We conclude 
that this signaling “family” is quite important over the 

Fig. 3.

Fig. 2. Real time PCR amplifi cation plot 
generated by the ABI GeneAmp 5700 Sequence 
Detection System for µ-opiate receptor gene 
expression. Inset: Calibration curve using SHY 
neuroblastoma cells total RNA. All samples 
were within the standard range.

Figure 3. Temporal variations in the effect 
of cold stress on µ-opiate receptor expression 
in M. edulis. Relative µ-opiate receptor gene 
expression of pedal ganglia was determined by 
real-time RT-PCR and was normalized to control 
animals. 
* Statistically signifi cant difference from 
control (P< 0.001). 

Fig. 2.
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course of evolution based on the fact that it has 
been highly conserved. Furthermore, the signifi cance 
of this signaling family can be ascertained by the 
fact that it can simultaneously coordinate, in a time 
dependent manner, both immune and neural signaling 
appropriate to a non-cognitive and/or cognitive threat 
[17,22,23]. 
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