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Abstract: Morphine has been widely used in neonatal pain management. However, this
treatment may produce adaptive changes in several physiologic systems. Our laboratory
has demonstrated that morphine treatment in neonate rats alters nucleoside triphosphate
diphosphohydrolase (NTPDase) activity and gene expression in central nervous system
structures. Considering the relationship between the opioid and purinergic systems, our
aim was to verify whether treatment with morphine from postnatal days 8 (P8) through 14
(P14) at a dose of 5 ug per day alters NTPDase and 5’-nucleotidase activities in rat serum
over the short, medium, and long terms. After the in vivo assay, the morphine group showed
increased hydrolysis of all nucleotides at P30, and a decrease in adenosine 5’-diphosphate
hydrolysis at P60. Moreover, we found that nucleotidase activities change with age; adenos-
ine 5’-triphosphate hydrolysis activity was lower at P16, and adenosine 5’-monophosphate
hydrolysis activity was higher at P60. These changes are very important because these
enzymes are the main regulators of blood nucleotide levels and, consequently, nucleotide
signaling. Our findings showed that in vivo morphine treatment alters nucleotide hydrolysis
in rat blood serum, suggesting that purine homeostasis can be influenced by opioid treat-
ment during the neonatal period.
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Introduction

Opioids such as morphine are widely used in neonatal pain management because
of reported benefits to neonatal behavior and positive outcomes from opioid-based
analgesia and anesthesia.'” However, this practice may produce adaptive changes in
the opioid system and associated signaling systems, leading to neuronal plasticity in
brain regions and in other tissues and cells expressing opioid receptors, such as in the
vascular and cardiac systems.**

Adenosine 5’-triphosphate (ATP) and its breakdown products, adenosine 5’-diphos-
phate (ADP), adenosine 5’-monophosphate (AMP), and adenosine, produce marked
effects upon a range of biological processes, including neurotransmission and neuro-
modulation, and play an important role in cardiovascular system regulation.”” ATP
and ADP are released into the bloodstream from vascular smooth muscle, endothe-
lium, and circulating blood cells, and via outflow upon cell lysis. When released,
they promote a range of effects on platelets, endothelial tissue, and vascular smooth
muscle.'” Inactivation of extracellular adenine nucleotides is performed by enzymes
from the nucleoside triphosphate diphosphohydrolase family (NTPDases), nucleotide
phosphate/phosphodiesterase family, alkaline phosphatases, and 5’-nucleotidase.
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NTPDases hydrolyze ATP and ADP, while 5’-nucleotidase
hydrolyzes AMP to adenosine.!! These enzymes are ubiqui-
tously coexpressed in endothelial and hematopoietic cells
and are the main regulators of purinergic signaling in the
blood.!? Previous studies have demonstrated the presence of
soluble NTPDases in rat blood serum as well as in human
blood."*'* Our group has also demonstrated the presence
of NTPDase and 5’-nucleotidase in rat blood serum.!>-!
Furthermore, the presence of NTPDases associated with
circulating plasma microparticles has been noted.” These
circulating soluble nucleotidases play a role in controlling
the availability of ATP, ADP, AMP, and adenosine, keeping
extracellular levels within physiological limits and forming
an enzymatic pathway with the dual function of removing one
signal in the form of ATP and generating another in the form
of adenosine.?® Thus, soluble NTPDase and 5’-nucleotidase
are expressed in mammals and have an important role in
maintaining homeostasis.

Our laboratory has investigated the effects of morphine
treatment in early life upon E-NTPDase activities in central
nervous system structures. We demonstrated that morphine
administration in early life alters E-NTPDase activity and
gene expression in the rat spinal cord and cerebral cortex.?*
These relationships between the opioid and purinergic sys-
tems have been also studied by other researchers, who have
shown that morphine administration promotes adenosine
release in the central nervous system.? Similarly, cross-tol-
erance and cross-withdrawal studies have led to the proposal
that a p-opioid, o2-adrenergic, A 1-adenosine receptor com-
plex mediates antinociception in the periphery.?¢ Moreover,
morphine has also been shown to stimulate cardiovascular
release of adenosine, a well-documented cardioprotective
agent, in hypotension.?’

Considering this close relationship between the opioid
and purinergic systems, the present study investigated the
activities of NTPDases and 5’-nucleotidase in rat blood
serum after repeated morphine exposure in early life. We
also investigated the ontogenic profile of these soluble
nucleotidases.

Materials and methods

Animals

Eight-day-old male Wistar rats were divided into two
groups: saline-control (C) and morphine-treated (M).
Naive animals were housed in Plexiglas home cages
(65 cm X 25 cm x 15 cm) with sawdust-covered floors.
Animals were kept on a standard 12-hour dark/light cycle
(lights on between 0700 and 1900), at room temperature

(22°C + 2°C), with free access to food and water. At birth,
litters were standardized to contain up to 8 pups per dam,
and the pups remained with their mothers until 21 days of
age. Rats at postnatal day 8 (P8) were chosen because it is
accepted that animals of this age are at a similar stage of
neurological development to that of a human newborn.? It
is also accepted that they are in a physiologically immature
state?’ since this period is characterized by major develop-
mental changes in the brain and plasticity of the developing
pain system.**** Animal handling and all experiments were
performed in accordance with international guidelines for
animal welfare. The protocol of this experimental study
was approved by the Ethics Committee of Hospital de
Clinicas de Porto Alegre, the institution where the work
was conducted. All experiments were performed in accor-
dance with Brazilian Law No 11.794 of October 8, 2008.
All efforts were made to minimize animal suffering and use
only the number of animals necessary to produce reliable
scientific data. The experimental protocol was approved by
the Hospital de Clinicas de Porto Alegre Research Ethics
Committee.

Reagents

Nucleotides (ATP, ADP, and AMP), Trizma® base, and Coo-
massie Brilliant Blue G were purchased from Sigma-Aldrich
(St Louis, MO). Morphine sulfate (Dimorf® 10 mg/mL) was
provided by Hospital de Clinicas de Porto Alegre, Porto Alegre,
RS, Brazil. All other reagents were analytical grade.

Morphine treatment

Each animal received saline (control group) or morphine
(5 g subcutaneously [sc] in the mid-scapular area; morphine
group) starting at postnatal day 8 (P8), then once a day for
7 days, such that at start of treatment (P8) the morphine dose
was 0.33 mg/kg, since the animals weighed, on average, about
15 g. At the end of treatment (P14), the dose administered
was 0.23 mg/kg, since animals weighed an average of 22 g.
This dose was chosen based on the first study conducted by
our group in this field because it is the lowest dose capable
of inducing analgesia in neonate rats.** Moreover, our group
has demonstrated that this dose, when administered for 7 days
during the postnatal period, induces changes in NTPDase 1
activity and its mRNA expression pattern in the rat spinal cord
and cerebral cortex two days after the end of treatment, which
constitutes a short-term effect.? In other studies, we found that
this treatment regimen induces hyperalgesic behavior over the
medium- and long-term.** All treatments were administered
at the same time each day (1100 hours). One milliliter of
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morphine sulfate was diluted in 9 mL of 0.9% NaCl (saline
solution). At the end of each stage of the experiment, rats were
decapitated for collection of blood samples. Enzyme assays
were performed at postnatal day 16 (P16) (n=4-5 per group),
postnatal day 30 (P30) (n=5-7 per group), and postnatal day
60 (P60) (n = 4-5 per group).

Isolation of blood serum fraction

Blood samples were drawn after decapitation, as described
previously, and were soon centrifuged in plastic tubes at
5000 x g for 5 minutes at room temperature, without any
additives or anticoagulant.'* After centrifugation, the super-
natant (serum) was separated and kept frozen at —20°C until
the assays were performed.

Enzyme assay (determination

of NTPDase and 5'-nucleotidase activity)
ATP and ADP hydrolysis were determined using a modifi-
cation of the method described by Oses and colleagues.'
The reaction mixture, containing 0.5—1.0 mg serum pro-
tein in 112.5 mM Tris—HCI, pH 8.0, was preincubated for
10 minutes to equilibrate the mixture. The reaction was
started by the addition of ATP or ADP (final concentration
of 3.0 mM) and the mixture was incubated at 37°C, in a
final volume of 200 uL, for 40 minutes. The reaction was
stopped by the addition of 200 pL 10% trichloroacetic
acid. All samples were centrifuged at 5000 x g for 5 min
to eliminate precipitated protein and the supernatant was
used for colorimetric assay. The inorganic phosphate
(Pi) released was measured using the Malachite green
method.* AMP hydrolysis was quantified essentially as
described above for ATP and ADP hydrolysis. The reaction
mixture, containing 3.0 mM AMP as substrate in 100 mM
Tris—HCI, pH 7.5, was incubated with 0.5-1.0 mg serum
protein at 37°C in a final volume of 200 uL. All other
procedures were the same as described above for ATP and
ADP hydrolysis.

For all enzyme assays, incubation times and substrate
and protein concentrations were chosen in order to ensure
the linearity of the reactions. All samples were run in
triplicate. In order to correct for non-enzymatic hydroly-
sis, we performed controls by adding the serum after the
reaction was stopped with trichloroacetic acid. Protein
concentration was measured by the Coomassie Blue method,
using bovine serum albumin as a standard.*® Enzyme activity
was expressed as nmol of inorganic phosphate released per
minute per milligram of protein (nmol of Pi-min' -mg!
protein).

Statistical analysis

Between-group comparisons were performed using the
Student’s #-test for independent samples or one-way analysis
of variance (ANOVA) followed by the Student Newman—
Keuls (SNK) test, as indicated in the figure legends. The
results are expressed as mean t standard error of the
mean (SEM). Differences were considered significant at
P < 0.05.

Results
Effect of morphine treatment on

nucleotide hydrolysis in rat blood serum

We verified the effects of morphine administration in early
life on nucleotide hydrolysis in rat serum at different ages.
Experiments were performed after daily morphine exposure
from postnatal days 8 through 14, and NTPDase and
5’-nucleotidase activities in serum was analyzed at postnatal
days 16, 30, and 60. In this assay, we found no significant
between-group differences at P16 (ATP: C = 1.63 £ 0.26;
M=1.60+0.37;ADP:C=1.2+0.15;M=1.21+0.38; AMP:
C=1.324£0.22; M=1.03 £0.1; Student’s ¢-test, P > 0.05;
Figure 1). However, at P30, the morphine group exhibited
a significant increase in hydrolysis of all nucleotides when
compared to the control group (ATP: C = 2.14 + 0.2;
M =422+ 0.56; ADP: C=2.45+0.16; M =3.71 £ 0.47;
AMP: C=0.9 £ 0.22; M = 1.85 + 0.3; Student’s t-test,
P < 0.05; Figure 1). At P60, the morphine group exhib-
ited a significant decrease in ADP hydrolysis compared to
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16 days 30 days 60 days

Figure | Effect of morphine administration in early life on NTPDases and
5’-nucleotidase in rat blood serum at P16, P30, and P60.

Notes: At P16, no between-group differences in ATP, ADP or AMP hydrolysis
were observed (Student’s t-test, P > 0.05). At P30, however, the morphine group
showed an increase in hydrolysis of all nucleotides as compared to the control group
(Student’s t-test, P < 0.05). At P60, ADP hydrolysis was decreased in the morphine
group (Student’s t-test, P < 0.05), while there were no differences in the hydrolysis
of other nucleotides (Student’s t-test, P > 0.05 for ATP and AMP). Bars represent
mean + SEM. Specific enzyme activities expressed as nmol of Pi-min"'-mg" protein.
*Denotes a difference between the control and morphine-treated groups.
Abbreviations: ADP, adenosine 5'-diphosphate; AMP, adenosine 5’-mono-phosphate;
ATP, adenosine 5'-triphosphate; NTPDases, nucleoside triphosphate diphospho-
hydrolase family.
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the control group (ADP C =3.45+£0.52; M =1.97 £ 0.2;
Student’s ¢-test, P < 0.05), while there was no difference in
the hydrolysis of other nucleotides (ATP: C =2.77 £ 0.71;
M =2.72%0.38, AMP: C =229 +£051; M=15%0.2;
Student’s ¢-test, P > 0.05; Figure 1).

In order to verify the presence of soluble NTPDases in
serum after morphine exposure, we analyzed the ratio of
ATP/ADP hydrolysis in all ages after morphine treatment.
A value of approximately 1:1 was observed, with no
significant between-group differences in all ages (P16:
C=1.06=%0.13; M =131 £0.1; P30: C=0.93 £ 0.15;
M =12%0.22; P60: C=0.96 £ 0.3; M =1.23 £ 0.14;
Student’s #-test, P > 0.05; Figure 2). These results indicate
the presence of NTPDase 1, which hydrolyzes ATP and
ADP equally well.*’

Effect of aging on nucleotide hydrolysis

in rat blood serum

We also assessed whether nucleotide hydrolysis changes
with age. We found that ADP hydrolysis was lower at P16 as
compared to P30 and P60 (£, ; = 11.847; one-way ANOVA,
SNK, P < 0.05; Figure 3A). In contrast, 5"-nucleotidase
activity was higher at P60 than at P16 or P30 (F, |, =5.044;
one way ANOVA, SNK, P < 0.05; Figure 3A). No changes
in ATP hydrolysis were observed between these ages
(F,,5, = 2.010; one-way ANOVA, P > 0.05; Figure 3A).
The approximate 1:1 ratios of ATP/ADP hydrolysis suggest
the presence of NTPDase 1 at all analyzed ages. The ratio
between ATPase and ADPase activity remained constant
at all analyzed ages (F = 0.218; one-way ANOVA,

(2.13)
P > 0.05; Figure 3B).
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Figure 2 Ratio of ATPase/ADPase activity following morphine administration in
early life.

Notes: Bars represent mean * SEM. Specific enzyme activities expressed as nmol
of Pi-min~'-mg™' protein. There were no between-group differences in the ratio of
ATP/ADP hydrolysis at any age (Student’s t-test, P > 0.05).

Abbreviations: ADP, adenosine 5’-diphosphate; ATP, adenosine 5’-triphosphate.
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Figure 3 Effect of aging on adenine nucleotide hydrolysis in rat blood serum (A) and
on ratio of ATPase/ADPase activity (B).

Notes: At P16, it was observed a decrease of ADP hydrolysis in comparison to P30
and P60, while at P60 it was observed an increase of AMP hydrolysis in comparison to
P16 and P30 (one way ANOVA, P > 0.05 for ATP; one way ANOVA, SNK, P < 0.05
for ADP and AMP). The ratio of ATP/ADP hydrolysis did not change with age (one
way ANOVA, P > 0.05). Bars represent mean + SEM. Specific enzyme activities
expressed as nmol of Pi-min™'-mg™' protein. *Denotes a difference between ages.
Abbreviations: ADP, adenosine 5'-diphosphate; AMP, adenosine 5’-mono-phosphate;
ANOVA, analysis of variance; ATP, adenosine 5'-triphosphate; SNK, Student
Newman—Keuls.

Discussion

In this study, we have shown that ATPase, ADPase, and
AMPase activities in rat serum are sensitive to morphine
administration during the neonatal period. We observed
that this treatment positively modulates the hydrolysis of
all nucleotides over the medium term (P30). Additionally,
over the long term (P60), morphine administration negatively
modulates ADP hydrolysis. These results show a long-term
effect of morphine treatment in early life upon soluble NTP-
Dases and 5’-nucleotidase in serum. Notably, the parallel
increase in ATP/ADP hydrolysis observed at P30 suggests a
possible effect on the activity of the soluble NTPDase 1-like
enzyme, since parallel behavior for the hydrolysis of these
substrates is a characteristic of this enzyme.

Previous studies by our group have demonstrated the pres-
ence of soluble NTPDases and 5’-nucleotidase in rat blood
serum.’>2! Under baseline conditions, vascular endothelial
NTPDases and 5’-nucleotidase, acting in concert, regulate
nucleotide homeostasis in the vasculature.*®!> NTPDase-1 is
expressed on the cell surface of vascular endothelial tissue
and smooth muscle cells, and may be released through
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proteolytic cleavage of membrane-bound NTPDase or
co-released with ATP and norepinephrine via sympathetic
stimulation.**“° Ecto-5"-nucleotidase, which hydrolyzes AMP
to adenosine, is attached to the cell surface, and may occur
also in a soluble form via cleavage of its glycosylphosphati-
dylinositol (GPI)-anchor by phospholipase C.* Similarly, it
can reduce infarct size and improve cardioprotection both
in wild-type and CD73" mice during acute myocardial
ischemia, as well as attenuate tissue damage and improve
survival during acute lung injury.***

NTPDase 1 is notable for its high preference for nucleo-
side triphosphates and nucleoside diphosphates.** When
NTPDase 1 is active, extracellular ATP is converted to AMP
and then to adenosine by 5’-nucleotidase, and ADP is not an
appreciable product. Thus, we can suggest that the difference
in ATP and ADP hydrolysis observed at P30 is possibly due
to an increase in NTPDase 1-like activity in serum, since
our results showed an approximate 1:1 ratio of ATPase/
ADPase.® However, at P60, ADP hydrolysis was decreased.
In this way, ATP is converted to ADP by other ATPases,
such as NTPDase 2, nucleotide phosphate/phosphodiesterase
family members, and alkaline phosphatase, and ADP concen-
trations will be relatively stable. In this case, AMP (which is
the substrate for 5’-nucleotidase) may be reduced, and ADP
may accumulate in the bloodstream. However, no change
in 5’-nucleotidase activity was observed, making it difficult
to infer whether this outcome will result in decreased extra-
cellular adenosine in vivo. Moreover, decreased activity of
NTPDase 1 may prolong the effect of ATP and ADP at their
respective receptors.*® Under our experimental conditions,
we did not rule out a potential role of NTPDase 5 and 6 in
addition to NTPDase 1 and 2.

In a previous study, we demonstrated that ecto-ATPase,
ecto-ADPase, and ecto-5"-nucleotidase activities in rat spinal
cord synaptosomes change in relation to sex and age.*’ It is
likely that these ectonucleotidases, regulating the concen-
tration of ATP and adenosine in the synaptic cleft, play an
important role in central nervous system development.*®
Corroborating these findings, we verified in the present study
that the nucleotide hydrolysis profile in the serum of control
animals also changes with age, with lower ADPase activity
at P16 and higher AMPase activity at P60. This change is
very important, because these enzymes are regarded as major
regulators of purinergic signaling in blood.*

The relationships between the purinergic and vascular
systems have been widely studied. ATP can be released into
circulation with norepinephrine from sympathetic nerves,
causing vasoconstriction via purinergic P2X receptors on

smooth muscle cells.**" In addition, there is growing evi-
dence for the role of ATP as a neurotransmitter in perivas-
cular non-adrenergic/non-cholinergic nerves, which promote
vasodilatation through direct actions on vascular smooth
muscle, or indirectly through their effects on the endothelium,
mediated by purinergic P2Y receptors.’® ADP is a potent
platelet aggregator and promotes vasoconstriction.!®? In
contrast, adenosine, in addition to its other effects, inhibits
platelet aggregation. Therefore, soluble nucleotidases also
may play an important role in maintaining homeostasis and
thromboregulation, as they reduce excess levels of these
nucleotides in the bloodstream.*® This may partially explain
why ADPase activity is lower in young life and the AMPase
activity is higher in adult life in naive animals. It is well
known that, at P16, the rat cardiovascular system is still
immature, and that modulation of nucleotide levels is very
important for development of cardiac and vascular functions
and contributes to the regulation of vascular tone.> In addi-
tion, the regulation of ATP-metabolizing enzymes in blood
likely plays a significant role in the normal function of this
tissue at different ages. Conversely, 5’-nucleotidase activ-
ity is higher in adult life. This can lead to increased blood
levels of adenosine, which can thus exert its vascular and
cardioprotective effects.?

Studies regarding the relationship between opioid and
cardiovascular systems are well-known; chronic opioid-p
receptor stimulation can decrease muscle sympathetic nerve
activity and plasma levels of norepinephrine.* Furthermore,
low doses of morphine have been found to elicit cardioprotec-
tive effects against myocardial ischemia—reperfusion through
modulation of sympathetic nervous system activity, thus
suggesting an additional role of the central nervous system
in the cardioprotective effect of opioid drugs.* In a previous
study, we demonstrated that norepinephrine increases soluble
NTPDase 1-like activity in blood serum through a direct
stimulatory effect.?’ This positive modulatory effect suggests
a new role for circulating norepinephrine in regulation of
nucleotidases (likely soluble NTPDase-1) pathway, where it
may induce a decrease in extracellular ATP and ADP in the
circulation.” Taking into account that morphine treatment
in early life changes soluble nucleotidase activities in rat
serum over the medium- and long-term, observed increased
NTPDase 1-like and 5’-nucleotidase at P30, and decreased
NTPDase 1-like at P60, we can suggest that, at these differ-
ent ages, soluble nucleotidases modulate the cardiovascular
tonus by controlling nucleotide levels in the blood serum,
such as increased adenosine levels at P30 and increased ADP
levels at P60. Although adenosine is well-known to inhibit
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platelet aggregation and ADP induces platelet aggregation
and vasoconstriction, we do not know whether nucleotides
exert the mentioned functions in the medium- and long-
term after morphine treatment in early life, as several other
factors, are very important in determining the direction of
the vascular response elicited by adenine nucleotides, such as
the presence and nature of the purinoceptor subtype involved
and its location in relation to the structural components of
the vascular wall. Other studies concerning the functional
relevance of these changes are warranted.

In light of the above, we suggest that the results of the
changes on nucleotidase activities lasted for the medium and
long term after morphine treatment, ie, after 2 and 6 weeks
posttreatment. These results suggest that there is no circulating
morphine in the blood serum and thus morphine was not able
to act directly on nucleotidase structures. Thereby, morphine
treatment during the neonatal period could act at transcriptional
level in a manner similar to that showed by our previous work
when we observed these changes in central nervous system
structures.* In addition, we emphasize that the peak of enzyme
protein expression does not always coincide with enzyme activ-
ity.**57 For example, high protein levels of NTPDase 1 from
synaptic plasma membrane from the cerebral cortex did not
match the peak of enzymatic activity.”’ These findings indicate
that changes in enzyme activity are not necessarily reflected
by similar changes in expression levels.

In summary, our findings show that morphine treatment
during the neonatal period alters nucleotide hydrolysis in rat
serum, suggesting that purine homeostasis can be influenced
by opioid treatment during the neonatal period. This modulator
effect of morphine may involve the maintenance of extracellu-
lar nucleotide levels over the medium- and long-term and, con-
sequently, contribute to the inhibition of platelet aggregation
and thrombus formation induced by ATP and ADP. Moreover,
we propose that this change in the nucleotide pathway may
be considered a new guide for the understanding of some side
effects after discontinuation of morphine treatment.
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