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ABSTRACT

Aims: The objective was to evaluate the single exposure of general anesthetics with or
without a surgical procedure at postnatal day 14 (P14) on nociceptive behavioral
responses. Furthermore, we evaluated ectonucleotidase activities at P14 and P30.
Place of Study: All experiments were performed at the Animal Experimentation Unit of
Hospital de Clínicas de Porto Alegre. The Institutional Committee approved the
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experimental protocol f (GPPG-HCPA protocol No: 08149).
Methodology: Fourteen-day-old male Wistar rats were divided into two experimental
designs (ED): the 1st ED – control (C), isoflurane (ISO), isoflurane/surgery (ISO-SUR)
and the 2nd ED – control (C), fentanyl/S(+)-ketamine (FK) and fentanyl/S(+)-
ketamine/surgery (FK-SUR). Nociceptive responses were evaluated using the formalin
and tail-flick tests, and the ectonucleotidase activities were evaluated by spinal cord
synaptosome. All assessments were performed at P14 and P30.
Results: The FK and FK-SUR groups displayed an increased latency at P30. For the
ectonucleotidase activity analysis, the following results were observed: (a) in the 1st ED,
the ISO group displayed a reduction in ATPase and ADPase, and both ISO and ISO-
SUR displayed a reduction in AMPase activity at P14; (b) in the 2nd ED, the FK group
displayed an increase in AMPase activity at P14 and increased ATPase activity at P30,
and both FK and FK-SUR exhibited an increase in AMPase activity at P30.
Conclusion: Our results indicate that single administration of general anesthetics at P14
is able to promote changes in the nociceptive response in the intermediate-term, and in
the ectonucleotidase activities in the short- and medium-terms.

Keywords: Anesthesia; surgery; rat pups; formalin test; tail-flick; ectonucleotidases.

1. INTRODUCTION

Millions of young children worldwide receive general anesthesia every year, and
accumulating evidence is forcing the anesthesia community to question the safety of this
procedure at age extremes. Anesthesia in the neonate has been associated with long-term
detrimental side effects [1]. Mellon and colleagues [2] suggest that neurodegeneration is a
long-term potential risk after anesthetics administration to neonatal and pediatric patients,
and this is related to possible cognitive sequelae. Specific doses of ketamine (20–40 mg/Kg)
and midazolam (9 mg/Kg) induce significant neuroapoptosis [3]. Studies are needed to
better understand the underlying neuroplasticity changes induced by general anesthesia in
the immature nervous system and how this can be related to alterations observed in brain
function and behavior.

It is important to highlight that other neurotransmitters, such as ATP, can also lead to
apoptosis. ATP stimulates cellular excitability by increasing the release of excitatory amino
acids that are involved in the nociceptive response [4,5]. The relationship between the
purinergic and nociceptive systems was reviewed by Donnelly-Roberts and Jarvis [6]. ATP
hydrolysis produces extracellular ADP, AMP, and adenosine, which exert their activities
through specific receptors.

ATP and ADP can be hydrolyzed by members of the ecto-nucleoside triphosphate
diphosphohydrolase family (E-NTPDases), and AMP can be hydrolyzed by ecto-5’-
nucleotidase to produce adenosine [7]. The E-NTPDases control the availability of ligands
for both nucleotide and nucleoside receptors, and the duration of receptor activation [8].
These enzymes may provide a protective function by maintaining extracellular ATP/ADP and
adenosine within physiological concentrations [9]. Previous studies illustrated the
ontogenetic development of ectonucleotidases in the central nervous system (CNS) [10,11].
In addition, our previous study demonstrated that morphine administration during early
life alters E-NTPDase activity and gene expression in the rat spinal cord and cerebral
cortex [12].
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The evaluation of possible physiological effects after general anesthetic exposure is an area
of clinical interest. Our previous studies demonstrated that the unique administration of
general anesthetics during early life is capable of producing short-, intermediate-, and long-
term behavioral alterations [13,14]. Thus, due to the close relationship between purinergic
enzymes and the cellular membrane (the membrane may be involved with the mechanism of
action of general anesthetics), our present study evaluated the effect of a single exposure to
general anesthetic (inhalator and intra-peritoneal) at postnatal day fourteen (P14), with or
without performing a surgical procedure in the E-NTPDases and ecto-5’nucleotidase
activities and in the nociceptive responses.

2. MATERIALS AND METHODS

2.1 Animals

We used 216 male Wistar rats at 14 days old at the start of the experiment. The rats were
housed in cages made of polypropylene material (49 x 34 x 16 cm) with a sawdust floor
covering. They were housed with their mothers and maintained on a standard 12-hour
dark/light cycle (lights on 7:00 a.m.) at room temperature (22±2ºC). The animals had free
access to food and water. Litters were culled to eight pups per dam on P0, and infant rats
(P14) were divided into two experimental groups. In the first experimental design, isoflurane
was used as a general anesthetic inhalator. The pups were divided into three groups: control
(C), isoflurane (ISO), and isoflurane/surgery (ISO-SUR). In the second experimental design,
fentanyl/S(+)-ketamine was used as a general anesthetic and rats were divided into three
groups: control (C), fentanyl/ S(+)-ketamine (FK), and fentanyl+ S(+)-ketamine/surgery (FK-
SUR). The control animals received oxygen and saline in both experimental designs 1 and 2.
At 21 days of age, the animals were separated from their mothers. The behavioral tests were
performed at P14 (6 hours after the procedure) and P30. The mean weight (g) was
25.45±0.37 for P14 and 67.87±1.51 for P30. The experiment used the number of animals
necessary to produce reliable scientific data. To control for the possible effect of outliers,
animals that did not present behavioral responses were excluded. It is accepted that rats at
P8 have a similar neurological development to that of a human newborn and rats at P21,
similar to a 1-year-old child [15]. Additionally, the descending inhibitory system is still in
development until P21 [16]. Considering all this information, the animals at P14 were chosen
for being in a maturation process of the nociceptive system; however, at P30 these animals
already present a mature nociceptive system.

2.2 Pharmacology Treatment and Surgery Procedure

Isoflurane was used as a general inhalatory anesthetic according to Smith and colleagues
[17], with some modifications. We used 5% isoflurane for induction and 3% for maintenance,
with oxygen (600 mL/min) as the carrier gas.

S(+)-ketamine 20 mg/Kg [intraperitoneal (i.p.)] was used as a general injectable anesthetic.
Previous published data has frequently used ketamine in a racemic composition; however, in
the present study we used S(+)-ketamine, an enantiomer with more potent effects as an
anesthetic and analgesic than the racemic mixture or that of R(-)-ketamine [18]. Published
data suggest the use of doses ranging from 10 mg/Kg to 100 mg/Kg [19]. In this study, a
dose of 20 mg/Kg was used in the infant rats. For complete anesthesia, it was necessary to
include fentanyl (90 µg/Kg; i.p.), an opioid agonist used for analgesia. Fentanyl was injected
10 minutes prior to the use of S(+)-ketamine. We reduced the dose of fentanyl to restore
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consciousness more rapidly, despite the published data of Danneman and Mandrell [20] in
which 160 µg/Kg of fentanyl was used. Anesthesia was considered to have taken effect
when the animal no longer had the ability to retract its foot when pinching stimulated a hind
paw.

The Levine method was used for the surgical procedure, as modified by Rice and colleagues
[21]. This method normally uses the occlusion of the common carotid artery to produce
unilateral brain injury in neonatal rats. For this study, animals at P14 were anesthetized
using general anesthetic (isoflurane or fentanyl/ S(+)-ketamine) and exposed to a modified
Levine procedure without arterial occlusion. An incision was made to the ventral surface of
the neck, parallel and slightly lateral to the trachea. The right common carotid artery was
identified, isolated from the nerve and vein, and no occlusion was performed. Animals
recovered from anesthesia in an incubator. Following recovery from the procedure, animals
were returned to their respective cages to be near their mothers. Control groups (saline and
O2) were given asepsis only in the neck without anesthesia treatment. The anesthesia
groups (KF and ISO) were given asepsis in the neck and anesthesia treatment, but no
surgery was performed.

2.3 Formalin Test

The formalin test was performed as previously described [22,23] with minor modifications.
Twenty-four hours before the test, each animal was placed in the chamber for 10 min to
acclimate to the procedure, as the novelty of the apparatus itself can induce antinociception
[24]. The animals were injected subcutaneously (s.c.) on the plantar surface of the left
hindpaw with 0.17 mL/Kg of 2% formalin solution (Formaldehyde P.A.®, obtained from
Sigma–Aldrich, São Paulo, Brazil) diluted in 0.9% NaCl (saline). Each animal was observed
in a Plexiglas box (65 × 25 × 15 cm), and the nociceptive response was recorded for a
period of 30 min. This test produces two distinct phases of nociceptive behavior: the early
and transient phase (phase I, up to 5 min after the injection) and the late and persistent
phase (phase II, 15–30 min after the injection). Phase I has been considered to reflect the
direct stimulation of primary afferent fibers, predominantly C-fibers (neurogenic pain) [25],
whereas phase II is dependent on peripheral inflammation (inflammatory pain) [23,26,27].
The total time (seconds) spent licking, biting, and flicking of the formalin-injected hindpaw
was recorded in phases I and II.

2.4 Tail-flick Test

Rats were tested for antinociception using the tail-flick test [28]. Each animal was placed on
the apparatus and its tail was laid across a nichrome wire coil that was then heated using an
electric current. The equipment was calibrated to obtain three consecutive baseline tail-flick
latencies between 3 s and 5 s. If at any time the animal failed to flick its tail before the
temperature reached 75ºC, the tail was removed from the coil to prevent damage to the skin.
Three latencies were taken at 3-minute intervals. The animals were exposed to the tail-flick
apparatus to acclimate to the procedure 24 h prior to the test session because the novelty of
the apparatus can itself induce antinociception [24]. This test was chosen because it has
been related to supraspinal activation [29], and can detect systemic analgesia [30].
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2.5 Synaptosomal Preparation

After recuperating from the anesthesia, the animals were sacrificed by decapitation, and the
spinal cord was rapidly removed, immersed in 10 vol of ice-cold medium consisting of 320
mM sucrose, 0.1 mM EDTA, and 5 mM HEPES (pH 7.5), and gently homogenized using a
motor-driven Teflon-glass homogenizer. The synaptosomes were isolated as described
previously [31]. Briefly, 0.5 mL of the crude mitochondrial fraction was mixed with 4 mL of
8.5% Percoll solution and layered onto an isosmotic Percoll/sucrose discontinuous gradient
(10%/20%). The synaptosomes that banded at the 10%/20% Percoll interface were collected
with wide-tip disposable plastic transfer pipettes. The material was prepared fresh daily and
maintained at 0–4ºC throughout the preparation procedure.

2.6 Ectonucleotidases Activities

The reaction medium used to assay ATPase and ADPase activities was described
previously [32]. The final concentration medium contained 5 mM KCl, 1.5 mM CaCl2, 0.1 mM
EDTA, 10 mM glucose, 225 mM sucrose, and 45 mM Tris–HCl buffer (pH 8.0) in a total
volume of 200 L. The synaptosomal fraction (20 L) was added to the reaction mixture and
pre-incubated for 10 min at 37°C. The reaction was initiated by the addition of ATP or ADP
to a final concentration of 1 mM and was stopped by the addition of 200 L of 10%
trichloroacetic acid. The samples were chilled on ice for 10 min, and 100 L of samples was
removed for use in the released inorganic phosphate (Pi) assay [33]. The reaction medium
used to assay AMP hydrolysis contained a final concentration of 1.0 mM MgCl2, 100 mM
Tris–HCl (pH 7.0), and 150 mM sucrose in a total volume of 200 L [34]. The synaptosomal
fraction (20 L) was pre-incubated for 10 min at 37°C. The reaction was initiated by the
addition of AMP to a final concentration of 1.0 mM and stopped by the addition of 200 L of
10% trichloroacetic acid; 100 L samples were used for the released Pi assay [33] The
incubation times and protein concentration were determined in pilot studies to ensure the
linearity of the reactions. To correct for non-enzymatic hydrolysis of the substrates, controls
containing the addition of the enzyme preparation after the addition of trichloroacetic acid
were used. All samples were run in duplicate. The protein concentrations were measured by
the Coomassie Blue method [35], using bovine serum albumin as the standard. The specific
activities are expressed as nmol Pi/min/mg protein.

2.7 Statistical Analysis

The data are expressed as the mean ± standard error of the mean (S.E.M.). A one-way
ANOVA was performed followed by a multiple comparisons test (Student-Newman-Keuls
method). Differences were considered to be statistically significant if P<0.05.
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3. RESULTS

The data are presented in two different sections according to the experimental design:

3.1 First Experiment

3.1.1 Effects of isoflurane exposure alone and combined with surgery on nociceptive
response at P14 and P30

At P14 and P30, there were no differences in the nociceptive response between the groups
(C, ISO, and ISO-SUR) in both phases analyzed using the formalin test (n P14, C=5, ISO=6,
ISO+SUR=7 animals; n P30, C=8, ISO= 12, ISO+SUR=10 animals; Table 1).

Table 1. Surgery-associated or unassociated effects of isoflurane on nociceptive
behavior in the Formalin test.

Age Phase C ISO ISO-SUR F P
P14 1st 135.80±33.27 129.50±22.28 105.86±21.55 0.413 >.05

2nd 683.20±89.21 630.17±70.71 711.14±76.48 0.291 >.05
P30 1st 111.75±16.33 121.42±21.92 136.50±27.50 0.261 >.05

2nd 687.50±35.80 667.08±55.96 728.90±56.35 0.371 >.05
The data are reported as the mean ± S.E.M. of time in seconds at each phase. At all phases analyzed
in both age groups, no differences were observed (One-way ANOVA, P>.05). C = control group; SUR

= animal submitted to anesthesia combined with surgery.

At P14 and P30, there were no differences in the latency between the groups (C, ISO and
ISO-SUR) using the tail-flick test (n P14: C=8, ISO=7, ISO+SUR=7 animals, F=3.041; n P30:
C=10, ISO =11, ISO+SUR=11 animals, F=0.802; Fig. 1).

Fig. 1. Surgery-associated or unassociated effects of isoflurane on the behavior
evaluated using the tail-flick test.

No differences were observed at either age analyzed (One-way ANOVA, P>.05).
Mean ± S.E.M = Mean values ± Standard error of means.
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3.1.2 Effects of isoflurane exposure alone and combined with surgery on
ectonucleotidase activities at P14 and P30

At P14, the group that received only isoflurane displayed reduced ATPase and ADPase
activities compared to the other groups (Table 2). Both groups that received isoflurane (ISO
and ISO-SUR) displayed reduced AMPase activity compared to their respective control (n
P14: C=9, ISO=12, ISO+SUR=11 animals; Table 2). At P30, there were no differences
observed between the groups (C, ISO, and ISO-SUR) in the enzymatic activities analyzed
(P>.05; n 30: C= 4, ISO=6, ISO+SUR=6 animals; Table 2).

Table 2. Surgery-associated or unassociated effects of isoflurane on ectonucleotidase
activities

Age Nucleotide
hydrolysis

C ISO ISO+SUR F P

P14 ATP 80.05±15.62 47.17±4.73# 75.47±6.45 4.055 < .05
ADP 20.19±1.76 12.21±1.84# 18.84±1.50 6.338 < .01
AMP 3.73±0.85 1.72±0.41* 1.63±0.50* 3.908 < .05

P30 ATP 100.12±10.42 100.60±10.81 99.89±8.51 0.001 > .05
ADP 30.90±9.96 33.11±5.36 25.97±4.05 0.405 > .05
AMP 7.98±1.67 7.07±1.25 6.93±0.55 0.215 > .05

The data are reported as the mean ± S.E.M. of nucleotide hydrolysis. #Significant difference from the
other groups. *Significant from control group.

3.2 Second Experiment

3.2.1 Effects of fentanyl/S(+)-ketamine exposure alone and combined with surgery on
nociceptive response at P14 and P30

At P14 and P30, there were no differences in the nociceptive behavior between the groups
(C, FK, and FK-SUR) during both phases of the formalin test (n P14: C=5, FK=7, FK+SUR=7
animals; n P30: C=7, FK=10, FK+SUR=10 animals; Table 3).

Table 3. Surgery-associated or unassociated effects of fentanyl/S(+)-ketamine on
nociceptive behavior in the formalin test.

Age Phase C FK FK-SUR F P
P14 1st 148.20±25.51 186.86±14.06 137.14±20.05 1.958 >.05

2nd 720.60±75.78 793.14±22.92 755.29±66.32 0.388 >.05
P30 1st 83.43±23.69 100.30±16.19 108.44±11.12 0.515 >.05

2nd 545.00±107.73 655.10±75.16 668.67±59.12 0.648 >.05
The data are reported as the mean ± S.E.M. of time in seconds at each phase. At all phases analyzed
in both age groups, no differences were observed (One-way ANOVA, P>.05). C = control group; SUR

= animal submitted to anesthesia combined with surgery.

At P14, there were no differences in the latency between the groups (C, FK, and FK-SUR) in
the tail–flick test (F=0.086; n C=7, FK=6, FK+SUR=6 animals; Fig. 2). At P30, both groups
that received fentanyl/S(+)-ketamine demonstrated an increased latency compared to the
control group (F=7.491; n C=14, FK=11, FK+SUR=13 animals; Fig. 2).
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Fig. 2. Surgery-associated or unassociated effects of fentanyl/S(+)-ketamine on the
behavior evaluated in tail-flick test.

*Significant from control group.
Mean ± S.E.M = Mean values ± Standard error of means.

3.2.2 Effects of fentanyl/S(+)-ketamine exposure alone and combined with surgery on
ectonucleotidase  activities at P14 and P30

At P14, the FK group displayed an increase in AMPase activity compared to the other
groups (n=4 animals/group; Table 4). At P30, the FK group exhibited an increase in ATPase
activity compared to the other groups (Table 4). Both groups FK and FK-SUR displayed an
increase in AMPase activity compared to the control group (n C=6, FK=3, FK+SUR=3
animals; Table 4).

Table 4. Surgery-associated or unassociated effects of fentanyl/S(+)-ketamine on
ectonucleotidase activities

Age Nucleotide
hydrolysis

C FK FK+SUR F P

P14 ATP 103.34±16.00 93.10±11.69 97.78±7.22 0.178 > .05
ADP 19.94±1.66 21.52±2.40 26.57±4.42 1.230 > .05
AMP 2.18±0.38 3.57±0.56# 1.32±0.18 8.210 < .05

P30 ATP 99.96±4.78 146.18±8.92# 104.96±1.83 17.189 < .01
ADP 42.50±3.40 50.81±4.60 47.58±3.39 1.245 > .05
AMP 7.63±1.05 14.97±1.71* 12.71±0.79* 10.244 < .01

The data are reported as the mean ± S.E.M. of nucleotide hydrolysis. #Significant difference from the
other groups. *Significant from control group.

3.3 Comparison of the effects upon ectonucleotidases between the two anesthetics
protocols

At P14, the ISO group presented a decreased ATPase activity in relation to other groups,
and decreased ADPase activity in relation to FK and FK-SUR groups. The ISO, ISO-SUR,
and FK groups presented decreased AMPase activity in relation to FK group (data not
shown).
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At P30, the FK-SUR presented increased AMPase activity in relation to ISO and ISO-SUR
(data not shown).

4. DISCUSSION AND CONCLUSION

This study demonstrated that a single administration of fentanyl combined with S(+)-
ketamine at P14 (KF and KF-SUR groups) causes alterations in the nociceptive response
(analgesic behavior) at the intermediate timepoint (P30), but neither group displayed
differences in the neurogenic and inflammatory response. On the other hand, the animals
exposed to isoflurane (ISO and ISO-SUR) at P14 did not show any alteration in the
nociceptive response. Thus, these results demonstrate that isoflurane may be used in
animal models to evaluate nociception, because it presented no alteration in the nociceptive
behavior in the short- and medium-term since the association of fentanyl and S(+)-ketamine
was able to sensitize this pathway.

Differences between formalin and tail-flick tests need to be considered. In the tail-flick, the
nociceptive response is related to the reflex of the spinal cord [36,37] but the response
remains under control of supraspinal structures [38]; it involves phasic pain, with short
duration stimulus, and the pain threshold is measured and involves the thermal stimulation of
Aδ fibers [39]. In contrast, the formalin test involves tonic pain, a long-term stimulus that
triggers the nociceptive response, which involves the stimulation of C-type fibers [39]. The
Aδ fibers are present at birth (P0) while the C fibers are in process of maturation during the
first three weeks of life [40]. During this time period, there is an increase of C-type fibers in
the spinal cord and the corresponding decrease in Aδ fiber type does not occur immediately.
Therefore, both fibers occupy the same space within the spinal cord [40]. Interestingly, our
previous study [14] showed that when we used fentanyl or S(+)-ketamine alone at P14, no
differences in the tail-flick latency test were observed, regardless of the age analyzed (P14
or P30). In the present study, the fentanyl/S-(+)-ketamine administered at P14 was capable
of promoting an analgesic response at P30. Thus, we suggest this unique administration
during the maturation stage (at P14) can promote an adaptive process in the nociceptive
response mainly involving Aδ fibers.

Additionally, the effect observed at P30 may be due to the infant's immature nervous
system, which is highly sensitive to the depressant effects of anesthetics [41]. General
anesthetics are able to interact with a variety of neuronal systems, including the GABAergic,
glycinergic, cholinergic, and glutamatergic systems [42,43]. The NMDA receptors play an
important role in the development and plasticity of connections in the immature CNS [44].
The affinity and density of NMDA receptors are similar in both neonates and adults;
however, their distribution differs. In adults, these receptors are restricted to the gelatinous
substance, while in neonates they are distributed throughout the marrow and achieve the
adult distribution only at P28 [45]. During the postnatal period, until the third week of life,
there is a reorganization of the subunits of the NMDA receptors, and also a relocating of the
spinal cord [46]. We cannot exclude a possible adaptive process in the transmission and/or
modulation of the glutamatergic system in the analgesia observed on the 16th day post drug
administration taking into account the maturation process.

It is interesting to note that S(+)-ketamine was combined with fentanyl, an opioid agonist.
Recently, our group showed an interaction between opioid agonist administration and NMDA
receptors. In that study we showed that repeated morphine exposure in early life (5 μg
sc/day/7 days from P8) promotes a hyperalgesic response to noxious events in adult life of
rats, which was reversed by a NMDA receptor antagonist [47]. Another study described
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nociceptive changes at P17 and at P55 after fentanyl infusion (50 μg/Kg/hour for 72 hours at
P14–P16) [48]. Both models described before illustrate that the repetitive administration of
an opioid agonist causes long-term alterations in the nociceptive response. On the other
hand, in the present study, we show that a single administration of fentanyl combined with
S(+)-ketamine at P14 was able to produce altered nociceptive response (analgesia) in the
medium term.

Another important neurotransmission system in the nociceptive response is the purinergic
system [6]. In addition, in a previous study, our group showed that repeated opioid agonist
administration in early life alters E-NTPDase activity and gene expression in the rat spinal
cord [12]. In the present study, we show that a single administration of S(+)-
ketamine/fentanyl at P14 was able to change adenine nucleotide hydrolysis in
synaptosomes of the spinal cord at short (P14) and intermediate (P30) timepoints,
associated with increased AMPase activity at both. Highlighting that, the increased AMPase
activity at P14 and the increased ATPase activity at P30 were reversed by the surgical
procedure. We can suggest that the increased level of extracellular ATP due to invasive
procedures [4,5,49] reverses the increased AMPase activity (FK-SUR group) since both ATP
and ADP levels inhibit its activity [50]. It is known that the NTPDase 2 or ecto-ATPase has
preference for nucleotide triphosphates over the diphosphates (30:1), thus, we suggest that
NTPDase 2 is the enzyme involved in the effect observed at P30. In addition, it is important
to consider that the ADP generated by enzymatic degradation of ATP is a potent agonist at
P2Y [51,52], thereby decreasing the excitatory neurotransmission in sensory neurons and
minimizing the ATP algogenic side-effects [53]. Thus, considering that the endogenous
adenosine is involved in the physiological control of pain and opioid antinociception [54], we
suggest that the increase in AMP hydrolysis observed at both ages generates higher
concentrations of extracellular adenosine and may partially explain the analgesia observed
in the animals (at least in P30).

On the other hand, the animals that received isoflurane presented a reduction in the
ATPase, ADPase, and AMPase activities in spinal cord of rats in the short term (at P14).
These effects can be explained by the alteration in the fluidity of cell membranes arising from
the action of inhalational anesthetic, since the ectonucleotidases are anchored in the cell
membranes. We highlighted that the surgical procedure was able to reverse these effects
that may result from increased level of extracellular ATP. This ATP increase is due to a
variety of mechanisms, including mechanical stimulation, vesicular release with other
neurotransmitters (e.g., acetylcholine, noradrenaline, glutamate, GABA, or neuropeptide Y)
or cellular damage (e.g., surgery or hypoxia) [4,5,49]. Therefore, we suggest that the last
effect observed from surgery on ATP/ADP hydrolysis may be related to a compensatory
effect of the enzyme activity to control probable increased extracellular ATP levels caused
by cell lysis.

In addition, we hypothesize that the enzyme probably involved in our result is the NTPDase
1 or ecto-apyrase that hydrolyzes nucleotide triphosphates and diphosphates at a 1:1
proportion. The activation of NTPDase 1 promotes the conversion of extracellular ATP into
AMP, and consequently AMP is converted into adenosine by ecto-5'nucleotidase without
ADP production. Based on our results, even with the inhibition of NTPDase 1, ATP could be
converted to ADP by other ecto-ATPases present on the cell surface.

Moreover, we compared the ectonucleotidase activities between the two experimental
designs and found that, at P14, the ISO group presented a decreased ATPase activity in
relation to other groups, and decreased ADPase activity in relation to FK and FK-SUR
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groups. The ISO, ISO-SUR, and FK groups presented decreased AMPase activity in relation
to the FK group. The surgery procedure reversed the alteration in the ATPase activity after
isoflurane exposure, showing that this enzyme is sensitive to noxious intervention; however,
the surgery did not reverse after FK exposure where the drug effect is longer. In relation to
AMPase activity, we showed an opposite effect, since this change was only observed in the
FK group. We suggest that these enzyme activities can vary according to the type of
intervention. The exact mechanism of action of inhalator anesthetics is not currently well
established, but it is believed that it involves membrane fluidity, and this is an important point
since the ectonucleotidase enzymes are anchored in the cytoplasmic membranes. On the
other hand, at P30, the FK-SUR presented increased AMPase activity in relation to ISO and
ISO-SUR. In this case, we can suggest that the early surgical procedure (with fentanyl and
ketamine) induced long-term spinal cord sensitization as shown by increased of
5’ectonucleotidase activity.

The small number of animals in the ectonucleotidase activity assays is an important
limitation in our study. However, we found a statistically significant effect with this number of
animals, thus there was no need for a higher number. In addition, previous studies of our
group used the same number of animals [55,56], and it is in agreement with international
ethical recommendations for animal number reduction (Guide for the Care and Use Of
Laboratory Animals, 8th ed, 2011).

In conclusion, our results demonstrate the importance of extending studies related to general
anesthetics administered during the CNS maturation period when different biological
systems are being developed or maturing. We observed alterations in the nociceptive
response and neurochemical alterations of ectonucleotidases at short and/or intermediate
timepoints after a single exposure to general anesthetics at P14, and these effects were
mainly related to fentanyl and S(+)-ketamine.  Further studies are necessary to elucidate the
mechanisms involved in the observed alterations. In addition, these findings indicate the
importance of evaluating the clinical consequences of anesthetics administration in early life
and highlight the need for further studies involving these agents.
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