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Hemodynamic and Behavioral Differences after
Administration of Meloxicam, Buprenorphine,
or Tramadol as Analgesics for Telemeter
Implantation in Mice

Matthew T Ritsep,"” Valerie F Barrette,! Andrew Winterborn,>? Michael A Adams,' and B Anne Croy'

Cannulation of the common carotid artery for chronic, continuous radiotelemetric recording of aortic hemodynamic proper-
ties in mice is a highly invasive recovery surgery. Radiotelemetric recording, by its continuous nature, gives the most accurate
measurements of hemodynamic variables in experimental animals, and is widely used in the study of cardiovascular diseases
including hypertension. The American Heart Association has recommended data acquisition by radiotelemetric recording
but did not provide guidelines regarding postoperative analgesic support. We assessed hemodynamic parameters, locomotor
activity, food intake, and weight loss in radiotransmitter-implanted CD1 female mice receiving analgesic support during the
first 48 h after surgery. The efficacy of analgesic support from the NSAID meloxicam was compared with that of the widely
used opioid agonist buprenorphine and the related compound, tramadol. Meloxicam-treated mice recovered lost body weight
more rapidly than did tramadol- or buprenorphine-treated mice. Furthermore, meloxicam-treated mice maintained circadian
rhythm after surgery and had tighter regulation of mean arterial pressure than did tramadol- or buprenorphine-treated mice.
Meloxicam was also superior with regard to food intake, locomotor activity, and limiting variance in hemodynamic param-
eters. This study indicates that when compared with buprenorphine and tramadol, meloxicam should be the postoperative

analgesic of choice for radiotelemeter implantation in mice.

Abbreviations: HR, heart rate; MAP, mean arterial pressure.

Measurement of arterial blood pressure in experimental
animals is tremendously important for the study of numerous
diseases, including hypertension. Currently, the most accurate
and highly validated method for measuring arterial pressure
in experimental animals is radiotelemetry.>?> Implantation
of the devices requires a skilled surgeon, and rodents need
at least 7 d to recover fully after surgery.?> The immense
stress placed on animals by radiotelemeter implantation
surgery has prompted numerous evaluations of novel
implantation procedures.??22%303442 In addition, limited
evidence is available regarding which postoperative anal-
gesic provides the greatest benefit to recovering animals.
When describing the use of radiotelemetry, American Heart
Association guidelines covering the measurement of blood
pressure in experimental animals make no mention of an-
algesia.®? Buprenorphine is currently the most commonly
used postoperative analgesic after telemeter implantation
surgery.”1%30 However, its efficacy in providing postoperative
pain management in the absence of adverse side effects has
been questioned.*2846

Buprenorphine is a centrally acting partial u-opioid receptor
agonist and a 98- and k-receptor antagonist that exhibits approxi-
mately 75 to 100 times the antinociceptive effect of morphine.
Because buprenorphine is an opioid analgesic, its use is legis-
latively controlled in most jurisdictions. Tramadol has similar
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effects to buprenorphine, also acting as a p-receptor agonist.?

Tramadol has a lower affinity for the p receptor than does
buprenorphine and therefore displays a significantly shorter
half-life.® In addition to being a p-receptor agonist, tramadol’s
analgesic activity is mediated through inhibiting norepinephrine
and serotonin reuptake, thus blocking nociceptive impulses at
the spinal level.® Meloxicam, another commonly used analgesic,
is a NSAID and selective inhibitor of cyclooxygenase 2 inhibi-
tor.!8 Meloxicam’s mechanism of analgesia is via inhibition of
synthesis of prostaglandin H,, a precursor of mediators that
elicit pain and inflammation.!®

The postoperative effects of analgesics involve more than
just pain relief. Commonly used analgesics are known to
modify locomotor activity,?® food consumption,? fluctuations
in body weight,® and hemodynamic factors.*?® Effective an-
algesia minimizes changes to animal behavior over this array
of experimental paradigms as it reduces pain and distress.
The purpose of the current study was to compare the effects
of standard doses of commonly used analgesics in mice re-
covering from cannulation of the common carotid artery for
placement of a radiotelemetric catheter tip into the aortic arch.
This surgery is accompanied by subcutaneous placement of
an approximately 1 cm x 1 cm x 1 cm radiotelemeter in the
lateral flank and is classed as a chronic, recovery intervention
category D animal care protocol in Canada.® We found that,
compared with tramadol and buprenorphine, meloxicam
provided superior postoperative recovery, supporting full
recovery of mice in less time and with fewer disruptions to
normal homeostasis.
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Materials and Methods

Animals. All experiments were performed in the Animal Care
Facilities at Queen’s University under protocols approved by the
Queen’s University Animal Care Committee. Female CD1 mice
(n = 21; age, 10 to 12 wk) were purchased from Charles River
(St Constant, Quebec, Canada) and housed under conventional
husbandry. The mice had ad libitum access to food and water
and were maintained on a 12:12-h light:dark cycle at an ambient
temperature of 23 °C and 15% to 25% relative humidity. Mice
were tested quarterly and found to be serologically negative for
the following agents: Sendai virus, pneumonia virus of mice,
mouse hepatitis virus, minute virus of mice, mouse parvovirus,
murine norovirus, Theiler murine encephalomyelitis virus,
reovirus, epizootic diarrhea of infant mice virus, lymphocytic
choriomeningitis virus, mousepox (ectromelia) virus, mouse
adenovirus, mouse cytomegalovirus, mouse pneumonitis virus
(K virus), polyoma virus, Hantaan virus, mouse thymic virus,
B. bronchiseptica, cilia-associated respiratory virus, Corynebac-
terium rodentium, C. kutscheri, Hepatobacter bilis, H. hepaticus,
Helicobacter spp., Klebsiella pneumoniae, Mycoplasma pulmonis,
Pasteurella multocida, P. pneumotropica, Salmonella spp., Strep-
tococcus moniliformis, S. pneumoniae, -Streptococcus spp., and
Clostridium piliforme. In addition, mice were free of endoparasites
and ectoparasites.

Telemeter implantation surgery. Radiotransmitters (model
TA11PA-C10, Data Sciences International, St Paul, MN) were
implanted via the left common carotid artery, as reported
previously.” Briefly, mice were anesthetized with isoflurane.
The cervical ventral midline was incised (2 cm), and the sub-
mandibular glands were separated by using sterile cotton swabs.
The left common carotid artery was visualized, retracted, and
temporarily occluded with a microvessel clamp. The artery
was punctured with a 26-gauge needle, the catheter tip of the
transmitter was advanced to the aortic arch by using cannulation
forceps, and the catheter was sutured in place. A subcutane-
ous pocket was excavated over the right flank, the transmitter
body was inserted into this pocket, and the incision was closed
(4-0 polyglactin 910; Vicryl, Ethicon, Somerville, NJ). All surger-
ies were conducted between 0900 and 1200.

Postoperative treatment and recovery. Mice were assigned
randomly to receive buprenorphine, tramadol, or meloxicam
immediately after induction with isoflurane, ensuring the
drug’s effect on recovery. Mice were individually housed for
recovery and started on continuous, 24-h data collection. The
buprenorphine group (1 = 8) was treated twice daily at 0900 and
1600 with buprenorphine (0.05 mg/kg SC; Temgesic, Schering—
Plough, Pointe Claire, Quebec, Canada); the tramadol group (1 =
8) was treated once daily (20 mg/kg SC; Chiron Compounding,
Guelph, Ontario, Canada); the meloxicam group (1 = 5) was
treated with 2 mg/kg meloxicam (Metacam, Boehringer Ingel-
heim Vetmedica, St Louis, MO) after induction of anesthesia
and then once daily with 1 mg/kg. All treatments were admin-
istered for 48 h after surgery. Dosages for analgesic agents were
determined based on previously recommended values.!4263345
Food consumption and body weights were recorded daily for
7 d after surgery. In accordance with the animal care guidelines
at Queen’s University, mice that lost more than 15% body weight
after surgery were euthanized and excluded from the study. At
10 d after surgery, the mice entered other studies addressing
gestational regulation of blood pressure.? An additional 3 mice
were randomized to receive the meloxicam treatment, but these
animals experienced problems with signal transmission from
the radiotransmitter unit and did not provide complete data
sets for the recovery period. These 3 incomplete recordings
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Figure 1. The effects of analgesics on postoperative changes in (A)
body weight and (B) food intake. Shaded area indicates postoperative
treatment period. Data are expressed as mean + SEM. *, P < 0.05 com-
pared with baseline value; Sx, day of surgery.

were excluded, and only the remaining 5 complete data sets
were included in final analysis. No mice died as a direct result
of the surgery, nor were any removed from the study due to
excessive (greater than 15%) weight loss.

Data acquisition. Inmediately after surgery, continuous, 24-h
data collection began (version 4.1, Dataquest ART Acquisition
System, Data Sciences International). Collected parameters in-
cluded mean arterial pressure (MAP), systolic blood pressure,
diastolic blood pressure, heart rate (HR), pulse pressure, and
activity. Data were acquired from transmitters for 30-s intervals
every 4 min, yielding 360 measurements for every 24-h period.
To minimize the effects of light-dark—cycle changes, daytime
telemetry data presented in the current study represent means
of all data points collected between the hours of 1000 and 1600,
and nighttime data represent the points collected between the
hours of 2200 and 0400 (90 total measurements for each day and
night). This time period corresponds to the 6-h interval during
the middle of each lighting period in the Animal Care Facilities
at Queen’s University, which cycles from dark to light at 0700
and from light to dark at 1900.

Statistics. Recorded body weights were corrected for the
weight of the transmitter (1.4 g) and normalized to preoperative
baseline values, which were measured immediately prior to sur-
gery. Food consumption, locomotor activity, and hemodynamic
parameters were normalized to postoperative day 7 values,
which were consistent with values obtained 2 wk after surgery.?
All data were analyzed within groups by repeated-measures
one-way ANOVA with Dunnett posthoc test for postoperative
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Figure 2. The effects of analgesics on postoperative changes in mean
arterial pressure (MAP) during the (A) day and (B) night. Shaded area
indicates postoperative treatment period. Data are expressed as mean +
SEM. Sx, day of surgery.

day and 2-way ANOVA with Bonferroni posthoc test for
postoperative analgesic treatment (Prism 5.00, GraphPad, San
Diego, CA). Mean variation associated with each parameter was
calculated as the absolute area under the curve within a given
period. Data are presented as mean + SEM, with a P value of
less than 0.05 considered statistically significant.

Results

Body weight and food consumption. All groups of mice exhib-
ited an approximate 8.5% (8.4% to 8.8%) drop in body weight
within the first 48 h after surgical implantation of transmitters
(Figure 1 A). The body weights of the meloxicam-treated mice
were significantly (P < 0.05) decreased from postoperative day
1 to day 3; body weight recovery was achieved on postoperative
day 4. The tramadol- and buprenorphine-treated mice had sig-
nificantly (P < 0.05) decreased body weights from postoperative
day 2 to days 4 and 5, respectively (Figure 1 A). The tramadol-
treated mice recovered body weight loss at postoperative day
5, whereas the buprenorphine-treated mice regained baseline
body weight at day 6.

The losses in body weight were linked with decreased
food consumption. Tramadol- and buprenorphine-treated
mice consumed significantly (P < 0.05) less food for the first
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Figure 3. The effects of analgesics on postoperative changes in heart
rate (HR) during the (A) day and (B) night. Shaded area indicates post-
operative treatment period. Data are expressed as mean + SEM. *, P <
0.05 compared with baseline value; Sx, day of surgery.

3 postoperative days, whereas the meloxicam-treated mice dis-
played decreased (P < 0.05) food consumption for only the first
day after surgery, with restoration of baseline food consumption
on postoperative day 6 (Figure 1 B).

MAP, HR, and locomotor activity. Daytime MAP was elevated
in all treatment groups after surgery and declined gradually
during the postoperative period (Figure 2 A). Nighttime MAP
was similarly elevated in all treatment groups immediately
after surgery (Figure 2 B). No significant differences in MAP
were observed between groups. The meloxicam- and tramadol-
treated mice did not display a daytime change in HR throughout
the recovery period, whereas the buprenorphine-treated mice
exhibited a significant (P < 0.05) drop in daytime HR on post-
operative day 1 (Figure 3 A). Nighttime HR was significantly
(P < 0.05) lower than baseline in all groups on the surgical day
and remained low in the buprenorphine-treated group into
postoperative day 1. No differences in nighttime HR were noted
between groups (Figure 3 B). Daytime locomotor activity was
significantly (P < 0.05) elevated immediately after surgery in
the tramadol- and buprenorphine-treated mice; however, the
meloxicam-treated mice did not display a daytime change in
activity throughout recovery (Figure 4 A). Nighttime locomo-
tor activity on the day of surgery was blunted in all groups.
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Figure 4. The effects of analgesics on postoperative changes in loco-
motor activity during the (A) day and (B) night. Shaded area indicates
postoperative treatment period. Data are expressed as mean + SEM.
*, P < 0.05 compared with value for meloxicam group; Sx, day of
surgery.

No significant differences in nighttime locomotor activity
occurred between groups (Figure 4 B).

Circadian rhythm. Mice treated with either tramadol or bu-
prenorphine displayed a reversal of normal MAP circadian
rhythm on the day of surgery, with higher MAP during daytime
than nighttime (Figure 5 A). In contrast, mice treated with mel-
oxicam displayed only a slight reduction in the overall mean
difference between night and day MAP values and maintained
greater nighttime MAP compared with daytime for the duration
of the study (P < 0.05; Figure 5 A). In all treatment groups, mice
displayed a reversal of HR circadian rhythm the day of surgery
and recovered similarly thereafter (Figure 5 B). MAP normally
shows a biphasic daily distribution,* which was not present
during the first 24 h postoperatively for any treatment group
(Figure 6). Buprenorphine showed the greatest loss of this pattern
(that is, narrowest range). Biphasic patterns in MAP variability
for all treatment groups had returned by postoperative day 3. On
postoperative day 3, mice treated with meloxicam displayed tight-
er regulation of MAP than did mice treated with buprenorphine
or tramadol (Figure 6). By postoperative day 6, the distribution of
MAP values in buprenorphine- and tramadol-treated mice had
improved but still were wider (that is, less tightly regulated) than
were those in meloxicam-treated mice (Figure 6).
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Figure 5. The effects of analgesics on postoperative changes to circa-
dian rhythm in regard to (A) mean arterial pressure (MAP) and (B)
heart rate (HR). Data are expressed as mean = SEM. *, P < 0.05 com-
pared with values for buprenorphine and tramadol groups; Sx, day
of surgery.

Discussion

The present study found a clear superiority of meloxicam
over buprenorphine or tramadol as a postoperative analgesia
after radiotelemeter implantation surgery in mice. Only com-
monly recommended dosages were compared, 4263345 and the
key finding was that the recovery of weight loss was delayed
after treatment with buprenorphine or tramadol compared with
meloxicam. This finding is consistent with previous data from
our laboratory that compared postoperative buprenorphine
and meloxicam in rats.* Other colleagues have reported that
postoperative buprenorphine significantly reduced growth rates
in young rats.> Moreover, growth suppression after buprenor-
phine administration occurred in rats that had not undergone
a surgical procedure.’ Our present study identified decreased
food intake after surgery in the tramadol- and buprenorphine-
treated mice, whereas food intake remained closer to presurgical
values in mice treated with meloxicam. It has been demonstrated
previously that nonselective opioid receptor antagonists can
suppress appetite.! Although both buprenorphine and trama-
dol achieve their analgesic effects through p-opioid receptor
agonism, each drug also has antagonistic effects on the 8- and
K-receptor subtypes.354 Meloxicam, in contrast, attenuates
zymosan-induced anorexic responses® and displays strong
gastrointestinal tolerability. 11737414447

In addition to their apparent disruptive effects on normal eating
behavior, buprenorphine and tramadol affected hemodynamic
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Figure 6. 24-h frequency distributions of mean arterial pressure (MAP) on days 0, 3, and 6 after telemeter implantation. Data shown are from a

representative animal in each treatment group.

parameters. Mice treated with buprenorphine exhibited the
greatest increase in MAP immediately after surgery, most
likely due to direct effects causing acute increases in body
temperature, heart rate, blood pressure, and locomotor activ-
ity, as in rats.?”?® Interestingly, buprenorphine treated mice did
not exhibit elevated MAP or activity levels during nighttime.
In mice, buprenorphine displays a relatively short elimination
half-life (approximately 2.9 h),* which would explain its effects
on hemodynamic factors only during the day. Interestingly, day-
time locomotor activity during the first postoperative day was
increased greatly in the buprenorphine- and tramadol-treated
groups but remained at baseline for meloxicam-treated mice.
This difference may represent an acute action of the opioid
analgesics, as demonstrated previously in rats.? Because mice
are nocturnal, it might have been useful to administer opioid
analgesia during the night period instead.

An important and novel finding of the current study was
that the administration of buprenorphine and tramadol as
postoperative analgesia reversed normal circadian rhythm,
whereas meloxicam analgesia maintained it. Major surgery
can disrupt normal circadian rhy’chrn,21 and these disturbances
negatively correlate with optimal postoperative recovery.20 In
addition, disruption of normal sleep patterns interfere with
postoperative recovery and mediate an increase in postopera-
tive pain.12 The high locomotor activity levels during the day
period immediately after surgery in the mice that received bu-
prenorphine and tramadol recorded suggest that these animals
had disrupted sleep patterns, which could have affected their
overall recovery.

Postoperative analgesia conferred by NSAID may provide
additional benefits over the use of traditional opioid analgesia.
Buprenorphine and tramadol are known to cause significant
hyperalgesia, 048 respiratory depression,'¥1043 and acute hy-
peractivity and hyperthermia.?”? Conversely, meloxicam has
little or no effect on cardiovascular and respiratory parame’cers,18
renal function'%? or gastrointestinal activity.?”#* Furthermore,
because meloxicam achieves its analgesic effects without an-
tagonizing nociceptive receptors, the risk of sensitization is
minimal.!® The longer duration of action of meloxicam (t,=
6.4 h)® as compared with that of buprenorphine also provides
animal and personnel resource benefits, in that meloxicam re-
quires administration only once daily, whereas buprenorphine
requires twice-daily administration to achieve continuous
analgesic effects. In addition, buprenorphine and tramadol,
as opioid narcotics, are designated as controlled substances in
many jurisdictions; meloxicam, in contrast, is available for use
without the need for special permits or exemptions.

Compared with classic NSAID, such as ketoprofen, meloxi-
cam appears to provide similar analgesic effects!>3® and displays
strong gastrointestinal tolerabﬂity11 and limited disruption to
renal function.!%172 However, most head-to-head comparisons
of meloxicam and classic NSAID have been done in dogs, cats,
and humans and therefore would not be directly applicable to
the present study in mice. In addition, meloxicam exhibits more
COX2 selectivity than do classic NSAID; therefore, extending the
favorable outcomes mediated by meloxicam to classic NSAID
may be ill-advised. A direct comparison of classic NSAID with
meloxicam in mice is warranted, because the use of classic
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NSAID as postoperative analgesia may provide an additional
cost benefit over the use of meloxicam.

Postoperative analgesia for laboratory animals is not only
morally imperative for investigators but also promotes the
return of normal animal function and hastens the time of onset
for quality data collection.?”?8 The operating cost associated
with radiotelemetric monitoring of hemodynamic parameters is
substantial, making the acquisition of accurate data in telemetric
experiments of central importance. Appropriate and effective
analgesia after surgical implantation of devices can provide
marked benefit to the cost-effectiveness of these procedures
by reducing the time needed for recovery?” and by improving
postoperative survival.3!

Radiotelemetry is recognized as the most accurate and valid
method for measuring hemodynamic parameters in laboratory
rodents. However, the surgical implantation of these devices
is highly invasive and potentially disruptive to the animal’s
health and wellbeing. Here, the postoperative recovery of CD1
mice after radiotelemeter implantation into the aortic arch was
monitored to compare the efficacy of standard doses of 3 agents
in supporting cardiovascular and behavioral recovery. The
study demonstrated the clear superiority of meloxicam over
the traditional opioid analgesics buprenorphine and tramadol.
Meloxicam provided superior postoperative benefits in regard
to body weight, food consumption, hemodynamic factors,
and circadian rhythm. Furthermore, this study demonstrated
the undesirable side effects of postoperative opioid analgesic
administration on data that are collected before mice complete
an adequate recovery period. These drawbacks included higher
daytime activity and wider variability across data sets. Selec-
tion of postoperative analgesia must be considered among the
variables influencing radiotelemetric data collection in mice.
Meloxicam produces strong analgesic effects®® and causes the
least disruption to postoperative recovery and hemodynamic
parameters. Therefore, we recommend meloxicam over bu-
prenorphine and tramadol as the postoperative analgesia of
choice after surgical telemeter implantation in mice.
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