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Platelet Aggregation in Rhesus Macaques
(Macaca mulatta) in Response to Short-Term
Meloxicam Administration

Keith E Anderson, Jamie Austin, Evelyn P Escobar, and Larry Carbone’

NSAID administration is often chosen as a method of minimizing pain and discomfort for nonhuman primates. Of concern
when using NSAID is the potential for decreased platelet aggregation due to the inhibition of cyclooxygenases 1 and 2. In
both dogs and humans, the use of NSAID that are selective for cyclooxygenase 2, like meloxicam, minimizes the inhibition of
platelet aggregation in comparison to nonselective NSAID, like aspirin, that inhibit both isoforms of cyclooxygenase. In this
study, we measured platelet aggregation in rhesus macaques (n = 6) by using the impedance method on a multiple-electrode
aggregometer at baseline, at 1 and 4 d after initiating treatment with aspirin or meloxicam, and after a washout period. There
was no statistical difference between aggregation at baseline and after 1 or 4 d of meloxicam treatment, but platelet aggrega-
tion decreased after both 1 and 4 d of aspirin therapy. Our data suggest that clinically significant postoperative hemorrhage

is unlikely in rhesus macaques briefly treated with meloxicam.

Abbreviations: ASPI, arachidonic acid; COX, cyclooxygenase.

The privilege of using animals in biomedical research comes
with the societal expectation that, whenever possible, pain
and discomfort will be minimized. Many pharmaceutical op-
tions are available for the relief of pain in nonhuman primates.
These options include, but are not limited to, analgesics like
the p, partial p, and « opioid agonists; local anesthetics; and
NSAID. NSAID are used to alleviate pain secondary to tissue
inflammation and are an integral component of multimodal
analgesia.” Although NSAID are potent, long-acting analgesics
for postoperative pain in various species, they present various
risks, including gastrointestinal irritation, hepatic toxicity, renal
toxicity, and interference with hemostasis, to animals as well
as research data.#10

NSAID decrease inflammation by inhibiting cyclooxygenases
(COX), of which there are 2 commonly recognized isoforms:
COX1 and COX2. Although a third isoform (COX3) is known,
its role in disease pathology and homeostasis is currently being
investigated.'* NSAID available for clinical use are character-
ized by their relative effect of COX1 compared with COX2.
Aspirin and etodolac, for example, block both COX1 and
COX2 nonselectively, whereas meloxicam and other NSAID
are COX2-selective.

Cyclooxygenase plays an important role in the arachi-
donic acid pathway. COX1 plays an integral role in converting
arachidonic acid in cell membranes to prostaglandins and
thromboxane A2, which is necessary for platelet aggregation.
The production of thromboxane A2in platelets currently is
thought to be exclusively mediated by COX1.5 In addition,
prostaglandins function to maintain gastric mucosal integrity in
the face of excessive gastric acidity, regulate gastric microcircu-
lation, and modulate renal blood flow.? In contrast, the COX2
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isoform is increased secondary to inflammation, given that it
enhances nociception and other aspects of the inflammatory
process.’ These COX1-dependent adverse side effects have led
to the creation of COX2-selective inhibitors for antiinflammatory
and analgesic applications.!%!17.25 Meloxicam selectively inhib-
ited COX2 in various studies in dogs and humans in vivo.31

Aspirin and other nonselective COX inhibitors have been dem-
onstrated to decrease platelet aggregation in many species.>1!
For some investigators, this finding prompts concerns regarding
the risk of hemorrhage during intra- and postoperative periods.
Aspirin blocks COX by acetlylating serine 529 within COX.2
Aspirin’s inhibition of COX is not only nonselective, but its
blockade of COX1 in platelets is irreversible.!! Although some
studies show no significant changes in platelet aggregation in
humans and dogs that received meloxicam, methods of testing
varied widely, and contradictory findings have been reported
for dogs.581025 The degree of COX2-selectiveness of specific
NSAID varies from species to species, for example, dogs and
humans.?®32 Using a different assay, other authors have reported
an innate dog-to-dog variability in responsiveness to NSAID
and a decrease in platelet function in response to meloxicam,
although the authors also stated that agonist choice in this
assay plays a role in this finding.?® Given this variability in
response to NSAID and the prevalence of meloxicam use for
postoperative analgesia at our facility, we sought to determine
whether the COX2-selective effects of meloxicam on platelet
aggregation occur in nonhuman primates, specifically rhesus
macaques, when meloxicam is used for a short time, such as
the perioperative period.

Platelet aggregation can be measured based on the principles
of light transmittance, impedance, or luminescence, or a combi-
nation of these methods by a variety of instruments currently
available.?* In the current study, we measured aggregation by
using electrode impedance aggregometry, a type of whole-blood
aggregometry. This method is based on how the attachment of
platelets to 2 electrodes modulates electrical resistance between
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the electrodes. The change of resistance is proportional to the
number of platelets adhering to the electrodes and is recorded
continuously by the device.®® This method has been used to
study the effect of various medications on platelet aggregation
in humans.!8

The primary goal of the current study was to test our null
hypothesis: that meloxicam has no measurable effect on platelet
aggregation, as determined by using the aggregometer, when
compared with the premedication baseline value. The second
null hypothesis we tested was that aspirin would also have
no measureable effect on platelet aggregation when compared
with premedication baseline as measured by the same assay.
The study was designed to address whether a single dose of
meloxicam affected platelet aggregation as determined by the
aggregometer; whether 4 d of daily meloxicam administration
affected platelet function; whether a single dose of aspirin
affect platelet aggregation; whether 4 consecutive days of
aspirin administration affected platelet function; and whether
either medication affected platelet aggregation after cessation
of treatment.

Materials and Methods

Animals. Six intact adult male rhesus macaques (Macaca
mulatta; weight 10.8 to 17.0 kg; age, 8.5 to 10.5 y) were used in
a crossover design, in which each animal received 4 d of treat-
ment with each of 2 NSAID (aspirin and meloxicam) and platelet
aggregation was measured. All animals were housed at the
University of California, San Francisco, an AAALAC-accredited
institution. All research and animal care at this facility were
performed in accordance with the Guide for the Care and Use of
Laboratory Animals and the Animal Welfare Act.!1® All research
performed was IACUC-approved. The colony is enzootic for
Macacine herpesvirus 1. Macaques were singly housed indoors
on a 12:12-h light:dark cycle and were fed primate biscuits (no.
5050, Lab Fiber Plus, PMI Nutrition International, Brentwood,
MO) twice daily and assorted produce. All animals had ad
libitum access to reverse-osmosis, deionized, UV-sterilized
water throughout the study. All macaques had access to ed-
ible, destructible, or indestructible enrichment items daily on
an alternating schedule. All subjects were transferred from a
neurophysiology project, and all cranial and orbital implants
had been removed 3 or more months prior to enrollment in
this study.

Drug treatments. The 6 macaques were randomized by lottery
into 2 treatment groups, an aspirin-first group and a meloxicam-
first group, each consisting of 3 animals. All macaques received
either aspirin (20 mg/kg PO twice daily; of 81 mg/tablet chew-
able low-dose orange flavored-aspirin, Bayer, Pittsburgh, PA)
firstand then meloxicam (0.3 mg/kg SC or PO daily; 1.5 mg/mL
oral suspension or 5 mg/mL injectable, Boehinger Ingelheim,
Metacam, St Joseph, MO) or the reverse. The personnel collect-
ing and analyzing samples were blinded in regard to treatment
group. The first dose of meloxicam was given subcutaneously, to
best assure consistent uptake for testing the effects of a single-
dose treatment and to best model perioperative dosing at our
facility. Follow-up oral medication administration for 3 d at the
doses we commonly use at our facility allowed examination
of short-term cumulative dosing. Aspirin is only available as
an oral formulation in the United States, and all aspirin doses
were administered orally. Due to equipment constraints for the
platelet assay, animals were assigned randomly by lottery into
2 testing groups (Monday or Tuesday), with sample collection
on Monday and Thursday or Tuesday and Friday, respectively.
All macaques underwent initial blood work 25 d before treatment.

Macaque platelet aggregation in response to meloxicam administration

All animals received 4 d of each NSAID, with 18 d from the
last day of the first medication to the first day of the other.
Twenty days after administration of the second drug, blood
was collected and analyzed for the final time. Platelet function
was assayed before NSAID treatments, on days 1 and 4 of each
NSAID, and at 18 d after the last NSAID administration.

Sample collection and analysis. For each blood sample,
macaques were fasted overnight and sedated with ketamine
(10 to 15 mg/kg IM; Ketaset, Fort Dodge Animal Health, Fort
Dodge, IA), except for one subject that received ketamine (10
to 15 mg/kg IM, Fort Dodge Animal Health) and midazolam
(0.05 mg/kg IM; Midazolam, Hospira, Lake Forest IL). Blood
was collected via the saphenous vein, with the cephalic vein as
an alternate method of collection. For each sample, 10 to 20 mL
blood (approximately 0.1% to 0.2% of body weight in grams
for a 10-kg animal at any single blood draw) was taken. Blood
was taken 2 to 3 h after drug administration to coincide with
expected peak blood levels according to the manufacturer of
injectable meloxicam. Blood was collected on day 0 (baseline
data: CBC, clinical chemistry, PTT, PT, platelet count, and
aggregometry assay) and days 18 (first drug, day 1), 21 (first
drug, day 4), 39 (second drug, day 1), 42 (second drug, day
4), and 63 (final sample) for analysis of CBC, platelet count,
and platelet aggregation.

All samples for platelet aggregation, PT, or PTT were collected
into citrate tubes; those for analysis of CBC and platelet count
were collected into EDTA tubes; and those for serum biochem-
istry (Idexx Laboratories, Sacramento, CA) were collected into
serum separator tubes to evaluate for underlying disease or
indications of clotting disorders.

Multiplate platelet aggregometer. Platelet function was as-
sessed by using the Multiplate multiple-electrode aggregometer
(Verum Diagnostica, Munich, Germany) within 2 h of sample
collection. Briefly, 0.3 mL of whole blood in citrate was diluted
in warmed normal saline containing 3 mM CaCl, and incubated
for 3 min at 37 °C with continuous stirring in a Multiplate test
cell. Each test cell contains 2 sets of 3-mm silver-coated copper
wires, across which electrical resistance is measured at 0.57-s
intervals. Platelet activation was induced by using ADP (0.2
mM), arachidonic acid (ASPI; 15 mM), or collagen (100 pg/mL).
Platelet adhesion to the electrodes was detected as increasing
electrical impedance, measured by duplicate sets of sensor wires
in each test cell. Agonist responses are reported as area under
the aggregation curve (U) over a 6-min measurement period.

Statistical analysis. A factorial ANOVA tested the main ef-
fects of treatment (aspirin or meloxicam), sequence (aspirin
or meloxicam first), and time within sequence (day 1 or day 4)
and an interaction effect of time and treatment on change from
baseline platelet aggregation.

Because we found no treatment-order effect, paired ¢ test
compared baseline and posttreatment platelet aggregation data
for both drugs at all time points and at the final sample 21 d
after the last NSAID treatment. Stata 10.1 (College Station, TX)
was used for all analyses.

Results

Platelet aggregation using the ASPI agonist did not differ after
1-d or 4-d meloxicam administration compared with baseline
levels. Platelet aggregation was significantly (P < 0.05 for both
comparisons) decreased with aspirin administration at both the
1-d and 4-d time points when compared with baseline using
the ASPI agonist (Figure 1). For all macaques in both treatment
orders, platelet aggregation using the ASPI agonist did not dif-
fer between the premedication baseline sample and the day 63
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Figure 1. ASPl-induced platelet aggregation (AUC; mean * SEM) be-
fore drug administration (baseline), at 2 time points for aspirin and for
meloxicam, and at 21 d after the final drug administration. *, Change
from baseline was statistically significant (P < 0.05, 2-tailed f test) for
aspirin after both 1 and 4 d of administration but not for meloxicam
at either time point.

sample, which was collected 21 d after the last NSAID adminis-
tration. There were no residual effects of aspirin on day 18 or 21.

Treatment order did not have an effect when the ASPI agonist
was used. There were no residual effects of aspirin detectable
by day 18 or 21 by using the ASPI agonist. Other main effects
were nonsignificant (sequence, F, ,; =18, P>0.05 time within
sequence, FL ,; = 0.9, P>0.05). In addition, the interaction effect
of dayxtreatment failed to reach statistical significance (F, ,;=0.1,
P>0.05), suggesting that the change in baseline platelet aggrega-
tion did not differ by day within treatment. Results indicated that
pretreatment (mean * 1 SD, 4.4 £ 10.9) and posttreatment (5.1 =
12.5) platelet aggregation values were similar (¢, P > 0.05).

Table 1 reflects the baseline reading and how aggregation
changed with medication administration throughout the study
for each macaque. All preliminary blood work was within nor-
mal reference ranges. CBC and platelet counts remained within
normal parameters throughout the study for all macaques. No
animals became ill during the study. Collagen and ADP ago-
nists did not reveal any statistically significant differences from
baseline for either aspirin or meloxicam.

Discussion

There was no statistically significant deviation from base-
line in platelet aggregation for rhesus macaques after either
a single dose or 4 d of consecutive doses of meloxicam when
the ASPI agonist was used. This finding contrasts with that of
aspirin, which caused a marked change at both time points.
This result strengthens the argument for meloxicam’s potential
use as a preemptive analgesic administered before surgery
or intraoperatively.

Aspirin was chosen as the positive control in this study be-
cause of its well-known antithrombotic effects that are due to
irreversibly inhibiting COX, to ensure that the aggregometer
could differentiate changes in platelet aggregation in macaques
as it does in humans when the ASPI agonist is used.?! A statis-
tical difference was detected in the ASPI agonist aggregation
values when data obtained after aspirin administration were
compared with baseline values. The use of ASPI as the agonist
of choice reflects the fact that it is responsive to cyclooxy-
genase-dependent aggregation, making it more sensitive to
the COX-inhibitory effects of NSAID, in contrast to the other
agonists available.??

In the current study, impedance aggregometry was selected
as the method of determining platelet aggregation. Although
light-transmission aggregometry, which evaluates luminosity
as aggregation occurs in platelet-rich plasma after stimulation
with a platelet agonist, is considered to be the ‘gold stand-
ard,’ its cost, poor standardization, and the need for a skilled
technician to operate the machine make its use challenging in
clinical veterinary use.?%?” In addition, the centrifugation used
in light-transmission aggregometry can destroy platelets.?! Fur-
thermore, whole-blood aggregometry has been noted to have a
higher sensitivity than that of light-transmission aggregometry
for accurately measuring platelet aggregation in some studies
in humans.’

An 18- to 21-d interval between medications was chosen
because it is considered an adequate time frame to encompass
the lifespan of platelets in many species.>!2?° Minimal data
are available on platelet lifespan in rhesus macaques, which
has been found to be as short as 5 to 6 d.13 Although the lack of
a sample between the administrations of the first and second
drug is a weakness of the present study, we found no residual
effect of aspirin at 18 to 21 d after its last administration, and
we found no evidence of a carryover effect of either NSAID.
There was no statistical difference in platelet aggregation 21
d after the last NSAID compared with preNSAID baseline,
regardless of which NSAID was administered most recently.
Likewise, day 1 of meloxicam in “aspirin first’ macaques that
had received aspirin 18 d earlier did not differ from predrug
baseline values. The return to baseline values after aspirin treat-
ment is consistent with what would be predicted by using time
periods that are 2 to 3 times longer than the average lifespan
of a rhesus platelet.

Limitations of the current study relate mostly to the small
sample size available for the project. To minimize the risk of
residual carryover effect from one NSAID affecting the findings
during the second NSAID treatment, a crossover design was
used to assign the macaques to an aspirin-first or meloxicam-
first group. Because of equipment limitations, within each
treatment group, animals were further divided into groups to be
tested on either Monday and Thursday or Tuesday and Friday.
The population was not large enough to rigorously test for the
effect of treatment group or day of the week, but the dramatic
change in platelet function in response to aspirin treatment and
the return to baseline at the end of the study suggest that group
assignment did not induce significant artifacts.

A further unavoidable complication was the need to sedate
the macaques for blood collection; thus the no-NSAID sam-
ples at the start and end of the study are in fact sedation-only
controls. One animal required a ketamine-midazolam mixture
because of a prior history of poor sedation with ketamine
only. Ketamine has been shown to affect platelet function, and
midazolam alone can have effects on platelet aggregation.?!*
Although suboptimal, sedation of nonhuman primates, espe-
cially for short-term studies, is often clinically required to ensure
both human and animal safety.

Finally, normal values have not been established for rhesus
macaques for the platelet aggregometer; in fact, this report is
the first published use of this equipment for this species. The
dramatic response to aspirin treatment in the current study veri-
fies that the aggregometer is capable of detecting COX1-induced
changes in platelet function in rhesus macaques by using the
ASPI agonist, supporting our interpretation that the lack of
meloxicam effect is a true finding and not due to an inability
to detect changes in platelet function. It is noteworthy that the
other 2 agonists did not reveal any drug-associated change in
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Macaque platelet aggregation in response to meloxicam administration

Table 1. Changes in platelet aggregation (U) by using the ASPI agonist relative to baseline value

Aspirin Meloxicam
Macaque no. Baseline Day 1 Day 4 Day 1 Day 4 After treatment
1 25 -17 -6 -3 -8 0
2 22 -18 -15 0 14 -9
3 22 -19 -18 14 8 3
4 44 -28 -28 2 16 2
5 20 -12 -8 4 10 4
6 11 3 -2 15 19 0
Overall (mean * 1 SD) 24+10 -15+9 -13+9 5+7 10+9 0t4

platelet function. Because the ADP agonist does not activate
platelets via thromboxane, neither drug we tested had an effect
on aggregation.?! The collagen agonist, like the ASPI agonist,
activates platelets primarily through thromboxane formation
and has demonstrated a decrease in platelet aggregation similar
to that of the ASPI agonist in humans.?! Perhaps the collagen
agonist is not as sensitive as is ASPI to COX1-associated effects
in macaques. Additional study with a larger sample size would
be necessary to evaluate this issue.

Short courses of meloxicam given to rhesus macaques should
be considered as a component of multimodal postoperative
analgesia. Concern regarding a decrease in platelet aggrega-
tion does not appear to be a justifiable reason to eliminate this
medication as a choice.
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