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Pharmacokinetics of Ketamine and Xylazine in
Young and Old Sprague-Dawley Rats

Daphnée Veilleux-Lemieux,®> Aude Castel,! Denise Carrier,? Francis Beaudry,' and Pascal Vachon"

To compare the pharmacokinetics of coadministered intraperitoneal ketamine and xylazine in young (8 to 10 wk; n = 6) and
old rats (2 to 2.4 y; n = 6), blood samples obtained at 15 and 30 min and 1, 2, and 4 h after drug administration were analyzed
by HPLC-tandem mass spectrometry. In both groups, the withdrawal reflex was absent during anesthesia and was present
at 1.1 (x 0.2) and 2.6 (+ 0.7) h after drug administration in young and old rats, respectively, with the first voluntary movement
at 1.5 £ 0.2 and 4.9 + 1.0 h. Drug availability of ketamine and xylazine was 6.0 and 6.7 times greater, respectively, in old than
young rats. The rate constant of elimination of both drugs was greatly decreased and the elimination half-life was significantly
greater in old compared with young rats. In conclusion, age and associated factors affect the availability of ketamine and
xylazine when coadministered to attain clinical anesthesia, changing the pharmacokinetics of these drugs and prolonging
anesthesia duration and recovery times with aging. Compared with their young counterparts, aged rats required much higher
doses to attain a similar level of anesthesia. Finally, the long half-life of both ketamine and xylazine, when coadministered
to old rats, may be a factor in research protocols because residual plasma concentrations could still be present for as long as

3 and 5 d, respectively, after administration.

Abbreviations: C,__, last measurable plasma concentration; K

last”

el

terminal elimination rate constant.

Ketamine, an N-methyl p-aspartate antagonist with anes-
thetic properties, and xylazine, an o2-adrenoreceptor agonist
with sedative and antinociceptive effects, are often used in
combination to anesthetize rodents. They are administrated
intramuscularly, intraperitoneally, or intravenously to provide
relief of pain and distress.?” Ketamine combinations are consid-
ered to be a first choice in rodents when injectable anesthetics are
used.®?’ Ketamine and xylazine are metabolized mainly by liver
cytochromes P450 enzymes and excreted by the kidney.!! Both
drugs are rapidly absorbed and well distributed to the CNS.24
However little is known about their pharmacokinetics in aged
animals. Commercial ketamine preparations are composed of
2 enantiomers (the S-enantiomer is more active and produces
fewer side effects),!” and cytochrome metabolism is different
across different animal species;'8 therefore findings in rats may
not extrapolate to other species.

The main objective of the current study was to compare the
pharmacokinetics of ketamine and xylazine in young and old
rats when coadministered at anesthetic doses to determine a
safer, more appropriate combination of injectable drugs for
anesthesia of aged rats.

Materials and Methods

Animal subjects. SPF Sprague-Dawley (Crl:CD[SD]; Charles
River Canada, St Constant, Canada) rats were used for this
study. To obtain old rats, 8- to 12-wk-old rats were purchased
and kept in the animal facility until experimentation. At the time
of experimentation, these animals (total of 9 rats; 3 animals used
for a pilot study) were 2.0 to 2.4 y of age and weighed 0.8 to 1.1
kg. Sentinel program evaluations (Standard Health monitoring:
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serology [rat parvovirus, Toolan H1 virus, Kilham rat virus, rat
minute virus, parvovirus NS1, sialodacryoadenitis virus, Preu-
mocystis carinii, Sendai virus, pneumonia virus of mice, reovirus,
and Mycoplasma pulmonis]; upper respiratory and gastrointesti-
nal microbiology, parasitology [endo- and ectoparasites]; and
gross necropsy; Charles River) were performed every 6 mo on
6- to 8-wk-old Sprague-Dawley rats (Crl:CD(SD); Charles River)
after dirty-bedding contact for 2 mo. Results showed that these
sentinels were negative for all pathogens and necropsy findings.
Young rats were 8 to 10 wk old and weighed 0.35 to 0.40 kg
(n =6) at the time of the study and had 7 d of acclimation before
the start of the experiments. All rats were housed in a standard
laboratory animal environment (fresh filtered air, 15 changes per
hour; temperature, 21 + 2 °C; humidity, 50% + 20%; and 12:12-h
light:dark cycle). Rats were pair-housed in polycarbonate cages
(Ancare, Bellmore, NY) on hardwood bedding (Teklad Certified
SaniChips, Harlan Laboratories, Madison, WI) with PVC tubes
for environmental enrichment. Cage dimension were 10.5 in.
x 19 in. x 8 in. for young rats and 24 in. x 17 in. x 8 in. for old
rats (rats were moved from small to larger cages according to
their weights, according to Canadian Council on Animal Care
guidelines?). Rats received tap water and a certified laboratory
diet (2018 Teklad Global 18% Protein Rodent Diet, Harlan Tek-
lad, Bartonville, IL) ad libitum. The experimental protocol was
approved by the IACUC of the Faculty of Veterinary Medicine
of the University of Montreal (young rats) and the Ste Justine
Hospital Research Center (old rats), in accordance with the
guidelines of the Canadian Council on Animal Care.? Animals
were kept in different facilities, under similar environmental
conditions, and all manipulations were performed by the same
experimenters.

Treatments. All rats (n = 6 per group) received ketamine
(125 mg/kg IP; Ketalean, Bimeda-MTC, Cambridge, Canada) and
xylazine (10 mg/kg IP; Xylamax, Bimeda-MTC). The anesthesic
dose was selected from a pilot study in which 3 ketamine doses
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(80, 100, and 125 mg/kg; with 10 mg/kg xylazine) were evalu-
ated in 3 old rats. The 2 lower doses of ketamine did not produce
sufficiently profound anesthesia because all rats retained the
withdrawal reflex at all time points. Only the 125-mg/kg dose
of ketamine induced an anesthetic level where no withdrawal
reflex was observed at the early time points (0.25, 0.5, and 1 h).
Therefore, we used doses of 125 mg/kg ketamine and 10 mg/kg
xylazine for this comparative pharmacokinetic study.

Evaluation of anesthesia depth. After ketamine—xylazine injec-
tion, the duration of anesthesia was evaluated as the time until
the first withdrawal reflex, evaluated immediately prior to each
blood collection by pressing the interdigital skin of a hindpaw
skin by using hemostatic forceps. In addition, recovery time
was measured as the time until the first voluntary movement
after ketamine—xylazine injection.

Blood sampling for the pharmacokinetic study. The blood
sampling method has previously been described.?® Briefly,
jugular vein blood collections (0.3 mL per time point) were
rapidly (approximately 1 min total duration) collected under
isoflurane anesthesia (0.5 mL/min oxygen) when necessary
(that is, when the withdrawal reflex was pinch present) by face
mask. Blood was collected at 15 and 30 min and 1, 2, and 4 h
after ketamine—xylazine administration. During blood collec-
tions, rats were kept on an electric heating pad; after sampling,
they were placed under a heating lamp until sternally recum-
bent. Blood was collected in 1-mL microtainer tubes containing
K,EDTA (Becton Dickenson, Franklin Lakes, NJ). Samples were
maintained on ice and centrifuged (3200 x g for 10 min) within
30 min of collection. All samples were kept at =80 °C pending
analysis by HPLC—tandem mass spectrometry.

Histologic preparations. Immediately after euthanasia (iso-
flurane overdose) on the day after the last blood collection, the
kidney and liver of each rat were collected and preserved in a
buffered 10% formalin solution prior to histologic preparations
(hematoxylin—eosin—saffron staining). Specimens were sent to
the pathology department of the Faculty of Veterinary Medicine
of the University of Montreal and evaluated by a veterinary
pathologist (Dr Pierre Hélie, DMV, DACVP).

Bioanalytical methods. Ketamine and xylazine analyses were
performed by using an HPLC-tandem mass spectrometer as
has previously been described.3

Pharmacokinetics. Pharmacokinetic parameters of ketamine
and xylazine in plasma were calculated using noncompart-
mental methods.?? The AUC from time 0 to the last measurable
concentration was calculated by using the linear trapezoidal
rule. The terminal rate constant of elimination (K ) was calcu-
lated by using a minimum of 3 measured plasma concentrations,
and a terminal elimination half-life was calculated as In 2/K .
The AUC extrapolated to infinity was calculated as AUC, +
C,../K, where C__ was the last measured plasma concentra-
tion. All pharmacokinetic parameters were calculated by using
WinNonLin 5.2 (Pharsight, Mountain View, CA), and plasmatic
drug profiles were modeled by using WinNonLin.

Statistical analysis. Unpaired f tests were performed to assess
differences in anesthesia duration, recovery time, and selected
pharmacokinetic parameters between groups. The statistical signif-
icance level was set a priori ata P value of less than 0.05. Statistical
analyses were performed by using Statistica software (version 4.3,
www.statsoft.com). Data are reported as mean + 1 SD.

Results
In young and old rats, the withdrawal reflex was absent dur-
ing ketamine—xylazine anesthesia and returned at 1.1 = 0.2 and
2.6 +0.7 h (mean + 1 SD; P <0.0001), respectively, after the drug

administration. The first voluntary movement after ketamine—
xylazine anesthesia was observed at 1.5 + 0.2 and 4.9 + 1.0 h
(P < 0.0001) in young and old rats respectively. After recovery,
no signs of toxicity (salivation, vocalization, erratic recovery,
dyspnea, spastic jerking movements, convulsions, muscular
tremors) were observed in either group.

Semilogarithmic graphs of the plasmatic concentrations of
ketamine and xylazine are presented in Figure 1. Pharmacoki-
netics parameters are presented in Table 1. Drug availability
(AUC) was 6.0 and 6.7 times greater for ketamine and xylazine,
respectively, in old rats compared with young rats. K was
greatly decreased for both drugs and the elimination half-life
was significantly greater in old rats than in young rats.

No abnormal histopathologic findings were present in livers
or kidneys from either young or old rats.

Discussion

Many injectable anesthetic drug combinations have been used
inrats, including fentanyl- droperidol and ketamine with either
medetomidine or xylazine.”!%32 Ketamine—xylazine is one of the
most common anesthetic combinations in mice, rats, hamsters,
and guinea pigs.!*1?8 Ketamine also is used for its sedative and
analgesic properties in many species.® In addition to its analge-
sic and anesthetic properties, ketamine has many advantages
including simple administration, wide margin of safety, and its
ability to be combined with other drugs.” Xylazine is mainly
used for its sedative and analgesic properties.!14

Xylazine and ketamine are both eliminated mainly via urine.
Ketamine is metabolized primarily into norketamine.!® Xylazine
is extensively metabolized into many metabolites,'® however
as much as 70% of the xylazine dose is eliminated in urine.?0?
The half-life of ketamine is variable in different species.!* In
rats, the reported half-life for ketamine is 2 h and for xylazine
is 1h.530 Our findings show that the half-life of both drugs was
approximately 1.3 h in young Sprague-Dawley rats but 8.5 and
13 h, respectively, in old rats. These results suggest that drug
clearance is hampered markedly in aged rats. Together with
reduced drug clearance, these changes explain in part the pro-
longed duration of anesthesia and slow recovery seen in old rats.
In addition, the low clearance is reflected in greatly increased
drug availability, measured as the AUC. AUC (exposure) is the
most important pharmacokinetic parameter in terms of clinical
efficacy and toxicity. Concerning efficacy, reflexes in our rats
returned after drug administration with no apparent decrease
in blood concentration. We currently have no clear answer
for this apparent discrepancy. Important differences in drug
concentrations between nervous tissue and plasma may occur
due to the activation of drug efflux pumps. Additional studies
are required to understand the relationship between anesthetic
depth and the concentrations of drugs in nervous tissue and
plasma. The significant increase in the AUC for both drugs
suggests that toxicity will occur with repeated administrations,
given that the clearance of a drug usually is calculated as 7 to
9 times the half-life (that is, 2.5 to 3 d for ketamine and 4 to 5 d
for xylazine).2® Furthermore, considering that old rats usually
have more degenerative renal lesions than do young rats, we
expect that aged rats will have greater difficulty in eliminating
the drugs, thus increasing the AUC and consequently toxicity to
tissues. Given the biochemical, physiologic, and anesthetic dif-
ferences between our experimental groups, our results strongly
suggest that the ketamine—xylazine injectable drug combination
is a poor anesthetic choice in aged rats.

Many factors can affect the pharmacokinetics of drugs,
including age, sex, nutrition, environmental conditions, and
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Figure 1. Concentration (mean + SD)-time profiles of ketamine (top)
and xylazine (bottom) in young and old rats (1 = 6 per group) after a
single intraperitoneal injection of ketamine (125 mg/kg) and xylazine
(10 mg/kg).

disease.!?15272% Various age-associated changes might affect
the metabolism of drugs, such as chronic subclinical inflam-
mation, obesity (for example, storage of lipid-soluble drugs
in fat), and diminished exercise.'” Our results show a clear
effect of age and associated factors on the pharmacokinetics
of ketamine and xylazine. Because both ketamine and xyla-
zine are metabolized by the liver cytochrome P450 enzymes
and excreted by the kidney,'® age-associated changes in liver
metabolism could very well explain our findings.?! Significant
ultrastructural changes of hepatocellular organelles (for ex-
ample, endoplasmic reticulum) occur with aging and can be
correlated with biochemical changes.?® The hepatic metabolism
of various substrates was altered in rats that varied in age from
3 to 24 mo, due to qualitative changes in cytochromes P450.2?
Although drug metabolism might also occur in kidney and
brain tissue, no previous publication has addressed this ques-
tion in rats. In addition, plasma concentrations of the drugs
may vary due to physiologic changes associated with aging;
for example, glomerular filtration rates decrease with aging,
although the total number of nephrons does not seem to be
altered.3# Therefore pharmacokinetic changes associated with
aging may reflect both metabolic and physiologic alterations.
More studies are required to assess the pharmacokinetics of
ketamine and xylazine in aged animals and should consider
the metabolism of these drugs in liver, kidney, and brain tissue
as well as the effects of other age-induced physiologic changes.
We did not find any pathologic changes in the kidneys of the

Ketamine—xylazine pharmacokinetics and aging

Table 1. Pharmacokinetic parameters after a single intraperitoneal injec-
tion of ketamine (125 mg/kg) and xylazine (10 mg/kg)

Young rats Old rats

Ketamine

AUC , (ng x h/mL) 8,539.5 15,970.72

AUC, , (ng x h/mL) 9,422.7 56,927.32

K, (/h) 0.5491 0.08172

T, , (h) 1.26 8.48°
Xylazine

AUC , (ng x h/mL) 1,465.8 2,040.32

AUC, , (ng x h/mL) 1,666.0 11,168.12

K, (/h) 0.53337 0.0536?

T,, () 1.30 12.932
AUC, , AUC from time zero to the last measured concentration; AUC

0-t/ 0-inf”’
AUC extrapolated to infinity; K , terminal elimination rate constant;

T, terminal elimination half-life.
2Value significantly (P < 0.0001) different from that for young rats.

old rats; therefore the expected aged-associated degenerative
are not a concern in the present study.

Anesthetic agents such as ketamine frequently are coadmin-
istered with xylazine; both of these drugs are metabolized by
CYP3A. An in vitro study? has shown that ketamine has an
inhibitory effect on xylazine metabolism, perhaps explaining our
finding that the plasma concentration of ketamine at 1 h after
administration was greatly increased in old rats. The marked
difference in substrate concentration and a reduction in CYP
expression may amplify the effect of CYP3A substrate com-
petition and may explain the significant reduction in xylazine
clearance that we noted in our old rats. It is important to note
that pharmacokinetic analyses usually are done with a single
drug at a time, whereas we here calculated the various pharma-
cokinetic parameters after the coadministration of ketamine and
xylazine, which reflects the clinical situation. Because both drugs
are metabolized by similar hepatic enzymes, the importance of
this approach is revealed in our aged rats.

In conclusion, age and associated factors significantly affect
ketamine and xylazine availability when the drugs are coad-
ministered to attain clinical anesthesia, subsequently changing
the pharmacokinetics of these drugs and leading to prolonged
anesthesia duration and recovery times in aged rats. We also
found that, compared with young rats, old rats required much
greater anesthetic doses to attain a similar level of anesthesia.
The long half-life of both ketamine and xylazine when coadmin-
istered to old rats may be a factor in research protocols, because
residual plasma concentrations may be present for as long as
3 and 4 d, respectively, after their administration.
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