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Using Remifentanil in Mechanically Ventilated
Rats to Provide Continuous Analgosedation

Nada M Ismaiel,’? Raymond Chankalal,? Juan Zhou,? and Dietrich Henzler?"

Remifentanil is a potent synthetic opioid with sedative effects. Intravenous remifentanil provides deep sedation and an-
algesia in laboratory animals during experimental procedures. We hypothesized that remifentanil would provide effective
analgosedation during assisted mechanical ventilation without affecting respiratory mechanics in rats. Five male Sprague—
Dawley rats (weight, 400 to 450 g) were assigned to receive assisted mechanical ventilation with continuous positive airway
pressure for 5 h. Remifentanil (0.4 pug/kg/min IV) was delivered for the duration of ventilation. There were no differences
between baseline, 1 h, and 5 h of ventilation in the mean arterial pressure, cardiac output, heart rate, and body temperature of
all rats. Similarly, no differences were observed in the tidal volume, respiratory rate and minute ventilation, and gas exchange
was equal in all rats at all time points. Frequent assessment of sedation by toe pinch documented loss of the pedal withdrawal
reflex in all rats. We conclude that continuous remifentanil infusion provides sufficient analgosedation for mechanically
ventilated rats without compromising hemodynamics, respiratory function, or gas exchange.

Abbreviation: ABS, analgesia-based sedation.

Strategies to ensure appropriate anesthesia and analgesia
in animals during and after experimental procedures are im-
portant in a laboratory setting. The use of fentanyl and other
opioids for pain control and surgical anesthesia has increased in
laboratory animals, owing to the clinical principle of analgesia-
based sedation (ABS). In ABS, analgesics are used to maximize
comfort, minimize distress, and provide deep sedation simul-
taneously.?1?%3! Compared with hypnosis-based sedation, ABS
is more effective for managing intensive care patients, because
sedatives have little or no analgesic potency and are less effec-
tive in inducing tolerance to painful stimuli.?’

Opioids are administered parenterally, intravenously, orally,
and even intrathecally in laboratory animals.*533% However,
the intraperitoneal application of opioids makes titrating
their effects more challenging because of the risk of under- or
overdosing,”!® thereby complicating prediction of their effects.
This drawback is especially important in animals undergoing
potentially harmful procedures, such as experimental sepsis®
or lung injury, because the risks for hemodynamic deterioration
and premature death are greater. For these purposes, animals
need deep sedation and analgesia, where a drug-induced state
of reduced consciousness limits easy arousal and response to
painful stimulation. The ideal strategy would ensure effective
anesthesia—sedation, analgesia, and hemodynamic stability in
laboratory animals undergoing potentially painful interven-
tions.

Remifentanil is a derivative of fentanyl, a drug widely used
as a potent synthetic opioid with properties of analgesia and
sedation.!?!3 Remifentanil belongs to a class of opioid analgesics
known as the phenylpiperidines?? that functions as a potent
opioid receptor agonist mainly by binding to the u receptor, but
this drug also can interact with the & and « receptors widely
expressed in the CNS.2831 Remifentanil is unique from other
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analgesic derivatives in that its molecular structure contains 2
ester linkages that are highly susceptible to various plasma and
nonspecific tissue esterases.'®?8 Hydrolysis of these linkages
results in the rapid metabolism of remifentanil, giving it the
shortest half-life of all fentanyl derivatives, with a metabolism
independent from organ function.!32526:31

The rapid onset and offset of remifentanil’s effects make it
an ideal candidate for an intravenous infusion protocol where
continuous anesthesia and analgesia are required, regardless of
the duration of the procedure.!? This benefit is due to remifen-
tanil’s predictable termination of anesthetic and analgesic
effects, thereby facilitating fast recovery when the infusion is
discontinued.!®?8 In addition to delivering effective analgesia,
remifentanil has been reported to produce respiratory depres-
sion, chest wall and muscular rigidity, suggesting the need for
respiratory support such as mechanical ventilation.2024

Due to its ease of titration, remifentanil has been used in
spontaneously breathing patients needing minor procedures,!4
intensive care patients,? and preterm infants that required me-
chanical ventilation due to respiratory distress.!® According to
one report, remifentanil provided deep sedation and analgesia
without causing respiratory or hemodynamic compromise.'¢ A
recent study similarly demonstrated that intravenous remifen-
tanil was effective for ABS in critically ill patients, but it was not
superior to fentanyl.3 Remifentanil was effective in improving
the breathing pattern of patients undergoing pressure-support
ventilation because of rapid shallow breathing,?* and remifen-
tanil infusion decreased the respiratory rate but not tidal volume
of patients during ventilation.?* Therefore, remifentanil infusion
is safe and effective for ABS in adult, pediatric, and neonatal
intensive care patients for a variety of procedures, including
mechanical ventilation.!

In laboratory animals, continuous intravenous infusion of
remifentanil was used in the ABS of swine undergoing mechani-
cal ventilation with preserved spontaneous breathing in the
presence of lung injury.?’ In addition, intravenous remifentanil
was effective in providing deep sedation to facilitate mechanical
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ventilation of swine in both pressure-support and pressure-
control modes.?’ When used in conjunction with isoflurane or
sevoflurane in laboratory rats, intravenous remifentanil reduced
the minimum alveolar concentration in a dose-dependent man-
ner, thus providing alternative routes for effective sedation
and pain relief.!"'7 These findings support the potential use of
intravenous remifentanil in an ABS regimen to provide deep
analgosedation in laboratory animals during various experi-
mental procedures including mechanical ventilation.

Although remifentanil has been used for ABS in patients and
animals, there is currently no well-established protocol for its
use for continuous sedation of laboratory animals undergo-
ing mechanical ventilation with spontaneous breathing. For
that reason, we developed a regimen for intravenous infusion
of remifentanil to maintain continuous analgosedation in
laboratory rodents during assisted spontaneous breathing. We
hypothesized that an ABS protocol based on remifentanil would
facilitate deep sedation of rats undergoing assisted ventilation
without compromising the hemodynamic stability, respiratory
mechanics, and gas exchange while preserving spontaneous
breathing.

Materials and Methods

Laboratory animals and husbandry. Healthy male Sprague—
Dawley rats (Rattus norvegicus; weight, 400 to 450 g) were
obtained from Charles River Laboratories (Saint-Constant,
Canada). The rats were pair-housed in the Carlton Animal Care
Facility at Dalhousie University on a 12:12-h light:dark cycle,
at a constant room temperature of 21 to 22 °C, in conventional
cages (10.5 in. x 19 in. x 8 in.) with hardwood chip bedding
(Beta Chips, Northeastern Products, Warrensburg, NY) and
hay. The rats received unlimited access to Prolab Rodent Chow
(PMI Nutrition International, St Louis, MO) and water. All rats
received daily health checks by animal care staff at Dalhousie
University to ensure the wellbeing of all animals.?

Experimental apparatus and procedures. All experimental
procedures and protocols were conducted humanely with ap-
proval from the University Committee on Laboratory Animals,
the Research Ethics Board, and the Carlton Animal Care Facil-
ity at Dalhousie University.® Five male Sprague-Dawley rats
were used, to minimize the number of animals necessary to
achieve the objective of this study. To refine animal treatment
in the laboratory, various measures were taken throughout ex-
periments to ensure that the rats were treated humanely with
care and respect. All experiments were conducted on a heated
stainless steel operation table (Harvard Apparatus Canada,
Saint-Laurent, Canada) with an internal surface heater main-
tained at 37 °C. Additional heat was provided by an overhead
lamp (Burton Medical, Chatsworth, CA) as needed.

Rats initially were anesthetized by intraperitoneal injection
of sodium pentobarbital (55 mg/kg; Ceva Sante Animale,
Montreal, Canada) to provide surgical anesthesia for vessel can-
nulation. Once surgical anesthesia was confirmed, the rats were
placed in supine position on the operation table, and the neck
and femoral regions of the body were prepared for cut-down
and vessel cannulation.” The carotid artery was cannulated to
monitor mean arterial pressure by direct connection to a physi-
ologic pressure transducer (ADInstruments, Colorado Springs,
CO). The external jugular vein was cannulated to facilitate the
continuous infusion of remifentanil and fluids (saline).

A thermocouple temperature probe (Physitemp Instruments,
Clifton, NJ) was inserted into the aorta through the femoral
artery to facilitate monitoring of body temperature and for
measuring cardiac output by using the thermodilution principle.

Remifentanil for continuous sedation of rats

Briefly, 2 boluses of 0.5 mL each (0.9% NaCl, room tempera-
ture) were administered intravenously. Temperature changes
were recorded, and cardiac output was computed according
to the Stuart-Hamilton equation by using LabChart software
(ChartPro 6.0, ADInstruments) from the mean of 2 consecutive
measurements. Core body temperature was monitored continu-
ously throughout all experiments and maintained between 37
to 38 °C to minimize distress and ensure the comfort of the rats.
Finally, a tracheostomy was performed by securing a 14-gauge
cannula in the trachea. The tracheal cannula was connected to
aneonatal intensive care ventilator (Evita XL, Draeger Medical,
Richmond Hill, Canada) to receive continuous positive airway
pressure of 4 cm H,0O with preserved spontaneous breathing
for 5 consecutive hours.” Airway pressures and flow rates
were measured by using a pneumotachometer (Hans Rudolph,
Shawnee, KS) and recorded by using LabChart. Throughout
the experiments, rats were ventilated such that the fraction of
inspired O, was 0.6, except during blood gas sampling, when
this proportion was increased to 1.0 to enable calculation of the
intrapulmonary shunt fraction (data not shown).

A complete set of measurements was taken at baseline and
after 1 and 5h. The parameters measured included hemodynam-
ics (mean arterial pressure, cardiac output, temperature, and
heart rate) and respiratory mechanics (tidal volume, respiratory
rate, and minute ventilation). The heart rate was calculated from
continuous electrocardiographic monitoring. Tidal volume was
calculated as the time integral from the flow recorded by the
pneumotachometer. While the fraction of inspired oxygen was
set to 1.0, arterial blood gas samples (200 uL each) were analyzed
by using a blood-gas analyzer (ABL 510, Radiometer Canada,
London, Ontario, Canada) and a species-adjusted cooximeter
(OSM 3, Radiometer Canada).

All rats underwent regular assessment of sedation level by
toe pinch and tail flick. So that flight tendency could be moni-
tored, rats were not restrained. After the experiment, rats were
euthanized by barbiturate overdose.

Sedation protocol. An initial intraperitoneal dose of sodium
pentobarbital provides approximately 60 to 120 min of anesthe-
sia.!® After the effects of pentobarbital wear off, the need for
additional analgosedation becomes prominent. Furthermore,
deep sedation only might not provide sufficient analgesia for
painful procedures. For these reasons, all rats received intra-
venous infusion of remifentanil (4 pg/mL, diluted in saline,
at 0.4 ug/kg/min; Ultiva, Abbot Laboratories, Saint-Laurent,
Canada) to maintain sedation and minimize pain and stress
during mechanical ventilation; this dose led to no responses
from the rats in response to toe pinch and tail flick stimuli in
a pilot study (data not shown). The diluted remifentanil was
delivered by using a 60-mL syringe attached to a syringe pump
(Perfusor Space, Braun Medical, Melsungen, Germany), which
was started as soon as the central venous catheter was placed.
Hemodynamics, respiration, and visual appearance were moni-
tored continuously, and the level of sedation was assessed every
30 min by using the toe pinch and tail flick methods. In case of
a reaction to stimuli or spontaneous movement, a bolus dose
of remifentanil (0.2 to 0.4 ug/kg) and additional pentobarbital
(0.5mgIV)were allowed as rescue medication. All rats received
0.9% NaCl (3 to 5 mL/h; Hospira, Montreal, Canada), including
occasional boluses as needed to flush lines.

Statistical analysis. All data were collected and recorded by
using the PowerLab operating system (ADInstruments) and
LabChart 6.0 Software. Data are expressed as mean * 1 SD. Re-
peated-measures ANOVA was used to compare within-subjects
measurements at baseline and after 1 and 5 h of mechanical
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Table 1. Cardiac and respiratory parameters (mean * 1 SD; n = 5) of rats undergoing mechanical ventilation with spontaneous breathing

Baseline 1h 5h

Mean arterial pressure (mm Hg) 145+ 15 146 + 21 13419
Cardiac output (mL/min) 125 +£53 156 £ 41 131+£55
Heart rate (beats/min) 399 £ 32 399 £ 42 405+ 44
Temperature (°C) 372+07 37.0+0.3 37.1£0.3
Tidal volume (mL) 3.0+0.3 32+0.3 34109
Respiratory rate (breaths/min) 7315 87x16 76 £17
Minute ventilation (mL/min) 219+ 61 281 +55 247 + 47
pH 7.30 £0.05 7.34+£0.12 7.32+£0.13
paO, 336+ 134 398 + 147 379+ 185
paCoO, 647 42+9 46+15

ventilation and analgosedation. Significance was set ata P value
of 0.05 (SPSS 10.0, Chicago, IL).

Results

Hemodynamic measurements. There were no significant
changes in the mean arterial pressure, cardiac output, heart
rate, and core body temperature at baseline and after 1 and 5
h of mechanical ventilation. Continuous analgosedation with
remifentanil preserved hemodynamics in all rats equally and
did not cause significant changes in core body temperature
(Table 1).

Respiratory mechanics. The respiratory function was stable
in all rats. Tidal volume, minute ventilation and respiratory
rate were well controlled over the experimental period (Table
1). No episodes of apnea or hypopnea were observed in any
of the rats.

Gas exchange. Arterial blood gas measures (pH, paO,, and
paCO,) were similar between all rats at baseline and did not
change significantly over the course of the experiments at the
1- and 5-h measurements (Table 1).

Discussion

The purpose of this study was to investigate the feasibility of
using remifentanil in an ABS regimen to provide tolerance to
mechanical ventilation. Hemodynamics and respiratory stability
were preserved in all rats receiving continuous positive airway
pressure by means of a tracheostomy tube (Table 1). Similarly,
gas exchange remained stable throughout the duration of ven-
tilation (Table 1).

Various factors must be considered when administering
sedatives to laboratory animals. Such factors include (but are
not limited to) experimental time course, the drug delivery
system chosen for the type of experimental procedure,” and
animal size. Because most mechanically ventilated animals
remain in a supine position throughout the ventilation period,
an intravenous delivery system is appropriate.

Intravenous sedation has several advantages for studies us-
ing mechanical ventilation because, unlike inhaled anesthetics,
it does not interfere with the gas mixtures used for ventila-
tion. Furthermore, only few advanced ventilators permitting
assisted-ventilation modes (such as those used in the critical care
setting) have the capability to provide inhalational anesthesia.
In addition, inhaled anesthetics have been associated with he-
modynamic instability through vasodilation.*® From an ecologic
standpoint, inhaled anesthetics (as halogenated fluorocarbon
pollutants) potentially have negative effects on ambient air.3

During prolonged experiments, repeated dosing of intraperi-
toneal or intravenous sedatives with long half-lives carries a

grave risk for overdosing upon reapplication. Hemodynamic
instability and respiratory arrest are frequent consequences of
inadvertent overdosing. Conversely, remifentanil seems to be an
ideal sedative in this case because continuous delivery ensures
effective analgosedation, and the drug’s specific metabolism
allows quick clearance from the organism and titration to the
desired level of sedation.'?>?® In experiments with multiple
drugs, itis important to consider potential drug interactions. In
the present study, pentobarbital was used to induce surgical an-
esthesia. The sedating effect of pentobarbital is approximately 60
to 120 min,'® at which point our protocol provided remifentanil
sedation for tolerance of mechanical ventilation. For that reason,
the effects of pentobarbital and remifentanil did not interfere
to alter the outcomes during mechanical ventilation, but we
cannot exclude the possibility that pentobarbital prolonged the
efficacy of remifentanil beyond its pharmacologic duration of
action. Some studies® have used much higher doses (up to 2
ug/kg/min) of remifentanil with isoflurane than we used here,
although the rats in the previous study underwent particularly
invasive surgery requiring deeper anesthesia. In addition, it is
important to note that our experiment did not involve injury
to the rats, meaning that any procedure causing increased sym-
pathetic reaction and pain is likely to require a higher dose of
remifentanil than that used in the current experiment.

Depending on the state of the laboratory animal during the
procedure (stable as compared with the presence of trauma or
injury), intravenous drug administration will ensure that the
drug takes effect (causing fast relief) immediately without the
need to wait for its onset. Remifentanil has strong analgesic
potency that provides fast effects.’82 The use of a syringe
pump to infuse remifentanil intravenously facilitated the
delivery of continuous infusions at controllable rates or bolus
delivery when necessary. This method of delivery is effective
for mechanical ventilation protocols, which can be either short
or long-term. Furthermore, the dose can be titrated to effect and
may need to be adjusted once prior sedation with barbiturates
or all-agonists dissipates.

The size of typical laboratory rats (300 to 500 g) imposes no
problem to cannulation of a major blood vessel (the jugular vein
was used in the current study) through which remifentanil can
be delivered. Using our infusion protocol, we monitored the
sedation level and wellbeing of the rats during the procedure.?
In addition, our experimental set-up allowed for real-time moni-
toring of mean arterial pressure, cardiac output, heart rate, and
core body temperature to ensure the hematologic and respira-
tory stability of the rats during mechanical ventilation.

However, some limitations apply in generalizing our current
results. Although we did not observe movement or tendency
to flee in our rats, we did not systematically construct dose-
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response relations required for various levels of sedation. Much
higher self-administered doses of remifentanil in rats have been
repor’ced26 without causing unconsciousness; however, it must
be noted that continuous infusion of a drug will increase the
context-sensitive half-life, likely increasing the sedative effect.
We cannot rule out that prevailing low levels of pentobarbital
in fact contributed to the remifentanil-associated sedation.
Monosedation with remifentanil in humans has been applied
successfully in minor procedures, such as awake fiberoptic
intubation,?® in vitro fertilization,?? and radiofrequency abla-
tion. Importantly, these procedures produce more discomfort
rather than pain, such that increased dosage of remifentanil or
co-medication with other sedatives has to be considered for
rodent sedation during painful procedures.

Another limitation lies in the fact that our rats were eutha-
nized at the end of the experiment, so that we were unable to
study the previously reported effects of hyperalgesia after
remifentanil use.®!? The rats were euthanized to eliminate any
potential suffering after the invasive procedures. Alow number
of rats was tested to minimize the use of animals but was suf-
ficient for proof of concept.

The current study demonstrated that the continuous intrave-
nous infusion of remifentanil by using a conventional syringe
pump provides sufficient analgosedation of laboratory rats for
tolerance of minimally painful procedures such as mechanical
ventilation. Furthermore, the continuous infusion protocol was
effective for mechanical ventilation with assisted spontane-
ous breathing without compromising hemodynamic stability,
respiratory mechanics, or gas exchange. Our current protocol
may prove effective for rodent sedation and analgesia during
experimental mechanical ventilation in a laboratory setting.
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