Effect of dexmedetomidine, an a,-adrenoceptor agonist,
on human pupillary reflexes during general anaesthesia
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Aims To test the hypothesis that the ax-adrenergic agonist, dexmedetomidine, dilates
the pupil and does not alter the pupillary light reflex of anaesthetized patients.
Methods Eight volunteers were administered general anaesthesia with propofol,
nitrous oxide and alfentanil. One hour and 25 min after induction of anaesthesia, a
45 min infusion of dexmedetomidine was begun, targeting a plasma concentration of
0.6 ng ml~'. Pupil size, pupillary light reflex amplitude, light reflex recovery time,
and reflex dilation were measured before and during dexmedetomidine infusion.
Results Dexmedetomidine produced no change in pupil size and light reflex recovery
time, increased the light reflex from 0.30+0.14 to 0.37 +0.12 mm and significantly
reduced pupillary reflex dilation by 72 + 62%.

Conclusions These pupillary effects of dexmedetomidine in humans are difficult to
reconcile with the findings obtained in cats and rats that have demonstrated a direct
inhibitory effect of ay-adrenergic agonists on the pupilloconstrictor nucleus. The
increase in the magnitude of the light reflex in response to dexmedetomidine does not
necessarily involve an anxiolytic mechanism.
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Introduction

Clonidine constricts the human pupil and enhances the
light reflex [1, 2], but produces mydriasis in cats and rats.
The mechanisms of these effects are not known, but
animal studies have provided some insight into how
noradrenergic pathways alter pupillary reflexes. Koss has
demonstrated that noradrenaline inhibits the pupillocon-
strictor nucleus of cats via an ax-adrenergic mechanism [3],
and the source of this inhibition is thought to be located in
the locus coeruleus [4]. Clonidine also activates inhibitory
receptors on cell bodies within the locus coeruleus [5],
thus reducing the tonic inhibitory tone of these cells
on the pupilloconstrictor neurones. The predominate
effect of these opposing actions on pupil size, in conscious
or anaesthetized cats and rats, is the pupilloconstrictor
nucleus, as indicated by mydriasis following clonidine
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administration and reversal of this effect by the
ax-adrenergic antagonist, yohimbine [3].

The relevance of this information to humans is
unknown, but of interest, because of the value of pupillary
reflexes in diverse clinical and experimental settings
[6-10]. Szabadi et al. have proposed a mechanism of
action of ay-adrenoceptor agonists on the human pupil
that is the same as that demonstrated in cats and rats, with
one exception—that, in humans, the autoreceptor
inhibitory effects within the locus coeruleus are greater
than the pupilloconstrictor inhibitory effects, whereas the
reverse is true in cats and rats [4]. Exploring the anxiolytic
properties of the ay-adrenoceptor agonists, these same
investigators have found that anxiety depresses the
pupillary light reflex while clonidine and diazepam [11]
prevent this response, implying that some drugs eliminate
emotional effects on the light reflex.

To clarify the effect of as-adrenoceptor agonists on
the human pupil, we measured the effect of the
ar-adrenoceptor agonist dexmedetomidine on pupil size
and light reactivity during opioid-supplemented general
anaesthesia. Dexmedetomidine is an intravenously admin-
istered, highly specific ay-adrenoceptor agonist with o, to
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oy receptor selectivity approximately 10 times greater than
that of clonidine [12]. Because the locus coeruleus
are quiescent during opioid-supplemented
general anaesthesia [13-16], we hypothesized that this
anaesthetic model would provide a good environment for
investigating dexmedetomidine’s pupillary eftects. We
further hypothesized that because of this anaesthetic-
induced depressant eftect on the locus coeruleus, we

neurones

would observe miosis from the anaesthetic [17] and then
mydriasis following administration of dexmedetomidine
through its inhibitory action on the pupilloconstrictor
nucleus. Finally, because anaesthesia would eliminate the
effects of mental and emotional stimuli, we anticipated
that dexmedetomidine would have no direct effect on the
magnitude of the light reflex.

Methods

With approval from the Committee on Human Research
at the University of California, San Francisco and written
informed consent, we studied three male and five female
fasting, healthy volunteers. Morphometric characteristics
included age 3248 years, weight 72+11 kg, height
174412 cm. We excluded any subjects with body
weight >130% normal and those with a history of
alcohol or drug abuse, or a history of cardiac, pulmonary,
hepatic or renal disease.

On the study day, a catheter was inserted into an arm
vein and 10 ml kg™ ' of lactated Ringer’s solution was
administered before the induction of anaesthesia. Anaes-
thesia was induced with alfentanil (30 ug kg~ ") and
propofol (3 mg kg™ ). After tracheal intubation without
muscle relaxants, a deep surgical level of general
anaesthesia was maintained with 70% nitrous oxide in
oxygen, i.v. propofol (100 ug kg~ ' min ") and alfentanil
(0.5 wg kg™ ' min~ ). A radial artery cannula was placed
in the contralateral arm to permit arterial blood pressure
measurements. Ventilation was controlled to maintain
end-tidal CO, between 35 and 40 mmHg. Forced air
warming was used to maintain oesophageal temperature at
36-37°C.

Approximately 30 min after induction of anaesthesia,
the muscle relaxant rocuronium was administered as part
of a separate study [18] measuring the eftects of
dexmedetomidine on the degree of muscular relaxation
obtained.

Eighty-five min after induction of general anaesthesia,
dexmedetomidine was administered using an infusion
pump (Harvard Apparatus 22) controlled by a computer
software program based upon pharmacodynamic data for
intravenous dexmedetomidine [19] (Steven Shafer, Stan-
pump, Stanford, CA). The target plasma concentration
was 0.6 ng ml ', which is known to produce profound
sedation in awake subjects [20]. The accuracy of the
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infusion was determined by collecting arterial blood
samples for plasma dexmedetomidine analysis before and at
15, 30, and 45 min after the infusion was begun. After the
last sampling, rocuronium-induced paralysis was reversed
with neostigmine and glycopyrolate, and the propfol and
alfentanil infusions were discontinued. Volunteers were
allowed to awaken from anaesthesia, then were discharged
home approximately 3 h later.

Blood samples were iced immediately after being
drawn, and the plasma was separated by centrifugation.
Plasma was stored at —70°C until analysis using gas
chromatography-mass spectrometry. This
method has a lower limit of detection of 20 pg mol '
and a coefficient of variation of 5.7% in the relevant
concentration range.

combined

Pupillary measurements

Pupillary measurements were obtained using a portable
infrared pupillometer (Pupilscan™, Fairville Medical
Optics, Inc., Amersham UK), for which the technique
has been described previously [17]. Briefly, the pupil is
stimulated by a 0.5 s flash of visible light (130 candelas/m?)
and a concurrent 5 s infrared scan measures the pupillary
response. We measured pupil diameter and light reflex
amplitude using this technique every 2 min starting
30 min before and continuing every 2 min until the end
of dexmedetomidine infusion. All measurements were
taken from the right eye; the left eye was covered with an
opaque bandage. To exclude light from the right eye
during measurement, a hollow rubber cup was placed over
the eye during each scan. Ten minutes before and 30 min
after the beginning of dexmedetomidine infusion, a 3 s
electrical tetanus (100 Hz, 60 mAmp) was delivered to
the medial surface of the left forearm via subcutaneous
steel needles. This stimulus was delivered by a Digi Stim 2
stimulator (Neuro Technology, Houston TX); a laptop
computer triggered the pupillary scan and the stimulator
simultaneously. The scans were later analysed for reflex
pupillary dilation to the nearest 0.05 mm, which is the
resolution of the instrument. The light reflex was ana-
lysed for pupil diameter and light reflex amplitude for
each volunteer using the average of 5 measurements
from the 10 min interval prior to each tetanic stimulus.
Because the 75% recovery time of the light reflex has
been used as a measure of sympathetic function [21], we
also used the same averaged scan to analyse the effect of
dexmedetomidine on this parameter.

Data analysis

The effects of dexmedetomidine on blood pressure, heart
rate, pupil size, 75% recovery times, pupillary light reflex
amplitude, and reflex dilation were determined using
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two-tailed paired t-tests. Effect size and 95% confidence
intervals were calculated for each parameter. Applied to
eight subjects, the power of the paired t-test (P<0.05) to
detect a difference of 0.15 mm in pupil size and 0.1 mm
in light reflex amplitude was 0.95 and 0.84, respectively.
Data are reported as means+s.d. and P<0.05 was
considered significant.

Results

Relative to preinfusion control values, dexmedetomidine
did not affect pupil size (Figure 1, Table 1). That is, pupil
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Figure 1 Pupil size (a) and light reflex amplitude (b) for all
volunteers for the duration of the study. Dexmedetomidine
infusion to target a plasma concentration of 0.6 ng ml ™' was
started at time 0. Shaded areas show the standard deviations.
Statistical analysis shown in Table 1.

Table 1 Effects of dexmedetomidine on human pupillary reflexes

Pupillary effects of dexmedetomidine

size did not change in four volunteers and was minimally
altered in four—two in whom the pupil dilated 0.1 mm
and two in whom the pupil constricted 0.1 mm over the
45 min observation period. Dexmedetomidine increased
the pupillary light reflex by 374+36% compared with
preinfusion values (P<0.05, Figure 1 and Table 1). The
alteration in the light reflex configuration was observed
only in the early phase of the reflex (Figure 2); the
redilation (75% recovery) phase was not aftected (Table 1,
Figure 2). Dexmedetomidne reduced pupillary reflex
dilation in response to tetanic stimulation by 724 62%
(P<0.05, Figure 3). Latency was not measured, but the
averaged scans from all eight volunteers suggest that
dexmedetomidine delayed the onset of reflex dilation
(Figure 3).

Plasma dexmedetomidine concentration was 1.05+
0.16 ng ml™! at 15 min, 0.97+0.14 at 30 min, and
0.9440.14 ng ml ! at 45 min after the start of the infu-
sion. Systolic blood pressure increased from 97 +9 mmHg
prior to dexmedetomidine infusion to 112+ 11 mmHg
(P<0.05) 30 min after beginning of infusion, while heart
rate decreased from 604 12 beats min ' to 57 + 13 beats
min~ " (P<0.05).

Discussion

One method of analysing central pathways in humans
is to use receptor specific drugs as pharmacologic tools
to demonstrate or refute the presence of certain neural
pathways in the human brain that have been shown, by
more invasive procedures, to exist in other mammals.
Thus, Koss and others recorded directly from the ciliary
nerves of anaesthetized cats and reported that the
ax-adrenergic antagonist yohimbine blocked the inhibit-
ory influence of sciatic nerve stimulation on these nerves
[3]. Pharmacologic manipulations of the noradrenaline
stores by reserpine and a-methyl-p-tyrosine tyrosine led
these authors to conclude that a noradrenaline pathway
originates within the lower brain stem and produces
postsynaptic inhibition of the pupilloconstrictor nucleus
via an a,-adrenergic receptor.

The above stated theory, however, cannot explain our
findings in anaesthetized humans. This study demonstrates
that the ap-adrenergic agonist, dexmedetomidine, did not

Light reflex (mm)

Reflex dilation (mm)

Pupil size (mm) 75% recovery (s)

0.304+0.14
0.37+£0.12%
0.07 (0.03,0.11)

Before dexmedetomidine
After dexmedetomidine
Effect (95% CI)

0.13+0.13
0.03 4+ 0.09*
—0.10 (—0.17,0.04)

2.04+0.36
2.040.32
0.03 (—0.08,0.03)

1.4+0.40
1.5+40.20
0.14 (—0.46,0.17)

Data are mean+s.d. *P<0.05.
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Figure 2 (a) Averaged scans for all
volunteers demonstrating the light
reflex before (@) and after (O)
dexmedetomidine. (b) The difference
between the scans before and after
dexmedetomidine. This difference
represents the added light reflex
brought about by dexmedetomidine.
The increase in the light reflex is
limited to the first 2 s and does not
involve the recovery portion of the
reflex. The light stimulus was presented
during the first 0.5 s of each scan.
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Figure 3 Reduction of pupillary reflex dilation by
dexmedetomidine. Reflex dilation is shown before (top) and after
(bottom) dexmedetomidine. The noxious stimulus was delivered
for the first 3 s of each scan. To eliminate the effect of the light
stimulus on the dilation produced by the noxious stimulus, the
records were obtained by subtracting the scan during the noxious
stimulus from the scan immediately preceding that scan. Scans are
the averaged scans following the noxious stimulus for all eight
volunteers. Statistical analysis shown in Table 1.

change pupil size, enhanced the light reflex, and reduced
pupillary reflex dilation. Because each of these parameters
may be controlled by different mechanisms in the brain
these are discussed separately.

We observed no change in pupil size after dexmedeto-
midine. If the basic circuitry of the cat applies to humans
and is different only in the relative effects of a,-agonists
on the pupilloconstrictor neurones and locus coeruleus
autoreceptors, we would have expected to observe
pupillary dilation after dexmedetomidine. Previous studies
have shown that the locus coeruleus is quiescent during
deep levels of anaesthesia supplemented with opioids such
as we were using [6—10]. If this nucleus did inhibit the
pupilloconstrictor nucleus in the awake state, its depres-
sion during opioid-supplemented general anaesthesia
would produce miosis, just as we observed. However,
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because dexmedetomidine could not lower the tonic firing
of these cells below zero, the predominate effect of the
drug would then necessarily be exerted on the inhibitory
receptors located on the pupilloconstrictor nucleus. This
would dilate the pupil. The alternative explanation that
a small basal tonic discharge of locus coeruleus neurones
would be suppressed by dexmedetomidine and this effect
would be exactly offset by postsynaptic inhibition at the
pupilloconstrictor nucleus seems highly unlikely. There-
fore, because we observed no change in pupil size, we
cannot accept the cat model to explain our data from
humans.

Clonidine constricts the pupils of awake subjects and
previous studies (unpublished) in our laboratory have
shown that dexmedetomidine produces a dose related
pupillary constriction in awake volunteers. Presumably
general anaesthesia removes the inhibitions that are
exerted upon the pupilloconstrictor nucleus and it is
partially by removing these inhibitory mechanisms that
leads to pupillary constriction in the awake state after
administration of either opioids or oy-adrenoceptor
agonists. A possible additional factor in producing miosis
in the awake state is the reduction in peripheral
sympathetic tone of the iris musculature [22]. We have
not observed any additional constriction of the pupil after
administration of either opioids [17] or ay-adrenoceptor
agonists [23] during general anaesthesia, provided subjects
are not stimulated by noxious stimuli. Sharpe has reported
that clonidine injected near the pupilloconstrictor nucleus
of dogs produces miosis [24]. It is therefore likely that the
locus of drug effect that produces miosis in awake humans
is also in or near the pupilloconstrictor nucleus.

We found that the pupil would dilate following
a noxious stimulus and a reduction in this dilation in
the presence of dexmedetomidine. The cat model might
explain this effect by postulating reduced activation of the
locus coeruleus neurones that inhibit the pupillocon-
strictor nucleus [4] via the oy-adrenoreceptor. Although
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this mechanism appears to explain reflex dilation in the
cat and rat, no such evidence exists in humans. Other
theories may apply to dexmedetomidine’s effect in
humans. ay-adrenergic receptors are located within the
dorsal horn of the spinal cord [25] and agonists at these
receptor sites are analgesics [26]. The observed reduction
in pupillary reflex dilation might simply be due to this
spinal effect of reducing nociceptive transmission to the
midbrain sites. Alternatively, dexmedetomidine might
suppress release of transmitters other than noradrenaline at
the pupilloconstrictor nucleus. Specifically, it has been
suggested that dopamine may play a role in pupillary reflex
dilation in humans [27] and dexmedetomidine is known to
inhibit release of dopamine as well as noradrenaline from
central presynaptic terminals [28, 29]. Unfortunately, the
results of our present study are inadequate to address these
theories.

Dexmedetomidine increased the amplitude of the light
reflex in our anaesthetized subjects. All other known
anaesthetic adjuvants either depress or produce no change
[17] in the light reflex. The increase was limited to the
early components of the light reflex (Figure 2), indicating
a central effect, as opposed to an effect on the peripheral
sympathetic innervation, which alters the recovery portion
of the light reflex [20]. We did not anticipate this result but
it is consistent with studies performed on awake subjects
following clonidine [1] and also with those performed on
awake cats [30]. Because this alteration of the pupillary
light reflex was brought about without any change in pupil
size, these results support the contention by Sharpe that
independent mechanisms account for the effects of
ax-adrenoceptor agonists and opioids on pupil size and
on the light reflex [30].

In anaesthetized cats, hypothalamic stimulation pro-
duces an attenuation of the light reflex amplitude without
changing the sympathectomized pupil size [31]. Based
upon this evidence and the fact that clonidine enhances the
light reflex, it has been suggested that a,-adrenoceptor
agonists suppress a hypothalamic centre that has a tonic
inhibitory effect on the light reflex pathway. Conceivably,
a similar mechanism could explain our results. Depresssion
of the hypothalamic autonomic reflex centres by a,
adrenoceptor agonists such as clonidine during general
anaesthesia usually results in mild hypotension and
bradycardia [32, 33] but the haemodynamic effects of
intravenous dexmedetomidine in humans are confounded
by activation of peripheral o, vasoconstrictor effects
[18, 34] that in our anaesthetized volunteers resulted in
an elevation of blood pressure.

Anxiety is known to decrease the amplitude of the
human light reflex [1]. The depression of the light reflex is
thought to be due to the previously discussed inhibitory
mechanism exerted from the hypothalamus upon the
light reflex pathway. Despite our subjects being neither

©2001 Blackwell Science Ltd Br | Clin Pharmacol, 51, 27-33
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anxious nor engaged in strenuous mental activity, the light
reflex was enhanced to the same degree as that reported
by others when administering clonidine to anxious sub-
jects threatened by electric shock (painful stimulus) [1].
Accordingly, the op-adrenoceptor agonists appear to
increase the light reflex independently of any anxiolytic
effect, a conclusion suggested by other investigators [1].

The use of general anaesthesia for the study of pupillary
pharmacology has both advantages and disadvantages.
General anaesthesia eliminates the confounding variables
of sedation, nausea, vomiting, and central excitation that
are often confounding factors in pupillary studies on awake
subjects. General anaesthesia also functionally eliminates
the peripheral sympathetic pathway innervating the dilator
muscle of the iris [35, 36]. Other investigators have
observed the 75% recovery time to be prolonged
following clonidine administration to awake subjects
[37], but this was not observed in the present study,
presumably because the peripheral sympathetic nervous
system that contributes to the shape of the light reflex is
not active during general anaesthesia. Pupillary reflexes
during general anaesthesia are thought to occur exclusively
through the parasympathetic system originating in the
pupilloconstrictor nucleus and innervating the constrictor
muscle of the iris.

The anaesthetic also introduced other drugs such as
alfentanil, propofol, and rocuronium into the study.
However, these drugs were given by bolus injections
followed by continuous infusions and therefore stable
levels were considered to be present [38] before
dexmedetomidine was administered. Alfentanil has no
effect on the light reflex in human volunteers but does
diminish pupillary reflex dilation [17]. Consequently, the
dilations we observed were small compared with those
measured during nonopioid based anaesthetics [39].
However, they were still large enough to detect the
additional depressant effect of dexmedetomidine. Our
finding of reflex dilation in the presence of these drugs
demonstrates that the pupil was not in a state of ‘fixed
miosis’, thereby allowing us to detect any mydriasis due to
dexmedetomidine, if present. Because of the long duration
of action of intravenous dexmedetomidine [40], we did
not attempt to observe the decay of the drug effects that
we observed on the pupil.

The clinical implications of this study relate to the use of
dexmedetomidine in the critical care setting. A sedative
that produced mydriasis in the presence of other agents
such as opioids and propofol would confound the
neurological evaluation of unstable patients. Data on the
pupillary eftects of ax-adrenoceptor agonists obtained from
cats are already being applied in the critical care
environment. One case report has attributed non reactive
dilated pupils in the perioperative period to noradrenaline
induced inhibition of the ‘Edinger Westfal nucleus via an
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oy effect’ [41]. Our data were gathered from volunteers
receiving commonly used agents, which, as previously
discussed, were expected to reveal the mydriatic effect of
op-adrenoceptor agonists. Instead, dexmedetomidine
produced no change in pupil size and increased the light
reflex. These pharmacologic effects would be advanta-
geous for monitoring the integrity of the midbrain, and the
2nd and 3rd cranial nerves, in critically ill patients.

In conclusion, we studied the effect of dexmedeto-
midine on human pupillary reflexes during general
anaesthesia. Our findings that dexmedetomidine did not
alter pupil size, enhanced the light reflex and reduced
reflex dilation cannot be explained by an inhibitory o,
adrenergic pathway from the locus coeruleus to the
pupilloconstrictor nucleus as is thought to exist in cats.
One theory to explain our data is to postulate an action of’
dexmedetomidine on receptors close to or in the pupillo-
constrictor nucleus that produce miosis and also reduce
reflex dilation of the pupil. Dexmedetomidine-induced
enhancement of the light reflex may be due to a separate
mechanism involving depression of an inhibitory pathway
originating within the hypothalamus.

This study was supported by Fairville Medical Optics, Inc.
(Amersham, England).
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