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Background: Evidence exists that ketamine, administered systemically using a dose required for inducing a state of anesthesia, may antagonize nociceptive but not innocuous input to
lumbar dorsal horn neurons. However, it is unclear whether
ketamine exerts this selective action on sensory inputs to trigeminal sensory neurons. The current study was undertaken to
compare the responses evoked in trigeminal sensory neurons
by electrical stimuli applied to the tooth pulp versus air-puff
stimuli applied to facial hair mechanoreceptors (FHMs) during
quiet wakefulness versus ketamine anesthesia.
Methods: Accordingly, responses of rostral trigeminal sensory
nuclear complex (TSNC) and trigeminothalamic tract neurons
evoked by tooth pulp (a source of small-diameter fiber input) and
FHMs (a source of larger-diameter fiber input) were recorded
extracellularly from chronically instrumented cats before, during,
and after recovery from the anesthetic state induced by a single
(2.2 mg/kg) intravenous injection of ketamine.
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Results: Overall, tooth pulp– evoked responses of TSNC neurons were maximally suppressed by 50% within 5 min after the
intravenous administration of ketamine. Ketamine also suppressed the FHM-evoked responses of TSNC and trigeminothalamic neurons by 45%. The time course of ketamine’s suppressive action was equivalent for tooth pulp– and FHM-evoked
responses. However, the recovery of tooth pulp– evoked TSNC
neuronal responses at suprathreshold intensities was markedly
prolonged compared with neuronal responses driven by
threshold stimuli or FHM.
Conclusions: These electrophysiologic results in the chronically instrumented cat preparation indicate that a nonselective
suppression of orofacial somatosensory information occurs
during ketamine anesthesia. The prolonged recovery of suprathreshold responses of TSNC neurons mediated by smalldiameter afferent fiber input may partly underlie the analgesic
action of ketamine that is clinically relevant at subanesthetic
doses. (Key words: Brainstem; main sensory nucleus; nucleus
oralis.)

THE dissociative anesthetic ketamine has recently received interest for its use as an effective analgesic agent
in patients suffering from certain chronic orofacial pain
syndromes, such as postherpetic neuralgia.1,2 Several
electrophysiologic studies have suggested that ketamine’s analgesic actions per se may arise, in part, from
its selective suppression of nociceptor-driven sensory
neurons. For example, in experiments performed on
barbiturate-anesthetized cats, anesthetic doses of ketamine suppress noxious stimulus– evoked responses of
spinal cord dorsal horn neurons 3 without altering responses evoked by low-threshold mechanoreceptors.3,4
Similarly, in awake cats, the systemic administration of
ketamine was claimed to selectively suppress noxious
but not innocuous input to the spinal cord dorsal horn.5
Ketamine is also known to abolish the “wind up” responses of rat dorsal horn class 2 type neurons induced
by repeated electrical stimulation of their receptive field
or peripheral nerve.6,7 Collectively, these electrophysiologic studies performed on lumbar sensory neurons
suggest that ketamine, in doses known to produce its
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Tooth Pulp– and Facial Hair
Mechanoreceptor–evoked Responses of Trigeminal
Sensory Neurons Are Attenuated during Ketamine
Anesthesia

1026
CAIRNS ET AL.

Materials and Methods
Surgical Implant Procedures
Experiments were conducted in four intact, unanesthetized, chronically instrumented cats, which were implanted under deep gaseous anesthesia (45– 60% N20 in
a 1.5–2.5% halothane/oxygen mixture) with a head-restraining device and electrodes for monitoring behavAnesthesiology, V 91, No 4, Oct 1999

ioral states.11,19 Electrodes were also implanted into the
frontal sinus (electroencephalogram [EEG]), lateral
geniculate nucleus of the thalamus (pontogeniculooccipital [PGO] wave activity), the orbital plate (electrooculogram), and neck muscles (electromyogram
[EMG]) and were used for monitoring behavioral state.
Through the use of these electrodes, the behavioral state
of quiet wakefulness could be clearly differentiated from
sleep or anesthesia by the presence of a desynchronized,
low-voltage cortical EEG waveform pattern that was also
accompanied by a tonic EMG activity, and a paucity of
eye movements or PGO wave activity.
In one cat, tripolar strut electrodes were chronically
implanted in the (contralateral) ventrobasal thalamus
(Horsley-Clarke coordinates [HC]: A 6 – 8, L 4 – 6, H -1 to
2) to permit antidromic activation of trigeminothalamic
(TGT) neurons.12 An indwelling jugular catheter was
chronically implanted and used for the intravenous administration of ketamine. Silver–silver chloride dentinal
pit electrodes were implanted in the mandibular and
maxillary canines for electrical stimulation of tooth-pulp
afferents.11,15 All surgical and chronic restraint procedures reported complied with international20,21 and institutional (University of British Columbia Animal Care
Committee) guidelines.
Recording Procedures
During recording sessions, cats were loosely wrapped
in a soft canvas bag and their heads painlessly maintained
in a stereotaxic position. Behavioral state was constantly
monitored by recording EEG, electrooculogram, PGO,
and nuchal EMG activities. Behavioral state was scored
using previously established criteria.11,12,15 Cats normally cycled between quiet drowsy wakefulness and
quiet sleep; in addition, they readily entered episodes of
active sleep. Using this preparation, we previously reported that the tooth pulp– evoked responses of feline
TSNC neurons are suppressed during active sleep.11,22
Accordingly, the behavioral state of quiet wakefulness
served as a control state for testing the effects of ketamine.
The extracellular spike activity of neurons located
within the rostral TSNC was recorded via tungsten electrodes (2 MV) using an AC-coupled amplifier (A-M Systems, Carlsborg, WA, model 1800, bandpass, 0.3–10.0
KHz, 1,0003). The boundaries of the rostral TSNC were
demarcated using extracellularly recorded orthodromic
mass action potentials evoked by electrical stimulation
of the inferior alveolar nerve and tooth pulps as well as
antidromic mass action potentials evoked via stimula-
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typical state of anesthesia, may act to selectively suppress nociceptive input to the central nervous system.5
Ketamine’s analgesic action in patients suffering from
various orofacial pain syndromes might be partly caused
by a selective action on nociceptive inputs to trigeminal
sensory nuclear complex (TSNC) neurons.1,2 The dose
range for ketamine used in the majority of these clinical
studies is much lower than that used in acute electrophysiologic studies. These facts not withstanding, it remains to be determined whether ketamine, administered
at a dose producing its known dissociative anesthetic
state,8,9 exerts selective suppressive effects on orofacial
inputs to the TSNC as it seems to do in the spinal dorsal
horn. The rostral TSNC is not an equivalent analogue,
either anatomically or functionally, of the spinal cord
dorsal horn. Rostral TSNC neurons are excited almost
exclusively by low-threshold mechanoreceptors located
in facial cutaneous receptive fields. Functionally, this
part of the TSNC has been thought to convey innocuous
sensory information from the face to the thalamus.10
However, several lines of evidence support an important
role for the rostral TSNC in the transmission of nociceptive information from the oral cavity and in particular
from the teeth.11–14 Thus, the unique anatomic and physiologic attributes of the rostral TSNC make it ideal to test
the hypothesis that anesthetic doses of ketamine exert a
selective suppression of nociceptive orofacial input.
Using the chronically instrumented cat preparation to
address this question, we examined the effect of ketamine on responses evoked in TSNC neurons via electrical activation of tooth pulp, a source of smaller-diameter Ad afferent fibers.15,16 We compared this with the
effect of ketamine on responses of TSNC neurons
evoked by air-puff stimuli directed at facial hair mechanoreceptors (FHMs), a source of large Aa/b fiber input.17,18 Based on results obtained for dorsal horn neurons of the spinal cord, we hypothesized that tooth
pulp– but not FHM-evoked TSNC neuronal activity
would be suppressed during the anesthetic state produced by systemically administered ketamine.
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tion of the digastric and masseter muscles and facial
nerve (fig. 1).11 Poststimulus time histograms depicting
cumulative responses of TSNC neurons were constructed from consecutive canine tooth-pulp stimuli at
threshold (0.2 ms, 5–100 mA) and suprathreshold (approximately 125% of threshold; fig. 1) intensities. Recorded TSNC neurons were categorized as being of the
stimulus intensity–independent or stimulus intensity– dependent type by their responses to graded electrical
tooth-pulp stimuli (figs. 1A and 1B; see Cairns et al.11).
The response characteristics of rostral TSNC neurons
may be associated with their axonal projection; for example, trigeminothalamic tract (TGT) neurons exhibit
stimulus intensity–independent responses to electrical
stimulation of the tooth pulps.11,12,23,24
FHM-evoked responses of TSNC neurons were also
investigated by delivering innocuous air-puff stimuli
(10 –50-ms puff, 0.5 Hz) to facial receptive fields. In one
cat, FHM-evoked TSNC neurons were further identified
as TGT neurons based on the following criteria in response to low intensity (0.2 ms, 500 mA) thalamic stimAnesthesiology, V 91, No 4, Oct 1999

uli: (1) constant latency (variability less than 0.2 ms), (2)
high frequency following ($ 333 Hz), and (3) collision
with ongoing or peripherally evoked action potentials.15,19,25
Cats rested quietly in the stereotaxic setup without
exhibiting any signs of distress or discomfort during
stimulation of the teeth, face, or thalamus. In our experiments, we observed a gradual recovery from ketamine
anesthesia (2.2 mg/kg), which was uneventful and allowed trigeminal sensory neuron activity to be monitored for periods exceeding 2 h.
Intravenous Drug Administration
Prior to the administration of ketamine, a control response to tooth pulp or FHM stimuli was obtained during the state of quiet wakefulness. Then, normal saline
(0.5 ml) was slowly injected intravenously over 1 min
and a second control response collected. Finally, a relatively low dose of ketamine HCl (Ketalean, MTC Pharmaceuticals, Cambridge, Ontario, Canada; 2.2 mg/kg diluted to 0.5 ml in normal saline) was slowly injected over
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Fig. 1. Criteria used to differentiate between stimulus intensity– dependent (A) and –independent rostral trigeminal sensory nuclear
complex (TNSC) neurons and to identify trigeminothalamic neurons (B). (A) Graphs illustrate the response profile of stimulus
intensity–-dependent and –independent neurons in response to tooth-pulp stimulation. The evoked activity (spikes/stimulus) of
stimulus intensity– dependent neurons increases if graded electrical stimuli are applied to the canine tooth pulp. In contrast, the
activity of stimulus intensity–independent neurons is not affected by similar graded stimuli. Each point on the graphs represents the
mean 6 SD, n 5 50 trials. (B) Five superimposed oscilloscope traces are presented of an air puff– evoked TSNC neuron responding
to high-frequency stimuli (0.2 ms, 140 mA, 500 Hz) applied to the contralateral thalamus. A single oscilloscope trace below illustrates
a collision with an ongoing action potential. Asterisks denote the stimulus onset. The arrow indicates the location at which the
antidromic spike should have occurred. Antidromic latency: 1.3 ms.
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Statistical Analysis
All data were videotaped, and analyses were performed “off-line” using computerized data acquisition
software (A/DVANCE Fine Science Tools, Vancouver,
Canada). Poststimulus time histograms were constructed
from 50 consecutive responses and the mean activity in
spikes/stimulus calculated. Evoked activity was sampled
every 5 min over the first 30 min after drug infusion, and
then every 10 min thereafter for a total of 60 min. The
magnitude of the control response at time zero was
equated to 100% and subsequent values were calculated
based on this value. Ketamine-related changes in neuronal excitability were assessed for each neuron by comparing the mean activity during wakefulness with that
obtained during and upon recovery from ketamine anesthesia.11 A repeated-measures analysis of variance
(ANOVA) and post hoc Dunnett’s method were applied
to determine whether ketamine exerted significant
changes in the magnitude of evoked responses over
time. A paired Student t test was used to investigate
differences in latency to onset and the slope of the
stimulus–response relationship between control and ketamine. A Mann–Whitney test was used to compare the
relative magnitude of ketamine-related suppression between air puff– and tooth pulp– evoked neuronal responses. The a value for all tests was set at 0.05. All
values are reported as means 6 SD.

Results
Effect of Ketamine on Electrophysiologic Indices of
Behavioral State
Indices of behavioral state were monitored throughout
each experiment. Control neuronal activity was collected during the state of quiet wakefulness, which was
characterized by desynchronized, low- voltage cortical
EEG activity, tonic nuchal EMG activity, and a paucity of
eye movement or PGO wave activity.11,12,19 In contrast,
the anesthetic state induced by ketamine was clearly
Anesthesiology, V 91, No 4, Oct 1999

differentiated from quiet wakefulness primarily by the
presence of high-voltage EEG activity with characteristic
intermittent “spike-like” slow waves, and by a tonic
nuchal EMG of decreased amplitude.8,9 In each animal,
ketamine’s action on EEG and EMG reached a peak effect
5 min after administration that recovered within 20 min.
Upon recovery from ketamine, the behavioral state resembled predrug wakefulness. A representative trace of
EEG, electrooculogram, PGO, and EMG activity during
wakefulness, ketamine anesthesia, and recovery is
shown in figure 2.
Tooth Pulp– evoked Responses of TSNC Neurons
The effect of ketamine anesthesia was examined on a
total of 14 tooth pulp–evoked TSNC neurons (cat 1: n 5 2;
cat 2: n 5 6; cat 3: n 5 4; cat 4: n 5 2). Six of these cells
were characterized as stimulus intensity–dependent neurons, and the remaining eight neurons were of the stimulus
intensity–independent type. The response magnitude and
latency to onset for these tooth pulp–evoked TSNC neurons during the control state of quiet wakefulness did not
differ from that reported previously.11
During the state of quiet wakefulness (W), baseline
responses to threshold stimuli applied to tooth pulps
were not affected by control injections of saline. However, the mean response magnitude was maximally suppressed by 50%, 5 min after the intravenous administration of ketamine (mean activityW: 1.6 6 0.4 spikes/
stimulus; mean activityKETAMINE: 0.8 6 0.7 spikes/
stimulus; F 5 7.924, P , 0.001 on repeated-measures
ANOVA). The ketamine-related suppression of tooth
pulp– evoked activity was not associated with a change
in the mean latency to onset of the first action potential
(mean latencyW: 5.9 6 0.7 ms; mean latencyKETAMINE:
5.9 6 0.6 ms; P . 0.05, paired Student t test). Spike
activity recovered to predrug baseline levels approximately 30 min after intravenous administration of ketamine.
Stimulus Intensity– dependent Neurons
The graded responses of stimulus intensity– dependent
TSNC neurons provided the opportunity to examine the
effect of ketamine on trigeminal neuronal responsiveness to both threshold and suprathreshold stimuli. The
response characteristics of a stimulus intensity– dependent TSNC neuron before, during, and after recovery
from ketamine anesthesia are illustrated in figure 2.
Overall, tooth pulp– evoked responses of stimulus intensity– dependent neurons were maximally suppressed 5
min after the administration of ketamine at threshold
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1 min and neuronal activity monitored at regular intervals for 1 h after drug administration. A dose of 2.2
mg/kg ketamine was chosen because it is the lowest
dose employed in previous studies of lumbar dorsal horn
neurons that reliably provides 5–10 min of surgical anesthesia followed by a 30 – 60-min recovery period.3,26 A
maximum of two experiments was performed per week.
The minimum time period between successive drug administrations during each week was 48 h.
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(mean activityW: 1.9 6 0.5 spikes/stimulus; mean activityKETAMINE: 0.7 6 0.7 spikes/stimulus). Compared with
baseline, the mean response magnitude was significantly
suppressed at 5, 10, and 15 min after ketamine (F 5
2.183, P 5 0.034 on repeated-measures ANOVA, P ,
0.05 by Dunnett’s method).
The suprathreshold responses of stimulus intensity–
dependent neurons were also maximally suppressed 5
min after ketamine (mean activityW: 4.1 6 1.0 spikes/
stimulus; mean activityKETAMINE: 1.9 6 0.2 spikes/stimulus). However, ketamine’s suppressive action was longer
for suprathreshold versus threshold responses. Indeed,
the mean response magnitude remained significantly
suppressed, relative to baseline responses for 30 min, or
twice as long as the mean response magnitude at threshold (F 5 7.276, P , 0.001 on repeated-measures
ANOVA, P , 0.05 by Dunnett’s method; fig. 3).
Anesthesiology, V 91, No 4, Oct 1999

We previously reported 11 that the stimulus–response
curve of stimulus intensity– dependent TSNC neurons is
linear (fig. 1). To further investigate the effect of ketamine on the response characteristics of this type of
TSNC neuron, the slope of the stimulus–response curve
for each cell was calculated as the difference between
suprathreshold and threshold responses divided by the
difference in stimulus intensity. Collectively, the slope of
the stimulus–response relationship for all six neurons
was significantly decreased (mean slopeW: 2.0 6 0.5
spikes/mA; mean slopeKETAMINE: 1.0 6 0.3 spikes/mA,
P , 0.05 by paired Student t test). Ketamine suppressed
both threshold and suprathreshold responses. However,
the prolonged recovery of suprathreshold responses and
the decrease in the slope of the stimulus–response curve
suggests that ketamine may exert a preferential action on
suprathreshold tooth pulp inputs.6,7
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Fig. 2. Effect of ketamine on a stimulus
intensity–dependent trigeminal sensory
nuclear complex (TSNC) neuron. The first
four traces represent 10-s epochs of electroencephalogram, electrooculogram,
pontogeniculooccipital wave, and electromyogram activity characteristic of wakefulness, ketamine-induced anesthesia, and recovery. Below these traces are five overlaid
oscilloscope traces illustrating the tooth
pulp–evoked activity of this TSNC neuron.
Poststimulus time histograms (PSTHs)
were constructed from 50 consecutive responses evoked by threshold (A; 0.2 ms,
5.5 mA, 1 Hz) and suprathreshold (B; 0.2
ms, 6.0 mA, 1 Hz) electrical stimuli applied
to the canine tooth pulp. The number
above each PSTH indicates the mean (6
SD) evoked activity, in spikes per stimulus.
Note that in this cell, tooth pulp– evoked
activity decreased 76% at threshold and
57% at suprathreshold intensity during
ketamine anesthesia. Vertical calibration
bars: 50 mV.
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Fig. 3. Summary of ketamine’s action on stimulus intensity–
dependent trigeminal sensory nuclear complex neurons (n 5
6). Time, relative to drug injection, is indicated in minutes, with
time 0 representing the start of the ketamine injection. Each
point on the graph represents the group mean (6 SD). Saline (S;
0.5 ml) was injected between the first and second control measurements. Overall, tooth pulp– evoked activity at threshold
(black squares) and suprathreshold (white squares) intensities were suppressed 63% and 54%, respectively, 5 min after the
onset of drug administration. Mean evoked activity returned to
control levels (indicated by the dashed line) approximately 30
min after ketamine infusion. Asterisks indicate statistically significant differences from control (P < 0.05 by repeated-measures analysis of variance, Dunnett’s method).

Although ketamine anesthesia was accompanied by a
marked reduction in response magnitude, it did not
change the mean latency to onset of the first action
potential at threshold (mean latencyW: 6.5 6 2.4 ms;
mean latencyKETAMINE: 6.8 6 2.4 ms; P . 0.05, paired
Student t test) or suprathreshold (mean latencyW: 5.0 6
1.2 ms; mean latencyKETAMINE: 5.4 6 1.5 ms; P . 0.05,
paired Student t test) stimulus intensities.
Stimulus Intensity–independent Neurons
The action of ketamine on a stimulus intensity–independent neuron is presented in figure 4. Ketamine reversibly suppressed the tooth pulp– evoked response of
this neuron. Overall, the threshold tooth pulp– evoked
responses of eight stimulus intensity–independent neurons were maximally suppressed by 33% 5 min after
ketamine administration (TSNC neurons; mean activityW:
1.2 6 0.6 spikes/stimulus; mean activityKETAMINE: 0.8 6
0.6 spikes/stimulus; fig. 5). Similar to stimulus intensity–
dependent neurons, the mean response magnitude was
Anesthesiology, V 91, No 4, Oct 1999

Air Puff– evoked Responses of TSNC and TGT
Neurons
Experiments were performed on eight TSNC neurons
(cat 3: n 5 3; cat 4: n 5 5) that responded to air-puff
stimuli directed at facial receptive fields. None of these
neurons responded to electrical stimulation of the tooth
pulps; however, two of these neurons were identified as
TGT neurons. An example of ketamine’s action on an air
puff– driven TSNC neuron is shown in figure 6. Note that
intravenous administration of ketamine, but not saline,
reversibly suppressed the air puff– evoked response of
this neuron by 65%. This particular neuron was subsequently identified as a TGT neuron (fig. 1B).
The air puff– driven responses of all eight TSNC neurons (n 5 6 TSNC, and n 5 2 TGT neurons) were
maximally suppressed (range, 25–92%) 5–10 min after
the administration of ketamine. Overall, air puff– driven
responses of all eight TSNC neurons were suppressed by
45%, 5 min after the administration of ketamine (fig. 7;
mean activityW: 2.5 6 1.7 spikes/stimulus; mean activityKETAMINE: 1.4 6 1.4 spikes/stimulus). Ketamine exerted
a suppressive action that was similar in time course to
tooth pulp– evoked neurons (fig. 8). Compared with
baseline responses, the mean response magnitude was
significantly suppressed at 5, 10, and 15 min after ketamine administration (F 5 4.336, P , 0.001 on repeatedmeasures ANOVA, P , 0.05 by Dunnett’s method).

Discussion
In agreement with previous studies,8,9 the systemic
administration of a relatively low dose of ketamine in
chronically instrumented cats rapidly and reversibly induces a behavioral state of dissociative anesthesia that is
characterized by distinct intermittent spike-like slow
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significantly suppressed, relative to baseline responses,
at 5, 10, and 15 min after ketamine administration (F 5
4.336, P , 0.001 on repeated-measures ANOVA, P ,
0.05 by Dunnett’s method). The relative magnitude of
ketamine’s peak suppression of stimulus intensity–independent neurons was not different from that of stimulus
intensity– dependent neurons at threshold (P . 0.05,
Mann–Whitney test; figs. 3 and 5). Administration of
ketamine did not change the mean latency to onset of
the first action potential of these stimulus intensity–
independent neurons (mean latencyW: 5.7 6 2.8 ms;
mean latencyKETAMINE: 5.9 6 3.1 ms; P . 0.05, paired
Student t test).
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waves in the cortical EEG and reduced nuchal EMG
activity compared with preceding episodes of quiet
wakefulness. In addition, the state of ketamine anesthesia is associated with a marked reversible suppression of
both tooth pulp– and FHM-evoked responses of rostral
TSNC neurons.
A major limitation of the present study is that ketamine
was administered systemically, and thus the site of ketamine action in exerting the suppressive action on TSNC
neurons is not clear. The analgesic properties of ketamine
are thought to be caused, in part, by a noncompetitive
channel blockade of the postsynaptic N-methyl-D-aspartate
(NMDA) receptor.4,26 –28 Systemically administered ketamine (up to 5 mg/kg) has been reported to antagonize the
NMDA but not non-NMDA excitatory amino acid–evoked
responses in spinal cord dorsal horn neurons.4,26 However,
other actions of ketamine are also noteworthy with respect
to its putative postsynaptic actions in vivo. These same
relatively low doses of ketamine are known to antagonize
excitation of Renshaw cells by acetylcholine,4 and there is
other in vitro evidence to indicate that ketamine is also a
nicotinic cholinergic receptor antagonist.29 In addition, it is
important to note that ketamine may affect g-aminobutyric
Anesthesiology, V 91, No 4, Oct 1999

acid,30 serotonergic,31 noradrenergic,32 and muscarinic
cholinergic33 systems.
Ketamine-related Suppression of Tooth
Pulp– evoked Activity
The identity of the excitatory neurotransmitters responsible for mediating synaptic transmission between
orofacial afferents and trigeminal sensory neurons is not
known. However, tooth pulp primary afferent terminals
display glutamate-like immunoreactivity, suggesting that
an excitatory amino acid neurotransmitter such as glutamate or aspartate may be released in response to toothpulp stimulation.34 Neurons comprising the TSNC and,
in particular, the TGT are reactive with antibodies raised
against both NMDA and non-NMDA receptor subtypes.35
Microiontophoretic recording experiments performed
in vivo have shown that local application of both NMDA
and non-NMDA receptor agonists excites TSNC and TGT
neurons.36,37 Thus, the ketamine-related suppression of
orofacial-evoked activity observed herein might be explained by a blockade of postsynaptic NMDA receptor
channels located on the soma of TSNC neurons.
We have suggested that stimulus intensity– dependent
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Fig. 4. Effect of ketamine on a stimulus
intensity–independent trigeminal sensory nuclear complex neuron. Oscilloscope traces represent behavioral state,
and poststimulus time histograms reflecting neuronal activity were constructed as
described in fig. 3. Neuronal activity was
evoked by low-intensity bipolar electrical
stimuli applied to the canine tooth pulps
(0.2 ms, 8.0 mA, 1.0 Hz). The number
above each histogram indicates the mean
(6 SD) evoked activity, in spikes per
stimulus. Note that tooth pulp– evoked
activity in this neuron was reversibly
suppressed by 24% during ketamine anesthesia. Vertical calibration bars (electroencephalogram, electrooculogram,
pontogeniculooccipital wave, electromyogram): 50 mV.
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Fig. 6. Effect of ketamine on air puff– evoked activity of a trigeminothalamic
(TGT) neuron. Oscilloscope traces represent behavioral state, and poststimulus
time histograms reflecting neuronal activity were constructed as described in fig. 3.
Neuronal activity was evoked by air-puff
stimuli applied to the chin (40 ms, 0.5 psi,
0.5 Hz). Dashed vertical lines indicate the
gating window used to measure the magnitude of the neuronal response. The number above each histogram indicates the
mean (6 SD) evoked activity, in spikes per
stimulus. Note that air puff–evoked activity
in this neuron was maximally suppressed
by 65% during ketamine anesthesia. This
neuron projected to the contralateral ventrobasal thalamus (antidromic latency: 1.3
ms). Vertical calibration bars (electroencephalogram, electrooculogram, pontogeniculooccipital wave, electromyogram):
50 mV.

Anesthesiology, V 91, No 4, Oct 1999
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Fig. 5. Summary of ketamine’s action on stimulus intensity–independent trigeminal sensory nuclear complex neurons (n 5 8). The graph
was constructed as described in fig. 4. Overall, tooth pulp–evoked
activity at threshold was suppressed 33%, 5 min after the onset of
drug administration. Mean evoked activity returned to control levels
(indicated by the dashed line) approximately 30 min after ketamine
infusion. Asterisks indicate statistically significant differences from
control (P < 0.05 on repeated-measures analysis of variance, Dunnett’s method). Error bars 5 6 SD.

neurons may act as local interneurons in the rostral
TSNC.11 The work of Katakura and Chandler indicates
that digastric motoneuronal responses driven by tooth
pulp stimuli are blocked by NMDA antagonists and antidromically identified premotor interneurons are excited
by microiontophoretically applied NMDA.38 The findings of Boucher et al.39 that microinjection of ketamine
(0.02 mg/kg) as well as the competitive NMDA receptor
antagonist 2-amino-5-phosphonovalerate into the TSNC
of awake rats suppresses the tooth pulp– evoked jawopening reflex corroborate the aforementioned findings.
Collectively, these studies support the suggestion that
antagonism of NMDA receptors by ketamine could contribute to a suppression of the synaptic transmission
between tooth pulp afferents and TSNC neurons. Consistent with previous findings,6,7, ketamine also reduced
the slope of the stimulus–response curve of all stimulus
intensity– dependent neurons tested. Moreover, the recovery of suprathreshold responses of these cells from
ketamine anesthesia was also prolonged, lasting up to 30
min after intravenous bolus administration. These data
indicate that the drug attenuates to a greater extent high
threshold rather than low threshold inputs to these cells.
These data may be relevant to partially explaining the
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analgesic properties of low doses of ketamine in conscious patients suffering from various pain syndromes.1,2
Ketamine also decreased the tooth pulp– evoked activity of stimulus intensity-independent TSNC neurons. Perhaps as many as one half of all rostral TSNC neurons
recorded in vivo that exhibit stimulus intensity–independent response characteristics similar to ours11 may
project to the ventrobasal thalamus.12,23,24 Thus, ketamine’s action on stimulus–independent TSNC neurons
indicates that transmission of tooth-pulp information to
the thalamus and, ultimately, to the cerebral cortex is
attenuated during the state of ketamine anesthesia at the
level of the TSNC. This suggestion is supported by the
finding that the amplitude of tooth pulp– evoked somatosensory potentials recorded in the brainstem, thalamus,
and cerebral cortex of awake-behaving monkeys are suppressed after ketamine (5–15 mg/kg) administration.40
Ketamine-related Suppression of Hair
Mechaniceptor– evoked Activity
Under our experimental conditions, the state of ketamine
anesthesia was also found to be associated with decreased
FHM-evoked activity in both rostral TSNC and TGT neuAnesthesiology, V 91, No 4, Oct 1999

Fig. 8. Comparison of recovery from ketamine-related suppression of tooth pulp– and air puff– evoked responses recorded
from trigeminal sensory nuclear complex (TSNC) neurons. The
difference in evoked activity (D Activity) was calculated by subtracting the control response obtained after normal saline administration from responses at the indicated time points after
the administration of ketamine. Closed symbols indicate statistically significant differences from control (P < 0.05 on repeated-measures analysis of variance, Dunnett’s method). There
was no difference in the time course of ketamine-related suppression if threshold responses of stimulus intensity– dependent (circles) or stimulus intensity–independent (squares)
TSNC neurons were compared with air puff– evoked responses
(diamonds) of TSNC neurons. However, suprathreshold responses in stimulus intensity– dependent (hexagons) remained
significantly suppressed for 30 min.
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Fig. 7. Summary of ketamine’s action on air puff– evoked activity recorded from trigeminal sensory nuclear complex (n 5 6)
and trigeminothalamic (n 5 2) neurons. This graph was constructed as described in fig. 4. Overall, air puff– evoked activity
was suppressed by 45% 5 min after the onset of drug administration. The time course and magnitude of ketamine’s effects on
air puff– evoked responses was equivalent that observed for
tooth pulp– evoked responses (see fig. 8). Asterisks indicate
statistically significant differences from control (P < 0.05 on
repeated-measures analysis of variance, Dunnett’s method).

rons. This contrasts with results reported for experiments
performed in acute decerebrate cat preparations, in which
local or systemic administration (2–10 mg/kg) of ketamine
did not affect LTM-evoked responses of unidentified spinal
cord dorsal horn neurons.3,4 Furthermore, in the single
study performed on intact, behaving cats, Collins41 concluded that ketamine (10–20 mg/kg intravenously) had no
effect on non-noxious mechanoreceptor-evoked responses
of unidentified lumbar dorsal horn neurons. However, Collins reported that ketamine exerted either suppressive or
facilatory actions on the non-noxious responses in 25% of
the cells examined. Therefore, it is conceivable that the
effect of ketamine and other NMDA antagonists on lowthreshold mechanoreceptor–evoked responses of spinal
cord dorsal horn neurons might depend on the type of
neuron tested (i.e., tract cells vs. segmental interneurons)
or on the level of the neuraxis (i.e., trigeminal vs. lumbar
sensory neurons).
With regard to the possibility that ketamine may exert

1034
CAIRNS ET AL.

References
1. Eide PK, Jorum E, Stubhaug A, Bremnes J, Breivik H: Relief of
post-herpetic neuralgia with the N-methyl-D-aspartic acid receptor an-

Anesthesiology, V 91, No 4, Oct 1999

tagonist ketamine: A double-blind, cross-over comparison with morphine and placebo. Pain 1994; 58:347–54
2. Eide PK, Stubhaug A, Oye I, Breivik H: Continuous subcutaneous
administration of the N-methyl-D-aspartatic acid (NMDA) receptor antagonist ketamine in the treatment of post-herpetic neuralgia. Pain
1995; 61:221– 8
3. Conseiller C, Benoist JM, Hamann KF, Maillard MC, Besson JM:
Effects of ketamine (CI 581) on cell responses to cutaneous stimulations in laminae IV and V in the cat’s dorsal horn. Eur J Pharmacol
1972; 18:346 –52
4. Headley PM, Parsons CG, West DC: The role of N-methylaspartate
receptors in mediating responses of rat and cat spinal neurones to
defined sensory stimuli. J Physiol (Lond) 1987; 385:169 – 88
5. Uchida H, Kishikawa K, Collins JG: Effect of propofol on spinal
dorsal horn neurons: Comparison with lack of ketamine effects. ANESTHESIOLOGY 1995; 83:1312–22
6. Davies SN, Lodge D: Evidence for involvement of N-methylaspartate receptors in “wind-up” of class 2 neurones in the dorsal horn of
the rat. Brain Res 1987; 424:402– 6
7. Hao JX, Sjolund BH, Wiesenfeld-Hallin Z: Electrophysiological
evidence for an antinociceptive effect of ketamine in the rat spinal
cord. Acta Anaesthesiol Scand 1998; 42:435– 41
8. Kayama Y, Iwama K: The EEG, evoked potentials, and single-unit
activity during ketamine anesthesia in cats. ANESTHESIOLOGY 1972; 36:
316 –28
9. Mori K, Kawamata M, Mitani H, Yamazaki Y, Fujita M: A neurophysiologic study of ketamine anesthesia in the cat. ANESTHESIOLOGY
1971; 35:373– 83
10. Chiang CY, Hu JW, Dostrovsky JO, Sessle BJ: Changes in mechanoreceptive field properties of trigeminal somatosensory brainstem
neurons induced by stimulation of nucleus raphe magnus in cats. Brain
Res 1989; 485:371– 81
11. Cairns BE, Fragoso MC, Soja PJ: Activity of rostral trigeminal
sensory neurons in the cat during wakefulness and sleep. J Neurophysiol 1995; 73:2486 –98
12. Cairns BE, McErlane SA, Fragoso MC, Jia WG, Soja PJ: Spontaneous discharge and peripherally evoked orofacial responses of trigemino-thalamic tract neurons during wakefulness and sleep. J Neurosci 1996; 16:8149 –59
13. Sessle BJ, Greenwood LF: Inputs to trigeminal brain stem neurones from facial, oral, tooth pulp and pharyngolaryngeal tissues: I.
Responses to innocuous and noxious stimuli. Brain Res 1976; 117:
211–26
14. Sessle BJ: Somatosensory transmission in the trigeminal brainstem complex and its modulation by peripheral and central influences,
Handbook of Behavioral State Control-Cellular and Molecular Mechanisms. Edited by Lydic R, Baghdoyan H. Boca Raton, CRC Press, 1999,
pp 445– 61
15. Cairns BE, Fragoso MC, Soja PJ: Active-sleep-related suppression
of feline trigeminal sensory neurons: Evidence implicating presynaptic
inhibition via a process of primary afferent depolarization. J Neurophysiol 1996; 75:1152– 62
16. Dostrovsky JO, Sessle BJ, Hu JW: Presynaptic excitability
changes produced in brain stem endings of tooth pulp afferents by
raphe and other central and peripheral influences. Brain Res 1981;
218:141– 60
17. Darian-Smith I, Rowe MJ, Sessle BJ: “Tactile” stimulus intensity:
Information transmission by relay neurons in different trigeminal nuclei. Science 1968; 160:791– 4

Downloaded from http://asa2.silverchair.com/anesthesiology/article-pdf/91/4/1025/398039/0000542-199910000-00023.pdf by guest on 22 May 2022

different effects on local interneurons versus tract neurons, TGT neurons are known to display a higher density
of postsynaptic NMDA receptors than other rostral TSNC
neurons.35 This suggests that TGT neurons could exhibit
a greater sensitivity to ketamine than local TSNC interneurons. In the current study we did find that FHMevoked responses of two TGT neurons were markedly
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in non-TGT TSNC neurons.
It is also conceivable that ketamine-related suppression of
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