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Propofol Increases Presynaptic Inhibition of Ia Afferents
in the Intact Human Spinal Cord
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central nervous system can hardly be disentangled in
vivo. Pharmacologic proof of receptor-specific effects is
difficult because it would not be ethically justifiable to
administer specific receptor antagonists that are commonly used in in vitro studies. However, using methods
developed to study the physiology of central nervous
system functions, it may be possible to isolate also specific pharmacologic effects. One important mechanism
by which ␥-aminobutyric acid (GABA) reduces the activity of the central nervous system is the presynaptic
inhibition. Since the early descriptions by Frank and
Fuortes6 and subsequent studies of Eccles et al.,7,8 the
spinal cord has served as a useful model for studying the
presynaptic inhibition in mammals. It is generally accepted that GABA generates presynaptic inhibition at
axo-axonic synapses in the spinal cord.9,10 The clearest
ultrastructual demonstration of GABAergic axo-axonic
synapses that mediate presynaptic inhibition can be
done at the synapse between the Ia afferent and the
motoneuron.11 Very recently, even the specific interneurons that release GABA to the terminals of the Ia affents
have been identified.12 Pharmacologically, it was recognized long ago that presynaptic inhibition is reduced by
the GABA antagonists bicuculline and picrotoxin.13–16
Based on these results, it has been shown later that the
GABAA receptor, rather than the GABAB receptor (which
is also present at the Ia terminals), plays the predominant
role in presynaptic inhibition of Ia terminals.17 The activation of GABAA receptors either inhibits the release of
neurotransmitter (glutamate) from Ia afferents by blocking action-potential invasion into their terminals or by
reducing the amplitude of propagated action potentials
and thereby blocking or reducing Ca2⫹ influx. The reduced release of excitatory transmitter causes a reduction of monosynaptic excitatory postsynaptic potential
(EPSP) in the target motoneuron. The postreceptor
mechanism is still debated, whereas the role of GABA as
the transmitter of presynaptic inhibition in the spinal
cord is now undisputed (for review, see Rudomin and
Schmidt18). Presynaptic inhibition is one of the few
specific GABAergic effects in the spinal cord that can be
analyzed in vivo. Here, we used a method first described
by Hultborn et al.19 that allows to examine changes of
ongoing presynaptic inhibition on Ia fibers independent
of its origin in humans. This method has already been
used in several other studies assessing different effects
such as movement,20 –23 nociceptive stimulation,24 or
baclofen administration25,26 on presynaptic inhibition.
The aim of the current study was to use the presynaptic

MOLECULAR studies have provided evidence that
propofol enhances the ␥-aminobutyric acid type A
(GABAA) receptor activity at concentrations relevant for
anesthesia.1–3 In vitro studies of ventral horn interneurons in cultured spinal cord tissue slices indicate that the
primary molecular targets of propofol in the ventral horn
are also GABAA receptors.4 Also shown in rats, the immobilizing action of propofol is antagonized by GABAA
receptor blockade.5 In humans, the importance of ␥-aminobutyric acid–mediated (GABAergic) effects is difficult
to demonstrate because the complexity of the human
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Background: In vitro studies indicate that the primary molecular targets of propofol in the spinal cord are ␥-aminobutyric
acid (GABA) type A receptors. Because of the complexity of the
central nervous system, specific GABA-mediated effects have
not yet been isolated in humans. Here, the authors used heteronymous Ia facilitation of the soleus H-reflex from the femoral
nerve as a specific pathway involving GABA to demonstrate a
presynaptic GABA-mediated effect of propofol in humans.
Methods: The study was performed in 10 volunteers aged
23–32 yr. The soleus H-reflex was evoked by stimulation of the
tibial nerve in the popliteal fossa. The stimulation current was
adjusted to yield an unconditioned H-reflex of 15% of the maximal muscle response to electric stimulation of the tibial nerve.
The soleus H-reflex was conditioned by stimulating Ia afferents
from the quadriceps femoris in the femoral triangle. The stimulus was applied 0.3– 0.4 ms after the onset of facilitation, to
assure a purely monosynaptic excitatory postsynaptic potential
from quadriceps Ia afferents to the soleus motoneuron. At least
45 conditioned (femoral and tibial) and unconditioned (only
tibial) stimuli were applied in random order. The authors compared the amount of heteronymous H-reflex facilitation under a
concentration of 2 g/ml propofol with control values obtained
before and after the propofol infusion.
Results: H-reflex facilitation due to the conditioning stimulus
during propofol administration was significantly (P < 0.05, t
test) decreased by an average of 43% in all patients in comparison with the control values.
Conclusions: Although alternative explanations such as supraspinal effects cannot be ruled out completely, the findings of
this study are most likely explained by a specific presynaptic
effect of propofol. Strong evidence form neurophysiologic studies indicates that this effect is mediated by the GABA type A
receptors.
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inhibition as a way to dissect the complicated spinal
motor network as far as possible and possibly demonstrate a specific GABAergic effect of propofol in humans.
We hypothesized that propofol, because of its GABAergic properties, would increase presynaptic inhibition.
This study could therefore link results obtained from in
vitro studies that have shown the importance of
GABAergic interactions for the anesthetic effect of
propofol with the clinical effects of propofol that can be
observed in humans.

Subjects
After approval of the local ethics committee (Charité,
Berlin, Germany) and written informed consent of the
subjects were obtained, the study was performed in 10
(3 female) volunteers who had an American Society of
Anesthesiologists physical status of I. During the entire
study period, each subject was comfortably seated in a
reclining arm chair, with the hip semiflexed at 120°, the
knees slightly flexed at 160°, and the ankle at 110°.
Instrumentation
The H-reflex was elicited with a rectangular pulse of 1
ms in duration (Digitimer DS7A; Digitimer Ltd., Welwyn
Garden City, United Kingdom) by stimulation of the
posterior tibial nerve with the cathode (gold-plated halfball electrode, diameter: 7.5 mm) in the popliteal fossa
and the anode placed just above the patella. Reflex
responses were recorded with adhesive Ag/AgCl electrodes (Medicotest “blue point”; Istykke, Denmark)
placed over the soleus muscle. The single stimulus in the
poplitea fossa activates Ia fibers from soleus spindle
sense organs in the tibial nerve that project monosynaptically onto the soleus motoneurons, which finally
causes a contraction of the soleus muscle that can be
recorded as the compound muscle action potential (fig.
1). The compound muscle action potential was amplified 500-fold with a band pass filter ranging from 20 Hz
to 3 kHz (Neuropack 4 mini; Nihon Kohden, Tokyo,
Japan), digitalized with a sampling rate of 5,000 Hz
(Mikro 1401 mk II; CED Ltd., Cambridge, England) and
stored on a mobile computer hard disk. The peak-topeak amplitude of the H-reflex was measured on-line
using Signal 3.01 (CED Ltd.). The sensitivity of the Hreflex to inhibitory and facilitatory effects depends on its
size.27 During propofol administration, the amplitude of
the H-reflex is suppressed. Therefore, the unconditioned
H-reflex amplitude had to be adjusted by increasing the
stimulus current of the test volley. In all measurements,
the amplitude of the unconditioned H-reflex was tuned
to be 15% of the maximal muscle response to electric
stimulation of the posterior tibial nerve (Mmax). Mmax
typically decreases during the time course of any kind of
Anesthesiology, V 104, No 4, Apr 2006

Fig. 1. Experimental paradigm. The soleus H-reflex (test stimulus) is elicited by an electrical stimulation of the tibial nerve. It
is conditioned by a volley of Ia afferent fibers from the quadriceps
muscle that run in femoral nerve (conditioning stimulus). These Ia
afferents are subject to presynaptic inhibition via axo-axonic contacts of ␥-aminobutyric acid–mediated interneurons.

experiment,28 probably because of continuous dislocation of the stimulation electrode from the optimum position chosen at the beginning of the experiment. Therefore, Mmax was determined during each condition
(control, propofol, second control) by increasing the
stimulus current in steps of 10 mA until further increase
in stimulus current would not result in a further increase
of the M-wave amplitude. To quantify the suppressive
effect of propofol on the unconditioned H-reflex, the
maximal H-reflex amplitude (Hmax) was determined by
increasing the stimulating current of the tibial nerve
until a maximal H-reflex amplitude could be obtained. At
least 10 Hmax values were averaged. The Hmax was
expressed as a fraction of Mmax (Hmax/Mmax ratio) and
was determined during each condition (control, propofol, second control). The conditioning stimulus was applied to the ipsilateral femoral nerve (fig. 1). The cathode
(half-ball 12.5 mm in diameter) was placed in the femoral
triangle just lateral of the femoral artery, and the anode
was placed on the back of the thigh. A rectangular pulse
of 1 ms in duration was delivered (Neuropack 4 mini).
The stimulus intensity was adjusted to be 15% above the
threshold for the motor response in the quadriceps muscle. It was kept constant throughout the entire experi-
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Fig. 2. Time course of the heteronymous Ia facilitation of the
soleus H-reflex. By convention, the timing of the test pulse
(soleus H-reflex) is given with reference to the conditioning
pulse (Ia afferents in the femoral nerve). Because both pulses
are to reach the spinal cord simultaneously, the test reflex must
be delivered before the conditioning pulse because the distance
from the site of stimulation of the H-reflex (popliteal fossa) to
the spinal cord is longer than the distance from the femoral
triangle to the spinal cord. In such cases, the conditioning test
interval is said to be negative. Cross ⴝ unconditioned H-reflex;
asterisk ⴝ beginning of facilitation; arrow ⴝ interval chosen
for measurements cycles. The dotted line represents the cutoff
line of 5% above the unconditioned H-reflex amplitude. Error
bars represent SEMs.

Experimental Protocol
At least 1 day before the experimental procedures, test
measurements (without propofol administration) were
performed to screen for subjects who would qualify for
the electrophysiologic part of the study. Only subjects
with a facilitation of the H-reflex by the conditioning
stimulus of at least 15% were included. Because of the
variability of H-reflex amplitude over time, a smaller
facilitation would increase the number of averages necessary to demonstrate significant effects and thus make
the measurement unfeasible. These test measurements
also allowed the individuals to become familiar with the
experiment. Subjects fasted at least 6 h before the beginning of the propofol administration. Standard monitoring (noninvasive blood pressure monitoring, electrocardiography, and pulse oximetry) and an intravenous
access via a forearm vein were established before the
study period. Propofol was infused intravenously via a
computer-controlled infusion pump (Base primea; Fresenius, Bezins, France), programmed using the weightand age-corrected pharmacokinetic parameter set of
Schnider et al.30 End-tidal carbon dioxide concentration
was monitored with a tight-fitting facemask every 3 min
when subjects were unconscious. The Bispectral Index
was recorded with an Aspect XP® monitor (Aspect Medical Systems, Newton, MA). The Observer’s Assessment
of Alertness/Sedation score was determined immediately
before and after the experimental run during propofol
administration.

Measurements, Data Processing, and Data
Reduction
Only the first 0.5 ms of facilitation from the femoral
nerve onto the soleus motoneurons has been demonstrated to be purely monosynaptic.31 Beyond that time
window, the heteronymous facilitation can be contaminated by any other effects, such as Ib inhibition or
oligosynaptic pathways. Therefore, we first established
the earliest interval between the soleus H-reflex stimulation (test volley) and the femoral nerve stimulation (conditioning volley) at which it was possible to elicit a
facilitation of at least 5% using steps of 0.1 ms, after
roughly estimating the onset in steps of 0.4 ms. To
determine the onset of heteronymous facilitation, we
compared equal sample sizes of 25–35 stimuli for the
conditioned and unconditioned H-reflex with different
interstimulus intervals. Statistical significance was examined with analysis of variance (Graphpad Prism Version
3.0; San Diego, CA) including a Dunnett post test (P ⬍
0.05). To obtain a more sizeable facilitation within the
time window of monosynaptic facilitation, the interval
chosen for all measurements was 0.3– 0.4 ms longer than
this and remained unchanged throughout measurements. Figure 2 shows an exemplary time course of the
effect of the conditioning (1.15 * motor threshold, i.e.,
the stimulus current necessary to evoke a muscle potential significantly different from background noise) stimulation from the femoral nerve onto the soleus H-reflex
under control conditions.
We compared the amount of heteronymous H-reflex
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ment. This conditioning pulse stimulates Ia fibers in the
femoral nerve that derive from the M. quadriceps femoris muscle spindles. It has been shown in humans that
collaterals of these Ia fibers project monosynaptically to
the soleus motoneurons.29 These projections are subject
to presynaptic inhibition (fig. 1). Therefore, a constant
conditioning stimulation, provided that there is no
change in presynaptic inhibition, causes a constant
EPSP in the corresponding soleus motoneurons. Because
this EPSP cannot be measured directly, it is assessed by
an appropriately timed soleus H-reflex (as described previously in this paragraph) conventionally called test reflex. A collision of the EPSPs from both soleus and
quadriceps Ia fibers onto the soleus motoneuron leads to
an increase of the H-reflex amplitude (some motoneurons that are not excited by the soleus Ia volley alone get
excited by the additional EPSP from the conditioning
stimulus, which drives the EPSP over the excitability
threshold). If both the size of the test H-reflex and the
stimulus strength of the conditioning stimulus are kept
constant, the increase of presynaptic inhibition is revealed by a decrease of H-reflex facilitation. The smaller
the reflex facilitation is, the larger the presynaptic inhibition is.

PRESYNAPTIC INHIBITION AND PROPOFOL

Results
Test measurements (without propofol administration)
were performed in 12 subjects. One subject felt discomfort and refused further examination. In one other subject, the conditioning stimulation of the femoral nerve
did not cause any significant facilitation of the soleus
H-reflex. Those two individuals were excluded from further measurement, and all of the other 10 subjects were
included in the study. The administration of propofol
caused a decrease in the Observer’s Assessment of Alertness/Sedation score and in the Bispectral Index value in
all but one subject. The median values under 2 g/ml
propofol plasma concentration yielded 3 (range, 1– 4)
and 66 (range, 31–95) for the Observer’s Assessment of
Alertness/Sedation score and the Bispectral Index value,
respectively. During propofol administration, all subjects
breathed spontaneously, and end-tidal carbon dioxide
concentrations remained less than 42 mmHg. The unconditioned Hmax was reduced only moderately by this
concentration of propofol (average reduction of 24 ⫾
18% [mean ⫾ SD]).
Propofol Effects on Heteronymous H-reflex
Facilitation
Propofol reduced the heteronymous H-reflex facilitation of the soleus H-reflex. Exemplary tracings from one
subject are shown in figure 3 for unconditioned and
conditioned H-reflex before and during administration of
propofol. The amplitude of the H-reflex displays considerable variability from stimulus to stimulus. However,
with at least 45 stimulations averaged, stable mean values were achieved (fig. 4). At the time of the second
control run (at least 35 min after the end of the propofol
infusion), the amplitude of the facilitation returned to
Anesthesiology, V 104, No 4, Apr 2006

Fig. 3. Original tracings of the conditioned and unconditioned
H-reflex under control conditions and 2 g/ml propofol. The
conditioning stimulus leads to an increase of the H-reflex amplitude (gray line) in comparison with the unconditioned Hreflex amplitude (black line). During propofol administration,
the H-reflex amplitude decreases. Because the sensitivity of the
H-reflex to facilitation depends on the size of the unconditioned
H-reflex, the stimulus strength of the H-reflex was adjusted so
that the amplitude of the unconditioned H- reflex was of the
same size as during control conditions (amplitudes of the black
lines in both figures are about the same). The conditioning
volley of the femoral nerve was kept constant under both conditions. Under control conditions, the conditioning volley leads
to a greater increase (facilitation) of the H-reflex than under 2
g/ml propofol (gray line), i.e., the heteronymous Ia facilitation of the soleus H-reflex is suppressed by propofol.

control values (fig. 4). Because of the large intraindividual variability of the unconditioned H-reflex over time
(fig. 4), the reduction was significant in only six subjects
in comparison with controls before and in eight subjects
after administration of propofol (analysis of variance
with Tukey posttest, P ⬍ 0.05; fig. 5). However, pooling
the data of the first (before propofol) and second (after
propofol) control measurement for each subject leads to

Fig. 4. Variability of the heteronymous Ia facilitation of soleus
H-reflex in an exemplary subject. Individual measurements of
H-reflex amplitude with (triangles) and without (crosses) conditioning stimulation in an exemplary subject. Data from 50
stimulations before (first control), during (2 mg/ml propofol),
and after (second control) propofol administration. Lines indicate the mean value. Asterisks show significant difference in
comparison with the propofol measurement (Tukey posttest,
P < 0.05).
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facilitation under pseudo–steady state concentrations of
2 g/ml propofol with the averaged control values obtained before and 35 min after the end of propofol
infusion. At each experimental condition (control,
propofol, second control), a series of at least 45 unconditioned and 45 conditioned H-reflexes, delivered every
6 s, was recorded. Conditioned and unconditioned reflexes were randomly alternated. To compare the data of
the different experimental conditions (control before
propofol, propofol, control after propofol), the H-reflex
amplitude is always expressed as a fraction of Mmax.
Mean and SEM were calculated for all measurements
off-line. The difference in the magnitude of heteronymous facilitation between control and propofol was
tested using analysis of variance (Graphpad Prism Version 3.0) including a Tukey posttest (P ⬍ 0.05). The
amount of facilitation was expressed relative to the average unconditioned H-reflex in the corresponding measurement.
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significant differences between propofol and control values in all individuals (Student t test, P ⬍ 0.05). The
average reduction of H-reflex facilitation due to the conditioning stimulus during propofol administration was
37% in comparison with control values before and 44%
after propofol administration. Suppression of facilitation
correlated with neither the decrease of the Bispectral
Index value nor the suppression of Hmax during propofol administration.

Discussion
In the current investigation, we studied the effect of
propofol on the ongoing presynaptic inhibition of Ia
afferents from the quadriceps femoris to the soleus motoneuron by using the method first described by HultAnesthesiology, V 104, No 4, Apr 2006

born et al.19 The principle of this method has been
validated in animal experiments in which presynaptic
inhibition of Ia afferents and postsynaptic events could
be observed in intracellular recordings. These experiments have shown that the amount of heteronymous
facilitation faithfully reflects the level of presynaptic inhibition of the Ia afferents projecting on the tested motor nucleus and is not affected by postsynaptic inhibition
of the motoneurons.19 Objective evidence that activation of presynaptic pathways reduces EPSPs in motoneurons that originate from monosynaptic Ia afferents but
not from descending pathways, which are free of presynaptic inhibition, further confirms the sensitivity of
the method in measuring presynaptic inhibition.31,32 We
have a priori selected only subjects with a facilitation of
the H-reflex of greater than 15%, reaching significance in
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Fig. 5. Heteronymous Ia facilitation of soleus H-reflex in all other subjects (subject 1 shown in fig. 4). Amplitude of the conditioned
H-reflex amplitude before, during, and after propofol administration. The amplitude is expressed as fraction of the mean unconditioned H-reflex in the corresponding measurement. Note the high variability of the H-reflex amplitude. Asterisks show significant
difference in comparison to the propofol measurement (Tukey posttest, P < 0.05).
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Table 1. Amount of Facilitation in All Subjects
Subject

Propofol

After

212 ⫾ 9
176 ⫾ 6
158 ⫾ 6
129 ⫾ 27
112 ⫾ 4
121 ⫾ 4
160 ⫾ 5
147 ⫾ 7
171 ⫾ 7
117 ⫾ 4

147 ⫾ 11
167 ⫾ 6
141 ⫾ 8
120 ⫾ 4
108 ⫾ 4
104 ⫾ 5
158 ⫾ 4
128 ⫾ 4
126 ⫾ 6
112 ⫾ 5

174 ⫾ 12
196 ⫾ 6
187 ⫾ 8
124 ⫾ 7
127 ⫾ 4
131 ⫾ 4
197 ⫾ 4
131 ⫾ 4
166 ⫾ 8
121 ⫾ 3

Facilitation of the H-reflex by femoral nerve stimulation before, during, and
after propofol administration in all subjects. Presented as percent of the
unconditioned H-reflex. Data represent mean ⫾ SE.

a feasible number of stimulus repetitions. This potentially introduces a bias in the results. However, we have
found no significant correlation between the magnitude
of the facilitation and the magnitude of the effect of
propofol (table 1). Regarding the raw data (fig. 5), the
suppressive effect of propofol on the amount of H-reflex
facilitation seems to be barely traceable in some subjects
because of the large measurement variability. This results predominantly from the intraindividual variability
of the H-reflex size itself but also from other disturbances, such as minimal alterations of the electrode
positions due to movement of the leg or conductance
variability of the skin due to transpiration during the course
of the experiment. It is noteworthy that the measurements
span a period of 4 – 6 h. To minimize the systematic errors
that might have increased during the experimental time
course, we also compared the propofol measurement with
the pooled (before and after propofol administration) control measurements, which reveal significant differences in
all subjects.
The reduced amount of heteronymous Ia facilitation
during a plasma propofol concentration of 2 g/ml can
be ascribed to an increase of presynaptic inhibition. As
stated in the introduction, this presynaptic inhibition is a
specific GABAergic effect mediated primarily by GABAA
receptors. To our knowledge, only one other study exists that addresses the influence of propofol on presynaptic inhibition in humans. Shimizu et al.33 examined in
seven patients the action of propofol (1 mg/kg, intravenous) on the second positive wave of segmental spinal
cord evoked potentials, which may also reflect GABAA
receptor–mediated primary afferent depolarization associated with presynaptic inhibition. However, this
method is less established than the one used in our study
and cannot rule out multisynaptic effects. Both methods
examining presynaptic inhibition in the spinal cord cannot exclude the effect of propofol on supraspinal influences on presynaptic inhibition. Specifically, reticulospinal pathways might modulate presynaptic inhibition.34
However, reversible spinalization by cold block in anesthetized cats35,36 decreases the tonic level of presynaptic
Anesthesiology, V 104, No 4, Apr 2006
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inhibition. Therefore, one can conclude that tonic supraspinal effects rather enhance than inhibit tonic presynaptic inhibition. An activation of these enhancing
pathways during propofol may not be completely ruled
out. Further experiments with drugs such as nitrous
oxide, which cause a similar degree of sedation without
major effects on GABAA receptors, might prove this
assumption. The method we used in this study assures a
purely monosynaptic connection between the Ia afferents in the femoral nerve to the soleus motoneurons.
However, it cannot be excluded that other presynaptic
effects of propofol, such as interactions with presynaptic
Na⫹ or Ca2⫹ channels, contribute to the reduced EPSP
on the soleus motoneuron, although these are not assumed to be major molecular targets of propofol.37 An
alternative explanation to an effect of propofol on
GABAA receptors might also be a propofol-induced activation of the inhibitory interneuron, leading to an enhanced release of GABA. This seems unlikely, however,
because propofol has been shown to decrease, not increase, the firing rate of spinal neurons.4
An ideal but, for ethical reasons, impossible way to
prove a receptor specific effect would have been to
antagonize the propofol effect by using GABAA receptor–specific antagonists. That could possibly be examined in animal experiments with spinal and/or systemic
administration of the antagonist. Animal experiments
similar to those performed by Hultborn et al.19 to show
the validity of the method would also permit simultaneous recording in the Ia afferent and the corresponding
motoneuron to give direct evidence for presynaptic effects of propofol. Animal experiments, however, can
only give complementary evidence, because (1) data in
such experiments often cannot be acquired under control conditions without any anesthetic and (2) there are
differences in the connectivity of the motor system between primates and other mammals. To further evaluate
the supraspinal influences, this study protocol could be
performed in volunteers with a complete hemiplegia or
tetraplegia after the phase of spinal shock. The results
obtained in this study lead to the question: Does the
enhanced presynaptic inhibition contribute to propofolmediated immobility? Considering the very low concentrations at which this effect occurs, this seems unlikely.
The C50 for the suppression of motor responses to painful stimuli is higher than 10 g/mg,38 and all subjects
moved spontaneously during the experiments. GABAA
receptor blockade has been shown to be relevant for the
immobilizing action of propofol,5 and GABAA receptors
are the most important target of propofol in the spinal
cord,4 but GABAA receptors are not exclusively localized
presynaptically, and propofol effects do not specifically
occur in the spinal cord. The mechanism shown here,
presynaptic inhibition, strongly suppresses peripheral
input to motoneurons but does not alter spinal motoneuron excitability itself. Corticospinal input to motoneu-

804

References
1. Franks NP, Lieb WR: Molecular and cellular mechanisms of general anaesthesia. Nature 1994; 367:607–14
2. Harris RA, Mihic SJ, Dildy-Mayfield JE, Machu TK: Actions of anesthetics on
ligand-gated ion channels: Role of receptor subunit composition. FASEB J 1995;
9:1454–62
3. Lambert JJ, Belelli D, Pistis M, Hill-Venning C, Peters JA: The interaction of
intravenous anesthetic agents with native and recombinant GABAa receptors,
The GABA Receptors, 2nd edition. Edited by Enna SJ, Bowery NG. Totowa,
Humana, 1997, pp 121–56
4. Grasshoff C, Antkowiak B: Propofol and sevoflurane depress spinal neurons
in vitro via different molecular targets. ANESTHESIOLOGY 2004; 101:1167–76
5. Sonner JM, Zhang Y, Stabernack C, Abaigar W, Xing Y, Laster MJ: GABA(A)
receptor blockade antagonizes the immobilizing action of propofol but not
ketamine or isoflurane in a dose-related manner. Anesth Analg 2003; 96:706–12
6. Frank K, Fuortes MGF: Presynaptic and postsynaptic inhibition of monosynaptic reflexes. Fed Proc 1957; 16:39–40
7. Eccles JC, Kostyuk PG, Schmidt RF: Presynaptic inhibition of the central
actions of flexor reflex afferents. J Physiol (Paris) 1962; 161:258–81
8. Eccles JC, Kostyuk PG, Schmidt RF: Central pathways responsible for
depolarization of primary afferent fibres. J Physiol (Paris) 1962; 161:237–57
9. Todd AJ, Maxwell DJ: GABA in the Nervous System: The View at Fifty Years.
Philadelphia, Lippincott Williams & Wilkins, 2000, pp 439 –57
10. Curtis DR: Two Types of Inhibition in the Spinal Cord, Presynaptic Inhibition and Neural Control. Edited by Rudomin P, Romo R, Mendell LM. New
York, Oxford, Oxford University Press, 1998, pp 150 –77
11. Maxwell DJ, Christie WM, Short AD, Brown AG: Direct observations of
synapses between GABA-immunoreactive boutons and muscle afferent terminals
in lamina VI of the cat’s spinal cord. Brain Res 1990; 530:215–22
12. Hughes DI, Mackie M, Nagy GG, Riddell JS, Maxwell DJ, Szabo G, Erdelyi

Anesthesiology, V 104, No 4, Apr 2006

F, Veress G, Szucs P, Antal M, Todd AJ: P boutons in lamina IX of the rodent spinal
cord express high levels of glutamic acid decarboxylase-65 and originate from
cells in deep medial dorsal horn. Proc Natl Acad Sci U S A 2005; 102:9038–43
13. Barker JL, Nicoll RA: The pharmacology and ionic dependency of amino
acid responses in the frog spinal cord. J Physiol 1973; 228:259–77
14. Davidoff RA: Gamma-aminobutyric acid antagonism and presynaptic inhibition in the frog spinal cord. Science 1972; 175:331–3
15. E Eccles JC, Schmidt R, Willis WD: Pharmacological studies on presynaptic
inhibition. J Physiol 1963; 168:500–30
16. Schmidt RF: Pharmacological studies on the primary afferent depolalrization of the toad spinal cord. Pflugers Arch Gesamte Physiol Menschen Tiere 1963;
277:325–46
17. Stuart GJ, Redman SJ: The role of GABAA and GABAB receptors in presynaptic inhibition of Ia EPSPs in cat spinal motoneurones. J Physiol 1992;
447:675–92
18. Rudomin P, Schmidt RF: Presynaptic inhibition in the vertebrate spinal
cord revisited. Exp Brain Res 1999; 129:1–37
19. Hultborn H, Meunier S, Morin C, Pierrot-Deseilligny E: Assessing changes
in presynaptic inhibition of I a fibres: A study in man and the cat. J Physiol 1987;
389:729–56
20. Pyndt HS, Nielsen JB: Modulation of transmission in the corticospinal and
group Ia afferent pathways to soleus motoneurons during bicycling. J Neurophysiol 2003; 89:304–14
21. Hultborn H, Meunier S, Pierrot-Deseilligny E, Shindo M: Changes in presynaptic inhibition of Ia fibres at the onset of voluntary contraction in man.
J Physiol 1987; 389:757–72
22. Morita H, Crone C, Christenhuis D, Petersen NT, Nielsen JB: Modulation of
presynaptic inhibition and disynaptic reciprocal Ia inhibition during voluntary
movement in spasticity. Brain 2001; 124:826–37
23. Pierrot-Deseilligny E: Assessing changes in presynaptic inhibition of Ia
afferents during movement in humans. J Neurosci Methods 1997; 74:189–99
24. Rossi A, Decchi B, Ginanneschi F: Presynaptic excitability changes of
group Ia fibres to muscle nociceptive stimulation in humans. Brain Res 1999;
818:12–22
25. Azouvi P, Roby-Brami A, Biraben A, Thiebaut JB, Thurel C, Bussel B: Effect
of intrathecal baclofen on the monosynaptic reflex in humans: Evidence for a
postsynaptic action. J Neurol Neurosurg Psychiatry 1993; 56:515–9
26. Orsnes G, Crone C, Krarup C, Petersen N, Nielsen J: The effect of baclofen
on the transmission in spinal pathways in spastic multiple sclerosis patients. Clin
Neurophysiol 2000; 111:1372–9
27. Crone C, Hultborn H, Mazieres L, Morin C, Nielsen J, Pierrot-Deseilligny E:
Sensitivity of monosynaptic test reflexes to facilitation and inhibition as a function of the test reflex size: A study in man and the cat. Exp Brain Res 1990;
81:35–45
28. Crone C, Johnsen LL, Hultborn H, Orsnes GB: Amplitude of the maximum
motor response (Mmax) in human muscles typically decreases during the course
of an experiment. Exp Brain Res 1999; 124:265–70
29. Meunier S, Pierrot-Deseilligny E, Simonetta M: Pattern of monosynaptic
heteronymous Ia connections in the human lower limb. Exp Brain Res 1993;
96:534–44
30. Schnider TW, Minto CF, Gambus PL, Andresen C, Goodale DB, Shafer SL,
Youngs EJ: The influence of method of administration and covariates on the pharmacokinetics of propofol in adult volunteers. ANESTHESIOLOGY 1998; 88:1170–82
31. Nielsen J, Petersen N: Is presynaptic inhibition distributed to corticospinal
fibres in man? J Physiol 1994; 477(pt 1):47–58
32. Rudomin P, Jimenez I, Enriquez M: Effects of stimulation of group I
afferents from flexor muscles on heterosynaptic facilitation of monosynaptic
reflexes produced by Ia and descending inputs: a test for presynaptic inhibition.
Exp Brain Res 1991; 85:93–102
33. Shimizu M, Yamakura T, Tobita T, Okamoto M, Ataka T, Fujihara H, Taga
K, Shimoji K, Baba H: Propofol enhances GABA(A) receptor-mediated presynaptic inhibition in human spinal cord. Neuroreport 2002; 13:357–60
34. Jankowska E: Interneuronal relay in spinal pathways from proprioceptors.
Prog Neurobiol 1992; 38:335–78
35. Quevedo J, Eguibar JR, Jimenez I, Schmidt RF, Rudomin P: Primary afferent
depolarization of muscle afferents elicited by stimulation of joint afferents in cats
with intact neuraxis and during reversible spinalization. J Neurophysiol 1993;
70:1899–910
36. Rudomin P, Lomeli J, Quevedo J: Tonic differential supraspinal modulation
of PAD and PAH of segmental and ascending intraspinal collaterals of single
group I muscle afferents in the cat spinal cord. Exp Brain Res 2004; 159:239–50
37. Rudolph U, Antkowiak B: Molecular and neuronal substrates for general
anaesthetics. Nat Rev Neurosci 2004; 5:709–20
38. Kazama T, Ikeda K, Morita K: Reduction by fentanyl of the Cp50 values of
propofol and hemodynamic responses to various noxious stimuli. ANESTHESIOLOGY
1997; 87:213–27

Downloaded from http://asa2.silverchair.com/anesthesiology/article-pdf/104/4/798/361583/0000542-200604000-00026.pdf by guest on 03 December 2021

rons is not subject to presynaptic inhibition, and thus,
voluntary movements are not affected by this mechanism. However, the increased presynaptic inhibition
may be the reason for impaired motor coordination after
general anesthesia with propofol. In addition, this property of enhancing presynaptic inhibition makes propofol
an ideal antispastic agent especially benefiting those patients with some remaining voluntary motor functions.
During propofol anesthesia, the spinal cord may not be
the only site where propofol enhances presynaptic
GABAA receptor–mediated presynaptic inhibition. Although these effects cannot be examined in isolation in
humans, they may contribute to the general anesthetic
effects of propofol, i.e., among others, hypnosis, amnesia, and immobility.
With our study, we have attempted to dissect the
complicated network of spinal motor control as far as
possible in vivo in humans. The results show that propofol reduces Ia facilitation from the femoral nerve to the
soleus H-reflex. Because the method assures a purely
monosynaptic connection, this effect should be mediated by increased GABAergic presynaptic inhibition on
Ia afferent fibers. Although we cannot completely rule
out alternative explanations, we most likely have demonstrated in vivo in humans an effect of propofol specifically mediated by GABAA receptors. Because of the
complexity of the network in vivo, studies like this
cannot yield definite answers but will need to be complemented by animal and in vitro research.
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