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Abstract

General anaesthesia is a balance of hypnosis, amnesia, analgesia, and immobility, including the inhibition of noxious
autonomic reflexes. Local anaesthesia implements the latter two elements in a conscious patient. This review article
discusses several important aspects of anaesthesia, beginning with basic concepts such as the minimum alveolar
concentration and afterwards developing into a discussion about the mechanisms of action of anaesthetics on
a cellular level, introducing electrophysiological investigations in the brain to study hypnosis and amnesia, in the
dorsal horn of the spinal cord to study analgesia and the inhibition of noxious reflexes, and in the ventral horn of
the spinal cord to study immobility, separately. In accordance with the results of electrophysiological patch clamp
studies, researchers have confirmed that the modulation of neurotransmission input from dorsal afferent neurons
into the dorsal horn of the spinal cord and effects on the spinal reflex arc from the dorsal horn to ventral horn mo-
tor neurons are important anaesthetic action mechanisms. Accordingly, intraoperative body movement of patients
is not a sign of insufficient muscle relaxation, but rather insufficient analgesia. In conclusion, sufficient analgesia is
a correct strategy (rather than muscle relaxant administration) for performing intraoperative patient immobility and
for providing patients with good and safe intraoperative anaesthesia management by protecting them from noxious

reflexes and stress including autonomic reactions such as hypertension and tachycardia.
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General anaesthesia is a balance of unconsciousness
(hypnosis and amnesia), analgesia, and immobility including
the inhibition of autonomic reflexes to noxious stimuli. Local
anaesthesia implements the latter two elements in awake
patients.The general purpose of anaesthesia is to prevent pain
sensation and nociceptive reflexes during operations; that is,
to block nociceptive transmission from peripheral tissue to
the brain. Yet, how is patient immobility achieved during in-
traoperative anaesthesia management? Is the administration
of muscle relaxant always necessary and correct to achieve
intraoperative patientimmobility? How are patients protected
from noxious reflexes, such as hypertension or tachycardia due
to activation of the sympathetic nervous system because of
intraoperative manipulations, such as skin incision? In order

to discuss these questions, we describe a review about where
and how anaesthetics actin the central nervous system (CNS)
introducing the studies investigating anaesthetic action mech-
anisms at a cellular level using the whole-cell patch clamp
technique. At the beginning of this review article, we introduce
briefly the principles of the whole-cell patch clamp technique
asanimportant technique used for the study ata cellular level.
Subsequently, we discuss action mechanisms of anaesthetics
at a cellular level in order to confirm an appropriate and safe
intraoperative anaesthesia management strategy.

WHERE DO ANAESTHETICS ACT IN THE CNS?
The CNS is composed of the brain and spinal cord. It is
clear and indisputable that general anaesthetics act in the
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Figure 1. Schema of the patch clamp technique in vitro. The specimen slice is fixed on the stage of a recording chamber and perfused with artificial
cerebrospinal fluid, with or without a dissolved pharmacological agent in order to investigate the pharmacological effects (A). A whole-cell patch
pipette (1) and a target motor neuron in the spinal ventral horn. The cell membrane surface is slightly hollow due to pressure from the nearby

pipette tip (B)

brain, as patients experience unconsciousness while under
general anaesthesia. Yet, the spinal cord also plays a critical
role in anaesthesia, despite the fact that most people, includ-
ing many anaesthesiologists, still believe that the brain is
the main site of action for general anaesthetics.

The minimum alveolar concentration (MAC) is an index
of potency for volatile anaesthetics. The MAC is defined as
the alveolar concentration of volatile anaesthetics needed
to prevent body movement in response to a surgical pain
stimulus in 50% of subjects. In other words, MAC is defined
as the alveolar concentration of volatile anaesthetics nec-
essary for patient immobility. This leads to the question as
to what regions are responsible for patient immobility in
response to intraoperative noxious stimuli. This fascinat-
ing and revolutionary question was answered more than
20years ago [1]in research performed using goats attached
to multiple cardiopulmonary bypass (CPB) machines, which
allowed the head/brain and spinal cord/body to be anaes-
thetized with isoflurane separately. The MAC of isoflurane
was measured in three different situations; situation 1 mim-
icked normal general anaesthesia (both the head and body
were perfused with isoflurane); in situation 2, only the body
was anaesthetized with isoflurane (only the CPB for the body
was perfused with isoflurane); while in situation 3, only the
head was anaesthetized with isoflurane (only the CPB for the
head was perfused with isoflurane). Whereas the MAC of iso-
flurane was 1.2% in situations 1 and 2, this value more than
doubled to 2.9% in situation 3. These results revealed that
a much higher concentration of isoflurane was necessary
for immobility when the spinal cord/body was not anaes-
thetized. Other research in rats reported similar differences
in isoflurane MAC values when rats were anaesthetized

in the same manner [2, 3]. Thus, spinal cord anaesthetic
exposure is a more important determinant of MAC values
than brain anaesthetic exposure, particularly because MAC
values are defined by the anaesthetic’s ability to prevent
body movement [4].

THE PATCH CLAMP TECHNIQUE:
ELECTROPHYSIOLOGICAL RESEARCH AND
MECHANISMS RELATED TO ANAESTHESIA
Intracellular electrical activity can be measured using
the patch clamp technique; Figure 1A shows a schema of
this electrophysiological technique in vitro. Briefly, a slice of
brain or spinal cord of approximately 500 um in thickness is
placed on the stage of a recording chamber and the slice is
fixed with an anchor, perfused with artificial cerebrospinal
fluid (aCSF) solution equilibrated with a gas mixture of 95%
0, and 5% CO, (pH 7.4), and maintained at a temperature
of 36°C [5]. A whole-cell patch pipette made from a pulled
borosilicate glass capillary is filled with internal solution
and attached to an analyser with a measuring electrode [5].
The patch pipette approaches to the target cell with a slight
positive pressure at the tip. When the patch pipette is very
close to the target cell (Fig. 1B), the slight positive pressure is
removed so that the cell membrane surface is gently pulled
into the pipette. As a result, the patch pipette tip becomes
completely isolated and forms a high-resistance seal with
the cell membrane in the 10-100 G Q range (“gigaseal”).
When the patch pipette is suctioned gently and momentar-
ily in gigaseal, the cell membrane forms a tiny hole so that
the internal solution and intracellular solution mix; this is
known as a whole-cell patch [5]. Whole-cell patching ena-
bles the recording of action potentials from the target cell.
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Table 1. Effects of anaesthetics on glutamate receptor-mediated excitatory neurotransmission and GABA/glycine receptor-mediated inhibitory

neurotransmission in the brain

Volatile anaesthetics Xenon N,0 Midazolam Opioids
AMPA Excitatory transmission |[24] 116,16,18] L[21] Excitatory transmission | [20]
NMDA 1 [6,16,18] 1 [19,25]
GABA 1117,22,24] (-)16,16,18] (=) [25] 1[23]
Glycine (-)[6,16,18]

1 augmentation; | inhibition; (-) no effect; AMPA — a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA — N-methyl-D-aspartate GABA — y-aminobutyric acid; NMDA

— N-methyl-D-aspartate

The polarity of action potentials varies in accordance with
the holding potential, which is adjusted to measure different
target neurotransmitters and ion channels [5]. Pharmaco-
logical agents, including anaesthetics, can be dissolved
into aCSF to investigate actions or effects on target cells.
Accordingly, the actions of anaesthetics can be measured
directly using the patch clamp technique. For example,
when a slice is perfused with aCSF containing an excitatory
agonist (Fig. 1A), exogenous agonist-induced currents are
recorded [5]. Washout when the exogenous agonist-induced
current has returned to baseline completely, allows the slice
to be perfused again with another aCSF solution. When
the same exogenous agonist is used twice in sequence
but induces smaller current the second time, this indicates
a habituation or desensitization effect. In contrast, when the
agonist-induced current becomes larger after the second
application, this indicates a sensitization effect. Importantly,
the ability of a pharmacological effect to “washout”is clini-
cally significant as it indicates that the effect of the agent
(e.g., an anaesthetic) is reversible [5]. Thus, for anaesthetic
research, electrophysiological studies are used to confirm
that exogenous agonist-induced currents return to baseline
after washout and that anaesthetics produce identical ef-
fects after repeated treatment and washout. Itis also of note
that this technique may be applied to investigate effects of
anaesthetics on synaptic transmission when combined with
electrically evoked postsynaptic currents [5-7]. In recent
years, the patch clamp technique has also demonstrated
its utility in vivo [8-11].

NEUROTRANSMITTERS IN THE CNS

In the CNS, a balance of excitatory and inhibitory neuro-
transmission maintains nervous system function. Glutamate
is the major excitatory neurotransmitter in the CNS. Gluta-
mate binds several receptors, including ionotropic AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
receptors, NMDA (N-methyl-D-aspartate) receptors, and
kainite receptors [12, 13], as well as several metabotropic
glutamate receptors. Major inhibitory neurotransmitters
include GABA (y-aminobutyric acid) and glycine[14], which
also bind their respective cognate receptors. Anaesthetics
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typically inhibit excitatory neurotransmission and/or aug-
ment inhibitory neurotransmission, as we will explain in
detail below.

Of note is that the pain pathway includes both ascend-
ing and descending components between the brain and
the spinal cord that also use serotonin and noradrenaline
as important neurotransmitters [15]. A discussion of these
pathways was outside of the scope of the present review,
as our goal was to overview anaesthetic action mechanisms
in the brain and the spinal cord.

ACTIONS OF THE ANAESTHETICS IN THE BRAIN

Hypnosis and amnesia as components of anaesthesia
are evidence that anaesthesia affects the brain. The above-
described patch clamp technique has been used to investi-
gate anaesthetic effects in different parts of brain, including
the cortex cerebri [6, 16, 17], amygdala [18-20], hippocam-
pus [21-23], and brainstem [24]. Volatile anaesthetics in-
hibit excitatory neurotransmission by acting on ionotropic
glutamate receptors [24] and by augmenting inhibitory
neurotransmission via GABA receptors [17, 22, 24] in the
brain. Inhalational anaesthetics including xenon [6, 16, 18]
and nitrous dioxide (N,O or “laughing gas”) [19, 21, 25]
inhibit excitatory neurotransmission through AMPA and
NMDA receptors without exerting effects on inhibitory neu-
rotransmitter systems [6, 16, 18, 25]. Opioids similarly inhibit
glutamate receptor-mediated excitatory neurotransmis-
sion in the brain[20], whereas the intravenous anaesthetic
midazolam augments GABA receptor-mediated inhibitory
neurotransmission in the brain [23]. A summary of these
mechanisms is provided in Table 1.

ACTION OF ANAESTHETICS IN THE SPINAL CORD

The grey matter of the spinal cord is divided into ten
laminae. Laminae |-VII are found in the dorsal horn, lami-
nae VIl and IX are found in the ventral horn, and lamina X
is equal to the grey commissure around the central canal
(Fig. 2) [26]. The dorsal root only includes afferent fibres
and transmits sensory information to downstream neurons.
Therefore, the dorsal horn functions as a terminal of input
fibres. In particular, lamina Il (the substantia gelatinosa),
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where myelinated AS fibres and unmyelinated C fibres ter-
minate, is considered as a critical location for the reception
and modulation of nociceptive input [27-29]. The ventral
root contains efferent fibres, with the cell bodies of motor
neurons in the ventral horn. Interneurons exist between
afferent fibres and motor neurons, and input to the dorsal
root is transmitted unidirectionally to motor neuronsin the
ventral horn as per Bell-Magendie’s law (Fig. 2).

Volatile anaesthetics [7, 30, 31] augment inhibitory
neurotransmission in the spinal cord dorsal horn via GABA
receptors and glycine receptors. Volatile anaesthetics have
been simultaneously reported to inhibit glutamate receptor-
mediated excitatory neurotransmission in the spinal cord
dorsal horn through GABAergic interneurons via a negative
feedback mechanism on afferentinput [7]. In contrast, xenon
[6,32] and N,O[33]inhibit AMPA receptor-and NMDA recep-
tor-mediated excitatory neurotransmission without having
any effect on the inhibitory neurotransmission in the spinal
cord dorsal horn [6, 31, 32]. Intrathecal midazolam produces
analgesic effects [34], and is thought to augments GABA
receptor-mediated inhibitory neurotransmission without
affecting glycine neurotransmission [35]. Midazolam does

not directly inhibit glutamatergic neurotransmission in the
spinal cord, but does inhibit excitatory neurotransmission
indirectly via GABAergic interneurons [36]. Intrathecal opi-
oids produce or show strong analgesic effects [37, 38] by
inhibiting glutamate receptor-mediated excitatory neuro-
transmission in the spinal cord [39, 40] without affecting
GABA or glycine neurotransmission in the spinal cord dorsal
horn [40] (Table 2). Finally, the local anaesthetic bupivacaine
inhibits NMDA receptor-mediated neurotransmission in the
spinal cord dorsal horn [41], even though local anaesthetics
are essentially sodium channel blockers that suppress the
spread of axonal excitation by preventing repolarization.
Clinical studies suggest that the inhibition of spinal cord
ventral motor neuron excitability by volatile anaesthetics
[42, 43] and N,O [43] is critical for anaesthesia-induced
immobility during nociceptive stimulation. As briefly men-
tioned, volatile anaesthetics inhibit AMPA receptor- and
NMDA receptor-mediated excitatory neurotransmission
[44, 45] and augment glycine mediated inhibitory neuro-
transmission [46] in motor neurons of the ventral horn of
the spinal cord. In the ventral horn, xenon inhibits AMPA
receptor-mediated excitatory neurotransmission without
affecting NMDA receptor-mediated excitatory neurotrans-
mission in motor neurons [5], in contrast with its effects
in the brain [6, 16, 18] and the dorsal horn of the spinal

Posterior
nerve root cord [6, 32] (Table 3). It has been reported that p-opioid
receptor agonists can modulate motor neuron excitability
Interneurons in, although opioids are not traditionally thought to affect
motor function [47]. Lastly, the effects of N,O and other
intravenous anaesthetics on motor neurons in the ven-
Motor
neuron Table 3. Effects of anaesthetics on glutamate receptor-mediated
excitatory neurotransmission and GABA/glycine receptor-mediated
Anterior inhibitory neurotransmission in the spinal cord ventral horn
nerve root Volatile anaesthetics Xenon
AMPA | [44, 45] } [5]
Figure 2. Transverse view of the spinal cord and Bell-Magendie’s law.
The grey matter of the spinal cord is divided into ten laminae [26]. NMDA | 144, 45] (=) [5]
The dorsal root contains only afferent fibres and transmits sensory GABA () I5]
information to downstream neurons. The ventral root contains only )
efferent fibres and the cell bodies of motor neurons are in the ventral Glycine 1 [46] () [5]

horn. Interneurons exist between afferent fibres and motor neurons,
and input into the dorsal root is transmitted unidirectionally to motor
neurons in the ventral horn as per Bell-Magendie’s law

1 augmentation; | inhibition; (-) no effect; AMPA — a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid; NMDA — N-methyl-D-aspartate; GABA
— y-aminobutyric acid

Table 2. Effects of anaesthetics on glutamate receptor-mediated excitatory neurotransmission and GABA/glycine receptor-mediated inhibitory

neurotransmission in the spinal cord dorsal horn

Volatile anaesthetics ~ Xenon N,0 Midazolam Opioids
AMPA 171 116,32] 1133] Excitatory transmission | [36] Excitatory transmission | [39, 40]
NMDA (=) [71 1 [6,32] }[33]

GABA 117,30,31]
Glycine 117,30,31]

(=) [6,32] () [31] 1[35]
(-)[6,32] (-)[31] (-)[35]

(-) [40]
(-) [40]

1 augmentation; | inhibition; (-) no effect; AMPA — a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; GABA — y-aminobutyric acid; NMDA — N-methyl-D-aspartate
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tral horn of the spinal cord are not yet well investigated,
although some in vivo studies indicate that N,O inhibits
the activity of motor neurons [43, 48]. Anaesthetics may
also affect neurotransmission between afferent fibres and
motor neurons in the spinal could through direct effects
on interneurons [49, 50].

As introduced in this chapter, anaesthetics have dif-
ferent mechanisms and sites of action in the spinal cord.
Anaesthetics modulate the effects of nociceptive neuro-
transmission stimulation on the spinal reflex arc between
the dorsal horn and ventral horn (Fig. 2) by inhibiting ex-
citatory neurotransmissions and/or augmenting the inhibi-
tory neurotransmissions in the spinal cord, without input
from the brain. Suppression of the spinal reflex arc is the
neural mechanism by which anaesthetic agents mediate
immobility.

CONCLUSION

In this article, we have reviewed the mechanisms and
sites of action for anaesthetics in the brain and spinal cord by
introducing data from electrophysiological studies using the
patch clamp technique. The modulation of input from dorsal
afferent neurons into the dorsal horn of the spinal cord and
suppression of the spinal reflex arc from the dorsal horn to
the ventral horn motor are important mechanistic features
of anaesthetics. Accordingly, the intraoperative body move-
ment of patients is not a sign of insufficient muscle relaxa-
tion, but rather insufficient analgesia. Appropriate analgesic
administration (rather than muscle relaxant administration)
is a correct strategy for performing intraoperative patient
immobility and for protecting patients from intraoperative
noxious reflexes, stress, as well as autonomic reactions such
as hypertension and tachycardia.

ACKNOWLEDGEMENTS
1. Source of funding: none.
2. Conflicts of interest: none.

References:

1. Antognini JF, Schwartz K. Exaggerated anesthetic requirements in
the preferentially anesthetized brain. Anesthesiology. 1993; 79(6):
1244-1249, indexed in Pubmed: 8267200.

2. Rampil I. Anesthetic potency is not altered after hypothermic spinal
cord transection in rats. Anesthesiology. 1994; 80(3): 606-610, doi:
10.1097/00000542-199403000-00017.

3. Rampil lJ, Mason P, Singh H. Anesthetic potency (MAC) is independent
of forebrain structures in the rat. Anesthesiology. 1993; 78(4): 707-712,
indexed in Pubmed: 8466071.

4.  Eger El, Saidman LJ, Brandstater B. Minimum alveolar anesthetic con-
centration: a standard of anesthetic potency. Anesthesiology. 1965;
26(6): 756-763, indexed in Pubmed: 5844267.

5. Yamamoto T, Honda H, Baba H, et al. Effect of xenon on excitatory and
inhibitory transmission in rat spinal ventral horn neurons. Anesthesio-
logy. 2012; 116(5): 1025-1034, doi: 10.1097/ALN.0b013e31825037a1,
indexed in Pubmed: 22411062.

6. Haseneder R, Kratzer S, Kochs E, et al. Xenon attenuates excitatory
synaptic transmission in the rodent prefrontal cortex and spinal cord

300

20.

21.

22.

23.

24,

25.

dorsal horn. Anesthesiology. 2009; 111(6): 1297-1307, doi: 10.1097/
ALN.0b013e3181c14c05, indexed in Pubmed: 19934875.

Georgiev SK, Wakai A, Kohno T, et al. Action of isoflurane on the sub-
stantia gelatinosa neurons of the adult rat spinal cord. Anesthesiology.
2005; 102(2): 379-386, indexed in Pubmed: 15681954.

Yamanaka M, Taniguchi W, Nishio N, et al. In vivo patch-clamp analysis
of the antinociceptive actions of TRPA1 activation in the spinal dorsal
horn. Mol Pain. 2015; 11: 20, doi: 10.1186/512990-015-0021-6, indexed
in Pubmed: 25896791.

Kurabe M, Furue H, Kohno T. Corrigendum: Intravenous administration
of lidocaine directly acts on spinal dorsal horn and produces analgesic
effect: An in vivo patch-clamp analysis. Sci Rep. 2017; 7: 46814, doi:
10.1038/srep46814, indexed in Pubmed: 28569258.

Kurabe M, Furue H, Kohno T, et al. Intravenous administration of lido-
caine directly acts on spinal dorsal horn and produces analgesic effect:
An in vivo patch-clamp analysis. Sci Rep. 2016; 6: 26253, doi: 10.1038/
srep26253, indexed in Pubmed: 27188335.

Furue H, Narikawa K, Kumamoto E, et al. Responsiveness of rat substan-
tia gelatinosa neurones to mechanical but not thermal stimuli revealed
by in vivo patch-clamp recording. J Physiol. 1999; 521 Pt 2: 529-535,
indexed in Pubmed: 10581321.

Perouansky M, Baranov D, Salman M, et al. Effects of halothane on glu-
tamate receptor-mediated excitatory postsynaptic currents. A patch-
-clamp study in adult mouse hippocampal slices. Anesthesiology. 1995;
83(1): 109-119, indexed in Pubmed: 7604989.

Zorumski CF, 1zumi Y, Mennerick S. Ketamine: NMDA Receptors and
Beyond. J Neurosci. 2016; 36(44): 11158-11164, doi: 10.1523/JNEU-
ROSCI.1547-16.2016, indexed in Pubmed: 27807158.

Tanelian DL, Kosek P, Mody |, et al. The role of the GABAA receptor/
chloride channel complex in anesthesia. Anesthesiology. 1993; 78(4):
757-776, indexed in Pubmed: 8385426.

Yoshimura M, Furue H. Mechanisms for the anti-nociceptive actions of
the descending noradrenergic and serotonergic systems in the spinal
cord. J Pharmacol Sci. 2006; 101(2): 107-117, indexed in Pubmed:
16766858.

Dinse A, Fohr KJ, Georgieff M, et al. Xenon reduces glutamate-, AMPA-,
and kainate-induced membrane currents in cortical neurones. Br J
Anaesth. 2005; 94(4): 479-485, doi: 10.1093/bja/aei080, indexed in
Pubmed: 15695547.

Banks MI, Pearce RA. Dual actions of volatile anesthetics on GABA(A)
IPSCs: dissociation of blocking and prolonging effects. Anesthesiology.
1999; 90(1): 120-134, indexed in Pubmed: 9915321.

Haseneder R, Kratzer S, Kochs E, et al. Xenon reduces N-methyl-D-aspar-
tate and alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor-mediated synaptic transmission in the amygdala. Anesthe-
siology. 2008; 109(6): 998-1006, doi: 10.1097/ALN.0b013e31818d6aee,
indexed in Pubmed: 19034096.

Ranft A, Kurz J, Becker K, et al. Nitrous oxide (N20) pre- and postsynap-
tically attenuates NMDA receptor-mediated neurotransmission in the
amygdala. Neuropharmacology. 2007; 52(3): 716-723, doi: 10.1016/j.
neuropharm.2006.09.021, indexed in Pubmed: 17123554.

Zhu W, Pan ZZ. Mu-opioid-mediated inhibition of glutamate synaptic
transmission in rat central amygdala neurons. Neuroscience. 2005;
133(1): 97-103, doi: 10.1016/j.neuroscience.2005.02.004, indexed in
Pubmed: 15893634.

Mennerick S, Jevtovic-Todorovic V, Todorovic SM, et al. Effect of
nitrous oxide on excitatory and inhibitory synaptic transmission in
hippocampal cultures. J Neurosci. 1998; 18(23): 9716-9726, indexed
in Pubmed: 9822732.

Nishikawa K, Maclver MB. Agent-selective effects of volatile anesthetics
on GABAA receptor-mediated synaptic inhibition in hippocampal
interneurons. Anesthesiology. 2001; 94(2): 340-347, indexed in Pub-
med: 11176100.

Rovira C, Ben-AriY. Developmental study of benzodiazepine effects on
monosynaptic GABAA-mediated IPSPs of rat hippocampal neurons. J
Neurophysiol. 1993; 70(3): 1076-1085, indexed in Pubmed: 7901345.
Peters JH, McDougall SJ, Mendelowitz D, et al. Isoflurane differentially
modulates inhibitory and excitatory synaptic transmission to the soli-
tary tract nucleus. Anesthesiology. 2008; 108(4): 675-683, doi: 10.1097/
ALN.0b013e318167af9a, indexed in Pubmed: 18362600.
Jevtovi¢-Todorovic¢ V, Todorovi¢ SM, Mennerick S, et al. Nitrous oxide
(laughing gas) isan NMDA antagonist, neuroprotectant and neurotoxin.
Nat Med. 1998; 4(4): 460-463, indexed in Pubmed: 9546794.


http://dx.doi.org/10.1097/00000542-199403000-00017
https://www.ncbi.nlm.nih.gov/pubmed/8466071
https://www.ncbi.nlm.nih.gov/pubmed/5844267
http://dx.doi.org/10.1097/ALN.0b013e31825037a1
https://www.ncbi.nlm.nih.gov/pubmed/22411062
http://dx.doi.org/10.1097/ALN.0b013e3181c14c05
http://dx.doi.org/10.1097/ALN.0b013e3181c14c05
https://www.ncbi.nlm.nih.gov/pubmed/19934875
https://www.ncbi.nlm.nih.gov/pubmed/15681954
http://dx.doi.org/10.1186/s12990-015-0021-6
https://www.ncbi.nlm.nih.gov/pubmed/25896791
http://dx.doi.org/10.1038/srep46814
https://www.ncbi.nlm.nih.gov/pubmed/28569258
http://dx.doi.org/10.1038/srep26253
http://dx.doi.org/10.1038/srep26253
https://www.ncbi.nlm.nih.gov/pubmed/27188335
https://www.ncbi.nlm.nih.gov/pubmed/10581321
https://www.ncbi.nlm.nih.gov/pubmed/7604989
http://dx.doi.org/10.1523/JNEUROSCI.1547-16.2016
http://dx.doi.org/10.1523/JNEUROSCI.1547-16.2016
https://www.ncbi.nlm.nih.gov/pubmed/27807158
https://www.ncbi.nlm.nih.gov/pubmed/8385426
https://www.ncbi.nlm.nih.gov/pubmed/16766858
http://dx.doi.org/10.1093/bja/aei080
https://www.ncbi.nlm.nih.gov/pubmed/15695547
https://www.ncbi.nlm.nih.gov/pubmed/9915321
http://dx.doi.org/10.1097/ALN.0b013e31818d6aee
https://www.ncbi.nlm.nih.gov/pubmed/19034096
http://dx.doi.org/10.1016/j.neuropharm.2006.09.021
http://dx.doi.org/10.1016/j.neuropharm.2006.09.021
https://www.ncbi.nlm.nih.gov/pubmed/17123554
http://dx.doi.org/10.1016/j.neuroscience.2005.02.004
https://www.ncbi.nlm.nih.gov/pubmed/15893634
https://www.ncbi.nlm.nih.gov/pubmed/9822732
https://www.ncbi.nlm.nih.gov/pubmed/11176100
https://www.ncbi.nlm.nih.gov/pubmed/7901345
http://dx.doi.org/10.1097/ALN.0b013e318167af9a
http://dx.doi.org/10.1097/ALN.0b013e318167af9a
https://www.ncbi.nlm.nih.gov/pubmed/18362600
https://www.ncbi.nlm.nih.gov/pubmed/9546794

Tomohiro Yamamoto, Ehrenfried Schindler, Anaesthetic mechanisms in the CNS

26.

27.

28.

29.

30.

32

33.

34,

35.

36.

37.

38.

39.

40.

REXED B. A cytoarchitectonic atlas of the spinal cord in the cat.J Comp
Neurol. 1954; 100(2): 297-379, indexed in Pubmed: 13163236.
Kumazawa T, Perl ER. Excitation of marginal and substantia gelatinosa
neurons in the primate spinal cord: indications of their place in dorsal
horn functional organization. J Comp Neurol. 1978; 177(3): 417-434,
doi: 10.1002/cne.901770305, indexed in Pubmed: 412881.
Yoshimura M, Jessell TM. Primary afferent-evoked synaptic responses
and slow potential generation in rat substantia gelatinosa neurons in
vitro.J Neurophysiol. 1989;62(1): 96-108, indexed in Pubmed: 2754484.
Coggeshall RE, Carlton SM. Receptor localization in the mammalian
dorsal horn and primary afferent neurons. Brain Res Brain Res Rev.
1997; 24(1): 28-66, indexed in Pubmed: 9233541.

Yamauchi M, Sekiyama H, Shimada SG, et al. Halothane suppression
of spinal sensory neuronal responses to noxious peripheral stimuli
is mediated, in part, by both GABA(A) and glycine receptor systems.
Anesthesiology. 2002; 97(2): 412-417, indexed in Pubmed: 12151932.
Georgiev SK, Baba H, Kohno T. Nitrous oxide and the inhibitory synaptic
transmission in rat dorsal horn neurons. Eur J Pain. 2010; 14(1): 17-22,
doi: 10.1016/j.ejpain.2009.01.008, indexed in Pubmed: 19261495.
Georgiev SK, Furue H, Baba H, et al. Xenon inhibits excitatory but not
inhibitory transmission in rat spinal cord dorsal horn neurons. Mol Pain.
2010; 6: 25, doi: 10.1186/1744-8069-6-25, indexed in Pubmed: 20444263.
Georgiev SK, Kohno T, lkoma M, et al. Nitrous oxide inhibits glutama-
tergic transmission in spinal dorsal horn neurons. Pain. 2008; 134(1-2):
24-31,doi: 10.1016/j.pain.2007.03.026, indexed in Pubmed: 17481820.
Goodchild CS, Noble J. The effects of intrathecal midazolam on sympa-
thetic nervous system reflexes in man--a pilot study. Br J Clin Pharmacol.
1987; 23(3): 279-285, indexed in Pubmed: 3567043.

Kohno T, Kumamoto E, Baba H, et al. Actions of midazolam on GA-
BAergic transmission in substantia gelatinosa neurons of adult rat
spinal cord slices. Anesthesiology. 2000; 92(2): 507-515, indexed in
Pubmed: 10691239.

Kohno T, Wakai A, Ataka T, et al. Actions of midazolam on excitatory
transmission in dorsal horn neurons of adult rat spinal cord. Anesthe-
siology. 2006; 104(2): 338-343, indexed in Pubmed: 16436854.
Onofrio BM, Yaksh TL. Long-term pain relief produced by intrathecal
morphine infusion in 53 patients. J Neurosurg. 1990; 72(2): 200-209,
doi: 10.3171/jns.1990.72.2.0200, indexed in Pubmed: 1688618.
Mather LE, Cousins MJ, Cousins MJ, et al. Intrathecal and epidural ad-
ministration of opioids. Anesthesiology. 1984; 61(3): 276-310, indexed
in Pubmed: 6206753.

Glaum SR, Miller RJ, Hammond DL. Inhibitory actions of delta 1-, delta 2-,
and mu-opioid receptor agonists on excitatory transmission in lamina
Il neurons of adult rat spinal cord. J Neurosci. 1994; 14(8): 4965-4971,
indexed in Pubmed: 8046463.

Kohno T, Kumamoto E, Higashi H, et al. Actions of opioids on excita-
tory and inhibitory transmission in substantia gelatinosa of adult rat
spinal cord. J Physiol. 1999; 518 ( Pt 3): 803-813, indexed in Pubmed:
10420016.

41.  Furutani K, lkoma M, Ishii H, et al. Bupivacaine inhibits glutamatergic
transmission in spinal dorsal horn neurons. Anesthesiology. 2010;
112(1): 138-143, doi: 10.1097/01.anes.0000365964.97138.9a, indexed
in Pubmed: 20032703.

42. Rehberg B, Griinewald M, Baars J, et al. Monitoring of immobility to
noxious stimulation during sevoflurane anesthesia using the spinal
H-reflex. Anesthesiology. 2004; 100(1): 44-50, indexed in Pubmed:
14695723.

43.  ZhouHH, Mehta M, Leis AA. Spinal cord motoneuron excitability during
isoflurane and nitrous oxide anesthesia. Anesthesiology. 1997; 86(2):
302-307, indexed in Pubmed: 9054248.

44. Cheng G, Kendig JJ. Enflurane directly depresses glutamate AMPA and
NMDA currents in mouse spinal cord motor neurons independent of
actions on GABAA or glycine receptors. Anesthesiology. 2000; 93(4):
1075-1084, indexed in Pubmed: 11020764.

45. Cheng G, Kendig J. Enflurane decreases glutamate neurotransmis-
sion to spinal cord motor neurons by both pre- and postsynaptic
actions. Anesthesia & Analgesia. 2003: 1354-1359, doi: 10.1213/01.
ane.0000055649.06649.d2.

46. Cheng G, Kendig JJ. Pre- and postsynaptic volatile anaesthetic actions
on glycinergic transmission to spinal cord motor neurons. Br J Phar-
macol. 2002; 136(5): 673-684, doi: 10.1038/s}.bjp.0704760, indexed in
Pubmed: 12086976.

47. Honda H, KawasakiY, Baba H, et al. The mu opioid receptor modulates
neurotransmission in the rat spinal ventral horn. Anesth Analg. 2012;
115(3): 703-712, doi: 10.1213/ANE.0b013e318259393d, indexed in
Pubmed: 22584545.

48. FriedmanY, King BS, Rampil 1J. Nitrous oxide depresses spinal F waves
in rats. Anesthesiology. 1996; 85(1): 135-141, indexed in Pubmed:
8694359.

49. Savola MK, Woodley SJ, Kendig JJ. Isoflurane depresses both gluta-
mate- and peptide-mediated slow synaptic transmission in neonatal
rat spinal cord. Ann N Y Acad Sci. 1991; 625: 281-282, indexed in
Pubmed: 1711808.

50. Wong SM, Fong E, Tauck DL, et al. Ethanol as a general anesthetic: ac-
tions in spinal cord. Eur J Pharmacol. 1997; 329(2-3): 121-127, indexed
in Pubmed: 9226403.

Adres do korespondencji:

Tomohiro Yamamoto

Department of Paediatric Anaesthesiology and Critical Care Medicine
German Paediatric Heart Centre Asklepios Klinik Sankt Augustin,
Arnold-Janssen Street 29, Sankt Augustin, D-53757, Germany
e-mail: tyamamoto@asklepios.com

Otrzymano: 28.07.2017r.
Zaakceptowano: 9.09.2017r.

301


https://www.ncbi.nlm.nih.gov/pubmed/13163236
http://dx.doi.org/10.1002/cne.901770305
https://www.ncbi.nlm.nih.gov/pubmed/412881
https://www.ncbi.nlm.nih.gov/pubmed/2754484
https://www.ncbi.nlm.nih.gov/pubmed/9233541
https://www.ncbi.nlm.nih.gov/pubmed/12151932
http://dx.doi.org/10.1016/j.ejpain.2009.01.008
https://www.ncbi.nlm.nih.gov/pubmed/19261495
http://dx.doi.org/10.1186/1744-8069-6-25
https://www.ncbi.nlm.nih.gov/pubmed/20444263
http://dx.doi.org/10.1016/j.pain.2007.03.026
https://www.ncbi.nlm.nih.gov/pubmed/17481820
https://www.ncbi.nlm.nih.gov/pubmed/3567043
https://www.ncbi.nlm.nih.gov/pubmed/10691239
https://www.ncbi.nlm.nih.gov/pubmed/16436854
http://dx.doi.org/10.3171/jns.1990.72.2.0200
https://www.ncbi.nlm.nih.gov/pubmed/1688618
https://www.ncbi.nlm.nih.gov/pubmed/6206753
https://www.ncbi.nlm.nih.gov/pubmed/8046463
https://www.ncbi.nlm.nih.gov/pubmed/10420016
http://dx.doi.org/10.1097/01.anes.0000365964.97138.9a
https://www.ncbi.nlm.nih.gov/pubmed/20032703
https://www.ncbi.nlm.nih.gov/pubmed/14695723
https://www.ncbi.nlm.nih.gov/pubmed/9054248
https://www.ncbi.nlm.nih.gov/pubmed/11020764
http://dx.doi.org/10.1213/01.ane.0000055649.06649.d2
http://dx.doi.org/10.1213/01.ane.0000055649.06649.d2
http://dx.doi.org/10.1038/sj.bjp.0704760
https://www.ncbi.nlm.nih.gov/pubmed/12086976
http://dx.doi.org/10.1213/ANE.0b013e318259393d
https://www.ncbi.nlm.nih.gov/pubmed/22584545
https://www.ncbi.nlm.nih.gov/pubmed/8694359
https://www.ncbi.nlm.nih.gov/pubmed/1711808
https://www.ncbi.nlm.nih.gov/pubmed/9226403

