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Anesthetics and Excitatory/Inhibitory Responses
of Midbrain Reticular Neurons
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The effects of nitrous oxide, halothane, ether, isoflurane, thio-
pental, and thiamylal on the excitatory as well as inhibitory responses
of single neurons in the midbrain reticular formation (MRF), be-
lieved to be one of the most important sites for the regulation of
wakefulness, were studied by long-term, extracellular microelectrode
recording in cats and rats. All anesthetics except nitrous oxide
suppressed the excitatory responses of MRF neurons evoked by
somatosensory stimulation. The inhibitory responses markedly were
potentiated by both barbiturates but variously affected by other in-
halation anesthetics. Blockade of the inhibitory responses (disin-
hibition) was observed more frequently with the inhalation agents
during the light state of anesthesia. Thus, suppression of excitatory
responses is likely to be a general feature of the anesthetic state in
terms of the behavior of MRF neurons. Further, potentiation of the
inhibitory responses might be characteristic of bharbiturate anes-
thesia. (Key words: Anesthetics, gases: nitrous oxide. Anesthetics,
intravenous: thiamylal; thiopental. Anesthetics, volatile: ether; hal-
othane; isoflurane. Brain: midbrain reticular formation.

IN THE MIDBRAIN RETICULAR FORMATION (MRF), be-
lieved to be one of the most important sites for anesthetic
action,’* a single neuron shows the characteristic feature
of excitatory as well as inhibitory responses to various
stimuli.®* Thus, using long-term, extracellular micro-
electrode recording, the effects of different anesthetics
on both excitatory and inhibitory responses of an MRF
neuron can be observed simultaneously.®® Our prelim-
inary communication’ has shown that the two inhalation
anesthetics (halothane and isoflurane) always suppress the
excitatory responses with various effects on the inhibitory
responses of the MRF neurons. This prompted us to study
the effects of other inhalational and intravenous anesthetic
agents on these excitatory and inhibitory activities of the
MRF neurons. We have found that barbiturates always
potentiate the inhibitory responses with concomitant
suppression of the excitatory responses, while inhalation
anesthetics generally have depressant effects on the ex-
citatory responses with simultaneous blocking, augment-
ing, or insignificant actions on the inhibitory responses
of the MRF neurons evoked by somatosensory stimula-
tion.
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Methods

Fifteen cats, 2.5-3.5 kg, and 12 rats, 230-260 g, were
studied. Animals were anesthetized with 75% nitrous ox-
ide and 1.0% halothane in an air-tight plastic box. An
intratracheal tube was inserted and the respiration con-
trolled via a nonrebreathing system (Harvard® pump; An
Ealing Company, Natick, Massachusetts). The animals
were paralyzed with gallamine, 5 mg/kg, or pancuronium,
0.1 mg/kg, and end-tidal CO, concentration was main-
tained at 4.5%. The femoral artery and vein were can-
nulated for monitoring the blood pressure and for the
administration of drugs or Ringer’s lactate solution, re-
spectively. A heating blanket was applied to maintain
body temperature constant at 37.5-38.0°C (rectal tem-
perature). The skull was exposed, and a small hole was
made at the anteroposterior plane (AP) + 2.0 mm and
at the mediolateral plane (ML) 2.0 mm in the cats ac-
cording to the Horsley—Clark stereotaxic coordinates or
at AP + 1.6 mm and ML 2.0 mm in the rats by the atlas
of Pellegrino et al.® Two screw electrodes were fixed to
the skull in the areas of the anterior sigmoid and middle
suprasylvian gyri, respectively, for recording the electro-
corticogram and evoked potential. At the termination of
the surgical procedures, 2% lidocaine (about 2 ml in cats
and 0.2 ml in rats) was injected around the surgical wound
and the pressure points. The activity of the MRF neurons
was recorded extracellularly with a KCI (3M)-filled mi-
cropipette (5-10 MQ) in the rats or a tungsten micro-
electrode (50-100 M) in the cats.”® Microelectrodes
were inserted vertically through the trephinized small
hole and several layers of the brain up to the region
where neurons vigorously responded to flash. This in-
dicated that the electrode tips had reached the colliculus
superior.>* After attainment of this characteristic re-
sponse from the neurons, the electrode was advanced
more ventrally by a microdriver to near the level of the
aqueductus cerebri. To minimize respiratory and pul-
satory movements, bilateral pneumothorax and high-fre-

quency ventilation were induced in four rats. After ob-
serving the stability of the activities and several charac-
teristics of the MRF neurons under 75% nitrous oxide
with local anesthesia for more than 1 h, an inhalation or
intravenous anesthetic was administered. The effects of
several anesthetics on the same MRF neurons were studied
by long-term recording (4-26 h) (14.2 + 6, mean *£ SE).
The interval between administration of two different
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TABLE 1, Effects of Anesthetics on the Excitatory and Inhibitory Responses of the
MRF Neurons Evoked by Somatosensory Stimulation in Cats

Excitatory Responses tnhibitory Responses Number of

Anesthetic with Concentration Neurons

or Dose* Suppressed Potentiated Blocked Potentinted No change “Tested
N2O (75%) 3 2 3 0 2 5
Halothane 1.0-1.5% 4 0 3 0 1 4
2.0% 3 0 1 2 0 3
Ether 3-5% 9 0 67 3 0 9
8-15% 8 0 1 1 6 8
Thiopental 5 mg/kg 4 0 0 4 }T 0 4
15 mg/kg 3 0 0 3" 0 3

* Ten to twenty minutes after the inhalation or 2-5 min after the
intravenous administration. Among anesthetics, P < 0.005 (expected
value, less than 1),

T Significantly higher occurrences versus those during the deeper

agents was usually 1.5-2 hs. The effects of nitrous oxide,
halothane, ether, and thiopental were studied in cats (table
1), while those of halothane, isoflurane, thiopental, and
thiamylal were tested in rats (table 2). When studying the
effects of nitrous oxide, the quiet resting state of the
animals gently fixed by the stereotaxic apparatus was
checked constantly by vital signs (stable blood pressure
and heart rate, size of pupils), the frequent appearance
of spindle waves in the electrocorticogram, and no or
minimum changes in these signs during repetitive elec-
trical stimuli. If some changes in these variables occurred,
local infiltrations of lidocaine around the wound and
pressure points frequently were carried out.

Vital signs, such as arterial blood pressure, heart rate,
body temperature, and end-tidal carbon dioxide, were
monitored continuously and adjusted. Unit activities and
pulses triggered by each spike were monitored with an
oscilloscope (Nihonkohden VC-9%; Nihonkohden Kogyo
Inc., 1-31-4, Nishiochiai, Shinjuku-ku, Tokyo 161, Japan)
and, at the same time, were stored on FM magnetic tape
(TEAC XR-30%; TEAC Corporation, 3-7-3, Naka-cho,

stage (8~15%) of ether anesthesia (0.005 < P < 0.01) and to those
during thiopental anesthesia (P < 0.005).

I Significantly higher occurrences of potentiation of inhibitory re-
sponses with thiopental, 5 mg/kg + 15 mg/kg, versus those with ether,
3-5% + 8-15% (P < 0.05).

Musashino, Tokyo 180, Japan). The taped records of
behavior of the MRF neurons, the field potentials detected
by the microelectrode, and the electrocorticogram were
analyzed by a digital computer (Nihonkohden ATAC
12008), Electrical stimulation was applied at 0.5-4 Hz
through a pair of hypodermic needles inserted subcu-
taneously into an area where the most effective responses
of the MRF neurons could be obtained.

At the termination of the experiment, identification
of the entire track of the microelectrode was achieved
by fixing the brain with formalin and cutting it along the
microelectrode in place.

Poststimulus time histogram analysis was made of 120-
480 summated responses at each anesthetic state. Post-
stimulus time histogram was plotted by an X-Y plotter
and at the same time typed in digital number. Responses
of neurons to somatosensory stimuli were considered to
be excitatory when the responses were increased more
than 20% as compared with those summated without
stimulation using the same duration of analysis. Similarly,
the responses of neurons to stimuli were regarded as

TasLE 2. Effects of Anesthetics on the Excitatory and Inhibitory Responses of the
MRF Neurons Evoked by Somatosensory Stimulation in Rats

Excitatory Responses Inhibitory Responses Number of

Anesthetic with Concentration Neurans

or Dose* Suppressed Potentinted Blocked Potentiated No Change Tested
Halothane  1.0-1.5% 12 0 8 1 3 12
2.0% 6 0 2 6 1 9
Isoflurane  1.25-1.5% 9 0 8 0 1 9
2.0-3.0% 9 0 5 3 1 9
Thiopental 15 mg/kg 3 0 0 3}1: 0 3
Thiamylal 15 mg/kg 3 0 0 3 0 3

* Ten to twenty minutes after the inhalation or 2-5 min after the
intravenous administration. Among anesthetics, 0.005 < P < 0.01
(expected value, less than 1),

+ Significantly higher occurrences of blockade of inhibitory responses

versus those during 2.0% halothane (P < 0.05), thiopental, and thiamylal
anesthesia (P < 0.005).

¥ Significantly higher occurrences of potentiation of inhibitory re-
sponses with thiopental + thiamylal versus those during halothane,
1.0-1.5%, and isoflurane anesthesia (P < 0.005).
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inhibitory when the responses were decreased more than
20% with comparison to those summated without stim-
ulation using the same duration of analysis.

Two-by-three chi-square tests were used for analysis
of distribution of number of neurons in inhibitory re-
sponses among seven (table 1) or six (table 2} anesthetic
groups considered together. For halothane and thiopen-
tal, which were administered to both cats and rats, data
on inhibitory responses also were analyzed statistically
using 2 by 4 chi-square tests to detect differences between
the two animal groups. Further, partitioned chi-square
tests were performed for statistically independent com-
parisons within an orthogonal set, such as thiopental
groups (5 mg/kg + 15 mg/kg) versus halothane groups
(1.0-1.5% + 2.0%). Severity scores were ranked, and
nonparametric correlation coefficients were calculated.
For all statistical comparisons, P values less than 0.05
were considered significant.

Results

When the electrode tip reached the MRF, a variety of
spike appearances were recorded, but the analysis was
made only on initially negative spikes recorded stably
without changes in wave form during the observation
period.>* As previously observed, the same units could
be fired by an afferent volley from any of the four paws
and also by auditory and/or visual stimulations.*® The
patterns of evoked firing included a characteristic se-
quence of early excitation followed by an inhibition (or
a transient decrease in firing between excitatory responses)
and late excitation; high- or low-frequency sustained dis-
charge with an inhibitory phase. Those sequences of ex-
citatory and inhibitory responses could be demonstrated
more clearly in poststimulus time histograms (fig. 1). The
observations were made on these characteristic behaviors
of the MRF neurons in response to somatosensory stim-
ulation.

All inhalation anesthetics tested suppressed the early
as well as the late excitatory responses of the MRF neurons
(except for two neurons during nitrous oxide anesthesia)
evoked by somatosensory stimulation (table 1). The late
excitatory responses generally were more sensitive to an-
esthetics than the early ones. With inhalation anesthetics,
concomitant changes in the inhibitory responses were
variable among the neurons: blockade (disinhibition), po-
tentiation (or prolongation), or no significant changes
(tables 1 and 2). Disinhibition frequently was observed
during the light stage of ether (P < 0.01) (table 1, fig.
1) and halothane (P < 0.01) (table 2) anesthesia.

In contrast, the inhibitory responses always were po-
tentiated (270-830% of control) and/or prolonged (220-
410% of control) by the administration of thiopental or
thiamylal (P < 0.005) (tables 1 and 2).
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F1G. 1. Specimen records of poststimulus time histograms of an
MREF neuron affected by several anesthetics. Electrical stimulation was
delivered to the contralateral forepaw at 2 Hz (A-D) and 4 Hz
(E-H). This MRF neuron responded to touch at all four limbs and to
light. Contralateral forepaw stimulation evoked the initial weak ex-
citation (E,) followed by a transient inhibitory phase (I;). The next
prominent excitation (Ey) also was followed by a relative inhibition
(1) and subsequent late facilitation phase (Es) during control (A)
(75% nitrous oxide). Halothane (1.0%, 10 min) suppressed all excitatory
responses (E;, 46%; Ey, 44%; Es, 28%, compared with the control
values) without significant effects on inhibitory phases (B). Ether
(8%, 20 min), which was administered after recovery from halothane
anesthesia, also suppressed all excitatory responses (E;, 19%: Ey, 4%:
Es, 7%), and obscured the inhibitory phases (C). With intravenous
administration of thiopental (15 mg/kg, 5 min) after recovery from
ether anesthesia, excitatory responses also were suppressed (E;, 0.4%;
Ey, 33%:; E3, 14%) with concomitant potentiation (I, 620%; 1y, 450%)
and prolongation (I, 380%) of the inhibitory response phases (D).
The early inhibitory phase (I;) can be demonstrated more clearly at
a higher frequency stimulation (4 Hz) in poststimulus time histogram
(E), which was recorded during a quiet resting state under local anes-
thesia 1.5 h after the administration of thiopental. By inhalation of
nitrous oxide (75%, 8 min) the inhibitory responses were blocked (I;,
23%; 1y, 78%) with variable effects on the excitatory responses (E,,
92%; Ey, 158%:; Es, 81%) (F). Readministration of halothane (1%, 8
min) predominantly suppressed the excitatory responses (E;, 32%; E,
29%; Eq, 22%) with minimum effects on the inhibitory responses (G).
Both excitatory and inhibitory responses were recovered partially 30
min after the termination of halothane inhalation (H).
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There were no statistical differences between cats and
rats in the behavior of neurons in response to halothane
and thiopental, 15 mg/kg, which were administered to
both animals (tables 1 and 2).

Thus, the simultaneous occurrences of blockade of ex-
citatory responses and potentiation of inhibitory responses
were the characteristic features of barbiturate anesthesia
in terms of the behavior of the MRF neurons.

Discussion

The present study has shown that clinical doses of both
thiopental and thiamylal markedly potentiate the inhib-
itory responses of MRF neurons, while other inhalation
anesthetics variously affect the inhibitory responses. The
excitatory responses of MRF neurons were suppressed
by all anesthetics studied, except for nitrous oxide.
Therefore, suppression of excitatory responses might be
the fundamental basis of the anesthetic state in terms of
MRF neurons as suggested in our previous study.” The
barbiturate-induced suppressive effects on excitatory re-
sponses of MRF neurons also were demonstrated (fig. 1,
table 1). The characteristic effects of the barbiturates,
i.e., suppression of the excitatory responses with marked
potentiation of the inhibitory responses of MRF neurons,
might account for the clear configuration of the evoked
responses during barbiturate anesthesia in poststimulus
time histogram (fig. 1). Although the inhibitory responses
variously were affected by inhalation anesthetics, the
blockade of those responses was noticed more frequently
during the lighter stages of anesthesia (tables 1 and 2).
These lighter stages might be considered to be similar
to the usual depth of clinical anesthesia. Thus, suppression
of excitatory responses with simultaneous blockade of
inhibitory responses might be a more general feature of
clinical anesthesia induced by these inhalation drugs in
terms of activities of MRF neurons.

There may be several advantages to the use of the
MRF neurons in situ in the study of the effects of anes-
thesia. First, almost all of these neurons are spontaneously
active.** Second, the MRF has been well known as one
of the most responsible sites for the regulation of wake-
fulness, natural sleep, and anesthetic state.!? Third, so
many excitatory as well as inhibitory inputs impinge on
the single neurons in the MRF™* that both influences
can be detected simultaneously and sequentially by the
application of long-term recording to provide a tool for
studying in situ the effects of various anesthetics on both
responses at the same time.

The synaptic effects of anesthetics have been variously
interpreted: suppression of excitatory synaptic poten-
tial,”~'* potentiation of inhibitory postsynaptic poten-
tial,'*"'7 or augmentation of presynaptic inhibition.!8!?
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These studies, however, have been carried out mainly in
the peripheral or spinal cord neurons in in vitro prepa-
rations, and simultaneous observations on both the ex-
citatory and inhibitory responses have not been made.
In in vitro studies, the anesthetic concentrations applied
have tended to be extremely high®® as compared with
those used clinically. Further, anesthetic effects on neu-
rons might be qualitatively different in various nervous
structures, as well as among many animal species.?'*? On
the other hand, the differential effects of anesthetics on
neuronal activities were observed in the sympathetic gan-
glia,?' the MRF in situ,>® the bulbar reticular formation,??
and in animal behavior.?* In the MRF, however, it fre-
quently was observed that there were neurons that were
so vulnerable to anesthetics that the spontaneous as well
as evoked firings became silent even with 756% nitrous
oxide in the present study. These neurons were too sen-
sitive to be analyzed by poststimulus time histogram. Such
vulnerable neurons also might contribute to wakefulness
and the anesthetic state.

In summary, we have found that all anesthetics except
nitrous oxide have depressant effects on the excitatory
responses of the MRF neurons evoked by somatosensory
stimulation. The inhibitory responses always were po-
tentiated by thiopental and thiamylal but variously af-
fected by inhalation anesthetics. The blockade of the in-
hibitory responses (disinhibition) was observed more fre-
quently during light stages of inhalation anesthesia.

The authors thank Mr. Yukio Sato and Takashi Ebata for their
assistances throughout the experiment and also Dr. Shiro Shimosato
for his generous donation of isoflurane.
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