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Abstract: Spinal cord is an important target of volatile anesthetics in particular for the effect of immobility. Intrathe-
cal injection of volatile anesthetics has been found to produce subarachnoid anesthesia. The present study was
designed to compare spinal anesthetic effects of emulsified volatile anesthetics, and to investigate the correlation
between their spinal effects and general effect of immobility. In this study, halothane, isoflurane, enflurane and
sevoflurane were emulsified by 30% Intralipid. These emulsified volatile anesthetics were intravenously and intra-
thecally injected, respectively. ED_ of general anesthesia and EC_, of spinal anesthesia were determined. The dura-
tions of general and spinal anesthesia were recorded. Correlation analysis was applied to evaluate the anesthetic
potency of volatile anesthetics between their spinal and general effects. ED, of general anesthesia induced by
emulsified halothane, isoflurane, enflurane and sevoflurane were 0.41 + 0.07, 0.54 + 0.07,0.74 £ 0.11 and 0.78 +
0.08 mmol/kg, respectively, with significant correlation to their inhaled MAC (R? = 0.8620, P = 0.047). For intrathe-
cal injection, EC, of spinal anesthesia induced by emulsified halothane, isoflurane, enflurane and sevoflurane were
0.35, 0.27,0.33 and 0.26 mol/L, respectively, which could be predicted by the product of inhaled MAC and olive oil/
gas partition coefficients (R? = 0.9627, P = 0.013). In conclusion, potency and efficacy of the four emulsified volatile
anesthetics in spinal anesthesia were similar and could be predicted by the product of inhaled MAC and olive oil/
gas partition coefficients (MAC x olive oil/gas partition coefficients).
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Introduction

The application of diethyl ether in clinic is
regarded as the beginning of modern anesthe-
sia, which greatly improved surgical proce-
dures. Although volatile anesthetics are com-
monly used, the exact mechanism of volatile
anesthetics to induce general anesthesia is
still unclear.

Many studies have indicated that spinal cord is
an important target of volatile anesthetics for
immobility [1, 2]. However, the exact spinal
mechanism of volatile anesthetics is still
unknown. By previous studies, emulsified iso-
flurane was found to produce regional anesthe-
sia [3-7] and typical subarachnoid anesthesia
was achieved by intrathecal administration of
volatile anesthetics [6, 7]. The endpoint of sub-

arachnoid anesthesia of volatile anesthetics
(inhibition of nociceptive reflex, e.g. tail-clamp-
ing) is extremely similar to the endpoint of
immobility induced by systemic inhalation of
volatile anesthetics. In addition, intrathecal
injection of pharmacological agents has been
widely applied to determine spinal molecular
targets of immobility induced by volatile anes-
thetics [8-10]. However, it is elusive whether
spinal anesthesia of volatile anesthetics and
their effect of immobility with systemic inhala-
tion share common mechanisms.

MAC (minimum alveolar concentration) of vola-
tile anesthetics indicates their general potency
for inhibition of nociceptive reflex and signifi-
cantly correlates with oil/gas partition coeffi-
cients (anesthetic with higher oil/gas partition
coefficients has lower MAC). For two volatile
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anesthetics, the anesthetic with higher oil/gas
partition coefficient would be distributed to
brain or spinal cord more easily, thus, the exact
concentrations of the two volatile anesthetics
in spinal cord might be similar. By classic anes-
thetic theory of volatile anesthetics (e.g. Meyer-
Overton Rule), product of inhaled MAC and oil/
gas partition coefficients (MAC x oil/gas parti-
tion coefficients) might be a constant. There-
fore, although MAC of volatile anesthetics are
various, their spinal potency of immobility might
be similar and correlate with the product of
inhaled MAC and olive oil/gas partition coeffi-
cients (MAC x olive oil/gas partition coeffi-
cients). For the present study, we hypothesized
that anesthetic potency of emulsified volatile
anesthetics in spinal anesthesia would be pre-
dicted by the product of inhaled MAC and olive
oil/gas partition coefficients if subarachnoid
anesthesia of volatile anesthetics and their eff-
ect of immobility with systemic inhalation share
similar mechanism. This study was designed to
evaluate this hypothesis.

Material and methods

With the approval from the Institutional Animal
Experimental Ethics Committee of Sichuan
University (Chengdu, Sichuan, China), Sprague-
Dawley rats weighing 200 to 300 g, evenly com-
posed of males and females, were used in the
present study. Rats were housed in cages with
free access to food and water, and were kept
on a 12-hour light-dark cycle.

Emulsified volatile anesthetics were prepared
in our laboratory according to a well-estab-
lished protocol [5]. For example, 100 ml 8%
(v/v) emulsified isoflurane contained 8 ml pure
liquid isoflurane. E-halothane, E-isoflurane,
E-enflurane and E-sevoflurane were the abbre-
viations for emulsified halothane, emulsified
isoflurane, emulsified enflurane and emulsified
sevoflurane, respectively. Halothane was pur-
chased from Halocarbon Laboratories (River
Edge, NJ, US). Isoflurane and enflurane was
supplied by Abbott Pharmaceutical Co., Ltd. of
Shanghai (Shanghai, China). Sevoflurane was
the product from Maruishi Pharmaceutical Co.,
Ltd. (Tokyo, Japan). Thirty percent Intralipid
(30% soybean oil, 1.2% lecithin, 1.7% glycerin,
water, and sodium hydroxide; pH = 8), the sol-
vent of emulsified volatile anesthetics, was pur-
chased from the Sino-Swed Pharmaceutical
Co., Ltd. (Wuxi, Jiangsu, China). One percent
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lidocaine was prepared by diluting 2% lidocaine
(Shanghai Fortune Zhaohui Pharmaceutical
Co., Ltd., Shanghai, China) with normal saline.

Determination of general anesthetic ED,, of
emulsified volatile anesthetics

To ensure anesthetic potency of volatile anes-
thetics would be unaffected by the preparation
of lipid emulsion, general anesthetic potency of
emulsified volatile anesthetics was determined.
An up-and-down method [11] was applied to
determine general anesthetic ED, (for loss of
righting reflex) of the four emulsified volatile
anesthetics. Venipuncture was performed on
the middle of rat tail with a 24-gauge intrave-
nous cannula (Terumo Medical Corp., Tokyo,
Japan). MAC (minimum alveolar concentration)
of the four volatile anesthetics in rats was
1.24%, 1.45%, 2.20%, and 2.80% [12] respec-
tively for halothane, isoflurane, enflurane and
sevoflurane. According to inhaled MAC of the
four volatile anesthetics and preliminary experi-
ments, the initial doses received by the first
rats in up-and-down method were 0.379,
0.462, 0.809, 0.858 mmol/kg, respectively for
halothane, isoflurane, enflurane and sevoflu-
rane. Loss of righting reflex on forelimbs of rats
was considered as successful general anesthe-
sia. After each successful general anesthesia,
the doses of emulsified volatile anesthetics
were multiplied by 0.85 fold; after each failure,
the doses were divided by 0.85 fold. The up-
and-down procedure was repeated until six
successive crossover points (successful to fail-
ure) recorded. Durations of general anesthesia
(from loss to revival of righting reflex) were
recorded on the rats that developed successful
general anesthesia.

Determination of spinal anesthetic EC_, of
emulsified volatile anesthetics

The method of intrathecal administration in
rats was used in this study. Briefly, the sub-
arachnoid catheter (PE-10, Scientific Commo-
dities INC. Lake Havasu City, Arizona, US) was
inserted between L5-L6 of the rat and about 1
cm advanced the cephalic direction to place
the distal end of the catheter at about L2-L3.
One day before formal experiment, 1% lido-
caine at volume of 20 pL was intrathecally
injected to confirm the place of the catheter.
For 1% lidocaine at volume of 20 uL, typical
subarachnoid anesthesia in rats was devel-
oped: no nociceptive reflex to tail-clamping
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Table 1. The experimental design and results for Bliss experiment to determinespinal anesthetic EC
of emulsified volatile anesthetics

E-halothane**

E-isoflurane§ E-enfluranet E-sevofluranet

N in each group Groups Anesthe- Groups Anes- Groups Anes- Groups Anesthe-
tized| | thetized thetized tized

8 6.4% (0.59 M*) 8 6.4% (0.53 M) 8 6.0% (0.50 M) 7 4.0% (0.29 M) 5

8 5.1% (0.47 M) 7 5.1% (0.42 M) 7 4.8% (0.38 M) 5 3.2% (0.24 M) 3

8 4.1% (0.38 M) 5 4.1% (0.34 M) 6 3.8% (0.31 M) 4 2.6% (0.19 M) 2

8 3.3% (0.31 M) 3 3.3% (0.27 M) 4 3.1% (0.26 M) 3 2.1% (0.15 M) 1

8 2.6% (0.24 M) 1 2.6% (0.21 M) 3 2.5% (0.21 M) 2 1.6% (0.12 M) 0

8 2.1% (0.19 M) 1 2.1% (0.17 M) 2 2.0% (0.17 M) 1 1.3% (0.10 M) 0

8 1.7% (0.16 M) 0 1.7% (0.14 M) 0 1.6% (0.13 M) 0 1.1% (0.08 M) 0
Spinal EC,, 3.73% (3.24, 4.34) 3.29% (2.73, 3.90) 3.99% (3.32, 4.89) 3.563% (3.06, 4.56)

| [Indicated the number of rats that developed successful spinal anesthesia for each concentration group. Spinal EC, of emulsified volatile anesthetics were analyzed
by probit analysis and expressed as mean (95% confidence limits). **Indicated emulsified halothane; §Indicated emulsified isoflurane; tIndicated emulsified enflurane;
tIndicated emulsified sevoflurane; *Indicated mol/L.

Table 2. The experimental protocol to compare spinal anesthetic aversive response to tail-

effects of the four emulsified volatile anesthetics

n=12 The order for intrathecal administration

A(n=3) E-halothane* E-isoflurane** E-enflurane§ E-sevofluranet
B (n=3) E-sevoflurane  E-halothane E-isoflurane E-enflurane
C(n=3) E-enflurane E-sevoflurane  E-halothane E-isoflurane
D (n=3) E-isoflurane E-enflurane E-sevoflurane  E-halothane

Twelve rats were divided into four groups, as group A to D. Every rat received all
the four emulsified volatile anesthetics at interval of two days according to the
experimental order revealed in this table. For example, in group A, there were 3
rats received agents in an order from emulsified halothane, to emulsified isoflu-
rane, to emulsified enflurane and to emulsified sevoflurane. *Indicated emulsified
halothane; **Indicated emulsified isoflurane; §Indicated emulsified enflurane;
TIndicated emulsified sevoflurane.

Table 3. Correlation between spinal anesthetic EC, of the four
emulsified volatile anesthetics and their MAC x olive oil/gas parti-
tion coefficients

A MAC in rats (% ) MAC x A Spinal EC_  (mol/L)
Halothane  224.0 £9.0 1.24 277.76 0.35
Isoflurane 88.2+1.3 1.45 127.89 0.27
Enflurane 103.0+4.0 2.20 226.6 0.33
Sevoflurane  47.5 + 0.8 2.80 133.0 0.26

A: olive oil/gas partition coefficient; All the data of inhaled MAC and olive oil/gas
partition coefficients in this table were from the study by Taheri S et al. [12].

stimulus and lose of ability to support body
weight for hind limbs.

clamping stimulus was con-
sidered as successful sensory
blockade. The rats with both
successful motor and sensory
blockades were regarded as
successful spinal anesthesia.
The experimental groups for
Bliss experiment was listed
below (Table 1).

Comparison of spinal anes-
thetic effects of emulsified
volatile anesthetics

To compare spinal anesthetic
effects of the four emulsified
volatile anesthetics, 0.30
mol/L (about their spinal EC, )
of E-halothane, E-isoflurane,
E-enflurane and E-sevoflurane
were intrathecally adminis-
trated in rats (n = 12). Every
rat received all the four emul-
sified volatile anesthetics at
an interval of two days and
the experimental protocol
was listed below (Table 2). For

every emulsified volatile anesthetic, percent-
age of rats that developed successful spinal

anesthesia, onset time of spinal anesthesia,

The injection volume of emulsified volatile
anesthetics was 150 pL/kg. The Bliss method
[13] was applied to measure spinal anesthetic
EC,, of the four emulsified volatile anesthetics.
Loss of ability to support body weight on hind
limbs was regarded as successful motor block-
ade and sensory blockade was determined by
tail-clamping test at middle part of the tail. No

and duration of motor and sensory blockades
were recorded after intrathecal administration.

Statistical analysis

The data were analyzed by SPSS 16.0 (SPSS
Inc., Chicago, IL). For up-and-down experiment,
general anesthetic ED,, of emulsified volatile
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Figure 1. The correlation between inhaled MAC and intravenous general anesthetic ED of the four emulsified vola-
tile anesthetics. The intravenous general anesthetic ED,  of the four volatile anesthetics could be predicted by their
inhaled MAC (R? = 0.8620, P = 0.047). This significant correlation indicated that the preparation of lipid emulsion
did not affect potency and efficacy of emulsified volatile anesthetics.

anesthetics was calculated by averaging the
doses of the six crossovers and expressed as
mean * SD. One-way analysis of variance
(ANOVA) with S-N-K post hoc test was applied
to compare the ED, of general anesthesia as
well as the duration of general anesthesia. For
Bliss experiment, probit analysis was applied to
determine spinal anesthetic EC, of emulsified
volatile anesthetics. One-way analysis of vari-
ance (ANOVA) with S-N-K post hoc test was
applied to compare the onset time and the
duration of motor and sensory blockade among
the four emulsified volatile anesthetics. In all
cases, P < 0.05 was considered as statistically
significant.

To analyze general and spinal effects of emulsi-
fied volatile anesthetics, correlation analysis
was applied between inhaled MAC and intrave-
nous general ED; olive oil/gas partition and
duration of general anesthesia; as well as the
correlation between spinal anesthetic EC_  and
the product of inhaled MAC x olive oil/gas parti-
tion coefficient of the four volatile anesthetics.

Results

By intravenous administration, general anes-
thetic ED,, (for loss of righting reflex) of emulsi-
fied halothane, emulsified isoflurane, emulsi-
fied enflurane and emulsified sevoflurane were
0.41 £ 0.07,0.54 + 0.07,0.74 + 0.11 and 0.76
+ 0.08 mmol/kg and the durations of general
anesthesiawere 116+ 18,39+ 9,58 + 13 and
23 + 7 seconds, respectively. Significant differ-
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ences were found in ED, and anesthetic dura-
tions between each two emulsified volatile
anesthetics (P < 0.01, Table 3). By correlation
analysis, general anesthetic ED,, of the four
emulsified volatile anesthetics and their inhaled
MAC were in significant correlation (R2 =
0.8620, P = 0.047, Figure 1A). Durations of
general anesthesia of the four emulsified vola-
tile anesthetics were perfectly predicted by
their olive oil/gas partition coefficients (Figure
1B, R?=0.9810, P = 0.006). These results indi-
cated that the potency and efficacy of emulsi-
fied volatile anesthetics were unaffected by the
preparation of lipid emulsion.

For intrathecal administration, spinal anesthet-
ic EC,, (v/v) of emulsified halothane, emulsified
isoflurane, emulsified enflurane and emulsified
sevoflurane were 3.73% (3.24%, 4.34%), 3.29%
(2.73%, 3.90%), 3.99% (3.32%, 4.89%) and
3.53% (3.06%, 4.56%), respectively (Figure 2).
Data were expressed as mean (95% confidence
limits). If calculated in molar concentrations,
spinal anesthetic EC, of emulsified halothane,
emulsified isoflurane, emulsified enflurane and
emulsified sevoflurane were 0.35, 0.27, 0.33
and 0.26 mol/L, respectively. Spinal anesthetic
EC,, of the four emulsified volatile anesthetics
were similar (P > 0.05) and could not be pre-
dicted by neither their inhaled MAC nor olive
oil/gas partition coefficients. Inhaled MAC and
olive oil/gas partition coefficients of the four
volatile anesthetics were according to the study
by Taheri et al [12]. The spinal anesthetic EC,
(potency) of the four emulsified volatile anes-
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Figure 2. The spinal anesthetic effect-concentration curves for the four emulsified volatile anesthetics. All the four
emulsified volatile anesthetics produced typical subarachnoid anesthesia in rats in a concentration-dependent
manner and no significant difference was found among the four emulsified volatile anesthetics when they were

intrathecally administrated in rats.
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Figure 3. The correlation between spinal anesthetic
EC,, and product of inhaled MAC and olive oil/gas
partition coefficients (MAC x olive oil/gas partition
coefficients). Spinal anesthetic EC, of the four emul-
sified volatile anesthetics could be predicted by their
product of inhaled MAC and their olive oil/gas par-
tition coefficients (R? = 0.9627, P = 0.013). Spinal
anesthesia of volatile anesthetics and their effect of
immobility might share common mechanisms.

thetics could be predicted by the product of
MAC and their olive oil/gas partition coeffi-
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cients (R? = 0.9627, P = 0.013, Table 3 and
Figure 3).

At concentration of 0.30 mol/L, durations of
motor blockade were 10.1 + 1.8, 11.0 + 2.6,
10.0 £ 1.4 and 11.4 + 2.8 min for emulsified
halothane, emulsified isoflurane, emulsified
enflurane and emulsified sevoflurane, respec-
tively and durations of sensory blockade were
69+16,76+1.6,6.2+20and 6.7 £ 2.1
min, respectively, without significant difference
between each two emulsified volatile anesthet-
ics (P> 0.05, Table 4).

Discussion

In the present study, we compared general and
spinal anesthetic effects of the four emulsified
volatile anesthetics. By intravenous injection,
the general anesthetic ED,  of the four emulsi-
fied volatile anesthetics were correlated to their
inhaled MAC and durations of general anesthe-
sia were perfectly predicted by their olive oil/
gas partition coefficients. Therefore, the poten-
cy and efficacy of volatile anesthetics were

Int J Clin Exp Pathol 2014;7(12):8748-8755
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Table 4. General and spinal anesthetic effects of the four emulsified volatile anesthetics

General anesthesia Spinal anesthesia
Durations of blockade (min)

Motor Sensory

ED,, (mmol/kg) Duration (s) Ratio (n=12) Onset (s)

E-halothane* 0.41 + 0.07 116 + 18 6 39+9 10.1+£1.8 6.9+ 1.6
E-isoflurane** 0.54 + 0.07 39+9 7 41 +7 11.0+2.6 76+ 1.6
E-enflurane§ 0.74 +0.11 58 + 13 6 42 +8 100+1.4 6.2+2.0
E-sevofluranet 0.78 £ 0.08 23+ 7 7 46+ 5 11.4+2.8 6.7+2.1

“Ratio” indicated the number of rats that developed successful spinal anesthesia for each emulsified volatile anesthetic (n
= 12). The onset time of general anesthesia was not observed because general anesthesia induced by emulsified volatile

anesthetics was occurred immediately after injection. *Indicated emulsified halothane; **Indicated emulsified isoflurane;
§Indicated emulsified enflurane; tIndicated emulsified sevoflurane.

unaffected by the preparation of lipid emulsion,
excluding the possibility that emulsified prepa-
ration could affect effects of volatile anesthet-
ics. Thus, similar potency of the four emulsified
volatile anesthetics in spinal anesthesia result-
ed from their pharmacological properties. Of
note, for this study, endpoint of general anes-
thesia was loss of righting reflex and was differ-
ent to that of spinal anesthesia (inhibition of
nociceptive reflex), thus, we did not directly
compare general and spinal anesthetic effects
of emulsified volatile anesthetics.

The present study demonstrated that all the
study emulsified volatile anesthetics could pro-
duce typical subarachnoid anesthesia with
similar potency and durations. Spinal anesthet-
ic EC,, of the four emulsified volatile anesthet-
ics could not be predicted by their general
anesthetic ED_ . While the product of inhaled
MAC and olive oil/gas partition coefficients
(MAC x olive oil/gas partition coefficients) could
perfectly predict spinal potency of volatile
anesthetics. The deviation of spinal anesthetic
EC,, between halothane (0.35 mol/L) and sevo-
flurane (0.26 mol/L) is small, although their
MAC (1.24% vs. 2.80%) is significantly different.
This result indicates that all volatile anesthetics
might induce spinal anesthesia with relatively
similar potency. And the small deviation in
regional anesthetic potency of volatile anes-
thetics is consistent with previous studies that
effects of volatile anesthetics on underlying
molecular targets of general anesthesia were
similar [14-20]. The concentration of halothane
in brain and/or spinal cord would be significant-
ly higher than the concentration of sevoflurane
when they are inhaled at the same concentra-
tion and liposolubility of volatile anesthetics is
the main factor to affect their absorption and
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distribution in vivo. For usual application, vola-
tile anesthetics were inhaled and distributed to
targets through various equilibriums including
alveoli-blood, blood-brain and blood-spinal
cord equilibriums. Thus, at their MAC respec-
tively, the exact concentrations of halothane
and sevoflurane in spinal cord might be similar.
Therefore, although MAC of volatile anesthetics
are various, their spinal potency of immobility
might be similar and correlate with the product
of inhaled MAC and olive oil/gas partition coef-
ficients (MAC x olive oil/gas partition coeffici-
ents).

Spinal cord has been identified as an important
anesthetic target of volatile anesthetics for
immobility [1, 2]. Previous studies suggested
that volatile anesthetics could produce typical
subarachnoid anesthesia with intrathecal ad-
ministration [6, 7]. In the present study, the
potency of emulsified volatile anesthetics in
spinal cord could be perfectly predicted by the
product of MAC and olive oil/gas partition coef-
ficients, indicating that subarachnoid anesthet-
ic effect of volatile anesthetics and their effect
of immobility might share common mecha-
nisms. Based on the results of this study, intra-
thecal administration of volatile anesthetics
could be an appropriate method to determine
spinal mechanism of volatile anesthetics.

For experimental design, we used up-and-down
method to determine general anesthetic ED,,
whereas Bliss method was chosen for spinal
anesthetic EC_ . The up-and-down method is
an efficient way to measure ED,, and/or EC,
with small sample size. However, we chose
Bliss method to determine EC_ of spinal anes-
thesia of the four emulsified volatile anesthet-
ics because we could not make sure to induce

Int J Clin Exp Pathol 2014;7(12):8748-8755
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50% successful spinal anesthesia under satu-
rated concentration of volatile anesthetics in
30% Intralipid, in particular for sevoflurane (sat-
urated concentration of sevoflurane in 30%
Intralipid is only about 4%). If the EC_, of emulsi-
fied sevoflurane to induce spinal anesthesia
was larger than 4%, up-and-method could not
be available.

There were still some limitations in the present
study. Firstly, it would be better evidence if
exact concentrations of volatile anesthetics in
spinal cord were similar between inhalation
and intrathecal injection. However, for techno-
logical obstacles and volatile properties of vola-
tile anesthetics, we could not determine their
exact concentrations in spinal cord after admin-
istration. Secondly, we did not test spinal anes-
thetic potency of all volatile anesthetics.

In summary, emulsified volatile anesthetics
produced typical spinal anesthesia with similar
potency. The product of inhaled MAC and olive
oil/gas partition coefficients (MAC x olive oil/
gas partition coefficients) could perfectly pre-
dict spinal potency of emulsified volatile anes-
thetics. Thus, subarachnoid anesthetic effect
of volatile anesthetics and their effect of immo-
bility might share common mechanisms.
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