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On the Mechanism by Which Midazolam
Causes Spinally Mediated Analgesia

M. Edwards, B.Sc.,* J. M. Serrao, M.B., B.S., F.F.AR.C.S.,t J. P. Gent, M.A,, Ph.D.,%
C. S. Goodchild, M.A., M.B., B.Chir., Ph.D., F.F.A.R.C.S.t

The electrical current thresholds for pain (ECTP) in the skin of
the neck and tail were measured in rats with chronically implanted
lumbar subarachnoid catheters. The effects of a benzodiazepine an-
tagonist and a y-aminobutyric acid (GABA) antagonist on the an-
algesic effects of equivalent doses of midazolam, fentanyl, and
ketocyclazocine were studied. These were the minimum doses pro-
ducing maximal segmental analgesia when given intrathecally (i.e.,
they all caused a significant and maximum increase in ECTP in the
tail, which was similar for all three drugs, but no significant change
in the ECTP in the neck). Flumazenil (Ro 15-1788) administration
caused a parallel shift to the right of the dose-response curve for
midazolam spinal analgesia. Segmental analgesia following mid-
azolam was also significantly attenuated (P < 0.05) when the selective
GABA antagonist bicuculline was given intrathecally at the same
time as midazolam. The highest dose of bicuculline used (50 pmol)
caused no significant attenuation of the segmental analgesic effects
of either ketocyclazocine or fentanyl. The authors concluded that
the segmental analgesia produced by intrathecal midazolam is me-
diated by the benzodiazepine-GABA receptor complex that is in-
volved in other benzodiazepine actions. (Key words: Analgesia, spi-
nal. Antagonists: bicuculline; flumazenil. Antinociception, in-
trathecal. r-aminobutyric acid. Pain; benzodiazepines; midazolam.)

INTRATHECAL INJECTIONS of the water-soluble imid-
azobenzodiazepine midazolam have produced segmental
analgesic effects in both rats' and humans.? This analgesic
effect was not caused by a local anesthetic action of the
drug and was not accompanied by sedation. In addition,
a dose-response curve constructed for electrical current
threshold for pain (ECTP) in the tail of the rat revealed
that the analgesia is a dose-dependent phenomenon. Prior
administration of the specific benzodiazepine antagonist
flumazenil (Ro 15-1788) blocked this response.! These
experiments suggested that the spinally mediated anal-
gesia following intrathecal midazolam may be the result
of a combination of the drug with spinal cord benzodi-
azepine receptors but pointed to the need for more de-
tailed experiments. It has been shown that such receptors
in other areas of the central nervous system are associated
with the actions of the inhibitory neurotransmitter y-ami-
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nobutyric acid (GABA).§ The purpose of this study was
to prove that the analgesia is the result of a combination
with benzodiazepine receptors and to determine whether
GABA is involved in the analgesia following intrathecal
midazolam. As controls, we used the u-opioid agonist fen-
tanyl and the x-opioid agonist ketocyclazocine, both of
which produced spinally mediated analgesia in our ex-
perimental model.>*

Materials and Methods

This work was carried out with permission from the
licensing authorities in Great Britain (Home Office Li-
cense No. PPL 50-00131), and in all experiments atten-
tion was paid to ethical guidelines for investigation of ex-
perimental pain in conscious animals.®

The ECTPs were measured in the skin of the tail and
neck of rats after implanting lumbar intrathecal (it) cath-
eters under halothane anesthesia as described previously.'
Briefly, a lumbar laminectomy was performed with aseptic
precautions at the level of L2/L3. The dura was punc-
tured, and a portex catheter (0.25 mm ID; 0.75 mm OD)
passed rostrally for 1.5 cm in the intrathecal space. The
rest of the catheter was tunnelled under the skin to an
exit wound at the neck where two stainless steel wire elec-
trodes were also implanted 1 cm apart. A number of
swellings were located at both ends of the catheter so that
it was possible to measure precisely catheter dead space
(range, 8-12 ul) as well as volumes of injections. The
catheter was fixed to the vertebral bone by means of bone
cement, with the last swelling on the catheter situated in
the laminectomy crater and embedded in the bone ce-
ment. The wound was closed in layers with ethilon (Eth-
icon) sutures. Correct catheter placement was confirmed
by injection of 10 ul of 2% lidocaine into the subarachnoid
space 10 min after recovery. The catheter was judged to
be intrathecal if paralysis and dragging of the hind limbs
occurred within 30 s of this injection.

Male Wistar rats were used for the study (weight, 180-
220 g), and only animals with paralysis following lidocaine
injection were included. For each series of experiments,
all injections and observations on pain thresholds were

§ Haefely W, Kyburz E, Gerecke M, Mohler H: Recent advances
in the molecular pharmacology of benzodiazepine receptors and in the
structure-activity relationships of their agonists and antagonists. Adv
Drug Res 14:156-322, 1985.
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performed by the same operator, and all injection volumes
were 10 pl, regardless of whether they were solutions of
single drugs or drugs in combination. Two stimulating
electrodes were moistened with electrode jelly and at-
tached to the tail, the cathode 2 cm from the base of the
tail, and the anode 3 cm distal to the cathode. A constant
current stimulator was switched to each pair of stimulating
electrodes in turn, first the tail and then the neck, for the
measurement of ECTP. Rectangular pulses of current (2
ms, 50 Hz, 0-10 mA) were passed through the skin of
the tail and neck in turn. The ECTP was defined as the
minimum current necessary to produce an obvious aver-
sive movement or strong vocalization. The ECTP was
measured in the skin of the tail and the neck every 5 min
for 15 min before and 20 min after it injections. A further
lidocaine test was performed after each experiment. No
more than two experiments were performed on the same
animal within a 24-h period, and these two tests were
always separated by a period of at least 4 h. To be sure
there were no residual effects of previously administered
drugs, the control tail pain thresholds were compared with
those obtained from the same animal on previous occa-
sions.

The following drugs were used: midazolam (Roche
Products), fentanyl (Janssen), ketocyclazocine (Sterling-
Winthrop), flumazenil (Roche Products), and bicuculline
methiodide (Sigma London).

EXPERIMENTS WITH FLUMAZENIL

The ECTP was measured in the skin of the tail and
neck in nine rats in response to a range of doses of mid-
azolam (15-138 nmol in 10 gl) it immediately after flu-
mazenil (8.25 umol/kg in 1 ml intraperitoneally). The
analgesic responses were calculated by dividing the mean
of three 5-min readings in the tail after intrathecal mid-
azolam by the mean of the three control readings made
prior to the intrathecal injection. These were grouped
for each midazolam dose and compared with those ob-
tained in previous experiments with intrathecal midazo-
lam alone and published elsewhere.?

EXPERIMENTS WITH BICUCULLINE

In initial studies, a group of four rats was given 10-ul
it injections of bicuculline ranging up to 100 pmol. Their
behavior and responses to electrical stimulation of the tail
were observed. At the highest dose of 100 pmol, the rats
became agitated with spontaneous scratching of the lower
half of the body and hyperexcitability to all forms of stim-
uli (noxious and non-noxious) applied to the tail. It was
not possible to measure ECTP accurately in these animals,
and they were killed. It was therefore decided to use only
the lower doses of bicuculline for this study.

The rats were divided into three groups of four animals
each to receive either it midazolam (46 nmol), ketocyclaz-
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ocine (a x-opioid agonist; 40 nmol), or fentanyl (a u-opioid
agonist; 0.74 nmol) dissolved in saline. These were the
smallest doses of each agent to produce a maximal spinally
mediated analgesic effect and were derived from dose-
response curves obtained in previous experiments.®*

Midazolam. The following sequence of 10-ul it injections
was given to each rat:

1) it bicuculline alone (50 pmol);

2) it midazolam alone (46 nmol);

3) it midazolam (46 nmol) and bicuculline (50 pmol);

4) it midazolam (46 nmol) and bicuculline (10 pmol);

5) it midazolam (46 nmol) and bicuculline (2 pmol); and

6) it midazolam (46 nmol) alone; this test was performed
after 1-6 above.

Responses from 2 and 6 were compared in each animal
to investigate if tolerance to the benzodiazepine analgesic
effect had occurred during the experiment.

Fentanyl. The ECTPs in the neck and the tail were
measured as above in response to the following it injec-
tions given on 3 successive days:

1} it bicuculline alone (50 pmol);
2) it fentanyl alone (0.74 nmol); and
3) it fentanyl (0.74 nmol) and bicuculline (50 pmol).

Ketocyclazocine. The same protocol was followed in an-
other four rats, with each animal being given the following
it drugs on 3 successive days:

1) it bicuculline alone (50 pmol);
2) it ketocyclazocine alone (40 nmol); and
3) it ketocyclazocine (40 nmol) and bicuculline (50 pmol).

ANALYSIS OF RESULTS

The analgesic responses were calculated for each in-
dividual rat by dividing the mean of the three readings
for ECTPs obtained 10, 15, and 20 min after the it in-
jection by the mean of the three control readings obtained
prior to the injection; this was done for both tail and neck
electrodes.® The response calculated for the tail electrodes
(r) was used in subsequent calculations. The results for
each group of four rats were combined to produce a mean
and SEM.

Wilcoxon sign rank test was used to compare the results
of increases in ECTP in the tail following intrathecal ag-
onist alone with those following intrathecal agonist to-
gether with 50 pmol bicuculline. In the case of midazolam,
the response to agonist alone was the mean of the re-
sponses obtained from trials 2 and 6 above. Results were
considered to be statistically significant if P < 0.05.

The percentage suppression of the response to agonist
by bicuculline was calculated as follows: the r values, cal-
culated as above for a particular agonist alone, were
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, s yesponse (x control)

Fic. 1. Midazolam dose-response curves: —@
midazolam alone (tail readings only) n = 4; 2u
+ + « midazolam plus flumazenil (tail readings only)

n = b; - - - midazolam plus flumazenil (neck read-

ings) n = 5. The response to ECTP is expressed

as a multiple of control threshold. Points shown 1.5
are mean * SEM.

* Significant reduction of the analgesic re-
sponse to 46 nmol intrathecal midazolam (P 1=
< 0.05, Wilcoxon's signed rank test).

Values for midazolam alone are from previous
studies.*

-
i .~~~~
-

pooled from all animals within the group to produce a
mean response for that group (R).

The percentage suppression of the agonist response by
each dose of bicuculline was calculated for each animal
using the formula: '

. R—-r
% suppression = Ro1 X 100

The mean (+ SEM) percent inhibition by each dose of
bicuculline was calculated for each group of animals.

Results

EXPERIMENTS WITH FLUMAZENIL

Segmental analgesic effects were observed in experi-
ments in which it midazolam was given immediately after
intraperitoneal flumazenil. Flumazenil caused a statisti-
cally significant reduction in the analgesic response to 46
nmol of it midazolam (P < 0.05, Wilcoxon signed rank
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test) and a shift to the right of the midazolam dose-re-
sponse curve (fig. 1).

The tail responses for midazolam alone (15 and 46
nmol) and for midazolam (46 and 138 nmol) in the pres-
ence of flumazenil are shown in figure 2 as regression
lines + 90% confidence intervals. This confirms that the
response to it midazolam was significantly reduced by in-
traperitoneal flumazenil (8.25 pmol/kg) and that the dose-
response curve for midazolam in the presence of the an-
tagonist is parallel with and significantly to the right of
the curve for midazolam alone. The maximum response
to it midazolam was 2.23 (mean of all responses to mid-
azolam alone at doses of 46 nmol or more). In figure 2
this represents 100% response, and the EDgq for mida-
zolam alone and in the presence of flumazenil are shown.

EXPERIMENTS WITH BICUCULLINE

All three agonists produced spinally mediated analgesia;
they caused significant increases in ECTPs in the tail of

response (x control)

F1G. 2, Midazolam dose-response curves. Lines

show mean + 90% confidence intervals; —@— 2
midazolam alone; - + + midazolam plus flumazenil.
EDs for midazolam = 15.4 nmol alone and 74 1.5 - ED&0

nmol after IP flumazenil 8.25 umol/kg.

1..

50 500
midazolam dose (nmol)
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TABLE 1, Tail and Neck ECTP Results for Midazolam/Bicuculline Experiments

Tail Readings

Neck Readings

Rat @) (i) (iii) (iv) v (vi)
g22 | o012 | 010 | 022 | 022 | 053 | 0.35
817 | 023 | 013 | 040 [ 020 | 022 | 0.23
818 | 036 | 040 | 053 | 065 | 060 | 0.37
823 | 048 | 013 | 045 | 043 | 051 | 0.46

Mean 0.30 0.19 0.40 0.38 0.47 0.35
SEM 0.08 0.07 0.07 0.11 0.08 0.05

Rat o) (i) (iii) (iv) ) (vi)
822 | 070 | 068 | 056 | 083 | 066 | 0.96
817 | 060 | 066 | 060 | 066 | 0.60 | 0.60
818 | 036 | 066 | 056 | 068 | 043 | 0.56
823 | 043 | 040 | 080 | 063 | 096 | 0.60

0.52 0.59 0.63 0.69 0.66 0.68
0.08 0.06 0.06 0.05 0.11 0.09

Mean contro! current thresholds for pain (mA) in the tail and neck
in the group of rats (n = 4) receiving midazolam on six occasions from

2.2 + 0.15 for midazolam (mean + SEM, P < 0.05), 1.68
% 0.07 for fentanyl (mean = SEM, P < 0.05), and 1.71
+ 0.16 for ketocyclazocine (mean + SEM, P < 0.05).
There were no significant changes in ECTPs in the neck
in any of the rats in these experiments.

There were no significant differences between the an-
algesic responses produced by the first and the last doses
of midazolam (P > 0.5), indicating that tolerance to mid-
azolam did not occur during these experiments. Table 1
shows the mean control readings in the neck and tail for
four animals prior to it injections of midazolam at testing
times (i) to (vi). There was no significant change in the
control ECTP at either site and thus no indication of drug
accumulation. The administration of bicuculline alone at
the highest dose used in these experiments (50 pmol) did
not cause any significant change in the ECTP in the tail
or any behavioral changes in any group.

Doses of bicuculline (2-50 pmol) administered with 46
nmol midazolam caused a dose-related suppression of the
midazolam analgesic response (fig. 3). The highest dose
of bicuculline (50 pmol) caused a 51 * 3.6% (mean
+ SEM) suppression of the midazolam response. In con-
trast this dose of bicuculline produced no significant in-
hibition of the responses to ketocyclazocine or fentanyl
(6 = 14% and 12.5 * 6%, respectively).

% suppression
60=

40

20+

(i), the first, to (vi), the last (see text). No more than two tests per day
were performed and these were always separated by at least 4 h.

A lidocaine test performed after every experiment
produced anesthesia and paralysis of the rear limbs within
30 s, thus confirming the it position of the catheter.

Discussion

It is commonly accepted that the sedative-hypnotic,
anxiolytic, muscle relaxant, and anticonvulsant properties
of benzodiazepines are mediated by a receptor complex
that includes a GABA 4 recognition site, a benzodiazepine
binding site, and a chloride channel.§ This view is not
universally held, however, and other actions of benzodi-
azepines have been reported. A role in the regulation of
calcium channel activity has been suggested, particularly
for ligands at the peripheral benzodiazepine receptor but
also in the central nervous system. (For a review see ref-
erence 6.) A variety of effects on calcium function have
been reported, but these occur mainly at micromolar
concentrations. On the other hand, Carlen et al.” showed
that midazolam, at nanomolar concentrations, caused a
calcium-mediated increase in potassium conductance in
CAUI cellsin hippocampal slices. Phillis and his colleagues,
among others, have provided powerful evidence for the
involvement of adenosine in benzodiazepine actions, sug-

FiG. 3. The percentage suppression by bicu-
culline of the control analgesic response measured
in the tail after intrathecal: —@— midazolam 46
nmol; * ketocyclazocine 40 nmol; B fentanyl 0.74
nmol. Points shown are means = SEM; n = 4.

* P < 0.05 statistically significant suppression
of the midazolam response (Wilcoxon’s signed
rank test).

|

| ——

10
bicuculline dose (pmol)

100
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gesting that benzodiazepines may inhibit adenosine uptake
or enhance adenosine release.® Even the supposed ben-
zodiazepine antagonist flumazenil has been shown to affect
adenosine mechanisms, both potentiating and antagoniz-
ing adenosine-ergic depressions of cerebral cortical neu-
rons.?

The experiments with flumazenil support the sugges-
tion based on previous work that the spinal analgesic effect
of midazolam was due to an action on spinal cord ben-
zodiazepine receptors." In previous experiments we dem-
onstrated a complete suppression of the midazolam re-
sponse by a dose of flumazenil that was greater than that
used here (25 mg/kg; 82.5 umol/kg intraperitoneally).
In those experiments, although there were no anti-anal-
gesic effects of flumazenil alone, it is possible that the
total suppression of the midazolam response was due to
some nonspecific effect of the antagonist. The results from
the present experiments show a dose-related suppression
of the analgesic response to midazolam and a parallel shift
to the right of the dose-response curve. Since all of the
animals exhibited segmental blocks (increases in tail but
not neck thresholds), we may conclude that the combi-
nation of midazolam with spinal cord benzodiazepine re-
ceptors is responsible for the analgesia.

To invoke the GABA hypothesis to explain this action
of midazolam, we felt it would be necessary to demonstrate
either antagonism of the benzodiazepine effect by a GABA
antagonist or the ability of a GABA-mimetic to produce
similar effects to the benzodiazepine. The latter possibility
was not studied as GABA is so widespread in the central
nervous system that demonstration of such a selective ac-
tion was felt to be most unlikely. Our results showed that
bicuculline did indeed modify the spinal analgesic action
of midazolam. We did find that higher doses of bicuculline
(100 pmol) caused a decrease in the pain threshold, the
measurements of which were unreliable since they also
caused distress even when non-noxious stimuli were ap-
plied. However, in the main experiments bicuculline did
not cause any changes in pain threshold or behavior when
given alone at doses that caused significant attenuation
of the midazolam response. Thus, the latter was not a
result of a nonspecific action of bicuculline. The obvious
conclusion is that GABA is involved in the spinal analgesic
effect of midazolam.
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The doses of all of the agonists used were taken from
equivalent points on their dose-response curves; all three
produced a just-maximal spinal analgesic effect.>* Bicu-
culline had no effect on the analgesic responses to fentanyl
or ketocyclazocine. This further argues against a nonspe-
cific effect of bicuculline, but more importantly, it high-
lights the differences between spinal analgesia evoked by
midazolam and that resulting from fentanyl; we previously
showed® that it fentanyl causes an increase in tail-flick
latency but midazolam does not. It is important that a
range of tests be used to study spinal analgesics because
different mechanisms within the spinal cord may be af-
fected by different drugs. We may conclude that the spinal
analgesic effect of it midazolam is mediated by combi-
nation with a benzodiazepine receptor that forms part of
a typical benzodiazepine-GABA receptor complex within
the spinal cord.

The authors wish to thank Mrs. S. Barlow and Mrs, M. Bruce for
secretarial work, and Mr. D. Myers for technical help; and Sterling-
Winthrop for a gift of ketocyclazocine and Roche Products (Welwyn)
for a gift of flumazenil.
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