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Background: Although neuromuscular blocking agents do
not cross the blood—brain barrier, they may penetrate the
central nervous system under particular circumstances and
eventually cause neurotoxic consequences.

Methods: The effects of neuromuscular blocking agents on
excitatory and inhibitory transmission in area CA1 of rat hip-
pocampal slices were investigated using extracellular and in-
tracellular recording techniques.

Results: Application of atracurium in the perfusion medium
resulted in a dose-dependent enhancement of excitatory syn-
aptic responses averaging 48.7 = 4.3% at a concentration of
10 nm. This effect was correlated with an increase in the size
of the presynaptic fiber volley. Laudanosine, but not pancuro-
nium bromide or vecuronium bromide, produced similar
changes. In addition, atracurium and laudanosine blocked in-
hibitory transmission and reduced intracellularly recorded y-
aminobutyric acid, receptor-mediated potentials. These effects
were observed only at concentrations >1 um and were not
reproduced by pancuronium bromide and vecuronium bro-
mide.

Conclusions: Atracurium and its metabolite, laudanosine,
contrary to pancuronium bromide and vecuronium bromide,
produce two distinct effects on hippocampal slices. They en-
hance excitatory transmission and neuronal excitability and
they block inhibitory y-aminobutyric acid,-mediated synaptic
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responses. (Key words: Atracurium; CA1; excitatory postsyn-
aptic field potentials; inhibitory postsynaptic potentials; lau-
danosine.)

QUATERNARY ammonium compounds such as neuro-
muscular blocking (NMB) agents are considered not to
cross the blood - brain barrier.' However, under certain
circumstances, muscle relaxants may be found in the
cerebrospinal fluid (CSF) of patients. Matteo et al.”
found d-tubocurarine in lumbar CSF after intravenous
administration in patients undergoing craniotomy for
cerebral aneurysms, arteriovenous malformations, and
pituitary tumors. Eddleston et al.’ detected atracurium
(up to 1,460 ng/ml; 1.2 um) in the CSF of 2 of 10 patients
with subarachnoid hemorrhage. Laudanosine, the major
metabolite of atracurium, was also reproducibly recov-
ered in the CSF of these patients in concentrations that
ranged from 2-570 ng/ml (0.005 - 1.6 um).>* Therefore,
it was suggested that most muscle relaxants probably
cross the blood-brain barrier when administered in
large doses in critically ill patients.’

The potential problems that may result from a possi-
ble crossing of the blood -brain barrier by NMB agents
are highlighted by several studies suggesting that these
compounds are pharmacologically active in the central
nervous system (CNS). Autonomic dysfunction or weak-
ness, prolonged neuromuscular blockade, neuronal
death, and seizures have all been rc‘portcd.“’ ' Adminis-
tration of NMB agents such as vecuronium bromide,
pancuronium bromide, or atracurium to rats has been
reported to produce a dose-dependent excitation of the
CNS progressing to seizures.'’ In vitro experiments
done using hippocampal slices or neocortical slices
have shown that NMB agents can trigger epileptiform
activity.'''* The epileptiform activity reported in brain
slices is compatible with both interactions with excit-
atory and inhibitory transmission. Alternatively, recent
studies have also proposed that the dose-dependent
CNS excitement produced by vecuronium bromide and
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pancuronium bromide could be due to an increase of
intracellular cytosolic calcium."”'* Together these re-
sults clearly indicate that exposure of brain tissue to
NMB agents may be associated with neurotoxic effects.

The precise pharmacologic action of NMB agents in
the CNS is poorly understood, and the level (pre- or
postsynaptic) and the nature (which receptor type,
which mechanisms) of these effects are still essentially
unknown. One possibility is that NMB agents interact
with the recently discovered neuronal nicotinic acetyl-
choline receptors. Molecular studies have provided evi-
dence for the existence of different subtypes of recep-
tors, and recent results suggest that these receptors are
involved in the modulation of neurotransmission. Given
the possible clinically relevant effects of these com-
pounds, it appeared important to analyze further the
mechanisms of action of NMB agents in the brain. The
present study investigated the effects of two classes of
NMB agents, the benzylisoquinolonium derivative atra-
curium and its metabolite laudanosine, and the steroid
compounds pancuronium bromide and vecuronium
bromide.

Materials and Methods

Slice Preparation

Hippocampal slices (400-um thick) were prepared
from 3- to 4-week-old Sprague-Dawley rats using a proto-
col approved by the Geneva Veterinarian Office (author-
ization 31.1.1024/1190/0). The animals were anesthe-
tized with enflurane and decapitated with a guillotine.
The brain was quickly removed and cooled in ice-cold
saline, and slices were prepared using a Mcllwain chop-
per. The slices were maintained in an interface chamber
with a humid atmosphere composed of 95% oxygen
and 5% carbon dioxide and continuously perfused (1
ml/min) with an artificial medium containing 124 mm
NaCl, 1.6 mm KCI, 2.5 mm CaCl,, 1.5 mm MgCl,, 24 mm
NaHCOs, 1.2 mm KH,PO4, 10 mm glucose, and 2 mm
ascorbic acid, at pH 7.4. The temperature was main-
tained at 33°C. Slices were allowed to recover for at
least 2 h before being tested.

Electrophysiologic Recording and Stimulation

Extracellular and intracellular recordings were made
in area CA1 with glass electrodes pulled from capillaries
(GC120F-10; Clark Electromedical Instruments, UK) and
filled with perfusion medium or 3 M potassium acetate
(Sigma Chemical Co., St. Louis, MO) for extracellular
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(tip resistance, 3-10 M) and intracellular (tip resis-
tance, 25-80 M()) recording electrodes, respectively.
Test stimuli were delivered via bipolar stimulating elec-
trodes (two twisted strands of nichrome wires, 50 pum
in diameter) positioned in the stratum radiatum of the
CA1 region to activate Schaffer collaterals. Excitatory
postsynaptic field potentials (EPSPs) were recorded in
stratum radiatum of area CAl and elicited by ortho-
dromic paired activation of Schaffer collaterals using a
50-ms interpulse interval to generate paired-pulse facili-
tation (stimulation pulses: 1-10 A, 200 s in duration,
delivered every 30 s; fig. 1). To assess inhibitory trans-
mission, responses (EPSP and population spike [PS])
were recorded in the CA1 pyramidal cell layer and elic-
ited by sequential stimulation at a 30-ms interval of two
independent groups of Schaffer collaterals using two
different stimulation electrodes. Independence of the
two inputs was assessed by verifying the absence of
heterosynaptic facilitation. Inhibition was analyzed by
recording the reduction of the PS elicited in the pyrami-
dal cell layer on the test input by previous activation
30 ms earlier of a conditioning pathway that triggered
GABAergic inhibition (stimulation pulses: 1-10 uA, 200
ps in duration, delivered every 30 s; fig. 1). The degree
of blockade of this inhibitory mechanism by NMB
agents was quantified in table 1 by measuring the
changes in PS amplitude that occurred before and dur-
ing drug application and by calculating the ratio of these
two measures. [solated GABA ,-mediated inhibitory post-
synaptic potentials (IPSPs) were recorded extracellu-
larly in the presence of the excitatory amino-acid recep-
tor antagonists CNQX and D-AP5, as described by Lam-
bert et al.® For intracellular recordings, IPSPs were
elicited by orthodromic activation of Schaffer collaterals
and recorded in the CA1 pyramidal cell layer. Stimuli
were single pulses (200 us duration, every 15 s; fig. 1).

Drug Application

The following drugs were used: atracurium (Well-
come, UK), laudanosine (Sigma), pancuronium bromide
(Sigma), vecuronium bromide, and 3-desacetyl-[OH]-
vecuronium (Organon Teknika, The Netherlands). They
were added to the perfusion medium at concentrations
between 1 nm and 300 um for 15 - 30 min depending on
the experiments. 6-cyano-7-nitroquinoxaline-2.3 -dione
(CNQX) and D(—)-2-amino-5-phosphonopentanoic acid
(D-APS5) were obtained from Tocris (UK).

Data Analysis

Recorded signals were amplified (50-500X), filtered
(DC-3.0 kHz, bandpass) and digitized on-line for com-
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Fig. 1. Enhancement by atracurium and laudanosine of excitatory transmission in the hippocampus. (4) Schematic diagram illustrating
the position of the stimulating (S1 and S2) and recording electrodes in a transverse hippocampal slice. EPSPs were recorded in CA1
stratum radiatum by orthodromic paired activation of Schaffer collaterals pathways at 50-ms intervals. For analysis of inhibition, the
recording electrode was placed in the stratum pyramidale either extra- or intracellularly. (B) Initial slope of EPSPs measured before,
during, and after perfusion of atracurium (black bar). Data are expressed as percent of baseline pre-drug values and represented as
mean = SEM (n = 5). Inset responses are representative traces recorded in one experiment before (a) and during (b) atracurium
application. (C) Effect of laudanosine on the initial slope of the EPSP. Data are mean - SEM of five experiments. Traces are
representative responses recorded in one experiment before (a) and during (b) laudanosine application. (D) Dose—response curves
for the effects of atracurium (black circles) and laudanosine (open circles) on the EPSP slope.

puter storage and data analysis. Parameters of recorded
responses (slope, amplitude) were measured and plot-
ted online using a computer program. PS amplitudes
were measured from peak negativity to peak positivity.
Preparations were usually exposed to only one concen-
tration of a given NMB agent, to avoid possible residual
drug effects. Data in all experiments were expressed as
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percent of baseline pre-drug values, they were averaged
across experiments and calculated as means + SEM; n
refers to the number of slices tested per condition; only
one slice per animal was included in the statistical analy-
ses. Statistical analyses were carried out using the Stu-
dent’s ¢ test. The threshold for significance was a proba-
bility value < 0.05.
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Table 1. Effects of NMB Agents on Excitatory and Inhibitory Transmission

Excitatory Effects

Inhibitory Effects

Effects on Increase of the EPSP Change of Paired-pulse Increase of the Fiber- Blockade of PS Blockade of the Field
Neurotransmission (%) Facilitation volley (%) Inhibition (%) IPSP (%)
Atracurium
10 nm 487 = 4.3% (ni='5) 140 2= 005 () = 5) 4313 =R T (nE=48) 03] == &8 (1= 5)
100 nm 45.8 + 0.04* (n = 3) 2151(E=F2)
10 um 409 = 42* (n=10) 1.02 + 0.04 (n = 10) 47.0 = 11.8% (n = 5) 36.6/(n = 3) 32.0 = 8.0* (n = 4)
100 um 424 + 3.4* (n = 11) 53.1 (n = 6)
Laudanosine
10 nm 46:28-=2 63 N (E=15) 1.01 + 0.06 (n = 5) Sil2 =156 (nE="4) 74 + 04 (n=5)
100 nm el = Al (= 5) 28 (nE=¥2)
10 um Sl 22 1OSHf ([ = 9) 1402 2= @115 ([ = 5) A5 a2 1S5 (I = &) 32.5 (n = 6) 38.3 = 7.6* (n = 4)
100 pum 40108586258 (NI=15) 69.4 (n = 10)
Vecuronium
100 um 08z 85 (1 =5) 1.04 + 0.05 (n = 5) 0:8F-=0/68 N (NF=15) 5.4 (n = 5) 0L 2= 84 (0 = &)
3-OH vecuronium
100 um 4° 32 3 (N=5) 098 010IN(nI="5) 81622 58 (nF=—14) 48 42 (n=3)
Pancuronium
100 um Il 2 258 (n=5) 110 22 005 (7 = ) 0 2= 2.7 (=9 49 (n = 5) 08 2= (01 (1 = &)

NMB = neuromuscular blocking agents; EPSP = excitatory postsynaptic field potential; PS = population spike; IPSP = inhibitory postsynaptic field potential.

=P 01001
tP < 0.05.
Results

Effects of Neuromuscular Blocking Agents on

Excitatory Synaptic Transmission

As shown in figure 1B, perfusion of hippocampal slices
with 10 nm atracurium for 25 min resulted in a marked
increase in the slope of the EPSP evoked by stimulation
of the Schaffer commissural - collateral afferents. The max-
imal change was reached within 20 min of application
and, in five experiments, averaged 48.7 + 4.3% (p <
0.001). This increase in EPSP slope was slowly reversible.
As illustrated in fig. 1B, responses were still 21% larger
than pre-drug values 1 h after washout. A similar change
in EPSP slope was also obtained after application of 10
nM laudanosine for 25 min (averaged increase: 46.2 +
6.3%; n = 5 slices; P < 0.001; fig. 1C). The effects of
laudanosine were slightly slower to occur than those of
atracurium and were fully reversible within 1 -2 h of wash-
out. Similar results were obtained with higher concentra-
tions of either atracurium or laudanosine (table 1).

The effects of atracurium and laudanosine were clearly
dose-dependent. Figure 1D shows the dose-response
curves obtained with atracurium and laudanosine when
measuring the increase in EPSP slope. Each point repre-
sents a mean + SEM of 3-11 experiments. Little or no
effect was observed with concentrations lower than 3 nm,

Anesthesiology, V 88, No 4, Apr 1998

whereas the increase in EPSP slope was already close to
saturation for concentrations higher than 10 nm.

In contrast, perfusion of hippocampal slices with panc-
uronium bromide and vecuronium bromide (10 um for
25 min) did not modify the slope of the EPSP evoked by
stimulation of Schaffer collateral afferents (figs. 2A and
2B, respectively; n = 5). Increasing the concentrations up
to 100 pm did not produce additional effects (table 1).
Experiments were also carried out with 10 gm and 100 um
of 3-OH vecuronium, a major metabolite of vecuronium
bromide. These experiments revealed no effects of this
metabolite on the EPSP slope (table 1; n = 5).

Increase in Neuronal Excitability Produced by

Atracurium and Laudanosine

The enhancement of the EPSP slope observed after
perfusion with atracurium or laudanosine could be the
result of either a selective effect of the drugs on gluta-
matergic transmission or a nonspecific increase in gen-
eral excitability of the tissue. To investigate these possi-
bilities, we first analyzed whether the changes in EPSP
slope were associated with changes in paired-pulse fa-
cilitation, a property shown in many systems to be af-
fected by modifications of release mechanisms.'®"”

For these experiments, paired stimuli were delivered
to Schaffer collaterals using an interpulse interval of 50

——%
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Fig. 2. Absence of excitatory effects of pancuronium bromide
and vecuronium bromide. (4) Effect of pancuronium bromide
and (B) of vecuronium bromide on the initial slope of the
evoked EPSP. Data are mean + SEM of the values obtained in
five experiments. Traces on the right are representative EPSPs
recorded before (a) and during (b) application of pancuro-
nium bromide (4) or vecuronium bromide (B).

ms. The slopes of the two-paired EPSPs were measured,
and the ratio of facilitation was calculated. As shown in
figure 3A, application of atracurium (10 nm for 25 min)
enhanced in a similar way the responses to the two-
paired stimuli (increase of respectively 48.7 + 4.3% and
48.8 = 7.7%; P < 0.001, for the first and second EPSPs:
n = 5). As a result, the ratio of facilitation remained
unaffected, thereby indicating that the effect of atracu-
rium was unlikely to involve modifications of transmitter
release (fig. 3B). Similar results were also obtained with
10 pm atracurium and laudanosine (table 1).

As a second test, we then measured the size of the
presynaptic fiber volley, a small deflection of the field
response that precedes the postsynaptic potential
and reflects presynaptic currents. The fiber volley cor-
relates with the number of presynaptic afferents acti-
vated by the stimulation pulse (fig. 4). As shown in
figure 4A, perfusion of atracurium (10 um for 25 min)
resulted in a marked increase of the EPSP amplitude
but also of the amplitude of the presynaptic fiber
volley. The changes in amplitude of the presynaptic
fiber volley measured in a group of five experiments
averaged 47.0 + 11.8%, P < 0.05. Similar results were
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obtained with 10 nm atracurium and laudanosine (ta-
ble 1).

In figure 4B, we analyzed more precisely the relation-
ship between the size of the presynaptic fiber volley
and the amplitude of the EPSP. This analysis was carried
out before and during application of atracurium (10
pMm) in five experiments. As indicated, under control
conditions, this relationship was linear with a positive
slope, indicating that stimulations of greater intensities
activated a greater number of afferent fibers and thus
evoked larger EPSPs. The same stimulation pulses in the
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Fig. 3. Paired-pulse facilitation is not affected by atracurium.
(4) Graph showing the changes in slope of the first (a,b) and
second EPSPs (c,d) evoked by orthodromic paired activation
of a group of Schaffer collaterals at 50-ms intervals. Data are
expressed as percent of baseline values for the first EPSP. They
are mean * SEM of five experiments. Inset traces are represen-
tative field potentials recorded before (a,c) and during (b,d)
atracurium application. (B) Ratio of facilitation (calculated as
the ratio of slopes of the second over the first EPSP).

20z UoIe €1 o 3sanb Aq Jpd*|,2000-000¥0866L-Z¥S0000/STYEEE/C00 L /1/88/3Pd-8loi1e/ABO|0ISaUISaUE/ WD IIBUYDISA|IS ZBSE/:dHY WO PapEOjUMOQ




1008

CHIODINI ET AL.

A
2
>
=
=
>
b
v
E 501
atracurium 10 pM
01— : : . ; \
0 15 30 45 60 75
B Ly Time (min)
> 4] e
=
e
— g 93
= =
—Q 1_
=
S

T

60 02 04 ToochNos P2
Fiber volley (mV)

Fig. 4. Atracurium enhances the presynaptic fiber volley. (4)
Changes in fiber volley measured before, during, and after
application of atracurium (black bar). Top traces are represen-
tative EPSPs recorded in control (a) and during atracurium
application (b). Note the increase in the fiber volley. (B) Input—
output correlation between the size of the fiber volley and the
EPSP amplitude measured in five experiments before (filled
circles) and during (open circles) application of atracurium.
The drug enhanced the EPSP amplitude and the size of the
fiber volley without changing the input—output relationship.
A linear regression analysis was used to fit the solid line
through data points.

presence of atracurium evoked larger fiber volleys and
larger EPSPs. However, the relationship between fiber
volley and EPSP size was not modified, thereby indicat-
ing that the efficacity of transmission for a given number
of activated synapses remained constant.

To further strengthen this conclusion and to eliminate
the possibility of polysynaptic effects, experiments
were also carried out by measuring the size of the pre-
synaptic fiber volley under conditions of complete
blockade of synaptic transmission. Activation of Schaf-
fer collaterals in the presence of CNQX (10 um, an
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AMPA receptor antagonist), D-APS (50 pm, an NMDA
receptor antagonist), and bicuculline (10 pum, a GABA,
receptor antagonist) evoked only the presynaptic fiber
volley. Application of atracurium (10 um) under these
conditions enhanced the fiber volley by 45.0 = 8.7% (P
< 0.05; n = 3).

Blockade of GABAergic Inhibition by Atracurium

and Laudanosine

Given the possibility that loss of inhibition could have
been responsible for the changes in neuronal excitabil-
ity reported previously, we investigated whether atracu-
rium and laudanosine modified inhibitory mechanisms
in the hippocampal slice. To test this, we first analyzed
the PSs recorded in the stratum pyramidale using a
paired-pulse protocol (30-ms interval; fig. SA). Two dif-
ferent stimulating electrodes were placed on both sides
of the recording pipette to activate two independent
groups of Schaffer collaterals. Under these conditions,
the PS generated by the test stimulation was reduced
by the inhibitory GABAergic mechanisms elicited 30 ms
earlier by the conditioning stimulus (see fig. 5A; con-
trol). After application of atracurium (100 um; n = 06;
fig. 5A), this inhibitory effect of the conditioning stimu-
lation was strongly reduced. This blockade of inhibitory
mechanisms is shown more quantitatively in the graph
of figure 5B, which illustrates the changes in PS ampli-
tude on the test input produced in six experiments by
conditioning stimulations of increasing intensity. Under
control conditions (filled circles), the presence of func-
tional inhibitory mechanisms is reflected by a progres-
sive reduction in the amplitude of the PS on the test
input. After application of atracurium (100 um for 30
min; n = 6; open circles; fig. 5B), this inhibition was
markedly reduced. Figure 5C illustrates the same analy-
sis carried out before (filled circles) and after applica-
tion of laudanosine (100 um, n = 10, open circles). As
shown, very similar results were obtained, indicating
that laudanosine also consistently blocked inhibitory
mechanisms in the hippocampal slice.

Results from similar experiments carried out in the
presence of pancuronium bromide and vecuronium
bromide are shown in figure 6. As illustrated, applica-
tion of pancuronium bromide and vecuronium bromide
at concentrations of 100 um for 30 min (figs. 6B and
6C, respectively; n = 5) did not alter the inhibitory
effect of the conditioning stimulation on the PS elicited
on the second test input.

To confirm the results obtained with atracurium and
laudanosine, and to further characterize their effects on
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pyramidal neurones, intracellular recording techniques
were used. Different cellular parameters such as input
resistance and size of GABA receptor-mediated synaptic
potentials in CA1 pyramidal cells were monitored be-
fore and during application of atracurium. Inhibitory
postsynaptic potentials (IPSPs) were evoked by ortho-
dromic stimulation of Schaffer collaterals and measured
at —60 mV. Under these conditions, afferent stimulation
resulted in a short and small EPSP, followed by a long-
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Fig. 5. Blockade of inhibitory mechanisms by atracurium and
laudanosine in the hippocampal slice. (4) Ilustration of field
responses recorded in the stratum pyramidale and evoked us-
ing a paired-pulse protocol. Traces illustrate the PS elicited
on the test input with and without previous activation of the
conditioning pathway under control conditions (left) or dur-
ing atracurium application (right). (B) Graph representing in
percent the size of the PS elicited on the test input as a function
of the size of the synaptic response evoked on the condition-
ing pathway. Filled circles represent control values and open
circles, those obtained during application of 100 pM atracu-
rium. Stimulations of increasing intensity applied to the condi-
tioning pathway generated larger responses and resulted in a
progressive elimination of the PS elicited on the test input.
In the presence of atracurium, this inhibition of the PS was
considerably reduced. Data from six different experiments
were pooled. (C) Same as in B but before and during applica-
tion of 100 um laudanosine (n = 10).

s

lasting hyperpolarization mediated by synaptic activa-
tion of GABA, and then GABA, receptors (fig. 7A, top
trace). As illustrated in figure 7A, perfusion of 50 um
atracurium for 15 min resulted in a significant and re-
versible reduction of this GABA receptor-mediated hy-
perpolarization. Interestingly, the effect was predomi-
nantly observed on the first GABA,-mediated compo-
nent of the IPSP (blockade of 40.5 + 3.4%: P < 0.001:
n = 6; measures made at the peak of the IPSP; fig. 7B),
with little, if any, effect on the later GABA,mediated
phases of the response (0.4 + 4.5%; n = 6; measures
made 150 ms after stimulation). This inhibition was not
accompanied by any significant changes of the input
resistance (n = 6; fig. 7C) or of the resting membrane
potential. Cells included in this study had a mean resting
membrane potential of —58 mV and an input resistance
varying between 25-80 M().

These effects of atracurium on inhibitory transmission
were obtained for concentrations larger than 1 um and
apparently not for lower concentrations. To confirm
this and to analyze this aspect more quantitatively at
different concentrations, we carried out experiments
in which the GABA ,-mediated signal was studied extra-
cellularly in isolation by recording responses evoked
in the presence of the glutamate receptor antagonists
CNQX (10 um) and D-AP5 (50 um). Under these condi-
tions, activation of Schaffer collaterals in the vicinity
of the recording pipette evoked a synaptic response
exclusively mediated by activation of GABA, receptors
because it could be completely antagonized by bicucul-
line (10 pm). Application of atracurium at a concentra-
tion of 10 nv produced no effect on this inhibitory
potential, whereas concentrations of 10 um reduced
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Fig. 6. Pancuronium bromide and vecuronium bromide do not
affect PS inhibition. (4) Representative field responses recorded
in the stratum pyramidale of CA1 and evoked using the same
protocol as that described in figure 5. (B) Graph representing in
percent the size of the PS elicited on the test input as a function
of the size of the synaptic response evoked on the conditioning
pathway before (filled circles) and during (open circles) applica-
tion of 100 um pancuronium bromide (n = 5). (C) Same as in B
but before (filled circles) and during (open circles) application of
100 pum vecuronium bromide (n = 5).

this GABA,-mediated response by 32.0 + 8.0% (P <
0.001; n = 4; see table 1). Similarly, laudanosine blocked
this inhibitory GABAergic potential only at a concentra-
tion of 10 um (table 1).
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Discussion

The major aim of this study was to investigate the
mechanisms of action of NMB agents in the CNS. Using
the hippocampal slice preparation, we examined the
effects on excitatory and inhibitory neurotransmission
of four compounds: atracurium and its metabolite lau-
danosine, vecuronium bromide, and pancuronium bro-
mide. Results from these experiments indicate that ben-
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Fig. 7. Atracurium inhibits intracellularly recorded GABA,
IPSPs. (4) Blockade by atracurium of the GABA ,-mediated IPSP
evoked by orthodromic stimulation of Schaffer collaterals. The
cell input resistance was assessed by measuring the voltage
deflection elicited by a short pulse of hyperpolarizing current
(0.2 nA). The graph shows the amplitude of the IPSP measured
at the peak of the hyperpolarization before, during, and after
atracurium application (black bar). Values from eight consecu-
tive measurements were averaged and expressed as percent
of baseline pre-drug values. Top traces are representative po-
tentials (average of six) recorded before (a) and during (b)
atracurium application. (B and C) Bar graphs showing respec-
tively, the changes in size of the intracellular IPSP and in input
resistance observed in a group of six similar experiments (ctrl
= control).
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zylisoquinolonium derivatives act differently from the
steroid compounds and produce two major effects.

First, atracurium and laudanosine were found to en-

hance excitatory transmission. Their application re-
sulted in an increase of the field EPSPs averaging 40%.
For both compounds, the effect was dose-dependent
and was already maximal at concentrations larger than
10 nm, a value that has been reported in the CSF of
patients undergoing neurosurgery.”’° This effect of atra-
curium and laudanosine on excitatory transmission did
not seem to involve modifications of glutamate release
because we did not detect any changes in the properties
of facilitation.®""” On the other hand, this excitatory
effect was closely correlated by an increase in the affer-
ent fiber volley, suggesting that atracurium and laudano-
sine acted through a general increase in neuronal and
perhaps more specifically axonal excitability. By pro-
ducing this effect, atracurium and laudanosine are likely
to influence the propagation of action potentials in axo-
nal arborizations and thereby indirectly modify transmit-
ter release in many systems.

How atracurium and laudanosine produced these ex-
citatory effects remains still unclear. It is important to
mention that nicotinic agonists were reported by Brown
et al'® and Mulle et al."’ to produce effects opposite
to those of atracurium and laudanosine on field EPSPs
and fiber volleys in the rat interpeduncular system. Ac-
cordingly, this could be interpreted as indicating that
atracurium and laudanosine acted by blocking neuronal
nicotinic receptors present on axonal fibers or nerve
terminals. Nicotinic receptors have been found on pe-
ripheral nerve fibers,” and recent studies have also
identified neuronal nicotinic receptors on presynaptic
nerve endings in different brain preparations.?' ~**> There
appears to be different subtypes of neuronal nicotinic
receptors in the brain, and the pharmacologic proper-
ties of these receptor subtypes in terms of their sensitiv-
ity to NMB agents is not yet established. It is interesting
that nicotine was recently found to enhance excitatory
transmission in the hippocampus, probably through an
action on neuronal nicotinic receptors containing the
a7 subunit.”> Whether atracurium and laudanosine also
acted on this receptor remains unclear because it would
be expected either that the presynaptic effect of nico-
tine was produced through a mechanism of desensitiza-
tion or that atracurium and laudanosine acted as partial
agonists of this receptor, a possibility that cannot be
completely excluded.

The second effect of atracurium and laudanosine was
to block inhibitory mechanisms in the hippocampal

Anesthesiology, V 88, No 4, Apr 1998

slice. Using a heterosynaptic paired-pulse protocol, we
observed that atracurium and laudanosine reversibly de-
creased the inhibitory effect produced by a condition-
ing stimulation on the PS evoked 30 ms later on a sec-
ond independent pathway. However, the concentra-
tions required to reduce inhibition were about one or
two orders of magnitude larger than those to enhance
excitatory transmission. Therefore, this suggests that
atracurium and laudanosine are less potent in reducing
inhibition that in enhancing excitatory transmission, in-
dicating that the two actions are likely to involve differ-
ent receptors or different cellular mechanisms. Intracel-
lular experiments were carried out to determine if the
reduction of the inhibitory effect produced by heterosy-
naptic stimulation resulted from a blockade of GABA
transmission. Under these conditions, atracurium was
found to block by 40% the size of the hyperpolarizing
GABA,-mediated potential evoked by orthodromic stim-
ulation of Schaffer collaterals, whereas the GABA; com-
ponent was unaffected. Laudanosine produced similar
effects. These observations are thus consistent with the
results obtained in previous studies showing that d-tu-
bocurarine increased neuronal excitability and blocked
GABAergic transmission.'"'* Note that nicotine also has
been reported to block GABAergic inhibition.?**> These
effects could thus contribute to the seizure-promoting
action of atracurium and laudanosine, although the high
concentrations required to block inhibition are less
likely to be found in the CSF of patients (see however
reference 3).

The mechanisms underlying the blockade of GABAer-
gic inhibition remain unclear. Evidence for the exis-
tence of presynaptic nicotinic receptors on GABAergic
terminals has been reported.”° ** There is also evidence
that activation of these presynaptic receptors may result
in an enhancement of GABA release.””** NMB agents
could thus reduce inhibitory mechanisms by interfering
with the function of these presynaptic nicotinic recep-
tors on GABAergic terminals. However, the observation
of a differential blockade of the GABA, and GABA; com-
ponents of the IPSP suggests that atracurium and lau-
danosine could rather act by directly influencing the
function of GABA, receptors. This possibility was res
cently proposed for nicotine” and cannot be excluded
in the case of atracurium and laudanosine, considering
the level of homology existing between nicotinic and
GABAergic receptors.”’ Finally, an interference be-
tween atracurium and GABA, receptor function also
may occur indirectly. Activation of nicotinic receptors
has been shown to result in calcium influx in central
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neurones and, through a yet unknown mechanism, inhi-
bition of GABA, receptor function.'**'** Whatever the
explanation, one of the striking aspect of the results
presented previously is that atracurium and laudanosine
appear to produce effects in the hippocampus that are
similar to those induced by nicotine. Whether this is
because nicotine application leads to a fast desensitiza-
tion of nicotinic receptors or because atracurium and
laudanosine act as partial agonists of these central recep-
tors will have to be determined.

Finally, it is important to emphasize the contrast ob-
served between the effects of atracurium and laudano-
sine and those of pancuronium bromide and vecuro-
nium bromide. None of the effects reported previously
for atracurium and laudanosine were observed with
pancuronium bromide, vecuronium bromide, or its ma-
jor metabolite 3-OH-vecuronium. A similar difference
between these two classes of NMB agents was also re-
ported concerning their effects on calcium influx in
hippocampal neurons.'* This strongly supports the in-
terpretation that the central effects of these two catego-
ries of NMB agents do not involve similar mechanisms,
although both promote neuronal excitability. From a
clinical point of view, this may have interesting implica-
tions given that atracurium produced a maximal en-
hancement of glutamatergic transmission at concentra-
tions around 10 nwm, concentrations comparable with
those found in the CSF of neurosurgical patients (4 -50
ng/ml in a preliminary study on 15 patients®). This is
certainly an important aspect to consider, given the
increasing evidence that conditions associated with a
passage of NMB agents into the CNS are more numerous
than initially thought.** It is thus likely that the excit-
atory effects reported here on glutamatergic transmis-
sion are relevant in terms of clinical side effects pro-
duced by these NMB agents during neurosurgery or in
intensive care patients.
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