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Pentobarbitone modulates calcium transients in axons and synaptic
boutons of hippocampal CA1 neurons
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1 Although barbiturates, like other general anaesthetics, depress excitatory synaptic transmission in
the central nervous system (CNS), the underlying cellular mechanisms remain unresolved. They may
increase the likelihood that an action potential will fail to invade every branch of the axonal arbour,
thereby decreasing the synaptic drive to the postsynaptic neurons. Alternatively, they may inhibit
calcium entry into the presynaptic terminals, thus reducing transmitter release.

2 To resolve these issues, we have used two-photon microscopy to monitor calcium transients
evoked by action potentials in axons, axonal varicosities (synaptic boutons) and fine axon collaterals
of hippocampal CA1 neurons.

3 Pentobarbitone (75-300 uM) did not block the invasion of the axonal arbour or the synaptic
boutons, but it did reduce the amplitude of the calcium transients recorded from the axons in a
concentration-dependent manner. At 150 uM, pentobarbitone reduced the transients to 78 +4% of the
control.

4 Pentobarbitone depressed the calcium transients recorded from the synaptic boutons in a
concentration-dependent manner. When 150 uM pentobarbitone was applied, the calcium transients
recorded from the boutons were 53+3% of the control. This concentration of pentobarbitone also
reduced the amplitude and frequency of the spontaneous excitatory postsynaptic potentials to 54+4
and 42+ 17% of the control, respectively.

5 The local anaesthetic procaine (500 uM) had no significant effect on action potential invasion of
axon collaterals, even though it reduced the action potential amplitude by 25%.

6 This data are consistent with the notion that the pentobarbitone-induced depression of presynaptic
calcium transients contributes to its depressant effect on excitatory synaptic transmission in the CNS.
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Introduction

General anaesthetics, including the barbiturates, are known to
depress excitatory synaptic transmission in the central nervous
system (CNS) (Pocock & Richards, 1993 and references
therein). The underlying mechanisms have, however, not been
fully resolved. The debate has centred on the issue of the
relative importance of the presynaptic and postsynaptic effects
of these drugs. In model systems such as the adrenal
chromaffin cell (Pocock & Richards, 1987; 1988) and
hippocampal autapses (de Sousa et al., 2000), current evidence
suggests that ligand-gated ion channels are more sensitive to
modulation by anaesthetics than either voltage-gated channels
or the exocytotic cascade. However, several reports based on
quantal analysis of excitatory postsynaptic potentials (epsps)
suggest that presynaptic effects may be the dominant mechan-
ism by which general anaesthetics act on excitatory synaptic
transmission in the CNS (Weakly, 1969; Zorychta & Capek,
1978; Kullmann ez al., 1989). Furthermore, a number of
workers have suggested that these drugs may prevent action
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potentials from fully invading the axonal arbour, thereby
decreasing the synaptic drive to the postsynaptic neurons
(Larrabee & Posternak, 1952; Wall, 1967; Berg-Johnsen &
Langmoen, 1986).

While it has not proved feasible to resolve these issues by
classical electrophysiological methods, recent advances in
confocal (Frenguelli & Malinow, 1996; Emptage et al., 1999)
and two-photon microscopy (Cox et al., 2000; Koester &
Sakmann, 2000) have shown that it is possible to ascertain
whether an action potential has invaded an axon or bouton by
recording the calcium transients that accompany the passage
of an action potential. We have used this approach to
investigate the action of pentobarbitone on the axon collat-
erals and synaptic boutons of hippocampal CA1 neurons. We
have addressed the following questions: does pentobarbitone
interfere with the action potential propagation into the axonal
arbour or presynaptic nerve terminals? Does it significantly
reduce the amplitude of the calcium transients in the axon
terminals? Is the action potential invasion of axons more likely
to fail during repetitive activation and does exposure to
pentobarbitone make such a failure more likely?
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We find that action potential propagation into the axonal
arbour is reliable and is not affected by concentrations of
pentobarbitone that have a significant depressant effect on
synaptic transmission. It is also reliable in the presence of
concentrations of procaine that significantly reduce the
amplitude of the action potential. Pentobarbitone has a
greater depressant effect on the calcium transients recorded
from the synaptic boutons than on those recorded from axons
or their collaterals. This depressant effect occurs at low
concentrations and parallels the reduction in the amplitude of
the epsps. A preliminary account of our findings has been
presented (Baudoux et al., 2001).

Methods
Preparation of hippocampal slice cultures

Transverse slices of hippocampus 250 um thick were cut from
the brains of 8-day-old rat pups. They were subsequently
cultured as described by Stoppini et al. (1991) on Millicell
CM membranes at a gas/liquid interface for 7—14 days before
use.

Electrophysiological methods

The hippocampal slice cultures were mounted in a custom-
built recording chamber placed on the stage of a Nikon
FN-600 upright microscope equipped with infrared optics
and a Bio-Rad 1024 laser confocal scan head. For the majority
of experiments, the slices were maintained at 28—30°C and
were continuously superfused with oxygenated artificial
cerebrospinal fluid (acsf) containing the free radical scavenger
Trolox. To control for any confounding effect of low
temperature, a further series of experiments was carried out
at 34°C. No significant differences were found between the
two series.

Electrophysiological recordings were made from the cell
bodies of hippocampal CA1 neurons either with conventional
intracellular techniques using sharp micropipettes (electrode
resistance 100—120 MQ) or with the whole-cell patch-clamp
method (electrode resistance 9—14 MQ). Sharp electrodes were
filled at the tip with 1mM of the calcium indicator Oregon
Green 488 BAPTA-1 (Molecular Probes, Eugene, OR, U.S.A.)
in 100mM potassium acetate and back filled with 3M
potassium acetate. The indicator was loaded by injecting
hyperpolarizing current (0.1nA) for 5-15min via an Axo-
clamp 2B amplifier (Axon Instruments, Union City, CA,
U.S.A.). For the whole-cell patch-clamp configuration, the
electrodes were filled with a standard intracellular recording
solution (see below) containing 200 uM Oregon Green BAP-
TA-1. In a few cases, a 1:1 mixture of 100 uM Oregon Green
BAPTA-1 and 100 uM Oregon Green BAPTA-2 was used. To
allow the indicator to diffuse from the cell body into the axon
and its collaterals, we waited 15-20min before imaging.
Action potentials were evoked by depolarizing pulses (0.1—
0.2nA, 10-50ms) delivered to the cell body via the bridge
circuitry of the recording amplifier. Electrophysiological data
were collected with a CED 1401 interface linked to an IBM
compatible 486 computer. Electrophysiological data were
analysed using the Strathclyde Electrophysiology Software
WinWCP program version 2.3.

Optical recording

After impalement or break in, cells were visualized by two-
photon imaging with a Nikon 60 x NA 1.0 water-immersion
objective and pulsed infrared laser light derived from a
Millennia V pump laser coupled to a Tsunami mode-locked
infrared laser (Spectra Physics). The excitation light had a
wavelength of 790nm and its intensity was regulated with
neutral density filters. This provided a fluorescence emission
sufficient to give a signal-to-noise ratio greater than 3:1
without significant bleaching of the indicator. For most
experiments, 5—10% of the available laser power was used.
The fluorescence emission was collected with an external
detector and was not descanned.

To identify the axon and locate either a branch point or an
axon varicosity, the plane of focus was continuously varied
during the laser scanning. The axon was identified among the
basal dendrites and was traced until a branch point or a
bouton was identified. A custom-made scan-rotator circuit
(Scientific Systems Design Inc., NJ, U.S.A.) was used to rotate
the scan within the plane of focus for optimal alignment with
the axon, axon collateral or varicosity.

Since two-dimensional scans are too slow for accurate
determination of the time course and amplitude of the calcium
transients, line scans were used. These consisted of successive
sweeps at 2ms intervals across a single line in the field of view.
Images were collected using Lasersharp Timecourse software
(Bio-Rad, U.K.) and analysed using ImageJ (NIH) and Origin
7.0 (Microcal software). At each phase of the experiments
(control, drug exposure, recovery), 3—6 line scans were
collected and subsequently averaged off-line. This procedure
significantly improved the signal-to-noise ratio and avoided
any bias due to unconscious selection of individual line scans.
After subtracting the background signal, the amplitude of the
calcium transients at the recording sites was expressed as the
fractional change in basal fluorescence (AF/F), which is
approximately proportional to the changes in intracellular
Ca’" (Maravall et al., 2000).

Statistical significance was assessed using paired #-tests. All
values are expressed as means+s.e.m.

Solutions

The composition of the acsf was (in mM): NaCl 120, KCl 3,
MgCl, 1, CaCl, 3, NaHPO, 1.2, NaHCO; 23, glucose 11 and
Trolox 1 (a free radical scavenger). It was equilibrated with
95% 0,/5% CO, before use and during the experiment. The
anaesthetics (pentobarbitone, 75-300uM and procaine,
500 uM) were dissolved directly into the bathing solution
immediately before use. The patch pipette solution was (in
mM): NaCl 5, KCI 10, K™ gluconate 125, Mg-ATP 4, Na™-
GTP 0.3, HEPES 10, Oregon Green BAPTA-1 0.2. The pH
was adjusted to 7.0 with KOH.

Results

Calcium transients in axons evoked by single action
potentials

Whole-cell and intracellular recordings were made from 67
neurons in the CAl region of the hippocampus. Axons were
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identified among the basal dendrites as smooth processes of
small diameter, which often branched to give rise to thin
collaterals (see Figure la—d). Dendrites were frequently
encountered in the same region and were readily distinguished
from the axons by their overall morphology and the presence
of spines (see Figure 1c—d). The diameter of the axons ranged
between 0.4 and 0.8 um. When an action potential was evoked
by a depolarizing pulse, the free calcium concentration [Ca**];
in the axon rose from baseline to peak within 2—4ms (see
Figure 2a). The amplitude of the rise in [Ca®*]; expressed as
the AF/F was 0.41+0.04 (n=30) with a range of 0.1-0.9. The
calcium transients in the axons declined to the resting level
with a time constant of 540+46ms (means+s.e.m., n=17;
range 370—840ms). Calcium transients in response to single
action potentials were recorded both from the main axon and
axon collaterals at distances between 45 and 230 um from the
cell body. Despite these differing recording parameters, the
amplitude of the calcium transients did not show any
significant correlation with the axon diameter or with the
distance between the recording site and the cell soma
(Figure 2b).

In some cases, the action potential-induced transient was
small enough to fall within the noise; in such cases, however,
calcium transients could be unmasked by eliciting short trains
of action potentials (see below). Depolarizations that were too
weak to evoke an action potential did not give rise to calcium
responses in the axons.

As the evoked calcium transients could be reversibly
suppressed by the removal of extracellular calcium (see
Figure 2a), and, as they occur only when an action potential
has been evoked, we conclude that these transients reflect a

Figure 1 Examples of hippocampal neurons visualized after label-
ling with the calcium indicator Oregon green BAPTA-1. All panels
show images derived from a series of optical sections. Panel a shows
both apical and basal dendrites and the course of the axon (arrows).
Panel b shows a view of basal dendrites from another neuron. The
area indicated by the box is enlarged and rotated in panel c. The
arrowhead in (b) indicates the top of the rotated image. Panel c is a
surface rendering of the structures indicated by the box in panel b.
The axon is clearly distinguishable from the basal dendrites by its
small diameter, lack of spines and branching pattern. Panel d shows
a surface rendering of an axon varicosity and a neighbouring
dendrite with clearly identifiable spines.
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Figure 2 Characteristics of calcium transients recorded from
hippocampal CAl neurons. Panel a shows that the transients are
reversibly suppressed by the removal of extracellular calcium. The
voltage and fluorescence calibrations apply to all three panels. The
removal of extracellular calcium suppressed the evoked calcium
transients, but had no effect on the action potential amplitude.
Removal of extracellular calcium increased the excitability of the
neuron. Panel b shows the amplitude of the transients recorded from
axons (open triangles) and boutons (filled circles) as a function of
distance from the soma.

calcium influx into the axons that is triggered by the passage of
an action potential. This interpretation is in accord with earlier
studies on similar preparations (Cox et al., 2000; Koester &
Sakmann, 2000; Emptage et al., 2001).

Calcium transients recorded from axon varicosities

Axonal varicosities were observed both on the main axons and
their collateral branches (Figure 1d). Similar structures have
been observed along the axons of neocortical neurons (Cox
et al., 2000; Koester & Sakmann, 2000). Detailed analysis of
electron micrographs (Kincaid et al., 1998; Shepherd & Harris,
1998) and biocytin-labelled cells (Koester & Sakmann, 2000)
have shown that virtually all these varicosities are synaptic
boutons of the en passage type. Furthermore, a previous study
of organotypic hippocampal cultures has shown that these
structures contain the presynaptic marker protein synapto-
physin (Emptage et al., 2001). Accordingly, we will refer to
these structures as synaptic boutons.

As for the parent axons, the free calcium concentration in
the boutons rose rapidly to reach its peak value within 4 ms.
The amplitude of the rise in calcium expressed as the AF/F was
0.654+0.06 (means+s.e.m., n=13) with a range of 0.3—1.12
(see Figure 2b). This change in fluorescence was significantly
greater than that seen in the axons or their branches (P<0.01).
In the majority of cases (10/14), the decay of the calcium signal
could be fitted with a single exponential with a time constant
of 459+75ms (see Figure 3a). In four cases, the decay was
better fitted by the sum of two exponentials with fast and slow
time constants of 43+9 and 8254223 ms, respectively (see
Figure 3b). The ratio of the amplitudes of the fast and slow
components (A4g/ A) was 0.76 +0.18.
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Figure 3 Time course of the calcium transients. Panel a shows an
example of a calcium transient fitted with a single exponential (solid
line) with a time constant of 367 ms. Panel b shows an example of a
calcium transient fitted with a double exponential (solid line). The
fast and slow time constants were 41 and 763 ms, respectively. The
action potentials responsible for evoking each calcium transient are
shown below each record. Calibration bars apply to both panels.

Pentobarbitone does not block action potential
propagation into the axonal arbour or synaptic bouton

As described earlier, when an action potential was evoked by a
depolarizing pulse, the free calcium concentration [Ca®*]; in
the axon rapidly rose from baseline to a peak. We have used
the appearance of these evoked transients to indicate whether
an action potential had invaded an axon, an axon collateral or
a synaptic bouton. We recorded evoked calcium transients
from 15 main axons and their collaterals distal to clearly
identified axon branch points. An example of a branch
point is shown in Figure lc. In each case, the evoked
action potential elicited a calcium transient both in the
main axon and in its collateral branch (n=77 trials in 15
different neurons). In seven of these preparations, we
examined the effects of pentobarbitone at 150 uM (n=15) and
300 uM (n=2) (see Figure 4). In no case did an action potential
fail to elicit a calcium transient in both the collateral and its
parent axon.

A further six experiments were carried out at 34°C to check
that this security of action potential propagation was not an
artefact due to the low temperature used. As for the
experiments at 30°C discussed above, the action potential
invasion of the axons and their collaterals was reliable (77
trials in six neurons). A further 23 trials were carried out in the
presence of pentobarbitone (150—300 uM) and in no case did
we observe a failure of the action potential to invade the main
axon or the axon collateral. We therefore conclude that action
potential invasion of the axonal arbour is reliable even in the
presence of concentrations (300 uM) of pentobarbitone that
profoundly depress excitatory synaptic transmission.

Similar experiments on synaptic boutons showed no failure
of action potential invasion during the application of
pentobarbitone (75-300uM; 69 trials in 14 boutons). This
reliable propagation occurred despite the modulatory effects of
pentobarbitone on the membrane potential of half the neurons
studied: at 150 uM, it reversibly hyperpolarized six (of 12)
neurons studied by an average of 4.3+ 1.5mV; there was no
change in the membrane potential of the remaining six. At
300 uM, the average hyperpolarization of three (of six) neurons
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Figure 4 Pentobarbitone does not prevent the propagation of
action potentials into collateral branches. Panel a shows a projected
image of an axon branch point. After the main axon branches, the
collateral branches again. Panel b shows the optical section used for
the calcium imaging (top) and the resulting line image (six individual
line scans were averaged). In this example, both the main axon and a
collateral were captured in the same optical section. Panel ¢ shows
the calcium transients recorded from the main axon and the
collateral before, during and after exposure to 300 uM pentobarbi-
tone. Arrows indicate the point of stimulation. While this
concentration had a substantial depressant effect on the amplitude
of the calcium transients, it did not prevent the action potential
invading the collateral. The baseline for each trace is indicated by
the dotted lines. The calibration bars apply to all three records.
Panel d shows examples of the action potentials used to elicit the
calcium transients shown in panel c. Note the expanded time base
compared to (c).

was 6.3+2.5mV. As before, this hyperpolarization was
reversible on washing out the drug. As expected, larger
depolarizing currents were required to elicit an action potential
in those cells that hyperpolarized during exposure to pento-
barbitone. These concentrations of pentobarbitone had no
significant effect on the amplitude of the evoked action
potentials measured from the resting membrane potential to
the tip of the overshoot (see Figures 4d and 6).

The local anaesthetic procaine (500uM) reduced the
amplitude of the action potential by 25+5% (n=06). It also
caused it to broaden: the rise time in the control period was
1.3240.07ms (n=11); in procaine it was 2.48+0.3ms
(n=10); after washing out procaine it recovered to
1.36+0.12 (n=9). Nevertheless, this agent did not compro-
mise action potential invasion of the axon (n =102 trials in 10
neurons) or its collaterals (n =35 trials in five neurons), nor
did it significantly affect the resting membrane potential.

Pentobarbitone depresses presynaptic calcium transients
and spontaneous epsps

The barbiturates and other general anaesthetics inhibit high-
threshold voltage-gated calcium channels in adrenal chromaf-
fin cells (Pocock & Richards, 1987; Charlesworth et al., 1994);
this effect occurs at concentrations of pentobarbitone likely to
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be found in the brain during general anaesthesia. Furthermore,
as the evoked synaptic potentials in the CNS show a steep
dependence on extracellular calcium (Richards & Sercombe,
1970; Dingledine & Somjen, 1981), it is possible that the
depressant effects of pentobarbitone on the calcium transients
of presynaptic nerve terminals might be greater than those on
model systems. To investigate this possibility, we have
determined the action of pentobarbitone and procaine on the
amplitude of evoked calcium transients recorded from axons
and their collaterals.

Pentobarbitone (150 uM) reduced the amplitude of the
transients recorded from the axons to 784+4% of control
(n=6). At 300uM, the amplitude was reduced further to
61+8% of the control (n=4). In contrast, the local
anaesthetic procaine (500 uM) had no depressant effect on
the transients (the amplitude of the transients in the presence
of procaine was 107+ 9% of the control; n=06).

As shown in Figure 5, pentobarbitone also reduced the
amplitude of the calcium transients recorded from the synaptic
boutons. This effect was concentration dependent and
reversible; at a concentration of 75 uM the amplitude of the
transients was 89 +3.5% (n=6) of the control, at 150 uM they
were 53+3.1% (n=7) of the control and at 300 uM (the
highest concentration tested) the transients were 41% (n=2)
of their control amplitude (see Figure 6). The greater effect of
150 uM pentobarbitone on the calcium transients recorded

Pentobarbitone Wash

(150 uM)

Control

L),

100 ms

Figure 5 Pentobarbitone inhibits the calcium transients recorded
from synaptic boutons. Panel a shows a single optical section of the
labelled structures. The arrow indicates the position of the
varicosity. (b) shows the calcium transients recorded from this
synaptic bouton before, during and after exposure to 150uM
pentobarbitone. The dashed line indicates the prestimulus baseline.
(c) shows the action potentials used to evoke the calcium transients
shown in (b). The calcium transients were reversibly depressed by
150 uM pentobarbitone. Although the overshoot of the action
potential was reduced during the wash, it was still sufficient to
elicit a calcium transient comparable in amplitude to that seen in the
control period. Note the expanded time base for the action potential
records.
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Figure 6 The concentration—response relationship for the effect of
pentobarbitone on the mean amplitude of spontaneous epsps in
hippocampal CA1 neurons (filled triangles) and the evoked calcium
transients recorded from synaptic boutons (open circles). The
numbers next to the data points are the number of individual
experiments at each concentration. The mean amplitude of the epsps
was determined by averaging 30—70 spontaneous synaptic events
before, during and after exposure to anaesthetic. Note that these
concentrations of pentobarbitone had no significant effect on the
amplitude of the evoked action potentials (filled circles, the dotted
line indicates 100% of control).

from the boutons compared to their effects on the axons was
statistically significant (P<0.001 by unpaired two-tailed
t-test).

The time for the transients to reach their peak was <4 ms
and this was not increased by either of the anaesthetics studied.
However, as the time resolution of our line scans is 2 ms, the
possibility that the anaesthetics might affect the time constant
of the rise of the transients cannot be totally excluded. Neither
of the anaesthetics studied had a consistent effect on the rate of
decay of the calcium transients, whether they were recorded
from the axon or the bouton.

Spontaneous epsps occurred in most cells with a mean
frequency of about 1-5 eventss~!. In some cells, much higher
frequencies were seen and the mean value was 5.1epspss™'
(range 0.93—13.4s7Y). Their amplitude varied between pre-
parations, but typically the mean control amplitude was 3—
4mV (see Figure 7), although individual epsps ranged from 1
to 12mV even in the same preparation. The epsps showed a
similar concentration-dependent reduction in amplitude to
that of the evoked calcium transients (see Figure 6). Their
frequency fell in a concentration-dependent manner. It was
714+10% of the control in 75 uM pentobarbitone, 42+17% in
150 uM and 18 +12% in 300 uM (n =4 for each concentration).
The large errors reflect the wide variations in the frequency of
epsps seen between individual cells. These effects of pento-
barbitone could be reversed on washing.

Anaesthetic effects on calcium transients evoked by short
trains of action potentials

To see whether anaesthetics could block action potential
propagation during repetitive activity, we examined the effects
of procaine and pentobarbitone on the calcium transients

British Journal of Pharmacology vol 140 (5)
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Figure 7 Examples of the spontaneous epsps recorded from hippocampal CAl neurons in organotypic cultures and their
modulation by pentobarbitone. (a) Examples of the epsps recorded from one neuron before, during and after exposure to 150 uM
pentobarbitone. (b) Amplitude histograms of the spontaneous epsps recorded from the same cell. Pentobarbitone reversibly

depressed the epsps.

evoked by short 16 Hz trains of 4—6 action potentials. In the
absence of anaesthetic, the calcium-induced fluorescence
increased progressively with each action potential (Figure 8).
In 10 (of 15) recordings, the calcium signal increased in a clear
stepwise manner for the first two or three action potentials in
the train. The increment of the calcium transients became
progressively smaller during the later stages of the train as the
calcium transient approached its maximum. This is to be
expected for a dye obeying the law of mass action. At the end
of the train, the rate of decline of the fluorescence signal could

be fitted with a single exponential having a mean time constant
of 4754+92 ms (n=6). Even when recording distal to identified
branch points, there was no failure of action potential invasion
during the trains (49 trials in eight different preparations).
The actions of pentobarbitone and procaine on the
amplitude of the transients recorded in response to the trains
were similar to that seen in response to single action potentials.
For 500 uM, procaine there was no significant reduction in the
amplitude of the transients nor did exposure to the drug result
in the failure of conduction through an axon branch point,

British Journal of Pharmacology vol 140 (5)
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Figure 8 Anaesthetics do not increase the likelithood of action
potential failure during brief high-frequency trains. Panel a shows
the calcium transients recorded from a 0.7 um diameter axon during
a 16Hz train of five action potentials before and during the
application of 150 uM pentobarbitone. The action potential train is
shown below the calcium transients on the same time base. Step
increments in fluorescence with the first three action potentials are
clearly visible. Panel b, the effect of procaine on calcium transients
recorded simultaneously from an axon of 0.6 um diameter and a
collateral (0.4 um diameter) during a 16 Hz train of four action
potentials shown in the electrophysiological records below the
calcium transients. The increments in fluorescence during the train
are largely masked by the noise, but the progressive growth in the
signal during the trains is evident in both the parent axon and the
collateral. Procaine had no significant depressant effect on the
calcium transients, but the action potential was depressed and
exhibited use-dependent inhibition (bottom row of records).

even though procaine both depressed, and exhibited use-
dependent inhibition of the action potential (see Figure 8b,
middle panel). For pentobarbitone (150 uM), the amplitudes of
the transients in response to trains of 4—6 action potentials and
to a single action potential were 74+7% (n=3) and 78+3%
(n=06) of the control, respectively. Nevertheless, there was no
failure of impulse propagation into the axonal arbour during
the trains (18 trials in three different preparations).

Discussion

The appearance of our calcium transients is very similar to that
previously described both in this preparation (Emptage et al.,
2001) and in slices of neocortex (Cox et al., 2000; Koester &
Sakmann, 2000). Following an action potential, the calcium
signal in the axons and collaterals abruptly rose from its
resting level to reach a peak within 4 ms. The calcium level
subsequently decayed exponentially to baseline with an
average time constant of approximately 540 ms. The amplitude
of the transients recorded from the boutons was significantly
greater than those recorded from the axons, but the time
course of the rise and fall were similar. The rise time was less
than 4ms and the decay of the fluorescence signal could
generally be fitted with a single exponential, although in a
number of instances, the fit was significantly improved using

two exponentials. The time constants averaged about 460 ms
for those transients that were adequately fitted by a single
exponential. For those that required two exponentials, the fast
time constant averaged 43ms and the slow time constants
averaged 825ms. These values are similar to those previously
reported by Koester & Sakmann (2000) for the calcium
transients recorded from the axons of neocortical neurons.
These authors used Oregon green BAPTA-1 and a number of
other calcium-sensing dyes and concluded that the decay of the
transients reflects the buffering characteristics of the dye rather
than the intrinsic rate of calcium clearance.

The first aim of this study was to see whether anaesthetic
agents increase the likelihood that an action potential will fail
to invade a collateral or a synaptic bouton. In agreement with
previous studies (Cox et al., 2000; Koester & Sakmann, 2000;
Emptage et al, 2001) we find that, in the absence of
anaesthetic, the action potential invasion of the axonal arbour
is reliable. This is true both for the invasion of fine axon
collaterals and for that of synaptic boutons. Blocking a
substantial fraction of the sodium channels with 500 uM
procaine broadened the action potential and reduced its
amplitude by about a quarter, but this did not prevent it from
invading the axonal arbour. This implies that even small
diameter axons have a large safety factor for action potential
propagation.

Pentobarbitone depresses excitatory synaptic transmission
in the CNS (Richards, 1972; Nicoll & Wojtowicz, 1980;
Richards & Strupinski, 1986) and, at higher concentrations,
blocks voltage-gated sodium channels (McGivern & Schol-
field, 1990). Although we found that pentobarbitone depressed
the amplitude of the calcium transients (see below), it did not
prevent action potential invasion of any part of the axonal
arbour. We therefore conclude that the pentobarbitone-
induced depression of excitatory synaptic transmission in the
CNS synapses is not caused by a failure of the afferent action
potential to invade every axon branch.

Our second aim was to determine whether pentobarbitone
and procaine modulated the amplitude of the calcium
transients. In agreement with an earlier study (Charlesworth
et al., 1992), we found that procaine had little effect on the
amplitude of the calcium transients, even though it was
employed at a concentration (500 uM) that reduced the action
potential by about 25%. This result implies that modest
reductions in action potential amplitude do not affect the
recruitment of voltage-gated calcium channels, provided that
the depolarization is sufficient to activate them fully.
Pentobarbitone also depressed the amplitude of the transients
recorded from both axons and synaptic boutons. The degree of
inhibition of the transients recorded from the axons is in line
with the known action of this agent on calcium channels
(Blaustein & Ector, 1975; Wertz & McDonald, 1985; Pocock &
Richards, 1987). The depressant effect on the boutons closely
paralleled the reduction in the amplitude of the spontaneous
epsps recorded from the same preparation (see Figure 4). This
reduction in epsp amplitude could arise from a reduction in the
mean quantal content of the epsps and is consistent with a
presynaptic action of pentobarbitone. Nevertheless, a con-
tribution from a reduced sensitivity of the postsynaptic
glutamate receptors cannot totally be excluded. The sensitivity
of the calcium transients and the epsps to pentobarbitone is
similar to that of evoked epsps in the olfactory cortex
(Richards, 1972; 1982; Richards & Strupinski, 1986) and
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occurs at concentrations within the range required for the
induction and maintenance of general anaesthesia (50—300 uM,
see Richards, 1972).

Although the effects of pentobarbitone on the amplitude of
the calcium transients recorded from axons are in line with
earlier studies on calcium channel currents and calcium influx
(see above), the greater anaesthetic sensitivity of the calcium
transients recorded from the boutons requires some additional
explanation. Three possibilities present themselves:

(1) The calcium channels in the synaptic boutons may be
uniquely sensitive to anaesthetics. This seems unlikely as
current evidence suggests that the calcium channels that
give rise to the calcium transients in the synaptic boutons
are predominantly of the P/Q and N subtypes (Koester &
Sakmann, 2000), which are not strongly inhibited by
anaesthetics (Charlesworth et al., 1994; Hall et al., 1994).
Pharmacological studies are also consistent with a
predominant role for P/Q and N subtypes in synaptic
transmission (Takahashi & Momiyama, 1993; Wheeler
et al., 1994).

(ii) A significant fraction of the calcium that gives rise to the
transients recorded in the nerve terminals is not derived
from calcium influx, but from internal stores (see
Emptage et al., 2001). As this process involves calcium-
induced calcium release, a positive feedback process, a
small reduction in calcium influx could cause a dispropor-
tionate decrease in the amplitude of the final transient.

(iii) Pentobarbitone acts via presynaptic adenosine receptors
to inhibit the evoked calcium transients of the boutons.
Consistent with this view, Cox et al. (2000) have shown
that adenosine attenuates the transients recorded from
axonal varicosities in slices of the cerebral cortex and
Tohdoh er al. (2000) have reported that the depressant
action of pentobarbitone on evoked epsps in the CAl
region of the hippocampus is attenuated by prior
treatment with antagonists of A, receptors. Furthermore,
Emptage et al. (1999) have shown that adenosine
depresses the probability of a postsynaptic response to a
presynaptic volley at single synaptic contacts.

Of these three possibilities, the second and third seem the
most plausible. The transient nature of the effect of the A,
antagonists on the evoked epsps argues against the involve-
ment of these receptors, so further experimental work will be
required to settle this issue unequivocally. As the depressant
action of pentobarbitone on hippocampal epsps is not affected
by bicuculline, a y-amino butyric acid (GABA), antagonist, it
appears that presynaptic GABA4 receptors are not implicated
(Tohdoh et al., 2000).

Some neurons were hyperpolarized by pentobarbitone (see
Results). This probably reflects both a direct activation of
GABA, receptors and a loss of excitatory tone following the
barbiturate-induced depression of the spontaneous activity
of the slices. Consistent with this, it has previously been
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