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Abstract
Extracellular electrical stimulation of the cortical grey matter is very often used in electrophysiological studies, but the parameters of
the stimulation itself have received only little attention. This study addresses the issue of the spread of stimulating current in rat visual
areas 17 and 18a maintained in vitro. The preparation of the slices relied on a protocol making use of several of the means known to limit
the effects of ischaemia: Halothane anaesthesia was used during the surgery and intracardiac perfusion was employed to reduce the brain
temperature, to increase the intracerebral concentration of glucose and magnesium and to decrease that of calcium. The spread of
stimulating current has been determined from strength-distance relationships established for the activation of axons. The strength-distance
curves could be fitted by a quadratic relationship, indicating that the threshold current for the activation of an axon increases as the square
of the distance separating it from the tip of the stimulating electrode. The slope of the regression line between threshold intensity and
squared distance Ž k coefficient. is highly variable from one axon to another Žrange 2100–27 500 mArmm2 , median 8850 mArmm2 ..
Part of this variability is related to differences in conduction velocity. The theoretical number of axonal branches and axon initial
segments activated by a given current intensity has been extrapolated from these experimental results.
Keywords: Intracortical microstimulation; Strength-distance relationship; Slice technique; Corticocortical connections; Conduction velocity

1. Introduction
Electrical stimulation is commonly used in the study of
brain physiology for a number of different purposes, such
as the study of synaptic potentials and their modifications
in the phenomenon of long term potentiation or long-term
depression, the identification of the neuronal targets of a
given structure, the mapping of motor cortical areas, or to
induce or modify a behaviour. Electrical stimulation may
also provide a tool in the prosthesis for the blind ŽBrindley,
1973; Dobelle and Mladejovsky, 1974; Bak et al., 1990..
In the different applications of electrical stimulation,
one parameter that must be known is the distance at which
a current of a given intensity activates neuronal elements.
This effective spread, in turn, determines the number of
such elements activated by the stimulation. Knowledge of
)
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the spread of stimulating current can be obtained by
establishing strength-distance relationships, which consists
of measuring the threshold for a given neuronal response
as a function of the depth of the stimulating electrode in
the structure in which the activated neuronal elements are
located. As far as neocortex is concerned, such relationships are known only for the motor cortex ŽStoney et al.,
1968; Asanuma et al., 1976., but not for any sensory
cortex of any mammalian species. The morphological
characteristics of neurones and axons differ in motor and
sensory cortex. As a consequence, the strength-distance
relationship derived for the motor cortex may not apply to
sensory cortex. Since a large number of studies are performed in sensory cortex, it appeared important to determine the spread of the effective stimulating current in this
structure. For that purpose, we determined strength-distance relationships for the axons of antidromically activated neurones in slices of rat visual cortex. The slice
preparation protocol that was used was aimed at reducing
the effects of ischaemia that cannot be avoided during this
kind of preparation.
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2. Materials and methods
2.1. Brain slice preparation
Male or female, Wistar or Sprague Dawley rats Ž150–
300 g. were anaesthetised with halothane Ž5% for induction, 2.5–3% during surgery.. The aorta was cannulated,
usually in less than 30 s, to perfuse the animal with a
modified artificial cerebro-spinal fluid ŽmACSF. from
which calcium has been removed, and which has been
enriched in glucose and magnesium Žflow rate 10 mlrmin..
Its composition was Žin mM.: NaCl, 91.7; NaHCO 3 , 24;
NaH 2 PO4 , 1.2; KCl, 3; MgCl 2 , 19; MgSO4 , 1; and D-glucose, 25. The rationale for using this solution of perfusion
is given in the first part of Section 4. The mACSF was
oxygenated for 1 h before the beginning of surgery with a
mixture of 95% O 2 and 5% CO 2 , and cooled to 3–48C.
During perfusion, the scalp was removed, the skull was
drilled and its upper part removed. During these operations, drops of cold mACSF were applied to accelerate the
cooling of the brain. After removal of the skull, the whole
brain was carefully removed and glued by its ventral side
to a block of agar, itself attached to a vertically oriented
support of plastic. 500 mm thick coronal slices were cut
with a vibratome ŽOxford.. The chamber of the vibratome
was filled with cooled mACSF that was continuously
oxygenated.
Once obtained, the slices were placed in a storage
chamber, containing 800 ml of an artificial cerebro-spinal
fluid ŽACSF. of the following composition Žin mM.: NaCl,
126; NaHCO 3 , 24; NaH 2 PO4 , 1.2; KCl, 3; CaCl 2 , 2.5;
MgSO4 , 1; and D-glucose, 10. This ACSF was continuously bubbled with a 95% O 2-5% CO 2 mixture ŽpH 7.4..
Slices were left in the storage chamber for at least 1 h at
room temperature.
For recording, a slice was placed in a submersion-type
chamber of 3 ml volume Žmodified after Llinas
´ and Sugimori, 1980.. It rested on a grid in order to be in contact
with the ACSF on both sides. The ACSF, similar to that
used for storage, was gravity fed at a flow rate of 6–8
mlrmin. The temperature was maintained at 33–348C.
2.2. Recording and stimulation
Micropipettes for intracellular recording were pulled on
a BB-CH puller ŽMecanex, Geneva. from 1.2 mm OD
capillaries with internal microfibre ŽClark Electromedical
Instruments. and filled with 3 M potassium acetate ŽDC
resistance: 80–120 M V .. Signals were amplified on an
amplifier ŽBiologic VF 180. followed by a Neurolog device containing amplifiers and filters. The Biologic amplifier contained an active bridge circuit as well as capacity
and resistance compensations.
Tungsten-in-glass microelectrodes ŽMerrill and
Ainsworth, 1972. with 15–25 mm exposed tips and plated
with platinum black Žimpedance- 0.5 M V at 1000 Hz.

were used for extracellular recordings of action potentials.
The Neurolog recording system was used for amplification
and filtering.
Tungsten-in-glass microelectrodes were also used for
electrical stimulation. The glass was removed over a length
of 15–25 mm. Electrical stimulation consisted of monopolar, cathodal pulses of 0.2 ms duration. Single pulses were
delivered at a frequency of 0.5 or 0.3 Hz through a
stimulation isolation unit ŽNeurolog.. Stimulation artefacts
were largely reduced by covering the stimulation electrode
with conductive paint, except for a few millimeters at the
tip, and connecting the paint to the ground ŽEide, 1971..
For the extracellular recordings, further reduction of the
stimulation artefacts was achieved by adjusting the signal
filtering.
2.3. Criteria for the identification of antidromic actiÕation
When intracellularly recorded, antidromic action potentials could be unambiguously identified by their constant
latency and by the absence of an underlying EPSP. Identification of antidromic action potentials was further facilitated by the presence of the initial segment ŽIS. spike that
sometimes occurred without a soma-dendritic ŽSD. spike.
In some cases, however, IS spikes were not visible, a
feature of neurones with high safety factor for transmission
of impulses from the initial segment to the somato-dendritic region ŽCalvin and Sypert, 1976; Lipski, 1981..
The criteria for identifying antidromic action potentials
in extracellular recordings were: Ža. No variation of latency with current having an intensity equal to 1.5 times
the threshold current intensity, the threshold intensity corresponding to the intensity leading to the occurrence of an
antidromic action potential in about half the trials. Žb. Less
than 10% decrease in latency when current intensity was
raised from threshold to twice the threshold. Žc. A refractory period of less than 3 ms. Žd. The ability to sustain a
high-frequency Ž100 Hz or more. stimulation during 200
ms. In a number of well-isolated extracellular recordings,
it was also possible to distinguish an inflection in the
rising part of the action potential, corresponding to the
presence of an IS spike followed by the SD spike ŽFig.
1Ad.. The validity of these criteria for the identification of
antidromic action potentials was confirmed in 5 cases in
which recordings were performed in a medium where
Ca2q was replaced by 2 mM Mn2q.
The conduction velocity was determined by dividing the
distance between stimulating and recording electrode, determined from the cursor of the micromanipulators, by the
latency of antidromic activation Žmeasured between the
stimulus onset and the foot of the action potential..
3. Results
Strength-distance curves were established for 4 intracellularly and 16 extracellularly recorded neurones. All
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were recorded in the supragranular layers of areas 17 or
18a. The 4 neurones that were intracellularly recorded
displayed a resting membrane potential between y76 and
y80 mV, an input resistance Ždetermined by current injection of y0.1 nA. between 18 and 40 M V, and a time
constant Ždetermined from current injection of y0.1 nA.
between 4.9 and 8 ms. They presented overshooting action
potentials, the amplitude of which was between 101 and
122 mV when measured from the resting membrane potential or between 70 and 98 mV when measured from the
spike threshold. These neurones displayed properties typical of regular spiking neurones ŽConnors et al., 1982;
McCormick et al., 1985..
The electrical stimulation was always applied in the
grey matter. It was used to induce antidromic action
potentials in the recorded cells. Strength-distance relationships were determined for 5 neurones involved in the
corticocortical connections between area 17 and 18a wa
detailed in vitro study of corticocortical connections, including the localisation of the parts of areas 17 and 18a
that were in register, will be reported elsewhere ŽNowak et
al., 1996.x. For these cells, the stimulation was applied in
the supragranular layers of one of the two cortical areas
while recording was obtained in the other cortical area. For
the remaining 15 cells, stimulation and recording were
performed in the same area Ž‘intrinsic connections’.. For
13 of these cells, the stimulation was applied in the
infragranular layers to activate the descending axon. In the
remaining 2 cases, the stimulation was applied in the
supragranular layers to activate horizontal projection axons.
The separation between stimulating and recording electrodes for the corticocortical cases was between 2.06 and
2.53 mm, and the antidromic spike latencies between 3.66
and 8.6 ms. For the intrinsic connections, the separation
between stimulating and recording electrodes was between
0.72 and 1.44 mm Žmean " S.E.M. 1.01 " 0.09 mm. and
the antidromic latency between 1.88 and 5.36 ms Ž2.64 "
0.25 ms..
Raw recordings of extracellularly recorded antidromic
action potentials are presented in Fig. 1A. These four
examples correspond to intrinsic connections. Both successes and failures for antidromic activation obtained with
a threshold current intensity are shown superimposed.
When the antidromic spike is present, it shows no latency
jitter. It can also be seen that, despite the small separation
between stimulating and recording electrodes, the stimulation artefact and the action potentials are well separated.
The set up for the experiments used for determining the
stimulating current spread is depicted in Fig. 1B. The
penetration of the electrode was perpendicular to the slice
surface, such that the stimulating electrode remained in the
same cortical layer. The stimulating electrode was advanced through the slice in steps of 10 mm. For each of its
positions Žmeasured by the depth r ., the threshold Ž I . for
inducing an antidromic action potential was determined.
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The strength-distance curve is the curve relating the threshold intensity I to the depth r of the tip of the stimulating
electrode.
An example is shown in Fig. 2. Fig. 2A shows the
response of a neurone recorded in the supragranular layers
of area 18a to an intracellular depolarising current pulse.
Fig. 2B shows the response of the same neurone to an

Fig. 1. ŽA. Raw traces of extracellularly recorded action potentials. The
four cases correspond to intrinsic connections, with stimulation applied in
the infragranular layer and recordings obtained in the supragranular layer.
At least 4 sweeps are shown superimposed. The stimulating intensities
correspond to the threshold intensity. Therefore, both successes and
failures for antidromic invasion are visible. The action potential of panel
Ad corresponds to a case of ‘quasi-intracellular’ recording. The filters
were opened. In these conditions the action potential is positive. The
initial segment spike can be distinguished from the somato-dendritic
spike by the notch on the rising phase of the action potential. ŽB.
Schematic representation of the set-up used for the determination of
stimulating current spread. The section of an axon is represented within a
slice Žthe drawing is not to scale.. The stimulating electrode was lowered
within the slice along the depth axis r. The threshold for axonal activation, revealed by the presence of an antidromic action potential at the
level of the recorded parent neurone, was determined every 10 mm.
Further details in text.
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electrical stimulation applied in the supragranular layers of
area 17. Two sweeps are superimposed. One shows the full
antidromic action potential. The other, corresponding to a
current intensity slightly lower, shows the initial segment
spike in isolation. The slight change in current intensity
resulted, in that case, in a slight change of the latency. This
case corresponds to the longest corticocortical latency Ž8.6
ms..
Fig. 2C presents the relationship between the threshold
current and the depth of the stimulating electrode tip below
the surface of the slice. It shows that, as the stimulating
electrode is lowered in the slice, the threshold current
required to induce the antidromic action potential decreases from 96 mA at 0.28 mm to a minimum of 15 mA
at a depth of 0.35 mm. Then the threshold rises again, up
to 89 mA at 0.45 mm.
The shape of the curve shown in Fig. 2C is clearly not
linear. This curve has been transformed by normalising the
depth with respect to the depth of the minimum threshold
and by squaring the normalised depth.
The rationale for this transformation is the following
Žsee also Stoney et al., 1968; Marcus et al., 1979.: The
activation of an axon by an extracellular stimulation of
intensity I results from the extracellular difference in
potential induced at a given distance Ž r X in Fig. 1B. from

the tip of the stimulating electrode Že. g., Ranck, 1981..
The voltage field is a function of the inverse of the
distance r X and is expressed as V Ž r X . s IR 0r4p r X , R 0
being the specific resistivity of the extracellular medium
Žin V distance units.. The corresponding voltage gradient
is the relevant parameter for electrical stimulation ŽRanck,
1981.. The voltage gradient is dVrd r X s yIR 0r4 p r X 2 .
When the stimulating electrode is lowered, the stimulating
current I must be modified to be kept at threshold, in such
a way that dVrd r X remains constant. This constant, A, is
equal to yIR 0r4 p r X 2 . It follows that
I s yA P 4p r X 2rR 0 or I s kr X 2
Thus, the threshold current should be proportional to
the square of the distance. k is a coefficient of proportionality Žin mArmm2 . that characterises the spread of the
stimulating current. It relates the threshold current intensity
to the distance.
The analysis above assumes that the threshold current is
0 for r X s 0. However, the threshold is likely to be different from 0 when the electrode is touching the activated
neuronal element. A more proper model is given by I s
kr X 2 q I0 , with I0 the threshold current when r X s 0.
The distance r X between the stimulating electrode and
the axon can be decomposed, such that r X 2 s rm2 q r 2 ,

Fig. 2. Example of the determination of the current spread. This cell was intracellularly recorded in the supragranular layer of area 18a. The electrical
stimulation was applied in the supragranular layer of area 17. ŽA. Response of the cell to an intracellular current injection. ŽB.
activation of the
cell after extracellular electrical stimulation in area 17. Two sweeps are shown. One shows the initial segment spike in isolation. The other shows the initial
segment and the full soma-dendritic spike. ŽC. Representation of the threshold current for eliciting an antidromic action potential as a function of the depth
of the stimulating electrode tip below the surface of the slice. ŽD. Representation of the threshold current as a function of the squared depth. The depth has
been normalised with respect to the lowest threshold depth and squared Ž0 mm2 corresponds to 0.35 mm in panel C.. Two regression lines are shown. One
corresponds to the series of thresholds obtained when the stimulating electrode tip was above the depth where the lowest threshold was observed Ž k above ,
0.28–0.35 mm in panel C., the other to the series of thresholds determined when the electrode tip was below the depth where the lowest threshold was
observed Ž k below , 0.35–0.45 mm on panel C.. The relationships between threshold current intensity Ž I . and the squared depth Ž r 2 . are well fitted by a
linear regression. The equations of the regression lines are: I s 12 094 r 2 q 12.45 for k above Ž r 2 s 0.980. and I s 11 440r 2 q 12.42 for k below
Ž r 2 s 0.989.. The slopes correspond to the k coefficient, which characterises the stimulating current spread.
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where r is the distance along the electrode track and rm is
the distance between the axis of the electrode track and the
axon ŽFig. 1B.. The threshold current then becomes:
I s kr 2 q krm2 q I0
rm remains constant for a given electrode track. The
minimum threshold is obtained when r s 0 and corresponds to krm2 q I0 s Im . The relationship between threshold current and distance can therefore be expressed as
I s kr 2 q Im
Fig. 2D shows the relationship between the threshold
current and the square of the depth. Two series of dots are
shown. The first corresponds to the threshold current measured while the electrode was approaching the depth of the
lowest threshold Žbetween 0.28 and 0.35 mm in Fig. 2C..
The second corresponds to the threshold current when the
electrode was deeper than the minimum threshold depth.
The relationship between the square of the normalised
depth and the threshold current can be fitted by a line. The
slope of this line is k. In this example, k had a value of
12 094 mArmm2 when the electrode was approaching the
lowest threshold point Ž k above ., and 11 440 mArmm2 when
it was moving away from it Ž k below .. The minimum threshold Ž Im . was 12.4 mA.
Another example is illustrated in Fig. 3. The cell was
intracellularly recorded in the supragranular layer of area
17 and the electrical stimulation was applied in the infra-
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granular layer of the same area. Fig. 3A shows the response of that cell to an intracellularly injected current
pulse. The effect of the extracellular electrical stimulation
is shown in Fig. 3B. Two sweeps are shown superimposed.
Both were obtained with a threshold current intensity. In
one sweep, the stimulation induced an antidromic action
potential that rises abruptly from the resting potential with
a latency of 2 ms. The initial segment spike is not visible,
as already described for the antidromic activation of some
neurones ŽCalvin and Sypert, 1976; Lipski, 1981.. In the
second sweep, the stimulation failed to induce the action
potential. It is possible, then, to see an EPSP, the latency
of which is longer by 0.9 ms than the latency of the action
potential.
The relationship between the depth of the stimulating
electrode and the threshold current is plotted in Fig. 3C.
Contrary to the example of Fig. 2, this curve presents 2,
possibly 3 minima. This is what could be expected if the
stimulating electrode were passing near 3 different branches
emanating from the same parent axon ŽPeterson et al.,
1975; Shinoda et al., 1976..
Fig. 3D shows the relationship between the squared
depth and the threshold current. The depths have been
normalised, such that 0 mm2 corresponds to 0.15 mm in
Fig. 3C. Only one series of dots is shown, which corresponds to the right part of the curve in Fig. 3C Ždepths
between 0.15 and 0.22 mm.. There were not enough points
between the different minima and maxima of the remain-

Fig. 3. Another example of the relationship between the distance separating an axon from the stimulating electrode tip and the threshold current to elicit an
antidromic action potential. The cell was intracellularly recorded in the supragranular layer of area 17 while the stimulating electrode was located in the
infragranular layer of the same area. The response of the cell to an intracellular current injection is presented in A. The antidromic activation of that cell
after extracellular electrical stimulation appears in B. Two traces obtained with a threshold current intensity are shown. The action potential is smaller than
in A due to deterioration of the recording. However, this deterioration did not prevent the establishment of the strength-distance relationship. ŽC. Threshold
current intensity for antidromic activation presented as a function of the depth of the stimulating electrode tip below the slice surface. ŽD. Representation of
the relationship between threshold current intensity and squared depth. The depth, before being squared, has been normalised with respect to the last
minimum encountered Ž0.15 mm in panel C.. The relationship is presented only for the last series of dots Žbetween 0.15 and 0.22 mm. of panel C. The
relationship appears linear Ž I s 9719r 2 q 39.9, r 2 s 0.998..
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ing part of the curve of Fig. 3C for an accurate fitting. Fig.
3D shows that the relationship between the threshold
current and the normalised squared distance is linear. The
k coefficient in that case was 9719 mArmm2 and the
minimum current 39.9 mA.
Summary data about current spread are given in Table 1
and in the histogram of Fig. 4A. For each cell, one Žlike in
Fig. 3. or 2 Žas in Fig. 2. values of k could be obtained.
The histogram is split to show k values when the electrode
was approaching the lowest threshold Ž k above . and when
the electrode was moving away from it Ž k below .. The
median value of k above was 6277 mArmm2 Ž n s 16. and
the median value of k below was 7952 mArmm2 Ž n s 20..
When both measures could be extracted from the same
penetration, it was found that the former values were on
average lower than the latter ŽTable 1.. This difference
proved to be significant ŽWillcoxon paired test, p s 0.01,
n s 15. and indicates that there is an asymmetry in the
strength-distance curves.
As already mentioned, the electrical stimulation was
applied either in the same cortical area, or in a cortical area
different from the one where the neurone was recorded.
The k values obtained for the stimulating depths above the
minimum threshold were not significantly different between corticocortical Ž n s 5. and intrinsic Ž n s 11. connections ŽMann-Whitney U-test, p s 0.61.. It was also not
different for the stimulating depths below the minimum
threshold Ž n s 5 and 15, respectively; p s 0.83..
Electrical stimulation was applied either in the supragranular layers or in the infragranular layers. In that case
too, there was no significant difference between the k
values obtained for the 2 stimulation sites Ž p s 0.79 for
k above , p s 0.50 for k below ; Mann Whitney U-test..
Fig. 4B is a scattergram of the k coefficients computed
from the two sides of the quadratic curve, those corresponding to the electrode tip above Ž k above . vs those
corresponding to the electrode tip below Ž k below . the depth
of minimum threshold. There is a significant correlation
between k above and k below Ž r s 0.805, p s 0.0002 in a
t-test on slope coefficient., indicating that the k coefficients obtained above and below the minimum threshold
depth are related. However, the slope of the relation is not
equal to 1; this confirms the presence of an asymmetry in
the strength-distance curves.
The values of the k coefficient appear to be widely
scattered ŽFig. 4A.. To determine whether this is related to
some properties of the axons that were stimulated, the
relationship between the k coefficient and the axonal
conduction velocity of the stimulated axons has been
determined and is presented in Fig. 4C. The conduction
velocity for corticocortical connections ranged between
0.29 and 0.60 mrs Ž n s 4.. The conduction velocity for
axons of the intrinsic connections ranged between 0.26 and
0.47 mrs Žmean " S.E.M. 0.37 " 0.07 mrs, n s 12.. Similarly to that established by Davies and Kubin Ž1988., the
relationship is presented for the logarithmic values of both

Fig. 4. Summary data on k coefficient. ŽA. Distribution of k coefficient
values. Values of k determined when the different positions of the
stimulating electrode tip were above the depth where the lowest threshold
was obtained are shown in hatched bars Ž k above .. Those corresponding to
positions of the tip of the stimulating electrode below the depth of the
lowest threshold are shown in black Ž k below .. ŽB. Scattergram of the
values of k below as a function of the values of k above . The relationship is
significant Ž k below s1.376.k above q267; r 2 s 0.648; ps 0.0002.. ŽC. relationship between k coefficient and conduction velocity of the activated
axons. The sample size is smaller than in A because electrode separation
has not been measured in 4 cases. Since the distributions of k above and
k below are significantly different, the relationship has been established for
both and is significant in both cases. Best fit equations are: logŽ k . s
y1.265PlogŽ Õ .q3.263 Ž r 2 s 0.569. for k above and logŽ k . sy1.511P
logŽ Õ .q3.296 Ž r 2 s 0.526. for k below .

velocity and k coefficient. Since the k above and k below
coefficients are different, a regression line is shown for
each. Fig. 4C shows that there is a significant correlation
between these two parameters, for both the values of k above
Ž r s y0.754, p s 0.007. and of k below Ž r s y0.725, p s
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Table 1
Values of k coefficient ŽmArmm2 . after stimulation of the cortical grey
matter
Num- Mean S.D. S.E.M. Mini- Maxi- Median
ber
mum mum
k above and k below,all
k above,all
k below,all
k above,corticocortical
k below,corticocortical
k above,intrinsic
k below,intrinsic

36
16
20
5
5
11
15

9 073
7 556
10 289
8 911
12 283
6 935
9 625

5 276
3 745
6 058
5 959
9 948
2 345
4 431

879
936
1 354
2 664
4 449
707
1 144

2 121
2 121
3 359
2 121
3 359
3 230
3 560

27 478 8 550
17 065 6 277
27 478 7 952
17 065 8 747
27 478 11 440
10 909 6 224
19 473 9 705

S.D. standard deviation; S.E.M., standard error to the mean.

0.007.. This indicates that the neurones having the fastest
conduction velocity are also those displaying the lowest k
values. In other words, for a given intensity of stimulating
current, the fast conducting axons are activated farther
away from the tip of the stimulating electrode than axons
displaying a slow conduction velocity.

4. Discussion
4.1. Technical comments about the slice preparation
The main requirement of the method we used for the
preparation of brain slices was to prevent, as much as
possible, the effects of ischaemia and to allow a precise
and gentle dissection of the brain that is necessarily time
consuming. This requires some comments, first on the
effects of ischaemia and second on how it is possible to
delay these effects.
Numerous studies have shown how ischaemia can lead
to neuronal death Žfor review, see Hansen, 1985;
Hochachka, 1986; Rothman and Olney, 1986, Rothman
and Olney, 1987; Choi, 1988, Choi, 1990; Meyer, 1989;
Siesjo¨ and Bengtsson, 1989; Siesjo¨ et al., 1989; McDonald
and Johnston, 1990; Schmidt-Kastner and Freund, 1991;
Hammond et al., 1994; Martin et al., 1994; Szatkowski and
Attwell, 1994.. The sequence of events leading to ischaemic cell death starts with the depletion of the energyrich compounds. It leads, after a short delay, to a compromised regulation of ionic concentrations. One consequence
of this is the reversion of the transport system of excitatory
amino acids, the concentration of which dramatically increases during oxygen andror glucose suppression. The
involvement of the excitatory amino acids and of the
glutamate receptors, particularly of the NMDA receptor, in
the pathophysiology of ischaemia is now well documented.
The activation of glutamate receptors leads to a massive
entry of sodium inside the cells, which is accompanied by
that of chloride and water. This produces a neuronal
swelling that can, by itself, lead to neuronal death although
it can also be reversed. However, neuronal death appears
to be mainly the consequence, during and after ischaemia,
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of calcium entry through NMDA receptors. The resulting
excessive intracellular calcium concentration triggers diverse and uncontrolled enzymatic processes leading, among
others, to the over-production of free radicals.
The deleterious consequences of ischaemia can be delayed by different ways. The first one is the use of
anaesthetics like the halothane we used ŽFreund et al.,
1990.. A second one consists of increasing the concentration of magnesium and reducing that of calcium ŽKaas and
Lipton, 1982; Rothman, 1983; Vacanti and Ames, 1984;
Tsuda et al., 1991.. High magnesium concentrations are
also protective against excitotoxic effects of NMDA in
vivo ŽWolf et al., 1990.. High magnesium concentration
should be effective by antagonising voltage-sensitive calcium channels and by reducing ion influx through the
NMDA receptor ŽNowak et al., 1984; McNamara and
Dingledine, 1990.. Reduction of the extracellular calcium
concentration should also reduce synaptic transmission
ŽRichards and Sercombe, 1970; Dingledine and Somjen,
1981. and reduce its intracellular concentration. The third
way is the use of hypothermia, which proves to protect
efficiently against ischaemia as reported in a number of
studies ŽBering, 1974; Siebke et al., 1975; Young et al.,
1983; Vacanti and Ames, 1984; Busto et al., 1987.. Hypothermia is protective first by reducing the metabolic
activity ŽKlatzo et al., 1968; Bering, 1974; Hagerdal
et al.,
¨
1975a,b., such that the duration during which energy-rich
compounds remains available increases ŽMichenfelder and
Theye, 1970; Carlson et al., 1976; Berntman et al., 1981.,
and second by decreasing neuronal activity and synaptic
transmission ŽBenita and Conde,
et al.,
´ 1972; Gahwiler
¨
1972; Fujii, 1977; Girard and Bullier, 1989.. Hypothermia
has also been shown to reduce the amount of glutamate
released during ischaemia ŽBusto et al., 1989.. The fourth
way to counteract the effects of ischaemia, at least in vitro,
consists of increasing the glucose concentration ŽSchurr et
al., 1987..
There are two periods of ischaemia in our protocol. The
first one corresponds to the delay between the opening of
the heart and the beginning of the perfusion through the
aorta. It lasts less than 30 s and should be of no consequence. Once perfusion has begun, oxygen and glucose are
delivered to the brain. This allows, in contrast to what
occurs in other protocols, a gentle and precise dissection of
the skull and dura matter. The second period of ischaemia
lasts from 5 min to up to 30 min. It corresponds to the
period during which slices are cut once the brain has been
removed from the skull. However, the brain should be
protected against this second period of ischaemia since the
perfusion has cooled it, loaded it with glucose and magnesium, and reduced the calcium concentration. Using this
protocol, we obtained in more than 90% of the experiments slices that displayed satisfying neuronal activity, as
can be determined by extra- and intracellular recordings.
Slices that were obtained up to 1 h after the beginning of
surgery gave extra- and intracellular recordings having the
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same quality as those recorded on slices obtained more
rapidly. This indicates that our protocol effectively protected neurones against long-lasting ischaemia.
4.2. Spread of stimulating current
Whether a neuronal element is activated by a given
intensity of stimulating current depends on the distance
between that element and the stimulating electrode. One
way to estimate at what distance a current is effectively
activating neuronal elements is to establish strength-distance relationships. The relationships we obtained for rat
cortical axons show that the threshold current intensity can
be related to the square of the distance separating the
stimulating electrode from the element activated Ž I s kr 2
q Im .. That the threshold current varies as a function of
the square of the distance has been observed by others
ŽStoney et al., 1968; Armstrong et al., 1973; Marcus et al.,
1979, Hentall et al., 1984.. Using the relation I 2 s kr 2 q
Im , as suggested by Bean Ž1974., gave less satisfactory
results.
In a number of cases, like in Fig. 2, the fitting of the
strength-distance curve with a quadratic relationship does
not appear perfectly linear. This could be improved by
using a power function higher than 2. However, there is no
theoretical background to justify a fitting with a power 4
or a power 6 function, whereas a power 2 function is the
logical counterpart of the voltage gradient equation that
account for the current spread. Nevertheless, the strengthdistance relationship is not only determined by the voltage
gradient, but also by the membrane properties of the axon,
especially its length constant. An equation that takes the
axonal properties into account can be found in Hentall
Ž1987.. It shows that the threshold current intensity can be
linearly proportional to the distance for small separations
between the electrode and the axon, while it can be
proportional to r 3 for large separations. Therefore, the
quadratic relationship would be valid only for intermediate
distances. However, the fitting with the quadratic equation
we used gave high correlation coefficients: The average
was 0.990 " 0.002 ŽS.E.M.. for k above Žrange: 0.966–0.997.
and 0.995 " 0.001 for k below Žrange: 0.976–0.999.. In our
sample, 80% of both correlation coefficients were larger
than 0.985. Hence, although a simplification, the quadratic
equation gave a good approximation of the strength-distance relationship.
The strength-distance curves usually displayed an asymmetry, such that the value of k was on average 1.36 time
larger when the electrode was below the depth of lowest
threshold Žmedians 7952 mArmm2 . compared with its
value when it was above it Žmedians 6277 mArmm2 .; in
other words, for a given distance, an axon could be
activated with less current when the stimulating electrode
tip was above it than when it was below. The slices were
bathed on both sides by ACSF, and, when one cell was
tested, the electrode track was made within the same

cortical layer. This does not explain the presence of an
excitability gradient parallel to the electrode since the
stimulation was applied in a homogeneous medium. One
possible explanation for this asymmetry is that the stimulating electrode itself introduced a low resistance pathway,
presumably through a film of ACSF between the electrode
and the neuronal tissue. In that situation, part of the current
would have been shunted and would not have spread
homogeneously, such that more current would have been
needed to activate the axon. Another explanation for the
asymmetry in excitability gradient could be the physical
presence of the electrode: As the tip passed the axon, the
electrode shaft increased in diameter and distorted the
tissue, moving the axon further away from the stimulating
tip. The presence of the electrode shaft may also lead to
different fields above and below the electrode tip. If these
different explanations account for the asymmetry, it is
worth mentioning that it is likely to occur in vivo as well
as in vitro.
To our knowledge, strength-distance curves have not
been established for rat neocortex, and the strength-distance relationship for mammalian visual cortex remained
unknown. Strength-distance relationships in cortex have
been established for pyramidal tract cells of the cat motor
cortex. The k coefficient values obtained for these cells are
lower than those we report here: the mean value obtained
by Stoney et al. Ž1968. was 1292 mArmm2 for the direct
activation of neurones Žmost likely at the level of their
initial segment; Nowak and Bullier, 1996.. Strength-distance curves have also been published for the axon collaterals of pyramidal tract cells in Asanuma et al. Ž1976. but
the values of k were not determined.
Values of k coefficient have been determined for a
number of subcortical structures: Axons of spinal cord
interneurones were found to have k coefficient as small as
80 mArmm2 ŽJankowska and Roberts, 1972.. Armstrong
et al. Ž1973. found k values for cerebellar climbing fibres
between 190 and 1080 mArmm2 . Antidromic activation
of pyramidal tract neurones in the spinal cord grey matter
gave k values ranging from 300 to 600 mArmm2 ŽMarcus
et al., 1979.. Hentall et al. Ž1984. obtained a mean value of
859 mArmm2 for medullo-spinal neurones. Yeomans et
al. Ž1986. reported values of 400–3000 mArmm2 for the
stimulation of axons producing circling behaviour, while
axons of the medial forebrain bundle displayed k values
between 1000 and 6400 mArmm2 . Davies and Kubin
Ž1988. found k coefficient between 100 and 18 750
mArmm2 for axons of nodose ganglion cells. All these
results show a large variation of k values between different structures as well as within a single structure. This
points to the fact that estimates of current spread established for a given structure must not be applied blindly to
another, and suggests that k coefficients depend on the
characteristics of the activated axons.
One of these characteristics may be the conduction
velocity. The conduction velocity we obtained was 0.39
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mrs on average for the whole sample ŽFig. 4C.. This
corresponds to long latency for spike propagation along
intrinsic and corticocortical axons, which are similar to
those obtained in other studies of visual cortex ŽSwadlow
and Weyand, 1981; Komatsu et al., 1988; Lohmann and
Rorig,
1994.. According to the relationship established
¨
between axonal diameter and conduction velocity ŽRushton, 1951; Waxman and Bennett, 1972., it is probable that
the axons we have stimulated were of small diameter, with
a number of them being unmyelinated.
We found a significant correlation between conduction
velocity and k coefficients, such that fast conducting
axons have a lower k coefficient. This indicates that a
given intensity of stimulation current will activate fast
conducting axons but not slowly conducting axons located
at the same distance from the stimulating electrode. A
correlation between the conduction velocity and k coefficient has been observed in other studies ŽStoney et al.,
1968; Hentall et al., 1984; Davies and Kubin, 1988; see
also Jankowska and Roberts, 1972.. The best fit equation
we obtained to account for this correlation ŽFig. 4. is
similar to, although slightly different from, that of Davies
and Kubin Ž1988. Žtheir Fig. 4.. In a modelisation study,
Rattay Ž1987. found that the relationship between the k
coefficient and conduction velocity is directly related to
the axonal diameter. Hence, the fact that larger k coefficient values were observed for rat visual cortex axons
compared to those of cat motor cortex neurones ŽStoney et
al., 1968. can be related to the much faster conduction
velocity of the latter Žfrom 5 to 75 mrs: Phillips, 1956,
Koike et al., 1968; Takahashi, 1965, Calvin and Sypert,
1976; Deschenes
et al., 1979. compared to that of the
ˆ
former.
4.3. Theoretical current spread
The k coefficients obtained experimentally were used to
calculate the theoretical current spread, which is illustrated
in Fig. 5. For this calculation, it is assumed that rm s 0, in
other words that the electrode is touching the axon when
the lowest threshold is obtained. This lowest threshold,
corresponding to I0 , was assumed to be 1 mA. This value
corresponds to the lowest threshold we obtained in different experiments making use of a minimal stimulation
strength paradigm Žapprox. 80 neurones tested in this study
and others to be reported elsewhere.. The k values that
have been used for Fig. 5 correspond to the minimum
Ž k s 2100., to the median Ž k s 8550. and to the maximum
Ž k s 27 500. values obtained experimentally. Fig. 5 shows
that a current of 10 mA would activate axons located up to
65 mm from the stimulating electrode. 50% of the axons
located at a distance of 32 mm from the stimulating
electrode would be activated by this current. All the axons
should be activated if they are at a distance of 0–18 mm
from the stimulating electrode. Similarly, a current of 100
mA should activate all the axons contained within a sphere
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Fig. 5. Theoretical current spread for different values of k. The lines
correspond to the equation: radiuss wŽ I y Im .r k x1r 2 . Im was set to 1
mA. The calculations are illustrated for 3 different values of k: The
minimum Ž2100 mArmm2 ., the median Ž8850 mArmm2 . and the
maximum Ž27 500 mArmm2 .. This figure can be used to estimate the
distance at which a given current intensity will activate axons. The
minimum radius corresponds to the lowest line Ž k s 27 500.. The light
grey area indicates the range of distance at which a decreasing number of
axons would be activated. The distance at with one-half of the axons
would be activated corresponds to the line for k s8850. Note that these
estimations are specific to rat visual cortex.

of 60 mm radius, and 50% of the axons located at 108 mm
from the stimulating electrode. These estimations do not
take the anodal surround effect into account ŽRanck, 1975..
4.4. Number of neuronal elements actiÕated
Knowing the k coefficient, it is possible to estimate the
number of axons and initial segments that are activated by
a given current intensity 2 . What must be known is the
number of initial segments Ži.e. the number of cell bodies.
and the number of axons that are contained within the
volume in which the electrical stimulation is effective. The
number Ž N . of elements contained within a sphere of
radius r is:
n s d P Ž 4r3 . P p P r 3
where d is the density Žmmy3 .. I y Im s kr 2 can be
transformed into r s wŽ I y Im .rk x1r2 . We then obtain:
n s d P Ž 4pr3 . P Ž I y Im . rk

3r2

.

The density of cell bodies and axons in rodent visual
cortex appears to be of the order of 10 5 Žmouse: Schuz
¨ and
Palm, 1989; rat: Peters, 1987; Beaulieu, 1993. Note that
there is some variability between estimates reported in
different studies.. The density of axons has not been
determined for rat visual cortex Žto our knowledge., but

2

When juxta-somal extracellular electrical stimulation is used, the
axon initial segment, rather than the cell body, is likely to be the neuronal
element activated ŽPorter, 1963; Gustafsson and Jankowska, 1976; Swadlow, 1992; Nowak and Bullier, 1996..
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mA, the number of initial segments activated would range
between 90 and 4280 with a median value of 495. The
number of axonal branches ŽFig. 6B. activated by a stimulation of 10 mA would range between 100 Ž k s 27 500.
and 4800 Ž k s 2100. with a median of 560. Finally, a
current intensity of 100 mA would activate between 3700
and 176 000 axonal branches with a median of 20 320.
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