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An external electric field applied parallel to longitudinal axis 
of neurons selectively depolarizes either end and thereby 
activates voltage-sensitive conductance changes in a large 
population of neurons. Here, we characterized such popu- 
lation responses in the in vitro turtle cerebellum. The re- 
sponses were recorded and analyzed using a multimodal 
approach: the magnetic evoked field was measured using 
a Superconducting Quantum Interference Device (SQUID) 
magnetometer, and concurrently the electric field potentials 
were recorded. Laminar profile and current-source density 
analysis were used to uncover the pattern of activation due 
to the applied electric field. Intracellular recording provided 
further information for identifying the elements producing 
the observed responses. Finally, pharmacological manipu- 
lations confirmed the nature of the conductance changes. 

Our results show that it is possible to activate a defined 
cell population of the cerebellum by an applied field and 
obtain a magnetic response of the order of 0.5-2 pT. A field 
applied from the dorsal to the ventral side of cerebellum 
produced tetrodotoxin-sensitive population spikes. This 
component was followed by a kynurenic acid (KYNA)-sen- 
sitive postsynaptic response, most likely comprised of Ca*+- 
mediated action potentials occurring at the proximal pole of 
the Purkinje cell dendrites and evoked by climbing fiber in- 
puts. The applied electric field directed from the ventral to 
the dorsal side of cerebellum gave rise to a complex of 
responses that was made up of a KYNA-sensitive compo- 
nent (presumably synaptically activated) and an f&V+-sen- 
sitive but KYNA-insensitive component (probably due to a 
directly activated calcium conductance change). 

This study provides insights into the effects of electric and 
magnetic fields applied to the nervous tissue of experimental 
animal and human studies. 

Electrophysiology has become increasingly focused on the single 
cell, but the ultimate goal of this discipline remains the under- 
standing of neuronal circuits. In this study, for the first time, 
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we combined applied electric field stimulation with several pow- 
erful methods for the analysis of neuronal population responses, 
and intracellular recording, to look at neuronal ensembles. We 
chose the isolated turtle cerebellum for our investigation because 
this preparation offers unparalleled opportunities to explore an 
intact 3-D neuronal circuit. Our approach was twofold. First, 
we activated selected neuronal elements with controlled electric 
fields that induced precise neuronal polarization. We combined 
this mode of activation with conventional electrical afferent 
stimulation. Second, we correlated evoked response modalities 
by measuring laminar field potentials, current-source densities 
(CSDs), magnetic evoked fields (MEFs), and transmembrane 
potentials (TMPs). These measurements were supplemented by 
appropriate pharmacological dissection of the neuronal circuits. 
Our results reveal the wealth of information inherent in pop- 
ulation responses evoked by applied fields and provide a basis 
for future detailed analysis. 

An electric field applied parallel to the longitudinal axis of a 
neuron can be used to depolarize or hyperpolarize either pole 
of the neuron selectively and thereby activate voltage-sensitive 
conductance changes remote to the recording microelectrode 
(Chan et al., 1988). The extracellular unit recording (Chan and 
Nicholson, 1986) and intracellular potential studies (Chan et 
al., 1988) of neuronal responses produced by an applied electric 
field revealed the usefulness of this technique in selectively ac- 
tivating various types of voltage-sensitive channels such as low- 
threshold Na+ and Na+-plateau currents and Ca2+ currents that 
are segregated in different regions of the Purkinje cell. 

A large population of neurons may be activated by the electric 
field when it is applied to a cortical tissue in which many neu- 
ronal processes are uniformly oriented in the direction of the 
applied field. The synchronized currents associated with such a 
population response should produce an extracellular field po- 
tential (EP) as well as an MEF measurable outside the tissue. 
Such population responses have not been well characterized. 
We compared these two modalities of evoked response to the 
underlying neuronal activities that were revealed through lam- 
inar potential and CSD analysis and intracellular recording of 
the TMP of individual Purkinje cells. 

The present study used the isolated cerebellum of the turtle, 
because the geometry of its cellular organization is optimal for 
the analysis of population responses produced by an applied 
field. The entire cerebellum is intact in this preparation; thus, 
its integral circuitry is preserved. The structure of the cerebellum 
is relatively simple, because the elongated elements are aligned 
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along a system of orthogonal axes within a flat ellipsoidal tissue: 
the dendrites of the Purkinje cells, the ascending axons ofgranule 
cells, and the terminal portion of climbing fibers have their 
longitudinal axes oriented perpendicularly to the surface, that 
is, along the dorsoventral (d-v) axis; the parallel fibers are located 
along the mediolateral axis in the molecular layer; and the ros- 
trocaudal axis may contain the horizontal portion of the climb- 
ing fibers and mossy fibers in the granular layer. The two ex- 
citatory synaptic connections to the Purkinje cells are well sep- 
arated morphologically: the climbing fiber synapses are in the 
proximal third of Purkinje cell dendrites, whereas the parallel 
fiber synapses are in the distal two-thirds (Kiinzle, 1985; Houns- 
gaard and Midtgaard, 1989). The inhibitory stellate cells are 
distributed in the molecular layer. The dendrites of those in the 
mid-molecular layer have a so-called “closed field” configura- 
tion (Lorente de N6, 1947), but elsewhere they have a bitufted 
configuration or a ventrodorsal (v-d) orientation (Chan and 
Nicholson, 1986). The cerebellum can be thus oriented so that 
the dorsoventral axis is parallel to the applied electric field to 
stimulate its major core conductors. 

Two different types of applied field were used in this study. 
In one case, a brief pulse electric field was applied either from 
the dorsal to the ventral surface or in the opposite direction. 
This stimulus was chosen in order to compare the responses 
with those obtained by local stimulation of the peduncle. Fur- 
thermore, the cancellation of the artifact is easier for short stim- 
uli, which are already over when the responses occur. In the 
other case, an amplitude-modulated, sinusoidal (4-6 Hz), spa- 
tially uniform electric field was applied along the dorsoventral 
axis. The choice of the sine wave was prompted by the fact that 
the short square wave caused fast transients that were difficult 
to interpret in terms of the effective direction of polarization of 
the core conductors. Furthermore, the low-frequency sinusoidal 
field prevents artifacts due to capacitative properties of the 

Figure I. Experimental setup for 
monitoring EP and MEF responses to 
applied electric field. A, The cerebellum 
was held vertically in a Plexiglas cham- 
ber ( 14 x 14 cm). Two stimulating elec- 
trodes were placed at opposite ends of 
the chamber facing the dorsal and ven- 
tral cerebellar surfaces. B, The chamber 
was compartmentalized by vertical di- 
viders and connected by cylindrical 
channels to intensify and focus the cur- 
rent. The SQUID was placed along the 
rostrocaudal axis (i.e., x-axis) to mea- 
sure the magnetic field (Bz) at the max- 
ima. C, Closeup view of the position of 
the cerebellum, showing its orientation 
with respect to the channels and the two 
bent-glass microelectrodes used to rec- 
ord electric field potential. D, Sche- 
matic representation of the orientation 
of cerebellar neuronal elements. Note 
that the Purkinje cell dendrites, climb- 
ing fibers, and ascending axons of gran- 
ule cells are aligned along the y-axis, 
while the parallel fibers lie along the 
z-axis. PC, Purkinje cells; cf; climbing 
fibers; pf parallel fibers; gc, granular 
cells; mJ; mossy fibers; SC, stellate cells; 
Got, Golgi cells. 

membranes and provides a high degree of synchronization of 
the population responses. 

We have recorded the MEF in order to see to what extent the 
different types of membrane conductance change may produce 
magnetic fields. Studies performed on isolated axons (Wikswo 
et al., 198 1) have correlated the MEF with the TMP during the 
action-current propagation. We have previously used an intact 
brain structure, namely, the isolated cerebellum of turtle, to 
determine the relationship between the MEF and intracellular 
currents produced by a peduncular stimulation (Okada and 
Nicholson, 1988; Okada et al., 1989). 

Some preliminary results have been previously published 
(Okada et al., 1988b; Lopez et al., 1989). 

Materials and Methods 
Preparation. The turtle, Pseudemys scripta elegans, was decapitated. 
The cerebellum, which is a shell-like ellipsoidal structure, was dissected 
from the rest of the brain, and the arachnoid was removed. In the 
magnetic field recording facility (see below), the cerebellum was placed 
on edges, supported by a net, in a Plexiglas chamber (Fig. l), and per- 
fused with Ringer’s solution (in mM: NaCl, 100; KCl, 5; NaHCO,, 40; 
CaCl,, 2; MgCl,, 2; and glucose, 20; equilibrated with 95% 0, and 5% 
CO,). For intracellular recordings (Fig. 2), the cerebellum was held 
horizontally in a different chamber as described previously (Chan and 
Nicholson, 1986). 

Stimulation. Two Ag/AgC1(4 x 1 cm) plates were placed at the two 
sides of the magnetic evoked field recording chamber. The current was 
focused through Plexiglas tubing (3-mm diameter) so that it passed 
through the cerebellum along the ventrodorsal axis. The transmembrane 
potential recording chamber also had a similar pair of Ag/AgCl plate 
electrodes placed above and below the horizontal cerebellum (Fig. 2). 

Two stimuli were used: square wave (300-500~psec duration; 2-4 
times the Na+-component threshold amplitude; 0.5-Hz frequency) and 
sinusoid (2-6 Hz; 2-4 times threshold amplitude). 

Recording of the magnetic evoked jeld. The magnetic evoked field 
was recorded according to a coordinate system with origin at the center 
of the cerebellum, at 20 mm on the z-axis, 13 and - 13 mm on the 
x-axis, and 0 mm on the y-axis (Fig. 1; Okada and Nicholson, 1988). 
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Figure 2. Experimental setup for 
monitorina EP and TMP resnonses to 
applied electric field (side view). A, The 
cerebellum was placed horizontally be- 
tween two nylon meshes stretched over 
a hole in the central partition of the 
recording chamber. Physiological sa- 
line and electrical currents were allowed 
to pass through the hole. B, Positions 
of the two pairs of recording microe- 
lectrodes used to record EP and TMP 
are shown in relation to the neuronal 
elements (not drawn to scale). Separate 
sets of different amplifiers were used to 
subtract out the sinusoidal artifact. As 
in Figure 1, electric fields were applied 
along the d-v axis (i.e., y-axis). Abbre- 
viations are as in Figure 1. 
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The detector consisted of an asymmetric second-order gradiometer cou- 
pled to a DC Superconducting Quantum Interference Device (SQUID, 
BTI Inc., San Diego, CA). The pickup coil had a diameter of 10 mm; 
the two upper coils had a diameter of 20 mm and were placed at 40 
mm distance. The output of the detector was amplified and filtered with 
DC, 1 -kHz bandwidth. The signals were averaged over 100-200 epochs. 
The stimulus artifact was cancelled by placing a buck-out coil several 
centimeters away from the detecting coil and connecting it in series with 
the stimulator. The buck-out coil, when properly oriented in space, 
would be sufficient to cancel the artifact. This procedure was very im- 
portant in the case of the applied sinusoidal field, where the stimulus 
artifact lasted through the duration of the expected response. 

The experimental chamber was placed in a cylindrical magnetic 
shielding made of hypermalloy (Okada and Nicholson, 1988; Okada et 
al., 1988a). 

Recording of the extracellular electric potentials and CSD. The extra- 
cellular recordings were made with a glass micropipette (3-5-pm tip 
diameter), filled with NaCl or Na-acetate (OS-1 M), referred to the 
potential at the ground electrode (Ag/AgCl plate) in a comer of the 
acrylic chamber. The electrode position could be adjusted with a mi- 
cromanipulator, which in the case of simultaneous magnetic recordings, 
had been modified using nonmagnetic brass components. The signal 
was amplified (200 x) and filtered (DC, 1 kHz). 

In order to cancel the sinusoidal artifact, two microelectrodes were 
used: the first one (signal channel) was in the tissue at a chosen depth, 
which could be varied during the experiment, for example, when re- 
cording a laminar profile; the other (artifact channel) was always placed 
in the bath, next to the cerebellar surface, in the center of the current 
pathway. The two outputs were then fed to a differential amplifier, with 
an adjustable gain for the artifact channel so that the cancellation could 
be balanced to get the least sinusoidal artifact. 

When needed, a fast Fourier transform was applied off line, to filter 
the fundamental and harmonics of the stimulus artifact, for both ex- 
tracellular and magnetic field recordings. 

The CSDs were calculated from the second spatial derivative of a 
polynomial function that was fit locally to the laminar profile of the EP. 
An extracellular conductivity of 0.2 S/m was assumed in these calcu- 
lations. 

Recording of the intracellular potentials. The intracellular potentials 
were recorded-through a conventional glass micropipette electrode with 
submicron tin filled with KfCHCOO) (3 M: resistance. 60-90 MQ) and 
connected to-a bridge ampliher provided with a current-injection circuit 
(Axo-Clamp 2A). The penetration and sealing of the Purkinje cell mem- 
brane were achieved by conventional intracellular recording technique. 

Stable resting potentials were typically more negative than -50 mV. 
The signal was monitored on a digital oscilloscope (Nicolet 206) and 
recorded on magnetic tape together with the extracellular potential with 
a DC, 3-kHz bandwidth. 

For the transmembrane recordings, a second microelectrode was used 
at the same depth but 100 Nrn from the intracellular one. Transmem- 
brane potential was monitored as the difference of extracellular and 
intracellular potentials. The relative depths of the two electrode tips 
were finely adjusted before penetration of neurons so that the trans- 
membrane potential read 0 when a test sinusoidal field was applied 
(Chan et al., 1988). 

Results 
We use the same labels in the figures wherever a specific wave- 
form component is consistently shown, so that the reader can 
compare particular components across the different paradigms. 
The identification of the components was primarily based on 
the effects of pharmacological agents. 

Pulsed field 
Basic features 
A brief applied electric field lasting 50-300 psec elicited an EP 
that was very similar to the MEF and intracellularly recorded 
potential changes (TMP). As shown in Figure 3, the EP response 
to a short pulse presented a fast component (Fig. 3, component 
a) with a latency of 1.0-l 5 msec, a duration of about 1.5 msec, 
and an amplitude of l-3 mV, and a second component (Fig. 3, 
component b) with a latency of 3.5 msec and an amplitude of 
as much as 2-4 mV, depending on depth of the recording elec- 
trode. The threshold for the second component ranged from 5 
to 10 times the field strength necessary to elicit the first com- 
ponent. These responses were specific to the stimulus polarity: 
when the field was directed from dorsal to ventral surface, the 
threshold for both components was lower than for the opposite 
direction, while the threshold ratio between components a and 
b was always constant (l/5 to l/10). We recorded a third com- 
ponent, component c (more visible in the v-d stimulation in 
Fig. 3). The threshold for component c was generally just above 
the one for component b. 

The latency and wave form of MEF (Fig. 3, row 2) matched 
closely with those of the simultaneously recorded EP (row 1). 
The first two components, a and b, of the EP were evident in 
the MEF, with their amplitudes being smaller in response to the 
v-d-applied electric field. The direction of magnetic field of these 
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Figure 3. Responses to pulsed electric field recorded in three modalities: EP, MEF, and TMP. The fast response component (a) and the slower 
component (b) showed similar latencies (l-l.5 msec and 3.5 msec, respectively) in all three modalities and when the field was applied in both 
directions. Also note the greater efficacy of the d-v field in eliciting both components. The amplitude of component b in the TMP response had a 
step function (i.e., “all-or-none”) relation with applied field intensity. EP was recorded in the Purkinje cell layers; MEF was recorded at 13, 0, and 
20 mm from the center of the cerebellum; TMP in this experiment was recorded at 450 pm from the dorsal surface (somatic region). 

components implied that its underlying generator of current was 
directed from the ventral to dorsal side of the cerebellum. The 
equivalent current dipole was located in the center of the cer- 
ebellum, as indicated by the location of the two magnetic field 
extrema along the rostrocaudal axis (+ 13 and - 13 mm from 
the center of the cerebellum). The latencies of these components 
were very similar to those shown in the EP measurements, 
suggesting that a considerable cell population was involved in 
the synchronous generation of these currents, giving rise to both 
EP and MEF. 

The EP was also similar to the TMP recorded simultaneously 
with the EP from the Purkinje cell (Fig. 3, rows 3, 4). The EPs 
in these records were somewhat noisy because they were not 
averaged and were recorded with a bandwidth of 3 kHz. The 
TMP, recorded near the soma, showed an initial spike with an 
onset latency of 1.2 msec and a peak latency at 1.6 msec, which 
matched component a of the EP. This component resembled 
the typical sodium spike both in mammalian and turtle Purkinje 
cells (Llinh and Sugimori, 1980b, Chan et al., 1988) that was 
likely to be due to antidromic activation, its latency being l- 
1.4 msec, which was shorter than the typical latency of 3 msec 

for monosynaptic response in the turtle cerebellum (Hounsgaard 
and Midtgaard, 1989). This component is again labeled “a.” It 
is likely that the sum of a number of Purkinje cells directly 
activated by the field gives rise to component a recorded extra- 
cellularly. When recorded in more distal positions of the den- 
dritic tree (Figs. 3-5), component a was either very small or 
absent supporting its origin in the somatic region. 

Both TMP and EP showed the second component (component 
b) at 3 msec, peaking at 4.5-5 msec, and presenting a fast rising 
phase and a slow falling phase that lasted for about 16 msec. 

Pharmacological efects 
Pharmacologically, component a was shown to be due to an 
antidromic activation of the neurons, whereas the later compo- 
nents were shown to be postsynaptic. Thus, component a was 
sensitive to tetrodotoxin (TTX). The application of kynurenic 
acid (KYNA; 7 mM) selectively abolished all components, ex- 
cept component a, of EP and MEF that were measured simul- 
taneously (Fig. 4, rows 1, 2). KYNA is known to block synaptic 
transmission mediated by excitatory amino acids (EAA; Coch- 
ran, 1983) including those in the turtle cerebellum (Chesler and 
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Figure 4. Effects of KYNA and TTX on responses to pulsed electric fields. Traces in rows 1 and 2 and in rows 3 and 4 were recorded simultaneously, 
showing components a, b, and c. Component a appeared small in the TMP record due to the middendritic location of the microelectrode impalement 
(240 pm from the dorsal surface). Addition of 7 mM KYNA (middle column) completely abolished components b and c. Further addition of 1 pc~ 
TTX (right column) abolished component a. EP was recorded in the Pnrkinje cell layer, and MEF was recorded at 13,0, and 20 mm. 

Chan, 1988; Larson-Prior et al., 1990). TTX (1 PM) added into 
the bath containing KYNA abolished the remaining component 
(i.e., component a) of both EP and MEF (n = 21). 

The concentration of KYNA (7 mM), effective in eliminating 
all components except component a in Figure 4, row 3, was 
effective in virtually abolishing the corresponding components 
of the TMP that was measured simultaneously with the EP (rows 
3, 4). 

Depth profiles of TMP 
Transmembrane recording of Purkinje cells at various depths 
showed two kinds of response that could be evoked by a brief 
pulse of applied electric field in the time window of component 
b: a graded response rising at 6.5-7 msec latency, suggesting a 
disynaptic event, that was completely overcome by an all-or- 
none monosynaptic (3.5 msec) response once a threshold was 
reached (Fig. 5, recording at 400 pm). These slow components 
most likely correspond to the population response labeled “b” 
in the extracellular recordings (EP and MEF). Figure 5 shows 
that this relatively slow response was present in all our record- 
ings taken at different depths in the molecular layer, even though 
its features were modified in the superficial molecular layer, in 
that the peak was delayed, while the total duration remained 
the same (around 16 msec) as described previously (Chan et al., 
1989). 

Laminar EP profile and CSD profile 
The EP due to a pulsed field was similar to the EP produced by 
a peduncular stimulation in terms of their laminar potential 
profile (Fig. 6A) and CSD profile (Fig. 6B) across the depth of 

cerebellum. A stimulus artifact segment was removed in these 
records (0.8 msec for the laminar potentials, 0.6 msec for the 
CSDs). The responses to the applied field showed component a 
peaking at 1.2 msec latency, which could be seen more clearly 
in the CSD profile (Fig. 6B). These profiles revealed two com- 
ponents, components b0 and b,, that were not clearly seen in 
the records of Figures 3 and 4. Component b, reversed its po- 
larity about 30-50 pm more dorsal to component a, and com- 
ponent b, reversed its polarity 50 pm more dorsal to component 
b,. Component c was not clearly present in these records, but 
results from other cerebella (e.g., Fig. 9, leftmost column) showed 
that its polarity reversal occurred at about the same depth as 
component b,. 

The responses produced by these two types of stimulation 
differed, however, in the latency of the major components. In 
response to the applied pulse field, the latencies of components 
a and b, were 1.2 and 4.4 msec, respectively, with a latency 
difference of 3.2 msec between these two components. The la- 
tencies of the respective components in response to the pedun- 
cular stimulation, on the other hand, were 2.4 and 5.4 msec, 
with a latency difference of 3.0 msec. These latencies are con- 
sistent with the notion that the applied field directly activated 
component a without synaptic or conduction delay, whereas the 
peduncular stimulation activated component a with a conduc- 
tion delay. The similar interval between the two components 
in the two cases suggested a monosynaptic transmission delay 
in both cases. 

Just as for EP, the wave form of the MEF produced by the 
brief applied electric field resembled the one obtained for pe- 
duncle stimulation (Okada et al., 1989). 



Sinusoidal field 
Basic features and pharmacological eflects 
The EP in response to the spatially uniform, sinusoidally am- 
plitude-modulated applied field (4-6 Hz) presented a complex 
of responses with clear-cut relationship to the phase (Fig. 7). In 
all of the records shown in this and later figures, the stimulus 
was applied at the beginning of the record and lasted for 2-3 
cycles, after which the stimulus ceased. Thus, the responses to 
the first cycle of the stimulus are similar but not exactly the 
same as those produced by the later cycles. 

In normal Ringer’s solution, the d-v field elicited a response 
complex consisting of a component, labeled “a,” which had 
more than one spike, typically three to five, with a frequency 
that was around 160 Hz, followed by two components, labeled 
“b” and “c.” The v-d field elicited a diphasic response that in 
the granular and Purkinje cell layers was typically positive- 
negative. ‘We label this response “d.” At a low applied field 
amplitude, only component a was evident, but presumably with- 
out a sufficient population synchrony to produce spikelets in the 
responses (Fig. 7, top record). As the field amplitude was raised, 
spikes emerged in component a, then components b and c 
emerged, followed by component d. 

Most of components b and c and some portion of component 
d were eliminated by the EAA antagonist KYNA (7 mM; Fig. 
7). Because components b and c elicited by the d-v field were 
sensitive to KYNA, they may be the correlates of the postsyn- 
aptic responses b and c to the pulsed field (see Fig. 3). The bath 
application of KYNA brought out component a more clearly. 
This result also demonstrated that component d was in part due 
to a potential, positive in the granular layer, that was insensitive 
to the blocker of EAA synaptic transmission. 

The addition of Mn*+ (10 mM) to the bath containing KYNA 
largely removed the KYNA-insensitive portion of component 
d (Fig. 7). Mn*+ did not eliminate component a, however, though 
it apparently raised the threshold for activation of this com- 
ponent, as evidenced by the absence of spike wave forms at a 
stimulus strength of two times threshold, that were present in 
the Ringer’s solution without Mn2+ and also by a noticeable 
delay in onset latency of this component. This spike wave form 
was eliminated by TTX (1 PM). However, some distortion re- 
mained in the response wave form after bath application of 
TTX, probably due to surviving K conductances. 

The latency of all the components in Figure 7 decreased with 
an increase in amplitude of the applied electric field. This de- 
crease may indicate that these components were activated when 
the applied field reached some threshold amplitude that was 
specific to each component. 

Laminar profile ofjkld potential and CSD 
The laminar profiles of the EP and CSD reveal the locations of 
the current sink and current source of the population responses 
activated by the applied electric field. It should be noted in 
examining these records that the recording glass micropipette 
was inserted into the cerebellum with an oblique angle of about 
30” with respect to the cerebellar surface. Thus, the estimated 
depth indicated here may not be strictly accurate. For this rea- 
son, the laminar potential profile and CSD profile were obtained 
along the same track, and they were compared with the CSD 
for the response to the pulse field obtained at same depths. 

The laminar potential profile in normal Ringer’s solution (Fig. 
8) showed that the first spike in component a was negative in 
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Figure 5. Depth profile of pulsed electric field-evoked TMP responses 
in the Purkinje cell dendrite. The records shown were obtained from 
four separate Purkinje cells impaled at different depths. The numbers 
preceding each trace indicate real depth in microns from the dorsal 
surface (the top three traces were recorded in the molecular layer; the 
bottom truce, in the Purkinje cell layer). The brief break in the trace 
preceding each response marks the stimulus artifact. Note that com- 
ponent a was most prominent in the deepest location. Component b 
had a greater latency at distal locations. The responses of 400 pm dem- 
onstrate an all-or-none short-latency b component and a set of graded, 
presumed disynaptic responses (with latency of 7 msec), which may 
correspond to the component b,. 

the ventral, granular region of the cerebellum. The direction of 
this spike reversed at a nominal depth between 700 and 800 
pm from the ventral surface. The intracellular current for this 
component was thus directed from the ventral to the dorsal side 
of the cerebellum, in agreement with the direction of the un- 
derlying current for component a inferred from the MEF data. 
The second component was negative in the granular layer with 
its maximum amplitude at a nominal depth of about 700 km 
and positive in the molecular layer. Component c, positive in 
the granular layer, was clearly present in these records. This 
component seemed to be a mixture of several types of currents 
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Figure 6. Laminar EP and CSD profile of responses to pulsed electric field and peduncular stimulation. A, laminar EP profile. The re! sponses on 
the left column were evoked by pulsed electric fields; those on the right were evoked by peduncular stimulation using bipolar electrodes. The 
numbers on the left (which apply to both A and B) denote nominal depths of recording in microns from the ventral surface uncorrected for an 
approximately 30” angle of approach of the microelectrodes (see Fig. 1). Note that the latencies of component a evoked by the two methods were 
different, yet the intervals between a and b were unchanged. B, The current source and sink locations for components a and b showed a correlated 
pattern of reversal to A. Component b, however, showed two subcomponents, b, and b, having a more dorsal source location than b,. A conductivity 
of 0.2 S/m was assumed in these computations. The vertical marker roughly indicates the cell layers: ml, molecular layer; Pd. Purkinje cell layer; 
gl, granular layer. 

because its wave form changed with depth. Its polarity reversed 
at around 1100 km. The response to the v-d field was biphasic, 
being positive-negative in the granular layer. Its polarity did 
not show clear reversal with depth, and its maximum amplitude 
was at 600-800 pm. 

The laminar profile of the EP in KYNA-added saline showed 
very little response except for the TTX-sensitive component 
that reversed polarity at about 700 pm, comparable to the re- 
versal point for the same component in normal Ringer’s solu- 
tion. The KYNA-insensitive component produced in response 
to the v-d field, evident in Figure 7, was not present in these 

records, probably because of insufficient strength of the applied 
field. 

The CSD analysis reveals the distribution of current sink and 
source locations for all the components (Fig. 9). The current 
sink for component a was located in the region between 400 
and 600 pm from the ventral surface. Its source was located 
in the region above 800 pm with the polarity reversal occurring 
at a depth of 700 pm. Component b showed its current sink at 
a depth of 600-700 wrn, with the polarity reversal occurring 
between 800 and 1100 pm, and its current source, in the region 
between 1200 and 1600 pm. The slowly varying portion of 
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component c had its maximum current source around 600-700 
pm, its polarity reversal between 900 and 1100 pm, and its 
current sink between 1200 and 1600 pm. The spike wave forms 
in component c showed two reversals, one at a depth of 700 
pm and another at 1100 pm. In both cases, the current sink was 
above (more dorsal to) the current source. The current sink- 
source pair for component d that was abolished by KYNA was 
located in the granular layer (depth, 400-600 Mm). 

The distribution of current sink-source pair and reversal po- 
sitions for the sinusoidal response were similar to those for the 
pulse response shown on the left column of Figure 9, which were 
obtained at the same depths as those for the laminar potential 
profile in normal Ringer’s solution. The underlying cellular or- 
igin of these current sink-source pairs will be considered in the 
Discussion. 

Intracellular potential versus extracellularj2ld potential 
The TMP (Fig. 10) showed a strong modulation by the sinu- 
soidal field. In response to the d-v field, Na+-plateau with Na+ 
spikes could be elicited as previously reported (Chan et al., 
1988). With a further increase in stimulus strength, a conduc- 
tance change occurred, resembling a Ca2+ plateau with Ca*+ 
spikelets. This response was abolished by KYNA, thus, we con- 

Figure 7. EP responses to applied si- 
nusoidal electric fields: strength-re- 
sponse relation and pharmacologic 
properties. The sinusoid field shown on 
the top provides phase references for all 
response components shown. d-v, d-v- 
directed field, v-d, v-d-directed field. 
The traces in each of the four sets of 
records here illustrate progressive 
changes in each component when field 
intensity was increased by multiples of 
threshold field strength (indicated by 
numbers at the right). Components u- 
c were comparable to the response com- 
ponents evoked by pulsed electric fields, 
but component dwas exclusively evoked 
by sinusoidal field in the v-d direction. 
The labels b’ b” as well as d’ and d” 
indicate the different wave form of the 
same components during two different 
cycles of sinusoidal field. Note the ear- 
lier appearance of various components 
at higher field amplitudes. The effects 
of sequential addition of 7 PM KYNA, 
10 mM Mn*+, and 1 PM TTX to the 
same cerebellum are shown in the lower 
three sets of records. Note the increase 
in threshold of component a in the Mn*+ 
added Ringer’s solution. 

eluded that it corresponded to component b due to the post- 
synaptic response to climbing fiber activation. We found that 
the v-d field did not elicit any active response in the somatic 
recordings, while in more distal locations, a response could be 
elicited with a relatively high threshold. In Figure 10, two ex- 
amples are shown in which this contrast is evident. The response 
to this v-d field in the dendritic location is also abolished by 
KYNA, thus indicating that a synaptically mediated event is 
involved. Increasing the amplitude of stimulation, we could still 
record activity presumably due to dendritic voltage-dependent 
Ca*+ conductance (Llinas and Nicholson, 197 1; Llinas and Sugi- 
mori, 1980a; Chan et al., 1989), which was KYNA resistant. 

MEF versus EP 
The MEFs due to the sinusoidal stimulus are shown in Figure 
11 together with the EPs. In normal Ringer’s solution, the EP 
showed all four components, a-d, though component b was not 
well distinguished from component a. The directions of the MEF 
components were consistent with the MEF evoked by the pulsed 
field. The first component of MEF, which most probably cor- 
responded to a mixture of components a and b of the EP, was 
directed in such a way that its underlying current was ventral 
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Figure 8. Laminar profiles of EP responses to sinusoidal applied fields. 123, Normal Ringer’s solution. Detailed configuration of response 
components is shown in the expanded trace in the inset at bottom right. Right, Ringer’s solution with 7 mM KYNA. Only component a persisted 
at the field strength used in this experiment. ml, molecular layer: PcI, Purkinje cell layer; gl, granular layer. Sinusoidal field at top is as described 
in Figure 7. 

to dorsal, just as for the corresponding components of the pulse- 
evoked MEF. The second component of MEF, corresponding 
in latency with component c of the EP, was directed in such a 
way that its underlying dipolar current was dorsal to ventral. 
The MEF corresponding to component d was always small, even 
if it was present, suggesting a poor synchrony of the underlying 
current. 

The antagonist of EAAs, KYNA (7 mM), reduced components 
b-d of the EP. TTX (1 PM) eliminated the deflection corre- 
sponding to component a of the EP. However there were some 
residual responses. 

The administration of iodoacetate (IAA, 10 mM), which is a 
glycolytic metabolism blocker, eliminated this residual com- 
ponent of both EP and MEF (Fig. 1lB). In examining Figure 
1 I& it should be noted that the EP was measured in the mo- 
lecular layer, so that components a and b of the EP are positive, 
that is, opposite in polarity from those shown in the previous 
records, which were taken in the granular layer. In comparison 
to Figure 1 IA, the response to the v-d field was stronger in both 
the EP and the MEF, so that the component surviving KYNA 

was activated by the v-d field in this experiment. This com- 
ponent was blocked by IAA. 

Discussion 
The present study was designed to characterize better the pop- 
ulation responses elicited by applied fields in this preparation. 
The EP and MEF were used as measures of the population 
response. The laminar profile of the CSD derived from the 
laminar profile of the EP reveals the distribution of current sinks 
and sources associated with the components of the EP (Nich- 
olson and Freeman, 1975; Mitzdorf, 1985). The MEF relates 
directly to intraneuronal currents within the tissue, and the di- 
rection of the MEF indicates the direction of the underlying 
current (Okada, 1989). Together with pharmacological manip- 
ulations and the intracellular recordings, the EP and the MEF 
can thus reveal the nature of currents activated by a particular 
stimulus. 

Both the temporal wave form and latency of the EP and MEF 
elicited by a pulsed field were nearly identical; thus, these two 
response modalities together revealed the nature of the popu- 
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Figure 9. CSD analysis of pulsed (A) and sinusoidal (B and C) field-evoked responses, showing location of sources and sinks of the various 
response components. C shows no change of sink/source location of component a in KYNA. The depths from the ventral surface indicated by 
numbers on the left apply to traces in the same rows of A-C. Time scale in A is four times more expanded than that of B and C. The numbers on 
the left (which apply to all recordings) denote nominal depths of recording in microns from the ventral surface uncorrected for an approximately 
30” angle of approach of the microelectrodes (see Fig. 1); the more ventral recordings do not appear in this figure. ml, molecular layer; Pcl, Purkinje 
cell layer; g/, granular layer. Sinusoidal field at top is as described in Figure 7. 

lation response to the brief pulse of electric field. Both EP and 
MEF consisted of a fast spike with a latency of about 1.2 msec. 
This component was found to survive KYNA, an EAA antag- 
onist, but was abolished by TTX, which blocks voltage-depen- 
dent Na+ channels. The TMP corresponding to this component 
was maximum near the Purkinje cell soma, indicating that the 
TTX-sensitive component was produced by direct stimulation 
of the Purkinje axons or soma, which is known to contain volt- 
age-dependent Na+ conductance channels (Llinas and Sugimori, 
1980b). The short latency (1.2 msec) to the peak of this com- 
ponent indicates that there was no conduction delay or synaptic 
transmission delay, unlike the corresponding component evoked 
by the peduncle stimulation. An alternative hypothesis, which 
does not necessarily rule out the contribution of the Purkinje 
cell axonal spike, is that this component was in part due to the 
orthodromic activation of the ascending portion of climbing 
fibers, because there was a strong postsynaptic component in 
the EP and MEF elicited by the pulsed field. Their relative 
contributions cannot be determined on the basis of the present 
study. The effectiveness of the applied field directed from the 
dorsal to the ventral surface of the cerebellum, relative to the 
field of opposite direction, suggests that this initial spike, as well 
as the later components of the pulse response, was due to the 
depolarization of the ventral portion of the Purkinje cell and 
the ascending portion of climbing fibers. 

The postsynaptic responses in EP and MEF consisted of sev- 
eral components. The component labeled “b” was found to be 
separable into two subcomponents, b, and b,, based on the 
laminar profiles of the EP and CSD. The various lines of evi- 
dence point to a hypothesis that component b, was produced 

by the depolarization current in Purkinje cell dendrites produced 
by climbing fibers. First, the polarity reversal of the current 
underlying b, and b, occurred about 50-100 pm and 100-l 50 
pm, respectively, more dorsal to the location of the polarity 
reversal for the TTX-sensitive directly activated spike (com- 
ponent a). Assuming that component a was in large part due to 
the directly activated Na+ currents, the relative locations of the 
current sink-source pair for the climbing fiber-activated post- 
synaptic current should have its polarity reversal point just above 
the polarity reversal point for component a as found here, be- 
cause the climbing fibers terminate in the proximal third of the 
Purkinje cell dendrites (Ktinzle, 1985). Second, the postsynaptic 
component of the TMP also consisted of a disynaptic wave form 
that may be attributable to the mossy fiber input into the Pur- 
kinje cell and another component with a shorter latency that 
appeared after the stimulus pulse amplitude of the applied field 
was made stronger than the threshold for the disynaptic re- 
sponse. The latter is attributable to the climbing fiber input 
(Hounsgaard and Midtgaard, 1988). When the climbing fibers 
are stimulated, a Caz+-dependent afterhyperpolarization has been 
recorded intracellularly (Chan et al., 1989; Hounsgaard and 
Midtgaard, 1989) that occurs when a sufficient amount of de- 
polarization is provided to the cell. In our experiments, such a 
condition was present when the amplitude of the pulsed or the 
sinusoidal field was increased sufficiently (about 10 times the 
threshold for the TTX-sensitive initial spike). Thus, it appears 
that component c of the pulse EP shown in Figures 3, 4, and 9 
was actually the population response coming from the Ca2+- 
dependent afterhyperpolarization. 

The main effects of the applied field on the EP and MEF were 
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the postsynaptic activations, as demonstrated by the application 
of an EAA blocker. This is partly due, at least for pulsed applied 
fields, to the more synchronized nature of such responses. In 
the previous experiments (Chan and Nicholson, 1986; Chan et 
al., 1988), this contribution was not observed because the stim- 
ulation strength and frequency were likely to be subthreshold 
for this response. As a matter of fact, the stimulation strength 
used in that study was between 10 and 90 mV/mm, while the 
fields used presently range between 20 and 500 mV/mm. 

The sinusoidal, amplitude-modulated, spatially uniform elec- 
tric field produced population responses that were markedly 
different for the two phases (directions) of the applied field (Figs. 
8-l 1). The field directed from the dorsal to the ventral side of 
the cerebellum elicited responses that were in many ways very 
similar to the EPs and MEFs observed in response to the pulse. 
Component a had the lowest threshold of activation just as for 
the corresponding component of the pulsed response. As for the 
pulse response, this component survived in the saline solution 
with KYNA and Mn2+ added, but was TTX sensitive. This 
behavior was also observed in the TMP. Also the location of 
the current sink-source pair for this component was similar in 
the EP elicited by the pulse and sinusoidal stimuli. Thus, it was 
most likely due to Na+ channels located in the axons and soma 
of Purkinje cells and perhaps in the climbing fibers. The repet- 
itive spiking seen in these responses at a rate of up to 160 Hz 
disappeared with any further increase of stimulus strength, due 
to either inactivation occurring for high frequencies or recruit- 
ment of inhibitory pathways. Consistent with the latter hy- 
pothesis, the spiking disappeared as soon as the postsynaptic 
component b appeared, though it could persist even during this 
period as seen in the EP after KYNA was added to the saline 
bath. This disappearance of spiking suggests that spiking was 
intrinsic to Purkinje cells rather than activated by the climbing 
fibers, because the latter should not be subject to intracerebellar 

100 ms 

inhibition. Again consistent with the conclusion that this com- 
ponent was Na+-channel mediated, its threshold increased in 
Mn2+-added Ringer’s solution, probably due to an increase in 
the cation shielding effect (Nicholson, 1980). Component b, 
which was abolished by KYNA, had its current sink at the same 
depth as the corresponding component for the pulse, but its 
current source was more distributed in the molecular layer in 
comparison to the response to the pulse (Fig. 9). The location 
of the current sink indicates that it was produced by the de- 
polarization of the proximal end of the Purkinje cell dendrites, 
just as in the case of the response to the pulse. Consistent with 
this conclusion, the dipolar component of the current generator 
of the MEF for this component was oriented from the ventral 
to the dorsal side of the cerebellum, which could suggest a 
spreading of the EPSP from proximal to distal dendrites. 

Component c was more complex in the response to the si- 
nusoid compared to the pulse. It consisted of a slowly varying 
component and a series of spikelets. The slowly varying com- 
ponent had its current sink in the molecular layer, with its 
corresponding current source in the granular/Purkinje cell layer. 
This pattern indicates either an excitatory input in the molecular 
layer or an afterhyperpolarization in the Purkinje cell layer, as 
hypothesized for the corresponding component of the response 
to the pulse. The spikelets showed two current sink-source pairs, 
indicating a current sink in the deep and shallow regions of the 
molecular layer. The origins of these components are, however, 
unclear from this single study. 

The v-d phase of the sinusoidal stimulus presented a different 
pattern of activation, in terms of reversal of the EP. The posi- 
tivity in the granular layer without obvious polarity reversal in 
the molecular layer suggests that it was due to an inhibitory 
synaptic input located in the granular layer. We have tested this 
hypothesis by bath application of picrotoxin (0.1 mM), but we 
observed no effect on this wave form (n = 5). The TMP in 
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Figure 11. MEF responses to applied sinusoidal electric fields: pharmacologic properties and correlation with EP. A: Top traces, EP responses at 
the Purkinje cell layer recorded simultaneously with the MEF in normal Ringer’s solution showing components with the same phase relation as 
MEF. Bottom traces, MEF responses recorded at (x, y, z) = (13, 0, 20) mm in normal Ringer’s solution and in sequentially bath-applied KYNA 
(7 mM), Mn2+ (10 mM), and TTX (1 MM). B, Effects on EP (top truces) and MEF (bottom truces) of sequentially bath-applied KYNA (7 mM) and 
IAA (10 mM). For B, EP was recorded from mid-molecular layer (700 pm from the ventral surface); MEF, at (x, y, z) = (- 13, 0, 20) mm, 

dendritic recordings, but not in the somatic ones, showed a 
response in this phase that was sensitive to glutamate blocker. 
Our hypothesis for this KYNA-sensitive response of the TMP 
and the EP is that it could be due to direct activation of either 
ascending granular cell axons or mossy fibers, which elicits a 
postsynaptic response in the Purkinje cells. This direct activa- 
tion apparently has a high threshold, because it required strong 
electric helds to be elicited. The high threshold made it difficult 
to record this response, due to episodes of spreading depression 
triggered by the high stimulus amplitude (Okada et al., 1988a). 
For the same reason, it was very difficult to record an MEF in 
response to this phase because the need to average over 100 
epochs would favor episodes of spreading depression. It should 
be noted that dendritic calcium spikes (Chan et al., 1988) were 
also observed that were insensitive to KYNA. These spikes 
might be responsible for the component that survived the bath 
application of KYNA, but not MI++, in the EP. This possibility, 
however, requires verification. 

The use of MEF has a dual purpose in this study. First, it 
served as a measure of population responses, as pointed out 
above. From this point of view, the MEF provided the infor- 
mation about the direction of the underlying currents, comple- 
menting such notion obtained by the CSD analysis of the EP. 
Second, this study provided the characteristics of the magnetic 
field that may be associated with various types of currents pro- 
duced by neurons. We found that an MEF on the order of 1 pT 
at a measuring distance of 2 cm could be produced by a tissue 
with a surface area of about 20 mm3, due to changes in Na+ 
conductance and also to changes in membrane conductance 
produced by excitatory synaptic inputs (mostly carried by Ca*+- 
conductance changes as shown by the characteristic wave form 
of the TMP for CaZ+ currents). This ratio of 0.2 pT/mm3 is on 
the same order of magnitude as those estimated for the MEF 
that could be elicited by a peduncular stimulation or by stim- 
ulation of the dorsal surface of the cerebellum (Okada et al., 
1989). 

The present results may be useful in understanding effects of 
the electric and magnetic stimulations of the brain that are be- 
coming more commonly used in clinical research (Amassian et 
al., 1987; Grandori and Rossini, 1988). The effectiveness of 
these remote stimulations of the brain is due to the electric field 
in the brain tissue that is induced directly by the extracranially 
applied electric field or indirectly by the magnetic field that 
produces eddy currents in the brain. The present results, together 
with the related studies of the physiological effects of applied 
electric field (Ranck, 1975; Chan and Nicholson, 1986; Tran- 
china and Nicholson, 1986; Chan et al., 1989) provide a further 
step in understanding the depolarization and hyperpolarization 
and hence the conductance changes induced by an applied elec- 
tric field. 
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