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SUMMARY

1. Laminar field potentials due to the synchronous activation of granule cells
were studied in slices of guinea-pig hippocampus maintained in vitro.

2. Extracellular recordings confirmed that stimulation of afferent laminae in the
molecular layer caused excitatory synaptic current to enter the granule cell dendrites.
If large enough this current initiated action potentials at, or near to, the somata
100-200 psm away.

3. After a population spike had been initiated via excitatory synapses or via
antidromic invasion, the location of inward membrane current (sink) appeared to
move from the cell body layer into the dendrites at a velocity of 0-08-0 12 m/sec, for
a distance of up to 250 /m.

4. The sink movement into the dendrites was blocked by tetrodotoxin and not by
agents that blocked synaptic activation. Together with other observations these
results led to the conclusion that granule cell dendrites were invaded by action
potentials from the cell body region. There was no evidence of dendritic action
potentials preceding the cell body spike initiated by synaptic inputs. Possible
functions of this dendritic invasion are discussed.

INTRODUCTION

The response of central neurones to incoming impulses depends on the properties
of their dendrites. An important factor may be whether or not the dendrites support
action potentials. The work presented here investigates the site of initiation and the
subsequent development of action potentials in hippocampal granule cells. These
neurones are small (10-12 jtm soma diameter), and it would be difficult to record
intracellularly from their dendrites. Extracellular field potentials can nevertheless
provide evidence on the location of current flows across the dendritic membranes.
The tight layering (laminar organization) of the granule cell bodies and of the afferent
tracts to their dendrites simplifies the interpretation of the field potentials. The basic
features of these evoked potentials have already been described both in vivo and
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in vitro (Andersen, Holmqvist & Voorhoeve, 1966; Andersen, Bliss & Skrede, 1971;
L0mo, 1971; Bliss & Richards, 1971; Skrede & Westgaard, 1971).
The interpretation of field potentials in terms of events at the neurone has in some

circumstances proved controversial, especially when dendritic spikes might have
been involved. An example of this type of argument concerned the Purkinje cell of
the alligator cerebellum (Lilnas, Nicholson, Freeman & Hillman, 1968; Calvin &
Hellerstein, 1969; see also Discussion of this paper). In such cases conclusions
derived from a thorough consideration of the field potentials (e.g. Nicholson &
Llinas, 1971) may be strengthened by independent kinds of evidence. In the alligator
example it was possible to obtain intracellular recordings from the cells and their
dendrites (Llinas & Nicholson, 1971). In the present study it has been possible to
test some of the conclusions from field potential analyses by manipulating the
environment of in vitro brain slices from the hippocampus.

METHODS

Albino guinea-pigs, 300-650 g in weight, were killed by cervical dislocation. The brain was
removed quickly and slices were taken from either the ventral surface of the dentate area,
exposed by blunt dissection (longitudinal slices; Bliss & Richards, 1971; Yamamoto & Kawai,
1967), or from a surface cut perpendicular to the long axis of the hippocampus (transverse
slices; Skrede & Westgaard, 1971). Slices were cut freehand with a Gillette Valet blade, and their
thickness was controlled by the use of a simple recessed glass cutting guide (300-500 ,um deep)
placed on the tissue surface. Slices were placed in oxygenated artificial c.s.f. within 5 min of the
animals' death and experiments started about 30 min later.
The slice bath was designed to hold the slice, immersed in the circulating artificial c.s.f.,

between a nylon net and a set of parallel hairs, each supported on nylon rings. These rings had a
push fit in the moulded silicone rubber walls of the slice chamber. The bathing medium was
circulated at 1-5 ml./min by a peristaltic pump between the slice chamber (3 ml.) and a reservoir
(22 ml.). Two reservoirs were included in the bath to allow for changes of solution, the outlet
from each to the slice chamber being controlled by a screw tap. Temperature was controlled by
water, from a thermostatically controlled water-bath, circulated through a jacket which con-
tained the reservoirs and slice chamber. The artificial c.s.f. normally had the following com-
position (mM): NaCl, 135; NaHCO3, 16; KCl, 3; CaCl2, 15; NaH2PO4, 1-25; MgCl2, 1-0; glucose,
10; equilibrated with a mixture of 95% 02 and 5% CO2 before use and while in the reservoirs.
Recording and stimulating methods were conventional. Micropipettes for recording were

filled with 3 M-NaCl solution and had resistances in the range 1-4 M0. Electrodes for stimulation
were made from 10 1am diameter platinum wire insulated to 10-20 jsm of the tip. Evoked poten-
tials were recorded from an oscilloscope on 35 mm film or sometimes on FM magnetic tape for
subsequent analysis on a digital computer. Filters were set to 8 Hz (high pass) and 2B5kHz
(low pass).

Currents crossing cell membranes in the granule cell layers were inferred from the second
spatial derivative of potentials recorded at sites across the laminate, at particular instants after
stimuli. Derivatives were estimated from the differences between potentials at twice the 25 jam
spacing of the recording sites. This reduced the effect of errors in the positioning of electrodes
and was numerically equivalent to repeating twice a procedure of averaging adjacent points.
In order to avoid making uncertain assumptions, the data obtained from spatial derivatives of
extracellular voltage are calibrated in units of V/m and V/M2. Approximately equivalent extra-
cellular current densities and current sink densities can be obtained by multiplying these
figures by a value for the tissue impedance, ca. 70-500 L. cm (Ranck, 1963; Freeman & Stone,
1969; Yedlin, Kwan, Murphy, Nguyen-Huu & Wong, 1974; Nicholson & Freeman, 1975). The
precisely appropriate impedance measure is controversial, however, and since the main interest
of the data concerns comparisons of the relative values of current sink densities, the units are
left in those which most directly relate to the original data.
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DENDRITIC INVASION

RESULTS

Sequence of events during granule cell responses. The responses illustrated in Fig. 1
were due to stimulation of an afferent path. Evoked potentials were recorded at sites
evenly spaced along a track across the granule cell layers (Fig. 1A, C). Potential
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Fig. 1. Granule cell responses to stimulation of afferent laminae. Potentials were
recorded on a track perpendicular to the cell layers in a transverse slice (A). The pot~en-
tials illustrated in C are lined up with a camera lucida drawing of a granule cell (B),
which was scaled (x 1-25) to bring into register the hippocampal fissures and the cell
body layers of the two parts. Potential profiles (D) were drawn from measurements
made at each of eight times after the stimulus. The second spatial derivatives of these
profiles, approximated by a numerical method, provide an indication of membrane
current (E). The sites of maximum inward membrane current after initiation of the
population spike have been marked A. Corresponding recording sites in C, D and E are
indicated by arrows. Profiles from another experiment (on a longitudinal slice) reveal
the effect, on estimates of membrane current from a single track (-), of corrections for
currents parallel to the cell layers (+). Dashed lines between E and F indicate similar
phases in the two responses, which fortuitously had similar time courses (calibrations:
potentials, C and D, 0-5 mV; second derivatives, or 'membrane current', E and F,
0.15 V/mm2; time, C, 10 msec; distance, D, E and F 250 Mom).

profiles along this track have been plotted for each of eight times after the stimulus
(Fig. 1 D). The second spatial derivative of these potential profiles can be used to
estimate membrane current (Humphrey, 1968; Freeman & Stone, 1969). Tissue
resistance has not been estimated here, so the second spatial derivative of potential
and the membrane current are at best proportional (if the resistance is uniform
across the cell laminae and during the response), and possibly only qualitatively
related. However, for convenience the term 'membrane current' will be used in the
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description of second derivatives. Second derivative profiles of the post-synaptic
response are illustrated in Fig. 1 E.
Inward membrane current (or a sink of extracellular current) was recorded 34-

7 0 msec after the stimulus to the afferent laminae, in the middle molecular layer,
msec

3*0 3.4 3-8 after
stimulus

A (i)
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Fig. 2. Isopotential contours in planes perpendicular to the granule cell layer during
antidromic activation. Three orthogonal recording axes were carefully aligned with
the plane of the granule cell body layer in a transverse slice (kept at 34 CC). A, iso-
potential contours have been plotted for three times after the stimulus, using linear
interpolation between potentials measured from the regularly spaced recording sites.
The vertical axes in A represent the direction of the cell body layer. B, superimposed
on the second spatial derivatives of potential profiles from the intersection of the
recording planes are values corrected for the small potential gradients perpendicular
to this intersection (+) (calibrations: A, 50 jam in both axes, contours at 0-5 mV;
B, 0.5 V/mm2 inward current up, 100 jsm).

150-200 gtm from the cell body layer (Fig. 1 E). This corresponds to the extracellular
e.p.s.p. or synaptic wave (Lomo, 1971). At sites where this inward synaptic current
could be detected, it was preceded by a small biphasic potential (Fig. 1C, 0-2 mm),
which could be attributed to the presynaptic fibre volley as it was resistant to
12 mM-MgCl2 and to 3 mM-MnCl2, each in the absence of Ca ions. The subsequent
post-synaptic components were abolished by these treatments (Fig. 3A). Inward
current at the cell body layer, recorded 6-6 msec after the stimulus in the present
example, corresponds to a population spike (Andersen et al. 1971). Although the
spike was initiated in the granular layer, it is not possible to tell whether action
potentials were triggered at the somata or at neighbouring parts of the cells. In the
later profiles of Fig. 1E (8-2-9.8 msec after the stimulus) the site of inward membrane
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DENDRITIC INVASION

current, which is marked by small triangles in the Figure, appeared to move into the
dendritic layers at a velocity of 0.1 m/sec and for a distance of 175-200 ,um. The sink
drew current from sources (regions of outward membrane current) in the more distal
dendrites and also in the region of the cell bodies. The location of maximum inward
current at each instant in the response (Fig. 1 E) was close to the most negative site
in the corresponding potential profile (Fig. 1 D).

A B C

2-O2-4 2-8 3-2 3-6 4.0 4-4 4-8 msec

mm

0.1 ~~~~~~1~In
2.0 3.6D

A X \~~------°02 -'\

Fig. 3. Granule cell responses to stimulation of their axons. Refer to Fig. 1, parts B to E
for explanation of parts A to D. Results obtained from a single track in a longitudinal
slice kept at 38 0C (calibrations: B, 1 mV, 5 msec; C, 1 mV, 250 jam; D, 0 3 V/mm2,
250 jm).

In the present work membrane currents are inferred from the second spatial
derivative of potential profiles across the cell layers. Spurious membrane currents
could be inferred if the extracellular currents were not strictly perpendicular to the
cell laminae. This was not important under the present recording conditions. An
example is illustrated (Fig. 1 F) where potentials have been recorded at 50 sm
intervals along a line perpendicular to the cell layer and also on four other parallel
tracks, 50 jcm away, so that each site on the central track (except at its ends) was
50 jam from a recording site in each of three orthogonal axes. The second spatial
derivative of voltage has been estimated along each of the axes about the points in
the central track. Profiles of the second derivative along the central track alone
(open circles, Fig. 1 F) are compared with those corrected for the effects of currents
perpendicular to this track (crosses, Fig. I F). These corrections did have some
effect on the size of the second derivatives, but did not alter the over-all pattern of
events. Thus the single track and corrected profiles both show inward synaptic
current at 5'8 msec, the cell body layer sink (population spike) at 7-4 msec and the
late dendritic sink at 9-0 msec.
The degree of lamination of the field potentials is illustrated by the isopotential

contours obtained from recordings in two orthogonal planes perpendicular to the
cell layers (Fig. 2). The contours are orientated vertically, which corresponds to axes
parallel to the cell layers in the. slice. Thus the maximum extracellular current,

379



380 J. G. R. JEFFERYS
which is perpendicular to the isopotential contours, was at right angles to the cell
layers. Second derivative profiles have been constructed for the track at the inter-
section of the two recording planes (Fig. 2 B) and corrections applied for the effects
of currents perpendicular to this track (crosses). These corrections are small. That
they are smaller than those shown in Fig. 1 F could be due to the larger potentials
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Fig. 4. Effect of Ca and Mg ions on granule cell responses. Post-synaptic (A) and
antidromic (B) responses were recorded from a longitudinal slice, which was immersed
in bathing solutions containing various concentrations of Ca and Mg ions (shown in
mm at the head of each set of responses). The responses illustrated under each condition
were recorded from the cell body layer (upper trace) and from a point 150 4um away in
the dendritic region (lower trace). In part B full depth profiles have been used to locate
the inward current with respect to the cell body layer. This location has been plotted
against time after the stimulus for each of the treatments illustrated (calibrations: A,
2 mV, 20 msec; B, 2 mV, 10 msec; slice kept at 28 00).

recorded for Fig. 2, or to the faster sweep speed used, or to some inherent difference
in the stability of post-synaptic and antidromic responses.
The second derivative profiles of the antidromic response shown in Fig. 2 reveal

that a region of inward membrane current moved from the cell body layer into the
dendritic region. Antidromic responses, recorded across the cell layers of another
slice, show the sequence of events in more detail (Fig. 3). The potential and the
second derivative profiles of Fig. 3C and D are plotted at 0 4 msec intervals. The
first event to be detected was due to inward membrane current at the cell body
layer, 2'4 msec after the stimulus. As was the case for the population spike evoked
by synaptic current (Fig. 1), the site of inward current (triangles, Fig. 3D) moved
into the dendritic layers at a velocity of 0 I m/sec and for a distance of 150-200 jsm.
This sink movement has been detected whenever suitable recordings have been taken
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from slices of the dentate area. So far this exceeds 100 repetitions in thirty different
slices. The velocity of the movement was in the range 0-08-0*12 m/sec and its distance
was between 100 and 250 ,tm for the standard artificial c.s.f. at 30-38 0C.
Mechanism of the sink movement into the dendritic layers. Antidromic activation of

the granule cells has been used to test whether the sink movement depended on the
activity of chemical synapses. Solutions containing no calcium and more than 6 mm-
Mg or 3 mM-Mn abolished the synaptic response of the granule cells, but not the
presynaptic fibre volley. This effect was reversible and could be partially countered
by increasing the concentration of Ca to 6 mm (Fig. 4A). These treatments did not
block the antidromic population spike, nor the movement of the associated sink
from the soma layer into the dendrites (Fig. 4B). The extent and speed of the sink
movement were reduced by the high concentration of Mg used in this experiment
(12 mm); but a high concentration of Ca (10 mM), in the absence of Mg, applied to
the same slice had a similar effect. In the absence of divalent cations the sink move-
ment was similar to that in the standard artificial c.s.f. In some slices this treatment
caused four or five afterdischarges to follow the initial population spike.
The possibility of the sink movement being caused by a dendritic action potential

was strengthened by the observations that the sink movement was reversibly slowed
(i) by reductions in temperature and (ii) by replacement of some of the extracellular
sodium by choline. The conduction velocity became more sensitive to temperature
as this was lowered. Thus 10 'C drops from 38, 33 and 28 0C reduced the velocity by
factors of 0-86, 0*69 and 0-63 respectively. Replacing the Na of the normal artificial
c.s.f. (152 mM) by 60 mM-Na with 92 mM-choline reduced the velocity to 75% and
40 mM-Na with 112 mM-choline caused a reduction to 25% of normal.

Tetrodotoxin (TTX) is known to block specifically the Na channels involved in the
generation of action potentials in most axons. To test whether the dendritic invasion
was sensitive to TTX it was necessary to apply the toxin to the dendrites without
abolishing the population spike. This was achieved, transiently, by allowing TTX to
diffuse across the molecular layer from the ependymal surface while monitoring
antidromic invasion of the cells. In the longitudinal slice it was possible to apply the
toxin in the solution bathing the lower (ependymal) surface of slices held under
moist, warm gas (Fig. 5). There was not enough time to record full depth profiles
while the TTX diffused across the slice, so two recording electrodes were used to
monitor the potential difference between the cell body and mid-dendritic layers.
This potential difference reverses as the current sink moves from the cell body region
into the dendrites. This is evident in the profiles of Fig. 3, where 2*8 msec after the
stimulus the cell body layer was more negative than a site 150 Itm away in the den-
drites, while 1-2 or 1-6 msec later in the response, when the sink had moved into the
dendrites, the potential difference had reversed.
At the start of the experiment illustrated in Fig. 5 TTX was added (at time 0 see)

to the bath reservoir, to give a final concentration of 1 /UM in the circulating solution.
The late dendrite-negative component (downward deflexion on the potential differ-
ence 'sweeps', Fig. 5B, or measured at 9 msec and plotted as triangles in part C)
decreased in size 60 see after the toxin was added, and had disappeared by 400 sec.
The early soma-negative component (upward deflexion in Fig. 5B and, measured at
4-5 msec, plotted as circles in C) did not diminish until 250 sec into the experiment
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and persisted up to 750 sec. Thus the late component, which is associated with the
dendritic sink, was affected by the TTX sooner than the earlier component which
is associated with the initial current sink at the soma region. This sequence of events,
but not this time course, has been recorded in all eight experiments using local
application by pipette to transverse slices and three using bulk application to
longitudinal slices.

A 0 150 300 450 600 sec

B; A- A --.

* . * . * . * . * *.R...R..

C

+ 01 mV
100 sec

-~~~~~~~~~~~~W

Fig. 5. Action of tetrodotoxin (TTX) on the current sink movement in granule cells.
Antidromic granule cell responses were recorded from the cell body layer (Rj) and a
point 200 /im away in the dendritic layers (R11) of a longitudinal slice, which was held
at the surface of the bathing solution. At time 0 sec TTX was added to the bathing
solution (to a final concentration of 1 /SM), and subsequently diffused across the slice from
its lower,ependymal surface. A, responses are illustrated, recorded at intervals of 150 sec
during the experiment. The potential difference between the pairs of responses is
plotted below each pair (B). C, potential differences early (0, 4.5 msec) and late (a,
9-0 msec) in each response during the experiment (every 10 sec) are plotted against
time after the addition of TTX. Parts B and C have been corrected for the stimulus
artifact left after TTX had abolished the responses. In these parts an upward deflexion
represents soma negativity (calibrations: A and B, 2-0 mV, 10 msec; base lines re-
touched in A; temperature was 28 0C, which may explain the longer duration of these
responses compared with those of Fig. 3).

DISCUSSION

Experiments presented here confirm aspects of previous work on the activation of
dentate granule cells in vivo (Lomo, 1971) and in slices (Yamamoto & Kawai, 1967;
Bliss & Richards, 1971; Skrede & Westgaard, 1971), and explore in more detail the
population spike and the events responsible for it. Although the basic pattern of
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events is similar, responses from slices do differ from those from the intact animal in
some respects. A particularly useful difference is that recordings from slices were
very stable and did not show the pronounced variability in measurements of the
population spike that is often seen in vivo (L0mo, 1971).

Sequence of events during granule cell responses. The pattern of membrane currents
in the cell layers was inferred from a succession of depth profiles during the responses
(Figs. 1, 3). These results show that the population spike corresponds to an influx of
current at the cell body layer. When it was caused by stimuli to afferent fibres, the
population spike was preceded by inward current at the afferent lamina (where the
putative presynaptic fibre potential could be recorded) and not at layers between the
active afferents and the cell bodies (Fig. 1). Thus it is likely that synaptic potentials
in the dendrites initiated action potentials at, or near to, the somata by passive
spread of current. However, following the population spike, the location of inward
membrane current moved up to 250 gmm into the dendritic layer, with a velocity of
0-08-0*12 m/sec. This movement was recorded whether the population spike had
been initiated by the stimulation of afferents or of granule cell axons.

These conclusions rest on a laminar field potential analysis. The slice preparation
(particularly the transverse slice) made easy the orientation of recording profiles
with respect to the cell layers. It was possible to compare the potential gradients
perpendicular to, with those parallel to, the laminae. Typically the gradients parallel
were less than one tenth those perpendicular to the layers, and corrections for them
had no consistent effect on estimates of membrane current (Figs. 1 F, 2). Where
corrections have been applied they did not alter the location and timing of the
synaptic and the population spike currents and the subsequent movement of a
current sink into the dendritic region. Thus these features are not an artifact of the
field potential analysis.
Mechanism of the sink movement into the dendritic layer. The experiments described

below have been designed to establish the cause of the sink movement into the
dendritic, or molecular, layer. In other neural systems, extracellular evoked potentials
have been used to infer the existence of propagating dendritic spikes (Fatt, 1957 a, b,
cat spinal motoneurone; Llina6s et al. 1968, alligator Purkinje cell). This argument
has proved controversial (Nelson, Frank & Rall, 1960; Calvin & Hellerstein, 1969).
In both these examples evidence for dendritic spikes has also been obtained using
recordings from within the dendrites of the neurones (Terzuolo & Araki, 1961; Llinas
& Nicholson, 1971). This approach might be possible for the rather smaller dentate
granule cells, but has not been attempted here. Other evidence is presented which
supports the hypothesis that propagating dendritic action potentials are involved.
One possible explanation of the late dendritic sink (described above) is that it was

caused by synaptic activity due to recurrent collaterals of the granule cell axons.
Either an excitatory input to the dendrites or an inhibitory input to the soma could
cause an influx of current to the dendrites. The latter is unlikely as it would not
produce the current source recorded close to the tips of the dendrites (Fig. 1E at
9x0 msec; Fig. 2D at 4 0 msec). It is simple to block chemical synapses in vitro.
Electrical contacts such as gap junctions might not be affected by such treatments,
however, there is no evidence yet for their presence in the dentate molecular layer.
Ca-free solutions containing 12 mm-Mg (or 3 mM-Mn) reversibly blocked the post-
synaptic granule cell response (and not the afferent fibre volley), while antidromic
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activation and the subsequent sink movement persisted. The speed and extent of the
sink movement were reduced in the solutions containing elevated Mg, but, as
solutions with high Ca levels had a similar effect, this resembles the reduction in
excitability seen in axons under similar conditions (Frankenhaeuser & Hodgkin,
1957).
A sufficiently large recurrent projection of granule cell axons across the molecular

layer might be a candidate to explain the late dendritic sink. However, it would be
surprising if action potentials in such axons could generate currents as large as those
from the densely packed granule cells. Inspection of second derivative profiles in the
hilus, preceding the antidromic, or following the post-synaptic, population spike (e.g.
Fig. 3D, 2-0 msec; Fig. 1 E, 7-4 msec) reveals no evidence of currents in the sub-
granular zone, where the mossy fibres and their recurrent collaterals to the basket
cells would be active.
Two important alternative hypotheses remain to be tested: that the sink movement

was due to an invasion of the dendrites by action potentials or to a mechanism not
requiring dendritic spikes. An example of the latter may be called the active re-
polarization model (Nelson et al. 1960; Terzuolo & Araki, 1961; Nelson & Frank,
1964). In a neurone with inexcitable dendrites, an action potential at the soma
would depolarize a progressively larger part of the dendritic tree with time. The
sodium influx of the classical action potential is followed by a potassium efflux,
which tends to repolarize the membrane more rapidly than would be the case
otherwise. This zone of repolarization would also tend to expand into the dendritic
tree, resulting in a band of depolarization moving into the dendrites from the soma,
and this may be recorded extracellularly as a moving sink.
The sink movement described here does have some properties in common with

action potentials in peripheral nerve. For instance its velocity is reduced by replacing
some of the extracellular sodium ions with choline (Katz, 1947). Nerve action
potentials and the sink movement both speed up as the temperature is increased
within a physiological range, though the effect is more marked in mammalian C
fibres than in granule cell dendrites. Increases of 10 'C from 18 'C and from 27 or
28 'C increased the velocity of the C fibres by 2-1 and 1-5 times (Paintal, 1973) and
of the dendritic sink by 1-6 and 1-3 times.
A more direct approach was designed to test whether the late dendritic sink was

sensitive to TTX, which specifically blocks the Na channels involved in most action
potentials. In early experiments on transverse slices TTX was applied from micro-
pipettes (Jefferys, 1976). It is conceivable that this focal application could have
resulted in an increased current flow parallel to the cell layers, so disturbing the
laminar potentials and possibly producing spurious changes in the responses. In the
experiment described here (Fig. 5) the toxin was applied in the solution bathing the
lower, ependymal surface of longitudinal slices, so that the TTX should have been
distributed more evenly along the laminae as it diffused through the slice. In both
types of experiment the late dendritic sink was blocked tens of seconds before the
cell body layer sink. It seems reasonable to conclude that the sink movement was
due to an invasion of the dendrites by action potentials which were similar to those
found in most axons.

It could be argued that the dendritic invasion is a peculiarity of the slice. However,
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DENDRITIC INVASION
similar evoked potentials have been described in the anaesthetized rabbit. Andersen
et al. (1966) reported a negative peak which became progressively later as they
withdrew a recording electrode from the cell body layer through the molecular layer,
past the dendrites. They suggested this peak could have been due to a dendritic
invasion, though without further analysis there might also be other interpretations.
The present work was directed to the testing of such possibilities (see above).
Andersen et al. (1966) estimated the velocity of the dendritic invasion to be 05 m/sec
from the latencies of two of their recordings. This is faster than the 0.1 m/sec
velocity of the sink movement found in the present study. There are many factors
that might contribute to this discrepancy.

Unidirectional conduction of dendritic spikes. The present work provided evidence
that an action potential at the soma of a hippocampal granule cell could invade the
dendrites, and that excitatory synapses on the dendrites initiated spikes at a trigger
zone close to the cell body. This situation resembles that reported for the spinal
motoneurone (Fatt, 1957 a, b), and differs from those for the hippocampal pyramidal
cell (Spencer & Kandel, 1961; Schwartzkroin & Slawsky, 1977) and for the cerebellar
Purkinje cells of alligators and pigeons (Nicholson & Llinas, 1971; Llinas & Hess,
1976) where dendritic action potentials preceded initiation of the soma spike. In at
least some cases dendritic spikes which could be initiated directly by synaptic
activity were not sensitive to TTX, and probably involved an influx of Ca ions
(Llin6s & Hess, 1976; Schwartzkroin & Slawsky, 1977). Thus it seems that there are
two quite distinct types of dendritic spike, which could have different roles in the
functioning of neurones.

If the granule cell dendrites can support action potentials, why were no dendritic
spikes detected before the synaptic current initiated a soma population spike? It is
possible that synaptic current did trigger dendritic spikes directly but that they were
not detected by the field potential analysis. This could have happened if such spikes
occurred at a few sites with poor synchrony, or failed to develop fully because of
shunting due to widespread synaptic activity, or failed to propagate toward the
soma. Evidence against at least some of these possibilities comes from the absence
of fast prepotentials from intracellular recordings of granule cells (Deadwyler,
Dudek, Cotman & Lynch, 1975; Dudek, Deadwyler, Cotman & Lynch, 1976). It was
the presence of fast prepotentials that led Spencer & Kandel (1961) to postulate
dendritic spikes in CAI pyramidal cells. Failure of spike propagation toward the
soma could have happened at branch points, where the safety factor probably was
low (and could have been lower than for conduction from the soma). Inspection of
ten cells from Golgi-Cox preparations of guinea-pig hippocampus suggests this was
not responsible for unidirectional conduction, as about one third of dendrites did not
branch in the inner third of the molecular layer, and many more extended much of
the way across. This region corresponds to that between the cell body layer and the
afferent laminae activated in the present study. Camera lucida drawings of two of
these cells are shown in Figs. 1 B and 3A.

Perhaps the most likely explanation of unidirectional propagation of spikes in
granule cell dendrites is that these dendrites had thresholds greater than the synaptic
potential and lower than an action potential. Synaptic activity could not initiate a
dendritic spike directly, but an action potential would, once it had been triggered
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at a low threshold zone at or near to the soma. The low velocity ofinvasion (0 1 m/sec)
might also be due to poor excitability of the dendrites. Unmyelinated axons of similar
or smaller diameter (0-3-1-3 ptm) had velocities in the range 0-7-2-3 m/sec (Hodgkin,
1971). Poor excitability of the dendrites could be due to a low concentration of action
potential channels, perhaps because of the absence of trophic factors that might
operate at the trigger zone or because of spatial competition with post-synaptic
receptors (del Castillo & Katz, 1954; Eccles, 1960).

Functional significance of dendritic invasion. The dendritic spikes described here
appear to be due to regenerative sodium channels of the type commonly found in
axons, and not to the (?)Ca channels described by Llinas & Hess (1976) and
Schwartzkroin & Slawsky (1977). They could be present by chance and have no role
in the neurones' activity, however, several possibilities exist. For instance, because
action potentials usually depolarize membranes more than synaptic activity, the
invasion could provide a unique signal to the post-synaptic membrane that the cell
had fired. This might be important in resetting the dendritic tree, or in a mechanism
for hypothetical modifiable synapses of the type first proposed by Hebb (1949). It
has also been suggested that this dendritic invasion could contribute to the accumu-
lation of extracellular K observed in the dendritic layers during repetitive stimulation
of the granule cells (Fritz & Gardner-Medwin, 1976).
Hippocampal granule and pyramidal cells often show complex spikes or after-

discharges (Kandel & Spencer, 1961; Ranck, 1975), where a typical unit would fire
2-7 spikes, often decreasing in size, at intervals of 1-5-6-0 msec. Dendritic invasion
could cause a depolarization of the soma that outlives its refractory period, and so
produce afterdischarges. It is interesting that depolarizing afterpotentials have been
recorded from the somata of granule cells (Dudek et at. 1976) and of pyramidal cells
(Kandel & Spencer, 1961; Schwartzkroin, 1975). The late dendritic sink 3 msec after
the soma layer spike in Fig. 1E was larger than and close to the site of the earlier
synaptic sink. The late sink presumably was prevented from triggering another
population spike by residual recurrent inhibition (or refractoriness). The activity of
a single granule cell is unlikely to result in appreciable inhibition because of the large
convergence of granule onto basket cells, so this mechanism provides a plausible
model for the generation of complex spikes.

I wish to thank Dr A. R. Gardner-Medwin for valuable help and criticism during this work,
Mr J. V. Halliwell for the loan of histological material, and the M.R.C. for support. Part of this
work has been published in abstract form (Jefferys, 1975).
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