
Active Properties of Dendritic Membrane (Miyakawa and Kato, 1986) 

The article is given as background for the “Hippocampus Slices Lab” of course 

Research Techniques in Neurobiology for understanding the experimental setup in 

the lab. We will be performing an experiment with the same setup as described in 

the article, only we will be using Hippocampus slices from a rat brain rather than 

from the brain of a Guinea Pig and due to technical limitations instead of recording 

from three different locations simultaneously we will move the only recording 

electrode between the recording sites for simulating a simultaneous recording. 

While reading the article please pay attention to the following: 

1. Focus on the stimulation and recording exact locations and on the results 

before injection of the materials. 

2. As we will not inject materials to the preparation during this lab, there is no 

need to focus on the parts of the article dealing with material injection or the 

results related to them. 

3. Please skip the part of the article discussing the CSD (Current Source 

Density), it is not related to our lab. 
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The laminar profile of extracellular field potentials evoked by alveus or stratum radiatum stimulation was recorded at the CAl re-
gion of guinea pig hippocampal slices. One-dimensional approximation of the current source density analysis method was applied to
the data. When the alveus was stimulated, the location of inward membrane current (sink) moved from the cell.body layer to the den-
dritic region for a distance of at least 200,um at a velocity ofQ.16:!: 0.03 mls (n = 6). This sink movement was not blocked by either low-
Ca2+ or Ca2+-freelhigh-Mg2+ medium, but was"blocked by tetrodotoxin application restricted to the dendritic region by a local perfu-
sion method. When the stratum radiatum was stimulated, sink movement from the dendritic region to the cell body layer was not dis-
tinct. Retrograde sink movement from the cell body layer to the dendritic region subsequent to the cell body spike was not observed.
These findings indicated that the dendrites of the CAl pyramidal neurons can generate action potentials which propagate along the
dendrite and that they might primarily be mediated by Na ion.

INTRODUCTION

I

Hippocampal CAl pyramidal neurons have been
reported to generate action potentials at their den-
drites. Small spikes distinguishable from full-size
spikes were recorded intracellularly from cell bodies
and were considered to be of dendritic originl.lo.l1.
Recently, direct intradendritic recordings have
shown spike generation at the dendritel4. There are
presently two hypotheses on the conductive prop-
erties of dendritic spikes. Because of the small ampli-
tude of the spikes when recorded at the soma, Spenc-
er and Kandelll assumed a passive area of the mem-
brane between the soma and the dendrite. On the

other hand, Andersen and L0mol proposed that ac-
tion potentials are initiated in the dendrites and prop-
agated along dendrites down to the soma. This con.
clusion was based on the finding that synaptically
evoked full-size action potentials occur without any
prepotential. Analysis of the laminar record of extra-
celbla1 field potentials has supported the latter opin-
ion1.4.5.l2.However, extracellular field potential by

itself may not ac,curately define the location of spike
generation. To reexamine the existence of propagat-
ing dendritic action potentials, we performed current
source density analysis of laminar field potentials
evoked by antidromic or orthodromic stimulation
using in vitro slice preparations.

Furthermore, since two distinct types of all-or-
none action potentials were reported to occur in den-
drites of hippocampal CA! pyramidal neurons, one
being Na+ mediated and the other Ca2+ me-
diatedlo.l4,we also examined the ionic basis for prop-
agating dendritic spikes.

MATERIALS AND METHODS

Preparation of slices
Guinea pigs were decapitated with a guillotine,

and hippocampal tissue was dissected away from the
rest of the brain. Transverse siices (400 flm thick)
were cut using a specially designed slicer. Sliceswere
then transferred to an incubation chamber containing
artificial cerebrospinal fluid (ACSF) consisting of (in
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mM): NaCl 124; KCl 5.0, NaH2P04 1.25, MgS04
2.0, CaCl2 2.0, NaHC03 22.0 and glucose 10.0,
which was equilibrated with a gas mixture of 95% O2
and 5% C02' More than 1 h later, a slice was trans-
ferred to 'an experimental chamber which was per-
fused with fresh ACSF at a rate of 2 ml/min and its

temperature was maintained at 34 :!::1 cc. The slice
was totally submerged in ACSF for the duration of
the experiment.

Stimulation and recording
We used a pair of stimulating and a pair of

recording electrodes (Fig. 1). Bipolar stimulating
electrodes were constructed from two insulated

tungsten wires exposed at the tip (100,um diameter).
One stimulating electrode was placed on the outer
edge of the alveus to activate the CA}pyramidal neu-
rons antidromically. The other stimulating electrode
was placed in ~hestratum (str.) radiatum to activate
them orthodromically. Monophasic constant current
pulses were applied as the stimuli, and their intensi-
ties were those which evoked maximal responses.
Glass pipettes, filled with ACSF (0.5 to 2.0 MQ resis-

Fig. 1. Diagrammatic representation of the hippocampal slice.
SI. stimulating electrode placed at the alveus to evoke anti-
dromic responses; S2, stimulating electrode placed at the str.
radiatum to evoke orthodromic responses; RI, ACSF filled
glassmicroelectrodefor laminar recordingof extracellularfield .

potentials; R2, glass microelectrode fixed at the str. pyrami- '
dale or str. radiatum to ensure that the response was constant
during laminar recording. The other pipettes (TTX and ASPI-
RATOR) were used for local perfusion. TTX (6 x 10-7M) was
continuously pushed qut onto the target site from one pipette
(TTX) at a rate of 0.1 ml/min and aspirated by the other pipette
(ASPIRATOR). In this way, TTX could be applied tb'a small
restricted area (shaded area). Alv. alveus; Ori, str. oriens; Pyr.
str. pyramidale; Rad. str. radiatum.

tance), were used for recordings. One electrode was
used to record extracellular field potentials at a se-
quentiallocation along the axis perpendicular to the
str. pyramidale in the CA1 region. The other elec-
trode was fixed at the str. pyramidale or at the str. ra-
diatum in the CAl region to ensure that responses
did not vary from one trial to the next. Each of the re-
sponses was recorded on a floppy disk using a com-
puter (NEC PC-9801).

Currentsource density (CSD) analysis
Current source density analysis was performed on

the laminar profile of the field potential recorded in
the CA1 region. We assumed that the CA1 region of
hippocampal slices has translational symmetry in two
dimensions and that the conductivity of the extracel-
lular space is constant. These assumptions permit the
one-dimensional approximation as described by
Mitzdorf and Singer7.The second spatial derivatives
of the potentials were calculated according to the for-
mula:

02<1>(Z) <I>(z+n.~z)-2'<I>(z) + <I>(z-n'~z)--
oz2 (n.~z)2

where <I>is the extracellular field potential, z is the
cQordinate perpendicular to the lamina, ~z is the
sampling interval, n.~z is the differentiation grid
(n'~z = 100,um for our analysis). To obtain the cur-

rent density, the derivatives must be multiplied by
conductivity. Since our interest concerns the relative
value of CSD, we regarded the second spatial deriva-
tive of the potential as the CSD.

Local perfusion
To examine the ionic dependence of evoked re-

sponses, it was necessary to apply Tetrodotoxin
(TIX) locally to the dendritic region or to the somat-
ic region. This was achieved by the following method
(Fig. 1). TIX was dissolved in ACSF and loaded into

a syringe (6 x 10-7M). A broken glass pipette, c,on-
nected to the syringe, was placed close to the target
site. TIX was continuously pushed out onto the tar-
get site at a rate of 0.1 ml/min using a motor-driven
microinjector. Another broken pipette, connected
to an aspirator, was also placed near the site to con-
tinuously aspirate the TIX solution preventing its



diffusion. This method allowed a localized blocking
(shaded area in Fig. 1) of ITX-sensitive conduc-
tances long enough (more than 40 min) to record a
fulllaminar profile without blockade of stimulus in-
puts, i.e. blockade of ITX-sensitive dendritic spikes
with intact antidromically evoked somatic spikes or'
blockade of the somatic spike with intact synaptic in-
puts on the dendrites.

RESULTS

Alveus stimulation

Fig. 2AFPshows an example of a laminar profile of
extracellular field potentials upon alveus stimulation.
Each trace is an average of 5 records. Although it
took about 20 min to record the fulllaminar profile,
the other recording electrode fixed at the str. pyrami-
dale ensured that the response was constant during
the laminar recording. The main features of the f~eld
potentials were: (1) a large negative spike at the str.
pyramidale; (2) a negative spike at the str. radiatum
preceded by a positivity; and (3) two monophasic ne-
gative spikes at the str. oriens. These features were
similar to those reported in in vivo experiments12.

Fig. 2AcsD and B show the current source density
calculated from the laminar field potential. It is pro-
portional to the membrane current at respective
sites. At the str. pyramidale, a large sink current (in-"
ward membrane current), which represented action
potentials generated at the cell body of pyramidal
neurons was observed. In the str. radiatum there was

a profile of diphasic membrane currents, outward
then inward (arrows in Fig. 2AcsD)' The location of a
maximum inward current shifted from the str. pyra-
midale to the str. radiatum over a few milliseconds

time period (filled arrowheads in Fig. 2B) at a veloci-
ty of about 0.1 mls. This sink movement also ap-
peared in the str. oriens (open arrowheads in Fig.
2B).

There are 3 possibilities as to the origin of mem-
brane current in the str. radiatum: (1) it is a passive
source or sink originating from somatic action poten-
tials; (2) some synaptic inputs are activated by alveus
stimulation, and a synaptic current is involved in it;
or (3) it represents active spike generation at the den-
drites.

We can eliminate the first possibility for the follow-
ing reason. As shown in Fig. 2B3.4.5the sink and/or

,
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source, current appeared at the str. radiatum without
a substantial sink or source current at the str. pyrami-
dale. The outward current that appeared at the str.
radiatum (asterisk in Fig. 2B) is the source for the in-
ward current that appeared within the str. radiatum
itself. These currents were generated in a dendritic
region, not at the soma.

To examine the second possibility of the synaptic

A AI v slim.

FP CSD( t sink)
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Rad

100mV/mm2
L

I,msec

B
0.1,msec-
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Rad200Jjm

sink j
100mVlmm2

Fig. 2. A: FP. laminar records of extracellular field potentials
evoked by alveus stimulation. Potentials were recorded along a
track perpendicular to the pyarmidal cell layer in the CAl re-
gion. Recorded sites are indicated in the left column; CSD, cur-
rent source density at respective sites calculated by using one-
dimensional approximation of Mitzdorf and Singer'. Upward
denotes inward sink current (inward membrane current). B:
CSD distribution along the recording track after initiation of
population spike at str. pyramidale. Ordinate denotes location
along the recording track perpendicular to the cell layer. Left-
ward denotes inward membrane current. Locations of maxi-

mum inward current are marked by arrowheads (filled arrow
heads in str. radiatum open arrowheads in str. oriens). Note
the location of inward current shifted from the str. pyramidale
to the str. radiatum at a velocity of about 0.1 rnts and for a dis-
tance of 400 .urn.
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current, we performed laminar recording under a
low-Ca2+ or Ca2+-free/high-Mg2+ condition. Mon-
itoring antidromic and orthodromic responses
evoked by alternately applied stimulation to alveus
(SI in Fig. 1) and to the str. radiatum (S2 in Fig. 1),
we changed the bathing solution from a normal
ACSF to a low-Ca2+or Ca2+-free/high-Mg2+ACSF.
The laminar recording was performed (Fig. 3A) after
ascertaining the blockade of synaptic transmission by
the disappearance of an orthodromically evoked re-
sponse. A diphasic membrane current and sink
movement in the str. radiatum still appeared under
this condition (arrows in Fig. 3AcsD)' Similar results
were obtained in all experiments in which synaptic
transmission was blocked by low-Ca2+(0.2 mM; n =
1) or Ca2+-free/high-Mi+ (4-10 mM; n = ~) ACSF.

As can be seen in Fig. 3A, the second spike ap-
peared when low-Ca2+medium was perfused. Tak-

A

FP

Low Ca (O.2mM)

CSD(4o sink)

L

ing into account that it did not appear when Ca2+_
free/high-Mg2+ medium was used, we believe that
the lack of divalent cations made the cell membrane

unstable, and hence two spikes were evoked by anti-
dromic stimulation.

Since the possibility of a synaptic current was elim-
inated, the origin of the diphasic membrane current
and sink movement in the str. radiatum could be at-

tributed to active spike generation within the den-
drites. Sink movement represents the conduction of
dendritic spikes along the apical dendrites. The mean
velocity of this movement was 0.13 :t 0.03 m/s (n =
6), and the distance of sink movement from the soma
was 283 :t 93/-lm (n = 6). Though not 'proven, the
sink movement toward the str. oriens may also repre-
sent the conduction of dendritic spikes along the bas-
al dendrites. .

The above experiments also indicate that the anti-
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Fig. 3. A: laminar records of field potentials evoked by alveus stimulation in low-Ca2+ (0.2 mM) condition, and current source density
calculated from them. Sink movement in the str. radiatum was not abolished under this condition (arrows). Blockade of synaptic trans-
mission in this low-Ca2+ concentration was ascertained by disappearance of the orthodromic population spike evoked by str. radiatum

stimulation. B: laminar records of field potentials evoked by alveus stimulation when TTX (6 x 10-7 M) was continuously applied lo-
cally to the str. radiatum by the local perfusion technqque. Calcium concentration in ACSF was 0.2 mM in this case. Sink movement in
str. radiatum and the negative deflection of field potential observed in the str. radiatum was abolished (asterisks). Figs. 2 and 3 show
results of experiments performed on the same slice preparation.



dromically evoked action potentials that propagate
along the dendrites are mediated by the Ca ion. To
examine whether the sink movement is mediated by
the Na ion, we applied TIX (6 x 10-7M) locally to
the dendritic region (by local perfusion) without
blocking the antidromically evoked population spike'
at the pyramidal cell layer. Fig. 3B shows the laminar
profile of field potentials recorded when TIX was
continuously applied to the str. radiatum. Synaptic
transmission was blocked by the low-Ca2+or Ca2+-
free/high-Mg2+ ACSFin this experiment. The anti-

. dromicallyevokedpopulationspikestillappearedin
the str. pyramidale with an amplitude comparable to
that of the control (Fig. 2A) or low-Ca2+(Fig. 3.A)
experiment. On the other hand, the negative spike at
the str. radiatum was abolished by the local applica-
tion of TTX (asterisks in Fig. 3BFP)'During laminar
recordings .under local application of TIX, popula-
tion spikes with a constant amplitude were observed
through the other recording electrode placed -atthe
str:. pyramidale. The CSD analysis applied to this
laminar profile showed a source current only at the
proximal dendritic region and sink current at the str.
pyramidale (Fig. 3BcsD)' The sink current at str, ra-
diatum and source current at the distal dendritic re-

gion were abolished in this condition (asterisks in Fig.
3Bcsri). This current profile means that the active
current of the dendritic spike apd the passive source
for it were blocked by TIX applied locally to the str.
.radiatum. The current that was not abolished by the
local application of TIX to the str. radiatum must be
an active current of somatic action potentials and the
passive source for them located at the proximal den-.
dritic region. After cessation of local TIX applica-
tion, the sink current in. the str. radiatum and the
source current at the distal dendritic region reco-
vered completely (not shown). Thus, antidromically
evoked propagating dendritic spikes were blocked by
TIX but were not blockedby a 10w-Ca2+or Ca2+- .

fr~e/high-Mg2+condition. These results suggest that
propagating dendritic potentials are primarily me-
diated by the Na ion.

Stratum radiatum stimulation

Fig. 4 shows the laminar profile of extracellular
field potentials evoked by the str. radiatum stimula-
tion. The main features of these field potentials were:
(1) a sharp negative spike at the str. pyramidale; (2) a
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Fig. 4. Laminar recordsof field potentialsevoked bystr. radia-
turn stimulation, and current source density.calculated from
them. In the str. radiatum, a long-latencynegative spike (4)
whichhad been consideredto represent propagating actionpo-
tentials alongthe apicaldendritesof the pyramidalneuronswas
recorded.
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slow positive wave at the str. pyramidale; (3) a short-
latency negative spike in the str. radiatum; (4) a long-
er latency negative spike in the str. radiatum; (5) a
slow negative wave in thestr. radiatum; and (6) a di-J
phasic potential in the str. oriens. These features are
almost identical to those reported for in vivo experi-
ments1.4.5.

The sharp negative spike at the str. pyramidale (1
in Fig. 4). represents a summation of action poten-
tials generated at the pyramidal neuron cell bodies.
The large current sink at the str. pyramidale (a in Fig.
4) is the corresponding active membrane current.
Andersen demonstrated that the short-latency nega-
tive spike in the str. radiatum (3 in Fig. 4) represents
the presynaptic fiber volley2. The sharp current sink
with the same latency in the str. radiatum (c in Fig. 4)
corresponds to the volley of presynaptic fibers such
as the Schaffer collaterals. This sink appeared only in
the distal radiatum, thus it appears that synaptic in-
puts arrive at the middle portion of the apical den-
drites in this experiment. .
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Among the orthodromically evoked responses,
our interest was focused on the longer latency nega-
tive spikes recorded in the str. radiatum (4 in Fig. 4).
While this spike could be recorded in the full width of
the str. radiatum, its peak latency was shortest at the
distal portion of the str. radiatum. In its proximal
portion, the latency of the spike became closer to that
of the somatic population spike.

Cragg and Hamlyn4, Fujita and Sakata5, and An-
dersen and L0mol proposed that this negative spike
represents action potentials which propagate along
the apical dendrites of the pyramidal neurons. If so,
there must be sink movement in the str. radiatum. As

shown in Fig. 4, although minor sink movement was
observed in the dendritic region proximal to the soma
(b to a in Fig. 4), it was not distinct in the middle layer
of the str. radiatum. This finding was consistent in all
the cases examined (n =9). Thus, our results of CSD
analysis do not directly support the contention that
the propagating dendritic action potentials can be
evoked by synaptic inputs.

Nonetheless these findings do not deny the active
changes of dendritic membrane in response to synap-
tic inputs. We did not observe any sink movement
from the cell body layer to dendritic regions subse-
quent to the large siIik 'current at the cell body layer.
This suggests that the properties of a dendritic mem-
brane change actively prior to spike generation at the
cell body.

In the str. oriens, a diphasic profile of the mem-
brane current (d in Fig. 4), which corresponds to the
diphasic potential in this region (6 in Fig. 4) ap-
peared. Sink movement from the str. pyramidale into
the str. oriens indicates the propagation of action po-
tentials along the basal dendrites and/or axons of py-
ramidal neurons.

DISCUSSION

By applying the current source density analysis on
extracellular field potentials evoked by alveus stimu-
lation, we confirmed that the apical dendrite of the
hippocampal CA1 pyramidal neuron generates acs
tion potentials and that they can be propagated along
the dendrite from cell body to dendrites.

Dendrites of hippocampal CA1 pyramidal neurons
are known to generate Na+-mediated and Ca2+-me-
diated action potentials10.14.We have sho~nihat the

"

sink movement in the apical dendritic region evoked
by alveus stimulation was not blocked in low-Ca:- or
Ca2+-freelhigh-Mg2-i-condition but was block~ b~
TTX. These findings indicate that propagarmg den-
dritic spikes are primarily mediated by the ~a ion. not
by the Ca ion. Similar results were obtained by Jeff-
erys6in dentate granule cells. He showed that when
activated orthodromically or antidromically, granule
cell dendrites were invaded by action potentials and
that the action potentials could be blocked by ITX.

The intrasomatic recordings taken from pyramidal
neurons by Spencer and Kandelll showed that about
25% of the CA1 pyramidal cells exhibit small spikes
(fast prepotential, FPP), which were distinguishable
from full-size spikes. They speculated that FPP origi~
nates at some point within the dendrite and that a
passive area of membrane lies between the active
membrane responsible for the FPP and the soma.
This conception differs from our interpretation,
based on the sink movement in response to antidrom-
ic activation, that an active membrane lies along the
full length of the proximal dendrites.

There are several early reports1,4,5in which the ac-
tion potentials were concluded to propagate along
the apical dendrite of CA1 pyramidal neurons all the
way from dendrite to soma in response to orthodrom-
ic inputs based on the laminar record of the extracel-
lular field potential. Andersen and L0mo1 arrived at
the same conclusion with intrasomatic recordings.
Our results support the concept that the membranes
of dendrites are active all the way from soma to den-
drites, but did not directly support the idea that ac-
tion potentials propagate along the dendrites in re-
sponse to synaptic inputs.

There are several possible mechanisms to interpret
the fact that neither centripetal sink movement nor
centrifugal sink. movement which was clearly ob-
served when stimulated antidromically, were
brought about by synaptic inputs: (1) although pyra-
midal neurons generate propagating dendritic
spikes, they are not synchronous. As they propagate
close to the soma, spikes become well synchronized
by an ephaptic interaction between neurons8; (2)
concomitant excitatory and/or inhibitory synaptic in-
puts reduce resistance of the dendritic membrane, so
spike generation may be blocked or the amplitude of
spikes reduced at the middle part of the dendrites; (3)
when activated synaptically, dendritic spikes may
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conduct centripetally in a saltatory manner due to ca-
ble properties of the dendrite; (4) orthodromic syn-
aptic inputs may activate a non-propagating active
conductan.ce such as Ca2+ conductance at the distal
part of the dendrite which in turn triggers propagat-
ing action potentials at the proximal part of the deri'-
drites. Further work is required to determine which
of these explanations best explains the findings, or
whether another explanation must be sought.

It is well established that hippocampal CA1 pyra-
midal cells exhibit plastic changes of responsibility,
so-called long-term potentiation (LTP)13. As one
feature of LTP, Andersen et al. pointed out the E-S
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