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Dendritic Sodium Spikes Are Variable Triggers
of Axonal Action Potentials in Hippocampal
CA1 Pyramidal Neurons

field potential recordings in CA1 indicated that spikes
could be generated in the proximal apical dendrites of
CA1 neurons and subsequently propagate in both direc-
tions away from this dendritic site of initiation (Cragg
and Hamlyn, 1955; Andersen, 1960; Fujita and Sakata,
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1962; Andersen and Lomo, 1966). Almost three decadesEvanston, Illinois 60208
later, by combining in vitro field potential recordings
with local tetrodotoxin (TTX) application, Turner and col-
leagues substantiated these conclusions, finding thatSummary
active dendritic conductances precede somatically re-
corded population spikes (Turner et al., 1989). UsingSeveral early studies suggested that spikes can be
current source density analysis in vivo, Herreras arrivedgenerated in the dendrites of CA1 pyramidal neurons,
at the similar conclusion that active dendritic conduc-but their functional significance and the conditions
tances preceded axonal action potential generation inunder which they occur remain poorly understood.
CA1 neurons (Herreras, 1990). Finally, Turner and col-Here, we provide direct evidence from simultaneous
leagues used a variety of observations to conclude thatdendritic and somatic patch-pipette recordings that
a gradual transition from synaptic amplification to all-or-excitatory synaptic inputs can elicit dendritic sodium
none dendritic spike generation proceeded as synapticspikes prior to axonal action potential initiation in hip-
stimulus intensity was increased (Turner et al., 1989).pocampal CA1 pyramidal neurons. Both the probability

Support for the idea of excitable dendrites has alsoand amplitude of dendritic spikes depended on the
come from microelectrode recordings. In the early 1960s,previous synaptic and firing history of the cell. More-
Spencer and Kandel, using intracellular microelectrodeover, some dendritic spikes occurred in the absence
recordings in vivo, identified small amplitude, fast, all-of somatic action potentials, indicating that their prop-
or-none spikes (fast prepotentials) that occurred eitheragation to the soma and axon is unreliable. We show
in isolation or in association with full size action poten-that dendritic spikes contribute a variable depolariza-
tials (Spencer and Kandel, 1961). Because these fasttion that summates with the synaptic potential and
prepotentials were absent during antidromic stimula-can act as a trigger for action potential initiation in
tion, they were attributed to dendritically initiated spikes,

the axon.
an interpretation that received support in several subse-
quent studies (Schwartzkroin, 1977; Wong and Stewart,

Introduction 1992; Turner et al., 1993). Intradendritic recordings also
indicated that CA1 dendrites are active (Wong et al.,

Most neurons in the central nervous system (CNS) func- 1979; Benardo et al., 1982; Poolos and Kocsis, 1990;
tion by generating action potentials in response to ap- Wong and Stewart, 1992; Andreasen and Lambert, 1995b),
propriate synaptic inputs, yet little is known about the and several studies showed that dendrites retained
actual steps leading to action potential initiation. Are these active properties when isolated from the soma
synaptic inputs summed passively in the dendrites, or either mechanically or pharmacologically (Benardo et
can voltage-gated channels, which are known to be pres- al., 1982; Turner et al., 1991, 1993; Colling and Wheal,
ent in the dendritic membrane of many neurons, contrib- 1994). Other studies have shown that the threshold and
ute substantially to the membrane potential change timing of action potentials differ for proximal versus dis-
required to produce an action potential in the axon? tal synaptic stimulation, leading to the conclusion that
Alternatively, can dendrites themselves serve as the site distal synaptic inputs may result in dendritic spike initia-
of action potential initiation in response to some synap- tion, while proximal inputs lead to axonal spike initiation
tic inputs? Answers to questions like these have been (Andersen et al., 1987; Andreasen and Lambert, 1998).
elusive, in large part owing to the technical difficulty of Despite this wealth of data suggesting that spikes
probing dendritic function directly. Indeed, the question may be generated in CA1 dendrites, the question has
of whether voltage-gated channels in dendrites can am- remained controversial. For example, in contrast to the
plify synaptic potentials or generate action potentials is studies cited above, some field potential studies con-
a controversial one. Many experiments have indicated cluded that action potentials are generated near the
that the axon is the usual site of action potential initiation soma and subsequently invade the dendrites actively
in several types of neurons, but some studies have indi- (Miyakawa and Kato, 1986; Richardson et al., 1987).
cated a role for the dendrites in the process of spike This notion has gained support from recent patch-clamp
initiation (reviewed by Johnston et al., 1996; Yuste and studies which suggest that the threshold for action po-
Tank, 1996; Stuart et al., 1997a). tential initiation is lowest in the axon of CA1 neurons

The controversy regarding the site of action potential (Spruston et al., 1995; Colbert and Johnston, 1996; Hoff-
initiation in CA1 neurons is rooted in a long history of man et al., 1997). Furthermore, the role of dendritic volt-
experiments on these neurons. Early in vivo work using age-gated channel activation need not be limited to

spike generation. Sodium and calcium channels pres-
ent in CA1 dendrites (Magee and Johnston, 1995a) may* To whom correspondence should be addressed (e-mail: spruston@

nwu.edu). be activated during subthreshold synaptic stimulation
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Figure 1. Initiation of Dendritic Spikes Oc-
curs in Vitro

(A) Responses of a pyramidal cell recorded
simultaneously from the soma (thin traces)
and the dendrite (thick traces, distance 5 242
mm) to synaptic stimuli of different intensities
in stratum lacunosum-moleculare (arrows). A
threshold stimulus gave rise to an EPSP that
triggered an action potential that was de-
tected first in the soma and subsequently in
the dendrite (A1). However, stronger stimuli
elicited EPSPs with graded, active electro-
genic components (asterisks, [A2] and [A3])
and also could give rise to a dendritic spike
(A4).
(B) In a different pyramidal cell, dendritic
spikes of graded amplitude were elicited at
lower stimulus intensities than somatic action
potentials. These isolated dendritic spikes,
regardless of amplitude, appear strongly at-
tenuated at the soma. Note the lack of mono-
tonicity in the relationship between the am-
plitude of the dendritic spike and stimulus
strength.

(Magee and Johnston, 1995b). As blocking these chan- midal neurons in hippocampal slices maintained at
physiological temperature (328C–368C). Most slices werenels results in a reduction in the amplitude of the somatic

excitatory postsynaptic potential (EPSP) (Lipowsky et prepared from 6- to 11-week-old rats, but similar results
were observed in slices from 4-week-old rats. A stimulat-al., 1996; Gillessen and Alzheimer, 1997), it remains pos-

sible that the excitable properties of dendrites identified ing electrode was placed in either the distal third of the
stratum radiatum or in stratum lacunosum-moleculare;in some studies may serve to amplify synaptic potentials

without actually generating dendritic spikes. Even if similar results were observed with both of these stimuli,
which activate axons impinging on approximately thespikes can be generated in CA1 neurons, it is unclear

which patterns of synaptic activation are most effective middle and outer thirds of the apical dendrites, respec-
tively.at evoking them and how dendritic spikes propagate to

the soma. In the majority of neurons, synaptic stimulation just
above threshold for spike initiation produced action po-Here, we use simultaneous patch-pipette recordings

from the soma and a dendrite of the same neuron to tentials that occurred first in the soma and later in the
dendrite (n 5 22 of 30 recordings in which a somaticaddress these questions directly. We demonstrate that

sodium spikes can be generated in the dendrites of CA1 action potential could be evoked by a single stimulus;
Figure 1A1), presumably reflecting action potential initia-neurons in response to specific patterns of synaptic

stimulation. Furthermore, we find that the propagation tion in the axon and active back-propagation into the
dendrites, with significant amplitude attenuation (Sprus-of these spikes to the soma is unreliable, suggesting

that dendritic spikes are functionally distinct from action ton et al., 1995). In some cells, however, increasing the
synaptic stimulus intensity resulted in a dendritic spikepotentials propagating via the axon. These results help

to reconcile many contentious results obtained over four that preceded the somatic action potential (n 5 4 of 10
recordings tested in this way; Figure 1A4). Furthermore,decades of research and provide insight into the steps
stimuli at or near the intensity that evoked a dendriticleading to action potential initiation in CA1 neurons.
spike occasionally evoked partial dendritic regenerative
responses that preceded the somatic action potential

Results but were later followed by a back-propagating action
potential (Figures 1A2–1A3). In a minority of recordings

Dendritic Spikes in Response (n 5 8 of 30), threshold stimulation resulted in dendritic
to Synaptic Stimulation spikes that preceded the somatic action potential. In
Simultaneous patch-pipette recordings were obtained two of these eight cases, threshold stimulation resulted

in dendritic spikes that occurred in isolation of a somaticfrom the soma and primary apical dendrite of CA1 pyra-
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dendrite to the soma (n 5 2; Figures 2C and 2D). Den-
dritic spikes were promoted in a similar manner by block-
ing GABAB-mediated inihibition with 1 mM CGP55845A.
These results provide further confirmation that dendriti-
cally generated spikes occur preferentially when the ex-
citatory component of a synaptic potential is strong.

Dendritic Spikes in Response to Trains
of Synaptic Stimuli
An important question is whether excitatory synaptic
inputs capable of triggering dendritic spikes actually
occur in vivo. Two observations in vitro presented so
far suggest that they could. First, in some cells, dendritic
spikes were observed in the absence of corresponding
somatic action potentials (Figure 1B). Second, even in
those cells in which dendritic spikes only occurred at
a stimulus intensity larger than that required to evoke
somatic spikes, the necessary increase in stimulus in-
tensity was modest (as little as 1.53 the threshold stimu-
lus for a somatic spike; see Figure 1A). Perhaps the
most compelling suggestion that dendritic spikes may
occur in response to synaptic inputs of physiological
relevance, however, is the observation that dendritic
spikes occurred almost invariably during trains of synap-
tic stimuli. In 30 of 36 neurons, trains of five synaptic
stimuli (20–66 Hz) resulted in at least one spike that
occurred first in the dendrite. In the cell shown in Figure

Figure 2. The Site of Spike Initiation Is Sensitive to the Strength of 3, the action potential was initiated in the axon on the
Excitation

first stimulus (Figure 3B1), in the dendrite on the second
(A) Threshold activation of synaptic inputs in stratum radiatum trig-

stimulus (Figure 3B2), and in the axon again on the thirdgers an action potential that is observed first in the soma (thin traces)
and subsequent stimuli (Figures 3B3 and 3B4; fifth re-and subsequently in the dendrite (thick traces, distance 5 200 mm).
sponse not shown). This example is typical in that the(B) Blockade of inhibition mediated by GABAA receptors with bicu-

culline caused the site of spike initiation to shift from the axon to second synaptic stimulus was the most effective trigger
the dendrite. of dendritic spikes (n 5 30 of 30 recordings exhibiting
(C) Reducing the strength of excitation by blocking NMDA receptors dendritic spikes), even if the first postsynaptic potential
with D-AP5 reversibly shifted spike initiation back to the axon.

(PSP) was below action potential threshold (Figure 3C).
Additional dendritic spikes sometimes occurred in re-

action potential (Figures 1B1–1B3), but as stimulus in- sponse to stimuli other than the second in a train, but
tensity was further increased, the dendritic spike even- the occurrence of more than two dendritically initiated
tually gave rise to a somatic action potential (Figure spikes in a train of five stimuli was infrequent (n 5 9, 9,
1B4). 6, 2, and 4 for 1–5 spikes, respectively).

These results constitute a direct demonstration of A major factor underlying the prevalence of dendritic
dendritic spike initiation in CA1 pyramidal neurons. By spikes during trains is the facilitation of the EPSP that
dendritic spike initiation, we mean only that a spike occurs during repetitive synaptic stimulation. When the
occurred in the dendrite first and not necessarily that it synaptic stimulus intensity was reduced to produce
was the sole cause of the action potential in the soma. trains of subthreshold PSPs, the second and third re-
These results are in accord with previous suggestions sponses in the train were usually the largest (Figure 4A),
that stronger excitatory synaptic inputs can trigger den- suggesting that dendritic spike initiation is correlated
dritic spikes in CA1 cells (Turner et al., 1989, 1991). To with the size of the PSP. In support of this hypothesis,
further test the idea that synaptic strength can modulate the initial slope of the EPSPs giving rise to dendritic
the site of spike initiation, EPSP amplitude was altered spike initiation was larger than the slope of EPSPs re-
pharmacologically, rather than by changing stimulus in- sulting in somatic initiation (Figures 4B and 4C). Never-
tensity. In control, threshold synaptic stimulation trig- theless, facilitated EPSPs late in the train rarely gave
gered an action potential that occurred first in the soma rise to dendritic spikes, suggesting that other factors
and later in the dendrite (Figure 2A). Blocking GABAA- contribute to whether a strong synaptic input can trigger
mediated inhibition increased the overall synaptic depo- a dendritic spike (see Discussion).
larization associated with the same stimulus and caused Isolated dendritic spikes (i.e., in the absence of a cor-
the dendritic spike to occur first (n 5 4 for 10 mM bicucul- responding somatic action potential) were also preva-
line, n 5 3 for 5–50 mM SR95531; Figure 2B). The subse- lent in response to trains of synaptic stimuli (n 5 11 of
quent addition of 50 mM D-AP5 reduced the overall syn- 30 cells that exhibited dendritic spikes). Figure 5 shows
aptic depolarization by blocking NMDA receptors and examples from three recordings in which isolated den-

dritic spikes were recorded in response to repetitivereversibly shifted the site of spike initiation from the
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Figure 3. Dendritic Spike Initiation Is Prominent during Brief Trains of Synaptic Stimuli

(A–C) Responses of a CA1 pyramidal cell (shown in [A]) to 20 Hz trains of PSPs recorded simultaneously from the soma (thin traces) and the
dendrite (thick traces, distance 5 217 mm). The stained neuron provides morphological confirmation that the recordings were from a CA1
pyramidal neuron.
(B) Responses to a train of four synaptic stimuli are shown at the top, and each response is expanded below. Spike initiation occurred near
the soma in the first response, shifted to the dendrite in the second response, and shifted back near the soma in the third and fourth responses.
(C) The shift in the site of spike initiation to the dendrite occurred independent of prior spike initiation, as the second response produced a
dendritically initiated spike even though the first response fell below threshold.

synaptic stimulation. Isolated spikes elicited in response We also examined the dependence of dendritic spike
generation on the temperature and age of the animal.to trains of synaptic stimuli had variable amplitudes in

different responses but were usually smaller than those We found that the stimulus intensity required to elicit
dendritic spikes was higher at room temperature thanassociated with somatic action potentials (Figure 5B).

Similar isolated dendritic spikes were also observed in at physiological temperature (n 5 4). This observation
potentially explains why dendritic spike initiation wasthe presence of 10 mM bicuculline or 50 mM SR95531

(n 5 3 and 1, respectively), indicating that inhibition not observed in a previous study in which most experi-
ments were performed at room temperature (Sprustonmediated by GABAA receptors was not responsible for

the failure of dendritic spikes to trigger action potentials et al., 1995). In the present study, dendritic spikes were
observed in slices from animals as young as 26 daysat the soma.

One technical concern in these experiments was that old (the youngest age examined).
the cytoplasmic dialysis or capacitance load associated
with whole-cell patch-pipette recordings could itself Dendritic Spikes Are Mediated by Sodium

Channels and Are Sensitive to Previouschange the site of action potential initiation. To address
this issue, experiments were performed in the cell- Action Potential Firing

Dendritic spikes could also be evoked by injecting large,attached configuration (Figure 6). As in whole-cell re-
cordings, trains of action potentials evoked by synaptic brief current pulses directly via the dendritic electrode

(Figure 7). In some cases, these current-evoked den-stimulation usually resulted in dendritic spike initiation
in response to at least one stimulus in the train (n 5 7 dritic spikes appeared first in isolation (Figure 7, middle)

but were associated with somatic action potentialsof 10 recordings), most often in response to the second
stimulus (Figure 6A). In a few cases, isolated dendritic when the amplitude of the injected current was in-

creased (data not shown). Current-evoked dendriticspikes were also observed in dual cell-attached re-
cordings (n 5 3 of 10; Figure 6A2). In four of seven cells spikes were blocked by TTX, indicating that dendritic

spikes require activation of dendritic sodium channelsshowing dendritic spikes in cell-attached recordings,
the soma was repatched in the whole-cell configuration (Figure 7). Because these current-evoked dendritic spikes

appear almost identical in half width to dendritic spikesto confirm that both recordings were from the same
cell (Figure 6B). These results alleviate the concern that evoked by synaptic stimulation (Figure 7), it is likely

that the synaptically evoked dendritic spikes are alsodendritic spike initiation is an artifact of whole-cell re-
cording. primarily sodium-dependent. By contrast, dendritic spikes
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Figure 4. Strong Synaptic Excitation Favors
Dendritic Spike Initiation

(A) (Upper traces) Responses of a pyramidal
cell to a train of synaptic stimuli recorded
simultaneously from the soma (thin traces)
and the apical dendrite (thick traces, dis-
tance 5 180 mm). The second and third action
potentials occurred first in the dendrites (d,s),
whereas the first, fourth, and fifth action po-
tentials occurred first in the somatic re-
cording (s,d). (Lower traces) A train of largely
subthreshold PSPs reveals substantial fre-
quency potentiation in the responses.
(B) Superposition of all five dendritic and all
five somatic traces reveals a clear correlation
between the time of the spike and the initial
slope of the EPSP. The dendritically initiated
spikes (2 and 3) arose earlier, from the fastest
rising EPSPs.
(C) Summary graph comparing the slopes of
EPSPs triggering spikes initiated in the soma
or the dendrite. Differences between the
slopes of the EPSPs giving rise to somatically
versus dendritically initiated spikes are statis-
tically significant (paired sample t test, p ,

0.00001 for somatic EPSPs and p , 0.00004
for dendritic EPSPs, n 5 10 cells).

evoked by current injection were insensitive to 200 mM by a somatic current step attenuated subsequent, syn-
aptically evoked dendritic spikes (n 5 8; Figure 8B). InCdCl2 and 50 mM NiCl2, which blocked synaptic trans-

mission, indicating that voltage-activated calcium chan- general, synaptic responses evoked less than 500 ms
after the conditioning train gave rise to highly attenuatednels are not required for dendritic spike initiation (n 5

4; data not shown). Nevertheless, it is likely that the dendritic spikes, which in many cases failed to trigger
action potentials at the soma. At progressively longerdepolarization associated with the dendritic sodium

spike induces some calcium influx through voltage-acti- intervals, dendritic spikes recovered in amplitude in a
graded manner, with full recovery apparent at intervalsvated calcium channels under physiological conditions.

Since synaptically evoked dendritic spikes appear to of 500–1500 ms. When the duration of the conditioning
train was extended, however, dendritic spikes evokedrequire dendritic sodium channel activation, and den-

dritic sodium channels are known to be inactivated for following short recovery periods had larger amplitudes
than those following a brief conditioning train (compareprolonged periods by prior depolarization (Colbert et al.,

1997; Jung et al., 1997), we examined whether dendritic Figures 8B and 8C). This result suggests that although
the first few back-propagating spikes can alter dendriticspikes are sensitive to recent action potential firing (Fig-

ure 8). A train of three to six action potentials evoked excitability, subsequent spikes have considerably less

Figure 5. Variable Amplitude, Isolated Den-
dritic Spikes Are Prominent during Trains of
Synaptic Stimuli

(A) Isolated dendritic spikes (asterisks, thick
traces), elicited with 20 Hz trains of synaptic
stimuli, recorded simultaneously at the soma
and at different distances in the dendrites of
three different cells. The voltage contribution
of these spikes is barely detectable at the
soma (thin traces).
(B) Superimposed dendritic traces recorded
from the examples shown at the left (and oth-
ers) reveal that isolated dendritic spikes are
graded in amplitude. Arrows indicate den-
dritic spikes that triggered action potentials
in the soma.
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Figure 6. Dendritic Spikes Can Be Detected by a Noninvasive Recording Technique

(A) Currents measured in simultaneous cell-attached patch recordings from a proximal dendrite (near the soma, thin traces) and a distal apical
dendrite (thick traces, distance 5 231 mm) of the same cell in response to a train of synaptic stimuli (three shocks, 66 Hz). Individual responses
are shown expanded below. Note the isolated dendritic spike in response to the second stimulus and the dendritically initiated spike in
response to the third stimulus.
(B) Electrophysiological confirmation that the paired recordings in (A) were from the same cell. The somatic cell-attached patch-pipette was
replaced by a whole-cell patch-pipette 26 mm from the soma. Currents recorded in cell-attached configuration at the distal dendritic location
were correlated with spikes elicited by a 300 pA current step injected into the proximal dendritic site. The synaptic response elicited in this
configuration reveals a spike in the dendrite that does not propagate to the soma. The stained neuron provides morphological confirmation
that the recordings were from a CA1 pyramidal neuron.

effect. This can be understood by realizing that the later during sustained spike back-propagation therefore sug-
gests that the dendritic spikes are generated in distalspikes in a train propagate to the distal dendrites, with

significant amplitude attenuation (Spruston et al., 1995), regions of the dendrites that are relatively insulated from
the effects of attenuated back-propagating action po-largely as a result of sodium channel inactivation in the

proximal dendrites (Colbert et al., 1997; Jung et al., tentials.
1997). Because these later spikes do not substantially
depolarize the distal dendrites (depolarizations even Dendritic Spikes Can Trigger Axonal

Action Potentialssmaller than those shown in Figure 8C will occur at
dendritic locations distal to this recording site), the so- The observation that dendritic spikes have variable am-

plitudes and can occur in isolation from action potentialdium channels there can recover from inactivation to
some extent, even while the more proximal dendritic firing in the soma and axon raises the question of what

function is served by these dendritic spikes. One possi-sodium channels remain inactivated, owing to the larger
depolarization associated with each spike in the proxi- bility is that they serve a local function, perhaps related

to synaptic plasticity (see Discussion). Alternatively, ormal dendrites. The ability of dendritic spikes to recover

Figure 7. Dendritic Spikes Are Dependent on
Activation of Voltage-Gated Sodium Channels

An EPSP elicited with a shock to stratum la-
cunosum-moleculare triggered a spike in the
dendrite (thick traces, distance 5 345 mm)
that failed to propagate to the soma (thin
traces). The amplitude and time course of the
synaptically triggered dendritic spike was
mimicked by a 5 ms depolarizing current
pulse injected into the dendritic electrode,
and this spike was eliminated in the presence
of 500 nM TTX.
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Figure 8. The Amplitude of Dendritic Spikes
Is Sensitive to Prior Action Potential Firing

(A) Synaptically elicited dendritic spike re-
corded simultaneously from the soma (thin
traces) and the apical dendrite (thick traces,
distance 5 267 mm).
(B) When the same synaptic stimulus fol-
lowed 100 ms after a train of four action po-
tentials elicited by a 100 ms, 550 pA depolar-
izing prepulse injected into the soma, the
dendritic spike was absent, and a delayed
back-propagating spike followed the somatic
action potential. Partial recovery from activ-
ity-dependent attenuation of dendritic spikes
was apparent when the synaptic stimulus fol-
lowed the prepulse by 500 ms. Full recovery
of dendritic spike amplitude occurred when
the synaptic stimulus followed the prepulse
by 750 ms, and active back-propagation of
the somatic action potential to the dendritic
recording site is not detectable.
(C) Substantial recovery of dendritic spike
amplitude occurred when the synaptic stimu-
lus was given 100 ms after an extended, 650
ms train of action potentials that showed
activity-dependent amplitude attenuation of
back-propagating action potentials.

in addition, they could function as an active form of or not an action potential is triggered in the axon de-
pends on the magnitude of the additional depolarizationsynaptic integration, which might serve to increase the

probability of a synaptic input triggering axonal action provided by the dendritic spike. In Figure 9A1, the PSP
is subthreshold, but in Figure 9A2, an additional depolar-potentials. Some observations in our recordings support

this idea. As illustrated in Figure 9, dendritic spikes can ization contributed by a small dendritic spike (about
20 mV at 155 mm) increases the somatic membraneprovide an additional depolarization at the soma. Whether

Figure 9. Dendritic Spikes Summate with
Postsynaptic Potentials

(A) Threshold synaptic stimuli of identical in-
tensity elicit responses consisting of a sub-
threshold PSP (A1), a PSP that gives rise to
a weak dendritic spike followed by a back-
propagating somatic action potential (A2) and
a full dendritic spike that triggers a non-back-
propagating somatic action potential (A3).
(B) Comparison of the dendritic (top) and so-
matic (bottom) voltage changes in the three
responses in (A). The response in (A2) is
shown as thick traces in (B). The dashed line
indicates the peak of the dendritic spikes in
the dendritic responses at the top. Below, an
inflection (arrow) is apparent in the somatic
PSP of the thick trace, just prior to the peak
of the dendritic spike. This inflection, which
appears to be due to the dendritic spike, pro-
vides just enough additional depolarization to
the somatic PSP to allow it to trigger a full
size action potential.
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potential by a few millivolts, causing it to trigger an 1, 5 and 6). Somewhat larger dendritic spikes provide
just enough additional depolarization to the somaticaction potential in the axon. This recording provides a

clear example of active dendritic integration that pre- PSP that an action potential does occur, but with some
delay (see Figure 9). The largest and most reliably propa-cedes axonal action potential initiation and back-propa-

gation into the dendrites (see also Figures 1A2 and 1A3). gating dendritic spikes will always trigger full size action
potentials in the axon. Dendritic spikes may thereforeIn cases such as this, the dendritic spike has not propa-

gated regeneratively along the dendrite to the soma be viewed as a form of amplification for some synaptic
inputs, since the variable-amplitude depolarization theyand axon; rather, the dendritic spike has propagated

semiactively (or passively) along the dendrite and pro- contribute to the somatic PSP increases the probability
of action potential initiation in the axon (see also Stuartvided only a small additional depolarization to the so-

matic PSP. In other cases, the depolarization provided et al., 1997a).
Our results are then consistent with the view that aby the dendritic spike is presumably larger than that

shown in Figure 9A2, and the somatic action potential low threshold action potential initiation zone exists in
the axon of CA1 cells (Spruston et al., 1995; Colbert andoccurs without delay, as shown in Figure 9A3. In these

cases, no back-propagating action potential is ob- Johnston, 1996). Though many factors may contribute to
the higher threshold for spike initiation in the dendrites,served, presumably because the larger dendritic spike

has left the dendrite in a refractory state, owing to the Hoffman and colleagues have shown that an important
one is the high density of A-type potassium channelsinactivation of a larger fraction of dendritic sodium

channels. in the apical dendrites of CA1 neurons (Hoffman et al.,
1997). Our results indicate, however, that in response
to some synaptic stimuli, the effects of these dendriticDiscussion
potassium channels can be overcome, and the higher
threshold spike initiation zone(s) in the dendrites can beThe simultaneous somatic and dendritic recordings pre-
activated, before threshold is reached in the axon.sented here provide definitive evidence that sodium-

The synaptically triggered dendritic spikes describeddependent spikes can be initiated in the dendrites of
here likely require the activation of dendritic voltage-CA1 neurons in response to specific patterns of synaptic
activated sodium channels, as these spikes have halfstimulation. These spikes were observed with a single
widths similar to TTX-sensitive spikes evoked by directsynaptic stimulus at the threshold for a spike in 27% of
current injection (Figure 7). The dependence of dendriticour recordings, but 83% revealed dendritic spikes in
spikes on sodium channels is also consistent with theresponse to a train of stimuli at the same intensity. Iso-
sensitivity of dendritic spikes to previously occurringlated dendritic spikes were observed in some trials in
back-propagating spikes, which induce a prolongedz40% of the recordings showing dendritic spikes. Equal-
form of inactivation in dendritic sodium channels. Asly importantly, the present recordings provide informa-
the time course of dendritic spike recovery is similar totion about the properties of dendritic spikes and their
that of the recovery of sodium channels from prolongedpropagation to the soma. In contrast to the large, all-
inactivation reported previously (Colbert et al., 1997;or-none action potentials that occur in the axon and
Jung et al., 1997), this correlation strongly suggests thatsoma, dendritic spikes are variable in amplitude and are
the cumulative inactivation of dendritic sodium channelsregulated by the neuron’s recent history of synaptic and
caused by back-propagating action potentials reducesaction potential activity; short-term facilitation during
the amplitude and/or extent of the propagation of den-brief bursts of synaptic input promotes dendritic spike
dritic spikes. Longer trains of action potentials, however,initiation, whereas sodium channel inactivation prevents
had less effect on dendritic spikes than did the shortersustained dendritic spike generation following repetitive
trains (Figure 8C). This is an important result, becausefiring. Dendritic spikes attenuate drastically as they prop-
it supports the interpretation that dendritic spikes areagate to the soma, where they sometimes fail to trigger
likely to be generated in the distal dendrites, where lessaxonal action potentials. Dendritic spikes can thus be
sodium channel inactivation will occur, since back-prop-viewed as influential but not absolute determinants of
agating action potentials are smaller during repetitiveaction potential generation in the axon.
spiking.

Although strong excitatory inputs promote their oc-
Synaptic Inputs Can Trigger Dendritic currence, dendritic spikes can be generated at or near
Sodium Spikes in CA1 Neurons the threshold for spiking (Figure 1), especially during the
The steps leading to action potential initiation in CA1 facilitation associated with repetitive synaptic activation
neurons are likely to proceed as follows. Synaptic poten- (Figure 3). During repetitive activation of a population of
tials propagate from the dendrites of CA1 neurons to- presynaptic axons, however, dendritic spike generation
ward the soma and trigger an action potential if the cannot be sustained, presumably owing to the inactiva-
PSP is above threshold in the axon. Some patterns of tion of dendritic sodium channels. The inability of den-
synaptic input, particularly those that have a strong dritic spikes to be sustained during extended trains of
excitatory component, such as during brief, high-fre- synaptic stimuli cannot be explained by a progressive
quency inputs, trigger spikes in the dendrites. Dendritic recruitment of inhibition, as the same result was ob-
spikes have variable amplitudes at a given dendritic tained when GABAA- or GABAB-mediated inhibition was
recording location. The smallest dendritic spikes fail to blocked.
provide enough depolarization to trigger a spike in the Direct evidence that synaptic activation can trigger

dendritic spikes in vivo comes from dendritic recordingsaxon, resulting in isolated dendritic spikes (see Figures
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performed in the anesthetized rat. Kamondi and col- 400 mm from the soma (Andreasen and Lambert, 1995b;
Callaway and Ross, 1995; Spruston et al., 1995). Severalleagues have shown that dendritic spikes are observed

during sharp waves, which are extracellular events asso- possible explanations exist for the apparent difference
between soma-to-dendrite and dendrite-to-soma spikeciated with defined behavioral states (Kamondi et al.,

1998). Interestingly, these authors find that during a sin- propagation. One possibility is that dendritic spikes are
never as large as somatic spikes, even at their site ofgle sharp wave, many more spikes are observed in den-

dritic recordings than in somatic recordings during simi- generation. This would be in accord with the high density
of A-type potassium channels in the dendrites of CA1lar events. Their observations are therefore in accord

with our finding that dendritic spikes can occur in isola- neurons, which cause attenuation in the amplitude of
back-propagating action potentials (Hoffman et al.,tion of somatic action potentials. On the surface, how-

ever, their observation of multiple dendritic spikes dur- 1997) and could similarly limit the amplitude of dendritic
spikes. Another factor may simply be dendritic geome-ing a single sharp wave would seem to contradict our

finding that sustained dendritic spiking cannot be sup- try, since propagation from a region of low-impedance
(the soma) to a region of higher impedance (the den-ported in CA1 neurons. However, our experiments differ

considerably from the in vivo situation in that the same drites) is biophysically more favorable than the reverse
(Goldstein and Rall, 1974; Jack et al., 1983; Rall andpopulation of presynaptic axons is activated on every

trial, so a limited number of dendritic spike initiation Segev, 1987). Another possibility is that a proximal re-
gion of high–potassium channel density shunts out den-zones may be recruited in our experiments. In the in

vivo experiments, more dendritic spike initiation zones dritic spikes, which may already be attenuated by the
time they reach this zone. Somatic spikes, by contrast,may be activated, provided that each dendritic trigger

zone is sufficiently distant from the others so as to be may propagate through such a shunt because of their
larger amplitude in this proximal region of the dendrites.relatively insulated from the refractory effects of a spike

generated in another zone. This possibility may explain Direct recordings of potassium channels from the den-
drites of CA1 neurons have not revealed any such proxi-the apparent absence of a refractory period during den-

dritic spiking in vivo (Kamondi et al., 1998). In addition, mal zone of high–potassium channel density (Hoffman
et al., 1997); however, Andreasen and Lambert havethe isolation of dendritic spike initiation zones from one

another and from the soma may be more prominent in reported a high density of calcium-activated potassium
channels in CA1 dendrites, a finding that deserves furthervivo than in vitro, as dendritic spikes observed in vivo

are smaller than their counterparts in vitro (Kamondi et study (Andreasen and Lambert, 1995a). A final consider-
ation is the role of inhibition, which has been suggestedal., 1998), perhaps in part owing to the effects of in-

creased background synaptic activity in vivo (Rapp et to affect dendritic spike generation and back-propaga-
tion (Turner et al., 1989; Kim et al., 1995; Buzsáki et al.,al., 1996).
1996; Miles et al., 1996; Tsubokawa and Ross, 1996).
Appropriately targeted inhibition could be responsibleDendritic Spike Amplitude Is Variable and

Propagation to the Soma Is Unreliable for causing spikes to be generated in dendrites (periso-
matic inhibition) or for causing spikes to vary in ampli-The amplitude of dendritic spikes recorded at a given

location can vary considerably. There are several possi- tude or fail to propagate to the soma (dendritic inhibi-
tion). Though inhibition may alter the overall strength ofble explanations for this observation. First, it is possible

that there are several sites where dendritic spikes can the synaptic input, it cannot fully explain the variability
of dendritic spike amplitude or the isolated dendriticbe generated. The site activated may vary from trial to

trial, especially considering the low probability of release spikes, as we observed both phenomena in the pres-
ence of GABAA or GABAB antagonists. However, all ofat individual synapses (Murthy et al., 1997), so each

stimulus may activate a unique set of synapses. Since these factors could contribute to the initiation and prop-
agation of dendritic spikes and warrant further study.each dendritic spike initiation zone may be at a different

location, variable dendritic spike amplitude could reflect
spikes that are attenuated differently as they propagate Dendritic Spikes in Other Neurons

Dendritic spikes have also been reported in cerebellarfrom each site to the dendritic recording location and
the soma. Second, it is possible that spike amplitude at Purkinje cells (Llinás and Sugimori, 1980); however,

these spikes are mediated by calcium electrogenesisany given trigger zone varies from trial to trial, owing to
the stochastic gating of voltage-activated sodium and and are therefore fundamentally different from the den-

dritic sodium spikes described here. Microelectrode re-potassium channels. Third, the degree to which any
given dendritic spike propagates from its distal site of cordings from the dendrites of layer V pyramidal neurons

of the neocortex have indicated that spikes can be gen-generation to the somatic and dendritic recording sites
could vary from trial to trial, owing to the variable activa- erated in the dendrites of these neurons (Pockberger,

1991; Kim and Connors, 1993), as have interpretationstion of voltage- and/or ligand-gated channels.
The observation of dendritic spikes in the absence of of somatic microelectrode responses to glutamate ion-

tophoresis and synaptic stimulation (Schwindt and Crill,corresponding somatic action potentials indicates that
the propagation of these events from the dendrites to 1997, 1998) and somatic voltage-clamp experiments

(Regehr et al., 1993). These findings have been extendedthe soma is unreliable. Even for a spike generated at a
very distal location, it is somewhat surprising that it recently by the direct observation of dendritic spikes

with multiple patch-pipette and calcium-imaging experi-would fail to propagate to the soma altogether, espe-
cially considering that back-propagating action poten- ments in neocortical pyramidal neurons (Schiller et al.,

1997; Stuart et al., 1997b).tials have considerable amplitudes at distances up to
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The dendritic sodium spikes observed in layer V neo- the recent finding that dendritic spikes occur during
sharp wave activity in vivo suggests that dendritic spikescortical pyramidal neurons show some similarity to

those described here in hippocampal CA1 pyramidal can be initiated during natural, highly synchronized net-
work activity in the hippocampus (Kamondi et al., 1998).neurons. Importantly, Stuart et al. used combined re-

cording from the soma, dendrite, and axon to demon- Because dendritic spikes do not propagate reliably to
the soma, their function may be distinct from actionstrate directly that full size action potentials occur in

the axon before the soma, even when dendritic spikes potentials sending a signal via the axon to the cell’s
postsynaptic targets. Here, we show that one importantprecede the somatic action potential (Stuart et al.,

1997b). This occurs because dendritic spikes in layer V function of dendritic spikes may be to increase the prob-
ability that selected synaptic inputs result in an actionneurons also attenuate severely as they propagate to

the soma. This important finding is in accord with our potential in the axon. In addition, however, dendritic
spikes may have important local functions in the den-data suggesting that the axon is the final site of synaptic

integration in CA1 neurons, even when spikes are gener- drites, such as providing the postsynaptic depolariza-
tion necessary for the induction of long-term potentia-ated in the dendrites.

Some differences are apparent in the dendritic spikes tion (Gustafsson et al., 1987; Magee and Johnston, 1997;
Markram et al., 1997). Such a mechanism may be par-of layer V versus CA1 neurons. First, dendritic spikes

in layer V neurons required high-intensity stimulation, ticularly important at distal dendritic locations, where
action potential back-propagation may be ineffective,whereas dendritic spikes were generated in some CA1

neurons even with threshold synaptic stimulation (see especially during repetitive action potential firing (Sprus-
ton et al., 1995). In light of several reports that dendriticFigure 1B). Second, a clear relationship was observed

between dendritic-to-somatic spike latency in layer V voltage-gated channels and action potential propaga-
tion in dendrites can be modulated by neurotransmitterneurons (Stuart et al., 1997b); no such relationship was

apparent in our data from CA1 neurons (data not shown), receptor activation (Chen and Lambert, 1997; Tsubo-
kawa and Ross, 1997; Colbert and Johnston, 1998; Hoff-suggesting that the site of dendritic spike initiation may

be more labile in CA1 neurons. Finally, calcium spikes man and Johnston, 1998), it will be important to examine
how these neurotransmitters may influence synaptic in-have also been reported to occur in response to synaptic

stimulation of the distal apical dendrites of layer V corti- tegration and plasticity by altering dendritic spike initia-
tion and propagation.cal pyramidal neurons (Yuste et al., 1994; Schiller et al.,

1997; Seamans et al., 1997). Though we did not observe
calcium spikes in CA1 neurons with the synaptic stimuli Experimental Procedures
used in this study, stronger synaptic stimuli can evoke
calcium spikes in CA1 dendrites (N. L. G. and N. S., Simultaneous patch-pipette recordings were obtained from the

soma and apical dendrites of CA1 pyramidal neurons in hippocam-unpublished data), a finding that has been reported by
pal slices from 4- to 11-week old male Wistar rats (average 5 7others, both in vitro and in vivo (Fujita and Sakata, 1962;
weeks, n 5 72). Brains were removed following halothane anesthesiaSchwartzkroin and Slawsky, 1977; Miura et al., 1997;
and cardiac perfusion with ice-cold, oxygenated physiological solu-

Kamondi et al., 1998). tion. Hippocampal slices (300 mm) were prepared in ice-cold solution
Dendritic spikes have also been recently reported in with a vibrating tissue slicer (Campden Instruments) and then trans-

ferred to an incubation chamber containing warm (348C 6 28C),mitral cells of the olfactory bulb (Chen et al., 1997). Like
oxygenated solution. For recording, slices were transferred to athe dendritic spikes reported here, these spikes can
chamber on the fixed stage of an Axioscop FS microscope (Zeiss)fail to propagate to the soma; however, the conditions
and visualized by infrared differential interference videomicroscopyleading to dendrosomatic spike propagation failures dif-
(Stuart et al., 1993). All recordings were performed at 348C 6 28C.

fer in mitral cells and CA1 cells. In mitral cells, isolated The extracellular physiological solution for cardiac perfusion, slice
dendritic spikes occurred when the soma was hyperpo- preparation, incubation, and recording contained 125 mM NaCl, 25

mM glucose, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 2larized either by direct current injection or activation of
mM CaCl2, and 1 mM MgCl2 (pH 7.4, bubbled with 95% O2, 5% CO2).perisomatic inhibition (Chen et al., 1997). In CA1 cells,
Intracellular solution used in the patch-pipettes contained 115 mMdirect hyperpolarization of the soma did not alter den-
potassium gluconate, 20 mM KCl, 10 mM sodium phosphocreatine,dritic spike propagation (data not shown). Another differ-
10 mM HEPES, 4 mM magnesium adenosine triphosphate (MgATP),

ence between these cell types is the reliability of spike 0.3 mM guanosine triphosphate (GTP), 0.1% biocytin, and either 2
back-propagation. Unlike CA1 neurons, back-propagat- mM EGTA alone or a combination of 10 mM EGTA and 0.5 mM
ing spikes in mitral cells show little amplitude attenua- CaCl2. Similar results were obtained with an intracellular solution

containing 115 mM potassium methylsulfate instead of potassiumtion (Bischofberger and Jonas, 1997; Chen et al., 1997),
gluconate (n 5 7). Bicuculline methiodide and TTX were obtainedprobably reflecting a higher density of dendritic sodium
from Sigma, SR95531 was obtained from RBI, D-AP5 was obtainedchannels and/or a lower density of dendritic potassium
from Precision Biochemicals, and CGP55845A was a gift from Ciba-

channels in mitral cells as compared with CA1 neurons Geigy. All recordings were obtained using identical bridge and volt-
(Bischofberger and Jonas, 1997). age-clamp amplifiers (BVC-700, Dagan). Simultaneous whole-cell

voltage recordings from the soma and an apical dendrite were ob-
tained in bridge mode (n 5 62 dendritic recordings 102–378 mmFunctional Relevance of Dendritic Spikes
from the center of the soma; mean 6 SD 5 211 6 58 mm). PatchThe fact that dendritic spike initiation in CA1 neurons
electrodes were fabricated from thick walled borosilicate glassoccurs in vitro during coincident excitatory input from
(EN-1, Garner Glass) and had tip resistances of 4–11 MV in saline.several presynaptic axons and is sensitive to prior action
Bridge balance and capacitance compensation were performed for

potential activity raises the possibility that dendritic all whole-cell recordings, which were terminated if series resistance
spikes might promote the transmission of specific, be- exceeded 80 MV. Synaptic stimulation of Schaffer collaterals was

achieved by placing a broken patch-pipette filled with extracellularhaviorally relevant patterns of synaptic activity. Indeed,
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solution or a bipolar stainless steel electrode (Frederick Haer) in Slow recovery from inactivation of Na1 channels underlies the activ-
ity-dependent attenuation of dendritic action potentials in hippo-the outer third of the stratum radiatum or in stratum lacunosum-

moleculare. The occurrence of an inflection in the membrane poten- campal CA1 pyramidal neurons. J. Neurosci. 17, 6512–6521.
tial of either the somatic or dendritic recording was taken to indicate Colbert, C.M., and Johnston, D. (1996). Axonal action-potential initi-
the occurrence of a spike. The time of action potential initiation ation and Na1 channel densities in the soma and axon initial segment
was measured from this inflection point, which was quantitatively of subicular pyramidal neurons. J. Neurosci. 16, 6676–6686.
determined as the point at which a local increase in the second Colbert, C.M., and Johnston, D. (1998). Protein kinase C activation
derivative of the membrane potential exceeded 150 mV/ms2 (i.e., the decreases activity-dependent attenuation of dendritic Na1 current in
time corresponding to a large increase in the slope of the membrane hippocampal CA1 pyramidal neurons. J. Neurophysiol. 79, 491–495.
potential). The locus of spike initiation is defined as the recording

Colling, S.B., and Wheal, H.V. (1994). Fast sodium action potentialssite (soma or dendrite) where the spike inflection occurs first. Simul-
are generated in the distal apical dendrites of rat hippocampal CA1taneous extracellular recordings were obtained from the soma and
pyramidal cells. Neurosci. Lett. 172, 73–76.dendrite in the cell-attached patch configuration (n 5 10 dendritic
Cragg, B.G., and Hamlyn, L.H. (1955). Action potentials of the pyra-recordings 220–299 mm from the soma; mean 6 SD 5 243 6 26
midal neurones in the hippocampus of the rabbit. J. Physiol. (Lond)mm). The pipette potential was held at 265 mV in voltage-clamp
129, 608–627.mode, such that the transmembrane potential (about 0 mV) was

sufficiently depolarized to inactivate voltage-gated ionic conduc- Fujita, Y., and Sakata, H. (1962). Electrophysiological properties of
tances. Consequently, the currents recorded reflect capacitative CA1 and CA2 apical dendrites of rabbit hippocampus. J. Neurophys-
currents proportional to dV/dt. iol. 25, 209–222.
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