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Activation of dendriticvoltage-gated ion channels by local synaptic input was tested by 
simultaneousdendrite-attached patch-clamp recordingsand whole-cell somatic voltage 
recordingsmade from CAI pyramidal neurons in hippocampalslices. Schaffer collateral 
stimulationelicited subthresholdexcitatory postsynaptic potentials(EPSPs)that opened 
voltage-gated sodium and calcium channels in the apical dendrites. The EPSP-activated 
sodium channels opened near the peak of the EPSP, whereas low voltageactivated 
calcium channelsopened nearthe EPSP peakand duringthe decay phase.Dendritic high 
voltage-activatedchannels required somatic action potentialgeneration or suprathresh-
old synaptic trains for activation. Dendritic voltage-gated channels are, therefore, likely 
to participate in dendritic integration of synaptic events. 

T h e  extensive dendritic arborizations of 
CAI pyramidal neurons each receive tens 
of thousands of widely distributed synaptic 
inputs, most of which are both physically 
and electrotonically distant from the soma 
(I). Cable filtering of the synaptic current 
reduces the amplitude of synaptic potentials 
and limits spatial summationamong distrib-
uted synapses, severely diminishing the im-
pact of many synapses on neuronal output 
(2). Active dendritic channels,which occur 
in a wide variety of central neurons (3-7), 
could amplify the efficacy of electrotoni-

cally distant synaptic inputs. CAI pyrami-
dal neurons have a substantial density of 
tetrodotoxin (TTX)-sensitive Na+ chan-
nels and both low- and high-threshold 
CaZ+channels in their apical dendrites (6, 
7). The voltage-dependent properties of 
Na+ and T-type CaZ+channelspredict that 
EPSPs of 10 to 20 mV would activate these 
channels (7-9). 

Dendrites of identified pyramidal somata 
were visually followed into stratum radia-
tum for distances ranging from 50 to 300 
pm from the cell body (10). Single Na+or 

Fig. 1. (A) Differential interference contrast image showing a CAI 
pyramidal neuron with somatic and dendritic (105 pm from soma; 
large arrow)recording pipettes. Photos were superimposed,as the 
dendrite was in a slightly deeper focal plane than the soma. (B) 
Selected sweeps of Na+ channel activity evoked by step depolar-
izations from -85 mV. Slopeconductancewas -1 5 pS. (C)Select-
ed sweeps of LVA Ca2+channel activity evoked by step depolar-
izations from -1 05 mV. Slopeconductancewas -9 pS. (D)Select-
ed sweeps of HVA Ca2+channel activity evoked by step depolar-
izations from -65 mV. Slope conductance was -16 pS. (E) 
Stimulation of Schaffer collaterals evokes several characteristic 
waveforms depending on the recording mode. (a)Current trace 
recorded in dendrite-attached configuration in response to sub-
threshold Schaffercollateral stimulation demonstrating the capaci-
tive current transient evoked by EPSPs. (b)Integral of current trace 
in (a).Voltage scale bar does not apply to this trace. (c) EPSP 
recorded simultaneously by a second pipette in whole-cell mode at 
the soma. (d)EPSP recorded from dendrite after rupture of mem-
brane patch, showing a very similar time course to that of the 
integral of the current trace recorded in the dendrite-attached con-
figuration. (F) Action potential generation also evokes distinctive 
waveforms. (a) Current trace recorded in the dendrite-attached 
configurationin response to suprathreshold Schaffercollateral stim-
ulation. (b)Integral of current trace in (a)demonstrating a spike-like 
waveform.(c)Action potential recorded simultaneouslyby a second 
pipette in whole-cell mode at the soma. Records in (B),(C),and (D) 
have leakage and capacitive currents digitally subtracted by aver-
aging null traces or scalingtraces of smalleramplitude.Test poten-
tials and unitary current amplitudes are shown above traces. 
Records in (C)have been digitally refiltered at 0.5kHz. All traces in 
(E) and (F) are the averages of five consecutive traces and are from 
the neuron shown in (A). 

CaZ+channels were recorded in a dendrite-
attached patch configuration, and in many 
cases simultaneous whole-cell voltage re-
cordings were made from the soma of the 
neuron under study (Fig. 1A) (I I). Na+ 
channel activity (Fig. 1B)was identified by 
inward current polarity, voltagedependent 
channel gating, and unitary current ampli-
tude (7). Channel activity was suppressed 
by inclusion of TTX (1 M) (n = 5) in the 
recording pipette or by addition of QX-314 
(2 mM) (n = 2) to the cell interiorfrom the 
somatic whole-cell electrode. Pipette solu-
tions containing CdClz (0.5 mM) (n = 7) 
had no effect on channel activity. Na+ 
channels were found in every patch and 
more than a single channel was always 
present (range, 2 to 10 per patch). CaZ+ 
channel activity was also identified by in-
ward current polarity, voltagedependent 
channel gating, unitary current amplitude, 
and by single-channel behavior. 

At least two distinct types of Ca2+chan-
nel activity were encountered regularly on 
dendrites greater than 100 pm from the 
soma (7). The first type was a low voltage-
activated (LVA). small conductance (-9,, 

pS) channel very similar in basic character-
istics to the T-type CaZ+channel (Fig. 1C) 
(9). The second type was a high voltage-
activated (HVA), moderate conductance 
(-15 pS) channel that presents a pharma-
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cological profile similar to that reported for 
R-type Ca2+ channels (Fig. ID) (7, 12). A 
third type, which was primarily encoun-
tered in patches within 100 p m  from the 
soma, had characteristics of the HVA L-
type Ca2+ channel (7, 9). Addition of 0.5 
mM CdClz (n = 3 )  to the pipette solution 
suppressed all Ca2+ channel activity, 
whereas 1 p m  T T X  (n  = 12) in the pipette 
or 2 mM QX-314 (n  = 5 )  inside the cell 
were without effect. Calcium channels were 
found in about 80% of patches examined 
and more than a single channel was always 
present (range, 2 to 7 per patch). 

EPSPs evoked by stimulation of Schaffer 
collaterals induced an initial current tran-
sient that resembled the first derivative of 
membrane voltage (dV/dt). Integration of 
these transients produced waveforms that 
were nearly identical to EPSPs recorded 
intracellularly from the dendrite (Fig. 1E). 
These currents, therefore, appeared to be 
capacitive currents induced by depolariza-
tion of the membrane patch by the evoked 
EPSP. No leak current was induced. EPSPs 
of sufficient amplitude generated action po-
tentials, which also induced distinctive ca-
pacitive currents (Fig. IF). 

EPSPs below action potential threshold 
consistently activated Na+ channels locat-
ed within the C A I  dendrite-attached patch 
(n  = 15) (Fig. 2A). With T T X  present in 
the pipette (n  = 3), there was no EPSP-
associated channel activity in dendritic 
patches. Most channel openings were near 
the peak of the EPSP, but occasional open-
ings were encountered during either the 
rising or falling phases of the EPSP. Both 
early transient and later occurring pro-
longed channel activity were evoked by the 
EPSPs (Fig. 2B). Channel openings were 
observed about every third synaptic stimu-
lation when EPSPs of 15 to 20 mV (as 
recorded from the dendrite under study) 
were evoked. In general, higher amplitude 
EPSPs also opened Nat  channels, but these 
EPSPs were sufficient to generate somatic 
action potentials. Occasionally, synchro-
nous activation of a large proportion of Na+ 
channels in the patch was recorded (Fig. 
2C) from patches in the distal dendritic 
regions (>ZOO pm) ,  where large dendritic 
EPSPs (amplitude 25 m V )  could be gener-
ated that remained subthreshold at the so-
matic region. Holding the membrane patch 
10 mV depolarized from resting membrane 
potential (V, )  also facilitated the synchro-
nous activation of Nat  channels (Fig. 2C). 
Plots of unitary current amplitude versus 
approximate membrane potential (I-V) re-
vealed that the slope conductance (16 ? 
1.0 pS; n = 8)  and reversal potential ($56 
? 1 mV; n = 8) of EPSP-activated channel 
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openings were similar to those calculated 
from step depolarizations in the same patch-
es and for other neuronal Na+ channels 
(Fig. 2, C and D) (13). 

Schaffer collateral stimulation also 
opened single Ca2+ channels in dendrite-
attached patches (n  = 12) (Fig. 3A). CdClz 
(0.5 mM) in the pipette (n = 3)  blocked this 
activity. Single-channel openings of LVA 
Ca2+ channels were most often observed 
near the peak or falling phases of the EPSPs 
(Fig. 3A). EPSP-activated channel openings 
displayed the small unitary current ampli-
tude and slope conductance (9 i 1.6 pS) (n 
= 6) characteristic of dendritic LVA CaZ+ 
channels (Fig. 3B) (7 ,9 ) .EPSPs with a peak 

amplitude of 10 mV (at the site of recording) 
were necessary for activation of LVA Ca2+ 
channels, whereas just-subthreshold EPSPs 
(20 to 25 mV at the site of recording) acti-
vated LVA channels with near maximal 
fractional open time (NP,). In several 
patches we explored the amount of steady-
state inactivation of these channels near 
rest. From a holding potential of 10 to 15 
mV depolarized from rest [to counter charge 
screening by the 20 mM Ba2+ solution in 
the pipette (14)], EPSP-activated LVA 
channel activity was relatively infrequent 
(Fig. 3C).  A 4-s hyperpolarizing prepulse 
400 ms before synaptic stimulation increased 
the NP, of Ca2+ channels in a voltage-

2 p, 1 Current levels at -1.5 PA 20 mV,L 
20 mV 

10 ms PA 10ms 

Fig. 2. Na+ channel openings are evoked by subthreshold EPSPs. (A) Consecutive sweeps of dendrite-
attached patch recordings (top traces) showing Nat channel activation by EPSPs and somatic voltage 
simultaneously recorded by a second whole-cell electrode (bottomtraces).(B)Na+channelactivity evoked 
by intracellular EPSPsfrom another dendrite showing unitary current amplitudes recordedwhen the patch 
was held (a)I5mV depolarized,(b)5mV depolarized,and (c)5mV hyperpolarizedof V,,,. (d)Average of five 
EPSPs recorded from the dendrite immediatelyafter rupture of the patch. (C)Synaptic stimulation induces 
both late prolonged and initial transient Na+channelactivity. (a)Integralof EPSP-inducedcapacitivecurrent 
showing the EPSPtime course.(b)Dendrite-attachedpatch recording showing activationof late prolonged 
Naf channel activity. (c) Dendrite-attachedpatch recording showing synchronous activation of six of at 
least nine Na+ channels present in the dendritic patch. (D)I-Vcutves of Na+ channel openings evoked by 
depolarizationsof the patch by voltage steps or by intracellular EPSPs [same dendrite as in (B)]. EPSP-
activated channel openings display a slope conductance and reversal potential characteristic of Na+ 
channels.The voltage of EPSPactivationis correctedfor average EPSPamplitudeas recorded after rupture 
of the membrane patch. V, = -65 mV; EPSP amplitude (average of five traces) = 20 mV. Voltages 
displayed above records in (A) and (B) are patch holding potentials. The initial capacity current has been 
subtracted from the dendrite-attachedpatch recordings by the average of traces with no channel activity. 
Records in (A)and (C)were filtered at 1 kHz, whereas those in (B)were filtered at 2kHz. Dendrite-attached 
recordings are from 120(A),180(B),and 290pm (C)from the soma. 
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dependent manner (n = 4) (Fig. 3, C and 
D).This result suggests that a large propor-
t ion o f  the LVA channel population is in-
activated at resting V ,  and that membrane 
hyperpolarization, and subsequent channel 
deinactivation, are necessary for maximal 
channel activation by EPSPs. Thus, the 
contribution o f  LVA Ca2+ channels to 
EPSP amplitude and kinetics and Ca2+ in-
flux would be particularly enhanced for 
EPSPs occurring after hyperpolarizing IPSPs 

or spike-mediated afterhyperpolarizations. 
Subthreshold synaptic stimulation was 

no t  sufficient to  open dendritic HVA 
C a 2 + c h a ~ e l s .Instead, somatically generat-
ed action potentials or trains of suprathresh-
old synaptic stimulation were required for 
HVA channel activation (Fig. 4, A and B). 
The transient single-channel openings and 
frequent reopenings o f  dendritic HVA Ca2+ 
channels (both L - and putative R-type) were 
observed during and after the repolarization 
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Fig. 3. Subthreshold synaptic activation of LVA Ca2+ channels. (A) Consecutive sweeps of dendrite-
attached patch recordings with patch held at V, (top traces) showing Ca2+ channel activation by 
subthresholdEPSPs. Bottom traces are somatic voltage simultaneouslyrecordedby a secondwhole-cell 
electrode. (B) Dendrite-attached patch recordings demonstrating the voltage dependence of EPSP-
activatedunitary current amplitudes,when the patch is held (a) 15 mV depolarized, (b)5 mV depolarized, 
and (c) 5 mV hyperpolarized of V,. Two traces containing openings were selected from consecutive 
sweepsand illustratedfor each voltage. Slope conductanceof EPSP-evokedchannel activity was 10 pS, 
compared with 8 pS when activated by voltage steps. (d) Average of five EPSPs recorded from the 
dendrite immediately after rupture of patch. (C)Hyperpolarizing prepulses increase the EPSP activation 
of LVA Ca2+ channels. (a) Integral of EPSP-induced capacitive current showing EPSP time course. (b) 
Ensemble average of 50 consecutivecurrent traces showing minimal EPSP channel activation without 
prepulse. (c) Ensemble average of 60 consecutive current traces showing increased EPSP channel 
activation after a 4-s prepulse of -20 mV. (d) Ensemble average of 60 consecutive current traces 
showing maximal EPSP channel activation after a 4-s prepulse of -40 mV. The patch was returnedto a 
holding potential that was 10 mV depolarized from V, 400 ms before synaptic stimulation. (D)Plot of 
maximal fractional open time (NP,) for EPSP-activated LVA Ca* channel activity versus prepulse 
amplitude.Notethat this voltage range is similar to that reportedfor steady-state inactivation of LVACa2+ 
channels (7, 9).Voltages displayed above records in (A) and (B)are patch holding potentials.The initial 
capacitycurrent has beensubtracted as in Fig. 2. Traces in (B)and (C)were digitally refiltered at 0.5 kHz. 
Recordings in (A),(B),and (C)are 260, 120,and 150 pm from the soma, respectively.NP, was calculated 
as in (7). 

phase o f  somatically generated action poten-
tials. Such channel openings displayed a 
slope conductance (15 to 25 pS) associated 
w i th  dendritic HVA Ca2+ channels (Fie. 
4B). Hyperpolarizing prepulses had n o  effeit 
o n  the synaptic activation o f  HVA Ca2+ 
channels. These observations suggest that 
dendritic HVA Ca2+ channels provide an 
influx of Ca2+ in to the apical dendrites in 
response to  action potential generation and 
it appears that CAI pyramidal dendrites 
contain two functionally distinct popula-
tions o f  Ca2+ channels. 

These results demonstrate that EPSPs 
can oDen dendritic N a +  and LVA Ca2+ 
channels in dendrites. Prior hyperpolariza-
t ion  should enhance the EPSP activation o f  
LVA channels, although the relatively un-
physiological conditions o f  our experiments 

: I l l  

Fig.4. Activation of dendritic HVA Ca2+channels. 
(A) Somatically generated action potentials open 
dendritic HVA Ca2+ channels. (a) Dendrite-at-
tached patch recording of action potentialactiva-
tion of many Ca2+ channels (arrow).The patch 
contained at least seven L- and R-type Ca2+ 
channels, and the membrane patch was held 20 
mV depolarized of resting V,. (b) With the mem-
brane patch held 40 mV hyperpolarizedfrom rest-
ing V,, no channels were opened, and the somat-
ic action potential induced only a capacitive cur-
rent. Somatic action potentialswere initiatedby a 
0.5-ms current injection from a second whole-cell 
pipette. (B)Channels opened by action potentials 
have large unitary current amplitudes and moder-
ate to high slope conductances. Dendrite-at-
tached recordings showing HVA Ca2+ channel 
activation by synaptically evoked action potentials 
with the membranepatch held 15 mV depolarized 
of V,,, (a) and at V, (b). Slope conductance of 
these channels was -1 7 pS, which is similar to 
that found for R-typeCa2+channels (seeFig. 1D). 
Recordings in (A)and (B)are 50 and 110 pm from 
the soma, respectively. 
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may have accentuated this effect. The acti-
vation of dendritic Na+ channels does not 
necessarily lead to fully overshooting action 
potentials but may simply elevate EPSP am-
plitude. The slow kinetics of LVA Ca2+ 
currents, and possibly persistent Na+ cur-
rents. could also extend EPSP duration. 
prolonging the time available for synaptic 
integration (2. 15). Dendritic Na+ and~, 

ca2'channels are therefore capable of en-
hancing the efficacv of more distal and 
widely Ydistributed synaptic contacts by in-
creasing both the strength and duration of 

u -
synaptic input over that predicted by the 
passive cable properties of the neuron. 

Activation of voltage-gated Nat and 
Ca2+ channels in dendrites may also pro-
vide an important local signal for dendritic 
integration of synaptic inputs. Subthreshold 
synaptic activation of dendritic voltage-gat-
ed channels could have very localized ef-
fects on the membrane time constant. local 
ionic driving forces, ligand-gated channel 
conductances. and the influx of Ca2+.Such 
local events, perhaps confined to the spe-
cific dendritic branch where svna~tici n ~ u t, A 

occurs, could affect the spatial and temporal 
summation of synaptic inputs occurring in 
that region and would provide a limited 
space in which Ca2+-dependent intracellu-
lar events can take place (16). Subthreshold 
svna~ticactivation of dendritic channels , A 

may provide mechanisms for highly local-
ized, short- or long-duration modifications 
in the process of synaptic integration. 

In contrast, our results demonstrate di-
rectly that Ca2+ channels are opened by 
action potentials backpropagating into the 
dendrites, as has been suggested with fluo-
rescence imaging (6). We demonstrate that 
rises in intracellular Ca2+ are due, at least 
in part, to the opening of HVA Ca2+chan-
nels. The o~eningof these channels can 

u 

occur tens of milliseconds after the action 
potential (Fig. 4B) and may be related to 
the repolarization openings described for 
HVA Ca2+ channels (17). Activation of 
the larger conductance HVA Ca2+ chan-
nels will provide an influx of Ca2+through-
out an extended ort ti on of the dendritic 
arborization (defined by the extent of ac-
tion potential propagation). The spatial do-
main of the effects of these channels will 
therefore be much more extensive com-
pared with their effects after subthreshold 
activation. Thus, the voltage-gated chan-
nels in CAI apical dendrites may modify 
synaptic strength over either localized or 
broad areas of the dendrites (18). 
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Silver as a Probe of Pore-Forming Residues 
in a Potassium Channd 

Qiang Lu and Christopher Miller* 

In voltage-dependent potassium channels, the molecular determinants of ion selectivity 
are found in the P (pore) region, a stretch of 21 contiguous residues. Cysteine was 
introduced at each P region position in a Shaker potassium channel. Residues projecting 
side chains into the pore were identified by means of channel inhibition by a sulfhydryl-
reactive potassium ion analog, silver ion. The pattern of silver ion reactivity contradicts 
a p barrel architecture of potassium channel pores. 

V o ~ t a ~ e - ~ a t e dion channels of excitable 
cell membranes operate as expert inorganic 
chemists. K t  channels, for instance, dis-
criminate well among the alkali metal cat-
ions; in some cases they transport Kt  1000 
times more efficiently than Na+ (1). Be-
cause ions traverse channel proteins by dif-
fusion through narrow, water-filled pores, 
questions of ion selectivity have focused on 
the nature of the chemical groups that line 
these pores. In voltage-gated K+  channels, 
the selectivity-determining groups reside in 
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the P region, a conserved hairpin sequence 
that enters and leaves the membrane from 
the extracellular side (2-4). Other trans-
membrane sequences contribute to the cy-
toplasmic end of K+  channel pores (5),but 
residues that strongly affect ion selectivity 
have been found only in the P region. K t  
channels are tetrameric, with P regions of-
the four subunits symmetrically surrounding 
the conduction pathway (6-8), but the 
chemistry of Kt  ligation within the pore is 
unknown (9). To ascertain which residues. , 

project side chains into the pore lumen, we 
used cysteine susceptibility analysis ( lo) ,  in 
which individual residues in the pore-form-
ing sequence are mutated to cysteine and 
the sensitivity of the resulting channels to 
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