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Apical Dendrites of the Neocortex: Correlation between Sodium- and 
Calcium-dependent Spiking and Pyramidal Cell Morphology 
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Apical dendrites and somata of layer V pyramidal neurons 
were recorded with tight-seal patch electrodes in a slice 
preparation of rat somatosensory cortex. Recording sites 
were confirmed by measurements of the electrode location 
and by staining with biocytin. Dendritic recordings were made 
along the main trunk of the apical dendrite, usually within 
layer IV, at distances from 100 to 500 Am from the soma. 
Most cells recorded through the dendrite had a distinct en- 
largement of the apical trunk around the presumed recording 
site. 

The electrical properties of apical dendrites were readily 
distinguishable from those of somata. Dendrites generated 
two types of response when injected with depolarizing cur- 
rent. Group I responses were relatively small and broad Na+- 
dependent action potentials whose amplitude and rate-of- 
rise were negatively correlated with recording distance from 
the soma. Group II responses were complex, clustered firing 
patterns of Na+-dependent spikes together with higher- 
threshold slow spikes or plateaus; in these dendrites spike 
parameters were not correlated with distance from the soma. 
These two response groups were correlated with dendritic 
morphology: group I had significantly fewer oblique branch- 
es on the apical dendrite (5.5 vs 12.0) and a thinner apical 
trunk (2.0 vs 2.5 pm) than group II. TTX (1-2 PM) selectively 
blocked fast dendritic spikes, but not slow spikes and pla- 
teaus. Blocking Ca2+ currents reduced complex firing pat- 
terns and suppressed high-threshold slow spikes. Physio- 
logical and pharmacological studies imply that slow spikes 
and plateau potentials were primarily generated by high- 
threshold Ca2+ channels in the apical dendrite. Stimulating 
axons of layer I elicited EPSPs on distal apical dendrites of 
layer V cells. Recordings from both groups of apical den- 
drites revealed that EPSPs triggered a variety of distally 
generated, all-or-nothing depolarizations. 

The results show that voltage-dependent Na+ and Ca2+ 
currents are present in distal apical dendrites, in variable 
densities. These currents significantly modify distal synaptic 
events. The prevalence and character of active dendritic 
spiking (and presumably of Na+ and Ca2+ channel densities) 
correlate with the morphology of the apical dendritic tree. 
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Pyramidal cells of the neocortex may have apical dendrites over 
1 mm long, from the soma in layer V to outermost layer I 
(Feldman, 1984). Apical dendrites allow a single cell to combine 
synaptic inputs from several cortical layers. The transformation 
applied by the apical dendrite to its inputs depends critically 
upon the dendrite’s biophysics, which are determined by its 
morphology and membrane properties (Rall, 1977). Although 
the shapes of dendrites can often be measured with precision 
(Hillman, 1979) the electrical properties of their membranes 
have long been elusive. 

At least some apical dendrites in neocortex are probably elec- 
trically excitable. Small spike-like potentials recorded in somata 
of immature pyramidal tract cells were attributed to dendritic 
electrogenesis (Purpura and Shofer, 1964; Purpura et al., 1965; 
Purpura, 1967), as were much slower somatic depolarizations 
from mature cells (Arikuni and Ochs, 1973). Somatic recordings 
of thalamocortical synaptic potentials also included small all- 
or-none depolarizing events that were not blocked in an anti- 
dromic collision test, suggesting a dendritic origin (Deschenes, 
198 1). Direct measurements provide the clearest evidence for 
active apical dendrites. Patch-clamp recordings from dissoci- 
ated cells reveal Na+ channels in the proximal apical dendrite 
of immature pyramidal neurons (Huguenard et al., 1989). In- 
tradendritic recordings with conventional sharp microelectrodes 
in viva (Pockberger, 199 1) showed complex active responses, 
and studies in vitro suggest that these may be mediated by both 
Na+- and Ca2+-dependent currents (Amitai et al., 1993). 

Active membrane currents have been demonstrated in the 
dendrites of many neurons; however, they are very variable and 
cell type specific (Spencer and Kandel, 196 1; Llinls and Nich- 
olson, 197 1; Wong et al., 1979; Llinas and Sugimori, 198 1; 
Turner et al., 199 1). For example, Purkinje cell dendrites seem 
to be dominated by active Ca 2+ currents (Llinas and Sugimori, 
198 1; Ross et al., 1990; but see Regehr et al., 1992) while 
hippocampal dendrites can apparently sustain Na+- as well as 
Ca2+-dependent regenerative events (Wong et al., 1979; Ben- 
ardo et al., 1982). Pyramidal neurons of neocortical layer V are 
diverse in both structure and electrophysiology (Connors et al., 
1982; Stafstrom et al., 1984; McCormick et al., 1985; Chagnac- 
Amitai et al., 1990; Connors and Gutnick, 1990; Mason and 
Larkman, 1990; Silva et al., 199 1; Agmon and Connors, 1992). 
It is possible that different types of pyramidal cells exhibit dis- 
tinct forms of dendritic electrogenesis, and the variability of 
intradendritic recordings is consistent with this (Woody et al., 
1984; Pockberger, 199 1; Amitai et al., 1993). It is therefore 
important to characterize the active conductances in the apical 
dendrites, and their variations among different classes of neu- 
rons. 

Conventional intracellular microelectrodes are not well suited 
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Figure 1. Dendritic recording site of a biocytin-tilled apical dendrite. 
Slight swelling along the apical trunk corresponded closely to the cal- 
culated recording site. Scale bar, 20 pm. 

to the study of small cellular structures such as dendrites. Tight- 
seal methods, however, have made small cells much more ac- 
cessible (Sakmann and Neher, 1983). Using the whole-cell vari- 
ation of this technique, we have routinely obtained recordings 
from apical dendrites of layer V cells (Kim and Connors, 1992). 
Our results show that the dendrites have active Na+ currents 
and high-threshold Ca2+ currents, and that dendritic morphol- 
ogy and dendritic electrogenesis are correlated. 

Materials and Methods 
Slice preparation. Animals were anesthetized by intraperitoneal injec- 
tion of nembutal(60 mg/kg). After decapitation, the brain was quickly 
removed into cold (6-8°C) physiological solution containing (mr.4) NaCl, 
126; KCl, 3; NaH,PO,, 1.25; NaHCO,, 2.6; MgSO,, 1; dextrose, 20; 
and CaCl,, 2; solutions were continuously bubbled with 95% 0,, 5% 
CO,. A block of parietal neocortex was dissected and glued to the slicing 
platform of a vibratome. Coronal slices 400 pm thick were cut from 
the primary somatosensory area. These slices were kept at room tem- 
perature in oxygenated physiological solution until use. The recording 
chamber was made from Teflon, surrounded by brass, and heated with 
an element to 35°C. Slices were submerged and stabilized using a fine 
nylon net attached to a metal ring (Edwards et al., 1989). The chamber 
was perfused with oxygenated physiological solution; a peristaltic pump 
removed the effluent and controlled the fluid level. The chamber volume 
was less than 1 ml, the flow rate was 2-4 ml/mitt, and the entire chamber 
solution was exchanged in about 3-4 min. Drug solutions flowed through 
a small mixing chamber with several taps. 

Whole-cell recording and staining methods. The methods for tight- 
seal patch recordings followed Hamill et al. (198 l), with modifications 
for brain slices (Blanton et al., 1989; Edwards et al., 1989). Patch elec- 
trodes were made from borosilicate tubing (1.2 mm o.d., 0.9 mm i.d.) 
using a horizontal puller (Sutter Instruments). Electrode resistances were 
4-8 MQ. The standard intracellular solution contained (mM) KCH,O,S, 
120; HEPES, 10; EGTA, 5; MgCl,, 2; MgATP, 4; CaCl,, 0.5; KCl, 10; 
and biocytin, 1 %, at pH 7.3. During recording, some laminar boundaries 
were visualized under the dissecting microscope using transillumination 
(Agmon and Connors, 1991). To obtain whole-cell recordings, elec- 
trodes were advanced into the slice while pulsing with 0.1 nA current 
steps of 200 msec duration. When a significant increase in electrode 
resistance was evident, gentle suction was applied to obtain a seal re- 
sistance of 1 GQ or greater. The patch of membrane was broken by 
applying more negative pressure to obtain a whole-cell configuration. 

At the end of each recording, the position of the electrode between 

the pia and the white matter was measured using a calibrated eyepiece 
on the microscope. The slice was fixed with 4% paraformaldehyde and 
resectioned at 125 pm on a freezing microtome. Sections were processed 
with the avidin-biotin-peroxidase method to reveal the cell morphology 
(Horikawa and Armstrong, 1988). Cells were photographed and drawn 
with the aid of a computerized reconstruction system (Neurolucida). 
Dendritically recorded cells usually had a discrete swelling and/or a 
slight kink along the trunk of their apical dendrite (Fig. 1; n = 22 of 25 
dendritic recordings); the position of this anomaly always corresponded 
well with the estimated position of the recording, as determined by 
measurement during the experiment. These dendritic structures were 
never observed in cells that were recorded from somata, nor have they 
been reported in Golgi studies (Feldman, 1984). Thus, we assume the 
swelling indicates the precise site of dendritic recording, and these were 
used to quantify distances between soma and recording site (e.g., see 
Fig. 4). Somatic membrane areas (SA) were estimated from the formula 
SA = rab, where a is the major diameter and b is the minor diameter 
of the soma (Larkman, 199 1 b). 

Computational modeling of dendritic excitability. A computer model 
derived from a somatically recorded, biocytin-filled, layer V pyramidal 
cell was used to explore the relationship between dendritic spike shape 
and Na+ channel density. The details of this cell, the model, and its 
implementation have been described in detail (Cauller and Connors, 
1992; Amitai et al., 1993). In brief, the neuron was modeled by 120 
linked, isopotential cylindrical compartments, with the apical dendrite 
fully represented, the basal dendrites lumped into a single equivalent 
cylinder, and an initial axon segment appended to the soma. Simulations 
were made with the program NEURON (Hines, 1989). Specific membrane 
capacitance (C,) was assumed to be 1 pF/cm2, specific membrane re- 
sistivity (It,) was 8014 Qcm2, and specific cytoplasmic resistivity (R,) 
was 69 R.cm2. Hodgkin and Huxley-type Na+ and K+ channels were 
added to the soma and initial segment compartments, with channel 
densities and kinetics adjusted to generate a somatic action potential 
about 100 mV in amplitude, with a peak upward slope of 300 V/set, 
and a duration of about 1 msec at the base. The principle variable in 
the simulations reported here was the density of Na+ and K+ channels 
in the apical dendrite; these varied from zero (i.e., passive dendritic -- 
membrane) to g,, = 0.096 S/cm2, keeping a constant ratio of g,,:g, = 
6.67. Active currents were distributed uniformly throughout all apical 
dendrites in every case. As the density of active currents in the apical 
dendrite was increased, the densities in the somatic compartment were 
reduced to maintain the amplitude and upward slope of the somatic 
spike at constant levels (Amitai et al., 1993). 

Results 
Two groups of dendritic recordings 
Electrode tips placed into layer IV frequently recorded from the 
apical dendrites of pyramidal neurons whose somata were in 
layer V. All dendrites could generate discrete, all-or-none events 
when stimulated with step pulses of current passed through the 
electrode. The patterns of electrogenesis varied greatly between 
dendrites, however. About half of the dendrites (n = 13) gen- 
erated low-amplitude, relatively fast action potentials; strong 
stimulation yielded regular, adapting patterns of similarly sized 
spikes (Fig. 24. In contrast, the remaining dendrites (n = 12) 
generated action potentials with very variable amplitudes and 
durations and complex, often irregular patterns (Fig. 2B). Four 
of the latter dendrites could produce depolarizing plateau po- 
tentials. Plateau durations were variable, and sometimes lasted 
as long as the stimulus current (Fig. 2C). For purposes of com- 
parison, we will call dendrites of the first type (i.e., those with 
small, fast spikes of regular size and temporal pattern) group I, 
and dendrites of the second type (i.e., those with variable spike 
sizes, including plateaus, with complex temporal patterns) group 
II. 

Under normal recording conditions, apical dendrites of layer 
V cells were readily distinguishable from somata by their re- 
sponses to injected currents. Somata invariably generated much 
faster and larger-amplitude spikes than did dendrites, with re- 
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Figure 2. Examples of three different 
dendritic recordings and a somatic re- 
cording from layer V pyramidal cells. 
All cells were activated with rectangular 
current pulses incremented by 100 pA. 
A, Group I dendritic recording. Resting 
potential, -63 mV; time calibration, 
90 msec. B, Group II dendritic record- 
ing with complex fast-spike patterns and 
long depolarizing plateaus. Resting po- 
tential, -70 mV; time calibration, 90 
msec. C, Group II recording with a 
leading fast spike followed by variable 
duration plateaus. Resting potential, 
-63 mV; time cahbration, 50 msec. D, 
Somatic recording from a layer V py- 

time calibr:t ion, %O miec. 
ramidal neuron. Resting potential, - 7 1; 

petitive firing patterns more similar to group I dendrites than 
group II (Fig. 20). The passive electrical properties of somatic 
and dendritic recordings also differed. Dendritic recordings had 
more positive resting potentials, higher input resistances, and 
faster time constants (Table 1). Among the dendrites, the time 
constants for group I were significantly faster than those of group 
II (Table 2), but input resistance and resting potential did not 
differ. 

Correlations between dendritic physiology and morphology 

Apical dendrites of layer V pyramids vary greatly in diameter, 
length, and the number and pattern of distal tuft and proximal 
oblique branches (Larkman, 199 1 a). In our sample of dendrit- 
ically filled cells it was not always possible to reconstruct the 
apical tufts reliably, since in some cases it seemed that portions 
had been cut off either during the initial slicing procedure or 
during histological processing. The rest of the cells were rea- 
sonably intact, however, and amenable to quantification. 

When dendrites were grouped according to the physiological 
criteria defined above, distinct morphologies were evident. The 
most striking difference was the number of oblique branches 
from the apical trunks. Figure 3 shows examples of biocytin- 
stained cells from group I (Fig. 3A) and group II (Fig. 3B). The 
approximate recording sites are marked by arrowheads, and 
each trunk with its oblique branches is shown isolated and en- 
larged. Group II dendrites had about twice as many primary 
oblique branches as group I, with little overlap between the two 
groups (Fig. 4, Table 2). Group I dendrites had thinner apical 
trunks, overall, than group II (Table 2). This may account for 
the fact that, on average, group II recording sites were signifi- 
cantly farther from the soma than those of group I, although 
there was considerable overlap in the distributions (Table 2). 
The distances between dendritic recordings sites and somata 
varied from about 100 to 470 pm. 

The numbers of primary basal dendrites for group I (5.0 f 
0.7) and group II (5.3 + 1.5) neurons were the same. Estimated 

soma areas for the two groups were also similar (group I = 856 
f 278 pm2 and group II = 924 + 276 pm2). 

Physiology of group I dendritic recordings 

Group I dendrites were similar to somata in their firing patterns, 
but dendritic spike amplitudes were smaller and longer lasting 
than those of layer V somata (Fig. 5, control traces; Table 3). 
Bath application of the Na+ channel blocker TTX (1 PM) elim- 
inated most spiking activity in the group I dendrites (n = 6), 
leaving only a low-amplitude, regenerative series of spikes that 
was reversibly blocked by the substitution of MgZ+ for Ca2+ in 
the bathing medium (Fig. 5, left). The data imply that spikes in 
group I dendrites (as in somata) are primarily mediated by volt- 
age-dependent Na+ current, with a significant contribution from 
Ca*+ currents. By contrast, in somatic recordings (n = 4) it was 
not possible to evoke any regenerative events in the presence 
of TTX (Fig. 5, right). Somata did generate a graded, transient, 
TTX-insensitive depolarization that was blocked by Ca*+ re- 
moval. 

Physiology of group II dendritic recordings 

The most unique characteristic of group II dendrites was their 
ability to generate relatively large-amplitude, prolonged spikes 
or plateaus. Both Na+ and Ca2+ conductances seem to contribute 
to this group II behavior. Figure 6A shows a group II dendritic 
recording in which a suprathreshold current pulse elicited a fast 
spike followed by a broad spike. The expanded trace below 
shows both the fast and slow spikes clearly. Addition of 1 pM 

TTX blocked the fast spikes, leaving a relatively large, slow, 
high-threshold spike that was reversibly blocked by 2 mM Mg2+ 
and 0 Ca2+ (Fig. 6B). Notice that in the absence of the Na+ 
spike the voltage threshold of the slow spike increased (Fig. 6B, 
TTX). 

Figure 7A illustrates another group II dendritic recording un- 
der control conditions, showing both fast and slow spikes. Sup- 
pression of its Ca2+ currents with 2 mM Co*+ (Fig. 7B) yielded 

Table 1. Electrophysiology of dendritic and somatic recordings from layer V pyramidal cells 

Dendrites Somata 

Resting potential (mV)** -60.3 f  5.3, n = 23 -69.3 + 3.8, n = 18 
Input resistance (MQ)* 88.3 5 40, n = 24 68.8 + 27.3, n = 16 
Time constant (msec)** 7.3 k 2.9, n = 25 16 + 5.3, n = 21 

Data are mean + SD, *, p < 0.1, **, p i 0.01; two-tailed I test assuming unequal variances. 
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Table 2. Electrophysiology of group I and group II dendrites 

Group I 

# of oblique branches** 5.5 + 3.4, n = 13 
Apical trunk diameter bm)* 2.0 + 0.63, n = 13 
Distance from recording site 

Group II 

12 + 4.5, n = 11 
2.5 f  0.45, n = 10 

to soma km)** 219 + 57, n = 13 336 IL 100, n= 11 
Resting potential (mV) -60.4 f  5.2, n = 12 -60.3 k 5.7, n = 11 
Input resistance (Ma) 95.1 + 39.6, n = 13 80.3 t 41, n = 11 
Time constant (msec)* 8.6 f  2.6, n = 12 6 k 2.6, n = 13 

Data are mean + SD, *, p < 0.05, **, p < 0.01; two-tailed, t test assuming unequal variances. 

spike patterns similar to those of group I dendrites. Taken to- 
gether, the data suggest that group II cells have substantially 
larger Ca2+ currents in their apical dendrites than group I neu- 
rons. 

Spatial origins of Ca2+ and Na+ spikes 

The channels that generate dendritic Ca*+ spikes in group II 
cells must be located on the apical dendritic membrane, rather 
than the soma or basal dendrites. This follows simply from the 
observation that dendrites, but not somata, displayed apparent 
Ca2+-dependent spikes under normal recording conditions, that 
is, without blocking K+ currents (Fig. 6). The influence of Ca2+ 
currents may also be stronger in the apical dendrites of group I 
cells than in somata, as suggested by the data shown in Figure 
5. Thus, it is likely that most layer V neurons have higher 
densities of Ca*+ current in their apical dendrites than in their 
somata. 

The spatial origin of Na+ -dependent dendritic events is more 
difficult to infer. Because group I dendritic spikes resemble trun- 
cated somatic spikes, they may be due primarily to the passive 
propagation of spikes generated by Na+ channels within the 
perisomatic region (Turner et al., 1991; Amitai et al., 1993). 
Consistent with this, across all sampled group I dendrites the 
spike height diminished as the recording site moved farther from 
the soma (Fig. 8A). The correlation is significant (r = -0.81). 
The maximal positive slope of the spike showed a similar re- 
lationship with recording distance (Fig. 8B; r = -0.70). Ex- 

amples of proximal and distal group I recordings (a and b in 
Fig. 8AJ) are illustrated in Figure 9, A and B. 

Amplitudes and maximal slopes for the fast spikes of group 
II dendrites varied over wide ranges. For these measurements, 
only the first fast spike in an evoked train was measured, to 
avoid the confounding influences of subsequent Ca2+ -dependent 
spikes and depolarization. Unlike group I, group II dendritic 
measurements did not correlate with the recording distance from 
the soma (Fig. 8C,D). Examples of group II responses (c and d 
in Fig. 8C,D) are shown in Figure 9, C and D. 

Results from computer simulations of Na+ spikes in an apical 
dendritic trunk are illustrated in Figure 10, which plots the spike 
height and maximal slope as functions of distance from the 
soma, and dendritic Na+ channel density. The model predicts 
that spike amplitude and slope will fall precipitously along the 
first 300 km of the apical trunk, if the dendritic membrane is 
passive (Fig. lOA,& solid lines). This is similar to the relation- 
ship found for fast spikes in group I recordings (Figs. 8, 9). As 
dendritic Na+ current density increases in the model, spike am- 
plitude and slope become more complex functions of distance 
from the soma. Intermediate current densities display a dip in 
spike size within the first 200 Km, probably because of the 
impedance load of the apical oblique branches, followed by a 
distal increase in current density (Fig. 10, broken lines). Higher 
densities yield a dendrite that conducts like an axon (Fig. 10, 
dotted line). The results suggest that group I apical dendrites 
have a very low Na+ channel density, at least in their trunks. 

B 

Y 

Figure 3. Morphology of group I (A) 
and II (B) cells. Group I cells had thin- 
ner apical dendrites and fewer oblique 
branches than group II cells. The en- 
larged figure on the right of each pane1 
shows the same cell without the basal 
and distal apical dendrites. Arrowheads 
indicate the presumed recording sites. 
Physiology of the cell in A is shown in 
Figure 9A. and the cell in B, in Fig- 
ure 7. 

. 

k b 



The Journal of Neuroscience. December 1993, 13(12) 5305 

n Group I 

0 Group II 

d-J 
1-2 3-4 6-6 78 9-10 1112 13-14 1516 17-16 19-20 

# apical oblique dendrites 

Figure 4. Plot of the number of the oblique branches from the apical 
trunk, for group I and II dendrites. 

while group II dendrites are more variable, with at least some 
having Na+ channel densities high enough to influence fast- 
spiking ability strongly as far as 500 pm from the soma (compare 
Figs. SC,D; 9C,D). 

Characteristics of Ca2+ conductances 

Central neurons have a variety of active Ca*+ currents. Our data 
suggest that most of the Ca2+ current in the apical dendrite is 
of the high-threshold type. Ca 2+-dependent spikes were acti- 
vated only by large depolarizations, either on the trailing limbs 
ofNa+ spikes, or with injected currents following TTX blockade 
ofNa+ spikes. The long durations of many dendritic Ca2+ spikes, 
even in the absence of K+ channel blockers, also suggest that 
the underlying Ca2+ currents did not inactive rapidly (Figs. 2C, 
7,9C,D). Voltage plateaus often did not repolarize until the end 
of a stimulus current pulse (up to 300 msec duration). 

Voltage clamping of apical dendrites was not feasible because 
of inadequate space clamp and the relatively high series resis- 
tance of the electrodes. However, pharmacological studies were 
also consistent with the presence of high-threshold Ca2+ cur- 

Group I Dendrite Layer V Soma 

control 

1UMll-X 

Table 3. Comparison between fast action potentials of group I 
dendrites and layer V somata 

Dendrites Somata 

Action potential 
half-width (msec)** 6.3 + 1.5, n = 13 2.6 +- 0.86, n = 21 

Action potential 
height (mV)** 23.7 k 8.7, n = 13 40.4 + 14.2, n = 18 

Action potential height is measured from threshold voltage to peak depolarization; 
half-width is the duration at 50% of peak height. Data are mean + SD, **, p c 
0.01; two-tailed, t test assuming unequal variances. 

rents. Ni*+ at a concentration of 100 I.LM has a strong depressive 
action on low-threshold Ca2+ channels of rat dorsal root ganglia 
cells (Carbone et al., 1990). However, even 200 PM NiZ+ did 
not have any noticeable effect on the Ca2+ spikes of group I 
dendrites, when Na+ and K+ currents were suppressed with 
TTX (2 PM) and tetraethylammonium (TEA; 15 mM), respec- 
tively (Fig. 1 lA,B; n = 3). Only at 500 FM did Ni2+ begin to 
have a noticeable suppressive effect (Fig. 1 lC), and even at 3 
mM it did not block the dendritic Ca2+ spikes completely (not 
shown). 

Unlike Ni*+, Cd2+ suppresses high-threshold Ca*+ channels 
at concentrations of 2-20 PM, while having no effect on low- 
threshold channels (Fox et al., 1987). Figure 12A shows a group 
II dendrite with complex firing patterns riding on a plateau 
potential. The plateau was reversibly suppressed by 10 I.LM Cd2+ 
(Fig. 12B; n = 2), suggesting an involvement of high-threshold 
Ca2+ currents. Interestingly, 10 PM CdZ+ did not abolish all 
broad spikes in the illustrated case (Fig. 12B), although it did 
in another dendrite. 

Synaptic activation of dendritic spikes 
Activation of excitatory synapses in layer I can generate large, 
fast EPSPs in the somata of layer V pyramidal cells (Cauller 
and Connors, 1992). Stimulation of layer I while recording from 
the apical dendrites of layer V cells generated EPSPs that always 

2thIVL 
9OlIl.WC 

Figure 5. Effects of current blockade 
on recordings from a group I dendrite 
and a layer V soma. Under control con- 
ditions, the dendrite resembled the soma 
in general firing pattern, but the den- 
dritic spikes were broader and smaller. 
TTX (1 WM) blocked fast spikes in both 
dendrite and soma. However, small, 
higher-threshold, repetitive spikes re- 
mained in the dendrite but not the soma. 
Blockade of Ca2+ currents by addition 
of extra Mg2+ (2 mM) and the removal 
of extracellular Ca2+ abolished the re- 
maining small dendritic spikes, and 
suppressed the initial, graded depolar- 
ization in the soma. Resting potential 
of the dendrite was -52 mV, current 
steps incremented by 100 pA; resting 
potential ofthe soma was -68 mV, cur- 
rent steps incremented by 50 pA. 
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A B 

A 

1OmVL 
90 mxc 

Figure 6. Effects of current blockade in a group II dendritic recording. 
A, Injected currents evoked an initial fast spike, followed by a long- 
lasting spike under control conditions. The lower record shows an ex- 
panded trace of the spikes. B, Fast spikes were blocked by 1 PM TTX, 
leaving a long-lasting spike with high threshold. The long-lasting spikes 
were reversibly blocked by additional 2 mM Mg2+ in the absence of 
Ca*+. Resting potential was -56 mV. Current steps were incremented 
by 100 pA. 

initiated all-or-none, fast and slow spikes. Figure 13A shows 
recordings from a group II dendrite as stimulus intensity was 
increased; several discrete all-or-none events with different am- 
plitudes and durations could be recruited, suggesting multiple 
locations for dendritic spike generation. Similar results were 
obtained in five of six group II dendrites tested. Figure 13B 
illustrates a different group II dendrite, in which a layer I EPSP 
triggered two all-or-none events with different amplitudes and 
durations when recorded at the resting potential of -56 mV. 
When the dendrite was hyperpolarized to -13 mV the slower, 
higher-threshold spike was blocked. Surprisingly, even group I 
dendrites reliably generated both fast and slow spikes when 
activated by distal EPSPs (six of six group I dendrites tested; 
Fig. 13C,D). 

It is likely that many of the layer I-evoked spikes recorded 
in dendritic trunks were actually initiated in the dendrites. In 
three of four group I dendrites, and two of three group II den- 
drites, the voltage threshold for fast-spike generation by a layer 
I EPSP was lower than the threshold when current was injected 
through the recording electrode. This implies that distal syn- 
apses may commonly trigger regenerative events within their 
local region of dendrite, in most types of layer V neuron. 

A control 

B 2m~c43++ 

Figure 7. Blocking Ca2+ currents with Co2+ (2 mM) converted group 
II dendritic responses to group I-like responses. 

Recordings from the somata of layer V pyramidal cells show 
a variety of intrinsic spiking patterns, including different rates 
of spike frequency adaptation and several forms of intrinsic 
bursting (Connors et al., 1982; Stafstrom et al., 1984; McCor- 
mick et al., 1985; Silva et al., 199 1). Until somata and dendrites 
have been recorded simultaneously in single cells, we can only 
speculate about how the different types of each correspond. 
However, morphology can guide our conjecture. Somatic re- 
cordings from layer V cells have shown that intrinsically burst- 
ing neurons tend to be relatively large, with thicker and more 
arborizing apical dendrites than regular-spiking neurons (Chag- 
nac-Amitai et al., 1990; Larkman and Mason, 1990). Judging 
from their morphology and complex spiking, it seems likely that 
at least some group II apical dendrites are attached to intrin- 
sically bursting somata. Group I dendrites are most similar to 
regular-spiking somata in their firing patterns and morphology, 
and may correspond. 

(P. A. Rhodes and C. M. Gray, unpublished observations). 

There is evidence that the apical dendrite does not signifi- 
cantly influence the firing patterns of the soma (Telfeian et al., 
1991). The membrane properties of the apical dendrite may 
thus be disassociated from those of the soma, and the attributes 
of one may not fully predict the attributes of the other. A full 
characterization of a pyramidal cell will require separate iden- 
tification of its somatic, basal, and apical dendritic physiology 

Discussion 
Physiological and morphological diversity among apical 
dendrites 
This study confirms that the apical dendrites of many layer V 
pyramidal cells have complex, nonlinear membrane properties 
that often allow the generation of Na+- and Ca2+-dependent 
action potentials (Amitai et al., 1993). In addition, we found 
that the spiking characteristics of apical dendrites varied widely, 
and that the complexity of spiking correlated with dendritic 
morphology. In general, apical dendrites with prominent Ca2+- 
dependent spikes and irregular patterns of Na+-dependent spikes 
(group II) had the most side branches and the largest trunk 
diameters. Dendrites with primarily fast, Na+-dependent spikes 
and more regular, soma-like temporal patterns (group I) tended 
to have fewer primary branches and narrower trunks. 

Origin of dendritic spikes 

Ca*+ -dependent dendritic spikes are probably generated by Ca*+ 
channels in the dendrites, for the following reasons. First, it is 
not normally possible to observe slow CaZ+ spikes from the 
soma under normal recording conditions, but in dendritic re- 
cordings Ca*+ spikes are often prominent. Some intrinsically 
bursting cells generate a slow, Ca 2+-dependent wave underlying 
the burst of fast spikes (Connors et al., 1982; McCormick et al., 
1985) but its amplitude and duration are much smaller than is 
common in group II dendrites. Second, activation of layer I 
synapses often elicited slow, all-or-nothing events that could be 
selectively blocked by hyperpolarization, suggesting a distal site 
of slow spike generation. Third, if the sources of CaZ+ currents 
are in distal dendrites, it might be expected that the number 
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Figure 8. Plots of fast-spike height and 
maximal upstroke slope versus the dis- 
tance between the soma and the re- 
cording site for group I and II dendrites. 
The group I spike height (A) and max- 
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used. Examples of proximal and distal 
group I and II recordings, labeled ad, 
are shown in Figure 9A-D, respectively. 

and dimension of dendritic branches would correlate with the 
prevalence of Ca*+ spikes. Indeed group II recordings, which 
showed more prominent Ca2+ spikes than group I recordings, 
had larger apical dendrites and more oblique branches. Because 
of their proximity to the recording sites, the oblique branches 
would be the ones most likely to contribute significant current 
to the apical trunk. 

Some apical dendrites may also support at least limited Na+ 
spiking, as suggested by Huguenard et al. (1989). Models of 
passive apical dendrites predict that spike size and rate-of-rise 
should fall precipitously with distance from a somatic generation 
site (Fig. 10). However, the size and rate-of-rise of Na+ spikes 
from group II recordings did not correlate well with distance 
from the soma. Some dendritic sites 300-400 pm from the soma 
generated relatively large fast spikes, implying that the Na+ spike 
is not simply passively conducted from the soma. It is conceiv- 
able that the spike height may be somewhat influenced by sub- 
sequent Ca2+ spikes (Fig. 7). However, since Ca*+ spikes always 
followed the initial fast spike it seems unlikely that it might 
have boosted the fast-spike amplitude. It is even less likely to 
have influenced the slope of the spike upstroke, since the rising 
phase of the first spike substantially preceded the following Ca*+ 
spike (Fig. 64. In addition, layer I EPSPs often triggered low- 
threshold, fast spikes in apical dendrites. Thus, our data imply 
that group II dendrites can generate Na+ as well as CaZ+ spikes. 

It is less likely that group I dendrites have relatively high Na+ 
channel densities. Their spikes fell in size and speed as the 
recording site was moved away from the soma (Fig. 8). The 
repetitive firing patterns of group I recordings also resembled 
somatic Na+ spike patterns (Fig. 5). Unlike spike amplitudes, 
the dendritic spike half-widths were not correlated with distance 
from the somata (not shown). However, spike duration is sen- 
sitive to many things besides passive electrotonic propagation. 
Dendritic Ca*+ currents, variations in K+ currents or specific 
membrane resistivity, or small numbers of dendritic Na+ chan- 
nels themselves could affect duration. It is notable that layer I 
EPSPs triggered fast spikes in group I dendrites, but their site 
of origin is ambiguous. 

Our data do not clearly address the distribution of Na+ and 
Ca*+ channels within the apical dendrites. Because the preva- 
lence of Ca2+-dependent potentials seems to correlate with the 
number of oblique dendritic branches, it may be that CaZ+ chan- 
nels are enriched in more distal dendritic branches. Several 
recent studies bolster this possibility. Reuveni et al. (1993) have 
shown that Ca*+-dependent plateau potentials recorded in so- 
mata of pyramidal cells often decay stepwise rather than 
smoothly. Steps are reproduced in their computational model 
if high-threshold Ca2+ channels are distributed nonhomoge- 
neously through the dendritic tree. Some of our dendrite re- 
cordings in the presence of TTX and TEA (Fig. 11) also showed 
stepwise decay of plateau potentials. Jaffe et al. (1992) using 
intracellular indicators of Na+ and Ca2+ in hippocampal py- 
ramidal cells, concluded that active Na+ channels are located 
primarily on the soma and most proximal dendrites, while CaZ+ 
channels are spread along the entire dendritic tree. Finally, mod- 
eling results of Mel (in press) suggest that the apical trunk of a 
pyramidal cell is likely to be less active compared to more distal 

A C 

Figure 9. Examples of group I (A and B) and II (C and D) recordings, 
marked in Figure 8 as a&. A, Resting potential, -52 mV; 100 pA 
current; time calibration, 90 msec. B, Resting potential, -58 mV, 100 
pA steps; time calibration, 40 msec. C, Resting potential, -64 mV, 100 
pA steps; time calibration, 50 msec. D, Resting potential, -65 mV, 300 
and 400 pA steps, time calibration, 50 msec. 
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Figure 10. Modeling results showing computed relationship between 
fast-spike height (A) and maximal slope (B) as a function of distance 
along the apical trunk and Na+ channel density. The neuron modeled 
was a large layer V pyramidal cell similar to those studied here (see 
Cauller and Connors, 1992). 

branches; if slow, active conductances are too prominent in the 
proximal trunk, the soma behaves unrealistically. Only more 
refined measurements will illuminate the channel distribution 
on apical dendrites. 

Properties of dendritic Ca2+ currents 
The characterization of Ca2+ currents in neocortical neurons is 
very incomplete. In general, two classes of neuronal Ca2+ chan- 
nels can be distinguished by kinetic criteria: a slowly inactivat- 
ing, high voltage-threshold variety, and a rapidly inactivating, 
low voltage-threshold type (Tsien et al., 1988; Carbone and 
Swandulla, 1989; Llinds et al., 1989). Somatic recordings pro- 
vide evidence for both low-threshold (Friedman and Gutnick, 
1987; Sutor and Zieglgansberger, 1987; Sayer et al., 1990; Giffin 
et al., 1991) and high-threshold (Stafstrom et al., 1985; Franz 
et al., 1986; Sayer et al., 1990; Giffin et al., 199 1; Hamill et al., 
199 1) Ca2+ currents in pyramidal cells of neocortex. There may 

B 200 uM Ni++ 

C 500 uM Ni++ 

Figure 11. Effects of Ni*+ on dendritic Caz+ spikes. A, Dendrite was 
bathed in 15 mM TEA and 2 PM TTX to isolate Ca2+ -dependent events. 
B, At 200 PM, Ni*+ had no effect. C, At 500 FM, Ni2+ increased the 
threshold of Ca2+ spikes. At 3 mM Ni 2+ spikes were blocked (not shown). 
Resting potential was -43 mV, current increments were 100 pA, be- 
ginning at 500 pA. 

be several varieties of high-threshold Ca2+ currents (i.e., N, L, 
and P) present in a single cortical neuron (Brown et al., 1992), 
but the relative densities have not been determined. 

The Ca2+ currents present in apical dendrites seem to be 
generated primarily by high-threshold channels. Dendritic CaZ+ 
spikes were always activated at high voltage levels, and they 
often did not inactivate over several hundred milliseconds (Figs. 
2,6). Pharmacological studies also agree with this interpretation. 
In most neurons, a relatively low dose (20 PM) of Cd2+ blocks 
high-threshold Ca*+ currents (i.e., L- and N-type) while not 
affecting low-threshold currents (i.e., T-type) (Fox et al., 1987). 
The partial effect of Cd2+ that we observed here (Fig. 12) may 
reflect the presence of some relatively Cd2+-insensitive Ca2+ 
currents, or it may simply be that the concentration of Cd*+ 
within the slice did not completely equilibrate with the bath 
level. Ni*+ (< 100 PM) preferentially blocks low-threshold CaZ+ 
currents (Carbone et al., 1990). In the dendrites, NiZ+ at rela- 
tively high concentrations (200 PM) did not block the Ca2+ cur- 
rents, while Cd2+ at relatively low concentrations reduced the 
potential plateau. Consistent with the physiological data, im- 
munocytochemical evidence implies that there are N-type cal- 
cium channels along apical dendrites of the neocortex (Westen- 
broek et al., 1992). Rigorous characterization of dendritic Ca2+ 
currents will require voltage-clamp measurements and phar- 
macological studies. 
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Figure 12. 
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Effects of Cd2+ on dendritic Ca2+ spikes. A relatively low 
concentration of Cd2+ (10 PM) reduced the plateau potential, but did 
not completely block slow spikes. Resting potential was -62 mV. 

Functional implications of excitable dendrites 
The precise functions of active dendritic conductances are un- 
known. One ofthe most straightforward possibilities is that they 
facilitate the otherwise small effects of very distal synapses (e.g., 
Spencer and Kandel, 196 1; Deschenes, 198 1; Amitai et al., 1993). 
In this scenario the depolarizations produced by EPSPs would, 
by activating voltage-dependent inward currents, generate much 
larger potentials over a longer distance than is possible in passive 
dendrites. It is very likely that active currents do amplify EPSPs 
in the apical dendrites of neocortical layer V cells. Purely passive 
cable models of these cells invariably predict that excitatory 
synapses in layer I, even if they are very strong, could generate 
only very small, slow EPSPs within the soma (Stratford et al., 
1989; Cauller and Connors, 1992). However, experimental re- 
cordings show that layer I synapses can be very powerful at the 
level of the layer V soma (Cauller and Connors, 1992, in press). 

Additional, more exotic, functions for active dendrites have 
been proposed. Excitability in dendritic membrane greatly alters 
the rules by which sets of synapses on a single neuron interact. 
Several modeling studies have noted that excitable dendrites 
could have a tendency to generate multiplicative computations 
(e.g., Shepherd and Brayton, 1987; Segev and Rall, 1988; Koch 
and Poggio, 1992). Under certain conditions, active dendritic 
branches could act as coincidence detectors (Jaslove, 1992). 
With strong, voltage-dependent inward currents, dendrites might 
also favor the coactivation of clustered synapses over more 
spatially distributed synapses and improve the capacity for in- 
formation processing (Mel, 1992). It may be that active dendritic 
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Figure 13. Fast and slow dendritic spikes evoked by layer I synaptic 
potentials. A, EPSPs generated by increasing stimulus levels of stimulus 
intensity while recording from a group II dendrite. As the stimulus 
intensity increased, multiple all-or-none events with different ampli- 
tudes and durations were generated. Resting potential was -63 mV. B, 
A different group II dendrite produced two all-or-none events with 
different amplitude and duration when activated from layer I at a resting 
potential of -56 mV. Hyperpolarizing the cell (-73 mV) blocked the 
slow spike component but not the fast spike. This dendrite’s response 
to injected currents is shown in Figure 7A. C and D) illustrate two 
different group J dendritic recordings while activating layer I synapses 
at increasing intensities. Each generated all-or-none fast- and slow-spike 
events at relatively low thresholds. 

currents are necessary both for efficient communication of distal 
synaptic inputs, and to allow richer computational capabilities. 

The efficacy of distal synapses will be strongly influenced by 
any change in dendritic membrane properties, including the 
selective modulation of dendritic ion channels. For example, 
synaptic inhibition reduces the effect of layer I EPSPs on the 
somata of layer V neurons (Cauller and Connors, in press), 
presumably by shunting synaptic and active currents of the api- 
cal dendrite. Since most (or all) membrane ion channels are 
modifiable by a variety of second messenger-mediated processes 
(McCormick, 199 l), it is possible that neurotransmitter-medi- 
ated alterations in Na+, Ca2+, or K+ currents could change the 
effective gain of distal inputs. 
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