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Abstract

In order to study the electrical properties of dendritic membranes independent of the effects of
somatic potentials, intracellular recordings in guinea pig hippocampal slices were obtained from the
dendrites of CAl pyramidal neurons (HPCs) which had been isolated from their somata by cuts
made through the proximal stratum radiatum. Spikes and subthreshold membrane responses to
intracellular current pulses were compared in intact and isolated dendrites and in the residual
portions of neurons whose apical dendrites had been severed (“isolated somata”). Isolated dendrites
generated both fast, QX-314-sensitive, sodium-mediated spikes, and slow higher threshold spikes
which were QX-314-resistant and presumably mediated by Ca®*. Depolarization of “isolated somata”
ordinarily evoked only fast (Na*) spikes, but presumed Ca®* spikes could be elicited after exposure
to QX-314 (a local anesthetic). Anomalous inward rectification was depressed by QX-314 in somata
but not in dendrites, suggesting that the ionic basis for subthreshold as well as regenerative
conductances was different at different sites on the neuron.

The dendritic membrane in CA1 HPCs thus generates both Na*- and Ca®"-mediated spike
potentials and a subthreshold response which probably is mediated primarily by Ca®*. Attempts to
describe the integrative functions of these neurons must take into account the variety of conduct-
ances which are activated nonuniformly in somata and dendrites by changes in membrane potential.

The electrical properties of dendrites in mammalian
cerebral neurons have been a key issue in the study of
the CNS (Purpura, 1967; Llinas, 1975). Although it was
suggested initially that the dendritic membrane was
chemically, but not electrically, excitable (for review, see
Purpura, 1967), subsequent data from neurons in the
mammalian neocortex (Purpura and Shofer, 1964; Pur-
pura and McMurtry, 1965; Purpura et al., 1965), hippo-
campus (Spencer and Kandel, 1961; Purpura et al., 1966),
and cerebellum (Llinas et al., 1968; Llinas and Nicholson,
1971) suggested that dendrites were capable of action
potential generation. The presence of ionic channels
which mediate regenerative events in dendrites has many
important implications for neuronal information process-
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ing (Purpura, 1967; Llinas and Nicholson, 1971). In ad-
dition, there has been much speculation regarding the
role of active dendritic membranes in disease states, such
as epilepsy (Purpura, 1969; Westrum et al.,, 1964; Wong
and Prince, 1979).

The electrophysiology of dendrites has been addressed
directly in two classes of CNS neurons through the use
of intradendritic recordings. In mammalian Purkinje cells
studied in vitro, distal dendritic recordings, which were
not confounded by interference from potentials originat-
ing in the soma, showed that membranes were capable of
generating slow Ca®* spikes (Llinas and Hess, 1976; Llinas
and Sugimori, 1980b). Intradendritic recordings from hip-
pocampal pyramidal neurons (Wong and Prince, 1979;
Wong et al.,, 1979; Schwartzkroin and Prince, 1980) have
suggested that these elements may generate both Ca®**-
and Na*-mediated action potentials. Unfortunately, it is
difficult to determine whether signals recorded in the
dendrite are generated locally or more remotely in the
soma because of the short electrotonic length of hippo-
campal pyramidal neurons (Turner and Schwartzkroin,
1980; Brown et al., 1981).

In addition to the ionic conductances responsible for
spike generation, the membranes of pyramidal neurons

1614



The Journal of Neuroscience

possess other voltage-dependent subthreshold conduct-
ances for Na*, Ca’¥, and K* (Hotson et al., 1979; Wong
and Prince, 1981; Johnston et al., 1980). One important
issue with respect to all of these subthreshold conduct-
ances is whether they are distributed uniformly over
soma-dendritic membranes or whether the electrogenic
properties in pyramidal dendrites and somata are fun-
damentally different.

In order to examine the above issues further, we stud-
ied the electrical properties of hippocampal pyramidal
cell dendrites directly by recording from isolated apical
dendrites after microsurgically separating these struc-
tures from their somata. The isolated dendritic prepara-
tion provided an unique opportunity to examine the
distribution of certain voltage-dependent conductances
on dendritic membranes.

Materials and Methods

The methods for preparing and maintaining hippocam-
pal slices have been described elsewhere in detail (Ya-
mamoto, 1972; Schwartzkroin, 1975). Experiments were
performed at 37°C. Recordings from intact and isolated
elements were made in the midportion of the CA1 region
(CA1b). Following a 15- to 60-min period of incubation
in the recording chamber, a single cut was made in the
stratum radiatum 25 to 150 ym from the pyramidal cell
body layer through the entire thickness of the slice in the
CA1 region. To accomplish this, razor blade fragments
were attached to microelectrode capillary glass with wax
and the capillary then was affixed to a micromanipulator.
Since the cell body layer of hippocampal pyramidal neu-
rons (stratum pyramidale) is readily seen in the transil-
luminated slice, accurate placement of microknives and
subsequent sections in the stratum radiatum could be
performed easily under visual control. The completeness
of surgical “cuts” was verified by examining cresyl violet-
stained sections which showed that the lesions went
through the entire thickness of the slice. Standard per-
fusion medium was used with the exception that the
CaCl; concentration was increased to 2.5 mM in an at-
tempt to improve recording stability and to aid “sealing”
of neuronal processes. Following these procedures, we
could obtain stable intracellular recordings from isolated
dendrites for 5 to 30 min during experiments lasting up
to 6 hr.

Microelectrodes were filled with 4 M potassium acetate
or 4 M potassium acetate plus 0.1 m QX-314 (a local
anesthetic; Astra) and had resistances of 30 to 60 meg-
ohms. Current was applied through the recording micro-
electrodes utilizing an active bridge circuit. Bridge bal-
ance was monitored and adjusted continuously. Mem-
brane potentials (V,,) were measured by comparing the
intracellular potential with that obtained after with-
drawal from the impaled element. The apparent mem-
brane input resistance (Ry) was determined by measur-
ing the responses to small hyperpolarizing pulses at rest-
ing V,..* The numbers and types of elements from which

% The membranes of hippocampal pyramidal neurons possess several
voltage-dependent conductances which may be activated or inactivated
by test current pulses. The term “apparent membrane input resistance”
is used to indicate this.
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successful recordings were obtained and their properties
are summarized in Table 1.

Results

Spike generation in dendrites

Intact dendrites. Recordings from intact dendrites
were obtained in the stratum radiatum of the midportion
of the CA1l region at a distance of 100 to 350 ym from the
margin of the stratum pyramidale. As previously re-
ported (Wong and Prince, 1979; Wong et al., 1979), such
recordings were easily distinguishable from those ob-
tained in pyramidal cell bodies (see below) or from cells
having the characteristics of interneurons (Schwartz-
kroin and Mathers, 1978). As shown in Table I, Ry was
33.6 *+ 12.7 megohms (n = 8) at a resting V,, of 59.6 + 4.7
mV (n = 8). These values are similar to those obtained
previously from intact dendrites (Wong et al.,, 1979). We
were able to evoke a variety of spike-like events with
depolarizing current pulses as shown in Figure 1. Low
intensity depolarization elicited only repetitive fast
spikes (Fig. 1A1). However, with increased current, the
threshold for generation of slower spikes could be
reached (Fig. 142). Spikes evoked at or above this
threshold had variable amplitudes and tended to occur
in clusters (Fig. 1, A2to A4). A further increase in current
triggered an increasing number of slower spikes inter-
mixed with faster action potentials (Fig. 143). Spikes
were grouped arbitrarily into three types, fast, interme-
diate, and slow, according to their duration at half-am-
plitude (Table I). The fast action potentials rose and
decayed rapidly and had a duration of 0.94 + 0.3 msec
(n = 8) (Fig. 144, arrow a). The intermediate duration
action potentials (Fig. 144, arrow d) also had a rapid
rising phase but decayed more slowly (2.4 + 0.8 msec; n
= 8). The slow spikes (Fig. 1B4, arrow b) were charac-
terized by both slow rising and falling phases and had a
duration of 5.2 + 1.3 msec. The occurrence of spikes of
various durations appeared sometimes to overlap so that
a second or third spike with different amplitude and
duration might be triggered on the repolarizing phase of
the initial spike (Fig. 1, A4, arrows b and ¢, and B4,
arrow a). Spontaneous activity was present in dendrites
and consisted of single fast spikes of various amplitudes
as well as intermediate duration spikes. Fast prepoten-
tials (Spencer and Kandel, 1961; Schwartzkroin, 1977;
Schwartzkroin and Prince, 1978) less than 5 mV in am-
plitude also were observed and, in some instances, ap-
peared to be generator potentials for fast spikes.

Isolated dendrites. In several instances, there was an
obvious physical separation at the site of the cut visible
in the recording chamber under the dissecting micro-
scope. Completeness of the isolation procedure was ver-
ified in cresyl violet-stained sections. In all cases, the
stratum radiatum had been separated completely from
the cell body layers in the stratum pyramidale. The tissue
on the somatic side of the cut thus presumably contained
the basal dendrites, somata, and the proximal stumps of
the apical dendrites of pyramidal neurons. An example
of such a slice is shown in Figure 2. In this case, the cut
was extended through the strata pyramidale and oriens
to the alveolar surface and the separated portion was
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TABLE 1
Characteristics of the elements from which successful recordings were obtained
Fast Spike Intermediate Spike Slow Spike Resting R .
N
Amplitude Duration Amplitude Duration Amplitude Duration Vi
mV msec mV msec mV msec mV megohms
Intact dendrite 66.6 + 8.1 0.94 £ 0.3 59.6 £ 5.8 24 +0.8 54.9 + 109 52+ 1.3 59.6 + 4.7 336+127 8
Isolated dendrite 63.7 £ 10.0 121 £0.3 54.6 = 5.0 2.85 + 0.5 449 + 6.7 74 + 159 57449 2975+156 8
QX-314-injected iso- 56.8 £ 9.0 8029 55.3 = 5.5 23329 4
lated dendrite
Isolated soma 73.3 £ 6.1 62.0 £ 35 433 +208 4
1 2 3

Figure 1. Spike generation in intact (4 ) and isolated (B

J“‘LJW:LM

) dendrites of CA1 pyramidal cells. Low intensity current pulses evoked

40mvV
2nA

80msec
40msec

fast spikes in intact (A7) and isolated (BI) dendrites. More intense stimuli evoked trains containing intermediate duration spikes
in both intact (A2 and A3 and arrow d in A4) and isolated (B2, arrow b) dendrites. Further depolarization of isolated dendrite

evoked a train of predominantly slow regenerative potentials

(B3 and B4, arrow b). Some spikes are composed of multiple

components, with events occurring on the rising phase (arrow ¢, A4) and falling phase (arrow b, A4 and arrow a, B2 and B4) of
the principal spike. The traces in A4 and B4 are the same as A3 and B3, respectively, at a faster sweep speed. The upper traces
in frames 1, 2, and 3 are a current monitor. The calibration bars in B4 are for all of the frames except the 40-msec time calibration

which is for A4 and B4.

removed prior to recording. Most of the cell bodies seen
in the stratum radiatum were those of glia." Recordings
were obtained from that portion of the stratum radiatum
where the overlying stratum pyramidale (marked by
triangles in Fig. 2) was absent.

Approximately 15 to 60 min after the surgical proce-
dures, dendrites could be impaled successfully; however,
the number encountered in a given slice was greatly
decreased after the cut had been made. Membrane po-
tentials were initially low but gradually improved over
the 1 to 2 hr after the isolation was performed. The data
presented here were collected, after this early recovery
period, from those dendrites which had initial membrane
potentials greater than —50 mV and from which stable
recordings could be maintained for from 5 to 30 min.

Isolated dendrites usually were impaled at least half
the distance between the cut edge of the stratum radia-
tum and the hippocampal fissure. The mean values for
resting V,, and Ry were comparable to those in intact
dendrites (Table I). In contrast to recordings from intact
dendrites, spontaneous spikes were absent in isolated
dendrites as were fast prepotentials. The latter finding
suggests that the fast prepotentials recorded in dendrites
of intact neurons are reflections of the fast spikes gener-
ated in somata or more proximal dendritic loci. Sponta-
neous excitatory synaptic events which increased in am-
plitude with hyperpolarization were present in isolated
dendrites. Action potentials could be elicited with depo-

larizing current pulses. The response to threshold current
consisted of a distinct single fast spike that was compa-
rable to the fast spike seen in intact dendrites (Fig. 1BI;
Table I). Isolated dendrites generally did not generate
trains of fast spikes during depolarization in contrast to
intact elements (cf., Fig. 1, A1 and BI). With higher
current intensities, higher threshold intermediate dura-
tion spikes were observed (arrow b in Fig. 1B2). As in
the case of intact dendrites, a second overlapping spike
sometimes might arise from the falling phase of a preced-
ing one (arrow a in Fig. 1, B2 and B4). At still higher
current intensities, trains of slow spikes were evoked and
followed by slow afterhyperpolarizations (AHPs) (Fig.
1B4) which resembled the AHPs attributed to a Ca®*-
activated K* conductance in CA1 hippocampal pyrami-
dal cell (HPC) somata (Hotson and Prince, 1980).
Support for the conclusion that dendritic membranes
are capable of generating both fast (presumed Na%)
spikes and slow (presumed Ca®*) spikes was obtained by
blocking voltage-dependent Na* conductance with intra-
cellular injections of the local anesthetic, QX-314. Recent
experiments have shown that intracellular diffusion of
this agent from the microelectrode into CA1 cells (Con-
nors and Prince, 1982) or neocortical neurons (Connors
et al., 1981) blocks Na*-mediated spikes and the voltage-
dependent non-inactivating slow Na* conductance pre-
sent in these neurons. The effects of QX-314 are identical
to those of externally applied tetrodotoxin (TTX), and
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Figure 2. Cresyl violet-stained hippocampal slice after the cut and removal of a portion of the CA1 stratum pyramidale (SP)

with the adjoining strata oriens and radiatum and alveus. The solid triangles and dashed line indicate the approximate respective
positions of the pyramidal cell body layer and alveolar surface of the removed portion of the slice. The cut was made approximately
100 to 150 pm into stratum radiatum in the fresh state (prior to shrinkage due to fixation). Dendrites later were impaled between
the cut and the hippocampal fissure. The abrupt angulation of the SP between the arrows is due to distortion from the cut
extending into that portion of stratum pyramidale. FD, Dentate fascia. Calibration bar, 300 pm.
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Figure 3. Effects of QX-314 injection on spikes in an isolated
dendrite. Immediately after penetration with a QX-314-filled
microelectrode, a fast spike was present (A ) which was accom-
panied by an intermediate duration spike (B) when the depo-
larizing current was increased. Shortly after penetration, follow-
ing the diffusion of QX-314 into the neuron, the fast spike was
no longer present; however slow spikes could be elicited singly
(C) or repetitively with increased current (D). The calibration
bars in D are for all sweeps.

both of these agents produce effects on sodium-mediated
events similar to those produced by media containing no
Na™.

Following impalement with microelectrodes containing
0.1 M QX-314 and 4 M potassium acetate, spikes were
elicited with depolarizing current. Early in the impale-
ment, single fast action potentials could be seen (Fig.
3A). These fast spikes often were followed by an inter-
mediate duration spike (Fig. 3B). Within seconds, how-
ever, the fast spike disappeared, and a single slow spike
was evoked by threshold current pulses (Fig. 3C). In
other penetrations, blockade of fast spikes by QX-314
occurred only after passage of repetitive depolarizing
current pulses. Inflections on the rising or falling phase
of the slow spikes indicative of a superimposed spike
were not seen in recordings from the four isolated den- -
drites exposed to QX-314. The parameters of slow spikes
in QX-314-injected and noninjected dendrites were com-
parable (Table I). Cells injected with QX-314 also were
noted to depolarize by about 5 mV. Once fast spikes were
blocked, repetitive slow spikes could be evoked by in-
creasing the current intensity (Fig. 3D). This result is
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similar to that reported during the depolarization of
intact somata (Schwartzkroin and Slawsky, 1977; Wong
and Prince, 1977, 1978) and dendrites (Wong and Prince,
1979; Wong et al., 1979) of hippocampal pyramidal neu-
rons following application of TTX. Intracellular injection
of QX-314 into intact somata also blocks fast spikes and
allows higher threshold slow spikes to be evoked (Con-
nors and Prince, 1982; L. M. Masukawa, L. S. Benardo
and D. A. Prince, unpublished observation). The data
suggest that Na™ action potentials can be generated by
dendritic membranes and that QX-314 is effective in
blocking these Na'-dependent conductances in den-
drites.

Spike generation in isolated somata

Isolated elements consisting of basal dendrites, cell
bodies, and probably the most proximal portions of the
apical dendritic tree, referred to below as “isolated cell
bodies,” also could be impaled. These elements were less
viable than isolated dendrites; impalements could be
obtained only within the first 3 hr following the surgical
procedure. Isolated cell bodies often displayed abnormal
membrane properties, such as large amplitude, prolonged
afterhyperpolarizations, and unstable V,, and Ry, which
decreased rapidly after impalement. However, some iso-
lated cell bodies appeared to have normal spikes and
membrane properties (Table I). When depolarizing
pulses were delivered to isolated somata, only fast spikes
could be elicited, regardless of the current intensity (Fig.
4, Al to A3). Trains of spikes were followed by slow
afterhyperpolarizations lasting as long as 1 sec. The
responses were similar to those of intact somata in the
CA1lb region to depolarizing current (Fig. 4, BI to B3).°
Since high threshold Ca®" spikes can be recorded in
intact CAl somata in the presence of blockers of Na*
conductance, such as TTX (Schwartzkroin and Slawsky,
1977; Wong et al., 1979; Hotson and Prince, 1980), we
studied the effects of QX-314 on isolated somata to
determine whether Ca®" spikes could still be evoked in
the absence of the apical dendritic arborization. The
results are shown in Figure 5. Shortly after impalement,
the neuron generated full amplitude fast spikes (Fig.
5A1). Over minutes, the spikes decreased in amplitude
and higher threshold slow spikes, which were presumably
Ca®"-mediated (see also Connors and Prince, 1982), could
be elicited (Fig. 5, A2 to A3). When a drop of Ba** (5
mM) was applied to the surface of the slice from a broken
pipette near the penetrating microelectrode, input resist-
ance increased (cf., sweeps of Fig. 5, A1 and B2), and the
slow spike increased in amplitude and broadened, pre-
sumably due to effects of Ba®* as a Ca®" agonist and
blocker of K* conductance (Hagiwara et al., 1974; see
also Hotson and Prince, 1981). These findings provided
further evidence that the slow spikes generated after
exposure to QX-314 were mediated by Ca®*.

Subthreshold conductances

Subthreshold slow conductances for both Na' and
Ca®* have been identified in recordings from CA1 cell

% Burst responses containing slow spikes may be evoked by depolar-
ization of the somata of pyramidal neurons in the CAla and CAlc
regions (L. M. Masukawa et al., manuscript in preparation).
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Figure 4. Spike generation in isolated (A) and intact (B)
somata. Spike frequency increased with increasing depolarizing
current in isolated soma (A to A3); however, only fast spikes
were observed even with high currents (A3). This same se-
quence also was seen in a majority of intact CAl cell somata
(B1 to B3).
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Figure 5. Effects of intracellular injection of QX-314 and
extracellular application of Ba®" to the “isolated soma” of a
CA1 HPC. Al, Shortly after impalement, the neuron generates
fast spikes during direct depolarization. A2 and A3, Within 10
min, fast spikes are progressively blocked and higher threshold
slow spikes are evoked. BI, Control spike from the same neuron
30 min after impalement. B2, Increase in spike amplitude
occurred within 2 min of Ba®" (5 mm) application. B3, Super-
imposed sweeps showing further spike broadening induced by
Ba®* 5 min after the sweep of B2. The voltage and current
calibration bars in B3 are for all sweeps. Time calibration bar
in B3, 100 msec for Al and A2 and B; 50 msec for A3.

50m
25nA

somata (Hotson et al., 1979). Inward curents caused by
these ions are probably responsible for the apparent
increase in resistance which accompanies the depolari-
zation of these neurons (anomalous inward rectification
(AR); Hotson et al,, 1979). We studied the responses of
isolated and intact dendrites and found that AR could be
detected in these elements as well as in intact somata;
that is, the responses to subthreshold depolarizing cur-
rent pulses were larger in amplitude than those produced
by comparable hyperpolarizing current pulses. However,
there were variations in the time course of development
of the depolarizing and hyperpolarizing responses as can
be seen in Figure 6. The responses in intact dendrites
(Fig. 6B1) and cell bodies (Fig. 6A1) were similar in that
long depolarizing current pulses (~120 msec) elicited
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Figure 6. Rectification properties of somata and dendrites.
Voltage responses to depolarizing and hyperpolarizing current
pulses of equal intensity and opposite sign are shown in each
sweep. Anomalous rectification to depolarizing current was
observed in intact (A1) and isolated (A2) somata and intact
(BI) and isolated (B2) dendrites. Hyperpolarizing currents
produced potentials that plateaued (A1, A2, and B1); however,
in isolated dendrites (arrow, B2), the current-evoked potential
began to sag toward the resting potential after reaching an early
maximum. After QX-314 injection, rectification to hyperpolar-
izing and depolarizing current was still present in isolated
dendrites (B3 and arrow), although fast spikes were absent (see
Fig. 3). In intact somata, depolarizing anomalous rectification
was lost after QX-314 (A3).

voltage responses which continued to rise either through-
out the duration of a pulse (Fig. 6BI) or throughout most
of its early portion before a latter “sag” developed (Fig.
6A1). This late sag may be due to either an inactivation
of the voltage-dependent component of the depolariza-
tion or an activation of a delayed rectification. In con-
trast, hyperpolarizing pulses evoked responses which
reached a steady state potential that was smaller in
maximum amplitude than the response to depolarizing
current (Fig. 6, Al and B1).

Isolated (Fig. 642) and intact (Fig. 6A1) cell bodies
gave qualitatively similar voltage responses when tested
for AR. The depolarizing pulse elicited a response which
reached an early maximum and then gradually declined;
in the same elements, the hyperpolarizing response
reached a plateau that was smaller in amplitude than the
depolarizing response (Fig. 6, Al and A2). In isolated
dendrites, responses to depolarizing pulses were clearly
of larger amplitude than those to hyperpolarizing pulses
(Fig. 6B2). Hyperpolarizing current pulses evoked a max-
imum response early, followed by a subsequent reduction
in the amplitude of the response seen as a sag in the
voltage trace (arrow in Fig. 6B2). We have not analyzed
this latter response further; however, it may be similar to
the anomalous rectification described in cat spinal mo-
toneurons (Nelson and Frank, 1967).

Although it has been reported on the basis of intraso-
matic recordings that Mn®* or TTX decrease AR in
hippocampal CA1l pyramidal cells, the relative contribu-
tions of Ca** and Na* conductance to AR are not known.
Recent observations in CA1 pyramidal neurons (Benardo
and Prince, 1982) and in neocortical neurons (Connors et
al, 1981) suggest that the AR noted in intrasomatic
recordings is more sensitive to T'TX than to Mn** appli-
cation. The presumed slow inward current underlying
AR in these cell bodies therefore may be carried primar-
ily by Na®*. Since the above data from isolated dendrites
and somata suggested that Ca®* spike generation was
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much more prominent in dendrites, we conducted exper-
iments to determine whether this was also the case for
the subthreshold Ca®* conductance which contributes to
AR.

Impalements of isolated dendrites were made with
electrodes containing QX-314 (Table I). As shown in
Figure 6B3, AR could still be observed in those dendrites
even after fast spikes were blocked by diffusion of the
drug. Further, the time course of voltage responses in
such recordings was very similar to that seen in isolated
dendrites impaled with 4 M potassium acetate-filled mi-
croelectrodes (cf., Fig. 6, B2 and B3). By contrast, AR in
intact and isolated somata was not detectable when
impalements were made with QX-314-filled electrodes
(cf., Fig. 6, A2 and A3; see also Connors and Prince,
1982). These data suggest that a slow, voltage-dependent
conductance resistant to QX-314 and presumably due to
Ca®" is present predominantly in the apical dendrites of
CA1 pyramidal neurons, whereas a non-inactivating Na*
conductance is prominent during subthreshold depolari-
zation in the somata of the same neurons. Further sup-
port for this conclusion has been obtained recently in
preliminary experiments which show that AR in den-
drites is depressed significantly by Mn** (L. S. Benardo,
L. M. Masukawa, and D. A. Prince, unpublished obser-
vations) and that AR in isolated somata is abolished by
QX-314.

Discussion

The experiments described here extend the findings of
Wong et al. (1979) and Schwartzkroin and Prince (1980)
obtained from intradendritic recordings in intact hippo-
campal slice preparations and provide data relevant to
three specific issues which are discussed below.

Apical dendrites of CAI HPCs generate both Na*-
and Ca®*"-mediated spikes. Our data show that isolated
apical dendritic membranes of CA1 HPCs can generate
QX-314-sensitive fast spikes which presumably are me-
diated by Na* as well as slow spikes which are resistant
to Na* channel blockade and presumably due to Ca®*
influx. This conclusion is supported by the results of
recent experiments which show that isolated dendrites
impaled in the presence of Mn®* generate only fast spikes
(L. S. Benardo, L. M. Masukawa, and D. A. Prince,
unpublished observations). In recordings made with po-
tassium acetate-filled electrodes, dendritic membranes
generate both varieties of spikes when directly depolar-
ized. The occurrence of spikes with inflections on their
falling phases and of more discrete fast and slow action
potentials of different amplitudes suggests that there are
multiple sites of spike generation in the apical dendritic
tree and that spike propagation is discontinuous over the
dendritic membrane. Multi-notched spikes also have
been seen in Purkinje cell dendrites (Llinas and Nichol-
son, 1971; Llinas and Sugimori, 1980b) where they have
been interpreted as the result of the discontinuous prop-
agation of Ca®" spikes. In CA1 HPC dendrites, composite
or fractionated spikes usually are initiated by a fast spike,
suggesting that Na™ spikes may serve as a trigger for
subsequent higher threshold regenerative Ca’* events.
This conclusion is supported by the finding that fraction-
ated spikes containing fast and slow components were no
longer seen after exposure to QX-314; only discrete slow
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spikes could be elicited under these conditions. The
intermediate duration spikes which are present in intact
and isolated dendrites, but not in QX-314-treated den-
drites (Table I), also may be examples of potentials
generated by both Na* and Ca® in which an inflection
between the two events is not obvious. Similar potentials
mediated by both Na* and Ca®* are present in dorsal
root ganglion cells (Yoshida et al., 1978) and may be
generated in the somata of neurons of neocortical slices
after the blockade of K* conductance (Connors et al.,
1981).

These data do not bear on the question of whether
somatic Na* spikes actively propagate into the apical
dendrites of intact HPCs. However, the presence of fast
prepotentials in intact dendrites (see also Wong et al,,
1979) and their absence in recordings from isolated den-
drites might suggest that they are due to passive propa-
gation of somatic or more proximal dendritic Na* spikes
into distal apical dendrites.

CA3 HPC dendrites also appear to be capable of gen-
erating both Na*- and Ca®**-mediated action potentials
(Wong et al., 1979). However, the distribution of Na*
spikes in HPC dendrites and somata is different from
that found in Purkinje cells where Na* spikes are con-
ducted passively into the dendrites but are not generated
actively by dendritic membranes (Llinas and Sugimori,
1980a, b). Preliminary observations from recordings of
presumed dentate granule cell dendrites suggest that
their membrane properties are quite different from those
of HPCs or Purkinje cells in that large amplitude slow
and fast spikes have not been evoked by large depolar-
izing current pulses (R. Fricke and D. A. Prince, unpub-
lished observations). Thus, it appears that different types
of neurons may have fundamental differences in the
properties of their dendritic membranes.

Properties of HPC somata. The contribution of Na*
and Ca®" to regenerative inward currents is clearly dif-
ferent in the somata and dendrites of hippocampal CA1
pyramidal cells. The finding that isolated and intact cell
bodies ordinarily generate only fast action potentials,
whereas isolated and intact dendrites generate both fast
and slow spikes during comparable depolarizations (cf.,
Figs. 4A3 and 1B2) and slow spikes preferentially during
intense depolarization (e.g., Fig. 1B3) is consistent with
this conclusion. Such observations support the general
concept that voltage-dependent Na™ conductances pre-
dominate in cortical somata. However, following a variety
of manipulations, it also becomes possible to evoke
slower, presumed Ca®* spikes during intrasomatic depo-
larizations in CA1l HPC somata (Schwartzkroin and
Slawsky, 1977; Schwartzkroin and Prince, 1980; Hotson
et al., 1979; Hotson and Prince, 1980, 1981). The present
experiments show that this is also the case in isolated
somata (Fig. 5 and results above). Our data do not resolve
the question of the site of origin of these Ca®" spikes,
although it is clear that a large portion of apical dendritic
membrane is not required. As noted above, an “isolated”
soma possesses an elaborate basilar dendritic arboriza-
tion as well as the most proximal portion (~25 to 150 um)
of its apical dendrite. Any or all of these membranes
might possess significant Ca** conductance and become
capable of Ca®" spike generation once Na* and/or K*
conductances are blocked. The persistence of slow after-

Benardo et al.

Vol. 2, No. 11, Nov. 1982

hyperpolarizations following trains of fast spikes in iso-
lated somata suggests that a Ca®*-activated K* conduct-
ance is present. This must mean that a voltage-dependent
Ca?* conductance (Hotson and Prince, 1980) can be
activated in the soma-dendritic membrane proximal to
the cut. In immature Purkinje cell somata, Na* conduct-
ances predominate; Ca®*-mediated responses can be de-
tected only after the main apical dendrite has begun to
differentiate, strongly suggesting that Ca®* conductances
have only a dendritic localization (Llinas and Sugimori,
1979). The evidence on this point in HPCs remains
incomplete and does not rule out a possible somatic Ca**
conductance.

The ionic basis for anomalous rectification may be
different in somata and dendrites of CA1 HPCs. The
subthreshold behavior of HPC membranes is determined
by the effects of depolarization on voltage-dependent
conductances for Ca®*, Na*, and K*. It was reported
initially that, in recordings from CA1 HPC somata, an
inward (depolarizing) anomalous rectification (AR) was
carried by both Ca®* and Na*. When AR was depressed
by either Mn** or TTX, an area of delayed rectification
in the IV curve, presumably due to the activation of a K*
conductance, was uncovered (Hotson et al., 1979). Sub-
sequent studies have shown the presence of a subthresh-
old Ca®* conductance in CA3 HPC somata, where AR is
also prominent (Wong and Prince, 1978, 1981; Johnston
et al, 1980). The results of more recent experiments
suggest that Na* may be a more significant mediator of
AR than Ca®" in CA1 HPC somata (Benardo and Prince,
1982). A prominent subthreshold Na™ conductance also
has been reported recently in Purkinje cells (Llinas and
Sugimori, 1980a), neocortical neurons in vitro (Connors
et al,, 1981; Prince, 1982), and HPCs (Connors and Prince,
1982).

The pattern of distribution of slow conductances which
mediate AR in the somata and dendrites of CA1 HPCs
appears to be similar to that discussed above for the Na*
and Ca’* conductances underlying spike generation. Spe-
cifically, although AR is present in both isolated den-
drites and somata, it is greatly reduced by QX-314 in
intact and isolated somata but not in isolated dendrites.
This suggests that the major charge carrier for inward
subthreshold current is Ca®" in dendrites and Na* in
somata. As mentioned above, this conclusion is supported
by the finding that Mn®* produces significant depression
of AR in dendrites (L. S. Benardo, L. M. Masukawa, and
D. A. Prince, unpublished observations). Thus, sub-
threshold dendritic excitability is due primarily to Ca®*
electrogenesis, although we cannot exclude a minor con-
tribution by subthreshold Na* conductances. The pres-
ence of both Na* and Ca®* components of AR during
depolarization through an intrasomatic electrode (Hot-
son et al., 1979) presumably is due to local (somatic)
activation of gNa* and the spread of applied current into
apical dendritic regions where subthreshold gCa®* is ac-
tivated.

One issue in the interpretation of the electrophysiolog-
ical results obtained from brain slices maintained in vitro
has been the potential contribution of injury or other
iatrogenic factors. The same question certainly can be
raised in the present experiments where even more rad-
ical dissection has been used. In fact, it is remarkable
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that some isolated somata and dendrites appear to “seal”
their severed processes and maintain their normal mem-
brane potentials, input resistances, spike heights, and a
variety of ionic conductances for hours after such treat-
ment, suggesting that injury has not made a major con-
tribution to the data obtained in these studies. We can-
not, however, rule out effects of injury per se on a specific
conductance. For example, it is possible that somatic
Ca®* conductance is fragile and easily suppressed as has
been reported in motoneurons (Schwindt and Crill, 1980).
This could influence conclusions regarding the relative
roles of subthreshold Ca®* and Na* conductances in
mediating depolarizing AR in somata versus dendrites.

The electroresponsive properties of dendritic mem-
branes in CA1 HPCs are quite complex and include both
subthreshold conductances as well as those leading to
regenerative events. Our results suggest that action po-
tentials mediated by Ca** and Na™, a voltage-dependent
slow subthreshold Ca®* conductance, and a Ca*"-acti-
vated K* conductance originate in the dendrites of CA1
pyramidal cells. In addition, voltage-dependent conduct-
ances also occur in response to hyperpolarizing current.
These active membrane events must influence dendritic
responses to synaptic activation significantly. Attempts
to describe the integrative functions of these neurons
must take into account the variety of conductances which
are activated nonuniformly in somata and dendrites by
changes in membrane potential. Such responses, in ad-
dition to the passive membrane properties and electro-
tonic structure of these elements, must have a powerful
effect on signal processing in the hippocampus.
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