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1. Intracellular recordings in adult rat hippocamnpal slices were used to investigate the
properties and origins of intrinsically generated bursts in the soinata of CA1 pyramidal
cells (PCs). The CA1 PCs were classified as either non-bursters or bursters according to the
firing patterns evoked by intrasomatically applied long () 100 ms) depolarizing current
pulses. Non-bursters generated stimulus-graded trains of independent action potentials,
whereas bursters generated clusters of three or more closely spaced spikes riding on a

distinct depolarizing envelope.

2. In all POs fast spike repolarization was incomplete and ended at a potential -10 mV more

positive than resting potential. Solitarv spikes were followved by a distinct after-
depolarizing potential (ADP) lasting 20-40 ms. The ADP in most non-bursters declined
monotonically to baseline ('passive' ADP), whereas in most bursters it remained steady or

even re-depolarized before declining to baseline ('active' ADP).

3. Active, but not passive, ADPs were associated with an apparent increase in input
conductance. They were maximal in amplitude when the spike was evoked from resting
potential and were reduced by mild depolarization or hyperpolairization (+ 2 niV).

4. Evoked and spontaneous burst firing was sensitive to small changes in membrane potential.
In most cases maximal bursts were generated at resting potential and were curtailed by

small depolarizations or hyperpolarizations (+ 5 mV).

5. Bursts comprising clusters of spikelets ('d-spikes') were observed in 12% of the bursters.
Some of the d-spikes attained threshold for triggering full somatic spikes. Gradually hyper-
polarizing these neurones blocked somatic spikes before blocking d-spilkes, suggesting that
the latter are generated at more remote sites.

6. The data suggest that active ADPs and intrinsic bursts in the somnata of adult C8A1 PCs are

generated by a slow, voltage-gated inward current. Bursts arise in neurones in which this
current is sufficiently large to generate supIrathreshold ADPs, and thereby initiate a

regenerative process of spike recruitment and slow depolarization.

Early intracellular recordings from hippocampal pyramildal
cells (PCs) in lightly anaesthetized cats have indicated that
spontaneously active PCs generate an adcmixture of solitary
spikes and bursts (Kandel & Spencer, 1961 a). Each
solitary spike was followed by a distinct after-depolarizing
potential (ADP) of about 10 mV ainplitude and 30 ms
duration. A burst was a tightly packed cluster of seveial
fast spikes riding on a slow depolarizing wave. Bursts were
considered to be intrinsic events, since they were evoked
also by passing positive current pulses through the
recording inicroelectrode. It was hypothesized that bursts
are produced by a process of ADP 'summation', in which
consecutive spike ADPs sum temporally to produce a slow
depolarizing potential that maintains spike recruitment

despite the increase in firing threshold, until the
accumulated spike inactivation termiiinates the dischaige
(Kandel & Spencer, 1961 a).

Subsequent work in adult rodent Iiippocamiipal slices
perfused with salines containing sliglhtly supranorlmal
concentrations of K+ (usually 5 mM) indicated that only a
fiaction of PCs manifest some burst firing characteristics.
In the CA3 field, approximately half of the PCs displayed a
capabilitv to burst in response to certain depolarizing
current pulses injected into the sooma (Bilkey &
Schlwartzkroin, 1990). Burst geneiration in these neurones
seemed to involve an undeilving slow (a2+ spike, whereas
burst termination was attributed primarily to activation of
Ca2 -gated K+ conductances (Wong & Prince, 1978). A

4457 199.(



200 M. S. Jensen, R.

smaller fraction of bursters was found in the CAl field
(Schwaitzkroin, 1975; Masukawa, Benardo & Prince,
1982). To account fot this regional dlifferen-ce, it was
suogested that burst firino in CA3 PCs occur's in both soma
and dendrites, wlher-eas in CA1 PCs it is an exclusive
property of the apical (lendrites (Wong, Prince & Basbauml,
1979; Benardo, Masukawa & Prince, 1982; Wong &
Stewart, 1992).

In the strict sense, a burster is a neurone that responds to a
threshold-straddling stiiinulus by generating a self-
sustained burst. However, previous studies have employed
various stimulation protocols in order to evoke burst
responses in PCs, thlereby obscuring the differences
between unconditional bursters and neurones that burst
only under special eircuinstances. Recently we have
surveyed the burst characteristics of CA1 PCs in the CA b
subfield of adult rat hippocampal slices (,Jensen, Azouz &
Yaari, 1994). In saline containing a normal concentration
of K+ (35 mM), 17% of the PCs were capable of burst
firing in response to long () 100 ins), threshold-straddling
depolarizing pulses injected into the soma. Raising
extracellular K+ to 7 5 inm increased the overall fraction of
bursters to 42%. The propensity for burst firing also
increased, so that many of the PCs fired bursts also in
response to brief (3-5 ins) depolarizing current pulses oIr
even spontaneously.

Burst firing cells are amplifying elements in neuronal
networks and lhave been strongly implicated in the
generation of epileptiform (lischarges and in other formns of
electroencephalographic sharp waves (reviewed by Traub &
Miles, 1991). Therefore, the mechanisms that underlie and
modulate burst activitv in mammalian cortical structures
have attracted great interest (e.g. Metherate, Cox & Ashle,
1992; Wang & McCorinick, 1993; Azouz, Jensen & Yaari,
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1994). In this and in the subsequent paper (Azouz, Jensen
& Yaari, 1996) we have investigatedl the membrane events
that lead to the formnation of spike ADPs and bursts in
somata of adult CA1 PCs.

METHODS
Slice preparation and solutions
TI'r-ansverse hippocamppal slices were prepared from adult Sabra rats
(150-200 g body weight). Animnals were anaesthetized with ether
before decapitation. Both hippocampi Nere dissected out and kept
in cold (0-4 0C) saline. Slices (450 #in thick) were cut witlh a
vibratome, placed on a nylon iyesh su)pport in an inter face
chlamber at 335°C and perfusedl fromnbelow Nwith oxygenated
(95% 02-5% C002) saline. h'l'e upper sur-face of the slices was
ex)osed to the humidified gas miiixture. The slices were allowed to
recover for at least 1 h before a recording session was started.

Standard saline contained (IIiM): NaCl, 124; KC1, 3 5, NaH2P0,
1-25; MgSO4, 2; CaC12, 2; NaHCO3, 26; and D-glucOse, 10. After
testing the viability of the slices with extracellular recordings of
evoked orthodromic field potentials, the slices were perfusecd with
high-K+ saline, containing 7-5 KCl. In intact slices, raisingr
extracellular K+ induces brief network-driven burs,ts in the CA3
field, which secondaiily propagate into CAI (e.g. Rutecki, Lebeda
& Johnston, 1985). Tro avoid this complication, the glutamate
receptor antagonists 6-(yano-7-I itio-quinoxal ine-2),3-dione
(CNQX; 15 Aum; Tocris Cookson) and 2-aninio-5-phlosphonovaleric
acid (APV; 50 pm; Sigma) were added to the saline. As previously
slhown, these drugs entirely blocked glutamatergic excitatory
p)ostsynaptic potenitials (Andreasen, Lambert & Jensen, 1989) and
prevented the development of brief network-driven bursts (.Jensen
& Yaari, 1991).

Intracellular recordings
Intracellular recordings were made fiom within the CAl
pyiramnidal layer (including all CAI subfields) usinig potassium
acetate (4 M)-filled g-lass rnicroelectrodees (50-80 MS2). An active
bridge circuit in the amplifier (Axoprobe; Axon Instr uments)
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Figure 1. Reference points used to measure various functional parameters of solitary spikes (A)
and bursts (B) from digitized traces
See text for furtherldesetsiption.
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allowed simnultaneous injeCtion of cLiurre?nt and measuremlent of
membrane potential. 'I'lTe bridge balance w\,as carefully monitolercl
and acljusted before eacah mieasurement. T'he intracellular- signals
weie recorcded on a (ligital tal)e recorder (VT-100; Instrutech),
diigitized and storedc )y a personal computer using a data
accluisition system (TL-1 D)MA; Axon Instrumiients). Off-line data
analyses weIre pertOrie(ldusing p)CLAMIP software (Axon
I nstrumenits).

Neulones were i(lentified as PCs if they responded(with short-
latency s)ikes to stimiulation of the alveus and manifested strolln
spike f commodation dun n sustained depolarization.
The P'Cs acceptedl for this studyl had a stal)le resting potential of
at least -55 mV and overshooting actionI potentials. The meani
resting membrane potential, input resistance (RN) anid spike
amiplitude of 1 27 C(Al PCs in saline containing 7-5 nmm K+ wiee
-62 7 + 2 9mV, 25 5 + 6 9 MI2 and 84 9 + 8 9 mV, respectively.

Data measurement and analysis
The reference points used to measure various functional spike andcl
burst parameters fromi digitized traces ar-e depicted in Fig. 1. T'he
spike parameters incluclecd the following (Fig. 1A): (1) spike
threshold (a); (2) spike amplitude (the voltage difference between a
and b); (3) memlbrane potential at the end-point of fast spike
repolariization, i.e. the peak of the fast after-hyperpolarization
(AHT'; c); (4) memnlbr-ane potential at the peak of the ie-
depolatizing Al)P component, if present (d); (5) duration of the
ADP, from the peak of the fast AHP) (c) to the time point -when
membrane potential returns to, or crcosses, resting potential (f);
and (6) time constant of Al)P decay, i.e. the tiune constant of the
monoexponrential function best fitted to the monotonic component
of the AD)P' decay (firomi c to f, e )being the timiie at which AD)P
amplitude declines to two-thirds of its peak).

We considered as a burst any spontaneously generatecl oIr stimuluis-
evoked clustei of thiree or more closely spaced action potentials,
ridintr on a distinct depolarizing envelope. The measured l)urst
parameters included, in addition to those of the fit-st spike
(parameters 1-:3 above), the following (Fig. I B): (7) numbei of
spikes in a burst; (8) mean firing frequenev in the bui-st (derivecl
firom paralnetei 7 and! the interval between first and last intr-a-
l)urst spikes, i.e. timne segment between b and g); (9) peak
amplitude of the slow (lepolarizing envelope (burst envelope)
unclerling, the cluster of spikes (the voltage difference between the
threshold of the last intraburst spike, ht, and resting potential);
and (10) 1)urst envelope clur-ation (timine segment between a and i,
the time point when memibrane potential returns to, or ctosses,
resting(r p)tential.
To measure passive ineinl)rane properties, the PCs were injected
with smnall (0 1-0(5 nA) 200 ms squLare netrative current pulses.
Trhe input resistance (RN) was provided by the slope of the linealr
regression line fitted through the linear pottion of the steady-state
voltage versus cutiretnt ampl1itude plot. 'I'he apparent memnlrane
titme constant (Tn) was taken as the slowest comjponent (70) of
multi-exponential functions fitte(l to the charging cu ive ploduced
by application of sm;llall negative current ste ) (fR om 0 l.set to
steadlv state), as suggested by IRall (1 977). The R] and T1 valutes
thus obtained are inost probably underes-tinmations (lue to somatti(
leak prolueed by the imnpalingy micrioelectrode (Spruston &
.Johnston, 1992).
In ordcler to cliselose changes in inplut conductance (lurintlg the spike
after-depolarization (ADIl), squae ne(Yative current pulses (5ins;

(leflections were compared with those produced( by the same pulses
at restingy an(I at depolar ized p)oteIntials corresponding to the peak
of the Al)P.

Statistical analysis
Averaced data are expressed as menans + s.t). The significance of

the differences between the measu red p)aramieteis was evaluated

using one-way analysis of variance (ANOVA). When significant
differences were indicated in the F ratio test (P)< 0 05), the TrukeN.
method for- multiple comp)arisons was employed to determlline those

pails of measurecd )alameters that differed significantly within the
pail (a < 0 05).

RESULTS

Of the 127 PCs included in this study, twenty-nine
neurones were regular firing cells (non-bursters), geneIating
accommodating trains of independent action potentials in

response to all suprathreshold stiinuli. The remnaining
ninety-eight neurones displayed the gradient of burst

characteristics previously described (Jensen et al. 1994). Of

these, fifteen PCs fired in a burst mode only in response to

strong suprathreshold stimuli ('borderline' bursters); thirty
PCs generated a burst in response to threslhold straddling,
long (100-400 ms) depolaiizing current pulses, but fired a

solitary spike in response to a brief (3-5 ins) depolarizing
current pulse (grade I bursters); thirty PCs also fired bursts

in response to a brief pulse (grade II bursters); and the

remaining twenty-three PCs fired bursts in response to any
suprathreshold stimulus and also spontaineously (grade III

bursters). The marked predominance of bursters in the

present series reflects a sample bias, since many non-

bursters impaled were discarded.

Electrophysiological features of PC subgroups
The passive membrane properties (resting potential, RN
and Tm) of non-bursters versus bursters were compared
(Table 1). Non-bursters differed significantly fromn bursters

only in having a shorter rT (8-1 + 2-1 versus 14-3 + 4-8 ms,

respectively). No significant differences in action potential
tlhieshold, amplitude and end-point of fast repolarization
(peak of the fast AHP) were foundl between non-bursters

andl bursteis (Table 1). The laige and similar spike
amnplitudes in non-bursters (88&7 mV) and bursters

(84 9 mV) exclude the possibility that in the latter group
cell iinpalements were unintentionally made in dendrites.

Confirmed recordings from apical den(drites of CAI PCs in

saline containing 6 25 mM K+ indlicated that dendritic

spikes are small (50-65 mV; Wong et al. 1979; Bernado

et al. 1982).

Variation in spike ADPs

Properties of the ADPs were analysed in sev7enty-four PCs

whliich geneIratedl solitary spikes inl response to brief

depolar-izing current pulses. Of these, twenty-nine

neurones were non-bursters, whviereas the remaining forty-

five cells generated bursts onlyr when injected with long
depolariziiio cuirent pulses ('borderline' anid gcradle I0(5-I 0 nA) were injected (luring the AI)l'. 'T'lewesultanit voltage
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bursters). As in saline containing 3-5 mM K+ (Jensen et al.
1994), two characteristic types of ADPs, designated
'passive' and 'active' ADPs, were noted in high-K+ saline.

Passive ADPs, observed in twenty-six PCs (35-1 %), lasted
24-1 + 7 2 ms. They declined monotonically to baseline
from the peak of the fast AHP with a decay time constant
of 12-2 + 3-2 ms (Fig. 2A). In the remaining forty-eight
PCs (64-9%) the spike ADPs were of the active type,
beginning with a period of protracted depolarization or
even re-depolarization (Fig. 2B), before slowly repolarizing
to baseline. The amount of re-depolarization varied from
0 5 to 5 mV and in twelve of the forty-eight PCs (25'0%) it
triggered a second spike (not shown). Both the duration
(41-3 + 8-8 ms) and the decay time constant of the
declining phase of the ADP (20-3 + 8X2 ms) were almost
twofold longer than those of passive ADPs.

Spike ADPs in different PC subgroups
Clear differences in spike ADPs between non-bursters and
bursters were found. In most non-bursters (21 of 29 cells;
72f4%; Fig. 2A), but only in a few bursters (5 of 45 cells;
11i %), the ADPs were passive. In contrast, the ADPs in
most bursters (40 of 45 cells; 88-9%; Fig. 2B) were active.

A a

-63 mV

b

c

Thus, when injected with long depolarizing current pulses,
PCs with active spike ADPs were much more likely to burst
than PCs manifesting passive ADPs.

Pyramidal cells with strong burst characteristics (i.e. grade
II and III bursters) generated bursts also in response to
brief depolarizing current pulses. Therefore, the duration of
the first spike ADP could not be measured in these
neurones. However, abating the burst discharge immediately
after the first spike with an intervening negative current
pulse disclosed a prolonged (duration, 56-4 + 2-1 ms;
n = 5) active ADP also in these neurons (Fig. 3).

Conductance changes during the ADP
The observation that some of the ADPs re-depolarize before
slowly declining to baseline suggested that slow conductance
changes may be involved in generating these potentials.
Re-depolarization may result from either a decrease in
outward current or an increase in inward current. We
tested these possibilities by monitoring the voltage
deflections produced by constant 5 ms negative current
pulses applied during the ADP and at rest. Changes in the
size of these deflections were assumed to reflect proportional
changes in input resistance.

B a

-63 mV

b
50 ms

1 10 mV

I 1 nA

10 ms

T = 8-2 ms

12 mV

5 ms

Figure 2. Variation in shape and size of spike ADPs in CAI PCs
The records in A and B were obtained from two different PCs. For each cell, the upper (a) and middle (b)
panels depict the PC responses to long and brief stimuli, respectively. ADPs are shown on an expanded
voltage scale in the lower panels (c). Note that the ADP in the non-burster (A) is passive, decaying
monoexponentially with a time constant of 8f2 ms. By contrast, the ADP in the burster (B) re-depolarizes
before decaying slowly to baseline.

202 J Physiol.492.1



Burst firing ini hipJpocanjpal pyramidial cells

Table 1. Electrophysiological properties of non-bursters versus bursters in the CAI field

V,III
(myi)

RN
(M152)

Tiln
(ins)

Non-bursters -63-1 + 2-8 25-3 + 7 6 8-1 + 2-1 *
(29) (29) (29)

Bursterst -62-5 + 3 0 25-6 + 6-8 14-3 + 4-8*
(98) (94) (88)

All neuIrones -62-7 + 2-9 255 + 69 12-8 + 48
(127) (123) (117)

Rill
(kQ. cm2)

8.1 *

(29)
14.3*
(88)

12-8
(117)

S)ike
threshold

(InV)

Spi ke
amplitude

(IllV)

-D56+3-1 88-7+4'9
(29) (29)

-562 + 41 849 + 89
(98) (98)

-558 + 3-9 85-3 + 7-9
(127) (127)

Fast AHIP
pealk

-52 8 + 5 '3
(29)

-536 + 4-8
(98)

-53 4 + 4*9
(127)

All entries are expiessed as meains + S.D. V.. and RN are resting inem)brane potential and input resistance,
resl)ectively. Tnm is the appatrent passive time constant of the membrane measured at restinig V,,,. R?i is the
apparent specific membrane resistance, calculted fioln T,= R,,ll1 and .ssuming that the specific
memnbrane capacitance, (7w, equals I /tF cm2. t Bursters include all PCs displaying minimnal to mnaximiial
burst characteristics. 'Resting' membiane pioperties of spontaneous (grade 111) bursters weie obtained
after suppressing spontaneous bursts witli the minimal steady hyperpolarizing cutrent. Spike parameiters
in bursters pertain to the first spike. * Significantly diffTirent (P < 0 05) from the corresponding subgroup.
Numnbetrs of neurones are given in parentheses.

In PCs having passive spike ADPs, the current-induced
voltage deflections slightly increased during the early
portion of the ADP (Fig. 4A and C; at = 4), indicating a
small increase in resistance. By contiast, in PCs having
active ADPs the voltage deflections markedly decreased
during the ADP (Fig. 4B and D; n = 7), suggesting a
considerable decrease in resistance. This change was
maximal during the re-depolarizing phase and closely
paralleled the tiine course of the ADP. Depolarizing the
PCs by 10 mV wvith constant current injection caused a
mild increase (-8 %) in the voltage deflections in all cases
(lower traces in Fig. 4A and B; n = 10), indicating a small
increase in resistance (Fig. 4C and D).

These data suggest that the waveform of passive ADPs
reflects primarily passive charging of the membrane. The
small resistance increase during these ADPs can be
accounted for by the non-linear behaviour of the membrane

A

-61 mV- .

near resting potential (cf. Spruston & Johnston, 1992). In
contrast, the large resistance decrease seen during active
ADPs strongly implicates a slow inward current in their
generation.
Modulation of ADPs by membrane potential
To clarify the mechanisms of the ADP further, the effects
of altering resting nmem-brane potential on ADP waveform
wvere examnined. In all cases tested (a = 10), depolarization
or hyperpolarization of up to 6 mV with steady current
injection changed the peak hyperpolarization of the fast
after-hyperpolar ization (AHP) very little (± 2 mV), if at all
(Fig. 5A and B; cf. Storm, 1987). At all these potentials,
passive ADPs decayed miionotonically to baseline. Their
amplitude measured at any fixed time after the peak of the
fast AHP chanoed linearly with membrane potential,
decreasing with depolarization and increasing with hyper-
polarization (Fig. 5A). The monoexponential decay time

B

-61 mV

a

|10 mV
10 ms

11 nA

Figure 3. Blocking burst discharge by hyperpolarizing pulses unmasks prolonged active ADPs
The neurone in A fired a burst of five spikes upon brief stiinulation (trace a). Injectirng a smnall 5 inis
negative current pulse immediately after the first spike blocked subsequent action potentials and
unmiiasked a prolongecl active ADI' (trace b). Note the similarity in duration of the AI)l' and the native
burst. The neurone in 1? fired a burst of four spikes upon brief stimiiulation (tiace a). Injecting long
negative current pulses of increasing intensity immnecliately after the fir>st spike progressively curtaile(d
the burst discharge (traces b and c). Blocking the late spikes disclosed a prolonged active A)P.
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constant of the ADPs appeared to be voltage dependent,
increasing from 8-4 + 1-5 to 12-1 + 2-5 ms (a 1*4-fold
increase; n = 4) upon depolarization from -70 to -60 mV.

Active ADPs were strongly and non-linearly dependent on
membrane potential. They were maximal when evoked
from about resting potential and decreased with
polarization of + 2 mV or more (Fig. 5B; n = 6).

A
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Modulation of burst firing by membrane potential
Bursts evoked from resting potential by long or brief
depolarizing current pulses consisted of three to
seven closely spaced spikes (Fig. 3). The number of spikes
per burst and the mean spiking frequency during a burst
were quite similar in the different burster types and
averaged 3-7 + 0-8 and 123-7 + 38-2 Hz (n = 98),
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Figure 4. Changes in input resistance during spike ADPs
Single spikes were evoked by injecting brief positive current pulses. Constant 5 ms negative current
pulses were delivered at rest and at various times during the ADPs. Changes in the amplitudes of the
resultant hyperpolarizing deflections were assumed to reflect proportional changes in input resistance.
A and B illustrate the changes in resistance associated with a passive and an active ADP, respectively, in
two different neurones. In both cases, the superimposed traces show pulsing at the resting potential
(-63 mV; A a and Ba), during the ADP (A b and B b), and at a depolarized membrane potential (A c and
Bc). The voltage deflections are slightly increased during the early part of the passive ADP (Bb), but
markedly reduced throughout the active ADP (A b). In both cases they increase when the membrane is
moderately depolarized by constant current injection (A c and Bc). C and D, pooled data from four and six
cells, respectively, depicting the time course of changes in voltage deflections during passive and active
ADPs. Each point represents the mean + S.D. of the normalized amplitudes of the voltage deflections
evoked at the indicated times after the peak of the fast AHP. The dashed lines indicate the control
response at resting potential. The dotted lines represent the averaged responses to pulses applied after
depolarizing the membrane potential by 10 mV with steady current injection.
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respectively. Spike tlhreshold increased cluring a burst and
consecutive spikes became progressively smaller and slower
(Fig. 3). Since each spike was triggered from a more
depolarized potential than its predecessor, the cluster of
spikes appeared to ride on a growing slow depolarizing
potential. The peak amplitude and duration of this burst
envelope were 1851 + 6 3 mV and 63-0 + 16-5 ins,
respectively.

The effects of changing membrane potential on bursts
evoked by brief pulses were investigated in thirty PCs. As
illustrated in Fi.6A, modestly depolaiizing (panel a) or
hyperpolaiizing the neurone (panel c) induced intermittent
failures of the latter spikes in the burst, unmasking
prolonged ADPs. Further polarization blocked the burst
entirely (panel d). Thus burst responses resembled active
ADPs in being of maximal size when evoked from about
resting potential.

In spontaneously burst firing PCs (grade III bursters) burst
frequencies ranged from 0-12 to 2-0 Hz, averaging
1P15 + 0-62 Hz (rn = 18). The spontaneous bursts were
similar to the bursts evoked in the same neurone by
injecting brief depolarizing current pulses. Likewise, they
were markedly modulated by membrane potential
(Fig. 6B). Depolarizing the neurones decreased the size of
the bursts (number of spikes and amplitude of the slow

A
a b c

-59 mV -62 -67

B a

-55 mV

depolarizing potential), while increasing their frequency
(panel b). Further depolarization conveited burst firing into
solitary spiking (panel a). Slightly hypeirpolarizing the
neurones (ea 4 mV) was usually sufficient to suppress
spontaneous burst activity entirely (panel d).

Bursts of d-spikes
In a small percentage of CAI bursteis (12 of 98; 12 2%),
bursts appeared as clusteis of small spikelets. The spikelet
amplitudes ranged from 5 to 15 mV and were rather
insensitive to changes in resting meInmbrane potential
(Fig. 7). These previously described spikelets have been
referred to as d-spikes because of their supposed dendritic
origin (Kandel & Spencer, 1961 b). Within a burst, some of
the d-spikes were subthreshold, whereas others triggered
full somatic spikes (Fig. 7). Bursts evoked by brief
depolarizing current pulses always began with a rapidly
rising somatic spike, followed by a series of d-spikes that
intermittently triggered full somatic spikes (Fig. 7A). In
contrast, spontaneous bursts usually began with a
subthreshold d-spike, and full spikes were recruited only
later in the burst (Fig. 7B b). Depolarizing these PCs by a
few millivolts facilitated the recruitment of full spikes by
the d-spikes and enhanced the rate of spontaneous bursts
(panel Ba). Conversely, hyperpolarization abolished all
full spikes and reduced the frequency and size of the
d-spike clusters (panel Be). A bigger hyperpolarization was

d

/
a

b

C

10 ms

b c d

-62 -65! s

- -152 nA

Figure 5. Modulation of spike ADPs by membrane potential
The records in A and B were obtained from two cliffeient lPCs displaying passive and active spike ADPs,
respectively. Resting membrane potential in both PCs was -62 mV. Memnbrane potential was polarize(l
with constant positive or negative current injection to the indicated levels. A, inodest polarization (up
to + 8 mV) did not change the peak of the tast AH P), so that the size of tllese )assive ADPs (i.e. the
diflference between membrane potential and the peak of the fast AHP) increased linearlyX with hyper-
polaIization. The records evoked at -59 (A a), -62 (A b), and -67 mV (A c) aIe superimposed in A (I for
comiiparison. B, the active ADPs were strongly modulated l)y membrane potential even though the peak of
the fast AHP did not change. They were inaximal in anplitude at Iesting potential (Bb), and reduced by
s;mall depolarization (Ba) oIr hyperpolarization (Bc). K)r comparison, see the superimnposecd traces in Bd.
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required to suppress spontaneous cl-spike bursts entirely
(ea 7 mV; panel Bd) than- to suppiress ordinary spontaneomus
bursts (ca 5 mV; Fig. 6B), supporting the view that the
former bursts are initiated more remotely than the latter
bursts.

DISCUSSION
In this study we have investigated intrinsic burst firino in
soinata of adult rat P(Cs recorded from all CAl subfields.
High-K- saline (7-5 mllM K ) was used in oIrder to increase
the size of the l)urster population, which in normal-K+
saline (3 5 mM K+) is rather small, precluding thorough
quantitative analvses of burst characteristics (Jensen el al.
1994). The main conclusions of the present studv are that
bursts arise in the soimata of CAt PCs through a local
regenerative depolarization mediatedl by a slow, voltage-
gated inward current. The companion paper (Azouz et al.
1996) identifies this cu rrent as a persistent Na+ current.

Electrical membrane properties in non-bursters
versus bursters
The resting mnembrane l)otential and input resistance were
almiost identical in non-bursters and bursters (Table 1).

A

However, the value of Tm was 1 8-fold slower in the lattei
PCs (Table 1). Assuming a similar specific membrane
capacitance (Cl,) of the order of 1 Im1F cn2 (Rall, 1977),
this difference suggests that bursters mlay have a
proportionately higher specific membrane resistance (Rm)
than non-bursters (since Tmni = Rm C,). In the CA3 field, the
estimated Rm values in burst fiIring PCs are also
sionificantly (1 5-fold) higher than in non-bursters (Bilkey
& Schwartzkroin, 1990). If that is the case, then what
accounts for the similarity in the input resistance of
bursters and non-bursters? One likely explanation is that
l)ursters are larger in size than non-bursters.

Passive and active ADP components
We have confirmed previous findings in1 vivo (Kandel &
Spencer, 1961 a; Fujita, 1975) and in vitro (Schwartzkroin,
1975; WVong & Prince, 1981) that somnatic spikes in adult
PCs are followed by distinct ADPs that last tens of
milliseconds. The ADPs wvere classified as eithei 'passive' or
'active' types accoiding to their waveform. Passive ADPs
declined monoexponentially froim the peak of the fast AHP,
whereas active ADPs first re-depolairized before slowly
repolar-izing.n

a b c d

-56 mV -60 64 -69-^104
- - 12 nA

10 ms

B a b c d

-58 mV -61 -63 -68 Ms

Figure 6. Modulation of evoked and spontaneous bursts by membrane potential
A, bursts were evoked by b)rief stimuli, while membrane p)otential was p)olalized (+ I0 mV) 1)b constant
curient injection. At resting membrane potential (-60 miV), the neurone fired a stereotyped burst of five
action potentials (A b). Slightly (4 mV) depolarizing (A a) or lhy,perpolarizing (A c) the neurone reduced the
spilke freq(uency in the burst andl produced intermllittent faiilures of late spikes. Note the unmasking of
prolong(ed active ADPs and the constancy of l)urst envelope duiation at a given inembr-ane potential.
Fur tlher depolarization evoked repetitive firingr of solitary sp)ikes (not slhown). Fur tlher hyperpolarization
blocked burst generation (A 1). B, spontaneous bursts in another PC were recordedl without current
injection (B(r) and cluring the injection of constant positive (Ba and Bb) or negative curient (Bd). T'lie
events marked vwith an asterisk in the upper traces are expanded in the corre.esponiding lower tiraces.
Slightly depolarizing, the neurone transfoIrmeted burst firingr into solitary spike discharge (Ba), whereasc a
5 miVi lwperpolarization suppressed spontaneous dischargee entirely (Bd).
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It was previouslv argued that passive ADPs in
lhippocampal PCs are caused by passive chaiging of the
somatic membraine following incomplete spike
repolarization, since their decay time constant was found to
be siimilar to T1, (Spencer & Kandel, 1961; Wong & Prince,
1981). This argumiient assuined that the somatic mnemIibrane
is passive neai tlhe resting potential. However, it has been
shown that voltage-dependent conductances are active near
the resting potential of CA1 PCs and influence the
measured values of RN and Tm1 (Hotson, Prince &
Schwartzkroin, 1979; Spruston & Johnston, 1992). Sinall
depolarizations fiomn resting potential increased both RN
and TM. This inwar(d rectification mayv contribute to the
apparent increase in RN during the early portion of passive
ADPs and to the slowing, of ADP decay upon mnild
depolarization of the neurone.

Unlike passive ADPs, active ADPsvwere associated with
an apparent decrease in RN. Also they were stronglv
modulated by small changes in IneInbrane potential

A
a b

-65 mV

B
a b

-62 mV * 64*

-±4

(± 2 mV) and were abated by brief hyperpolarizing pulses.
These properties suggest that the generation of active
ADPs involves an interplay of slow voltage-gated currents
that are active near spike threshol(l. The strong voltage
sensitivity of these ADPs suggests that the conductance
clhanges occuIr primarily at or near the soma.

The low threshold-activated (T-type) Ca2+ current (Yaari,
Hamion & Lux, 1987) and the persistent Na+ current
(French, Sah, Buckett & Gage, 1990) lhave properties that
could actively me-depolaiize the neurons fiom the peak of
the fast after-hyperpolarization. The T-type Ca2+ current
hass been implicated in the generation of active ADPs in
immature hippocamnpal granule cells (Zhang, Valiante &
Carlen, 1993). However, it is unlikely that it plays a role in
active ADPs in adult CAI PCs, since active ADPs could be
evoked from depolar-ized membrane potentials (e.g. -55 mV
in Fig. 5B) at which this current fully inactivates (Karst,
.Joels & Wadman, 1993). Moreover, as shown in the
companion paper (Azouz et at. 1996), active ADPs were not

C

110 mV

10 Ms

--11 nA

c d

110 mV

s
XL S;-68 * '-71

|10 mV

20 ms

Figure 7. Evoked and spontaneous bursts of d-spikes
The recotds in A and B were obtained fiom two different PCs. A, the bursts evoked in this neurone by
lbrief stimuli consistedl of four spikes, as depicted in the three selected trcaces (A a, A b and A r). In all cases
the first spike was a diirectlv evoked somllatic spike, i.e. it emerged abruptly fiom the stimulus-induced
voltage deflection and was not plrece(Ie(l by a fast prepotential. All subsequent spikes werte d-sp)ikes that
occasionallv trioaered full somatic spikes. B, spontaneous d-spike buursts recoided while changing
membrane potentials b)y, constant curient injection (± 0(5 nA). The upper traces depict the spontaneous
activitv on a slow timne base. Selected records of bursts are shiown on an expan(led timne scale in the lower
traces. At resting potential (-64 mV; Bb) the spontaneous bursts consistecd of clusters of sev,'en to ten
d-spikes that occasionally triggered full somiiatic spikes. 'l'he threshold for full spikes was attainecl b)y
temilporal summation of several d-spikes (Bb). Depolarizilig the neurone to -62 mV increased both burst
frequency and the number of d-spikes attaining the somtatic spike tllreslold (Ba). Com,ersely, hvper-
polarizing the neutone to -68 inV blocked all somiiatic sp1ikes and reduced burst frequency an(l size (Be().
How,ever, d-spike bIrsts were entirely suppressed only with furthethyperpolatization to -7 1V (Bd).
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I)lockedl by replacement of extracellular C'2+ with Mn2+,
but wvere abolished bv tetrodotoxin. These data suggest
that the persistenit Na+ current is likelv to be involved in
generating active ADPs.

The persistent Na+ conductance incieases siumoidally with
depolarization fion -70 to -30 mV (French et al. 1990).
Since fast spike repolarization ends at -53-4 mV (Table 1),
about hallf of this conductance would l)e active iiimediately
afteI the spike. Whletlher friom this point onwar(d the
neurone would depolarize (active ADP) or repolarize
(passive ADP) would de-pend on the ratio between this
current and slow repolaiizino' K cuIrrents, wlhich also are
activated in this voltage range (e.g. the muscarine-sensitive
K+ curient, I,,; StorIIm, 1990). This ratio most probably
varies across CA 1 PCs and in each neurone depends
critically on resting potential. If the ratio favours
depolaiization, than a regenerative process may ensue, in
whiCh depolarization furthlei activates the persistent Na+
current, which fuirther depolarizes the neurone, and so
forth, until voltaoe- and time-dependent K+ condluctances
increase sufficiently to terminate this process and
repolarize the cell. Otherwise, the neurone repolarizes
monotonically to its resting potential.

Relationship between ADPs and bursts
Previous studies of' burst mechanisms in PCs have
suggested a close relationship between active ADPs and
bursts (Kandel & Spencer, 1961 a; Fujita, 1975; Wong &
Prince, 1981; Jensen et al. 1994). This notion is also
supported bv the data reported here. First, the ADPs were
passive in most non-bursters and active in most bursters.
Secondly, active ADPs and bursts were similarly modulated
by changes in resting potential. Both were reduced by
hyperpolarization or depolarization beyond a naIrrow
voltage window. Finally, in the companion paper (Azouz
et al. 1996), we show that active ADPs and bursts are
similarly affectedl bAy ionic manipulations and drugs. The
simplest explanation for this relationship is that bursts are
produced by exceptionally large active ADPs.

Accordingly, we envisaae the sequence of events that occur
during a burst cycle as an exaggeration of the regenerative
process that underlies an active ADI'. If the first ADP is
large enough, it triggers a secon(d spike, which, being
initiated at a more depolarized potential than the first
spike, rises more slowly and attains a smaller amplitude
(due to increased inactivation of fast Na+ channels). It also
repolarizes more slowly and less completely (due to less
activation and/or inactivation of repolarizing K+ cuirenIts,
such as the fast triansient K+ current, IA; Storin, 1C990).
Consequently, the second ADP begins at a more depolarized
potential than the fir>st, so that a larger persistent Na+
current is recruited to sustain the depolarized state. If the
second ADP persists long enough to initersect with the
declining spike thleshold. an eveni slowei third spike is

Activation of slov K+ curirents (Storm, 1990) may

eventually terminate this process and repolarize the
neurone.

According to this hypothesis of burst g'eneration, the ratio
of persistent Na+ conductance to slow K+ conductances i.s a
critical determinant of the propensity to burst in CAl PCs.
Increasing this ratio would be expecte(d to increase this
propensitv and vice versa. We have previously suggested
that induction of intrinlsic burst firing by high-K+ saline
(.Jensen et al. 1994) may be due to diirect enhanceiment of
persistent ,Na+ current (Cannon, Brown & Corey, 1991)
and/or to a decrease in driving force of K+ currents
(,Jensen, Cherubini & Yaari, 1993), both of which wvould
enhance the ratio of persistent Na+ conductance to slow K+
conductances. Conversely, suppression of burst firing by

muscarinic receptor stimulation (Azouz et al. 1994) maty be
due to suppression of the persistent Na+ con(luctance.

Site of somatic burst initiation
Previous studies have reported that soinata of immature
CAl PCs (Wong & Stewart, 1992) an(l isolated somata of
adult CAl PCs (Benardo et al. 1982) do not fire bursts
spontaneously nor when injected with long depolarizing
current pulses. Therefore, it was concluded that bursts
recorded in the somna are, in fact, initiated in the distal
dendrites and spread from there into the soma in a spike-
fir-spike mnanner (Wong & Stewart, 1992).

Our data suggest that somatic bursts in most bursters are

initiated locally. First, thiresliold-stiraddling stimuli evoked
full-blown bursts in all these neurones. It is unlikely that
such stimuli evoke a short-latency burst in the dendrites
before eliciting a somatic spike, because spike threshold is
lower in the somata of CAl PCs than in their dendrites
(Spruston, Schiller, Stuart & Sakmann, 1995). It may be
argued that the first spike in the burst cluster arises in the
soma and secondarily recruits a dendritic burst, whiclh in
turn propagates back into the soma. Modelling this
situation predicts that the first inteirspike interval in the
somatic burst would be substantially loniger than the others
(see Fig. 6 in Traub, Wong, Miles & Michelson, 1991).
However, such a gap was not observed. Indeed, in most
bursters the first inteIrspike interval in the burst was

shor ter than, or equal to, the subsequent interspike
inter vals in the burst.

Tlhe second argument against a dendritic origin of somatic
bursts is their remarkable sensitivity to small clhanges
(ca 2 mV) in somatic membrane potential. It is unlikely that
bursts generated remotely would be blocked entirely by the
minimal hypeirpolarizing current pulses required to
suppiess soimatic spikes. This argumient is supported by the
few cases in wlhich soImatic bursts were associated witlh
remotely geenerated d(-spikes. In these cases, bursts of
d-spikes persisted even when all somnatic spikes were

blocked by lhyperpolairization.triggered and the process repeats itself again, and so fortlh.
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Although d-spikes have been viewed as non-invadino
dendritic spikes since their original descIription il vitvo
(Kandel & Spencer, 1961b) and in vitro (Schlartzkroin,
1977), other views of their origin mitay be, entertained.
Inideed, in conifirtned paired recordinc,s from soma and
(lendrites of imimiature CA1 PCs, bursts evoked bv injecting
current into dendrites did not evoke d-spikes in the soma
(see Figs 3 and 4 in Wong & Stewart, 1992). An alternative
origin of d-spikes imiay be electrotonically coupled neurons,
as may be the case in denitate granule cells (MacVicar &
Dudek, 1982). Interestingly, burst firing adult CAI PCs
wevre recently iepor-ted to be electrotonically coupled via
gap junctions to otlher neurones (Church & Baimbridcge
1991). Such a coupling may be more common among
iminature CA1 PCs, since local coupling via gap junctions
prevails in developing cortex (e.g. Peinado, Yuste & Katz,
1993).

Taken togethei, these data suggest a developmental switch
in the site of burst generation in CAt PCs. A postnatal
increase in persistent Na+ current in acutely dissociated
neocortical PCs has been described (Huguenard, Hamill &
Prince, 1988). Ift such an increase occurs preferentially in
the soina of CA1 PCs, than it mayr account for an increased
somnatic burst firing capability during postnatal maturation.

Physiological and pathophysiological implications
It was suggested that the output of immature CIA1 PCs
reflects the location of excitatory input to the cell:
excitation of distal dendrites elicits a dendritic burst which
propagates into the soma, wheieas excitation of the somiia
and proximal dein(liites elicits a stream of repetitive firing
in the soma (WAong & Stewart, 1992). Since in most adult
CA1 bursters soiiatic bursts are initiated at or near the
somna, both suprathreshold dendrIitic and somatic inputs
would activate the burst mechanisin. Therefore, the output
pattern of adult CAl PCs (burst firing versus regular
repetitive firing) cannot faithfullv code for the location of
their excitatoiy input.

The question arises whether intrinsic burst firing plays a
riole in normial and patlolocgical behaviour of adult CA1
PCs. In norrmal-K+ saline the vast m-ajoritv of bursters
would burst only during a sustaine(d depolarization (,Jensen
ci al. 1994). Therefore, repetitive synaptic excitation mtay
be required to evoke burst firing in these neurones. Even
then, burst recrulitment may be limited by the powerful
GABAergic feedftrward and recurreent inhibitory inputs to
CA1 PCs (Masukawa & Prince, 1984). However, conditions
which raise extracellular K+ and/or reduce (IABAergic
inhibition may unleash the intiinsic burst mieclhanismii ancl
markedly augment the output of CA 1 PCs, thereby
contributing to the development of epileptiform discharoes
(Traub & Wong, 1983).
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