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SUMMARY

1. The electrical properties and ionic conductances of septal neurones were studied
by intracellular recording in an in vitro slice preparation. Within the total number of
cells recorded (n = 150) we identified three electrophysiological cell types, each one
of them located in a separate septal region. Dorsolateral septal neurones comprised
60% of the cells, intermediate septal neurones 10%, and medial septal neurones
30%.

2. Passive electrical constants of dorsolateral, intermediate and medial septal
neurones were, respectively: resting potential (- 602 + 4-8,- 59-8 + 3-3 and -56+ 4-3
mV); input resistance (82-5 + 17, 63 + 16 and 83 + 18 MQ) and membrane time
constant (18-5 + 7 3, 14-2 + 6-8 and 10-7 + 3-4 ms).

3. Direct activation of dorsolateral septal neurones by current injection below
0-2 nA triggered repetitive firing of fast action potentials. Larger current pulses
elicited a characteristic response consisting of an initial fast action potential followed
by a train of slow spikes. An after-hyperpolarization followed termination of the
pulse and the characteristic response.

4. In dorsolateral septal neurones tetrodotoxin (TTX) abolished the fast action
potentials. The slow spikes and the after-hyperpolarization disappeared in presence
of Co2+ or after brief removal of external Ca2+. This suggests that the characteristic
response is mediated by Ca2+ and the after-hyperpolarization by a Ca2+-dependent
K+ conductance.

5. The firing pattern of intermediate septal neurones activated from the resting
potential spontaneously measured in the cells was similar to that of dorsolateral
septal neurones; but direct activation from a hyperpolarized membrane potential
evoked in intermediate septal cells a bursting response due to the generation of a low-
threshold spike. The low-threshold spike was TTX-resistant but abolished by C02+
and reached a maximal amplitude after hyperpolarization to -75 mV lasting for
100-150 ms. These results suggest the existence in intermediate septal neurones of
a low-threshold Ca2+ conductance inactivated at the resting potential and de-
inactivated by hyperpolarization.

6. Depolarization of medial septal neurones by current pulses of amplitude greater
than 0-2-0-3 nA elicited a typical burst of two to six action potentials. The bursts
lasted for 20-50 ms and were followed by a marked after-hyperpolarization. In the
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presence of TTX bursts of slow spikes were generated. These Ca2+-dependent slow
spikes were abolished by Co2+ and increased in amplitude by 4-aminopyridine (4-AP)
and Ba2+. The after-hyperpolarization was unaffected by TTX and 4-AP but
depressed by Ba2+ and Co2+.

7. Medial septal neurones displayed a characteristic persistent hyperpolarization
at the termination of negative pulses of over 10-20 mV lasting more than 5-10 ms,
which was accompanied by a decrease ofinput resistance. This hyperpolarization was
unaffected by TTX and 4-AP but was markedly reduced by Co2+ and the brief
removal of external Ca2+. This response, that may be due to a transient Ca2+- and
voltage-dependent K+ current, was probably the membrane mechanism that
prevented repetitive firing.

8. These results demonstrate the existence of striking differences in the electrical
properties of cells located in separate septal regions. These intrinsic membrane
properties appear to place limits on the excitability of septal cells that in the case of
medial septal neurones might be the basis for the generation of the theta rhythm.

INTRODUCTION

During the last three decades the septal nuclei have attracted the attention of
several investigators due to their close anatomical and functional relations with the
hippocampus and other areas of the limbic system, and the correlation between
single septal cell activity and hippocampal EEG has been examined in detail
(Green & Arduini, 1954; Briicke, Petsche, Pillat & Deisenhammer, 1959; Apostol
& Creutzfeldt, 1974; McLennan & Miller, 1976; De France, Yoshihara &
Chronister, 1976; Vinogradova, Brazhnik, Karanov & Zhadina, 1980; Lamour,
Dutar & Jobert, 1984; Dutar, Lamour & Jobert, 1985). However, virtually nothing
is known about the electrophysiological characteristics and membrane ionic con-
ductances of individual neurones located in the septal region. It seemed to us
therefore of special interest to elucidate whether the subdivision of the septum into
various regions or nuclei based on anatomical and functional studies (Raisman,
1966; McLennan & Miller, 1974; De France et al. 1976; Meibach & Siegel, 1977) also
occurred at the level of the intrinsic membrane characteristics of the single septal
cell. Some preliminary intracellular recordings have been performed in the rat
(Stevens, Gallagher & Shinnick-Gallagher, 1984; Joels, Twery, Shinnick-Gallagher
and Gallagher, 1986) and in the guinea-pig (Lopez-Barneo, Alvarez de Toledo &
Yarom, 1985) lateral septum but a complete analysis of the electrical properties of
neurones located in this nucleus and a comparison with the properties of the cells
located in the other septal regions was not available. These questions are addressed
in this paper where the whole septal area has been explored. Some of the data
presented here have been published in abstract form (Alvarez de Toledo & Lopez-
Barneo, 1986).

METHODS

The techniques used for tissue preparation and for intracellular recording have been described
extensively (Llinas & Sugimori, 1980; Dingledine, 1984), and therefore only a brief account of our
experimental arrangement is given. Adult guinea-pigs were decapitated and a piece of the brain
containing the septal region was isolated and placed in the stage of a vibratome where six coronal
slices, 500 ,um thick, containing part of the septal nuclei, were obtained. These slices comprised the
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brain area between co-ordinates 13 and 10-6 anterior according to the atlas of Luparello (1967).
After sectioning, the slices were incubated in separate vials at room temperature with oxygenated
standard solution for at least 1 h. During the experimental procedure a slice was transferred to
the recording chamber where it was continuously superfused with the standard solution and
maintained at 37 'C. The standard solution had the following composition (mM): NaCl, 124; KCl,
49; MgS04, 1-3; NaH2PO4, 1-2; CaCl2, 2-4; NaHC03, 25; glucose, 10. Tetrodotoxin (TTX) was
added to block Na+ conductance and tetraethylammonium chloride (TEA') and 4-aminopyridine
(4-AP) to block different types of K+ channels. In experiments where the effects of divalent
cations were tested, bicarbonate, sulphate and phosphate were omitted from the standard solution
and Ca2+ was substituted by Ba2+ or Co2+.

Intracellular recordings were obtained from septal neurones using glass microelectrodes filled
with 3 M-potassium acetate with a DC resistance of 50-80 MQ. The microelectrodes were connected
to the headstage of an intracellular recording amplifier built in our laboratory (L6pez-Barneo &
Armstrong, 1983). Impalements were facilitated by a brief (about 5 ms) and large electronic
oscillation of the headstage amplifier. Quantitative analysis of the data was performed off-line with
the aid of a microcomputer (IBM, model PC-XT, U.S.A.). For this purpose the voltage and current
analog signals were digitized by the analog-to-digital converter (10 bits) of a two-channel digital
oscilloscope (Tektronix, model 5200, U.S.A.) interfaced to the computer by an IEEE-488 card
(National Instruments, U.S.A.).

RESULTS

The data presented in this paper were obtained from 150 neurones located in
different areas of the septum. The cells selected for this study were held for at least
15 min with a resting membrane potential more negative than -50 mV and stable
electrical properties.

Location of cells recorded
The distribution of a representative sample of cells recorded in the different septal

areas is shown in Fig. 1. Within the total number of cells 60% were dorsolateral
septal neurones, 30% medial septal neurones and 10 % intermediate septal neurones.
These percentages parallel the distribution of neurones seen in cytoarchytectonic
studies (Cajal, 1911) but they may also reflect differences in cell size and in the
viability of each neuronal type after the slicing procedure.

Dorsolateral septal neurones
Electrical parameters and firing pattern. The average electrical parameters of a

representative sample of dorsolateral septal neurones are shown in Table 1. About
70% of the cells were silent at rest. The average resting potential was - 60-2 + 4-8
mV (mean + S.D.). The remaining 30% fired at the resting potential at frequencies of
2-10 Hz. The input resistance of dorsolateral septal neurones was 82-5 + 17 M52 and
the membrane time constant 18-5+ 7-3 ms (Table 1).

Direct activation of dorsolateral septal neurones by current injections below 0-2
nA elicited a train of fast action potentials (Fig. 2A) but as the amplitude of the pulse
was increased these cells displayed a characteristic firing pattern which consisted of
an initial fast action potential followed by a train of smaller and slower spikes that
lasted for the whole duration of the pulse (Fig. 2B). Termination of the pulse and
spike train was followed by an after-hyperpolarization whose duration and amplitude
increased with the strength of the pulse. (Fig. 2A and B). The application of negative
current pulses revealed the presence of anomalous rectification in 90% of dorsolateral
septal neurones.
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Fig. 1. Location of sixty septal neurones, the electrical parameters of which are shown in
Table 1. Each neuronal class identified in the septum is represented by a different symbol
(-, dorsolateral septal neurones; *, intermediate septal neurones; *, medial septal
neurones). The reconstruction of the coronal sections is based on the atlas of Luparello
(1967). Numbers on the left of each section correspond to the distance in millimetres
anterior to the interaural stereotaxic plane. Abbreviations: CC, corpus callosum; CS,
corpus striatum; NA, nucleus accumbens; AC, anterior commissure; DLS, dorsolateral
septum; IS, intermediate septum; MS, medial septum.
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Fig. 2. A and B, firing pattern of a dorsolateral septal neurone at two different levels of
current injection. C, blockade of fast action potentials by addition ofTTX to the external
solution and generation of slow, Ca2+ spikes by the largest depolarizing pulse. Note in
records A-C the after-hyperpolarization following the current pulses. D, both the Ca2+
spikes and the after-hyperpolarization disappeared after removal of external Ca2+. The
resting potential, -57 mV, is indicated by the dashed line.
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Ca2"-dependent spikes. Although the addition of TTX to the external solution
(Blankenship & Kuno, 1968) abolished the fast action potentials, moderate
depolarizations elicited at a higher threshold slow, TTX-resistant spikes that were
generated repetitively (Fig. 2C). These spikes were Ca2+-dependent since they were
blocked by Co2+ (Kohlhardt, Bauer, Krause & Fleckenstein, 1973) or following the

A B

|20 mV

J' x | 1

c D ~~~~~~~~~~~~100Ms

120 mV

200 ms
Fig. 3. Tonic-to-burst firing switching in intermediate septal neurones. Activation of the
cell at the resting potential evoked a tonic discharge of action potentials (A). When the
cell was depolarized from a membrane potential level 22 mV more negative than the
resting value it fired a burst of spikes due to the generation of a low-threshold, slow spike
(arrow) the generating mechanism of which was de-inactivated by the maintained
hyperpolarization (B). Resting potential, -55 mV. Records C and D illustrate the tonic
and bursting firing modes in another cell. Resting potential, -64 mV. Resting potential
and current levels are indicated by the dashed lines.

brief removal of external Ca2+ (Fig. 2D) Fig. 2C and D also show that the after-
hyperpolarization seen in dorsolateral septal neurones at the termination of de-
polarizing pulses and following the train of Ca2+ spikes was still generated in the
presence of TTX and was abolished in the absence of external Ca2+. This observation
suggests that a Ca2+-activated K+ conductance may be responsible for the after-
hyperpolarization. Transient removal of Ca2+ did not appreciably alter the resting
potential of the cells but increased the amplitude of passive depolarizing responses
by almost 100% (compare traces in Fig. 2C and D).
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Intermediate septal neurones

Electrical parameters and firing pattern. The electrical parameters of intermediate
septal neurones are shown in Table 1. These parameters are not significantly different
from those of dorsolateral septal neurones with the exception of the somewhat
smaller input resistance. The firing pattern of intermediate septal neurones activated

A 8 C

Control TTX TTX

..- ~ -- I __

D E F

TTX, Ba2+ TTX, Co2+ TTX, Co2+
120 mV

y _ _ _. I I

-/ - ====\-= d |~~~~~~~~~~~~~~ nA
100 ms

Fig. 4. Ionic dependence of the low-threshold spike of intermediate septal neurones. A,
bursting response in a cell activated by a current pulse delivered on top of a
hyperpolarization of 20 mV. The low-threshold spike is indicated by an arrow. B, the fast
action potentials were abolished by TTX but the slow spike could be generated when the
cell was activated from a hyperpolarized membrane potential level. C, at the cell resting
potential the low-threshold spike also appeared at the break of hyperpolarizing pulses.
D, replacement of Ca2' by Ba2+ increased the amplitude of the low-threshold spike, which
totally disappeared after adding Co2+ (2 mM) to the external solution (E and F). Resting
potential (-55 mV) and current levels are indicated by the dashed lines.

by current pulses of low amplitude when the cells were held at the resting potential
resembled that of dorsolateral septal neurones and 65% of the cells showed
anomalous rectification. Intermediate septal neurones were unique in that de-
polarizing pulses applied to the hyperpolarized cell generated a slow depolarizing
potential which could evoke a burst of fast action potentials. This electrical
characteristic is illustrated in Fig. 3A-D with recordings obtained from two different
cells.

Low-threshold Ca2+ spikes. The ionic mechanisms responsible for the bursting
response of intermediate septal neurones are analysed in Fig. 4. Fast action
potentials generated in the control situation (A) were abolished by addition of TTX
to the external solution, while the low-threshold spike remained unaltered (B). In C
a brief hyperpolarization is also shown to evoke a large rebound depolarization.
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Fig. 5. Dependence of the low-threshold Ca2+ spike on the amplitude and duration of the
preceding membrane hyperpolarization. A and B, low-threshold spike elicited by
depolarizing current pulses delivered on top of a hyperpolarization of variable amplitude.
The normalized plot illustrates the time integral of the spike (ordinate) as a function of
the amplitude of the hyperpolarization (abscissa). C and D, low-threshold spike generated
at the break of hyperpolarizing pulses of variable amplitude. The relationship between the
time integral of the active voltage response (ordinate) and the amplitude of the preceding
hyperpolarization (abscissa) is shown in the normalized plot. E and F, low-threshold spike
triggered at the break of negative pulses of constant amplitude but variable duration. The
plot shows the increase of the time integral of the voltage response (ordinate) as the
duration of the hyperpolarizing pulse (abscissa) is progressively made longer. In all
records Na+ conductance was blocked by TTX. The cell resting potential (-55 mV) is
indicated by the dashed lines.

Replacement of Ca2+ by Ba2 , which has a greater permeability than Ca2+ through
Ca2+ channels (Hagiwara, Fukuda & Eaton, 1974), increased the amplitude of the
slow spike, although the threshold did not change appreciably (Fig. 4D). The
increase in amplitude of the low-threshold spike may also reflect in part a failure of
the entry of Ba2+ as opposed to Ca2+ to initiate an increase in K+ conductance. The
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spike generated either by membrane depolarization or at the break of negative
current pulses disappeared when Co2l was introduced in the external solution (Fig.
4E and F). These results suggest that the low-threshold spike was due to the
activation of a Ca2+ conductance.
The voltage and the time dependence of the low-threshold spike in the presence of

TTX was further examined, as shown in Fig. 5 A and B which illustrates the

A 8 C

Control Control TTX

D E F
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I-1~~~~~~~~~~~~~~~~~20 mv

_ Q5 nA

50 ms
Fig. 6. A and B, firing pattern of a medial septal neurone activated by two different levels
of current injection (control traces). In presence of TTX (C) fast action potentials
disappeared but a burst of slow Ca2+ spikes and the after-hyperpolarization following the
pulse were present. External application of 4-aminopyridine (4-AP, 3 mM) increased the
amplitude of the Ca2+ spikes without having an affect on the after-hyperpolarization (D).
On replacement of external Ca2' by Ba2+ the slow spikes had a larger amplitude but the
after-hyperpolarization was reduced (E). These spikes were abolished by addition of Co2+
(2 mm, F). In all cases the resting potential was maintained at the control value of
-55 mV.

progressive increase of the low-threshold spike as the membrane was progressively
hyperpolarized. Similar results were obtained when the low-threshold spike was
generated at the termination of hyperpolarizing pulses (Fig. 5C and D). In this cell
the low-threshold spike-generating mechanism is inactivated at the cell resting
potential (-55 mV) and de-inactivates at 10-15 mV hyperpolarization. The
generation of a full spike required a hyperpolarization of over 20 mV. Figure 5E
illustrates the gradual appearance of the low-threshold spike as the duration of the
negative current pulse increased. The normalized plot (Fig. 5F) shows that with a
hyperpolarization of about 25 mV full deinactivation of the low-threshold spike-
generating conductance was attained after 100-150 ms.
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Medial septal neurones
Electrical parameters and firing pattern. The electrical parameters of medial septal

neurones (Table 1) were similar to those of the other septal neurones, with the
exception of significantly different average resting potential (-56+ 43 mV) and
membrane time constant (10X7 + 3 4). About 25% of medial septal neurones recorded
were spontaneously active and discharged tonically at frequencies of 3-6 Hz.

4,, B C

20 mV

I0.5nA
200 ms

Fig. 7. Membrane voltage response of medial septal neurones to hyperpolarizing current
injection. A, passive hyperpolarization and slow return to the resting potential at the
termination of the current pulse. The arrow indicates the break in the discharge of
membrane capacitance and the onset of a delayed hyperpolarization lasting for 200-500
Ms. An action potential was triggered after this membrane response, due to the generation
of a small rebound depolarization. When the cell was held at a membrane potential about
8 mV more negative than the resting value, the delayed return to baseline was not
observed (B); it was, however, enhanced by depolarization (C). In this last situation
spontaneous firing of the cell partially masked the delayed hyperpolarization. The resting
potential of the cell, -55 mV, and the zero current level are indicated by the dashed
lines.

A particular electrophysiological feature of medial septal neurones was their
tendency to fire a burst of action potentials when activated by current pulses of an
amplitude over 0-2 nA. Regardless of the duration of the current pulses the bursts
lasted for 20-50 ms and comprised two to six action potentials that progressively
decreased in amplitude and increased in duration. After the burst the cells were silent
for the rest of the pulse (Fig. 6A and B). At the termination of depolarizing pulses
medial septal neurones generated a pronounced after-hyperpolarization whose
amplitude and duration increased with the strength of the preceding depolarization.
Although TTX blocked the fast action potentials, large depolarizations could still
elicit bursts of slow and small spikes (Fig. 6C). The slow spikes increased in
amplitude and appeared at a lower threshold when 4-AP, that blocks at least one
type of K+ channel in central neurones (Gustafsson, Galvan, Grafe & Wigstr6m,
1982), was added to the external solution (Fig. 6D). These spikes were most probably
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Fig. 8. A and B, changes of input resistance during the delayed return to baseline. Input
resistance was monitored with 0 07 nA negative current pulses delivered at a frequency of
20 Hz. Note the gradual increase of input resistance as the voltage signal approached the
resting level, and the changes of input resistance during the hyperpolarizing after-
potentials following action potentials which were spontaneously generated by the cell.
Spikes have been partially truncated to facilitate the composition of the Figure. Resting
potential, -62 mV. C-F, dependence of the slow return to baseline on the duration and
amplitude of the preceding hyperpolarization. Superimposed voltage records illustrate
the augmentation of the slow return to resting as the duration (C) and the amplitude (E)
of the current pulse increased. These effects were quantified by measuring the time
integral of the delayed hyperpolarization, as shown in the normalized plots D and F.
Integration limits were the inflexion between the fast and slow components and the time
at which the voltage signal crossed the baseline. Resting potential, -55 mV, is indicated
by the dashed line.
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due to activation of a Ca2+ current since they were enhanced, and appeared tonically,
after replacement of Ca2+ by Ba2+ (Fig. 6E) and were abolished after addition of
Co2+ (Fig. 6F). Figures 6D-F also show that the after-hyperpolarization was
unaffected by 4-AP but was depressed in the presence of Ba2+ and Co2+.

Delayed return to the resting potential after membrane hyperpolarization. A distinct
electrophysiological property of all medial septal neurones, but not of dorsolateral

A B

Control Control

--------- - -

-- -

--- - --- - --- --- --

C D

TTX, 4-AP TTX, 4-AP

E F

-- r 120mv
TTX, Co2+ TTX, Co2+

\1 nA

250 ms
Fig. 9. Transient K+ conductance of medial septal neurones. A and B, control recordings
in the standard solution at two membrane potential levels, illustrating the slow return to
baseline and its enhancement by depolarization. External application of 4-aminopyridine
(4-AP, 3 mM) did not have a substantial effect on this subthreshold membrane voltage
response (C and D); however it was abolished when external Ca2+ was changed for Co2+
(E and F). Resting potential in C and E was maintained at the same value as in A
(-55 mV).

septal neurones and only seen in a single intermediate septal neurone, was a delayed
return to the resting membrane potential after the termination of hyperpolarizing
pulses. This phenomenon is illustrated in Fig. 7A where the return to the resting
potential at the termination of the pulse had two clear components. The first, fast
component, was due to the discharge of membrane capacitance and reached a level
6-7 mV below the resting potential of the cell. At this point there was a marked
inflexion in the voltage signal (indicated by an arrow in the Figure) followed by a
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second, smooth, slow component, that lasted for several tens of milliseconds. This
biphasic return to the resting potential was not observed when the current pulses
were applied while the cell was hyperpolarized by 8-10 mV (Fig. 7B). By contrast,
depolarization (Fig. 7C) enhanced the inflexion between the fast and the slow
components. In some medial septal neurones the slow return to baseline was followed
by a small rebound depolarization large enough to reach the action potential
threshold. The dependence of this response on the membrane potential suggests that
it was due, as in other central neurones (Gustafsson et al. 1982; Llinas, 1984), to the
activation of a transient K+ current.
The delayed return to the resting potential was an active membrane electrical

phenomenon paralleled by changes in the input resistance of the cells (Fig. 8A and
B). This response was also dependent on the duration and amplitude of the preceding
hyperpolarization as shown in Fig. 8 C-F. These results suggest that the membrane
conductance generating the slow return to baseline is partially inactivated at the
resting potential and de-inactivates by hyperpolarization of over 10-20 mV lasting
more than 5-10 ms.

Figure 9 illustrates the effect of several blockers of transient K+ current channels
on the delayed return to the resting potential. Control recordings are shown in traces
A and B. Neither TTX nor 4-AP had an appreciable effect on the transient response
(traces C and D); however after 4-AP wash-out it was totally blocked by addition
of Co2+ to the external solution (traces E and F).

DISCUSSION

Intracellular recordings from in vitro septal slices presented in this paper show
striking differences in the electrical properties of neurones located in separate regions
of the septum. Each cell type had a characteristic firing pattern and possessed
particular membrane ionic conductances which might influence their integrative
properties. This biophysical specialization within the septum corresponds quite well
with its cytoarchitectonic organization (Cajal, 1911; Andy & Stephan, 1961), its
afferent and efferent connections (Raisman, 1966; Meibach & Siegel, 1977) and the
functional separation between the different septal areas (McLennan & Miller, 1974,
1976; De France et al. 1976; Lebrum & Poulain, 1983; Lamour et al. 1984). The
electrical parameters of the three cell types identified in the septum were, although
with small differences, somewhat similar and compatible with values measured in
other CNS neurones (Brown, Fricke & Perkel, 1981; Connors, Gutnick & Prince,
1982; Jahnsen & Llina's, 1984).
The most characteristic electrical property of dorsolateral septal neurones is a

transition from fast to slow spike firing and the restriction of their firing frequency.
This unusual behaviour is not comparable with that of other central neurones
recorded in vitro which show a tonic firing of fast action potentials in a broad range
of depolarizing current injection (Connors et al. 1982; Lopez-Barneo & Llina's, 1983;
Jahnsen & Llina's, 1984). The limited excitability of dorsolateral septal neurones
was due to the activation of a Ca2+ conductance, partial inactivation of Na+
conductance, and probably, the fast onset of a Ca2 -activated K+ current. The
blockade of this last conductance was probably responsible for the increase ofpassive
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depolarizing responses observed in presence of Co2+ or by removal of external Ca2+
(see Fig. 2). Calcium-dependent spikes recorded in dorsolateral septal neurones are
similar to the high-threshold Ca21 spikes observed in almost every CNS neurone
recorded in vitro which it is believed are generated in the dendrites (Schwartzkroin
& Slawsky, 1977; Crill & Schwindt, 1983; Llina's, 1984).

Intermediate septal neurones differed from those recorded in the other septal areas
in their ability to switch from a tonic to a burst firing mode when they were activated
from membrane potentials more negative than -75 mV. This response was generated
by a low-threshold Ca21 current inactivated at the resting potential and de-
inactivated by membrane hyperpolarization. The properties of this Ca2+ conductance
were similar to those reported for inferior olive (Llinas & Yarom, 1981), thalamic
(Jahnsen & Llina's, 1984) and spinal dorsal horn (Murase & Randic, 1983) neurones.
The bursting response typical of medial septal neurones clearly distinguishes these

cells from the other types recorded in the septum. In addition, this firing pattern has
not been reported to occur in other areas of the mammalian CNS (Crill & Schwindt,
1983; Llina's, 1984). After blockade of Na+ conductance with TTX, medial septal
neurones could still generate a burst of Ca2+-dependent spikes. This behaviour
contrasts with that of dorsolateral septal neurones which in the same experimental
conditions generated Ca2+ spikes repetitively. This electrical property of medial
septal neurones is most probably a consequence of the activation of a fast transient
Ca2+-dependent K+ current that limits their excitability and may be also responsible
for the pronounced after-hyperpolarization present in the cells. A percentage of this
conductance was inactivated at the resting potential and de-inactivated by negative
current pulses. In addition, the membrane potential failed to return immediately to
the resting level after a hyperpolarization. A transient K+ current, referred to as A
current, has been identified in a number of neurones (Neher, 1971 ; Connor & Stevens,
1971; Thompson, 1977; Gustafsson et al. 1982; Segal & Barker, 1984; Galvan &
Sedlmeir, 1984) and is blocked by low concentrations of 4-AP. Thus, it is unlikely
that the transient K+ current of medial septal neurones is an A-current since it was
unaffected by 4-AP and blocked by Co2+ and by removal of external Ca2+. However,
the existence of a Ca2+-activated fast transient outward current in frog sympathetic
neurones (MacDermott & Weight, 1982; Brown, Constanti & Adams, 1983) and some
Ca2+-dependence of the 4-AP-sensitive A-current of molluscan neurones have been
reported (Junge, 1985). Recently, a 4-AP-insensitive and Ca2+-dependent fast
inactivating K+ current has been found in guinea-pig hippocampal pyramidal
neurones (Zbicz & Weight, 1985) and this may be similar to that in the medial septal
neurones. In the medial septum the transient K+ current was not strongly affected
by TEA+ (5 mm, not shown), but in the hippocampus it has been reported that it is
depressed by a higher concentration (10 mM) of TEA+ (Zbicz & Weight, 1985).
Another possibility is that the onset of the conductance underlying the slow return
to the baseline could be triggered by Ca2+ entry due to the de-inactivation of a fast
Ca2+ conductance by a membrane hyperpolarization. The increase in cytosolic Ca2+
could activate a Ca2+-dependent K+ conductance, as in dorsolateral septal neurones.
This would explain the insensitivity to 4-AP of the slow return to baseline, and the
disappearance of this response in presence of Co2+ or by removal of external Ca2+

All cells recorded in the septum had in common a restricted excitability due to
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their intrinsic membrane properties, and showed a failure to fire fast action
potentials repetitively at high frequencies. This unusual characteristic of septal cells
may account for the fact that most septal units recorded in intact animals fire either
tonically at a low frequency or generate rhythmical bursts of spikes (Petsche,
Gogolak & Van Zwieten, 1965; McLennan & Miller, 1974; Vinogradova et al. 1980;
Lebrun & Poulain, 1982). The rhythmical activity of septal cells has been studied
extensively in intact animals because it is believed to act as the pacemaker of the
hippocampal theta rhythm (Apostol & Creutzfeldt, 1974; McLennan & Miller, 1974;
Vinogradova et al. 1980; Lamour et al. 1984). In vitro two of the septal cell types,
intermediate and medial septal neurones, could fire bursts of action potentials.
Medial septal neurones also generated a bursting response followed by a period of low
excitability very similar to that observed in vivo, with a duration compatible with
the frequency of the theta rhythm (2-6 Hz). Thus, we propose that the rhythmical
activity that appears in the medial septum in intact animals could be the result of
the intrinsic electrical properties of septal neurones accentuated by their synaptic
inputs.

This research was partially supported by grants from CAICYT (3464-83), FISSS (84-1080) and
the Areces Foundation.
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