
In rats, the milk ejection reflex induced by suckling is
characterised by a pulsatile release of oxytocin (OT), in
which each pulse results from the synchronous bursting
electrical activity of magnocellular OT neurones in the
hypothalamus (reviewed in Poulain & Wakerley, 1982).
Thus, once lactation is fully established, suckling-induced
milk ejections occur every 3—5 min, and each burst of
action potentials, reaching a frequency of 60—80 Hz, lasts
about 2—4 s. The reflex, however, is not a strictly fixed
neuroendocrine mechanism. It can be modulated during a
suckling episode, during which the temporal pattern of milk
ejections can vary greatly in relation to the level of
vigilance of the mother or the number of suckling pups.
Moreover, the reflex is gradually programmed at the end of
gestation and undergoes a number of changes in its
characteristics throughout the period of lactation, as weaning
approaches. For instance, in late pregnancy, the reflex can

be evoked prematurely by using a foster litter to suckle, but
the incidence of bursts is low; at the other end of lactation,
after weaning, both burst frequency and burst amplitude
are lower than at mid-lactation (Jiang &Wakerley, 1995).

The detailed organisation of the reflex is incompletely
understood, notably concerning the mechanisms by which
OT neurones are activated during the bursts. In the
hypothalamus, a glutamatergic innervation appears to play
a major role. OT neurones receive a large number of
glutamatergic synapses, the proportion of which increases at
the time of lactation (El Majdoubi et al. 1996, 1997). As
seen from electrophysiological recordings in slices, glutamate
constitutes the main excitatory transmitter for magnocellular
neurones (for a review, see Renaud & Bourque, 1991).
Moreover, we recently showed that in organotypic slice
cultures obtained from postnatal rats, OT neurones display
periodic bursts due to volleys of glutamatergic excitatory
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1. Intracellular current clamp recordings were performed from identified oxytocin (OT)
neurones in acute hypothalamic slices taken from lactating Wistar rats at early (5th day:
LD_5) and late (21st day: LD_21) lactation.

2. The basic electrophysiological properties of LD_21 OT neurones differed from those of LD_5
OT neurones: their resting membrane potential was more depolarised (−51·5 versus
−54·9 mV); their action potential duration was longer (1·6 versus 1·2 ms); their hyper-
polarising after-potential (HAP) following single spikes and after-hyperpolarisation (AHP)
following a burst of action potentials had smaller amplitudes (−46 and −67%, respectively);
and they lacked spike frequency adaptation during a burst.

3. In LD_21 neurones bath application of 17â_oestradiol (10¦Ê Ò, 6—14 min) reversibly restored
all these properties to values observed in LD_5 cells. This treatment had no effect on LD_5
neurones.

4. LD_21 neurones were less sensitive to kainate than LD_5 neurones. 17â_Oestradiol
significantly potentiated the kainate-induced response in LD_21, but not in LD_5 neurones.

5. The effects of 17â_oestradiol were presumably mediated through a non-genomic mechanism
since they occurred within a few minutes of administration, and disappeared within
30—40 min of washout. They were not inhibited by tamoxifen, an antagonist of the
nuclear oestrogen receptor ER-á. Lastly, cholesterol, a non-active lipophilic molecule, had
no effect.

6. Our observations demonstrate that, in the absence of 17â_oestradiol, the basic electrical
properties and sensitivity to kainate of OT neurones become altered between early and late
lactation. However, the rise in circulating levels of oestrogens during the late phase of
lactation may contribute to maintain OT neurone reactivity as long as suckling continues.
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potentials, via the activation of non-NMDA glutamate
receptors (Jourdain et al. 1998).

Whatever the afferent pathways controlling the reflex
directly, its modulation from pre-partum to weaning may be
due to several factors, acting separately or in conjunction.
Of these, ovarian steroids are of particular relevance. Just
before parturition, there is a sharp and transient fall in the
plasma concentration of progesterone, which occurs
simultaneously with a transient, sharp rise in that of
oestradiol. Thereafter, oestradiol levels, low at the beginning
of lactation, rise progressively, whereas progesterone
concentrations decline (Smith & Neill, 1977). These changes
may contribute to the modulation of the reflex since
ovariectomy andÏor treatment with ovarian steroids alter
milk ejection frequency and the facilitatory influence of OT
itself on the reflex (Jiang & Wakerley, 1997). Other
observations underline the influence of oestrogens on OT
function. Thus, experiments using ovariectomy andÏor
substitutive treatment have shown the effects of oestrogens
on plasma concentrations of OT (Yamaguchi et al. 1979),
the content of OT within hypothalamic nuclei (Wang et al.

1995), the electrical activity of paraventricular nucleus
neurones (Akaishi & Sakuma, 1985; Minami et al. 1990)
and the morphological reorganisation of magnocellular
nuclei induced by OT (Montagnese et al. 1990).

The present study was undertaken to investigate whether the
electrophysiological properties of OT neurones themselves
are altered throughout lactation and, if so, to examine the
contribution of oestrogens to such alteration. For this
purpose, we recorded intracellularly identified supraoptic
OT neurones from hypothalamic slices taken at day 5 (LD_5)
and day 21 (LD_21) of lactation, stages characterised by
different steroid profiles, and we evaluated the effects of
17â_oestradiol on their electrical properties. We show here
that OT neurones indeed exhibit changes in some of their
basal electrical properties and in their sensitivity to kainate
between early and late lactation, and that 17â_oestradiol,
acting presumably through a rapid non-genomic effect,
restores at late lactation these electrophysiological properties
to their values at early lactation.

Some of these results have already appeared in abstract
form (Israel et al. 1996).
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Figure 1. Transient outward rectification and spike broadening in OT neurones

A, one LD_5 (a) and one LD_21 (b) neurone at resting potential were stimulated by a depolarising current
pulse (100 pA, 80—100 ms). In both cases, the first evoked action potential appeared without any delay. In
contrast, when the neurones were hyperpolarised near −90 mV, an appropriate depolarising pulse induced
a transient outward rectification (@) which delayed the occurrence of the first action potential.
B, spontaneous bursts of action potentials recorded from a LD_5 (a) and a LD_21 neurone (b). Three action
potentials within each burst (indicated by arrows) were superimposed at a higher speed (a and b, lower
traces) and clearly show action potential broadening.



METHODS

All experiments were carried out according to FrenchÏEuropean
guidelines.

Slice preparation

Lactating Wistar rats were killed by decapitation using a guillotine.
Immediately after decapitation and opening of the skull, the brain
was rapidly cooled with a cold perifusion medium (−1 to 0°C) for
20 s in situ. It was then quickly removed and immersed in cool
(0 °C) oxygenated (95% Oµ—5% COµ) medium for 1 min. The
composition of the perifusion medium was (mÒ): NaCl, 125; KCl,
3; MgSOÚ, 1·24; KHµPOÚ, 1·3; NaHCO×, 25; CaClµ, 2; and glucose,
11. When necessary, the pH was adjusted to 7·25 with NaOH. The
brain was cut with a razor blade into a small cube containing the
supraoptic nucleus. The block was then fixed with cyanoacrylic glue
on the top of the holder of a vibroslicer (MacIlwain, Campden
Instruments Ltd). Two or three coronal sections (450 ìm) were
made and transferred onto a filter paper (optic lens neutral cleaner)
in contact with a ramp-style interface recording chamber. The
medium was perfused using a peristaltic pump (Gibson) at a rate
of 0·8 ml min¢ and at constant temperature (32°C). The slices
were constantly oxygenated with humidified 95% Oµ—5% COµ.
The electrophysiological session began after a 2 h equilibration
period.

Electrophysiology

Conventional intracellular recordings (current clamp) were made
with sharp microelectrodes (o.d., 1 mm; i.d., 0·5 mm; Sutter
Instruments) pulled with a horizontal puller (P_87, Flaming-Brown
puller, Sutter Instruments). The microelectrodes displayed a
resistance of 120—200 MÙ when filled with potassium acetate (1 Ò)
containing 0·5% biocytin. The microelectrode was positioned into
the supraoptic nucleus with a micromanipulator (Microcontrôle,
France) under visual control using a dissecting microscope. The
electrode was lowered into the supraoptic nucleus with a piezoelectric
microdrive (Nanostepper) in 1 ìm steps. Cellular potentials were
recorded and amplified with an Axoclamp_2A (Axon Instruments).
Membrane potentials and intracellular currents were monitored on
a digital oscilloscope (Gould DSO 420) and stored on magnetic tape
after digitisation (Digital Pulse Code Modulation, Sony) through a
Digidata 1200 interface (Axon) and pCLAMP 6.1 software (Axon).

All the drugs used in this study were applied dissolved in the
perifusion medium. The standard kainate application consisted of a
bolus of 0·4 ml given over 30 s, whereas steroids were applied for
6—15 min. 17â_Oestradiol, 17á_oestradiol, the ER-á oestrogen
receptor antagonist tamoxifen and cholesterol were first dissolved
in absolute ethanol at 10¦Â Ò; 10 ìl of this solution was then diluted
in a 9 per thousand sodium chloride solution to reach 10¦Æ Ò. The
solution was stored in 10 ìl aliquots at −26°C for a maximum of
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Figure 2. Comparison of action potentials recorded from LD_5 and LD_21 neurones and effects

of 17â_oestradiol on their duration

A, the superimposition of a spontaneous action potential recorded from a LD_5 neurone and one from a
LD_21 neurone shows the longer duration of action potentials in the LD_21 neurone. The difference in
duration was statistically significant (*P < 0·001). B, 17â_oestradiol application (17â_E, 10¦Ê Ò, 8 min) did
not affect the duration of action potentials recorded from a LD_5 neurone whereas it shortened the action
potentials in a LD_21 cell. The difference in duration was statistically significant between control and
treatment (17â_E) only in LD_21 neurones (*P < 0·0003). Numbers in parentheses are the number of cells
recorded in each group.



30 days. Just prior to utilisation, each aliquot was dissolved in
normal medium to reach a final concentration varying from
5 ² 10¦Ì to 2 ² 10¦É Ò. Under these conditions, the final ethanol
volume never exceeded 0·01%.

Electrophysiological parameters, expressed as means ± s.e.m., were
compared using Student’s t test.

Histology and immunocytochemistry

Recorded cells were identified by biocytin (0·5%) injected during
recording and then by immunocytochemistry. Just after the
recording session, the slices were fixed in a mixture of para-
formaldehyde (4%) and picric acid (0·15%) in sodium phosphate
buffer for 30 min, and then stored in 4% paraformaldehyde at 4°C.

Each slice was then sectioned on a cryostat (25 ìm; Microm HM
500 M). Biocytin was revealed with streptavidin conjugated with
Texas Red (Biosys, France), diluted 1:1000 in phosphate-buffered
saline (PBS) containing 2% Triton X_100. The slices were
thoroughly rinsed in PBS prior to immunocytochemical staining.
For this, the slices were incubated (1 h at room temperature) in PBS
containing 0·5% casein (Sigma) to reduce non-specific binding of
antibodies. They were then incubated under constant agitation (48 h,
4 °C) in a mixture of primary antibodies consisting of a monoclonal
mouse antibody raised against OT-associated neurophysin (OT-Np;
kindly provided by Dr H. Gainer, Bethesda, USA) and a polyclonal
rabbit antiserum raised against vasopressin-associated neurophysin
(VP_Np, kindly provided by Dr A. Robinson, Los Angeles, USA).
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Figure 3. Spike frequency adaptation and HAP in LD_5 and LD_21 neurones and their

modulation by 17â_oestradiol

A, bursts of activity (upper traces) triggered by depolarising current pulses (lower traces) obtained from one
LD_5 and one LD_21 neurone. Under control conditions firing frequency adaptation was present only in the
LD_5 neurone (@). B, 17â_oestradiol application (10¦Ê Ò, 9 min) induced spike frequency adaptation in the
LD_21 neurone whereas it had no effect on the LD_5 cell. C, when compared to control conditions,
17â_oestradiol (10¦Ê Ò, 8 min) did not alter HAP in the LD_5 neurone, but it significantly and reversibly
increased the amplitude of HAP in the LD_21 cell (*P < 0·001). Numbers in parentheses are the number of
cells recorded in each group.



The slices were washed in Tris-buffered saline (TBS) and incubated
in a mixture of fluorescent conjugates (2 h, room temperature):
goat anti-rabbit immunoglobulins conjugated to fluorescein
isothiocyanate (FITC, Biosys; diluted 1:400) served to visualise
OT_Np; goat anti-mouse immunoglobulins conjugated with
7_amino-4-methyl-coumarin-3-acetic acid (AMCA, Biosys; diluted
1:200) served to identify VP_Np. The cultures were mounted with
fluoromount (Vectashield, Vector Laboratories Inc.) and examined
under epifluorescence microscopy with appropriate filters (Leica,
Leitz DMR).

RESULTS

Supraoptic neurones were recorded from slices taken on
day 5 (LD_5) and day 21 (LD_21) of lactation. Immuno-
cytochemistry for OT-Np and VP-Np showed that, out of
113 recorded cells, 67 were oxytocinergic (15 LD_5 and 52
LD_21 neurones) and 16 were vasopressinergic (3 LD_5 and
13 LD_21). Three neurones were immunoreactive for both
VP_Np and OT-Np. The 27 other neurones could not be
identified for technical reasons and were excluded from this
study. Unless otherwise stated, all the results presented here
were obtained from OT neurones.

Resting membrane potential, membrane resistance

and activity of OT neurones

Resting membrane potential was slightly but significantly
lower (P < 0·001) in LD_5 neurones (−54·9 ± 1·5 mV,
n = 11) than in LD_21 neurones (−51·5 ± 2·5 mV, n = 22).
The input membrane resistance of LD_5 neurones and
LD_21 neurones was not significantly different, being 326 ±
60 MÙ (n = 7) and 286 ± 30 MÙ (n = 12), respectively.
LD_5 neurones had a continuous pattern of action potential
discharge of around 1—3 Hz, but during long recording
periods (up to 6 h), many cells (11Ï15) switched
spontaneously and reversibly to a bursting activity similar
to the phasic activity recorded in vivo; none were silent. In
contrast, most LD_21 OT neurones (38Ï52) were silent
during long periods of recording; nine neurones had a slow
irregular activity, and five had a bursting activity.

At hyperpolarised potentials more negative than −80 mV,
in both LD_5 and LD_21 neurones, a depolarising current
pulse of sufficient amplitude triggered action potentials
with a delay caused by an initial hyperpolarising ‘notch’,
due to a transient K¤ current similar to IA and typical of
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Figure 4. Effects of 17â_oestradiol on the AHP recorded from LD_5 and LD_21 OT neurones

A, AHP in a LD_5 neurone obtained in control conditions (a) and during 17â_oestradiol application (10¦Ê Ò,
12 min, b). The lower traces show the AHP on an expanded scale. The amplitude of the AHP did not vary
significantly under the two experimental conditions (c). B, AHP recorded from a LD_21 neurone under
control conditions (a) and in the presence of 17â_oestradiol (10¦Ê Ò, 8 min, b). The lower traces display the
AHP on an expanded scale. The amplitude of the AHP was clearly enhanced by 17â_oestradiol at 10 min
of treatment (*P < 0·0001, c). Action potentials are truncated. Numbers in parentheses are the number of
cells recorded in each group.



magnocellular neurones (Fig. 1Aa and Ab). During
spontaneous and current-evoked trains of action potentials,
spike broadening was observed in both types of neurone
(Fig. 1Ba and Bb).

The duration of action potentials measured at half-amplitude
was significantly shorter in LD_5 than in LD_21 neurones
(1·2 ± 0·2 versus 1·6 ± 0·2 ms, P < 0·001; Fig. 2A).

When depolarised by a current pulse, 9 out of 12 LD_5
neurones tested showed spike frequency adaptation. In
contrast, none of the 13 LD_21 neurones tested displayed
this property (Fig. 3A).

In both types of neurone we observed a hyperpolarising
after-potential (HAP) following single spikes. In LD_21
neurones, the amplitude of the HAP was significantly lower
than in LD_5 neurones (−46%, n = 6, P < 0·001; Fig. 3C).
We also analysed the after-hyperpolarisation (AHP)
following an evoked burst of action potentials. Because
AHP is dependent on the number of action potentials
within the burst (Andrew & Dudek, 1984; Bourque et al.
1985), the duration of the depolarising pulse was adjusted
to trigger an identical number of action potentials. Here

also, AHP amplitude was significantly lower in LD_21
neurones than in LD_5 neurones (−67%, n = 5, P < 0·001;
Fig. 4Ac and Bc).

Effects of 17â_oestradiol on the electrical properties of

OT neurones

Because the plasma concentration of 17â_oestradiol increases
at the end of lactation, we tested the effects of the steroid
on the electrical properties of LD_5 and LD_21 neurones.
Bath application of 17â_oestradiol had no effect on
membrane potential and membrane resistance in either type
of neurone (Figs 6A and 7A). However, Fig. 2B clearly
shows that during bath application of 17â_oestradiol
(10¦Ê Ò, 8 min), the action potential duration in LD_21 cells
was significantly shortened (from 1·4 ± 0·1 ms, n = 12 to
1·1 ± 0·1 ms, n = 12, P < 0·0003) whereas it remained
unchanged in LD_5 neurones (1·0 ± 0·1 versus 1·1 ± 0·1 ms,
n = 6).

Spike frequency adaptation was not altered by 17â_oestradiol
treatment in LD_5 neurones (Fig. 3A and B), but it was
induced in 7 out 13 LD_21 neurones tested (Fig. 3B). The
amplitudes of the HAP and AHP were not affected by
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Figure 5. Sensitivity to kainate of LD_5 and LD_21 neurones

A, effect of successive applications of kainate (filled bars) at different concentrations on a LD_5 neurone. At
10 ìÒ, kainate slightly depolarised the cell, whereas for higher concentrations the response was
accompanied by a sustained generation of action potentials. Insets, sequential histograms of spike
discharge per second (Hz). Note the fast frequency discharge at the onset of the second burst (@).
B, recordings obtained from a LD_21 neurone showing that higher concentrations of kainate were needed
for this neurone to be depolarised. C, amplitude of responses to kainate of LD_5 (n = 5, 5) and LD_21
neurones (n = 11, 4). At low concentrations of kainate (5 ìÒ), only LD_5 neurones were depolarised.



17â_oestradiol treatment in LD_5 cells (Figs 3C, and 4Ab
and Ac). In contrast, both parameters were significantly
increased by 17â_oestradiol in LD_21 neurones (n = 6,
P < 0·001; Figs 3C, and 4Bb and Bc).

In summary, 17â_oestradiol had no effect on the basal
electrical properties of LD_5 neurones. In contrast, in
LD_21 neurones, 17â_oestradiol shortened action potential
duration, increased the amplitude of the HAP and AHP,
and induced spike frequency adaptation during a train of
action potentials, bringing each of these parameters close to
the values observed in LD_5 neurones.

Responses to kainate in LD_5 and LD_21 neurones

Since glutamate exerts its excitatory effect on OT neurones
mainly through non-NMDA receptors (for a review, see
Renaud & Bourque, 1991), we tested the effect of kainate,
an agonist of AMPAÏkainate receptors, on the neurones at

the two stages of lactation. As expected, both LD_5 and
LD_21 OT neurones were depolarised by kainate. However,
LD_5 neurones were more responsive than LD_21 neurones.
With 10 ìÒ kainate, 90% of LD_5 neurones (n = 12)
showed a depolarisation of 3—10 mV (Fig. 5A), while 81% of
the LD_21 neurones (22 out of 27) were unaffected (Fig. 5B).
At higher doses, OT LD_5 neurones always gave a larger
response than LD_21 neurones (Fig. 5A—C). For both groups,
the maximum response was obtained at 100 ìÒ kainate.
Kainate effects were abolished by its antagonist, 6_cyano-7-
nitroquinoxaline-2,3-dione (CNQX; not shown).

Effects of steroids on the kainate-induced response

Kainate-induced responses in LD_5 and LD_21 neurones
were compared before and during 17â_oestradiol treatment.
In this set of experiments, kainate was first applied for 30 s
while perifusing the slice with normal medium (test response
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Figure 6. Effects of 17â_oestradiol on kainate-induced responses in LD_21 OT neurones

A, application of 17â_oestradiol (10¦Ê Ò, 12 min) did not modify the resting membrane potential in LD_21
neurones. Ba, downward voltage deflections induced by hyperpolarising currents (not shown) obtained
under control conditions and in the presence of 17â_oestradiol in a LD_21 neurone. No significant variation
was detected. Bb, current—voltage relationship obtained from another neurone under control conditions (±)
and in the presence of 17â_oestradiol (8). This neurone had previously been hyperpolarised to −73 mV to
avoid triggered action potentials by depolarising current pulses. C, a LD_21 neurone was slightly hyper-
polarised at −65 mV by a constant hyperpolarising current (−0·05 pA, not shown) to avoid spontaneous
action potentials. Application of kainate (30 s, 30 ìÒ, filled bar) under control conditions had no effect (a).
During treatment with 17â_oestradiol (10¦Ê Ò, 10 min), another application of kainate (same parameters)
strongly depolarised the cell giving rise to a sustained activity (b). This effect was reversible after a 40 min
washing period (c) and was reproducible (d). In b and d, insets are sequential histograms of spike discharge
per second (Hz). D, potentiation of kainate-induced responses by 17â_oestradiol. Kainate was tested on
another LD_21 neurone at three different concentrations (10, 30 and 60 ìÒ) under control conditions (5)
and in the presence of 17â_oestradiol (10¦Ê Ò, 8 min, 4).



with 5 ìÒ kainate for LD_5 OT neurones, 10 ìÒ kainate for
LD_21 neurones). Bath application of 17â_oestradiol at
10¦Ê Ò was then performed for 10 min, before kainate was
applied again.

During 17â_oestradiol treatment, we observed no significant
variation of the membrane potential of OT neurones (LD_5,
n = 6; LD_21, n = 17; Figs 6A and 7A). For the great
majority of the LD_21 neurones, the membrane resistance
was not modified (Fig. 6Ba and Bb), although it increased
by up to 7—13% in 7% of the cells.

In 14 out of 25 LD_21 cells tested, the kainate-induced
response was greatly increased during 17â_oestradiol
treatment as illustrated in Fig. 6C. In most cases, this
potentiation led to a sustained firing activity. This effect
was totally reversed after a 30—40 min washing period.
17â_Oestradiol-induced potentiation increased with kainate
concentration (Fig. 6D), varying between cells from 30 to
200%.

In six LD_5 OT neurones similarly treated with
17â_oestradiol, the kainate-induced response was not
potentiated by 17â_oestradiol (Fig. 7Ba and Bb).

To study the specificity of the action of 17â_oestradiol, we
also tested the effects of 17á_oestradiol, a poorly active
isomer of 17â_oestradiol. In 5 out of 8 LD_21 OT cells which
previously showed a kainate-induced response potentiated
by 17â_oestradiol, 17á_oestradiol (10¦Ê Ò) had no effect
(Fig. 8A). In the three other neurones, it potentiated the
kainate-induced response (Fig. 8B).

Because steroids can act at genomic and non-genomic levels,
two LD_21 neurones were tested with tamoxifen, an
antagonist of the ER-á nuclear receptor of 17â_oestradiol.
Tamoxifen was first applied alone in the bath at 10¦É Ò for
10 min, then together with 17â_oestradiol (10¦Ê Ò) for
another 10 min. Application of kainate was then performed
in the presence of tamoxifen and 17â_oestradiol. In both
neurones, tamoxifen did not modify action potential
duration or membrane input resistance (Fig. 9B and C), and
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Figure 7. 17â_Oestradiol did not potentiate the kainate-induced response obtained in LD_5 OT

neurones

A, application of 17â_oestradiol (10¦Ê Ò, 16 min) did not modify the resting membrane potential in LD_5
neurones. Ba, under control conditions, kainate application (10 ìÒ, 30 s, filled bar) induced a slight
depolarisation in a LD_5 OT neurone (the dotted line indicates the resting membrane potential). After
17â_oestradiol treatment (10¦Ê Ò, 13 min), no potentiation of the kainate-induced response was observed.
Bb, histogram showing the lack of effect of 17â_oestradiol treatment (10¦Ê Ò, 10 min, 4) on the kainate-
induced response at three different concentrations (10, 20 and 40 ìÒ kainate) compared to control (5), in
the same neurone.



did not prevent potentiation by 17â_oestradiol of the
kainate-induced response (Fig. 9A).

Finally, since steroids are lipophilic and can dissolve into the
plasma membrane, it was of interest to examine the effects
of a non-active lipophilic molecule such as cholesterol.
Cholesterol, applied at 2 ² 10¦Ê Ò for 12 min to two LD_21
neurones had no effect on the resting membrane potential,
the membrane resistance (Fig. 10A) or the kainate-induced
response (Fig. 10B).

DISCUSSION

Several lines of evidence indicate that the characteristics of
the milk ejection reflex and the underlying electrical
activity of OT neurones change during the course of
lactation, and that they are influenced by circulating levels

of sexual steroids (Jiang & Wakerley, 1997). Many sites of
action are probably involved along the afferent pathway
from the mammary gland to the OT neurones in the
hypothalamus. As seen from the present observations,
oestrogens can directly influence OT neurones during
lactation. The basal electrical properties of identified OT
neurones differ between early and late lactation and their
sensitivity to kainate decreases at the end of lactation.
Administration of 17â_oestradiol at day 21, however,
restored both the electrical properties and the kainate-
induced responses of OT neurones to their levels at day 5,
through a rapid, non-genomic effect.

Basic electrophysiological properties

The basic electrical properties of magnocellular VP and OT
neurones have been extensively studied (for a review, see
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Figure 8. Effects of 17á_oestradiol on the kainate-induced response in LD_21 neurones

A, in the majority of LD_21 OT neurones, 17á_oestradiol did not mimic the 17â_oestradiol-induced
potentiation of the response to kainate. Upper trace, kainate (10 ìÒ, 30 s, filled bar) induced a slight
depolarisation in a LD_21 neurone. Middle trace, this response was not potentiated by 17á_oestradiol
(17á_E, 10¦Ê Ò, 15 min). Lower trace, the kainate-induced response was, however, potentiated by
17â_oestradiol (10¦Ê Ò, 6 min). B, in a minority of LD_21 OT neurones, 17á_oestradiol did mimic the
17â_oestradiol-induced potentiation. Upper trace, kainate (10 ìÒ, 30 s) induced no significant
depolarisation. Middle trace, this response was potentiated by 17â_oestradiol (10¦Ê Ò, 8 min; the dotted
line represents the resting membrane potential). Lower trace, the kainate-induced response was also
potentiated by 17á_oestradiol (10¦Ê Ò, 10 min). The cell had previously been hyperpolarised to −70 mV.



Armstrong, 1995). A number of them are thought to confer
characteristic electrical profiles on magnocellular cells. These
are the hyperpolarisation after-potential (HAP; Bourque,
1988), the after-hyperpolarisation (AHP; Andrew & Dudek,
1984), the depolarisation after-potential (Andrew & Dudek,
1984; Andrew, 1987) and spike broadening during a train of
action potentials (Andrew & Dudek, 1985; Oliet & Bourque,
1992). In addition, the majority of OT neurones, when
current clamped at a depolarised potential above −50 mV,
display a sustained outward rectification and a rebound
depolarisation which could be considered as a specific
signature of OT neurones (Stern & Armstrong, 1995, 1996,
1997). We did not look systematically for such a property,
but, under our conditions, 20% of the identified OT
neurones clearly displayed such a rectification.

Our study has shown that some of these characteristics
change throughout lactation and are influenced by
17â_oestradiol. Interestingly, similar changes have been
observed in OT neurones recorded between dioestrus and
lactation (Stern & Armstrong, 1996). Action potentials in
magnocellular neurones depend on Na¤ÏK¤ conductances,
but also on a voltage-dependent Ca¥ conductance which is
responsible for the shoulder on the repolarising phase and is
particularly conspicuous during spike broadening. That the
action potential duration was longer in LD_21 neurones
than in LD_5 neurones suggests, therefore, that voltage-

dependent Ca¥ currents increase as the lactation period
proceeds. Since 17â_oestradiol reduced spike duration, one
can speculate that oestradiol reduces this Ca¥ conductance,
as has been reported for rat neostriatal neurones
(Mermelstein et al. 1996). However, if Ca¥ currents were
increased at LD_21, one should expect that HAP and spike
frequency adaptation, both of which depend on Ca¥-
dependent K¤ conductances, would also be more pronounced
at LD_21. This was not observed here. An alternative
explanation is that a reduction in spike duration is due,
paradoxically, to an increase in Ca¥ currents. Kirkpatrick &
Bourque (1991) have shown that increasing internal Ca¥
activates a Ca¥-dependent K¤ current (IK(Ca)) which enhances
the rate of spike repolarisation. In that case, increased spike
duration, decreased HAP amplitude and the disappearance
of spike frequency adaptation at LD_21 may all be due to a
decrease in Ca¥ currents at this stage. 17â_Oestradiol
would restore all these properties to their levels at LD_5,
either by activating the voltage-dependent Ca¥ conductance
during the action potential or by triggering Ca¥ release
from internal stores (Beyer & Raab, 1998). Lastly, it has
recently been reported that oestradiol could interact
directly with voltage-gated K¤ channels in vascular smooth
muscle (Jo�els & Karst, 1995). Clearly, further experiments
are still necessary to determine the precise effect of
oestrogen on Ca¥ and K¤ channels in OT neurones.
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Figure 9. Tamoxifen did not prevent the 17â_oestradiol-induced potentiation of the kainate

response

A, application of kainate (30 ìÒ, 30 s, filled bar) induced a depolarisation in a LD_21 neurone (Control)
accompanied by action potential discharge. Subsequently, the cell was first treated with tamoxifen (10¦É Ò,
10 min), then with tamoxifen (10¦É Ò) and 17â_oestradiol (10¦Ê Ò) for another 10 min before a new
standard application of kainate. Under these conditions (middle trace), tamoxifen treatment did not
prevent the 17â_oestradiol-induced potentiation of the kainate response. Insets, sequential histograms of
spike discharge per second (Hz). In another LD_21 neurone, tamoxifen did not alter the amplitude or
duration of action potentials (B), and did not significantly change input membrane resistance (C).



Responses to kainate

Glutamate constitutes the dominant excitatory transmitter
in the regulation of magnocellular neurones (reviewed in
Renaud & Bourque, 1991; Armstrong, 1995). OT neurones
receive an abundant glutamatergic innervation which
increases at the time of parturition and lactation
(El Majdoubi et al. 1996, 1997). Moreover, in OT neurones in
organotypic slice cultures, bursts of action potentials
analogous to the in vivo high frequency discharges were
shown to be due to volleys of afferent glutamatergic
excitatory postsynaptic potentials (EPSPs; Jourdain et al.
1998). Since at resting potential the majority of EPSPs are
due to activation of AMPAÏkainate-type receptors (Wuarin
& Dudek, 1993; Jourdain et al. 1996), we here examined the
effect of kainate, a non-NMDA ionotropic glutamate receptor
agonist. Nevertheless, this does not preclude the role of
NMDA receptors present on these cells (Hu & Bourke, 1992)
and their activation may further enhance the response
triggered by activation of AMPAÏkainate receptors once the
cells are depolarised.

As shown here, OT neurones at a late stage of lactation were
less sensitive to kainate than at the beginning of lactation.
It is possible that towards the end of lactation, the decrease

in the effect of glutamate is linked to a decrease in the
number of postsynaptic receptor sites for glutamate.
However, the number of synapses on OT neurones does not
diminish visibly before at least 1 month after weaning
(Theodosis & Poulain, 1984; Montagnese et al. 1987).
Another possibility is that, like GABAA receptors on OT
neurones (Brussaard et al. 1997, 1999), the expression
pattern of glutamate receptor subunits is altered, leading to
a progressive decrease in their efficacy.

A striking observation was that 17â_oestradiol at LD_21
restored the efficiency of glutamate to the levels observed at
LD_5. This corroborates earlier reports on the potentiation
by oestrogens of glutamate-evoked excitation in Purkinje
cells (Smith et al. 1987a,b, 1988) and of kainate-induced
currents in CA1 neurones (Gu & Moss, 1996). However, since
the effect that we observed was reversible within 30—40 min
of washout, this implies that glutamate sensitisation of the
neurones by 17â_oestradiol is a rapid and short-lived
phenomenon.

Mode of action of 17â_oestradiol

Circulating concentrations of oestrogens during the oestrous
cycle, parturition and lactation in the rat vary from 10

−10

to
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Figure 10. Cholesterol did not potentiate the kainate-induced response

Aa, a LD_21 cell at resting potential (−49 mV) was treated by addition of cholesterol to the perifusion
medium (2 ² 10¦Ê Ò, 12 min, filled bar). No significant variation in membrane potential was observed.
Ab, the membrane resistance was not affected by this treatment. Ba, in the presence of cholesterol, kainate
(10 ìÒ, 30 s, filled bar) slightly depolarised the neurone. Bb, in the presence of 17â_oestradiol (10¦Ê Ò,
6 min) another application of kainate induced a more pronounced response giving rise to a burst of action
potentials.



10¦Ê Ò. The concentration we used in this study (10¦Ê Ò),
comparable with those used by others (Wang et al. 1995; Gu
& Moss, 1996), overlaps the physiological range. Nevertheless,
it is unlikely that the effects were unspecific since
cholesterol, even at higher concentrations (2 ² 10¦É Ò) did
not interact with the kainate-induced response. Also,
17á_oestradiol generally had no effect. Finally, the lack of
17â_oestradiol-induced potentiation of the kainate response
in either LD_5 OT neurones or 21-day-old VP neurones
(authors’ unpublished observations) reduces the possibility
of an artefact.

The question then arises as to the mode of action of
17â_oestradiol. In the rat, OT neurones lack the nuclear
oestrogen receptor ER-á which mediates long-term effects
at the genomic level (Burbach et al. 1990; Simonian &
Herbison, 1997). That we detected no effect of the ER-á
receptor antagonist tamoxifen is in agreement with these
data. Recently, however, the â nuclear receptor (ER-â) has
been located within the supraoptic nuclei (Shughrue et al.
1996; Li et al. 1997). Nevertheless, it is unlikely that the
electrophysiological effects observed in the present study
were due to an action of 17â_oestradiol at the genomic level
since the steroid effects on OT neurones occurred within a
few minutes, disappeared upon washout within 30—40 min,
and were reproducible. A similar time course was observed
in Purkinje cells (Smith et al. 1987a,b, 1988) and CA1
neurones (Gu & Moss, 1996). It is more likely, therefore, that
our results can be explained in terms of rapid membrane
effects, 17â_oestradiol interacting presumably with a
membrane receptor. Such a concept has been substantiated
by the use of conjugated active molecule and protein
synthesis inhibitor (see Schumacher, 1990; Ramirez &
Zheng, 1996). Activation of the membrane receptor would
lead to activation of an intracellular second messenger
system such as the cyclic AMP cascade in concert with an
action on GS protein-coupled receptors (Gu & Moss, 1996,
1998). This in turn could activate either particular
conductances andÏor glutamate receptors. Finally, it is also
possible that, as seen in vascular smooth muscle cells, the
hormone interacts directly with a voltage-gated K¤ channel
(Valverde et al. 1999).

If there are membrane receptors for 17â_oestradiol on OT
neurones, the question then arises why 17â_oestradiol did
not affect neurones at LD_5. One possibility is that full
expression of the mechanisms controlling spike discharge
and sensitivity to glutamate cannot be further enhanced at
that stage. Another possibility is that such receptors are
progressively expressed or become progressively more
efficient as lactation progresses. In this respect, one cannot
exclude the possibility that, in addition to its rapid
membrane effects, oestradiol has a long-term genomic effect
which would prime the system to its membrane action.
Oestradiol has been shown to increase Ca¥ currents in
hippocampal CA1 neurones through a genomic action (Jo�els
& Karst, 1995), and there is evidence that the electrical

activity of paraventricular neurones can be modulated by
long-term manipulation of oestradiol levels (castration,
substitutive treatment) (Akaishi & Sakuma, 1985).

Physiological significance

At the beginning of lactation, the electrophysiological
properties of OT neurones seem to be most efficient for the
secretory activity of the cells. In comparison to late
lactation, the high sensitivity of OT neurones to glutamate
makes them highly responsive to their afferent input. In
addition, during a high frequency discharge which
facilitates hormone release, the large HAP and AHP exert a
limitation on firing frequency and burst duration that may
prevent secretory ‘fatigue’ and protect neurones against
deleterious effects of Ca¥ accumulation consecutive to a
sustained electrical activity. As lactation proceeds, if there
was no or little 17â_oestradiol secretion, these characteristics
would be altered, rendering the neurones progressively less
efficient.

However, levels of circulating 17â_oestradiol during
lactation, although low at the beginning, start to increase
towards the 8th to 10th day of lactation (Smith & Neill,
1977). Since at LD_21, the characteristics of action
potentials and kainate responses were restored to their
LD_5 values by 17â_oestradiol treatment, this implies that
in vivo, these electrophysiological properties may remain
relatively stable because of increased 17â_oestradiol levels.

From our experiments, however, it appears that the effects
of 17â_oestradiol are short-lived, since they disappear within
30—40 min of washout. In vivo , therefore, any fluctuation in
17â_oestradiol levels would have rapid consequences,
particularly towards the end of lactation. In early lactation,
suckling by the pups is almost continuous. Suckling inhibits
luteinising hormone release and oestrogen levels are low.
When the litter grows, it relies more and more on solid food,
and suckling becomes more intermittent. As intervals
between suckling episodes increase, one can imagine that
luteinising hormone released during these intervals enhances
oestrogen production. This higher level of oestradiol would
compensate, up to a point, for the alteration of the electro-
physiological properties of OT neurones and of their
sensitivity to glutamate. Such a mechanism could explain
how lactation can be prolonged for 3—4 times its normal
duration when regularly substituting a young litter for the
growing one.

Finally, our observations emphasise that the short-term
effects of oestradiol should be taken into consideration when
studying electrophysiological properties in acute brain slices.
One generally assumes the physiological state of the slice is
that of the animal at the time of the experiment. The
transient effect of 17â_oestradiol, which disappears rapidly
from the perifusion medium, indicates that this is not
necessarily the case.
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