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Insulin-Like Growth Factor-1 Inhibits Adult Supraoptic
Neurons via Complementary Modulation of
Mechanoreceptors and Glycine Receptors
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In the CNS, insulin-like growth factor-1 (IGF-1) is mainly known for its trophic effect both during development and in adulthood. Here,
we show than in adult rat supraoptic nucleus (SON), IGF-1 receptor immunoreactivity is present in neurons, whereas IGF-1 immunore-
activity is found principally in astrocytes and more moderately in neurons. In vivo application of IGF-1 within the SON acutely inhibits the
activity of both vasopressin and oxytocin neurons, the two populations of SON neuroendocrine cells. Recordings of acutely isolated SON
neurons showed that this inhibition occurs through two rapid and reversible mechanisms, both involving the neuronal IGF-1 receptor
but different intracellular messengers. IGF-1 inhibits Gd 3�-sensitive and osmosensitive mechanoreceptor cation current via
phosphatidylinositol-3 (PI3) kinase activation. IGF-1 also potentiates taurine-activated glycine receptor (GlyR) Cl � currents by increas-
ing the agonist sensitivity through a extremely rapid (within a second) PI3 kinase-independent mechanism. Both mechanoreceptor
channels and GlyR, which form the excitatory and inhibitory components of SON neuron osmosensitivity, are active at rest, and their
respective inhibition and potentiation will both be inhibitory, leading to strong decrease in neuronal activity. It will be of interest to
determine whether IGF-1 is released by neurons, thus participating in an inhibitory autocontrol, or astrocytes, then joining the growing
family of glia-to-neuron transmitters that modulate neuronal and synaptic activity. Through the opposite and complementary acute
regulation of mechanoreceptors and GlyR, IGF-1 appears as a new important neuromodulator in the adult CNS, participating in the
complex integration of neural messages that regulates the level of neuronal excitability.
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Introduction
Insulin-like growth factor-1 (IGF-1) is a pleitropic factor with a
wide spectrum of functions. It acts via a high-affinity IGF-1 re-
ceptor linked to tyrosine kinase activity and various intracellular
messenger cascades such as phosphatidylinositol-3 (PI3) kinase
and MAP kinases. In the CNS, IGF-1 is principally known for its
action on cell proliferation, differentiation, and survival during
development (de Pablo and de la Rosa, 1995; O’Kusky et al.,
2000) and in the adult (Brooker et al., 2000; Aberg et al., 2003).
Synthesized mainly in the liver and other peripheral organs,
IGF-1 crosses the blood-brain barrier (Reinhardt and Bondy,
1994) and is found at a high level in CSF (Carro et al., 2000).

IGF-1 is also expressed in the CNS (Labourdette and Sensenbren-
ner, 1995). If expression of IGF-1 receptor in the CNS is high
during postnatal development, it decreases in adulthood and
only persists at moderate levels in specific brain regions (Zhou et
al., 1999). In addition to its implication in neurogenesis in hip-
pocampus (Trejo et al., 2001; Aberg et al., 2003), the function of
IGF-1 in adult brain stays mostly unclear.

The hypothalamo-neurohypophysial system (HNS) is one
adult CNS area where IGF-1 could be of significant importance.
The HNS consists of vasopressin (VP) and oxytocin (OT) neu-
rons located in the supraoptic nucleus (SON) and paraventricu-
lar nucleus, which send their axons in the neurohypophysis
where they release the neurohormones in the blood circulation. A
major role of the HNS is the regulation of body fluid balance
through the modulation of VP and OT release according to
changes in plasma osmotic pressure. An important part of this
regulation implies the osmosensitivity of SON neurons, which
involves two complementary systems (Bourque, 1998; Hussy et
al., 2000; Voisin and Bourque, 2002). First, neurons express spe-
cific mechanoreceptors, active at rest, that are inhibited by cell
swelling occurring during hypotonic stimulus and activated by
cell shrinking induced by hypertonicity (Oliet and Bourque,
1994; Bourque, 1998). Second, neighboring astrocytes release
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taurine at a slow rate to activate extrasynaptic neuronal glycine
receptors (GlyRs), thereby imposing a tonic inhibitory influence
(Hussy et al., 2000; Hussy, 2002). Taurine release is enhanced by
hypotonicity and suppressed under hypertonic conditions. These
two mechanisms act in concert to finely modulate neuronal ac-
tivity (Hussy et al., 2000; Voisin and Bourque, 2002). IGF-1 im-
munoreactivity and mRNA have been observed in adult SON
neurons (Aguado et al., 1992; Zhou et al., 1999), and high expres-
sion of the IGF-1 receptor has been reported in the SON (Folli et
al., 1994; Cardona-Gomez et al., 2000).

Using immunohistochemistry and in vivo and in vitro electro-
physiological recordings, we show that IGF-1, which is highly
present in this system, inhibits the activity of SON neurons
through the simultaneous and complementary modulation of the
two osmosensory systems, inhibiting mechanoreceptor channels
and potentiating GlyR, revealing an acute and complex neuro-
modulatory role of IGF-1 in the adult brain.

Materials and Methods
All animal experiments were performed in accordance with the Euro-
pean Communities Council Directive of November 24, 1986 (86/609/
EEC) and follow the standards required by the governance of The Journal
of Neuroscience. All measures were taken to minimize pain and discom-
fort of animals.

In vivo electrophysiological recordings. Extracellular recordings of SON
OT and VP neurons from anesthetized (urethane intraperitoneally)
adult male Wistar rats (250 – 400 g) were performed as described previ-
ously (Hussy et al., 1997). Rats placed in a stereotaxic apparatus were
injected subcutaneously at all points of contention or surgery with 1%
xylocaine (Astra Zeneca, Rueil Malmaison, France). Recording elec-
trodes were pulled from borosilicate glass capillary and filled with a 0.5 M

sodium acetate solution (resistance, 10 –20 M�). They were brought
down in the SON according to stereotaxic coordinates. A stimulation
electrode was placed in the pituitary stalk allowing antidromic identifi-
cation of SON neurons. Extracellular activity was acquired and analyzed
using Spike2 software (Cambridge Electronic Design, Cambridge, UK).
IGF-1 (500 ng/ml; human recombinant) was diluted in CSF-like medium
as described previously (Hussy et al., 1997) and injected near the re-
corded neuron by the way a pressure pipette attached to the recording
electrode, and connected to a picopump (World Precision Instruments,
Stevenage, UK). VP neurons were identified by their typical phasic activ-
ity, and OT neurons were identified by their continuous firing and their
activation by intravenous injection of cholecystokinin (20 �g/kg, i.v.)
(Leng et al., 1999). Electrical activity of OT neurons was characterized by
calculating the mean basal frequency of discharge F (in spikes/s) for each
5 min period. Analysis of the phasic activity of VP neurons included
quantification of the following parameters: the firing frequency during
active periods ( f ), the mean duration of active periods (da) and silent
periods (ds), and the activity quotient ( Q) (i.e., the proportion of time
the neuron is active during a given time period) (da/total time). These
were calculated per successive periods of 300 or 600 s for low and very
active rhythmic cells, respectively, both before and from the beginning of
drug application.

In vitro electrophysiological recordings of dissociated SON neurons. Dis-
sociated neurons were obtained as described previously (Hussy et al.,
1997). Young adult male Wistar rats (4 weeks of age) were decapitated
without anesthesia, and their brain was rapidly removed and placed in an
ice-cold oxygenated modified Locke solution (in mM: 140 NaCl, 2.5 KCl,
10 HEPES, 1.2 KH2PO4, 10 glucose, 2 CaCl2, 2 MgCl2, pH 7.4; osmolar-
ity, 300 mOsm/L). SONs were taken out and incubated successively (25
min each) in DNase I (0.5 mg/ml) together with protease X and then
protease XIV (1 mg/ml each) at room temperature. After thorough rins-
ing, SONs were mechanically dissociated through a pipette, and cell sus-
pension was plated into tissue culture Petri dishes. SON neurons were
selected based on their size (soma diameter, �12 � 15 �m) (Oliet and
Bourque, 1992; Hussy et al., 1997).

Recordings were realized using the perforated patch-clamp technique

in either current- or voltage-clamp mode. Recording electrodes pulled
from borosilicate glass capillary were filled with a solution containing the
following (in mM): 150 KCl, 10 HEPES, and 2.5 CaCl2. Stock solution of
amphotericin B (70 mM) was prepared in DMSO and added to the pipette
solution in the course of each experiment at a final concentration of 0.56
mM. A fresh solution was made every 1.5 h, sonicated 10 –15 min, and
kept in the dark. The electrode had resistance of 3–5 M�, and perforation
was obtained within a few minutes after sealing onto the membrane.
Currents and membrane potentials were amplified (List EPC7; Heka,
Lambrecht, Germany), filtered (0.3-2 kHz, Bessel filter), and digitized
(1–10 kHz) with pClamp6 (Axon Instruments, Union City, CA). Analy-
ses were performed with pClamp9 and Origin software (Origin Lab,
Northampton, MA). Series resistance was 15–30 M� and was compen-
sated to 50 – 60% for voltage-clamp recordings. To minimize voltage
error when high concentrations of taurine were used, taurine dose–r-
esponse curves were established with a different intrapipette solution (in
mM: 125 KCH3SO3, 25 KCl, 10 HEPES, 2.5 CaCl2, pH 7.2; osmolarity,
300 mOsm/L), setting the Cl � equilibrium potential at �40 mV. Hold-
ing potential was then adjusted to between �46 and �66 mV so that the
maximal current amplitude did not exceed 1 nA. With this solution, a
junction potential of 6 mV was calculated at the tip of the electrode
(Hussy et al., 1997), which was corrected. Neurons were constantly per-
fused with Locke medium through a gravity driven perfusion system
placed in the vicinity of the recorded neurons. Stock solution of IGF-1
was prepared in 0.1 M HCl at a concentration of 0.5 mg/ml, stored at
�80°C, and diluted to final concentration in Locke medium. All phar-
macological substances were added to the external medium, which con-
tained 0.1% bovine serum albumin (BSA). Because of the Gd 3� chelating
property of phosphates, Gd 3� was applied in a solution without
KH2PO4, and the phosphate-containing Locke was shortly applied to
accelerate the washout of Gd 3� (Le Guennec et al., 1996). Tyrphostin
AG538 and AG825 were solubilized in DMSO at 10 and 100 mM. Final
concentration of DMSO did not exceed 0.5%, and this concentration had
no effect on GlyR or its modulation by IGF-1. To construct dose–r-
esponse curves for taurine, because our perfusion system did not permit
application of all different taurine concentrations in the absence and
presence of IGF-1 on each cell, we normalized each current amplitude to
the amplitude of the current induced by a constant concentration of
taurine (300 �M) in the absence of IGF-1. Normalized amplitudes were
fitted with Hill equation (Origin software) and finally expressed as a
percentage of the evaluated maximum current in control condition. All
statistical significance was assessed by paired Student’s t test. Unless oth-
erwise specified, all chemicals were from Sigma (St. Quentin Fallavier,
France).

Immunohistochemistry. Adult Wistar rats (200 – 400 g) were used, ei-
ther untreated or treated with colchicine by an intracerebroventricular
injection of colchicine (10 �g/5 �l into the lateral ventricle) 48 h before
they were killed. After deep anesthesia with pentobarbital (300 mg/kg),
rats were perfused through the ascending aorta with 100 ml of PBS, pH
7.4, followed by 500 ml of 4% paraformaldehyde (for confocal micros-
copy) or 4% paraformaldehyde plus 0.5% glutaraldehyde (for electron
microscopy), in 0.1 M phosphate buffer, pH 7.4. The brain was removed
and immersed in the same fixative for 8 h. Tissues were cut with a vi-
bratome into 40-�m-thick sections and rinsed in PBS. For confocal mi-
croscopy, sections were incubated for 48 h at 4°C with one or two pri-
mary antibodies, including mouse IgG monoclonal antibodies against
IGF-1 (dilution, 1:1000; Upstate Biotechnology, Milton Keynes, UK) and
VP or OT neurophysins (dilution, 1:500; kindly provided by Dr. D. Pow,
University of Queensland, Brisbane, Australia) and rabbit IgG polyclonal
antibodies against IGF-1 receptor � (dilution, 1:500; Santa Cruz Biotech-
nology, Heidelberg, Germany), GFAP (dilution, 1:5000; Dako, Trappes,
France), VP, and OT (produced by G.A.). The specificity of the commer-
cial antibodies against IGF-1 and IGF-1 receptor is guaranteed by the
manufacturers, and both provided convincing immunocytochemical
data (Jiang et al., 1998; Hellawell et al., 2002). After rinsing in PBS,
sections were incubated for 4 h with secondary antibodies against rabbit
or mouse IgG (diluted, 1:2000) conjugated with cyanine 3 (Jackson Im-
munoResearch, Soham, UK) or Alexa 488 (Molecular Probes, Eugene,
OR). Primary and secondary antibodies were diluted in PBS containing
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2% BSA and 0.1% Triton X-100. After rinsing, sections were mounted in
Mowiol (Calbiochem, La Jolla, CA) and observed under a Bio-Rad (Her-
cules, CA) MRC 1024 confocal laser-scanning microscope equipped with
a krypton/argon-mixed gas laser. The background noise of each confocal
image was reduced by averaging five image inputs. Immunostained
structures were studied on single confocal images of 1–2 �m thick. For
electron microscopy, sections were incubated for 48 h at 4°C with the
IGF-1 receptor antibody (dilution, 1:1000) in PBS containing 0.1% sa-
ponin, rinsed in PBS, and incubated for 12 h at 4°C with a peroxidase-
labeled Fab fragment of goat IgG anti-rabbit IgG and with 0.1% 3,3�-
diaminobenzidine diluted in 0.05 M Tris buffer, pH 7.3, in the presence of
0.2% H2O2. Immunostained sections were rinsed in 0.1 M cacodylate
buffer, pH 7.3, postfixed in 1% osmium tetroxide in the same buffer,
dehydrated in graded concentrations of ethanol, and embedded in
Araldite. Punches of 1.5 mm in diameter were cut through the supraoptic
nucleus, mounted on Araldite blocks, and cut into ultrathin sections,
which were observed in a Hitachi (Tokyo, Japan) 7100 electron micro-
scope after slight uranyl acetate counterstaining. Unaltered digitized im-
ages were transferred to a computer, and Adobe Photoshop (Adobe Sys-
tems, San Jose, CA) was used to prepare final figures. For all

immunostaining experiments, no labeling was
detected when applying secondary antibodies
in the absence of previous application of pri-
mary antibodies.

Measurement of taurine release. Release of
taurine from SON isolated from adult male
Wistar rats (150 –200 g) was measured as de-
scribed previously (Deleuze et al., 1998, 2000).
Rats were decapitated without anesthesia, and
their brains were rapidly removed and placed in
an oxygenated external solution (in mM: 130
NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 1.2 KH2PO4, 10
HEPES, 10 glucose, 20 sucrose, pH 7.4; osmo-
larity, 300 mOsm/L) at 4°C. SONs were care-
fully dissected and freed from any residual optic
tracts and blood vessels and were incubated for
40 min in oxygenated external solution supple-
mented with 500 nM [ 3H]taurine (Amersham
Biosciences, Orsay, France) at 35°C, washed
three times, and placed in perfusion chambers.
Chambers were perfused with oxygenated solu-
tion at 35°C at a rate of 250 �l/min. The perfus-
ate during the first 20 min was wasted, samples
were then collected every 2 min using a sample
collector (Gilson, Roissy, France), and radioac-
tivity in each sample was estimated by scintilla-
tion counting. Basal release of taurine was fitted
with single exponential function, and data
points were divided by the fit to express release
relative to basal. Hypoosmotic solution was ob-
tained by removing sucrose to obtain a solution
of 280 mOsm/L. Analysis and fits were per-
formed with Origin software.

Results
Immunolocalization of IGF-1 and its
receptor in the SON
The SON exhibited moderate to intense
immunostaining for either IGF-1 or IGF-1
receptor, with very faint labeling in the
surrounding regions. Immunostaining for
IGF-1 receptor was detected at the periph-
ery of most neuronal cell bodies within the
SON (Fig. 1A). Double immunostaining
indicated that labeling was associated with
both VP and OT neurons. At the electron
microscopy level, staining clearly appeared
within the neurons and in their plasma
membrane, with little or no labeling in

other cell types (Fig. 1B). In control rats, intense IGF-1 immu-
nostaining was associated with elongated, astrocytic-like pro-
cesses extending throughout the nucleus, whereas very faint
immunostaining was seen in neurons (Fig. 1C). In colchicine-
treated rats, IGF-1 immunostaining was detected within most
SON neurons, whereas it appeared markedly decreased within
astrocytic processes (Fig. 1D). The examination of double-
immunostained sections confirmed that IGF-1 immunostaining
was associated with both GFAP-labeled astrocytic processes and
VP- or OT-labeled neurons.

In vivo effects of IGF-1 on the activity of SON neurons
Basal activity of SON neurons was recorded 15–20 min before a
30 – 600 s application of IGF-1 (500 ng/ml). IGF-1 inhibited the
phasic activity of VP neurons (n � 8) (Fig. 2A) by decreasing the
duration of active periods by 40 � 9% and increasing the dura-
tion of silences by 257 � 99%. This results in a significant 54 �

Figure 1. Immunocytochemical localization of IGF-1 receptor and IGF-1 within the SON. A, At the confocal microscopy level,
immunostaining for IGF-1 receptor (IGF-1-R) is localized at the periphery of cell bodies dispersed throughout the SON. Insets,
Double immunostaining for IGF-1-R and either OT or VP neurophysins showing that the receptor is localized at the periphery of
both types of SON neurons (arrows). B, At the electron microscopy level, IGF-1-R immunostaining appears as electron-dense
precipitates associated with both the endoplasmic reticulum and the limiting plasma membrane (arrowheads) of SON neuronal
cell bodies, whereas surrounding structures are unlabeled. Inset, No immunostaining is found, regardless of whether associated
with the endoplasmic reticulum (ER) or plasma membrane (arrowheads), in a control section processed in the absence of the
primary antibody. C, Immunostaining for IGF-1 is associated with elongated astrocytic-like processes in a control untreated rat,
where it colocalizes with GFAP (inset). D, In a colchicine-treated rat, IGF-1 immunostaining is detected within most SON neurons
and both VP-labeled neurons (inset, yellow) and VP-negative processes (inset, arrow). ax, Axon; mi, mitochondria; OC, optic
chiasma; sv, secretory vesicle. Scale bars: A, C, D, 50 �m; insets, 20 �m; B, 0.5 �m.
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8% decrease of the activity quotient Q (Fig. 2B). The firing fre-
quency within each burst of activity was not affected by the
growth factor. OT neurons were also inhibited by IGF-1, with a
significant 32 � 7% decrease of the firing frequency (n � 7) (Fig.
2). The effects of IGF-1 were fully reversible within a few minutes
after the end of IGF-1 injection and could be repeated several
times on a single cell (data not shown).

In vitro effects of IGF-1 on acutely isolated SON neurons
The effect of IGF-1 (50 ng/ml) was first studied on dissociated
SON neurons in whole-cell configuration, but IGF-1 induced a
hyperpolarization in only 4 of 31 neurons (data not shown). Re-
cordings were therefore performed in the perforated-patch con-
figuration to preserve intracellular integrity. In these conditions,
all SON neurons recorded under current clamp (n � 101) re-
sponded to IGF-1 by a hyperpolarization associated with a reduc-
tion in electrical activity (Fig. 3A). The effect of IGF-1 was rapid
(onset of 1.5–3.5 s) and totally reversible within a few seconds. It
did not depend on neuronal activity, because it was still present
after inhibition of spontaneous activity by injection of a hyper-
polarizing current. The hyperpolarization actually was larger at
more negative potentials (�5.0 � 0.3 mV at �55 mV, n � 49;
�7.6 � 0.2 at �70 mV, n � 79). IGF-1 did not affect the time
course of single action potentials (data not shown), suggesting
the lack of effect on voltage-dependent currents. IGF-1-induced
hyperpolarization was associated with a small outward current
under voltage clamp (�5.8 � 0.3 pA at �70 mV; n � 15) (Fig.
3B). Given the high resistance of these neurons (1.19 � 0.02 G�;
n � 156), such a small current is sufficient to account for the
observed hyperpolarization.

The amplitude of the hyperpolarization depended on the con-
centration of IGF-1. An effect was already observed at 1 ng/ml

(0.13 nM), and increasing doses (up to 100 ng/ml or 13 nM) in-
duced responses of proportionally larger amplitude (Fig. 4A).
Qualitatively similar results were obtained under voltage clamp.
Implication of the IGF-1 receptor was checked using tyrphostin
AG538, a tyrosine kinase inhibitor known to block autophos-
phorylation of IGF-1 receptor with high affinity (Blum et al.,
2000). A 2 min preapplication of 1 �M tyrphostin AG538 had no
effect on membrane potential but completely blocked the hyper-
polarization induced by IGF-1 (n � 9) (Fig. 4B). This effect was
reversible within a few minutes. As a control for the specificity of
tyrphostin AG538 on IGF-1 receptor, we tested the action of
tyrphostin AG825, another tyrosine kinase inhibitor that has no
effect on this receptor (Parrizas et al., 1997). Preapplication of 50
�M tyrphostin AG825 did not prevent IGF-1-induced hyperpo-
larization (n � 9) (Fig. 4B). To test for second messengers im-
plied in the effect of IGF-1, we used the PI3 kinase inhibitor
wortmannin. The hyperpolarization induced by IGF-1 was essen-
tially and reversibly suppressed by a 1 min preapplication of 50
nM wortmannin (90.5 � 0.5% inhibition; n � 13) (Fig. 4C).
Wortmannin had little effect by itself on cell membrane potential.

IGF-1 inhibits stretch-inactivated mechanoreceptor current
Under voltage clamp, IGF-1 induced an outward current associ-
ated with a manifest reduction in the variance of the current (Fig.
3B), suggesting a reduction in channel activity. We thus applied
voltage ramps from �90 to �60 mV, a window devoid of voltage-
activated current. The outward current induced by IGF-1 was
associated with a reduced slope of the current–voltage relation-
ship, confirming the inhibition of a resting conductance (Fig.
5A). Intersection of linear fits of the current curves gave a reversal
potential of �36.3 � 0.5 mV (n � 12). This value did not corre-
spond to the equilibrium potential of anions (ECl is �0 mV in our
recording conditions) or of any specific cation species present in
our recording solutions, which suggested the involvement of a
nonselective cation conductance. In fact, this value is very close to
that reported for the Gd 3�-sensitive stretch-inactivated cation

Figure 2. IGF-1 inhibits the in vivo electrical activities of VP and OT neurons. A, Pressure
ejection of IGF-1 in the vicinity of SON neurons reversibly inhibited the phasic activity of VP
neurons (top) and the continuous activity of OT neurons (bottom). In vivo extracellular record-
ings from an anesthetized rat are shown. B, Histograms summarizing the effect of IGF-1 on VP
(left) and OT (right) neuron activity. For VP neurons (n � 8), IGF-1 significantly decreased the
mean duration of active periods (da) and increased the mean duration of silent periods (ds),
resulting in a strong decrease in activity quotient ( Q). IGF-1 did not affect mean intraburst
frequency ( f ). For OT neurons (n � 7), IGF-1 significantly decreased the mean frequency of
firing ( F). *p 	 0.05; **p 	 0.0002.

Figure 3. IGF-1 inhibits the activity of SON neurons in vitro by activating an outward current.
A, Application of IGF-1 induced a rapid hyperpolarization associated with a decrease or cessa-
tion of firing of all isolated SON neurons (left). The hyperpolarizing effect of IGF-1 was indepen-
dent of electrical activity, because it was still observed after injection of a constant negative
current that lowered the membrane potential and shut down spontaneous activity (right).
Current-clamp recordings of an acutely isolated neuron are shown. B, The hyperpolarization
induced by IGF-1 under current clamp (left) is associated in the same neuron with a small
outward current under voltage clamp (holding potential,�70 mV), accompanied by a decrease
in noise amplitude (right).
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channels present in these cells and known to be active at rest
under isoosmotic condition (Oliet and Bourque, 1994; Bourque,
1998). Application of 100 �M Gd 3� induced a hyperpolarization
of �10.6 � 0.5 mV (at �70 mV; n � 12) (Fig. 5B), indicative of
the inhibition of the mechanosensitive current, and almost com-
pletely blocked the hyperpolarization induced by IGF-1. Block-
ade of the effect of IGF-1 was not a result of the hyperpolarizing
action of Gd 3�, because IGF-1-induced hyperpolarization was
larger at more negative membrane potential and because the ef-
fect of IGF-1 was still blocked even after manually resetting the
membrane potential close to its original value (n � 7; data not
shown). Blockade of IGF-1 response by Gd 3� reached 97.7 �
0.3% (n � 12) and was fully reversible.

If IGF-1 acts on mechanoreceptor channels, its effect should
depend on the osmolarity of the external medium. Application of
a hypertonic solution (5% increase in osmolarity) depolarized
the neurons by �4.7 � 0.4 mV (from �70 mV; n � 10) (Fig. 5C)
as a result of an increased probability of opening of mechanore-
ceptor channels (Oliet and Bourque, 1994; Bourque, 1998). In
these conditions, hyperpolarization induced by IGF-1 was in-
creased by 50 � 1% (n � 10) in a reversible manner. Enhance-

ment of the effect of IGF-1 was not attrib-
utable to the potential change induced by
the hyperosmotic medium, because even
after the membrane potential was manu-
ally reset to the original level, the hyperpo-
larization elicited by IGF-1 was still in-
creased to a similar extent (n � 7) (Fig.
5C). Application of a hypotonic solution
(8% decreased in osmolarity) led to a
strong hyperpolarization (�15.7 � 1.3
mV at 70 mV; n � 5) (Fig. 5C), resulting
from closing of all mechanoreceptors
(Oliet and Bourque, 1994; Bourque,
1998), and IGF-1 had no more effect (97 �
1% inhibition; n � 5). This effect was fully
reversible. Again, this effect was indepen-
dent of the membrane potential change
evoked by the hypotonic stimulus, because
IGF-1-induced hyperpolarization was still
blocked after resetting the membrane po-
tential to prestimulus level (n � 3; data not
shown). Therefore, effect of IGF-1 de-
pends on osmotic pressure and follows the
level of activation of mechanoreceptors.

IGF-1 potentiates taurine-activated
glycine receptor current
We then checked whether IGF-1 could
also act on the other osmosensitive com-
ponent of these neurons, the GlyR. In
current-clamp mode, under hypoosmotic
condition to shut down all mechanorecep-
tor channels, application of a low concen-
tration of the GlyR agonist taurine (100
�M) induced a depolarization associated
with resuming of firing (Fig. 6A). This de-
polarizing effect of the activation of the
GlyR Cl� current is expected in our re-
cording conditions, with a Cl� equilib-
rium potential of �0 mV. Application of
IGF-1 in addition to taurine further depo-
larized the neuron and increased the firing

frequency (n � 3). In these conditions, IGF-1 had no effect in the
absence of taurine (Fig. 5C). Under voltage clamp, taurine (100
�M) induced a small and sustained current, corresponding to the
activation of GlyR as reported previously (Hussy et al., 1997).
Coapplication of taurine and IGF-1 strongly increased the ampli-
tude of taurine-activated current in a reversible manner (Fig.
6B). The magnitude of the increase was variable from cell to cell,
ranging from 44 to 560%, with a mean value of 260 � 24% (n �
47). Coapplication with IGF-1 also often accelerated the activa-
tion kinetics and revealed a desensitizing component. The effect
of IGF-1 was clearly on the GlyR, because strychnine (1 �M)
completely blocked the current (n � 11), and IGF-1 alone had no
effect. The action of IGF-1 was rapid, taking place within 1 s, and
was not enhanced by preapplication of IGF-1 (Fig. 6B).

To verify the implication of the IGF-1 receptor, we applied
various concentrations of the growth factor and found that the
potentiating effect of IGF-1 on GlyR was dose dependent in the
same range of concentrations as the inhibition of mechanorecep-
tors (1–100 ng/ml; n � 6) (Fig. 7A). A significant potentiation
was already observed at 1 ng/ml ( p 	 0.05; n � 6). Moreover,
preapplication of tyrphostin AG538 (1 �M), the tyrosine kinase

Figure 4. Hyperpolarizing effect of IGF-1 implies the IGF-1 receptor and activation of PI3 kinase. A, The amplitude of IGF-1-
induced hyperpolarization of isolated SON neurons increased with the concentration of the growth factor (current-clamp record-
ings; left). Right, Histograms showing the dose dependency of the hyperpolarization (current clamp; membrane potential, ap-
proximately �70 mV; left axis) and outward current (voltage clamp; holding potential, �70 mV; right axis) induced by IGF-1.
Numbers of observations are indicated above columns. B, Two minute preapplication of the IGF-1 receptor inhibitor tyrphostin
AG538 (1 �M) completely suppressed the hyperpolarizing effect of IGF-1, without affecting the membrane potential by itself.
Blockade was reversible within 3–5 min. In contrast, tyrphostin AG825, which does not affect the IGF-1 receptor, had no effect
even at 50 times higher concentration on the hyperpolarization induced by IGF-1. C, One minute preapplication of the PI3 kinase
inhibitor wortmannin almost completely blocked the hyperpolarization induced by IGF-1. Inhibition was fully reversible within
3–5 min. Recordings under current clamp are shown.

Ster et al. • Dual Modulation of Mechanoreceptors and GlyR by IGF-1 J. Neurosci., March 2, 2005 • 25(9):2267–2276 • 2271



inhibitor that blocks the IGF-1 receptor,
did not affect the amplitude or kinetics of
taurine-activated current but reversibly
abolished its potentiation by IGF-1 (n � 9)
(Fig. 7B), whereas tyrphostin AG825 (50
�M), which is inactive on the IGF-1 recep-
tor, had no effect (n � 6) (Fig. 7C). How-
ever, in contrast to the effect on mechano-
receptors, preapplication of 50 nM

wortmannin did not affect taurine-activated
current or prevent its potentiation by IGF-1,
ruling out the implication of PI3 kinase (n �
6) (Fig. 7D).

Acceleration of kinetics and increase in
desensitization could reflect a shift in the
apparent affinity of the receptor for the ag-
onist. We checked this by comparing
dose–response curves for taurine in the
absence and presence of IGF-1. To prevent
activation of GABAA receptor by high con-
centrations of taurine, 3 �M GABAA recep-
tor antagonist gabazine was added to all
external media (Hussy et al., 1997). Poten-
tiation by IGF-1 depended on the concen-
tration of taurine, becoming smaller with
increasing doses (Fig. 8A). Dose–response
curves indicated that IGF-1 did not change
the maximal current activated by taurine,
which in the presence of IGF-1 reached
107 � 4% of that in control condition but
shifted the curve to the left changing the
EC50 value from 476 � 61 to 288 � 32 �M

(Fig. 8B).

IGF-1 does not affect taurine release
from SON astrocytes
Because release of taurine from SON as-
trocytes is enhanced by tyrosine phos-
phorylation (Deleuze et al., 2000), we
tested whether IGF-1 could also modulate
taurine release from acutely isolated SON,
which was previously shown to occur al-
most exclusively from astrocytes (Deleuze
et al., 1998). However, application of
IGF-1 (50 ng/ml) had no effect on basal
release of taurine and did not affect the
increase in release induced by a mild hypo-
tonic stimulus (�20 mOsm/L), with a
peak reaching 182 � 14% of basal release
in control condition (n � 3) and 181 � 8%
in the presence of IGF-1 (n � 4) (Fig. 9).
This result is in agreement with the appar-
ent absence of labeling of the IGF-1 recep-
tor in non-neuronal cells in the SON.

Discussion
We demonstrated that IGF-1 is an inhibitory regulator of SON
neuron activity in the adult rat both in vivo and in vitro via the
complementary modulation of the two osmosensitive compo-
nents of SON neurons, which involves two different intracellular
pathways. By both shutting down the excitatory cationic mech-
anoreceptor current and enhancing the inhibitory GlyR Cl� cur-
rent, IGF-1 appears as a potent inhibitory modulator.

IGF-1 has been shown to regulate various ion channels and
ionotropic receptors in neurons (Blair and Marshall, 1997; Wang
and Linden, 2000; Gonzalez de la Vega et al., 2001; Savchenko et
al., 2001; Nunez et al., 2003), although most of these studies were
realized on immature neurons. Interestingly, the related insulin
and leptin also modulate several ion channels (Fadool et al., 2000;
Spanswick et al., 2000; Shanley et al., 2002), as do other neuro-
trophins (Kafitz et al., 1999; Levine and Kolb, 2000; Tucker and
Fadool, 2002). Leptin notably inhibits the activity of SON neu-
rons in brain slices by an unknown mechanism (Honda et al.,

Figure 5. IGF-1 hyperpolarizes isolated SON neurons by inhibiting the mechanoreceptor current. A, Slow (23 mV/s) voltage
ramps from�90 to�60 mV were applied onto a neuron under voltage clamp in control condition and in the presence of 50 ng/ml
IGF-1. The currents from 24 successive ramps were averaged and fitted with linear regressions. The outward current induced by
IGF-1 is associated with a decrease in the slope conductance, indicating the inhibition of a current active at rest. The reversal
potential of this current (intersection of linear regression lines; arrow) was �36.0 mV. B, Application of Gd 3� induced a hyper-
polarization of the neuron and completely and reversibly blocked the hyperpolarizing effect of IGF-1. Recording under current
clamp is shown. C–E, Sensitivity of the hyperpolarizing effect of IGF-1 to the osmolarity of external medium. C, Application of a
hyperosmotic medium (from 300 to 315 mOsm/L by adding 7.5 mM NaCl) induced a depolarization (activation of the mechano-
receptor current) and increased the amplitude of the hyperpolarization in response to IGF-1. Increased magnitude of the effect of
IGF-1 effect is still present when the membrane potential is reset manually close to its original value (arrows). D, Application of a
hypoosmotic medium (from 300 to 275 mOsm/L by removal of 12.5 mM NaCl) induced a hyperpolarization (inhibition of the
mechanoreceptor current) and blocked the hyperpolarizing effect of IGF-1. E, Histogram summarizing the osmosensitivity of the
effect of IGF-1.
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2002). This suggests that these proteins may act as acute modulators
of synaptic and electrical neuronal activities (Lu, 2003). Our present
findings further support a possible major neuromodulatory role of
IGF-1 in the adult mammalian nervous system.

Both IGF-1 receptor and IGF-1 are present within the SON of
adult rats
A maintained expression of IGF-1 receptors in adult rat SON
neurons has been reported previously (Folli et al., 1994; Cardona-
Gomez et al., 2000). We confirmed this and further showed that
this receptor is present on the soma and dendrites of both OT and
VP neurons, providing morphological support to our functional
results. IGF-1 immunoreactivity was detected within both neu-
rons and astrocytes. As reported previously (Zhou et al., 1999),
IGF-1 immunostaining of SON neurons was only detected after
colchicine-induced blockade of intracellular trafficking, which
indicates a low rate of expression of the peptide. Under basal
conditions, intense IGF-1 immunoreactivity was associated with
numerous astrocytic processes that run between neurons
throughout the SON. The origin of this astrocytic IGF-1 is un-
clear, because IGF-1 mRNA has not been detected in SON astro-
cytes (Zhou et al., 1999). Astrocytes could specifically accumulate
circulating IGF-1, as do tanycytes, specialized astrocytes from
ventromedial hypothalamus (Fernandez-Galaz et al., 1996). The
decreased astrocytic IGF-1 immunostaining by colchicine treat-
ment could then result from decreased membrane expression of a
transporter protein in the glial cell or decreased intracellular traf-

ficking of IGF-1. It will be important to determine the precise
cellular origin of IGF-1 acting on neuronal receptors in the SON
and the physiological regulation of its release.

IGF-1 inhibits in vivo activity of SON neurons
We demonstrated that application of IGF-1 in the SON in vivo
inhibits the activity of SON neurons. Interestingly, VP neurons
were more affected than OT neurons. If both neuron populations
express mechanoreceptors and GlyR (Hussy et al., 1997;
Bourque, 1998), we reported previously that the in vivo endoge-
nous inhibitory influence of GlyR activity was weaker on OT than
on VP neurons (Hussy et al., 1997), possibly because of a lower
amount of taurine released around OT neurons. The lower level
of GlyR basal activation could possibly account for the weaker

Figure 6. IGF-1 potentiates taurine-activated GlyR current in isolated SON neurons. A, The
effect of IGF-1 on GlyR was tested under current clamp after hypoosmotic blockade of all mech-
anoreceptor current. In our recording conditions (Cl � equilibrium potential of �0 mV), appli-
cation of 100 �M taurine induced a depolarization, which was reversibly increased by IGF-1. B,
The amplitude of taurine-activated current under voltage clamp was enhanced by coapplication
with 50 ng/ml IGF-1. IGF-1 also fastened the kinetics of activation and revealed a desensitizing
component. The increased current was completely suppressed by a 1 min preapplication of
strychnine (1 �M). The effect of IGF-1 was very rapid (	1 s) and did not require preapplication.
Holding potential was �66 mV.

Figure 7. Potentiation of GlyR by IGF-1 requires activation of IGF-1 receptor. A, Potentiation
of taurine-activated current was dose dependent, with a significant effect already at 1 ng/ml.
Voltage-clamp recording of an isolated SON neuron was at a holding potential of �50 mV.
Right, Average dose–response histogram (n � 6). B, Two minute preapplication of the IGF-1
receptor inhibitor tyrphostin AG538 (1 �M) did not affect the amplitude of taurine-induced
current but completely suppressed the potentiating effect of IGF-1. Blockade was reversible
within 5 min. The voltage-clamp recording was at a holding potential of �66 mV. C, Tyrphostin
AG825 (50 �M), which is inactive on the IGF-1 receptor, had no effect on potentiation of GlyR
current by IGF-1. The voltage-clamp recording was at a holding potential of �66 mV. D, Appli-
cation of wortmannin had no effect on either taurine-induced current or its potentiation by
IGF-1. Voltage-clamp recording was at a holding potential of �46 mV. Numbers of observa-
tions are indicated above histograms.
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inhibitory effect of IGF-1. Alternatively, this difference may also
result from a nonuniform influence of endogenous IGF-1 or
from a differential regulation linked to the different signaling
pathways involved in the effects of IGF-1.

Inhibition of mechanoreceptors by IGF-1
IGF-1 hyperpolarized dissociated SON neurons through the in-
hibition of a cation current active at rest. Its reversal potential and
sensitivity to Gd 3� and to extracellular osmotic pressure are
identical to those of stretch-inactivated cation channels that carry
the intrinsic osmosensitivity of SON neurons (Bourque, 1998;
Voisin and Bourque, 2002). IGF-1 thus modulates the electrical
activity of SON neurons via inhibition of the mechanosensitive
channels. The very high sensitivity of the effect to IGF-1, blockade
by the tyrphostin AG538, a tyrosine kinase inhibitor known to
block IGF-1 receptor autophosphorylation (Blum et al., 2000),
and the implication of PI3 kinase, a classical intracellular messen-
ger recruited by IGF-1 receptor, confirmed the involvement of
the latter in the inhibition of mechanoreceptors.

Interestingly, mechanoreceptors have been shown recently to
be the target of other modulatory neuropeptides such as chole-
cystokinin, neurotensin, and angiotensin II, which all increase

the probability of opening of the channels by an unknown mech-
anism (Chakfe and Bourque, 2000; Bourque et al., 2002). Our
observation of the inhibition of mechanoreceptors by IGF-1 in-
dicates that various peptides can be either activators or inhibitors
of these channels, which thus integrate a variety of different sig-
nals to modulate the excitability of SON neurons.

Potentiation of GlyR by IGF-1
We found that IGF-1 also modulates GlyR, the other component
of the osmosensitivity of SON neurons. IGF-1 strongly potenti-
ated the current activated by taurine, the GlyR endogenous ago-
nist in the HNS (Hussy et al., 2001), an effect that was completely
suppressed by the GlyR antagonist strychnine. Surprisingly, po-
tentiation of GlyR by IGF-1 was very rapid, with a maximal effect
reached in 	1 s, pointing to the possibility of a direct effect of
IGF-1 on the GlyR itself. Similarly, fast potentiation of NMDA
receptor by BDNF and other neurotrophins has been interpreted
previously as an action at the glycine site via glycine residues of
the peptides (Jarvis et al., 1997). Such an effect of IGF-1 on GlyR
is unlikely, because potentiation by IGF-1 occurred in the same
range of low nanomolar concentrations as inhibition of mech-
anoreceptors and was specifically antagonized by tyrphostin
AG538. This confirmed that activation of IGF-1 receptor was
necessary. Interestingly, the PI3 kinase inhibitor wortmannin did
not prevent the effect of IGF-1, indicating that mechanoreceptor
and GlyR modulations by IGF-1 involve different intracellular
messenger pathways. No other pathway was tested, but one pos-
sibility is that a close interaction may exist between the IGF-1
receptor and GlyR, similar to that recently shown between GlyR
and a close relative of the IGF-1 receptor, the leptin receptor,
which directly binds to the GlyR � subunit (Leite et al., 2002). A
similar interaction between IGF-1 receptor and GlyR could per-
mit rapid phosphorylation of GlyR after binding of IGF-1, which
could account for the very fast kinetics of the effect. Tyrosine
phosphorylation of the � subunit of GlyR has been shown to
potentiate GlyR by a twofold increase in apparent agonist affinity
(Caraiscos et al., 2002), an effect remarkably similar to that in-
duced by IGF-1 on SON neuron GlyR. Other kinases (PKC, cal-
cium calmodulin-dependent protein kinase II) are known to also
potentiate GlyR but not through a change in agonist sensitivity
(Xu et al., 1996, 1999). Increased agonist affinity also implies
enhanced desensitization, which could potentially result in a de-
creased effect of GlyR activation. However, the importance of
such an effect will depend on agonist concentration and on the
level of receptor desensitization. In the SON, desensitization of
GlyR by taurine is partial, and our previous observations of the
effect of in vivo GlyR blockade indicated sustained activation of
the receptors even in the situation of enhanced taurine release
(Hussy et al., 1997), suggesting that the extracellular concentra-
tion of the endogenous agonist may not reach a high enough level
to induce significant desensitization.

Conclusions
Closing mechanosensitive cation channels and potentiating GlyR
Cl� channels are two additive inhibitory effects by which IGF-1
will shut down electrical activity. Both are likely involved in the in
vivo inhibition of neuronal firing by IGF-1, because mechanore-
ceptors are active at rest and will be inhibited by IGF-1, and GlyRs
are constantly activated in vivo by a basal release of taurine (Hussy
et al., 1997), so that an increase in apparent affinity will result in
a larger GlyR current. Having both an excitatory and an inhibi-
tory osmosensitive component probably endows the neurons
with a greater sensitivity to minute change in osmotic pressure

Figure 8. IGF-1 potentiates GlyR current by increasing the agonist apparent affinity. A, Effect
of IGF-1 (50 ng/ml) on the currents evoked by three increasing concentrations of taurine, at a
holding potential of �46 mV. The magnitude of the potentiation depended on the agonist
concentration, and IGF-1 had little effect at near-saturating doses of taurine. Recordings were
performed in the presence of 3 �M gabazine to prevent activation of GABAA receptors by high
concentrations of taurine. B, Dose–response curves for taurine in the absence and presence of
IGF-1. All current amplitudes were normalized to the maximal amplitude estimated in the
absence of IGF-1. IGF-1 shifts the curve to the left with no change in the maximal amplitude.
Each point is the average obtained from 5 to 11 cells.

Figure 9. IGF-1 does not modulate taurine release from SON astrocytes. Application of IGF-1
did not affect basal [ 3H]taurine release measured from isolated whole SON or stimulated re-
lease by a mild hypotonic stimulus (n � 3 and 4 in the absence and presence of IGF-1,
respectively).
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(Hussy et al., 2000) and offers the potential advantage of fine
adaptations by differential modulation of the two systems. Inter-
estingly, however, IGF-1 acts in a complementary manner on
both components. It will be important to check whether neu-
ropeptides that increase the activity of mechanoreceptors
(Chakfe and Bourque, 2000) also inhibit GlyR channels to deter-
mine whether both systems are systematically regulated in con-
cert or may move independently.

IGF-1 immunoreactivity is present both in neurons, which
synthesize it, and in astrocytes, which display the strongest label-
ing; however, which cell population actually releases IGF-1 is not
known. A neuronal release would imply an interesting inhibitory
autocontrol by IGF-1, whereas a glial secretion would position
IGF-1 as a new glia-to-neuron transmitter in the HNS, akin to
taurine in the same structure (Hussy et al., 2000; Hussy, 2002). In
this latter case, astrocytes would then have the intriguing capacity
of releasing both the activator and the modulator of GlyR, and it
would be of great interest to know whether and to what extent
their release would be regulated in parallel or separately.
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